
 

 

 

 

 

 

 

 

 

 

 
T. Pradeep 

Publications 2023 



Contents 

 

1. Publications        8 - 464  

2. Editorials        466 - 474 

3. Selected media reports    476 - 480 

4. Patents/Technology     481 - 483

  



Journal Papers Published in 2023 

Publications from our group 
(1) Chakraborty, A.; Stanley, M. M.; Mondal, B.; Nonappa; Bodiuzzaman, M.; Chakraborty, P.; 

Kannan, M. P.; Pradeep, T. Tunable Reactivity of Silver Nanoclusters: A Facile Route to 

Synthesize a Range of Bimetallic Nanostructures. Nanoscale 2023, 15 (6), 2690–2699. (DOI: 

10.1039/D2NR06350F). 

(2) Jose, A.; Jana, A.; Gupte, T.; Nair, A. S.; Unni, K.; Nagar, A.; Kini, A. R.; Spoorthi, B. K.; Jana, S. 

K.; Pathak, B.; Pradeep, T. Vertically Aligned Nanoplates of Atomically Precise Co6S8 Cluster 

for Practical Arsenic Sensing. ACS Mater. Lett. 2023, 5 (3), 893–899. (DOI: 

10.1021/acsmaterialslett.3c00085). 

(3) Vishwakarma, G.; Malla, B. K.; Reddy, K. S. S. V. P.; Ghosh, J.; Chowdhury, S.; Yamijala, S. S. R. 

K. C.; Reddy, S. K.; Kumar, R.; Pradeep, T. Induced Migration of CO2 from Hydrate Cages to 

Amorphous Solid Water under Ultrahigh Vacuum and Cryogenic Conditions. J. Phys. Chem. 

Lett. 2023, 14 (11), 2823–2829. (DOI: 10.1021/acs.jpclett.3c00373). 

(4) Jana, A.; Spoorthi, B. K.; Nair, A. S.; Nagar, A.; Pathak, B.; Base, T.; Pradeep, T. A Luminescent 

Cu4 Cluster Film Grown by Electrospray Deposition: A Nitroaromatic Vapour Sensor. 

Nanoscale 2023, 15 (18), 8141–8147. (DOI: 10.1039/D3NR00416C). 

(5) Roy, J.; Mondal, B.; Vishwakarma, G.; Nonappa; Vasanthi Sridharan, N.; Krishnamurthi, P.; 

Pradeep, T. Dissociative Reactions of [Au25(SR)18]− at Copper Oxide Nanoparticles and 

Formation of Aggregated Nanostructures. Nanoscale 2023, 15 (18), 8225–8234. (DOI: 

10.1039/D3NR00897E). 

(6) Sugi, K. S.; Sandra, A. P.; Nonappa; Ghosh, D.; Mohanty, J. S.; Paulthangam Kannan, M.; 

Sooraj, B. S.; Srikrishnarka, P.; Roy, J.; Dar, W. A.; Pradeep, T. Secondary Ligand-Induced 

Orthogonal Self-Assembly of Silver Nanoclusters into Superstructures with Enhanced NIR 

Emission. Nanoscale 2023, 15 (28), 11927–11934. (DOI: 10.1039/D3NR02561F). 

(7) Jana, A.; Kini, A. R.; Pradeep, T. Atomically Precise Clusters: Chemical Evolution of Molecular 

Matter at the Nanoscale. ACM 2023, 3 (1), 56–65. (DOI: 10.51167/acm00040). 

2



(8) Vishwakarma, G.; Malla, B. K.; Chowdhury, S.; Khandare, S. P.; Pradeep, T. Existence of 

Acetaldehyde Clathrate Hydrate and Its Dissociation Leading to Cubic Ice under Ultrahigh 

Vacuum and Cryogenic Conditions. J. Phys. Chem. Lett. 2023, 14 (23), 5328–5334. (DOI: 

10.1021/acs.jpclett.3c01181). 

(9) Ghosh, J.; Vishwakarma, G.; Kumar, R.; Pradeep, T. Formation and Transformation of 

Clathrate Hydrates under Interstellar Conditions. Acc. Chem. Res. 2023, 56 (16), 2241–2252. 

(DOI: 10.1021/acs.accounts.3c00317). 

(10) Jana, A.; Dar, W. A.; Jana, S. K.; Poonia, A. K.; Yadav, V.; Roy, J.; Chandra, S.; Adarsh, K. N. V. 

D.; Ras, R. H. A.; Pradeep, T. Photoconversion of Ag31 to Ag42 Initiated by Solvated Electrons. 

Chem. Mater. 2023, 35 (17), 7020–7031. (DOI: 10.1021/acs.chemmater.3c01293). 

(11) Srikrishnarka, P.; Kumaran, D.; Kini, A. R.; Kumar, V.; Nagar, A.; Islam, M. R.; Nagarajan, R.; 

Pradeep, T. Observing Real-Time Adhesion of Microparticles on Glass Surfaces. Langmuir 

2023, 39 (48), 17071–17079. (DOI: 10.1021/acs.langmuir.3c01856). 

(12) Mondal, B.; Jana, A.; Roy, J.; Mata, A. C.; Nair, A. S.; Mahendranath, A.; Roy, S.; Pathak, B.; 

Ajayan, P. M.; Pradeep, T. Structure and Electrocatalytic Performance of Cocrystallized 

Ternary Molybdenum Oxosulfide Clusters for Efficient Water Splitting. ACS Mater. Lett. 2023, 

5 (12), 3306–3315. (DOI: 10.1021/acsmaterialslett.3c00957). 

(13) Bose, P.; Kumaranchira Ramankutty, K.; Chakraborty, P.; Khatun, E.; Pradeep, T. A Concise 

Guide to Chemical Reactions of Atomically Precise Noble Metal Nanoclusters. Nanoscale 

2024. (DOI: 10.1039/D3NR05128E). 

(14) Malla, B. K.; Vishwakarma, G.; Chowdhury, S.; Pradeep, T. Vacuum Ultraviolet Photolysis of 

Condensed Methyl Chloride in Interstellar Model Conditions and Trapping of Intermediates 

at Intergrain Interfaces. J. Phys. Chem. C 2023, 127 (50), 24149–24157. (DOI: 

10.1021/acs.jpcc.3c05889). 

 

 

3



Publications with other groups 

(1) Chandra, S.; SciorƟno, A.; Das, S.; Ahmed, F.; Jana, A.; Roy, J.; Li, D.; Liljeström, V.; Jiang, H.; 

Johansson, L.-S.; Chen, X.; Nonappa; Cannas, M.; Pradeep, T.; Peng, B.; Ras, R. H. A.; Sun, Z.; 

Ikkala, O.; Messina, F. Gold Au(I)6 Clusters with Ligand-Derived Atomic Steric Locking: 

MulƟfuncƟonal Optoelectrical ProperƟes and Quantum Coherence. Adv. Opt. Mater. 2023, 

11 (8), 2202649. (DOI: 10.1002/adom.202202649). 

(2) Roy, P.; Deb, D.; Suganya, A.; Roy, B.; Pradeep, T.; Saha, T. Endangered Indigenous Rice 

VarieƟes as a Source of B Vitamins for the Undernourished PopulaƟon. Cereal Chem. 2023, 

100 (4), 887–894. (DOI: 10.1002/cche.10668). 

(3) Patel, D. K.; Sooraj, B. S.; Kirakci, K.; Macháček, J.; Kučeráková, M.; Bould, J.; Dušek, M.; Frey, 

M.; Neumann, C.; Ghosh, S.; Turchanin, A.; Pradeep, T.; Base, T. Macropolyhedral Syn-

B18H22, the “ForgoƩen” Isomer. J. Am. Chem. Soc. 2023, 145 (32), 17975–17986. (DOI: 

10.1021/jacs.3c05530). 

  

Sinchan Mukhopadhyay
Typewriter
4



Editorials 
(1) Michalak, A. M.; Xia, J.; Brdjanovic, D.; Mbiyozo, A.-N.; Sedlak, D.; Pradeep, T.; Lall, U.; Rao, 

N.; Gupta, J. The Frontiers of Water and Sanitation. Nat. Water 2023, 1 (1), 10–18. (DOI: 

10.1038/s44221-022-00020-1). 

 

 

 

 

5



  

Journal Papers 

6



 

  

Publications from our group 

7



Nanoscale

PAPER

Cite this: Nanoscale, 2023, 15, 2690

Received 13th November 2022,
Accepted 3rd January 2023

DOI: 10.1039/d2nr06350f

rsc.li/nanoscale

Tunable reactivity of silver nanoclusters: a facile
route to synthesize a range of bimetallic
nanostructures†

Amrita Chakraborty,a Megha Maria Stanley,a Biswajit Mondal,a Nonappa, b

Mohammad Bodiuzzaman,a Papri Chakraborty, a M. P. Kannan a and
Thalappil Pradeep *a

Quantized energy levels and unique optoelectronic properties of atomically precise noble metal nano-

clusters (NCs) have made them important in materials science, catalysis, sensors, and biomedicine.

Recent studies on the profound chemical interactions of such NCs within themselves and with ultrasmall

plasmonic nanoparticles (NPs) indicate that depending on the size, shape, and composition of the second

reactant, NCs can either take part in colloidal assembly without any chemical modifications or lead to

products with atoms exchanged. Anisotropic NPs are a unique class of plasmonic nanomaterials as their

sharp edges and protrusions show higher chemical reactivity compared to flat surfaces, often leading to

site-specific growth of foreign metals and metal oxide shells. Here, using chemical interactions between

gold nanotriangles (AuNTs) and Ag NCs of different compositions, we show for the first time that metal

atom etching, alloying/atom exchange, and colloidal assembly can all happen at a particular length scale.

Specifically, Ag25(DMBT)18 NCs (denoted as 1), upon reacting with AuNTs of ∼57 nm edge length, etch

gold atoms from their sharp tips and edges. Simultaneously, the two nanosystems exchange metal atoms,

resulting in Ag-doped AuNTs and AuxAg24−x(DMBT)18 (x = 1, 2). However, another Ag NC with the same

metallic core, but a different ligand shell, namely, Ag25H22(DPPE)8 (denoted as 2), creates dendritic shells

made of Ag, surrounding these AuNTs under the same reaction conditions. Furthermore, we show that in

the case of a more reactive thiol-protected Ag NC, namely, Ag44(pMBA)30 (denoted as 3), gold etching is

faster from the edges and tips, which drastically alters the identities of both the reactants. Interestingly,

when the AuNTs are protected by pMBA, 3 systematically assembles on AuNTs through H-bonding,

resulting in an AuNT core–Ag NC shell nanocomposite. Thus, while shedding light on various factors

affecting the reactivity of Ag NCs towards AuNTs, the present study proposes a single strategy to obtain a

number of bimetallic nanosystems of targeted morphology and functionality.

Introduction

Noble metal NCs of precise compositions and structures, com-
posed of a few to tens of metal atoms, show molecule-like
optical properties.1,2 In the last decade, the synthesis of a large
variety of NCs, their structural determination using single-
crystal X-ray diffraction (XRD) studies, and the structure–prop-
erty correlation of their physical and chemical behaviors have

been the principal aspects of research in the area, with a
recent emphasis on bimetallic NCs.3–6 Lately, the chemical
properties of noble metal NCs are gaining attention due to
their large surface to volume ratio and low coordination of
surface atoms which are important for applications such as
catalysis7,8 and bioimaging.9 Besides forming adducts with
small molecules such as cyclodextrins,10,11 crown ethers,12 full-
erenes,13 and cucurbiturils,14 NCs also take part in binary col-
loidal assemblies with 1D plasmonic NPs. For instance, pMBA
capped Ag and Au NCs, when anchored to the surface of
TeNWs, led them to arrange in a crossed-bilayer assembly at
the liquid–air interface.15 H-bonding interactions among the
anchored NCs of the two layers result in precise orientations.
The same NCs take part in H-bonding-mediated assemblies
with pMBA-protected ultrasmall gold nanorods (AuNRs) encap-
sulating the latter in multilayer cages.16 In such assemblies,
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bFaculty of Engineering and Natural Sciences, Tampere University,
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the identities of NCs and anisotropic nanoparticles were
retained. On the other hand, studies on thiol- and phosphine-
protected noble metal NCs have shown that NCs of two
different types of metals, when mixed under ambient con-
ditions, spontaneously exchanged metal atoms and ligands in
solution, leading to intercluster alloying.17 A similar reaction
between two NCs,18 or NC and metal thiolates,19 made of iso-
topically pure silver atoms resulted in isotopically mixed NCs.
Bürgi and co-workers have shown that doping a different
metal to Au NCs is possible by using metallic foils of Ag, Cu
and Cd as the source of heteroatoms.20 In a recent report,
ultrasmall plasmonic Ag NPs were also found to be the source
of atomic Ag while reacting with Au NCs, resulting in mono-
disperse Au–Ag alloy NPs and Ag-doped Au NCs.21

These results indicate that the interaction of NCs with
other nanosystems can range from weaker to strong interactive
forces, either retaining16 or altering their chemical pro-
perties.21 Plasmonic NPs of anisotropic morphology, such as
nanorods, nanobipyramids, and nanostars, show differential
reactivity along their sharp protrusions, edges, and tips as
compared to their flat surfaces.22–24 Site-specific chemical reac-
tivity leads to the preferential end-to-end assembly of AuNRs,25

the tip-specific growth of non-metallic shells,24,26,27 and the
site-selective growth of foreign metals.28–30 Thus, the chemical
reactivity of noble metal NCs with anisotropic plasmonic NPs
is an exciting field that is yet to be explored. A study by Yuan
et al. showed that the highest curvature caused the tips of tri-
angular gold nanoprisms to show the highest chemical reactiv-
ity followed by those of bipyramids and AuNRs.31

Therefore, we chose planar gold nanotriangles (AuNTs) as
the anisotropic NPs and allowed them to interact with
different Ag NCs under ambient conditions. A thorough
characterization of the intermediate and product NPs reveal
that the reaction with a thiolate-protected Ag NC, namely,
Ag25(DMBT)18 (abbreviated here as 1), causes controlled
etching of atoms from the sharp vertices and edges of AuNTs.
Simultaneously, the two nanosystems exchanged metal atoms,
leading to AuxAg25−x(DMBT)18 and blunt AuNTs with limited
Ag doping to the surface. This unique reactivity suggests that
the differential surface curvature of AuNTs makes the Au
atoms at the sharp tips and edges behave like loosely bound
atoms, and the flat surfaces behave like a gold foil and the
heavy metallic body remains unaffected, resembling bulk gold.

We have further shown that by tuning the composition of
the NC and the AuNT–Ag NC interface, the outcome of such reac-
tions can change drastically. For example, a similar interaction of
AuNTs with Ag25H22(DPPE)8 (abbreviated here as 2) produced a
dendritic nanoshell of Ag surrounding the AuNTs, whereas their
reaction with Ag44(pMBA)30 (abbreviated here as 3) leads to
uncontrolled etching of Au atoms from the tips and edges of
AuNTs. Interestingly, suitable modification of the AuNT–Ag NC
interface results in a geometrically precise core–shell bimetallic
nanocomposite. Thus, their chemical interaction with NCs has
the potential to produce atom-etched, atom-exchanged, and
core–shell products from a single nanostructure by slightly
tuning the reactants and reaction parameters.

Experimental
Materials and methods

Chemicals and materials. Tetrachloroauric acid trihydrate
(HAuCl4·3H2O, ≥99.9%), hexadecyltrimethylammonium chlor-
ide (CTAC, 25 wt% in water), sodium borohydride (NaBH4,
≥99%), 2,4-dimethylbenzenethiol (DMBT), 1,2-bis(diphenyl-
phosphino)ethane (DPPE, 97%), tetraphenylbromide (PPh4Br),
4-mercaptobenzoic acid (pMBA, 97%), sodium iodide (NaI,
≥99.5%), cesium hydroxide (CsOH, >99%) and L-ascorbic acid
(AA, ≥99%) were purchased from Sigma Aldrich. Silver nitrate
(AgNO3, 99%) and sodium hydroxide (NaOH) pellets were
obtained from Rankem, India. All analytical grade solvents,
e.g., N,N-dimethylformamide (DMF), dichloromethane (DCM),
dimethyl sulfoxide (DMSO) and methanol (MeOH), were pur-
chased from Rankem chemicals. All chemicals were used as
received without further purification. Glassware was washed
with aqua regia, sonicated three times with water for 3 min
each, rinsed with distilled water, and dried before use.
Distilled water was used for all syntheses.

Synthesis of gold nanotriangles (AuNTs). The seed-mediated
method reported by Scarabelli et al. was followed to synthesize
gold nanotriangles.32 To prepare the seed, 25 μL of 0.05 M
HAuCl4 solution was added to 4.7 mL of 0.1 M CTAC solution
with slow stirring. Subsequently, 0.01 M NaBH4 solution was
prepared in ice-cold water and 300 μL of this was injected into
the reaction mixture under vigorous stirring. The seed solution
was kept at 28 °C for 2 h, which was diluted 10 times using 0.1
M CTAC prior to its addition to the growth solution. For a
40 mL batch of AuNTs, the following two growth solutions
were prepared.

Growth solution A. To 8 mL of DI water, 1.6 mL of 0.1 M
CTAC, 40 μL of 0.05 M HAuCl4 and 15 μL of a 0.01 M NaI solu-
tion were added sequentially under manual stirring.

Growth solution B. 500 μL of 0.05 M HAuCl4 solution was
added to 40 mL of 0.05 M CTAC, followed by 300 μL of 0.01 M
NaI solution, all under manual stirring.

After the preparation of these solutions, 40 μL and 400 μL
of 0.1 M AA were added to the growth solutions A and B,
respectively. The reaction mixtures were manually shaken
until the solution became colorless, indicating the reduction
of Au(III) to Au(I). Immediately, 100 μL of the diluted seed
was added to growth solution A with mild shaking. Within 1 s
of this, 3.2 mL of growth solution A was added to growth
solution B. The mixture was kept still for a minimum period of
1 h after the initial manual shaking for about 5 s. The
appearance of a dark blue color indicated the formation of
nanotriangles.

Purification of the as-synthesized batch. To eliminate
spherical NPs formed along with the AuNTs, a flocculation
method was followed, i.e., a suitable amount of aqueous CTAC
stock solution (25 wt%) was added to the as-synthesized
AuNTs (in 5 mL batches) to achieve the final CTAC concen-
trations of 150, 175 and 200 mM, respectively. The mixtures
were kept undisturbed overnight at 28 °C. As a result, AuNTs
with better size and shape uniformity were precipitated in all
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three cases while the impurities remained dispersed in the
supernatant. The yield was optimum in the case of 175 mM
final CTAC concentration. After decanting the supernatant, the
pellets were dispersed in DI water with mild sonication, which
resulted in a solution of greenish blue color.

Synthesis of 1. NC 1 was synthesized according to a pre-
viously reported method.33 Briefly, 38 mg of AgNO3 was dis-
solved in 2 mL of MeOH and 17 mL of DCM was added to it.
Under stirring conditions, 90 µL of 2,4-dimethylbenzenethiol
(DMBT) was added to this solution. After 20 min of stirring,
6 mg of tetraphenylbromide (PPh4Br) was added followed by
the addition of a freshly prepared solution of 15 mg of
sodium borohydride (NaBH4) in 0.5 mL of ice-cold water. The
reaction was carried out for 6 h and kept in a refrigerator
(4 °C) overnight. The solvent was evaporated under reduced
pressure and the product was cleaned several times with
excess MeOH. The cleaned clusters were characterized by
optical absorption spectroscopy and electrospray ionization
mass spectrometry.

Synthesis of 2. NC 2 was synthesized following the procedure
reported recently.34 Briefly, 20 mg of AgNO3 was dissolved in
5 mL of MeOH. 75 mg of DPPE dissolved in 7 mL of DCM was
added to it under stirring at room temperature. Stirring was
continued for 20 minutes. Meanwhile, 35 mg of NaBH4 was
dissolved in 1 mL of ice-cold DI water. This was added to the
reaction mixture in one shot. With the addition of NaBH4, the
colorless solution turned light yellow. It was crucial to carry
out the synthetic procedure in the dark to avoid any undesired
oxidation of Ag. After roughly 30 minutes of continuous stir-
ring, when the reaction mixture turned orange, the product
was extracted and purified to obtain clean NCs.

Synthesis of 3. As reported by Desireddy et al.,35 NC 3 was
synthesized by adding 128 mg of AgNO3 and 173 mg of MBA to
a mixture of DMSO and water (volume ratio 4 : 7) under stirring
conditions. To this, an aqueous solution of CsOH (50%) was
added dropwise until the solution became clear. 283 mg of
NaBH4 was dissolved in 9 mL of ice-cold DI water, a 1 mL
aliquot of which was added dropwise to this greenish yellow
clear solution at an interval of 9 minutes with continuous stir-
ring. After this, the reaction mixture was kept under stirring
conditions for 1 h to complete the reaction. As a result, the
solution turned wine red, confirming the formation of 3. This
crude cluster was purified in a few steps. First, it was centri-
fuged at 5000 rpm for 5 min to remove any NPs formed
during the synthesis. Excess DMF was added to the super-
natant and it was centrifuged at 5000 rpm for 1 min. To the
precipitate containing 3, equal volumes of DMF and
toluene were added along with citric acid. This protonated the
carboxylic acid groups present in the cluster. This was centri-
fuged again at 5000 rpm for 1 min and the procedure was
repeated once more to ensure complete protonation of the
acid groups. Finally, the purified NC was dissolved in ultrapure
DMF.

Reaction between AuNTs and 1. Purified AuNTs were sub-
jected to centrifugation (6000 rpm for 10 min) to remove
excess CTAC. 90% of the colorless supernatant was decanted

and the AuNTs settled at the bottom were redispersed in the
same amount of DI water. This process was repeated once
more and the pellet was finally redispersed in DMF. The con-
centration of the AuNT solution was maintained such that the
optical density (O.D.) at the SPR maximum (∼640 nm) was 1.
To 500 μL of this AuNTs, 40 μL of purified NC 1 was added
dropwise with moderate stirring at room temperature. The
amount of NC added and the time of the reaction were varied
for comparative studies.

Reaction between AuNTs and 2. In a similar way as
described above, to 500 μL of AuNTs (as above), 50 μL of 1.2 μg
mL−1 NC 2 were added under stirring conditions. The reaction
was continued at room temperature.

Reaction between AuNTs and 3. This reaction was carried
out in two ways with bare AuNTs, which was similar to the
method described in the case of 1, and with pMBA-protected
AuNTs (abbreviated as AuNT@pMBA). For the latter, washed
AuNTs were dispersed in 500 μL of DMF as stated above,
Meanwhile, solid pMBA was dissolved in DMF to achieve a
final concentration of 0.1 mM. 500 μL of this was added to
AuNTs and the mixture was vortexed for 10 min. After 3 h, this
solution was centrifuged for 6 min at 6000 rpm and the super-
natant was decanted to remove excess CTAC and unbound
pMBA, if any. The pellet thus obtained was AuNT@pMBA. NC
3 was added to AuNT@pMBA (of O.D. 1 at 640 nm) with mild
stirring, and the mixture was kept undisturbed at room
temperature.

Instrumentation. UV-vis absorption spectra of all the
samples were recorded using a PerkinElmer Lambda 25
spectrometer. A quartz cuvette of path length 10 mm was used
for all measurements. TEM imaging was performed using a
JEOL 3010 instrument at 200 kV acceleration voltage. For trans-
mission electron tomographic reconstruction, the specimen
was tilted between ±69° angles with 2° increment and a tilt
series of 2D projections were acquired with the SerialEM soft-
ware package in low dose mode using a JEOL 3200 TEM oper-
ating at 300 kV with an omega filter. The acquired stack of
images was subjected to a series of pre-processing, coarse
alignment, and final alignment using the IMOD software
package. 3D reconstruction was obtained with a custom-made
maximum entropy method (MEM) program on MacPro.36

STEM images were collected using a JEOL JEM 2800 micro-
scope at 200 kV acceleration voltage. Mass spectrometric ana-
lysis was performed using a Waters Synapt G2Si high-defi-
nition mass spectrometer equipped with electrospray ioniza-
tion (ESI). X-ray diffraction (XRD) patterns were recorded with
a Bruker AXS D8 Discover diffractometer using Cu Kα (λ =
1.54 Å) radiation. Samples were scanned between the 5° and
90° range of 2θ and the peaks were matched with the JCPDS
(Joint Committee on Powder Diffraction Standards) database.
To identify the chemical oxidation states of the elements, XPS
was performed using an ESCA probe TPD spectrometer
(Omicron Nanotechnology) with a polychromatic Al Kα (hν =
1486.6 eV) X-ray source with a step size of 0.1 eV per second.
The binding energies (B.E) of all the elements were calibrated
with respect to C 1s (284.8 eV).
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Results and discussion
Interaction of AuNTs with a moderately reactive Ag NC

Equilateral AuNTs were synthesized following the synthetic
methods reported by Scarabelli et al.,32 Fig. 1a presents the
TEM image of AuNTs obtained after purification by the floccu-
lation method (Fig. S1† presents the detailed characterization).
A statistical analysis of 100 AuNTs reveals that the mean par-
ticle size (distance from the tip to the opposite side) of the as-
synthesized AuNTs was 57.8 ± 3.6 nm (Fig. 1b). For better
insight, 3D tomographic images of these AuNTs were recon-
structed from the respective tilt series of TEM images. Fig. 1c
and ESI Video S1† show the 3D views of AuNTs which clearly
exhibit their planar triangular morphology with sharp edges
and tips. Parallelly, we synthesized an Ag NC that is known to
exchange metal atoms with other NCs in solution,37 i.e., NC 1.
The synthesis of 1 was confirmed from its characteristic
absorption spectrum, i.e., a broad peak at ∼675 nm, an
intense peak at ∼490 nm and 2 other peaks at around 336 nm
and 396 nm (top panel of Fig. 1d), and ESI mass spectrum
(MS) (Fig. 3a). Pristine AuNTs, protected by a labile layer of
cetyl trimethyl ammonium chloride (CTAC), were dispersed in
aqueous medium. After removing excess CTAC by centrifu-
gation, the pellet of AuNTs was dispersed in DMF, which was
the same solvent as 1. A dilute solution of NC 1 was added
dropwise to AuNTs under stirring conditions until the color of
the medium changed from blue (characteristic color of pure
AuNTs) to greenish-brown. The reaction was allowed to con-
tinue for 72 h and the product (denoted as AuNT@1) was sep-
arated by centrifugation for analysis. A comparison of the
absorption spectra of pristine AuNTs, 1, and AuNT@1 pre-
sented in Fig. 1d shows that the LSPR of the AuNTs at
∼630 nm undergoes a blue shift in the latter, which can be

attributed to the reduction in the aspect ratio of the AuNTs, as
often observed in the case of conventional oxidative etching.31

Peaks between 350 nm and 450 nm come from unreacted 1
adsorbed on the surface of the AuNTs. The increased width of
all the peaks denotes electronic coupling between the two
systems. The broad peak around 800 nm is presumably due to
the quantum mechanical effect as explained by Lahtinen et al.
in the case of Au250 trimers.38 The TEM image of the reacted
AuNTs in Fig. 1e confirms that the morphology of the AuNTs
was significantly altered upon reaction. The particles retained
their triangular shape, but the edges were rounded and the
tips were blunt. The particle size distribution of AuNT@1 in
Fig. 1f indicates that the average size of the NTs has been
reduced by 12 nm and the size-polydispersity has increased.
Fig. 1g (also ESI Video S2†) presents the electron tomographic
3D reconstruction of AuNT@1 particles that gives a better
insight on the overall pebble-like morphology. We must clarify
that the label, AuNT@1, does not imply that 1 is covering
AuNTs. We also note that gold atoms can migrate from the
sharp tips of AuNTs to their flat surfaces when dispersed in DI
water.39 However, the TEM images of AuNTs dispersed in DMF
show that even after a week there was no alteration in the geo-
metry of the AuNTs (Fig. S2†).

To study the gradual change of AuNTs during the reaction,
the reaction product was extracted at different time intervals
and their TEM and STEM images were examined carefully. In
Fig. 2a, the TEM image of AuNT@1 after 24 hours of the reac-
tion showed a hint of bulging along the flat sides of the par-
ticles. This image implies that metallophilic attraction led 1 to
attach to the AuNTs, preferentially on their planar surfaces,
which exerted stronger van der Waals force compared to their
edges. Such adducts were also formed at the intermediate
stages of the reaction between polydisperse AgNPs and Au

Fig. 1 Characterization of AuNTs before and after the reaction with 1: (a) TEM image of parent AuNTs and (b) the corresponding particle size distri-
bution, (c) 3D tomographic reconstruction of a single AuNT, (d) comparative absorption spectra of 1, AuNT@1, and AuNTs, (e) TEM image of
AuNT@1, (f ) the corresponding particle size distribution and (g) 3D tomographic reconstruction of a single AuNT@1.
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NCs, as observed by Bose et al.21 In the present study, after
72 h of the reaction, more cluster moieties got adsorbed on
AuNTs forming AuNT-1 adducts, as shown in Fig. 2b. At this
stage, the tips of the nanotriangles started to lose their sharp-
ness, suggesting the etching of Au atoms from the highly
curved and least protected (by CTAC) surfaces of the AuNTs
upon reaction. Fig. 2c presents the TEM image of AuNT@1
after 6 days, which shows that the AuNTs became blunt. In the
case of the oxidative etching of anisotropic Au NPs, we have
seen that the rate of reshaping decreases significantly with
time as the surface curvature increases.31 Accordingly, the
TEM image of AuNT@1 taken after 10 days of reaction
(Fig. 2d) suggests that, after a certain point, the reshaping of
AuNTs was ceased. Although a prolonged reaction time
removed CTAC from the surface of AuNTs, causing them to
fuse with each other, most of the reacted AuNTs still carried
the signature of their triangular morphology. The rate of the
reaction and end results were hardly affected by an increase in
the NC concentration in the reaction medium (Fig. S3†).

STEM EDS elemental mapping of the reacted particles was
also performed at the two significant stages of the transform-
ation. Fig. 2e represents a dark-field STEM image of AuNT@1
and the corresponding EDS elemental mapping after 72 h of
the reaction. At this intermediate stage, a thin non-uniform Ag
shell surrounding the sharp AuNTs can be observed along
with some unreacted NC in the vicinity. The STEM image of
such a single particle collected after 6 days of reaction (Fig. 2f)
shows that besides the vertices, the edges of the particles also
lost their sharpness, thereby destroying the planar geometry of
the parent AuNTs. Besides, the particle seemed to be free from
any loosely bound NC. However, the corresponding EDS
elemental mapping shows that Ag was evenly distributed on
the surface of the reacted AuNTs, but no trace of S was found,
suggesting the absence of DMBT. This observation confirms
that there was no reacted or unreacted NC adsorbed on the

AuNT surface, rather elemental Ag was doped to the AuNTs in
a metal exchange reaction.

We then performed powder XRD analysis, which showed no
change in the lattice spacing of the AuNTs upon reaction
(Fig. S4†). Together, these two studies indicate that Ag atoms
were doped to the AuNTs, but the doping of Ag atoms was
limited to the surface and didn’t result in alloying of the whole
body of nanotriangles.

Plasmonic nanoparticles such as AuNTs are not atomically
precise. Even the best synthetic batch of AuNTs do not all
contain the same number of Au atoms. Hence, chances are
that the number of Ag atoms doped to AuNTs will vary. Mass
spectrometric analysis of the change of AuNTs is beyond the
limit of commercially available mass spectrometers. Hence, a
definite value of Ag atoms doped per AuNT is hard to deter-
mine. However, NCs are ultrasmall, atomically precise struc-
tures. Hence, the reacted NC was analyzed using ESI MS in
order to comprehend the mechanistic pathway. Precisely, after
72 h of the reaction, the solution was centrifuged to spin down
the AuNT@1 particles and the supernatant was analyzed. The
ESI MS of 1 before and after reaction are shown in Fig. 3a. The
intense peak at m/z ∼5167 in both the cases is attributed to
the molecular ion peak with a molecular formula of
[Ag25(DMBT)18]

−. In case of the reacted NC, the appearance of
a new peak at m/z ∼5256 indicates that an Ag atom of some of
the NCs was replaced with an Au atom. Another weak signal
found at m/z ∼5345 corresponds to the replacement of 2 Ag
atoms of 1 by 2 Au atoms, keeping the nuclearity constant,
namely, [Ag25−xAux(DMBT)18]

− (x = 1,2). This is direct evidence
of atom exchange between AuNTs and 1, resembling a chemi-
cal reaction. Along with the atom exchange products, we
observed two intense peaks at m/z ∼4923 and ∼4679, which
are due to the loss of one and two (Ag-DMBT) units, respect-
ively from the parent NC. However, these (Ag-DMBT)n-deficient
NC moieties showed no trace of Au doping, suggesting that
atom-etched NC moieties did not take part in atom exchange

Fig. 2 Time-dependent analysis of AuNT@1: TEM images of the reac-
tion product after (a) 1 day, (b) 3 days, (c) 6 days and (d) 10 days. (e)
STEM EDS elemental mapping of AuNT@1 after 3 days of the reaction,
and (f ) after 6 days of the reaction.

Fig. 3 (a) ESI MS study of 1 before and after the reaction with AuNTs,
(b) comparative XPS analysis showing the emergence of an Ag peak in
AuNT@1, but no signal was seen around 162 eV denoting the absence of S.
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with AuNTs and vice versa. These may also be a result of the
fragmentation of 1 during the reaction. The X-ray photo-
electron spectroscopic study of parent AuNTs and AuNT@1
reveals the presence of Ag in the latter; however, no trace of S
was found (Fig. 3b). The above results reconfirm that metallic
Ag was incorporated to AuNTs in its elemental form and not in
the form of the adsorbed Ag-DMBT unit or unreacted 1 as that
would produce a signal for S as well. Based on these obser-
vations and the previous studies of chemical interactions
between nanosystems, we propose a mechanism of the reac-
tion between bare AuNTs and 1. Krishnadas et al. have shown
that the reaction between Au and Ag NCs leads to atom
exchange products even up to the complete conversion of one
metal cluster to the other, one atom at a time.37 Even small
AgNPs, due to the high surface to volume ratio, are known to
show profound reactivity towards Au NCs. Such reactivity
between plasmonic NPs and NCs decreased significantly upon
increasing the size of AgNPs from 4 nm to 8 nm.21 Hence, con-
sidering their dimension, AuNTs are not expected to take part
in atom exchange with Ag NCs to a significant extent.
However, due to their non-spherical morphology, Au atoms
along their edges and tips took part in the reaction.

As expected from the previous reports of chemical reactions
among nanosystems, an AuNT-1 adduct was formed in step 1
of the reaction due to the metallophilic attraction between the
reactants. Now, Au atoms at the sharp edges and vertices of
AuNTs were under-coordinated, and hence, more exposed to
the reactant NC (here, 1). In step 2, loosely bound Au atoms
leached out from the vertices and edges of the sharp AuNTs
converting the latter into blunt pebble-like triangular NPs. On
the other hand, some of the NCs lost Ag-DMBT units from
their inherent composition. Such a partial decomposition of
NCs to form metal thiolates was observed earlier in the pres-
ence of a foreign metal ion.40 In a parallel pathway, the AuNTs
and undecomposed 1 moieties exchange metal atoms, produ-
cing Ag@AuNTs and [Ag25−xAux(DMBT)18]

− (x = 1, 2). Thus, the
reaction simultaneously produces Au-doped Ag NCs and Ag-
doped AuNPs as the end products. Scheme 1 shows the overall
reaction between AuNTs and 1. Notably, although ligand
exchange is quite a common phenomenon of NC reactivity,41

in this case we observed only metal atom transfer to the
AuNTs and no ligand exchange.

Effect of the shell of the NC

The physical and chemical properties of noble metal NCs are
guided by their atomic composition, the nature of the ligand,
and the structure of the metallic core.1 Therefore, to have a

complete understanding of the chemical reactivity of NCs with
anisotropic NPs, it is crucial to study the effect of these para-
meters. In order to investigate the effect of the ligand shell in
the present reaction, we synthesized another Ag NC of the
same metallic core as 1, but the protecting shell is made of a
phosphine ligand instead of a thiol.34 This NC, namely, 2 was
soluble in methanol, whereas AuNTs were dispersed in DI
water. The clear blue aqueous dispersion of AuNTs turned
turbid instantly as 2 was added to it with moderate stirring.
This indicates that the DPPE ligands came out of the NC, par-
tially or fully, into the reaction medium. The absorption spec-
trum of the reaction product, namely, AuNT@2 showed no sig-
nificant shift in the LSPR peak position even after 6 days of
the reaction (Fig. 4a). TEM images collected after 1 day
(Fig. 4b) and 6 days (Fig. 4c) of the reaction showed that the
reaction with 2 did not affect the size and aspect ratio of
AuNTs in aqueous medium. In the EDS elemental analysis of
AuNT@2, an intense signal for Au and Ag was obtained, but
no trace of P was found (Fig. S5†). This was possibly because
in aqueous medium, the ligand of 2 precipitated, decompos-
ing the NC too soon to effectively react with AuNTs and alter
their morphology. However, the naked core of 2 acted as a
source of Ag(0) that was doped to the surface of AuNTs. As a
result, even after days of the reaction, the vertices and edges of
AuNTs were sharp, retaining their planar geometry. The inset
of Fig. 4c presents the respective particle size distribution,
which closely matches that of the average size of parent
AuNTs.

Effect of solvent on the reaction product

The solvent often plays a crucial role in weak chemical inter-
actions among nano-systems. DMF has been widely used as
the medium of nanoscale reactions in earlier studies17 and in
case of the reaction between AuNTs and 1. Interestingly, in

Scheme 1 Two-step reaction between AuNTs and 1.

Fig. 4 Characterization of AuNT@2: (a) comparative absorption spectra
of AuNTs before and after the reaction with 2 in water (vertically trans-
lated for a clear view) and (b) TEM images of AuNT@2 after 1 day and (c)
after 6 days, with the corresponding particle size distribution in the
inset. (d) TEM image of AuNT@2-DMF, (e) magnified view of a single
AuNT@2-DMF particle, and (f ) TEM image of AuNT@2-DMF upon react-
ing with an excess amount of 2.
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DMF, 2 reacts with AuNTs in a very different way than in
aqueous medium. The reaction product, abbreviated as
AuNT@2-DMF, showed a non-uniform over-growth on the flat
surfaces of AuNTs, as evident from their TEM images (Fig. 4d
and e). Respective EDS analysis of this structure showed traces
of Ag, indicating the doping of Ag to AuNTs. With increasing
NC concentration (2.5 times), the thickness of irregularly de-
posited Ag was increased. An additional thin layer of Ag was
also observed surrounding these hybrid structures in the
respective TEM image (Fig. 4f). The absence of P in the TEM
EDS studies of these structures (Fig. S6†) proves that the
nodules are made of elemental Ag, and not of unreacted or
partially decomposed 2. Since the metallic core of 2 was the
same as 1, and the solvent was the same in both the cases, this
difference in reactivity was directly related to the different
surface ligands of the NCs. Phosphine-protected Au NCs are
known to undergo ligand exchange by reaction with thiols or
metal thiolates,42 which implies that phosphines are much
more labile as ligands compared to thiols. In 2, the core is pro-
tected by labile hydride and DPPE ligands, making them
highly reactive. However, crystallization of 1 has been poss-
ible,33 showing their greater stability. This is aligned with our
observation that under the reaction conditions (especially the
solvent), NC 2 decomposed and Ag atoms were doped to the
AuNTs, while NC 1 exchanged Ag-DMBT units with them.
Furthermore, while water stabilizes elemental Ag, and thereby
hinders the chemical interaction between the two nano-
systems, less polar solvents such as DMF facilitate it.

Effect of the atomicity of the NC core

In the previous studies of intercluster reactions, Au25(PET) is
known to exchange metal atoms with Ag NCs of different
atomiticity to different extents.17 Therefore, we synthesized 3
following an established protocol.35 The synthesis was verified
by the characteristic absorption features (Fig. 5a) and ESI MS
of the NC (Fig. S7a†) before it was added to AuNTs dispersed
in DMF with continuous stirring. Initially, the color of the NC
disappeared instantly upon addition, suggesting a fast chemi-
cal interaction. Dropwise addition of 3 continued until the

characteristic wine-red color of 3 was persistent in the reaction
mixture. By comparing the absorption spectra of 3, the reac-
tion product (denoted as AuNT@3) and AuNTs, we observed
that the LSPR peak of AuNTs was blue-shifted and significantly
broadened while the signature peaks of the NC were not dis-
tinctly visible (Fig. 5a). TEM images of AuNT@3 after 0, 1, 3
and 6 days are presented in Fig. 5b–e, which show that in the
case of 3, Au atoms continued to etch from the tips of AuNTs
until the triangular morphology of the particles was lost com-
pletely. Due to this fast and uncontrolled reaction, the mole-
cular ion peak of 3 disappeared and the corresponding Au-
doped Ag NC was not detected in ESI MS analysis (Fig. S7a†).
Instead, red-luminescent by-products were obtained (Fig. S7b
and c†), which presumably were mixed metal thiolates, that
are known to show aggregation-induced luminescence.43

Effect of the surface ligand of the AuNTs

The as-synthesized AuNTs were stabilized by CTAC through a
non-covalent interaction. From flat sides to edges to the ver-
tices of AuNTs, as the curvature of the surface increases, the
extent of surface coverage by CTAC molecules is lower. This
makes the Au atoms at the sharp tips more accessible to the
reactant NCs, which came out from the AuNTs during the
course of the reaction with 1 and 3. Now, AuNPs can be easily
and efficiently functionalized with different thiol molecules by
Au–S bond formation.44 In a previous report, we have seen that
pMBA-functionalization of AuNRs allowed them to act as a
template for the systematic multi-layer assembly of 3 surround-
ing them.16 Here, in order to explore the role of the AuNT–Ag
NC interface on their chemical interaction, the CTAC layer of
AuNTs was replaced with the respective ligands (DMBT and
pMBA) via the ligand exchange method (see the Experimental
methods section) prior to the reaction with 1 and 3. Choosing
the same ligand as that of the reactant NC was important to
avoid the formation of complex by-products. The functionali-
zation was verified by TEM EDS elemental analysis and Raman
spectroscopic studies (Fig. S8 and S9†). TEM images revealed
that even after 10 days of the reaction with 1, DMBT-protected
AuNTs suffered little or no morphological changes (Fig. S8c†),
presumably because DMBT molecules hindered the necessary
collision between the surface Au atoms and Ag NCs. The ESI
MS spectra of the reacted NC showed no additional peak in
this case, suggesting that the surface protection refrained the
AuNTs to take part in atom exchange chemistry with 1.
However, in the case of pMBA functionalization, AuNTs inter-
acted with 3 in a very different way. 3 is known to take part in
the inter- and intrasystem H-bonding through their ligand
shell.45 Since the pMBA molecules bind to the AuNTs via the
Au–S covalent bond, their –COOH groups were available for
H-bond formation. As expected from their interaction with
pMBA-protected AuNRs reported previously,16 3 took part in
the H-bonding mediated assembly to produce a multilayer
shell surrounding the AuNTs, completely encapsulating indi-
vidual AuNT@pMBA. Fig. 6a shows the proposed scheme. The
TEM image of the resulting nanostructure, named,
AuNT@pMBA@3, reveals their core–shell geometry (Fig. 6b),

Fig. 5 Characterization of AuNT@3: (a) UV-vis absorption spectra of 3,
AuNTs and AuNT@3, and TEM images of AuNT@3 after (b) 0 day, (c) 1
day, (d) 3 days and (e) 6 days of the reaction.
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where the shell follows the morphology of the underlying
AuNTs. However, the thickness of the shells was not strictly
uniform. AuNT@pMBA that was well-isolated from the neigh-
boring particles, allowed more layers of 3 NCs to grow sur-
rounding it (Fig. 6c), as compared to the aggregated ones
(Fig. 6b). Thus, while in every other case the chemical inter-
action with Ag NCs led to atom exchange or removal or both,
here the two nanosystems assembled through H-bonds
between the ligand shells. The absorption spectrum of the
product composite contained the signature peaks of both
AuNTs and 3 (Fig. 6d), suggesting that the parent NC retained
their identity in this hybrid nanostructure.

A red shift of the LSPR peak as compared with that of
AuNT@pMBA suggests an increase in the effective edge-length
due to the coupling with 3 in the core–shell structure. The
FESEM image of AuNT@pMBA@3 and the corresponding EDS
elemental analysis are presented in Fig. S10.† The line profile
(Fig. S10b†) shows the distribution of elemental Au, Ag and S
along a single particle. Fig. S10c and S10d† (corresponding to
points denoted as 1 and 2, respectively) show that at the
centre, the particle contains ∼62% Au and ∼20% Ag, whereas
the edge contained ∼22% Au and ∼52% Ag. However, the
amount of S at point 2 is lesser than expected from the compo-
sition of 3, which can be attributed to beam-induced damage

caused to the NC shell. While AuNT@1, AuNT@2 and
AuNT@3 showed insignificant morphological or compo-
sitional changes, the TEM image of AuNT@pMBA@3 collected
after 2 months (Fig. 6e) shows that the AuNTs retained their
morphology perfectly in the composite, while the uniform
shell was turned into ‘islands’ or ‘nodules’. This can be
because the pMBA ligands attached to the surface of AuNTs
prevented the stronger chemical interaction between 3 and the
underlying AuNTs, keeping the morphology of the encapsu-
lated AuNTs intact. However, ultrafine NCs such as 3, consist-
ing of a few metal atoms, possess an extremely high surface
energy, and are prone to aggregation. Studies have shown that
Ag NCs, anchored to the surfaces such as graphite,46 TeNWs,47

etc., start to diffuse, presumably to reduce the interfacial
energy (between the NC and the planar surface). During such
mobility, the NCs encounter adjacent NC moieties, and
coalesce to produce aggregates. This result is particularly inter-
esting as significant effort has been made into growing Au,48

Ag,50 or Au–Ag bimetallic islands49 on anisotropic Au NPs pre-
viously to achieve promising candidates for SERS-based
studies. However, there are limited reports on the wet chemical
synthesis in this direction. Our present strategy of a straight-
forward colloidal assembly produces an AuNT core–Ag island
nanostructure spontaneously with time.

Conclusions

In conclusion, we have shown that due to differential surface
energies, gold atoms at the tips, flat surfaces, and core of a
single anisotropic nanoparticle, namely, AuNT, interact with
atomically precise Ag NCs to various extents. Parallelly, the
low-coordinated atoms are etched from the sharp tips of the
AuNTs, and Ag atoms are doped to their surface, while the
core of the AuNTs is unaltered. Moreover, a series of aniso-
tropic Au core–Ag shell nanostructures were achieved by
tuning the compositions of the Ag NC, solvent, and AuNT–Ag
NC interface. Thus, our present study reflects the versatile
nature of nanoscale reactivity and explores its sensitivity
towards some of the factors such as the surface curvature,
solvent, and surface protective layer, leaving a scope to explore
further. For example, the effect of size of the nanotriangle on
such reactivity with silver nanoclusters will be an interesting
follow-up study. Such bimetallic anisotropic core–shell and
alloy nanostructures play promising roles in diverse appli-
cations and therefore, a common strategy to synthesize them
at room temperature has immense importance in the field of
materials science. Thus, while exploring the chemical pro-
perties of noble metal NCs, the present study shows their
utility in creating advanced nanostructures of desired
functionalities.
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Fig. 6 Interaction between AuNT@pMBA and 3: (a) schematic repre-
sentation of the H-bond mediated assembly of 3 on the AuNT@pMBA
template, (b) TEM image of AuNT@pMBA@3 after 24 h, (c) that of a
single AuNT@pMBA@3 clearly showing the core–shell composite struc-
ture, (d) UV-vis absorption spectra of AuNT and AuNT@pMBA@3, and (e)
TEM image of AuNT@pMBA@3 after 2 months, the inset shows that of a
single particle.
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Video S2 Tomographic reconstruction of AuNT@1 Attached

a

b

c
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b

d

Fig. S1 Characterization of AuNT: a) TEM image, b) 3D tomographic reconstruction, c) dark-field 
STEM image, and d) corresponding EDS elemental mapping (Au is shown in red).
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3

Fig. S2 TEM image of AuNTs dispersed in DMF after a week. Scale bar 50 nm.

a b

50 nm 50 nm

Fig. S3 TEM image of AuNT@1 upon addition of a) 40 uL, and b) 200 uL 1 showing minor effect of 
NC concentration on the product.

20



4

Fig. S4. Comparative powder XRD of AuNT and AuNT@1 (a) and magnified view of the peaks 
corresponding to the (111) lattice plane (b), showing no change in the peak position.

Element Weight% Atomic%
Ag 3.19 5.67
Au 96.81 94.33
Totals 100.00

a b

Fig. S5 TEM EDS analysis of AuNT@2 in water: EDS spectrum (a) and corresponding elemental 
quantification (b).

Element Weight% Atomic%
Ag 22.93 35.20
Au 77.07 64.80
Totals 100.00

a b

Fig. S6 TEM EDS analysis of AuNT@2 in DMF: EDS spectrum (a) and corresponding elemental 
quantification (b).
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5

Fig. S7 Characterization of reacted 3: (a) ESI MS spectra of parent NC and that reacted with AuNTs 
showing that the two molecular ion peaks of the NC disappear upon reaction. (b) photograph of the 
reaction mixture showing luminescent by-product and (c) corresponding UV-vis absorption spectrum. 

Element Weight 
%

Atom 
%

S 0.68 4.05

Au 99.32 95.95

Total 100 100

ca b

50 nm 50 nm

dFig. S8 Characterization of AuNT@DMBT and AuNT@DMBT@1: (a) TEM image of 
AuNT@DMBT, (b) TEM EDS elemental analysis of AuNT@DMBT showing the presence of S on the 
nanoparticles, and (c) TEM image of AuNT@DMBT@1 which shows no morphological changes.
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Element Weight
%

Atomic
%

S 0.61 3.66

Au 99.39 96.34

Totals 100.00

1080 cm-1

1594 cm-1
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Fig. S9 Characterization of AuNT@pMBA: (a) TEM image of the particles showing no change in the 
size and shape as compared to the parent AuNTs. (b) Raman spectrum of AuNT@pMBA showing two 
peaks at 1080 cm-1 and 1594 cm-1, the characteristic features of pMBA molecule, (c) TEM EDS 
spectrum and (d) corresponding elemental quantification showing the traces of S along the particles.

Fig. S10 (a) FESEM image of AuNT@pMBA@3, (b) EDS line profile drawn along the yellow arrow 
in Figure (a) showing the distribution of Au, Ag, and S along a particle, (c) elemental quantification at 
the centre of the particle (position 1) and (d) that at the edge (position 2). 
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Video S1 and S2 are attached separately.
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ABSTRACT: Two-dimensional nanostructures with atomically
precise building blocks have potential applications in catalysis
and sensing. However, structural instability and surface
reactivity limit their practical use. In this work, we demonstrate
the formation of vertically aligned nanoplates of the
[Co6S8DPPE6Cl6] cluster (Co6 in short), protected by 1,2-
bis(diphenylphosphino)ethane, using ambient electrospray
deposition (ESD). Charged microdroplets of Co6 formed by
ESD on a water surface created such nanostructures.
Preferential arrangement of clusters in the nanoplates with
enhanced surface area results in sensitive and selective
electrochemical response toward arsenite down to 5 parts per
billion, in tap water. Density functional theory calculations reveal the preferential binding of arsenite with Co6. Our work
points to a practical application of atomically precise clusters of large societal relevance.

■ INTRODUCTION
Atomically precise clusters of noble metals, metal oxides, and
chalcogenides are expanding the boundaries of materials
chemistry.1−8 Quantized electronic structures due to atomic
confinement leading to new photophysical, chemical, catalytic,
and magnetic properties of these materials have resulted in
several advancements.9−16 One of the obvious areas of their
impact is in sensors due to the possibility of a large number of
accessible surface sites and the ability to tune the sensitivity of
analytes to their varying electronic structure.17 As a result,
optical and fluorescence sensors to detect chemical, bio-
chemical, and elemental species have been reported.18−22

However, the use of such sensors in practical applications has
been lacking either due to the reduced stability of such
systems, selectivity toward analytes, limits of analysis, or cost.23

Therefore, atomically precise clusters, synthesized from
inexpensive precursors and with superior stability, are essential
for expanding the utility of these materials.
Arsenic in drinking water affects over 120 million people

worldwide, and its grip is expanding continuously due to the
excessive use of groundwater, fertilizers, and agrochemi-
cals.24,25 A practical arsenic sensor in water without the need
for preconcentration and sophisticated instrumentation is very
much in need. Key to developing such practical electro-
chemical devices for arsenic is the development of stable,

selective, sensitive, and affordable electrodes.26,27 Increased
sensitivity requires the electrode to be composed of specific
chemical species with morphologies or superstructural micro-
crystalline assemblies, enhancing the specific surface
areas.28−30 In view of the sensitivity of cobalt-based systems
for arsenic sensing,31 we decided to explore the atomically
precise Co6 cluster system to develop a practical sensor. We
have developed a method of ambient electrospray deposition
(ESD) of the Co6 cluster system leading to their 2D
nanostructures with unique morphologies.32−34 In this work,
we present a practical electrochemical arsenic sensor based on
the resulting structures for arsenite detection down to 5 parts
per billion (ppb) in tap water implementable in field
applications. As the safe limit of arsenic in drinking water is
10 ppb, and the detection is demonstrated in tap water,
practical application of such materials is possible. Cost per
analysis is estimated to be less than $1 per measurement.
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■ RESULTS AND DISCUSSION
The Co6 cluster was synthesized using a reported protocol35

with a different ligand, namely, 1,2-bis(diphenylphosphino)-
ethane (DPPE; detailed synthetic procedure is given in the SI).
The as-synthesized cluster in dichloromethane (DCM) was
brownish in color and exhibited well-defined optical absorption
peaks in a characteristic pattern emphasizing its molecular
nature (Figure 1a). The stability of the cluster was monitored
using time-dependent UV−vis in solution, and no change was
seen up to 60 days under ambient conditions (Figure S1). We
have observed almost identical absorption features in multiple
solvents (Figure S2). Cuboidal single crystals of the cluster
were grown in 7 days from a saturated DCM solution upon
layering with hexane at 4 °C (Figure 1b). Field emission
scanning electron microscopic (FESEM) images of the crystal
(shown in the inset of Figure 1b) correlate with the optical
micrograph. Energy-dispersive spectroscopy (EDS; Figure S3)
and elemental mapping of the crystals (shown in the inset of
Figure 1b) confirm the presence of Co, S, P, and Cl in them.
Single crystal X-ray diffraction (SCXRD) measurements gave
the structural framework of the cluster shown in Figure 1c. It
exhibited a monoclinic unit cell with the space group of P21/c
(detailed crystallographic information is given in Table S1 and
S2). The core of the cluster is arranged in an octahedral
fashion with six Co atoms, having an average Co−Co bond
length of ∼2.8 Å. Each triangular face of the Co6 octahedron is
further protected by eight isolated S atoms, resulting in an
octacapped octahedral geometry (shown in the inset of Figure
1c). The average Co−S bond length is ∼2.2 Å and each S sits

∼1.5 Å away from the centroid of the respective Co3 faces
(shown in Figure S4). A bond length analysis shows strong
metal−metal and metal−sulfide interactions, which provide
rigidity to the kernel of the cluster.
Six bidentate DPPE ligands protect the cluster; one

phosphine end of DPPE is directly bonded to the cobalt,
and the other end binds with the chlorine resulting in average
Co−P and P−Cl bond lengths of 2.12 and 2.48 Å, respectively.
Supramolecular packing of the cluster reveals that four clusters
are packed inside the unit cell (Figure S5). Large area packing
shows the AB···AB kind of packing of the clusters (Figure 1d)
through CH-π, CH-Cl, CH-P, and Cl-π interactions (Figure
S6). High resolution electrospray ionization mass spectrometry
(HRESI-MS) of the cluster showed a peak at m/z 3213.96 in
the positive ion mode, in the singly charged state, which
corresponds to the composi t ion of the cluster
[Co6S8(DPPE)6Cl6] as revealed by SCXRD (Figure S7). The
presence of these elements has been further verified using X-
ray photoelectron spectroscopy (XPS; Figure S8). Exper-
imental X-ray diffraction patterns obtained from the crystalline
samples of Co6 cluster were in good agreement with the
simulated data (shown in Figure S9). The strong appearance of
6.21, 6.42, 6.6, 7.19, 8.15, 11.6, and 14.83 diffraction peaks in
the 5−15° 2θ range correspond to (012), (110), (102), (11−
2), (004), (122) and (116) lattice planes, respectively.
However, several features were not clearly visible due to
their poor intensities. Some intensity variations were also seen.
Thermogravimetric (TG) and differential thermogravimetric
(DTG) analysis of microcrystalline Co6 was carried out for the

Figure 1. (a) UV−vis absorption spectrum of Co6 in DCM (inset shows the photograph of the respective solution). (b) Optical microscopic
image of the crystals (inset shows the FESEM micrograph of a crystal and the respective elemental mapping; scale bar corresponds to 500
nm). (c) Molecular structure of the cluster including ligands (inset shows the Co6S8 core, with an octacapped octahedron geometry). (d)
Large area supramolecular packing of [Co6S8DPPE6Cl6] in the b plane. Atomic color codes for c and d: cyan = cobalt, yellow = sulfur, pink =
phosphorus, green = chlorine, gray = carbon, and white = hydrogen.
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heating range from 25 to 700 °C. No mass loss was observed
up to 400 °C, suggesting superior thermal stability in the solid
state (Figure S10).
Time-dependent density functional theory (TD-DFT)

calculations (see details in SI) were carried out to obtain an
atomistic understanding of the optical properties of
[Co6S8(DPPE)6Cl6].

36 The obtained theoretical absorption
spectrum is in agreement with the experimental spectrum
(Figure S11a). The frontier molecular orbital (FMO) analysis
revealed the contribution of the molecular orbitals correspond-
ing to 321, 427, and 498 nm (Figure S11b). Projected density
of states (PDOS) analysis indicates that the occupied states
have major contributions from Co(d) states and P(sp) states,
whereas the unoccupied states are mainly occupied by S(sp)
and Cl(sp) states centered at the ligands encapsulating the Co6
kernel (Figure S11c). This is further supported by the Kohn−
Sham orbital analysis (Figure S11d). However, we note that
the HOMO and LUMO states have a higher contribution from
the ligands than the Co6 kernel indicating the significant role of
ligands in governing the electronic properties of the cluster
(Figure S12).
We created self-assembled superstructures of the cluster

using the ESD technique. A schematic of our home-built ESD
setup is shown in Figure 2a. The cluster solution in DCM was
sprayed as solvated microdroplets through a glass capillary tip
(diameter 30−35 μm) by applying a positive potential of
2.75−3 kV (photograph of spray plume is shown in the inset of
Figure 2a) at a flow rate of 30 μL h−1. After 30 min of
continuous deposition of such charged microdroplets onto an
ultrapure water substrate, a brownish thin film resulted,
floating on it. From our previous report, the spray current
measured between the tip and the substrate was 40 nA.32 The
obtained film was carefully transferred to a suitable substrate
(glass slide or aluminum foil) for further studies. An optical
micrograph of the film (shown in Figure S13) demonstrates its
transparent nature. Surprisingly, the FESEM micrograph
(Figure 2b and S14) reveals an assembly of vertically aligned

nanoplates with a thickness of 200 ± 100 nm and an edge
length of 600 ± 200 nm. Atomic force microscopy (AFM)
analysis of the assembly of vertically aligned nanoplates gave
more insights into the morphology. The nanoplates were
found to have a thickness of 200 ± 100 nm with a width of 450
± 200 nm (Figure S15). An expanded view of the image
suggests the vertical alignment of most of the platelets (Figure
2c). FESEM images collected from different cluster batches
demonstrated the reproducibility of these nanostructures
(Figure S16). We note that the oriented assembly of
nanoclusters leading to specific morphology, such as nano-
sheets, fibers, etc., was observed earlier.37−40

UV−vis absorption studies of the dissolved ESD film
showed well-defined absorption features matching with the
as-synthesized cluster (Figure S17a). ESI-MS of the ESD film
showed a peak at m/z 3213.96 in the positive ion mode which
matches well with the molecular composition of the Co6
cluster (Figure S17b). Solid-state IR studies were carried out
on both the drop-casted cluster and the ESD film, and both
were in good agreement (Figure S18). These results concluded
that the cluster remains intact upon ESD. To ensure the
uniqueness of the ESD technique, we drop-casted the same
cluster solution (in DCM) onto a water surface. FESEM
images of the films formed reveal no specific morphology,
inferring that nanoplates are specific to the deposition
technique (Figure S19). The formation of nanoplates using
ESD is also substrate specific, and we have confirmed it by
taking different substrates such as conducting carbon cloth,
glycerol, and ethylene glycol (Figures S20, S21, and S22). This
signifies that the use of a liquid hydrophilic substrate is
essential to create such nanostructures. This oriented micro-
crystalline assembly could be a result of specific intramolecular
interactions. To further understand such interactions, we have
carried out periodic DFT calculations.41 We have considered a
dimer constituted by two [Co6S8(DPPE)6Cl6] units and
analyzed the energetics of its formation from two monomer
units for studying the role of intercluster interactions with and

Figure 2. (a) Schematic representation of our home-built electrospray setup. Inset shows a photographic image of the nanospray plume
generated from the tip of the capillary. The plume is visualized using a green laser, which scatters from it. (b) Large area and (c) magnified
FESEM micrographs of the vertically aligned nanoplates. (d) An expanded image of microcrystalline hexagonal nanoplates. (e) Intercluster
interaction leading to such a superstructure. (f, g) Ligand-centered short contact interactions between two clusters.
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without van der Waals (vdW) considerations.42 The calculated
dimer formation energy when vdW interactions are taken into
account is found to be less than the non-vdW scenario by 2.03
eV (optimized structure is in Figure 2e). This indicates that the
noncovalent interactions such as CH···Cl and CH···π mediated
by the phenyl rings of ligands provide structural stability of the
superstructure (Figure 2f,g).
These oriented nanoplates were cast on a glassy carbon

(GC) electrode using 5 wt % nafion, and the deposited film
contained intact nanoplates (Figure S23). Electrochemical
arsenic (As3+) sensing experiments were carried out using
voltammetry. The experimental details are presented in the SI.
Different concentrations of As3+ were prepared by dissolving
NaAsO2 in phosphate-buffered saline (PBS, pH ∼ 7). The
electrode showed an excellent current response to As3+ in PBS
as shown in Figure 3a, over a wide concentration window of 4
to 112 ppb. The electrode system is stable for multiple
measurements, and all of the concentration-dependent
measurements shown in Figures 3a and S24 were performed
using a single electrode. The increase in current upon
increasing the concentration is due to enhanced electro-
catalytic oxidation of arsenite onto the exposed nanoplates.
Control experiments were also performed for bare GC
electrode and as-synthesized Co6 cluster (Figures S25 and
S26). No significant current response was observed for these
experiments. Vertically aligned nanoplates with specific
exposed planes and consequent cluster sites probably act as
catalytically active surfaces for As3+ binding.
We have investigated the suitable binding of As(OH)3 with

the Co6 cluster using DFT calculations, which reveals that
As(OH)3 exhibits a strong affinity to the cluster with a binding

energy of −0.63 eV in correspondence with the experimental
observation (Figure S27). It may be noted that arsenite exists
as the neutral As(OH)3 species at pH 7. This is further
supported by the charge density difference (CDD) analysis of
As(OH)3 binding to the Co6 cluster (Figure S28). Detailed
structural analysis uncovers that the phosphine end of the
ligand bonded with cobalt has a high affinity with As3+.
Although the free phosphine end interacts with As3+, the cavity
made by the flexible arms of DPPE interacts with the −OH of
As(OH)3 (shown in Figure S29a). Bader charge analysis of the
Co6S8P6 unit reveals that all P atoms bonded with the Co are
negatively charged, which favors electrostatic interaction with
the positively charged arsenic (Figure S29b).
The sensor behaves linearly in the concentration window

relevant to drinking water. The sensitivity was calculated to be
3.496 × 10−9 μA/ppb/mm2, and the estimated limit of
detection (LOD) was 0.66 ppb, which is far below the
guideline value of arsenic in drinking water (10 ppb), as
recommended by the World Health Organization (WHO).43,44

A theoretical LOD of 0.825 ppb using CoOx on a glassy
carbon electrode in PBS at pH 7 was reported previously.31

Similar experiments were conducted in tap water with the
gradual addition of As3+ over a concentration window of 5−
100 ppb (Figure 3c). As may be inferred from this data set,
measurements below 10 ppb can be done easily in field
conditions. Interference studies with different metal ions,
commonly present in arsenic-contaminated water, were
performed in tap water (Figure 3d) and PBS (Figure S30).
The concentration of all of the metal ions (Ca2+ Mn2+, Fe2+,
Fe3+, Cu2+, and Pb2+) was maintained at 100 ppb each during
the studies. Later, we analyzed three arsenic concentrations

Figure 3. (a) Baseline corrected voltammetric profiles of the ESD-modified Co6 GC electrode in response to various concentrations (3.75−
112 ppb) of As3+ in a buffer solution. (b) Linearity analysis of voltammetric response for different concentrations of As3+. Error bars
represent interelectrode variability. (c) Baseline corrected voltammetric profiles for various concentrations (5−100 ppb) of As3+ in tap
water. (d) Interfering ion studies with different metal ions (100 ppb each of Ca2+, Pb2+, Fe2+, Fe3+, Mn2+, and Cu2+ added sequentially) and
the response of arsenic in the presence of all of the metal ions.
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(10, 50, and 100 ppb) which were added sequentially in the
presence of these ions at 100 ppb each. The electrode responds
specifically to As3+ both in tap water and in PBS. The
recyclability of the working electrode for arsenic detection was
verified by performing cyclic voltammetry (CV) in PBS for 40
cycles with a fixed arsenite concentration of 100 ppb (Figure
S31). The composition of the nanoplates after electrochemical
arsenic sensing experiments was verified by UV−vis measure-
ment (Figure S32). The tests conducted individually and
collectively show the specificity and practical utility of the
sensor.
The analysis can be performed without the need for

preconcentration, additional reagents, and sample processing,
which enables rapid measurements. From a practical
perspective, the amount of cobalt cluster in an electrode is
approximately 0.5 ng. With the cost of the binder and other
consumables, the materials cost per electrode is expected to be
less than $0.5. As the electrode can be reused, costs can come
down further. Therefore, each analysis can be done below a
cost of $1.
In conclusion, we present a practical arsenic sensing method

built using an atomically precise Co6 cluster working down to 5
ppb in tap water. A new cobalt cluster, [Co6S8DPPE6Cl6], was
synthesized using ambient conditions and characterized using
SCXRD and other spectroscopic studies. The sensing platform
was prepared by ESD of the cluster on the water surface
resulting in vertically aligned crystalline nanoplates. The
interactions of charged microdroplets of cluster ions with the
water surface resulted in the preferential organization of these
nanoplates, enhancing the surface area and selectivity leading
to an excellent response to As3+. We obtained a LOD of 0.66
ppb, which is well below the guideline value of arsenic in
drinking water (10 ppb) as recommended by WHO. Ease of
availability, selectivity, sensitivity, and cost-effectiveness made
it a good candidate for practical arsenic sensing. We note that
affordable arsenic sensing below 10 ppb in water can have far
reaching implications for global health.
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1. Experimental section

Chemicals used

The borosilicate glass capillary was purchased from Sutter instruments, USA. All the materials 

were commercially available and were used without further purification. Cobaltous chloride 

(CoCl2.6H20, 97%) was purchased from Fisher Scientific. Sodium sulfide nonahydrate 

(Na2S⋅9H2O, 98%) was purchased from SRL.1,2-bis(diphenylphosphino)ethane (97%) was 

purchased from Spectrochem. Sodium arsenite (NaAsO2) was purchased from S. D. Fine 

Chem. Ltd. HPLC grade dichloromethane (DCM), dimethylformamide (DMF), and methanol 

(MeOH) were purchased from Rankem. CDCl3 (99.99 % purity) was purchased from Sigma-

Aldrich. All solvents and chemicals were used as such without further purification.

Synthesis of Co6 cluster

The Co6 cluster was synthesized at room temperature (25 °C) upon dissolving 0.016 g (0.124 

mmol) of CoCl2.6H20 in 2 mL of DMF. 0.2 g (0.5 mmol) of DPPE in 3 mL of DMF was added 

to the dissolved CoCl2 solution and stirred (1000 rpm) for 10 min. After that, 0.15 g Na2S⋅9H2O 

dissolved in 1 mL of methanol was added gradually to the stirred solution. In the course of the 

reaction, the bluish solution changes to dark brown with a greenish intermediate (shown in 

Figure S36). The final solution was kept for stirring for two days at room temperature. Purified 

cluster was dissolved in multiple solvents for further studies. The yield of the cluster is 85% in 

terms of cobalt precursors.  

Electrospray deposition

A home-built electrospray set-up was used for preparing the thin film. The electrospray source 

was made by pulling a borosilicate glass capillary of 1.5 mm outer diameter (OD) and 0.86 mm 

inner diameter (ID), using a micropipette puller instrument. It was cut into two pieces having 

an ID of 30-35 μm. Freshly prepared Co6 cluster in DCM was filled inside the capillary using 

a micro-injector pipette tip. A spray plume was produced from the tip of the capillary by 

applying a DC potential of 2.75 to 3 kV between a platinum wire placed inside the capillary 

and the ground. The capillary tip was kept at a distance of 6 to 8 mm over the water substrate 

during the ESD process.

Preparation of working electrode

The working electrode was made by carefully transferring the ESD-nanofilm onto a glassy 

carbon electrode. To reduce the structural damage of the nanoplates, we transferred it to a 3: 1 

(v/v) nafion: DMF mixture and it was sonicated for 1 min to make a brownish dispersion. This 

dispersion was drop cast on a glassy carbon electrode and dried in vacuum for 1 h (the active 
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surface area was ≈ 7 mm2). Prior to each measurement, argon bubbling (exposure time = 10 

min) was performed to remove dissolved oxygen. All the measurements were performed at 

room temperature (25 °C).

2. Instrumentation

UV–vis absorption spectra of the cluster in their respective solution were recorded using a 

PerkinElmer Lambda 25 spectrophotometer in the wavelength range of 200–1100 nm. The slit 

width used for the measurement is 1 nm. Mass spectrometric measurements were performed 

using Waters Synapt G2-Si high-resolution mass spectrometer instrument equipped with time 

of flight (TOF) detector. Samples were measured using electrospray ionization (ESI) in the 

positive mode. An optimised instrumental condition (capillary voltage = 3 kV, source 

temperature = 100 0C, desolvation temperature = 150 0C, cone voltage = 0 V, source offset = 0 

V, flow rate =20 µl/min, desolvation gas flow = 400 L/h) was used to record the spectrum. FT-

IR spectra were measured using a JASCO-4100 spectrometer. A thin pallet of sample 

embedded with KBr was used for the measurement. X-ray photoelectron spectroscopy (XPS) 

measurements were done using an Omicron ESCA Probe spectrometer equipped with a 

polychromatic Al Kα X-ray source (hυ= 1486.7 eV). The sample dissolved in DCM was drop-

casted on an XPS sample stub and dried under ambient conditions. The pass energy for survey 

scans was kept at 50 eV and changed to 20 eV for specific regions for the measurements. 

Binding energies (BE) of the core levels were calibrated with C 1s BE set at 285 eV. 

Multinuclear NMR spectra were measured using a 500 MHz Bruker instrument (using CDCl3 

solvents). TGA and DTG measurements were analyzed in the temperature range of 25 to 700 

°C using a NETZSCH STA 449 F3 Jupiter instrument. About ~5 mg of crystalline sample was 

loaded in an alumina crucible for the measurement. Nitrogen was used as the environment with 

a flow rate of 10 °C/min

Optical microscopic images of the crystals and ESD film were observed using Leica 

Microscope. Surface morphology and elemental analysis were performed by FESEM−EDX 

(Thermo Scientific Verios G4 UC). Backscattered electrons and secondary electrons were used 

for imaging the surface at an accelerating voltage of 10 kV under high vacuum conditions.  

Surface morphology analysis of the ESD-film was performed  by an Atomic Force Microscopy 

(AFM) system (Park Systems XE-100) in the  non-contact mode.
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Single crystal XRD

Single-crystal X-ray diffraction data were recorded at 296 K using Bruker D8 VENTURE 

instrument. It equipped with a Mo Kα X-ray source with the wavelength 0.71073 Å. A 

PHOTON 100 CMOS detector has been used to record the diffraction spots of multiple frames. 

A suitable crystal was mounted on a Kapton polymer loop with the help of paratone oil. The 

programme APEX3-SAINT (Bruker, 2016) was used for integrating the frames. A multi-scan 

absorption correction was done using the programme SADABS (Bruker, 2016). The structure 

was solved by SHELXT-2014 (Sheldrick, 2014) and refined by full-matrix least squares 

techniques using SHELXL-2018 (Sheldrick, 2018) computer programme. Hydrogen atoms 

were fixed at calculated positions and refined as riding model with C-H = 0.93 Å and Uiso(H) 

= 1.2 Ueq(C). Mercury 2020.2.0 software has been used for the visualization of the structure.

Electrochemical sensing
All the electrochemical measurements were performed using a CH 600A (CH Instruments) 

electrochemical workstation. Arsenic sensing was carried out by cyclic voltammetry (CV) 

technique using NaAsO2 dissolved in phosphate-buffered saline (PBS, pH ∼ 7). The 

measurements were done with the following optimised parameters: scan rate of 50 mVs−1, 

sensitivity of 2× 10-6, and potential range of -0.5 to 1 V. A conventional three-electrode cell 

was used with Ag/AgCl as the reference electrode and a Pt wire as a counter electrode. The 

working electrode was made by dispersing ESD nanofilm with 5.wt% Nafion binder. A few 

µL amount of this slurry was drop casted on a polished glassy carbon electrode (active surface 

area ≈ 7 mm2) for preparing the working electrode. Prior to each measurement, argon bubbling 

(exposure time = 10 min) was performed to remove the dissolved oxygen. All the 

measurements were performed at room temperature (25 °C).

3.Theoretical calculations

The periodic DFT calculations were done using Vienna Ab-Initio Simulation Package (VASP) 

by using Generalized gradient approximation of Perdew–Burke–Ernzerhof (PBE) functional.1,2 

Projector augmented wave (PAW) method is used for treating ion electron interactions.3 The 

ionic relaxations have been carried out using a Conjugate gradient algorithm with convergence 

criteria of 10-4 eV for minimum energy and 0.05 eV Å-1 for Hellmann-Feynman forces on 

atoms. Due to the large size of the unit cells of the compounds, the Brillouin zone was sampled 

at the Gamma point (1×1×1). For the projected density of states (PDOS) calculation, a higher 

(2×2×2) K-mesh is used. The atomic charges are calculated using Bader charge analysis.4 For 
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identifying the intercluster interactions, calculations of dimer and monomer clusters units are 

carried out with and without applying van der Waals correction using DFT-D3 method.5

The molecular DFT calculations were done using Gaussian 09 D.01 program. 6 B3LYP 

functional with Pople’s 6–31G* basis set was used for non-metal elements and LANL2DZ-

ECP (effective core potential) was employed for Co atoms, respectively. 7, 8 The TD-DFT 

calculations considered 300 singlet-to-singlet excitation energies. Since a full ligand simulation 

with DPPE ligands is computationally expensive, we simplified the -Ph groups to -Me at the 

positions far from the Co6 kernel while retaining the -Ph groups positioned close to the kernel. 

This allows us to reduce the computational cost without adapting a crude approximation of 

complete ligand simplification strategy. Kohn-Sham orbital analysis has been performed for 

identifying the orbital contribution in molecular orbitals and corresponding energies by using 

multi wave function 3.6 program. 9
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Table S1. Crystal data and structure refinement for Co6 nanocluster.
Identification code Co6

Empirical formula C156 H144 Cl6 Co6 P12 S8
Formula weight 3213.10
Temperature 296(2) K
Wavelength 0.71073 Å
Crystal system Monoclinic
Space group P 21/c
Unit cell dimensions a = 20.4453(7) Å α = 90°.

b = 18.7380(6) Å β = 102.515(2)°.
c = 44.5513(15) Å γ = 90°.

Volume 16662.2(10) Å3

Z 4
Density (calculated) 1.281 mg/m3

Absorption coefficient 0.941 mm-1

F(000) 6608
Crystal size 0.200 x 0.150 x 0.130 mm3

Theta range for data collection 2.401 to 20.000°.
Index ranges -19<=h<=19, -18<=k<=18, -42<=l<=42
Reflections collected 165604
Independent reflections 15508 [R(int) = 0.1709]
Completeness to theta = 20.000° 99.8 % 
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.7446 and 0.5706
Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 15508 / 1092 / 1693
Goodness-of-fit on F2 1.077
Final R indices [I>2sigma(I)] R1 = 0.0935, wR2 = 0.2479
R indices (all data) R1 = 0.1514, wR2 = 0.3071
Extinction coefficient n/a
Largest diff. peak and hole 0.822 and -1.053 e.Å-3
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Table S2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 
103) for Co6 nanocluster. U(eq) is defined as one third of the trace of the orthogonalized Uij 
tensor.
________________________________________________________________________________

x y z U(eq)

________________________________________________________________________________

Co(1) 2822(1) 8672(1) 3246(1) 48(1)

Co(2) 2003(1) 8082(1) 3633(1) 52(1)

Co(3) 2986(1) 6995(1) 3822(1) 56(1)

Co(4) 3807(1) 7599(1) 3448(1) 51(1)

Co(5) 2440(1) 7217(1) 3186(1) 47(1)

Co(6) 3341(1) 8468(1) 3887(1) 57(1)

Cl(1) 2981(4) 9868(4) 1855(2) 163(3)

Cl(2) -4(3) 6884(3) 1911(1) 113(2)

Cl(3) 3268(6) 11459(5) 4690(2) 226(4)

Cl(4) 157(4) 8589(7) 4683(2) 218(4)

Cl(5) 4045(6) 3651(5) 4192(2) 223(4)

Cl(6) 7085(9) 8165(10) 4104(5) 380(8)

C(1) 1581(7) 5707(7) 3001(3) 53(3)

C(2) 939(8) 5583(8) 3040(4) 72(5)

C(3) 784(8) 4940(10) 3159(5) 89(6)

C(4) 1244(9) 4408(9) 3223(4) 80(5)

C(5) 1869(9) 4508(8) 3193(4) 74(5)

C(6) 2051(8) 5168(8) 3076(4) 66(4)

C(7) 2160(7) 6178(7) 2540(3) 46(3)

C(8) 1778(8) 5798(10) 2307(4) 78(5)

C(9) 2021(10) 5486(10) 2083(4) 91(6)

C(10) 2680(11) 5580(10) 2074(5) 94(6)

C(11) 3094(10) 5973(9) 2290(5) 89(6)

C(12) 2818(8) 6267(9) 2522(4) 73(5)

C(13) 1030(6) 6926(7) 2646(3) 52(3)

C(14) 1093(7) 7519(8) 2422(3) 56(4)

C(15) -246(8) 8089(8) 2358(4) 67(4)

C(16) -53(9) 8639(9) 2564(4) 82(5)

C(17) -525(11) 8971(10) 2696(5) 102(6)

C(18) -1188(11) 8730(13) 2613(6) 118(8)

C(19) -1396(10) 8193(12) 2407(6) 109(7)

C(20) -911(9) 7859(10) 2281(4) 84(5)
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C(21) 534(8) 8441(9) 1915(4) 71(4)

C(22) 914(9) 9025(9) 2064(5) 94(6)

C(23) 1072(10) 9566(12) 1874(6) 114(7)

C(24) 829(13) 9536(15) 1565(7) 132(9)

C(25) 446(13) 8977(14) 1418(6) 121(7)

C(26) 336(11) 8436(11) 1605(5) 102(6)

C(27) 3759(8) 8459(10) 2057(4) 71(4)

C(28) 3855(9) 7795(10) 2214(5) 84(5)

C(29) 4443(9) 7430(12) 2231(5) 100(6)

C(30) 4918(9) 7679(12) 2095(5) 98(6)

C(31) 4833(10) 8312(13) 1940(5) 112(7)

C(32) 4258(9) 8706(11) 1930(5) 101(6)

C(33) 2388(8) 8340(10) 1742(4) 69(4)

C(34) 2188(9) 7685(10) 1829(5) 92(5)

C(35) 1792(11) 7252(13) 1602(6) 121(7)

C(36) 1586(13) 7484(16) 1315(7) 139(10)

C(37) 1812(14) 8120(15) 1234(6) 133(9)

C(38) 2206(10) 8561(11) 1439(4) 92(5)

C(39) 2731(7) 8923(8) 2366(3) 62(3)

C(40) 3208(7) 9346(7) 2609(3) 56(3)

C(41) 3491(8) 10273(7) 3136(4) 64(4)

C(42) 4109(8) 10335(8) 3083(4) 71(5)

C(43) 4542(9) 10868(9) 3215(6) 101(7)

C(44) 4327(11) 11304(11) 3418(5) 110(7)

C(45) 3713(10) 11266(9) 3491(5) 93(6)

C(46) 3290(8) 10725(8) 3338(4) 77(5)

C(47) 2145(7) 10109(7) 2795(4) 56(4)

C(48) 1519(8) 9946(8) 2844(4) 72(5)

C(49) 986(9) 10345(9) 2726(5) 91(6)

C(50) 1071(9) 10949(9) 2568(5) 88(6)

C(51) 1693(10) 11130(10) 2510(5) 102(7)

C(52) 2220(9) 10711(9) 2621(4) 86(6)

C(53) 4687(9) 9435(11) 4197(4) 79(4)

C(54) 5205(10) 8995(12) 4342(6) 112(7)

C(55) 5844(12) 9102(16) 4318(7) 148(9)

C(56) 6000(11) 9676(17) 4150(6) 137(10)

C(57) 5467(11) 10108(14) 4006(5) 115(7)

C(58) 4828(9) 9995(11) 4026(4) 89(5)
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C(59) 3952(9) 8995(11) 4632(4) 81(4)

C(60) 3828(12) 8334(13) 4733(5) 125(8)

C(61) 3955(14) 8160(16) 5040(6) 156(11)

C(62) 4180(14) 8694(19) 5248(6) 164(12)

C(63) 4301(13) 9360(16) 5159(5) 137(9)

C(64) 4147(13) 9499(14) 4853(5) 135(9)

C(65) 3439(9) 10107(9) 4203(4) 81(4)

C(66) 2781(9) 10163(10) 4305(5) 92(5)

C(67) 2412(11) 11551(10) 4036(6) 105(5)

C(68) 2058(11) 11265(10) 3762(6) 107(6)

C(69) 1877(10) 11679(13) 3502(7) 122(7)

C(70) 2061(10) 12389(12) 3508(6) 107(6)

C(71) 2425(12) 12695(14) 3764(7) 134(8)

C(72) 2588(11) 12277(11) 4023(6) 112(7)

C(73) 1796(14) 11056(14) 4479(6) 148(6)

C(74) 1244(13) 10704(16) 4308(7) 165(6)

C(75) 582(14) 10728(16) 4352(7) 181(7)

C(76) 545(16) 11122(18) 4611(7) 192(8)

C(77) 1067(14) 11492(17) 4800(7) 181(7)

C(78) 1680(14) 11479(15) 4720(6) 166(7)

C(79) 574(7) 9016(8) 3667(4) 66(4)

C(80) 787(9) 9566(9) 3522(5) 83(5)

C(81) 419(10) 10191(10) 3455(5) 108(7)

C(82) -206(11) 10252(12) 3533(6) 120(8)

C(83) -430(11) 9693(13) 3684(6) 124(8)

C(84) -42(9) 9100(10) 3750(5) 94(6)

C(85) 434(7) 7550(8) 3563(4) 64(4)

C(86) 48(9) 7674(9) 3281(5) 84(5)

C(87) -410(9) 7195(10) 3128(5) 90(6)

C(88) -484(10) 6562(10) 3265(5) 99(6)

C(89) -101(10) 6406(10) 3541(5) 106(7)

C(90) 341(9) 6893(10) 3686(5) 98(6)

C(91) 1039(8) 8039(8) 4155(4) 69(4)

C(92) 1360(9) 8641(11) 4381(4) 97(5)

C(93) 1521(14) 9300(15) 4978(6) 133(7)

C(94) 2192(13) 9388(14) 5012(5) 128(8)

C(95) 2492(15) 9957(17) 5206(6) 153(10)

C(96) 2152(18) 10330(19) 5384(8) 183(13)
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C(97) 1497(18) 10220(20) 5368(8) 211(17)

C(98) 1153(15) 9701(18) 5152(6) 184(14)

C(99) 1442(14) 7805(16) 4912(6) 150(6)

C(100) 1095(15) 7395(15) 5094(6) 168(7)

C(101) 1417(16) 6799(16) 5265(7) 181(7)

C(102) 2058(16) 6549(18) 5256(7) 183(8)

C(103) 2397(16) 6971(15) 5086(7) 174(7)

C(104) 2096(14) 7567(15) 4918(6) 154(6)

C(105) 2120(9) 5811(9) 4141(4) 82(4)

C(106) 1711(9) 5313(10) 3963(5) 99(5)

C(107) 1088(10) 5125(11) 4007(5) 113(5)

C(108) 853(11) 5452(11) 4240(5) 120(6)

C(109) 1249(10) 5963(12) 4422(5) 116(5)

C(110) 1869(9) 6145(11) 4364(4) 99(5)

C(111) 3433(11) 5981(12) 4480(4) 102(6)

C(112) 3308(15) 5457(15) 4676(6) 157(10)

C(113) 3730(20) 5430(20) 4971(8) 198(16)

C(114) 4238(19) 5890(20) 5052(7) 191(15)

C(115) 4330(20) 6410(20) 4872(7) 230(20)

C(116) 3935(14) 6440(14) 4596(6) 155(11)

C(117) 3191(9) 5229(8) 3923(4) 82(5)

C(118) 3925(9) 5192(10) 3936(5) 97(5)

C(119) 3837(10) 4044(10) 3474(6) 101(5)

C(120) 3651(11) 3339(12) 3407(6) 115(6)

C(121) 3386(13) 3094(13) 3104(7) 127(8)

C(122) 3315(11) 3580(13) 2882(6) 116(7)

C(123) 3454(10) 4291(12) 2946(6) 113(6)

C(124) 3725(11) 4495(12) 3263(6) 107(6)

C(125) 5100(13) 4401(14) 3879(6) 141(5)

C(126) 5577(13) 3990(16) 4089(6) 173(7)

C(127) 6264(13) 3997(18) 4102(7) 185(7)

C(128) 6434(16) 4553(17) 3929(7) 186(8)

C(129) 6032(13) 4968(17) 3706(7) 172(7)

C(130) 5322(13) 4894(16) 3688(7) 159(6)

C(131) 4998(8) 6811(9) 3114(4) 69(4)

C(132) 4588(9) 6268(10) 3030(5) 89(6)

C(133) 4769(10) 5702(11) 2859(6) 118(8)

C(134) 5321(10) 5730(10) 2753(5) 92(6)
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C(135) 5737(9) 6302(11) 2823(5) 99(6)

C(136) 5555(9) 6870(11) 2989(5) 98(6)

C(137) 5128(8) 8285(9) 3218(4) 70(4)

C(138) 4987(8) 8451(9) 2901(5) 79(5)

C(139) 5232(10) 9033(10) 2774(5) 103(6)

C(140) 5658(10) 9505(10) 2953(5) 87(6)

C(141) 5758(12) 9415(12) 3249(6) 116(7)

C(142) 5541(10) 8800(10) 3408(5) 94(6)

C(143) 5445(8) 7316(10) 3729(4) 86(5)

C(144) 6156(13) 7180(20) 3712(7) 218(9)

C(145) 6390(30) 6960(30) 4390(12) 272(8)

C(146) 6150(20) 6340(30) 4221(10) 278(9)

C(147) 5880(20) 6220(30) 4481(11) 286(9)

C(148) 5910(20) 6420(30) 4795(12) 294(10)

C(149) 6280(20) 7050(30) 4888(11) 283(10)

C(150) 6570(20) 7360(20) 4657(11) 274(9)

C(151) 7580(20) 6960(30) 3982(9) 329(9)

C(152) 7460(20) 6280(30) 3846(9) 336(11)

C(153) 8070(20) 5910(30) 3853(10) 337(11)

C(154) 8630(30) 6330(30) 4004(10) 347(12)

C(155) 8840(20) 7020(30) 4134(11) 333(11)

C(156) 8190(20) 7330(30) 4120(10) 329(11)

P(1) 1838(2) 6535(2) 2851(1) 47(1)

P(2) 335(2) 7703(2) 2150(1) 69(1)

P(3) 2971(2) 8917(3) 2005(1) 69(1)

P(4) 2900(2) 9558(2) 2953(1) 52(1)

P(5) 2581(4) 11069(3) 4386(2) 116(2)

P(6) 3827(2) 9219(3) 4228(1) 70(1)

P(7) 1089(3) 8568(4) 4740(2) 120(2)

P(8) 1049(2) 8192(2) 3751(1) 61(1)

P(9) 2948(2) 6049(2) 4088(1) 71(1)

P(10) 4216(3) 4295(3) 3872(2) 116(2)

P(11) 4810(2) 7506(2) 3372(1) 62(1)

P(12) 6750(5) 7273(9) 4076(3) 236(5)

S(1) 3181(2) 7805(2) 2980(1) 50(1)

S(2) 3858(2) 8771(2) 3519(1) 51(1)

S(3) 1796(2) 8199(2) 3119(1) 50(1)

S(4) 2491(2) 9149(2) 3647(1) 59(1)
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S(5) 2631(2) 7852(2) 4098(1) 64(1)

S(6) 1944(2) 6912(2) 3557(1) 56(1)

S(7) 3999(2) 7496(2) 3961(1) 64(1)

S(8) 3301(2) 6533(2) 3415(1) 59(1)

Figure S1. Time-dependent UV-vis absorption spectra of the Co6 nanocluster in DCM, indicating its 

stability up to 60 days in ambient conditions. 
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Figure S2. UV-vis absorption spectra of the Co6 nanocluster measured in different solvents. Identical 

peak patterns and positions were observed in all the solvents.

 Figure S3. Point EDS spectrum of the Co6 nanocrystal. Inset shows the elemental composition.
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Figure S4. a) Front view of the Co5S4 unit with marked Co-S bonds. b) The distance between the 

centroide of triangular facet to sulphur.  

Figure S5. Unit cell molecular packing of the Co6 nanocluster along a) a, and b) b axis. 

Figure S6. Different types of intercluster interactions responsible for intermolecular packing inside the 

crystal. 
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Figure S7. a) The full range ESI-MS spectrum in positive ion mode. The inset shows the exact matching 

of the isotopic distribution of the experimental with theoretical data.

Figure S8. a) XPS survey spectrum of the Co6 nanocluster showed the spectral signature of respective 

elements. Spectral fitting of b) Co 2p, c) C 1s, d) S 2p and e) P 2p regions.
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Figure S9. a) Comparison between the experimental and simulated PXRD patterns obtained from single 

crystals Experimental spectrum in the 10° - 25° 2θ range is also expanded to see the features clearly. b) 

Analysis of the corresponding lattice planes.

Figure S10. Thermogravimetric (TG) and differential thermogravimetric (DTG) analysis of the 

microcrystalline Co6 nanocluster in the heating range of 25 - 700 °C. Solid line (red) indicate the TG 

and dotted line (blue) indicate the DTG profiles.
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Figure S11. a) Comparison between the experimental and theoretical absorbance spectra of the Co6 

nanocluster. b) Electron density maps of the respective transitions at 321, 427, and 498 nm. c). Projected 

density of states (PDOS) analysis d). Kohn-Sham orbital contribution analysis.

Figure S12. Electron density maps of Frontier molecular orbitals (FMOs) of the Co6 nanocluster.
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a) b)

Figure S13. Optical microscopic images of the ESD film at different magnifications.

Figure S14. A large area FESEM micrograph demonstrated the uniform nature of the vertically aligned 

nanoplates.

a) b) c)

Figure S15. a) Large area, and b, c) magnified AFM micrographs of the vertically aligned nanoplates. 
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Figure S16. FESEM micrographs of three different films demonstrating reproducible nature of such 

nanostructures.
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a) b)

Figure S17. a) UV-vis absorption spectra before and after electrospray deposition. ESD film was 

dissolved in DCM for the measurement. b) ESI-MS spectrum in positive ion mode of the ESD film. 

Inset shows the exact matching of the isotopic distribution of the experimental and theoretical data. 
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Figure S18. a) The full range FT-IR spectra of the Co6 nanocluster in comparison with ESD film. b) 

Expanded view of two different spectral regions indicate nearly identical vibrational spectral features.
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50 µm 4 µm

Figure S19. FESEM micrographs of the Co6 sample drop casted on water at different magnifications. 

No specific nanostructure was observed upon such drop casting.

Figure S20. FESEM images of the carbon cloth at different magnifications after electrospray deposition 

of the Co6 nanocluster. No specific aligned nanostructure was observed.

Figure S21. FESEM images of the Co6 electrosprayed sample on glycerol.
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Figure S22. FESEM images of the Co6 electrosprayed sample on ethylene glycol.

20 µm

Figure S23. FESEM image of ESD-Co6 film modified glassy carbon electrode.
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Figure S24. Cyclic voltammograms of ESD-Co6 modified GC electrode in a buffer solution of pH 7 at 

a scan rate of 50 mVs−1 for various concentrations (37.5−1500 ppb) of As3+.
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Figure S25. Cyclic voltammograms of bare GC electrode in a buffer solution of pH 7 at a scan rate of 

50 mVs−1 for various concentrations (75−1500 ppb) of As3+.
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Figure S26. Cyclic voltammograms of Co6 nanocluster modified GC electrode in a buffer solution of 

pH 7 at a scan rate of 50 mVs−1 for various concentrations (37.5−1500 ppb) of As3+.
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Figure S27. Relative energy profile of the interaction between As(OH)3 and the Co6 nanocluster.

Figure S28. Charge density difference (CDD) analysis of As(OH)3 binding to the Co6 cluster. The color 

code is, blue: Co, yellow: S, green: Cl, lavender: P, brown: C, pink: H. The positive and negative 

isosurfaces constructed at 0.001 eV/ Å3 are represented by cyan and yellow isosurfaces.
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Figure S29. a) Interactions between As(OH)3 and the Co6 nanocluster. B) Bader charge analysis of the 

Co6S8P6 unit.

Figure S30. Interfering ions study with different metal ions (100 ppb Ca2+, Fe2+, Fe3+, Pb2+, Mn2+, and 

Cu2+ added sequentially) and the response of arsenic in presence of all the metal ions in PBS. 
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Figure S31. Baseline corrected voltammetric profiles of recyclability of ESD-Co6 modified GC 

electrode in phosphate buffer solution of pH 7 up to 40 cycles at a scan rate of 50 mVs−1 for a fixed 

concentration (100 ppb) of As3+.

 Figure S32. UV-vis absorption spectra of the ESD-film dissolved in DCM after 40 cycles of arsenic 

sensing experiments. The appearance of identical absorption bands indicating the essential structural 

integrity of the cluster after sensing.
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Figure S33. Schematic diagram of the reaction vessel during the synthesis of the [Co6S8DPPE6Cl6] 

nanocluster.

Calculation of LOD

The theoretical limit of detection (LOD) was calculated using the following formula:10 

LOD =  
3 × 𝜎

M

Where  is the standard deviation of the blank sample and M is the slope of the linear fit.σ

Therefore,

LOD =  = 0.66 ppb
3 ×  3.9225 × 10 ― 10

1.77 ×  10 ― 7
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ABSTRACT: Restricted migration of reactive species limits
chemical transformations within interstellar and cometary ices.
We report the migration of CO2 from clathrate hydrate (CH)
cages to amorphous solid water (ASW) in the presence of
tetrahydrofuran (THF) under ultrahigh vacuum (UHV) and
cryogenic conditions. Thermal annealing of sequentially deposited
CO2 and H2O ice, CO2@H2O, to 90 K resulted in the partitioning
of CO2 in 512 and 51262 CH cages (CO2@512, CO2@51262).
However, upon preparing a composite ice film composed of CO2@
512, CO2@51262 and THF distributed in the water matrix at 90 K,
and annealing the mixture for 6 h at 130 K produced mixed CO2−
THF CH, where THF occupied the 51264 cages (THF@51264)
exclusively while CO2 in 51262 cages (CO2@51262) got transferred to the ASW matrix and CO2 in the 512 cages (CO2@512)
remained as is. This cage−matrix exchange may create a more conducive environment for chemical transformations in interstellar
environments.

The existence of clathrate hydrates (CHs) under high and
ultrahigh vacuum (UHV) and cryogenic conditions is

now well established.1−17 While CH of CO2 at 120 K in a
vacuum of 10−6 to 10−7 Torr has been known since 1991,12 the
formation of CHs of CH4,

6,18 C2H6,
14 CO2,

6,18 acetone,15

formaldehyde,16 and tetrahydrofuran (THF)13 in UHV has
been observed in the past few years in the range of 10−130 K.
CHs are crystalline host−guest inclusion compounds and have
drawn wide interest due to their scientific and technological
implications.19−21 CHs often coexist along with water ice and
are mainly classified into structures I (sI, consisting of two
small 512 and six large 51262 cages per unit cell) and II (sII,
consisting of 16 small 512 and eight large 51264 cages per unit
cell). While CO2 is known to be encased in small 512 and large
51262 cages, THF due to its larger van der Waals radius
occupies the large 51264 cage exclusively.2,9,13,22 In UHV,
spectroscopic signatures of molecules in different hydrate cages
(512, 51262, and 51264) were reported,6,13−16 although these
structures have not been confirmed by X-ray diffraction
experiments. However, in a high vacuum, in situ synchrotron
X-ray diffraction experiments have been used to establish the
existence of CHs of CH4 and CO2.

8 Various CHs could exist
along with the water matrix, although their extended crystalline
phase has not been observed, in UHV. The presence of CH
nuclei in the nanometric domain suggests the coexistence of
various phases such as CH, amorphous ice, and dilute solutions
of molecules under UHV and cryogenic conditions.14

The dynamics of host and guest molecules in CHs have been
studied, revealing the reorientation of water and diffusion of
guest molecules.23−29 Moudrakovski et al.,27 by choosing two
sets of guest pairs, THF−CO2 and isobutane−CO2, have
shown that the coupled motions of water and CO2 are faster in
the former case when THF and CO2 occupy the large (51264)
and small (512) cages of sII hydrate, respectively. They have
also shown that such molecular dynamics are the result of
synergistic guest A−host water−guest B (CO2−H2O−THF)
hydrogen-bonding interactions. Also, using molecular dynam-
ics simulations performed at elevated temperatures (310, 315,
and 320 K) and at a pressure of 100 MPa, Liang et al.30

reported mechanisms of CO2 migration within CO2 CHs and
suggested that for the diffusion of CO2 molecules through five-
membered water rings of the 512 cage, at least one water
vacancy is required, and for CO2 molecules to pass through the
six-membered water rings of the 51262 cage, only a slight
distortion of the local ring structure is sufficient. Such
molecular migrations suggest that host−guest interaction in
molecular solids can create a conducive environment for
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chemical transformations. However, similar observations (for
vapor-deposited ice film) under UHV and at extremely low
temperatures as reported in this work have not been explored.
Chemical evolution in interstellar ices depends mostly on the
migration of reacting atoms and molecules at cryogenic
temperatures. CH formation/dissociation in such conditions
may provide mobility to the molecular species enabling
chemical transformation. Also, the interstellar medium is
expected to be more complex because a variety of clathrate-
forming molecules exist along with water. Various single and
mixed CHs may form along with pure solids of CO2 and other
molecular species, including CH4, CO, CH3OH, and NH3 that
exist there. Thus, preparing mixed CH and studying guest
migration under UHV and cryogenic conditions may have
implications for astrophysical and prebiotic science. While
CO2

6 and THF13 CHs are reported to form in UHV, during
thermal annealing, these CH cages are likely to undergo
molecular exchange leading to the structural evolution of cages.
In this study, we have used a custom-built UHV setup,31

illustrated in Figure 1, to investigate the evolution of clathrate
cages of CO2 during the formation of THF CH under UHV
and cryogenic temperatures.

To understand the evolution of clathrate cages of CO2, we
first prepared CO2@512 and CO2@51262. Figures 2A,B show
the temperature-dependent RAIR spectra of 300 ML CO2@
H2O (150@150 ML) layered film in the C�O antisymmetric
stretching region in the 90−150 K window. Spectra in a
broader temperature window of 10−150 K are shown in Figure
S1. Figures 2A,B show two IR peaks at 2348 and 2341 cm−1 at
90 K, which are assigned to the CO2 encased in small 512
(CO2@512) and large 51262 (CO2@51262) cages of sI,
respectively. The observed frequencies are comparable to the
previous reports (2346, 2337 cm−1),1,2 where CH was grown
by molecular deposition of water−guest gaseous mixtures in a
vacuum at cryogenic temperatures. The frequency separation
for the CO2@512 and CO2@51262 cages in this study is ∼7
cm−1, which is comparable to ∼9 cm−1 of the previous report.1

Notably, at 90 K, the peaks at 2348 and 2341 cm−1 have full

width at half-maximum (FWHM) values of 3.4 and 6.7 cm−1,
respectively (shown in Figure S2), which are comparable to the
FWHM values of 4 cm−1 (for CO2@512 cages) and 8 cm−1 (for
CO2@51262 cages) of the previous report.

2 Furthermore, we
have confirmed the formation of CO2@512 and CO2@51262
cages using quantum chemical simulations (see later). Based
on the above observations, the 2348 and 2341 cm−1 peaks are
assigned to CO2@512 and CO2@51262 cages, respectively. This
partitioning of CO2 in different CH cages at 90 K without the
“help guest” molecules (THF, ethylene oxide, etc.) is seen for
the first time in UHV.1,2,9 However, upon annealing the sample
above 90 K (also presented as contour plot in Figure 2B), the
intensities of both the peaks (2348 and 2341 cm−1) decreased
proportionally before vanishing completely at 150 K due to the
dissociation of the CH.
In one of our previous studies,6 we had reported that in a

codeposited mixture of CO2 and H2O ice at 10 K under UHV,
CO2 primarily occupies 512 cages (2346 cm−1) of sI along with
a fraction of untrapped CO2 (2353 cm−1) that exists in the
pores of the amorphous water matrix. However, in this study, a
peak at ∼2382 cm−1 was observed for the sequentially
deposited CO2@H2O layered film at 10 K (Figure S1). This
peak is assigned to the multilayer CO2 ice film (compared to
the spectrum of 150 ML of pure CO2 film, Figure S3). The
peak at 2382 cm−1 in the C�O antisymmetric stretching
region did not change significantly during annealing the sample
up to 80 K (Figure S1). However, at 90 K, the temperature at
which pure CO2 desorbs, most of the CO2 diffuses through the
water matrix and desorbs, leaving only a small fraction of it in
the ice matrix that were later encaged in CH cages. The
annealing temperature and associated mobility of CO2 (mainly
induced due to UHV environment) are crucial for forming the
CH structure at 90 K. A shift in the C�O antisymmetric
stretching region from ∼2382 cm−1 at a lower temperature to a
doublet (2348 and 2341 cm−1) at 90 K suggests CO2 diffusion
into the water matrix and interaction with water. This
frequency shift was noted to be abrupt between 80 and 90 K
(Figure S1).
We conducted a time-dependent RAIR experiment using a

300 ML CO2@H2O layered film at 80 K to further understand
this abrupt frequency change, or, in other words, diffusion of
CO2 into the water matrix and subsequent CH formation. The
corresponding IR spectra at 80 K in the C�O antisymmetric
stretching region are shown in Figures 2C,D. At 0 min, a peak
at ∼2382 cm−1 was observed and was assigned to the
multilayer film of CO2.

6 Upon annealing the sample at the
same temperature under UHV for several hours, the peak at
2382 cm−1 changes its shape and position with time due to the
diffusion and desorption of CO2 through the ice matrix. In
other words, this band’s evolution and shift are directly related
to the thickness of the multilayer CO2 film.

32 In addition, to
confirm this, IR spectra of pure CO2 ice of different thicknesses
(2−150 ML) in the C�O antisymmetric stretching region at
10 K were collected as shown in Figure S4. The IR spectra in
Figure S4 suggest that the intermediate spectra in Figures
2C,D are because of the different (reduced) thicknesses of the
CO2 film. This is because, at 80 K, in the CO2@H2O (150@
150 ML) layered film, CO2 molecules diffuse into water matrix.
The shift and shape change in the C�O antisymmetric
stretching region were observed until ∼3 h (see the contour
plot, Figure 2D). Finally, the 2382 cm−1 peak was shifted to
2348 and 2341 cm−1 and remained there until the end of the
experiment (6 h). These observations suggest that CO2 in the

Figure 1. Schematic diagram of the experimental setup. In the
schematic, the surface is oriented to do RAIR measurements.
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layered CO2@H2O film near its desorption temperature
diffuses through the water matrix (illustrated schematically in
the top panel of Figure 2), and the enhanced mobility of CO2

leads to its insertion into the different CH cages formed
simultaneously at ∼90 K.

To examine the host−guest dynamics under UHV at
cryogenic temperatures, we have chosen two guests, CO2

and THF, and prepared 300 ML of CO2@(THF+H2O; 1:5)
composite film at 10 K. See the Experimental Section for
details of sample preparation. The resulting ice sample was

Figure 2. (A, B) Temperature-dependent RAIR spectra of 300 ML CO2@H2O (150@150 ML) layered film in the 90−150 K window in the C�O
antisymmetric stretching region. (C, D) Time-dependent RAIR spectra of 300 ML CO2@H2O (150@150 ML) layered film at 80 K in the C�O
antisymmetric stretching region. The peak at 2382 cm−1 (at 0 min) evolved with time and finally resulted in the twin peaks at 2348 and 2341 cm−1

after 3 h. The ice samples were created by vapor deposition at 10 K and further annealed to the set temperatures at an annealing rate of 2 K min−1.
Thermal annealing of the as-prepared sample and corresponding physical changes in ice matrix are schematically illustrated in the top panel.

Figure 3. (A, B) Normalized time-dependent RAIR spectra of 300 ML CO2@(THF+H2O; 1:5) ice film at 130 K in the C�O antisymmetric
stretching region of CO2. (C, D) Time-dependent RAIR spectra of the same system in the C−O antisymmetric stretching region of THF. The ice
sample was created by vapor deposition at 10 K and further annealed to 130 K at an annealing rate of 2 K min−1.
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annealed to 130 K and held there for 6 h to create mixed
CO2−THF CH. However, during annealing (of the sample
from 10 to 130 K), initially CO2 diffuses into the THF+H2O
(1:5) ice matrix, and at ∼90 K it forms classical sI hydrate
forming the CO2@512 and CO2@51262 cages (2348 and 2341
cm−1, as shown in Figure 2). Figure 3 presents the time-
dependent RAIR spectra of 300 ML of CO2@(THF+H2O;
1:5) composite film at 130 K in the C�O antisymmetric
stretching region (A, B) of solid CO2 and C−O antisymmetric
stretching region (C, D) of solid THF. At 0 h, the spectra in
Figures 3A,B show three peaks at 2352, 2346, and 2340 cm−1

in the C�O antisymmetric stretching region that are assigned
to CO2 in amorphous ice matrix, CO2@512, and CO2@51262
cages, respectively.1,6 However, upon annealing the sample at
130 K for 6 h, the peak at 2340 cm−1 decreases and that at
2352 cm−1 increases, while that at 2346 cm−1 remains
unaltered. This means that the CO2 in the CO2@51262 cages
are being transported to the matrix of ASW and CO2@512
cages remain mostly unperturbed in the course of time.
Simultaneously, in the C−O antisymmetric stretching region
of THF in Figures 3C,D, a new peak arises at 1074 cm−1 while
the peaks at 1054 and ∼1032 cm−1 decrease within a similar
time scale. The peak at 1074 cm−1 is the characteristic peak for
THF encased in 51264 CH (THF@51264) cages, whereas the
peaks at 1054 and ∼1032 cm−1 are assigned to THF trapped in
amorphous water pores.2,7,13,33 Therefore, at 130 K with time,
the encased CO2 is leaving the CO2@51262 cages (reduction in
the intensity of the 2340 cm−1 peak) while THF is forming the
51264 cages (emergence of the 1074 cm−1 peak); also, the CO2
molecules that vacated the 51262 cages moved to the
amorphous water matrix (this was confirmed by the emergence
of the 2352 cm−1 peak). Hence, the formation of THF CH
enhanced the mobility of CO2 molecules into the water matrix.
Also, the empty clathrate cages (CO2@51262 cage in the
current case) are inherently unstable, and partial dissociation
of the same (which will further enhance the mobility of water
molecules) might synergistically help the formation of pure
THF CH (or a mixed CO2−THF CH) at 130 K. This is
because the thermodynamic stability of THF CH is superior
compared to CO2 CH.

34 Additionally, the formation of CO2@
512 and THF@51264 cages was confirmed by calculating the
vibrational frequencies of guests in the respective cages, and
the obtained results are discussed below.
In addition, we have performed two control experiments to

examine the role of THF CH and temperature on the
migration of CO2 in the water matrix under UHV. In the first
experiment, we created 300 ML of CO2@(THF+H2O; 1:5)
composite ice film at 10 K. The resulting sample was annealed
to 120 K and held there for 6 h; the results are shown in Figure
S5. During annealing at 120 K, neither the 1074 cm−1 peak (in
the C−O antisymmetric stretching region of THF) nor the
2352 cm−1 peak (in the C�O antisymmetric stretching region
of CO2) appears, contrary to the results shown in Figures
3A,C. This suggests that at 120 K, neither THF CH forms nor
CO2 migrates into the water matrix. In the second experiment,
we created pure CO2 CH by annealing the CO2@H2O layered
film (as discussed in Figure 2) at ∼90 K. Then the sample was
further annealed to 130 K and held there for 6 h; the result is
shown in Figure S6. We observed that the peaks at 2348 and
2341 cm−1 in the C�O antisymmetric stretching region
decreased proportionally due to the dissociation of CH and
desorption of CO2 at 130 K. However, a decrease in the peak
at 2341 cm−1 (due to CO2@51262) alone and the appearance

of peak at 2352 cm−1 (CO2 in ASW) were not observed. This
suggests that in the absence of THF CH, CO2 does not
migrate into the water matrix. Therefore, these two control
experiments suggest that the THF CH formation in a water
matrix containing CO2 CH is crucial for the mobility of CO2
under UHV and at 130 K.
In addition, the mobility of H2O molecules during CH

formation/dissociation was monitored for CO2@H2O and
CO2@(THF+H2O; 1:5) films in the O−H stretching region at
130 K; the results are shown in Figure S7. We observed that
after 6 h the change in the shape of the O−H stretching region
was not significant for pure CO2 CH (Figure S7A) as it was
observed for mixed CH of CO2 with THF (Figure S7B). The
change in shape of the O−H stretching band depicts the
ordering/reorientation of water molecules in the ice matrix;35 a
similar result has been observed in our previous reports.13,36,37

The higher mobility of water in the case of the CO2@(THF
+H2O; 1:5) composite ice film is reasonable because at 130 K
the following events occur: (1) formation of THF CH, (2)
dissociation of CO2 CH (CO2@51262 cages), and (3)
migration of CO2 molecules into the water matrix.
Fleyfel and Devlin2 have reported the epitaxial growth of sI

CO2 hydrate on ethylene oxide hydrate and sII CO2 hydrate
on THF hydrate under vacuum. For epitaxial growth, the
resulting CH structure of CO2 depends on the type of “help
guest” and its base structure. However, in the current study,
the results presented in Figure 2 clearly demonstrate the
partitioning of CO2 in CO2@512 and CO2@51262 cages of sI at
90 K without the help guest. In UHV, such a result has not
been reported earlier. In addition, when we introduced THF in
the CO2@H2O film, CO2@(THF+H2O; 1:5), and annealed
the resulting ice, we observed a unusual situation where at 130
K the water matrix contains THF as well as CO2@512 and
CO2@51262 cages. Moudrakovski et al.27 have presented
evidence for cage-to-cage transport of CO2, when THF and
CO2 were guests in the 51264 and 512 cages of sII hydrate,
respectively. They have suggested that this is because of the
synergistic hydrogen-bonding interactions of THF and CO2
with the water lattice that promoted the injection of Bjerrum
defects, which in turn enabled faster water reorientation. In
present study at 130 K, after initial THF CH (THF@51264
cage) formation, caged THF can undergo hydrogen-bonding
interaction with CO2 of both the CO2@512 and CO2@51262
cages. However, the results presented in Figure 3A
demonstrate the migration of CO2 from CO2@51262 cages
alone. Here, we have two possibilities: (1) As suggested by
Liang et al.30 that for CO2 molecules to move from the 51262
cage, only a slight distortion of the local ring structure is
sufficient, compared to the case of the 512 cage, where one
water vacancy is required. This suggests that the interaction of
THF with water of the 51262 cage may provide the required
distortion to the local ring structure for CO2 migration from
the CO2@51262 cages. A similar experimental result has been
reported by Devlin and Monreal.38 In mixed CO2−THF sII
CH, they observed38 that over a 5 h period, CO2 moves from
the CO2@51262 cage and additional CO2@512 cage arises at
116 K. (2) It is possible that caged THF may interact with the
CO2 of both the 512 and 51262 cages, enabling the migration to
CO2 of both the cages to the water matrix as suggested by
Moudrakovski et al.27 This suggests that primarily CO2
molecules from both the cages are migrating; in other words,
CH cages are dissociating. However, in the presence of THF@
51264 cages, the 512 cages are being occupied by CO2. Further
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experimental and computational studies are required to
decipher the exact mechanism of CO2 migration in the
presence of THF under UHV conditions.
If we compare the IR peaks for the CO2@512 cage in water

matrix with and without THF, they are at 2346 and 2348 cm−1,
respectively. This suggests that there is a structural change2,22

in the presence of THF. At lower temperature, when THF is
not mobile, the diffusing CO2 forms sI hydrate, and with
increase in temperature when THF is mobile, formation of sII
hydrate was observed. It should be noted that the IR spectral
resolution employed in the work was 2 cm−1. The change in
vibrational frequency of the CO2@512 cage in presence and
absence of THF is computed, and the results are discussed
below.
We confirmed the formation of pure CO2 CH (CO2@512

and CO2@51262) and mixed CH of CO2 with THF (CO2@512
and THF@51264) using quantum chemical calculations. The
optimized geometries and corresponding vibrational frequen-
cies for different CH structures in the C�O antisymmetric
stretching region of CO2 are shown in Figure 4. For pure CO2
CH, the relevant computed vibrational frequencies for CO2@
512 and CO2@51262 cages are 2339.5 and 2334.5 cm−1,
respectively, as shown in Figure 4A. The frequency shift
between two peaks (of CO2@512 and CO2@51262 cages)
obtained in computational and experimental studies are ∼5
and ∼7 cm−1, respectively (Table S1). Thus, the computa-
tionally determined vibrational frequencies in the C�O
antisymmetric stretching region during hydrate formation
closely match with the experimental values shown in Figure
2A. Similarly, for mixed CH of CO2 with THF, the computed
vibrational frequencies for CO2@512 and THF@51264 cages are

2344.5 cm−1 (in the C�O antisymmetric stretching region of
CO2) and 1087 cm−1 (in the C−O antisymmetric stretching
region of THF). These computed results agree well with the
experimental results shown in Figures 3A,C and are listed in
Table S2. The computed IR spectrum for the CO2@512 cage of
mixed CH of CO2−THF is shown in Figure 4B. If we compare
the computed vibrational frequencies for the CO2@512 cage
with and without THF in an adjacent cage, they are at 2344.5
and 2339.5 cm−1, respectively. This suggest that THF is indeed
playing a crucial role in structural evolution of CO2 CH. Here,
all the calculations were done by considering the small and
large cages of CH structures adjoining each other. The
coordinates of the optimized geometries of pure CO2 CH
(CO2@512 and CO2@51262 cages) and mixed CH of CO2−
THF (CO2@512 and THF@51264 cages) are given in Tables
S3 and S4.
The CO2 dynamics in the presence of polar THF discussed

in this work can be extended for several other guest molecules
to understand the molecular mobility and structural evolution
of CH cages in such molecular solids under UHV and
cryogenic conditions. Such molecular mobility could lead to
new reaction pathways for chemical transformation. For
example, when CO2 (or other guest molecule) is encased,
these CO2 molecules are perhaps not available for any reaction.
However, if these molecules come out of cages under certain
circumstances as the present work suggests, new chemical
pathways are possible, which would lead to new possibilities of
chemical evolution.
In this study, we observed the migration of CO2 from 51262

CH cages to the bulk of ASW in the presence of THF at 130 K
in UHV. Continuous evolution of CH structures and the

Figure 4. Computed IR spectra in the C�O antisymmetric stretching region of CO2. (A) When CO2 was sequentially added in one small 512 and
one large 51262 cage of sI. (B) When CO2 and THF were sequentially added in one small 512 and one large 51264 cage of the sII, the result is shown
only for encased CO2 in the 512 cage. IR spectra were generated from fully optimized CH structures along with the guest molecules; the optimized
structures of CH cages are shown in (C) and (D).
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corresponding changes in the ice matrix imply rapid structural
dynamics and flexibility of the ice matrix, possibly similar to
liquid-like order at 130 K, in UHV. This CH cage-to-matrix
exchange of molecules suggests an active environment in these
molecular solids that enables mobility of the species for
chemical transformations, specially with additional activation.
The structural evolution in mixed CHs implies mechanical
changes in the system, although the time scale of this process
has not been examined. It occurs faster than the time needed
for spectral measurements (<2 s) so that all the species are
captured in one spectrum.
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Experimental Section 

Experimental setup 

All the experiments were conducted in an ultrahigh vacuum chamber (illustrated in Figure 1), 
described in detail elsewhere.1 The vacuum chamber is equipped with reflection absorption 
infrared spectroscopy (RAIRS), temperature-programmed desorption (TPD) mass 
spectrometry, secondary ion mass spectrometry (SIMS), low energy ion scattering (LEIS) mass 
spectrometry, and a UV lamp. At room temperature, the base pressure of the chamber was 
~5×10-10 mbar and it was maintained by three oil-free turbomolecular pumps backed by several 
diaphragm pumps (Pfeiffer vacuum). Vacuum was monitored by a Bayard-Alpert (BA) gauge 
(PBR 260, Pfeiffer Vacuum) and controlled by a MaxiGauge controller (Pfeiffer, Model TPG 
256 A). 

A Ru(0001) single crystal surface (15 mm diameter and 1 mm thick) was used as the substrate 
to grow the thin ice films. The substrate was mounted on a copper holder and connected to the 
cold tip of the closed-cycle He cryostat (Coldedge Technologies). The substrate temperature 
could be varied by a resistive heater (25 Ω) from 8-1000 K, and measured with a K-type 
thermocouple and a platinum sensor with a temperature accuracy/uncertainty of 0.5 K. 
Temperature (ramping) was controlled and monitored with a temperature controller, 
Lakeshore, Model 336. 

Materials and reagents 

CO2 gas (99.99%) was purchased from Indogas and used without further purification. THF 
(99.8%) was purchased from Thermo Fisher Scientific India Pvt. Ltd., and Millipore water 
(H2O of 18.2 M Ω resistivity) was kept in a vacuum-sealed test tube and was further purified 
by several freeze-pump-thaw cycles. 

Sample Preparation 

Before each experiment, the Ru(0001) substrate was heated to 400 K multiple times to ensure 
the cleanness of the surface, adequate for the present experiments. Thin films of ices were 
created by vapor deposition at 10 K. Molecular deposition was controlled through two high-
precision all-metal leak valves attached to the UHV chamber, and the inlet lines were directed 
to the middle of the substrate. Out of two sample lines (shown in Figure 1), one (inlet line A) 
was used exclusively for CO2 or THF and the other (inlet line B) was used exclusively for H2O 
vapor deposition. During vapor deposition, the purity (and ratio of the ice mixture) of CO2, 
H2O and THF were further confirmed by the presence of their distinctive molecular ion peaks 
in the mass spectrum using a residual gas analyzer. The vapor deposition coverage was 
expressed in monolayers (ML), assuming that 1.33 × 10-6 mbar s = 1 ML, which was estimated 
to contain ~1.1 × 1015 molecules cm-2, as followed in our earlier studies.2–4 

Experimental Procedure 

For forming pure CO2 CH (CO2@512 and CO2@51262), a layered film was prepared by 
sequentially depositing 150 ML of CO2 followed by 150 ML of H2O (hereafter referred as 
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CO2@H2O) on Ru(0001) at 10 K. After CO2 deposition, we waited for an adequate period to 
get back the base pressure in the chamber. For the deposition of 150 ML of CO2 (or H2O,) the 
UHV chamber was backfilled at a total pressure of ∼5×10-7 mbar for 5 min, assuming the same 
sticking coefficient for both the species. The chamber pressure and deposition time were varied 
accordingly for preparing the ice films of different thicknesses. Here, coverages were measured 
as the product of the dosing time and the increase in total chamber pressure for the dose. The 
as-prepared ice films at 10 K were annealed up to 150 K at an annealing rate of 2 K min-1, and 
the IR spectra were collected at various temperatures. During annealing, at 90 K, CO2 diffuses 
into amorphous ice matrix and forms CO2@512 and CO2@51262 cages of sI.  

The preparation of CH of CO2 with THF (CO2@512 and THF@51264) was conducted in three 
steps. First step involved the preparation of a composite film. For this, 100 ML of CO2 film 
was prepared followed by co-deposition of 200 ML of THF+H2O (1:5) film over it at 10 K. 
For this, the inlet line A was filled with CO2 vapor and a thin layer of 100 ML of CO2 was 
prepared on the substrate. After the deposition of CO2, inlet line A was evacuated thoroughly, 
followed by filling it with THF vapor. H2O vapor was supplied using inlet line B. THF and 
H2O vapor were co-deposited in a 1:5 molar ratio to create 200 ML of mixed ice of THF+H2O 
over 100 ML CO2 film. The prepared composite ice was referred to as CO2@(THF+H2O; 1:5). 
In the second step, the resulting composite ice film at 10 K was annealed to 90 K to form 
CO2@512 and CO2@51262 cages in the ice matrix containing small fraction of THF. In the third 
step, this composite ice film with CO2@512, CO2@51262 and THF distributed in the water 
matrix was annealed to 130 K and held there for six hours to form mixed CO2-THF CH. The 
annealing of ice sample at 130 K for 6 h was required to create THF CH as reported in our 
previous study5 which was performed under similar experimental conditions. 

RAIRS Setup 

The thermally processed ice films were investigated by a Bruker Vertex 70 FT-IR spectrometer 
in the 4000-550 cm-1 range with a spectral resolution of 2 cm-1. The spectrometer and the 
external MCT (mercury cadmium telluride) detector were attached to the chamber through a 
ZnSe (transparent to IR beam) viewport. The IR beam was taken out from the spectrometer 
and focused on the sample through gold-plated mirrors at an incident angle of 80 ± 7°. The 
reflected IR beam from the sample was refocused to the detector. The IR beam path outside 
the vacuum chamber was purged with dry nitrogen to avoid absorption by atmospheric gases. 
Each spectrum was an average of 512 scans and it required ~7 min to complete the acquisition. 

Computational Details 

We generated the initial coordinates of the clathrates from the cubic cells of sI and sII CHs, as 
reported by Takeuchi et al.6 Here, the sI CH consists of both dodecahedron (512) and 
tetrakaidecahedron (51262) cages, whereas the sII CH consists of both dodecahedron (512) and 
hexadecahedron (51264) cages. In our simulations, to study the inter-cage first-neighbor effects, 
we considered the combined structures of 512 and 51262, as well as 512 and 51264 cages. These 
geometries are obtained by extracting the coordinates of the adjacent 512 and 51262/51264 cages 
from an sI/sII CH. By incorporating the guest molecules in these adjacent cages, we generated 
different clathrate structures. In a 512 and 51262 adjacent cage, the guest-cage interactions are 
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studied by inserting CO2 molecules in both 512 and 51262 cages. On the other hand, in the 512 
and 51264 adjacent cage, the smaller 512 cage was filled with CO2 and the larger 51264 cage was 
filled with THF. Initially, the guest molecules were placed at the centers of the cages but were 
allowed to relax during the simulations. The optimized geometries of the first-neighboring 
cages, namely, 512 and 51262, as well as 512 and 51264 cages along with the guest molecules are 
given in Tables S3 and S4. 

All simulations were performed using the Kohn-Sham Density Functional theory as 
implemented in the Gaussian16 software package.7 Since including the van der Waals 
interactions between the host and guest molecules is quite essential while simulating the 
clathrates, we used the dispersion corrected wB97xD8 hybrid functional along with the 6-
31+g(d,p) basis set in our simulations. During geometry optimization, all atoms of the clathrate 
were allowed to relax, and vibrational analysis was conducted to ensure that the optimized 
clathrates represent the ground state structures, i.e., no imaginary frequency was observed for 
these optimized geometries. All the reported vibrational frequencies were scaled with a scaling 
factor of 0.952 (which was obtained from the CCCBDB website).9 
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Supporting information 1:  

 

 

 

 

Figure S1. (A-B) Temperature-dependent RAIR spectra of 300 ML CO2@H2O (150@150 ML) layered ice at 10-

150 K in the C=O antisymmetric stretching region. The CO2@H2O layered ice was created by vapor deposition 

at 10 K and further annealed to the set temperatures at an annealing rate of 2 K min-1. Upon annealing the sample 

above 90 K, CO2 molecule diffuses and desorbs through water matrix while a small fraction of CO2 remains into 

amorphous solid water. 
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Figure S2. The IR spectrum in the Figure 2A in the C=O antisymmetric stretching region at 90 K was 

deconvoluted to calculate the FWHM for the peak at 2348 cm-1 (for the CO2 in the small 512 cages) and 2341 cm-

1 (for the CO2 in the large 51262 cages). The obtained FWHM values are 3.4 and 6.7 cm-1, respectively. 
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Figure S3.  Full scale RAIR spectrum of 150 ML of CO2 at 10 K. Ice sample was prepared by vapor deposition 

at 10 K. 
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Figure S4. Thickness-dependent RAIR spectra of 2-150 ML of pure CO2 in the C=O antisymmetric stretching 

region at 10 K. Ice sample was prepared by vapor deposition at 10 K. The shape and peak positions of IR 

spectra are highly sample-thickness dependent. 
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Figure S5. Time-dependent RAIR spectra of 300 ML CO2@(THF+H2O; 1:5) ice film at 120 K in (A) C=O 

antisymmetric stretching region of CO2 and (B) C-O antisymmetric stretching region of solid THF. The ice sample 

was created by vapor deposition at 10 K and further annealed to 120 K at an annealing rate of 2 K min-1. At 120 

K with time, neither 1074 cm-1 peak emerged nor the 2340 cm-1 peak decreased contrary to the results in Figure 

3. The obtained result suggests that formation of THF CH is crucial for CO2 molecules migration. 
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Figure S6. Time-dependent RAIR spectra of 300 ML CO2@H2O ice at 130 K in the C=O antisymmetric stretching 

region. The ice sample was created by vapor deposition at 10 K and further annealed to 130 K at an annealing rate 

of 2 K min-1. During annealing at 130 K for several hours both the peaks at 2348 and 2341 cm-1 decreased 

proportionally due to the CO2 CH dissociation at elevated temperatures.  

78



S11 
 

Supporting information 7: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S7. Time-dependent RAIR spectra for (A) CO2@H2O layered ice and (B) CO2@(THF+H2O; 1:5) ice 

films in the O-H stretching region at 130 K. The ice samples were created by vapor deposition at 10 K and further 

annealed to 130 K at an annealing rate of 2 K min-1. The change in shape of the O-H stretching band is prominent 

in latter case compared to the former. Such a change in shape of the O-H stretching band depicts the reorientation 

of water molecules in the ice matrix. 
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Table S1. Comparison of the computational and experimental vibrational frequency of pure 
CO2 CH in the C=O antisymmetric stretching region. 

CO2 CH structure I 512 and 51262 cage 
Frequency shift between the 
two cages 
 

Experimental vibrational 
frequency 

2348 cm-1 (512 cage) 

2341 cm-1 (51262 cage) 
7 cm-1 

Computational vibrational 
frequency 

2339.5 cm-1 (512 cage) 

2334.5 cm-1 (51262 cage) 
5 cm-1 

Table S2. Comparison of the experimental and computational vibrational frequency of mixed 
CO2 and THF CHs in the C=O antisymmetric stretching of CO2 and in the C-O 
antisymmetric stretching region of THF. 

Mixed CO2 and THF CH 
Experimental 
vibrational frequency 

Computed vibrational 
frequency 

CO2 in 512 cage 2346 cm-1 2344.5 cm-1 

THF in 51264 cage 1074 cm-1 1087 cm-1 

 

Table S3. Cartesian coordinates of CO2 CH of adjacent 512 and 51262 cages. 

 

H                  5.72169700    1.93119900   -1.53170400 

H                 -0.32862600    4.42413700   -0.10451600 

H                  2.04103200    0.63354100   -3.50724000 

H                  3.55246400   -2.77257700    2.21505500 

H                  5.55315400    2.40022200    2.24285500 

H                  6.65321000    0.93197000   -0.73842000 

H                  5.20352900    4.20305600   -1.75310500 

H                  1.94949100    2.11438800    2.82509700 

H                  6.01758300   -2.88685500   -0.56925100 

H                  5.07466000   -2.40184500    2.03657400 

H                  0.10650400    2.95519600   -0.11272800 
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H                  2.40467400   -1.59235200   -3.03895500 

H                  1.97110900   -4.55181700    1.95935500 

H                  3.81890400    3.48495700   -1.69615600 

H                  5.39478100    1.08149900    3.10063000 

H                  5.61656500   -2.42321900   -1.99533600 

H                  3.77552400   -0.80732400   -3.07955600 

H                  2.66317200    0.82283300    3.40187300 

H                  1.26770400   -3.29376900    1.36006700 

H                  4.73222100    3.57996800    0.46910500 

H                  8.26958800    0.60746500    0.92791900 

H                  6.84528900    0.86484800    1.57426600 

H                  1.43360000    3.90723400    1.33161400 

H                  4.07169900   -3.93294000   -1.17726300 

H                  2.85909500   -4.07569400   -0.18586600 

H                  1.51349100   -3.80790200   -3.58618400 

H                 -0.03982100    0.76165900   -2.99000400 

H                  3.79808800    3.77850200    1.69564900 

H                  6.94424900   -1.31165600    0.99312000 

H                 -0.76182900    1.07996400   -0.96517100 

H                  2.21473900   -3.67049900   -2.17101700 

H                  5.84420500   -0.09485600   -2.49936000 

H                  6.05881200   -0.90525200   -3.83254700 

H                  1.64870900    3.84094100   -1.55286300 

H                  1.98702400    2.91239100   -2.75932300 

H                 -0.41404300   -2.40958900    0.08565400 

H                  4.20267900   -0.94797200    3.39982700 

H                  4.27742600   -0.20581100    4.78224100 

O                  4.75926200    3.44542000   -1.36315600 

O                  6.04521300    1.63851200    2.63481200 
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O                  6.31705700    1.16116400   -1.62428400 

O                  0.46968400    3.87906400   -0.09733800 

O                  5.61887000   -3.19433800   -1.40053700 

O                  2.80653000   -0.70301300   -3.01306900 

O                  1.46507400    1.42244000   -3.70295400 

O                  4.33061400   -2.39560000    2.66509800 

O                  1.80209100    1.21854200    3.17623100 

O                  2.14342200   -3.72556600    1.50105500 

O                  4.72868400    3.65576600    1.44102500 

O                  7.34689300    0.34859800    0.85701800 

O                  2.00255600    3.82727800    2.13404800 

O                  6.63397200   -2.24664600    1.06156800 

O                  3.16403400   -4.30389000   -1.08131600 

O                  1.62806100   -3.20642000   -2.84651700 

O                  5.54381900   -0.89346600   -3.02240000 

O                  2.29385000    3.69755800   -2.26859500 

O                  4.17774200   -0.05303300    3.83934200 

H                  1.69705400    4.49184500    2.75668000 

H                  1.44873500    1.53254400   -4.65691700 

H                  7.35661800   -2.75264500    1.44157300 

O                 -2.61214100    3.62234100   -0.00029200 

H                 -3.11720500    3.60236600    0.85390900 

H                 -2.09470800    2.79131700    0.00921200 

O                 -3.15703700   -3.12516300   -2.25419800 

H                 -3.53195400   -3.39963600   -1.40396600 

H                 -2.24292300   -2.84166500   -2.05929700 

O                 -3.90980000    3.23379800    2.31477200 

H                 -4.82999500    2.95180900    2.15110900 

H                 -3.45949500    2.40872000    2.57908400 
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O                 -4.36692400   -3.92267400    0.22945500 

H                 -3.74772300   -3.78121400    0.97548900 

H                 -4.60432300   -4.85342400    0.22930300 

O                 -3.05889900    1.12032900   -3.47999200 

H                 -3.50003600    1.80569500   -2.95097100 

H                 -3.66192800    0.34128800   -3.50678900 

O                 -6.30149200   -0.73299600    2.66697500 

H                 -6.36866300   -1.24331800    1.80763700 

H                 -7.16134900   -0.79929000    3.09143300 

O                 -0.76787200    0.36904300   -2.46823400 

H                 -1.62821200    0.64672100   -2.89421200 

O                 -4.05121900   -1.55274700    3.84448000 

H                 -4.93360300   -1.28150700    3.48502900 

H                 -4.11625300   -1.54884300    4.80260400 

O                 -6.57142800    2.20733000   -1.13721000 

H                 -5.72278800    2.60724400   -1.45708000 

H                 -7.25899800    2.86095800   -1.28807300 

O                 -0.22126200    0.02479500    1.98266800 

H                 -0.09357900   -0.91098300    1.73087300 

H                  0.57464700    0.36935600    2.45928000 

O                 -6.86084500   -0.42569500   -1.74606400 

H                 -6.76947800    0.53503100   -1.55011300 

H                 -7.67331900   -0.53333300   -2.24698400 

O                 -0.26765200   -2.56449200    1.05288500 

H                 -1.11637700   -2.85353400    1.42798300 

O                 -4.25608200    3.25702200   -1.97852700 

H                 -3.63216600    3.42690400   -1.20430500 

H                 -4.22328200    4.03895500   -2.53565200 

O                 -0.59887600   -2.19623300   -1.59950400 
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H                  0.15623600   -2.60979800   -2.06772000 

H                 -0.64022200   -1.26853400   -1.92654000 

O                 -2.76469400    0.73575600    2.68408400 

H                 -1.82698700    0.50201900    2.53429600 

H                 -3.13847300    0.01324500    3.20659400 

O                 -6.42512100   -2.05161600    0.43550400 

H                 -5.72632100   -2.70956300    0.26670100 

H                 -6.56942900   -1.52400700   -0.37377500 

O                 -2.68580600   -3.42681400    2.37932300 

H                 -2.50492000   -4.13993600    2.99763400 

H                 -3.13198400   -2.72254800    2.90224100 

O                 -6.39545400    2.04290200    1.73430100 

H                 -6.26898100    1.13019600    2.03584100 

H                 -6.40423500    2.00824200    0.76410800 

O                 -4.61238300   -1.08881100   -3.39712900 

H                 -4.10916300   -1.84830600   -3.03234000 

H                 -5.37992700   -0.95187000   -2.82225500 

O                 -0.80774600    1.56810400   -0.10803200 

H                 -0.57748700    0.95572300    0.62884100 

C                 -3.54966100   -0.22139700    0.06794800 

O                 -4.15979100    0.72026300   -0.23789500 

O                 -2.96211400   -1.18954000    0.34361800 

C                  2.46306800    0.04718500   -0.16120100 

O                  2.55910800    1.18003900   -0.41096900 

O                  2.36690100   -1.08043000    0.11553800 

 

Table S4. Cartesian coordinates of mixed CO2 and THF CH with CO2@512 and 
THF@51264 cage. 
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H                  1.12509500    3.89385900    1.51521000 

H                  1.46501500    4.22418400    0.03818700 

O                  0.72073000    4.08162500    0.65131700 

H                  4.79711600   -3.88473400    0.48395700 

H                  3.76102400   -4.22757900   -0.62220600 

O                  4.71226900   -4.08434600   -0.46599400 

H                  6.65274500   -0.56929000    0.65303700 

H                  6.61463400   -1.00865500   -0.83375600 

O                  7.00599300   -0.35115900   -0.22723700 

H                  6.80650700   -2.95769800   -2.16746700 

H                  5.45908700   -2.94005700   -1.38479200 

O                  6.08249400   -2.37566600   -1.92148200 

H                  5.14337000    3.53369800    3.63263700 

H                  4.64274200    2.07047200    3.36031300 

O                  4.55115800    3.02763700    3.06951800 

H                 -0.33689400   -2.02050000   -2.15635900 

O                 -1.11947900   -1.55966000   -1.74916300 

H                  5.84294200   -2.05423800    2.32679600 

H                  7.14753700   -1.34591800    2.80486100 

O                  6.30458400   -1.18370000    2.37227100 

H                  5.29321100   -0.03448800    3.33945800 

H                  3.97390400    0.13055000    4.18220100 

O                  4.79296400    0.58681900    3.90049600 

H                  5.31964800    1.01700100   -3.57263300 

H                  5.94654200    2.09211400   -2.64659100 

O                  5.42885100    1.97814600   -3.46216900 

H                  6.91635100    1.19442200   -0.69446600 

H                  7.74217000    2.47488900   -1.08335300 

O                  6.84490500    2.14147300   -1.00362500 
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H                  5.35584000   -1.37317000   -3.11782700 

O                  5.02062700   -0.78354300   -3.83222000 

O                 -1.23841100    2.35327700    0.11334500 

H                  0.02056100   -4.43520700    1.91765600 

H                 -0.02983700   -3.02353500    1.26087400 

O                  0.58917500   -3.78244600    1.49605500 

H                  2.45773500   -2.18165100    3.68013800 

H                  1.84553300   -3.23858900    2.66638700 

O                  2.60537300   -3.04867300    3.24996600 

H                  4.95079600    3.40695600    1.31535600 

H                  5.72688800    3.16151700   -0.03855600 

O                  5.09512900    3.75146200    0.41637100 

O                  2.42054100   -0.64968300    4.57842700 

H                  5.27611800   -4.27982800    2.75538700 

H                  4.02610000   -3.32704500    2.65533400 

O                  4.94209700   -3.51529900    2.27831100 

H                  0.84692700    1.74931800   -4.91359800 

H                  1.77821500    2.12857000   -3.70969700 

O                  1.05452600    1.49539100   -4.01020100 

H                 -1.15571100   -1.76526400   -0.05437000 

O                 -1.12939100   -1.92625500    0.91874500 

H                  1.71539000   -5.43321400   -0.96751300 

H                  1.44465000   -4.29300800    0.06290100 

O                  1.95423200   -4.52898100   -0.74685600 

H                  1.06108900    1.96419800    3.62253200 

H                 -0.03633400    0.88774700    3.28663000 

O                  0.67783600    1.12178300    3.92136100 

H                  3.77398600    4.21559900   -0.42845900 

O                  2.97518300    4.51759900   -0.94034500 

86



S19 
 

H                  1.44125900   -2.31676600   -3.31724200 

H                  1.36310200   -3.41836100   -2.17875100 

O                  0.84046100   -2.93107700   -2.83510800 

H                  1.69779100    4.24584200    3.80427700 

H                  2.86348000    3.42674900    3.15511800 

O                  1.88739100    3.55109600    3.16835500 

H                  3.20151700   -0.93661100   -3.98392600 

H                  1.83730500   -0.17821600   -4.07821000 

O                  2.25002400   -1.05755100   -4.14735800 

H                  3.86487100    2.72605600   -3.40279100 

H                  2.91560400    3.58795300   -2.49478300 

O                  2.95569300    3.09800000   -3.33657100 

H                 -1.11696500    1.95052400   -0.77091000 

H                  1.71638400    0.01446100    4.29280200 

H                  2.26888100   -0.80793400    5.51436800 

H                  3.10914700    5.45260000   -1.11749700 

H                  5.41550800   -1.09587300   -4.65075100 

O                 -6.92841500   -2.21719100   -0.19994500 

H                 -7.07253800   -1.64952700   -1.00305400 

H                 -6.16733900   -2.79482600   -0.37782100 

O                 -1.25815500    0.52773000    2.11727100 

H                 -1.23681200    1.17183200    1.37367500 

H                 -1.20646200   -0.36639600    1.71427200 

O                 -7.23648300   -0.59374500   -2.26373000 

H                 -7.33335300    0.32607300   -1.94615200 

H                 -6.46037700   -0.61006200   -2.85809900 

H                 -0.50143300    2.99890900    0.25313300 

O                 -4.78527900   -1.70689300    3.12294400 

H                 -5.68593000   -1.48577400    2.83616700 
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H                 -4.36202000   -0.85588600    3.37275900 

O                 -4.96010700    3.34851200   -1.86536700 

H                 -4.46006500    3.45151500   -0.99465200 

H                 -5.19091100    4.23712200   -2.14928300 

O                 -3.23640800   -3.31336300    1.61494700 

H                 -3.82772500   -2.77697800    2.19690000 

H                 -3.77197000   -3.56796100    0.84435400 

O                 -3.50861800    1.79550200   -3.51397200 

H                 -4.04770600    2.39395400   -2.93972000 

H                 -3.56108300    2.15052000   -4.40521900 

O                 -7.55295100    1.57482300    1.71675600 

H                 -7.50273300    0.59666000    1.86048700 

H                 -8.44099500    1.84599400    1.96183800 

O                 -3.22157100   -2.81461000   -2.76542200 

H                 -2.45532600   -2.32421900   -2.36124100 

H                 -2.84959700   -3.33892200   -3.48004300 

O                 -5.23028200    2.78852000    2.54527000 

H                 -6.07706400    2.37504600    2.26835400 

H                 -5.44725400    3.46916700    3.18688900 

H                 -1.08329500   -0.60730600   -1.98664800 

O                 -7.36639600   -1.09094700    2.06508500 

H                 -7.20010200   -1.53868300    1.17655400 

H                 -8.07335100   -1.58418100    2.48880900 

H                 -1.97847200   -2.40330800    1.15273500 

O                 -4.88713200   -0.70532100   -3.74275000 

H                 -4.34153500   -1.43563300   -3.40583300 

H                 -4.36741200    0.10413600   -3.61686200 

O                 -3.67608200    3.59125600    0.34997600 

H                 -2.79389500    3.16297900    0.32783400 
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H                 -4.15777500    3.27372400    1.13536000 

O                 -1.08070300    1.11274700   -2.35056200 

H                 -0.32382000    1.31344900   -2.94381500 

H                 -1.89693200    1.37560300   -2.82078900 

O                 -7.35637800    1.95698900   -1.15119400 

H                 -6.54692600    2.44292500   -1.38034600 

H                 -7.34023400    1.83551100   -0.18812300 

O                 -3.59193300    0.69742400    3.63982300 

H                 -2.75459000    0.69092100    3.13883900 

H                 -4.12716200    1.41618500    3.26754800 

O                 -4.70643700   -3.88399200   -0.74563100 

H                 -4.18540100   -3.52931200   -1.50154300 

H                 -4.96713700   -4.77799800   -0.97965500 

C                 -4.45710900   -0.19086400    0.04396100 

O                 -3.79719900   -0.92737400   -0.57028400 

O                 -5.09953400    0.56650400    0.64892900 

O                  3.77685800   -0.85021500   -0.58678000 

C                  2.54233800    1.06869600    0.12242400 

C                  2.21826700   -0.15541400    0.99948000 

C                  3.53144900    0.51354700   -0.92792100 

C                  2.62024200   -1.31326900    0.09313900 

H                  1.64220100    1.45973500   -0.35914100 

H                  2.98050900    1.88406200    0.70279400 

H                  2.83871000   -0.16070800    1.90100000 

H                  1.17105400   -0.19631500    1.30583100 

H                  4.49385600    1.02883400   -0.93069900 

H                  3.10713100    0.57019400   -1.93860200 

H                  2.88911700   -2.22432800    0.63073700 

H                  1.82044500   -1.54574800   -0.62852800 
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A luminescent Cu4 cluster film grown by electro-
spray deposition: a nitroaromatic vapour sensor†
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We present the fabrication and use of a film of a carborane-thiol-

protected tetranuclear copper cluster with characteristic orange

luminescence using ambient electrospray deposition (ESD).

Charged microdroplets of the clusters produced by an electrospray

tip deposit the clusters at an air–water interface to form a film.

Different microscopic and spectroscopic techniques characterized

the porous surface structure of the film. Visible and rapid quench-

ing of the emission of the film upon exposure to 2-nitrotoluene

(2-NT) vapours under ambient conditions was observed. Density

functional theory (DFT) calculations established the favourable

binding sites of 2-NT with the cluster. Desorption of 2-NT upon

heating recovered the original luminescence, demonstrating the

reusability of the sensor. Stable emission upon exposure to

different organic solvents and its quenching upon exposure to 2,4-

dinitrotoluene and picric acid showed selectivity of the film to

nitroaromatic species.

Selective and observable detection of nitroaromatic precursors,
widely used for the synthesis of explosives, has received special
attention due to increased concerns of security.1–3 Direct
detection of such chemical entities using instrumental
methods, such as mass spectrometry,4 surface-enhanced
Raman spectroscopy,5 and sophisticated sensor arrays,6

requires expensive infrastructure and/or complicated sampling
protocols. On the other hand, optical detection with organic
and inorganic sensing materials, such as π electron-rich aro-
matic compounds,7 metal–organic frameworks,8 dendrimers,9

polymers,10 quantum dots,11 and gold mesoflowers,12 has
been explored for reliable detection. Optical detection primar-

ily relies on visible changes of luminescence in terms of the
emission brightness or colour of such materials upon exposure
to the sensing materials. Atomically precise metal nanoclusters
with tunable luminescence characteristics are versatile
additions to this application.13–15 Such nanomaterials have
specific multicolour luminescence properties due to electronic
transitions within closely spaced quantized electronic energy
levels.16–18 Modulation of luminescence by applying external
stimuli, such as temperature,19,20 pressure,21 and electric
potential,22 suggests a possibility to have sensing responses
with molecules, particularly electron-deficient nitroaromatic
compounds.23

Detection of nitroaromatics in the gas/vapour phase is chal-
lenging compared to their detection in the condensed state,
primarily due to their low volatility and a lack of efficient inter-
molecular interactions.24,25 Therefore, the preparation of lumi-
nescent vapour sensors with highly sensitive exposed surface
area is an essential goal towards easy, fast and reliable
sensors. However, fabrication of an active two-dimensional
(2D) surface composed of ultra-small nanoclusters is challen-
ging due to their reduced stability, inherent reactivity, unregu-
lated aggregation behaviour and the lack of large order inter-
cluster interactions.26,27 To overcome such challenges, we
introduced the ESD technique, which generates solvated
charged microdroplets of cluster ions in air by applying an
electric potential.28,29 Soft landing of ions onto a transient
water surface resulted in a sensitive 2D nanocluster assembled
film. The ESD technique favours fast and soft aggregation of
clusters at the air–water interface without using long chain
ligands,30 metal ions,31 mixed solvent systems,32 thermal
annealing,33 and gel forming agents.34 In our earlier experi-
ments, we had shown the advantages of this technique for the
preparation of various nanomaterials, including metallic nano-
brushes,35 nanopyramids and platelets,36 vertically aligned
nanoplates,37 annealed nanoparticle superstructures,38 and
other surface exposed nanostructures.39

Here, we have fabricated a robust surface-activated film of a
Cu4@ICBT cluster, covered with an ortho-carborane 12-iodo
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9-thiol ligand, through the ESD technique. The atomic struc-
ture of the cluster shows a nearly square planar Cu4 core pro-
tected by four carborane ligands along with three iodine atoms
(shown in Fig. 1a).40 Cu4@ICBT was synthesized by a ligand
exchange-induced structure transformation (LEIST) reaction
starting from the Cu18 nanocluster.

41 LEIST synthesis reactions
were used for preparing various gold42 and silver43 nano-
clusters. Synthetic details and structural characterization of
the cluster were described previously40 and the essential
details are presented in Fig. S1 in the ESI.† ESD experiments
were performed using a home-built setup. Fig. 1b shows the
schematic representation of the ESD setup.

Details of the deposition process are presented in the ESI.†
In brief, charged microdroplets of cluster ions were generated
upon applying a high voltage (2.5–3 kV) through a platinum

(Pt) wire to a 0.5 mM solution of the cluster using a glass capil-
lary (tip diameter, 25–30 μm) (shown in Fig. S2†). The depo-
sition of ions was performed on water, which was grounded to
neutralize the charge. After 30 min of deposition, we observed
a white-coloured thin film floating on the water surface
(shown in the inset of Fig. 1b and c), and this film was trans-
ferred onto either a clean glass slide or an Al foil for further
experiments. The floating nature of the film is due to the
hydrophobic nature of carboranes,44 and the surface charge of
the deposited ions is responsible for interparticle interactions,
which resulted in the formation of a stable film.

Next, the surface structure of the ESD film was character-
ized using optical and electron microscopic techniques.
Optical micrographs showed a sheet-like translucent appear-
ance and the film was crumpled at multiple locations (Fig. 1c,

Fig. 1 (a) Molecular structure of the Cu4@ICBT cluster (atomic color code: orange = copper, yellow = sulphur, pink = boron, grey = carbon, violet =
iodine and white = hydrogen). (b) Schematic representation of the ESD setup, (the inset shows the photograph of the spray plume during ESD, illumi-
nated with a green laser). Electrospray deposition occurs on the surface of water, kept in a plastic cap, and the solution was grounded electrically.
Optical micrographs of the film in (c) reflection and (d) transmission modes, respectively (the inset of (c) shows the floated film on the water
surface). (e) 3D surface topology of the film indicating its roughness and (f ) cross-section analysis. (g and h) FESEM micrographs and (i and j) TEM
micrographs of the film at different magnifications.
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stability of the clusters present in the ESD film after a com-
plete adsorption and desorption cycle was monitored through
MS studies by dissolving it in acetone. The appearance of the
characteristic peak at m/z 1334.16 suggests the structural stabi-
lity of the cluster after 2-NT adsorption and desorption pro-
cesses (Fig. S8†).

To understand the kinetics of the adsorption and desorp-
tion processes, we measured the time-dependency of the emis-
sion features (shown in Fig. S9†), and we observed ∼3 and 4.5-
fold intensity reduction after 2 and 4 minutes of 2-NT
exposure, respectively. The PL quenching of the film upon its
exposure to 2-NT was exponential with no emission at all
observed after ∼15 min (Fig. 3b). The desorption of 2-NT by
heating to 50 °C showed linear dependency and full lumine-
scence recovery in ∼60 min. The desorption process is slower
than the adsorption process, which suggests a relatively strong
interaction between the molecules of 2-NT and the film. Such
types of adsorption and desorption processes indicate rapid
adsorption and systematic desorption of 2-NT from the ESD
film. Alternating exposure of the film to 2-NT vapours and
thermal heating (Fig. 3c) demonstrated perfect reversibility of
the adsorption–desorption process and PL measurements
proved quantitative recovery of the luminescence properties.

Infrared (IR) and XPS measurements were performed to
confirm the binding of 2-NT to the ESD film. IR spectra
(shown in Fig. 3d and S10†) reveal the appearance of two new

vibrational peaks at 1347 and 1520 cm−1 due to N–O stretching
modes, indicating the adsorption of 2-NT by the film. These
features were absent for the parent film. Other characteristic
vibrational peaks for C–H (3051 cm−1) and B–H (2610 cm−1)
stretching modes, cage breathing mode (872 cm−1), and BBB/
BBC bending mode (975 cm−1) of carboranes suggest the
structural integrity of the cluster after 2-NT adsorption.
Furthermore, the XPS study reveals the appearance of all the
respective elements of the cluster, i.e., Cu, S, C, B, and I, in the
survey spectrum (Fig. S11†). We have observed two new peaks
of N 1s and O 1s at the binding energy values of 405.3 and
531.9 eV, respectively.

The adsorption capacity of a microcrystalline Cu4@ICBT
sample to 2-NT was tested using a uniform microcrystalline
powder of the cluster. An optical micrograph reveals that the
sample has rhombohedral microcrystals with dimensions of
20–25 μm length and 5–8 μm width (Fig. S12†). After disper-
sing these particles in DCM, we dropped them on a glass slide
to make a thin film. In the subsequent step, this film of micro-
crystals was exposed to 2-NT (Fig. S12†). Time-dependent PL
measurements showed nearly identical emission intensity
even after 6 h of exposure. These results prove that the micro-
crystals themselves are incapable of 2-NT adsorption and
detection, whereas the 2D film, prepared by ESD, with an
exposed surface with characteristic morphologies promotes
effective 2-NT adsorption.

Fig. 4 (a–d) Structural representations of different binding configurations of 2-NT at different positions of the cluster. (e) Relative energy diagram
of the binding of 2-NT with the respective position of Cu4@ICBT. (f ) Charge density difference (CDD) analysis of 2-NT binding with the cluster.
Atomic color code used for the CDD plot is blue-copper, yellow-sulphur, green-boron, grey-carbon, and pink-hydrogen. The yellow and cyan elec-
tron density isosurfaces are plotted at a value of 0.005 eV Å−3.
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Density functional theory (DFT) calculations using the
Vienna Ab initio Simulation Package (VASP) were used to simu-
late the binding of 2-NT to the cluster.45 The Cu4@ICBT struc-
ture optimized using the Perdew–Burke–Ernzerhof (PBE) func-
tional within the generalized gradient approximation (GGA) is
given in Fig. S13.† 46 Details of the theoretical calculations are
presented in the ESI.† This was followed by simulations of
2-NT binding at the Cu4@ICBT optimized structure. Four posi-
tions, i.e., (P1) parallel to carboranes, (P2) perpendicular to
carboranes through the –NO2 end, (P3) perpendicular to the
Cu4S4 kernel, and (P4) parallel to the Cu4S4 kernel, were identi-
fied as most probable binding configurations (shown in
Fig. 4a–d). DFT calculations proved that the P1 and P2 posi-
tions to be the most favourable binding positions having the
lowest relative energies (RE) of 0 and 0.02 eV, respectively,
whereas the P3 and P4 positions showed higher relative energy
values of 0.23 and 1.37 eV. For the P1 binding configuration,
the optimized geometry shows four intermolecular van der
Waals interactions, i.e., CH⋯HB, NO⋯B, NO⋯C, and NO⋯HC
between the nitro group of the 2-NT molecule and a nearby
carborane unit with distances of 2.39, 3.51, 3.21 and 2.43 Å,
respectively (shown in Fig. S14†). For the P2 configuration, two
strong interactions, i.e., BH⋯N and BH⋯ON with the dis-
tances of 2.72 and 2.54 Å, respectively, showed favourable
interactions between the two moieties (Fig. S15†). A similar
type of strong intermolecular interactions between 2-NT with
the cluster was not observed for any of the other configur-
ations. Charge density difference (CDD) analysis shows that
there is a delocalization of electron density between 2-NT and
the cluster, resulting in feasible adsorption. Excited state
charge transfer between the delocalized electron density of the
LUMO of the cluster and 2-NT is assumed to be the driving
force behind the emission quenching, upon its adsorption.

Freshly prepared films were independently exposed to
various organic solvents to check the selectivity. The combined
PL data (shown in Fig. S16–S26† and Fig. 5) showed compar-
able emission intensity of the film after its exposure to DCM,
chloroform, methanol, ethanol, hexane, cyclohexane, benzene,
toluene, acetonitrile, THF, and ethyl acetate vapours. However,
complete luminescence quenching of the film was observed
upon its exposure to two other nitroaromatics, 2,4-dinitroto-
luene and picric acid (Fig. S27 and S28†), which proves the
interesting selectivity of the film towards species with nitro
functionality. Due to the lower vapour pressure, 2,4-dinitroto-
luene and picric acid took ∼30–35 min for complete lumine-
scence quenching. Interactions between the nitro groups with
the cluster are probably the reason behind luminescence
quenching, which was also confirmed by DFT calculations.

In conclusion, this work demonstrated the fabrication of a
film of atomically precise cluster functioning as a selective and
reversible nitroaromatic vapour sensor using a molecularly flat
carborane-thiol-protected tetranuclear copper nanocluster. The
film was grown under an ambient condition through the ESD
technique, depositing charged microdroplets of the clusters
on water. Different microscopic techniques demonstrated the
flexible nature of the film with surface porosity. Visible orange

luminescence of the cluster was retained after the formation of
the film. The as-grown film acts as a luminescence vapour
sensor for detecting various nitroaromatics with excellent
selectivity and full recovery of its luminescence by heating to
only 50 °C. Theoretical calculations revealed favourable van
der Waals interactions between the peripheral carboranes and
the nitro moiety of the nitroaromatic species as responsible for
luminescence quenching. Such a type of selective lumine-
scence recognition has great potential for efficient visible
detection of the precursors of explosives based on nitroaro-
matics. The extent of the sensitivity of the cluster-based sensor
needs to be evaluated.
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Experimental section

a) Material and chemicals

The borosilicate glass capillary (inner diameter 0.86 mm, outer diameter 1.5 mm) was purchased 
from Sutter instruments, USA. Platinum electrodes (99.98 % pure) of 0.2 mm diameter was 
bought from Sigma Aldrich, India. The ortho-carborane 12-iodo 9-thiol ligand was synthesized 
following the earlier literature, after purchasing ortho-carborane from Katchem s.r.o. (Czech 
Republic).1, 2 Copper iodide (CuI) and sodium borohydride (NaBH4, 99%) were purchased from 
Sigma Aldrich chemicals. 1, 2-bis(diphenylphosphino)-ethane (DPPE) was bought from Rankem 
chemicals. Milli-Q water was used for the purification of the cluster and electrospray deposition 
process. 2-nitrotoluene, 2,4-dinitrotoluene, and picric acid were purchased from Sd Fine Chem 
Ltd., HiMedia Lab. Pvt. Ltd., and MOLYCHEM, respectively. HPLC-grade solvents such as 
dichloromethane, chloroform, acetonitrile, methanol, ethanol, cyclohexane, toluene, benzene, 
THF, ethylacetate, and acetone were purchase from Rankem chemicals and Finar chemicals. All 
the chemicals are commercially available and used without further purification. 

b) Synthesis of Cu18 nanocluster

The [Cu18(DPPE)6H16]2+ nanocluster have been synthesized by following literature report.3 In 
brief, 95 mg copper iodide was mixed with 120 mg 1, 2-bis(diphenylphosphino)-ethane (DPPE) 
ligand in an argon closed Schleck tube. 20 ml acetonitrile was added with it. After 20 min stirring, 
a white suspension formed due to formation of copper phosphine complex. 187 mg NaBH4 was 
added to the reaction mixture directly for the reduction. After 5 h reaction as formed orange 
color suspension confirms the formation of Cu18 nanocluster (shown in Fig. S1). Centrifugation of 
the suspended product followed by repetitive washing using methanol and acetonitrile leads to 
the purified product. Purified cluster extracted in DCM was used for Cu4@ICBT synthesis. The 
Cu18 has a broad UV-vis absorption spectrum and the characteristic mass spectrum (presented in 
Fig. S1c, d) confirms the cluster. The yield of the product is 70 % in terms of copper.

c) Synthesis of Cu4@ICBT nanocluster

The Cu4@ICBT was synthesized following a ligand exchange induced structural transformation 
(LEIST) reaction starting from Cu18. Purified Cu18 cluster (50 mg) in 15 ml DCM was reacted with 
40 mg of ortho-carborane 12-iodo 9-thiol (I9) ligand. After 2 h of reaction Cu4@ICBT formed as a 
snow-white precipitates having characteristic orange emission under UV lamp (shown in Fig. S1f, 
g). The precipitates are extracted through ultracentrifugation. Repetitive washing using DCM and 
methanol removes the excess ligands. The purified cluster was dissolved in acetone for ESD 
process. The yield of the product is 80 % in terms of Cu18.

d)  Preparation of microcrystalline sample

To prepare the uniform microcrystalline powder, we have dissolved 30 mg freshly prepared 
cluster in 10 ml acetone. 7 ml DCM mixed with it and put for crystallization at room temperature 
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(25 °C). After 24, a yellowish precipitates formed bottom of the crystallization vial. After 
centrifugation at 1000 rpm, we have drop casted the precipitates on a glass slide for further 
studies. The length of these rhombus shaped microcrystal is 20-25 μm and width 5-8 μm (shown 
in Fig. S11b).

Theoretical calculation

The DFT calculations are carried out using Vienna Ab-Initio Simulation Package (VASP) employing 
GGA-PBE method.4 Projector augmented wave (PAW) method is used for treating ion electron 
interactions.5 A convergence criteria of 10-4 eV for minimum energy and 0.05 eV Å-1 for Hellmann-
Feynman forces on atoms are used for the calculations. The Brillouin zone was sampled at the 
Gamma point (1×1×1). All calculations are performed with spin polarization. The dispersion 
interactions were accounted for by using the DFT-D3 method.6 The charge density difference (∆ρ) 
of 2-NT binding at Cu4@ICBT, is calculated by the following equation: 

∆ρ= ρCu4@ICBT+2-NT – ρCu4@ICBT – ρ2-NT

Where, ρCu4@ICBT+2-NT, ρCu4@ICBT and ρ2-NT represent the charge density of 2-NT adsorbed Cu4@ICBT, 
Cu4@ICBT and 2-NT, respectively at the DFT optimized geometry.

Instrumentation

a) Electrospray deposition 

Electrospray deposition experiments were performed using a home built setup. A schematic 
representation of the ESD setup is presented in the Fig. 1b. Charged microdroplets of Cu4@ICBT 
ions were generated from a capillary tip. These tips were made by pulling the borosilicate glass 
capillary using a flaming micropipette puller instrument (model P-97, Sutter instrument). The 
diameter of the ESD tip is 25-30 μm (shown in Fig. S2). All the ESD tips were checked using an 
optical microscope to generate uniform microdroplets. 4-5 mg purified sample dissolved in 1 ml 
acetone was used for ESD process. Cluster solution was inserted inside the capillary using a 
microinjector pipette. A high voltage DC potential of 2.5-3 kV was applied to the solution through 
a platinum wire electrode (diameter 0.2 mm). Spray emitter was placed manually above the 
collector with tip to collector distance of 10-15 mm. After potential applied as formed spray 
plume consist of charged microdroplets, were directed towards ground water bath having 5-6 ml 
Milli-Q water inside it. A photograph of such deposition is shown in the inset of Fig. 1b.

b) Microscopic characterization

 Optical microscopic images were collected using a LEICA optical microscope equipped with LAS 
V4.8 software in transmission mode. Optical microscopic images in the reflected mode were 
collected using Keyence VHX-950F digital microscope. Scanning electron microscopic (SEM) 
images are recorded using Verios G4 UC, Thermo Scientific field emission scanning electron 
microscope (FESEM). After transferring the sample on a clean aluminum foil, gold sputtering was 
performed to increase the conductivity of the film. All the FE SEM images were collected in high 
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vacuum at an operating voltage of 10-15 kV. Transmission electron microscopy (TEM) was 
measured using a JEOL-3010 transmission electron microscope at operating voltage of 200 kV. A 
Gatan 794 multiscan CCD camera was used for image collection. 

c) Spectroscopic characterization

UV-vis absorption spectra were measured using Perkin Elmer Lambda 365 UV-vis spectrometer 
in the wavelength region of 200 to 1100 nm. Photoluminescence spectra were measured using 
Jobin Yvon Nanolog fluorescence spectrometer with a bandpass of 3 nm for the measurements. 
A CCD detector was used to record the emission intensity in the range of 300-850 nm. Film 
transferred on a clean glass slide was used to record the spectrum in reflectance mode. FT-IR 
spectra of the samples were recorded using JASCO-4100 spectrometer in attenuated total 
reflection (ATR) mode. Mass spectrometric studies were performed in positive ion mode using a 
Waters Synapt G2Si-HDMS instrument. The instrument is equipped with an electrospray source, 
quadrupole ion trap, ion mobility cell and time of flight (TOF) detector. Electrosprayed film was 
dissolved in acetone to record the spectrum. Formic acid was added to enhance the ionization. 
The sample was electrosprayed at a flow rate of 10 μL/min with capillary voltage 3 kV, cone 
voltage 0 kV, spray current 100 nA, source temperature 80 °C, desolvation temperature 100 °C 
and desolvation gas flow of 300 L/h for the measurement. X-ray photoelectron (XPS) spectra 
were measured using ESCA probe TPD (Omicron Nanotechnology) equipped with Mg Kα X-ray 
source (hγ =1253.6 eV). X-ray flux was adjusted to reduce the beam induced damage. At least 
three spectra were collected and average was taken for selected binding energy. The spectra 
were calibrated using the binding energy of C 1s peak at 284.8 eV. Powder X-ray diffraction of 
the film was measured using a D8 Advance Bruker instrument, using Cu Kα X-ray source (hγ = 
8047.8 eV).
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Fig. S1 a) Scheme of the synthesis of Cu18 through reduction reaction. b) Optical photograph of as prepared 
Cu18. c) UV-vis absorption spectrum of the cluster. d) Mass spectrum of the cluster in positive ion mode. 
Both monopositive and dipositive species were observed in the spectrum. Inset shows exact matching of 
the isotopic distribution of the experimental (blue) with theoretical (pink) spectrum. e) Scheme of the 
synthesis of Cu4@ICBT through LEIST reaction. Photographs of purified Cu4@ICBT f) under daylight and g) 
under UV light. Visible orange emission was observed.
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Fig. S2. a, b) Optical microscopic images of the electrospray tips, made by pulling the borosilicate glass 
capillary. Tip diameter is 25-30 μm.

Fig. S3 Optical microscopic image of the ESD-film. 
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Fig. S4 FESEM micrographs showed the time dependent growth of film during ESD process, a-c) 
micrographs with increasing magnification after 10-15 min of ESD process, which showed the formation 
of spherical aggregate. d-f) micrographs of the film with increasing magnification after 30 min of ESD 
process.

Fig. S5 a, b) TEM micrographs of different films.
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Fig. S6 Thin film XRD spectrum of the Cu4@ICBT film having two broad diffraction features.

Fig. S7 a) XPS survey spectrum of Cu4@ICBT film. Selected peak fittings of b) Cu 2p, c) S 2p, d) I 3d, e) C 
1s and f) B 1s spectral regions.
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Fig. S8 High-resolution ESI-MS spectrum in positive ion mode of the ESD-film after 2-NT adsorption and 
desorption cycle. Isotopic distribution of the experimental spectrum (black color) at m/z 1334.16 matches 
well with the simulated spectrum (green color)

a) b)

Fig. S9 Photoluminescence spectral profile of 2-NT a) adsorption and b) desorption by the Cu4@ICBT film.
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d and S3†). Scratches on the aluminium substrate were visible
through the film, indicating its translucent character. The
surface topography reveals a relatively rough surface of the
film (Fig. 1e) with an average thickness of 6.23 μm. We have
used a scanning electron microscope to get additional infor-
mation on its morphology. FESEM micrographs demonstrated
(Fig. 1g and h) that the basal plane is covered by several
fibrous knots. To understand the growth of the film, we
measured the images after various deposition times, which
revealed the formation of porous spherical aggregates after
10–15 min of deposition. As-formed spherical particles
resulted in a compact film upon subsequent deposition
process (Fig. S4†). The rough surfaces of the spherical aggre-
gates with multiple tangles interact with each other and form
the resulting film, which also has similar knots on its surface.
Transmission electron micrographs (shown in Fig. 1i, j and
S5†) confirm the sheet-like nanostructures with multiple
knots. Thin film XRD (shown in Fig. S6†) reveals two broad
diffraction peaks at 2θ values of 8.65° and 23.15°, suggesting
the weak crystallinity of the film.

The molecular structure of the cluster in the film was veri-
fied using high-resolution electrospray ionization mass spec-
trometry (HRESI-MS). The MS spectrum of an acetone solution
of the film (Fig. 2a) shows a characteristic peak at m/z 1334.02
with a monopositive charge. Experimental isotopic distri-
bution of the mass having a molecular composition of
[Cu4S4I3(C2B10H11)4]·2H

+ matches well with the calculated one
(shown in the inset of Fig. 2a) and the parent custer.40 X-ray

photoelectron spectroscopy (XPS) confirms the elemental com-
position (presence of Cu, S, C, B and I) in the film (Fig. S7†).
Peak fittings of the Cu 2p region having two peaks at binding
energies of 931.6 and 951.4 eV for 2p3/2 and 2p1/2 indicate a
nearly zero oxidation state for copper (Fig. 2b). The UV-vis
spectra of the film showed a single absorption band with a
maximum of 267 nm, which is identical to that of the as-pre-
pared cluster (Fig. 2c). All these data verified the essential
structural stability of the cluster after the ESD process.

The as-grown ESD film emits bright orange luminescence
under a 365 nm UV lamp. The solid state photoluminescence
spectra of the film show a characteristic emission band
centred at 599 nm under excitation at 330 nm (shown in
Fig. 2d). The excitation and emission spectra compare well
with the spectra of the parent cluster.40 The Stokes shift of
∼3.7 eV represents a large gap between the absorption and
emission bands. Based on the molecular structure of the
cluster with characteristic luminescence, we expected the
material to function as a potential sensor of volatile organic
compounds and thus we exposed the film to different organic
solvents and nitroaromatics. While the characteristic orange
luminescence remained unchanged after the film’s exposure
to vapours of various organic solvents, we observed a relatively
quick quenching of the emission as a result of the film
exposure to nitroaromatics (2-NT) with a vapour concentration
of 0.024% at 25 °C (vapour pressure: 0.185 mm Hg). It took
typically a few minutes to completely quench the emission. PL
measurements show the complete disappearance of the
599 nm emission band after exposure to 2-NT (Fig. 3a) and its
full recovery upon heating to 50 °C. The PL spectrum with a
strong emission band confirmed the recovery (Fig. 3a). The

Fig. 2 (a) Positive ion-mode ESI-mass spectrum of a solution of the
Cu4@ICBT film in acetone. 0.1 (M) formic acid was added to increase the
ionization efficiency. The inset shows the isotopic distribution of the
experimental spectrum in comparison with the theoretical one. The
spectrum is compared with the parent cluster. (b) Selected area XPS
spectrum of the Cu 2p region. (c) UV-vis absorption spectra of the ESD
film dissolved in acetone in comparison with the as-prepared cluster. (d)
Photoluminescence excitation and emission spectra of the film. The
inset shows the photograph of the ESD film under daylight (left) and UV
light (right).

Fig. 3 (a) PL emission spectra of the film after 2-NT vapour exposure
resulted in quenching the emission and thermal desorption (upon
heating at 50 °C) resulted in the regeneration of luminescence. (b)
Adsorption and desorption patterns of 2-NT from the film. (c) 2-NT
vapour adsorption and desorption up to the 4th cycle, indicating the re-
usability of the film. (d) Expanded FT-IR spectral region of the 2-NT-
exposed film in comparison with the as-grown film. New features are
highlighted.
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Fig. S10 Full range IR spectra of the film before and after 2-NT adsorption.

Fig. S11 XPS spectra of the Cu4@ICBT film after 2-NT vapor exposure. a) Survey spectrum and selected 
peak fittings of b) Cu 2p, c) B 1s, d) C 1s, e) N 1s and f) O 1s spectral regions.
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Fig. S12 a) Photoluminescence spectra shows no significant emission quenching of rhombus microcrystals 
upon exposure of 2-NT. Inset shows bright orange emission after 6 h 2-NT exposure. b) Optical microscopic 
image of the uniform rhombus microcrystals.

Fig. S13 DFT optimized structure of Cu4@ICBT nanocluster having a square planer Cu4 kernel protected by 
four carborane ligands. Atomic color code: orange = copper, yellow = sulphur, pink = boron, grey = carbon, 
violet = iodine and white = hydrogen.
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Fig. S14 a) Short contact van der Waal interactions of 2-NT with cluster in P1 configuration. b) Expanded 
view of these interactions.

Fig. S15 a) Short contact van der Waals interactions of 2-NT with cluster in P2 configuration. b) Expanded 
view of these interactions.
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Fig. S16 PL spectra of the film before and after DCM exposure.
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Fig. S17 PL spectra of the film before and after chloroform exposure. 
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Fig. S18 PL spectra of the film before and after methanol exposure.
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Fig. S19 PL spectra of the film before and after ethanol exposure.
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Fig. S20 PL spectra of the film before and after hexane exposure.

400 450 500 550 600 650

In
te

ns
ity

 (a
.u

.)

Wavelength (nm)

before exposure
after exposure

599 nm
Cyclohexane

Fig. S21 PL spectra of the film before and after cyclohexane exposure.
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Fig. S22 PL spectra of the film before and after benzene exposure.
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Fig. S23 PL spectra of the film before and after toluene exposure.
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Fig. S24 PL spectra of the film before and after acetonitrile exposure.
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Fig. S25 PL spectra of the film before and after THF exposure.
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Fig. S26 PL spectra of the film before and after ethylacetate exposure.
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Fig. S27 PL spectra of the film before and after 2, 4-dinitrotoluene exposure.
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Fig. S28 PL spectra of the film before and after picric acid exposure.
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Dissociative reactions of [Au25(SR)18]
− at copper

oxide nanoparticles and formation of aggregated
nanostructures†

Jayoti Roy,a Biswajit Mondal,‡a Gaurav Vishwakarma,a Nonappa,b

Nishanthi Vasanthi Sridharan, a Pattabiraman Krishnamurthia and
Thalappil Pradeep *a,c

Reactions between nanoclusters (NCs) have been studied widely in the recent past, but such processes

between NCs and metal–oxide nanoparticles (NPs), belonging to two different size ranges, have not been

explored earlier. For the first time, we demonstrate the spontaneous reactions between an atomically

precise NC, [Au25(PET)18]
− (PET = 2-phenylethanethiolate), and polydispersed copper oxide nanoparticles

with an average diameter of 50 nm under ambient conditions. These interparticle reactions result in the

formation of alloy NCs and copper-doped NC fragments, which assemble to form nanospheres at the

end of the reaction. High-resolution electrospray ionization mass spectrometry (ESI MS), transmission

electron microscopy (HR-TEM), electron tomography, and X-ray photoelectron spectroscopy (XPS)

studies were performed to understand the structures formed. The results from our study show that inter-

particle reactions can be extended to a range of chemical systems, leading to diverse alloy NCs and self-

assembled colloidal superstructures.

Introduction

Understanding chemical transformations in terms of breaking
and making of bonds is the central theme of chemical science.
Nanoclusters (NCs) are a unique class of nanoparticles that are
gaining enormous importance due to their precise structures,
specific compositions, and unique properties, similar to those
of molecules. Thiolate- and alkynyl-protected atomically
precise NCs of noble metals are true molecules and their
science is expanding rapidly. Such NCs are [Au16(SR)12]

q− (q =
4, SR = captopril; and q = 0, SR = adamantanethiol),
[Au18(SR)14]

q− (q = 3, 4, 5), [Ag25(SR)18]
−, [Au25(SR)18]

−/+,
[Ag29(SR)12(PR)4]

−3, [Au38(SR)24]
0, [Ag44(SR)30]

q− (q = 3, 4),

[Ag46(SR)24(PR)8](NO3)2, [Ag40(SR)24(PR)8](NO3)2, [Au110(SR)48]
q−

(q = 2, 3), [Au110(CuCR)48]
q− (q = 2, 3), [Au137(SR)56]

q+ (q = 2, 3),
[Au144(SR)60]

q+ (q = 2, 3), etc., where SR, PR, and CuCR are
thiolate, phosphine, and alkynyl ligands, respectively.1–15

Apart from their important optical,13,16–19 catalytic,13,20–24 and
luminescence25–32 properties and associated applications,33–37

they also exhibit interesting chemical phenomena.
Particularly, the size- and structure-conserving chemical reac-
tions in which core atoms undergo exchange between clusters
of different kinds are important to mention.38,39 Interparticle
reactions between these nanoparticles need to be understood
in the framework of established principles of chemistry along
with an atomic level understanding of the mechanisms
involved. Exploration of such reactions requires precise entities
such as model nanosystems mentioned earlier and molecular
tools. Reactions of similar kind often have led to the creation
of new molecular entities apart from simple alloy clusters.
Expanding this chemistry further has resulted in tri- and tetra-
metallic clusters.40,41

Ligand exchange42–45 and metal exchange46,47 reactions of
NCs have established that NCs can react just as molecules.
[Au25(SR)18]

− and [Ag44(SR)30]
4− react spontaneously to form

alloy NCs as the product.48 Similarly, a reaction between
[Au25(SR)18]

− and [Ag25(SR)18]
− was also studied in solution,

where monomers and dimers of both the clusters were
involved in intercluster reactions.49,50 Reports of interparticle
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reactions suggest that a possible route for these reactions is
through the exchange of metal or metal–ligand
fragments, through interparticle dimers. Monolayers of
ligands protecting the surface of the NCs are dynamic, and the
metal–ligand interface plays an important role in controlling
the reactions.

Apart from the chemistry between clusters, cluster–bulk
chemistry, for instance, the reaction of [Au25(SR)18]

− and
[Au38(SR)24]

− NCs with bulk Ag–metal, has also been
reported.51 This kind of exchange is elegantly seen in isotopic
exchange experiments of [107Ag25(SR)18]

− and [109Ag25(SR)18]
−

with bulk Ag-powder and related experiments.52 Similar atom
exchange chemistry has also been seen in the reaction
between clusters and metal ions, such as [Au25(SR)18]

− and
Pt4+, Pd4+, Hg2+, and Cd2+ leading to [MAu24(SR)18]

− (where M
= Pt/Pd/Hg/Cd).9 In similar processes, the metal ions partici-
pating in the reactions get reduced by the clusters, which are
charged in the native state. Recently, NCs have been used as
attractive nanoscale building blocks to fabricate 3D super-
structures via colloidal self-assembly.9,53,54 Exploring self-
assemblies of NPs has been a hot topic in nanotechnology for
the past few years and it remains relevant due to the tunable
collective properties as well as the remarkable applications of
the superstructures in a wide range of fields. The inter-nano-
cluster interactions play a vital role in the novel properties of
metal nanoparticle assemblies.22 Reactions between various
sized nanoparticles in homogeneous solutions constitute an
emerging area in the field of NCs with great potential for the
controlled formation of transition metal nanoalloys and self-
assembled superstructures.55

Multidimensional close-packed nanocluster-based mole-
cular aggregates have been achieved using evaporation-
induced assembly, interfacial assembly, binary solvent-
induced assembly, the antisolvent approach, dip coating, and
the Langmuir–Blodgett method.56–58 Still, achieving a combi-
nation of precision and reproducibility of self-assembled large-
area NP superstructures remains a grand challenge. Metal NPs
too exhibit polydispersity, a tendency toward uncontrolled
aggregation, and a lack of directional inter-nanoparticle
interactions. Additionally, rather than the anticipated
homogeneous or precise product, delayed diffusion of
colloidal particles and nonspecific binding may cause a variety
of undesired architectures.

In this context, we decided to explore the redox chemistry
between noble metal NCs, such as [M25(SR)18]

− (M = Au, Ag)
with metal oxide and sulfide nanoparticles, such as MOx (e.g.,
CuO, Cu2O, NiO, PbO, etc.) and Ag2S. As this corresponds to a
large chemical diversity, we decided to focus on one reaction
in the present paper, namely that between [Au25(SR)18]

− and
CuO NPs. These experiments suggest that chemical reactions
between the systems are strongly dependent upon the concen-
tration of the reactants. Our results suggest that simple atom
exchange occurs in the low concentration limit of metal
oxides. Interestingly, at a higher concentration, the clusters
undergo oxidative decomposition. This results in mixed metal-
thiolates, which subsequently form nanoaggregates.

Experimental section
Reagents and materials

Chloroauric acid trihydrate (HAuCl4·3H2O), 2-phenylethane
thiol (PET), tetraoctylammonium bromide (TOAB), sodium
borohydride (NaBH4), and copper acetate dihydrate [Cu
(CO2CH3)2·2H2O] were procured from Sigma-Aldrich. Solvents,
such as tetrahydrofuran (THF), dichloromethane (DCM), and
methanol (MeOH) were purchased from Finar Limited and
were of HPLC grade. Milli-Q water was used during the syn-
thesis of NC and NP. All chemicals were utilised without
further purification.

Synthesis

Synthesis of [Au25(PET)18]
−. [Au25(PET)18]

− (i.e., abbreviated
as [Au25]) NC was synthesized using an established literature
procedure.59,60 About 40 mg of HAuCl4·H2O was dissolved in
7.5 mL of THF and the solution was mixed with 65 mg of
TAOBr. The resulting solution was stirred for around
10–15 min to get an orange-red solution. To this solution, the
PET ligand (∼68 µL) was added by maintaining an Au : PET
molar ratio of 1 : 5 and the system was stirred continuously for
another hour. The Au-thiolate complex was formed which was
reduced by a solution of 39 mg of NaBH4 in 2.5 mL ice-cold
water. The color of the solution changed instantly from yellow
to brown. The solution was stirred continuously for another
5 hours for the complete conversion of diverse NCs to [Au25].
Finally, the as-synthesized cluster was vacuum dried using a
rotavapor and washed several times with excess MeOH to get
rid of free thiol and thiolate. Finally, the [Au25] NCs were
extracted in acetone and the solution was centrifuged. The
supernatant solution containing [Au25] was collected. It was
vacuum dried and the residue was dissolved in DCM to
prepare a stock solution. 25 μL of the stock solution (∼1.35
nM) was used during the reaction.

Synthesis of copper oxide nanoparticles (CuO NPs). Pure
metallic copper oxide nanoparticles (i.e., abbreviated as CuO
NPs) were prepared by the thermochemical reduction method
according to a previously published method.61 In a typical syn-
thesis, 1 g of copper acetate dihydrate was dissolved in
12.5 mL of deionized water. The solution was stirred for one
hour until the salt was dissolved completely. The resulting
reaction mixture was heated in a muffle furnace at 500 °C for
one hour under atmospheric conditions. A dark blackish-
brown precipitate was formed after one hour. The reaction
mixture was cooled at room temperature and washed with a
2 : 3 MeOH–water solution. Finally, the CuO NPs were washed
with MeOH. The pure bare CuO NPs were dried under 60 °C
for 30 minutes. 1 mg of the as-synthesized NPs was dispersed
in 1 mL of DCM to prepare the dispersed solution of 1 mg
mL−1.

Instrumentation

UV-vis studies were performed using a PerkinElmer Lambda
25 UV-vis spectrometer in the range of 1100–200 nm at a scan
rate of 240 nm per minute. All ESI MS studies were performed
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in the negative ion mode using a Waters Synapt G2-Si high-
definition mass spectrometer (HDMS). During measurements,
capillary voltage, cone voltage, and source offset were main-
tained at 3 kV, 120–150 V and 80–120 V, respectively to obtain
well-resolved mass spectra. The source temperature and deso-
lvation temperature were maintained at 100 and 150 °C,
respectively. The desolvation gas flow was maintained at 450 L
h−1 during the measurements. ESI MS, in a time-dependent
manner, was employed to study the progress of the reaction
between NPs and NC. 1 mL solution was taken out from the
reaction vessel each time and centrifuged at 10 000 revolutions
per minute (rpm) for complete removal of bigger particles and
aggregates. TEM images of the samples were obtained with a
JEOL 3010 instrument at an operating voltage of 200 kV with
an ultrahigh resolution (UHR) polepiece. 3 μL of each sample
solution was drop cast over a TEM grid (specifically carbon-
coated Ni grid) and dried under an ambient atmosphere
before imaging. The 2D projections for electron tomography
were collected using transmission electron microscopy (TEM)
operating at an accelerating voltage of 300 kV on a JEOL
3200FSC. Image acquisition was done using SerialEM software.
A Malvern Zetasizer Nano ZSP instrument was utilized to study
particle size distributions in solution, using dynamic light
scattering (DLS). The XPS measurements were performed
using an ESCA Probe TPD spectrometer of Omicron
Nanotechnology. Polychromatic Al Kα was used as the X-ray
source (hν = 1486.6 eV). After the reaction, the NPs were
directly drop cast on the sample stub. A constant analyzer
energy of 20 eV was used for the measurements. Binding
energy (BE) was calibrated with C 1s at 284.8 eV. All the XPS
spectra were deconvoluted using the Casa XPS software.
Fourier transform infrared (FTIR) spectra were measured with
a PerkinElmer Spectrum 2 spectrometer with a UATR attach-
ment. Each spectrum was collected in the wavenumber range
of 400–4000 cm−1.

Results and discussion
Characterization of the starting materials

Bare CuO NPs and [Au25] NCs were initially selected as model
systems to explore the interparticle reaction between CuO NPs
and atomically precise gold NCs because of their excellent
stability individually. Atomic precision of [Au25] NCs was con-
firmed by UV-vis and ESI MS measurements. The characteristic
peaks of [Au25] NCs at 675 nm and 450 nm were observed in
the UV-vis spectrum (Fig. S1†). Negative ion mode ESI MS
measurements showed the monoanionic molecular ion peak
of [Au25] at m/z 7393 (Fig. S2†). The experimental isotopic dis-
tribution of the nanocluster composition of [Au25] is in good
agreement with the calculated one, as shown in Fig. S2.†

TEM micrographs of the as-synthesized [Au25] NC are
shown in Fig. S3(A(i and ii)).† A honeycomb-like arrangement
consisting of NCs was observed under the electron microscope.
The observed morphology of NCs could be due to the inter-
actions among PET ligands during the evaporation of the

solvent.53,62,63 The CuO NPs were synthesized using the proto-
col discussed in the Experimental section. The TEM micro-
graphs of the as-synthesized CuO NPs are shown in Fig. S3
(B(i)).† An inter-planar distance of 0.27 nm and the EDS
elemental composition further confirm the formation of CuO
NPs (Fig. S3(B)).† 61,64

Reaction between CuO NPs and [Au25] NCs

The reaction between CuO NPs and the [Au25] NCs was demon-
strated by mixing a known volume of DCM solution of [Au25]
and a dispersion of CuO NPs, also in DCM, at fixed concen-
trations (w/v) under stirring conditions (see the Experimental
section and the ESI†). Molecular changes in the cluster were
confirmed by UV-vis spectroscopy (Fig. S1†) by separating the
NCs from NPs using high speed centrifugation of the solution.
The red shift in the absorbance peaks of Au25 after the reaction
with NPs may be attributed to the exchange of surface atoms
with Cu (see Fig. S1†) and the process seems to attain rapid
thermodynamic equilibrium. Cu (1.28 Å) has a smaller atomic
radius than gold (1.44 Å), and the Cu–Au bond (bond dis-
sociation energy, EBD = 227.1 ± 1.2 kJ mol−1) is slightly stron-
ger than the Au–Au bond (EBD = 226.2 ± 0.5 kJ mol−1).65 Thus,
Cu doping to [Au25] NCs is possible and it significantly alters
the optical properties of the parent NC. Relative lower energy
shift in the optical absorption spectrum (as shown in the inset
of Fig. S1†) can be attributed to the reduction in the HOMO–
LUMO gap of the parent NC due to the formation of Cu-doped
NCs. This also indicated that all or most of the Cu-doped NCs
are expected to have a core–shell structure.66 Experimental
studies of the NC and NP reactions revealed that coinage metal
doping alters the optical properties and oxidation states of the
NC in solution.

We attempted to understand the chemical changes during
the reaction using time-dependent mass spectrometric
studies. To monitor the progress of the reaction, the reaction
mixture was analysed after a certain time interval with ESI MS
measurements. As described in the Experimental section, after
a constant time interval (Δt = 30 min), the solution was centri-
fuged and the blackish brown supernatant was subjected to
mass spectrometric studies. All the mass spectrometric para-
meters were kept constant throughout the experiment to
analyse the compositional variation of the reaction mixture
with time. As shown in Fig. 1(A) and Fig. S4, S5,† a peak of
monoanionic [Au24Cu1(PET)18]

− (m/z 7260) (the difference in
mass from the parent [Au25], Δm, is = 131 = [mAu − mCu] =
[196.9 − 63.5]) (abbreviated as [Au24Cu1]), [Au23Cu2(PET)18]

−

(m/z 7129) (abbreviated as [Au23Cu2]) (here, Δm = 262 = [mAu −
2mCu]) along with a few other peaks (m/z 2100–5000) corres-
ponding to other intermediate species appeared with time.
Fluctuating intensity trends of [Au24Cu1] and [Au23Cu2] were
observed during the course of the reaction (Fig. 1(A)(a–d and
a′–d′)). The parent [Au25] NC (m/z 7393) showed a continuous
reduction in the signal intensity during the reaction (peak at
m/z 7393 in Fig. 1(A(i–v))). The exact number of copper atoms
doping into the gold NC was confirmed from the exact match-
ing of experimental isotopic distribution with the calculated
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mass spectrum (as shown in Fig. 1(B)(i and ii)). The experi-
mental mass spectra of the specific m/z range in Fig. 1(B) were
recorded from the MS data after 3 h of reaction (Fig. 1(A)(iii))
to fit with the respective theoretically calculated mass. The
variation of ion abundances of copper-doped [Au25] NCs can
be correlated with the formation of other intermediates in the
m/z range of 2100–5000. The time-dependent ion intensity vari-
ation of [Au24Cu1] and [Au23Cu2] NCs is shown in Fig. S4(B).†
The formation of monoanionic metal-thiolate intermediates,
such as [Au8(PET)9]

− (m/z 2820), [Au8(PET)12O2]
− (m/z 3256),

[Au10(PET)10O2]
− (m/z 3378), [Au10(PET)10]

− (m/z 3396),
[Au9Cu2(PET)11]

− (m/z 3411), and [Au11(PET)10(O2)2]
− (m/z

3601) was seen in the course of reaction (see Fig. S5 and S6†).
As we did not observe any NC fragments containing O or O3,
such fragments can also be attributed to S or S2 instead of O2

and (O2)2 addition. It is difficult to differentiate one such NC
fragment containing O2 instead of S (O2 and S have the same
mass) by looking into the high-resolution isotopic distri-
bution. So, the molecular compositions with O2 can be varied

with S. Moreover, it has been reported that after losing all
‘staple’ Au-PET units, [Au25] NC forms AuxSy fragment ions
during its gas-phase fragmentation.15 When the NCs were
accommodated on the surface of CuO NPs during the reaction,
atomic exchanges took place between the NPs and the NCs. As
a result of this interparticle interaction between NCs and NPs,
Cu-doped [Au25] and other Cu and O-doped smaller Au-NC
fragments were formed. Because of the accessible sites of
[Au25] NC,

67 Cu and O atoms of NPs can interact with Au–S
staples on the surface of the NC. The interactions between Cu-
and O-atoms of CuO NPs with the [Au25] NC during the solu-
tion phase reaction resulted in the decomposition of the
parent [Au25] NC.

68

These reactions are found to be highly dependent on the
concentration (w/v) of the dispersed solution of CuO NPs.
Lower the concentration of the NPs, the slower is the kinetics
of the reaction. For example, for a very low concentration of
CuO NPs (1/5th (w/v) of the prepared stock solution), only
singly copper-doped [Au25] NCs were formed (see Fig. S7†).

Fig. 1 (A(i–v)) Time-dependent ESI MS spectra of the NC solution in the mass range of m/z 7000–7500. During the reaction, the time-dependent
evolution of copper-doped NC species, [Au24Cu1] and [Au23Cu2] are observed in the mass spectral region of m/z 7250–7272 (a–d) and m/z
7116–7140 (a’–d’), respectively. (B) High-resolution isotopic distribution of the mass spectrum of [Au24Cu1] (i) and [Au23Cu2] (ii) with their calculated
ones (green and orange, respectively). The experimental mass spectra in (B) were obtained from the 3 h-spectral data (1(A)(iii)) to fit with the theore-
tical ones. (C) Schematic representation of the reaction at [Au25] NCs in the course of time.
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The thiolate fragments indicated that the process may lead to
the assembly of small clusters, mediated by thiolates. We find
that all the fragments, including the alloy NCs formed during
the reaction, finally coalesce to form nano-assemblies, as
observed in TEM images (see Fig. 2). In Fig. 2, we observed
that the size of the parent CuO NPs decreases from ∼50 nm to
<10 nm during the interparticle reaction with [Au25] NCs (also
see Fig. S8†). The bare parent CuO NPs tend to be inter-
mingled with the NCs, as shown in Fig. S8(A).† In Fig. 2(B),
TEM images showed the formation of three-dimensional nano-
sphere (NS)-shaped assemblies after six hours of reaction. At
this stage of the reaction, the size of homogeneous NSs was
expanded to a diameter regime of 200–400 nm. Large area
TEM (Fig. 2(B)) and scanning transmission electron
microscopy (STEM) (Fig. S9(A)†) micrographs showed the for-
mation of well-shaped NSs.

Differential centrifugation was performed to separate the
self-assembled superstructures, i.e., NSs from parent NPs and
NCs. Initially, NPs were separated from the rest of the solution;
later, NSs were precipitated out from the solution. Elemental
compositions of the NPs, NSs, and NCs were analyzed by EDS
(Fig. S10–S13†). Fig. S11 and S12† show the TEM micrographs
of isolated NSs (as the precipitate) and reacted NCs (as the
supernatant) after centrifuging the reaction mixture at 9000
rpm. The precipitate (see Fig. 3(A(i–v))) and supernatant (see
Fig. 3(B(i–v))) obtained after centrifugation were used for
STEM and EDS elemental mapping.

EDS mapping confirmed the presence of gold, copper,
sulfur, and oxygen as elemental composition in the structures
(Fig. 3(A(ii–v))) It is important to note that as shown in Fig. 3
(B(ii–v)), gold, copper and sulfur are present throughout the
NC aggregates, suggesting that the copper was doped into the
NC. The elemental maps suggest that oxygen is concentrated
in the nanospheres and not in the NC aggregates. This would
mean that NCs are doped predominantly with Cu and no
additional chemical changes have occurred. However, in the

CuO particles, the incorporation of Au and S has occurred. As
the only source of S is NCs, they have undergone partial
degradation.

To gain insights into the morphology of assembled nano-
structures, and thus to have a better understanding of the
assembly of NC–NP fragments, TEM tomographic reconstruc-
tion was performed. Fig. 3(C(i–iii)) shows the TEM micro-
graphs at three different tilt angles. For 3D reconstruction of
the structure, a series of 2D projections were collected by
tilting the sample from +69° to −69° with an increment angle
of 2°. 3D reconstruction suggests sphere-like assembly. It must
be noted that due to possible drying effects, the spherical
superstructures were partially deformed (Fig. 3D, see ESI Video
V1† for tilt series of aligned 2D projections). The 3D recon-
structed image and the cross-sectional view suggest densely
packed nanoparticles throughout the spherical superstructure
with slight differences in the core and peripheral regions
(Fig. 3D, see ESI Video V2† for 3D reconstruction of the nano-
sphere). Importantly, nanoparticles were distributed through-
out the sphere, though without a regular order or packing
pattern.

To examine the changes in the chemical environment upon
reaction between NPs and NCs, an XPS study was performed.
XPS revealed a change in the oxidation state of elements as a
result of the reaction. In Fig. 4, the Au 4f region shows a blue
shift in the binding energy (BE) corresponding to the oxidation
of Au (due to Au–Cu bond) upon reaction with CuO NPs. The
Cu 2p3/2 peak of reacted CuO was shifted to lower BE after the
reaction, due to the reduction of a fraction of Cu(II) to Cu(I).
Additionally, reduction in the strong satellite peaks corres-
ponding to Cu(II) (prominent in parent NPs), can be noticed
after the reaction. These observations suggest a mixed oxi-
dation state of Cu after the reaction.

Similarly, S 2p BEs were compared before and after the reac-
tion. The peak at 162 eV corresponds to 2p3/2 of S, attributed
to the Au–S bonds. The appearance of a new peak at 167.2 eV

Fig. 2 TEM images (left to right) showing bare CuO NPs before (A) and after (B) reaction with Au25 NCs. CuO NPs with an average size of ∼50 nm
(A) and assembly formed post reaction (B). A second kind of assembly was observed in the inset of (B). Other than NSs, unreacted and reacted NPs
were observed under TEM which are presented in the ESI.† In (C), higher magnification TEM image of a single nanosphere. Inset shows the HR-TEM
from a selected area.
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in the XPS study of reacted NPs indicates the formation of a
new S–O bond as a result of the reaction of NPs with NC. So, it
is revealed that strong electrostatic and coordination inter-
actions between Au–S of NCs and Cu–O atoms of NPs enhance
the NC–NP interactions and atomic exchange during the
reaction.

To understand the molecular interactions responsible for
the formation of nanoaggregates after the reaction, FTIR
measurements of the supernatant (see Fig. S14(ii)†) after reac-

tion were carried out. The resultant FTIR data were compared
with [Au25] NC (Fig. S14(i)), TOAB (Fig. S14(iii)), and PET
(Fig. S14(iv)).† New IR frequencies (ν) were observed due to
new C–O and S–O bonds and also due to intermolecular hydro-
gen bonding (H-bonding) as a result of the reaction. The
spectra are shown in Fig. S14.† In Fig. S14,† the progression
bands in the range of 1900–1700 cm−1 in [Au25] vanished com-
pletely after the reaction, indicating the loss of crystallinity
and degradation of NC during the course of the reaction. The

Fig. 3 (A and B) DF STEM images of nanosphere and reacted nanoclusters, respectively and corresponding EDS elemental mapping for Au, S, Cu
and O. (C) 2D TEM projection of a spherical superstructure at different tilt angles. (D) TEM tomographic reconstruction of C, cross-sectional view,
and a portion showing densely packed nanoparticles.

Fig. 4 XPS spectra of (A) Au 4f, (B) Cu 2p, and (C) S 2p regions, before and after the reaction.
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formation of C–O and S–O bonds indicate atom transfer
between precursors during the reaction. As a corollary, these
non-covalent and covalent interactions play a vital role in the
formation of molecular nanoaggregates and NSs.

DLS has been utilized to reveal the size evolution of nano-
structures in solution as a function of reaction time. Time-
dependent DLS measurements (see Fig. 5) of the reaction
showed a gradual increment in the hydrodynamic radius (RH)
of the NSs after 2 h of the reaction. Additionally, DLS measure-
ments revealed that the average radius of the NS aggregates
gradually increased between 2 to 5 h continuously.
Furthermore, the average RH of NSs remained constant (i.e.,
average RH during 5 h of the reaction) with a further increase
in the reaction time (∼6 h). Hence, this proves the formation
of NSs in the solution phase with excellent colloidal stability.

A similar DLS experiment was demonstrated to probe into
the disassembly of nanoaggregates (see Fig. S15†). Solvent
plays an important role in growth of nanoparticles, their
assembly, and disassembly. Interactions between the nano-
particle surface and solvent molecules or between the solvent
molecules and ligands considerably influence the particle size
and morphology. Methanol was gradually added to the reac-
tion medium (i.e., DCM solution) at the end (after six hours) of
the reaction, and DLS was performed. In a highly polar dis-
persion medium, charged thiolate complex ions (which were
earlier assembled to form NSs) are more soluble. As a result,
particles are prevented from aggregation, and disassembly of
NSs was observed. As shown in Fig. S15,† the average RH of
NSs was ∼301 nm after 6 h of reaction. However, after 10 μl of
MeOH addition, RH increased. But, with further increment in
MeOH (50–100 μl), the RH started decreasing. More disaggrega-
tion was observed by introducing more (∼250–500 μl) MeOH to
the reaction mixture. As a result, the peak at ∼300 nm
decreased while an intense new peak at ∼98 nm, appeared (see
Fig. S15†). The disassembly of NS after the addition of MeOH
was further confirmed by TEM imaging (Fig. S16†).

Mechanism of formation of NSs

We suggest that the polymerization of Cu-doped Au-NC frag-
ments with the smaller-sized alloy-NP fragments via direct
assembly leads to the formation of supramolecular architec-
tures. During the initial stage of this process, along with the
generation of smaller thiolate-protected copper-doped gold
NCs, smaller NPs were also formed, which, in turn, arranged
systematically due to the covalent and non-covalent inter-
actions leading to the spherical entity in the final stage (see
Scheme 1). This self-assembly is mainly driven by hydrogen
bonding, van der Waals interactions, C–H⋯π/π–π inter-
actions,69 metallophilic (as seen in Fig. 1–3) and covalent
bonding (i.e., S–O, C–O) (as noticed in Fig. 4 and Fig. S14†),
and amphiphilic interactions (as observed in Fig. 5, andFig. 5 Time-dependent monitoring of the reaction by DLS.

Scheme 1 Structural evolution of nanosphere formation during the reaction between NC and NP.
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Fig. S15†) between the NP and NC fragments. These inter-
actions within NP assemblies may produce novel properties,
such as efficient charge transport, enhanced conductivity, etc.,
due to the synergistic effects between thiolated NP fragments.
Also, shape complementarity of ligands on reacted particle
fragments could be responsible for the strong attractive forces
to form the nanoassembly.

Based on the spectrometric, microscopic, and spectroscopic
investigations, we propose that the formation of the vesicle-
like nano-assembly during interparticle reactions relies on the
following aspects: (i) formation of S–O and C–O bonds
between surface ligands of reacted NCs and CuO NPs (see
Fig. S14(ii)†); (ii) the CH⋯π/π⋯π and H⋯H interactions
between thiolates of doped NPs and NCs and (iii) polymeriz-
ation of Cu-doped NC and NP fragments. The overall mechan-
istic pathway of the reaction between CuO NPs and [Au25] NCs
is shown in Scheme 2. The mechanistic pathway to form aggre-
gated nanostructures consists of two steps. In the initial step
of the reaction (i.e., path A of Scheme 2), atomic exchange and
redox reaction take place between NCs and NPs. Negishi et al.
have studied the effect of Cu-doping on the electronic struc-
ture, geometric structure, and stability of Au25 in detail.66 Most
likely, in a single Cu-doped Au25 nanocluster, preferentially, a
Cu atom occupies the center of the Au13 metal core due to the
smaller atomic radius of Cu (1.28 Å) than gold (1.44 Å). The
second Cu atom in the Cu2Au23 nanocluster can exist on the
icosahedral surface or the staple position.66 As per our XPS
study, we understood that during the chemical reaction, a frac-
tion of Au atoms underwent oxidation. In contrast, reduction
occurred for some Cu atoms of the nanoparticles. The core Au
atom of Au25 may be removed as Au1+, and Cu2+ gets reduced
to Cu0 and occupy the central position of the nanocluster.
Moreover, doping processes enhanced the formation of Cu
and O-doped NC fragments and Au-thiolate doped NP frag-
ments as noticed in the ESI MS study. The doped fragments of
NC and NPs coalesced together to produce NS-like assemblies
in the final step (i.e., step B of Scheme 2) of the reaction.

The NC-based assembly plays a key role in customizing
advanced functional materials via collective and synergetic
properties between neighboring building blocks. It is crucial
to develop a workflow to witness interparticle interaction-
driven self-assemblies between NCs and NPs in the sub-nano-

meter regime to understand the chemistry of heterometallic
superstructures. Moreover, recent achievements in interparticle
interaction also manifest in the controlled formation of various
superstructures, such as NC-mediated precision nanowire assem-
blies, NP-templated cluster assemblies or superlattice
arrangement.57,70,71 The chemistry presented here suggests that
the NC behaves similarly to molecules. It was demonstrated that
NCs undergo oxidation, reduction (observed in UV-vis, XPS
studies), decomposition (indicated in MS-based studies), and
aggregation (noticed in TEM, and STEM micrographs), similar to
the molecular systems. The redox chemistry occurs between
systems with largely varying dimensions from 1 nm to 100 nm
leading to aggregated structures of micrometer dimensions. This
controlled chemical evolution from chemical reaction between
clusters and NPs may be useful in making complex architectures.
Such nanostructures composed of multiple metal ions with
mixed properties may become useful in applications such as cata-
lysis and magnetism.

Conclusions

Polydispersed CuO NPs and PET-protected [Au25] NCs were
used in our study to explore the consequence of possible atom
transfer processes between NCs and NPs. Upon increasing the
concentration of the oxide NPs, sphere-shaped nanoaggregates
were formed along with Cu-doped NCs. The atom exchange
rate enhanced the formation of smaller PET-protected multi-
metallic cluster fragments which eventually coalesce to form
macro-scale spherical aggregates. We monitored the reaction
in a time-dependent fashion. The NSs formed were dis-
assembled with increasing solvent polarity. Our study demon-
strates the spontaneity of atom transfer when NCs are brought
in contact with metal–oxide NPs. Such NC–NP reactions can
provide an entirely new method of generating multimetallic
and uniform complex architectures. This method may be
extended to other metal–chalcogenide systems such as CuS,
CuSe and CuTe and oxides such as MnO, ZnO, and NiO to
expand the properties of the products.
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Fig. S4 ESI MS spectra (A) of the evolution of [Au24Cu1] and [Au23Cu2] NCs during the 

reaction and their ion abundance plot (B) as a function of reaction time. 
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Fig. S5 ESI MS of smaller NCs fragments generated with time and (B) table of chemical 
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Fig. S6 Experimental high-resolution isotopic distribution of smaller NC fragments with 

their calculated isotopic distributions.   
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Fig. S8 TEM micrographs show bare CuO NPs after the reaction. In (A) and (B), the bare NPs 

are intermingled with NC (area under dotted line), and smaller size bare NPs are shown, 

respectively.   

Fig. S7 Time-dependent ESI MS of reaction between [Au25] and very diluted CuO NPs 
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Fig. S9 (A(i-ii)) STEM micrographs of nano-assemblies and (B) EDS spectrum collected from 

(A(ii)) Showing the elemental compositions. 

Fig. S10 (A) STEM image and EDS elemental mapping of NPs after the reaction. 
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Fig. S11 TEM micrographs of NCs present in the supernatant and respective elemental 

compositions (in inset). 

Fig. S12 TEM photographs of NCs present in the supernatant and respective elemental 

composition (in inset of (i)). 
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Fig. S13 Elemental compositions from EDS spectrum of – (A(i-ii)) supernatant containing 

NCs, and (B(i-ii)) isolated NSs. The Ni signal is coming from the grid (carbon coated Ni grid 

is used for the imaging). 

Fig. S14 FTIR analysis of (i) [Au25] NC, (ii) supernatant of the reaction, (iii) TOABr and (iv) 

PET (frequencies marked with red indicate new peaks appeared due to the reaction). 
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Fig. S15 DLS study and TEM images showing gradual disassembly, from NSs to smaller 

aggregates. 
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Fig. S16 TEM images of disassembled NSs after addition of 500 μl of MeOH.  
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Atomically 
Precise 
Clusters: 
Chemical 
Evolution of 
Molecular 
Matter at the 
Nanoscale
by Arijit Jana, Amoghavarsha Ramachandra Kini, and Thalappil Pradeep
https://doi.org/10.51167/acm00040

The chemistry of nanoparticles with atomic precision has become a subject of interest due to the 
unique physical and chemical properties of these systems in comparison to their bulk counterparts. 

Nanoparticles typically contain thousands of atoms, arranged in a specific fashion. There is a need to 
bridge the gap between single atoms and nanoparticles to understand the size evolution of matter. This 
regime, composed of a few atoms, is called nanoclusters having size in the range of 1 to 3 nm, with a 
precise number of atoms, with well-defined structure and properties. Most of studied materials in this class 
are composed of noble metals. Various techniques, including UV/vis spectroscopy, mass spectrometry, 
and single crystal XRD, reveal their molecular nature. Their unique electronic properties can be used for 
applications in the fields of catalysis, sensing, magnetism, medicinal, bio-imaging, etc. This article touches 
upon the basics of nanoclusters, their synthesis, characterization, atomic structures, and supramolecular 
arrangements. We hope that this work provides a brief understanding of nanoclusters and inspires young 
scientists to conduct research in the chemistry of clusters.
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observed rapid fluctuation of low symmetric chiral 
isomers of Au55 nanoclusters through time-lapse 
sequences of images collected using aberration-cor-
rected scanning-TEM (STEM) (Figure 1c).7 Recently, 
we have developed a methodology for atomic-scale 
imaging of crushed crystals of Ag25 and Ag29 clusters 
using a conventional transmission electron micro-
scope at room temperature.8 TEM micrographs show 
a layer-by-layer assembly of Ag29 clusters having an 
interlayer distance of 1.71, 1.97, and 2.42 nm, cor-
responding to (200), (111), and (110) lattice planes, 
respectively. Such a methodology can be extended 
for the structural investigation of unknown clusters.

Mass spectrometry (MS) is one of the principal 
techniques used to characterize nanoclusters. Two 
soft ionization techniques, electrospray ionization 
(ESI) and matrix-assisted laser desorption ioniza-
tion (MALDI) were used to detect such molecular 
species in the gas phase. The negative ion-mode 
ESI-MS spectrum of a well-known cluster, i.e., Ag29 
is presented in Figure 1e.9 The isotopic purity of the 
cluster was understood by matching the experimen-
tal spectrum with the theoretical one. Along with 
the characteristic MS pattern, various other studies, 
such as collision-energy dependent fragmentation, 
ion-mobility separation, collision induced dissoci-
ation (CID) and surface-induced dissociation (SID), 
provides additional insight into their atomic structure. 
Intercluster reaction in solution resulted in new alloy 
clusters through the exchange of metal atoms, which 
was monitored through mass spectrometric stud-
ies.10-12 Dynamic nature of the surface ligand promotes 
the exchange reaction, and new clusters were formed 
with mixed ligands.  Theoretical investigations of 
intercluster reaction concluded that adduct dimeric 
species were formed in the intermediate step. Exact 
kinetic modeling of such reactions reveal such reac-
tions occurs in three steps, a) formation of a dimeric 
species through interparticle interactions, b) atom 
exchange in dimeric species, and c) dissociation of 
dimers.13 Kinetic simulation shows consecutive reac-
tions starting from mother species which resulted in 
higher-order heterometal-doped sister species. Time-
dependent ion intensities of the newly formed species 
measured through MS correlate well with kinetic 
modeling. The intercluster reactions between bime-
tallic and monometallic clusters leading to trimetallic 
clusters were also monitored through time-dependent 
MS studies.14 Exchange of inner kernel metal atoms 
of the cluster by keeping the structure intact was first 
observed through MS studies.15 Interparticle reactions 
between isotopically labeled [Ag25(SR)18] clusters i.e., 
107Ag25(SR)18 and 109Ag25(SR)18, show a rapid exchange 
of silver isotopes upon forming a transient dimer 
species.

The separation of isomeric clusters and their supra-
molecular adducts were also executed through 
ion-mobility MS studies. Isomers of glutathione-pro-
tected Ag11 cluster were distinguished in the gas 
phase as they have varying drift times in the ion 
mobility cell.16 Combined CID and SID studies of 
such isomers show different fragmentation patterns, 
which suggested the existence of  structural iso-
mers. Another study demonstrated the formation of 

Introduction to nanoclusters

Size-selected particles containing metal atoms are 
gaining increasing interest both in fundamental sci-
ence and applications due to their tunable electronic 
structures and associated atom-specific functional 
properties. Traditional nanoparticles of metals with 
the dimension of 5-100 nm have continuous energy 
bands due to the overlap of valance and conduction 
bands. They exhibit surface plasmon resonance 
(SPR) features, in the absorption spectrum due to the 
oscillation of a large number of conduction band elec-
trons. On the other hand, particles with dimensions 
<3 nm exhibit discrete electronic energy levels and 
manifest molecule-like multiple absorption features 
(Figure 1a, b). Other chemical properties of such 
ultrasmall particles depend on the shape, size, and 
composition of the particles. Even a single atom alter-
ation can have a drastic effect on their physiochemical 
properties. Such ultrasmall particles with atomic 
precision are denoted by various names such as 
nanoclusters, clusters, aspicules, or nanomolecules. 
There are a number of review articles in the literature 
to know more about these systems.1-3

The synthesis of monolayer-protected nanoclus-
ters mostly relies on metal thiolate reduction in a 
mixed solvent using suitable reducing agents, such 
as sodium borohydride, sodium cyanoborohydride, 
tertbutyl ammonium borane complex, hydrazine, 
etc.4 A controlled synthetic conditions with specific 
temperature, pressure, solvent system and speed 
of stirring are involved in regulating the nuclearity of 
the cluster. Sometimes post-synthetic phase stability 
through excess ligand etching, thermal treatment, 
and size-focusing methods are used to convert poly-
dispersed mixtures to monodispersed particles. The 
resulting samples show molecule-like characteristic 
optical signatures and undergo inter-cluster reactions 
like molecules, resulting in product nanoclusters. 
Ligand-exchange induced structural transformation 
(LEIST) is another synthetic method used for con-
verting one cluster to another using excess ligands.5,6 
In general, phosphine and hydride-protected labile 
clusters are converted to thiolated clusters with 
higher thermodynamic stability. A few other meth-
ods, such as solid-state synthesis, photo reduction, 
microwave-assisted synthesis, hydrothermal and 
radiolytic reductions, were used to synthesize different 
nanoclusters.1,2,4

Transmission electron microscopic (TEM) inves-
tigations were performed to understand the atomic 
structure of such particles. Early TEM investigations 
of clusters revealed the presence of transient metal 
aggregates surrounded by an amorphous layer of 
ligands. Structural fluctuations of the ultrasmall metal 
core under the electron beam limits the quality of 
image acquisition. However, using a low-dose elec-
tron beam, measurement at cryogenic conditions, 
and advanced instrumentation resulted in good 
atomic imaging of a few nanoclusters. Palmer et al. 
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to steric accommodation of ligands, met-
al-ligand interfacial movement, and binding 
stability of metal atoms. Electron diffraction 
of the microcrystalline sample is also used 
to structurally determine such atomically 
defined particles. Azubel et al. resolved the 
atomic structure of the Au68 cluster using a 
low-dose aberration-corrected transmission 
electron microscope.22 Recently, neutron 
diffraction and scattering studies were per-
formed to resolve the atomic structure with 
a satisfactory resolution.23 Especially the 
position of atoms with less electron density, 
such as hydrides, sulfides, carbides, and 
chlorides is precisely located using this 
technique. Deep learning coupled with var-
ious diffraction methods is also involved in 
structure determination in the field.24

Several nanoclusters were reported to 
have fused inner kernel structures. The 
fusion of icosahedral (M12) or central-icosa-
hedral (M13) units through the vertex, edge, 
and face-sharing modes create di, tri, tetra, 
and pentameric series. In 2007, Shichibu 
et al. synthesized an Au25 nanocluster pro-
tected by n-alkane thiol, formed by the 
fusion of two icosahedral units by sharing 
one vertex.25 This nanocluster looks like a 
rod-shaped molecule, contrary to the well-
known structure of Au25, which has a central 
icosahedral core surrounded by six Au2SR3 
surface staples arranged in an octahedral 
fashion. This structure extends to three 
icosahedral units arranged in a straight line 
forming a linear tri-icosahedral unit with 37 
gold atoms.26 The optical absorption spectra 
show a gradual reduction of the band gap 
of 1.96, 1.73, and 0.83 eV for Au13, Au25, 
and Au37, respectively, which suggest con-
stant evolution of energy levels upon struc-
tural fusion of icosahedral units. Last year, 
Wang et al. synthesized a rod-shaped silver 
nanocluster, i.e., Ag61 having four icosahe-
dral units connected linearly through vertex 
sharing.27 UV-vis spectrum shows a strong 
absorption peak at the near-infrared region 
due to one-dimensional electronic coupling 
between the icosahedral units.

The fusion of cores through vertex sharing 
gives beautiful structures evident from the 
cyclic arrangement of three icosahedral units 
in M37/38 (M= Au/Ag, an alloy nanocluster with 
the formula Au18Ag19/20) has a cyclic arrange-
ment of five Au13 through vertex sharing. 
The fusion of the icosahedral core can also 
happen through face sharing, as reported 
for the Au38 nanocluster. This cluster has 
bi-icosahedral Au23 cores fused through a 
triangular face. The fusion of cores through 
edge-sharing was theoretically investigated 
by Hakkinen et al. for several nanoclusters, 
including Au40(SH)24, Au57(SH)32, Au74(SH)40, 
and Au108(SH)56.29 Here, the icosahedral 
cores share an edge with a 90° rotation 

various nuclearity were structurally under-
stood through SC-XRD. In 2007, Kornberg et 
al. solved the first gold nanocluster, i.e., Au102 
protected by 44 para-marcaptobenzoic acid 
ligands, at a resolution of 1 Å.21 This nano-
cluster has 49 atoms with a decahedron 
inner core having an Au-Au distance of 2.8-
3.1 Å, clasped with extra gold atoms in an 
unanticipated fashion. Later, several nano-
clusters were structurally resolved through 
single-crystal XRD. In general, the atomic 
arrangement was illustrated to be composed 
of an inner layer of metal atoms, called an 
inner kernel/core, enclosed by an outer layer 
of metal atoms, further protected by lig-
ands. The inner kernel with tetrahedral (Td), 
octahedral (Oh), cubic, icosahedral, square 
antiprismatic, and distorted structures were 
observed for various gold and silver nano-
clusters. The outer layer remains open or 
becomes distorted for some clusters due 

supramolecular adduct of cluster-fullerene 
aggregate promoted by weak intermolec-
ular π-π, and CH-π interactions.17 The MS 
spectrum shows the formation of hybrid 
species with a varying number of fullerene 
attachments with Ag29(BDT)12 cluster (where, 
BDT = 1,3 benzene dithiol). Furthermore, 
CID fragmentation studies of mass-selected 
adduct species reveal systematic detach-
ments of fullerene moieties from the cluster. 
Host-guest complexation between the Ag29 
cluster with cyclodextrins shows cis-trans 
isomerization of cyclodextrins over the sur-
face of the cluster.18 Different collision cross 
section (CCS) values of these isotopologues 
imply such isomerization promoted by weak 
intermolecular interactions. The symmetry 
of the cluster bonded with active surface 
ligands and the chemical nature of the guest 
species regulate the nature of these supra-
molecular isomers.

Atomistic understanding of 
structure

Single crystal x-ray diffraction (SC-XRD) 
studies successfully resolved the atomic 
structure of such materials. Single crystals 
are grown from a supersaturated solutions 
using antisolvent layering or vapor diffu-
sion techniques.19 Electrocrystallization of 
Au25 cluster using a small applied potential 
resulted in large-sized uniform crystals.20 
Till date, ~500 gold and silver clusters with 

Figure 1: a) Schematic representation and b) energy level diagram of nanoclusters 
having a metal core protected by surface ligands and its comparison with 
nanoparticles. c) HAADF-STEM micrograph of Au55 nanocluster. Inset (top) real 
time frame and (down) simulated atomic imaging. d) Steady-state UV-vis absorption 
spectra of different silver nanoclusters with increasing nuclearity from the molecular 
to plasmonic regime. E) Full range mass spectrum of Ag29 in the negative ion mode. 
Inset shows the isotopically resolved experimental and simulated spectra. f) Atomic 
structural model of the same cluster. Reproduced with permission from Ref 7, 9, 37

‘Each of us have things and 
thoughts and descriptions of 
an amazing universe in our 
possession that kings in the 17th 
century would have gone to war to 
possess’ 
Prof. Kary Mullis
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The binding of phosphine ligands through 
metal-phosphine bonds also resulted in 
clusters. Sometimes phosphine ligands act 
as secondary ligands weakly bonded with 
the outer cluster shell. Alkyne ligands are 
bonded with the cluster through C≡C end 
through linear, L and V-shaped staple motifs 
via σ and π-bonding. Electronic distribution 
through π-conjugation results in different 
absorption, emission and catalytic activity 
of alkynyl protected nanoclusters. Figure 2 
summarizes different types of kernel struc-
ture, interfacial motifs and ligand shell pres-
ent in clusters.

Intercluster assembly
Understanding the supramolecular 

assembly of clusters within a single crystal is 
important to correlate their various solid-state 
properties, such as conductivity, lumines-
cence, chirality, mechanical, and catalytic 
properties. Generally, clusters are packed in 
a layer-by-layer (AB···AB, ABC···ABC) fashion 
in the lattice. For example, the crystal has 
a well-known Au25 cluster-packed a face 
center cubic (fcc) structure.39 On the other 
hand, the silver analogue, Ag25 is packed 
in a AB···AB mode along the b and c axis.40 
A recent report by Jin et al. demonstrated 

Ligands play an essential role, not just 
by shielding the metal core but also they 
determine the chemical properties of the 
cluster. The instability of bare clusters due to 
their excessive surface reactivity limits their 
study in the condensed phases. They have 
been synthesized in the gas phase under 
ultrahigh vacuum, and various properties 
of bare clusters were studied in the same 
condition. The ligands, i.e., thiols, phos-
phines, alkynes, carbenes, calixarene, and 
amido-pyridines are used for synthesizing 
metal clusters.1-3 For thiol-based ligands, dif-
ferent metal-sulfide linkages bridge the metal 
core and peripheral ligands. A few such 
staple motifs are a) monomeric (–M-S-M-, 
-M3-S), b) dimeric (-M-S-M-S-M-), c) trimeric 
(-M-S-M-S-M-S-M-) and d) tetrameric (M5S4) 
units present for a thiolated metal cluster. 
Positional isomerism of the thiol group pres-
ent in the ligand can regulate the nuclearity 
of nanoclusters. Chen et al. observed size 
tuning of gold clusters from Au130(p-MBT)50, 
Au104(m-MBT)41, to Au40(o-MBT)24 (where 
MBT is methylbenzene thiol) upon changing 
the ligand from para, meta to ortho-MBT.38 
This type of decreasing trend in atomicity 
is due to the increasing steric hindrance of 
the secondary methyl group in the ligands. 

from each other. Using the theoretical mod-
els set for clusters mentioned above, they 
could predict the structure of a new cluster, 
Au54(SR)30.30

The tetrahedral core consists of four 
metal atoms that show interesting fused 
arrangements for a higher-order assem-
bled kernel. Zeng et al. reported the dou-
ble-stranded growth of tetrahedral cores in 
a series of clusters with a general formula 
of Au8n+4(TBBT)4n+8 (with n ranging from 2 
to 6 and TBBT is 4-tert-butylbenzenethi-
olate ligand). The clusters they reported are 
Au20(TBBT)16, Au28(TBBT)20, Au36(TBBT)24, 
Au44(TBBT)28, and Au52(TBBT)32, having 2, 4, 
6, 8, and 10 tetrahedral units, respectively.31 
The Au20 is formed by vertex sharing of two 
tetrahedra. This structure was extended 
to Au28 with two strands of vertex-sharing 
tetrahedra, each arranged in a double helical 
fashion. This structure extends in the same 
manner from Au28 to Au52 in two strands in a 
double helical manner, where Au52 contains 
two strands of five vertexes sharing an ico-
sahedron each. Tetrahedral cores have also 
been reported to form cyclic arrangements 
in Au22, Au28, Au34, and Au40 nanoclusters 
having 1, 2, 3, and 4 bi-tetrahedral units with 
7 Au atoms, respectively. The cubic core 
has eight metal atoms fused in a series of 
clusters, i.e., Ag14, Ag38, and Ag63, having 1, 
4, and 8 fused cubes, respectively.

A handful of nanoclusters with large 
nuclearity, i.e., MmLn, m = 150-1000, were 
structurally resolved. A few examples are 
[Au156(C≡CR)60]32, [Au191(SPh-tBu)66]30

33, 
[Au246(SR)80]34, [Ag307Cl62(SPhtBu)110]35 and 
[Ag374(SR)113Br2Cl2]36. The structural anatomy 
of these clusters reveal that they have mul-
tilayered core-shell arrangements of metal 
atoms, and a ligand shell uniformly protects 
the outer layer. For example, Au156 has a 
concentric Au126 core composed of Au46-
Au50-Au30 layered geometry having length 
and width of 2.38 and 2.04 nm, respectively. 
The unidirectional Au46 inner kernel is com-
posed of one icosahedron (Au12), two fused 
flattened icosahedra (Au11), and two terminal 
pentagonal pyramids (Au6) connected in a 
linear fashion. The Au46 inner kernel is fur-
ther protected by a drum-like Au50 tube and 
covered by a belt-shaped third shell of 30 
gold atoms. The outermost shell consists 
of 30 gold atoms connected with 60 alky-
nyl ligands. UV-vis absorption spectrum of 
these clusters exhibits a single plasmonic 
absorption feature centered at ~ 500 nm. A 
series of silver nanoclusters, having 25, 44, 
67, 130,146, 200, and 230 atoms, manifest 
such variation of ground state absorption 
features upon gradually increasing atomicity 
(Figure 1d).37 These large clusters are the 
missing link between molecular and metallic 
nanoparticles.

Figure 2: Illustration of the structural model of monolayer protected metal 
nanoclusters having different types of multilayered core-shell geometry, interfacial 
motifs and surface ligands. Reproduced with permission from Ref 27, 32, 46, 50, 51, 65
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contrast, vapour diffusion of methanol into 
the DMF solution resulted in trigonal crystals 
(shown in Figure 3). The stronger CH···π and 
H···H van der Waals interactions between 
the secondary triphenylphosphine ligands 
resulted in the cubic form compared to the 
trigonal system. Both crystals look similar 
to the naked eye, however rigidity of cubic 
crystals augmented stronger luminescence 
compared to trigonal crystals. Another 
report shows ligand-induced isomorphism 
of Au28(SR)20 nanoclusters protected by 
cyclohexyl-thiol (CHT) and 4-tert-butylphenyl 
thiol (TBPT), respectively.48 Despite having 
similar inner kernel structures, the outer 
Au8(SR)12 staples are arranged in two tri-
meric and two monomeric units for Au28@
CHT, whereas through four dimeric units 
for the Au28@TBPT cluster. Such variation of 
the outer shell induced isomerization of the 
cluster influenced their catalytic activities.

A single crystal grown by a purified nano-
cluster leads to the assembly of specific 
particles in the lattice. In some cases, solvent 
molecules or counter ions were crystallized 
along with the nanocluster. Cocrystals are 
formed by crystallizing two clusters inside 
the unit cell through favorable intermolecular 
interactions.49 In 2018, Zheng et al. prepared 
the first thiolate-protected cocrystal, i.e., 
(AuAg)45(SR)27(PPh3)6 and (AuAg)267(SR)80 
by the reduction of metal thiolate.50 The 
trigonal prismatic smaller (AuAg)45 cluster 
(particle dimension of 1.1 nm) is packed with 
the spherical larger cluster having a particle 
dimension of 2.5 nm. These diversified parti-
cles, in terms of their shape and size packed 
themselves in the crystal through ligand-cen-
tred CH···π interactions. Supramolecular 
packing of the cocrystal demonstrated a 
hexagonal arrangement of each particle. We 
synthesized dimethyl benzene thiol (DMBT) 
and triphenylphosphine-protected Ag40 and 
Ag46 cocrystals with the same outer shell but 
different inner core structures.51 During crys-
tallization, these particles were not distin-
guishable due to the identical arrangement 
of the outer shell i.e., [Ag32(DMBT)24(TPP)8]. 
Mass spectrometric studies of a few such 
crystals dissolved in suitable solvents further 
verified the presence of both these clusters 
in the crystal. Another report from our group 
showed the intercluster reaction between 
triphenylphosphine and hydride-protected 
Ag18 and tert-butylthiol (TBT) protected Ag12 
nanoclusters resulting in Ag16 and Ag17 clus-
ters, primarily protected by TBT ligands. 
Subsequent crystallization of as-synthesized 
clusters resulted in a cocrystal of Ag16:Ag17 
having 2:1 occupancies in the crystal.52 
The indistinguishable metal-chalcogenolate 
outer shell having an Ag16S8 unit possess 
simultaneous crystallization of the clusters. 
Until now, ~10 cocrystals have been structur-
ally resolved using X-ray crystallography.53,54

C−H···π bonding interactions among the 
carborane cages and the benzene rings. 
Noncovalent weak interactions of DMAC 
with the ligand shell of the clusters favor 
crystallization of R and L-isomers together. 
The use of external chiral ligands some-
time helps to crystallize specific isomers. 
Nakashima et al. separated chiral isomers 
of [Ag29(BDT)12(TPP)4] nanocluster using a 
chiral high-performance liquid chromatog-
raphy (HPLC) column.45 Separated isomers 
show mirror image circular dichroism (CD) 
spectra, which imply their optical purity. 
Theoretical calculations reveal chiral column 
helps the chirality induction of Ag29 through 
the interactions with the outer interior of 
staple motifs. Another report from our group 
showed a propeller-shaped structure with 
six rotary arms in a Ag21 nanocluster, pri-
marily protected by meta-carborane 9-thiol 
ligands.46 The staggered arrangements of six 
peripheral carboranes determine the rotary 
nature of the cluster. Therefore, efficient 
tuning of the ligand shell will result in various 
structural frameworks.

Sometimes two or more different ways 
of intercluster packing were observed for a 
particular cluster, known as polymorphism. 
We have observed polymorphism on Ag29 
nanocluster with cubic and trigonal crystal 
systems.47 Crystallization of the cluster in 
the DMF solution through the slow evapo-
ration method generates cubic crystals. In 

DNA helix-like packing of heterodimeric 
Au29(SAdm)18 nanocluster (where SAdm = 
Adamentane thiolate).41 Structural fusion of 
two clusters i.e., Au30(SR)18 and Au28(SR)20 
resulted in such heterodimeric nature. 
Anisotropic interactions between two enan-
tiomers through specific pairs of ligands 
contributed to this double helical assembly. 
Higher-order tetra helical arrangement was 
also observed.

Just as organic molecules and other natu-
ral objects, nanoclusters act as chiral atomic 
entities. The chirality of such nanomaterials 
originates due to a) chiral ligand, b) helical 
staple motifs, c) chiral kernel structure, and 
d) intercluster packing. Generally, the outer 
ligand shell induces chirality to the core 
metal atoms.42 Separating optically pure 
isomers of individual nanoclusters from the 
solution is challenging due to their sizeable 
macromolecular structure and rapid inter-
conversion rate. Sun et al. demonstrated 
spontaneous resolution of racemic Ag14 
clusters through re-crystallization in acetoni-
trile solvent.43 Homocluster crystallization is 
favored through hydrogen bonding interac-
tions between surface ligands and solvent 
molecules. Another report by Mak et al. 
shows enantiomeric self-assembly of Ag30 
upon re-crystallization in dimethyl acetamide 
(DMAC) solvent.44 Chirality of the nanocluster 
arises from the spiral arrangement of the 
ligands directed by unusual B−H···π and 

Figure 3: Structural representation of intercluster packing resulted polymorphic 
crystals, cocrystals, chirality and nanocluster assembled framework solids. 
Reproduced with permission from Ref 43, 47, 50, 57
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studies also verified such dynamic dissoci-
ation of the cluster. We have also observed 
similar luminescence phenomena of the 
same cluster by changing the secondary 
ligands from monophosphines to diphos-
phines.63 Increasing the chain length of such 
bidentate ligands enhances the emission 
~30-fold through a ligand-to-metal charge 
transfer (LMCT) mechanism. Crystallization 
is another type of aggregation that also 
results in enhanced emission. The first crys-
tallization-induced emission enhancement 
(CIEE) behavior was observed in a bimetallic 
[Au4Ag13(dppm)3(SR)9] nanocluster, which 
becomes strongly emitting upon forming 
crystals.64 The cluster is non-emitting in solu-
tion and weakly emitting in amorphous con-
ditions. Restriction of intramolecular motions 
in the crystalline state through C-H···π inter-
action enhances the radiative transition. We 
observed similar behavior in a silver cluster, 
i.e., [Ag22(2,5-DMBT)12(DPPE)4Cl4]2+ having 
a distorted Ag10 core protected by an Ag12 
shell.65 PL profile of CIE behavior is shown in 
Figure 4c. This superatomic cluster with four 
magic electrons promotes intermolecular 
interactions through short contact C-H···π, 
and π···π interactions which favor its CIE 
nature.

PL properties of the nanoclusters gener-
ally increase upon reducing the surround-
ing temperature. Restricting intramolecular 
motion in cryogenic conditions increases 
the excited state’s radiative relaxation. Sun et 
al. observed similar phenomena of gradual 
increase of emission intensities of gold and 
silver nanoclusters, i.e., Au8, Au13, Ag44, Ag50, 
Ag64, Ag73, Ag80, and Ag90, upon reducing 
the temperature.59 We have also observed a 
similar phenomenon of carborane-thiol pro-
tected Ag14 nanocluster (Figure 4d), which 
shows > 25-fold enhanced emission upon 
reducing the temperature from 298 to 77 
K (Figure 4e).66 The reduction of intensity 
might not always be linear with temperature. 
A large buckyball-type Ag180 cluster shows 
nonlinear PL enhancement upon reducing 
the temperature from 293 to 193 K in its 
crystalline state with 30 nm blue-shifting of 
emission maxima.67 Further reducing the 
temperature from 193 to 93 K shows linear 
enhancement of emission intensity. 

Gu et al. observed pressure-induced 
emission enhancement of gold nano-
clusters by applying hydrostatic pressure 
through a diamond anvil cell (DAC) (shown 
in Figure 4f).68 They have performed in situ 
optical spectroscopic measurements using 
[Au21(SR)12(dppm)2]+, and [Au28(SR)20] hav-
ing mono and bi cuboctahedral structure 
and [Au24(SR)20] and [Au14Cd(SR)12] having 
bi-tetrahedral metal kernel, respectively. 
Redshifting of the absorption spectra 
upon gradually increasing pressure was 

as luminescence, chiroptical behaviour, con-
ductivity, photoconductivity, etc. Here, we 
provide a brief account of research towards 
studying various properties of nanoclusters 
in the past few years.

Photoluminescence:
Photoluminescence (PL) is an interesting 

property observed for several nanoclusters 
due to the radiative relaxation of the excited 
states between closely spaced electronic 

energy levels. PL properties have potential 
applications in the field of sensing, bioimag-
ing, and optoelectronic devices.1-3 Although 
most clusters are red emitting (depicted 
in Figure 4a), the emission wavelength of 
clusters usually varies from greenish-yellow 
(λ = 450 nm) to near-infrared (λ = 1500 nm) 
region. For example, ortho-carborane 1,2 
dithiol protected Ag14 cluster has red lumi-
nescence centered at λmax 626 nm using 
excitation at 370 and 450 nm (shown in 
Figure 4b). Generally, silver nanoclusters 
are better fluorophore than gold clusters 
in terms of emission brightness, quantum 
yield, colour tunability and photostability. 
The structural framework of the metal atoms, 
metal-ligand interface, electronic nature of 
the surface ligands and surrounding envi-
ronment determines the emission character-
istics of such materials.59 Isomerization also 
have significant effect on PL properties. Jin 
et al. demonstrated that Au28(CHT)20 shows 
~15-fold higher emission than Au28(TBBT)20, 
where CHT is cyclohexane thiol and TBBT 
is p-tert-butylbenzenethiol.60 The absorption 
spectra of both these clusters are similar 
having a HOMO-LUMO gap of around 1.7 
eV; however, PL emission properties are 
different. Despite having a similar Au14 ker-
nel, the arrangement of the outer staple 
motifs determines the relaxation dynamics. 
Femtosecond transient absorption studies 
further reveals that surface staple motifs to 
kernel centre charge transfer is responsibe 
for such a behavior. 

Sometimes aggregation resulted in 
enhanced emission of clusters, popularly 
known as aggregation-induced emission 
(AIE) or aggregation-induced enhanced 
emission (AIEE).61 Zhu et al. observed 13 
times bright emission (QY of 0.9 to 11.7%) 
of [Ag29(BDT)12(TPP)4] upon gradual addition 
of TPP ligands into the DMF solution of the 
cluster.62 Restriction of the dynamic dissoci-
ation process of TPP ligands promotes PL 
enhancement by reducing the non-radiative 
transition processes. Mass spectrometric 

Assembly of nanoclusters using suitable 
organic linkers forms a porous framework 
structure, known as nanocluster assembled 
framework solid (NAFS). They are structurally 
similar to traditional metal-organic frame-
works (MOFs). Instead of a single metal atom 
as a node for MOFs, a cluster core of aggre-
gated metal atoms act as a node for such 
materials. Multidentate N-donor ligands, 
such as bipyridine (bpy), pyrazine (pyz), 
1,2-bis(4-pyridyl)ethane (bpe), 1,2-di(pyri-
dine-4-yl)diazene (dpd), tris(4-pyridylphe-
nyl)-amine (tppa), 5,10,15,20-tetra(4-pyridyl)
porphyrin (tpp), etc., are used as linkers 
for various NAFS. Such linkers promoted 
large-order intercluster assembly, which 
incorporates the stability of the framework 
and creates unique materials combining the 
optical and electronic properties of cluster 
and organic linkers. Mak et al. synthesized 
the first NAFS having an Ag12 cluster node 
interconnected by 4,4′-bpy linkers.55 The 
resulting NAFS show superior stability for 
up to a year compared to clusters, which 
degraded within 30 min in ambient condi-
tions. A structural framework having multiple 
nanochannels of these materials promotes 
the adoption of volatile organic molecules. 
Drastic variation of the electronic properties 
was observed in this NAFS compared to the 
bare cluster. Mak et al. demonstrated the 
site-specific assembly of superatomic Ag14 
cluster through bidentate N-donor pyridyl 
ligands.56 Eight open vertices of the cluster 
promote differently ordered assemblies. 
Steric availability of the ligands is the most 
influencing factor behind higher-ordered 
framework assembly. Another interesting 
NAFS, i.e., Ag12-pyz reported from our group 
with pyz linkers, shows a distinct variation 
of the cluster structure compared to Ag12-
bpy through metal-metal and metal-sulfide 
rearrangements promoted by the linkers.57 
SCXRD reveals a graphene-like hexagonal 
layered assembly of the NAFS. Successful 
exfoliation of each layer from the parent 
crystals through ultra-sonication enables us 
to image each layer through transmission 
electron microscopy. Crosslinking between 
framework structures resulted in a hybrid 
flexible membrane as shown by Zang et 
al.58 Accessible amino groups present in the 
linkers covalently crosslinked with acrylate 
monomers through photoinduced polym-
erization propagated along the membranes 
provided them with superior photoemission 
characteristics.

Emerging properties
Technology plays a key role in sustaining 

the modern world, and there is a continuous 
effort to make smaller devices for portability 
and versatility without compromising per-
formance efficiency. Nanoclusters and their 
superstructural assembly have emerging 
potential with fascinating properties, such 

The Science of today is the 
technology of tomorrow,  
Prof. Edward Teller.
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sweep voltammetric (LSV) profile showed 
that Ag88-B has a better photocurrent 
response (0.20 μA/cm2) than the first one, 
having a photocurrent response of 0.12 
μA/cm2. Intercluster assembly reveals that 
Ag88-A assembled in a face-to-face fash-
ion, while Ag88-B arranged as face-to-side 
through intercluster noncovalent interactions 
of tert-butyl groups. The structural asymme-
try of the Ag88-B cluster with specific packing 
promotes higher electron mobility than the 
other one.

Li et al. demonstrated the hierarchical 
assembly of Au21 nanoclusters in crystals by 
changing the counter ions (i.e., AgCl2- and 
Cl-) during crystallization.71 The two counter 
ions reside near the diphenyl ligands through 
anion-π and aryl C-H∙∙∙Cl interactions. The 
Au21 nanoclusters are assembled linearly 
along the diagonal of (100) and (010) planes 
for Au21@AgCl2− and Au21@Cl− clusters, 
respectively. The different crystal packing of 
the two Au21 nanoclusters and the different 
counterions resulted in a difference in the 
conductivity of these two clusters, which 
was measured and characterized by meas-
uring the I-V curves for the clusters. The 
average electrical conductivity (σ) of Au21@
AgCl2− was ~ 1.44×10−8 S/m and for Au21@
Cl− it was ~ 2.38×10−6 S/m, averaged over 6 
to 7 crystals. The conductivity in a material 
like a crystal or an assembly of nanoparticles 
depends on the interparticle distance, i.e., 
higher conductivity is observed at lower 

showing the linear response, which further 
implies the tangible incorporation of ethanol 
molecules in the cavity. The alteration of 
electronic structure upon encapsulation of 
such VOCs is due to the formation of inclu-
sion complexes through π···π, and hydrogen 
bonding interactions with adjacent layers. 
Single crystals of such inclusion complexes 
further verified the inclusion of VOCs in the 
lattice. Ultrafast multicolor luminescence 
switching has enormous potential in optical 
sensors, luminescence signaling devices, 
and other optoelectronic applications.

Conductivity
Miniaturization of electronic devices has 

been evident recently due to the growth of 
single-atom transistors, memory devices, 
etc. Nanoclusters are a great option for 
making nanoscale conducting fibers, crys-
tals, and other superstructures, which can 
be used for various nano-dimensional elec-
tronic applications like photoconductivity, 
sensors, field effect transistors (FETs), and 
many more. First, we will discuss the photo-
conductive behavior of a randomly assem-
bled fibrous network of Ag88 nanocluster.70 
The comparative photoconductivity of two 
nearly isostructural Ag88 clusters i.e., Ag88-A 
and Ag88-B, primarily protected by thiaca-
lixarene ligands. Authors have prepared a 
one-dimensional nanotubes to study their 
photoconductive behavior in electrochem-
ical conditions (0.2 M aqueous Na2SO4) 
through a three-electrode setup. Linear 

observed for all the clusters. DFT calcula-
tion shows induced electron delocalization 
over ligands upon squeezing the cluster, 
narrowing the spacing of energy levels. PL 
investigation reveals emission enhancement 
for all these clusters and ~200-fold highest 
emission enhancement at ~7 GPa for the 
[Au14Cd(SR)12] cluster (Figure 4g). Such emis-
sion enhancement is due to the reduction 
of excited state structural distortion, which 
eventually enhances the near-band-edge 
transition dipole. Another report by Zang 
et al. displays the piezochromic behavior of 
Ag50 cluster crystals.69 Reversible color tun-
ing of the crystals from orange-red to dark 
red upon increasing the pressure from 1 atm 
to 7.5 GPa, correlated well with the reduction 
of the optical band gap. 

NAFS also behave as tunable lumines-
cence materials. The bare Ag12 nanocluster 
is red emitting (λmax = 620 nm), however, 
Ag12@4,4′-bpy NAFS is green emitting (λmax 
= 507 nm) in its crystalline state.55 A 60-fold 
enhancement of PL quantum yield (0.2 % to 
12.1 %) upon forming a framework structure 
signifies the role of an ordered arrange-
ment of chromophores. The emission colors 
of this NAFS was shifted from green to 
orange-yellow in the presence of volatile 
organic compounds (VOCs) such as ethanol, 
acetonitrile, chloroform, and 2-cyanoethanol, 
etc. The emission intensity of this material 
increases linearly upon increasing the vapor 
pressure of ethanol from 0 to 1.33 kPa, 

Figure 4: a) A schematic depiction of a nanocluster solution emiting red color under UV light. b) Excitation and emission spectral 
profile of a red emitting Ag14 nanocluster. c) Crystallization-induced-emission spectra of Ag22 nanocluster. Inset shows the 
illustration of of luminescence of solution at 77 K. and single crystals. d) Molecular structure of Ag14 nanocluster. e) Temperature-
dependent PL profile of the same cluster (inset shows a photograph at 77 K). f) A schematic representation of DAC used for 
hydrostatic pressure-dependent optical measurements. g) Pressure-sequence PL spectra of [Au14Cd(SR)12] cluster shows 200-fold 
emission enhancement. Reproduced with permission from Ref 65, 66, 68
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All the work mentioned above are on the 
bulk properties of nanocluster assemblies or 
crystals. However, Feng et al. have recently 
reported the measurement of conductance 
of a single cluster using a MCBJ (mechan-
ically controlled break junction) device.73 In 
MCBJ, a skinny ductile metal wire is pulled 
to create a nanoscale gap contact of a 
single molecule, placed over a flexible base 
(shown in Figure 5e). The polymer base is 
then bent in a controlled manner so that the 
metal wire breaks and the contact is broken. 
After breaking, the gap between the two 
metal wires is adjusted to the separation 
distance equal to the cluster length, enabling 
the cluster to fit into this gap and create a 
contact between the broken metal wires. 
The electrical contact is made when there 
is an alignment of the molecular orbital of 
the cluster and the Fermi levels of the metal 
electrodes, and the change in potential when 
this contact is made is called the inflection 
point voltage or transition voltage (shown in 
Figure 5f).

Authors have studied the conductance 
of Ag25, Ag43, Ag44, Ag63, Ag78, Ag141, Ag136 
and Ag374 clusters using MCBJ technique 
(shown in Figure 5d). The conductivity plots 
of all the clusters are shown in Figure 5g, 

a monomeric unit, and when crystallized in 
the dichloromethane-methanol system, they 
form a one-dimensional polymer-like assem-
bly into the crystal (shown in Figure 5a) 
through Ag–L–Au–L–Ag linkages. Authors 
have fabricated FET devices using Si wafers, 
coating them with 300 nm SiO2 and depos-
iting four terminal electrodes onto them. The 
crystals were painted at suitable positions 
with silver paste to create contacts with the 
electrodes. Using this device, they studied 
the one-directional conductivity through 
crystals along the a and c axis. Electrical 
conductivity was measured by the slope of 
the linear I-V curve along the a and c-axis, 
as shown in Figure 5b. The crystal’s conduc-
tivity along the c-axis was found to be 1.49 
× 10-5 Sm−1 which is 1800 times more than 
the conductivity along the a-axis (shown in 
Figure 5c). In the crystal, there is anisotropy, 
where the clusters are connected along the 
c-axis but are not in contact and insulated 
by the bulky adamantane ligands along the 
a-axis. The anisotropy in the crystal and the 
DFT predicted electronic structure hinted at 
the anisotropic semiconducting property of 
the cluster crystals. This study has opened 
new opportunities to engineer ligands to 
create crystals of clusters with unidirectional 
conductivity.

interparticle distances (a general rule is that 
there will be ~1 order of magnitude change 
in conductivity for every 1 Å change in inter-
particle distance). The center-to-center dis-
tances between the adjacent clusters in 
crystals with AgCl2− and Cl− counterions 
are 16.80 and 16.39 Å, suggesting that the 
clusters are closer together in Au21@Cl− and 
hence the conductivity of this cluster crystal 
should be higher than Au21@AgCl2− cluster, 
which is also supported by the σ values 
of the clusters. Here the interparticle dis-
tance differs only by a small magnitude, but 
the conductivity increases by two orders 
of magnitude; hence the interparticle dis-
tance cannot be the only factor affecting 
the change in conductivity of these clusters. 
Further studies are needed to understand 
the mechanism of electron transport through 
crystals.

Clusters can also be used for FET appli-
cations by transporting electricity along spe-
cific crystal axes. Yuan et al. demonstrated 
such a behavior of an alloy cluster with a 
composition of Au21.3Ag12.7L20 (where L is 
1-ethynyladamantane).72 This cluster crystal-
lizes in two forms depending on the solvent 
system. When the clusters are crystallized in 
the chloroform-methanol system, they form 

Figure 5: a) Intercluster packing of a bimetallic Au-Ag alloy cluster. b) Schematic representation of conductivity measurements of 
a single crystal of the same cluster. c) I-V plot of the crystal along different axial directions. d) Structural representation of various 
clusters involved for single particle conductivity measurements. e) Schematic representation of MCBJ device with a liquid cell. 
f) atomic dimension of gold electrodes holding a single cluster. g) Conductance traces of nanoclusters with different sizes as a 
function of distance between the gold electrodes. h) 1D conductance histograms of different nanocluster junctions. Reproduced 
with permission from Ref 72, 73
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in new clusters with better stability than their 
organic counterparts. Encapsulation using 
inorganic templates such as glass matrix, 
MOFs, and two-dimensional chalcogenides 
enables enhanced stability with composite 
properties. Other metal-based nanoclusters, 
especially Cu, Ni, Co, Pd, and Ru remain to 
be explored in detail due to their instability 
issues. The interaction of clusters with living 
organisms such as viruses and bacteria will 
be a new dimension to be explored. The spe-
cies formed by the interaction of clusters and 
viruses can be studied using high-resolution 
megadalton mass spectrometry, which will 
provide information about the nature of 
interactions between these systems and 
will help us to implement clusters in medi-
cine. Single particle conductivity and pho-
toluminescence characteristics will open up 
new possibilities in ultrafast photoswitches, 
quantum computing, bioimaging, and other 
photonic applications. Machine learning and 
computer simulation of large clusters and 
their aggregates and crystals will help us  
understand their properties efficiently. 
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Conclusion and future perspective
This review summarizes the advance-

ments in atomically precise clusters , espe-
cially for gold and silver, and the effect 
of confinement on their properties. The 
structural framework of such materials is 
presented in terms of their bonding and 
intermolecular interactions. We have dis-
cussed various types of the core structure 
of clusters and their subsequent expansion 
leading to the core-shell geometry of larger 
clusters. Surface ligands are essential in 
determining atomicity and for simultane-
ously determining clusters’ physiochemical 
properties. Extended structural assembly of 
clusters in single crystals resulted in chirality, 
polymorphism, and framework solids, which 
has enabled us to understand more about 
such materials recently.

After the pioneering work of synthesizing 
colloidal gold nanoparticles in 1980 by Brust 
et al., extensive research over the last three 
decades witnessed significant progress in 
atomically precise materials. Many gold and 
silver nanoclusters with varying atomicity 
were synthesized and characterized through 
TEM, mass spectrometry, and other studies. 
Structural aspects of clusters were resolved 
through single crystal XRD, and electron dif-
fraction and atom-specific chemical proper-
ties were correlated with structural aspects. 
Stability of ultrasmall particles is a primary 
concern for their practical applications. Use 
of bulky three-dimensional ligands (espe-
cially carborane thiols and alkynes) resulted 

h. The conductance in such small parti-
cles is through the tunneling of electrons 
through the molecule, which decreases with 
the increase in the length of the molecule 
according to the equation G = Ae−βd, where 
G is conductance, A is the pre-exponential 
factor,  β is tunneling decay constant and d 
is the length of the molecule. The β is size 
independent and depends on the tunneling 
barrier. Generally, the conductivity of clusters 
decreases exponentially with the increase 
in their length. However, the HOMO-LUMO 
gap decreases fairly rapidly with the increase 
in the size of clusters, and the β will become 
size-dependent. This arising dependency 
of β on the size of the cluster will likely elim-
inate the decay of conductance with the 
increasing size of the cluster. These results 
show that as the size of the cluster increases, 
the conductivity increases, which is contra-
dictory to the observations made for other 
simple molecules. Normally tunneling of 
electrons through the vacuum requires a 
greater potential (> 1.0V) between elec-
trodes separated by a distance. However, 
when a silver cluster occupies the junction, 
the potential for tunneling reduces to ~1.0V, 
which indicates a lower tunneling barrier 
for electrons through the clusters. It is also 
notable that the cluster metal core is involved 
in the conduction, not the ligand. This is evi-
dent because even though different ligands 
protect the silver clusters used here, the 
inflection point voltage for all the clusters is 
the same.
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ABSTRACT: Acetaldehyde in a dilute aqueous solution gets hydrated to produce
a geminal diol under atmospheric conditions. The acetaldehyde−water ice system
under high pressure also converts to a geminal diol, and therefore, its stable
clathrate hydrate (CH) phase, which in most systems forms at high pressures, is
unknown. In the present study, we showed that acetaldehyde CH exists in
ultrahigh vacuum (10−10 mbar) under cryogenic conditions (below 140 K) and
continues to exist at 115 K for periods well over 1 day. Decomposition of
acetaldehyde CH at 130−135 K produces water ice in its cubic crystalline form.
The mechanism and kinetics involved in the process have also been studied.
Reflection absorption infrared spectroscopy and temperature-programmed
desorption mass spectrometry were utilized to confirm the CH formation. Our study establishes the possibility of a stable CH
phase for acetaldehyde in interstellar and cometary environments.

The existence of the clathrate hydrates (CHs) of several
simple molecules in ultrahigh vacuum (UHV) and

cryogenic conditions is now well established; examples include
CH4,

1 CO2,
1,2 C2H6,

3 acetone,4 formaldehyde,5 and THF.2,6

Some of these CHs dissociate leading to cubic ice (ice Ic),
4

while others form hexagonal ice (ice Ih),
5 although CH to

crystalline ice transformation under high-pressure conditions
was known even earlier.7−12 Exploration of CH phases in
vacuum conditions continues with various simple molecules.13

An important possibility is the occurrence of unique CH
phases for certain molecules, hitherto unknown.

CHs are a class of host−guest compounds wherein water
within its hydrogen-bonded cages hosts guest molecules such
as CH4, CO2, H2S, etc.14 Depending on the molecular size and
chemical behavior of guest molecules, these CHs are known to
exist mainly in two structures, namely structure I (sI) and
structure II (sII). Such structures exist at moderately low
temperatures and high pressures. However, until now, a stable
CH phase of acetaldehyde has not been observed.15,16 This is
because acetaldehyde in dilute aqueous solution and in the
solid state converts to a geminal diol under atmospheric
pressure.15,17 The hydration of acetaldehyde to a geminal diol
was confirmed by calorimetric and spectrophotometric
methods.17−19 Even incorporating a “help guest” to stabilize
the acetaldehyde CH was found to be ineffective, as it became
a geminal diol under high pressure. However, the geminal diol
formed was subsequently transformed to its CH phase under a
high pressure of 120 bar at 253.16 In view of this
thermodynamically stable geminal diol, the existence of

acetaldehyde CH has not been observed so far. We thought
it instructive to explore the existence of acetaldehyde CH in
UHV and cryogenic conditions.

Water ice is pervasive in terrestrial and extraterrestrial
environments and exists in various amorphous and crystalline
forms.20,21 Among the all-crystalline forms, ice Ih is the most
stable and prevalent crystalline form of ice under Earth’s
conditions.22 However, the preparation and study of ice Ic have
drawn close attention of the scientific community due to its
importance to extraterrestrial environments, Earth’s atmos-
phere, cryopreservation, and climate change.9,23−26 Among the
main established routes for forming ice Ic,

26 studying its
formation via CH dissociation under UHV and cryogenic
conditions will be of importance for cometary and interstellar
environments.4,27,28

In the following, we present a systematic study of the
transformation of acetaldehyde in its water ice mixture to its
CH phase at 115 K. This transformation was studied by
reflection absorption infrared spectroscopy (RAIRS) and
temperature-programmed desorption mass spectrometry
(TPD-MS). Further, the dissociation of acetaldehyde CH at
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130−135 K and subsequent formation of ice Ic were studied.
The associated kinetics parameters and activation energy for
the conversion of “the CH phase to ice Ic” were estimated.

Acetaldehyde CH was prepared by thermal annealing of an
acetaldehyde−H2O (1:2) ice mixture under UHV. Figure 1A
shows the temperature-dependent RAIR spectra of 300 ML of
acetaldehyde−H2O (1:2) film in the C=O stretching region.
The spectrum collected just after vapor deposition of the ice
mixture at 10 K shows a peak at 1723 cm−1, which is attributed
to the interaction of acetaldehyde with water ice. When the ice
mixture was annealed from 10 to 115 K, a peak at 1729 cm−1

along with a shoulder at 1734 cm−1 appeared (marked by
vertical dashed lines). The peak at 1729 cm−1 is due to the
pure solid acetaldehyde, which was confirmed by comparing it

with the RAIR spectrum of pure acetaldehyde, shown in Figure
S1. This suggests that acetaldehyde got phase separated in the
water matrix during annealing.29 However, the shoulder at
1734 cm−1 is an entirely new IR feature and is attributed to
acetaldehyde CH. The basis of this assignment is some
previous studies,1,4,5,30,31 which suggest that the vibrational
frequency of the guest molecules trapped in CH cages usually
falls in between their condensed (1729 cm−1) and vapor (1746
cm−1)32,33 phase frequencies. Therefore, the peak at 1734 cm−1

in the C=O stretching region may be assigned to acetaldehyde
CH. This assignment is further supported by the following
observation. Upon further annealing the ice mixture to 135 K,
the peak at 1723 cm−1 vanished due to the desorption of
phase-separated acetaldehyde from ice matrix, while the peak

Figure 1. Formation of acetaldehyde CH under UHV conditions, as observed using the C=O stretching region. (A) Temperature-dependent RAIR
spectra of 300 ML of acetaldehyde−H2O (1:2) film in the C=O stretching region. The peaks at 1729 and 1734 cm−1 are marked by vertical dashed
lines. The ice mixture was codeposited on a Ru(0001) substrate at 10 K and annealed at a rate of 2 K·min−1 to the set temperatures. (B) Schematic
representation of stepwise evolution of ice mixture upon thermal annealing. Change in the thickness of the composite film is a result of
acetaldehyde desorption, as implied in (i−iii).

Figure 2. (A) RAIR spectrum of 300 ML of acetaldehyde−H2O (1:2) film at 10 K in the C=O stretching region, after forming CH. For this
measurement, the ice mixture was prepared by codeposition on a Ru(0001) substrate at 10 K and annealed at a rate of 2 K·min−1 to 137 K to form
acetaldehyde CH. The resulting ice at 137 K was cooled to 10 K, and the RAIR spectrum was measured. The C=O stretching band was
deconvoluted to estimate the fractions of different phases of acetaldehyde in the H2O matrix. (B) TPD-MS spectrum of the same system. After
RAIRS data acquisition at 10 K, the TPD-MS spectrum was collected by annealing the substrate at a rate of 30 K·min−1 to 200 K. In the spectrum,
the intensity of CHO+ (m/z = 29) is plotted as a function of substrate temperature. The TPD spectrum in the temperature window of 80−200 K
was deconvoluted to estimate the different fractions of acetaldehyde in the H2O matrix. The tables at the bottom of Figures (A) and (B) present
the fractions of acetaldehyde in different phases obtained from the corresponding RAIR and TPD-MS spectra.
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at 1734 cm−1 remained because of the trapping of acetaldehyde
in CH cages.1,4,5 Notably, at higher temperatures, a small,
broad peak at 1745 cm−1 appeared (along with 1734 cm−1),
which was assigned to grain-boundary acetaldehyde,34 in other
words, acetaldehyde that was trapped into intergrain regions.
The primary reason for this assignment is that the vibrational
feature at 1745 cm−1 is broad (due to a random distribution of
acetaldehyde in the grain boundaries) and is very close to the
gas phase vibrational feature (1746 cm−1)32,33 of acetaldehyde.
Figure 1B illustrates schematically the stepwise physical change
that occurs upon annealing the acetaldehyde−H2O (1:2) ice
mixture from 10 to 135 K. Further, the stability of
acetaldehyde CH was investigated in a separate time-
dependent RAIRS experiment performed at 115 K for 27 h.
The result presented in Figure S2A suggests that the
acetaldehyde CH phase is not only stable at 115 K under
UHV but also does not convert to the geminal diol.

To get a clearer picture and further confirm the CH
formation, we have carried out a TPD experiment, and the
outcome was correlated with the RAIRS results of the same
sample. For this, we have prepared a 300 ML acetaldehyde−
H2O (1:2) film at 10 K and annealed it to 137 K at a rate of 2
K·min−1 to form acetaldehyde CH, free of phase-separated
acetaldehyde (which would have desorbed during annealing as
shown in Figure 1A). The prepared sample was cooled back to
10 K. Just after cooling back to 10 K, the RAIR spectrum was
collected as shown in Figure 2A, which shows three peaks at
1745 cm−1 (broad), 1734 cm−1 (sharp), and ∼1723 cm−1

(weak and broad) in the C=O stretching region, attributed to
the grain-boundary acetaldehyde (32% of the total acetalde-
hyde present in ice matrix at this condition), acetaldehyde CH
(55%), and a dilute mixture of acetaldehyde in water ice
(13%), respectively. The table (below Figure 2A) shows the
fractions of acetaldehyde in different phases, and they were
obtained by deconvoluting the RAIR spectrum presented in
Figure 2A. After IR spectral acquisition at 10 K, the sample was
annealed at a rate of 30 K·min−1 to 200 K, and the TPD
spectrum was collected as shown in Figure 2B. The thermal
desorption trace of acetaldehyde was obtained by plotting the
intensity of CHO+ (m/z = 29) as a function of temperature.
Figure 2B shows four desorption peaks at 128, 138, 146, and
161 K, which are attributed to the desorption of (1)
acetaldehyde that is present in amorphous ice pores (12%),
(2) acetaldehyde that was trapped in CH cages (54%), (3)

grain-boundary acetaldehyde (31%), and (4) a small fraction
of acetaldehyde that desorbs along with water (3%),
respectively. Moreover, the TPD spectrum of pure acetalde-
hyde shows a desorption peak at ∼110 K, as shown in Figure
S2B. In Figure 2B, the peak at 128 K is due to the premelting
of ice that releases some (12%) of acetaldehyde present in the
pores of ASW. The total fractions of acetaldehyde trapped in
ASW matrix (12 + 3 = 15%) obtained from TPD experiment
are comparable to that of 13% estimated from the RAIR
spectrum shown in Figure 2A. The assignment of the peak at
146 K as due to grain-boundary acetaldehyde is because it
coincides with the amorphous to crystalline transition of ice.
When amorphous ice converts to crystalline ice above 140 K,
due to the rearrangement of water molecules, the molecular
species trapped in the amorphous pores/grain boundaries leave
the ice matrix abruptly in an event known as a “molecular
volcano”, resulting in a sharp desorption peak of the
corresponding species.35,36 The peak at 146 K is sharp,
which further supports our assignment. The remaining peak at
138 K was assigned to the desorption of acetaldehyde that is
trapped in CH cages. This assignment was confirmed by
comparing the estimated fractions of acetaldehyde trapped in
CH cages obtained from the RAIRS and TPD measurements
(see the Tables listed in Figure 2). A good agreement of the
fractions of acetaldehyde of different phases estimated from the
RAIRS and TPD measurements of the same sample further
justified our assignments. Thus, for the first time, we report the
formation of stable CH of acetaldehyde prepared under UHV
and cryogenic conditions.

CHs are known to dissociate to different crystalline
structures.4,5,7,8 To explore this possibility, we have carried
out a time-dependent RAIRS experiment with 300 ML of
acetaldehyde−H2O (1:2) film at 135 K. The results obtained
in the (A) C=O and (B) O−H stretching regions are shown in
Figure 3A,B, respectively. Figure 3A shows that after keeping
the ice sample at 135 K for 4.5 h, the acetaldehyde CH peak at
1734 cm−1 (along with 1745 cm−1) in the C=O stretching
region decreases due to CH dissociation. In a similar time
scale, the O−H stretching band shown in Figure 3B shows a
profound change due to the dissociation of acetaldehyde CH.
At 0 h, the broad feature in the O−H stretching region, which
is characteristic of amorphous ice, undergoes splitting within
4.5 h. The splitting of the O−H stretching band in the IR
spectra is associated with the crystallization of the water ice

Figure 3. Ice Ic formation via acetaldehyde CH. RAIR spectra of 300 ML of acetaldehyde−H2O (1:2) film at 135 K in the (A) C=O and (B) O−H
stretching regions. The ice mixture was codeposited on a Ru(0001) substrate at 10 K and annealed at a rate of 2 K·min−1 to 135 K. Upon
isothermal annealing at 135 K, the peak at 1734 cm−1 diminishes with time due to the dissociation of acetaldehyde CH, which resulted in ice Ic.
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film.4,37−39 The spectrum after 4.5 h is attributed to the
formation of ice Ic. This assignment was confirmed by
comparing the spectrum with the IR spectrum of our previous
work4 (shown in Figure S3) where cubic ice was prepared
using acetone CH. It was confirmed by reflection high energy
electron diffraction (RHEED). The RAIR spectra in the O−H
stretching region (Figure S3) confirmed the formation of ice Ic
after the dissociation of acetaldehyde CH at 135 K. However,
150 ML of pure ASW does not undergo crystallization at 130−
135 K in similar experimental conditions. Results of isothermal
annealing of ASW are shown in Figure S4. We conclude that
acetaldehyde CH at 135 K under UHV dissociates to form
cubic crystalline ice.

To understand the mechanism of CH dissociation and
subsequent crystalline ice formation during isothermal experi-
ments, we have carried out an experiment using the “selective
placement method”.39,40 For this, in three different experi-
ments (see the Experimental Section for details of sample

preparation), we placed a 50 ML HDO (5% D2O in H2O)
probe layer in 200 ML acetaldehyde−H2O (1:10) films at
specific positions as shown in Figure 4A and evaluated the
crystallization fraction by monitoring the evolution in the O−
D stretching band of the HDO layer (shown in Figures 4B and
S5) at 135 K as a function of crystallization time. Figure 4C
shows the change in the crystallization fraction of the 50 ML
HDO layer placed at different positions in the 200 ML
acetaldehyde−H2O (1:10) film at the top (green curve),
middle (blue curve), and bottom (red curve). Crystallization
fractions were calculated from a vertical cut at 2425 cm−1 in
the O−D stretching band shown in Figures 4B and S5; the first
spectrum in each case is from completely amorphous film and
the final spectrum is from the completely crystalline film, while
the intermediate spectra are a linear combination of
amorphous and crystalline spectra. Figure 4C shows that the
HDO probe layer placed in the bulk (blue curve) and at the
ice−vacuum interface (green curve) crystallized almost at the

Figure 4. Isothermal RAIRS measurement of the crystallization fraction of a 50 ML HDO layer embedded in 200 ML acetaldehyde−H2O (1:10)
film at 135 K. (A) Structure of composite ice film containing a 50 ML HDO layer at specific positions in a 200 ML acetaldehyde−H2O (1:10) film,
namely, at the top (green layer), in the bulk (blue layer), and at the bottom (red layer). Acetaldehyde−H2O (1:10) film is indicated by gray layers.
(B) Changes in the O−D stretching band of 50 ML HDO, at 135 K with time, shown for the composite film with the HDO layer at the top. (C)
Crystallization fraction versus time curves for the 50 ML HDO layer embedded at various positions in the 200 ML acetaldehyde−H2O (1:10) film.
The CF was calculated from a vertical cut at 2425 cm−1 in the O−D stretching band of the isothermal RAIR spectra shown in B and Figure S5. The
inset of C shows the possibilities of the onset of ASW crystallization, which may initiate at interfaces or in the bulk.
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same speed. This suggests that the crystallization initiates at
random nucleation sites in bulk and propagates in all
directions; that is why the HDO probe layer placed at the
bulk and ice−vacuum interface crystallizes at the same speed.
This, in turn, implies that the acetaldehyde CHs are distributed
all over the ice matrix, and during isothermal annealing, CH
dissociates at random places (independent of site, namely in
bulk or at interfaces) and induces ASW crystallization.
However, the HDO layer placed at the bottom (red curve)
of the acetaldehyde−H2O (1:10) film crystallizes last and with
slower kinetics. The reason for this is that the fraction of
acetaldehyde CH present in the HDO layer placed at the
bottom will be less compared to the other two cases. This is
because, during thermal annealing, the possibility of
acetaldehyde diffusion and subsequent CH formation in the
HDO layer is least among the cases shown in Figure 4A. In
conclusion, under UHV and cryogenic conditions, acetalde-
hyde CH was found to be distributed throughout the ASW
matrix in the form of small domains (instead of an extended
crystalline phase), and its dissociation leads to the crystal-
lization of ASW which initiates in the bulk, at random
locations.

Notably, in Figure 4C, each curve has an induction time of
∼10 min. In other words, ASW crystallization starts after 10
min of isothermal annealing of the sample at 135 K. However,
acetaldehyde CH dissociation (reduction in the intensity of
1734 cm−1) at 135 K starts from 0 min as shown in Figure S6.
That means, at first, CH dissociation takes place followed by
the onset of ASW crystallization. It confirms our interpretation
of the 138 and 146 K peaks in TPD-MS data (shown in Figure
2B) as due to the desorption of acetaldehyde trapped in CH
cages and grain boundaries, respectively. This is explained by
the fact that at ∼138 K CH dissociates leading to the
desorption of acetaldehyde, and this initiates the crystallization
of ASW. During ASW crystallization, water molecules undergo
rearrangement, which will lead to the desorption of
acetaldehyde that exists in grain boundaries of the ASW
matrix at temperatures >140 K.

Our claim of acetaldehyde CH formation and subsequent
crystallization of ASW to ice Ic was further confirmed in several
control experiments. (1) A temperature-dependent RAIRS
experiment with acetaldehyde−D2O (1:2) film was caried out,
and the results are shown in Figure S7. Figure S7 shows that
acetaldehyde forms CH with D2O, and its subsequent
dissociation leads to the formation of ice Ic. (2) A
temperature-dependent RAIRS experiment with sequentially
deposited acetaldehyde@H2O film also resulted in acetalde-
hyde CH followed by ice Ic at higher temperatures (Figure S8).
Further, considering the cometary environment where such
guest molecules are less abundant, we have performed a time-
dependent RAIRS experiment with dilute mixtures of
acetaldehyde−H2O (1:20 and 1:40) at 135 K. The results
from these two experiments (Figures S9 and S10) show the
formation of acetaldehyde CH and subsequent ice Ic.

Kinetic parameters of ice Ic crystallization via acetaldehyde
CH were evaluated using the Avrami equation by conducting
time-dependent RAIRS experiments with 300 ML of

acetaldehyde−H2O (1:10) film in the temperature range of
130−135 K (Figure S11).41,42 The methods utilized for the
estimation of various kinetic parameters for ice Ic crystallization
are the same as discussed in our previous papers4,5,38,39 and are
briefly described in the Supporting Information. Table 1
summarizes the estimated crystallization rate constant (k) and
Avrami exponent (n) at various temperatures evaluated from
the time-dependent RAIR spectra shown in Figure S11. At
higher temperatures, because of fast CH dissociation, the rate
of crystallization will be faster. The estimated values of n
(2.64−1.89) shown in Table 1 are consistent with the n values
of our previous study of ice Ic formation via CH dissociation.4

The values of n suggest that the crystallization kinetics is
diffusion-controlled with particles growing into a predom-
inantly spherical geometry.4,43−45 Further, the activation
energy (Ea) of crystallization was estimated (see the details
in Supporting Information). The estimated value was 56.6 kJ
mol−1 and is comparable to the previously reported40,46−49

activation energy values (60−77 kJ mol−1) for the crystal-
lization of pure ASW. This implies that even at low
temperatures, the CH dissociation causes enough mobility
for the water molecules to overcome the kinetic barrier of
crystallization.

In conclusion, we report the existence of elusive
acetaldehyde CH under UHV and cryogenic temperatures.
We found that acetaldehyde in its ice mixture with water forms
CH at 115 K, and the CH phase remains beyond 27 h without
converting to a geminal diol. The conversion of acetaldehyde
CH to ice Ic (at 130−135 K) and the associated mechanism
and kinetics were also studied. Ice Ic via acetaldehyde CH
could be one of the routes for the formation of this phase in
comets, as ice Ic and CH are reported to exist in such
environments.27,28,50 While our study established the possi-
bility of several similar molecules in the CH phase, it also
points to the existence of such molecular solids in comets,
planets, and interstellar environment. The consequence of the
CH in deciding the molecular composition of such environ-
ments needs further investigation.
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Experimental Section  

Apparatus. All the experiments were performed in a UHV chamber with a base pressure 

~5×10-10 mbar, described in detail elsewhere.1 Briefly, the vacuum chamber is equipped with 

reflection absorption infrared spectroscopy (RAIRS), temperature-programmed desorption 

mass spectrometry (TPD-MS), secondary ion mass spectrometry (SIMS), low energy ion 

scattering (LEIS) mass spectrometry, and a UV lamp.2 The vacuum of the chamber was 

maintained by three oil-free turbomolecular pumps backed by several diaphragm pumps. A 

Ru(0001) single crystal surface (1.5 cm diameter and 1 mm thick) was used as the substrate to 

grow thin ice films. The substrate is mounted on a copper holder and connected at the tip of a 

closed-cycle helium cryostat. The substrate is fitted with a resistive heater (25 Ω) and can be 

maintained at any temperature between 8 and 1000 K. The temperature of the substrate is 

measured with a K-type thermocouple and a platinum sensor with a temperature 

accuracy/uncertainty of 0.5 K. 

Materials and Reagents. As received acetaldehyde (anhydrous, ≥99.5%, Sigma-Aldrich), 

D2O (99.9%, Sigma-Aldrich), and Millipore water (H2O of 18.2 M Ω resistivity) were taken in 

a vacuum-sealed test tube and further purified in several freeze-pump-thaw cycles.  

Sample Preparation. Thin films of ice were created by vapor deposition on precooled 

Ru(0001) substrate at 10 K. During vapor deposition, the purity of H2O, D2O, and acetaldehyde 

was further confirmed by the presence of their distinctive molecular ion peaks in the mass 

spectrum using a residual gas analyzer. The molecular deposition was controlled through two 

high-precision all-metal leak valves attached to the UHV chamber. Out of two inlet lines, one 

was used exclusively for H2O/D2O, and the other was used exclusively for acetaldehyde. The 

vapor deposition coverage was expressed in monolayers (ML), assuming 1.33 × 10-6 mbar s = 

1 ML, which was estimated to contain ~1.1 × 1015 molecules cm-2, as adopted in other reports.3,4  
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Experimental Procedure. Before each experiment, the Ru(0001) substrate was heated to 400 

K multiple times to ensure the cleanness of the surface, adequate for the present experiments. 

Thin films of 300 ML of the acetaldehyde-H2O mixture were created at 10 K by backfilling the 

vacuum chamber at a total pressure of ~5×10-7 mbar for 10 minutes. Different ratios of 

acetaldehyde and H2O/D2O (1:2, 1:10, 1:20, and 1:40) were prepared at 10 K by keeping the 

total pressure constant and varying the inlet pressure of acetaldehyde and water accordingly. 

For instance, for co-deposition of acetaldehyde and H2O (hereafter referred as acetaldehyde-

H2O) at 1:2 ratio, the inlet pressure of acetaldehyde was kept at ~2.5×10-7 mbar, and that of 

H2O was at ~2.5×10-7 mbar, considering ion-gauge sensitivity factors for water and 

acetaldehyde as ~1.0 and ~2.0, respectively.5 For sequential deposition of 300 ML of 

acetaldehyde and H2O (hereafter referred to as acetaldehyde@H2O), 150 ML of acetaldehyde 

was deposited first on the Ru(0001) substrate, followed by 150 ML of H2O over it. For 

‘selective placement method’ experiment, we have prepared three different composite films of 

250 ML thickness with acetaldehyde, H2O and HDO, namely; (1) 200 ML acetaldehyde-H2O 

(1:10)@50 ML HDO, (2) 100 ML acetaldehyde-H2O (1:10)@50 ML HDO@100 ML 

acetaldehyde-H2O (1:10), and (3) 50 ML HDO@200 ML acetaldehyde-H2O (1:10). The 

acetaldehyde-H2O mixtures are of 1:10 composition. In these samples, the HDO film was 

prepared by exposing the vapor of a liquid mixture containing 5% D2O and 95% H2O (which 

is known to produce 10% HDO and 90% H2O with a tiny fraction of D2O) on the substrate.6 

The first composite film, 200 ML acetaldehyde-H2O (1:10)@50 ML HDO was prepared by 

first co-depositing 200 ML of acetaldehyde and H2O in 1:10 ratio on Ru(0001) at 10 K, 

followed by the deposition of 50 ML of HDO film over it. In a similar manner, the other two 

samples were also prepared. For temperature and time-dependent experiments, the as-prepared 

thin films at 10 K were annealed at a rate of 2 K·min-1 to the set temperatures. After maintaining 

the ice samples at a particular temperature, they were examined by RAIRS and TPD-MS. 
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RAIRS and TPD-MS Setup. RAIRS and TPD-MS were utilized to monitor the thermal 

processing of vapor-deposited ice samples as adopted in our previous studies.2,4,7 RAIRS data 

were collected in the 4000-550 cm-1 range with a spectral resolution of 2 cm-1 using a Bruker 

FT-IR spectrometer, Vertex 70. The IR beam was focused on the ice sample at an incident 

angle of 80° ± 7° through a ZnSe viewport. The reflected IR beam from the sample was re-

focused to a liquid N2-cooled mercury cadmium telluride (MCT) detector. The IR beam outside 

the vacuum chamber was purged with dry N2 to avoid absorption by atmospheric carbon 

dioxide. Each RAIR spectrum was averaged over 512 scans to ensure a better signal-to-noise 

ratio. TPD mass spectra were acquired using an Extrel quadrupole mass spectrometer in an out-

of-sight configuration. Thermal desorption of acetaldehyde and water were recorded by 

monitoring m/z = 29 and 18 peaks, respectively. 
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Figure S1. (A) Temperature-dependent RAIR spectra of 75 ML of pure acetaldehyde in the C=O stretching 
region. Acetaldehyde film was prepared at 10 K and annealed at a rate of 2 K min-1 resulting in complete 
desorption of acetaldehyde film from the substrate. The broad peak at 1729 cm-1 in the C=O stretching region at 
10 K was assigned to the amorphous acetaldehyde film. This peak did not change during annealing of sample up 
to 80 K. However, at 90 K, due to the crystallization of the acetaldehyde film, the peak at 1729 cm-1 was split into 
two, at 1729 and 1719 cm-1. (B) Time-dependent RAIR spectra of 75 ML of pure acetaldehyde film at 110 K in 
the C=O stretching region. During isothermal annealing, acetaldehyde desorbed from the substrate within 90 min 
without any significant spectral change. Thus, once the two-peak structure is formed, it does not change with 
time. 

Figure S2. (A)Time-dependent RAIR spectra of 300 ML of acetaldehyde-H2O (1:2) film at 115 K in the C=O 
stretching region. The ice mixture was co-deposited on Ru(0001) substrate at 10 K and annealed at a rate of 2 
K.min-1 to 115 K. At 115 K with time, the peak at 1729 cm-1 (attributed to phase-separated acetaldehyde) is 
decreasing due to the desorption of phase-separated acetaldehyde. However, the peak at 1734 cm-1 (attributed to 
acetaldehyde CH) remained due to the trapping of acetaldehyde in CH cages. At 115 K, between 1 to 27 h, we 
did not observe much change in the intensity of the peak at 1734 cm-1, which confirms the stability of acetaldehyde 
CH under UHV. (B) TPD spectrum of 150 ML of pure acetaldehyde. The ramping rate applied for this experiment 
was 30 K.min-1. Here, the intensity of HCO+ (m/z = 29) is plotted as a function of substrate temperature. 
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Figure S3. Comparison of O-H stretching bands of crystalline H2O film obtained after acetone CH dissociation 
(blue trace) and the resultant ice system left after the dissociation of acetaldehyde CH at 135 K (green trace). Both 
these experiments were carried out separately. Here, the similarity of the O-H stretching bands of these two 
systems suggests that the dissociation of acetaldehyde CH produces ice Ic. Notably, the formation of ice Ic via 
acetone CH was studied by RAIRS and confirmed by reflection high-energy electron diffraction (RHEED). 
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Figure S4. Time-dependent RAIR spectra of 150 ML of solid H2O film at (a) 130 K, and (b) 135 K in the O-H 
stretching region. The water vapor was deposited at 10 K on Ru(0001) substrate. The ice films were annealed at 
a rate of 2 K.min-1 to the set temperatures. 
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Figure S5. Isothermal RAIR spectra at 135 K in the O-D stretching region of 250 ML of composite ice film 
containing 200 ML acetaldehyde-H2O (1:10) film with 50 ML HDO (5% D2O in H2O) layer placed at various 
positions, (A) in the middle of 200 ML acetaldehyde-H2O film, and (B) at the bottom of 200 ML acetaldehyde-
H2O film. The vertical cut at 2425 cm-1 was used to calculate the crystallization fraction of the probe HDO layer.
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Figure S6. Isothermal RAIR spectra at 135 K in the C=O stretching region of 250 ML of composite ice film 
containing 200 ML acetaldehyde-H2O (1:10) film with 50 ML HDO (5% D2O in H2O) layer placed at the top of 
200 ML acetaldehyde-H2O film. The peak at 1734 cm-1 (attributed to acetaldehyde CH) in the C=O stretching 
region is decreasing from 0 min itself due to the dissociation of acetaldehyde CH. 
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Figure S7. (A) Temperature-dependent RAIR spectra of 300 ML of acetaldehyde-D2O (1:2) film in the (A) C=O 
stretching and (B) O-D stretching regions. The ice mixture was co-deposited on Ru(0001) substrate at 10 K and 
annealed at a rate of 2 K.min-1 to the set temperatures. Acetaldehyde forms CH with D2O during the thermal 
annealing of the ice mixture. However, upon its dissociation above 140 K, it converts to D2O ice Ic. 

Figure S8. Temperature-dependent RAIR spectra of 225 ML of acetaldehyde@H2O (75@150 ML) film in the (A) 
C=O stretching and (B) O-H stretching regions. The ice sample was prepared by first depositing 75 ML of 
acetaldehyde on Ru(0001) substrate at 10 K, followed by 150 ML of H2O over it. The prepared ice sample at 10
K was annealed at a rate of 2 K.min-1 to the set temperatures. Above the desorption temperature of acetaldehyde 
(>110 K), most of the acetaldehyde diffuses and desorbs through the water matrix, while a small fraction of 
acetaldehyde is trapped in hydrate cages (confirmed by the appearance of 1734 cm-1 peak). However, upon 
acetaldehyde CH dissociation above 140 K, it converts to ice Ic. 
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Figure S9. Time-dependent RAIR spectra of 300 ML of acetaldehyde-H2O (1:20) at 135 K in the (A) C=O 
stretching and (B) O-H stretching regions. The ice mixture was co-deposited on Ru(0001) substrate at 10 K and 
annealed at a rate of 2 K.min-1 to the set temperatures. At 135 K (0 min), three peaks at 1734, 1723, and 1717 cm-

1 were observed. The peak at 1734 cm-1 was assigned to acetaldehyde CH, whereas the peaks at 1723 and 1717 
cm-1 were due to a dilute mixture of acetaldehyde in the water matrix. However, upon acetaldehyde CH 
dissociation during the isothermal annealing of the ice mixture at 135 K for 60 min, it converts to ice Ic. 
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Figure S10. Time-dependent RAIR spectra of 300 ML of acetaldehyde-H2O (1:40) at 135 K in the (A) C=O 
stretching and (B) O-H stretching regions. The ice mixture was co-deposited on Ru(0001) substrate at 10 K and 
annealed at a rate of 2 K.min-1 to the set temperatures. At 135 K (0 min), three peaks at 1734, 1723, and 1717 
cm-1 were observed. The peak at 1734 cm-1 was assigned to acetaldehyde CH, whereas the peaks at 1723 and 
1717 cm-1 were due to a dilute mixture of acetaldehyde in the water matrix. However, upon acetaldehyde CH
dissociation during the isothermal annealing of the ice mixture at 135 K for 120 min, it converts to ice Ic. 
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Crystallization kinetics 

The crystallization kinetics of ice Ic formation was determined using isothermal time-

dependent RAIR spectra of 300 ML of acetaldehyde-H2O (1:10) films, as shown in Figure S11. 

Here, by monitoring the evolution in O-H stretching band at the corresponding temperatures, 

130, 132, 135, and 137 K, the associated crystallization kinetics were evaluated.6–13 Figure S12 

shows the isothermal time-dependent RAIR spectra of 300 ML of acetaldehyde-H2O (1:10) 

films in the O-H stretching region at (A) 130 K, (B) 132 K, (C) 135 K, and (D) 137 K.  In all 

the spectra shown in Figure S11, the first spectrum in each case is considered from a completely 

amorphous film which is a relatively broad peak and the last spectrum is from a completely 

crystalline film. During the ice Ic formation the peak shifts to a lower frequency, splits, and 
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Figure S11. Isothermal time-dependent RAIR spectra of 300 ML of acetaldehyde-H2O (1:10) in the O-H 
stretching region at (A) 130 K, (B) 132 K, (C) 135 K, and (D) 137 K. The ice samples were prepared by co-
deposition on Ru(0001) substrate at 10 K and annealed at a rate of 2 K.min-1 to the set temperatures. In each case, 
the first spectrum is due to the amorphous ice, and the last spectrum is due to crystalline ice, while the intermediate 
spectra are a linear combination of amorphous and crystalline spectra. Crystallization fractions were calculated 
from a vertical cut at 3400 cm-1 in the O-H stretching band, as shown in Figures A, B, C, and D. 
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increases in intensity.7,14 All the spectra shown in Figure S11 have isosbestic point8,9,14 which 

suggests that the intermediate spectra are a linear combination of amorphous and crystalline 

spectra. Therefore, the fraction crystallized with time can be calculated from a vertical cut at 

3400 cm-1 in the O-H stretching band (shown by the dashed vertical line). Eq. (1) was used to 

convert the absorbance data to crystallization fraction, x(t) 

x(t)= 
∆A(1)

∆A(2)
                        (1) 

where ΔA(1) is the difference in the absorbance at a particular time t and that at time zero (t = 

= 0), and ΔA(2) is the difference in absorbance of a completely crystallized film (when there is 

no spectral change with time) and that of a completely amorphous film (at t = 0) at the given 

temperature. 

Figure S12 shows the crystallization fraction versus time curves obtained from the isothermal 

RAIRS measurements shown in Figure S11. The change of the curve shape from sigmoidal (at 

a lower T, 130 K) to exponential (at a higher T, 137 K) suggests that the crystallization kinetics 

increases with increasing temperature. Further, the Kinetics parameters shown in Table 1 in 

the main paper are estimated by fitting the crystallization fraction, x(t), to the Avrami 

equation.15,16 The Avrami equation is given by, 

x(t) = 1 – exp (–k.t)n            (2)  

Figure S13. Crystallization fraction versus time curves for 300 ML of acetaldehyde-H2O (1:10) film obtained 
from isothermal RAIR measurements at 130, 132, 135, and 137 K as shown in Figure S11. The Crystallization 
fraction was calculated from a vertical cut at 3400 cm-1 in the O-H stretching band, as shown in Figure S11. 
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where k is the rate constant, t is time, and n is Avrami exponent. For all temperatures, n can 

hold integer values between 1 to 4 and predicts the nature of the crystallization process.17–19 

Equation 2 can be rearranged in a linear form. 

                                   ln(– ln[1 – x(t)]) = n ln(t) + n lnk     (3)   

Figure S13A shows a plot between ln(– ln[1 – x(t)]) versus ln(t) for different temperatures and 

was evaluated using eqn (3). The kinetics parameters, k and n for different temperatures were 

obtained from the linearly fitted lines and listed in Table 1. The obtained values of k suggest 

that with an increase in temperature, the rate of ice Ic formation increases. Also, the estimated 

values of n (2.64−1.89) shown in Table 1 reflect that the crystallization kinetics is diffusion-

controlled with particles growing into a predominantly spherical geometry as the theory of 

phase transformation by nucleation and growth would suggest.17–19 Finally, the activation 

energy (Ea) of ice Ic formation via acetaldehyde CH was estimated from the analysis of the 

slope and intercept of the linearly fitted lines of the plot shown in S13A. Figure S13B shows 

an Arrhenius plot of ln k versus (1/T). The activation energy (Ea) of ice Ic crystallization was 

estimated to be 56.6 kJ.mol-1 and is comparable to previously reported6,8,20–22activation energy 

values (60-77 kJ mol-1) for the crystallization of pure ASW. 
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Figure S14. (A) A plot of the linearized form of the Avrami equation. Plots of ln[-ln(1-x)] versus ln(t) at different 
temperatures of 130, 132, 135, and 137 K were evaluated using the O-H stretching bands. The obtained data 
points were fitted using the Avrami equation. (B) Arrhenius plot of lnk versus (1/T) was achieved from the 
analysis of the slope and intercept of the linearly fitted lines of Figure S13A for different temperatures. The 
activation energy (Ea) of ice crystallization was calculated from the slope of the linearly fitted straight line of 
Figure B. 
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Secondary ligand-induced orthogonal
self-assembly of silver nanoclusters into
superstructures with enhanced NIR emission†
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Orthogonal self-assembly is one of the crucial strategies for forming complex and hierarchical structures

in biological systems. However, creating such ordered complex structures using synthetic nanoparticles is

a challenging task and requires a high degree of control over structure and multiple non-covalent inter-

actions. In this context, nanoarchitectonics serves as an emerging tool to fabricate complex functional

materials. Here, we present a secondary ligand-induced orthogonal self-assembly of atomically precise

silver nanoclusters into complex superstructures. Specifically, we use Ag14NCs protected with naphtha-

lene thiol and 1,6-bis(diphenylphosphino)hexane ligands. Controlled addition of 1,6-bis(diphenylpho-

sphino)hexane, the secondary ligand resulted in a self-assembled supracolloidal structure including

helical fibers, spheres, and nanosheets. The self-assembly process is tunable by controlling the molar

ratio of the ligand. The resulting superstructures exhibit enhanced NIR emission due to restricted intra-

molecular motion. This demonstrates that by tuning supramolecular interactions, hierarchical nano-

structures with desired properties similar to biomolecules can be obtained from atomically precise build-

ing blocks.

Introduction

Self-assembly of molecular building units into complex func-
tional and structural biological superstructures is omnipresent
in nature.1–3 Orthogonal self-assembly is one of the important
features of biological systems.4–8 In orthogonal self-assembly,
multiple but non-interfering non-covalent interactions play a
crucial role in the formation of complex structures. Examples
include the double helical structure of DNA, protein folding,
and cell membranes.2,3,9 Extensive research has been con-

ducted to synthesize/mimic such biological architectures
using molecular-level building blocks, supramolecular poly-
mers, and metal–ligand complexes using orthogonal self-
assembly.6,7,10–13 Hierarchical structures of metallacycles and
metallacages are fabricated by exploiting the orthogonal
metal–ligand coordination and other noncovalent inter-
actions.9 Sun et al. demonstrated that alanine-based chiral
metallacycles could self-assemble into nanospheres at low con-
centrations and chiral metallogels at high concentrations uti-
lizing the noncovalent interactions.12 Recently, nano architec-
tures from nanomaterials are fabricated using the nanoarchi-
tectonics concept.14–16

Despite numerous efforts using molecular and macromol-
ecular building blocks, orthogonal self-assembly of synthetic
metal nanoparticles has been a challenge. This is attributed to
non-uniform size, uncontrolled ligand density, and aggrega-
tion tendencies. In recent years, atomically precise metal nano-
clusters (NCs)17,18 have gained attention as functional
materials due to their small size, well-defined structure, and
unique physical properties.19 They are considered as potential
luminophores due to their unique optical properties.20,21 They
are also known to self-assemble into hierarchical structures
reminiscent of biological systems.22,23 Several strategies are
employed to assemble NCs into dimers and higher hierarchi-

†Electronic supplementary information (ESI) available: Collision-induced dis-
sociation mass spectra, SEM image and EDS mapping, XPS, 31P NMR of Ag14
nanoclusters, TEM images showing the structural evolution of Ag14 nanoclusters
with the addition of different molar ratios of DPPH ligands, TEM images of
NCA-1.0, STEM images of NCA-1.0, UV-vis spectrum and ESI MS of NCA-1.0
redispersed in DMF, TEM images of the DPPH-NT mixture, and schematic illus-
tration of supramolecular interactions in Ag14 nanoclusters. See DOI: https://doi.
org/10.1039/d3nr02561f
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cal structures, which show self-assembly-induced lumine-
scence, mechanical performance, and biological
activities.22,24–27 The most common strategies involve the
functionalization of protecting ligands and introducing new
linkers such as organic molecules, ions, counterions, solvents,
and phase transfer agents that can induce self-assembly in
NCs.28,29 Well-defined cluster assembled solids (CASs) have
been assembled by exploiting the noncovalent interactions-
mediated inter-cluster assembly.30 Apart from their ease of
handling, hierarchical/supramolecular architectures of atomic-
ally precise NCs retain the intrinsic properties of individual
NCs and at the same time display emerging or collective
properties.31,32

In this context, a facile and novel route is demonstrated
here to self-assemble NCs into supramolecular architectures
reminiscent of biomolecules. We have synthesized Ag14 nano-
clusters co-protected by naphthalene thiolate and 1,6-bis
(diphenylphosphino)hexane (DPPH). These NCs exhibited dis-
tinct optical properties compared to analogous Ag14 NCs pro-
tected with different ligands.33–36 By controlled addition of
DPPH as a bidentate secondary ligand, the Ag14 NCs initially
assemble into thin sheets. The sheets further assemble into
spherical superstructures and rope-like wraps. Mass spectro-
metric investigations of supramolecular structures reveal the
formation of NC-DPPH adducts. Such supramolecular architec-
tures of NCs show enhanced near-infrared (NIR) emission due
to the restricted intramolecular motion (RIM). We believe that
such assemblies are directed by the supramolecular inter-
actions between bidentate DPPH ligands and naphthalene
thiol (NT) ligands, also the long chain of DPPH acts as a
bridge between two NCs resulting in an orthogonal assembly.
This method could pave the way to create hierarchical NC
architectures with desired properties, which can further offer
new avenues to programmable self-assembly of NCs with con-
trollable properties.

Experimental section
Materials

Silver nitrate (AgNO3) was purchased from RANKEM.
1-Napthalenethiol (NT), 1,6-bis(diphenylphosphino)hexane
(DPPH), tetraphenylphosphonium chloride (PPh4Cl), triethyl-
amine (TEA), and sodium borohydride (NaBH4) were purchased
from Sigma Aldrich. All other solvents such as methanol,
hexane, dichloromethane (DCM), trichloromethane (TCM), and
N,N-dimethylformamide (DMF) were of analytical grade.

Characterization

PerkinElmer Lambda 25 spectrometer was used to record the
UV-Vis absorption spectrum of the nanocluster samples.
Photoluminescence measurements were carried out using a
Horiba Jobin Yvon NanoLog instrument. Mass spectrometric
measurements were performed using a Waters Synapt G2 Si
instrument (details in ESI†). The X-ray photoelectron spec-
troscopy (XPS) measurements of nanocluster samples were

carried out with an Omicron ESCA Probe Spectrometer.
Nuclear magnetic resonance (NMR) spectra (31P) of the nano-
cluster samples were recorded using a 500 MHz Bruker Avance
III spectrometer. Dynamic light scattering (DLS) measure-
ments were performed using a Malvern Zetasizer ZSP instru-
ment. High-resolution transmission electron microscopy
(HRTEM) was performed with a JEOL 3010. Scanning electron
microscope (SEM) images and energy dispersive X-ray analysis
(EDAX) were collected using an FEI QUANTA-200 SEM.
Scanning transmission electron microscope (STEM) imaging
was performed using JEOL JEM-2800 high throughput electron
microscope equipped with a Schottky type field emission gun
operated at 200 kV with simultaneous bright field (BF) and
dark field (DF) STEM imaging. For elemental mapping energy
dispersive X-ray mapping and spectra were collected using
dual silicon drift detectors. The tilt series for electron tomo-
graphic reconstruction of the nanocluster assembled architec-
tures were collected using the JEM 3200FSC microscope oper-
ated at 300 keV (see electronic ESI† for details).

Synthesis of Ag14(NT)7(DPPH)2Cl2 nanoclusters

The Ag14(NT)7(DPPH)2Cl2 NCs were synthesized by dissolving
20 mg of silver nitrate in 3 mL of methanol. To this solution,
11 mL of DCM was added. A 10 μL of 1-NT was added and the
reaction is carried out at 0 °C. After the addition of NT, the
color of the solution changed to turbid yellow indicating the
formation of silver thiolates. After 5 minutes, 6.8 mg of DPPH
(in 0.5 mL DCM) and 6 mg of PPh4Cl (in 0.5 mL DCM) were
added. After 30 minutes, 45 mg of NaBH4 in 1 mL ice-cold (DI)
water and 50 μL of TEA were added. The color of the solution
changed to dark brown after the addition of NaBH4. After five
hours of continuous stirring, the crude cluster was kept in the
fridge overnight for size focusing. The resultant material was
centrifuged and the precipitate was washed several times with
methanol, hexane, and DMF and dispersed in DCM or TCM
for characterization.

Secondary ligand-induced nanoarchitectures of Ag14
nanoclusters

Approximately 10 mg of Ag14(NT)7(DPPH)2Cl2 NCs were dissolved
in 10 mL of TCM. To this NC solution, the DPPH ligand was
added with the molar ratio of DPPH/NC ranging from 0.5 to 10.

Results and discussion
Characterization of Ag14 nanoclusters

Naphthalene thiol-protected Ag14NCs were synthesized and
characterized according to the methods described in the
experimental section. The quantized electronic structure of the
NCs is evident from the optical absorption spectral peaks cen-
tered at 340, 490, and 690 nm (Fig. 1A). They also display
intense NIR emission at 1035 nm when excited at 340 nm
(inset of Fig. 1A). The ESI MS in the positive mode resulted in
a peak centered at m/z 3605, which was assigned as
[Ag14(NT)7(DPPH)2Cl2] (Fig. 1B). Experimental and theoretical
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isotopic distribution matched well and revealed that the Ag14
NCs are monovalent (Fig. 1B1).

Collision-induced dissociation (CID) study of
[Ag14(NT)7(DPPH)2Cl2]

+ further reaffirms the assigned mole-
cular formula (Fig. S1†). A systematic loss of DPPH and NT
ligand (L) was observed with an increase in collision energy
(CE). Initially, one DPPH was lost, and with further increase in
the CE, the second DPPH unit was lost, followed by other
primary ligands. The composition of Ag14 NC was further con-
firmed by elemental analysis which confirms the presence of
Ag, S, Cl, and P. Their atomic percentages matched well with
the assigned formula (Fig. S2†). Besides, elemental characteriz-
ation was also performed using X-ray photoelectron spec-
troscopy (XPS). Peaks corresponding to Ag 3d5/2, S 2p3/2, P
2p3/2, and Cl 2p3/2 appeared at ∼368.5, ∼162.9, ∼131.8, and
∼198.3 eV, respectively (Fig. S3†).

The 31P NMR spectrum of DPPH alone shows major signals
at 32.7 and −17.1 ppm (Fig. S4†), which can be attributed to
oxidized species such as DPPHO2 and uncoordinated DPPH
ligands.38 The 31P NMR spectrum of Ag14 NCs shows two doub-
lets due to the coupling of 31P with 109Ag and 107Ag, which
implies the coordination of the DPPH ligand to silver.39,40

Ligand engineering induced tailoring of the optical properties

The UV-vis spectrum of the NT-protected Ag14 NCs is com-
pared with that of the other two Ag14 NCs reported in the
literature.33,34 A drastic change in optical properties was

observed for NT-protected Ag14NCs (Fig. 2). The UV-vis spec-
trum of Ag14(3,4-DFBT)12TPP8 (3,4-DFBT = 3,4 diflourobenze-
nethiol, TPP = triphenylphosphine) displays two major absorp-
tion bands at 368 and 530 nm whereas, Ag14(1,2-BDT)6TPP8
(1,2-BDT = 1,2 benzenedithiol, TPP = triphenylphosphine)
shows peaks at 425, 600, and 860 nm. The
[Ag14(NT)7(DPPH)2Cl2] NC shows molecular peaks at 340, 490,
and 690 nm. The Ag14(3,4-DFBT)12TPP8 NCs display dual emis-

Fig. 1 (A) UV-Vis spectrum of Ag14 NCs. Inset of A shows the emission at 340 nm excitation of Ag14 NCs (star symbol (*) denotes the solvent-
induced structuration).37 (B) The ESI MS of Ag14 NCs. (B1) The experimental and simulated spectra match well. (B2) Photograph of the Ag14 NC solu-
tion. Color codes: grey, Ag; blue/sea green, C; yellow, S; orange, P; green, Cl; white, H.

Fig. 2 The UV-vis spectra of [Ag14(NT)7(DPPH)2Cl2]
+ (violet trace),

Ag14(3,4 DFBT)12TPP8 (dark blue trace), and Ag14(1,2 BDT)6TPP8 (sea
green trace).
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sion peaks around 536 nm and 420 nm. Such dual emission
was also observed in the case of Ag14(1,2-BDT)6TPP8 NCs. The
NT-protected Ag14 NCs, in contrast, show NIR emission at
1035 nm. This observation signifies the pivotal role of ligands
in tailoring the optoelectronic properties of NCs.

Secondary ligand-induced assembly of Ag14 NCs

NCs are assembled into hierarchical structures using strategies
that involve introducing organic molecules, ions, counterions,
solvents, and phase transfer agents. The secondary ligand
induced transformation and self-assembly of nanoclusters are
studied in detail.41–43 Considering the long-chain length of the
bidentate DPPH ligand, we were motivated to introduce
different ratios of DPPH ligands to induce self-assembly in
Ag14 NCs.

Different concentrations of DPPH were introduced into the
Ag14 NCs, and their corresponding UV-vis spectra were moni-
tored (Fig. 3). The resulting NC architectures (NCA) are
labelled as NCA-0.5, NCA-1.0, NCA-3.0, NCA-5.0, and NCA-10.0
with 0.5, 1.0, 3.0, 5.0, and 10.0 mole ratio of DPPH (with
respect to the cluster), respectively. Up to a 1.0 mole ratio, the
molecular features of Ag14 NCs were intact, with further
increasing the concentration of DPPH, the NC solution
becomes colorless. The corresponding UV-vis spectrum reveals
the disappearance of major molecular features centered at 490
and 690 nm of the NCs. The peak at 340 nm is red shifted to
390 nm. We assume that this could be due to the degradation
of NCs. The disappearance of NC features with increased
DPPH ligands concentration illustrates that the NCs decom-
pose or transform in this operation. The TEM images of Ag14
NCs with different concentrations of DPPH revealed the for-
mation of supramolecular hierarchical structures (Fig. S5†).
The NCA-0.5 shows a sheet-like assembly, and NCA-1.0 forms
right-handed (P-type) super-helical bundles (Fig. S6 and S7†)
or coiled coil-like structures44,45 alongside spherical structures

of ∼200–300 nm (Fig. S8†). The EDS mapping of NCA 1.0
shows the presence of Ag, S, Cl, P and C which further suggests
the aggregation of NCs (Fig. S9, S10, and S11†). With further
increase in the concentration of DPPH, we have observed
sheets and aggregates, which could be due to the decompo-
sition or transformation of NCs; as also evident from the 31P
NMR data (Fig. S12 and S13†). The NCA-1.0 was analyzed in
greater detail. The magnified images of spheres and helical
bundles, similar to intermediate filaments such as keratin
suggest that they comprise atomically precise Ag14 NCs (Fig. 4).
Resolving the three-dimensional (3D) structures using electron
tomography (ET) reconstruction reaffirms the spherical nature
of superstructures (Fig. 4D and E). The cross-sectional view of
the sphere reveals a solid interior due to the Ag14 NC assembly
(Fig. 4F). Such NC assemblies could be formed by the inter-
cluster supramolecular interactions between the NT ligands
and secondary DPPH ligands.

Dynamic light scattering (DLS) studies unveil the size evol-
ution of the nanostructures formed during the controlled
addition of DPPH ligands (Fig. 4G). The average size of Ag14
NCs was found to be 3.2 ± 0.36 nm; NCA-0.5 shows an average
size of 245 ± 2 nm. The NCA-1.0 superstructures show an
average size of 375 ± 5 nm. With further increasing the concen-
tration of DPPH, the size reduces, suggesting small aggregates
and dissolved species.

To gain more insight into the NC assembled super-
structures, we have performed ESI MS. Along with the parent
NC ion (X+), several new peaks were observed in the ESI MS of
NCA-1.0 in the m/z range of 3900–4600 (Fig. 5). Detailed ana-
lysis of the peaks reveals that they are NC-DPPH adducts, the
composition of the adducts are [X3Y3]

3+ (Y = DPPH), (m/z
4059), [X2Y3]

2+ (m/z 4287) along with other fragmentation
peaks (Fig. 5). Higher NC-DPPH adducts were not observed,
which could be due to their lower ionization efficiency. The
compositions and the charge states of the adducts were deter-
mined by analyzing the m/z values and isotopic patterns of the
peaks. In the isotopic distribution of [X3Y3]

3+, the difference
between the peaks is m/z 0.33, which confirmed a charge state
of 3+ (Fig. 5A2). The experimental isotopic distribution
matches well with the theoretical isotopic distribution of
[X3Y3]

3+, which further reaffirms the assigned composition.
The difference between peaks in the isotopic distribution of
[X2Y3]

2+ is m/z 0.5, which suggests a charge state of 2+
(Fig. 5A3). Along with these adducts there are several other low
intensity peaks which could be due to weak gas phase adducts
of X and Y. Due to low intensity, we could not perform CID
measurements on the DPPH-mediated trimers and dimers of
Ag14 NCs. To understand the role of DPPH in directing the
hierarchical structures, NCA-1.0 was redispersed in DMF as
DPPH is insoluble in DMF and analysed using UV-vis spec-
troscopy and ESI MS (Fig. S14†). The ESI MS in DMF didn’t
show any NC adducts which further confirms the role of DPPH
in the NC assembly (Fig. S14†). We have also performed TEM
measurements of the DPPH–NT mixture, which revealed that
they also form thin sheets (Fig. S15†). The formation of sheet-
like structures further reaffirms the supramolecular inter-

Fig. 3 Variation of UV-vis spectra trend of [Ag14(NT)7(DPPH)2Cl2]
+ NCs

with the addition of different mole ratios of DPPH ligand. Inset shows
the corresponding photographs of the NCs solutions.
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actions between the primary NT ligands and secondary DPPH
ligands.

Mechanism for the formation of supramolecular architectures

We speculate that the optimum concentration of DPPH directs
orthogonal self-assembly, which leads to the formation of two
different supramolecular architectures in the same system.
Specific non-covalent intermolecular interactions could direct
the formation of such interpenetrating networks. Orthogonal
self-assembly6,11,13 is an essential strategy in biological
systems, where complex structures are generated by highly
specific non-covalent interactions between constituents such
as proteins, amphiphiles, and biopolymers.10 In supramolecu-
lar chemistry, specific non-covalent interactions are exploited
to achieve such orthogonal self-assembly.46 The naphthalene
diimide chromophores47 are known to organize into supramo-
lecular helices.48 Substitutions on naphthalene had resulted in
helical tubes,49 twisted ribbons or helices with preferred
handedness.50

Based on microscopic and spectroscopic investigations, we
propose that the orthogonal self-assembly process of Ag14 NCs

Fig. 4 TEM images showing the self-assembled superhelices and spheres NCA-1.0. Magnified TEM images are shown in A–C. (D) Electron tomo-
graphy (ET) reconstruction of NCA-1.0. (E) and (F) are the 3D reconstructed structure of the Ag14 NC assembled sphere and its cross-sectional view.
(G) DLS measurements show variation in size of [Ag14(NT)7(DPPH)2Cl2]

+ NCs with the addition of different molar ratios of DPPH ligands.

Fig. 5 (A) ESI MS showing the supramolecular adducts in NCA-1.0. (A1)
Enlarged view of the same. (A2) The experimental and theoretical isoto-
pic patterns of [X3Y3]

3+. (A2’) Schematic representation of [X3Y3]
3+. (A3)

The experimental and theoretical isotopic patterns of [X2Y3]
2+. (A3’)

Schematic representation of [X3Y3]
2+. (X = [Ag14(NT)7(DPPH)2Cl2]; Y =

DPPH). Color codes: grey, Ag; blue/sea green, C; yellow, S; orange, P;
green, Cl; white, H.
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relies on (i) bidentate nature of DPPH ligand, (ii) π⋯π stacking of
the NT ligands in Ag14 NCs, (iii) CH⋯π interactions between NT
and DPPH ligands (Fig. S16†), and (iv) H⋯H interactions between
NT ligands (Scheme 1). Such covalent and non-covalent inter-
actions together lead to the formation of the microspheres and
sheets/films of Ag14 NCs (Scheme 1A1) whereas, a lower degree of
self-assembly in the z-axis results in the formation of superhelices
which tends to bundle to form rope-like NC assemblies
(Scheme 1A2). Compared to other ligand-protected Ag14 nano-
clusters such as Ag14(3,4-DFBT)12TPP8,

34 Ag14(1,2-BDT)6TPP8
33 and

Ag14(pntp)10(dpph)4Cl2,
51 [Ag14(NT)7(DPPH)2Cl2]

+ NCs are ligand
deficient. Therefore, their surface structure can afford a few more
ligands without stripping the thiolates and phosphines. The NT
and DPPH ligands and their π⋯π and CH⋯π interactions play a
crucial role in directing such orthogonal self-assembled
nanostructures.

Enhanced emission

The optical features of Ag14 NCs were retained up to NCA-1.0
which suggests that the NC property is retained in hierarchical
structures. This prompted us to investigate their emission pro-
perties. A significant enhancement in the emission of Ag14
NCs assembled superstructures was observed (Fig. 6).

A three-fold enhancement in PL emission was observed in
the case of NCA-1.0 than its parent Ag14 NCs. With increasing
the concentration of DPPH (3.0, 5.0, and 10.0), the PL intensity
reduces significantly. Increment in the emission of Ag14 NCs
in solution by the addition of DPPH is attributed to the
restricted motion of the ligands through ordered self-assem-
bly. Atomically precise NCs are known to display aggregation-
induced emission (AIE) due to restrictions in the inter-
molecular rotation (RIR).52 The ordered assembly of surface
motifs in aggregation-induced nanostructures reduces
vibrational relaxation enhancing emission.53 The inter-nano-
cluster CH⋯π interactions are also known to restrict the intra-
molecular rotations/vibrations and amplify the PL emission of
NCs.54 We hypothesize that inter-nanocluster CH⋯π and π⋯π

interactions that direct the ordered assembly of the NCs
together restrict the molecular rotations and enhances the
emission.

Conclusions

In this work, we demonstrate a novel facile route for creating
supramolecular architectures of atomically precise NCs. The
controlled addition of bidentate secondary ligand DPPH
directs the orthogonal self-assembly of NCs reminiscent of bio-
logical systems. The mass spectrometric investigations reveal
that the supramolecular architectures are formed by the
assembly of NC–DPPH adducts. The distinct non-covalent
interactions of surface motifs with excess secondary bidentate
ligands play a pivotal role in such orthogonal self-assembly of
NCs. The self-assembled structures show an enhanced NIR
emission due to restricted intramolecular motion (RIM). To
the best of our knowledge, this is the first example of second-
ary-ligand induced orthogonal self-assembly of atomically
precise NCs. We envision the application of orthogonal self-
assembly approaches to create self-assembled structures from
atomically precise NCs that offer complex hierarchical architec-
tures of NCs.
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Fig. S1 A) Collision-induced dissociation (CID) mass spectra of the peak which is assigned as 

[Ag14(NT)7(DPPH)2Cl2]+. The systematic loss of two DPPH ligands upon the increase in 

collision energy was observed along with the loss of some Ag-L. 

1000 2000 3000 4000 5000 6000

m/z

 CE 0

 CE 10

 CE 20

 CE 30

 CE 40

P

Ag14L7P2Cl2

L = 1-NT
P = DPPH

800 1200 1600 2000 2400 2800 3200

PAgLAgLAgLAgLAgLAgL

185



 
 

4 

 

Fig. S2 A) SEM image and EDS mapping of b) Ag L, c) S K, d) P K, e) Cl K, and f) C K.  

 

 

 

Fig. S3 A) XPS survey spectrum of [Ag14(NT)7(DPPH)2Cl2]+. Expanded area of a) Ag 3d, b) 

Cl 2p, c) S 2p, and d) P 2p. 
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Fig. S4 The 31P NMR spectra of A) DPPH and B) [Ag14(NT)7(DPPH)2Cl2]+ NCs confirm the 

formation of Ag-P bonds. 
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Fig. S5 TEM images showing the structural evolution of [Ag14(NT)7(DPPH)2Cl2]+ NCs with 

the addition of different molar ratios of DPPH ligand.  

 

0.0 0.5 1.0

3.05.0
10.0

50 nm

50 nm

50 nm

50 nm

50 nm

50 nm

x DPPH[Ag14(SR)7DPPH2Cl2] NCs

188



 
 

7 

 

Fig. S6 A) Large area TEM images of NCA-1.0. B) Expanded view of super helical structures. 

A)

5 µm

B)

50 nm

189



 
 

8 

 

Fig. S7 A) Large area HRTEM images of NCA-1.0. B), C), and D) are the expanded view 

which confirms the presence of nanoclusters in the helical and spherical structures. 
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Fig. S8 Bright field (BF) and dark field (DF) STEM images of different regions of the NCA-

1.0 sample.  

 

Fig. S9 STEM-EDS mapping of Ag, C, S, P, and Cl of NCA-1.0.  
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Fig. S10 STEM-EDS mapping of Ag, C, S, P, and Cl in spherical structures of NCA-1.0.  

 

Fig. S11 EDX spectrum of NCA-1.0.  
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Fig. S12 The 31P NMR spectra of NCA 0.5 and NCA 1.0. 

Fig. S13 The 31P NMR spectra of NCA 3.0, NCA 5.0, and NCA 10.0.  
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Fig. S14 A) UV-vis spectrum of NCA-1.0 redispersed in DMF. B) The corresponding ESI MS. 

C) Enlarged view. 

 

 

 

Fig. S15 A) and B) is the TEM images of the DPPH-NT mixture. 
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Fig. S16 Schematic illustration of possible supramolecular interactions in Ag14 NC assemblies. 

A) π…π interactions between NT ligands. B) CH…π interactions between NT and DPPH 

ligands.  
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CONSPECTUS: Continuing efforts by many research groups have led to the discovery of
∼240 species in the interstellar medium (ISM). Observatory- and laboratory-based
astrochemical experiments have led to the discovery of these species, including several
complex organic molecules (COMs). Interstellar molecular clouds, consisting of water-rich icy
grains, have been recognized as the primordial sources of COMs even at extremely low
temperatures (∼10 K). Therefore, it is paramount to understand the chemical processes of this
region, which may contribute to the chemical evolution and formation of new planetary
systems and the origin of life.
This Account discusses our effort to discover clathrate hydrates (CHs) of several molecules
and their structural varieties, transformations, and kinetics in a simulated interstellar
environment. CHs are nonstochiometric crystalline host−guest complexes in which water
molecules form cages of different sizes to entrap guest molecules. CHs are abundant on earth
and require moderate temperatures and high pressures for their formation. Our focus has been
to form CHs at extremely low pressure and temperature as in the ISM, although their existence under such conditions has been a
long-standing question since water and guest molecules (CH4, CO2, CO, etc.) exist in space. In multiple studies conducted at ∼10−10

mbar, we showed that CH4, CO2, and C2H6 hydrates could be formed at 30, 10, and 60 K, respectively. Well-defined IR
spectroscopic features supported by quantum chemical simulations and temperature-programmed desorption mass spectrometric
analyses confirmed the existence of the 512 (for CH4 and CO2) and 51262 (for C2H6) CH cages. Mild thermal activation for long
periods under ultrahigh vacuum (UHV) allowed efficient molecular diffusion, which is crucial for forming CHs. We also explored the
formation of THF hydrate (a promoter/stabilizer for binary CHs), and a spontaneous method was found for its formation under
UHV. In a subsequent study, we observed a binary THF-CO2 hydrate and its thermal processing at 130 K leading to the
transportation of CO2 from the hydrate cages to the matrix of amorphous water. The findings imply that such systems possess a
dynamic setting that facilitates the movement of molecules, potentially accounting for the chemical changes observed in the ISM.
Furthermore, an intriguing fundamental phenomenon is the consequences of these CHs and their dynamics. We showed that
preformed acetone and formaldehyde hydrates dissociate to form cubic (Ic) and hexagonal (Ih) ices at 130−135 K, respectively.
These unique processes could be the mechanistic routes for the formation of various ices in astrophysical environments.
Other than adding a new entry, namely, CHs, to the list of species found in ISM, its existence opens new directions to
astrochemistry, observational astronomy, and astrobiology. Our work provides a molecular-level understanding of the formation
pathways of CHs and their transformation to crystalline ices, which sheds light on the chemical evolution of simple molecules to
COMs in ISM. Furthermore, CHs can be potential candidates for studies involving radiation, ionization, and electron impact to
initiate chemical transformations between the host and guest species and may be critical in understanding the origin of life.

■ KEY REFERENCES

• Ghosh, J.; Methikkalam, R. R. J.; Bhuin, R. G.;
Ragupathy, G.; Choudhary, N.; Kumar, R.; Pradeep, T.
Clathrate Hydrates in Interstellar Environment. Proc.
Natl. Acad. Sci. U.S.A. 2019, 116, 1526−1531.1 This work
reported the experimental evidence of CH4 and CO2
clathrate hydrates (CHs) at extremely low pressure
(10−10 mbar) under cryogenic conditions, relevant to the
interstellar medium (ISM).

• Ghosh, J.; Bhuin, R. G.; Vishwakarma, G.; Pradeep, T.
Formation of Cubic Ice via Clathrate Hydrate, Prepared

in Ultrahigh Vacuum under Cryogenic Conditions. J.
Phys. Chem. Lett. 2020, 11, 26−32.2 This work reported a
unique crystallization process of cubic ice (ice Ic) involving
the dissociation of preformed acetone hydrate in UHV.
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• Ghosh, J.; Vishwakarma, G.; Das, S.; Pradeep, T. Facile
Crystallization of Ice Ih via Formaldehyde Hydrate in
Ultrahigh Vacuum under Cryogenic Conditions. J. Phys.
Chem. C 2021, 125, 4532−4539.3 This work showed that
a stable hexagonal crystalline ice (ice Ih) can be obtained
based on the dissociation of formaldehyde hydrate in UHV.

• Ghosh, J.; Bhuin, R. G.; Ragupathy, G.; Pradeep, T.
Spontaneous Formation of Tetrahydrofuran Hydrate in
Ultrahigh Vacuum. J. Phys. Chem. C 2019, 123, 16300−
16307.4 This work demonstrated the formation of
tetrahydrofuran (THF) hydrate in UHV, which was a
dif fusion-controlled process, revealed by the isothermal
kinetic measurements.

1. INTRODUCTION
The interstellar medium (ISM) is not empty but contains
diffuse clouds, composed of gaseous species, particulate matter,
and dust particles.5,6 To date, ∼240 different molecules have

been found in these clouds, making ISM exceedingly diverse
and a host to rich chemistry.7 Molecular H2 is the most
abundant species found in ISM along with common terrestrial
molecular species, molecular ions, radicals, complex organic
molecules (COMs), and polycyclic aromatic hydrocarbons
(PAHs).5 ISM is extremely cold (∼10 K); therefore, most of
these gaseous species get accreted onto the dust surfaces to
form icy grain mantles. Ice in the ISM context refers to all
condensed molecular solids. Such interstellar icy dust particles
are considered to be the birthplace of COMs even at such low
temperatures; therefore, it is important to study the associated
chemistry.5,6 Several studies8−10 involving absorption IR
spectroscopy were used to characterize the compositions of
interstellar ice, and water is found to be the major constituent,
followed by CO2, CO, CH3OH, NH3, and CH4.

6 This
interstellar ice is known to have two different phases, namely,
water-rich and water-poor analogs.6 The water-rich phase
consists of mostly water and CO2, alongside small amounts of

Figure 1. Schematic representation of a custom-built UHV instrument. The current representation depicts the orientation of the substrate suitable
for RAIRS measurements. Here, several minor components are not shown for clarity. Adapted with permission from ref 57. Copyright 2023
American Chemical Society.
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NH3 and CH4 ices, whereas the water-poor phase contains
mostly CO, CO2, and CH3OH.

6 In interstellar environments,
the coexistence of all of these molecules along with water in
the condensed phase presents a perfect recipe for clathrate
hydrates (CHs), a unique molecular species yet to be detected
in ISM, and this Account addresses that gap.
CHs are nonstochiometric crystalline host−guest complexes,

where water molecules form a cage-like structure to entrap
different guest species to gain stabilization by the host−guest
interaction.11,12 Their structures are dependent on the nature
of guest species, and the most commonly occurring structures
are referred to as structure I (sI), structure II (sII), and
structure H (sH).11,12 CHs are also abundant on earth and
generally found in permafrost regions, ocean floors, and outer
continental shelves as marine sediments.11,13 CHs are known
to serve as important materials as a sustainable source of
energy14,15 and for the storage of natural gases with huge
entrapment capability,14,16 CO2 sequestration,

17,18 and sea-
water desalination.19 It is also important to understand the
nucleation and decomposition behaviors of CHs for flow
assurance in subsea pipelines20 and global climate change,18

respectively.
In general, high pressure and moderate to low temperature

are the stabilizing conditions for the nucleation and growth of
CHs.11 However, CHs can also form at low pressures and
temperatures as per the P−T phase diagram, and their
existence was predicted in the outer solar system21 and on
the surfaces of Mars and Titan.22,23 In the 1980s, CHs were
first formed experimentally under vacuum (1.33 × 10−7 mbar)
by the codeposition of an appropriate water:oxirane vapor
mixture followed by annealing to 120 K.24 Subsequently, other
studies were followed, involving a similar vapor deposition
method with small proton-acceptor guest species, which
stabilizes the CH structure.25−28 Ice nanocrystal arrays were
also shown to be converted to CH arrays.29,30 Under relatively
higher vacuum (∼10−6 mbar), several other CHs were studied
such as those of NO,31 N2,

32,33 O2,
32,33 CO,33 and Ar.33

There has been speculation about the existence of CHs in
comets and other planetary atmospheres due to prevalent
temperature and pressure. However, there was no experimental
evidence of the formation of CHs in UHV and cryogenic
conditions relevant to the interstellar environment before our
studies. In this Account, we discuss our experimental effort
toward the formation of CHs in a simulated interstellar
environment and the associated chemistry, kinetics, and
transformation of such structures. This discussion begins
with the description of a custom-built UHV instrument for
studying CHs, in which an interstellar condition was
mimicked. In the next section, we discuss the formation of
CH4, C2H6, and CO2 hydrates under UHV (∼10−10 mbar) in
the 10−60 K range and their characterization by IR
spectroscopy, quantum chemical calculations, and mass
spectrometry. Then, we demonstrate that the CHs can be
converted to different forms of crystalline ice (cubic and
hexagonal ice) upon their dissociation. We have provided
spectroscopic and electron diffraction evidence in support of
the observation of these different crystalline forms of ice. In a
later section, we discuss a spontaneous method of forming
THF hydrate in UHV, which can promote the formation of
binary CHs (a type of CH where two different guest species
are trapped in two separate CH cages). Furthermore, we show
that it is indeed possible for a binary THF-CO2 hydrate to
form under UHV, which shows the transportation of CO2 from

CHs to an amorphous solid water (ASW) matrix upon
annealing at certain temperatures, suggesting the dynamic
nature of these interstellar ice systems, which is a prerequisite
for more complex chemistries to occur at such low temper-
atures. Finally, a conclusion is drawn about the future
directions of this emerging field.

2. INSTRUMENTATION AND METHOD

2.1. Experimental Setup
Herein, the experimental details and description of the custom-
built UHV instrument for studying CHs are presented, as
shown in Figure 1. More details about the instrument can be
found in recent papers.34−38 The instrument has a cylindrical
UHV chamber fitted with turbomolecular pumps backed by
oil-free diaphragm pumps. Ionization gauges of the Bayard−
Alpert type were used in the UHV range. The base pressure
below ∼5 × 10−10 mbar was achieved after the bake-out. A
closed-cycle helium cryostat cooled the Ru(0001) substrate
over which ice layers were grown. An electrically resistive
heater (25 Ω) was used to heat the substrate, and three
temperature sensors such as silicon diode, a thermocouple, and
a Pt resistor were used for temperature measurements.
2.2. RAIRS Instrumentation
Our reflection absorption infrared spectroscopy (RAIRS) setup
used an IR beam focused on the substrate at an 80 ± 7°
incident angle, and the reflected beam was refocused to a
liquid-nitrogen-cooled MCT external detector through gold-
coated mirrors. All of the RAIRS instrumental components
outside UHV were purged continuously with dry nitrogen gas
to avoid the spectral background from water and CO2. In all of
the experiments, 2 cm−1 resolution was used with 512 scans in
the mid-infrared region (4000−400 cm−1).
2.3. TPD-MS Instrumentation
The TPD-MS module from Extrel CMS was attached to the
experimental chamber, and it consists of an electron impact
source, mass analyzer, and detector. The ionized gaseous
species were focused on the mass analyzer by using a stack of
Einzel lenses. For TPD-MS, the temperature ramping was
controlled with a Lakeshore temperature controller. A
thermocouple sensor was used during the experiments in
combination with a Pt sensor. The outputs of both sensors
from the temperature controller were given to the mass
controller and were recorded by the Merlin software along
with selected mass intensities.
2.4. General Experimental Protocol
The general experimental procedure of forming CHs is either
codeposition or the sequential deposition of water and CH-
forming gases. A high-precision leak valve was used to control
the deposition pressure, where water and other gaseous guests
were deposited by using two separate inlet lines. Millipore
water (18.2 MΩ) was used by purifying with freeze−pump−
thaw cycles to deposit 300 monolayers (MLs) of ice; therefore,
the substrate does not affect the formation of CH. The
monolayer (ML) coverage was calculated by assuming that
1.33 × 10−6 mbar s = 1 ML.39,35

For the deposition of 300 MLs of 1:1 mixed ice, the
chamber was backfilled starting from a base pressure of ∼5 ×
10−10 mbar to a total pressure of ∼5 × 10−7 mbar (the pressure
of the specific gas as well as water was 2.5 × 10−7 mbar,
individually) and deposited for 10 min. Moreover, a residual
gas analyzer was used during the deposition of these molecules,
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and the MS intensities of these species were utilized to
determine the molecular ratio. The mixed ice was heated at 2
K min−1 to the desired temperature. RAIR spectra were
obtained to monitor CH formation. Identical experimental
conditions were maintained throughout the spectral measure-
ment.

3. CLATHRATE HYDRATES UNDER INTERSTELLAR
CONDITIONS

3.1. IR Spectroscopic Evidence

We started our quest for CHs in the ISM with CH4 hydrate,
the most common gas hydrate found on earth. At first, 300

MLs of 1:1 CH4 and water were codeposited at 10 K. Time-
dependent RAIR spectra were recorded in the C−H
antisymmetric stretching region of CH4 at 10, 20, and 30 K
for different annealing times (0 and 25 h) as shown in Figure
2a. The spectra showed an IR feature of solid CH4 at 3009
cm−1, which remained constant at 10 and 20 K even after 25
h.1 However, a new peak at 3017 cm−1 appeared after 25 h of
annealing at 30 K, which was blue-shifted in comparison to the
spectral band for solid CH4 (3009 cm−1).1 This new peak
(3017 cm−1) was assigned to CH4 hydrate, and the
experimental blue shift of 8 cm−1 was due to the entrapment
of CH4 in the hydrate cage.

1 Previous study40 had suggested
that the trapped guest molecules in CH cages have more

Figure 2. Formation of CHs is studied by RAIR spectroscopy and quantum chemical calculations. RAIR spectra of 300 MLs (1:1) codeposited ice
systems, namely, (a) CH4 + H2O, (b) CO2 + H2O, and (c) C2H6 + H2O at different temperatures and annealing times, as indicated. Here, only the
C−H and C�O antisymmetric stretching regions are shown for hydrocarbons and CO2, respectively. DFT-optimized structures of hydrate cages
are shown for (d) CH4 hydrate, (e) CO2 hydrate, and (f) C2H6 hydrate. Adapted with permission from ref 1. Copyright 2019 the authors.
Published by the National Academy of Sciences under Creative Commons Attribution-NonCommercial-NoDerivatives License 4.0 (CC BY-NC-
ND) and adapted with permission from ref 43. Copyright 2022 American Chemical Society.
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vibrational freedom and behave like gaseous species; therefore,
their vibrational frequency stays in between their gaseous- and
condensed-phase frequencies. Another study41 also showed a
blue-shifted IR feature due to CH4 trapped in a hydrate cage.
The prolonged annealing (25 h) at 30 K, near the desorption
temperature of CH4, was crucial to forming the hydrate cage.

1

Primarily due to the application of UHV at these temperatures,
CH4 molecules gained enhanced mobility, which led to the
mixing of CH4, and codeposited water, which results in
enhanced interaction and CH4 insertion into the hydrate
cages.1 A time-dependent RAIR study of pure condensed CH4
in the absence of water at 25 K did not show the peak at 3017
cm−1, which confirmed its assignment to CH4 hydrate. In
addition, quantum chemical calculations using density func-
tional theory (DFT) also confirmed the formation of CH4
hydrate. It revealed the preferential formation of stable, small
512 cages (Figure 2d) under the simulated condition.1 The
calculated vibrational shift with the formation of CHs nearly
matches the experimentally obtained spectral shift (8 cm−1). A
microsecond molecular dynamics (MD) simulation study42 of
CH4 hydrate nucleation predicted the preferential formation of
smaller 512 cages during the initial stages of nucleation, which
supports our result.
The existence of CHs in ISM was further supported by the

experimental evidence of two other hydrates, namely, CO2
1

and C2H6 hydrates.
43 An earlier report28 suggested that CO2

hydrate can be formed at 1.33 × 10−6 mbar and 120 K. Figure
2b shows the RAIR spectra of 300 MLs of a CO2:H2O (1:5)
codeposited mixture in the C�O antisymmetric stretching
region. The peak at 2346 cm−1 was attributed to CO2 hydrate,
entrapped in the 512 cage as suggested by the DFT calculations
(Figure 2e).1 The other peak at 2353 cm−1 was due to the

remaining untrapped solid CO2, which exists outside the
hydrate cages in the amorphous ice matrix.1 The 2346 cm−1

peak was the characteristic feature of CO2 hydrate as reported
before.28 The gradual decrease in intensity for the 2353 cm−1

peak and the simultaneous emergence of the 2346 cm−1 peak
with temperature suggested that annealing helps in better
mixing of ice and CO2, which favors the formation of CO2
hydrate. The results suggested that CO2 hydrate can be formed
at 10 K, and it is quite stable at 120 K for 6 h. This is attributed
to the stronger interaction of CO2 with water than with CH4,
although both are weak.1,44 The formation of C2H6 hydrate in
ISM was also explored.43 As per an earlier study,25 C2H6
hydrate can be formed at 10−7 mbar and 90 K but only in the
presence of oxirane, which helped in the nucleation of ethane-
oxirane mixed hydrate. Figure 2c shows the RAIR spectra of a
300 MLs C2H6:H2O (1:1) codeposited mixture in the C−H
antisymmetric stretching region at different temperatures.43

Three distinct peaks appeared at 60 K, positioned at 2972,
2976, and 2982 cm−1 corresponding to the crystalline,
amorphous, and CH forms of C2H6, respectively.

43 The 2982
cm−1 peak is the characteristic IR feature of C2H6 hydrate as
observed in earlier reports.25,45 Again, the blue-shifted nature
of the 2982 cm−1 peak as compared to the amorphous and
crystalline IR features of C2H6 indicates its assignment to C2H6
hydrate. A comparison of DFT-calculated vibrational and
experimental shifts suggested that C2H6 is trapped in the 51262
cage as shown in Figure 2f.43

3.2. Mass Spectrometric Evidence

Temperature-programmed desorption-mass spectrometry
(TPD-MS) also supported the formation of CHs in ISM.
TPD-MS is an MS-based analytical technique routinely utilized
in surface science and laboratory astrochemical experiments.

Figure 3. TPD mass spectra of 300 MLs of codeposited ice systems at different ratios (heating rate = 30 K min−1). Here, the intensities of CH3+
(m/z = 15), CO2+ (m/z = 44), and C2H4+ (m/z = 28) are plotted with the substrate temperature. (a) Desorption of CH4 before (blue trace) and
after hydrate formation (magenta trace). (b) Desorption of CO2 after hydrate formation at different ratios, as indicated. (c) Desorption of C2H6
before (dark-blue trace) and after (red trace) hydrate formation. (d) Schematic representation of molecular volcano (MV) upon crystallization of
ice. MV peaks are shown in the insets. Adapted with permission from ref 1. Copyright 2019 the authors. Published by the National Academy of
Sciences under a Creative Commons Attribution-NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND) and adapted with permission from
ref 43. Copyright 2022 American Chemical Society.
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Here, the continuous desorption of adsorbed species from the
substrate upon thermal stimulation is analyzed by a mass
spectrometer, and the resultant mass intensities are plotted as a
function of the substrate temperature. Porous amorphous ice
can entrap guest molecules, which are released during the
crystallization of ice at 140 K due to the collapse of these
pores.46 This results in an abrupt release of the trapped species,
which produces a “molecular volcano (MV)”.46 Figure 3a
represents the comparative TPD spectra before and after the
formation of CH4 hydrate, which were monitored using the
intensity of the CH3+ peak (m/z = 15).

1 CH4 hydrate was
formed by annealing a codeposited mixture at 30 K for 25 h as
mentioned before. The other peaks at 38 and 46 K correspond
to multilayer CH4 and CH4 trapped in the ASW pores,
respectively. The intensity of the MV peak before the
formation of the hydrate is due to the trapped CH4 in ASW,
whereas the intensity of the MV peak was enhanced upon the
formation of the hydrate due to the simultaneous release of
trapped CH4 from ASW pores as well as from the hydrate
cages (Figure 3a).1 Note that the amounts of gases deposited
are the same in both cases. The slight distortion in the MV
peak is attributed to the modification of ASW pores due to CH
formation (Figure 3a). Figure 3b shows the TPD spectra of
300 MLs of CO2 + H2O at two ratios, 1:1 and 1:5, and they
were annealed at 120 K for the complete formation of CO2
hydrate.1 Then the samples were cooled back to 10 K, and
TPD spectra were recorded. The peak at 140 K corresponds to
the MV of CO2, and its intensity increased as the ratio of CO2
to H2O was changed from 1:1 to 1:5. Experiments suggested
that the extent of formation of CO2 hydrate was greater for the
diluted water and CO2 mixture, and it agreed well with the IR
spectral interpretation.1,44

Figure 3c shows the TPD profiles for C2H6 hydrate before
and after formation.43 Two sets of TPD-MS experiments were
performed; in the first, we deposited 300 MLs of an C2H6:H2O
(1:1) ice mixture at 10 K and heated it to 200 K at a ramping
rate of 30 K min−1. The desorption of C2H6 was monitored by
the intensity of the C2H4+ peak (m/z = 28). The peaks at 60
and 140 K were attributed to the desorption of multilayer
C2H6 from ASW pores and the MV peak, respectively.43 In the
second experiment, a C2H6:H2O (1:1) ice mixture was
annealed at 60 K for 18 h to create C2H6 hydrate. After the
hydrate was formed, the sample was cooled to 10 K and the
TPD spectrum was recorded (red trace), which showed two
peaks at 80 and 140 K. The peak at 80 K was assigned to the
desorption of trapped C2H6 (amorphous or crystalline) from
the ASW matrix. The peak was shifted from 60 to 80 K
primarily due to the formation of CH as well as a more
compact ice network as a result of prolonged annealing.43 The
MV peak of C2H6 hydrate showed a higher intensity compared
to the MV peak before hydrate formation. The enhanced
intensity of the MV peak for the hydrate was due to the release
of trapped C2H6 from the ASW pores and the dissociation of
the CH cage, as explained before. Note that the peak marked
by an asterisk around 125 K was due to the desorption of C2H6
due to the predissociation of hydrate cages.43

4. TRANSFORMATIONS OF CLATHRATE HYDRATES

4.1. Formation of Cubic Ice (Ice Ic) from CH

The dissociation behavior47 of CHs is also important to
understand since it leads to different crystalline phases of ice.
An earlier study48 suggested that emptying neon from its
hydrate cages led to the formation of ice XVI, a new crystalline
phase of ice. The dissociation of CO2 hydrates led to cubic ice

Figure 4. RAIR spectra of 300 MLs of acetone:H2O (1:1) in the O−H and C�O stretching regions at 135 K. The inset shows the change in the
C�O stretching band due to the dissociation of acetone hydrate with time. Here, the blue and orange traces are attributed to amorphous solid
water (ASW) and cubic crystalline ice (ice Ic). The spectral change of the O−H band is due to ice crystallization, and different features were
resolved upon deconvolution. Adapted with permission from ref 2. Copyright 2020 American Chemical Society.

Accounts of Chemical Research pubs.acs.org/accounts Article

https://doi.org/10.1021/acs.accounts.3c00317
Acc. Chem. Res. XXXX, XXX, XXX−XXX

F

201

https://pubs.acs.org/doi/10.1021/acs.accounts.3c00317?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.3c00317?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.3c00317?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.3c00317?fig=fig4&ref=pdf
pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.3c00317?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(ice Ic).
49 In our study,2 we showed that acetone hydrates

could be prepared by codepositing acetone:H2O (1:1)
mixtures and annealing them to 135 K. However, keeping
acetone hydrate at 135 K for 3 h led to its dissociation, which
resulted in ice Ic.

2 Figure 4 shows the RAIR spectra of the
codeposited film at 135 K (blue trace; 0 h) and after 3 h
(orange trace; 3 h).2 The inset shows the C�O stretching
band, and at 0 h, it shows two features at 1721 and 1709 cm−1

which were attributed to acetone hydrate50,51 and ASW-
trapped acetone,52 respectively. The peak intensity was
reduced with time and resulted in a peak at 1702 cm−1,
which was assigned to a dilute mixture of acetone and water
(1:20). The profound change in the O−H stretching band
with time indicates the change in the overall structure of ice
due to the dissociation of acetone hydrate.2 In Figure 4, the
broad O−H stretching band (blue trace) is a characteristic
feature of ASW, which eventually became sharp and developed
three shoulder features after 3 h (orange trace). Ice
crystallization is generally associated with the splitting and
sharpening of the O−H stretching band, and it was
deconvoluted to three distinct features at 3164, 3284, and
3395 cm−1, corresponding to the ν1 in-phase band, the ν3 TO
band, and the overlapped ν3 LO and ν1 out-of-phase bands of
ice Ic.

53 Isotopic experiments with an acetone:D2O (1:1)
system also led to the formation of cubic D2O ice due to the
dissociation of acetone hydrate (not shown).2 Note that, in
similar studies at 130 K, the ice Ic conversion took 9 h, whereas
the ice Ic was not observed at 120 K, even after 48 h. The
thermal motion of acetone molecules is likely to be responsible
for the formation of acetone hydrate and subsequently ice Ic.

2

In a similar study, the dissociation of acetaldehyde hydrate
leads to the formation of ice Ic.

54

We have also provided more direct structural evidence to
support the claim of forming ice Ic via hydrate dissociation.

2

Figure 5 shows the time-dependent reflection high-energy
electron diffraction (RHEED) images of acetone:H2O (1:1) at
different temperatures.2 In Figure 5a, the RHEED image does
not show any pattern, indicating the amorphous nature of the
mixture. However, several diffraction rings were observed after
5 h (Figure 5b).2 Here, most of the acetone molecules desorb
from the mixture, as indicated by the IR spectra. Note that
these diffraction patterns originate from the ice Ic and match
the earlier diffraction studies of ice Ic.

55,56 Time-dependent
RHEED studies at 130 K showed an ice Ic pattern after 12 h
(Figure 5d). However, the diffraction patterns were not
observed at 120 K, even after 24 h (Figure 5e,f). These
observations support the RAIR spectral interpretation, which
suggests that ice Ic was formed only through the dissociation of
acetone hydrate.2

4.2. Formation of Hexagonal Ice (Ice Ih) from CH

Among several polymorphs of ice, hexagonal ice (ice Ih) is the
most common, and it occurs naturally on earth. However, the
formation of ice Ih from CH precursors was not studied. We
found that formaldehyde hydrate dissociated to form ice Ih
under UHV at 130−135 K.3 Figure 6a,b shows the time-
dependent RAIR spectra of the codeposited formaldehyde:-
H2O (1:1) film at 135 K in the C�O and O−H stretching
regions, respectively. The IR feature at 1733 cm−1 is attributed
to the C�O stretching band of formaldehyde hydrate (Figure
6a).3 This assignment was performed by comparing form-
aldehyde vapor (1746 cm−1) and condensed phase (1723
cm−1) frequencies. The hydrate phase frequencies fall in

between them.3 Besides, the O−H stretching region showed a
profound change after 5 h with the disappearance of the
formaldehyde hydrate IR peak. This O−H stretching band
(blue trace) is the characteristic feature of ice Ih as confirmed
by comparing pure crystalline ice Ih spectra, recorded
independently. The control study also suggested that water
by itself cannot form ice Ih at 135 K in the absence of
formaldehyde hydrate since its usual crystallization temper-
ature is 150−155 K under UHV. The existence of form-
aldehyde and water in space suggests the possibility to form
hydrates and their subsequent transformation to ice Ih, which
constitutes a mechanistic route for its formation in ISM.3

5. STRUCTURAL DYNAMICS OF CLATHRATE
HYDRATES

The structural dynamics in CHs are important to study, which
reveals that the reorientation of water and the diffusion of
guest molecules are the driving forces for these structures.
Furthermore, the presence of a second guest species provides
extra thermodynamic stability to the hydrate framework, and
they are termed binary CHs. THF hydrate is known to be a
stabilizer for such binary CHs.4 THF being a larger molecule
occupies the larger cages (51264), whereas the other guest
species occupy the smaller ones (512). Here, we have studied
the formation of THF hydrate by codepositing a THF:H2O
mixture (1:5) and annealing it to 130 K.4 Figure 7a,b shows
the time-dependent spectra of the same system in the
asymmetric C−O and O−H stretching regions. The peaks at
1034 and 1053 cm−1 were assigned to THF trapped in
different sites of ASW, whereas the other peak at 1074 cm−1 is
the characteristic feature of THF hydrate.4 Continuous

Figure 5. Time-dependent RHEED images of 300 MLs of
acetone:H2O (1:1) at 120, 130, and 135 K and different annealing
times, as indicated. After codeposition, the mixtures were annealed at
2 K min−1 to reach the required temperatures. Adapted with
permission from ref 2. Copyright 2020 American Chemical Society.

Accounts of Chemical Research pubs.acs.org/accounts Article

https://doi.org/10.1021/acs.accounts.3c00317
Acc. Chem. Res. XXXX, XXX, XXX−XXX

G

202

https://pubs.acs.org/doi/10.1021/acs.accounts.3c00317?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.3c00317?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.3c00317?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.3c00317?fig=fig5&ref=pdf
pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.3c00317?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


annealing (6 h) of the system increased the intensity of the
THF hydrate peak and decreased the intensity of the other two
peaks. The 1074 cm−1 peak serves as a convenient indicator of
THF hydrate since it lies well above the IR peak positions of
other likely condensed phases of THF. In Figure 7b, the O−H
stretching band is also red-shifted with time, which was an
indication of ice crystallization. Results suggested that the
gradual transformation of THF hydrate also changes the
structure of ice from amorphous to crystalline.4 Furthermore,
the crystallization kinetics suggested that the formation of
THF hydrate was a diffusion-controlled process.4 In addition,
this study has the potential to explore a certain number of
binary CHs. To explore this possibility, we conducted a study
with a CO2@(THF + H2O; 1:5) composite ice film, where a
THF + water mixture was sequentially deposited on a
predeposited CO2 film and this system was annealed at 130
K for 6 h.57 Figure 7c,d shows the corresponding time-
dependent RAIR spectra in the C�O and C−O antisym-
metric stretching regions of CO2 and THF, respectively. The
IR peaks at 2352, 2346, and 2340 cm−1 were assigned to CO2
in the ASW matrix and 512 and 51262 cages, respectively.1,26,57

Continuous annealing decreased the intensity of the 2346
cm−1 peak and increased that of the 2352 cm−1 peak, whereas
the intensity of the 2340 cm−1 peak remained constant. It
suggested that CO2 was transported from 51262 cages to the

ASW matrix and that CO2 in 512 cages remained mostly
unperturbed.57 In Figure 7c, a new peak arose at 1074 cm−1

while the peaks at 1054 and 1032 cm−1 decreased with time, as
shown in Figure 7c,d. The peak at 1074 cm−1 was the
characteristic peak for THF hydrate encased in 51264 cages,
whereas the peaks at 1054 and 1032 cm−1 were assigned to
THF trapped in ASW pores.4,27,50 The formation of stable
binary THF-CO2 hydrate is a possibility, which is confirmed by
the IR features of individual guest species (2346 and 1074
cm−1 of CO2 and THF), and computationally optimized
structures also supported this observation.57 The higher
mobility of CO2 in comparison to THF favors the formation
of the CO2 hydrate, kinetically. However, upon annealing at
higher temperatures for a longer time, the formation of THF
hydrate is triggered. The larger size of THF makes it a
preferred guest over CO2 in large (51264) cages. This leads to
partial dissociation of CO2 cages and rearrangement of the
hydrate structure resulting in the increase in CO2 in the ASW
matrix, as shown schematically in Figure 7e.57

From the foregoing, it is evident that several CHs can be
formed under UHV if subjected to certain key experimental
conditions such as the annealing temperature, time, and
stoichiometric ratio. The extreme low-temperature conditions
in ISM result in a mass transfer limitation, primarily due to
limited natural convection (and mixing of species), which may

Figure 6. Time-dependent RAIR spectra of 300 MLs of formaldehyde:H2O (1:1) at 135 K in the (a) C�O and (b) O−H stretching regions. (c)
The schematic illustration shows the formation of formaldehyde hydrate and its dissociation, which leads to the formation of hexagonal ice (ice Ih).
Adapted with permission from ref 3. Copyright 2021 American Chemical Society.
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hinder the nucleation process of CHs. Achieving sufficient
molecular mobility is key to forming the hydrates, which is
obtained by prolonged annealing of the system near their
respective desorption temperatures, irrespective of the type of
guest. As per our understanding based on the experimental
results, the mechanism of CH formation involves the solvation
or mixing of guest molecules with water molecules as the first
step. It is followed by the formation of hydrate cages around
the solvated guest molecules in a stochastic manner. On the
other hand, the formation of different crystalline forms of ice
upon dissociation of hydrate is possibly due to the orienta-
tional defects (Bjerrum defects).57−59 The guest−host hydro-
gen bonding causes defects within the water network (host),
which again depends on the type of guest molecules present in
the hydrate cages. However, these defect-induced structural
changes are only partially understood, and computational

studies involving MD simulations on the formation and
dissociation behavior of CHs may provide additional insights.

6. PHOTOCHEMICAL EFFECTS ON CLATHRATE
HYDRATES

Light irradiation is known to initiate photochemistry in ISM
ices, which is suggested to be a path to chemical complexity in
space.6 These experiments involve single, binary, or multi-
component ice mixtures with a range of radiation (MeV
electrons/protons to high-energy UV photons).6 Upon
radiation exposure, water−ice dissociates to produce highly
reactive radicals and initiates radical chemistry.6 However, high
diffusion barriers of radicals in ice present restricted photo-
chemistry.6 On the contrary, CHs were shown to act as a host
for unique hydrogen transfer reactions involving radicals.60,61

Furthermore, the CH cages were demonstrated to store62 and

Figure 7. Time-dependent RAIR spectra of 300 MLs of THF:H2O (1:1) in the (a) asymmetric C−O and (b) O−H stretching regions and of
CO2@(THF + H2O; 1:5) at 130 K in the (c) asymmetric C−O and (d) C�O antisymmetric stretching regions at 130 K. (e) The schematic
illustration shows the formation of the THF-CO2 hydrate and the migration of CO2 from 51262 cages to the ASW matrix upon its dissociation by
annealing at 130 K. Color code used: 512 cage, violet; 51262 cage, orange; 51264 cage, red; THF, yellow; and CO2, cyan. Adapted with permission
from ref 4. Copyright 2019 American Chemical Society and adapted with permission from ref 57. Copyright 2023 American Chemical Society.
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stabilize the free radicals63 under high-pressure conditions.
Given this, the photochemistry of CHs would be interesting
under UHV and cryogenic conditions, where the guest
molecule AB could dissociate to form A and B radicals.
Depending on the size and kinetic energy, the fate of these
radicals may vary such as recombination, stabilization upon
entrapment, movement to the adjacent cage, and reaction with
AB, A, or B.60−62

So far, ice photochemical experiments resulted in racemic
mixtures of the photolyzed products and not the homochiral
form found on earth, which remains an unsolved puzzle in
chemistry. The entrapped species in CH cages may interact
with radiation asymmetrically to produce either left- or right-
handed molecules. The proposed study can shed light on the
origin of enantiomeric excess on earth.

7. FUTURE PERSPECTIVES
In this Account, the investigation of different CHs and their
several important aspects such as nucleation conditions,
mechanism, stability, and transformation to other ice structures
are presented in the context of interstellar processes. The
results suggested that the temperature and annealing time are
crucial parameters in deciding the formation and structural
changes of CHs. The key outcome of these studies is that it
provides conclusive evidence that several CHs are formed at
extremely low pressures and temperatures, conditions analo-
gous to the ISM. This finding may open several possibilities for
future explorations. While the formation of CHs of simple
molecules such as methane, ethane, and carbon dioxide in
interstellar-like environments is already established in the
current study, many other guest molecules such as H2, CO, N2,
O2, NH3, and C2H2 are known to form CHs, which are also
found in space or the ISM along with water in solid form.
Therefore, we believe that this Account will provide a direction
to investigate several other CHs under suitable conditions.
Furthermore, the fate of CHs upon their dissociation could be
an exciting area to explore since CHs can transform into
different polymorphs of ice, as highlighted in this Account. The
nucleation mechanism, stability, and structure of several
polymorphs of ice are intriguing. Formation and detailed
studies of binary CHs under interstellar-like conditions would
be another direction. Our studies have provided an early hint
that binary CHs could be formed in the presence of
appropriate stabilizers such as THF. In addition, these binary
CHs can be utilized as precursors for interguest chemical
interactions under extreme conditions of ISM such as UV and
particle impact.
Apart from these possibilities, the ultimate goal of the

astrochemistry community is to understand the origin of life.
Understanding the chemical evolution of simple molecules to
COMs has been a long-standing question. CHs can be an ideal
precursor to trap several simple guest species that can undergo
chemical reactions. The presence of cosmic radiation could be
the driving force in such exotic environments. More
experimental studies in this direction are necessary for a
complete understanding of the phenomena involved. The
utilization of the direct structural interpretation of CHs
through extensive diffraction data2,64 under such extreme
conditions will provide important insights. There is also a need
to understand the dynamics of the formation of CHs in UHV
starting from ice mixtures, which will require detailed
computational studies. Despite these challenges, we hope
that the present investigations have provided new insights into

the fascinating area of CHs and suggest exciting new directions
for the future.
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ABSTRACT: Light-matter interactions, especially in atomically
precise nanomaterials, belong to an unexplored realm of research
with potential benefits for the synthesis of materials. Here, we
present an interesting light-activated expansion process of an Ag31
nanocluster to an Ag42 analogue, both clusters being protected with
6-(dibutylamino)-1,3,5-triazine-2, 4-dithiol (shortly, TRZ-H2)
ligands. The conversion process was initially monitored through
UV−vis, revealing that the violet-colored Ag31 got converted to
greenish Ag42, exhibiting their characteristic absorption features.
High-resolution mass spectrometric studies confirmed that the as-
synthesized [Ag31(TRZ)10] with coexisting di- and monoanionic
charged species in dichloromethane solution got converted to [Ag42(TRZ)13] with a dipositive charge state. Electrochemical studies
revealed the photoresponsive nature of Ag31, and light illumination resulted in transient intermediate clusters covered with solvated
electrons, which contributed to the core expansion. Ag31 is NIR-emitting, while Ag42 is red-emitting. The ultrafast transient
absorption studies reveal that Ag42 has strikingly short excited-state carrier dynamics than Ag31. The stable excited-state carriers for
Ag31 upon photoexcitation also underline the unique electronic characteristics responsible for such light-activated structural
evolution.

■ INTRODUCTION
Atomically precise metal nanoclusters (NCs) with a kernel of
metal atoms, protected by various ligands, connecting the gap
between traditional nanoparticles and single atoms, have
emerged as a new class of functional nanomaterials with
unique optical and physicochemical properties.1−6 Such type of
ultrasmall nanoparticles with a core dimension <3 nm
displayed exotic optical properties, such as molecule-like
multiple absorption and emission due to the electronic
transitions between their discrete energy levels.7−9 A wide
range of silver NCs with varying nuclearities, such as Ag6, Ag14,
Ag16, Ag21, Ag25, Ag29, Ag35, Ag40−Ag46, Ag61, Ag67, Ag146,
Ag374, and so forth, with protecting ligands were synthesized,
and some of them have been structurally characterized using
single-crystal X-ray diffraction studies.1−3,10−21 Atomic
arrangements of such nanomaterials, associated energy levels,
and surface reactivity promote their potential applications in
the fields of catalysis, molecular recognition, biomedical
imaging, and optoelectronic devices.22−29 The stability of
silver NCs mainly depends on the outer coverage of surface
ligands. The bare NCs without ligands are highly reactive, and
they react to themselves or with species in the surrounding
environments and form larger particles or adduct species.30

Different surface ligands, such as thiol, imine thiol, selenol,
phosphine, carboxylic acid, calixarene, alkynyl, and so forth,
create clusters with higher stability than bare NCs.31−40

Generally, thiolated silver NCs are more stable than

phosphine, hydride, and alkyne-protected ones.1−3 We have
introduced a new bidentate thiol ligand for silver clusters, i.e.,
6-(dibutylamino)-1, 3, 5-triazine-2, 4-dithiol (shortly, TRZ-
H2) having two butyl chains connected through a nitrogen
atom and a triazine ring. Steric bulk created by two butyl
chains attached to the triazine ring makes this ligand more
attractive than their bidentate thiol analogues such as benzene-
dithiol.15 The electron-withdrawing ability of three nitrogens
present in the triazine ring makes it less electron-dense than
benzene. The enhanced polarizability of the heterocycle rather
than benzene makes the π−π* electronic transition of the
triazine ligand different from the benzene analogues.41,42

Recently, we have demonstrated the multifunctional optoelec-
tronic and quantum coherence behavior of an ultrasmall Au6
NC protected by the same ligand.43

The past decade has witnessed the synthesis of various silver
NCs and an understanding of their structure−property
correlations. These nanomaterials spontaneously change their
nuclearity, size, and shape upon change in parameters such as
temperature, pressure, solvents, external metal ions, and so
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forth.44−48 For example, enhanced emission at a low
temperature was observed for silver NCs due to the
modulation of their optical band gap.49,50 Zang and co-
workers observed a visible color change in a single crystal of
silver-sulfide NC due to its structural strain at high pressure.51

Along with a visible color change, bathochromic shifting of the
emission maxima with luminescence enhancement was also
observed for different silver NCs.52,53 Interconversion of silver
NCs promoted by solvents and counterions is also manifested
in their surface sensitivity.54,55 Recently, we have illustrated
metal−metal and metal−sulfide structural rearrangements of
silver NCs promoted by external bidentate organic linkers
resulting in functional metal−organic framework solids.56

Compared to other stimuli, the effect of light exposure to
silver NCs is not well explored. However, silver nanoparticles
and nanostructures are known for their light sensitivity.57−59

Photoinduced structural effects of various silver nanostructures
lead to their applications in plasmon-assisted polymerization,
photodriven chemical transformations, photochromic effects,
surface-enhanced Raman scattering, and so forth.60−64

Interactions between electromagnetic radiation and surface-
bound free electrons are responsible for such type of
photochemical effects. In this context, a detailed understanding
of the interaction between newly synthesized silver NCs and
light is an actively pursued research frontier.
In the present work, we present the synthesis of a TRZ-H2

protected silver NC, i.e., [Ag31(TRZ)10] (shortly Ag31) using
triphenylphosphine-assisted metal thiolate coreduction reac-
tion. This is the first report of a silver NC protected by triazine
dithiol ligand. Due to the specific metal core and surface ligand
arrangements, it shows a characteristic UV−visible absorption
feature having three absorption maxima at 403, 527, and 600
nm. High-resolution mass spectrometry (MS) and other
spectroscopic and microscopic studies confirm the atomic
arrangement of the cluster. Thermogravimetric analysis shows
the thermal stability of the cluster in the solid state, and time-
dependent UV−vis shows the stability of the cluster in
solution. Interestingly, we have observed that the violet-

colored Ag31 got converted to greenish Ag42 upon white light
illumination. MS investigations reveal the formation of a new
cluster, i.e., [Ag42(TRZ)13], with higher nuclearity. The
photoluminescence (PL) studies show that NIR-emitting
Ag31 got converted to red-emitting Ag42. The formation of
mixed intermediate clusters with photogenerated electrons by
light exposure is probably the reason behind such a structural
expansion. Ultrafast transient absorption studies further reveal
the unique characteristics of the excited-state carriers in these
clusters. This work demonstrates the potential of light-
activated conversion of ligand-protected NCs with specific
optical and photophysical characteristics. Although there is a
large body of data on these clusters, their single crystals were
not obtained to determine their structures.

■ EXPERIMENTAL SECTION
Chemicals. Silver nitrate (AgNO3) was purchased from Rankem

Chemicals. Sodium borohydride (NaBH4, 98%) and triphenylphos-
phine (TPP) were bought from Aldrich Chemicals. The ligand, TRZ-
H2, was purchased from TCI America. Sodium sulfate and
tetrabutylammonium hexafluorophosphate (TBAF) were purchased
from Fisher Scientific and Aldrich, respectively. Solvent grade
dichloromethane (DCM), chloroform (CHCl3), n-hexane, N,N-
dimethylformamide, and methanol were bought from Rankem
chemicals and Finar, India. Milli-Q water was used for the synthesis
and purification of clusters. Deuterated solvent, CDCl3 (99.8 atom %
D), was purchased from Sigma Aldrich. All chemicals are
commercially available and were used as such without further
purification.

Synthesis of Ag31 NC. Ag31 was synthesized at room temperature
using a triphenylphosphine-assisted silver-thiolate coreduction re-
action. In brief, 20 mg of AgNO3 (0.12 mM) was dissolved in 5 mL of
methanol. 25 mg of TRZ-H2 (0.09 mM) was dissolved in 9 mL of
DCM and added to the stirring condition. After 15 min of reaction, 75
mg of TPP (0.28 mM) dissolved in 2 mL of DCM was added to the
reaction mixture. After 10 min of reaction, 12−13 mg of NaBH4
dissolved in 1 mL of Milli-Q water was added. After adding NaBH4, a
dark reddish solution was formed, which eventually was converted to
a bluish-violet solution after an overnight reaction. After 12 h of
reaction, mixed solvents were removed at reduced pressure. The crude

Figure 1. (a) Schematic representation of the synthesis of Ag31 using the triphenylphosphine-assisted coreduction reaction. Photographs of (b) 200
mg powder of Ag31 and (c) violet-colored Ag31 in DCM. (d) UV−vis absorption spectrum of the cluster. (e) Full range ESI-MS spectrum in the
negative-ion mode. An intense dianionic peak at m/z 3024.02 and a monoanionic peak at 6048.01 indicate the presence of both the charge states of
the cluster. The inset shows the isotopic distribution of the experimental (black) and theoretical (red) spectra.
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oily product was cleaned five to six times using methanol and hexane
in ultrasonic condition to make pure dark violet-colored powder. The
yield of the product was 75% in terms of silver.

Light-Triggered Conversion. The Ag31 powder (3 mg) was
dissolved in 3 mL of DCM or chloroform in a clean glass bottle to
study the light-illuminated conversion process. A white light source
(xenon arc lamp with a power of 100−200 W) from Newport, India
was used for irradiation. Continuous exposure to light leads to such
intercluster conversion, which was initially monitored by the visible
change in the color of the solution. To further verify the conversion,
UV−vis absorption and MS studies were performed. The yield of the
interconverted Ag42 cluster is 30−35% in terms of the Ag31 cluster.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Ag31. We have

synthesized TRZ-protected Ag31 at room temperature (25 °C)
by triphenylphosphine-assisted coreduction of silver thiolate
precursor using NaBH4 as the reducing agent. Figure 1a shows
the schematic representation of the synthesis. A detailed
synthesis protocol of Ag31 is presented in the Experimental
Section. The formation of Ag31 was monitored using time-
dependent UV−vis (Figure S1), which shows the appearance
of characteristic absorption bands after 6 h of reaction and
which eventually becomes more prominent after the overnight
reaction. The purified cluster was used for further studies.
Photographs in Figure 1b,c depict the violet-colored cluster in
the solid state and in DCM solution, respectively. UV−vis
absorption characterized the Ag31, representing discrete
spectral bands at 403, 527, and 600 nm (Figure 1d). The

characteristic spectral feature is the fingerprint of the NC. To
understand the effect of TPP in the synthesis, we performed a
reaction with equal amounts of metal and thiolate precursors
without TPP. The product formed due to the reduction
without TPP is red, unlike violet-colored Ag31 with TPP. UV−
vis absorption spectrum is also not similar in both the cases
(shown in Figure S2). Furthermore, we successfully scaled up
the synthesis (5-fold) of Ag31 through TPP-assisted reduction
reaction, which was verified through UV−vis studies (Figure
S3).
The molecular composition of the Ag31 was substantiated

using high-resolution electrospray ionization mass spectrome-
try (HR-ESI-MS) studies. Additional details of instrumentation
and sample preparation are presented in the Supporting
Information. Figure 1e shows the negative-ion mode ESI-MS
spectrum of the cluster with an intense ion peak at m/z
3024.02 and a relatively weak peak at m/z 6048.01. A peak-to-
peak separation of isotopic distribution is 0.5 for m/z 3024.02
and 1 for m/z 6048.01 peaks, confirming that the charge states
of the ions were 2 and 1, respectively. The total mass of
6048.01 matches with the composition of [Ag31(TRZ)10],
coexisting with the di- and monoanionic charge state species.
The isotopic envelope matches well with the theoretical
spectrum (shown in the inset of Figure 1e). We did not
observe any peak in the spectrum collected in the positive-ion
mode (Figure S4), manifesting the lack of additional cationic
species. Upon additional MS measurements using cesium
acetate as the ionizing agent, we observed the emergence of

Figure 2. (a) Collision energy-dependent MS/MS fragmentation spectra of Ag31 shows the losses of TRZ and silver fragments from the parent
cluster. An expanded view of the highlighted region is shown in the Supporting Information. (b) Scanning transmission electron microscopic image
of the Ag31 NC. The inset shows the particle size distribution profile with an average diameter of 1.8 ± 0.21 nm. (c) Thermogravimetric analysis
and differential thermal analysis of Ag31 indicating its thermal stability up to 280 °C.
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both mono- and dianionic species of the cluster (Figure S5).
Furthermore, a peak at 3094.41 (charge state 2−) correspond-
ing to Cs+ attachment with the trianionic cluster, i.e.,
[Ag31(TRZ)10]3−, was detected. Collectively, these findings
provide evidence for the coexistence of multianionic charge
states of the cluster, with a dianionic cluster as the major
species in solution.
To gain additional insight into the molecular composition of

the cluster, we have performed collision energy-dependent
fragmentation studies upon isolating the parent dianionic
species at m/z 3024.02 (shown in Figure 2a). No
fragmentation of the parent peak was observed up to CE 10
(in an instrument unit). Upon further increasing the collision
energy from CE 10 to 35, we observed two new peaks with a
monoanionic charge state at m/z 5777.72 and 5399.82. The
mass losses of 270 and 648 amu represent the fragmentation of
TRZ and Ag(TRZ)2, respectively, from the parent
[Ag31(TRZ)10] NC. Therefore, the two peaks at 5777.72 and
5399.82 are assigned to the molecular formulae,
[Ag31(TRZ)9]− and [Ag30(TRZ)8]−, respectively. Upon further
increasing the collision energy to CE 70, a few additional peaks
were observed at m/z 4913.13, 4157.06, and 3779.24. These
new fragments are assigned as [Ag28(TRZ)7]−, [Ag26(TRZ)5]−,
and [Ag25(TRZ)4]−. We have also observed several new

fragmented peaks along with these prominent peaks at CE 60.
The major fragmented peaks at m/z 3019.84, 2633.04,
2351.79, 2320.04, 2120.32, 2061.42, 1836.29, 1779.93,
1350.52, 1232.74, and 1031.01 are assigned to the
compositions, [Ag14S5(TRZ)5]−, [Ag11S3(TRZ)5]−, [Ag9S-
(TRZ) 5 ]− , [Ag 9 (TRZ) 5 ]− , [Ag 9S 2 (TRZ) 4H5 ]− ,
[Ag11S2(TRZ)3]− , [Ag12(TRZ)2H2]− , [Ag9(TRZ)3]− ,
[Ag5(TRZ)3H]−, [Ag8S3(TRZ)H4]−, and [Ag7(TRZ)H6]−,
respectively (shown in Figures S6 and S7). Altogether, the
losses of different Ag and TRZ fragments during collision-
induced dissociation studies confirmed the molecular compo-
sition of Ag31.
The Ag31 cluster was further characterized by scanning

transmission electron microscopy (STEM). The STEM
micrograph in Figure 2b shows ultrasmall particles with a
dimension of <2 nm. The 1H NMR chemical shifts at 3.54,
1.56, 1.32, and 0.89 ppm of the free ligands were shifted to
3.39, 1.43, 1.17, and 0.81 ppm in the cluster (Figures S8 and
S9). The broad spectral features of the Ag31 cluster are due to
the large electron density of the silver core. Fourier transform
infrared (FT-IR) spectroscopy also depicts the binding of the
TRZ ligand on the cluster. Figure S10 shows the comparative
IR spectra of the free TRZ-H2 ligand and the Ag31 cluster. The
C−H stretching peak at 2950 cm−1 remains at the same

Figure 3. (a) Schematic representation shows light-irradiated conversion of Ag31 to Ag42 in DCM solution, whereas Ag31 remains intact without
light irradiation. (b) Time-dependent UV−vis absorption spectra of Ag31 show stability for a month without light exposure. (c) UV−vis absorption
spectra during the conversion process. The inset shows the photographs of the respective solutions at different time points. Upon further exposure
for 120 min, no change was noticed. (d) Positive-ion mode ESI-MS spectrum of as formed Ag42 after 30 min of light illumination. Complete
conversion of the parent cluster is noticed.
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position for the cluster, which suggests that the butyl chains
remain unaffected. The C�N stretching peaks at 1599 and
1536 cm−1 for the TRZ-H2 ligand were shifted to 1513 and
1478 cm−1 due to the close proximity of triazine moiety. The
sharpness of the C−N stretching band was reduced, while the
peak remained at the same position (1126 cm−1). X-ray
photoelectron spectroscopy (XPS) was performed on the Ag31
cluster, and the data are shown in Figure S11. The survey scan
shows the presence of the respective elements, i.e., Ag, S, C,
and N, originating from the metal and ligands. We could not
successfully prepare single crystals suitable for X-ray
diffraction. The as-prepared violet powder shows weak X-ray
diffraction features due to poor crystallinity (Figure S12). To
investigate the thermal stability of the cluster, we measured its
thermogravimetric (TG) profile. TG measurement shows
thermal stability of the cluster without having any mass losses
up to ∼200 °C (shown in Figure 2c).

Light-Triggered Intercluster Conversion. Despite am-
bient stability and thermal robustness, we observed the
conversion of Ag31 to other clusters upon photoirradiation,
which is visible by the change in the color of the solution.
Figure 3a shows the schematic representation of the light-
illuminated conversion of Ag31 to Ag42, whereas no conversion
was observed for the same cluster without light irradiation. We
monitored the UV−vis absorption spectra of the cluster in
DCM for an interval of 2 days and observed identical
absorbance features after 30 days without any light irradiation
(Figure 3b). Ambient stability of the cluster was also observed
in chloroform solution (Figure S13). However, white light
irradiation (Xe arc lamp, 140 W) results in a visible change of
color from violet to green after 30 min of irradiation (Figure
3c). UV−vis absorption measurement showed that the green
product has absorption bands centered at 398, 419, 500, and
606 nm in a characteristic pattern, which indicates the
formation of a new cluster. Time-dependent UV−vis measure-
ments showed three characteristic bands at 403, 527, and 600
nm up to 15 min of light irradiation, which suggests that Ag31
remains intact in the solution. Further 20−25 min of

irradiation resulted in a grayish intermediate solution, which
was converted to a green-colored solution within 5−10 min.
The absorption features of the gray and green solutions are
nearly similar. After continuous light exposure up to 60 min,
absorption features remained the same, confirming that the
green solution is the final product in the conversion process.
The molecular composition of the end product and the

intermediate species formed during such a conversion process
were monitored using HR-ESI-MS studies. Time-dependent
MS studies showed the appearance of the peak at m/z 3024.02
(charge state 2−) after 15 min of light exposure (Figure 4a,b),
which suggests the presence of Ag31 cluster in solution up to 15
min. Additional peaks were not observed in the positive-ion
mode. The MS data of the grayish intermediate species
(formed after 20−25 min of light exposure) show two new
peaks at m/z 3358.79 and 4022.53 in the positive-ion mode
with a charge state of 2+. These peaks are assigned to
[Ag35(TRZ)10(C11H18N4S)]2+ and [Ag42(TRZ)13]2+. There are
multiple new peaks at m/z 2830.10, 2899.97, 3164.34,
3337.20, and 3407.16 with 2− charge state, which are assigned
a s [ A g 2 8 ( T R Z ) 8 ( C 1 1 H 1 8 N 4 S ) 2 ] 2 − ,
[Ag29(TRZ)9(C11H18N4S)]2− , [Ag33(TRZ)10S2]2− ,
[Ag34(TRZ)11S]2−, and [Ag35(TRZ)11S2]2−, respectively. The
green-colored end product has a single peak at m/z 4022.53,
with dipositive charge state with the composition as
[Ag42(TRZ)13]2+, and theoretical isotopic distribution matches
well with the experimental spectrum (Figure 3d). No other
species were observed throughout the MS spectrum. Also, data
collected in the negative-ion mode show no peaks, which
suggests the complete conversion of Ag31 to Ag42 (Figure S14).
Therefore, light illumination resulted in clusters with lower and
higher nuclearities, and the intercluster reaction between these
species (summarized in Figure 4c) resulted in Ag42 as an end
product. Light-induced growth was observed for a gold NC
upon reorganization of the fragmented species arising from
light exposure.65

Collision energy-dependent fragmentation studies were
performed to understand the structural skeleton of the Ag42

Figure 4. Time-dependent MS spectra showing the formation of intermediate NCs in (a) negative- and (b) positive-ion modes during the
conversion of Ag31 to Ag42. * indicates some complex species. (c) Schematic illustration of the intermediate species formed during the conversion
process.
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NC (Figure 5). On increasing the CE from 0 to 50, no
fragmentation of the parent cluster was observed. Further

increasing the collision energy to CE 60, we observed the
appearance of five new peaks at m/z 3887.46, 3752.33,
3617.35, 3482.42, and 3347.53 with a dipositive charge state.
The sequential mass losses of m/z 270 indicate loss of TRZ
ligands from the cluster. Upon further increasing CE to 120,
we observed losses of six TRZ fragments from the cluster.
Increasing the CE beyond 120 leads to the fragmentation of
the metal core of the cluster. Detailed analyses of the molecular
composition of these fragments in the lower mass range are
presented in Figure S15. Fragmentation of TRZ ligands were
also observed.
We have observed a similar type of light-activated

conversion in chloroform solution, confirmed through UV−
vis absorption and MS studies (shown in Figure S16). The
identical absorption features (shown in Figure S17) up to 24
days in DCM and chloroform solutions, respectively, indicate
the stability of Ag42 in ambient conditions. XPS and IR studies
further confirm the binding of the TRZ ligands. The XPS
survey spectrum shows the presence of the expected elements,
i.e., Ag, S, C, and N in Ag42 (Figure S18). The binding energy
of 368.4 and 374.4 eV represents the 3d5/2 and 3d3/2 of
metallic silver (0). Spectral fitting of the C 1s region shows
three peaks at 285.1, 286.1, and 287.6 eV due to C−C, C−N,
and C�N bonding of TRZ ligands. Deconvolution of the N 1
s region shows two peaks at 398.7 and 400.1 eV due to C−N
and C�N bonding, respectively. FT-IR studies (shown in
Figure S19) further confirm the binding of TRZ ligands with
the cluster. TEM investigation reveals the appearance of
ultrasmall Ag42, having an average particle diameter of 1.93 ±
0.12 nm (shown in Figure S20).
The intercluster conversion kinetics depends on the lamp

power and concentration of the cluster. We have studied the
conversion process using different lamp powers, i.e., 100, 140,

and 180 W having the same concentration (1 mg/mL).
Comparative UV−vis measurements (shown in Figure S21)
reveal a slowdown (∼ 40 min) of the conversion kinetics under
the lamp power of 100 W, whereas the conversion took ∼20
min under the 180 W lamp. Similarly, we measured the
conversion kinetics at 140 W at varying cluster concentrations
of 1, 3, and 5 mg/mL (shown in Figure S22). The conversion
took 30 min for 1 mg/ ml and 50 and 70 min for 3 and 5 mg/
mL concentrations, respectively. The reduction of the
absorbance of Ag42 in comparison to Ag31 also suggests the
reduction of the number of particles upon such a photo-
conversion process. Furthermore, we have studied the effect of
light activation in the solid state. A cluster film was prepared
on a glass slide upon drop casting 3 mg of Ag31 upon
dissolution in DCM. Time-dependent UV−vis absorption
studies of the light-exposed thin film showed identical spectral
bands up to 210 min of light exposure (lamp power 140 W)
(Figure S23). Therefore, this light-activated intercluster
conversion is a solution-state phenomenon. The interactions
between clusters through long butyl chains on each TRZ
ligand promote the dissociation and aggregation reaction
pathways. The present finding provides new insight into the
ligand’s effect on light-induced intercluster conversion. Our
earlier studies demonstrated the light-induced conversion of
ortho-carborane 1, 2-dithiol, and triphenylphosphine copro-
tected silver NC in DCM solution.66 The presence of long
butyl chains and nitrogen with multiple binding sites on TRZ
ligands facilitates short-range intercluster interactions in
solution, playing a significant role in increasing the nuclearity
of the cluster.
To understand the electronic stability, we have calculated

the valence electrons of these clusters using the electron
counting formula as (Nν−M−Z), where N = number of metal
atoms, ν = atomic valence of the metal atom, M = number of
ligands, and Z = overall charge.67−69 [Ag31(TRZ)10]2− and
[Ag31(TRZ)10]1− have an electron count of 13e (31−20 + 2)
and 12e (31−20 + 1), respectively. This cluster showed
photosensitive behaviors, probably due to the lack of a close
shell superatomic electronic configuration. On the other hand,
the valence electron for the [Ag42(TRZ)13]2+ cluster is 14e
(42−26−2).

Understanding the Intercluster Conversion through
Photoelectrochemical Studies. To understand the photo-
activated conversion process, we have measured the open-
circuit potential (OCP) of Ag31 solution (in DCM) during
light illumination conditions. This experiment refers to
previously studied measurements (by Bard et al.) of single
nanoparticle collisions by OCP and other electrochemical
techniques.70−73 We used 0.2 M TBAF as the electrolyte
during the measurement to enhance ionic conductivity of the
solution. The OCP measurements of Ag31 solution (concen-
tration of 1 mg/mL) show a gradual rise in potential after light
exposure. Continuous light exposure up to ∼3000 s shows
three different kinetics during this conversion process (Figure
6a). The rate of potential enhancement is 6.56 × 10−4 V/s for
an interval of ∼130 s, and this indicates the initial conversion
step. This rapid potential enhancement compared to other
steps is due to the enhanced Brownian motion of the Ag31
cluster. The second and third kinetics took ∼1250 and ∼1400
s, with the rate of OCP enhancement being 7.58 × 10−5 and
1.98 × 10−5 V/s, respectively. Electrons generated from the
negatively charged Ag31 are probably responsible for this light-
activated enhancement of potential. As these electrons are

Figure 5. Collision energy-dependent MS/MS fragmentation spectra
of Ag42. Sequential TRZ detachment of up to six ligands was observed
upon increasing the collision energy. An expanded view of the
highlighted region with peak assignments is shown in the Supporting
Information.
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generated in their respective solutions, we believe that they are
solvated. Propagating solvated electrons upon photoexcitation
was also observed for various gold and silver nano-
particles.74−76 To understand the role of the cluster, a control
OCP measurement was performed using the same electrolyte
solution without cluster, and there was no change in OCP
response under the photoillumination condition (Figure S24).
Independent OCP measurements using cluster concentrations
of 1, 2, and 3 mg/mL show similar first kinetic step (∼130 s)
for all concentrations, whereas the time taken for the second
kinetic step increases from ∼1250 s for 1 mg/mL to 2000 and
3000 s for 2 and 3 mg/mL clusters, respectively (shown in
Figure S25). All these measurements suggest that the second
conversion step is the rate-determining step for this conversion
process. Increasing concentration took more time to complete
the conversion, which is correlated with the concentration-
dependent UV−vis absorption studies (shown in Figure S22).
Rather than continuous exposure of light, a stepwise light
exposure cycle (time interval for each on−off step is 200 s)
shows a gradual reduction of the OCP photoresponse (shown
in Figure 6b). After ∼3000 s of stepwise light exposure,
photosensitivity reduces significantly since the formed Ag42 is
less photoactive than Ag31. The newly formed intermediate
clusters, monitored through MS studies, along with the
solvated electrons are responsible for making the Ag42 cluster.
An independent cyclic voltammetry measurement also shows
the emergence of photogenerated electrons for Ag31 cluster in
DCM solution (concentration of 1 mg/mL with 0.2 M TBAF)

(Figure S26a). On the other hand, the presynthesized Ag42
cluster remains photosilent in similar electrochemical con-
ditions (shown in Figure S26b).
Considering the light sensitivity of Ag31 cluster, electro-

chemical photocurrent measurements in the solid state were
performed upon preparing a thin layer of clusters on an indium
tin oxide (ITO) working electrode (active surface area 1 cm2).
Photocurrent measurements were performed using 0.01 M
aqueous Na2SO4 electrolyte in the presence of Pt wire as a
counter electrode and Ag/AgCl as a reference electrode. Linear
sweep voltammetry (LSV) measurements for Ag31 (Figure 6c)
showed a positive photocurrent response in the potential range
of 0.5−0.9 V upon light illumination. Furthermore, chro-
noamperometric measurement shows a positive photocurrent
response of ∼0.38 μA at a bias voltage of 0.72 V. The
photocurrent response was reversible up to five cycles (Figure
6d). Bare ITO electrodes did not impart any photocurrent
response in the same condition (Figure S27). Photogenerated
electrons of Ag31 were transferred to the ITO electrode, which
exhibited a photocurrent in the solid state. Intercluster
collisions between these charged species are interrupted in
the solid state. However, dynamic motions in solution and
subsequent intercluster collision are responsible for such
intercluster conversion.

Effect on Optical Emission. We have measured the
emission properties of both the clusters in their respective
solutions in DCM. Ag31 shows no visible luminescence under
365 nm UV light, as shown in the inset of Figure 7a. PL

Figure 6. (a) OCP measurement of Ag31 in the presence of 0.2 M TBAF solution in DCM (conc. 1 mg/mL) during continuous light illumination
(140 W). (b) OCP profile of Ag31 during a sequential light on and off cycle. Light exposure time is 200 s in each step. (c) Electrochemical LSV
current−voltage (I−V) characteristics of Ag31 in the presence of 0.01 M Na2SO4 solution. The inset shows a photograph of an ITO electrode
coated with Ag31. (d) Chronoamperometric measurement of the Ag31 film at 0.72 V demonstrated a reversible photocurrent response.
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spectral measurement shows a weak emission at 697 nm in the
NIR-I window, using excitations at 455 and 590 nm. On the
other hand, the Ag42 has a bright red luminescence under a 365

nm UV lamp (shown in the inset of Figure 7b). The emission
maximum was centered at 642 nm upon photoexcitation at
376, 417, and 480 nm. The emissive lifetime of 1.69 ns in its

Figure 7. (a) PL excitation and emission spectra of Ag31 show a weak NIR-I emission. The inset shows the respective cluster under UV light. (b)
PL excitation and emission spectra of Ag42 show bright red luminescence. The inset shows an image of the cluster under UV light. (c) Fluorescence
decay profile of Ag42. (d) Emission spectra of Ag42 before and after oxygenation. The excitation wavelength is 480 nm. The inset shows images of
the Ag42 cluster under UV light.

Figure 8. (a) Contour plot of the fs-TA spectrum of Ag31 NC, where the pump excitation was at 400 nm. (b) Spectral evolution TA as a function of
time delay. (c) Kinetic decay traces of ESA and GSPB signals. (d) Nanosecond time evolution spectral profile measured by laser flash photolysis.
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DCM solution (Figure 7c) suggests fluorescence emission
originating from the singlet excited state. The expansion of the
emissive band gap (0.15 eV) and enhancement of the emission
intensity for the Ag42 cluster are probably due to the enhanced
symmetry of the ligand distribution around the cluster core,
which promotes enhanced interfacial charge transfer.
Although there is no significant visible color change of the

cluster in its solid state, we observed double emission bands
centered at 649 and 740 nm, where 740 nm is the primary
emission band (Figure S28). Intercluster interaction in the
solid state is probably the reason behind these low-energy
emission features. After oxygen bubbling, there is no significant
emission quenching, confirming that the emission originated
from a singlet state. However, we observed a visible color
change from orange to purple after oxygen bubbling (30−35
min). PL measurement (Figure 7d) shows a 642 nm peak that
shifted to 673 nm after oxygen exposure. Although the singlet
excited state is not quenched by oxygen, the interactions
between the Ag42 cluster and oxygen lead to the stabilization of
the excited state. Identical UV−vis absorption features (shown
in Figure S29) of the oxygenated sample suggest the structural
stability of the Ag42 cluster.

Comparative Excited-State Electron Dynamics. We
conducted femtosecond transient absorption (fs-TA) and
nanosecond laser flash-photolysis (ns-LFP) studies to visualize
the excited-state carrier dynamics of these clusters. In our
measurements, we excited the sample in DCM solution with a
120 fs laser pulse at 400 nm, and the resulting change in the
system was monitored by time-delayed broad band pulses of
460−670 nm range. Specific instrumentation details can be
found in the Supporting Information. The fs-TA signals of Ag31
are plotted in Figure 8. The contour maps of Ag31 consist of
ground state photobleaching (GSPB) bands at 520 and 610
nm, along with three excited -state absorption (ESA) features
(yellow and red colors represent a positive signal) at 470, 580,
and 650 nm (Figure 8a).
For better quantification, the spectral cross-section at the

selected time delay is shown in Figure 8b. The figure shows
that the primary photobleach is at 520 nm, which is the
position of optical absorption (527 nm) manifested in the form
of a negative signal. However, the 610 nm GSPB band is visible
only in the downhill region in the ESA band. These
photobleach signals arise due to the phase-space filling of
excited-state carriers formed by pump excitation, and ESA is
due to the transitions of these carriers into elevated excited-
energy states. Here, it is interesting to see that among all these
features, photobleach (in the region of 520 and 610 nm) and
ESA (470 and 670 nm) have the same type of time evolution

but relatively different and correlated electron dynamics
compared to the ESA of 580 nm (Figure 8c). The features
of 520, 620, 470, and 670 nm build up immediately after
photoexcitation within the same time period of 0.5 ps and then
exhibit an early decay.
On the other hand, ESA of 580 nm rises slowly and builds

up in the decay duration. This behavior suggests that an ESA
of 580 nm arises after the early decay of all other features. For
quantification of this ultrashort-time behavior, the temporal
profile for the early time is shown Figure S30. By fitting the
decay with of the single exponential function, we found the
decay constant of 3.6 ± 0.3 and 3.5 ± 0.5 ps. This type of
ultrafast electronic behavior was also observed for the gold and
silver NCs and assigned to the internal conversion from
(LUMO+n) to LUMO states.77−79 These studies suggest that
the observed electron dynamics of the excited state can be
linked to two different processes. The first fast relaxation is due
to internal conversion, and the subsequent slow component is
due to the relaxation within the ground state. Further, the
excited-state carriers do not relax completely, suggesting a long
lifetime. Therefore, to determine the decay kinetics of
relaxation to the ground state, ns-LFP of Ag31 was performed
(Figure 8d), revealing a microsecond-long lifetime for the
cluster.
TA spectral features of Ag42 are plotted in Figure 9, where

we see weak GSPB bands at 510 and 606 nm and prominent
excited-state absorption bands at 465, 560, and 650 nm.
Although the spectral features of both the clusters are nearly
similar, their lifetimes are contrastingly different. Temporal
evolution of TA in Figure 9c reveals a ns lifetime compared to
the μs lifetime for the parent Ag31.

■ CONCLUSIONS
In conclusion, we present the first triazine dithiol-protected
silver NC, i.e., Ag31, using a triphenylphosphine-assisted metal
thiolate coreduction reaction. The UV−vis absorption bands in
a characteristic pattern represent the discrete electronic energy
levels of the NC. MS measurements and collision energy-
dependent fragmentation studies confirm the molecular
composition of the cluster with mono- and dianionic charge
states. Thermally stable Ag31 shows light-triggered size
expansion in its solution. The visible color change from violet
to green and the changes in the UV−vis spectral features reveal
such a light-activated process. MS studies confirm the
formation of [Ag42(TRZ)13]2+ as an end product through
intercluster reactions between intermediate clusters with lower
and higher nuclearities. The PL spectral measurements showed
that the Ag31 is weakly NIR emissive, with an emission

Figure 9. (a) fs-TA contour map of Ag42, where the pump excitation was at 400 nm. (b) Time evolution of the TA spectra of Ag42. (c) Selected
kinetic decay traces for the 570 nm ESA features.
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maximum at 697 nm, whereas the Ag42 is intensely red
emissive (maximum at 642 nm). The photoconducting Ag31
shows light-irradiated enhancement of OCP in photo-
electrochemical conditions. The formation of light-activated
solvated electrons might be triggering this conversion process.
The femtosecond and nanosecond ultrafast TA studies reveal
that the stable excited-state carriers of Ag31 (lifetime in the μs
range) got converted to Ag42, having unstable carriers with ns
lifetime. Altogether, these studies showed an unusual size
evolution of a silver nanocluster triggered by light.
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Instrumentation

UV-vis absorption spectroscopy: UV-vis absorption spectra were measured in transmission 

mode using Perkin Elmer Lambda 365 UV-vis spectrometer using a bandpass filter of 1 nm.

Photoluminescence spectroscopy: Photoluminescence spectra were measured using a Jobin 

Yvon Nanolog fluorescence spectrometer using a slit width of 3 nm and a resolution bandwidth of 

5 nm. The Nanolog instrument has a 450 W xenon-arc lamp source, double monochromator with 

kinetic gratings, associated reflective optics, and CCD detector. Samples were dissolved in DCM 

(~3 ml) was placed in a 1 cm quartz cuvette to measure the spectrum.

Scanning transmission electron microscopy: STEM images of Ag31 nanocluster were captured 

using a double Cs-corrected JEM-2200FS transmission electron microscope. The measurement 

was performed at an accelerating voltage of 200 kV. The sample was prepared by drop-casting 

Ag31 cluster in DCM over the ultrathin carbon-coated copper grid.

Transmission electron microscopy: TEM imaging of Ag42 nanocluster was performed using a 

JEOL 3010 high resolution transmission electron microscope operated at 200 kV. A Gatan 

multistage CCD camera was used to record the micrograph.

Mass spectrometry: Mass spectra of all the clusters were measured using Waters Synapt G2Si 

HDMS instrument. The instrument is equipped with an electrospray ionization source, mass-

selected ion trap, ion mobility cells, and time of flight mass analyzer. An optimized operating 

conditions such as flow rate 15-20 μL/min, capillary voltage 2-3 kV, cone voltage 20 V, source 

offset 10 V, desolvation gas flow 400 L/min and source temperature 80-100 °C were used for the 

measurements. Collision-induced dissociation (CID) studies were performed upon colliding the 

selected molecular ion with argon gas inside the trap cell of the instrument. Gradually increasing 

the collision energy (CE 0 to 70 for Ag31 and CE 0 to 150 for Ag42) leads to the fragmentation of 

the species. All the measurements used low concentrations (~ 1 μg/ml) of cluster samples.

Infrared spectroscopy: FT-IR spectra were measured using a JASCO-4100 FT-IR spectrometer 

after preparing potassium bromide (KBr) pallets of the respective samples.

X-ray photoelectron spectroscopy: XPS data were measured using an ESCA probe TPD 

equipped with a polychromatic Mg Kα X-ray source (hν = 1253.6 eV). The binding energy of the 

spectral regions of different elements was calibrated with respect to C 1s (285.0 eV).
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NMR spectroscopy: NMR spectra were measured using a Bruker 500 MHz NMR instrument. 

Samples were dissolved in CDCl3 to record the spectrum. Data were analyzed using MestRe-Nova 

software.

Powder X-ray diffraction: Powder X-ray diffraction was measured by a D8 Advance Bruker 

instrument using Cu Kα as the X-ray source (hν = 8047.8 eV).

Thermogravimetric analysis: Thermogravimetric measurements were performed using 

NETZSCH STA 449 F3 Jupiter TGA instrument equipped with Proteus-6.1.0 software. 4.82 mg 

Ag31 powder was used for the measurement. The study was performed in a temperature range of 

30 to 800 °C under an argon atmosphere (gas flow rate 20 mL/min) with a heating rate of 10 

°C/min.

For Ag31 cluster, TG measurement shows no significant mass losses upto 200 °C (shown in Figure 

2c). Further heating leads to 27 % mass loss at 280 °C due to the detachments of six TRZ ligands 

and 46 % loss at 326 °C due to the dissociation of [Ag11S(TRZ)2] fragment.

Electrochemical studies: The electrochemical behavior of the light-triggered conversion process 

of Ag31 cluster in DCM solution was studied using a CHI-600A potentiostat. 0.2 M 

tetrabutylammonium hexafluorophosphate (TBAF) solution was used as an electrolyte throughout 

the experiments. We have performed these experiments in a two-electrode setup, where a clean Pt 

wire (diameter 2 mm) acts as a working electrode and Ag/AgCl is used as a reference electrode. 

All the experiments were performed at room temperature (22 °C). Electrochemical photocurrent 

measurements in the solid state were performed in a three-electrode setup using a Bio-Logic SP-

200 potentiostat. 3 mg cluster dissolved in 1 ml DCM was drop cast on a clean ITO glass slide (an 

active surface area of 1 cm2) to prepare the working electrode. A platinum electrode (diameter 2 

mm) was used as a counter electrode, and Ag/AgCl electrode acted as a reference electrode. 0.01 

M Na2SO4 in water was used as an electrolytic solution for the photocurrent measurements. A 

white light source (xenon arc lamp) from Newport, India, was used as a white light source 

throughout the experiments.

TCSPC measurement: Time-resolved photoluminescence lifetime measurements were 

performed using a HORIBA Delta flex TCSPC spectrometer. The instrument was coupled with a 

ps pulse diode laser (pulse width of 85 ps) with an excitation wavelength centered at 405 nm. A 

HORIBA PPD-850 detector was used to record the decay profile.
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Femtosecond transient absorption studies: The femtosecond TA measurements were performed 

using an ultrafast short laser pulse (pulse width 120 fs) centered at 800 nm. The pulse was 

generated by spectra physics Maitai oscillator with a few hundred nJ energy. The output beam was 

sent to Ti: sapphire optical amplifier to produce high energy pulses (pulse energy 4 mJ, width 120 

fs, repetition rate 1 kHz). The output beam is further split into two parts: the first high-energy beam 

produces the second harmonic using β-barium borate crystal. The obtained 400 nm pulses are used 

to excite the sample with an intensity of 250 μJ/cm2. The second part of the beam was used to 

generate the white light continuum probe pulses (450-800 nm) by CaF2 crystal. The computer-

controlled motion controller creates the delay between pump and probe pulses. The absorbance 

changes in the probe beam are due to the pump being calculated using the equation-

∆𝐴 = log [𝐼𝑒𝑥(𝑠)/𝐼0(𝑠)] ― [𝐼𝑒𝑥(𝑟)/𝐼0(𝑟)]

Where, r and s correspond to the reference and sample, Iex and Io are transmitted intensities of 

probe pulse after excitation and in the ground state, respectively. The intensity of the transmitted 

pulse is measured with the help of MS 2004.
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Figure S1. Time-dependent UV-vis absorption spectra show the formation of Ag31 cluster during the 
progression of TPP-assisted metal-thiolate reduction reaction.

Figure S2. UV-vis absorption spectra of the product formed without TPP. All other precursors and reaction 
conditions are similar for the synthesis. Inset shows a photograph of the product in DCM.
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Figure S3. Nearly identical UV-vis absorption spectra show a five-fold scale-up of the synthesis of Ag31 
using TPP-assisted metal thiolate reduction reaction.

Figure S4. The positive ion mode ESI-MS spectrum of the as prepared Ag31 shows no prominent peaks in 
the spectrum.
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Figure S5. Negative ion mode ESI-MS spectrum of Ag31 nanocluster after the addition of cesium acetate. 
The inset depicts a comparison of the isotopic distribution of the experimental and theoretical spectra.

Figure S6. a) Expanded view of the higher mass range in the MS/MS spectrum of Ag31 at CE 60. b) 
Analysis of the molecular composition of the fragments.
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Figure S7. a) Expanded view of the lower mass range in the MS/MS spectrum of Ag31 at CE 60. b) Analysis 
of the molecular composition of the fragments.

Figure S8. Full range 1H NMR spectrum of Ag31 in comparison to TRZ-H2 ligand. The trace impurity peak 
at 7.32 (m), 7.26 (s), 5.30 (s) ppm are due to TPP, CHCl3 and dichloromethane, respectively. Color code: 
orange = Ag31 cluster, blue = TRZ-H2 ligand.
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Figure S9. An expanded (0.5-1.75 ppm) 1H NMR spectrum of Ag31 in comparison to TRZ-H2 ligand. Color 
code: orange = Ag31, blue = TRZ-H2 ligand.
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Figure S10. FT-IR spectra of Ag31 along with TRZ-H2 ligand. Peaks of interest are marked.
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Figure S11. a) XPS survey spectrum of Ag31 shows the presence of expected elements. b-e) Selected area 
scans showed the respective elements. The binding energies of Ag 3d5/2 and 3d3/2 are 368.5 and 374.4 eV, 
respectively, indicative of metal-like Ag(0) states.1,2 Spectral fittings of the C 1s region shows three binding 
energies at 285.0, 285.9, and 287.5 eV due to C-C, C-N, and C=N regions, respectively. We have also 
observed two fitted regions of N 1s at 398.7 and 400.0 eV for C-N and C=N bonding, respectively.3

Figure S12. Powder X-ray diffraction spectrum of Ag31 shows weak diffraction peaks due to the lack of 
crystallinity.
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Figure S13. UV-vis absorption spectra with identical absorption features indicate the stability of Ag31 in 
CHCl3 solution.

Figure S14. Mass spectra of light-triggered products in a) DCM and b) chloroform solvent in negative ion 
mode. Features of Ag31 and other clusters were not observed. Mononegative charge state peaks are due to 
complexes.
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Figure S15. Expanded views of the lower range collision energy-dependent fragmentation spectra of Ag42. 
Molecular composition of the respective ion peaks are shown here.

Figure S16. a) UV-vis absorption spectra shows the light-triggered interconversion of Ag31 dissolved in 
chloroform. b) ESI-MS data of the light-triggered product shows the formation of Ag42 nanocluster as a 
predominant end product. Inset shows the matching of the experimental (black) and theoretical (yellow) 
spectrum.
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Figure S17. Time dependent UV-vis absorption spectra of Ag42 with identical spectral feature in a) DCM 
and b) chloroform, which demonstrated its stability.

Figure S18. a) XPS survey scan of Ag42 indicating the presence of all the elements. Selected area spectral 
fittings of b) Ag 3d, c) S 2p, d) C 1s and e) N 1s regions.

234



16

Figure S19. Comparative FT-IR spectra of Ag42 cluster and TRZ-H2 ligand. Peaks of interest are marked.

Figure S20. TEM micrograph of the Ag42 cluster. Ultrasmall cluster particles are marked in red.
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Figure S21. a-c) Lamp power-dependent conversion of Ag31 to Ag42 in its DCM solution. Cluster 
concentration was 1 mg/ml for each measurement.

Figure S22. Concentration-dependent conversion of Ag31 to Ag42 in its DCM solution. Lamp power was 
140 W for all the experiments.
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Figure S23. UV-vis absorption spectra of Ag31 after light irradiation in solid state. All the measurements 
were performed using a xenon arc lamp (lamp power = 140 W). Inset shows the photograph of a thin film 
during the process of light illumination.
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Figure S24. Open circuit potential (OCP) measurement of 0.2 M TBAF in DCM solution in dark and light 
illumination (140 W) using Pt wire as a working electrode and Ag/AgCl as reference electrode.
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Figure S25. Open circuit potential (OCP) measurements of Ag31 at different concentrations. Electrolyte 
used was 0.2 M TBAF in dichloromethane and lamp power was 140 W.

Figure S26. Cyclic voltammograms of a) Ag31, b) Ag42 clusters before and after light irradiation (lamp 
power 140 W) in 0.2 M TBAF solution, in DCM.
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Figure S27. Chronoamperometric photocurrent response of a bare ITO electrode under electrochemical 
conditions (electrolyte used was 0.5 M aqueous Na2SO4, lamp power 140 W).

Figure S28. Comparative PL emission spectra of Ag42 nanocluster by 480 nm excitation in DCM solution 
as well as in the solid state. Inset showed the photographs of the respective clusters under 365 nm UV lamp. 
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Figure S29. Comparative UV-vis absorption spectra of Ag42 in DCM solution before and after oxygen 
bubbling. Time of bubbling was 30-35 min.

Figure S30. Early time scale temporal spectral profiles with associated fittings for Ag31 nanocluster.
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ABSTRACT: Fouling on glass surfaces reduces the solar panel
efficiency and increases water consumption for cleaning. Super-
hydrophobic coatings on glass enable self-cleaning by allowing water
droplets to carry away dirt particles. Observing the interaction
between charged particles and surfaces provides insights into effective
cleaning. Using a high-speed camera and a long-distance objective, we
analyzed the in situ deposition of variously functionalized and charged
silica dust microparticles on chemically treated glass. The ambient
charges for the control, hydrophobic, and positively charged particles
were approximately −0.5, −0.13, and +0.5 nC, respectively. We found
that a positively charged particle of 2.3 ± 1.2 μm diameter adhered to
hydroxylated glass in ∼0.054 s, compared to 0.40 and 0.45 s for
quaternary ammonium- and fluorosilane-functionalized hydrophobic
glass. Experiments suggest that quaternary ammonium-functionalized glass surfaces are about 77.8% more resistant to soiling than
bare surfaces.

■ INTRODUCTION
Dust buildup on photovoltaic (PV) panels and façades is a
severe problem since it negatively impacts light transmission
and performance, including energy conversion efficiency. Also,
large volumes of water are used in cleaning these surfaces. Dust
travels long distances ranging from a few meters to thousands
of kilometers, impacting the local environment and human
health.1 According to Elminir et al., dust deposited on
horizontally installed PV panels in arid environments was
∼15.84 g m−2, resulting in a 52.5% decrease in light
transmission.2 Panat and Varanasi observed that with 50 g
m−2 dust deposition, there was ∼50% loss in a solar panel’s
power output at a lab scale, under simulated harsh soiling.3 A
global economic loss of between 3.3 and 5.5 billion USD is
caused by an average power loss of 3 to 4%.4 A 1 MW solar
farm requires close to 24,000 L of water or roughly 3−4 L per
solar panel of ∼400 W for cleaning. Moon et al. showed that
even the most effective robotic cleaning system requires ∼570
L of water to clean an area of 3000 m2 (amounting to 5221 W)
in an hour.5 Dust deposition on PV panels is dynamic, and it
depends on the location. Such particles could be natural or
anthropogenic in origin.6,7 These particles affect the quality of
air8,9 and consequently impact the local environment.

Inspired by nature, glass surfaces have been treated with
transparent superhydrophobic coatings such as fluorosi-
lane10−13 and nonfluorinated silane14−16 to remove dust
particles passively. Recently, Dhar et al. reported a transparent
superhydrophobic coating using dipentaerythritol penta-
acrylate reacted with branched polyethylenimine which was

spray-coated on glass to impart hydrophobicity.17 Due to this
superhydrophobic coating, a water flow removed the deposited
model dust particles.17 Zhang and Seegar fabricated a new
group of nanostructures based on silicone nanofilaments.18

These filaments were grown on glass and immersed in a
toluene solution, and their growth was controlled by regulating
water concentration during the condensation of trichlorosilane.
These filaments were treated with O2 plasma and modified
with 1H, 1H, 2H, and 2H-perfluoro-decyl trichlorosilane. This
transformed it into a superhydrophobic surface with excellent
transparency. Ganesh et al. fabricated a superhydrophobic
coating on glass using electrospinning to remove dirt without
compromising transparency.19−21 Active cleaning methods are
being investigated to curb excessive water use and to transition
to sustainable cleaning systems.22 Some of the useful
techniques include superhydrophobic coatings on glass
surfaces, electrostatic cleaning, straightforward brushing, and
ultrasonic cleaning. With the assistance of hydrophilic curved
rings on a hydrophobic backdrop, Sun and Böhringer
produced an active self-cleaning system capable of eliminating
all types of dust particles from the surface. Here, mechanical
vibrations were utilized to remove dust particles in the

Received: July 4, 2023
Revised: October 26, 2023
Accepted: October 27, 2023

Articlepubs.acs.org/Langmuir

© XXXX American Chemical Society
A

https://doi.org/10.1021/acs.langmuir.3c01856
Langmuir XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

IN
D

IA
N

 I
N

ST
 O

F 
T

E
C

H
 M

A
D

R
A

S 
on

 N
ov

em
be

r 
19

, 2
02

3 
at

 1
4:

48
:4

8 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

242

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pillalamarri+Srikrishnarka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dhivyaraja+Kumaran"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amoghavarsha+Ramachandra+Kini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vishal+Kumar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ankit+Nagar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ankit+Nagar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Md+Rabiul+Islam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ramamurthy+Nagarajan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thalappil+Pradeep"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.langmuir.3c01856&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c01856?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c01856?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c01856?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c01856?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c01856?fig=tgr1&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.langmuir.3c01856?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/Langmuir?ref=pdf
https://pubs.acs.org/Langmuir?ref=pdf


presence of water as they trickled down the surface.23 Vagra
and Wiesner utilized a centrifugal force of ∼65.9 nN to
dislodge silica particles in the size range of ∼15 to 30 μm from
a glass surface.24 Recently, Kawamoto and co-workers installed
parallel electrodes on the surface of PV panels connected to a
high-voltage AC supply. When the panel was tilted and the
electrodes were switched between positive and negative
potentials alternatively at regular intervals, the resulting
electrostatic forces made the dust particles fall, cleaning the
surface without water.25 A similar approach was followed by
Panat and Varanasi, where they observed high removal
efficiency even using a DC voltage and successfully recovered
∼95% of the lost power after cleaning.3 Wang et al. fabricated a
superhydrophobic antireflective coating on the PV module,
which self-cleaned under artificial rain, providing a new
approach to clean large-scale PV farms due to its cost-
effectiveness and scalability.26 The methods mentioned above
remove particles with a size >30 μm, but the removal efficiency
decreases for fine and ultrafine particles. Upon adhesion, these
particles will further aggregate and degrade the overall
performance of the solar panels. Therefore, avoiding particle
adherence as well as removing them early is important from
multiple perspectives.

Superhydrophobic surfaces have varied applications includ-
ing oil/water separation,27 eco-friendly clothing, etc. For
example, a cotton fabric was coated with appropriate molecular
coatings for hydrophobicity.28 This fabric28 was super-
hydrophobic and superoleophilic with an oil/water separation
efficiency of 98.49% even after 18 cycles. A multifunctional
fabric which is superhydrophobic with properties such as
thermal stability even at 180 °C, pH stability, resistance to
organic solvents, and abrasion resistance was fabricated using a
polyethylene terephthalate (PET) fabric with hierarchical
structures by in situ polymerization of pyrrole over it.29

Further treatment of this fabric with pentaerythritol
tetraacrylate, 3-aminopropyltriethoxysilane, and octadecyl
acrylate imparted multifunctionality to this fabric. Super-
hydrophobic fabrics also help build wearable sensors, especially
for monitoring sweat rate and its composition.30,31 Recently,
Liu et al. fabricated a sweat sensor based on polyacrylate
sodium/MXene which was further sandwiched between two
superhydrophobic textile layers for monitoring sweat vapor
with high sensitivity and rapid response time.32 The super-
hydrophobic fabric enabled excellent breathability for the
permeation of water vapor and prevented the sensor from
external water droplets and internal sensible sweat.

In this paper, we present a study of the interaction between
microscopic model dust particles and functionalized glass
surfaces in real time. The particles were tracked using the
image sequence obtained from a high-speed camera, and we
found that hydrophobic glass foul less than the hydrophilic
ones. Particles tend to deposit faster on hydrophilic glass than
on hydrophobic or amine-functionalized glass. Surface energy
and charge could increase the time needed for particle
adhesion. The methodology presented could help evaluate
dust adhesion on glass and help in assessing the ease of
cleaning for a specific type of glass. To the best of our
knowledge, there has been no report on such time-resolved
observations of particle adhesion on surfaces.

■ MATERIALS AND METHODS
Materials. Ethanol (absolute AR) and hexane were purchased

from Fisher Scientific UK, and sulfuric acid (AR) (H2SO4) was

purchased from RANKEM, India. 1H, 1H, 2H, 2H- perfluorooctyl-
triethoxysilane (98%) (PTFS) and hydrogen peroxide (H2O2) were
purchased from Sigma-Aldrich, India. N-Trimethoxysilylpropyl-N,-N,-
N-trimethylammonium chloride (TMA) was purchased from TCL
Chemicals India Pvt. Ltd. Microscopic glass slides (75 × 25 × 1.3)
mm2 were from BLUE STAR, India, and spherical silica particles (SS-
T-2.5, 1−5 μm) were from Sinoenergy Corporation, China. Millipore-
produced deionized (DI) water was used throughout the experiments,
and all the reagents were used without further purification.
Methods. Functionalization of Glass. The glass slides were

cleaned before further surface functionalization. A three-step process
was followed for cleaning these glass slides; initially, the glass slides
were cut to dimensions of 28 × 25 mm2 using a diamond cutter. The
cut-glass slides were sonicated for 15 min in soap solution. After
washing, they were sonicated in ethanol for another 15 min. Finally,
they were immersed in piranha solution [1:4 (v/v) 30% H2O2 and
30% H2SO4] for 2 h. Following this, glass slides were rinsed with DI
water and finally dried by using dry nitrogen (N2) gas. To transform
these hydrophilic glass slides into hydrophobic ones, the glass slides
were immersed in 1 mM PTFS hexane solution for 12 h. These slides
were rinsed with hexane to remove any unbound PTFS and the
hydrophobic glass slides so formed were dried under N2 gas. To
impart positive charges on the glass, the hydrophilic glass slides were
immersed in a 1 mM ethanol solution of TMA for 12 h. Slides were
rinsed with ethanol to remove any unbound TMA and dried using N2
gas.

Functionalization of Particles. About 10 g of silica particles was
added to a soap solution and sonicated for 15 min, following which,
they were vacuum-filtered and washed twice with DI water. These
particles were further added to an ethanol solution, sonicated for 15
min, and vacuum-filtered. The filtered particles were transferred to a
piranha solution for 2 h. Finally, the particles were rinsed with DI
water, vacuum-filtered one more time, and dried in an oven at 75 °C
overnight. From these dried particles, about 3 g was later transferred
to 1 mM PTFS in hexane and kept for 12 h to impart hydrophobicity.
They were vacuum-filtered, dried overnight, and transferred to
polypropylene (PP) bottles for later use. Similarly, another 3 g of the
dried particles was transferred to 1 mM TMA ethanol solution for 12
h to impart the amine functionality.33 These particles were washed
with ethanol, dried, and transferred to a PP bottle. The remaining
hydrophilic silica particles were transferred to a PP bottle for further
use.

Ambient Dust Deposition. To visualize the ambient dust deposited
on different glasses, functionalized glasses were vertically placed at the
top of a ∼20 m high building within the academic zone of the Indian
Institute of Technology (IIT) Madras, Chennai, India. The glass
slides were placed during the summer months, and at the end of each
day, the slides were visualized under an optical microscope to note the
ambient particle deposition.

Model Dust Deposition. For investigating the model dust
deposition on functionalized glass, the experiment was conducted in
an acrylic chamber. The silica particles were fluidized by using a
medical-grade nebulizer operating at a fixed flow rate of 0.4 mL min−1.
The flow of these particles was stopped after 5 s, following which the
glass slides were removed and the particle distribution on the surface
was plotted.

Feret Diameter Measurement. To measure the diameter of the
particle and calculate the size distribution, the Feret diameter was
measured by using a custom MATLAB function. Briefly, the image of
interest was chosen from which a specific region was selected by
cropping the unwanted parts. The color image was then transformed
into a binary image, and “fill holes” functionality was used to fill any
gaps. Then the Feret diameter was measured using the “Feret
diameter” function in MATLAB. Then each diameter was multiplied
with a scale of 0.7 μm pixel−1 and the distribution was plotted as a
histogram. The corresponding code is presented as Annexure-1.

In Situ Particle−Surface Interactions. To investigate particle−
surface interactions, a glass slide was placed vertically inside a
transparent acrylic chamber of dimensions 10 × 10 × 10 cm3, having
an inlet and outlet for the flow of silica particles. The glass was placed
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vertically at the center of the acrylic chamber. This acrylic chamber
was placed on a Labjack (Holmarc), which was further placed on an
optical rail (Thorlabs). These were then placed on an optical table
with vibration isolation. A schematic of the acrylic chamber hosting
the glass slide and particles is shown in Figure 1. Silica particles were
fluidized using precleaned compressed air obtained from a medical-
grade nebulizer with a flow rate of 0.4 mL min−1. A gas trap with a flat
base was used to contain the silica particles. Gas was let in from the
top of the trap to fluidize the particles, and from the side, these
particles were transported inside the acrylic chamber as shown in
Figure 1. A high-speed camera (Phantom V1212, 1000 frames per s)

was coupled with a long-working distance objective (KEYENCE ZHX
1000×) viewed at 1000× magnification. A frame size of 536 × 496
pixels with a resolution of ∼0.7 μm pixel−1 was obtained from
calibration images. A continuous 300 W Xe arc lamp was coupled to
the zoom lens in the coaxial illumination mode to illuminate the
foreground and increase the sharpness of the particles deposited on
the glass slide. The background was illuminated by using a Veritas
Constellation 120E LED strobe light, operating in continuous mode
at 120 W. The acrylic chamber was placed in such a way that the focal
point of the lens was exactly on the glass facing the particles. The
experiments were conducted at 18 °C and at 35%RH. The low

Figure 1. Schematic representation of the experimental setup and molecular models of functionalized silica particles are shown in the inset below.
Fluidized microparticles of different functionalities impacting the glass slide randomly are imaged by a high-speed camera.

Figure 2. (a,c,e) Scanning electron micrographs of bare, hydrophobic (PTFS), and positively charged (TMA)-treated silica particles with a scale
bar of 20 μm. (b,d,f) Corresponding size distribution of the silica particles measured from SEM.
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temperature was needed to protect the high-speed camera, strobe
light, and Xe arc lamp from overheating.

■ CHARACTERIZATION
Silica particles were characterized with a Thermo Scientific
Verios G4 UC FESEM, with retractable detectors operating at
2 kV. The samples were gold sputtered using a CRESSING-
TON sputter coater operating for a period of 80 s. Glass slides
after exposure to silica particles were viewed with a Leica
polarization microscope for particle counting. The Feret
diameter was noted by using MATLAB 20 software. The
functionalized silica particles and glass slides were charac-
terized using a Thermo Scientific Spectrum one FTIR
instrument operated in the total attenuated reflection (ATR)
mode to confirm the presence of the hydrophobic and amine
moieties. The coatings on the glass after multiple cycles of
modification and washing of the glass slides were confirmed
with X-ray photoelectron spectroscopy (XPS). This analysis
was carried out by using an Omicron ESCA probe TPD with
Al Kα as the X-ray source (1486.86 eV). Survey scans were
performed at a pass energy of 50 eV and a step size of 0.5 eV,
ranging from 0 to 1100 eV binding energy, to identify all the
elements in the samples. Detailed scans were conducted for the
elements of interest at a pass energy of 20 eV and a step size of
0.08 eV. In order to obtain the best resolution of the peaks,
detailed scans for the elements of interest were run at least
three times each. Contact angle measurements were performed
by using the sessile droplet method, with water being used as
the solvent (with a volume of 3 μL) using a Holmarc contact
angle meter. To measure the ambient charge of the particles,

about 10 mg of the particles was added to a Faraday cup that
was connected to a Keithley 6514 electrometer.

■ RESULTS AND DISCUSSION
Fabrication of Model Dust and Functionalized Glass.

For creating model dust particles, spherical silica particles (size
2.5 ± 1.2 μm as seen in Figure 2c) were functionalized with
PTFS to impart hydrophobicity and TMA to impart positive
charges. The particles are spherical as seen in Figure 2a and
have a size of 2.5 ± 1.5 μm as shown in Figure 2b. Scanning
electron micrographs of the negatively and positively charged
particles are shown in Figure 2c,e. The size of negatively and
positively charged particles was 2.3 ± 1.2 and 2.4 ± 0.6 μm,
respectively, as shown in Figure 2d,f. There were no artifacts
and surface deformations observed and the particles remained
spherical even after chemical functionalization.

FTIR analysis was performed to confirm these moieties on
silica particles, and a comparison of the data is shown in Figure
S1. The peaks at 1138 and 1190 cm−1 confirm the presence of
CF3 and CF2 vibrations in the hydrophobic silica. A peak at
1214 cm−1 is attributed to C−N stretching, confirming the
anchoring of the amine moieties. A summary of the FTIR
peaks is presented in Table S1.

About 100 mg of untreated, hydrophobic, and TMA-
functionalized silica particles were added to a Faraday cup
which was in turn connected to a Keithley 6510 electrometer.
Figure S2 shows the ambient charge of particles as soon as they
were added to the Faraday cup. Bare silica particles had a
charge of −0.5 nC, hydrophobic silica particles had a charge of
−0.13 nC, and TMA-functionalized particles had a charge of
+0.5 nC due to the presence of the amine group. This

Figure 3. Digital photographs were taken from a high-speed camera. The interaction of positive, control, and negatively charged particles on
hydrophilic glass is shown in (a, b, and c, respectively). The scale bar corresponds to 100 μm. In all the magnified images in the bottom frames, the
scale bar corresponds to 10 μm. Dotted circles correspond to the particles of interest.
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amounted to ∼−7.5 × 10−10, −8.5 × 10−10, and 7.5 × 10−10

nC per particle for bare, hydrophobic, and amine-function-
alized particles, respectively, assuming a particle size of 2.5 μm
(see later for microscopic analysis). Molecular models of bare,
hydrophobic, and amine-functionalized silica are also shown in
Figure S2. Bare particles, hydrophobic particles, and TMA-
functionalized particles will be termed control, negative, and
positively charged particles, respectively, in this article.

The optical images containing a droplet in contact with the
surface during the water contact angle measurements are
shown in Figure S3. Hydrophilic glass had a contact angle of
25°, while the hydrophobic glass had a contact angle of 102°,
and TMA-functionalized glass was slightly hydrophobic in
nature, with a contact angle hovering around 88°. The surface
energy of the treated surfaces was calculated based on the
water contact angle using the equation below

cos 1
2

(e )A
( )B A

2+ =

where θ is the water contact angle, γA the surface energy of the
solid substrate, γB surface energy of water, and β is 0.0001057
(m2 mj−1)2.34 The surface energy for hydrophilic glass was
calculated to be ∼0.9 mN/m, for TMA-treated glass ∼0.5 mN/
m, and for hydrophobic glass ∼0.4 mN/m.

To confirm the coating on glass, XPS analysis was
performed, and the corresponding spectra are shown in
Figures S4 and S5. All the samples exhibited the expected
presence of C, Si, and O as seen in the survey spectra of
hydrophobic glass (Figure S4) and TMA-treated glass (Figure
S5). For hydrophobic glass, there were five peaks correspond-

ing to C (284.5 eV), C−C (283.9 eV), C−O (288 eV),
CF2(290.9 eV), and CF3(293.3 eV) as seen in Figure S4b. Two
peaks were observed in the detailed Si scans for the
hydrophobic glass. The peak at ∼102.8 eV corresponds to
the silane and that at ∼103.5 eV was assigned to SiO2 as shown
in Figure S4c. In Figure S4d, two types of oxygens were
present in abundance and could be assigned to the different
bonding modes of O in glass. Finally, Figure S4e shows a
detailed F scan; a single peak was present at 687.63 V and was
assigned to F in the −CF2− moieties. This confirms the
hydrophobic coating on glass. The XPS survey spectrum of
TMA-treated glass is shown in Figure S5a; the detailed C
spectrum in Figure S5b shows adventitious C (284.5 eV) and
C−O (286.6 eV) and another peak at 288.6 eV was assigned to
the C−N bond. The detailed Si spectrum shown in Figure S5c
shows two peaks at ∼102.8 and 103.5 eV due to silane and
SiO2, respectively. The O 1s region shown in Figure S5d has
two peaks assigned to different bonding modes in glass. Finally,
the TMA-treated glass has a peak at ∼399.6 eV that is assigned
to the C−N bond.

A digital photograph from the camera is shown in Figure
S6a. From this, a small region is selected as seen in Figure S6b.
From the image sequences from time-dependent imaging, the
region of interest (ROI) was selected and cropped. The
photographs in which particles enter the frame were chosen
and cropped to comprehend particle motion as they attach to
the surface. These cropped images were further analyzed using
the “trackpy” module in Python to estimate the movements in
the x- and y-axes.

Figure 4. (a) Particle displacements along the x and y axis on hydrophilic, hydrophobic, and amine-functionalized glass. (b−d) Corresponding size
of the particle and distance traveled before adhering to (b) hydrophilic, (c) hydrophobic, and (d) TMA-functionalized glass.
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Images of glass slides after particle deposition are shown in
Figure 3, wherein Figure 3a represents the hydrophilic glass
when positively charged particles adhered to it after 16 s. An
ROI in Figure 3a (shown by the dashed rectangle) was chosen
where the particle (indicated by the dotted circle) traveled
from the top and was attached to the surface. Corresponding
pictures are displayed in Figure 3a. The blurring of the particle
in the first three images (the first image shows a clean region
before the particle appears) shows that the particle was
traveling from a depth and as it got adhered, it came into focus.
In the image, just as the particle appears in the ROI, i.e., first
appearance of a diffused region, a time of 0 ms is assigned. At
the end of 180 ms, the particle is moving and slowly coming to
focus and finally adheres to the hydrophilic glass at ∼300 ms,
and no further change is observed. A video depicting the
particle adhesion on glass is shown in Video S1. In Figure 3b,
interaction of control particles on a hydrophilic glass substrate
was captured, and the inset shows a control particle adhering
to the surface without any motion in the x−y direction. The
control particle adheres much faster, taking ∼80 ms to adhere
to the glass and no further change is seen. Similarly, Figure 3c
shows the interaction of negatively charged particles with the
hydrophilic glass slides; the inset shows a positively charged
particle moving toward the surface as it focuses on the site of
adhesion. Furthermore, the negatively charged particle takes
∼50 ms to adhere to the glass. A video showing a particle
traveling from the depth and adhering to the glass is shown in
Video S2.

The interactions of positively charged particles with
hydrophobic glass are shown in Figure S7a and the ROI,
representing a particle (shown in a dotted circle) that reached
the surface from a certain depth. It took ∼30 ms to adhere to
the surface. We observed that the control particle takes a
parabolic path to adhere to the hydrophobic glass, as seen in
the inset of Figure S7b. The blurriness of the particle as it
travels from the depth is prominent at the frame of 120 ms, as
shown in the inset, and finally, it comes to focus as it adheres
to the surface at the end of ∼200 ms. The interaction of
negatively charged particles with the hydrophobic glass is
shown in Figure S7c and the inset magnifies the region where
the particle adheres to the surface. In the case of the negatively
charged particle, we also observed a motion in the x and y
directions while traveling from a depth. It took ∼86 ms for it to
adhere to the surface.

The interaction between positively charged particles with
TMA-functionalized glass is shown in Figure S8a, where a
positively charged particle was seen to move along the y
direction and adhere to the surface. In this sequence of images,
we observed that the particle in focus suddenly moves to a
different location, finally adhering to a different location, and it
takes ∼480 ms for adhesion. The interaction of the control
particle with the TMA-functionalized surface is shown in
Figure S8b and the inset shows a particle initially moving
toward the surface as it deblurs. Direct adhesion on the surface
was observed for negatively charged particles interacting with
the TMA-functionalized glass, as seen in Figure S8c (inset).

Due to the boundary layer phenomenon, as the particles are
approaching the surface, they would have the least velocity,
and the electrostatic forces of attraction/repulsion would
dominate. A summary of the particle displacements along
different functionalized glasses is shown in Figure 4a. Time-
resolved high-speed optical imaging revealed that most
particles were displaced by ∼40 and ∼80 μm in the x and y

directions before adhering to the surface. The average
displacement of control particles was minimal compared to
others.

Some outliers showed displacements of up to 140 and 300
μm along the x and y axes, respectively. Based on the above
observations, it is apparent that lesser particle movement along
the x and y axes is due to “faster” adherence to surfaces with
high surface energy. The negatively charged particle of size
∼10 μm traveled the longest distance of ∼230 μm, before
colliding with the glass substrate and adhering to the
hydrophilic surface, as shown in Figure 4b. Due to the high
surface energy of hydrophilic glass, particles witnessed lesser
displacement.

Also, we suspect that the positively charged particles had
lesser displacement due to electrostatic attraction with the
oppositely charged functionalities present on the glass
substrate. All positively charged particles traversed less than
∼13 μm before colliding with the hydrophobic glass (Figure
4c). In the case of control and negatively charged particles, the
distribution of displacements across the particle size regime
was random and no systematic correlation was observed
(Figure 4c,d). This could be due to the particle−substrate
electrostatic repulsion and steric hindrance offered by the
surface groups, which resulted in longer displacements,
irrespective of the nature of the charge on the particles. This
was evident when the particles adhered to the surface, as
shown in Figure S9. All the particles readily adhered to the
hydrophilic glass slide, with positively charged particles taking
∼0.054 s to adhere. There was an increase in the time for
adhesion to the hydrophobic and TMA-functionalized glass.
Particle adhesion took the longest, ∼ 0.45 s, on a TMA-
functionalized glass surface. Further experiments are needed to
determine the effects of the surface charge and surface energy
on the particle−substrate interaction.

Ex situ deposition of particles on glass after 19 s of exposure
to model dust particles gave a distribution, as shown in Figure
S10. In the case of hydrophilic glass with −OH functionaliza-
tion, control particles displayed ∼1.8-fold and ∼3-fold higher
deposition compared to positively charged and negatively
charged particles. In the case of TMA-functionalized glass,
control particles exhibited ∼3.5-fold and ∼2.3-fold higher
deposition compared to positively charged and negatively
charged particles, respectively. In the case of hydrophobic glass
with PTFS-functionalization, control particles showed ∼1.6-
fold higher deposition than negatively charged particles.
However, the highest fouling was by positively charged
particles. We suspect that the highest fouling was due to an
opposite surface charge between the positively charged
particles and hydrophobic glass. This implies that surface
functionalization of the glass substrate results in lesser particle
deposition or fouling. The highest fouling was observed with
the hydrophilic glass slide having −OH functionalization.
Further studies are needed to study the influence of surface
charge and energy dependencies on the fouling of glass by real
dust.
Exposure to Ambient Dust. To investigate the impact of

surface functionalization on ambient dust deposition, chemi-
cally treated glass slides were placed at a height of ∼20 m from
the floor of our laboratory building within the IIT Madras
campus and were viewed with an optical microscope at the end
of 4 days. Particle size was measured using the Feret diameter
feature in ImageJ and the size distribution is shown in Figure
S11. At the end of the fourth day, particle deposition increased,
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as seen for hydrophilic glass slides. Dust particles of 60 μm in
size were observed at the end of 4 days. Hydrophobic glass
slides fouled less compared to hydrophilic glass with a
maximum particle size of 100 μm. TMA-functionalized glass
fouled the least even at the end of 4 days. Lower surface energy
and long-chain moieties on the surface of the glass could
reduce fouling. Prolonged exposure to ambient dust would
provide further quantifiable data on the overall reduction in
fouling based on surface functionalization. However, this is
further dependent on many experimental conditions, and the
outcomes will be dependent on local factors such as humidity,
temperature, particulate matter concentration, and wind
velocity.
Ease of Cleaning the Surface. We placed fine sand

particles on hydrophilic, hydrophobic, and TMA-treated glass,
on which water droplets were placed. We observed that the
droplet was spread on hydrophilic glass (Figure S12a) but it
retained the shape in the case of functionalized glass as shown
in Figure S12b,c. The surface functionalization did reduce the
surface energy, which enabled the droplet to retain the droplet
form. There was significant pinning of droplets when the slides
were tilted as seen in Figure S12d−f.

■ CONCLUSIONS
Ambient dust exposure on chemically functionalized glass
surfaces showed that TMA-functionalized and hydrophobic
glass surfaces fouled the least compared to the hydrophilic
glass. An experimental setup was designed to observe particle
adhesion on model glass surfaces in situ. Particle motion along
these surfaces was tracked successfully with a high-speed
camera. The hydrophilic glass surface fouled more readily due
to particle deposition. Deposition on such a surface was
immediate (within 0.05 s), and the least lateral motion of the
particles (2.3 μm) was observed. Also, positively charged
particles adhered on a hydroxylated glass in ∼0.054 s as
opposed to 0.40 and 0.45 s needed for adhesion on a TMA-
functionalized and a hydrophobic glass, respectively. These
observations could shed light on the interaction of microscopic
particles on surfaces. In addition, varying the %RH while
performing the experiments can induce condensation on the
glass, affecting particle adhesion, and we suspect easier particle
adhesion on the glass. The presence of droplets on the glass
could lead to the formation of a coffee ring of dust particles
upon drying. By combining surface functionalization with the
electrostatic surface cleaning method shown by Panat and
Varanasi, we expect that the overall DC potential needed for
cleaning the soiled surfaces could be reduced greatly. By
reducing the surface energy, the centrifugal force needed to
dislodge particles on glass could be reduced. In the future, we
plan to study the effect of carbon chain length on the adhesion
time of the particles. In situ particle deposition coupled with
charge measurement is being planned and would provide exact
information about the surface charge and surface energy.
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ABSTRACT: Polyoxometalates (POMs) belong to a class of
metal oxyanion clusters that hold enormous promise for a wide
range of catalytic reactions, due to their structural diversity and
the presence of redox-active metal centers and heteroatomic
sites within the framework. In this study, we successfully
determined the structures of the first cocrystallized ternary
molybdenum oxo-sulfide clusters: Mo12NaO54P8C48H40,
Mo12NaS2O52P8C48H40, and Mo12NaS6O48P8C48H40, which are
abbreviated as Mo12, Mo12@S2, and Mo12@S6, respectively.
Together, they are referred to as Mo12-TC. These clusters
exhibit nearly identical exterior structures, making them
indistinguishable, leading to their cocrystallization in a single
unit cell with 50%, 25%, and 25% occupancy for Mo12, Mo12@
S2, and Mo12@S6, respectively, and could not be separated easily. To confirm their molecular formulae and occupancy within a
crystal, we conducted single-crystal X-ray diffraction (SCXRD) and high-resolution electrospray ionization−mass
spectrometry (ESI-MS) studies. The clusters exhibit a dumbbell-like shape, with each terminal of the dumbbell comprising
a hexagonal Mo6 basal plane shielded by multiple oxo, and oxosulfide moieties for Mo12 and Mo12@S2/Mo12@S6 clusters,
respectively. Additionally, the clusters are protected by a ligand shell consisting of vertically aligned phenylphosphonic acid
(PPA). Mo12-TC demonstrates promising activity for electrochemical hydrogen and oxygen evolution reactions (HER and
OER). Mo12-TC exhibits overpotentials of 0.262 and 0.413 V vs RHE to reach HER current densities (in H2SO4) of 10 and 100
mA cm−2, respectively, and overpotentials of 0.45 and 0.787 V vs RHE to reach OER current densities (in KOH) of 10 and 100
mA cm−2, respectively, stable up to 5000 cycles. Density functional theory (DFT) calculations further elucidate their
electrocatalytic potential, revealing the presence of active sites within these molecular frameworks.

A diverse group of anionic polynuclear metal-oxo
clusters (POMs), with a general formula [MmOy]q−

(where M represents principally metals, such as Mo,
W, V, and Nb), act as catalysts in a wide range of chemical
transformations.1−3 The continued interest in this field stems
from the remarkable physical and chemical properties
exhibited by these clusters, which arise from their flexible
composition, structure, size, charge distribution, photochem-
istry, and redox chemistry.4−9 The multidimensional assembly
of these molecular cluster materials has led to the formation of
various nanostructural and microstructural solids.10,11 As
conventional POM chemistry expands, it intersects with a
range of scientific disciplines, including materials science,
catalysis, nanotechnology, surface science, biology, magnetism,

sensors, supramolecular materials, colloid science, memory
devices, and molecular materials, thereby adding new
dimensions to the field.12−27

Pristine POMs have certain drawbacks, such as low
conductivity and tendency for aggregation, degradation, and
leaching, which limit their applications. However, a funda-
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mental characteristic of POMs is their ease of functionalization
through the introduction of metal ions and other ligands.28

This process of functionalization is widely employed to modify
existing properties or introduce new ones, which is particularly
valuable in catalysis, molecular magnetism, electrochemistry,
dye-sensitized solar cells, and electrochemical water split-
ting.2,3,28 Derivatization involves the incorporation of specific
metallic centers into the polyoxometalate frameworks.29,30

Alternatively, functionalization can be achieved by substituting
oxo ligands with others, such as cyclopentadienyl derivatives,
nitrogen-containing ligands, or sulfides. Introducing soft
donating centers, such as S atoms, into the POM framework
offers the potential for the emergence of novel properties.
Since both O and S are constituents of group 6A within the
periodic table, their chemical properties are very similar and
substitution reactions between them are prone to occur.31 S-
coordinated transition-metal-based POMs are efficient cata-
lysts, due to their ability to facilitate electron and proton
transfer, which is crucial for electrocatalytic and photo-
electrocatalytic processes like HER and OER.32−40 Recently,
capsules-like oxosulfur-based Mo-nanostructures encapsulated
Ru nanoparticle was designed by Chen et al., which shows
exceptional OER and HER dual activity and stability.41 These
systems exhibit excellent electrochemical properties charac-
terized by a rapid and highly reversible redox activity. Amiinu
et al. reported a cost-effective, operationally stable, multifunc-
tional, and highly efficient vertically aligned MoS2 electro-
catalyst encapsulated with N-doped carbon frameworks.42

In the past five years, there have been discoveries of new
types of cluster cocrystals. These solids consist of multiple
clusters arranged in a lattice structure, resulting in new
properties.43,44 Several materials containing noble-metal
clusters, particularly silver and copper clusters, have been
structurally characterized during this period.45−48 Indistin-
guishable arrangements of the surface ligands and ligand-
specific interparticle interactions resulted in these solids. From
the perspective of transition-metal clusters, Roy et al. have
synthesized various binary cocrystallized solids by combining
superatomic Co6 and Cr6 clusters with molecular C60 and C70
clusters.49−51 These cocrystallized materials have demonstrated
superconductive phonon and electron transport, polarized
optical emission, and magnetic ordering behaviors, due to the
electronic coupling of oppositely charged ionic species.52−55

POMs also formed cocrystallized materials with proteins,
peptides, polycyclic aromatic hydrocarbons, carbon nanotubes,
and silver clusters, resulting in functional materials.56−61

By controlling the assembly of polyoxometallate clusters
within a cocrystallized solid, it becomes possible to customize
their properties, thus creating new opportunities to explore
their potential applications. Despite this, the utilization of such
cocrystallized solids in applications, particularly electro-
chemical water splitting, has been limited. In this work, we
focused on the collective functional properties of cocrystallized
molybdenum oxo-sulfide clusters. Through a conventional
ambient wet chemical synthesis, we successfully synthesized
mixed oxo-sulfide clusters of molybdenum. The resulting

Figure 1. Single-crystal structures of the Mo12-TC. (a) Schematic representation of the (2 × 2 × 2) unit cell of the ternary cocrystallized
solid having the respective clusters. (b) Structural arrangement of the inner NaMo12 units in the same lattice. The total molecular structures
of (c) Mo12, (d) Mo12@S2, and (e) Mo12@S6 clusters including PPA ligands. [Color labels: sky blue, pink, and light green = Mo; yellow = S;
red = O, green = P, purple = Na; gray = C, white = H.]
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eight, and out of eight, seven are connected with O/S and one
with a Mo atom (Figures 1c−e).
The binding of PPA ligands with the Mo atoms through

Mo−O bonding is shown in Figure S7 in the Supporting
Information. Each Mo6 unit is connected with four PPA
ligands, whereas the central PPA is connected with three
oxygens arranged in a tripodal fashion and each oxygen is
further bonded with a nonbonded Mo2 unit in μ2 mode. The
other three PPA units are present at the periphery of the Mo6
unit. Two O atoms of these three PPA ligands are connected
with the Mo6 unit, and the remaining one is free. The
connected two O atoms are attached with Mo. Comparative
P−O bond distances of different PPA ligands are presented in
Table S4 in the Supporting Information. The average distance
between central phosphorus and peripheral phosphorus is 4.68
Å, and the average distance between centroids of the central
phenyl ring with the peripheral phenyl rings is ∼4.84 Å (shown
in Figure S7).
Supramolecular packing of these clusters along the different

crystallographic axes is shown in Figures 2a and 2b, and the
corresponding structures of ligands are also shown (Figures 2c
and 2d). Careful analysis reveals that these clusters are packed
in a layer-by-layer fashion along both the a- and b-axes. Careful
analysis reveals that there are three types of intermolecular
interactions (CH···π, CH···HC, and O···O; see Figure S8 in
the Supporting Information). To visualize the layered
intermolecular packing, we have directly imaged the single
crystals using conventional transmission electron microscopy
(TEM), following the technique developed in our group.62

Although clusters are beam-sensitive, they could be imaged
under appropriate conditions, as shown previously.63 TEM
micrographs of the ground cocrystals show different atomic
layers with interlayer spacings of 1.30 and 1.13 nm (shown in
Figures 2e and 2f) corresponding to lattice planes of (010) and
(101), respectively, which are consistent with the interlayer
spacing of Mo12 crystallites resolved from SCXRD (shown in
Figures 2g and 2h).

The molecular composition of Mo12-TC was analyzed using
high-resolution ESI-MS investigations in the negative ion
mode, after dissolving a few crystals in methanol (Figure 3a).
In the mass spectrum, two broad peaks were detected within
the m/z range of 950−1040 (as major peak) and m/z 1440−
1640, representing trianionic and dianionic charge states,
respectively. The trianionic peak observed at m/z 950−1040
corresponds to the molecular species of the three-clusters i.e.,
Mo12, Mo12@S2, Mo12@S6 found in the crystal structure.
Theoretical mass calculations revealed that the crystal
consisted of these clusters and a certain number of water
and methanol molecules that were derived from the solvent
system. Similar solvent-associated peaks were also observed in
other metal nanoclusters.64−66 The broad isotopic distribution
in the mass spectrum can be attributed to two factors: (1)
molybdenum (Mo) has seven naturally stable isotopes,
resulting in a wide isotopic distribution along with the
contributions of naturally abundant isotopes from various
atoms i.e., Na, O, S, C, P, and H present in the nanoclusters,
and (2) the small mass differences (Δm ≈ 9−11) between
individual nanoclusters in their trianionic state. Additionally,
these nanoclusters ionize by getting attached to one or two
solvent molecules (H2O = 18 and MeOH = 32), which further
contributes to the broad distribution of a specific charge state
observed.
In order to gain a deeper understanding of the structure, the

peaks within the m/z range 950−1040 were subjected to
collision-induced dissociation (CID) by isolating them within
the ion trap. This isolation step aimed to eliminate other ionic
species present in the gas phase. The selected ions were then
subjected to sequential fragmentation upon collision with
argon gas. Upon sequential increase of CE up to 20, the
trianionic species underwent fragmentation through CID,
resulting in two distinct sets of peaks at m/z 1436−1510
and m/z 690−740, with the charge state of −1 and −2,
respectively (shown in Figure 3b). These peaks were attributed
to the cleavage of the molybdenum nanoclusters, where

Figure 3. (a) High-resolution ESI-MS spectrum of the Mo12-TC having an intense peak at m/z 989 and a mild peak at m/z 1484 in trianionic
and dianionic charge states, respectively. Inset shows the exact matching of the experimental spectrum with the theoretical spectrum of the
molecular compositions of cocrystallized clusters. (b) CE-dependent MS/MS fragmentation pattern of the major parent peak (m/z 989).
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fragments attached to Na were ionized as a monoanionic
fragment, while the other half without Na was ionized as a
dianionic fragment. As the applied collision energy reached the
range of 10−20, H2O and CH3OH groups started to detach
from the nanoclusters. The detachment confirmed the weak
interaction between the solvent molecules and the parent
nanoclusters.
At higher collisional energy (>20), two distinct pathways of

fragmentation were observed. The first pathway involved the
generation of fragment ions derived from sodiated fragment
ions, while the second pathway involved fragments produced
from the dianionic fragment ions. Both monoanionic and
dianionic fragments simultaneously gave rise to constituent
daughter ions as the collision energy was increased. Peripheral
ligands attached to the nanoclusters, specifically PPA groups,
were subsequently detached (occurring at an applied colli-
sional energy of 60−80, as depicted in Figure 3b), followed by
the fragmentation of the metal-oxo/sulfido kernels. This
indicates direct binding of the PPA ligands at the peripheral
sites of the nanoclusters. Fragmentation of the Mo−O−S core
in the parent nanoclusters resulted in the formation of ions
such as [Mo6O13S3]−, [Mo6O16S]−, [Mo6O17]−, [Mo4S2O8]−,
[Mo4S2O7]−, and [Mo4S2O6]− in the collision energy range of
100−120. Smaller fragment ions, including [MoSO2]−,
[Mo2S2O2]−, and [Mo2O6]− ions, were detected at a lower
m/z range. The sequential fragmentation observed during CID
further supports the structural integrity of the clusters. The
binding of PPA ligands was additionally confirmed by using
FT-IR, which exhibited characteristic vibrational peaks at 1395
and 950 cm−1 corresponding to the P−O stretching and cage

breathing modes, respectively (Figure S9 in the Supporting
Information).
The catalytic HER performance of Mo12-TC was evaluated

in 0.5 M H2SO4 solution using a conventional three-electrode
electrochemical setup. A graphite rod, a saturated calomel
electrode (SCE), and the microcrystalline catalyst coated on
glassy carbon (GC) electrode were used as the counter,
reference, and working electrodes, respectively. Linear sweep
voltammetry (LSV) polarization studies were performed to
analyze the HER activity of the cluster at a scan rate of 5 mV
s−1, as presented in Figure 4a. The Mo12-TC catalyst
demonstrated promising HER activity that required an
overpotential of 0.262 V to achieve a current density of 10
mA cm−2 and 0.413 V to reach a current density of 100 mA
cm−2. The stability of the cluster was assessed through an
accelerated durability test between 0 and 0.4 V (vs RHE) at
100 mV s−1. A small increase (2 mV) in overpotential (at 10
mAcm-2) was observed after 5000 cycles, indicating that these
cocrystallized materials are stable for long-term use without a
significant loss in catalytic performance (Figure 4a). The Tafel
analysis (shown in Figure 4b), indicative of the electron
transfer rate and mechanism (rate determining step) at the
electrode−electrolyte interface, yielded a Tafel slope of 49.2
mV dec−1 for this catalyst. We infer that the obtained fast
electron transfer at the interface resulted in enhanced HER
activity through the Volmer−Heyrovsky mechanism.67 The
small increase (4.7 mV dec−1) in the Tafel slope after cycling
confirms the catalytic stability of Mo12-TC. The charge-transfer
resistance (RCT) values for the cluster were calculated from
electrochemical impedance spectroscopy (EIS), measured at a
potential of −0.256 V vs RHE. The result is shown in Figure 4c

Figure 4. (a) Comparative LSV polarization curves of Mo12-TC for HER before and after 5000 cycles. (b) Tafel plots of the polarization
curves (before and after cycling). (c) EIS spectra showing RCT during HER in 0.5 M H2SO4 at −0.256 V (vs RHE). (d) Comparative
polarization curves of the Mo12-TC catalyst clusters for the OER initially and after 1000, 2000, and 5000 cycles. (e) Tafel plots of the
polarization curve (initially and after 1000, 2000, 5000 cycles) and (f) EIS spectra of cluster showing RCT during the OER in 1.0 M KOH at
1.74 V (vs RHE).
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as a Nyquist plot, where the x- and y-axes are the real and
negative imaginary parts of impedance, respectively. The
Nyquist plots from the EIS spectra on the Mo12-TC catalyst at
different stages were fitted using equivalent Randles circuit
models (as shown in Figures S10 and S11 in the Supporting
Information) for accurately depicting the impedance behavior
of the system and deconvoluting the components (series
resistance, charge-transfer resistance, and constant phase
elements) from the fitting parameters (as tabulated in Table
S5 in the Supporting Information).
Figure 4c shows that RCT does not change significantly after

several cycles, with values of ∼44.1, ∼52.7, and ∼76.8 Ω for
the cluster, in the beginning, after 250 cycles, and after 1000
cycles. The observed changes could be attributed to the
formation of passivating layers on the electrode or the
formation of bubbles during the measurement. These layers
could hinder the transport of electrons and flow of reactants to
and from the electrode surface, impeding the overall
electrochemical process.
Although the LSV after 5000 cycles of the accelerated

degradation test (ADT) shows slightly higher current in the
more negative potential range, in the onset region, where the
EIS was recorded, the 5000 C LSV is slightly left-shifted
(compared to the pristine catalyst LSV) leading to higher RCT
values, as observed in the EIS studies. This effect was more
pronounced during the initial cycling stages (first 500/1000
ADT cycles), until a more stable current and polarization curve
was obtained after structural stabilization.
The electrocatalytic OER performance of Mo12-TC was

investigated in an alkaline medium (1 M KOH) using a similar
cell setup. The polarization curves measured at a scan rate of 5
mV s−1 exhibit excellent activities for electrochemical OER
with an onset potential (potential to reach a current density of
1 mA cm−2) of ∼1.35 V (vs RHE) and overpotentials of 455,
545, 596, 635, and 787 mV at 10, 20, 30, 40, and 100 mA
cm−2, respectively (Figure 4d). The comparisons of the HER
and OER catalytic performance of Mo12-TC with the state-of-
the-art Pt/C and RuO2 catalysts are shown in Figures 4a and

4d, for reference. Figure 4d also depicts the LSVs after 1000,
2000, and 5000 cycles, showing no significant increase in
overpotentials, indicating that these clusters are durable. The
sudden shift (toward a more positive potential) in the OER
LSV (beyond 1.9 V) after 5000 cycles is probably due to the
accumulation and evolution of high amounts of bubbles on the
nonporous electrode surface leading to poor electrode−
electrolyte contact and materials falling off from the coated
catalyst layer. Figure 4e shows the Tafel plots for the OER in
the initial condition and after 1000, 2000, and 5000 cycles. The
cluster exhibits a Tafel slope of 322 mV dec−1, which increases
slightly to 367 mV dec−1 after 5000 cycles. EIS study shows the
RCT value to be ∼78.7 Ω before cycling and ∼70.8, ∼72.8,
∼91.2 Ω after 1000, 2000, and 5000 cycles, respectively, at
1.74 V (vs RHE, ∼15 mA cm−2) (Figure 4f). The increase in
RCT values after several cycles can be attributed to marginal
deactivation of the catalyst during OER. Moreover, to
understand the post-electrocatalytic stability, as well the
stability of the catalyst in different electrolytes, various
spectroscopic and diffraction studies, such as UV-vis,
attenuated total reflectance Fourier transform infrared
(FTIR), X-ray photoelectron spectroscopy (XPS), X-ray
diffraction (XRD) and Raman studies of the Mo12-TC were
performed, as provided in Figures S12−S14 and Tables S6 and
S7 in the Supporting Information. Based on these combined
studies broadly, the catalyst was found to be structurally and
chemically stable under the catalytic conditions. Observed
fluctuations in the XPS studies can arise from various surface
oxidized species, adsorbed chemicals, electrolytes, and
impurities and some expected changes in the elemental
oxidation states on the surface during electrocatalysis. Further,
we performed cyclic voltammetry (CV) studies at different
scan rates on Mo12-TC coated electrodes in the acidic medium
(Figure S15 in the Supporting Information) to determine the
double layer capacitance (Cdl). The Cdl value, comparable to
the ECSA (electrochemical active surface area) of the catalyst,
was obtained from the current density in the anodic and

Figure 5. (a) Adsorption configurations of *OH, *O, and *OOH adduct intermediates and the O2 end product of the Mo12@S4 cluster
involved in the OER pathway. (b) Adsorption configuration of activated hydrogen species (*H) on the cluster. (c) Calculated OER free-
energy profile for the cluster at different potentials. The free-energy profiles at 0 V (black), equilibrium potential of 1.23 V (red), and the
limiting potential of 2.17 V (blue) are shown. (d) Free-energy profile of HER activity of the cluster. [Color labels: cyan = Mo; red = O, green
= P, purple = Na, gray = C, white = H. The O and H atoms in the adsorption configurations of OER and HER intermediates are shown in
blue and black, respectively.]
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cathodic sweeps, ΔJ (|jCat − jAn|), vs scan rate plot as 0.5 mF
cm−2.68

Density functional theory (DFT) was employed to study the
reaction mechanism of HER and OER over Mo12@S4 cluster
using the Vienna Ab-Initio Simulation Package (VASP) with
the Perdew−Burke−Ernzerhof (PBE) functional under gener-
alized gradient approximation (GGA).69−71 To circumvent the
computational cost, we have modeled a single molecular unit
of Mo12@S4 cluster and considered it for further calculations.
DFT optimized structures of Mo12 and Mo12@S4 are shown in
Figure S16 in the Supporting Information and the electron
density maps of the frontier molecular orbitals of the cluster
are shown in Figures S17 and S18 in the Supporting
Information. We simulated the OER using a four-electron
transfer reaction mechanism involving *O, *OH, and *OOH
(where the asterisk symbol (*) denotes the adsorbed species)
intermediates (Figure 5a). The most stable binding modes of
these intermediates were found to be one-fold binding (Figure
5a). The intermediates *OH and *O exhibited binding to the
Mo site, while the lowest-energy geometry for *OOH
exhibited binding to the O site of the cluster. Figure 5c
shows the free-energy change of each intermediate steps
involved in the reaction, which is calculated via the following
equation:

= +E T SG ZPE (1)

where T is the temperature (298 K) and E, ZPE, and S are the
total energy, zero-point energy, and the entropy of adsorbed
hydrogen, respectively. The computed Gibbs free energy
changes for H2O → *OH, *OH → *O, *O → *OOH and
*OOH→ O2(g) are 0.97, 0.26, 1.52, and 2.17 eV, respectively.
The potential-determining step (PDS) of the reaction was
found to be the transformation of *OOH into O2 which could
be attributed to the strong adsorption of *OOH at the O site,
which reduces the feasibility of it undergoing further oxidation.
The higher value for overpotential (0.94 eV) obtained from
DFT calculations, with respect to the experiment, could be
attributed to the single molecular unit approximation of the
cluster as well as the absence of explicit solvent interactions
and dynamic effects in the calculations, which may play a
crucial role in determining the catalytic activity under
experimental conditions. We have performed a comparative
OER theoretical calculation using the Mo12 cluster (without
any S atoms). The presence of S in the cluster not only
facilitates the overall OER catalytic performance of the cluster
but also reduces the overpotential of the reaction (see Figure
S19 in the Supporting Information).
Similarly, we have studied the energetics of the HER event

over the Mo12@S4. The free energy change (ΔGH*) of the
formation of activated hydrogen species is −2.22 eV (Figure
5d). This supports the experimental observation that the
cluster acts as an efficient HER catalyst. Figure 5b shows the
adsorption configuration of active hydrogen (*H) on the
cluster.
In summary, we presented a new type of cocrystallized

structurally similar molybdenum oxo-sulfide clusters. These
clusters were synthesized under ambient conditions by the
reduction of NaMoO4 and Na2S2O4 precursors in the presence
of S. Mo12-TC was characterized using various characterization
techniques (SCXRD, ESI-MS, FT-IR, etc.). SCXRD reveals
that each unit cell consists of three clusters (Mo12, Mo12@S2,
and Mo12@S6) with 50%, 25%, and 25% occupancy,
respectively. This POM has two oval-shaped Mo6-oxo/sulfide

units, which are connected with a Na atom through oxygen
centers. High-resolution mass spectrometry showed the
presence of these clusters in solution, and the CID-MS studies
reveal the losses of MoOS, and MoO2 fragments from the
parent species, which further confirm the presence of oxygen
and sulfur moieties in the structure. Furthermore, the
intermolecular layers of these clusters present in the crystals
were imaged directly using conventional transmission electron
microscopy. The cocrytallized nanocluster catalyst performed
excellently as inexpensive, efficient, and stable electrocatalysts
for both HER and OER, requiring moderate overpotentials for
reaching current densities of 100 mA cm−2. The catalyst
exhibits good electrocatalytic stability, retaining its activity and
electron transfer kinetics after 5000 cycles. The mechanistic
details of the clusters' water splitting activities were examined
by DFT calculations, which identified the stable adsorption
configurations: i.e., mixed oxo and sulfide sites for the OER,
and Mo as energetically favorable sites for the HER activity.
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S3

Experimental Section

Chemicals used

Sodium molybdate (Na2MoO4) was purchased from Merck. Sodium dithionite (Na2S2O4) was 

bought from Merck. Sulphur powder was purchased from CDH. Phenylphosphonic acid was 

received from Spectrochem. 50% ammonium sulfide was brought from Sigma Aldrich. 

Hydrochloric acid was purchased from Merck. DI water was used for the synthesis. HPLC-grade 

solvents such as methanol were purchased from Rankem chemicals. All the chemicals are 

commercially available and used as such without any purification.

Synthesis of Mo12 clusters

In a typical synthesis, 0.86 g of Na2MoO4 was dissolved in 25 mL of DI water (step – 1). The pH 

of the solution was adjusted to ~3 by adding HCl (step – 2). Then, 0.4 g of S dissolved in 2 mL of 

50% ammonium sulfide solution was added to aqueous solution of Na2MoO4 (step – 3). Upon 

addition of S, the color of the solution became dark brown. 0.133 g of Na2S2O4 and 0.158 g of 

phenylphosphonic acid were added to the above reaction mixture and the reaction was continued 

overnight (step – 4, 5). Finally, it was centrifuged at 5000 rpm for 5 min to collect the precipitate. 

The cluster was extracted in methanol for further characterization and crystallization.

Schematic S1. Photographs of the reaction bottle showed the visual color changes during the 

synthesis of the Mo12 clusters.

Electrochemical studies

Electrochemical measurements for hydrogen evolution (HER) and oxygen evolution (OER) 

reactions were studied in a conventional three-electrode cell using an AUTOLAB electrochemical 

workstation. A graphite rod, a saturated calomel electrode (SCE), and the catalyst coated on glassy 

carbon (GC) electrode were used as the counter, reference, and working electrodes, respectively 
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for HER. A mercury/mercuric oxide (Hg/HgO) electrode was used as reference electrode for OER 

studies. All measured potentials were converted to the reversible hydrogen electrode (RHE) 

values. The GC electrode (0.071 cm2) was coated by catalyst ink (5 μL of 4 mg of the cluster, 1 

mg Vulcan C, 10μL of nafion 1%, 125 μL of H2O, and 125 isopropyl alcohol).  HER studies were 

carried out under acidic conditions (0.5 M H2SO4) and OER studies under basic conditions (1M 

KOH). 

Linear sweep voltammetry (LSV) experiments were conducted between -0.45 V to 0.2 V and 0.8V 

to 2.2 V, for HER and OER respectively, at scan rate of 5 mV s-1. To evaluate the stability of our 

catalyst, accelerated degradation tests (ADT) using cyclic voltammetry (CV) studies we conducted 

between -0.356 V to -0.106 V (HER) and 1.29 V to 2.04 V (OER) for up to 5000 cycles, at scan 

rate of 50 mV s-1. Electrochemical impedance spectroscopy (EIS) was performed for both HER 

and OER at a frequency range from 100 kHz to 0.1 Hz, at potential values of -0.256 V for HER 

and 1.74 V for OER. 

Instrumentations
UV-Vis absorption spectroscopy

UV-Vis absorption spectra were measured using Perkin Elmer Lambda 365 UV-Vis 

spectrophotometer in the wavelength range of 1100 nm to 200 nm using a bandpass filter of 1 nm. 

Purified cluster after extracting in MeOH was used for the measurements.

Mass spectrometry

All high-resolution electrospray ionization mass spectrometry (ESI MS) studies were performed 

using a Waters Synapt G2-Si high-definition mass spectrometer (HDMS). All MS measurements 

were acquired in the negative ion mode. The capillary voltage, cone voltage, and source offset 

were kept at 2.75 kV, 50-60 V, and 30-40 V, respectively, throughout the ESI MS measurements 

to obtain a well-resolved mass spectrum of Mo-S NC. The source and desolvation temperatures 

were maintained at 100 and 150 ̊C, respectively. The desolvation gas flow was set at 500 l h–1 

during the measurements. For the collision-induced dissociation (CID) study in the instrument, the 

mass-selected ions were passed through the trap, ion-mobility, and transfer cells before entering 

the time-of-flight mass analyzer. The CID was performed only in the trap cell, while the other 

collision cells were kept off. No extra voltages were applied in the IMS and transfer cells to avoid 
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additional ions fragmentation. The collision energy (CE) in the trap varied between 0 and 200 CE 

(instrumental units) during CID MS study.

Transmission electron microscopy

Transmission electron micrographs were collected using JEOL 3010 at an operating voltage of 

100 kV (to reduce beam-induced damage) with an ultrahigh-resolution (UHR) polepiece. This has 

a filament made up of LaB6. The instrument works under a vacuum in the range 10–5 to 10–6 Pa. 

Gatan Orius SC200 CCD camera (2K x 2K) was used to collect the images. Before the imaging, a 

few single crystals were separated and ground with a mortar and pestle. Then, it was drop-cased 

on a carbon coated 300 mesh copper grid after suspending in MeOH.

Single crystal XRD

Single-crystal X-ray diffraction studies were performed at 296 K using Bruker D8 VENTURE 

instrument. The diffractometer is equipped with a Cu Kα X-ray source with the wavelength 

1.54178 Å. A PHOTON 100 CMOS detector has been used to record the diffraction spots of 

different frames. A suitable crystal was mounted on a Kapton polymer loop with the help of 

paratone oil. The program APEX3-SAINT (Bruker, 2016) was used for integrating the frames. A 

multi-scan absorption correction was done using the program SADABS (Bruker, 2016). The 

structure was solved by SHELXT-2014 (Sheldrick, 2014) and refined by full-matrix least squares 

techniques using SHELXL-2018 (Sheldrick, 2018) computer program. Hydrogen atoms were 

fixed at calculated positions and refined as riding model with C-H = 0.93 Å and Uiso(H) = 1.2 

Ueq©. Mercury 2020.2.0 and VESTA software have been used for the visualization of the 

structure and electron density modelling.

Theoretical calculations
A single cluster unit of the Mo12 structure is considered for the theoretical study. The periodic DFT 

calculations were done using Vienna Ab-Initio Simulation Package (VASP) by using Generalized 

gradient approximation of Perdew–Burke–Ernzerhof (PBE) functional.1–3 Projector augmented 

wave (PAW) method is used for treating ion-electron interactions.4,5 The ionic relaxations have 

been carried out using a conjugate gradient algorithm with convergence criteria of 10–4 eV for 

minimum energy and 0.05 eV Å–1 for Hellmann-Feynman forces on atoms. Due to the large size 

of the unit cells of the compounds, the Brillouin zone was sampled at the Gamma point (1×1×1). 
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For the projected density of states (PDOS) calculation, a higher (2×2×2) K-mesh is used. For 

identifying the intercluster interactions, calculations of dimer and monomer clusters units are 

carried out with and without applying van der Waals correction using DFT-D3 method.

The molecular DFT calculations were done using Gaussian 09 D.01 program.6 B3LYP functional 

with Pople’s 6–31G* basis set was used for non-metal elements and LANL2DZ-ECP (effective 

core potential) was employed for Co atoms, respectively.7, 8 The TD-DFT calculations considered 

300 excited states.

Table S1. Crystal data and structure refinement 
Identification code NaMo12 cocrystal

Empirical formula Mo12 Na O54 P8 C48 H40

Formula weight 2902.86

Temperature 296(2) K

Wavelength 1.54178 Å

Crystal system Monoclinic

Space group P21/c

Unit cell dimensions a = 18.1456(7) Å = 90°.

B = 13.8107(5) Å = 108.052(3)°.

C = 20.6756(9) Å  = 90°.

Volume 4926.3(3) Å3

Z 2

Density (calculated) 2.070 Mgm–3

Absorption coefficient 14.612 mm-1

F(000) 2966

Crystal size 0.150 x 0.100 x 0.100 mm3

Theta range for data collection 3.912 to 64.996°.

Index ranges -21<=h<=20, -15<=k<=16, -23<=l<=24

Reflections collected 42462

Independent reflections 8332 [R(int) = 0.1868]

Completeness to theta = 64.996° 99.4 % 

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 56 and 0.35

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 8332 / 661 / 666

265



S7

Goodness-of-fit on F2 1.016

Final R indices [I>2sigma(I)] R1 = 0.0858, wR2 = 0.2228

R indices (all data) R1 = 0.1659, wR2 = 0.3100

Extinction coefficient 0.00031(5)

Largest diff. peak and hole 1.364 and -1.086 e.Å-3

Table S2. Atomic coordinates (x 104) and equivalent isotropic displacement parameters (Å2x 103)
for NaMo12. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.
________________________________________________________________________________ 

x y z U(eq)

________________________________________________________________________________ 

C(1) 6931(9) 3952(18) 3529(10) 106(5)

C(2) 6335(11) 4051(19) 3813(10) 115(5)

C(3) 5590(10) 3720(20) 3448(11) 119(5)

C(4) 5440(10) 3365(19) 2799(11) 117(5)

C(5) 6026(12) 3340(20) 2493(10) 121(6)

C(6) 6767(10) 3650(20) 2857(11) 116(5)

C(7) 7238(11) 674(15) 4393(15) 119(6)

C(8) 7064(12) -308(15) 4362(15) 133(6)

C(9) 6340(13) -624(14) 3967(16) 138(6)

C(10) 5773(12) 33(16) 3643(16) 135(6)

C(11) 5943(13) 1011(15) 3670(16) 139(6)

C(12) 6666(13) 1329(13) 4076(16) 134(6)

C(13) 7241(12) 4575(18) 1403(16) 137(6)

C(14) 7094(13) 3603(17) 1229(17) 149(7)

C(15) 6355(15) 3309(15) 815(17) 153(7)

C(16) 5788(14) 4004(19) 546(17) 155(7)

C(17) 5915(13) 4968(18) 763(18) 153(7)

C(18) 6645(15) 5256(15) 1182(17) 149(7)

C(19) 5786(15) 6390(30) 4608(17) 178(8)

C(20) 5552(18) 6320(30) 3905(17) 184(8)

C(21) 4770(20) 6150(30) 3551(13) 189(8)

C(22) 4271(14) 5870(30) 3908(17) 184(8)
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C(23) 4517(18) 5910(30) 4616(17) 189(8)

C(24) 5300(20) 6050(30) 4963(13) 189(8)

O(1) 8309(7) 3392(9) 4405(7) 76(3)

O(2) 8323(7) 4599(10) 3478(7) 76(3)

O(3) 7879(7) 5124(9) 4482(7) 78(4)

O(4) 9170(7) 6108(9) 4308(6) 70(3)

O(5) 9766(7) 3746(9) 4229(6) 73(3)

O(6) 9127(7) 4480(9) 5565(7) 75(3)

O(8) 8464(10) 5231(11) 6500(8) 101(5)

O(9) 9027(9) 2953(11) 6427(8) 97(4)

O(10) 9541(7) 2634(9) 5257(6) 74(3)

O(11) 8130(10) 1915(11) 5283(8) 100(5)

O(12) 8662(8) 225(10) 5251(9) 95(4)

O(13) 8588(8) 1338(10) 4303(7) 83(4)

O(15) 10017(9) 1733(9) 4178(7) 90(4)

O(16) 10047(8) 3273(10) 2994(7) 82(4)

O(17) 8594(8) 4032(10) 2272(7) 88(4)

O(18) 9584(8) 5225(10) 3276(7) 79(3)

O(19) 8624(10) 5275(14) 1386(8) 112(5)

O(20) 8131(9) 5735(11) 2339(7) 97(5)

O(21) 9043(9) 7198(9) 3109(8) 88(4)

O(23) 8488(9) 7906(10) 4385(8) 93(4)

O(24) 7195(8) 6958(11) 4499(9) 103(5)

O(25) 8627(7) 6392(9) 5393(6) 76(3)

O(26) 7133(9) 5757(11) 5426(9) 105(5)

O(27) 6840(30) 7490(30) 5610(20) 149(14)

O(27’) 6400(70) 7290(90) 5520(60) 160(20)

O(7) 7610(30) 3730(60) 5440(40) 82(12)

O(14) 8667(14) 2570(30) 3286(12) 78(6)

O(22) 7695(12) 6520(30) 3401(15) 77(6)

S(1) 7415(13) 3720(30) 5537(15) 83(5)

S(2) 8446(18) 2520(30) 3047(16) 84(7)

S(3) 7401(15) 6550(40) 3250(20) 82(7)

Mo(1) 8194(1) 5031(1) 5651(1) 79(1)

Mo(2) 8654(1) 3224(1) 5597(1) 78(1)

Mo(3) 9287(1) 2486(1) 4190(1) 76(1)
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Mo(4) 9300(1) 3716(1) 3234(1) 76(1)

Mo(5) 8674(1) 6158(1) 3322(1) 79(1)

Mo(6) 8226(1) 6741(1) 4340(1) 80(1)

Na(1) 10000 5000 5000 78(3)

P(1) 8197(3) 1085(4) 4829(3) 84(2)

P(2) 8207(4) 4912(5) 1867(3) 92(2)

P(3) 6778(4) 6640(5) 5007(4) 107(2)

P(4) 7903(3) 4275(4) 4000(3) 76(1)

O(28) 8409(19) 7700(20) 6417(17) 106(10)

O(29) 8720(20) 8470(20) 2341(16) 105(10)

O(30) 8030(40) 9280(50) 2950(40) 250(30)

O(31) 10276(16) 5940(20) 2261(14) 140(10)

O(32) 7820(30) 1260(40) 2410(30) 93(16)

O(33) 9612(18) -560(20) 4485(18) 101(9)

O(34) 9950(20) -1040(30) 3410(20) 128(12)

O(35) 6210(30) 6360(40) 2330(20) 159(17)

Figure S1. Optical microscopic images of crystals a) without and b) with polarizer.
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Figure S2. Unit cell packing of NaMo12 unit of the cocrystal along a) b and b) c crystallographic axis. Color 

labels: sky blue = Mo for Mo12 cluster, light green = Mo for Mo12@S2 cluster, pink = Mo for Mo12@S6 

cluster, purple = sodium.

Figure S3. Structural model of the kernels of a) Mo12, b) Mo12@S2, and c) Mo12@S6 clusters without PPA 

ligands. NaMo12O6 inner kernel framework of d) Mo12, e) Mo12@S2 and f) Mo12@S6 clusters. Color code: 

sky blue, light green and pink = Mo; yellow = S; red = O, green = P, purple = Na. 
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Figure S4. Space filling model of NaMo12 unit for Mo12 cluster along a) side view and b) top view. C) The 

distance between sodium and the centrode of Mo6 unit.

Figure S5. Short contact O···O interactions between two dumble-shaped units for a) Mo12, b) Mo12@S2 

and Mo12@S6 clusters.

Figure S6. A) Mo-Mo bond distances of Mo6 units, and b) the respective Mo-Na-Mo bond angles for 

Mo12 cluster.

270



S12

Table S3. Comparative Mo-O/ Mo-S bond distances of [Mo6S2O10(C6H5PO3)4] unit.

Type of bonds Mo-O distance (in Å) Mo-S distance (in Å)
Mo-O (isolated O) 1.680, 1.690, 1.693, 1.695, 1.671, 1.699
Mo-O (central P of PPA) 2.308, 2.364, 2.296, 2.333, 2.325, 2.360
Mo-O /Mo-S (dangling O/S) 2.111, 2.118 2.119, 2.142, 2.125, 2.167
Mo-O (peripheral P of PPA) 2.049, 2.052, 2.088, 2.052, 2.091, 2.020

Table S4. Comparative P-O bond distances of different PPA ligands bonded with the cluster.

PPA ligand P-O bond distance (in Å)
Central PPA 1.533, 1548, 1.567
Peripheral PPA (Unit 1) 1.519, 1.537, 1.619 (free)
Peripheral PPA (Unit 2) 1.510, 1.512, 1.558 (free)
Peripheral PPA (Unit 3) 1.519, 1.532, 1.510 (free)

Figure S7. A) Interatomic distances of central P and peripheral P of PPA ligands. B) The distance between 

the centroids of two apexes of the cluster. These distances are similar for all three clusters.
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Figure S8. A) Intercluster packing shows different short contact interactions between peripheral benzene 

rings of the PPA ligands. B-f) Expanded view of these interactions with marked distances.
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Figure S9. FT-IR spectrum of co-crystallized molybdenum oxo-sulfido clusters with respective peak 

assignments.
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Figure S10. Randles circuit and Nyquist plot fitting of the EIS spectra for (a) HER on the pristine Mo12-
TC catalyst and (b) HER on the Mo12-TC catalyst after 1000 cycles.

Figure S11. Randles circuit and Nyquist plot fitting of the EIS spectra for (a) OER on the pristine Mo12-
TC catalyst and (b) OER on the Mo12-TC catalyst after 5000 cycles.
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Table S5. EIS (Nyquist plot) fitting parameters for HER and OER on Mo12-TC catalyst from the Randles 
equivalent circuits provided in Figure S10 and Figure S11. Rs stands for solution/series resistance, Rp 
denotes the charge transfer resistance or RCT and CPE represents the constant phase element.

Condition Rs (Ω) Rp (Ω) CPE.Y0 (F) CPE.N

HER Before cycling 5.883 43.181 2.465e-5 0.884

HER After 250 cycles 6.206 50.332 2.417e-5 0.894

HER After 1000 cycles 6.287 74.069 1.852e-5 0.893

OER Before cycling 9.342 76.983 1.3783-6 0.948

OER After 1000 cycles 10.469 70.816 1.408e-6 0.925

OER After 2000 cycles 12.651 76.464 1.325e-6 0.884

OER After 5000 cycles 15.292 94.078 1.106e-6 0.794

450 525 600 675
0.0

0.3

0.6

0.9

Wavelength (nm)

A
bs

or
ba

nc
e

Mo12-TC solution
H2SO4 added to Mo12-TC solution
H2SO4 added to KOH solution of Mo12-TC solution

480 nm

552 nm

1500 2250 3000 3750

Wavenumber (cm-1)

P-O cage breathing

P-O stretching

H2O stretching

(i)

(ii)

(iii)

Mo12-TC solution

Mo12-TC solution
in 0.5 M H2SO4

Mo12-TC solution
in 1 M KOH

a) b)

Figure S12. a) Comparative a) UV-vis absorption and b) FTIR spectra of Mo12-TC, Mo12-TC in 0.5 M 

H2SO4 (1:1 methanol: water), and Mo12-TC in 1 M KOH (1:1 methanol: water) solutions. IR spectra were 

measured in Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) mode by placing the 

respective solutions on the ATR crystal.
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a) b)

Figure S13. Comparative (a) Raman spectra and (b) XRD patterns of Mo12-TC at different electrochemical 
conditions.

Figure S14. Comparative XPS elemental spectra of Mo12-TC under different electrochemical conditions.
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Table S6. Atomic % of the catalyst from XPS at different electrochemical conditions.

Sample %C %Mo %O %P %S
Mo12 Pristine electrode 58.97 5.51 26.18 2.25 5.51
Mo12 HER 60.72 2.48 28.14 0.52 8.13
Mo12 electrode H

2
SO

4 50.38 6.36 34.96 3.4 4.9
Mo12 OER 70.25 0.7 22.76 0.14 6.16
Mo12 electrode KOH 82.05 0.81 11.4 0.92 4.82
Mo12 Powder 45.5 8.43 36.23 4.39 5.46
Mo12 Nafion 60.43 5.23 24.1 1.97 8.27
Mo12 H2

SO
4 21.08 3.96 60 1.89 13.07

Mo12 KOH 70.7 1.82 21.95 1.13 4.4

Table S7. Atomic % of the catalyst from XPS at different electrochemical conditions

Sample %Mo %P %S
Mo12 Pristine electrode 37.12 15.69 47.69
Mo12 HER 22.79 4.58 72.63
Mo12 electrode H

2
SO

4 43.37 23.28 33.45
Mo12 OER 10.04 1.93 88.03
Mo12 electrode KOH 12.42 13.98 73.6
Mo12 Powder 46.12 24 29.87
Mo12 Nafion 33.81 12.73 53.45
Mo12 H2

SO
4 20.91 10 69.09

Mo12 KOH 24.7 15.41 59.89
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Figure S15. (a) CV at different scan rates in H2SO4 for the Mo12-TC coated electrode and (b) ΔJ (|jCat-jAn|) 

vs. scan rate plot showing a slope of 0.001 corresponding to a Cdl of 0.5 mFcm-2.

Bond/Angle Type Bond Length (Å)

Na-O 2.65
Mo-S 2.40

Mo-O (μ2-Mo-O-Mo) 1.95

Mo-O (μ3-Mo-O-P) 2.38

Mo-O (Terminal) 1.70

P-O 1.55

a) b) c)

Figure S16. a) DFT optimized structure of a) Mo12 and b) Mo12@S4 cluster. c) Selected bond length and 

angles of the cluster. Atomic color code: sky blue = Mo; yellow = S; red = O, green = P, purple = Na, black 

= C, white = hydrogen.
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product consisted of three cocrystallized clusters (Mo12,
Mo12@S2, and Mo12@S6), as confirmed by single-crystal X-
ray diffraction (SCXRD) and electron spray ionization−mass
spectroscopy (ESI-MS) studies. Experimental and corrobo-
rative theoretical studies showed that these mixed clusters
exhibit promising catalytic capabilities for electrochemical
water splitting through active sites embedded within the
molecular structures.
The following discussion pertains to the synthesis, structure,

and characterization of cocrystallized clusters of Mo12, Mo12@
S2, and Mo12@S6. These clusters were prepared at room
temperature through a one-step reduction process involving
the precursors sodium molybdate (NaMoO4) and sodium
dithionite (Na2S2O4). Upon introduction of a sulfur solution
(obtained by dissolving solid sulfur in 50% ammonium sulfide
solution) into aqueous NaMoO4, the color of the reaction
mixture changed from colorless to brown. Addition of Na2S2O4
resulted in a darker shade of brown, indicating the formation of
these clusters. The concentration of the solutions and various
experimental parameters are presented in the Experimental
Section in the Supporting Information. The clusters were
purified through centrifugation (see the Experimental Section).
A schematic of the detailed synthetic procedure is presented in
the Experimental Section.
Single crystals were obtained after 30 days by the slow

evaporation of the purified cluster in methanol at room
temperature (25 °C). As-grown yellowish polyhedral crystals
(shown in Figure S1 in the Supporting Information) were used
for X-ray diffraction (XRD) and other experimental studies.
Mo12-TC crystallized in a monoclinic crystal system with the
space group P21/c (Table S1 in the Supporting Information).
SCXRD study revealed that Mo12-TC cocrystallized in a lattice,
where eight Mo12 clusters were present in each corner of the
unit cell, and the Mo12@S2 and Mo12@S6 clusters were present
on the two opposite faces, having their occupancies of 50%,
25%, and 25%, respectively (shown in Figure S2 in the
Supporting Information). Expanded views (2 × 2 × 2) of the
lattice framework are shown in Figures 1a and 1b. Further

analysis of these structures revealed that all three clusters have
similar NaMo12 kernels protected by oxo- and sulfido-moieties.
For Mo12 clusters, 54 oxo- linkages were observed; however,
for Mo12@S2 and Mo12@S6 clusters, two sulfido-52 oxo, and
six sulphido-48 oxo linkages were observed, respectively
(shown in Figures 1c, 1d, and 1e, as well as Figure S3 in the
Supporting Information). The primary distinctions in the
structures of these three clusters involve the replacement of
two (found in Mo12@S2) and six dangling S linkages (found in
Mo12@S6) with dangling O linkages. Four vertically aligned
PPA ligands are shielded on each side of the metal-oxo-sulfide
framework.
The core of these clusters, i.e., the NaMo12 unit, consists of

two hexagonal Mo6 rings sandwiched with a Na atom
connected through three oxo linkages (shown in Figure S4
in the Supporting Information). The distance between sodium
and the centroid of the hexagonal Mo6 unit is 2.35 Å (Figure
S4). There are six short O···O interactions between these two
dumbbell-shaped Mo6O27P4 units having an average distance
of ∼2.8 Å (shown in Figure S5a in the Supporting
Information). These interactions are occurring between the
μ2 dangling oxygen of one unit with the μ3 oxygen of the other
unit. Such strong interactions are responsible for the structural
rigidity of the two Mo6O27P4 units. A similar type of ···O
interaction was also observed for the other two clusters (see
Figures S5b and S5c in the Supporting Information). Each
Mo6 unit of the cluster has three Mo2 units, where the average
Mo−Mo distance of the bonded Mo2 unit is ∼2.62 Å, and the
Mo−Mo distance between nonbonded units is 3.59 Å (Figure
S6 in the Supporting Information). Each bonded Mo2 unit is
connected with sodium through an oxygen (Figure S3 in the
Supporting Information) and each nonbonded Mo2 unit is
connected with one dangling O/S atom and one O atom,
which is further connected to the central PPA unit (see Figures
1c−e). Each Mo is bonded with an isolated O having an
average distance of 1.68 Å (Table S3 in the Supporting
Information). The coordination mode of each Mo atom is

Figure 2. Supramolecular intercluster packing along the (a) b and (b) c crystallographic axes, and (c, d) corresponding packing of PPA
ligands. (e, f) High-resolution TEM micrographs of the exfoliated layers of cocrystals. Inset show (010) and (101) lattice planes of the
cocrystal, respectively. Intercluster packing along (g) (010) and (h) (101) lattice planes with marked interlayer spacings.
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Figure S17. Electron density maps of the frontier molecular orbitals of the cluster. The energy of the 

respective orbitals are marked here. Green and dark red indicate positive and negative isosurfaces are 

plotted at 0.015 eV/Å3. Atomic colors are the same with the earlier figures.

Figure S18. Total density of state (DOS) and projected density of states (PDOS) spectral profile of the 

respective elements of these clusters.
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Figure S19. a) Structural representation of Mo12 cluster and its adsorption configurations of *OH, *O, and 

*OOH adduct intermediates and O2 end product involved in OER. Atomic color code: Mo: purple, Na: 

Golden yellow, O: red, C: brown, H: pink, adsorbed O: blue. b) Calculated OER free energy profile for the 

Mo12 cluster at different potentials. The free energy profiles at 0 V (black), equilibrium potential of 1.23 V 

(red), and the limiting potential of 2.26 V (blue) are shown here. 
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A concise guide to chemical reactions of
atomically precise noble metal nanoclusters

Paulami Bose, Krishnadas Kumaranchira Ramankutty,† Papri Chakraborty, ‡
Esma Khatun and Thalappil Pradeep *

Nanoparticles (NPs) with atomic precision, known as nanoclusters (NCs), are an emerging field in

materials science in view of their fascinating structure–property relationships. Ultrasmall noble metal NPs

have molecule-like properties that make them fundamentally unique compared with their plasmonic

counterparts and bulk materials. In this review, we present a comprehensive account of the chemistry of

monolayer-protected atomically precise noble metal nanoclusters with a focus on the chemical reactions,

their diversity, associated kinetics, and implications. To begin with, we briefly review the history of the

evolution of such precision materials. Then the review explores the diverse chemistry of noble metal

nanoclusters, including ligand exchange reactions, ligand-induced structural transformations, and reac-

tions with metal ions, metal thiolates, and halocarbons. Just as molecules do, these precision materials

also undergo intercluster reactions in solution. Supramolecular forces between these systems facilitate

the creation of well-defined hierarchical assemblies, composites, and hybrid materials. We conclude the

review with a future perspective and scope of such chemistry.

1. Introduction

Richard Feynman’s historic Caltech address, There’s Plenty of
Room at the Bottom, in 1959, discussed the concept of nano-
technology which envisioned “maneuvering things atom by
atom”.1 Development of atomically precise metal nanoclusters
may be viewed as a direction to create materials atom by atom.
The term ‘metal cluster’ was originally defined by Cotton in
1964 as “a finite group of metal atoms which are held together
mainly or at least to a significant extent, by bonds directly
between the metal atoms, even though some nonmetal atoms may
also be intimately associated with the cluster” to refer to coordi-
nation compounds.2,3 This term was also used in the early lit-
erature to refer to plasmonic noble metal particles consisting
of several hundreds or a few thousands of atoms, although the
term ‘metal nanocluster’ is nowadays used more appropriately
to refer to atomically precise, bare, or ligand-protected par-
ticles with a precise, molecule-like composition (MxLy; M =

metal atom, L = ligands such as thiolate, phosphine, etc.) and
well-defined properties. Precision refers to structure as well,
both in the molecular form in the gaseous, solution and solid
states. Therefore, clusters in the context of this review may be
defined as “a finite group of atoms with precise composition and
structure, composed of two or more metal atoms held together by
chemical bonds between them, and the structure formed stands
protected or unprotected with ligands, with well-defined
properties.”

Electronic confinement of noble metals has been an impor-
tant subject matter of research in the past few decades.4–6 As
the particle size shrinks below ∼3 nm to an intermediate size
regime, bridging the dimensions of molecules and condensed
matter, molecule-like properties arise in such materials.4,7

Such molecular materials are called atomically precise noble
metal nanoclusters (NCs), which have precise composition,
structure, and unique properties.7–11 Au102(p-MBA)44 nano-
cluster (p-MBA=para-mercaptobenzoic acid) was the first
reported single-crystal structure in the family of thiolate-
protected atomically precise nanoclusters,12 although
clusters such as Au11I3[P(C6H4-p-Cl)3]7 (ref. 13) and
[Au13(PPhMe2)10C12]

3+ (ref. 14) were known since 1970, with
other ligands. Since then, more than 250 nanocluster crystal
structures have been published.7,11,15 Many more noble metal
nanoclusters with proteins,16–21 DNA,22–27 poly(amidoamine)-
based dendrimers,28–31 and cyclodextrins32–34 are now
known.11 Today, atomic precision in assemblies is attainable
in several materials, such as metals, metal oxides, semi-
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conductors, ionic compounds, and even rare gases.35 Carbon
clusters, such as Buckminsterfullerene or C60, are some of the
most popular clusters investigated so far.36,37 Molecular clus-
ters such as (H2O)2,3,4… and (CH3OH)n(H2O)m, where n, m =
1,2,3,…, and zero-dimensional (0D) particles of perovskites,
graphene, etc., are also gaining interest.38,39 In our latest book
we presented a comprehensive overview of noble metal nano-
clusters and their properties, with a compendium of all
reported clusters.15 However, in this review, we will be focusing
on the thiolate and phosphine-protected nanoclusters in the
context of their chemical reactions.

Noble metal nanoclusters exhibit well-defined physical, chemi-
cal, and electronic properties.7,11,12 Unique characteristic pro-
perties of nanoclusters include discrete electronic structures,40–47

corresponding HOMO–LUMO transitions,48–53 chemical
reactivity,10,54–56,57–59 photoluminescence60–63 and intrinsic
magnetism.64–69 Metal nanoclusters have attracted tremendous
interest from the scientific community due to their potential
applications in optoelectronics,70,71 sensing,63,72–74,75

bioimaging,63,76–79,80 catalysis,8,81–83,84 and others.7,11

Today, the chemistry of well-defined monolayer-protected
nanoclusters is an active area of research. We present this review
as a mini guide to ligand-protected atomically precise metal
nanoclusters and their diverse chemistry (schematically rep-
resented in Fig. 1). To begin with, we trace the origin and land-
mark developments in nanocluster science. The article presents

the recent research on ligand-induced chemistry, intercluster &
interparticle reactions and their mechanism, thermodynamics,
kinetics, and implications. Knowledge of the precise chemical
reactivity of such nanoclusters gives a way to control their compo-
sition to form alloys and hybrid materials, and also for engineer-
ing their properties. Such new materials may find suitable roles
in photophysical, catalytic, and optoelectronic applications.
Chemical reactions between nanomaterials of various types
provide new insights into the dynamics at the nanoscale.
Reactivity at the nanoscale is of importance to chemistry in
general, and to catalysis, functional materials, photophysics,
nanomedicines, sensors, and clean water, in particular.

2. Atomically precise noble metal
nanoclusters: the evolution

Size-dependent studies of colloidal silver particles in solution
using radiolytic and electrochemical methods by Henglein et al.
in the 1980s were among the earliest experiments using nano-
scale noble metals.85–88 Haruta’s discovery, in 1989, of the cata-
lytic activity of finely divided, nanosized gold particles supported
on oxide surfaces boosted research on noble metal NPs.89

However, most of the early insights into atomically precise metal
nanoclusters were derived from gas-phase investigations.

2.1. Insights from gas-phase studies

Gas-phase studies provided the first glimpses into the charac-
teristics of metal nanoclusters. Nanoclusters of alkali, alkaline
earth, and noble metals have been studied extensively since
the 1980s. Gas-phase investigations of metal nanoclusters
made extensive use of techniques like mass spectrometry, ion
mobility spectrometry, photoelectron spectroscopy, vibrational
spectroscopy, etc.90,91 Using mass spectrometry, Knight et al.
characterized sodium Nan (n = 4–100) metal nanoclusters in
the gas phase.92 The most abundant peaks observed corres-
pond to the nanoclusters with n = 8, 20, 40, 58, and 92.
According to the jellium model, the electrons in these nano-
clusters are distributed into discrete electronic shells, just as
in atoms. The numbers 8, 20, 40, 58, and 92 correspond to the
total number of valence electrons (3s1) in these nanoclusters,
analogous to the valence shell electron configurations of noble
gases. The nanoclusters whose valence shell electron counts
fall in this series of ‘magic’ numbers are referred to as ‘magic
clusters’. The abundance of these nanoclusters in the mass
spectra is attributed to their stability gained from the com-
pletion of electronic shell structures, just like noble gases.
This is one of the reasons for the fact that ‘every atom counts’
in the case of atomically precise metal nanoclusters. Magic
nanoclusters of metals such as aluminum were also observed.
For example, Khanna et al., showed that Al13

−, which has a
magic number of 40 electrons, exhibits special inertness
towards gas-phase etching reactions.93,94 Such nanoclusters
are also called ‘superatoms’, a term coined by Khanna et al. in
1995.95 They also introduced the idea of using superatomic
nanoclusters as building blocks for nanocluster-assembled

Fig. 1 Schematic illustration of the diverse chemistry of the ligand-pro-
tected atomically precise noble metal nanoclusters. Images under
assemblies are adapted with permission from ref. 275, 281, 278 and 285.
Copyright 2014 and 2018 John Wiley and Sons. Copyright 2014
American Chemical Society. Copyright 2020 The Royal Society of
Chemistry. Images under halocarbons are adapted from ref. 258 and
257. Copyright 2013 Royal Society of Chemistry. Images under supramo-
lecular are adapted from ref. 259 and 260. Copyright 2014 and 2018
American Chemical Society. Images under intercluster are adapted from
ref. 55. Copyright 2016 Springer Nature Group. Images under LEIST are
adapted from ref. 218 and 176. Copyright 2018 Royal Society of
Chemistry. Copyright 2020 American Chemical Society.
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materials. The stability of gas-phase metal nanoclusters,
especially larger ones, depends on closed geometric shells as
well as electronic shells. In the gas phase, the geometry of the
nanocluster, rather than the electronic structure, determines
the stability. Due to the overlap of electronic bands, there is a
negligible change in electronic energy with the addition of
each new atom to the nanocluster. For example, positively
charged calcium nanoclusters in the gas phase such as Ca561,
Ca1412, Ca2865, etc., exhibit mass spectral abundance which is
ascribed to the successive addition of layers of atoms to form
stable geometries.96 Bare gold nanoclusters in the gas phase
have been investigated since the 1980s. Kappes et al. used ion
mobility (IM) measurements and trapped ion electron
diffraction97–99 in conjunction with density functional theory
(DFT) calculations in order to assign structures of Aun

− (n <
13) nanoclusters98 and also suggested that planar to three-
dimensional transition in these nanoclusters occurs at n =
11.98 The structure of unprotected noble metal nanoclusters
deposited on surfaces has also been probed using techniques
such as scanning tunneling microscopy.100,101

2.2. Atomically precise metal nanoclusters in solution:
phosphine- and thiolate-protected metal nanoclusters

Solution-phase nanochemistry of noble metals was accelerated
after the discovery of the Brust–Schiffrin method reported in
1994,102 wherein thiolates were used as protecting ligands with
limited information on the structure and composition of these
particles.

The earliest examples of atomically precise metal cluster
compounds studied in the solution phase were gold–phos-
phine coordination complexes, like Au11(PPh3)7(SCN)3 and
Au11I3(P(C6H4-p-Cl)3)7. These compounds were synthesized in
1969 and 1970, respectively.13,103 Au11X3[PR3]7 is the first
known crystal structure with an incomplete icosahedral core.13

In 1981, Briant et al. reported the first[Au13(PPhMe2)10C12]
3+

nanocluster consisting of a perfect icosahedral core.14 Bigger
nanoclusters such as [Au39(PPh3)14Cl6]Cl2 consisting of larger,
atomically precise Au cores were reported in 1992.104 Schmid
et al. synthesized the well-known molecule, Au55[P
(C6H5)3]12CI6, in 1981, which attracted significant attention in
the community.105 The crystal structure of this nanocluster
remained elusive; however, insights into its structure came
from later studies.106 Though techniques such as fast atom
bombardment mass spectrometry (FABMS) were used to
analyze compounds such as [Pt2(AuPPh3)10Ag13Cl7], etc.,107

single-crystal X-ray diffraction was the major tool for probing
their compositions and structures. Extensive reviews are avail-
able on the single-crystal structure of atomically precise
nanoclusters.7,11,108

Even though phosphine-protected noble metal nanoclusters
have been known since the 1960s as mentioned above, the big
leap in the field of solution-phase nanochemistry of noble
metals occurred only after the pioneering efforts of the
Whetten and Murray research groups on thiolate-protected
noble metal particles. In 1996, Whetten et al. were the first to
observe atomically precise compositions for thiolate-protected

gold particles using mass spectrometry. Particles with such
compositions were referred to as ‘nanocrystal gold mole-
cules’.109 Murray et al. electrochemically observed a molecule-
like electronic structure for many such particles. In 2005,
Shichibu et al. synthesized glutathione (SG)-protected
Au25(SG)18 nanocluster via ligand exchange reaction of pre-
formed Au-phosphine nanoclusters.110–112 In the same year,
Tsukuda et al. mass spectrometrically observed a series of glu-
tathione-protected gold nanoclusters with precise and mole-
cule-like compositions, such as Au10(SG)10, Au15(SG)13,
Au18(SG)14, Au22(SG)16, Au22(SG)17, Au25(SG)18, Au29(SG)20,
Au33(SG)22, and Au39(SG)24 which were separated by polyacryl-
amide gel electrophoresis (PAGE).113 In 2006, Häkkinen et al.
proposed the ‘divide and protect’ structural model wherein
these nanoclusters were viewed as consisting of a discrete
metal core, protected by well-defined metal–ligand oligomeric
units.114 In 2007, Whetten et al. unambiguously assigned the
composition of the most popular nanocluster in this family,
Au25(PET)18 (PET = 2-phenylethanethiolate) (which was
wrongly assigned as Au38(PET)24 in earlier investigations)
through electrospray ionization mass spectrometry (ESI MS).
In 2007, Shichibu et al. synthesized a biicosahderal nano-
cluster, [Au25(PPh3)10(SCnH2n+1)5Cl2]

2+ (n = 2–18) by the chemi-
cal reaction between [Au11(PPh3)8Cl2]

+ and n-alkanethiol
(CnH2n+1SH, n = 2, 8, 10, 12, 14, 16, and 18).115 This was the
first Au25 nanocluster compound whose crystal structure was
resolved. Apart from thiolate and phosphinate monolayers,
anion templates, such as halides,116 sulfides,117 chalco-
genides,118 and polyoxometalates,119,120 are becoming increas-
ingly prominent in the preparation of high-nuclearity atomic-
ally precise Ag nanoclusters.121 Mass spectrometry, separation
techniques such as electrophoresis, size-exclusion chromato-
graphy (SEC), and single-crystal X-ray diffraction have made
tremendous contributions to the science of ligand-protected
noble metal nanoclusters.91,122,123 Recently, microelectron
diffraction has been used to resolve the structures of those
nanoclusters for which crystallization was difficult.124,125

Computational methods have made significant contributions
to our understanding of the structures and properties of these
nanoclusters, complementing the experimental
approaches.9,41,47,50,126–129

2.3. Early insights into structures

The identification of atomically precise nanoclusters such as
Au25(PET)18 sparked extensive research into numerous nano-
clusters and their properties; however, the structures of these
early nanoclusters remained unknown for quite some time.
Therefore, these particles were called ‘monolayer-protected
nanoclusters’ (MPCs); the term was originally used to refer to
their larger (consisting of a few hundred metal atoms), plas-
monic counterparts wherein the protecting ligands were
assumed to be arranged in a uniform, 2D fashion, as in the
case of self-assembled monolayers (SAMs)130 of ligands on
metals. In 2007, Kornberg et al. were the first to resolve the
crystal structure of a thiolate-protected gold nanocluster,
namely Au102(MBA)44 (MBA = p-mercaptobenzoic acid).131
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Au102(MBA)44 provided significant new insights into the struc-
ture of the ligands on the NPs. Au102(MBA)44 consists of an
Au79 core protected by nineteen Au(SR)2 and two Au2(SR)3
units, often referred to as staple units. In 2008, the crystal
structure of Au25(SR)18, one of the most popular members of
this family of nanoclusters,132 was resolved independently by
Akola et al. and Heaven et al., which showed that it consisted
of an Au13 icosahedron protected by six Au2(SR)3 oligomeric
staples.133,134 These findings proved that the structural
arrangement of protecting ligands on metal NPs can be com-
pletely different from that of SAMs. Recently, atomic precision
has been achieved in a larger size regime of nanoclusters
wherein plasmonic features start appearing. For example,
structures of Au279(SPh-tBu)84,

135,136 Au329(SR)84,
137,138

[Ag374(SR)113Br2Cl2],
139 Au333(SR)79,

140 and Au246(SR)80
141 were

reported by different groups. There are also attempts to accu-
rately probe the composition of plasmonic NPs using mass
spectrometry.142,143

In the few past years, there have been immense advance-
ments in analytic instrumentation, making it possible to study
these precision materials in detail.26,91,144–146,147 High-resolu-
tion mass spectrometry (HR MS) coupled with soft ionization
can precisely determine the composition of the core and
ligands as well as the charge states of the nanocluster.55,148

Other advanced mass spectrometric (MS) techniques, like ion
mobility MS (IM-MS)97,149–153 and tandem MS (MS/
MS),19,154,155 are becoming increasingly powerful to under-
stand the size, shape, and structural evolution. Single-crystal
X-ray crystallography has made it possible to resolve the struc-
tures of several thiol (–SR)-capped nanoclusters, like
Au25(SR)18,

134 Au28(SR)20,
156 Au38(SR)24,

157 Au40(SR)24,
158

Au52(SR)32,
159 Au40(SR)24,

160 Au92(SR)44,
159 Au102(SR)44,

131

Au133(SR)52,
161 Ag44(SR)30,

162 Ag25(SR)18,
163 Ag29(SR)12,

164 and
more. Furthermore, with the development of hyphenated tech-
niques, other inherent nanocluster properties, such as electron
affinity (EA), ionization energy (IE), electronic transitions, etc.,
are being studied in greater detail.91 A few of the milestones in
the development of noble metal cluster chemistry are briefly
presented in Fig. 2.

2.4. Structural models

Various models have been proposed to understand the struc-
ture and stability of these nanoclusters.9,41,129 When the
‘divide and protect model’,114 which was one of the earliest,
was put forward, no crystal structures were known for thiolate-
protected noble metal nanoclusters. In 2008, Häkkinen et al.
proposed the superatom complex (SAC), which was an exten-
sion of the superatom theory and was used in the case of gas-
phase metal nanoclusters, to understand the stability of
ligand-protected noble metal nanoclusters.130 In 2013, Cheng
et al. proposed the superatom network (SAN) model for some
of the thiolate-protected noble metal nanoclusters.165 They
also proposed the superatom valence bond (SVB) model for
non-spherical nanoclusters such as Au38(SR)24 for which the
ordinary SAC model cannot be used for explaining the stabi-
lity. In 2015, Natarajan et al. proposed a new structural model,

namely the Borromean ring model,166 for thiolate-protected
noble metal nanoclusters wherein these nanoclusters are
viewed as a single structural unit, i.e., interlocked oligomeric
metal–ligand rings in contrast to the ‘divide and protect
model’ wherein nanoclusters possess a discrete core and
staple units. According to this model, Au25(SR)18, for example,
is viewed as three interlocked Au8(SR)6 rings surrounding the
central Au atom. For the first time, a systematic method of
precise naming of alloy nanoclusters and mixed-ligand nano-
clusters based on this model was proposed. In 2016, Xu et al.
proposed another structural model, namely the grand unified
model (GUM) that successfully comprehended the structures
of all the gold nanoclusters known by then.167 Here, these gold
nanoclusters are viewed as built up from triangular and tetra-
hedral elementary building blocks. An interesting suggestion
based on this model is that the evolution of the gold cores in
these nanoclusters cannot be viewed simply as the addition of
an Au atom alone, but rather as built from these elementary
building blocks.

2.5. Properties of metal nanoclusters

Soon after the crystal structures of Au102(SR)44 and Au25(SR)18
were resolved, attempts to understand the structure–property
relations in these nanoclusters also commenced. For example,
distinct electronic absorption bands of Au25(SR)18 were
assigned to various electronic transitions within the molecular
orbitals derived from the metal atoms and the ligands.50,126

Several groups have studied the electrochemistry of various
metal nanoclusters168 and their alloys,169–171 such as
Au25(SR)18, Au38(SR)24, Au67(SR)35, Au102(SR)44, Au144(SR)60,
Au333(SR)79 AgxAu25−x(SR)18 (x = 1–5), M2Au36(SR)24 (M = Pd,
Pt), etc., further establishing the molecule-like electronic struc-
tures of these nanoclusters.172,173 In 2008, distinct charge
states of Au25(SR)18 were observed by a few research
groups.66,130 Electron paramagnetic resonance (EPR) spec-
troscopy of Au25(SR)18 was also reported subsequently.66

Photoluminescence in gold nanoclusters was first reported by
Wilcoxon et al. in 1998 174 and subsequently by many other
groups.50,111,126,128 Photoluminescence was observed from
protein-protected noble metal nanoclusters as well.19 Nuclear
magnetic resonance (NMR) spectra of Au25(SR)18 were reported
by different groups.67,175,176 In 2010, the structure of
Au38(SR)24, another popular member of the thiolate-protected
gold nanoclusters, was theoretically predicted by Lopez-
Acevedo et al.,44 and its crystal structure was revealed in the
same year by Qian et al.157 Chirality in thiolate-protected noble
metal nanoclusters was first reported by Schaaff and Whetten
in 2000.177 In 2012, the first separation of enantiomers of
Au38(SR)24 was achieved using chiral HPLC by Dolamic
et al.,178 which was a significant step toward understanding
the chirality of nanoclusters. In 2015, the structural isomerism
in Au38(SR)24 was observed by Tian et al.179 Infrared and
Raman spectroscopy of these nanoclusters were reported by
Dolamic et al. and Varnholt et al., in 2013 and 2014, respect-
ively, revealing the distinct vibrational features of the staples
of these nanoclusters.180,181 Whereas most of these advance-
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ments were centered around gold nanoclusters, the search for
an atomically precise silver nanocluster was fruitful only in
2013 when Desireddy et al. reported the structure of
Ag44(SR)30.

162 Ag25(SR)18, which is structurally and composi-
tionally analogous to Au25(SR)18, was discovered in 2015 by
Joshi et al.163 Clusters of other metals and alloy nanoclusters
composed of two, three and four elements have been
reported.10,182 Apart from thiolates, a wide variety of ligands,
such as selenolates,183–187 tellurolates, alkynes,188,189 car-
benes,190 etc., have also been used as protecting ligands for
noble metal nanoclusters. For a comprehensive summary of
the advancements in the field of thiolate-protected noble

metal nanoclusters, please consult several additional
references.7,8,10–12,41,57,91,173,191–194

3. Chemical reactivity of ligand-
protected atomically precise metal
clusters

The molecule-like nature of the physical properties of these
nanoclusters is evident from the structural and spectroscopic
studies discussed above. Recently, we have shown that these

Fig. 2 (A) A representative timeline of the evolution of nanocluster science. (B) A few notable mentions from the nanocluster timeline, namely (a)
mass spectra of Aun(SR)m, (b) mass spectra of Aun(SG)m series, (c) divide and protect concept as visualized from the difference in electron density
due to bonds, (d) Kohn–Sham (KS) orbital energy level diagram of Au25(SH)18

−, crystal structures of (e) Au102(p-MBA)44, (f ) [N(C8H17)4][Au25(SH)18], (g)
Ag44(4-FTP)30(PPh4)4, (h) Au38(SR)24, (i) Na4Ag44(MBA)30, and ( j) Ag25(DMBT)18, and (k) Borromean rings diagram of Au25(SMe)18 nanocluster. Adapted
from ref. a,109 b,113 c,114 d50,126 e,131 f,134 g,291 h,292 i,162 j,163 and k.166 Copyright 1996 John Wiley and Sons. Copyright 2005, 2006, 2008, 2010, and
2015 American Chemical Society. Copyright 2007 American Association for the Advancement of Science. Copyright 2013 Springer Nature Group.
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nanoclusters exhibit molecule-like chemical reactivity as well.
In the following sections, we discuss different aspects of their
chemistry in detail.

3.1. Ligand exchange and ligand-induced transformations

Post-synthetic modification in particles is a versatile approach
for the transformation in atomically precise nanoclusters in
terms of compositional, morphological, and structural
changes. Reactions of nanoclusters with structurally different
ligands are another way to synthesize new nanoclusters.
Substitution or exchange of ligands is one of the earliest reac-
tions of such nanoclusters.195

Over the past two decades, monolayer-protected metal
nanoclusters reacting with various ligands have produced
nanoclusters with novel physical and chemical properties.196

Murray et al. performed the first of such ligand-exchange reac-
tions with thiol-protected gold nanoclusters.197 Murray et al.
also studied the mechanism of these ligand-exchange reac-
tions in detail using mass spectrometry, NMR spectroscopy,
and electrochemistry.195,198 The rate of such reactions depends
on the concentrations of both the nanocluster and the foreign
ligand. The electron-donating and withdrawing nature of the
functional groups on the ligands also governs the reaction
rates. Using electrochemistry, Parker et al. showed that the
electron-withdrawing ligands accelerate the exchange rate rela-
tive to electron-donating ligands.199 Murray et al. observed that
the ligand exchange is a second-order reaction.200 Rate of reac-
tion is determined by the bonding of incoming and outgoing
ligands with metal, much like an associative mechanism.
However, the rate is independent of the size of the nano-
clusters. For example, both Au38(PET)24 and Au140(PET)53
showed similar rate constants during ligand exchange using
various p-substituted aryl thiols.201 The understanding of site
selectivity and specificity of ligands in exchange reactions sig-
nificantly improved with the availability of single-crystal struc-
tures of nanoclusters.

When noble metal nanoclusters react with foreign ligands,
they undergo a transformation that leads to three types of
ligand-exchange products. These products can result in the
nanocluster with (i) retention of its structure and composition
upon exchange, (ii) alteration in geometry while retaining its
composition, or (iii) alteration in both structure and
composition.

The initial reports on ligand-exchange reactions indicate
that structure and composition of the nanocluster remain
unaltered in the process. Murray et al. extensively studied the
ligand-exchange reactions on Au25(PET)18 with different SR
(where, R = Ph–CH3, Ph–F, etc.), which resulted in
Au25(SR)18−x(SR′)x series (x = 1–12).200,202,203 Partial ligand
exchange was observed during the reaction of p-BBT (BBT =
bromobenzenethiol) with Au102(p-MBA)44 and Au25(PET)18
which led to the formation of Au102(p-MBA)40(p-BBT)4 and
Au25(PET)16(p-BBT)2, respectively.204,205 In 2014, Abdulhalim
et al. reported the ligand exchange on Ag44(4-FTP)30 (FTP =
fluorothiophenol) with various other aryl thiols such as MNBA
(5-mercapto-2-nitrobenzoic acid), 4-NTP (NTP = nitrothiophe-

nol), and 2-NT (NT = naphthalenethiol) which resulted in the
formation of Ag44(SR)30 (where SR = MNBA/4-NTP/2-NT).206 A
second type of ligand exchange, referred to as ligand-induced
isomerization, was reported in 2016 by Jin et al. upon the reac-
tion of Au28(CHT)20 (CHT = cyclohexanethiol) with TBBT
ligand (4-tert-butylbenzenethiol), in which the structure of the
nanocluster changed while the composition remained
unchanged.207

In 2008, Shibu et al. came up with the first report on post-
synthetic modification of atomically precise Au25 nanoclusters
via ligand exchange reaction.195 Performing a ligand exchange
with functionalized glutathione on the Au25(SG)18 nanocluster
altered its optical and photoluminescence properties. These
reactions have since found widespread application for modify-
ing the chemical and other properties of nanoclusters through
the introduction of new ligands to the parent clusters.
Recently, ligand-exchange-induced structure transformation
(LEIST) has become a rapidly developing technique in nano-
clusters. In such reactions, when a foreign ligand is intro-
duced, it can cause significant distortion of the core, resulting
in both structural and compositional changes within the nano-
cluster. In 2013, Jin et al. introduced the term LEIST when they
observed the transformation of Au38(SR)24 to Au36(SR′)24 nano-
cluster through a ligand-exchange reaction. Jin et al. per-
formed the ligand-exchange reaction on Au38(PET)24 with
excess TBBT (TBBT = 4-tert-butylbenzenethiol) under thermal
conditions, resulting in molecularly pure Au36(TBBT)24 in
excellent yield.208 The process of ligand exchange brings about
a change in the structure of biicosahedral Au38(PET)24, trans-
forming it into a truncated tetrahedral Au36(TBBT)24 with an
FCC kernel. Interestingly, one of the first examples of an FCC-
structured Aun(SR)m nanocluster is Au36(TBBT)24. Zeng et al.
established the universality of the LEIST method by reacting
Au25(PET)18 with TBBT under thermal conditions, which led to
the formation of Au28(TBBT)20.

156 The Jin group’s discovery of
the LEIST method led to the synthesis of numerous new nano-
clusters.209 Following this work, a large number of transform-
ations was studied by different groups, such as conversions of
Au11(PPh3)7Cl3 to [Au25(SR)5(PPh3)10X2]

2+,210 Au15(SG)13 to
Au16(S-Adm)12,

211 Au18(S-c-C6H11)14 to Au21(S-Adm)15,
212 etc.,

which proved the method to be versatile for making new struc-
tures. Furthermore, similar structural changes were observed
in silver nanoclusters, and the mechanisms underlying these
changes were investigated in detail. Bakr et al. showed the
reversible conversion between Ag25(2,4-DMBT)18 (DMBT = di-
methylbenzenethiol) and Ag44(4-FTP)30 (FTP = fluorothiophe-
nol).213 Upon reaction with 2,4-DMBT, Ag44(4-FTP)30 under-
went a disproportionation reaction to form smaller sized
Ag25(4-FTP)1(2,4-DMBT)17 and bigger sized Ag46–50(4-
FTP)4–9(2,4-DMBT)21–26. After complete ligand exchange, other
less stable nanoclusters transformed to more stable Ag25(2,4-
DMBT)18. On the other hand, the conversion of Ag25(2,4-
DMBT)18 to Ag44(4-FTP)30 occurred via dimerization of
Ag25(2,4-DMBT)18 followed by a rearrangement pathway. A
similar mechanism was observed during the conversion of
Ag35(SG)18 to Ag44(4-FTP)30.

214 Khatun et al. showed a distinctly
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different mechanistic pathway during the transformation of
Ag59(2,5-DCBT)32 (DCBT = dichlorobenzenethiol) to Ag44(2,4-
DCBT)30, Ag25(2,4-DMBT)18 and Ag29(1,3-BDT)12(PPh3)4 (BDT =
benzenedithiol) upon reaction with 2,4-DCBT, 2,4-DMBT and
1,3-BDT/PPh3, respectively (Fig. 3).215 In the presence of
incoming thiol ligands, Ag59(2,5-DCBT)32 dissociated comple-
tely into smaller nanoclusters and thiolates instead of ligand
exchange. Then, these smaller nanoclusters and thiolates
recombined and rearranged to form the final product. The
nature of the thiolate ligand plays an important role in deter-
mining the structure and composition of the product nano-
clusters. Khatun et al. also reported the synthesis of MAg28(1,3-
BDT)12(PPh3)4 from MAg24(2,4-DMBT)18 via the LEIST method.
Recently, a phosphine-protected nanocluster Ag18(PPh3)10H16

synthesized by Bakr et al. was observed as a very good precur-
sor for the LEIST reaction (Fig. 4).216 Bodiuzzaman et al. syn-
thesized two new nanoclusters, Ag46(DMBT)24(PPh3)8 and
Ag40(DMBT)24(PPh3)8 via the LEIST method, using
Ag18(PPh3)10H16.

217 Manju et al. synthesized NIR-emitting
[Ag34S3(SBB)20(CF3COO)6]

2+ nanocluster from Ag18(PPh3)10H16

upon reacting it with tertiary-butylbenzylthiol (SBB).218 Upon
reacting Ag18(PPh3)10H16 with 2-pyrene imine thiol (2-PIT),
Jana et al. synthesized a new dual-emitting nanocluster,
[Ag35(2-PIT)7(PPh3)7@(H2O)]

3+.219 Kang and Zhu published an
extensive review on the evolution of the LEIST methodology
and its application.220

Ligand exchange is an effective strategy to improve the
physical and chemical properties of nanoclusters. The method
has largely been used to enhance the emission quantum yield
(QY) of several non-luminescent or feebly luminescent nano-

Fig. 4 Formation of [Ag34S3(SBB)20(CF3COO)6]
2+, [Ag35(2-PIT)7(PPh3)7@

(H2O)]3+, Ag46(DMBT)24(PPh3)8 and Ag40(DMBT)24(PPh3)8 from
Ag18(PPh3)10H16 via LEIST method. Adapted from ref. 217. Copyright
2019 John Wiley and Sons.

Fig. 3 Schematic representation of ligand exchange-induced conversion of Ag59(2,5-DCBT)32 to Ag44(2,4-DCBT)30, Ag25(2,4-DMBT)18 and Ag29(1,3-
BDT)12(PPh3)4 after the reaction with 2,4-DCBT, 2,4-DMBT and 1,3-BDT/PPh3, respectively, under ambient conditions. Adapted from ref. 215.
Copyright 2017 Royal Society of Chemistry.
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clusters. Jin et al. showed an improvement in photo-
luminescence (PL) intensity while preserving the composition
of Au25(SR)18.

221 They found higher QY for Au25(PET)18 (PET =
2-phenylethanethiol) than for Au25(DDT)18 (DDT = dodeca-
nethiol) and Au25(HT)18 (HT = hexanethiol). Later on, the PL
intensity of Au25(PET)18 enhanced 6.5 fold on using NAP (NAP
= 2-(naphthalen-2-yl)ethanethiolate) ligand instead of PET.222

Kim et al. showed enhancement in PL intensity of
Au36(TBBT)24 (TBBT = tert-butylbenzenethiol) by partial ligand
exchange using CPT (CPT = cyclopentanethiol) ligand.223

Similar to gold nanoclusters, ligand engineering in silver
nanoclusters also led to the enhancement of the PL QY.
Khatun et al. found structure-conserved ligand exchange in
Ag29(BDT)12(PPh3)4 (BDT = 1,3-benzenedithiol) using various
diphosphine ligands such as DPPM (1,1-bis(diphosphino)
methane), DPPE (1,2-bis(diphosphino)ethane) and DPPP (1,3-
bis(diphosphino)propane) which resulted in the increment of
PL QY, as shown in Fig. 5.224 Among these nanoclusters,
Ag29(BDT)12(DPPP)4 exhibited highest PL QY which is 30 fold
higher than that of Ag29(BDT)12(PPh3)4. The PL intensity can
also be modified by the structure, transformed due to ligands.
Such an example is the conversion of Pt1Ag24(SR)18 to
Pt1Ag28(SAdm)18(PPh3)4 (SAdm = adamentanethiol) which dis-
played 50-fold higher PL QY than the parent nanocluster.225

Other properties such as chirality is introduced in nano-
clusters using the ligand exchange method.226,227 Bürgi et al.
introduced chirality in Au38(PET)24 nanocluster by partial
ligand exchange using chiral bidentate thiol, BINAS (BINAS =
1,1′-binaphthyl-2,2-dithiol).228

3.2. Reactions with metal ions

The interaction of a metal ion with the noble metal nano-
cluster is reflected in the changes observed in the absorption
and emission spectra of the nanocluster. Some metal nano-
clusters are known to be highly fluorescent compared to their

bulk counterparts. Also, the post-synthetic metal-exchange
reactions with noble metal nanoclusters are an important
method for the preparation of alloy nanoclusters. Of all the
known metal-exchange methods, galvanic reduction is one of
the most efficient approaches for the preparation of multime-
tallic alloy nanoclusters.

Metal ion-induced alteration in the fluorescence of nano-
clusters is one of the most used strategies for sensing heavy
metal ions, like Hg2+, Cu2+, As3+, Cr3+, Pb2+, etc.75 In 2007,
Habeeb et al. were the first to report the reactivity of Au25SG18

nanocluster to AuCl4
−.229 The Au25SG18 nanocluster underwent

an instantaneous decomposition in the presence of AuCl4
−

ions to form an insoluble gold–glutathione coordination
polymer (AunSGm). The characteristic absorption features of
Au25SG18 nanocluster get quenched immediately after addition
AuCl4

− ions due to the formation of Au(I) – glutathione
complex. Upon reaction with other metal ions, such as Ag+,
Fe3+, Cu2+, Ni2+, Cd2+, Zn2+ and Sr2+, the Au25SG18 nanocluster
decomposes but at a slower rate. The net reaction of Au25SG18

nanocluster – Au3+ ion can be represented as an electron-trans-
fer process where the electrons from the nanocluster core
reduce AuCl4

− to AuCl2
− ions.

Mercury (Hg) is one of the most toxic heavy metals.
Bootharaju and Pradeep reported that the Ag7,8(MSA)7,8 nano-
cluster (MSA = mercaptosuccinic acid) can act as a Hg and
other heavy metal scavenger.230 In the reaction medium, the
silver nanocluster interacts preferentially through its core and
the carboxylate group of mercaptosuccinic acid (MSA) ligand
depending upon the concentration of Hg2+ ion. The
Ag7,8(MSA)7,8 nanocluster undergoes luminescence quenching
as it interacts with Hg2+. To understand the scavenging prop-
erty of the Ag7,8(MSA)7,8 nanocluster, it is important to note
that the redox potentials of Ag1+/Ag0 decrease with the particle
size compared with the bulk metal, which is +0.79 V, whereas
it is +0.8 V for the interacting metal ion (Hg2+/Hg0). The net
cell electromotive force (emf ) for the reduction of Hg2+ by the
silver nanocluster is positive. The alumina-loaded
Ag7,8(MSA)7,8@Al2O3 nanocluster can be used quantitatively
for Hg2+ removal from contaminated water. Later on, from the
same group, Chakraborty et al. went ahead to report the selec-
tive reaction of Ag25SG18 nanocluster with Hg2+ ion. The
chemical interaction of Ag25SG18 nanocluster and Hg2+ ion
resulted in the formation of Ag3Hg2 alloy (paraschachnerite
with an orthorhombic crystal structure), as observed with the
appearance of new blue-shifted features in the optical absorp-
tion spectra (Fig. 6). XPS studies show that the Ag25SG18 nano-
cluster – Hg2+ ion reaction is a redox process which involves
oxidation of Ag0 to Ag+ and reduction of Hg2+ to Hg0. The
luminescent Ag25SG18 nanocluster can act as a sensing
material, as it undergoes fluorescence quenching upon inter-
action with Hg2+ ions with a limit of detection of 1 ppb.

Another heavy metal present in drinking water is Cu2+,
which has a permissible limit of 1.3 ppm in drinking water as
set by the U.S. Environmental Protection Agency (EPA).
Glutathione (GSH) is a natural tripeptide in amino acids, such
as cysteine, glutamic acid, and glycine. GS-protected gold

Fig. 5 Excitation and emission spectra of Ag29(BDT)12 and
Ag29(BDT)12(P)4 where P = PPh3, DPPM, DPPE, DPPP. A systematic
enhancement of PL intensity is observed. Photographs of nanoclusters
under UV light are also shown. Reproduced from ref. 224. Copyright
2018 Royal Society of Chemistry.
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nanoclusters are biocompatible and have strong near-IR fluo-
rescence emission compared with other non-aqueous
Aun(SR)m, making them a popular candidate for developing
biological and heavy metal sensors. Back in 2009, fluorescent
Au@GS NPs made a debut as a highly selective Cu2+ sensor,
which is a classic example of aggregation-induced fluorescence
quenching.231 Later on, efforts were undertaken by George
et al. for sensing Cu2+ ions using thiolate-protected gold nano-
clusters.34 This work involved a GS-protected Au15 nanocluster
encapsulated in cyclodextrin (CD) cavities (denoted by
Au15@CD). The sensor material is prepared by loading the
Au15@CD nanocluster onto a freestanding film of chitosan.
This nanocluster composite material is a bright luminescent
film under UV light. Upon exposing the nanocluster composite
material to Cu2+ ions, luminescence quenching happens
which is selective to Cu2+ ion concentration. A change in emis-
sion maximum was observed in the PL spectra of the material
before and after its exposure to Cu2+ ions. The sensing speci-
ficity of the nanocluster composite material towards Cu2+ ion
was studied using XPS analysis, which suggested a reduction
of Cu2+ to Cu1+/Cu0 by the glutathione ligand or the Au15 core.
The reported limit of detection of the GS-protected-Au15@CD
nanocluster composite material is 1 ppm of Cu2+ ion present
in the medium. Zhang et al. reported the application of water-
soluble GS-protected gold nanoclusters in Cu2+ sensing with a
limit of detection of 86 nM.72 The quenching of the fluo-
rescence is attributed to the carboxylic group in GSH-ligand,
which is a chelating agent with a high affinity and selectively
towards Cu2+ ion over other metal ions, like Hg2+ and Pb2+,
present in the medium. Krishnadas et al. reported a highly
luminescent MSA-protected Ag–Au bimetallic nanocluster
(denoted as AgAu@MSA) material as a Cu2+ sensor. Initially,
the preparation of the AgAu@MSA nanocluster involved a gal-
vanic reduction of polydispersed Ag NPs by AuI-MSA thiolates.

A methanolic solution of the AgAu@MSA nanocluster under-
goes immediate luminescence quenching selectively upon
interaction with Cu2+ even in the presence of other metal ions.
The mechanism of metal-induced fluorescence quenching of
the nanocluster was investigated using XPS, and it was con-
cluded that the Cu2+ ion interacts with the AgAu metal core of
the nanocluster. The nanocluster–metal ion interaction is a
redox process; the AgAu metal core reduces the Cu2+ ion to
Cu1+/Cu0, while it gets oxidized in the process.

In the following part, we will focus on the metal-exchange
reactions of noble metal nanoclusters resulting in alloy nano-
clusters. As per the galvanic theory, the metal ion with a
higher reduction potential replaces another metal with a lower
reduction potential, and subsequently, it gets reduced
(Fig. 7A). The reduction potential of metals in decreasing
order is Fe2+ > Cd2+ > Co2+ > Ni2+ > [Au NCs] > Cu2+ > Hg2+ >
Ag1+ > Pd2+ > Pt2+ > Au1+.232,233 Using the galvanic replacement
method, various multimetallic noble metal alloy nanoclusters
are formed. One such example is the Au-incorporated Ag24Au
(DMBT)18 nanocluster derived from Ag25(DMBT)18 studied by
Bootharaju et al., where the reduction potentials of Ag+/Ag and
Au+/Au are 0.080 and 1.69 V, respectively (Fig. 7C(a)).234 The
structure of the bimetallic Ag24Au(DMBT)18 nanocluster is ana-
logous to its monometallic counterpart with enhanced stability
and photoluminescence. The reaction of PdAg24(SR)18 and Au-
salt was found to proceed via trimetallic PdAuAg23(SR)18 nano-
cluster intermediate and finally resulting in a replacement
product, the AuAg24(SR)18 nanocluster. But the Au ionic reac-
tion with the structurally equivalent PtAg24(SR)18 nanocluster
led to the formation of Au2PdAg22(SR)18 nanocluster. Later,
Kang et al. reported dopant-dependent shape-controlled galva-
nic exchange reactions.235 The Au-doping in a PtAg24(DMBT)18
nanocluster with the precursors Au-DMBT and AuBrPPh3

resulted in the formation of trimetallic nanoclusters with
shape-unaltered PtAuxAg24−x(DMBT)18 and altered
Pt2Au10Ag13(PPh3)10Br7 nanoclusters, respectively (Fig. 7C(b)).
Similarly, multimetallic PtCuxAg28−x(BDT)12(PPh3)4 and
Pt1Ag12Cu12Au4(S-Adm)18(PPh3)4 nanoclusters were prepared
using the galvanic exchange method.236 Bootharaju et al.
studied the metal-exchange reaction between MAg24(SR)18 (M =
Pd/Pt) and AuPPh3Cl salt, using mass spectrometry
(Fig. 7C(c)).237 Likewise, using the templated galvanic metal-
exchange route, a highly stable Au5.34Ag44.66(Dppm)6(TBBM)30
(Dppm = bis(diphenylphosphino)methane and TBBM = 4-tert-
butylbenzyl mercaptan) nanocluster was prepared from
Ag50(Dppm)6(TBBM)30 (Fig. 7C(d)).

238

An anti-galvanic reaction (AGR) defies the classical galvanic
reduction (GR) as the metal ions get reduced by the less reac-
tive (or more noble) metal (Fig. 7B). The driving force for an
anti-galvanic reaction can be explained in terms of the differ-
ence in the redox potential of the participating entities. In
1985, Plieth proposed a theory on the relationship between the
electrode potential of metal nanoparticles and their particle
diameter.239 Theoretically, bulk metals (Mbulk) can be trans-
formed into small metal particles (MNP) by dissolving into
metal ions (M+) and then redepositing as particles. The

Fig. 6 Optical absorption spectra of the Ag25SG18 nanocluster solution
on addition of different metal ions. Under UV excitation, images corres-
ponding to fluorescence quenching of (a) phase transferred nanocluster
and on the addition of (b) 1 ppm, (c) 2 ppm, and (d) 10 ppm of Hg2+.
Adapted from ref. 290. Copyright 2012 Elsevier.
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reduction of bulk metal (Mbulk) into metal nanoparticles (MNP)
can be described by the electrochemical cell reaction,239

Mbulk ! MþðaqÞ þ ze�

MþðaqÞ þ ze� ! MNPðsÞ
Plieth states that the standard reduction potential of a

small metal particle undergoes a negative shift, as expressed
in the following equation,239

μd ¼ μb �
2M
zF

� �
γ

r

where, µd and µb are the reduction potentials of metal NP and
electrode of the same metal, respectively. The other terms are
molar mass (M), specific mass (ρ), number of electrons (z),
Faraday’s constant (F), surface free energy (γ), and NP radius
(r). Later, Zamborini et al. and Henglein et al. experimentally
demonstrated a significant negative shift in the electrode
potentials of Ag87 and Au NPs240 having sizes below 4 nm.

The ultrasmall-sized noble metals nanoclusters have been
recently emerging as interesting candidates for anti-galvanic
reactions.232,241 The anti-galvanic reaction route provides a
more facile and milder method towards alloying with a better
control over the composition, structure, and properties of the
nanoclusters. Choi et al. reported the first anti-galvanic reac-
tion in nanoclusters with the alloying of [Au25(PET)18] nano-
cluster.242 The [Au25(PET)18]

− nanocluster upon reaction with
Ag+ ion resulted in a bimetallic [Au24Ag(PET)18]

− nanocluster.
From the electrochemical series, it is known that Au is less
reactive than Ag, and it was anticipated that the reduction of
Au(III) by Ag metal is facile in the ambient conditions but the
opposite is not. In 2012, Wu studied the reaction of
Au25(PET)18 with Ag+ and Cu2+ ions resulting in bimetallic pro-

ducts as characterized using matrix-assisted laser desorption/
ionization time of flight mass spectrometry (MALDI-TOF MS)
and XPS.232 Ag+ ions failed to react with 2–3 nm Au NPs,
thereby establishing Au25(PET)18 nanoclusters as a unique can-
didate towards anti-galvanic reaction. The thiolate (–SR) ligand
coverage on the nanocluster surface plays a pivotal role in the
anti-galvanic reactions. As the ligand attaches to the metal
surface, it gains a partial negative charge which further assists
in the reduction of less noble ions, like, Ag+ and Cu2+. Here,
the anti-galvanic reaction is catalyzed by the highly reactive
metal atom on the nanocluster surface. The AGR products are
influenced by monolayers on the nanocluster surface. For
instance, Wu et al. demonstrated that when exposed to silver
ion precursors (such as AgNO3, Ag-PET, Ag-EDTA, and Ag-DTZ;
where EDTA stands for ethylenediamine tetraacetic acid diso-
dium salt and DTZ for dithiazone), Au25(PET)18 reacts and
forms various Ag–Au alloy nanoclusters.243 However,
Au25(SG)18 does not exhibit any reaction with Ag+ ions.244

Using anti-galvanic reaction routes, gold nanoclusters can be
alloyed by a heteroatom addition or replacement that also involves
a retention or an alteration of the structural framework.241

Here are a few examples of heteroatom addition with reten-
tion of the initial nanocluster structural framework. The reac-
tion between Au25(PET)18 and AgNO3 in acetonitrile results in
the formation of Au25Ag2(PET)18 nanocluster as a major
product.245 The incoming Ag-atoms, instead of replacing Au-
atoms, get added to the Au25(PET)18 nanocluster structure.
Upon comparison with the Au25(PET)18 nanocluster, the Ag-
added species, Au25Ag2(PET)18, has a ∼3.5-fold enhancement
in QY while no change was seen in the Ag-replaced species,
Au25−xAgx(PET)18 (x = ∼3). Wang et al. observed that a foreign
Ag-atom can squeeze into the hollow site of the
Au24(PPh3)10(PET)5Cl2 nanocluster without altering its compo-

Fig. 7 Schematic representation of (A) galvanic replacement and (B) anti-galvanic replacement reaction from the context of doping in Ag25(SR)18
and Au25(SR)18, respectively. Examples showing the preparation of alloy nanoclusters using (C) galvanic and (D) anti-galvanic reaction routes.
Reproduced with permission from ref. C-a,234 b,236 c,237 and d,238 and D-a,246 b,248 c,251 and d.249 Copyright 2015 and 2017 American Chemical
Society. Copyright 2016 and 2018 John Wiley and Sons. Copyright 2016 Royal Society of Chemistry. Copyright 2017, Springer Nature Group.
Copyright 2019 National Academy of Sciences.
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sition or structure (Fig. 7D(a)).246 Other popular examples of
metallic replacement with the retention of starting nanocluster
structure are Ag, Pt, and Pd-doped Au38(PET)24, Ag-doped
Au36(TBBT)24, Cu and Ag-doped Au144(PET)60.

247 In 2015, Liao
et al. synthesized Au25Hg1(PET)18 and Au25Cd1(PET)18 from
Au25(PET)18 using an anti-galvanic reaction (Fig. 7D(b)).248 The
single-crystal X-ray diffraction of Au25Hg1(PET)18 revealed the
structural similarity with Au25(PET)18 where one of the outer-
shell Au-atoms is replaced by a Hg-atom, while for the
Au25Cd1(PET)18 structure, the Cd-atom replaces the Au-atom to
occupy the central position (Fig. 7B).

Jin et al. pioneered alloying methods where the heteroa-
tomic replacement initiates a structural transformation. Li
et al. studied the Ag-doping-induced transformation of the
Au23(CHT)16 (CHT = cyclohexanethiolate) nanocluster into
Au25−xAgx(CHT)18 (Fig. 7D(d)).249 The alloying reaction
between Au23(CHT)16 and Ag(I)-CHT proceeds through a two-
step metal-exchange route: (i) Au23(CHT)16 is initially con-
verted to a Au23−xAgx(CHT)16 (x ∼ 1) intermediate, and (ii) then
it is allowed to grow into Au25−xAgx(CHT)16 (x ∼ 4), with Ag
sitting at the icosahedral inner shell.250 Zhu et al. reported
another method of synthesis of the bimetallic nanocluster
involving a non-replacement of the heteroatom along with a
structural transformation. The Au20Cd4(SH)(CHT)19 nano-
cluster was prepared from Au23(SR)16 using the anti-galvanic
reaction (Fig. 7D(c)).251 The starting Au23(SR)16 nanocluster is
known to have an Au15 bi-capped cuboctahedron-based kernel,
protected by two Au3(SR)4 trimeric and Au(SR)2 monomeric
staples along with four simple bridge –SR– ligands.252

Structural similarity of Au25 and Au20Cd4(SH)(CHT)19 nano-
cluster system was found to be composed of a centered icosa-
hedral Au13 and Au11Cd2 kernel, respectively. The introduction
of two Cd-atoms distorts the Au13 kernel of Au25. The resulting
nanocluster structure consists of a distorted central icosahe-
dral Au11Cd2 kernel with the capping of two non-equivalent tri-
meric staples, one dimeric staple, two monomeric staples, four
bridging thiolates (–SR–), and one CdSH unit. Li et al. reported
Cd-addition to the Au22(SAdm)16 (SAdm = 1-adamantanethiol)
nanocluster (bioctahedral Au10 kernel), which resulted in a
structurally transformed Au22Cd1(SAdm)16 nanocluster (cuboc-
tahedral Au12Cd1 kernel).253 Using the reaction between
Cl@Ag14 and AgClO, Hau et al. introduced the metal core
enlargement in nanoclusters, leading to the formation of
bigger Cl6Ag8@Ag30.

116 Recent investigations have shown that
carboxylate ligands on the surface of Ag nanoclusters provide
ligand–shell flexibility, inducing structural modifications in
the NCs due to differential coordination of Ag between
carboxylate and thiol/alkyl moieties.254,255 For example, mono-
carboxylate and dicarboxylate ligand triggers structural trans-
formations Mo6O22@Ag44 → Mo8O28@Ag50 (ref. 254) and Ag54
→ Ag28, (ref. 255) respectively.

3.3. Reactions with halocarbons

The studies of the reaction of halocarbons with noble metal
NPs opened up a new direction in nanocluster chemistry. Nair
and Pradeep reported that citrate-capped Ag and Au NPs

possess catalytic property for the destruction of halocarbons,
resulting in the formation of metal halides and amorphous
carbon. This was the first time such properties had been
reported.256 The halocarbon, CCl4, upon reaction with an alco-
holic solution of Ag and Au NPs resulted in the formation of
AgCl and AuCl3, respectively, along with an amorphous carbon
residue. This reaction was able to completely mineralize halo-
carbons like choloro, fluoro, and bromocarbons. Later,
Bootharaju and Pradeep identified a pesticide degradation
pathway using the citrate-capped Ag and Au NPs.257 Here,
chlorpyrifos (CP), an organophosphorothioate pesticide, was
used as the model pesticide. After reacting with CP, optical
absorption spectroscopy showed a red shift in the surface
plasmon of Ag NP, and transmission electron microscopic
(TEM) analysis revealed aggregation. Upon reaction with the
unsupported and alumina-supported Ag and Au NP, the CP
degrades into less toxic by-products like 3,5,6-trichloro-2-pyri-
dinol (TCP) and diethyl thiophosphate (DETP), which was
established using mass spectrometric studies. The proposed
mechanisms involve steps like: (i) first, the CP binds to the NP
surface through an Agn

+ ← S bond, (ii) P–O cleavage, (iii)
nucleophilic H2O attack at the electrophilic P site, and (iv)
finally, electron withdrawal from Agn

+ ← N and Agn
+ ← S

bonds resulting the formation of stable TCP and DETP com-
pounds. The Ag NPs were found to have better catalytic per-
formance over Au NPs. When reacting with CP, the unsup-
ported Ag@citrate NPs tend to aggregate, while the alumina-
supported Ag NPs do not. This makes the latter more efficient
for water purification, and reusable.

In 2013, Bootharaju et al. reported the degradation of halo-
carbons like CCl4, C6H5CH2Cl, and CHCl3, using atomically
precise Ag9MSA7 nanoclusters.

258 The reaction products, AgCl,
CCl3COOH, amorphous carbon, and acetone, were character-
ized using XRD, Raman, infrared, optical absorption, X-ray
photoelectron spectroscopy, and mass spectrometry. To
increase the miscibility of halocarbons like CCl4 in the reac-
tion mixture, isopropyl alcohol (IPA) was used. The precipitate
is amorphous carbonaceous material with a graphitic struc-
ture, while the supernatant contains acetone from oxidation of
IPA. The proposed mechanism (Fig. 8) involves an initial
adsorption of IPA and CCl4 on the nanocluster surface, which
in turn catalyses the oxidation of IPA into acetone and acti-
vation of the C–Cl bond of the CCl4. The surface activities
initiate a series of electron transfer reactions like release of H+

and Cl− ions to the medium, making it acidic, Cl− ions
replacing the MSA ligands, oxidation of Ag0 to Ag+, and finally,
mineralization of CCl4.

3.4 Supramolecular chemistry of metal nanoclusters

The supramolecular chemistry of nanoclusters is an emerging
area of research which also highlights the molecular nature of
atomically precise nanoclusters. The organic ligands protect-
ing the metal core of the nanocluster can interact with suitable
molecules by weak supramolecular interactions. Such inter-
actions include π–π, C–H⋯π, van der Waals and electrostatic
interactions. Moreover, metallophilic interactions of the nano-
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cluster core also play an active role in controlling the inter-
actions. Such interactions have been the major driving force in
controlling the crystal packing of the nanoclusters. Recently,
such interactions have also been explored with other mole-
cules. Mathew et al. reported interaction between Au25SBB18

(SBB = 4-(t-butyl)benzyl mercaptan) and cyclodextrins (CDs),
which showed that the SBB ligands were encapsulated in the
cavity of CDs, forming inclusion complexes of the nanocluster
with CDs.259 Chakraborty et al. reported host–guest complexes

of nanoclusters and fullerenes.260 Such interactions were
largely dependent on the geometrical compatibility of the two
molecules for forming the adducts and further assisted by
weak supramolecular interactions. A range of such complexes
can be made depending on the structure of the nanoclusters.
Ag29(BDT)12 nanocluster can capture C60 molecules on its sur-
faces, forming adducts such as [Ag29(BDT)12(C60)n]

3− (n = 1–9).
Structures of [Ag29(BDT)12(C60)4]

3− and [Ag29(BDT)12(C60)8]
3−

are presented in Fig. 9A(a), which reveals that C60 molecules
are captured on tetrahedral sites on the nanocluster surface,
assisted by interactions with the BDT ligands. Similarly,
Ag25(DMBT)18

− and Au25(PET)18
− nanoclusters also formed

adducts with fullerenes.261 Due to a different geometrical
structure of M25(SR)18

− nanoclusters compared with that of
[Ag29(BDT)12]

3− nanocluster, the nature of the host–guest
adducts with fullerenes were also different in the two cases.
Ag25(DMBT)18

− and Au25(PET)18
− nanoclusters formed aggre-

gates with fullerenes as shown in Fig. 9A(b), and these aggre-
gates were actually dimeric, trimeric, or polymeric adducts of
the nanoclusters. Supramolecular interactions of nanoclusters
with crown ethers have also been observed, and such com-
plexes were crystallized.262 Crown ethers were captured in the
crystal lattice of Ag29 nanoclusters, forming lattice inclusion
compounds, as shown in Fig. 9B. Such interactions also
resulted in a change in the emission properties compared to
the crystals of parent nanocluster. The chemical reactivity of
the nanoclusters with other molecules also leads to the emer-

Fig. 8 Schematic representation of the proposed mechanism for
degradation of halocarbons, like CCl4, by Ag nanocluster. Adapted from
ref. 258. Copyright 2013 Royal Society of Chemistry.

Fig. 9 (A) Host–guest complexes of (a) Ag29(BDT)12
3− and (b) Ag25(DMBT)18

− nanocluster with C60, (B) crystal packing of Ag29(BDT)12(TPP)4
3− nano-

cluster with 18-crown-6-ether, (C) separation of isomers of the inclusion complex, [Ag29(BDT)12(β-CD)2]3− by ion mobility mass spectrometry, (D)
enhancement in emission of Ag29LA12@CB complexes compared with that of Ag29LA12 nanocluster alone. Reproduced with permission from ref.
A-a,260 b,261 B,262 C,263 and D.264 Copyright 2018, 2019, and 2020 American Chemical Society.
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gence of new properties in the host–guest complexes. Nag
et al. reported inclusion complexes of Ag29(BDT)12

3− nano-
cluster with CDs.263 Such complexes showed isomerism due to
the different binding possibilities of CDs on the nanocluster
surface, as presented in Fig. 9C. About six CD attachments to
the nanocluster were observed and the geometry of the supra-
molecular adducts resulted in isomerism similar to the octa-
hedral coordination complexes of metals. Water-soluble and
red luminescent Ag29(LA)12 (LA is lipoic acid) nanocluster also
formed host–guest complexes with cucurbiturils and CDs
which resulted in an enhancement in luminescence of the
nanoclusters, as shown in Fig. 9D.264 Such luminescent com-
plexes were used for dopamine sensing. Pillar[5]arene-pro-
tected nanoclusters, Ag29(LA–P5)12(TPP)2, were reported by
Muhammed et al. which formed spherical assemblies with
enhanced luminescence.265 The reactivity of the nanoclusters
was also reflected in their interaction with nanostructures like
Au nanorods and Te nanorods to form a variety of self-
assembled hybrid nanostructures (to be discussed later in
detail). Recently, Sheng et al. reported the first supramolecular
polymorphs of high-nuclearity Ag48 NCs encapsulated in an
anionic template via solvent mediation.266

3.5 Intercluster reactions

Nanoclusters that undergo chemical reactions with one
another, also known as intercluster reactions, are a rapidly
developing field in nanoscience. Intercluster reactions are now
utilized as tools to generate novel hybrid nanoclusters. It is
crucial to have an atomic-level understanding of the chemical
transformations of nanoclusters in such reactions. In this
section, we will be discussing a few such examples of interclus-
ter reactions and their associated mechanisms.

3.5.1. Diversity of reactions. In 2016, Krishnadas et al.
reported the reaction between structurally and compositionally
different Au25(PET)18 and Ag44(FTP)30 nanoclusters.54 The
intercluster reactions proceed through multiple intersystem
exchanges involving both the metal and ligand to form alloy
nanoclusters as the reaction product. The ESI mass spectra of
the Au25(PET)18 and Ag44(FTP)30, and the reaction products,
are shown in Fig. 10A. The mass spectrum shows a series of
intercluster reaction products, like alloy nanoclusters formed
from Au25(PET)18 by exchange of metal atoms (Au–Ag
exchange), ligands (PET-FTP exchange) and metal–ligand frag-
ments (Au-PET with Ag-FTP exchange). Similarly, the Au
atoms, PET ligands and Au-PET fragments are also exchanged
with Ag44(FTP)30, resulting in the formation of Ag-rich alloy
nanoclusters. The total number of metal atoms, ligands, the
overall structural features and the charge states of the nano-
clusters are preserved in this reaction. Intercluster reaction
was then studied for two structurally and compositionally ana-
logous nanoclusters, Au25(PET)18 and Ag25(DMBT)18.

55 In this
case, both interacting nanoclusters possess common structural
features, like M13 (Ag/Au) icosahedral core and M2(SR)3 staple
motifs. As shown in Fig. 10B, the ESI mass spectra of these
two nanoclusters and the alloy nanoclusters formed as a reac-
tion product were observed. Similarly, these nanoclusters also

exchange their metal atoms, ligands and metal–ligand frag-
ments (Au-PET with Ag-DMBT exchange) to form alloy nano-
clusters. Unlike the previous example, metal exchange (Ag–Au
exchange) was only detected, and other exchanges, such as
ligand (PET-DMBT exchange) and metal–ligand fragment
(PET-DMBT exchange) were not detected in mass spectral
measurements as the molecular masses of PET and DMBT
ligands are equal. The mass spectrum collected after 2 min of
reaction shows an entire range of alloy nanoclusters of
M25(SR)18 composition as formed in the solution. Also, most
importantly, in the course of reaction, the overall structure and
charge of the nanocluster are conserved.

Several questions arise, such as (i) how two negatively
charged nanoclusters interact despite the electrostatic repul-
sion and steric hindrance offered by the ligands, (ii) whether
the reaction is driven by the entire nanocluster entity or any
metal–thiolate fragments, and (iii) whether the reaction
involves any intermediate or adduct species. In the next
section, we will be discussing answers to a few of the ques-
tions, while a few remain unanswered.

3.5.2. Mechanism of intercluster reactions. To address the
dynamics involved in the intercluster reactions in terms of
atomic events, a systematic structural model is needed. Recent
experiments suggest that the origin of any intercluster reactiv-
ity is the dynamic structure of nanoclusters in the solution. Of
all the reported models, the Borromean ring model or aspicule
(Greek meaning of “aspis” is the shield, with “molecule”)
model, wherein these nanoclusters are viewed as interlocked
rings of metal thiolates (Fig. 11A), explains the intercluster

Fig. 10 Intercluster reaction of structurally and compositionally (A)
different, Au25(PET)18 and Ag44(FTP)30, and (B) analogous Au25(PET)18
and Ag25(DMBT)18 nanoclusters. Adapted from ref. A,54 and B.55

Copyright 2016 American Chemical Society and Springer Nature Group.
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reaction better.166 As per this model, an M25(SR)18 (M = Ag/Au)
is composed of three interlocked M8(SR)6 rings around the
central metal atom, M, where, the M25(SR)18 can be rep-
resented as M@[M8(SR)6]3. The most important aspect of this
aspicule model lies in the fact that the metal atoms (excluding
the central metal) belong to a single structural unit, that is,
metal-thiolate oligomeric rings, contrary to the divide and
protect model, where the metal atoms belong to two distinct
structural units, namely the innermost M13 icosahedron and
the six outer M2(SR)3 staple units. The Borromean ring con-
struction of the nanocluster suggests that in the event of
metal–sulfur bond cleavage from any of the rings, the nano-
cluster can be reorganised as the entire cluster can be separ-
ated. This makes it possible for rapid metal exchange, as
observed experimentally. In short, the Borromean ring model
addresses the intercluster reactions in terms of the structural
dynamics of the interlocked rings.

To study the mechanism of intercluster reactions, one
needs to understand the role played by the metal–ligand inter-

face in such reactions. The intercluster reaction is a redox-like
reaction triggered by the difference in oxidation states of the
metal atoms present in the core and staple. For example, let us
consider the intercluster reaction between Ag25(SR)18 and
Au25(SR)18.

55 Here, an Ag25(SR)18 molecule reacts with the
Au2(SR)3 staples of Au25(SR)18, wherein Au in the Au2(SR)3
staples is in the +1 oxidation state. Similarly, an Au25(SR)18
molecule reacts with the Ag2(SR)3 staples of Ag25(SR)18,
wherein Ag from the Ag2(SR)3 staple is in the +1 oxidation
state. Such redox reactions between M25(SR)18 and M(I) thio-
lates, where M = Ag/Au, are well studied,267,268 although it is
still unclear how this difference in oxidation states contributes
to the chemical reaction. Next, the intercluster reaction was
studied for two entirely different nanoclusters, Au25(SR)18 and
Ag44(SR)30, that resulted in the formation of reactive fragments
like Ag(SR)2

−, which further reacts with the Au2(SR)3 staples of
Au25(SR)18, resulting in an exchange of metal atoms, ligands,
and metal–ligand fragments.54 In conclusion, the stability and
chemical reactivity of these nanoclusters are characteristics of

Fig. 11 (A) Borromean rings diagram of Au25(SMe)18, (B) DFT-optimization of the structure of [Ag25Au25(DMBT)18(PET)18]
2− adduct (with Ag25 on the

left and Au25 on the right) as obtained from a force-field-based molecular docking simulation, (C) energy profiles of the metal exchange reaction
between the [Au25(PET)18]

− and [Ag25(DMBT)18]
− nanoclusters; (a) path 1 initiated by Au–SPET bond breaking, (b) DFT optimized metal–metal and

metal–S bond lengths (in Angstrom) (c) path 2 initiated by Ag–SDMBT bond breaking, and (D) time-dependent mass spectra of a 1 : 1 mixture of
[Au25(PET)18]

− and [Ag25(DMBT)18]
−. Reproduced with permissions from ref. A–B,166 C,270 and D.271 Copyright 2015 and 2021 American Chemical

Society. Copyright 2016, The Royal Chemical Society.
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the nature of the ligand and the bonding present in the metal–
ligand oligomeric units.58

New insights into the intercluster reactions of Au25(PET)18 and
Ag25(DMBT)18 came up with the detection of
[Ag25Au25(DMBT)18(PET)18]

2− adduct species.55 Detection of such
species indicates a possible pathway involving the formation of
an adduct intermediate when two intact nanoclusters participate
in these ‘bimolecular’ reactions. Using density functional theory
(DFT), the Ag–S bond between the staples of the nanoclusters is
observed in an optimized adduct structure (Fig. 11B).
Computational studies suggest an interaction at the metal–ligand
interface for the reacting nanoclusters at the early stages of the
reaction. Furthermore, no metallic exchange was detected when
nanoclusters, AgxAu38−x(SR)24 and Au38(SR)24, were separated by a
dialysis membrane, and that suggests an intercluster collision as
the origin of such reactions.269

In this section, some more mechanistic insights into the
intercluster reactions are presented. More studies are needed
to understand how two negatively charged nanoclusters
collide, overcoming the electrostatic repulsion. One possible
explanation for this could be coming from the fact that the
anionic nanoclusters are not point charges; the overall nega-
tive charge is diffused over the entire nanocluster entity. At the
early stages of the reaction, the intercluster interaction could
lead to collisions, electron transfer, etc., resulting in nano-
cluster destabilization. The destabilization of the nanocluster
eventually may lead to ring opening (refer to the Borromean
ring model) followed by it taking up a flexible elongated con-
formation, allowing atoms to interact freely with other nano-
clusters. At this stage, the nanoclusters with open rings can
interact more easily and undergo metal, ligand, and metal–
ligand fragment exchanges. The Borromean ring model of
Au25(SR)18 suggests the spontaneous inclusion of Ag-atom in

the nanocluster core as it is not sterically hindered.
Theoretical calculations were performed by Huang et al. to
understand the intercluster exchange reaction mechanism
between Au25(SR)18 and Ag25(SR)18 (Fig. 11C).270 As per calcu-
lations, the intercluster reactions are a two-step mechanism: (i)
dianionic adduct [Au25Ag25(PET)18(DMBT)18]

2− intermediate
formation followed by metal–ligand staple rearranges to facili-
tate metal exchange, and (ii) then the heterometal atom in the
staple swaps with the metal atom present in the icosahedral
M13-kernel. Recently, Neumaier et al. reported a detailed
experimental and computational study of the intercluster reac-
tion kinetics of Au25(PET)18 and Ag25(DMBT)18 at room temp-
erature.271 During the reaction, the participation of both nano-
cluster monomer and dimers were observed in mass spectral
and collision-induced dissociation (CID) measurements. For
an equimolar concentration of nanoclusters, time-dependent
mass spectra show a sufficient abundance of both monomers
and dimers along with continuous change in overall Ag : Au
compositions until a dynamic equilibrium is achieved
(Fig. 11D). The kinetic model suggested a three-step reaction
route involving dimerization of monomers, metal atom
exchange in the transient dimer, and dimer dissociation.

Chakraborty et al. reported isotopic metal exchanges in
nanoclusters, which provided further insights into the mecha-
nism of atom transfer in NPs. Two isotopic Ag25(DMBT)18

−

nanoclusters, made from 107Ag and 109Ag, reacted spon-
taneously in solution to form an isotopically mixed nano-
cluster (Fig. 12A).272 Such isotopic exchanges were similar to
isotopic exchanges in H2O/D2O, further supporting the mole-
cular nature of the nanoclusters. The exchange was rapid and
occurred within seconds after mixing the solutions at room
temperature. The exchange could be controlled by controlling
the temperature. The exchange kinetics was better studied

Fig. 12 (A) ESI MS of (a) [107Ag25(DMBT)18]
−, (b) [109Ag25(DMBT)18]

−, and (c) isotopically mixed [Ag25(DMBT)18]
− nanocluster with 107Ag : 109Ag ratio of

1 : 1. (B) Kinetics of isotopic Ag atom exchange in [Ag29(BDT)12(TPP)4]
3− nanocluster. Adapted from ref. 272. Copyright 2019 American Association for

the Advancement of Science.
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using a more rigid nanocluster system, Ag29(BDT)12(TPP)4
3−,

which exhibited slower exchange rates. Similar isotopic
107Ag/109Ag atom exchange was also observed in this case, and a
time-resolved study revealed that the process involved an initial
fast reaction rate, probably arising from atom exchanges in the
staples, followed by a slow reaction rate arising from the diffusion
of atoms from staple to core and a final state where the
exchanged atoms rearrange until they attain the thermodynamic
equilibrium state (Fig. 12B). Such an exchange process was driven
by the entropy of mixing. These results suggested the dynamic
nature of the metal atom transfer in nanoclusters in solution.
The dynamic nature of the ligand monolayers was also reported
in a study by Salassa et al.273 The metal–ligand interface also
plays an important role in controlling atom transfer and interclus-
ter reactions of nanoclusters.

3.6. Interparticle reactions: reactions with higher dimension
materials

In 2014, Ghosh et al. made the first attempt to study the
chemical interactions between atomically precise nanoclusters
with other nanomaterials.274 In this study, graphene reacted
with Au25(PET)18, resulting in the formation of a larger nano-
cluster, Au135(PET)57. The conversion of Au25(PET)18 nano-
cluster was monitored using time-dependent matrix-assisted
laser desorption ionization mass spectrometry (MALDI MS)
(Fig. 13A). As the reaction progressed, the nanocluster peak at
m/z 7391 due to Au25(PET)18 gradually disappeared with the
simultaneous evolution of the peak at m/z 34.4 kDa corres-
ponding to Au135(PET)57. This conversion process is driven by
an overall energy gain of the system due to the entrapment of
smaller nanoclusters at the local valleys of the graphenic
surface resulting in the reduction in surface curvature and,
finally, leading to coalescence. This study gave insights into
the utility of surface as a reactive substrate for the chemical
transformations of ligand-protected metal nanoclusters.

Unique reactivity of water-soluble Au32SG19 nanocluster to
Te nanowires (NWs) was reported by Som et al.275 This reaction
results in the formation Ag–Te hybrid NWs with the growth of
nodule-shaped Ag NPs on the NW surface (Fig. 13B). Structural
analysis of the modified Te NWs using HRTEM-EDS and XRD
confirmed the presence of Ag as nodules with Te NW retaining
its inherent (001) hexagonal structure. Furthermore, on
heating the Ag-decorated Te NWs, the morphology evolves into
nano dumbbell-shaped Ag–Te–Ag NWs with Ag NPs specifically
located at the tips (Fig. 13B). The ultrasmall size of the
Ag32SG19 nanocluster provides an increased surface free
energy, thereby inducing a tendency of intercluster coalesc-
ence, resulting in bigger particles.

Ligand-protected metal nanoclusters make excellent build-
ing blocks to create self-assembled hierarchical
frameworks.192,276,277 An interesting phenomenon of self-
assembly arises in Te NWs when the surface is modified with
Ag44(p-MBA)30 nanocluster. The p-MBA ligand shells initiate a
H-bonding interaction among themselves, leading to the for-
mation of a bilayer assembly of NWs oriented at an angle of
81° w.r.t. each other (Fig. 14A).278 Nonappa et al. reported the

unique ability of p-MBA-protected gold nanoclusters to
undergo intercluster H-bonding resulting in monolayer-thick
2D nanosheets and spherical capsids.276,279 Som et al. showed
that the Na4Ag44-pMBA30 nanoclusters can be self-assembled
into a large-area freestanding elastic membrane via entrapping
them in a transient solvent layer at the air–water interface.280

The patchy distribution of ligands around the metal core facili-
tates symmetry breaking and eventually directs a preferential
interlayer H-bonding between the carboxylic acid groups of the
p-MBA ligands.276,277,279 Chakraborty et al. showed hydrogen
bonding-induced chemical interaction between the Ag44(p-
MBA)30 nanocluster and a plasmonic gold nanorod (GNR),
leading to the encapsulation of the latter (Fig. 14B), here
denoted as GNR@Ag44.

281 The nanocage-like hybrid material
was found to have an octahedral morphology as studied using
a series of highly sophisticated microscopes, like transmission
electron microscopy (TEM), scanning transmission electron
microscopy (STEM), and 3D reconstruction using electron tom-
ography. The anisotropic growth was credited to the preferen-
tial anchoring of the nanoclusters to Au 〈110〉 over Au 〈100〉
facet of GNR@p-MBA. Ag25(DMBT)18 nanocluster-mediated
site-selective etching of anisotropic planar gold nanotriangles
(NTs) was reported.282 Due to differential surface energies, the
Au NTs interacting with the nanocluster underwent metallic
etching at the edges and doping at the tips while the core
remained unaltered. Roy et al. reported a polydispersed CuO
NP and Au25(PET)18 reaction-mediated formation of spherical-

Fig. 13 (A) MALDI MS study for the conversion of Au25(PET)18 to
Au135(PET)57 entrapped on the on the graphene surface upon reaction
with graphene. (B) HRTEM images and corresponding schematic repre-
sentation of pure Te NW upon reaction with Ag32SG19 and upon further
heating yielding Ag nodule-decorated Te NW and dumbbell-shaped Ag–
Te–Ag NWs, respectively. Adapted from ref. 274 and 275 for A and B,
respectively. Copyright 2014 American Chemical Society.
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shaped nanoaggregates of Cu-doped-Au-nanoclusters
(Fig. 14C).283 The reaction involved an NP–NC atom transfer
reaction route. Rival et al. recently demonstrated that the thio-
lated azobenzene-protected Au25 nanoclusters form reversible
assemblies triggered by light.284 With the right choice of nano-
cluster system, such hybrid nanomaterials having extraordi-
nary stability at room temperature can significantly improve
the limit of detection of nanocluster-based sensors.

Bose et al. extended the interparticle chemistry to the reac-
tions involving isotropic Ag NPs.285 A spontaneous reaction
between Au25(PET)18 nanocluster and polydispersed Ag NPs

with a core diameter of 4.4 ± 2.3 nm, protected with 2-pheny-
lethanethiol (PET), resulted in monodispersed alloy NPs with a
core diameter of 3.4 ± 1.2 nm under ambient conditions. The
resulting NPs also underwent a spontaneous self-assembly to
form a 2D superlattice which was analysed using HRTEM.
Using STEM-EDS analysis, the reacted NPs were found to be
Ag–Au alloy NPs. A 3D reconstruction of the 2D assembly
using electron tomography further revealed that the assembly
was composed of reacted alloy NPs arranged in a hexagonal
close-packed (hcp) lattice with an interparticle distance of
∼4.5 nm (Fig. 15A). The mechanism involved an interparticle

Fig. 14 (A) Composite Ag44@Te NW bilayer oriented at an 81° angle w.r.t to each other and (B) its corresponding packing driven by the intercluster
H-bonding. (C) Schematic representation and HRTEM micrographs illustrating the assembly of Ag44 on the GNR. Adapted from ref. A,278 B,281 and
C.283 Copyright 2014 and 2018, John Wiley and Sons. Copyright 2023, The Royal Society of Chemistry.

Fig. 15 (A) TEM micrograph, its corresponding 3D reconstruction, and inverse fast Fourier transform image of 2D superlattice assembly (hcp) of the
Au–Ag alloy NP resulting from the NP–nanocluster reaction. (B)The number of Ag-doped Au nanocluster versus time plot for the nanocluster–Ag
surface reaction and the schematic representation metallic exchange at the metal–ligand interface on the bulk surface. Reproduced with permission
A285 and B.288 Copyright 2020 Royal Society of Chemistry. Copyright 2008 American Chemical Society.

Nanoscale Review

This journal is © The Royal Society of Chemistry 2023 Nanoscale

Pu
bl

is
he

d 
on

 1
6 

N
ov

em
be

r 
20

23
. D

ow
nl

oa
de

d 
by

 I
nd

ia
n 

In
st

itu
te

 o
f 

T
ec

hn
ol

og
y 

C
he

nn
ai

 o
n 

1/
1/

20
24

 5
:2

7:
39

 P
M

. 
View Article Online

298

https://doi.org/10.1039/d3nr05128e


atomic exchange (metal–ligand species), and the metal–ligand
interface was found to be crucial in controlling the reaction.
Systematic analysis using time-dependent ESI MS showed that
the reaction proceeds through a transient Au25−xAgx(PET)18 (x
= 1, 2, 3,…,) species along with other alloy nanocluster inter-
mediates. Similar reactions were performed for Au25(PET)18
nanocluster with differently sized Ag@PET NPs, in which the
interparticle reactivity was enhanced upon decreasing the size
of NPs. The nanocluster–NP reactions can thereby open up an
entirely new way of generating alloy NPs in the solution phase
with better control over the NP size distribution.

As we move from noble metal nanosystems to their bulk
counterparts, chemical properties are altered due to changes
in energy levels. Baksi et al. explored the glucose-mediated
extraction of Ag from bulk silver surfaces otherwise considered
inert.286 Later, Nag et al. reported the solution phase synthesis
of Ag nanoclusters from bulk metallic silver in the presence of
carbohydrate and glutathione followed by chemical
reduction.287 Kazan et al. utilized the bulk thiolated silver
surface to understand intercluster reaction as an interfacial
phenomenon of metal–ligand exchange.288 The study involved
Au25(PET)18 and Au38(PET)24 nanoclusters, and pure silver foil
as model systems. MALDI MS and XPS characterization tech-
niques were used to study the effect of reaction on the nano-
cluster and foil, respectively. Upon time-dependent monitoring
of the Au25(PET)18 and PET-monolayered Ag foil,
Au25−xAgx(PET)18 (x = 1–4) appeared just after 2 min and a
higher Ag-doping was detected for a longer reaction time. With
the neat Ag foil, the reaction was found to be slow, as Au24Ag
(PET)18 appeared only after 3 h. Hence, the kinetics of pre-
adsorbed and neat silver foils are very different. The average
number of doped Ag plotted as a function of time shows that
the substitution follows a 2-phase kinetics (initially fast fol-
lowed by slower exchange) and a sigmoidal trend (initially
delayed followed by faster exchange) in preadsorbed and neat
foils, respectively. This sigmoidal kinetics can be related to the
autocatalytic reactions where the starting 3 h is an induction
period for the thiolate, here acting as a catalyst, to deposit on
the surface. As the time progressed, thiolate deposition hap-
pened, and this is reflected with an increased reaction rate.
The mechanism behind the 2-phase kinetics in an atomic
exchange reaction was explained using the scheme in which
thiolated-Ag on the surface exchanges faster in the early stages
of the reaction (Fig. 15B). At the later stages of the reaction,
kinetics become slower due to less availability of exchangeable
sites on the Ag foil surface. XPS measurements of the reacted
Ag foil surface showed the presence of the metallic Au. Similar
trends were observed when the Au38(PET)18 nanocluster reacts
with both the pre-adsorbed and neat Ag surfaces. XPS
measurements of the reacted pre-adsorbed thiolated and neat
foils also confirmed the presence of metallic Au. The
Au25(PET)18 and Au38(PET)18 reaction was also explored with
pre-adsorbed and free surface of other metals like Cd and Cu.
This study concluded that for a feasible Au doping in the Ag
nanocluster, thiol plays a key role. Recently, Chakraborty et al.
reported the dynamics of isotopic exchange reactions of isoto-

pically pure Ag nanocluster with different dimensions of
metallic Ag, like nanoclusters, plasmonic NPs, and bulk.289

Isotopically pure 107Ag25(DMBT)18 and 108Ag25(DMBT)18 was
reacted with different sizes of Ag@DMBT NPs (naturally abun-
dant Ag). With the increase in the NP size, the rate of atomic
exchange was reduced. The exchange rate further decreased
when the nanocluster was reacted with bulk Ag samples, such
as foil and micron-sized powder. The kinetics of isotopic
exchange, i.e., reaction timescales, was analyzed by fitting the
reactant concentration as a function of time to a reaction
model. Under similar reaction conditions, the reaction time-
scale was longer for the nanocluster-NP reactions compared
with intercluster reactions. This suggests that suchreactions
can be controlled by careful engineering the reacting
nanostructures.

4. Insights from nanocluster
chemistry

From the results presented, we list below the factors determin-
ing the feasibility of reactions of nanoclusters.

(1) The metal–ligand interface primarily controls the atomic
exchange reactions and their feasibility.

(2) The geometry and stereochemistry of the protecting
groups play crucial roles in the intercluster and interparticle
reactions.

(3) Thermodynamics drives the interparticle and isotopic
exchange reactions.

(4) Entropy of mixing drives the isotopic metal exchange in
intercluster reactions.

(5) Nanoclusters exhibit redox-like reactions triggered by
the difference in oxidation states of the metal atoms present in
the core and staple.

(6) The core–shell geometry of a nanocluster influences the
nanocluster–analyte reaction primarily via weak interactions,
such as metallophilic and supramolecular interactions.

(7) Supramolecular interactions like C–H⋯π, π⋯π, van der
Waals, hydrogen bonding, and electrostatic interactions guide
the formation of the nanocluster assemblies.

(8) Reactive intermediates, such as adducts and fragments,
vary depending on the reacting species.

(9) LEIST, a method to prepare new nanoclusters, is a
ligand-controlled phenomenon. The rate of ligand exchange
depends also on the electron-donating or withdrawing nature
of the ligand.

(10) Chemical reactions occur between atomically precise
nanoclusters and a range of systems such as ions,
clusters, NPs, and bulk metals, and therefore we may suggest
that nanoclusters are reactive to the whole range of chemical
systems.

(11) The chemistry is highly sensitive to reaction conditions
such as concentration, time, and temperature, and is expected
to be influenced by other factors such as the medium, ionic
strength, etc.
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5. Conclusions and future
perspectives

Nanoclusters, with their inherent molecule-like properties,
show a wide range of chemical reactions with counterparts
such as metal ions, clusters, NPs and bulk metals. These
chemical reactions yield well-defined alloys which may be
nanoclusters, NPs or bulk materials, depending on the
systems involved. Such reactions also lead to ligand exchange.
The processes yield supramolecular interactions forming
assemblies and superstructures. Thermodynamics and kine-
tics govern the chemistry, and the underlying processes can be
modelled with greater accuracy. The chemistry is sensitive to
various process conditions such as concentration, tempera-
ture, solvent, etc., as typical of molecular events. The products
formed and their kinetics and dynamics confirm their mole-
cular nature. In the coming years, such cluster chemistry of
atomically precise metal nanoclusters will be explored with
oxides, sulfides, and others in the form of clusters, NPs, and
bulk materials, yielding new materials. Similar science will be
possible between materials of different size regimes of oxides
and sulfides themselves, expanding the diversity of the area.
The science presented will be greatly influenced by the experi-
mental and computational methodologies used, which can
reveal the intricate details of the processes involved. The
science at this stage has provided us with many insights into
the phenomena at the nanoscale as revealed by the fast isoto-
pic exchange between NPs. Applications of such science are
still at infancy.
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ABSTRACT: Photochemistry can generate chemical complexity in an interstellar space.
This may occur due to photolysis and associated events that can happen in condensed
molecular solids under the prevailing temperature and pressure conditions. In the present
study, using reflection absorption infrared spectroscopy (RAIRS), three different condensed
phases of methyl chloride ice, namely, amorphous, crystalline, and polycrystalline, were
detected in ultrahigh vacuum (UHV) (p = 5 × 10−10 mbar) and cryogenic conditions (T =
10−90 K). Upon vacuum ultraviolet (VUV) photoirradiation, crystalline methyl chloride
formed more photoproducts than amorphous and polycrystalline forms. This unusual finding
is attributed to the rapid diffusion and reaction of photochemical intermediates in a
crystalline matrix, whereas the intermediates are trapped at grain boundaries in the
polycrystalline solid. Normally, the intermediate diffusion is high in the case of the
amorphous phase as compared with the crystalline phase. During long-term irradiation,
discontinuity in the polycrystalline phase is removed, resulting in enhancement in the
formation of photoproducts in the matrix, which was observed by the intensified desorption
of photoproducts in temperature-programmed desorption mass spectrometry (TPD-MS). Further, all major and minor neutral
photoproducts were detected by highly surface-sensitive Cs+ ion-based secondary ion mass spectrometry (SIMS).

■ INTRODUCTION
The fate of molecules in the interstellar medium is largely
governed by photochemistry and radiation chemistry.1,2 The
diversity of such chemistry has contributed to the richness of
the interstellar medium (ISM), which is now known to be
composed of over 270 species, including simple and complex
organic molecules (such as ethylene glycol, benzene, indene,
and fullerenes).3−6 Such complex molecules are proposed to be
formed through radical chemistry in icy grain mantles.7 Two of
the recent additions to the chemical soup of ISM are methyl
chloride (CH3Cl) and methyl fluoride (CH3F), which appear
to have been formed through photochemistry.8 Intriguingly,
methyl chloride and other chlorine-bearing organic molecules
have also been identified on Mars via the Curiosity rover.9 On
Earth, the genesis of organohalogens involves geological and
biological mechanisms, rendering them potential biomarkers
for exoplanets.10 Despite the evident importance of organo-
halogens on terrestrial and in extraterrestrial environments,
there are no experimental spectroscopic data available on pure
and photoirradiated condensed methyl chloride in view of the
temperature and pressure conditions prevailing on ISM.
Photochemistry of the system will be relevant in affecting the
chemical diversity of ISM.

While it is well-known that the amorphous phase of
molecules in ISM may undergo a structural change upon
annealing to higher temperatures to form their stable

crystalline structures, it is unknown if the crystalline phase is
of long-range order or polycrystalline in nature. To the best of
our knowledge, there is no report on the phases (crystalline
and polycrystalline) of methyl chloride ice based on its IR
spectra and no report exists on the analysis of the
photoproducts formed by these different ices in ISM
conditions. We note that in this literature, ice is a term used
for all condensed molecular solids.

In this study, we present a combined infrared and mass
spectrometric investigation of the vacuum ultraviolet (VUV)
photochemical transformation of condensed methyl chloride
ices in its amorphous, crystalline, and polycrystalline phases. A
1958 study reported the vibrational spectrum of methyl
chloride crystallites along with other methyl halides,14 and
several studies reported the IR spectra of amorphous and
crystalline methyl chloride.11−13 However, the nature of
crystallinity, long-range or short-range, is unclear. Here, we
characterized the three distinct phases of methyl chloride ice
created by three different paths by RAIR spectroscopy and
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performed a detailed study of the photochemistry of these
solids. Upon VUV irradiation with deuterium continuum of
115−400 nm wavelength (Lyman-α), with a peak flux of 6 ×
1012 photons cm−2 s−1, condensed methyl chloride ice
produces methane (CH4), ethane (C2H6), hydrogen chloride
(HCl), dichloromethane (CH2Cl2), ethylene (C2H4), acety-
lene (C2H2), and ethyl chloride (CH3CH2Cl). Surprisingly, we
found that this photochemical transformation is more facile in
the crystalline phase than in the expected amorphous phase.
Notably, the concentration of photoproducts is in the order
crystalline ≥ amorphous > polycrystalline phases. We
interpreted the results in view of the rapid diffusion of the
intermediates (radicals) of photolysis through the crystalline
matrix and the localization of these intermediates at the
crystallite grain interfaces in the case of the polycrystalline
phase. The consequence of the product accumulation in the
crystalline lattice was studied by TPD-MS.

■ EXPERIMENTAL SECTION
Experimental Setup. In this study, all experiments were

carried out in an ultrahigh vacuum (UHV) instrument (with a
base pressure of ∼5 × 10−10 mbar) discussed in detail in our
previous literature.14,15 The instrument consists of three UHV
chambers (namely, ionization, octupole, and scattering) and is
equipped with reflection absorption infrared spectroscopy
(RAIRS), low energy ion scattering (LEIS), temperature-
programmed desorption (TPD) mass spectrometry, and Cs+
ion-based secondary ion mass spectrometry (SIMS), along
with a vacuum ultraviolet (VUV) lamp (Figure 1). Six
turbomolecular pumps maintain the vacuum chambers’ base
pressure, which are supplemented by several oil-free diaphragm

pumps. The chamber pressure is monitored by a Bayard−
Alpert gauge, controlled by a MaxiGauge vacuum gauge
controller (Pfeiffer, Model TPG 256 A).

A highly polished Ru(0001) single crystal was used as the
substrate to create thin ice films that was mounted on a copper
holder. It was connected to a helium cryostat (Cold Edge
technology), which could maintain a temperature as low as 8
K. A resistive heater (25 Ω), controlled by a temperature
controller (Lakeshore 336), was used to heat the substrate to
1000 K. The substrate temperature was measured with a K-
type thermocouple sensor that has ±0.5 K accuracy. Repeated
heating to 400 K before each vapor deposition ensured a clean
surface suitable for the current study. It is worth noting that
the surface has a negligible role in the current study, as our
experiments were on multilayer ice films (63 monolayer
(ML)).
RAIRS and TPD-MS Setup. In this study, the thermal

processing of vapor-deposited ice samples was monitored using
RAIRS (reflection−absorption infrared spectroscopy) and
TPD-MS (temperature-programmed desorption-mass spec-
trometry). The RAIRS data was collected in the 4000−550
cm−1 range with a spectral resolution of 2 cm−1, using a Bruker
FT-IR spectrometer called Vertex 70. The ice sample was
exposed to an incident angle of 80° ± 7° by focusing the IR
beam through a ZnSe viewport. The reflected IR beam from
the sample was detected by using a liquid N2-cooled mercury
cadmium telluride (MCT) detector. To prevent absorption by
atmospheric moisture, the IR beam outside the vacuum
chamber was purged with dry N2. Each RAIR spectrum was
obtained by averaging over 512 scans to improve the signal-to-
noise ratio. An Extrel quadrupole mass spectrometer was used
for TPD-MS in an out-of-sight configuration.
SIMS Setup. The Cs+ ion-based secondary ion mass

spectrometry (SIMS) technique can molecularly identify and
monitor the reactions occurring on the surfaces. Cs+ (m/z =
133) was chosen for the ion scattering due to its high depth
resolution of 1 bilayer and the ability to monitor neutral
chemicals on the CH3Cl ice surface. We conducted reactive
ion scattering experiments with Cs+ of 60 eV kinetic energy
generated by a low-energy alkali gun. The Cs+ ion collides on
the ice surface, adducts with neutral molecules on the surface,
and drags them from the surface along its outgoing trajectory,
which is known as the RIS (reactive ion scattering) process.
The Cs+ ion adducts with the neutral molecules are driven by
an ion-neutral dipole interaction. The mass of the Cs+ ion
adduct was determined with a quadrupole mass analyzer. The
mass of the neutral product formed on methyl chloride ice due
to photolysis can be identified by subtracting the mass of Cs+
(m/z = 133) from that of the Cs+ ion adduct.
VUV Source. A deuterium lamp (McPherson, Model 634,

with MgF2 window, 30 W) of vacuum ultraviolet (VUV) range
115−400 nm with a spectral bandwidth of 0.8 nm (shown in
Figure S1) was used as the UV light source. The VUV lamp
was differentially pumped and attached to the UHV chamber
through the MgF2 window (with a cutoff at ∼114 nm (10.87
eV)). This design allows the source to effectively emit light at
incredibly short wavelengths, reaching as far down as 115 nm.
The UV lamp flux was determined by applying the widely used
ozone method (O2 → O3 conversion), where solid O2 was
VUV photolyzed at 10 K. The average photon flux reaching the
ice sample was estimated to be ∼6 × 1012 photons cm−2 s−1.
Materials and Sample preparation. As received, methyl

chloride (Akkaran gas and energy, 99.9% purity) and argon

Figure 1. Simplified schematic diagram of experimental setup. (a)
Quadrupole mass analyzer. (b) Fourier transmission infrared (FTIR)
source. (c) Mirror box. (d) Mercury cadmium telluride (MCT) liquid
nitrogen cooled detector. (e) Two sample inlet lines. (f) Low energy
alkali ion gun (Cs+). (g) Deuterium lamp. (h) TPD probe fitted with
ionizer and quadrupole mass analyzer and detector. (i) Ru(0001)
substrate. (j) Bayard−Alpert (BA) gauge. (k) Low energy ion
scattering MS (not used in this study).
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(Ar) (Rana industrial gases and products, 99.9% purity) gases
were connected to the main chamber through sample inlet
lines controlled by high-precision metal leak valves. Millipore
water (H2O of 18.2 MΩ resistivity) was taken in a vacuum-
sealed test tube (with a glass-to-metal seal) and was further
purified by several freeze−pump−thaw cycles. A source of
water vapor was connected to the main chamber through the
sample inlet line. It is worth noting that we have two sample
inlet lines that were connected to specific gas/liquid in
accordance with the distinct experimental requirements.

Methyl chloride ice of 63 ML was prepared by vapor
deposition on Ru(0001) at 10 K. The vapor deposition
coverage in the case of N2 (ion gauge sensitivity factor −1) was
expressed in ML, assuming 1.33 × 10−6 mbar s = 1 ML, which
was estimated to contain ∼1.1 × 1015 molecules cm−2, as
adopted in other reports.16−18 Methyl chloride has an ion
gauge sensitivity factor of 2.4. To deposit 63 ML of methyl
chloride ice, we backfilled the chamber at a pressure of 5 ×
10−7 mbar pressure for 5 min. For higher temperature
deposition, the Ru(0001) substrate was heated to 90 K with
a heating rate of 2 K/min, and methyl chloride was deposited
at 90 K. The vacuum gauge was calibrated with nitrogen, and
the methyl chloride coverage may be slightly different in view
of this uncorrected pressure reading.

For 160 ML of a 2:1 mixture of methyl chloride and water,
the chamber was backfilled to a pressure of 4 × 10−7 mbar for
methyl chloride and 1 × 10−7 mbar for water for 10 min. For a
separate deposition step involving 100 ML of argon (Ar), the
chamber was backfilled to a pressure of 5 × 10−7 mbar. This
backfilling process was carried out for 4 min and 20 s.
Throughout each molecular deposition process, special
attention was paid to the ion gauge sensitivity factor to ensure

accurate measurements and control over the deposition. Mass
spectra were taken simultaneously during vapor deposition to
check the purity and ratio of the deposited molecules. The as-
prepared sample was irradiated by a deuterium lamp
(McPherson, Model 634, with MgF2 window, 30 W) in the
VUV range of 115−400 nm.

■ RESULTS AND DISCUSSION
RAIRS Study of Amorphous, Crystalline, and Poly-

crystalline Methyl Chloride Ice. In this study, we created
condensed methyl chloride ice in UHV under cryogenic
conditions, as in the interstellar medium, via three different
paths, as mentioned above. Figure 2a,c shows the RAIR spectra
of 63 ML of methyl chloride ice in the C−H symmetric
bending region. In Figure 2a, the broad green spectrum
represents the amorphous methyl chloride obtained by vapor
deposition at 10 K. Slow annealing of this ice from 10 to 90 K
at a rate of 2 K/min causes the rise of two sharp peaks 1346
and 1336 cm−1 (cyan and brown color filled, respectively in
Figure 2a). This band splitting occurs due to intermolecular
coupling within the newly formed crystalline lattice. However,
the peak intensity is different.19,20 These two split peaks are
also observed when methyl chloride is directly deposited at 90
K, as shown in Figure 2c. Further, a tiny peak (marked #) near
1355 cm−1 represents methyl chloride gas trapped in the
matrix.19 It is not surprising that a small amount of methyl
chloride gas can be trapped in the crystal grains during the
direct deposition at 90 K.

However, the peak intensity ratio differs in Figure 2a,c,
which may be attributed to the degree of irregularities or
random orientations in the crystal lattice. This raises the
question if the two nonamorphous solids are identical in their

Figure 2. RAIR spectra of amorphous, crystalline, and polycrystalline methyl chloride ice. (a) RAIR spectra of 63 ML of methyl chloride ice at 10
and 90 K in the C−H symmetric mode. For this, methyl chloride vapor was deposited at 10 K on a Ru(0001) substrate and annealed to 90 K with a
ramping rate of 2 K/min. (b) Schematic illustration of the phase transition of amorphous to crystalline methyl chloride ice upon annealing. (c)
RAIR spectra of 63 ML of methyl chloride ice at 90 K in the C−H symmetric bending mode. For this, methyl chloride vapor was directly deposited
at 90 K on the Ru(0001) substrate. (d) Schematic illustration of the formation of polycrystalline methyl chloride ice at 90 K.
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crystallinity. To resolve this, control experiments were carried
out to determine how the intensity of the higher wavenumber
peak (or peak ratio) changes with the crystallinity of methyl
chloride ice. This is shown by two separate control
experiments. One is the annealing rate, a crucial factor in
UHV chemistry,21,22 and another is the addition of impurities,
such as water, in this case. In the first experiment, we deposited
63 ML of methyl chloride ice at 10 K and annealed it to 90 K
with a higher annealing rate of 10 K/min. We observed the
RAIR spectra of the resulting solid (shown in Figure S2)
resemble the spectra observed in the case of direct deposition
at 90 K (Figure 2c), including the presense of the gas phase
peak (marked by #); however, interestingly, it is absent when
slow-annealed (Figure 2a). An increased annealing rate
increases the mobility of molecules, so the amorphous solid
did not get enough time to form the extended crystal lattice.
Next, we deposited 160 ML of 2:1 methyl chloride and water
on Ru(0001) and annealed the sample to 90 K with a slow
annealing rate of 2 K/min; the obtained IR spectrum (Figure
S3) of solid methyl chloride resembles the IR spectra obtained
from the randomly oriented crystalline solid (Figure 2c). Here,
it is evident that the water impurity within the methyl chloride
ice matrix disturbs the extended range of crystallinity. A similar
effect is already shown in the dichloromethane case.20 Here, it
is concluded that a more ordered crystalline solid can be
formed only by slow annealing of the pure ice sample. It is
established that the polycrystalline nature of a substance
increases upon (a) increasing the annealing rate and (b)
introducing an impurity in the sample. We propose that the
peak intensities in the C−H symmetric bending mode can be
correlated with the extent of the crystalline nature of the
methyl chloride solid. Control experiments supported this
suggestion. Based on this, we noted that with increased
polycrystallinity (irregularities in crystalline), the intensity of
the 1346 cm−1 peak increases.

Dows has reported the IR spectra for solid methyl chloride
and found that the crystallites are randomly oriented, with the
intensity ratio of 1.4619 for the peaks of 1336 and 1346 cm−1.
In our study, we found a ratio of 1.42 for the directly deposited
thin film, which supports the polycrystalline nature of methyl
chloride. Notably, this ratio is comparable to the ratios of 1.73
and 1.22 in the case of the ice formed via quick annealing and
with an impurity, as shown in Figures S4 and S5, respectively.
However, the ice formed by slow annealing (Figure 2c exhibits
a higher ratio (∼3.4), suggestive of a highly crystalline nature
(less polycrystalline). A comparison of RAIR spectra of four
condensed methyl chloride samples created by four different
methods in the C−H symmetric bending region is shown in
Figure S4. The annealed sample may be described as a low-
polycrystalline or long-range crystalline ice, as depicted in
Figure 2b. Thus, the relatively higher intensity of the 1346
cm−1 peak represents the randomness in the crystal lattice.
Although our study is not supported by diffraction data, to the
best of our knowledge, this is the first report of this nature. We
suggest crystalline (less polycrystalline) methyl chloride
formation is possible upon slow annealing in a homogeneous
environment.

Additionally, the evolution of the C−H stretching and C−H
antisymmetric bending modes with increasing temperature for
the crystalline solid is shown in Figure S5a,b. In the C−H
stretching region, we observed that the broad amorphous peak
splits into two peaks at 2961 and 2952 cm−1, while in the C−H
antisymmetric bending region, the broad (due to the

amorphous phase) peak splits into 1443 and 1437 cm−1. For
the polycrystalline ice, three peaks were observed at 2961,
2955, and 2952 cm−1 in the C−H stretching and 1445, 1441,
and 1437 cm−1 in the C−H antisymmetric bending regions
(Figure S6). In this experiment, an additional peak appeared in
the C−H stretching (2955 cm−1), and the C−H bending
regions (1441, 1445 cm−1 peaks were observed in place of
1443 cm−1), which may indicate high irregularities (Figure S6).
This may be attributed to molecular interactions between two
crystallites in the methyl chloride solid. All the IR peaks for
amorphous, crystalline, and polycrystalline methyl chloride ice
and gas phases are assigned in Table S1.19,23−26

Photochemistry of Amorphous Methyl Chloride. Such
diverse crystallinity can significantly affect the photochemistry
in ISM. Photochemical pathways are a succession of
photodissociation, radical−radical interactions, and subsequent
rearrangements that culminate in the formation of complex
organic compounds in ISM.7 Therefore, we undertook an
investigation of the kinetics of photoproducts formed in these
phases of ice. At the outset, we subjected the amorphous
methyl chloride ice to VUV light irradiation at 10 K and
subsequently analyzed the products using RAIR, SIMS, and
TPD-MS.

Figure 3 shows the RAIR spectra of 63 ML of amorphous
methyl chloride before and after 60 min of VUV irradiation in

the mid-infrared region. In the IR spectrum shown, methyl
chloride is identified by the C−H antisymmetric stretching (ν4,
3036 cm−1), C−H symmetric stretching (ν1, 2958 cm−1), C−
H symmetric bending (ν2, 1343 cm−1), C−Cl rocking (ν6,
1018 cm−1), and C−Cl stretching (ν3, 710 cm−1) modes.13,27

New IR peaks arise after 60 min of VUV irradiation due to the
formation of new species in the ice matrix. Four major
photoproducts were identified by their prominent IR peaks.
Methane was identified by C−H antisymmetric stretch (ν3,
3009 cm−1) and C−H symmetric stretch (ν4, 1302 cm−1);
dichloromethane was identified by the C−H symmetric
bending (ν2, 1263 cm−1), and C−Cl symmetric stretch (ν3,
737 cm−1); hydrogen chloride was identified by the H−Cl

Figure 3. RAIR spectra of 63 ML of methyl chloride before and after
irradiation with VUV light at 10 K in the mid-infrared region.
Zoomed views of weaker peaks are shown as insets. Methyl chloride
vapor was deposited at 10 K on a Ru(0001) substrate and the
amorphous methyl chloride ice was photoirradiated for 60 min.
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stretch (2780−2620 cm−1) and ethylene was identified by C−
H symmetric bending (ν7, 965 cm−1).27,28 Other than these
four, hydrogen and chlorine are two major products that are
likely but cannot be detected by our IR spectroscopy. Figure 4

shows the reaction scheme for all major and minor
photoproducts. The proposed reaction scheme elucidates the
formation pathways of the observed species resulting from the
photoproduced radicals. Here, it is worth noting that all the
reaction channels are reversible to a very small extent in the
solid ice matrix under continuous VUV irradiation.29 These
pathways have been derived from the current knowledge in the
literature.30−34

In addition to the photodissociation mechanism, electrons
generated from the ruthenium surface (work function-4.7 eV)
by photon bombardment may participate in the reaction
mechanism. The ejected electron can facilely combine with Cl
radical to form Cl anion,35,36 but this effect of ions will be very
minimal. While the photoelectron does indeed play a role,

these electrons have an attenuation length of 2 to 4 ML in side
methyl chloride ice.37 To validate this assumption, we
conducted a control experiment involving the introduction of
100 ML of argon (Ar) between the Ru(0001) substrate and
CH3Cl ice. Following 60 min of irradiation, we observed the
same absolute photoproduct yield within the ice matrix, as
illustrated in Figure S7. This implies the photo electron effects
are anticipated to be confined to a limited penetration depth
within condensed ice.

The minor photoproducts present in very small quantities in
the ice matrix cannot be detected by RAIRS and TPD-MS. In
this case, SIMS has emerged as one of the most surface-
sensitive methods for analyzing molecular solids in UHV38,39;
its sensitivity toward surface molecules allows the detection of
trace amounts of minor products formed by the photolysis of
methyl chloride.40 Here, reactive ion scattering (RIS) of Cs+
makes ionic clusters of the molecular constituents of surfaces.
The large peak at m/z = 133 is due to Cs+ (Figure S8), and all
other peaks are RIS products of Cs+ derived from neutral
molecules present on the ice surface. Figure 5 shows the Cs+
scattering spectrum after irradiating amorphous methyl
chloride for 60 min. The mass peaks at m/z 183 and 233
are attributed to one and two methyl chloride species picked
up by the Cs+ ion. All of the mass peaks for major and minor
products are assigned in the table in Figure 5. The products,
methane (m/z = 149), acetylene (m/z = 159), ethylene (m/z
= 161), ethane (m/z = 163), hydrogen chloride (m/z = 169),
ethyl chloride (m/z = 197), and dichloromethane (m/z = 217)
were identified. The peaks marked by # is for the isotopic
signature of chlorine in the molecules. Peaks at m/z 151 and
201 represent water and water-methyl chloride complexes. A
minimal amount of water comes from background deposition,
which cannot be avoided in a UHV system. It is important to
recognize that the Cs+ ion is capable of picking up only
molecules within the topmost 1 bilayer of the sample.
Consequently, the intensity readings for both water and
methyl chloride appear identical due to this limitation. The
tiny mass peak at m/z = 165 shows formaldehyde, which may
be due to the reaction between water and methyl chloride on
the topmost layer. Additionally, our experimental design

Figure 4. Proposed reaction scheme for the photochemistry of methyl
chloride (magenta colored box) displaying major and minor
dissociation and radical combination reactions. Green and red color
boxes indicate the photoproducts and the intermediates. Solid and
dashed arrows denote primary and secondary photodissociation and
association processes, respectively.

Figure 5. Reactive ion scattering (RIS) mass spectra obtained after 60 min of VUV irradiation of amorphous methyl chloride ice. The mass
spectrum of the irradiated ice was obtained by colliding the sample with 60 eV Cs+ ions at 10 K. All the RIS photoproducts have been assigned, as
listed in the table on the right.
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enables the observation of sublimed products by TPD. Figure
S9 shows the TPD mass spectrum for the major photoproducts
hydrogen chloride (m/z = 36), dichloromethane (m/z = 49),
and methane (m/z = 16). All the molecules desorb at 99 K,
along with methyl chloride
Comparison of Photoproducts Formation and Trap-

ping of Intermediates. We compared the efficiency of
photoproduct formation in three distinct solids of methyl
chloride, namely, amorphous, crystalline, and polycrystalline.
Photoirradiation was performed on these solids at 10 K for a
duration of 60 min, with RAIR spectra being recorded at 5 min

intervals. Figure 6 compares the formation of methane and
dichloromethane, the major photoproducts resulting from the
radical association (shown in Figure 3) within these three
condensed phases. Abundances were calculated by integrating
the band areas corresponding to methane (ν4, 1302 cm−1) and
dichloromethane (ν3, 737 cm−1). The time-dependent areas
due to methane and dichloromethane were calculated and
subsequently normalized with respect to the C−Cl rocking (ν6,
1018 cm−1) band of methyl chloride. For this normalization,
the area under the curve (ν6, 1018 cm−1 band) for methyl
chloride in the three solid phases was considered to be 1 cm−1

Figure 6. (a) Normalized integrated area of the ν4 band of methane as a function of irradiation time. (b) Normalized integrated area of the ν3 band
of dichloromethane with irradiation time. Three phases of ice were irradiated for 60 min, and IR spectra were taken at 5 min intervals.

Figure 7. TPD-MS spectra of the photoproducts (CH4, CH2Cl2) formed by the irradiation of 63 ML of crystalline (a, c) and polycrystalline (b, d)
methyl chloride for 0, 1, and 4 h. The sublimation profiles using integrated ion counts in (a, b) at m/z = 49 (CH2Cl+ due to CH2Cl2) and (c, d) at
m/z = 16 (CH4

+) are plotted.
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before the radiation process. After normalization, the band
areas of products of different types of ice versus time of
irradiation are shown in Figure 6. Amorphous solids offer a
conducive environment for enhanced product formation,
primarily attributed to the augmented diffusion and tunneling
of radicals within the porous matrix, a phenomenon not
possible in crystalline solids.41−44 Here, a carefully created
crystalline solid shows an equal or larger quantity of
photoproducts than those in its amorphous and polycrystalline
state. In the astrochemical model, the kinetics of reactions are
influenced by reaction barriers and diffusion barriers. When
there are no reaction barriers and the reactants are well-
aligned, reactions are assumed to occur with high efficiency.7

This assumption is commonly applied to radical−radical
reactions. The higher methane and dichloromethane produc-
tion in crystalline than polycrystalline materials could be
because radical migration is feasible in periodic crystalline
materials. However, polycrystalline solids are composed of
crystal domains with existing crystalline grain boundaries, and
these grain-bound molecules play a vital role in the process of
photolysis.45 The presence of a thermal energy barrier on these
boundaries is crucial, as it hinders radicals from moving
between different crystalline grains. Consequently, the
diffusion of intermediates is impeded, leading to the entrap-
ment of all of the radicals within the boundaries themselves.

The phenomenon of extended irradiation leading to the
conversion of crystalline solids into their amorphous analog
has been widely established in the literature.46,47 A long-term
irradiation experiment was carried out to investigate the
consequences of the intermediates upon the amorphization of
crystalline and polycrystalline solids. In this experiment, we
irradiated the crystalline and polycrystalline ice for 4 h and
compared it with the sample of 1 h irradiation using TPD-MS.
Figure 7a,c shows the mass spectra of desorbed dichloro-
methane and methane before and after the irradiation of
crystalline methyl chloride for 1 and 4 h. It is worth noting that
the peak at 100 K for m/z 49 (Figure 7a,b) in the before
irradiation spectrum represents the mass fragment from the
methyl chloride reactant. In the spectrum collected after 1 h of
irradiation, the desorption peaks of dichloromethane and
methane at 100 K coincide with that of methyl chloride, and
this is due to the small amount of photoproduct, which is
trapped in the methyl chloride ice matrix. In Figure 7a, no
specific changes have been detected other than an increase in
dichloromethane. In the case of methane (Figure 7c),
molecular volcano-like peaks were observed at 91 K in the 4
h irradiation experiment.48,49 Here, methane formation
increased in the crystalline solid, which accumulated in specific
locations. It is obvious that molecular mobility will be high
prior to the desorption temperature in methyl chloride from its
solid. Due to this high mobility, the accumulated methane
molecules desorb earlier than methyl chloride as the methane
desorption temperature is lower than that of methyl chloride.

Surprisingly, more intriguing results were observed when
polycrystalline methyl chloride was irradiated for 4 h. The
formation of dichloromethane (as shown in Figure 7b)
increased by approximately 2 times, while methane (as
shown in Figure 7d) increased by approximately 3 times
when the irradiation time was extended from 1 to 4 h. This
difference in product formation can be attributed to the
transition of polycrystalline to the amorphous nature of methyl
chloride during long-term irradiation, which removes the grain
boundaries in the ice matrix. Consequently, the trapped

intermediates at the crystallite boundaries in the polycrystalline
solid diffuse through the matrix and facilitate the formation of
photoproducts. These results demonstrate strong agreement
with our previous claim regarding the intermediate entrapment
in polycrystalline solids.

This study presents a new direction in our understanding of
molecular materials in space and their fate upon photo-
irradiation. Such photochemistry in molecular solids could
make each of the distinct phases of any molecular solid an
admixture of different species. In the course of time, an
increase in the number of reaction products leads to the
collapse of the crystallites, leading to an amorphous matrix.
Therefore, photochemistry becomes an important factor in
affecting the morphology of interstellar organics.

■ CONCLUSIONS
This study provides evidence for the formation of amorphous,
crystalline, and polycrystalline methyl chloride via three
different paths, using RAIRS in UHV (∼5 × 10−10 mbar) at
low temperature (10−90 K), conditions analogous to ISM.
The photochemistry of the methyl chloride solid was studied
using a deuterium lamp (VUV source). The photoproducts
were detected by RAIRS and SIMS in the solid state and by
TPD-MS in the gas phase. The result of irradiation of three
solid phases found that the formation of photoproducts is most
facile for crystalline solid than for amorphous followed by
polycrystalline. This is due to the feasibility of diffusion of the
reactants and intermediates in crystalline solid compared to the
amorphous and polycrystalline solids. Due to the existence of
crystalline boundaries in polycrystalline solids, the intermedi-
ates are trapped at the interfaces of grains. However, long-term
irradiation leads to the removal of discontinuity in the
polycrystalline solid, which leads to the increased concen-
tration of photoproducts accumulating in the ice matrix. This
phenomenon becomes evident through the amplified desorp-
tion of photoproducts in TPD-MS. This study adds fresh
spectroscopic data in the photochemistry of condensed methyl
chloride molecules in ISM and provides a possible mechanistic
interpretation that provides a scope for future investigations.
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Supporting information 1: 

 

Figure S1. Emission spectrum of Model 634 Deuterium lamp, provided by the McPherson. 
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Supporting information 2: 

 

Figure S2. RAIR spectra of 63 ML of methyl chloride in C-H symmetric bending region. The pure 

methyl chloride was vapor-deposited on Ru(0001) substrate at 10 K and further annealed to 90 K 

with a ramping rate of 10 K/min, and it was waited for 2 hours. 

Supporting information 3: 

Figure S3. RAIR spectra of 160 ML of methyl chloride:water (2:1) in C-H symmetric bending 

region. The 160 ML of methyl chloride:water (2:1) was vapor-deposited on Ru(0001) substrate at 

10 K and further annealed to 90 K with a ramping rate of 2 K/min. 
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Supporting information 4: 

 

Figure S4. Normalized RAIR spectra of condensed methyl chloride ice in the C-H symmetric 

bending region at 90 K created by four different paths. In path 1 and path 2, 63 ML of methyl 

chloride vapor was deposited on Ru(0001) at 10 K substrate and slowly annealed to 90 K at an 

annealing rate of 2 K/min and 10 K/min, respectively. In path 3, methyl chloride directly vapor 

deposited on Ru(0001) substrate at 90 K. In path 4, 160 ML of methyl chloride:water (2:1) co-

deposited on Ru(0001) substrate at 10 K and slowly annealed to 90 K at an annealing rate of 2 

K/min. The enlarged spectra in the inset show a hump around 1354 cm-1 (denoted by #), 

representing the gas phase methyl chloride. 

 

 

 

 

 

 

 

 

1368 1356 1344 1332 1320

0.0

0.3

0.6

0.9

1.2

A
b

s
o

rb
a
n

c
e

Wavenumber (cm-1)

 Path 1

 Path 2

 Path 3

 Path 4

1365 1360 1355 1350

1346 cm-1

1336 cm-1

#

T = 90 K

319



S5 

 

Supporting information 5: 

 

Figure S5. Temperature-dependent RAIR spectra of 63 ML of methyl chloride in (a) C-H 

stretching region, (b) C-H antisymmetric bending region. The pure methyl chloride was vapor-

deposited on Ru(0001) substrate at 10 K and further annealed to 90 K with a ramping rate of 2 

K/min. 

 

Supporting information 6: 

Figure S6. RAIR spectrum of 63 ML of methyl chloride in (a) C-H stretching region, (b) C-H 

antisymmetric bending region. The pure methyl chloride was vapor-deposited on Ru(0001) 

substrate at 90 K. 
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Supporting information 7: 

Table S1. Vibrational frequencies of methyl chloride in amorphous, crystalline, polycrystalline, 

and gas phases.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gas (cm-1)Polycrystalline (cm-1)Crystalline (cm-1)Amorphous (cm-1)Mode

732705, 700, 695704, 700, 695710C-Cl stretching (ν3)

1015102210221019C-Cl rocking (ν6)

13541336, 13461336, 13461343C-H symmetric bending 
(ν2)

14541445, 1441, 14371443, 14371438C-H antisymmetric 
bending (ν5)

29662952, 2955, 29612952, 29612958C-H symmetric 
stretching (ν1)
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Supporting information 8: 

Figure S7. (a) RAIR spectra of 100 ML of methyl chloride before and after irradiation with VUV 

light at 10 K in the mid-infrared region. At first, 100 ML of Ar vapor was deposited on Ru(0001) 

substrate, followed by methyl chloride vapor deposited on top of that. The amorphous methyl 

chloride ice was photo-irradiated for 60 minutes. (b) Normalized band area of methyl chloride, 

dichloromethane, and methane before and after 60 min irradiation. Two systems were taken: in the 

first system, 63 ML of methyl chloride was directly vapor deposited on Ru(0001) substrate, and in 

the second system, 100 ML of methyl chloride was deposited on the top of 100 ML of Ar matrix 

on Ru(0001) substrate. 
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Supporting information 9: 

 

Figure S8. Reactive ion scattering mass spectrum obtained on 60 minutes VUV irradiated 

amorphous methyl chloride ice at 10 K. 
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Supporting information 10: 

Figure S9. Sublimation profile of integrated ion counts in (a) at m/z = 49 (CH2Cl2) in (b) at m/z = 

16 (CH4) in (c) at m/z = 36 (HCl) recorded by quadrupole mass spectrometer. 63 ML of pure 

methyl chloride was deposited on Ru(0001) substrate, followed by 60 min of VUV light 

irradiation. The irradiated sample was annealed to 200 K with a 10 K/min ramping rate; 

subsequently, mass spectra were taken. 
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1. Introduction

Gold nanoclusters and small gold com-
plexes have attracted considerable atten-
tion due to their fundamental properties 
and application potential upon bridging 
the functional gap between molecules and 
larger plasmonic nanoparticles.[1] Atomi-
cally precise ultrasmall gold nanoclusters 
(GNCs) typically have contained an exact 
number of ≈10 – 300 gold atoms aiming 
at well-defined particle sizes. They are 
stabilized by protecting ligands, where-
upon their binding typically leads to outer 
metal surfaces with different valence 
than that of the inner metal core.[2] Their 
photo-physics is more complex than that 
of small molecules and larger quantum 
dots, leading to both challenges and sug-
gesting novel application possibilities. 
GNCs allow several relevant properties, 
such as luminescence with promoted pho-
tostability combining biocompatibility.[3–7] 
Unlike larger plasmonic nanoparticles, 
GNCs display molecule-like electronic 
spectra, as their electronic structure is 

An atomically precise ultrasmall Au(I)6 nanocluster where the six gold atoms 
are complexed by three sterically interlocking stabilizing ligands is reported, 
allowing a unique combination of efficient third harmonic generation (THG), 
intense photoluminescence quantum yield (35%), ultrafast quantum coher-
ence, and electron accepting properties. The reaction of 6-(dibutylamino)-1,3,5-
triazine-2,4-dithiol (TRZ) with HAuCl4 leads to complexation by thiolation. 
However, intriguingly, another reduction step is needed to form the centrosym-
metric Au(I)6TRZ3 clusters with the multifunctional properties. Here, ascorbic 
acid is employed as a mild reducing agent, in contrast to the classic reducing 
agents, like NaBH4 and NaBH3CN, which often produce mixtures of clusters 
or gold nanoparticles. Such Au(I)6 nanocluster films produce very strong THG 
response, never observed for nanoclusters. The clusters also produce bril-
liant single and multiphoton luminescence with exceptional stability. Density 
functional theory calculations and femtosecond transient absorption studies 
suggest ultrafast ligand-to-metal charge transfer, quantum coherence with 
long decoherence time 200–300 fs, and fast propagation of excitation from the 
core to the surrounding solvent. Finally, novel electron-accepting ground state 
properties allow p-doping of 2D field-effect transistor devices. Summarizing, 
the potential of ultrasmall sterically interlocked Au(I) clusters, i.e., complexes 
allowed by the new sequential reduction protocol, towards multifunctional 
devices, fast photoswitches, and quantum colloidal devices is shown.
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dominated by delocalized states spread over a relatively large 
Au core. Beyond that, there is a scientific interest toward in-
depth understanding of GNC photocycle.[8–17] In particular, 
studies using relatively large Au13 and Au25 clusters, often mod-
eled within the “superatom” theoretical framework, suggest 
that the optically active electronic states are localized within 
the gold cores.[8,16–19] Recent theoretical calculations suggest 
that all excited states may arise from core-based superatomic 
orbitals.[16] Importantly, the protecting ligands also play a role 
in the electronic response of the GNCs through ligand-to-metal 
charge transfer (LMCT) transitions[10,14,15] or by so-called semi-
ring states.[11] Still, recently questions have been posed whether 
the knowledge accumulated on classical GNCs such as Au25, 
containing both Au(0) and Au(I) atoms, can directly apply to 
ultrasmall GNCs containing less than ten Au atoms where all 
atoms are in Au(I) state due to the ligand binding, also related 
to new properties. Such GNC structures have recently also been 
specifically denoted as Au(I) complexes.[1]

Regarding to optical applications, a materials platform 
allowing tunably multifunctionality would be highly desired. 
For optical nonlinearities, the basis for all-optical devices 
employs self-phase modulation, optical bistability, regenerative 
oscillations, and four-wave mixing.[20] Due to their applica-
tions in imaging, medicine, communication, and industry, the 
present demand for devices motivates the assessment of the 
nonlinear optical (NLO) properties of materials in visible and 
near-infrared region.[21,22] Traditional bulk NLO materials, such 
as β-BaB2O4 and LiNbO3, suffer from low conversion efficiency 
and poor NLO susceptibility.[23] Two-dimensional (2D) nanoma-
terials such as graphene, hexagonal boron nitride, transition-
metal dichalcogenides, and GeAs show strong second and 
third-harmonic generation (SHG and THG) stemming from 
their crystal noncentrosymmetry.[21,24–26] However, they do not 
display combined strong photoluminescence (PL), robust har-
monic generation, or electric doping, thus they have not shown 
multifunctionality so far.

Therefore, one can foresee a need to develop materials 
having both advanced linear and nonlinear optical properties 
with high conversion efficiency and high nonlinear suscep-
tibility, as well as electric functionality. Therein, developing 
biocompatible molecular level clusters below 1 nm would offer 
potential applications not only in devices but also in medicine 
as such particles can readily cross the blood-brain barrier.[27,28] 
Gold nanoparticles have been investigated for NLO proper-
ties.[29] THG has been reported for isolated gold nanorods 
and nanoparticles of specific shapes and sizes using highly 
sophisticated designs for plasmonic nanoparticles.[29] Neverthe-
less, plasmonic nanoparticles typically involve polydispersity, 
therefore, achieving THG is a fundamental challenge. Recent 
experimental and theoretical studies have shown that gold and 

silver nanoclusters also exhibit SHG.[30] However, multifunc-
tional ultrasmall GNCs displaying THG have not been reported, 
even more to combine with luminescence. Also, showing GNC-
dependent doping of semiconductor devices could allow new 
modular approaches, not shown before.

Herein, we report the synthesis and optoelectronic proper-
ties of 6-(dibutylamino)-1,3,5-triazine-2,4-dithiol (TRZ) stabi-
lized GNCs containing a metal core of six gold atoms Au(I)6, 
i.e., where all gold atoms are in the Au(I) state and the vibra-
tion of the atoms is locked by the TRZ ligands via dual thiolate 
bindings. This is done by a novel two-step chemical reduction. 
The experimental data  along with density functional theory 
(DFT) calculations suggest that the Au(I)6 core has an octa-
hedral geometry, resulting in a triclinic crystal lattice in solid 
state. The centrosymmetric Au-core produces an intense THG 
under infrared laser excitations. The particles exhibit a strong 
third-order susceptibility. They also display strong PL with high 
quantum efficiency and peculiar photophysical behavior unlike 
larger nanoclusters. The photocycle is controlled by ligand-to-
metal charge transfer transitions without intermediates. More-
over, we show that the energy cascade from the initially excited 
state proceeds through a coherent pathway, involving the 
generation of core vibrational wave packets damped through 
successive relaxation. As a result, GNCs induce a controllable 
p-type (hole dominant) doping effect to the 2D multilayer 
WSe2 field effect transistors (FETs) through a charge transfer 
mechanism.

2. Results and Discussion

2.1. Synthesis and Characterizations

The reaction of 6-(dibutylamino)-1,3,5-triazine-2,4-dithiol (TRZ) 
with HAuCl4 leads to complexation and gold reduction by thiola-
tion, but results in uncontrolled fibrillar aggregates (Figure S1,  
Supporting Information). To achieve spherical well-controlled 
nanoclusters of TRZ-stabilized GNCs, another reduction step 
by preferably ascorbic acid (denoted as GNC-1) or alterna-
tively by NaBH4 (denoted as GNC-2) was required (Figure 1a).  
The scanning transmission electron microscopy (STEM) 
images of GNC-1 and GNC-2 are presented in Figure  1b,c 
respectively, suggesting uniform distribution of clusters with a 
size of ~1 nm. The resulting GNCs exhibit intense yellow-green 
emission under exposure to UV light (inset in Figure 1b). The 
energy-dispersive X-ray (Figure S2, Supporting Information) 
and the X-ray photoelectron spectra (XPS) (Figure S3, Sup-
porting Information) confirm the elements Au, S, C, O, and 
N. While C 1s, N 1s, and S 2p spectra further approve the C–C, 
C–H, C–N, –C≐N–C, ≐N–C≐ , and Au–S bonds (Figure S4,  
Supporting Information), the Au 4f doublet at 85.0 and 
88.7 eV confirms the existence of Au(I) atoms in both GNC-1 
and GNC-2 (Figure  1d). Finally, electrospray ionization mass 
spectra (ESI-MS) in both negative and positive ion modes con-
firm the composition as Au(I)6(TRZ)3 (Figure 1e and Figure S5,  
Supporting Information). The results indicate the coexist-
ence of both -2 and +1 states of the GNCs and that they are 
in equilibrium. The collision energy-dependent studies show 
the fragmentation of the clusters (Figure S6, Supporting 

Nonappa
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Information). The 1H NMR spectra of the free TRZ-ligand and 
the GNCs (Figures S7 and S8, Supporting Information) fur-
ther support their compositions and nature of fast protonation 
and deprotonation.

2.2. DFT Calculations and Mapping of Electronic Transitions

Based on ESI-MS, the atomic models of [Au(I)6(TRZ)3]2− and 
[Au(I)6(TRZ)3]+ GNCs are created using DFT with GPAW 
code.[31] Two possible isomers of [Au(I)6(TRZ)3]2− NCs are pro-
duced (Figure 2a,b), wherein the latter one shows the most 
stable structure consisting of an octahedral Au(I)6 core sur-
rounded by three TRZ ligands. The average Au–Au and Au–S 
bond lengths are 2.84 and 2.38 Å, respectively. The HOMO-
LUMO energy gap of the cluster is 1.43 eV; the HOMO states 
have contributions both from the ligands and Au atoms, while 
the electrons in the Au atoms dominate the LUMO states 
(Figure  2c). The time-dependent DFT[32] simulated optical 
absorption (OA) spectrum from the octahedral [Au(I)6(TRZ)3]2− 
GNC displays two distinct peaks at 413 and 318 nm (Figure 2d). 
The computed spectral patterns are close to the experimental 
OA with a slight red shift.[33] To get insight into electron-hole 
transitions responsible for the absorption ≈400  nm, we ana-
lyzed the transitions at 3.0  eV (413  nm) using the transition 
contribution map (TCM) method.[34] The TCM in Figure  2e 
demonstrates the Kohn–Sham (KS) absorption decomposi-
tion weight at a fixed energy ω in the two-dimensional (εo, 

εu)- plane, where εo and εu are the energies of the occupied and 
unoccupied states, respectively. The corresponding projected 
density of states (PDOS) are plotted on the top and right side 
of the TCM, respectively. It implies that the most significant 
contribution for the OA at 413 nm is due to the electronic tran-
sitions from the occupied states at −1.14 eV to the unoccupied 
states ≈1.78 eV (Fermi level is set to 0 eV). Figure 2f shows the 
wave functions at −1.14  eV and 1.78  eV, in which the ligands 
significantly contribute to the occupied states while the Au 
atoms dominate the unoccupied states, i.e., the OA at ≈400 nm 
is due to the ligand to metal electron-hole or charge transfer 
transitions. Regarding [Au(I)6(TRZ)3]+, one proton is added to 
each ligand, which changes the cluster's charge from −2 to +1 
(Figure S9, Supporting Information). The calculated OA spectra 
of deprotonated [Au(I)6(TRZ)3]2− and protonated [Au(I)6(TRZ)3]+ 
NCs are quite similar (Figure S10, Supporting Information), 
indicating the analogous electron-hole transitions in these two 
systems.

The small angle X-ray diffraction pattern of the GNC-1 and 
pure ligand are shown in Figure S11a,b, Supporting Informa-
tion, respectively. The diffraction pattern (Figure  2g) is calcu-
lated by including the octahedral gold core of the nanocluster to 
the best-fitting crystal lattice. Ligand molecules are not included 
in the model. The theoretical diffraction pattern corresponds to 
the triclinic crystal structure (space group P1, number 1) with 
unit cell dimensions a  = 11.85 Å, b  = 9.81 Å, c  = 8.37 Å, and 
unit cell angles α = 85.7°, β = 85.3°, γ = 98.2° (Figure 2h). The 
volume of the unit cell is 956.1 Å3.

Adv. Optical Mater. 2023, 2202649

Figure 1. a) Schematic representation for the synthesis of GNCs. STEM images of b) GNC-1 and c) GNC-2. Inset in (b) shows the dichloromethane 
(DCM) solution of GNCs under ambient light (left) and exposure to UV light (right). d) Au 4f XPS spectra of GNCs. e) Electrospray ionization mass 
spectrum of GNC-1, suggesting a composition Au(I)6(TRZ)3 based on experiment and modeling.
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2.3. Linear and Nonlinear Optical Responses

The photoluminescence (PL) spectra of GNC-1 and GNC-2 
are quite similar, with broad emissions centered at ≈540  nm 
(Figure 3a). The photoluminescence excitation (PLE) spectrum 

of the 540 nm emission displays two peaks at 327 and 400 nm 
for both GNCs. When exciting in the LMCT state at 400  nm, 
the emission peak at 540  nm with absolute quantum yield 
of ≈35% and decay over a few microseconds (Figure  3b) are 
observed, almost identically in GNC-1 and GNC-2 (Figure S12  

Adv. Optical Mater. 2023, 2202649

Figure 2. a,b) The atomic structures for two different isomers of [Au(I)6(TRZ)3]2− optimized by DFT, where (b) shows the lowest energy 
structure with octahedral Au(I)6 core. c) The projected density of states of the most stabilized octahedral core of the cluster, shown in (b).  
d) Experimental and theoretical OA spectra of GNC-1. e) The TCM map and PDOS of the cluster at 3.0 eV (413 nm). f ) The highest contribution 
of OA from the occupied state at −1.14 eV to the unoccupied state at 1.78 eV, assuming the Fermi level at 0 eV. g) Calculated diffraction peaks 
and the theoretical diffractogram based on the triclinic crystal structure. h) The unit cell of the proposed triclinic crystal structure (ligands are 
excluded in the model).
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Supporting Information). The emission decay is bi-expo-
nential (0.17 µs + 1.75 µs) (Figure  3c), revealing two quasi-
degenerate emitting states, most likely due to the coexistence 
of two different charge states of the NC: [Au(I)6(TRZ)3]+ and 
[Au(I)6(TRZ)3]2−. Besides, an appreciable redshift of the band 
during decay (inset of Figure  3c) suggests a further statistical 
distribution of lifetimes. The observed microsecond lifetimes 
imply a weakly allowed emissive transition. The PL is strongly 
Stokes shifted (>150 nm) and lacks mirror symmetry from the 
lowest-energy absorption band. Therefore, the emissive state is 
presumably characterized by a significant triplet character, i.e., 
the emission stems from a 3LMCT state populated indirectly 
from the 1LMCT state excited at 400 nm through an intersystem 
crossing process (ISC) (Figure S13, Supporting Information).

Interestingly, the GNCs show a strong nonlinear optical 
effect, particularly for THG (depicted in Figure  3d). The lack 
of even-order harmonics along with such intense THG can be 
explained by an inversion symmetry in the molecular struc-
ture of these octahedral [Au(I)6(TRZ)3]2- nanoclusters. When 
illuminated by ultrafast infrared lasers at variable wavelengths, 
GNC-1 produces strong THG signals at ≈433, 470, 500, and 
520  nm, corresponding to frequency tripling by the excitation 
beams at 1300, 1400, 1500, and 1550 nm, respectively. In addi-
tion to the narrow THG peaks, we also observe a broadband 
signal between 520 to 700 nm, indicating PL caused by three-
photon absorption (Figure S14, Supporting Information). The 
emission band shape is identical when produced by single-, 

two-, or three-photon absorption. The power-dependent THG 
measurements under 1300  nm excitation (Figure  3e) demon-
strate that the THG signal intensity (I3ω) is large and increases 
with incident intensity (Iω) as I3ω  = (Iω)α with α  = 2.83, close 
to the value of 3 expected for a nonlinear THG process. The 
polarization of the generated THG is highly dependent on the 
incident polarization (Figure 3f). With the horizontal polariza-
tion of excitation, the THG signal intensity is maximum along 
the direction of the excitation and minimum at the cross-polar-
ization. The mathematical fit shows a sinusoidal behavior of 
the generated THG signal with the polarization angle of the 
detection polarizer. The third-order nonlinear susceptibility is 
calculated with the formula given as:

4

3
3 0

2
3

3
3

3χ ε
ω

= ω ω
ω

ω

( ) c

d
n n

I

I
 (1)

where ε0, c, and d are the permittivity of vacuum, speed of light 
in vacuum, and sample thickness respectively. nω (n3ω) and Iω 
(I3ω) are the refractive index at frequency ω (3ω) and pump 
(THG) intensity respectively.[35] Based on this, we obtain the 
third-order susceptibility of GNCs, χ(3)  = 9.73 × 10−19 m2 V−2 
(see details in Supporting Information).

Femtosecond transient absorption (TA) measurements indi-
cate energy cascade initiated by 400 nm absorption (Figure 4a 
and Figure S15, Supporting Information). Immediately after 
photoexcitation, the TA signal displays a negative sign, being 

Adv. Optical Mater. 2023, 2202649

Figure 3. a) Optical absorption (OA), steady-state PL (λex = 400 nm), and PLE (λem = 540 nm) spectra of GNC-1 and GNC-2 in DCM. b) Time-resolved 
PL spectra of GNC-1 at 410 nm excitation. c) Decay kinetics of the spectrally integrated PL signal. The data are fitted by a biexponential decay function, 
that is: I = A exp[-t/t1] + B exp[-(t/t2)b]. The stretching factor b in the slower exponential is a typical feature of disordered systems, consistent with 
the progressive shift of the emission during decay shown the figure in its inset. Inset: Normalized PL spectra at various delays after photoexcitation.  
d) THG emissions from the thin film of GNC-1 at 1300, 1400, 1500, and 1550 nm excitations. Inset: Schematic diagram of THG process in Au(I)6 NCs. 
The top and bottom waves indicate the excitation beam (ω) and the generated THG signal (3ω), respectively. e) Excitation power dependency of THG 
signal of the GNC film at 1300 nm excitation. f) THG response as a function of excitation polarization.
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dominated by ground-state bleaching from the initially excited 
1LMCT state and fluorescence, detected in TA as stimulated 
emission.[36,37] The disappearance of these negative compo-
nents within ca. 300 fs provides the direct signature of the 
depopulation of 1LMCT state via ISC, in favor of the 3LMCT. 
The extremely short-lived 1LMCT fluorescence can be isolated 
by taking the difference between two TA spectra at succes-
sive times. Indeed, this difference signal is a broad band at 
≈450 nm, approximately mirror symmetric to the OA at 400 nm 
(Figure 4b). The TA signal observed at t > 0.25 ps, i.e., after the 
ultrafast singlet-to-triplet cascade, appears as a broad positive 
TA signal with a peak at 470  nm, providing a spectral finger-
print of the 3LMCT manifold. The multi-exponential fit of the 
kinetic traces reveals that these dynamics are described by 
0.15  ps, 0.45  ps, and 3.9  ps timescales (Figure  4c). While the 
fastest one is the time scale of ISC, the longer scales repre-
sent relaxation and thermalization within the emissive 3LMCT 
manifold. Similar trends are observed by TA measurements on 
GNC-2 (Figure S16, Supporting Information).

Closer analysis of TA data reveals a role of quantum coherent 
effects in the photocycle, visible as a regular modulation of 
the TA signal persisting for several ps (Figure 4d). In general, 
these oscillations in TA are due to the motion of coherent vibra-
tional or excitonic wave packets initiated by ultrashort pulses. 
The Fourier transform of the residuals calculated from a multi-
exponential fit (Figure  4e) pinpoints two main frequencies of 
≈90 and 365 cm−1. The latter can be attributed to the Cl–C–Cl 

deformation mode of dichloromethane (DCM) in which GNCs 
are dispersed, while the vibration at 90 cm−1 is in the expected 
range for Au–Au oscillations of the GNC core.[9,14] Thereby, we 
infer that Au core is impulsively brought out of equilibrium by 
the additional electron projected inside it by 1LMCT photoex-
citation, triggering the onset of Au-Au oscillations. Thereafter, 
as clearly seen in Figure  4d, this oscillation is damped within 
200–300 fs, because the excess vibrational energy is redistrib-
uted over the entire GNCs, and finally to the solvent, during the 
ISC process. Further details can be obtained by time-frequency 
analysis of the fit residuals (Figure S17, Supporting Informa-
tion). This analysis confirms an instantaneous activation of the 
Au–Au oscillation, the damping of which is accompanied by the 
growth of solvent oscillations. Most importantly, the Cl–C–Cl 
oscillation (365 cm−1) appears progressively growing in ampli-
tude and upshifting in frequency until it is fully established 
after a delay of ≈300 fs, that is about twice the time scale of 
ISC. Such a delayed activation of solvent oscillations reports the 
arrival of the perturbation to the nearest solvent molecules in 
contact with the ligands, reaching as far as ≈1 nm from the Au 
core within an extremely short (200-300 fs) time scale. Indeed, 
we conclude that the whole relaxation cascade of this ultras-
mall NC proceeds through a fully coherent pathway, favoring 
the exceedingly fast propagation of energy throughout the 
system.[38–40]

GNCs are relatively stable in powder form or thin film 
under UV exposure. Notably, a small photobleaching has 

Adv. Optical Mater. 2023, 2202649

Figure 4. a) Pump-probe transient absorption (TA) spectra recorded at variable delays from femtosecond excitation at 400 nm. b) Transient fluores-
cence from the electronic state initially excited at 400 nm, isolated as the difference TA (0.18 ps) – TA (0.13 ps), and compared to steady-state OA and 
PL. c) Kinetic traces of the TA signal, fitted with a three-exponential function convoluted with the Gaussian instrumental response of the TA instrument. 
d) TA signal at 470 nm (blue dots), fitted by a multi-exponential function describing ISC and further relaxations. The fit residuals (black dots, vertically 
shifted for the sake of clarity) show coherent oscillations at two different frequencies. e) Fourier transform of the fit residuals at 470 nm.
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been observed during continuous UV exposure up to 14 h in 
our experiment (Figure S18, Supporting Information). Such 
extremely high photostability of the NCs is probably associated 
with the strong metal-ligand bonding and the compact structure 
of the ligand. In addition, the Au(I) states in these ultrasmall 
NCs could highly influence a strong LMCT transition charac-
terized by high QY and excellent photostability. Furthermore, 
the NCs are highly stable at high temperature up to 150 °C and 
emit brilliant green-yellowish light even after treating at 100 °C 
for 1 h (Figure S19, Supporting Information).

2.4. GNCs as Dopants in Field-Effect Transistors

We fabricated a back-gated multilayer WSe2 device, schemati-
cally represented in Figure 5a. The multilayer WSe2 device 
(Figure  5b) has been characterized by measuring the drain-
source current (IDS) while sweeping the gate-source voltage 
(VGS) in the range of ±80 V at a fixed drain-source voltage (VDS) 
of 0.5 V at room temperature. The WSe2 channel is ≈8 nm in 
thick, indicating 11–12 layers (Figure S20, Supporting Informa-
tion).[41] The device depicts a p-dominant characteristic with 
relatively small electron current along positive VGS (Figure 5c), 
suggesting that the Fermi level is inclined towards the valence 
band edge of WSe2. With the further application of positive 
(negative) VGS, the Fermi level is pushed towards the conduc-
tion band (valence band), respectively, thus injecting electrons 
(holes) in WSe2. Interestingly, we found that the deposition of 
GNCs over WSe2 significantly enhances the hole-current in 
this device, while electron-current is suppressed. Moreover, the 
threshold voltage ( = VGS), which is needed to turn on the device 
and extracted from the intercept of IDS-VGS plot, is shifted 
towards positive VGS. More specifically, with 0.1  mg mL−1  
solution of GNC-1 in DCM, threshold voltage has significantly 
shifted from −5 V to +42 V. The result suggests that WSe2 device 
contains more positively charged carriers after deposition of 
GNCs, i.e., a non-degenerate p-doping is realized in WSe2 in 
contact with the GNCs. With increasing the concentration of 
GNCs up to a certain extent, the IDS continuously increases, 
and the threshold voltage shifts towards more positive VGS 
values. This is due to the close proximity (0.4  eV) in between 

the valence band (HOMO) of WSe2 and the LUMO state of the 
protonated [Au(I)6(TRZ)3]+ (Figure 5d), which allows the former 
as a donor and the GNCs as an acceptor.

3. Conclusion

We report for the first time atomically precise ultrasmall gold 
nanoclusters where all atoms are in the same valence state 
Au(I) and where they are sterically locked by specific dual 
ligand thiolate interactions to suppress vibrations to allow mul-
tifunctional electro-optical and quantum coherent behaviors. 
In particular, we report Au(I)6 nanoclusters with steric locking 
of each atom by 6-(dibutylamino)-1,3,5-triazine-2,4-dithiol 
ligands, where a two-step chemical reaction was required to 
allow centrosymmetric octahedral structure. The underlying 
films produce a very strong THG response, very close to the 
high magnitude of the 2D monolayer metal dichalcogenide 
nanosheets, never observed before for gold nanoclusters. They 
also produce brilliant single and multiphoton luminescence 
response with exceptional stability. DFT calculations and fem-
tosecond transient absorption studies suggest an ultrafast 
ligand-to-metal charge transfer with ultra-efficient intersystem 
crossing and demonstrate the role of quantum coherent effects 
in the photocycle. The quantum coherent behavior and rela-
tively long decoherence time (200–300 fs) of the photoexcited 
GNCs allow extremely fast propagation of excitation from the 
core to the surrounding solvent. Finally, the Au(I) cores display 
marked electron-accepting properties also in the ground state, 
as we show in a proof-of-principle application as a p-dopant 
in 2D FET devices. In summary, these ultrasmall GNCs with 
interlocked 6 Au(I) atoms provide key insight for future appli-
cations as ultrafast photoswitches, or in emerging technologies 
such as quantum computing, since decoherence sets the max-
imum timeframe for the fully quantum operation of a device.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Figure 5. a) The schematic diagram and b) optical microscope image of the back gated WSe2 field effect transistor. Inset: optical micrograph of WSe2 
device after deposition of GNCs. c) Transfer plots (IDS-VGS) obtained from the multilayer WSe2 device before and after deposition of different concentra-
tion of GNCs at VSD = 0.5 V. d) Theoretical calculations for the HOMO-LUMO states of [Au(I)6(TRZ)3]+ and multilayer WSe2.
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EXPERIMENTAL SECTION 

Materials 

HAuCl4.3H2O, methanol, ethanol, dichloromethane (DCM), ascorbic acid, sodium borohydride 

(NaBH4), DCM-d2 and sodium acetate were purchased from Sigma-Aldrich and used as received. 

The ligand, 6-(Dibutylamino)-1,3,5-triazine-2,4-dithiol was acquired from TCI Europe N.V. 

Ultrapure Milli-Q water (18 Ω) was used in our experiments. 

Synthesis of gold nanoclusters 

The synthesis of GNCs were performed using HAuCl4 and 6-(Dibutylamino)-1,3,5-triazine-2,4-

dithiol (TRZ) as the precursors. Briefly, 20 mg of HAuCl4 was dissolved in 5 mL of methanol in 

a closed glass vial (20 mL) at room temperature (~22 oC). To the mixture, 7 mL of DCM was 

added. A solution containing 23.5 mg of TRZ ligand in 2 mL of DCM was added to the above 

mixture with vigorous stirring. The pale-yellow solution of HAuCl4 was immediately turned to 

bright red in colour. After few minutes (~10-15 minutes) of stirring the colour of the solution 

gradually transformed to yellow. Then the reducing agents, either ascorbic acid (45 mg in 1 mL of 

water) or NaBH4 (2 mg in 1 mL of water) was added to the solution. The reaction mixture was 

stirred for 12 hours at room temperature (~22 oC). The solvent was removed under reduced 

pressure using a rotary evaporator at 30 oC. The residue was washed with ethanol to remove the 

excess ligand and the reducing agent. Finally, the product was separated by centrifugation at 5000 

rpm for 30 mins and dried in air after discarding the ethanol. The clusters were stored in a 

refrigerator at 4 oC for further use. 

X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy was performed in Kratos Axis Ultra ESCA X‐ray photoemission 

spectrometer using AlKα irradiation at low power (100 W) and under neutralization. The X‐ray 

source was operated at 8 mA and 12.5 kV and the analyzer pass energy was 20 eV for high 

resolution scans and 80 eV for the survey spectra. The pressure in the analysis chamber was about 

8 × 10−8 Pa during the measurements. The binding energy (BE) scale was referenced to 284.8 eV 

as determined by the location of the maximum peak on the C1s spectra, associated with 

adventitious carbon. The accuracy of the BE determined with respect to this standard value was 

within ±0.1 eV. 
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STEM analysis  

STEM images were captured by using JEM‐2200FS Double Cs‐corrected transmission electron 

microscope. The instrument was operated at an acceleration voltage of 200 kV with field‐emission 

guns. Specimen for STEM analyses were prepared by drop‐casting from the solution of GNCs in 

DCM over the ultrathin‐carbon (<10 nm thickness) coated copper grids. The samples were 

incubated for 1 min, after which the excess material was removed by washing with ethanol. 

ESI Mass spectroscopy 

High resolution mass spectrum was carried out using SYNAPT G2-Si High Definition MS 

(HDMS) system. It is equipped with an electrospray ionization source, step wave ion transfer 

optics and a quadrupole mass filter. Sodium acetate is used as an ionization enhancer during the 

measurement. The spectrum was collected in negative and positive ion mode following an 

optimized condition of flow rate 20 µL/ml, capillary voltage 2.5 - 3 kV, spray current 100 - 120 

nA, cone voltage 0 V, source voltage 70-100 °C. The collision energy-dependent fragmentation 

studies were performed after selecting the molecular ion (at m/z = 2025.28) trapped inside the ion 

mobility cell. 

1H-NMR Spectroscopy 
1H-NMR spectra were recorded using Bruker AV III 400 spectrometer operating at 400 MHz for 
1H.  For sample preparation, dried GNC-1 and TRZ ligand were dissolved in dichloromethane-d2.  

Measurement of refractive index 

Refractive index measurements were performed using J. A. Woollam M-2000UI spectroscopic 

ellipsometer. Thin layer of the samples was prepared by spin coating over a silicon wafer. 

Absolute quantum yield measurement 

The absolute PL quantum yield was measured using a C9920-03G system equipped with a 150W 

xenon lamp (Hamamatsu Photonics Co. Ltd., Japan). 

Small angle X-ray scattering (SAXS) measurements 

X-ray diffraction measurements were performed to complement the structural characterization of 

the nanoclusters. The measurements were carried out from dried samples. The gold nanocluster-

DCM solution was dried to form a powder, which was confined between thin Kapton films. The 
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X-ray diffraction measurement was carried out in perpendicular transmission geometry with the 

Xenocs Xeuss 3.0 system using Cu K-α radiation (multilayer monochromator, λ=1.542 Å, parallel 

beam collimation). The samples were measured in a vacuum and the background scattering from 

the Kapton films was subtracted. The final model was calculated using Powder Cell software[1]. 

The diffraction peaks of the NCs have been analyzed by comparing the plausible structure factors 

(lattices) and calculating a full diffraction pattern. 

Steady-state optical measurements 

Steady-state absorption measurements were carried out on GNCs dispersed in dichloromethane 

within a 1 cm quartz cuvette, using a double beam spectrophotometer (JASCO V-560) in the 

220−700 nm range.  

Steady-state emission 

The emission spectra have been collected on diluted suspensions of GNCs in dichloromethane 

(absorption < 0.2 OD at the excitation wavelength) by a JASCO FP-6500 spectrofluorometer in a 

1 cm cuvette with a 3 nm resolution bandwidth. 

Nanosecond time-resolved fluorescence 

The emission decay kinetics were recorded by exciting the samples by laser pulses of 0.1−0.3 mJ 

energy and 5 ns duration, obtained from a tunable laser (410-700 nm), and dispersing their 

photoluminescence on an intensified CCD camera. The camera was triggered to acquire spectra 

within windows of variable widths (0.5 ns – 0.5 ms) and delays from the laser pulse. Decay kinetics 

were obtained by spectrally integrating the photoluminescence signal and analysing it as a function 

of delay time. The decay curves were fitted by a bi-exponential kinetics in the form: A exp[-t/t1] + 

B exp[-(t/t2)b]. In this expression, b is a stretching parameter (estimated to be 0.8 by the fit), that 

we find necessary to satisfactorily reproduce the experimental data, suggestive of the presence of 

a statistical distribution of different lifetimes around t2. 

Femtosecond transient absorption (TA) 

TA measurements in a pump/probe geometry were carried out on a home-built setup, described in 

previous publication[2]. The setup is pumped by a 5 kHz Ti:sapphire femtosecond amplifier 

(Spectra Physics Solstice-Ace), which produces 50 fs pulses peaking at 800 nm (FWHM = 30 nm) 

with 350 mJ energy per pulse. The fundamental beam is split 80%/20% by a beam splitter to 
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generate the pump and the probe, respectively. The pump at 400 nm was obtained by frequency-

doubling the fundamental in an ultrathin β-BBO crystal (250 mm) in order to create a 400 nm 

beam (20% efficiency), which is isolated from the fundamental by a Schott BG40 filter. The typical 

pump intensity was 50-100 nJ/pulse. This beam was chopped at 500 Hz and focused on the sample 

by a parabolic beam with f = 150 mm, while its polarization is controlled by a waveplate.  

 On the second arm, white light is generated focusing the 800 nm beam in a 1 mm quartz 

cuvette containing D2O, generating a broadband pulse extending from 400 to 750 nm. The probe 

is focused on the sample by the same parabolic mirror used to focus the pump. The pump–probe 

delay is controlled by a motorized delay stage. The probe and the pump overlap within the sample, 

which continuously flows in a 0.2 mm thick flow cell. After the sample, the probe beam is 

dispersed by a home-built monochromator (resolution = 3 nm) onto a camera detector system with 

1024 pixels (Glaz Linescan-I) with single-shot capability. A typical signal is obtained by averaging 

5000 pumped and 5000 unpumped spectra for each delay and scanning over the pump–probe delay 

10–20 times. The measurements were carried out under magic angle detection conditions. The data 

presented in the paper were subjected to standard correction procedures, which eliminate the 

effects of cross-phase modulation and group velocity dispersion (GVD). The temporal resolution 

is about 70 fs for measurements pumped at 400 nm. 

TA kinetics at different wavelengths were initially fitted by multi-exponential decay 

kinetics convoluted to a Gaussian instrumental response function, obtaining the fits shown in 

Figure 4c and Figure 4d. The fit residuals were processed by FFT in order to analyse the oscillatory 

behaviour of the TA signal. The time-frequency analysis of the fit residuals was obtained by 

calculating the short-time Fourier transform within a Hann moving window with 800 fs width (that 

is, about twice the period of Au-Au oscillations). 

Third harmonic generation experiment and setup  

The dry GNC-1 powder was dispersed in dichloromethane. The transparent films were then 

prepared by drop-casting the dispersion over a clean glass slide and allowed to dry under ambient 

conditions. The thin film over the glass slide has been analysed as the sample for non-linear optical 

responses. We use an ultrafast laser for the measurement. An optical parametric amplifier (Spectra-

Physics, TOPAS) with a repetition rate of 2 kHz is used to generate the light pulses. The 

wavelength range of the light beam comes from the optical parametric amplifier, which is tuneable 

from 0.8µm to 1.6 µm. The pulse width of light pulses is ~230 fs. The beam is focused onto the 
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sample with an objective (NA=0.75, 40X). The spot sizes of the Gaussian beam (FWHM) over the 

samples are ~2.5 µm. The reflected light is separated from the input light using filters and measured 

with a photo multiplier tube following a monochromator (Andor 328i). The THG signal has been 

measured under ambient temperature (⁓ 25oC) with an average incident power of ~1µW (28.84 

GW/cm2 intensity). 

Device Fabrication 

The device preparation started with mechanically exfoliating WSe2 flakes using standard scotch-

tape technique from a commercial bulk source (2D Semiconductors) over p-doped silicon substrate 

(0.001 – 0.005 Ω‧cm) covered with a 285 nm thick SiO2. The electron beams sensitive polymer 

(PMMA A4.5) was spin coated, and the electrodes were patterned via electron beam lithography 

(EBL Vistec, EPBG5000pES) over targeted flakes in desired geometry. The metallization of 5 nm 

Ti adhesion layer followed by 50 nm thick Au was carried out by electron beam evaporator (MASA 

IM-9912) at ~ 10-7 torr chamber pressure. The electrical measurements were performed with a 

custom-built setup based on a Linkam LN600-P probe station with the source-measure unit 

(Keithley 2400) and multiplexing/voltage measurement unit (Keithley 2700). GNC-1 dispersions 

in DCM with concentration 0.1, 0.37 and 0.5 mg/mL were drop-casted over WSe2 in such a way 

that the device is fully covered by the solution. 

Atomic force microscopy (AFM) 

The topographic image and thickness of WSe2 flakes were collected by Bruker, Dimension Icon 

atomic force microscope. 

DFT and TDDFT simulations 

In this work, the GPAW software package[3] was applied to do all the calculations. The structure 

optimizations were done using the GPAW grid mode with the real-spacing h=0.2 Å. The 

Au(I)6(TRZ)3   clusters was placed into a cubic unit cell with a vacuum size 6 Å added to the 

cluster's edge at each dimension. The geometry was considered to be converged when the 

maximum residual force was below 0.05 eV/Å. A hexagonal unit cell of WSe2 from 

materalproject.org (DOI:10.17188/1192989) was repeated 4 times in z direction to build an 8-layer 

model for the WSe2 simulation.  Periodic conditions were applied in x and y directions, while the 
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8 Å vacuum was added to both sides of the surface in z direction. 8*8*1 K-points were used for 

the simulation. 

Perdew-Burke-Ernzerhof (PBE) functional was used for the exchange-correlation 

energy[4], and the van der Waals interactions were described by the Tkatchenko-Scheffler model[5]. 

Per atom, the electronic configuration of valence electrons is H(1s1) C(2s22p2), S(3s23p4), 

N(2s22p5) and Au (5d106s1). The remaining electrons were treated as a frozen core. The default 

PAW dataset package 0.9.20000 was used for all the atoms.  

The optical absorption spectrum were computed by the real-time-propagation time-

dependent density functional theory (RT-TDDFT) implemented in GPAW with PBE functionals 

and LCAO (Linear Combination of Atomic Orbitals) mode[6]. In the LCAO mode, the default 

GPAW double-zeta polarized (dzp) basis sets were used for C, H, N, S, while the optimized 

double-zeta basis set (so- called "p-valence" basis set) was picked for Au atoms. In the RT-TDDFT 

simulation, the propagation was carried out up to T=30.0 fs in steps of 5.0 as. The real-spacing 

h=0.3 and vacuum size 8 Å were chosen for the RT-TDDFT calculations. The work-function of 

the clusters are calculated based on the method elsewhere[7]. 
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Figure S1. The reaction of 6-(dibutylamino)-1,3,5-triazine-2,4-dithiol (TRZ) with HAuCl4 leads 

to complexation with fibrillar poorly defined assemblies, demanding another second reduction step 

by ascorbic acid to allow the final ultrasmall well defined nanoclusters. 

 

 

 

 

 

 

 

 

 

 

Figure S2. EDX spectrum of GNC-1. 
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Figure S3. Full-width XPS spectra of GNC-1 and GNC-2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4. (a) C1s XPS spectrum of GNC-1 and GNC-2. (b) N1s and (c) S2p XPS spectrum of 

GNC-1. 
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Figure S5. Full range ESI-MS spectrum of GNC-1 in positive ion mode. TRZ fragmentations were 

observed from the parent ion peak. The fragmentation of Au6 core was also observed. The peak 

‘#’ indicates one TRZ attachment with the parent peak. 
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Figure S6. (a) The collision energy dependent fragmentation studies shows the formation of 

[Au4(TRZ)(S2C3N4)]+ fragments from the parent cluster. (b) Expanded view of the lower spectral 

region shows other fragmented peaks. 
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 Figure S7. 1H-NMR spectrum of the isolated TRZ ligand. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S8. 1H-NMR spectrum of the GNC-1. 
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The 1H NMR spectrum of the ligand shows a peak at 7.19 ppm, probably due to the NH+ proton. 

The absence of 1H resonance signals between 2-3 ppm region, indicates deprotonation from the -

SH group (i.e., the same proton is bound to nitrogen atoms). Upon binding the ligands with the 

Au6 core, peak broadening was not observed for the NH+ peak. However, broadening of the peaks 

corresponding to butyl protons was observed due to electron dense Au atoms. Direct covalent 

bonding of the butyl chains through the nitrogen center strongly influences the easy delocalization 

of electrons to these hydrogens. 

 

 

 

 

 

 

 

 

 

 

Figure S9. The atomic structure of [Au6(TRZ)3]+ optimized by DFT. 
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Figure S10. The TDDFT calculated optical absorption spectra of [Au(I)6(TRZ)3]2- and its 

protonated [Au(I)6(TRZ)3]+ nanoclusters. 

 

 

 

 

 

 

 

 

 

Figure S11. Small angle X-ray diffraction (SAXS) pattern of (a) GNC-1 and (b) isolated TRZ 
ligand.  

The small angle X-ray diffraction (SAXS) of NCs produced distinct diffraction peaks in the range 

0.5 to 2 Å-1 on a baseline with broad maxima and shoulders. The SAXS results support the 

octahedral structure of Au(I)6 NCs (Figure S11a). The baseline shape cannot be unambiguously 

correlated with any specific structure, and it reflects the less ordered fraction that results from the 

rapid drying of DCM. The comparison of the SAXS pattern of pure ligand without gold (Figure 
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S11b) confirms that the diffraction peaks from the nanocluster sample are not arising from excess 

starting components. 

The input parameters for diffraction pattern calculation:  

Unit cell dimension: a = 11.85 Å, b = 9.81 Å, c = 8.37 Å 

Unit cell angles: alpha = 85.700 deg., beta = 85.300 deg., gamma = 98.200 deg. 

Atom N a coordinate b coordinate c coordinate 

Au1 79 0.3305 0.0000 0.0000 

Au2      79     0.6695     0.0000     0.0000 

Au3      79     0.5061     0.1287     0.1707 

Au4      79     0.4715     0.8362     0.1707 

Au5      79     0.5285     0.1638     0.8293 

Au6      79     0.4939     0.8713     0.8293 

RGNR   1 
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Figure S12. Decay kinetics of the spectrally integrated PL signal of GNC-1 (red line) and GNC-2 

(green line). 

 

 

 

 

 

 

 

 

 

 

 

Figure S13. Photocycle of GNCs. 
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Calculation of third order nonlinear susceptibility: 

The third order nonlinear susceptibility is calculated at 1300 nm wavelength with the formula 

given as: 

𝜒𝜒(3) =
4𝜀𝜀0𝑐𝑐2

3𝜔𝜔𝜔𝜔
�𝑛𝑛𝜔𝜔3 𝑛𝑛3𝜔𝜔

𝐼𝐼3𝜔𝜔
𝐼𝐼𝜔𝜔3

 

Where ε0, c and d are the permittivity of vacuum, speed of light in vacuum, and sample thickness 

respectively. nω (n3ω) and Iω (I3ω) are the refractive index at frequency ω (3ω) and pump (THG) 

intensity respectively. The values are as follows: 

ε0 = 8.845 × 10‒12 F/m 

c = 3 × 108 m/s 

nω = 1.908 

n3ω = 2.1684 

Iω = 28.84 GW/cm2 

I3ω = 7.02 KW/cm2 

d = 5 nm 
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Figure S14. Multiphoton PL response of the thin film GNCs from pulsed laser of different 

wavelengths of excitation. 

 

 

 

 

 

 

 

 

 

 

 

Figure S15. Time-wavelength contour plot of the TA signal of GNC-1 excited at 400 nm, shown 

in the first 5 ps. 
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Figure S16. TA spectra at different pump-probe delays of GNC-1 (continuous lines) and GNC-2 

(dashed lines). 

 

 

 

 

 

 

 

Figure S17. Time-frequency analysis of the fit residuals plotted in Figure 4d of the main paper, 

calculated as a short-time Fourier transform within a Hann moving window with 800 fs width 

(about twice the period of Au-Au oscillations). 
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Figure S18. Photostability of GNC-1 under continuous exposure of UV light. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S19. Thermogravimetric analysis (TGA) of GNC-1. Inset shows the GNC-1 film under 

UV exposure after treatment at 100 oC for 1 hour. 
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Figure S20. Thickness extraction of WSe2 flakes. (a) Topographic image of pristine WSe2 devices 

obtained by atomic force microscope. (b) Height profile of WSe2 flake collected across black line 

indicated in (a). 
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Abstract

Background and Objectives: Rice is a staple food for half of the world's

population and plays an important role to deliver several micronutrients

including B vitamins to humans. The present investigation was carried out to

detect some B vitamins and estimate their concentrations in 309 traditional

indica rice landraces, compared with three modern rice varieties predomi-

nantly available in the Indian market.

Findings: Liquid chromatographic examination of the rice samples demon-

strated that a large number of traditional rice landraces contained considerable

amounts of different B vitamins. In the landraces examined, vitamin B1

(thiamine) was recorded to be present in the range of 0.01–10.55mg/100 g,

vitamin B2 (riboflavin) 0.01–2.63mg/100 g, vitamin B3 (niacin) 0.20–4.52mg/

100 g, vitamin B5 (pantothenic acid) 0.01–18.55mg/100 g, vitamin B6 (pyridoxine)

0.01–0.86mg/100 g, and vitamin B7 (biotin) 0.01–5.90mg/100 g in different rice

landraces.

Conclusion: Compared with traditional rice, modern rice cultivars seem to

have substantially lower B vitamin levels. It appears that these vitamin‐rich
traditional rice landraces if incorporated into daily diet, may serve to attain

nutritional security of the poor.

Significance and Novelty: Our results show that many traditional rice

landraces are nutritionally superior to any modern rice cultivar, even though

traditional rice landraces are normally not in priority for agronomic research

and development. This study shows how native rice landraces may be

leveraged to constitute novel nutritious diet that could enhance human health.

KEYWORD S

B vitamins, HPLC, landrace, nutrition, traditional rice

1 | INTRODUCTION

Rice (Oryza sativa L.) is an important part of the human
diet because it contains a large amount of carbohydrates,
and small quantities of protein, fatty acids, dietary fibers,

B vitamins, and minerals. B vitamins are critically
important vitamin groups, as they help keep the nervous
system (Calderón‐Ospina & Nava‐Mesa, 2020), skin
and eyes (Shabbir et al., 2020), liver (Khan et al., 2009),
brain function (Klenner, 2005), and gastrointestinal tract
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(Tappenden & Deutsch, 2007) healthy and functional.
These vitamins concertedly work to promote metabo-
lism, facilitate adequate oxygen supply to cells, detoxify
organs, stabilize nervous system functions, prevent vision
problems (Gonçalves & Portari, 2021), and also to treat
debilitating conditions (Tice, 2010).

B‐vitamin deficiencies have diverse aetiologies,
including inadequate intake, increased needs at different
life history stages, malabsorption, drug‐nutrient interac-
tions, and other factors like hereditary diseases or health
conditions (Porter et al., 2016). In many developing
countries, vitamin B inadequacies are very common,
particularly in those with diets that are low in animal
products, fruits, and vegetables, and where cereal grains
are milled before consumption. The most vulnerable
groups to vitamin B deficiency are newborns, adolescents
as well as pregnant and lactating women (Ashley, 2016).
Infantile beriberi, a potentially fatal condition brought on
by thiamine deficiency, is widely believed to be a sickness
of the past in regions of the world where milled white
rice consumption is the norm. Recent case reports,
however, have demonstrated that thiamine deficiency is
still a contributing factor in infant mortality in South and
Southeast Asia. In the United States and UK, riboflavin
deficiency is uncommon, but prevalent in developing
countries in Asia and Africa. Niacin deficiency in the diet
is usually common during periods of the food crisis,
and frequent in Africa and Asia's maize‐eating regions.
Pyridoxine deficiency mostly occurs when the body has
low levels of other B vitamins, especially vitamin B12 and
folic acid, which is common in South Asia (Harding
et al., 2018).

Fortification of rice with different vitamins and
minerals is considered to be an important step toward
addressing endemic malnutrition in rice‐growing countr-
ies. While rice endosperm is virtually devoid of micro-
nutrients, brown rice is known to contain several vitamins
and minerals (Deb et al., 2015; Mondal et al., 2021; Rezaei
et al., 2022; Roy et al., 2021). Knowledge of vitamin
contents of specific rice landraces is important for
strategizing the nutritional security of populations
through the public distribution of vitamin‐rich rices, as a
viable and cheaper alternative to rice fortification pro-
grams. However, there is very limited information on the
presence of B vitamins in rice landraces in its brown, or
polished form. Liquid chromatographic method has
evolved as one of the best methods for the identification
and quantitative determination of B vitamins in food
matrixes (Nguyen et al., 2021; Rezaei et al., 2022).
Thiamine, riboflavin, nicotinic acid, biotin, pantothenic
acid, and so forth have been reported by liquid
chromatographic methods in a small number of indica
rice landraces (Cho et al., 2020; Deepa et al., 2008; Priya

et al., 2019; Roy et al., 2021; Sumczynski, et al., 2018).
Vitamin B12 is reported to be absent in the plant system
(Watanabe, 2007), although vitamin B12 derived from
microbial biosynthesis is rarely found in some processed
plant foods (Jedut et al., 2021). On a larger scale, there is a
research gap on the profiling of B vitamins and their
concentrations in diverse rice (O. sativa ssp. indica)
landraces. In this study, we report the results of a
quantitative analysis of seven crucial B vitamins in 309
indica rice landraces, compared to three modern rice
cultivars, and discuss the compositional diversity to
address nutritional security.

2 | MATERIALS AND METHODS

2.1 | Samples

Freshly harvested grains of 309 traditional rice landraces
were collected in 2019 from the Centre for Inter-
disciplinary Study's conservation farm Basudha (http://
www.cintdis.org/basudha), located in Rayagada district
of Odisha (19° 42′ 32.0″N, 83° 28′ 8.4″E) where all the
rice landraces are cultivated with zero external input.
The farm is situated in the northern Eastern Ghat,
characterized by hot subhumid eco‐region with annual
rainfall ranging from 1030.21mm to 1569.50mm. Sam-
ples of three modern varieties, namely, IR36, IR64, and
BPT5204, were examined for comparison. Samples of the
first two were collected from Chinsurah Rice Research
Station, Hooghly, India, and BPT5204 was procured from
Rajendranagar market, Hyderabad, India. All rice
samples were decorticated manually in the laboratory
by rubbing against a pumice stone, keeping the rice germ
and bran layer intact, and ground to a fine powder using
mortar and pestle, and stored at –20°C for vitamin
analysis.

2.2 | Chemicals

Thiamine hydrochloride (B1), riboflavin (B2), nicotinic
acid (B3), D‐pantothenic acid calcium salt (B5), pyridox-
ine HCl (B6), and biotin (B7) and cyanocobalamin (B12)
standards were purchased from Sigma‐Aldrich. Metha-
nol, chromatography‐grade water and analytical‐grade
hydrochloric acid were obtained from Merck.

2.3 | Preparation of stock solution

Stock solutions of thiamine hydrochloride, pyridoxine
HCl, cyanocobalamin, nicotinic acid, and D‐pantothenic
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acid calcium salt were prepared by dissolving 10mg of the
respective compound in 10mL of deionized water (1mg/
mL), and stock solutions of riboflavin, and biotin were
prepared by dissolving 10mg of the respective compound
in 10mL of 0.1mol/L NaOH (1mg/mL). Stock solutions
were prepared afresh before each analysis.

2.4 | Extraction of B vitamins

Extraction was carried out following the methods
described in Puwastien et al. (2011) with slight modifica-
tion, and detailed in Roy et al. (2021).

2.5 | Chromatographic procedure

High‐performance liquid chromatography (HPLC) was
used for the analysis of all B vitamins from the extracted
rice samples. The reverse‐phase‐HPLC (RP‐HPLC)
method, reported by Heudi et al. (2005) was adopted
for standardization, with slight modification. A gradient
elution method was employed to get the baseline
separation of the B vitamins (Roy et al., 2021). Briefly,
gradient of two mobile phases were: methanol (A) and
water with 0.02% aqueous H3PO4 (B) were set at: 0%
A+ 100% B for 3min; 10% A+ 90% B for 10 min; 30%
A+ 70% B for 15min and 30% A+ 70% B for 35min. The
injection volume was 20 µl. The flow rate was kept at
1 mL/min and analytes were scanned at 210 nm wave-
length. The peaks were identified by comparing the
relative retention time with proper peak integration, co‐
chromatography with standard, and calibration against
absorption spectra obtained from the analytical stan-
dards. Considering the large number of samples and
quick completion of the analysis, we have carried out the
experiments using three different liquid chromatographic
machines. However, the method was identical for B
complex vitamin analyses in all the instruments. The
instrumental details are (i) Shimadzu Prominence
Analytical HPLC System attached with Zorbax SB‐C18
column (4.6 mm× 150mm, 3.5 micron, Agilent) with
Photo Diode Array Detector; (ii) Waters HPLC attached
with Atlantis dC18 column (100 Å, 5 µm, 3.9 mm× 150
mm) and UV‐Vis detector, and (iii) Shimadzu Promi-
nence UFLC (Ultra‐Fast Liquid Chromatography),
attached with Zorbax SB‐C18 column (4.6 mm× 150mm,
3.5 µm, Agilent, USA) with dual‐channel UV‐Vis detec-
tor. In all these cases, the separated peaks were
calculated by comparing the relative retention time with
the right peak integration, standard co‐chromatography,
and absorption spectra calibration obtained from the
authentic standard.

2.6 | Detection of B vitamins and
chromatographic separation

Following the recent understanding (Sasaki et al., 2020)
that all B vitamins can be spectrophotometrically detected
at 210 nm. We used 210 nm wavelength to detect the
presence of all seven B vitamins (Supplementary Figure S1)
in our experiment. The chromatographic separation of
seven B vitamins in the mixture of standard solution using
the gradient elution method is shown in Supplementary
Figure S2 (I). The elution order was vitamin B1 (thiamine),
B3 (niacin), B6 (pyridoxin), B5 (pantothenic acid), B7
(biotin), B12 (cyanocobalamin), and B2 (riboflavin). Sup-
plementary Figure S2 (II) shows the chromatographic
separation of B vitamins from an extracted rice sample G37.
All seven B vitamins were separated to the baseline and
eluted as sharp peaks within 20min. The reproducibility of
the retention time was checked three times over, and only
after getting an acceptable standard deviation value the
method was adopted. By combining the stock solutions in
the proper proportions and diluting them with mobile
phase, the analytical solutions were used for assessing the
linearity, range, LOD, and LOQ. Peak areas were plotted
against five comparable concentrations (µg/mL) of each
vitamin B molecule to develop calibration curves. Using the
outcomes of these analyses, the linearity (with R2 > 0.998),
range, LOD, and LOQ were estimated (Table 1). The
concentrations at which vitamin B compound peaks could
be identified without being interfered with by baseline
noise were used to determine LOD and LOQ. All vitamins
were quantified by using the standard validation method
and finally, the amounts of the analytes were expressed as
mg/100 g. Results below the LOD were considered as not
detected (ND) in case of all B vitamins.

2.7 | Statistical analysis

Data are presented as the mean of three replications.
Pearson's correlation and principal component analysis
(PCA) were performed using R statistical software (v4.2.2; R
Core Team 2022). Considering replications (df=2), the
confidence limit was set at p< .05. Using the same data
sets, bidirectional heatmap clustering was performed.

3 | RESULTS AND DISCUSSIONS

3.1 | Analysis of B vitamins in rice
samples

The concentrations of different B vitamins in 309 rice
landraces and three modern rice cultivars examined
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here are given in Supplementary Tables S1 and S2,
respectively. Vitamin B1 (thiamine) was present in the
range of 0.01–10.55 mg/100 g, vitamin B2 (riboflavin)
0.01–2.63 mg/100 g, vitamin B3 (nicotinic acid)
0.20–4.52 mg/100 g, vitamin B5 (D‐pantothenic acid
calcium salt) 0.01–18.55 mg/100 g, vitamin B6 (pyri-
doxine hydrochloride) 0.01–0.86 mg/100 g, and vitamin
B7 (biotin) 0.01–5.90 mg/100 g in different rice land-
races. In comparison with several traditional rice
landraces, the modern rice cultivars IR36, IR64,
and BPT5204 contained much lower quantities of B
vitamins in their grains (Supplementary Table S2). In
contrast, among the 309 landraces studied here, there were
several landraces containing remarkably high levels of
different B vitamins in their grains (Figure 1), implying
that their consumption could meet the recommended
daily intake (RDI) of these vitamins (Table 1). There was
no strong correlation among the levels of different
B vitamins in the rice landraces examined here
(Supplementary Figure S3).

The association between the rice landraces was
investigated using important B vitamins to determine
suitable rice landraces for future studies. The outcomes
of the heat‐map analysis of the rice landraces are shown
in Supplementary Figure S4. The efficacy of applied
methodologies in identifying rice landraces based on
phenotypic data is highlighted in the heatmap, which
clearly classifies 309 landraces into five main clusters
and 12 sub‐clusters. Our PCA failed to detect any
distinctive group among our rice samples Supplemen-
tary Figure S5. However, separation was visible in the
first two main components, which collectively account
for 54.7% of variation. The principal component 1
(Dim‐1, 36.2%) score and loading indicated that the rice

lines had greater concentrations of B1, B2, B3, B5, and
B6 with high and positive relations among each other.
On the other hand, the level of B7 was higher in the PC2
loading (Dim2, 18.5%) plot and score than those in PC1.
These findings, however, do not indicate that the
concentrations of any B vitamin had any influence on
the presence of other B vitamins in the rice grains. It is
likely that edaphoclimatic diversity of origin of the
landraces and different agronomic factors (Choi
et al., 2012)—in addition to the varietal genotype—
may independently influence the B vitamin contents in
these rice landraces.

3.1.1 | Vitamin B1 (thiamine)

Almost 96% of the rice landraces examined here
contained much greater than 0.1 mg/100 g of thiamine
in their grains (Figure 1). The higher contents of
thiamine were found especially in DD16, C09, G43, and
TT16 samples, in a range between 9.03 and 10.55 mg/
100 g. As Supplementary Table S1 shows, traditional rice
landraces are a rich source of thiamine. The major forms
of this vitamin in cells are free thiamine, thiamine
monophosphate, and thiamine pyrophosphate, which are
one of the cofactors for the enzymes of basic metabolic
pathways like glycolysis, pentose phosphate pathway,
and tricarboxylic acid pathway, amino acid and acetyl
Co‐A biosynthesis pathways (Rapala‐Kozik, 2011). Defi-
ciency of thiamine leads to beriberi, which affects
cardiovascular and nervous systems (Lonsdale, 2006).
Our finding suggests that RDI may be attained by
consuming whole grain (unpolished) rice in a daily diet
(Table 1).

TABLE 1 LOD and LOQ of B vitamins in chromatographic detection and variation of B vitamins across rice lines achieving
recommended daily intake.

Name of B
vitamins

LOQ
(ppm)

LOD
(ppm)

Variations B
vitamins in rice
landraces (mg/100 g)

Average recommended
Daily Intakea for an
adult (19‐60 years)

A few recommended rice
lines with high amount
of B vitamins

Thiamine 0.04 0.05 0.01–10.55 1.2 (mg) C09, DD16, G43, TT16, B24

Riboflavin 0.07 0.01 0.01–2.63 1.3 (mg) B38, M04, M33, K71

Nicotinic acid 0.02 0.008 0.20–4.52 16 (mg) SS04, M51, S54, G12

Pantothenic acid 0.03 0.005 0.01–18.55 5 (mg) A10, DD18, S61, T01

Pyridoxine 0.02 0.01 0.01–0.86 1.3 (mg) C12, B21, S54, G12

Biotin 0.03 0.008 0.01–5.90 30 (µg) SS02, SH06, SH04, M33

Cyanocobalamin 0.01 0.006 N.D. 2.4 (µg) ‐‐‐

Abbreviations: LOD, Limit of detection; LOQ, limit of quantitation; N.D., not detected.
aTaken from Kennedy (2016).
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3.1.2 | Vitamin B2 (riboflavin)

Considerably high riboflavin levels were found in M04
(2.63mg/100 g) and B38 (1.05mg/100 g) rice landraces.
Riboflavin is a precursor of various redox‐active coenzymes
associated with different proteins, which act as cofactors in
different metabolic enzymes (Giancaspero et al., 2013).
Deficiency of vitamin B2 in the diet leads to anemia,
neurological, and developmental disorders (Powers, 2003).
Our study indicates that RDI may be achieved by
consuming some traditional rice landraces, which were a
good source of vitamin B2 and could be recommended to
patients suffering from ariboflavinosis (Table 1).

3.1.3 | Vitamin B3 (nicotinic acid)

The higher contents of niacin were found in SS04
(4.52 mg/100 g), M51 (4.05 mg/100 g), S54 (3.86mg/
100 g), and so forth rice landraces. However, 87.38% of
the rice landraces examined here contained more than
0.1 mg/100 g in their grains (Figure 1, Supplementary
Table S1). Niacin is a precursor of pyridine alkaloids

(Noctor, 2006) and helps to metabolize macronutrients,
resulting in the healthy functioning of the nervous
system. Severe deficiency of niacin in the diet causes
pellagra, poor concentration, anxiety, depression, and so
forth (Penberthy & Kirkland, 2020). Consuming the rice
varieties examined here may not meet the need of RDI of
vitamin B3 in diet (Table 1), but a moderate amount of
niacin present in rice landraces could be helpful for
people who are suffering from vitamin B3 deficiency.

3.1.4 | Vitamin B5 (D‐pantothenic acid
calcium salt)

The higher contents of pantothenic acid were found in
70.55% of rice landraces. Pantothenic acid (B5) is
commonly available among other B vitamins and could
be found in both animal and plant‐based food items. It is
the precursor of coenzyme A which is essential for fatty
acid metabolism. It is also responsible for the secondary
metabolite synthesis pathway (Coxon et al., 2005). Pan-
tothenic acid deficiency in humans is extremely rare and
has received less attention. The RDI for vitamin B5 could

FIGURE 1 The number of landraces (dotted bars) and their proportions (bubble bars), Containing > 100 μg of different B complex
vitamins in 100 g of sample. Figures beside the bubble bars indicate the % of N= 309 landraces examined.
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be easily achieved by consuming traditional rice land-
races, which are an excellent source of pantothenic acid
as our data suggest (Table 1).

3.1.5 | Vitamin B6 (pyridoxin
hydrochloride)

The higher contents of pyridoxine (B6) were found in
45.63% of the total rice landraces (Figure 1). Vitamin
B6 is a potent antioxidant that helps to metabolize
sugars and fatty acids and acts as a cofactor in different
enzymatic reactions (Drewke & Leistner, 2001). Defi-
ciency of vitamin B6 leads to depression, lower immu-
nity, kidney diseases, rheumatoid arthritis, and so forth
(Sharifzadeh et al., 2018). Vitamin B6 may lower the risk
of cancer (Mocellin et al., 2017), help with brain function
by lowering levels of homocysteine (Rutjes et al., 2018),
and prevent cardiovascular diseases. Our results suggest
that a good number of traditional rice landraces contain
this vitamin in moderate amounts.

3.1.6 | Vitamin B7 (biotin)

An adequate amount of biotin was found in 21% of the
rice landraces examined here (Figure 1), which are
capable to meet the RDI (Table 1). Plants, most bacteria,
and some fungi can synthesize biotin, whereas animals
and some other fungi must obtain biotin from their
diet because they are unable to synthesize it. Biotin
operates as a cofactor for enzymes that are required in
many biological functions (Knowles, 1989). Deficiency of
vitamin B7 leads to brittle and thin fingernails, conjunc-
tivitis, red rash on the face, and neurological symptoms
such as depression, lethargy, hallucination, and so forth
(Penberthy & Kirkland, 2020).

There are some recent reports of a few traditional rice
landraces containing B vitamins. Specifically, Njavara
from Kerala and Jyothi from Karnataka are reported
to contain thiamine (0.35–0.52mg/100 g), riboflavin
(0.053–0.071 mg/100 g), niacin (7.15–7.32mg/1100 g),
and folic acid (0.05 mg/100 g) (Deepa et al., 2008).
Similarly, 32 folk rice varieties from Meghalaya are
reported to contain thiamine (0.17–0.38mg/100 g), ribo-
flavin (0.03–0.09 mg/100 g), nicotinic acid (1.43–3.87 mg/
100 g), pantothenic acid (0.36–3.10mg/100 g), and pyri-
doxine (0.03–0.17mg/100 g) (Longvah et al., 2020). Roy
et al. (2021) also reported different B vitamins, namely,
thiamine (0.11–1.38mg/100 g), riboflavin (0.01–0.56 mg/
100 g), niacin (0.17–0.80mg/100 g), pantothenic acid
(0.81–2.9 mg/100 g), pyridoxine (0.1–0.2 mg/100 g), and
biotin (0.01–0.24 mg/100 g) in a few selected rice

landraces, also included in our present study of 309 rice
landraces. In this study, we detected an outstandingly
high concentration of thiamine in some landraces, to the
extent of more than 9mg/100 g. In addition to thiamine,
the concentrations of pantothenic acid, pyridoxine,
niacin, biotin in these folk rice grains are much greater
than in the three modern high‐yielding rice cultivars
(Supplementary Tables S1 and S2). In fact, most of the B
vitamins are not yet reported in any modern high‐
yielding rice cultivars (Deepa et al., 2008; Roy et al., 2021).
In this study, the richness of B vitamins in the grains of
some traditional rice landraces implies a robust solution
to the problem of vitamin B deficiency, especially in rice‐
eating cultures. We suggest that the recommended daily
dietary requirement of many B vitamins may adequately
be fulfilled by a large number of traditional rice landraces
(Table 1), most of which are not yet adequately
examined.

This research indicates how indigenous rice landraces
might be utilized into a nutritious rice‐based product that
is high in vitamins or used as a component in novel
functional foods that could improve human health (Itagi
et al., 2023). While folk rice landraces are typically not
high on the priority list for agronomic research and
development, our findings indicate that a large number
of rice landraces are nutritionally superior to any modern
rice cultivar.

4 | CONCLUSION

The present work is the first quantitative study of several
B vitamins in fresh decorticated grains of a large number
(309) of indica rice landraces, compared to 3 modern rice
cultivars. Most of the landraces examined here have
almost disappeared from rice farms as a result of
preferences for modern HYVs. The extinction of these
landraces from rice farms indicates a substantial loss of a
wealth of indigenous rice genetic diversity, with their
great potential to ensure nutritional security for the poor.
One apparent policy recommendation is to conserve and
promote the cultivation and consumption of traditional
rice landraces. Widespread cultivation and consumption
would be a viable means to assuring nutritional security
for the poor and marginal sections of the country's
population.
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ABSTRACT: The chemistry and physics of macropolyhedral B18H22 clusters have
attracted significant attention due to the interesting photophysical properties of
anti-B18H22 (blue emission, laser properties) and related potential applications. We
have focused our attention on the “forgotten” syn-B18H22 isomer, which has
received very little attention since its discovery compared to its anti-B18H22 isomer,
presumably because numerous studies have reported this isomer as non-
luminescent. In our study, we show that in crystalline form, syn-B18H22 exhibits
blue fluorescence and becomes phosphorescent when substituted at various
positions on the cluster, associated with peculiar microstructural-dependent effects.
This work is a combined theoretical and experimental investigation that includes
the synthesis, separation, structural characterization, and first elucidation of the
photophysical properties of three different monothiol-substituted cluster isomers,
[1-HS-syn-B18H21] 1, [3-HS-syn-B18H21] 3, and [4-HS-syn-B18H21] 4, of which
isomers 1 and 4 have been proved to exist in two different polymorphic forms. All of these newly substituted macropolyhedral cluster
derivatives (1, 3, and 4) have been fully characterized by NMR spectroscopy, mass spectrometry, single-crystal X-ray diffraction, IR
spectroscopy, and luminescence spectroscopy. This study also presents the first report on the mechanochromic shift in the
luminescence of a borane cluster and generally enriches the area of rather rare boron-based luminescent materials. In addition, we
present the first results proving that they are useful constituents of carbon-free self-assembled monolayers.

■ INTRODUCTION
As the search for new and unusual molecules and materials in
various fields intensifies, boron hydrides emerge as fascinating
candidates with properties substantially different from those of
organic molecules.1−7 Among the boron hydrides, the structural
motif of the deltahedron is the most common. A prominent
position belongs to the icosahedron due to the exceptional
stability and geometry of the [B12H12]2− dianion and its
heteroatomic analogues, e.g., the 12-vertex carbaborane
[C2B10H12].

8,9 Most boron hydride molecules with a number
of boron atoms fewer than 12 take the form of a simple convex
deltahedron or its open fragment, and they can thus be viewed as
analogues of cyclic hydrocarbons.10 For boron hydrides with
more than 12 skeletal atoms, the structures of the so-called
macropolyhedral boranes are formed by the fusion of two or
more polyhedra or polyhedral fragments, analogous to
polycyclic hydrocarbons.11 Two of the largest known macro-
polyhedral boranes are the isomeric docosahydrooctadecabor-
anes B18H22.

12,13 They exhibit a unique molecular structure with
two open faces and six acidic bridging hydrogen atoms (μH-
BB).14−16 Their structural and chemical properties, together
with their interaction with light, make B18H22 a promising
candidate for a wide range of applications, from energy
storage,1,3 semiconductor doping4,17−20 to nano- and optoelec-
tronic devices.21−23 The molecular structure of B18H22 can be

viewed as two decaborane molecules condensed together, with
each subcluster sharing atoms B(5) and B(6) in the decaborane
numbering system, in common (Figure 1B,C). The isomer syn-
B18H22 on which this study focuses is a much less-studied
(“forgotten”) system compared to its anti-B18H22 isomer, and it
has a 2-fold symmetry axis due to the fusion of two {B10} units
sharing the B(5)−B(6) edge so that B(5)�B(5′) and B(6)�
B(6′) (Figure 1B); in the anti-B18H22 isomer, B(5)�B(6′) and
B(6)�B(5′), which results in the inversion symmetry (Figure
1C).15,16,24 What has stimulated most of the recent interest in
anti-B18H22 and its substituted derivatives has mainly been their
luminescence properties.25−38 Our interest in the “forgotten”,
nonluminescent isomer, syn-B18H22, has been stimulated mainly
by its unique geometry and size with respect to its use as
constituents of purely borane, carbon-free self-assembled
monolayers and its further use toward 2-dimensional mem-
branes39 with thickness below 1 nm and with a 3D-aromatic
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character, as well as capping ligands of atomically precise metal
nanoclusters, a newly emerging class of materials with adjustable
geometry, size, and properties.40,41

Previously, we reported the thiol derivatives of decaborane
(nido-B10H14), specifically [1-HS-nido-B10H13], [2-HS-nido-
B10H13], and [1,2-(HS)2-nido-B10H12] as reactive building
blocks for self-assembled monolayers (SAMs).42,43 Although
the macropolyhedral cluster anti-B18H22 has been extensively
explored over the last decade, for various applications including
lasers7 and semiconductor dopants,4,18,19 the syn-B18H22 isomer
has remained relatively unexplored, perhaps due to its supposed
lack of luminescence. For numerous reasons mentioned
foregoing, we have synthesized three newmonothiol-substituted
derivatives: [1-HS-syn-B18H21] 1, [3-HS-syn-B18H21] 3, and [4-
HS-syn-B18H21] 4. We have found interesting interactions in the
supramolecular structures, observed the changes in the
molecular structure caused by substitution at different vertices,
and, surprisingly and interestingly, observed luminescence not
only in the novel thiol derivatives but also in the parent syn-
B18H22 molecule, which, until now, has been presented in
various reports7,26 as the nonluminescent isomer of anti-B18H22.
Also, we have observed that substitution affects its photophysical
properties extensively. The syn-B18H22 cluster functionalization
thus promises new directions for novel materials with a range of
properties and uses.

Boron hydrides as functional molecules, going beyond
alkanethiols in their structural diversity for self-assembled
monolayers (SAMs), are potentially very interesting and stable
2D materials for filtration technology due to their symmetry,
limited conformational flexibility, well-defined, and different to-
carbon-chemistries and other unique aspects such as thickness,
and porosity adjusted in the subnanometer range or
extraordinary thermal and chemical stability.42−48 These
engineered cage molecules may interact in different ways to
provide control over surface interactions.44,49 The advantage of
boron hydrides as building blocks of SAMs over many linear
chain systems is that simple cage molecules do not exhibit
domain boundaries caused by the orientation of molecular tilt,

with respect to the surface normal.42,45,47 The first boron cage,
Cs2[B12H11SH], was employed to study SAMs on gold surfaces
in 1998.47 Mercapto-functionalized cage molecules provided
great control over surface responses, a higher order of
supramolecular assembly, and eventually a precise three-
dimensional assembly over a surface.42,45,47 However, the
SAMs of boron hydrides still remain much less explored than
those of alkanethiol derivatives, and macropolyhedral borane
derivatives assembled on metal or other substrate surfaces have
not been investigated yet. Keeping all of this in mind, we delved
into the world of macropolyhedral boron hydrides, explored the
HS functionalization of syn-octadecaborane, and investigated
the impact of these modifications on its physical and chemical
properties, together with the first preliminary view of these
molecules as building blocks of carbon-free SAMs on a flat metal
surface.

■ RESULTS AND DISCUSSION
Three thiol isomers of the octadecaborane cluster [1-HS-syn-
B18H21] 1 (two polymorphic structures labeled as PM1a and
PM1b), [3-HS-syn-B18H21] 3, and [4-HS-syn-B18H21] 4 (two
polymorphs labeled PM4a and PM4b) were synthesized directly
from syn-B18H22 by heating it with sulfur in the presence of
anhydrous aluminum trichloride for 6 h at 125 °C under an Ar
atmosphere. The crude product contained a mixture of
monothiolated isomers and unreacted syn-B18H22, and these
were all separated using standard chromatography on a silica gel
column with diethyl ether as the eluent. The separated products
were crystalline, with many single crystals suitable for X-ray
diffraction. Three isomers were structurally resolved by X-ray
diffraction (Figure 2), with two of the isomers found to be in two
polymorphic structures. All of these results gave us a very good
possibility to look at the effect of substitution on the parent syn-
B18H22 molecular structure as well as to investigate the
molecular packing of these isomers in order to set a basis for
further investigation toward the origin of their luminescent
properties.

Figure 1. (A) Schematic of syn-B18H22 with partial numbering on one of the two subclusters. (B, C) Complete numbering systems of syn-B18H22 and
anti-B18H22, respectively, in their net-like representation. (D) Electrostatic potential map of syn-B18H22 with selected BH vertices numbered. On the
color scale, red shows areas with the highest negative potential, localized mainly in between vertices 1, 3, and 4. The red part in between the vertices 1′,
10, and 10′ represents the negative pole of the molecule. (E) Schematic of the synthesis of the three HS-syn-B18H21 isomers of syn-B18H22.
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Molecular Structure, the Effect of a Substituent. All of
the three isomers 1, 3, and 4were prepared in quantities ranging
from a few tens to hundreds of milligrams. Isomer 4 was
dominating the crude product, but chromatography and
crystallization from diethyl ether yielded many well-developed
single crystals of all three and two of them in two polymorphic
forms. Crystallization experiments from diethyl ether yielded all
three isomers pure, and they were further characterized using 1H
and 11B NMR, MS, IR, and X-ray studies. Computational
analysis of the electrostatic potential map suggests that the thiol
(HS-) groupmight substitute positions B1, B2, B3, and B4 of the
syn-B18H22 cluster due to the relatively high negative charge
localization in that part of the molecule (Figure 1D).
Conformational analysis and mutual comparison of the
respective energies of all four isomers and their most stable
conformers also do not show significant differences, and isomer
3-HS-syn-B18H21 seems to be even more stable than isomer 4-
HS-syn-B18H21 (Figure 3). Experimentally, we have found that
thiol substitution follows the order B4 > B1 ≅ B3, and,
interestingly, we have not observed the 2-HS-syn-B18H21 isomer.

The molecular composition of the thiol derivatives was
confirmed by the positive ion mode ESI-MS analysis. The
monocationic species with the mass value centered at m/z
248.3152 was identified as HS-B18H21, while the m/z value at
216.3422 corresponds to B18H21, which can be attributed to the
loss of an HS fragment (Figure S28). The introduction of a thiol

(HS-) group to B18H22 breaks the twofold symmetry as
manifested in its 11B{1H} NMR spectra by the splitting of the
peaks that had intensity 2 in the parent compound. The
resonance of the substituted boron atom is easily identifiable in
comparison to the decoupled 11B{1H} spectrum50 with the
simple coupled 11B one as a third singlet in addition to the peaks
of boron vertices 5 and 6. The thiol group causes a deshielding of
the substituted atom and moves its peak around 10 ppm
downfield; the effect of the substitution on other boron atoms is
weaker and more complex (Figure 4). Unsurprisingly, the NMR
signals of the atoms of the unsubstituted subunit (numbers with
prime) are, in general, less affected than those of the substituted
subunit (labeled by simple numbers), often observed at
positions almost unchanged from the parent borane. One
remarkable exception is position 2, which is very little affected by
the substitution in all our compounds, where in 3 the peak of 2′
is shifted upfield more than that of position 2. The calculation of
the NMR spectra at the DFT level (Table S2) reproduces well
only the most prominent features of the spectra, often failing to
capture the more sophisticated ones, and several times even the
relative positions of the peak of an atom of the substituted
subunit (n) with respect to its symmetry counterpart from the
unsubstituted subunit (n′) differ between the calculation and
the experiment (Figures S11, S17, and S24). Additionally, FT-IR
spectroscopy corroborates the structure of isomers 1, 3, and 4
(Figure S29). A strong band at ∼2560 cm−1 can be attributed to
the terminal B−H and SH stretching vibrations. Another strong
band at about 1490 cm−1 is characteristic of the bridging μ-BHB
vibrations.

Single-crystal X-ray diffraction (SC-XRD) investigation of all
five thiol isomers/polymorphs of HS-syn-B18H21, structures 1
(PM1a and PM1b), 3, and 4 (PM4a and PM4b), reveal the
positions of all of the heavier elements (B and S) in the
compound. After refining the heavier atoms anisotropically, the
remaining electron-density map reveals all of the hydrogen
atoms in the cluster. After isotropic hydrogen atom refinement,
the maximum electron-density peak for the thiol hydrogen
atoms was near the sulfur atom; however, the final refinement
was done with a ridingmodel. Both the [1-HS-syn-B18H21] 1 and
[4-HS-syn-B18H21] 4 isomers were found to exist in two
polymorphic structures PM1a, PM1b and PM4a, PM4b,
respectively. Although the 18-vertex cage structure of the parent
syn-B18H22 remains intact after thiolation, a more detailed
comparative analysis of the interatomic distances and angles of
all six single-crystal structures, 1 (PM1a, PM1b), 3, and 4
(PM4a, PM4b), and the parent syn-B18H22 demonstrates that
the presence of the thiol substituent produces an obvious effect
on the clusters′ geometry (see Table 1). This effect is difficult to
spot if we look at a local vertex to adjacent vertex distances in
close proximity to the substitution. However, as shown in Figure
5, we here selected geometrical parameters that cover the
accumulation of small changes across the whole molecules, such
as the d(B9-B9′) distance, or related angles that reflect the
changes in mutual orientation of the two 10-vertex subclusters,
and we can thus demonstrate and evaluate the substituents′
effect on the molecular structure. The substitution at position 3
of syn-B18H22 has a significant effect on isomer 3-HS-syn-B18H21
3. The distances between the respective centroids, c1−c2, as well
as between the vertices from opposite ends of the molecule,
B(9)−B(9′), increased compared to the parent syn-B18H22.
Intramolecular angles α and β, specified in Figure 5, also showed
expansion as the direct consequence of the substitution (for
detail, see Figure S35), causing a change in the cage geometry,

Figure 2. X-ray determined structures of three synthesized thiol
isomers of syn-B18H22.

Figure 3. Plot of energies of various HS-rotamers for all four
computationally analyzed HS-syn-B18H21 isomers. Torsion angles
were defined as positive in the B(1)-B(2)-B(3)-B(4) direction,
between atoms B(2)-B(1)-S(1)-H(S) for isomer 1, B(6)-B(2)-S(2)-
H(S) for the experimentally unobtained isomer 2, B(2)-B(3)-S(3)-
H(S) for 3, and B(1)-B(4)-S(4)-H(S) for 4.
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which may be disadvantageous for the stability of the cluster and
responsible for the lower yields of isomers 1 and 3 compared to

that of isomer 4 (Table 1). All of the above changes in distance
between centroid c1−c2, intracage B(9)−B(9′), and intracluster
cage angle (α and β) are due to the accumulation of small
changes in the B−B bond length of the cage (for more detail, see
Table S5).
Supramolecular Structure. The successful X-ray diffrac-

tion analysis of five different single crystals provided sufficient
data for the investigation of intermolecular interactions. In all of
the synthesized thiol isomers, the respective sulfur atoms bear
high electron densities and show interactions with the acidic
bridging hydrogen atoms, μ-BHB, which manifest their presence
by strong bands at about 1490 cm−1 in the IR spectra. In
addition to their acidic nature, i.e., the bridging hydrogen atom
bearing a relatively high positive charge, it was interesting to see
the supramolecular structures and how this interaction
influences the orientation of the clusters. Figure 6 shows four
out of five of the analyzed structures, and in all of them, the
-S(H)···μ-BHB- interaction dominates the packing forces. In the

Figure 4. Experimentally decoupled 11B{1H} NMR spectra of syn-B18H22 and HS-syn-B18H21 isomers.

Table 1. Selected Centroid Distance [Å] (c1: Centroid of 10 B Atoms Representing One Subcluster of the syn-B18H22 Cage, c2:
Centroid of 10 BAtoms of Another Fused Borane Cage), Intracage d(B9···B9′) BondDistance [Å], and BondAngle for [1-HS-syn-
B18H21] 1 (PM1a and PM1b), [3-HS-syn-B18H21] 3, and [4-HS-syn-B18H21] 4 (PM4a and PM4b) with Comparison Data of syn-
B18H22

d(c1···c2) d(B9···B9′) α(B10B5B10′) β(B9B6B9′)

isomers/PMs expt. cal. expt. cal. expt. cal. expt. cal.

syn-B18H22 3.332 3.312 6.343 6.298 126.02 127.50 125.97 127.07
1-HS-syn-B18H21 (PM1a) 3.342 3.318 6.370 6.299 129.53 128.50 128.52 127.64
1-HS-syn-B18H21 (PM1b) 3.334 3.318 6.348 6.299 127.85 128.50 126.78 127.64
3-HS-syn-B18H21 3.452 3.314 6.383 6.301 130.18 127.73 128.96 127.18
4-HS-syn-B18H21 (PM4a) 3.330 3.314 6.345 6.300 128.44 127.40 128.20 127.14
4-HS-syn-B18H21 (PM4b) 3.330 3.314 6.356 6.300 127.94 127.40 127.57 127.14

Figure 5. Schematic illustration of selected distances and bond angles of
syn-B18H22 and its thiol derivatives.
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single-crystal supramolecular structure of isomer 3-HS-syn-
B18H21 3, this interaction leads to a pair of molecules directly
connected by two such interactions. The sulfur atom of the
substituted subcluster shows an interaction with the bridging
hydrogen atoms of the unsubstituted subcluster of another
molecule. This isomer was found only in one polymorphic form.
In comparison, the most preferred isomer 4-HS-syn-B18H21 4
exhibits a similar interaction in which the sulfur atom of one
molecule interacts with the bridging hydrogen atoms of another
molecule to form a zigzag chain or, in a second polymorph of this
isomer, the sulfur atom shows an interaction with the bridging
hydrogen atoms of two other molecules, leading to a fork-like
arrangement. Both supramolecular structures are easy to
distinguish. The last isomer, 1-HS-syn-B18H21 1, shows two
very similar polymorphic structures in which the sulfur atom also
interacts with the bridging hydrogen atoms of two other
molecules in such a way that it resembles wooden logs. The
existence of different polymorphic structures can therefore be
rationalized as a result of this specific interaction, -S(H)···μ-
BHB-, between sulfur and some of the six similar bridging
hydrogen atoms per molecule of each isomer. In addition to
influencing the packing of molecules in their respective SC
supramolecular structures, this interaction also explains the
difference between the parent syn-B18H22 and all three thiolated

isomers in the differential thermal analysis (Figure S30). While
the parent syn-B18H22 shows complete loss of mass due to
sublimation, all three thiol isomers sublime off at slightly higher
temperature and only partly, 20−40%. The remaining 60−80%
of the starting material turns into highly involatile blackish
material. The lower volatility of the thiolated isomers compared
to syn-B18H22 can be attributed particularly to this -S(H)···μ-
BHB interaction. One related issue is the HS- hydrogen atom
and its orientation, as the hydrogen is not directly involved in
this structure-determining interaction between the sulfur of the
HS group and the bridging hydrogen, μ-BHB, and is left to either
exhibit a weak interaction with terminal BH vertices or be left to
free conformation, which corresponds to computationally
optimized minima.
Luminescence Properties. Borane compounds possess

fascinating photophysical properties such as stimulated
emission, thermochromism, or singlet oxygen photosensitiza-
tion.7,25,28,33,34,36,51 We were therefore tempted to investigate
the photophysical properties of the prepared borane com-
pounds. In contrast to the remarkable fluorescence efficiency of
anti-B18H22 in hexane (ϕL ∼ 1), its syn-B18H22 isomer has been
reported to be nonemissive in solution.29 However, our
measurement of the as-received powder of syn-B18H22, precursor
to the thiolated boranes, showed an intense fluorescence in the

Figure 6. −S(H)···μH-BHB interaction observed in the supramolecular structures of HS-syn-B18H21 isomers/polymorphs.

Figure 7.Normalized emission spectra (plain lines) of as-received syn-B18H22 (black) and recrystallized syn-B18H22 (red) excited at 380 nm in the air
atmosphere; normalized excitation spectra (dashed lines) recorded at the maximum of emission (A). Fluorescence decay kinetics of syn-B18H22 in the
air atmosphere, excited at 402 nm, recorded at the maximum of emission (B).
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solid state with a maximum at 385 nm, a quantum yield of 0.17,
and an amplitude average lifetime of 0.4 ns (Figure 7 and Table
2). Interestingly, the recrystallization of syn-B18H22 from a

diethyl ether/hexane mixture provided homostructural single
crystals that displayed fluorescence with a maximum at 420 nm,
a quantum yield of 0.20, and an amplitude average lifetime of 1.6
ns (Figure 7 and Table 2). For both samples, the excitation
spectra were characterized by broad absorption bands in theUV-
A region (Figure 7A). Thus, syn-B18H22 displays aggregation-
induced fluorescence, and its photophysical parameters are
microstructure-dependent. For comparison, solid anti-B18H22,
recrystallized from a diethyl ether/hexane mixture, displayed a
fluorescence band with maximum at 420 nm, an emission
quantum yield of 0.78, and a lifetime of 6.5 ns, significantly
higher than for syn-B18H22 (Figure S33 and Table 2).

Single crystals of the thiolated boranes were measured on a
single-crystal X-ray diffractometer to ensure their crystallo-
graphic purity, and they were then used for photophysical
characterizations, the results of which are summarized in Table
3. Upon excitation at 380 nm, single crystals of 1, 3, and 4

displayed broad luminescence bands in the green/yellow region,
with the respective maxima at 582, 535, and 570 nm (Figure 8).
Interestingly, isomer 1 possessed a shoulder near its main
emission band located in the blue region, which might be caused
by additional emissive excited states. The excitation spectra
recorded at the maximum of emission revealed broad absorption
bands in the UV-A region (Figure 8A). Analysis of the
luminescence decay kinetics recorded at the emission maximum
evidenced amplitude average lifetimes of 14, 8.8, and 40 μs for
isomers 1, 3, and 4, respectively (Figure 8B). Thus, the
thiolation of syn-B18H22 causes a bathochromic shift of the
emissionmaximum and a decrease in luminescence efficiency. In
addition, it leads to a switch from fluorescence to phosphor-
escence due to an increased intersystem crossing from singlet
excited to triplet excited states, as already reported for iodinated
or thiolated anti-B18H22 (Figure 8).37,52

Isomer 4 was obtained in sufficient quantity and crystallo-
graphic purity (Figure S38) to allow for a complete study of the
luminescent properties as single crystals and the powdered
sample resulting after grinding. Upon the grinding of the single
crystals, a hypsochromic shift of the emission band was
observed, with a shift of the luminescence maximum from 570
to 490 nm (Figure 9A). The corresponding emission quantum
yield decreased from 0.06 to 0.02, and the emission amplitude
average lifetime decreased from 40 to 2.2 μs (Figure 9B).
Passing a flow of argon or oxygen through the powdered sample
did not affect the emission lifetime, indicating the absence of
quenching of the emissive triplet states by oxygen, a process
often observed for phosphorescent dyes (Figure S31). It should
be noted that this is the first report of a mechanochromic shift of
the luminescence band of a borane cluster. Such a phenomenon
has already been observed for phosphorescent copper-iodide
complexes of the cubane-type, and it was attributed to a
relaxation of the intramolecular distances upon grinding,
thereby affecting the luminescent properties.52 In our case, the
mechanochromic shift probably has a similar origin, as it is well
known that the luminescent properties of borane compounds
are dependent on their structure, which is affected by their
environment.52 Finally, the luminescent properties of syn-B18H22
and the thiolated boranes were studied in hexane, where they
showed very weak fluorescence (ϕL < 0.01), with maxima
spanning fromUV-A up to the green region of the spectrum and
with a lifetime in the low nanosecond range (Table S4 and
Figure S32). Overall, the strong dependency of the luminescent
properties of these boranes on their environment allows for

Table 2. Photophysical Properties of syn-B18H22 and anti-
B18H22 in the Solid State at Room Temperaturea

sample λL (nm) ϕL τL (ns)

syn-B18H22
b 385 0.17 0.4

syn-B18H22
c 420 0.20 1.6

anti-B18H22
c 420 0.78 6.5

aλL, luminescence maximum (λexc = 340 nm); τL, amplitude average
lifetimes (λexc = 402 nm) measured at 420 nm; ΦL, luminescence
quantum yields (λexc = 340 nm, experimental error of ΦL is ±0.01).
bAs-received. cRecrystallized diethyl ether/hexane mixture.

Table 3. Photophysical Properties of Crystals of the
Thiolated Boranes at Room Temperaturea

sample λL (nm) ϕL τL (μs)
1-HS-syn-B18H21 582, 465b 14, 5.2b

3-HS-syn-B18H21 535 8.8
4-HS-syn-B18H21 570 0.06 40
4-HS-syn-B18H21

c 490 0.02 2.2
aλL, luminescence maximum (λexc = 380 nm); τL, amplitude average
lifetimes (λexc = 380 nm) measured at the maximum of emission; ΦL,
luminescence quantum yields (λexc = 380 nm, experimental error of
ΦL is ± 0.01). bShoulder. cAfter grinding.

Figure 8. Normalized emission spectra (plain lines) of single crystals of 1, 3, and 4 excited at 380 nm in the air atmosphere; normalized excitation
spectra (dashed lines) recorded at the maximum of emission (A). Phosphorescence decay kinetics of single crystals of 1, 3, and 4 in the air atmosphere,
excited at 380 nm, recorded at the maximum of emission (B).
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peculiar behaviors, which may further deepen the interest in this
class of photoactive compounds.
Self-Assembled Monolayers on Silver Surfaces, XPS

Analysis. Self-assembled monolayers (SAMs) of the isomer [4-
HS-syn-B18H21] 4 on silver substrates were prepared by vapor
deposition in ultra-high vacuum (UHV). The successful
formation of these carbon-free SAMs was investigated using
X-ray photoelectron spectroscopy (XPS). Figure 10A shows the

high-resolution S 2p spectrum consisting of a main doublet
(orange) with the binding energy (BE) of the S 2p3/2 and S 2p1/2
components at 161.3 and 162.5 eV, respectively, due to the
formation of thiolates. The signal is accompanied by another
doublet at the BE values of S 2p3/2 and S 2p1/2 at 162.9 and 164.1
eV, respectively (red). The formation of this additional sulfur
signal can be attributed to the partial formation of disulfides
during the self-assembly or to the presence of some physisorbed
thiol molecules integrated into the monolayer via hydrogen
bridge bonds. Both signals are shifted by ∼0.5 eV to lower BE
values in comparison to the published values for boron-bound
thiolates (typical values of S 2p3/2 at about 161.7 eV) and
disulfides, or thiols, with the typical values of S 2p3/2 electrons at
163.0 eV.53,54 This indicates higher electron density on sulfur in
[4-HS-syn-B18H21] 4, as also evidenced by the value of the HS
1H NMR chemical shift at about 1.4 ppm and indirectly also
from the above-reported short-contact interactions with the
acidic bridging hydrogen atoms.

In the B 1s spectrum, the main component (green) is found at
a BE value of 189.1 eV with the full width at half-maximum of
1.5 eV, which corresponds to B−B bonds in the cluster (Figure
10B). This peak is accompanied by a shoulder at a BE of
190.2 eV (dark green), which we assign to the boron atom
attached directly to sulfur in the B−S bonds. At 192.6 eV, a
broad low-intensity peak due to aromatic shake-ups is visible. No
other XP signals, with the exception of the metallic Ag substrate,
were detected (see Figure S34) in the samples. Especially the
absence of carbon and oxygen confirms the formation of high-
quality, carbon-free SAM on the silver surface. The thickness
was calculated to be 7 ± 2 Å and the B/S ratio to 19 ± 1:1,
matching very well to the molecular structure and nominal
stoichiometry of the isomer [4-HS-syn-B18H21] 4. Figure 11
further shows the steric requirements (both lateral and
longitudinal) of all three synthesized isomers and shows the
theoretically enabled range in the subnanometer thickness of the
respective SAMs.

■ CONCLUSIONS
We have investigated the syn-B18H22 isomer, the “forgotten”
isomer of the long-established B18H22 molecule.12,15,24 The
more intensely studied anti-B18H22 isomer has been recently
recognized for its lasing properties.7 Several previous studies7,26

stated that the syn-isomer is nonluminescent, and thus
comparatively little attention has been paid to it over the last
decade compared to anti-B18H22 boron hydride. In this study, we
have demonstrated that not only does the parent compound
have luminescence properties in its crystalline form but also that
the HS-substituted isomers, (1-HS-syn-B18H21) 1, (3-HS-syn-
B18H21) 3, and (4-HS-syn-B18H21) 4, show luminescence both in
their crystalline form and in solution. Within our systematic
investigation of the HS-derivatives of syn-B18H22, we have aimed
to use this molecule to reach our goal for the preparation of
carbon-free self-assembled monolayers. Additionally, we have
focused on monothiolated isomers of syn-B18H22 as constituents
that enable us to adjust SAM thicknesses below 1 nm, depending
on which vertex bears the HS group. In total, we have prepared
five new crystal structures, as two of the isomers, isomers 1-HS-
syn-B18H21 and 4-HS-syn-B18H21, were found to exist as two
polymorphs. The packing of the molecules in the respective
supramolecular structures of all of the isomers was commonly
found to exhibit -S(H)···μBHB- interactions, and these give rise
to the existence of different crystal polymorphs. We have also
observed the substituent effect on the structure in comparison
with the parent syn-B18H22 molecule. Changes of interboron
distances adjacent to the substituent are too subtle to be

Figure 9. Normalized emission spectra (plain lines) of single crystals (black) and powder (red) of 4, excited at 380 nm in an air atmosphere;
normalized excitation spectra (dashed lines) recorded at the maximum of emission (A). Phosphorescence decay kinetics of single crystals (black) and
powder (red) of 4 in an air atmosphere, excited at 380 nm, recorded at the maximum of emission (B).

Figure 10.High-resolution S 2p (A) and B 1s (B) X-ray photoelectron
spectra of the SAM formed by vacuum vapor deposition of isomer [4-
HS-syn-B18H21] 4 on a Ag substrate. For better visualization, the S 2p
spectrum is multiplied by a factor of 4.
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apparent, but they become more obvious when we measure the
effect on geometrical parameters effectively encompassing the
whole molecule, as a whole, i.e., on the distance between the
centroids of the two subclusters of syn-B18H22, or on the distance
between vertices from the opposite ends of the molecule, such as
B(9)−B(9′). Such substituent metrics have also been estimated
in terms of the overall cluster volume,28,32 and it is anticipated
that syn-B18H22 with other substituents should also modify the
photophysical properties. This study lays a solid foundation for
further work in this direction.

■ EXPERIMENTAL SECTION
General Procedure and Instrumentation.All of the experiments

were performed under an inert (argon, Ar) atmosphere using the
standard Schlenk-line vacuum technique. Prior to use, all of the solvents
were dried with sodium-benzophenone ketyl and distilled under an Ar
atmosphere. Chloroform-d was purchased from ACROS Organic
(Thermo Scientific Chemicals). Starting syn-B18H22 was purchased
from Katchem s.r.o., Czech Republic, and used as received. Other
chemicals, such as anhydrous aluminum trichloride and sulfur, were
purchased from Fluka. The chromatographic separations were
performed using a silica gel column. NMR spectra were recorded on
a 600 MHz JEOL NMR spectrometer. Chemical shifts were analyzed
with reference to the solvent (δ = 7.26 ppm, CDCl3, 600 MHz, 295K)
and boron (δ = 0 ppm, relative to BF3(OEt)2) in CDCl3, 192.6 MHz,
295 K for the 1H and 11B{1H} NMR spectra, respectively. Mass
spectrometry measurements were performed on a Thermo Scientific
LCQ Fleet Ion Trap instrument using ESI with helium (5.0 Messer) as
a collision gas in the ion trap. The sample was dissolved in acetonitrile
(concentration ∼100 ng/ml) and introduced through a fused-silica
sample tube of 0.100 mm (inner S-9 diameter) × 0.19 mm (outer
diameter) to the ion source from a Hamilton syringe using infusion at
15 μL/min, a source voltage of 5.47 kV, a tube lens voltage of −44.71 V,
a capillary voltage of −23.06 V, a capillary temperature of 165.01 °C,
and N2 (isolated from air in NitroGen N1118LA, Peak Scientific) as a
nebulizing sheath gas (flow rate 14.97 p.d.u.). Only negative ions of the
respective molecular peaks were detected. IR spectra in the region from
4000 to 400 cm−1 (with a resolution of 4 cm−1) were measured using
theNexus 670 FT-IR firmy Thermo Electron Corporation with an ATR
Smart iTX equipped with a diamond crystal. Total number of scans:
192, spectrometer detector: DTGS KBr, beam splitter: KBr. The

thermal analysis of the samples was performed using Setsys Evolution
1750 (Setaram) equipped with an MS detector QMG 422 (Pfeiffer).
Compound Synthesis. [1-HS-syn-B18H21] 1 (PM1a and PM1b),

[3-HS-syn-B18H21] 3, and [4-HS-syn-B18H21] 4 (PM4a and PM4b).
Under an inert atmosphere of Ar, syn-B18H22 (4.4 g, 20 mmol), sulfur
(1.25 g, 39 mmol), and AlCl3 (3.8 g, 29 mmol) were placed in a 500 mL
round-bottom flask and heated with stirring to 125 °C. After 15minutes
of heating, the reaction mixture melted to form a brown liquid. The
stirring continued for 6 h. The reaction mixture was then left to cool to
room temperature, 250 mL of hexane was added, and then it was kept
under an Ar atmosphere overnight. The reaction mixture was then
cooled in an ice bath, and 50 mL of distilled water was added dropwise
into the reaction mixture, followed by 10 mL of hydrochloric acid (10%
v/v). The product was then gently stirred using a glass rod. The solution
turned orange, with brownish solid particles at the bottom of the flask.
The solution was filtered, and the filtrate was extracted with hexane (4 ×
100mL). The collected hexane fractions (slightly orange solution) were
dried with MgSO4 and filtered, and the solvent was evaporated under
reduced pressure on a rotary evaporator. All three isomers were then
separated using column chromatography on silica gel with diethyl ether
as the eluent. The yield was ∼50 mg of isomer 1-HS-syn-B18H22 1, ∼30
mg of 3-HS-syn-B18H22 3, and ∼230 mg 4-HS-syn-B18H22 4.
MS (ESI+). m/z calculated for HS-B18H21 monocationic species:

248.3148 experimentally found 248.3152.
NMR for [1-HS-syn-B18H21] 1. 11B{1H} NMR (192.6 MHz, 295 K,

CDCl3): B3 (16.7 ppm) > B3′ (15.0 ppm) > B1 (10.9 ppm) > B10′ (9.6
ppm) > B10 (8.3 ppm, according to the B10−B5 cross peak 8.6 ppm) >
= B6 (8.3 ppm, according to the B6−B2,B2′ cross peak 8.3 ppm) >B 9′
(3.3 ppm) > B1′ (2.0 ppm) >B9 (1.0 ppm) >B8 (0.0 ppm) >B8′ (−2.0
ppm) >B 5 (−3.8 ppm) > B7 (−14.3 ppm) > B7′ (−16.6 ppm) > B2
(−28.1 ppm, according to the B2−B1 and B2−B3 cross peaks: −28.0
ppm on the x-axis, −27.9 on the y-axis) > = B2′ (−28.1 ppm, according
to the B2′−B3′ and B1′−B2′ cross peaks: −28.4 ppm on the x-axis,
−28.3 on the y-axis) > B4 (−37.2 ppm) > B4′ (−40.6 ppm).
Crystal Data for PM1a. Empirical formula = B18 H22 S1,Mr = 248.8,

monoclinic, space group P21/c, a = 10.0437 (6) Å, b = 11.3556 (6) Å, c
= 13.8050 (8) Å, α = 90°, β = 108.575 (5)°, γ = 90°, V = 1492.47 (15)
Å3, Z = 4, ρcalc. = 1.1073 g/cm3, μ = 1.536 mm−1, F(000) = 512, R1 =
0.0452, wR2 = 0.0944, 2952 independent reflections and 238
parameters (for more detail, see Table S8).
Crystal Data for PM1b. Empirical formula = B18 H22 S1,Mr = 248.8,

monoclinic, space group P21/n, a= 10.0415(7) Å, b = 11.6578(8) Å, c =
13.4184(9) Å, α = 90°, β = 110.018(6)°, γ = 90°,V = 1475.88(18) Å3, Z

Figure 11. All three isomers are oriented with the HS group downward (top row), the respective top view (middle), and the space-filling projections
(also top view). The yellow circle represents the position of the sulfur atom. Circles around the space-filling models show the lateral space requirement
of the molecules rotating along their B−S axis.
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= 4, ρcalc. = 1.1198 g/cm3, μ = 1.553 mm−1, F(000) = 512, R1 = 0.0451,
wR2 = 0.1115, 2867 independent reflections and 238 parameters (for
more detail, see Table S9).
NMR for [3-HS-syn-B18H21] 3. 11B{1H} NMR (192.6 MHz, 295K

CDCl3): B3 (21.4 ppm) > B3′ (13.5 ppm) > B10 (10.3 ppm) > B10′
(9.7 ppm) > B6 (6.6 ppm) > B1 (4.4 ppm) > B9′ (3.7 ppm) > B1′ (2.7
ppm) > B9 (0.8 ppm) > B8′ (−2.0 ppm according to COSY) > = B5
(−2.2 ppm) > B8 (−3.2 ppm) > B7′ (−15.4 ppm) > B7 (−16.8 ppm) >
B2 (−28.6 ppm) > B2′ (−29.4 ppm) > B4 (−38.5 ppm) > B4′ (−39.4
ppm).
Crystal Data. Empirical formula = B18 H22 S1, Mr = 248.8,

monoclinic, space group P21/c, a = 12.264(2) Å, b = 6.659(2) Å, c =
19.098(4) Å, α = 90°, β = 107.06(3)°, γ = 90°, V = 1491.0(6) Å3, Z = 4,
ρcalc. = 1.1084 g cm−3, μ = 1.538mm−1, F(000) = 512, R1 = 0.0356,wR2
= 0.0804, 2891 independent reflections and 238 parameters (for more
detail, see Table S10).
NMR for [4-HS-syn-B18H21] 4. 11B{1H} NMR (192.6 MHz, 295 K,

CDCl3): B3 (14.9 ppm) > B3′ (13.8 ppm) > B10 (10.3 ppm) > B10′
(9.1 ppm) > B6 (8.1 ppm) > B9′ (3.5 ppm) > B1 (3.0 ppm) > B9 (2.6
ppm) > B1′ (2.0 ppm) > B8 (−1.2 ppm) > B8′ (−1.6 ppm) > B5 (−3.4
ppm) > B7′ (−16.1 ppm) > = B7 (−16.2 ppm) > B2 (−27.7 ppm) >
B2′ (−28.1 ppm) > B4 (−29.2 ppm) > B4′ (−39.8 ppm).
Crystal Data for PM4a. Empirical formula = B18 H22 S1,Mr = 248.8,

orthorhombic, space group Pbca, a = 14.4249 (5) Å, b = 11.9778 (4) Å,
c = 17.8595 (6) Å, α = 90°, β = 90°, γ = 90°, V = 3085.74 (18) Å3, Z = 8,
ρcalc. = 1.0712 g cm−3, μ = 1.486 mm−1, F(000) = 1024, R1 = 0.0300,
wR2= 0.0720, 2994 independent reflections and 238 parameters (for
more details, see Table S11).
Crystal Data for PM4b. Empirical formula = B18 H22 S1,Mr = 248.8,

monoclinic, space group P21/n, a = 10.453 (2) Å, b = 12.585 (3) Å, c =
11.985 (2) Å, α = 90°, β = 91.29 (3)°, γ=90°, V = 1576.2(5) Å3, Z = 4,
ρcalc. = 1.0485 g cm−3, μ = 1.454mm−1, F(000) = 512, R1 = 0.0355, wR2
= 0.0781, 3109 independent reflections and 238 parameters (for more
details, see Table S13).
Computational Study. Quantum chemistry calculations were

performed with the Gaussian 16 package. The geometries were
optimized by means of the density functional theory with the long-
range-corrected functional wB97XD from Head-Gordon and co-
workers, which includes empirical dispersion,55 using Ahlrichs′ triple-
zeta set with polarization functions def2-TZVPP.56 A series of
optimizations were performed in internal coordinates with the torsion
angle between the thiol hydrogen atom and a selected neighbor of the
substituted boron (2 for 1 and 3, 6 for 2, and 1 for 4) kept fixed at values
reflecting the pentagonal arrangement around the substituted boron:
36, 108, 180, 252, and 324° (hydrogen between two neighboring
borons) as well as 0, 72, 144, 216, and 288° (hydrogen above a
neighboring boron); then the angle was relaxed, and a full optimization
to a local minimumwas conducted without constraints. NMR shielding
was then calculated at the same level of theory using the GIAO
method57 for the minima found (only two for each isomer), and their
weighted averages with Boltzmann factors at 300 K for the weights were
used to calculate the 11B chemical shifts, based on the shielding of
diborane (chemical shift δ(11B) +16.6) calculated at the same level of
theory in geometry optimized at the same level. Computationally
obtained dipole moment values are summarized in the supporting
information (Table S14 and Figure S47). The excited states were
calculated within the frame of the time-dependent DFT (TD-DFT);
the results are provided in the Supporting information file (Table S15
and Figures S48−S55)
Single-Crystal X-ray Diffraction Analysis. Single crystals

suitable for X-ray diffraction analysis of all three isomers were grown
by slow evaporation of diethyl ether solutions at room temperature (18
°C). The X-ray diffraction data of the samples were collected with a
Rigaku OD Supernova using an Atlas S2 CCD detector and a mirror-
collimated Cu Kα (λ = 1.54184 Å) from a microfocused sealed X-ray
tube. The samples were cooled to 95 K during the measurement.
Integration of the CCD images, absorption correction, and scaling were
done by the program CrysAlisPro 1.171.41.123a (Rigaku Oxford
Diffraction, 2022). Crystal structures were solved by charge-flipping
with the program SUPERFLIP58 and refined with the Jana2020

program package59 by full-matrix least-squares technique on F2. The
crystal data collection and analysis details are reported in more detail in
the Supporting Information.
Luminescence Properties. Luminescence properties were ana-

lyzed on an FLS1000 spectrometer (Edinburgh Instruments, U.K.)
using a cooled PMT-900 photon detection module (Edinburgh
Instruments, U.K.). The FLS1000 spectrometer was also used for
time-resolved luminescence measurements using, for excitation, a
microsecond flash lamp (for 1, 3, and 4) or a 402 nm EPL Series laser
diode (for syn-B18H22). The recorded decay curves were fitted to
exponential functions using the Fluoracle software (v. 2.13.2,
Edinburgh Instruments, U.K.). Luminescence quantum yields were
recorded using a Quantaurus QY C11347-1 spectrometer (Hamamat-
su, Japan).
Formation of Self-Assembled Monolayers (SAMs). SAMs of

[4-HS-syn-B18H21] 4 were prepared by evaporation in a UHV
Multiprobe system (<2 × 10−10 mbar, Scienta Omicron) using a
molecular evaporator (Kentax). The molecules were evaporated at 80
°C for 1 h on 300 nm silver on mica substrates (Georg Albert PVD),
which were held at room temperature. The substrates were cleaned
before by repeated sputtering with argon ions (1 keV, 10 mA, FDG15,
Focus) and annealing at 370 °C.
X-ray Photoelectron Spectroscopy (XPS). XPS was measured in

the same UHV system used for SAM formation with a monochromatic
X-ray source (Al Kα, 1486.7 eV) and an electron analyzer (Argus CU)
with a spectral energy resolution of 0.6 eV. The XP spectra were
calibrated by referencing the binding energy of the Ag 3d5/2 signal at
368.2 eV and fitted using Voigt functions (30:70) after linear
background subtraction. Calculations of stoichiometry were performed
with the software CasaXPS using the relative sensitivity factors of 1.68
(S 2p) and 0.49 (B 1s); the layer thickness was calculated using the
Lambert−Beer equation. A mean free path of 27 Å was used for
electrons that were released from the silver substrate and reached the
detector through the SAM.60
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Monika Kucěráková − Institute of Physics, The Czech Academy
of Science, 182 21 Prague 8, Czech Republic

Jonathan Bould − Institute of Inorganic Chemistry, The Czech
Academy of Science, 25068 Rez, Czech Republic; orcid.org/
0000-0003-3615-1938
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M.; Kubát, P.; Císarǒvá, I.; Lang, K.; Londesborough, M. G. S. Tuning
the Photophysical Properties of anti-B18H22: Efficient Intersystem
Crossing between Excited Singlet and Triplet States inNew 4,4′-(HS)2-
anti-B18H20. Inorg. Chem. 2013, 52, 9266−9274.
(38) Cerdán, L.; Francés-Monerris, A.; Roca-Sanjuán, D.; Bould, J.;

Dolansky,́ J.; Fuciman,M.; Londesborough,M. G. S. Unveiling the Role
of Upper Excited Electronic States in the Photochemistry and Laser
Performance of anti-B18H22. J. Mater. Chem. C 2020, 8, 12806−12818.
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Figure S27. Decoupled (top) 1H{B} and coupled (bottom) proton NMR spectra of 4-HS-syn-B18H21 (4).

Table S1: NMR chemical shifts of 11B and 1H in syn-B18H22

Table S2. Calculated chemical shift in ppm

Table S3. Experimental chemical shift in ppm

MS

Figure S28. Positive ion mode MS ESI spectra of HS-B18H21. (Top) full range m/z spectrum and (bottom) 
corresponding experimental and theoretical matching of different fragments.

IR

Figure S29. FTIR of HS-syn-B18H21 isomers and syn-B18H22.

TGA

Figure S30. DT analysis showing the volatility of HS-syn-B18H21 isomers.

Photophysical Properties

Figure S31. Phosphorescence decay kinetics of powder of 4-HS-syn-B18H21 in air atmosphere (black), argon 
atmosphere (red) or oxygen atmosphere (blue) excited at 380 nm, recorded at 470 nm.

Figure S32. Normalized emission spectra of syn-B18H22, 1, 3, and 4 in air-saturated hexane, excited at 330 nm; 
normalized excitation spectra (dashed lines) recorded at the maximum of emission, apart for syn-B18H22 recorded 
at 420 nm (A). Fluorescence decay kinetics of syn-B18H22, 1, 3, and 4 in air-saturated hexane, excited at 402 nm, 
recorded at the maximum of emission, apart for syn-B18H22 recorded at 420 nm (B).

Figure S33. Normalized emission spectra (plain lines) of anti-B18H22 excited at 340 nm in air atmosphere; 
normalized excitation spectra (dashed lines) recorded at the maximum of emission (A). Fluorescence decay 
kinetics of anti-B18H22 in air atmosphere, excited at 402 nm, recorded at 420 nm (B). 

Table S4. Photophysical properties of syn-B18H22 and the thiolated boranes in hexane at room temperature.a

XPS

Figure S34. Overview X-ray photoelectron spectrum (A) as well as high-resolution C 1s (B) and O 1s (C) spectra 
of the formed [4-HS-syn-B18H21] 4 SAM on Ag. The data clearly show only the presence of boron, sulfur and silver 
signals in the sample. No carbon or oxygen signals are detected demonstrating a high quality of the formed SAM.

X-ray diffraction analysis

Figure S35. B-B-B angle, bond and centroid(c1-c2) distance of syn-B18H22, 1, 3, and 4 ismores polymorphs (A, B, 
C, D, E, and F respectively).

Figure S36. Rietveld refinement of the powdered sample of syn-B18H22.

Figure S37. Rietveld refinement of the powdered sample of1-HS-syn-B18H21 (PM1b) and syn-B18H22.

Figure S38. Rietveld refinement of the powdered sample of 4-HS-syn-B18H21 (PM4a).

Figure S39. Rietveld refinement of the powdered sample of 4-HS-syn-B18H21 (PM4a and PM4b) and syn-B18H22.

Figure 40. Powder X-ray diffraction pattern (PXRD) of anti-B18H22 (obtained at room temperature using a 
PANalytical Empyrean diffractometer equipped with a conventional Cu X-ray tube and PIXcel detector). The data 
were processed using the HighScore Plus program from PANalytical, and the obtained diffraction pattern fits 
perfectly to the single-crystal simulated one.

Figure S41. ORTEP structure of syn-B18H22 isomer having 50% thermal ellipsoid probability.
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Figure S42. ORTEP structure of 1-HS-syn-B18H21 PM1a isomer having 50% thermal ellipsoid probability.

Figure S43. ORTEP structure of 1-HS-syn-B18H21 PM1b isomer having 50% thermal ellipsoid probability.

Figure S44. ORTEP structure of 3-HS-syn-B18H21 isomer having 50% thermal ellipsoid probability.

Figure S45. ORTEP structure of 4-HS-syn-B18H21 PM4a isomer having 50% thermal ellipsoid probability.

Figure S46. ORTEP structure of 4-HS-syn-B18H21 PM4b isomer having 50% thermal ellipsoid probability.

Table S5. Bond distance comparison of all the isomers with syn-B18H22

Table S6. Crystallographic collection and refinement data for syn-B18H22 measured at 95 K.

Table S7. Crystallographic collection and refinement data for syn-B18H22 measured at room temperature.

Table S8. Crystallographic collection and refinement data for 1-HS-syn-B18H21 (PM1a).

Table S9. Crystallographic collection and refinement data for 1-HS-syn-B18H21 (PM1b).

Table S10. Crystallographic collection and refinement data for 3-HS-syn-B18H21.

Table S11. Crystallographic collection and refinement data for 4-HS-syn-B18H21 (PM 4a).

Table S12. Crystallographic collection and refinement data for PM4a measured at room temperature.

Table S13. Crystallographic collection and refinement data for 4-HS-syn-B18H21 (PM4b).

Dipole moment 

Figure S47. Graphical projection of the dipole moment vectors in the SH-B18H21 isomers as well as in the parent 

syn-B18H22 and anti-B18H22.

Table S14. Table of the computationally obtained dipole moment values of all isomers and the parent syn-B18H22.

TD-DFT

Figure S48: Simulated spectra (A, D), excited states (B, E) and excited states in the relaxed geometry of S1 (C, F) 
of anti (A-C) and syn (D-F) B18H22; in the excited states diagrams, singlets are depicted yellow, triplets orange, 
and the length of the yellow lines on the left side, with scale labels in nm, represents the relative oscillator 
strengths of the singlet excited states.

Figure S49: Simulated spectra (A), excited states (B) and excited states in the relaxed geometry of S1 (C) of 1-
HS-syn-B18H21.

Figure S50: Simulated spectra (A), excited states (B) and excited states in the relaxed geometry of S1 (C) of 2-
HS-syn-B18H21.

Figure S51: Simulated spectra (A), excited states (B) and excited states in the relaxed geometry of S1 (C) of 3-
HS-syn-B18H21.

Figure S52: Simulated spectra (A), excited states (B) and excited states in the relaxed geometry of S1 (C) of 4-
HS-syn-B18H21.

Figure S53: Optimized geometries of anti-B18H22: the ground state (A) and the first excited singlet (B).

Figure S54: Optimized geometries of syn-B18H22: the ground state (A) and the first excited singlet (B).
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Figure S55: Natural Transition Orbitals (bottom hole, top electron) for the absorption of syn-B18H22 to the first 
excited singlet in the ground state geometry (left) and its luminescence from the relaxed geometry of S1 (right).

Table S15: Excitation energies (Eexc) and the associated wavelengths (λ) of the first ((S1) and second (S2) excited 
states in the ground state geometry, and that of the first singlet excited state in its optimised geometry (S1/S1)

syn-B18H22

1-SH-syn-B18H21

3-SH-syn-B18H21

4-SH-syn-B18H21

Figure S1.Experimental Stack plot of 11B{1H} decoupled spectra of syn-B18H22, 1-HS-syn-B18H21, 3-HS-syn-B18H21, 
and 4-HS-syn-B18H21.
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Figure S2. Corrilartion of experimental coupled and decoupled 11B{1H} spectra of syn-B18H22, 1-HS-syn-B18H21, 
3-HS-syn-B18H21, and 4-HS-syn-B18H21. 

syn-B18H21 11B NMR assignment

In the 11B NMR spectrum of syn-B18H22 (Figure S3) we see ten peaks: 13.5 ppm (a), 9.7 ppm (b), 9.3 ppm (c), 3.0 
ppm (d), 1.7 ppm (e), -2.0 ppm (f), -4.1 ppm (g), -15.9 (h), -28.0 (i), and -40.0 (j); b and g are singlets of 
intensity 1, and all others doublets of intensity 2, so b and g evidently belong to the two common atoms of the 
two decaborane subunits, 5 and 6.

The 11B COSY NMR spectrum (Figure S5) allows to deduce information on the connectivity of the boron atoms 
represented by individual signals. The signal a has cross peaks with e, f, h, i, and j; b with i, and possibly a weak 
one with h; c with e, g, and j; d only with j; e with a, c, g, i, and j; f with a, h, and j; g with c, e, and i; h with a, f, i, and 
possibly b; i with a, b, e, g, and h; and j with a, c, d, e, and f. So a will be a neighbour of e, and they will have two 
common neighbours, i and j, which suggests the arrangement of two triangles a–e–i and a–e–j with a–e for a 
common edge; a and i have h for another common neighbour besides e, a and j form another triangle with f, e 
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and i with g, and e and j with c, while h and f also interact with one another, and so do c and g; we can connect d 
on the basis of the COSY only to j, and b to i with a possible but uncertain completion of a triangle with h (Figure 
S6).

The 11B–1H HMQC spectrum (Figure S8) allows assignment of protons to borons. To identify the correct position 
of our connection diagram in the schematic structure of syn-B18H22 (Figure 1B), we will need, especially for the 
bridging hydrogens, the information which pairs of boron atoms are connected by them. Among our 11B signals, 
a has a cross peak with 1H at 3.8 ppm, b at 1.3 ppm, and we know for two reasons that this is a bridging hydrogen: 
b is a singlet, so it has no terminal hydrogen, and the hydrogen at 1.3 has another cross peak with h; at the same 
time, h has another cross peak with 1H, its terminal hydrogen, at 2.6 ppm. For c, there is a cross peak with -0.9 
ppm with another bridging hydrogen that interacts with d as well, and a weak cross peak with its terminal 1H at 
3.8 ppm. The cross peak with the terminal 1H of d is at 3.4 ppm, and there is one more cross peak of d with one 
more bridging hydrogen at -2.5 ppm; that bridging hydrogen interacts with f. That boron has the cross peak with 
its terminal hydrogen at 3.1 ppm, while e has it at 3.6 ppm, i at -0.2 ppm, j at 0.6 ppm, and g, the second singlet 
in 11B spectrum, has none. The important part for 11B NMR assignment are the three bridging hydrogens that 
connect b with h, c with d, and d with f: when we add these hydrogen bridges to our connection diagram, we can 
finally fit it on the syn-B18H22 structure unequivocally (Figure S7).

From the comparison of Figure S7 and Figure 1B follows that a (13.5 ppm) = 3, 3'; b (9.7 ppm) = 6 (= 6'); c (9.3 
ppm) = 10, 10'; d (3.0 ppm) = 9, 9'; e (1.7 ppm) = 1, 1'; f (-2.0 ppm) = 8, 8'; g (-4.1 ppm) = 5 (= 5'); h (-15.9 ppm) 
= 7, 7'; i (-28.0 ppm) = 2, 2'; and j (-40.0 ppm) = 4, 4'.

Table S1: NMR chemical shifts of 11B and 1H in syn-B18H22

positions 1, 1' 2, 2' 3, 3' 4, 4' 5 = 5' 6 = 6' 7, 7' 8, 8' 9, 9' 10, 10' μ(6, 7) μ(8, 9) μ(9, 10)

δ(11B)/ppm 1.7 -28.0 13.5 -40.0 -4.1 9.7 -15.9 -2.0 3.0 9.3 X X X

δ(1H)/ppm 3.6 -0.2 3.8 0.6 X X 2.6 3.1 3.4 3.8 1.3 -2.5 -0.9
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Figure S3. Experimental decoupled (top) and coupled (bottom) 11B NMR spectra of syn-B18H22 with integrals 
normalised to 1 atom = 10 units.
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Figure S4. Correlation between the (top) experimental and (bottom) computational 11B NMR spectra of syn-
B18H22. Ratio of the boron signal intensity of experimental 11B NMR: 2:1:2:2:2:2:1:2:2:2.
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Figure S5. 2-D [11B-11B]-COSY-{1H} NMR spectrum of syn-B18H22. with the 1D spectra aligned along its edges.
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Figure S6. syn-B18H22 connections deduced from 11B-COSY NMR

Figure S7. syn-B18H22 connections deduced from 11B COSY NMR: (A) augmented with hydrogen bridges found 
in 11B–1H HMQC NMR; (B) expanded to the full formula.
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Figure S8. 2-D [1H-11B]-HMQC NMR spectrum of syn-B18H22 with the 1D spectra aligned along its edges.
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Figure S9. 1H{B} decoupled (top) and coupled (bottom) proton NMR spectra of syn-B18H22

1-HS-syn-B18H21 11B NMR assignment

In the 11B NMR spectra of monosubstituted syn-B18H22 derivatives we can expect three singlets: the peaks of B(5) 
and B(6), and that of the substituted atom. In the spectra of 1-HS-syn-B18H21 (Figure S10) we see clearly two 
singlets at 11.0 ppm and -3.8 ppm, altogether 16 major peaks, and three smaller peaks of a major impurity (10–
20 molar %) that correspond to three peaks (of intensity 2) of the parent syn-B18H22. The peaks at 8.3 ppm and -
28.1 ppm have integrated intensity two times larger than the other 14, and that at 8.3 ppm contains the third 
singlet, coinciding with a doublet. Comparing the spectra of the derivative with those of the parent borane, we 
can tentatively assign the pair of peaks in the lowest field, at 16.7 ppm and 15.0 ppm, to the boron atoms 3 and 
3', that in the highest field, at -37.2 and -40.6 ppm, to the borons 4 and 4', the peaks coinciding at -28.0 ppm to 2 
and 2', and the pair of peaks at -14.3 and -15.6 ppm to 7 and 7'. If we did not know from the X-ray structure that 
the compound is 1-HS-syn-B18H21, we could have deduced it from our chemical expectation that the substitution 
would occur in one of the four positions 1, 2, 3, and 4, and the fact that all the peaks in the areas around those of 
the borons 3, 4, and 2 of the parent borane are doublets here. We can expect that the singlet at the highest field, 
that at -3.8 ppm, will belong to the boron 5 (-4.1 ppm in the parent), while choosing between the assignment of 
6 (9.7 ppm in the parent) and 1 (1.7 in the parent) to the singlets at 11.0 ppm and 8.3 ppm is trickier, as the 11B 
COSY shows.
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In the 11B-11B COSY (Figure S12), we may not see all the cross peaks we could expect according to what we have 
seen in the COSY of the parent, but after the analysis of the spectrum we were able to fine tune its transformation 
so that we can find at least tentative traces of most, keeping still the occurrence of noise and artefacts at an 
acceptable level (Figure S13).  For 5, we expect cross peaks with 1, 1', 2, 2', and 10, 10', for 6 with 2, and 2' only, 
and for 1 with 2, 3, 4, 5, and 10, and no one with any atom of the unsubstituted subunit. The singlet at -3.8 ppm 
has a strong cross peak with that at 11.0 ppm, one more strong one at 2.0 ppm, a weaker one with the peak of 2, 
2', and a weak one at 8.6 ppm, with one of the peaks coinciding at 8.3 ppm in the 1D spectrum. That is in accord 
with the assignment of -3.8 ppm to the boron 5, and points to the singlet at 11.0 ppm belonging to the boron 1, 
not 6. This is confirmed by the singlet at 11.0 ppm having multiple cross peaks besides that with 5: also with 16.7 
ppm (so it is 3, and 15.0 ppm will be 3'), -37.2 ppm (4, and -40.6 ppm will be 4'), -28.0 ppm (2, coinciding with 
2'), and with one of the peaks coinciding at 8.3 ppm — only 10 remains to be assigned, and this position 
corresponds to the cross peak of 5 at 8.6 ppm, the exact position of which is possibly affected there by the 
neighbouring  strong cross peak of 5 with 1. There is another cross peak of the coinciding pair of signals at 8.3 
ppm with 2, 2' around [8.3 ppm, -28.0 ppm], and even one uncertain weak one with 4 at [8.3 ppm, -37.2 ppm], so 
as those signals coinciding at 8.3 ppm should be those of the borons 6 and 10, for 6 we expect the only cross peak 
with 2, 2', and for 10 those with 1, 4, and 5, we should assign the chemical shift of 8.3 ppm to both borons 6 and 
10, their coincidence exact within the error of our measurement.

As the boron 3 in the parent borane has cross peaks with 1, 2, 4, 7, and 8, we can, after the assignment of 11.0 
ppm to 1, and consequently 16.7 ppm to 3 and -37.2 ppm to 4 follow the cross peaks of 3 (16.7 ppm) and 3' (15.0 
ppm), confirm the assignment of -37.2 ppm to 4 and -40.6 ppm to 4', assign -28.0 ppm to 2 and -28.4 ppm to 2', -
14.3 ppm to 7 and -16.6 to 7', and 2.0 ppm to 1', and end up assigning the weak  cross peaks at 0.0 ppm to 3 with 
8, and at -2.0 ppm to 3' with 8'; we can verify this assignment by looking up other weak cross peaks of 8 with 7, 
8' with 7', and 8' with 4', that of 8 with 4 possibly present as well, but hidden by the vicinity of a much stronger 
cross peak. The assignment of 2.0 ppm to 1' is confirmed by its cross peaks with 5, 2', and 4', the last unassigned 
of them at 9.7 ppm thus belonging necessarily to 10'. Boron 4 in the parent borane interacts with 1, 3, 8, 9, and 
10, here we see cross peaks of 4 with 1 and 3, have already discussed the weak one with 10 and apparent absence 
of that with 8, so the last one, strong enough, at 1.1 ppm remains for 9; analogically we have already assigned the 
strong cross peaks of 4' with 1' and 3', as well as the weak ones with 10' and 8', so the last unassigned strong 
cross peak 3.3 ppm must correspond to 9'.

We thus get the observed 11B NMR (192.6 MHz, 295K, CDCl3) signals of 1-HS-syn-B18H22 assigned in the 
sequence:: B3 (16.7 ppm) > B3' (15.0 ppm) > B1 (10.9 ppm) > B10' (9.6 ppm) > B10 (8.3 ppm, according to the 
B10–B5 cross peak 8.6 ppm) >= B6 (8.3 ppm, according to the B6–B2,B2' cross peak 8.3 ppm) >B 9' (3.3 ppm) > 
B1' (2.0 ppm) > B9 (1.0 ppm) > B8 (0.0 ppm) > B8' (-2.0 ppm) >B 5 (-3.8 ppm) > B7 (-14.3 ppm) > B7' (-16.6 
ppm) > B2 (-28.1 ppm, according to the B2–B1 and B2–B3 cross peaks: -28.0 ppm on the x-axis, -27.9 on the y-
axis) >= B2' (-28.1 ppm, according to the B2'–B3' and B1'–B2' cross peaks: -28.4 ppm on the x-axis, -28.3 on the 
y-axis) > B4 (-37.2 ppm) > B4' (-40.6 ppm).

The cross peaks we see in the 11B–1H HMQC NMR spectrum (Figure S14) do not allow us to assign 1H NMR shifts 
to all the hydrogen atoms in the molecule. Looking up the cross peaks of the boron atoms from 3 (16.7 ppm) to 
4' (-40.6 ppm), we find the 1H chemical shifts 4.2 ppm for 3, and 3.9 ppm for 3'. The substituted boron 1 has no 
terminal hydrogen, but 10' does, and we see only its cross peak with the bridging hydrogen 10'–9' at -1.0 ppm 
anyway. The case of 10 and 6 is identical, μH(10, 9) has the chemical shift -0.4 ppm, and μH(6, 7) 1.7 ppm; even 
the expected cross peak of B(6) with μH(6, 7') is absent. The boron 9' has, besides its cross peak with μH(10', 9') 
that with μH(9', 8') at -2.5 ppm, but again none with a terminal hydrogen, only for 1' we see the cross peak with 
H(1') at 3.7 ppm. μH(9, 8) has chemical shift -2.5 ppm but only B(8') has also a visible cross peak with its terminal 
hydrogen at 3.1 ppm. For the boron 5 we do not expect contact with any hydrogen but at the borons 7 and 7' we 
again have expected cross peaks missing, 7 only having on with μH(6, 7), and 7' in contrast with H(7') at 2.6 ppm. 
According to the only cross peak of the coinciding signals of B(2) and B(2'), H(2) and H(2') probably have the 
same chemical shift -0.2 ppm, and the cross peaks of the borons 4 and 4' show the chemical shifts of H(4) as 0.7 
ppm and of H(4') as 0.6 ppm. At least the five bridging hydrogens identified of the expected six confirm our 
assignment of the 11B spectrum.

407



Figure S10. Experimental decoupled (top) and coupled (bottom) 11B NMR spectra of 1-HS-syn-B18H21 (1).
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Figure S11. Correlation between the (top) experimental and (bottom) computational 11B NMR spectra of 1-HS-
syn-B18H21 (1). Ratio of the boron signal intensity of experimental 11B NMR: 1:1:1:1:2:1:1:1:1:1:1:1:1:2:1:1
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Figure S12. 2-D [11B-11B]-COSY-{1H} NMR spectrum of 1-HS-syn-B18H21 (1).
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Figure S13: 11B COSY NMR spectrum of 1-HS-syn-B18H21 treated to see as many cross peaks as possible.
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Figure S14. 2-D [1H-11B]-HMQC NMR spectrum of 1-HS-syn-B18H21 (1).
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Figure S15. 1H{B} decoupled (top) and coupled (bottom) proton NMR spectra of 1-HS-syn-B18H21 (1)

3-HS-syn-B18H21 11B NMR assignment

In the comparison of 1H decoupled and simple (coupled) 11B NMR spectra of 3-HS-syn-B18H21 (Figure S16) we see 
immediately three singlets, that we can on the basis of the parent borane spectrum assign to the substituted 
position 3 (21.4 ppm) and the two borons common to both subunits, that have no terminal hydrogens, 6 (6.6 
ppm) and 5 (-2.2 ppm). The decoupled spectrum contains 17 peaks, in one of them the singlet of B(5) coincides 
with a doublet of another boron atoms, and all the signals of the other 16 boron atoms are individually resolved. 
Still by the analogy with the spectra of the parent we can assign 15.0 ppm to 3’ and tell that the three pairs in the 
upfield part of the spectrum belong -15.4 ppm and -16.8 ppm to 7 and 7', -28.6 ppm and -29.4 ppm to 2 and 2', 
and -38.5 ppm and -39.4 ppm to 4 and 4'.

Again, we verify and complete the assignment by interpreting the 11B–11B COSY NMR spectrum (Figure S18). 
Cross peaks of 3 and 3' allow us to assign -38.5 ppm to 4 and -39.4 ppm to 4', -28.6 ppm to 2 and -29.4 ppm to 2', 
-29.4 ppm to 7 and -28.6 ppm to 7', and 4.4 ppm to 1 and 2.7 ppm to 1', and -3.2 ppm to 8, and -2.0 ppm to 8', in 
the 1D spectrum coinciding with 5 at -2.2 ppm. As we expect for 5 cross peaks with 1, 1', 2, 2', 10, and 10', for 8' 
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with 3', 4', and 7', and for 1' with 2', 3', 4', 5, and 10', our assignment is verified by the cross peaks at [-2.2 ppm, 
4.4 ppm] and [-2.2 ppm, 2.6 ppm] that can only belong to 5–1 and 5–1' because 8 and 8' cannot have cross peaks 
with 5, nor with 1'. We do not see the cross peaks of 5 with 10 and 10' but 1 has a weak cross peak with 10 at 
10.3 ppm, and 1' has similar with 10' at 9.7 ppm. Even though we do not see all the expected cross peaks for 4 
and 4', there are strong enough cross peaks of 4 with 9 at 0.8 ppm and 4' with 9' at 9.7 ppm. The assignment of 
the 11B spectrum is thus complete, and other visible cross peaks like those of 5 with 2 and 2’ of 6 with 2 and 2' or 
those of 1 with 2 and 1' with 2' corroborate it.

The sequence of the observed 11B NMR signals of 3-HS-syn-B18H22 is: 3 (21.4 ppm) > 3' (13.5 ppm) > 10 (10.3 
ppm) > 10' (9.7 ppm) > 6 (6.6 ppm) > 1 (4.4 ppm) > 9' (3.7 ppm) > 1' (2.7 ppm) > 9 (0.8 ppm) > 8' (-2.0 ppm) >= 
5 (-2.2 ppm) > 8 (-3.2 ppm) > 7' (-15.4 ppm) > 7 (-16.8 ppm) > 2 (-28.6 ppm) > 2' (-29.4 ppm) > 4 (-38.5 ppm) > 
4' (-39.4 ppm).

An interesting feature in the 11B–1H HMQC spectrum of 3-HS-syn-B18H21 (Figure S19) is the cross peak of the 
substituted B(3) at 1.4 ppm — with the thiol group hydrogen, in the 1H NMR spectrum decoupled by 11B 
represented by a very sharp peak, and without decoupling only slightly broadened (Figure S20). 3' has a cross 
peak with its terminal hydrogen at 3.8 ppm. For 10 and 10' we have detected cross peaks only with their bridging 
hydrogens with B(9) and B(9'); the chemical shifts of those hydrogens are -0.9 ppm, identical within our 
experimental error, even though μH(9, 10) is visibly upfield of μH(9', 10'). B(6) has strong cross peaks with its 
bridging hydrogens, μH(6, 7) at 1.9 ppm, downfield from μH(6, 7') at 1.1 ppm. According to the cross peaks of 1 
and 1', H(1) has chemical shift 4.0 ppm, and H(1') 3.6 ppm. For borons 9 and 9' we see only their cross peaks 
with their bridging hydrogens, besides μH(9, 10) and μH(9', 10'), there are μH(8, 9) at -2.1 ppm and μH(8', 9') at 
-2.5 ppm. As B(5) is not connected to any hydrogen atom, it does not interfere with the assignment of the 
chemical shift 3.5 ppm to H(8´), while H(8) has 3.1 ppm, according to a weak cross peak. The borons 7 and 7' 
have, besides their cross peaks with μH(6, 7) and μH(6, 7') those with their terminal hydrogens too, even though 
that of B(7) with H(7) at 2.6 ppm is weaker than that of B(7') with H(7') at 2.7 ppm, just like that of B(8) with 
H(8) in comparison to that of B(8') with H(8'). According to their cross peaks with B(4) and B(4'), H(4) has 
chemical shift 0.7 ppm and H(4') 0.6 ppm. For B(2) and B(2'), we had to adjust the parameters of the 
transformation of the spectrum to resolve their cross peaks with H(2) and H(2') at the expense of others (Figure 
S21): follows that H(2) is slightly upfield of H(2') but within our experimental error their chemical shifts are 
identical, -0.2 ppm.
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Figure S16. Experimental decoupled (top) and coupled (bottom) 11B NMR spectra of 3-HS-syn-B18H21 (3).
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Figure S17. Correlation between the (top) experimental and (bottom) computational 11B NMR spectra of 3-HS-
syn-B18H21 (3). Ratio of the boron signal intensity of experimental 11B NMR: 1:1:1:1:1:1:1:2:1:1:1:1:1:1:1:1:1.
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Figure S18. 2-D [11B-11B]-COSY-{1H} NMR spectrum of 3-HS-syn-B18H21 (3).
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Figure S19. 2-D [1H-11B]-HMQC NMR spectrum of 3-HS-syn-B18H21 (3).
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Figure S20. 1H{B} decoupled (top) and coupled (bottom) proton NMR spectra of 3-HS-syn-B18H21 (3).
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Figure S21: 1H–11B HMQC NMR spectrum of 3-HS-syn-B18H21 treated to resolve the cross peaks of B(2) with H(2) 
and B(2') with H(2')

4-HS-syn-B18H21 11B NMR assignment

4-HS-syn-B18H21 has many 11B NMR signals (Figure S22) very close together, especially the group 1, 1', 9, 9'; 8 and 
8' almost coincide, and 7, 7' do not differ at all. Nevertheless, a strong line narrowing transformation (Gaussian 
window on the FID before the Fourier transform 42 Hz wide and shifted 13 ms for the 1H decoupled spectrum 
and 50 Hz shifted 10 ms for the coupled one) allows to differentiate all the peaks (Figure S23). Interestingly, 
there is at -25.8 ppm, in the typical area of 2, 2' signals, a singlet, so likely a signal of a substituted B(2), which 
suggests that even the 2-HS isomer that we have not obtained in pure form may have been form at least as a very 
minor product, and present as an impurity.

Singlets at 8.1 ppm, -3.4 ppm, and -29.2 ppm can be assigned to B(6), B(5), and B(4) respectively just on the 
comparison with the spectra of the parent and the other isomers: 8.1 ppm is upfield of B(6) of the parent, slightly 
more than in 1-HS and less than in 3-HS, -3.4 ppm is downfield of B(5) in the parent, again more than in 1-HS but 
less than in 3-HS, and -29.2 ppm is a singlet downfield of B(4) peaks at the upfield end of syn-B18H22 derivatives 
spectra, shifted from the parent towards the B(2) region, but must belong to the substituted B(4), even if we did 
not know from the X-ray that this is the 4-HS isomer, because there are two doublets close to one another at -
27.7 ppm and -28.1 ppm, evidently B(2) and B(2') (we only have to find out which is which), and only one doublet 
of B(4') is left at -39.8 ppm, downfield of 4, 4' of the parent but less than B(4') of 3-HS.

In 11B-11B COSY, B(4) of syn-B18H22 (Figure S5) has cross peaks with 1, 2, 3, 8, 10, and 9. In the COSY of 4-HS-syn-
B18H21 (Figure S25), no 4'–2' or 4–2 cross peak is seen. There are four cross peaks of 4 (or 5 if there are two at 
3.0 and 2.6 ppm fused together), and four of 4', so besides those with 2 and 2', one more must be missing, at least 
for 4', perhaps that with 8', based on our experience with 1-HS and 3-HS. Assignment of 14.9 ppm to 3 and 13.8 
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ppm to 3' is easy, both downfield of the parent, 3 about as much as 3' in 1-HS, 3' less. Similarly, 10.3 ppm will be 
B(10), downfield of the parent about as much as in 3-HS, and 9.1 ppm B(10'), slightly upfield of the parent, but 
less then B(10) in 1-HS. 4' has a strong cross peak with 3.5 ppm and weaker with 2.0 ppm, 4 has a strong one 
with 2.6 ppm, and possibly a weaker one with 3.0 ppm, fused with the stronger one. We can assign them, along 
with 2 and 2', based on the cross peaks of 2 and 2', as this is the area of borons 1 and 9, and in the parent borane, 
9 has a cross peak only with 4 (and can hardly have one with 2, not even hypothetically), while 1 has cross peaks 
with both 4 and 2 (and 3, 5, and 10). The signal at -28.1 ppm has a cross peak with 2.0 ppm, which has a cross 
peak with 4', so 2.0 ppm is 1', and -28.1 ppm is 2'. It leaves 2 to assign to -27.7 ppm, and its cross peak with 3.0 
ppm, that may, with some uncertainty, have one with 4 as well, make 3.0 ppm B(1). Subsequently 3.5 ppm must 
belong to B(9'), and 2.6 ppm to B(9). The remaining cross peak of B(4) at -1.2 ppm allows us to assign -1.2 ppm 
to B(8), and consequently -1.6 ppm, even without cross peaks detected, to B(8'). The cross peaks of 1 with 3 and 
10, and of 1' with 3' and 10', corroborate this assignment, as do the cross peaks of 3 with 2 and 3' with 2', borons 
5 and 6 having cross peaks with both 2 and 2'. The peak at -16.1 ppm that belongs to borons 7 and 7', has cross 
peaks only with 3 and 3'; those allow to differentiate a bit, albeit around the level of experimental error, between 
B(7) and B(7'), and to assign -16.1 ppm to 7', and -16.2 ppm to 7. We thus have the signals in the 11B (1H 
decoupled) NMR spectrum of 4-HS-syn-B18H21 assigned as: 3 (14.9 ppm) > 3' (13.8 ppm) > 10 (10.3 ppm) > 10' 
(9.1 ppm) > 6 (8.1 ppm) > 9' (3.5 ppm) > 1 (3.0 ppm) > 9 (2.6 ppm) > 1' (2.0 ppm) > 8 (-1.2 ppm) > 8' (-1.6 ppm) 
> 5 (-3.4 ppm) > 7' (-16.1 ppm) >= 7 (-16.2 ppm) > 2 (-27.7 ppm) > 2' (-28.1 ppm) > 4 (-29.2 ppm) > 4' (-39.8 
ppm). 

From the cross peaks in the 1H–11B HMQC spectrum (Figure S26) we see that H(3) has chemical shift 4.0 ppm, 
H(3') 3.8 ppm, μH(9, 10) -0.3 ppm, μH(9', 10') -0.9 ppm, μH(6, 7') 1.2 ppm, μH(6, 7) 1.4 ppm, μH(8', 9') -2.5 ppm, 
μH(8, 9) -1.9 ppm, the cross peaks of the terminal hydrogens at the positions 10 and 10' are not detected, H(1) 
has chemical shift 3.8 ppm, H(1') 3.7 ppm, H(8) 3.4 ppm, H(8') 3.1 ppm, H(7') 2.5 ppm, H(7) 2.7 ppm, H(2) -0.1 
ppm, H(2') -0.3 ppm, and H(4') 0.6 ppm. The cross peaks of the bridging hydrogens confirm our assignment of 
the 11B spectrum.
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Figure S22. Experimental decoupled (top) and coupled (bottom) 11B NMR spectra of 4-HS-syn-B18H21.
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Figure S23: 1H decoupled 11B NMR spectrum of 4-HS-syn-B18H21 superimposed on the non-decoupled one, 
transformation of the FID fine-tuned to get lines narrow enough for discriminating all the signals.
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Figure S24. Correlation between the (top) experimental and (bottom) computational 11B NMR spectra of 4-HS-
syn-B18H21 (4). Ratio of the boron signal intensity of experimental 11B NMR: 1:1:1:1:1:1:2:1:2:1:2:1:1:1:1
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Figure S25. 2-D [11B-11B]-COSY-{1H} NMR spectrum of 4-HS-syn-B18H21 (4)  
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Figure S26. 2-D [1H-11B]-HMQC NMR spectrum of 4-HS-syn-B18H21 (4)  
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Figure S27. Decoupled (top) 1H{B} and coupled (bottom) proton NMR spectra of 4-HS-syn-B18H21 (4).

Table S2. Calculated chemical shift in ppm

Atom (Position) syn-B18H22 1-HS-syn-B18H21 2-HS-syn-B18H21 3-HS-syn-B18H21 4-HS-syn-B18H21

B(1) 2.15 11.57 3.49 5.70 3.18
B(2) -32.27 -33.26 -27.29 -33.15 -32.37
B(3) 14.76 17.93 16.04 21.23 13.57
B(4) -40.64 -42.84 -42.36 -41.86 -31.81
B(5=5’) -6.03 -5.04 -4.60 -3.94 -4.67
B(6=6’) 9.93 6.13 7.63 6.08 8.13
B(7) -18.12 -18.00 -20.19 -20.67 -20.43
B(8) -0.28 -2.99 -5.89 -4.01 -4.88
B(9) 4.44 -1.74 -2.17 -0.04 -0.13
B(10) 9.32 6.31 7.78 8.96 10.15
B(1’) 2.15 1.50 3.77 4.17 2.27
B(2’) -32.27 -32.29 30.72 -33.34 -31.57
B(3’) 14.46 13.24 10.71 15.00 14.38
B(4’) -40.64 -44.07 -37.88 -40.66 -42.81
B(7’) -18.12 -21.84 -18.52 -19.68 -18.66
B(8’) -0.28 -6.42 -7.57 -6.42 -4.67
B(9’) 4.44 0.19 5.75 1.73 0.87
B(10’) 9.32 8.75 3.32 9.72 8.23
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Table S3. Experimental chemical shift in ppm

syn-B18H22 Intensity 
Ratio

1-HS-syn-
B18H21

Intensity 
Ratio

3-HS-syn-
B18H21

Intensity 
Ratio

4-HS-syn-
B18H21

Intensity 
Ratio

13.552 2 16.698 1 21.354 1 14.898 1
9.664 1 15.022 1 13.479 1 13.846 1
9.321 2 10.938 1 10.300 1 10.3 1
2.987 2 9.628 1 9.664 1 9.126 1
1.666 2 8.348 2 6.631 1 8.098 1
-2.002 2 3.288 1 4.381 1 3.403 1
-4.057 1 2.008 1 3.696 1 2.938 2

-15.870 2 1.063 1 2.718 2 1.984 1
-28.025 2 -0.003 1 0.810 1 -1.318 2
-39.936 2 -2.015 1 -2.174 1 -3.445 1

-3.844 1 -3.152 1 -16.114 2
-14.328 1 -15.430 1 -27.805 1
-16.553 1 -16.750 1 -28.098 1
-28.073 2 -28.588 1 -29.272 1
-37.217 1 -29.419 1 -39.765 1
-40.569 1 -38.517 1

-39.447 1

Figure S28. Positive ion mode MS ESI spectra of HS-B18H21. (Top) full range m/z spectrum and (bottom) 
corresponding experimental and theoretical matching of different fragments.
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Figure S29. FTIR of HS-syn-B18H21 isomers and syn-B18H22.

Figure S30. DT analysis showing the volatility of HS-syn-B18H21 isomers and syn-B18H22.
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Luminescence properties

Figure S31. Phosphorescence decay kinetics of powder of 4-HS-syn-B18H21 in air atmosphere (black), argon 
atmosphere (red) or oxygen atmosphere (blue) excited at 380 nm, recorded at 470 nm.

Figure S32. Normalized emission spectra of syn-B18H22, 1, 3, and 4 in air-saturated hexane, excited at 330 nm; 
normalized excitation spectra (dashed lines) recorded at the maximum of emission, apart for syn-B18H22 
recorded at 420 nm (A). Fluorescence decay kinetics of syn-B18H22, 1, 3, and 4 in air-saturated hexane, excited at 
402 nm, recorded at the maximum of emission, apart for syn-B18H22 recorded at 420 nm (B).
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Figure S33. Normalized emission spectra (plain lines) of anti-B18H22 excited at 340 nm in air atmosphere; 
normalized excitation spectra (dashed lines) recorded at the maximum of emission (A). Fluorescence decay 
kinetics of anti-B18H22 in air atmosphere, excited at 402 nm, recorded at 420 nm (B). 

Table S4. Photophysical properties of syn-B18H22 and the thiolated boranes in hexane at room 
temperature.a

Sample L / nm L L / ns

Syn-B18H22 390 <0.01 1.1

1 426 <0.01 1.4

3 483 <0.01 1.0

4 515 <0.01 0.3

a L - luminescence maximum (exc = 380 nm); τL –amplitude average lifetimes (exc = 380 nm) measured at the 
maximum of emission; ΦL luminescence quantum yields (exc = 380 nm, experimental error of ΦL is ± 0.01); b 

shoulder; c after grinding
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Figure S34. Overview X-ray photoelectron spectrum (A) as well as high-resolution C 1s (B) and O 1s (C) spectra 
of the formed [4-HS-syn-B18H21] 4 SAM on Ag. The data clearly show only the presence of boron, sulfur and silver 
signals in the sample. No carbon or oxygen signals are detected demonstrating a high quality of the formed SAM.

Figure S35. B-B-B angle, bond and centroid(c1-c2) distance of syn-B18H22, 1, 3, and 4 ismores polymorphs (A, 
B, C, D, E, and F respectively).

Table S5. Bond distance comparison of all the isomers with syn-B18H22

Atom1 Atom2 syn-B18H22 1-HS-syn-
B18H21 
PM1a

1-HS-syn-
B18H21 PM1b

1-HS-syn-
B18H21

4-HS-syn-
B18H21 
PM4a

4-HS-syn-
B18H21 
PM4b

B6 B5 1.810(2) 1.808(3) 1.815(3) 1.810(3) 1.803(2) 1.799(2)
B6 B2' 1.735(2) 1.734(3) 1.735(4) 1.741(3) 1.737(2) 1.737(2)
B6 B7 1.789(2) 1.783(3) 1.793(4) 1.795(2) 1.797(2) 1.785(2)
B6 B2 1.729(2) 1.737(4) 1.736(4) 1.740(3) 1.743(2) 1.737(3)
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B6 B7' 1.792(2) 1.798(3) 1.796(5) 1.796(3) 1.781(2) 1.783(2)
B6 H1b0607' 1.28(2) 1.21(2) 1.23(3) 1.27(2) 1.30(1) 1.29(2)
B6 H1b0607 1.28(1) 1.30(2) 1.28(3) 1.30(2) 1.28(1) 1.30(2)
B5 B1' 1.777(2) 1.768(3) 1.776(4) 1.768(2) 1.775(2) 1.775(2)
B5 B2' 1.837(2) 1.834(4) 1.841(4) 1.829(2) 1.830(2) 1.833(3)
B5 B10 1.985(2) 1.980(3) 1.973(4) 1.995(3) 1.991(2) 1.973(2)
B5 B1 1.771(2) 1.793(4) 1.778(4) 1.771(2) 1.775(2) 1.779(2)
B5 B2 1.843(2) 1.840(3) 1.841(4) 1.831(2) 1.834(2) 1.839(2)
B5 B10' 1.981(2) 1.988(3) 1.977(4) 1.990(2) 1.976(2) 1.976(2)
B1' B2' 1.788(2) 1.791(3) 1.793(3) 1.793(3) 1.793(2) 1.791(2)
B1' B10' 1.749(2) 1.746(4) 1.747(3) 1.749(3) 1.754(2) 1.745(3)
B1' B3' 1.789(2) 1.787(3) 1.792(4) 1.786(3) 1.790(2) 1.785(2)
B1' B4' 1.797(2) 1.796(3) 1.792(4) 1.794(3) 1.796(2) 1.795(2)
B1' H1b1' 1.05(2) 1.05(2) 1.09(2) 1.06(2) 1.05(1) 1.06(2)
B2' B3' 1.763(2) 1.757(3) 1.758(5) 1.765(2) 1.762(2) 1.764(2)
B2' B7' 1.803(2) 1.794(3) 1.793(4) 1.801(3) 1.793(2) 1.796(2)
B2' H1b2' 1.05(1) 1.05(2) 1.10(3) 1.05(2) 1.07(1) 1.06(2)
B10 B1 1.746(2) 1.760(4) 1.761(3) 1.754(3) 1.744(2) 1.752(2)
B10 B9 1.781(2) 1.784(3) 1.778(4) 1.781(2) 1.791(2) 1.786(3)
B10 B4 1.792(2) 1.793(4) 1.792(5) 1.787(2) 1.788(2) 1.789(3)
B10 H1b0910 1.25(2) 1.27(3) 1.26(3) 1.31(2) 1.26(1) 1.24(2)
B10 H1b10 1.08(2) 1.09(3) 1.07(4) 1.06(2) 1.05(1) 1.07(2)
B7 B8 1.953(2) 1.949(3) 1.953(4) 1.923(3) 1.946(2) 1.951(2)
B7 B2 1.796(2) 1.793(3) 1.796(3) 1.801(3) 1.796(2) 1.799(3)
B7 B3 1.758(2) 1.758(4) 1.761(4) 1.770(3) 1.760(2) 1.760(3)
B7 H1b7 1.05(2) 1.03(3) 1.09(4) 1.10(2) 1.08(1) 1.09(2)
B7 H1b0607 1.26(2) 1.22(3) 1.20(3) 1.22(2) 1.22(1) 1.22(2)
B1 B2 1.787(2) 1.798(3) 1.794(4) 1.796(3) 1.790(2) 1.793(2)
B1 B4 1.798(2) 1.797(3) 1.800(4) 1.805(3) 1.805(2) 1.795(2)
B1 B3 1.787(2) 1.794(3) 1.795(4) 1.790(2) 1.795(2) 1.791(2)
B1 H1b1 1.08(2) 1.07(2) 1.07(1) 1.08(2)
B8 B9 1.800(2) 1.798(3) 1.803(4) 1.802(3) 1.805(2) 1.812(3)
B8 B4 1.808(2) 1.804(4) 1.804(4) 1.808(3) 1.813(2) 1.809(3)
B8 B3 1.763(2) 1.761(4) 1.769(4) 1.774(3) 1.767(2) 1.762(3)
B8 H1b8 1.08(2) 1.04(2) 1.07(3) 1.07(2) 1.07(1) 1.07(2)
B8 H1b0809 1.23(2) 1.26(3) 1.26(4) 1.24(2) 1.25(1) 1.23(2)
B9 B4 1.726(2) 1.721(4) 1.727(5) 1.729(3) 1.724(2) 1.725(3)
B9 H1b0910 1.27(2) 1.27(3) 1.21(4) 1.19(2) 1.24(1) 1.26(2)
B9 H1b9 1.07(1) 1.05(3) 1.07(3) 1.02(2) 1.05(2) 1.09(2)
B9 H1b0809 1.27(2) 1.34(3 1.32(4) 1.27(2) 1.27(2) 1.27(2)
B2 B3 1.763(2) 1.767(3) 1.767(5) 1.756(2) 1.761(2) 1.756(2)
B2 H1b2 1.05(1) 1.05(2) 1.11(2) 1.05(2) 1.07(1) 1.04(2)
B10' B4' 1.786(2) 1.782(5) 1.779(4) 1.783(3) 1.785(2) 1.785(3)
B10' B9' 1.783(2) 1.788(4) 1.778(4) 1.788(3) 1.784(2) 1.785(2)
B10' H1b10' 1.09(2) 1.06(3) 1.02(2) 1.04(2) 1.10(1) 1.07(2
B10' H1b0910' 1.27(2) 1.28(3) 1.27(3) 1.21(2) 1.25(1) 1.27(2)
B4 B3 1.782(2) 1.785(3) 1.789(3) 1.771(3) 1.775(2) 1.787(2)
B4 H1b4 1.03(2) 1.08(3) 1.03(4) 1.06(2)
B3' B7' 1.762(2) 1.762(3) 1.759(4) 1.761(2) 1.761(2) 1.762(2)
B3' B4' 1.780(2) 1.774(4) 1.775(3) 1.778(3) 1.780(2) 1.774(3)
B3' B8' 1.767(2) 1.759(3) 1.760(3) 1.761(3) 1.765(2) 1.761(2)
B3' H1b3' 1.07(2) 1.04(3) 1.01(4) 1.07(2) 1.09(1) 1.08(2)
B7' B8' 1.959(2) 1.950(3) 1.965(4) 1.954(2) 1.952(2) 1.956(2)
B7' H1b7' 1.07(2) 1.03(3) 1.05(3) 1.08(2) 1.07(1) 1.08(2)
B7' H1b0607' 1.23(2) 1.22(3) 1.22(3) 1.22(2) 1.23(1) 1.23(2)
B3 H1b3 1.05(2) 1.13(3) 1.13(3) 1.08(1) 1.07(2)
B4' B8' 1.811(2) 1.802(3) 1.800(3) 1.810(3) 1.804(2) 1.801(2)
B4' B9' 1.725(2) 1.724(4) 1.729(3) 1.727(3) 1.727(2) 1.723(3)
B4' H1b4' 1.05(2) 1.27(3) 1.05(3) 1.06(2) 1.09(1) 1.15(2)

433



B8' B9' 1.806(2) 1.796(4) 1.798(3) 1.796(3) 1.794(2) 1.794(3)
B8' H1b8' 1.08(2) 1.08(3) 1.02(3) 1.03(2) 1.06(2) 1.03(2)
B8' H1b0809' 1.26(2) 1.20(3) 1.24(4) 1.28(2) 1.25(1) 1.26(2)
B9' H1b9' 1.07(1) 1.02(2) 1.09(3) 1.08(2) 1.07(2) 1.05(2)
B9' H1b0809' 1.29(2) 1.29(2) 1.30(3) 1.30(2) 1.30(2) 1.26(2)
B9' H1b0910' 1.25(2) 1.23(3) 1.23(4) 1.18(2) 1.23(1) 1.24(2)

Powder X-ray diffraction and Rietveld refinement

XRPD was investigated on a SmartLab Rigaku powder diffractometer with a rotating Cu anode at room 

temperature using a HyPix-3000 detector. It was confirmed that no phase of HS-syn-B18H21 was missed. The 

data were processed using the HighScore Plus program from PANalytical. The results of the phase analysis are 

in following Figures S36 to S40.

Figure S36. Rietveld refinement of the powdered sample of syn-B18H22.
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Figure S37. Rietveld refinement of the powdered sample of1-HS-syn-B18H21 (PM1b) and syn-B18H22.

Figure S38. Rietveld refinement of the powdered sample of 4-HS-syn-B18H21 (PM4a).
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Figure S39. Rietveld refinement of the powdered sample of 4-HS-syn-B18H21 (PM4a and PM4b) and syn-B18H22.

Figure 40. Powder X-ray diffraction pattern (PXRD) of anti-B18H22 (obtained at room temperature using a 
PANalytical Empyrean diffractometer equipped with a conventional Cu X-ray tube and PIXcel detector). The data 
were processed using the HighScore Plus program from PANalytical, and the obtained diffraction pattern fits 
perfectly to the single-crystal simulated one (CCDC number 602765).

Single crystal X-ray analysis 

The X-ray diffraction data of samples were collected with Rigaku OD Supernova using Atlas S2 CCD detector and 

mirror collimated Cu-Kα (λ = 1.54184 Å) from micro-focused sealed X-ray tube. The samples were cooled to 95 

K during the measurement. Integration of the CCD images, absorption correction and scaling were done by 

program CrysAlisPro 1.171.41.123a (Rigaku Oxford Diffraction, 2022). Crystal structures were solved by charge 

flipping with program SUPERFLIP and refined with the Jana2020 program package by full-matrix least-squares 

technique on F2. All hydrogen atoms were visible in difference Fourier maps and positions of all of them were 
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refined freely. The isotropic atomic displacement parameters of hydrogen atoms were evaluated as 1.2Ueq of the 

parent atom. ORTEP diagrams (Figure S41 to S46) were made in Diamond 4.5.1. Obtained crystallographic data 

are in Tables S6 to S13

Figure S41. ORTEP structure of syn-B18H22 isomer having 50% thermal ellipsoid probability.
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Figure S42. ORTEP structure of 1-HS-syn-B18H21 PM1a isomer having 50% thermal ellipsoid probability.
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Figure S43. ORTEP structure of 1-HS-syn-B18H21 PM1b isomer having 50% thermal ellipsoid probability.
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Figure S44. ORTEP structure of 3-HS-syn-B18H21 isomer having 50% thermal ellipsoid probability.
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Figure S45. ORTEP structure of 4-HS-syn-B18H21 PM4a isomer having 50% thermal ellipsoid probability.
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Figure S46. ORTEP structure of 4-HS-syn-B18H21 PM4b isomer having 50% thermal ellipsoid probability.

Table S6. Crystallographic collection and refinement data for syn-B18H22 measured at 95 K.

syn-B18H22 – at 95 K.

CCDC 2262308

Empirical formula B18 H22

Diffractometer four-cycle diffractometer

Cryostream, AtlasS2, Rigaku OD 

Supernova

Mr /g mol−1 216.8 (formula weight)
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syn-B18H22 – at 95 K.

T/K 95

Wavelength / Å 1.54184

Crystal system monoclinic

Space group P21/c

a/Å 9.108(2)

b/Å 13.050(3)

c/Å 12.432(2)

α/deg 90

β/deg 109.94(3)

γ/deg 90

V/Å3 1389.1(6)

Z 4

Calc. density/g cm−3 1.0364

μ mm-1 0.219

F(000) 448

Crystal size /mm3 0.090 x 0.080 x 0.040

θ range /° 5.1 – 73.0

Index ranges /hkl -10, 11, -16, 16, -15, 8

Reflections collected (Rint) 7784 (0.042)

Independent reflections 2740
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syn-B18H22 – at 95 K.

Completeness /%  to θ /° 98, 73.53

Absorption correction multiscan

Max. and min. transmission 0. 76, 1

Data / restraints / constraints 

/ parameters

2740/ 0 / 22 / 229

Goodness-of-fit on F2 1.51 (1)

R1, wR2 [I>3(I)] 0.0397, 0.0857

R1, wR2 (all data) 0.0573, 0.0920

Largest diff. peak and hole, eÅ-

3

0.15, -0.15

Table S7. Crystallographic collection and refinement data for syn-B18H22 measured at room temperature.

syn-B18H22 – at RT.

CCDC 2265132

Empirical formula B18 H22

Diffractometer four-cycle diffractometer

Cryostream, AtlasS2, Rigaku OD 

Supernova

Mr /g mol−1 216.8 (formula weight)

T/K 300

Wavelength / Å 0.71073

444



syn-B18H22 – at RT.

Crystal system monoclinic

Space group P21/c

a/Å 9.1929(11)

b/Å 13.1716(14)

c/Å 12.5191(14)

α/deg 90

β/deg 109.759(11)

γ/deg 90

V/Å3 1426.63

Z 4

Calc. density/g cm−3 1.009

μ mm-1 0.04

F(000) 448

Crystal size /mm3 0.21 × 0.12 × 0.07

θ range /° 2.8 – 25.5

Index ranges /hkl -9, 12, -18, 13, -16, 14

Reflections collected (Rint) 6140 (0.035)

Independent reflections 3293

Completeness /%  to θ /° 98, 26.86

Absorption correction multiscan
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syn-B18H22 – at RT.

Max. and min. transmission 0. 69, 1

Data / restraints / constraints 

/ parameters

3293/ 0 / 22 / 229

Goodness-of-fit on F2 1.31 (1)

R1, wR2 [I>3(I)] 0.0585, 0.1231

R1, wR2 (all data) 0.1146, 0.1472

Largest diff. peak and hole, eÅ-

3

0.13, -0.12

Table S8. Crystallographic collection and refinement data for 1-HS-syn-B18H21 (PM1a).

POLYMORPH 1-HS-syn-B18H21 (PM1a)

CCDC 2262296

Empirical formula B18 H22 S1

Diffractometer four-cycle diffractometer

Cryostream, AtlasS2, Rigaku OD 

Supernova

Mr /g mol−1 248.8 (formula weight)

T/K 95

Wavelength / Å 1.54184

Crystal system monoclinic

Space group P21/c

a/Å 10.0437 (6)
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POLYMORPH 1-HS-syn-B18H21 (PM1a)

b/Å 11.3556 (6)

c/Å 13.8050 (8)

α/deg 90

β/deg 108.575 (5)

γ/deg 90

V/Å3 1492.47 (15)

Z 4

Calc. density/g cm−3 1.1073

μ mm-1 1.536

F(000) 512

Crystal size /mm3 0.050 x 0.042 x 0.020

θ range /° 4.6 – 73.3

Index ranges /hkl -12, 12, -11, 14, -16, 16

Reflections collected (Rint) 10154 (0.072)

Independent reflections 2952

Completeness /% to θ /° 99, 66.97

Absorption correction multiscan

Max. and min. transmission 0. 164, 1

Data / restraints / constraints 

/ parameters

2891 / 0 / 22 / 238

Goodness-of-fit on F2 1.26 (1)
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POLYMORPH 1-HS-syn-B18H21 (PM1a)

R1, wR2 [I>3(I)] 0.0452, 0.0944

R1, wR2 (all data) 0.0744, 0.1057

Largest diff. peak and hole, eÅ-

3

0.25, -0.31

Table S9. Crystallographic collection and refinement data for 1-HS-syn-B18H21 (PM1b).

1-HS-syn-B18H21 (PM1b)

CCDC 2262299

Empirical formula B18 H22 S1

Diffractometer four-cycle diffractometer

Cryostream, AtlasS2, Rigaku OD 

Supernova

Mr /g mol−1 248.8 (formula weight)

T/K 95

Wavelength / Å 1.54184

Crystal system monoclinic

Space group P21/n

a/Å 10.0415(7)

b/Å 11.6578(8)

c/Å 13.4184(9)

α/deg 90
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1-HS-syn-B18H21 (PM1b)

β/deg 110.018(6)

γ/deg 90

V/Å3 1475.88(18)

Z 4

Calc. density/g cm−3 1.1198

μ mm-1 1.553

F(000) 512

Crystal size /mm3 0.068 x 0.047 x 0.032

θ range /° 4.80 – 72.87

Index ranges /hkl -12, 11, -8, 13, -14, 16

Reflections collected (Rint) 8326 (0.0651)

Independent reflections 2867

Completeness /% to θ /° 99, 66.49

Absorption correction multiscan

Max. and min. transmission 0.621, 1

Data / restraints / constraints 

/ parameters

2867 / 0 / 22 / 238

Goodness-of-fit on F2 1.54 (1)

R1, wR2 [I>3(I)] 0.0451, 0.1115

R1, wR2 (all data) 0.0674, 0.1189
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1-HS-syn-B18H21 (PM1b)

Largest diff. peak and hole, eÅ-

3

0.28, -0.35

Table S10. Crystallographic collection and refinement data for 3-HS-syn-B18H21.

3-HS-syn-B18H21

CCDC 2262294

Empirical formula B18 H22 S1

Diffractometer four-cycle diffractometer

Cryostream, AtlasS2, Rigaku OD 

Supernova

Mr /g mol−1 248.8 (formula weight)

T/K 95

Wavelength / Å 1.54184

Crystal system monoclinic

Space group P21/c

a/Å 12.264(2)

b/Å 6.659(2)

c/Å 19.098(4)

α/deg 90

β/deg 107.06(3)
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3-HS-syn-B18H21

γ/deg 90

V/Å3 1491.0(6)

Z 4

Calc. density/g cm−3 1.1084

μ mm-1 1.538

F(000) 512

Crystal size /mm3 0.070 x 0.046 x 0.027

θ range /° 7.1 – 72.5

Index ranges /hkl -13, 15, -8, 8, -23, 23

Reflections collected (Rint) 8518 (0.038)

Independent reflections 2891

Completeness /% to θ /° 99, 66.49

Absorption correction multiscan

Max. and min. transmission 0. 471, 1

Data / restraints / constraints 

/ parameters

2891 / 0 / 22 / 238

Goodness-of-fit on F2 1.52 (1)

R1, wR2 [I>3(I)] 0.0356, 0.0804

R1, wR2 (all data) 0.0469, 0.0846

Largest diff. peak and hole, eÅ-

3

0.24, -0.24
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Table S11. Crystallographic collection and refinement data for 4-HS-syn-B18H21 (PM 4a).

POLYMORPH 4-HS-syn-B18H21 (PM 4a)

CCDC 2262307

Empirical formula B18 H22 S1

Diffractometer four-cycle diffractometer

Cryostream, AtlasS2, Rigaku OD 

Supernova

Mr /g mol−1 248.8 (formula weight)

T/K 95

Wavelength / Å 1.54184

Crystal system orthorhombic

Space group Pbca

a/Å 14.4249 (5)

b/Å 11.9778 (4)

c/Å 17.8595 (6)

α/deg 90

β/deg 90

γ/deg 90

V/Å3 3085.74 (18)

Z 8

Calc. density/g cm−3 1.0712
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POLYMORPH 4-HS-syn-B18H21 (PM 4a)

μ mm-1 1.486

F(000) 1024

Crystal size /mm3 0.074 x 0.044 x 0.019

θ range /° 4.9 – 72.9

Index ranges /hkl -15, 17, -7, 14, -21, 18

Reflections collected (Rint) 6528 (0.022)

Independent reflections 2994

Completeness /% to θ /° 99, 66.97

Absorption correction multiscan

Max. and min. transmission 0. 81, 1

Data / restraints / constraints 

/ parameters

2994 / 0 / 22 / 238

Goodness-of-fit on F2 1.69 (1)

R1, wR2 [I>3(I)] 0.0300, 0.0720

R1, wR2 (all data) 0.0361, 0.0743

Largest diff. peak and hole, eÅ-

3

0.18, -0.20

Table S12. Crystallographic collection and refinement data for PM4a measured at room temperature.
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PM4a – at RT.

CCDC 2265136

Empirical formula SB18 H22

Diffractometer four-cycle diffractometer

Cryostream, AtlasS2, Rigaku OD 

Supernova

Mr /g mol−1 248.8 (formula weight)

T/K 300

Wavelength / Å 1.54184

Crystal system orthorombic

Space group Pbca

a/Å 17.9237 (10)

b/Å 14.6363 (8)

c/Å 12.0552 (7)

α/deg 90

β/deg 90

γ/deg 90

V/Å3 3162.5 (3)

Z 8

Calc. density/g cm−3 1.045

μ mm-1 1.45

F(000) 1024
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PM4a – at RT.

Crystal size /mm3 0.14 × 0.09 × 0.05

θ range /° 4.9 – 72.9

Index ranges /hkl -21, 1, -17, 17, -4, 14

Reflections collected (Rint) 6766 (0.028)

Independent reflections 3053

Completeness /%  to θ /° 98, 71.21

Absorption correction multiscan

Max. and min. transmission 0. 79, 1

Data / restraints / constraints 

/ parameters

3053/ 0 / 22 / 238

Goodness-of-fit on F2 1.75 (1)

R1, wR2 [I>3(I)] 0.0486, 0.1271

R1, wR2 (all data) 0.0686, 0.1388

Largest diff. peak and hole, eÅ-

3

0.18, -0.16

Table S13. Crystallographic collection and refinement data for 4-HS-syn-B18H21 (PM4b).

4-HS-syn-B18H21 (PM4b)

CCDC 2262306
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4-HS-syn-B18H21 (PM4b)

Empirical formula B18 H22 S1

Diffractometer four-cycle diffractometer

Cryostream, AtlasS2, Rigaku OD 

Supernova

Mr /g mol−1 248.8 (formula weight)

T/K 95

Wavelength / Å 1.54184

Crystal system monoclinic

Space group P21/n

a/Å 10.453 (2)

b/Å 12.585 (3)

c/Å 11.985 (2)

α/deg 90

β/deg 91.29 (3)

γ/deg 90

V/Å3 1576.2(5)

Z 4

Calc. density/g cm−3 1.0485

μ mm-1 1.454

F(000) 512

Crystal size /mm3 0.130 x 0.068 x 0.037
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4-HS-syn-B18H21 (PM4b)

θ range /° 5.1 – 73.4

Index ranges /hkl -11, 12, -15, 15, -14, 11

Reflections collected (Rint) 9348 (0.0486)

Independent reflections 3109

Completeness /% to θ /° 99, 66.97

Absorption correction multiscan

Max. and min. transmission 0.235, 1

Data / restraints / constraints 

/ parameters

3109 / 0 / 22 / 238

Goodness-of-fit on F2 1.35 (1)

R1, wR2 [I>3(I)] 0.0355, 0.0781

R1, wR2 (all data) 0.0515, 0.0843

Largest diff. peak and hole, eÅ-

3

0.19, -0.20

(1) The refinement program Jana2020 does not refine the weighting scheme. Therefore, GOF is usually fairly 

above one, especially for strongly diffracting crystals. 

457



Figure S47. Graphical projection of the dipole moment vectors in the SH-B18H21 isomers as well as in the parent 

syn-B18H22 and anti-B18H22.

Table S14. Table of the computationally obtained dipole moment values of all isomers and the parent 

syn-B18H22. 

 

TD-DFT
The results of the Time Dependent Density Functional Theory (TD-DFT) calculations are summarised in the 
Table S. Simulated spectra and calculated excited states energies of anti- and syn-B18H22 are compared in the 
Figure S48, those of 1-, 2-, 3-, and 4-HS-syn-B18H21 follow in Figure S49 to Figure S52.

Isomer Dipole moment (Debye)
syn-B18H22 2.0361 
anti-B18H22     0 
1-HS-syn-B18H21 2.5538
2-HS-syn-B18H21 1.3852
3-HS-syn-B18H21 1.7931
4-HS- syn-B18H21 3.2160
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Table S15: Excitation energies (Eexc) and the associated wavelengths (λ) of the first ((S1) and second (S2) 
excited states in the ground state geometry, and that of the first singlet excited state in its optimised 
geometry (S1/S1)

Eexc(S1)/eV λ(S1)/nm Eexc(S2)/eV λ(S2)/nm Eexc(S1/S1)/eV λ(S1/S1)/nm

anti-B18H22 4.2328 292.91 5.1265 241.85 3.3196 373.49

syn-B18H22 4.5570 272.07 4.7794 259.41 3.6805 336.87

1-HS-syn-B18H21 4.0143 308.85 4.6626 265.91 2.7267 454.70

2-HS-syn-B18H21 4.1112 301.58 4.6108 268.90 2.7203 455.77

3-HS-syn-B18H21 4.2357 292.71 4.5551 272.19 2.7193 455.94

4-HS-syn-B18H21 3.6743 337.44 4.5487 272.57 2.5432 487.52

Upon optimisation of the first excited singlet geometry on the TD-DFT level of theory, the calculated energy of 
the first excited singlet of syn-B18H22 above the ground state lowers from 4.56 eV only to 3.68 eV, the S1 thus 
remains in its relaxed geometry even a bit higher above the ground state than that of anti-B18H22. The differences 
between the optimized geometry of the ground state, and that of the first excited singlet, are for both anti-B18H22 
(Figure S53) and syn-B18H22 (Figure S54) almost imperceptible. There is no indication in our TD-DFT results 
pointing to the existence of an easily accessible conical intersection of the first excited singlet with the ground 
state, claimed as responsible for the observed absence of luminescence in the solution of syn-B18H22 at the 
CASPT2/CASSCF level of theoryi.  For a correct description of the excited states of syn-B18H22, extensive 
theoretical studies at higher levels of theory are probably necessary. Also, the calculated luminescence 
wavelengths λ(S1/S1) of syn-B18H22 and all its thiol derivatives investigated are too short compared to those 
measured experimentally in the solid state. Similarly, the longest calculated absorption wavelength, the weak 
line at 337 nm of 4-HS-syn-B18H21 (Table S15, Figure S52), lies still in the ultraviolet range, although the species 
forms intensively pink crystals. These observations clearly suggest that the spectroscopic properties of these 
species in solid state are predominantly determined by their supramolecular crystalline structure, and their 
further theoretical analysis is beyond the scope of the basic DFT calculations of isolated molecules.
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Figure S48: Simulated spectra (A, D), excited states (B, E) and excited states in the relaxed geometry of S1 (C, F) 
of anti (A-C) and syn (D-F) B18H22; in the excited states diagrams, singlets are depicted yellow, triplets orange, 
and the length of the yellow lines on the left side, with scale labels in nm, represents the relative oscillator 
strengths of the singlet excited states.
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Figure S49: Simulated spectra (A), excited states (B) and excited states in the relaxed geometry of S1 (C) of 1-
HS-syn-B18H21.

Figure S50: Simulated spectra (A), excited states (B) and excited states in the relaxed geometry of S1 (C) of 2-
HS-syn-B18H21.
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Figure S51: Simulated spectra (A), excited states (B) and excited states in the relaxed geometry of S1 (C) of 3-
HS-syn-B18H21.

Figure S52: Simulated spectra (A), excited states (B) and excited states in the relaxed geometry of S1 (C) of 4-
HS-syn-B18H21.
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Figure S53: Optimized geometries of anti-B18H22: the ground state (A) and the first excited singlet (B).

Figure S54: Optimized geometries of syn-B18H22: the ground state (A) and the first excited singlet (B).
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Figure S55: Natural Transition Orbitals (bottom hole, top electron) for the absorption of syn-B18H22 to the first 
excited singlet in the ground state geometry (left) and its luminescence from the relaxed geometry of S1 (right).

i Londesborough, M. G. S.; Hnyk, D.; Bould, J.; Serrano-Andrés, L.; Sauri, V.; Oliva, J. M.; Kubát, P.; Polívka, T.; 
Lang, K.: Distinct Photophysics of the Isomers of B18H22 Explained, Inorg. Chem. 2012, 51, 1471−1479. 
dx.doi.org/10.1021/ic201726k
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The frontiers of water and sanitation
Anna M. Michalak, Jun Xia, Damir Brdjanovic, Aimée-Noël Mbiyozo, David Sedlak, Thalappil Pradeep, 
Upmanu Lall, Nitya Rao & Joyeeta Gupta

The way in which human society 
uses water is continuously evolving. 
The present challenges related to 
clean water availability require 
the development of sustainable 
technologies and infrastructure. 
Furthermore, a stronger and wider 
appreciation of water inequalities 
and injustice demand an adequate 
transformation of water governance 
at local and global scale. We have 
asked nine experts in various 
sectors of water-related research to 
share their views on how water and 
sanitation science, technology and 
governance must evolve to meet 
the requirements of a healthier 
relationship between water and 
society.

Anna M. Michalak: Safeguarding the planet’s 
water quality in the face of climate change

‘Water, water, every where, nor any drop to 
drink.’ This line from Samuel Taylor Coleridge’s 
The Rime of the Ancient Mariner is spoken by a 
sailor adrift at sea. But it could equally well be 
a person whose water supply is contaminated 
and basement is flooded following a hurricane 
supercharged by climate change.

Human welfare and ecosystem health are 
inextricably linked to water. Water sustain-
ability, in turn, is predicated on the availability 
of the right amount of water (not too much, 
not too little!) of the right quality. The ‘right’ 
quantity and quality depend on whether you 
are a fish, a tree, a basement, or a human being. 
But, regardless of who you are, both the quan-
tity and quality of water are changing and will 
continue to do so.

A rich and growing literature has quantified 
how the amount of water available is changing 
in response to global change1. More nascent 
literature is working to do the same for water 
quality2,3 for the world’s lakes, reservoirs, 
estuaries, rivers, aquifers and coastal zones. 
Understanding the impacts of global change 
on water quality across a broad set of systems 
is challenging because water quality outcomes 

are the result of a complex interplay between 
human action at scales ranging from the local 
(for example, land management, water treat-
ment) to the global (that is, climate change)4. 
This means that both impacts and solutions 
may occur across a cascade of scales.

In addition, long-term in situ water quality 
monitoring has been limited and heterogene-
ous. Some systems have been studied exten-
sively, but water quality in most water bodies 
around the world is not regularly monitored. 
Also, whereas satellite observations are effec-
tive at augmenting in situ observations for 
parameters such as precipitation, the same is 
less true for metrics of water quality beyond 
basic characteristics based on colour5.

Quantifying impacts across systems glob-
ally will necessarily come at the expense of 
the level of detail and site specificity; how-
ever, perhaps counterintuitively this should be 
embraced rather than avoided. For example, 
while understanding phytoplankton popula-
tion dynamics may be possible for systems 
that have benefited from long-term monitor-
ing and research, deriving general principles 
across entire regions or continents will neces-
sarily require a focus on large-scale emergent 
properties.

Climate affects water quality both because 
it impacts the water bodies themselves (for 
example, water temperature, and stratifica-
tion) and because it impacts upstream land 
(for example, precipitation and temperature 
impacts on nutrient runoff). The relative roles 
of these two primary pathways are poorly 
understood. For example, the National Lakes 
Assessment6 monitored nutrient concen-
trations in thousands of lakes in the United 
States; these concentrations result from a mul-
titude of climate-sensitive processes within 
and upstream of each lake.

More broadly, we know very little about how 
global change is impacting the co-variability 
of water quantity and quality outcomes. For 
example, in some systems drought can reduce 
the intensity of harmful algal blooms, while 
in others it can exacerbate them, amplifying 
the challenge to sustainability. Documenting 
historical co-variability between trends and 
extremes in quantity and quality is a neces-
sary first step, followed by their attribution 
to key drivers.

Designing effective strategies for water 
quality management in the face of global 
change will also require us to move beyond 
pitting the environment against economic 
activity. For example, much of the increases 
in nutrient pollution in the United States over 
the past 30 years are due primarily to climate 
variability rather than land use intensification, 
but the leverage we have to tackle this problem 
may nevertheless be predicated on rethinking 
land management.

Lastly, just as both quantity and quality 
must be considered to understand water sus-
tainability, potential trade-offs between water 
security, food security, energy security, and 
climate change mitigation must also be recog-
nized7. The idea of taking a systems approach 
to environmental impacts is not new, but the 
scope and scale of the systems that we need 
to consider are growing. In doing so, we need 
to remember that win-win solutions are often 
possible and we should not shy away from  
the challenge.

Jun Xia: Toward water systems science and 
technology

Water security is one of the major challenges in 
our society. Water stress and its effect on water 
supply, extreme climate events like floods and 
droughts, poor water quality due to increasing 
pollution and loss of biodiversity are all inter-
connected problems that require sustainable 
solutions8,9. To find such solutions, water sci-
entists and practitioners must operate along 
two fronts. First, it is essential to understand 
the complex behaviour of water systems at all 
scales, from global to regional and even urban 
and how these systems are affected by natural 
and social processes. Second, it is necessary to 
develop new ways, through science and tech-
nology, to manage water resources.

To understand how water resources are 
affected by natural and social phenomena 
in a changing environment, hydrological sci-
ence must evolve from traditional physical 
hydrology centred on natural water cycles to 
a new water systems science and technology 
that blends natural hydrology, social hydrol-
ogy and systems science10. Studies on the 
mechanisms of coupled human–water sys-
tems evolution will facilitate better planning, 
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water exploitation, and managing water for 
climate, environment, economy, and society. 
The application of systems science to water 
systems entails understanding the interac-
tions and feedback between hydrology and 
society, building advanced multi-source 
monitoring and information systems, devel-
oping integrated modelling systems, and 
facilitating systematic decision-making for 
integrated water planning and management. 
For example, based on water systems science 
and applied technology, China is developing 
the Yangtze River Simulator, which aims to 
achieve smart management of the Yangtze 
River through an integrated system that pro-
vides multi-dimensional strategies for water 
utilization, biodiversity and eco-environment 
protection, climate change adaptation and 
sustainable development11.

A systematic multi-source and multi-scale 
monitoring network is essential to better 
understand the spatiotemporal dynamics of 
water systems and to further assist decision-
making. Current monitoring approaches pri-
marily include manual sampling, laboratory 
time-decoupled analysis and sensor-based 
monitoring. New monitoring techniques have 
emerged with the development of satellite 
systems and advanced artificial intelligence 
technology. The latest monitoring systems 
cover air-based, space-based, and ground-
based networks, with the ability to sense water 
systems at multiple spatiotemporal scales. 
High-resolution remote sensing, drone tech-
nology and ground sensors (for example, 
radar, thermal infrared and video) allow for 
real-time acquisition of spatiotemporal data, 
extending the scope and accuracy of moni-
toring. Going forward we can also expect 
that mobile communication, the Internet of 
Things, multi-source heterogeneous data 
fusion and artificial intelligence will enable 
automatic processing as well as real-time 
transmission and visualization of data.

Integrated modelling of water systems 
should decipher and represent both the 
natural and societal hydrological processes, 
focusing on the dynamic links and feedback 
between hydrology and society at the water-
shed scale. Since the last century, researchers 
have developed many models, from simple 
structure-based lumped models to compo-
nent-based spatially-distributed models. 
However, hydrological modelling of the 
interactions between connected systems has 
mainly been conducted by considering each 
system separately. As a result, the complex 
water systems’ behaviours have not been well 
captured. The next-generation water systems 

models are expected to provide a platform 
for simulating natural–societal water cycling 
processes based on data from the systematic 
monitoring network. Such models would then 
help to better understand the co-evolving 
characteristics of interconnected natural–
societal processes and to project the changes 
in hydrology and society under future climate 
scenarios.

To support regional sustainable develop-
ment, watershed planning and management 
will rely heavily on intelligent technologies 
capable of processing massive information 
from monitoring, simulations and optimiza-
tion phases. Previous studies show that the 
correlations between sustainable develop-
ment levels and environmental footprints 
(for example, water, carbon and ecologi-
cal footprints) satisfy the Environmental 
Kuznets Curve12, which explores the potential 
inflection points of resources consumption 
along with the structural transformation of 
economies. For sustainable watershed plan-
ning and management, these relationships 
should be integrated into the water–environ-
ment–economy systems. This will increase 
our ability to build a smart framework, that is, 
instrumented, interconnected, intelligent and 
capable of tackling all the complexities of dif-
ferent nature discussed above. Digital twins, 
intelligent water affairs and other innovative 
technologies may also be integrated into a 
general social–hydrology scheme for holistic 
monitoring, processing massive information, 
analyzing the current situation, predicting 
future changes, enabling quick responses and 
optimizing troubleshooting solutions.

Damir Brdjanovic: The rise of non-sewered 
sanitation

For more than a century, urban sanitation 
research has been dominated by sewer-based 
approaches, carried out by research groups 
from high-income industrialized countries, 
embracing chemistry, microbiology, physi-
cal and bioprocess engineering, mathemat-
ics and modelling13. Such a situation has led 
to remarkable technological advances in 
activated sludge sewage treatment which, in 
turn, has facilitated environmental protection, 
closing cycles and the recovery and reuse of 
energy, water and chemicals14,15. However, 
the launch of the United Nation’s Millennium 
(and later Sustainable) Development Goals 
drew attention to the fact that more than half 
of the people on Earth do not have access to 
safely managed sanitation, with the vast major-
ity of these living in low- and middle-income 
countries (LMICs) where sewer-based sanita-
tion is unfeasible, impractical, or simply too 
expensive16.

Partly due to this, since the turn of this cen-
tury, we have seen a change in attitude towards 
non-sewered sanitation research, which has 
become highly relevant, and necessary and 
has started to be published in scientific jour-
nals. The decision by the Bill & Melinda Gates 
Foundation to invest in non-conventional 
approaches to sanitation (for example, The 
Reinvent the Toilet Challenge) has also been 
instrumental in increasing the visibility of non-
sewer-based sanitation research; it has trig-
gered the curiosity of many research groups 
and mobilized the scientific community to 
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engage more actively. Non-sewered sanita-
tion has become the topic of specialized faecal 
sludge management conferences and dedi-
cated scientific journals, and innovations for 
onsite sanitation have started appearing, as 
well as global network alliances and educa-
tion and research programs and scholarships. 
The recently introduced Citywide Inclusive 
Sanitation (CWIS) approach17, which embraces 
both sewered and non-sewered sanitation, 

and focuses on public services in an equita-
ble, well-planned, properly managed, safe, 
sustainable, responsible, accountable and 
inclusive manner, is also gaining popularity 
among researchers from different disciplines, 
realizing that technical solutions alone are in 
principle insufficient to address sanitation 
challenges, in particular in LMICs.

During the last few years, leading 
research groups on wastewater and sludge 

management have started showing interest 
in non-sewered sanitation and, in particular, 
in faecal sludge management. Besides the 
traditionally well-established global north–
south collaboration between research groups, 
south–south cooperation is also steadily 
becoming more prominent. This in turn has 
facilitated the transfer of knowledge from 
more than a century of experience with acti-
vated sludge-based sewage treatment to a 
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rather juvenile domain of non-sewered sani-
tation, and to some extent vice versa. It has 
also clarified that we cannot simply adopt 
solutions from centralized, sewer-based 
treatment, or assume that sewage or urban 
wastewater characteristics are similar to those 
of faecal or septic sludge18.

one of the forthcoming research areas in 
non-sewered sanitation is the prediction of the 
characteristics and quantities of accumulated 
faecal sludge, understanding the correlations 
to source populations, and eventually building 
a reliable database of faecal sludge charac-
teristics. This also includes further develop-
ment and verification of methods for faecal 
sludge analysis, as well as standardization of 
the experimental procedures used in faecal 
sludge research. Another focal area is a better 
understanding of the microbial and physico–
chemical processes taking place in onsite sani-
tation containment and treatment systems to 
predict the characteristics and degradation 
of faecal sludge. In addition, the research on 
pathogen inactivation and destruction, reduc-
tion of volume of faecal sludge, safe reuse of 
end products, and treatment in the context of 
the circular economy and sustainability will 
continue to attract the interest of researchers 
in the coming years.

Future research will combine smart sani-
tation technologies and medical research, 
resulting in crossover innovations, such as 
medical toilets, that could revolutionize the 
public health sector in both high-income 
countries (for example, preventive cancer 
detection) and LMICs (for example, pre-
diagnosis of tropical diseases) by longitudinal 
monitoring of users’ health and early detec-
tion of epidemics19. Furthermore, the recent 
CoVID-19 pandemic revealed the potential of 
data mining from sewage to monitor and pre-
dict the spreading of the virus. This approach 
could be used to expand the public health-
relevant data collection to non-sewered 
sanitation areas (via, for example, medical 
toilets) as a step towards the development 
of a community-wide system for early detec-
tion of epidemics. Finally, more research into 
emergency sanitation will be necessary to sup-
port humanitarian WASH (water, sanitation 
and hygiene) activities.

We should also remember that onsite sani-
tation services provision is closely related to 
the necessities of the users, arguably more 
than is the case for sewer-based sanitation. 
Advancing this field will therefore require 
substantial consideration of social aspects, 
gender-based aspects of sanitation and in 
particular the needs of women, behavioural 

change and advocacy, cultural and religious 
aspects as well as business and financial 
aspects. Undoubtedly, non-sewered sani-
tation allows for a wide spectrum of both 
inter- and trans-disciplinary research and it is 
expected that the most impactful results will 
be obtained from unconventional combina-
tions of expertise and skills.

Aimée-Noël Mbiyozo: Water is at the heart 
of climate mobility

The amount of available water — whether too 
little or too much — is a core driver of forced 
displacement and immobility, particularly 
among vulnerable groups in fragile commu-
nities and countries. Locally-driven water 
solutions to avert, minimize or address forced 
displacement and immobility among vulner-
able groups are extremely important but often 
overlooked.

Water scarcity is a primary factor driving 
climate mobility and immobility in Africa. 
High water stress affects about 250 million 
people20. These numbers are projected to 
increase with population growth combined 
with rising temperatures, longer and recurrent 
drought periods, and diminished river flows. 
Flood-related disasters also cause high lev-
els of displacement; however, water scarcity 
pushes five times more migration.

Like climate change, lack of water is a fra-
gility amplifier that intersects with socioec-
onomic stressors and exacerbates existing 
vulnerabilities. Marginalized people are more 
vulnerable because they have less access to 

the financial and social assets needed to 
cope, such as land tenure, social and legal 
services, political participation, paid liveli-
hoods, governance, and infrastructure. This 
includes gender inequality. For example, in 
Sub-Saharan Africa, women are responsible 
for 80% of food production, and more than 
60% of all employed women work in agricul-
ture, yet they rarely own the land21. Similarly, 
water-related challenges disproportionately 
affect women due to gender inequalities in 
roles and responsibilities22. Women carry a 
disproportionate unpaid work burden and rely 
more on natural resources and water-sensitive 
sectors for their livelihoods. Water access 
forms a core element of daily activities and 
household labour, including cooking, wash-
ing, and caring for the ill, children and elderly. 
Globally, women and girls spend almost 200 
million hours daily collecting water23. In water-
scarce situations, girls and women must travel 
further to find it. This restricts their access to 
education, livelihoods and safety and exposes 
them to increased risks of violence, including 
sexual violence24. Travelling longer distances 
also increases exposure to potential water 
contamination.

Many poor people who depend on climate-
vulnerable resources such as agriculture or 
aquaculture are at risk of involuntary immo-
bility. The most vulnerable people have the 
fewest human, financial and social capital 
required to migrate as an adaptation strategy. 
As water scarcity reduces crop yields, they face 
diminishing returns, their resources deplete 
further, and they become even less mobile. 
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This is a dangerous cycle. Some of the most 
vulnerable people will be left behind in ‘the 
poverty trap.’ In many cases, working-aged 
men are the first to depart and leave behind 
women, children, the elderly, and the disabled.

Water availability also impacts other fragile 
situations, such as transhumance and urban 
settings. Changes in seasonal rain patterns 
and droughts affect access to arable land and 
grazing, altering traditional patterns and tim-
ing and even causing conflict. Water scarcity 
in cities impacts sanitation, access to drinking 
water, and the provision of essential social 
services and healthcare systems25. Unplanned 
urbanization can prevent proper draining and 
cause floods, particularly in informal settings.

Water interventions and infrastructure play 
a crucial role in helping to prevent or mini-
mize forced displacement or immobility and 
in preparing areas to receive climate migrants. 
Solutions should be context-specific, flexible, 
adaptable and engage local leaders and com-
munity members in their design. Projects that 
provide water and sanitation, livelihoods and 
economic development, and protective cli-
mate-resilient water infrastructure and alter-
natives, such as nature-based solutions, are 
necessary and should factor in mobility and 
immobility considerations.

David L. Sedlak: The next stage of the reverse  
osmosis revolution

over the past three decades, reverse osmosis 
(Ro) has become one of the most attractive 
ways to overcome water scarcity. Each day 
about 60 million cubic meters of seawater 
is turned into drinking water in coastal cit-
ies while thousands of smaller communities 
use Ro technology to desalinate brackish 
groundwater26. Early adopters, like Singa-
pore and orange County, California use Ro 
to turn another million cubic meters per day 
of municipal wastewater into drinking water. 
The impact of Ro extends beyond wealthy, 
water-stressed places: small-scale systems 
are being used by people in low-income 
countries to purify tap water that otherwise 
would be unsafe to drink. If current trends 
continue, over half a billion people may 
be consuming Ro-treated drinking water  
by 2030.

Despite such positive developments, 
numerous challenges remain. Research is 
needed to understand and reduce the poten-
tial risks that Ro and related desalination tech-
nologies might pose to human health and the 
environment. Further technological advance-
ments also are needed to lower costs and make 

advanced water technologies accessible to 
more people27.

The main human health concern of Ro is 
related to the fact that Ro-treated water is 
essentially free of any ions, including some 
that have health benefits. In recognition of 
the tendency of ion-free (‘aggressive’) water 
to damage infrastructure, calcium hydroxide 
(that is, lime) is usually added back into Ro-
treated water at the end of the desalination 
process. Although the addition of calcium 
and pH adjustment helps, the near absence 
of other ions can lead to the mobilization of 
geogenic toxins like arsenic when aquifers 
are recharged with Ro-treated water28. Fur-
thermore, without careful management, the 
chemical composition of Ro-treated water 
could alter minerals in water distribution sys-
tems, enhancing the release of toxic metals 
like lead or creating conditions that are con-
ducive to the colonization of pipes by unde-
sirable microbes. Finally, the near absence of 
beneficial ions that people would normally 
obtain from their water supply, such as mag-
nesium and fluoride in Ro-treated water, may 
contribute to health problems29. Beyond the 
assessment of the risks associated with the 
use of Ro-treated water, there is a need for 
research that leads to cost-effective technolo-
gies for adding key ions back to water at the 
end of the treatment process.

The main risk to the environment from Ro 
treatment is related to the waste produced 
when ions are removed from water. In the 
case of seawater and brackish water desalina-
tion, the waste is a salty brine. Ro treatment 
of wastewater also produces a salty waste, 
referred to as concentrate, that contains 
relatively high concentrations of nutrients, 
metals and organic chemicals. Until recently, 
engineers assumed that dilution of brine and 
concentrate by mixing wastes into seawater 
would be sufficient to protect the environ-
ment. However, it is becoming clear that in 
regions where multiple desalination plants 
discharge brine into shallow coastal waters, 
salinity can approach levels of concern. Fur-
thermore, the discharge of Ro concentrate 
could contribute to hypoxia, ocean acidifica-
tion and compromise the health of aquatic 
organisms. For these reasons, it may become 
necessary to treat concentrates from waste-
water recycling projects prior to discharge 
or avoid the discharges altogether30. For Ro 
plants lacking coastal access, the current 
generation of brine and concentrate manage-
ment technologies, such as deep well injec-
tion, evaporation ponds, zero liquid discharge 
(ZLD) or near zero-liquid discharge (NZLD) 

greatly increase the overall cost of water puri-
fication. To enable further spread of Ro tech-
nologies, research is needed to lower the costs 
of selectively removing trace constituents and 
dewatering brine and concentrate to decrease 
the volume of liquid produced.

Innovations in materials science and pro-
cess engineering could lower the cost and 
energy consumed by ZLD and NZLD systems, 
but the current approaches for managing 
residual salts (for example, landfill disposal) 
are not sustainable. Valorization of the solid 
or highly saline wastes produced in these 
processes could result in the production of 
useful products like sulfuric acid, caustic, gyp-
sum and other commodity chemicals from 
desalination brines. With more selective sepa-
rations, it also could be possible to develop 
cost-effective approaches to recover nutri-
ents, metals and organic matter from con-
centrate from brines created by water reuse27. 
Thus, wastes generated from Ro treatment 
could provide a means of supporting a more 
circular economy.

If researchers can resolve some of the issues 
identified above, desalination and water 
reuse — technologies that already are seeing 
large investments in a handful of wealthy, 
water-stressed locations — could play a much 
greater role in humanity’s efforts to overcome  
water scarcity.

Thalappil Pradeep: Circularity in water and 
the role of nanotechnology

Circularity in water has emerged as a response 
to the unsustainable linear water model of 
‘harvest, use, and waste’. In a robust circu-
lar water (CW) economy, the entire cycle of 
water harvest and recovery can be repeated 
endlessly without the loss of water, and the 
contamination caused in the process can act 
as raw material or fuel for other valuable pur-
poses. Historically, ‘circular economy’ was 
introduced in 1990 (ref. 31), and it was later 
extended to multiple sectors including water 
and waste management, food production, and 
sustainable design and construction.

Incremental innovations to improve treat-
ment efficiencies, long-distance conveyance 
of freshwater, and resource-intensive seawa-
ter desalination are unlikely to move towards 
a carbon-neutral CW ecosystem. Thus, there’s 
a dire need to augment the existing water flow 
networks with disruptive water-reuse tech-
nologies to maximize circularity. It is possible 
to evaluate the circular and non-circular water 
footprints individually and focus on minimiz-
ing the non-circular portion. We may assume 
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that circular water consumption has negligi-
ble environmental impacts, or the extent of 
the impact may be considered as a deviation 
from circularity. Given the rapid evolution of 
nanoscience around clean water challenges 
in the past two decades, it is natural to won-
der what role can nanotechnology play in 
the transformation from a linear to a circular 
water economy.

It is possible to approach CW by adopt-
ing nine strategies: rethink, avoid, reduce, 
replace, reuse, recycle, cascade, store and 
recover32. The loop of CW has several entry 
points (surface water and groundwater extrac-
tion, rainwater and humidity harvesting and 
desalination), and exit points (wastewater dis-
charge, leakage, evaporation and overflows 
from storage tanks). Points, where water is 
returned to the hydrological cycle, are not cov-
ered in the strategies, as they do not retain 
water in the CW loop.

The sustainability of any technology is usu-
ally assessed by estimating its environmental, 
social, and economic performance. Sustain-
able nanomaterials are required to cross 
thresholds in the aspects of safety, stability, 
regeneration, reuse, and disposal. Sustain-
ability metrics, such as mass intensity, solvent 
or water intensity, carbon footprint, and life 
cycle assessment, and tools like GUIDEnano-
tool, LICARA nanoSCAN, and Fuzzy-Delphi 
method may be applied to assess the sus-
tainability of materials and technologies33. 
Moreover, large-scale deployment of IoT-ena-
bled nanosensors, data analytics, machine 
learning, and artificial intelligence, with the 
support of governments and industries will 

contribute to the transition of the emerging 
technologies into a CW ecosystem at a global 
level. This is essential as water is also a global 
resource, just like air. Measurement becomes 
central to sustainability as global warming 
reminds us.

The strategies followed to achieve CW may 
be supported by the implementation and 
adoption of emerging water treatment tech-
nologies. Among such technologies, those 
based on nanomaterials are attractive for their 
potential in several ways. For example, nano-
enabled filters and membrane separators, 
the use of nano-catalysts as a replacement for 
metal catalysts, the development of advanced 
reverse osmosis membranes for desalination 
and nanostructured atmospheric water har-
vesters can all contribute to increasing water 
availability. In terms of water delivery and con-
sumption, nanofluids could replace freshwa-
ter in geothermal operations and hydraulic 
fracturing, self-healing nano-coatings could 
be used to prevent leakages in distribution 
networks and to realize water-efficient cool-
ing technologies for thermoelectric power 
generation. Finally, the development and 
deployment of affordable nanosensors can 
ensure real-time water quality monitoring to 
tackle potential challenges related to water 
management. For instance, nanotubes and 
nanowires with large surface area-to-volume 
ratio could produce enhanced signal-to-noise 
ratios for ultra-trace detection.

Naturally, beyond the development of 
advanced water technologies, a complete 
transition to a CW economy will require sup-
port from the local governments, tailoring 

the existing norms, and availability of easy-to-
implement technologies which are compliant 
with the existing water infrastructure as well 
as appropriate policy guidelines.

Upmanu Lall: The future of America’s water 
security

America’s water infrastructure — dams, levees, 
conveyance, and treatment systems — set the 
global standard in the 20th century for miti-
gating drought and flood risk, and providing 
water and wastewater services. Today, America 
is challenged by a deteriorating water infra-
structure due to decades of deferred mainte-
nance and under-investment. It faces climate 
change, fragmented governance, socio-eco-
nomic inequity, and environmental impacts 
from failing infrastructure. Similar challenges 
are experienced worldwide.

Recognizing the impacts of lead in water in 
Flint, Michigan, and PFAS contamination else-
where, President Biden and the US Congress 
approved US$15 billion for lead pipe replace-
ment and US$5 billion to address PFAS con-
tamination. However, whether this is the best 
way to address the projected US$1 to US$2 
trillion needed for failing water infrastructure, 
recognized but not addressed by four previous 
administrations, remains to be seen.

Public health concerns focus on contami-
nation and motivate responses like Biden’s. 
However, conveyance and storage account for 
70–80% of the costs of traditional designs. The 
USA experiences over 300,000 main pipe fail-
ures per year, up from 850 in the 1950s. Each 
incident is accompanied by a boil water notice, 
service disruption, and potential pathogen 
exposure. The USA has over 90,000 dams with 
a median age of 67 years (beyond the nomi-
nal design life)34. The condition of most dams 
owned by municipalities is unknown or poor. 
Decadal droughts in the Western USA have led 
to empty reservoirs, depleting groundwater 
and supply restrictions.

Investment is needed in water systems that 
minimize climate and pollution risks, and are 
affordable, efficient, reliable, and suited to 
local demographic, physiographic, economic, 
ecological, and climate conditions. The tradi-
tional approach led to large (often oversized), 
centralized treatment and conveyance infra-
structure. As it aged, it was difficult to main-
tain and expensive to replace.

The lead-in-water example for Flint high-
lights a different problem. Water quality at 
the treatment plant may meet standards, but 
not water delivered at the tap, as it is not regu-
larly tested. Worse, the list of contaminants is 
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ever-growing, and concern over higher treat-
ment costs has blocked efforts to add more 
contaminants to the regulated list. Exposure 
to drinking and cooking is a primary concern. 
This is a very small fraction of urban water 
use. Increasing drinking water quality viola-
tions35 have driven an increase in bottled water 
sales36.

Perhaps point-of-use treatment systems 
and sensors could be used to assure the qual-
ity of water for these uses, thus enabling a 
decentralized architecture37 that integrates 
water supply, stormwater, and wastewater 
control and reuse. Digital architecture would 
provide system control even in areas with 
limited technical and financial capacity. The 
reduction in storage and conveyance costs 
would pay for higher treatment and digital 
water quantity and quality monitoring costs. 
Managed aquifer recharge with treated 
wastewater and stormwater would provide 
storage and address groundwater depletion. 
Infrastructure could be integrated with neigh-
bourhood parks and green spaces to limit land 
requirements. The ‘optimal’ economic scale 
of decentralization would be determined by 
local factors, such as population/building 
density, soils, climate, roads, and condition 
of existing infrastructure, and offer dramatic 
cost reductions38,39.

Water treatment research has focused 
largely on a one-contaminant-at-a-time strat-
egy. Given the plethora of man-made and 
geogenic contaminants and pathogens, this 
is challenging. Today, membrane filtration and 
electrochemical technologies can comple-
ment biological treatment methods to achieve 
dramatic reductions in a broad spectrum of 
contaminants, while providing materials and 
energy resource recovery. The rapid growth 
and reduction in the cost of point-of-use filtra-
tion devices demonstrate growing consumer 
adoption. Point of use water quality assurance 
is still an open question.

The financial, technical, and social con-
ditions are ripe for a water transformation. 
Climate change and ageing, failing infrastruc-
ture can be accelerants to a resilient future, 
especially for underserved populations that 
currently face the biggest challenges.

Nitya Rao: Water is a gendered human right

Water is critical for life on Earth. For humans, 
water security is essential for food and nutri-
tion security40. The Sustainable Development 
Goal (SDG) 6 provides a framework for ensur-
ing water and sanitation availability and sus-
tainable management but it does not explicitly 
recognise how power and wealth imbalances 

mediate access and rights to water. Water 
scarcity is not just physical, but also experi-
enced through socio–political processes of 
inclusion and exclusion41. It does not address 
issues like why it is acceptable for rural women 
to wait several hours or walk long distances to 
access water, for the urban poor to be deprived 
of legal connections, or for one state to deny 
another its share of water.

Equity and justice are central to research-
ing water access, distribution and use, and 
are indicators of resource-sharing at different 
scales, from the household and communities 
to markets and states. Patterns of socio–eco-
nomic inequalities shape the mechanisms 
through which not just overconsumption 
by some and under-consumption by others 
are justified, but also how different uses of 
water are prioritised. Intensification of these 
inequalities often leads to conflicts.

Gender relations and the intersecting iden-
tities of class, race, ethnicity, marital status 
and age underpin the unequal power relations 
that set up false dichotomies between the uses 
of water for production or domestic purposes, 
associating men with the former and women 
with the latter42. Not just does reproduction 
underpin the productive economy43, but in 
a majority of small landholder households, 
water-related divisions of labour overlap due 
to the interlinkages between ecology (land 
use), embeddedness of food production and 
consumption systems within these ecologies, 
and the gendered labour use patterns therein. 
Women usually play central roles in farming 
and irrigation, alongside household reproduc-
tion. By ignoring women’s work, both ‘produc-
tive’ and ‘reproductive’, costs of labour are 
shifted from the paid to the unpaid economy, 
and the inequities that reproduce male privi-
lege are further strengthened.

In a context of persistent drought and cli-
mate variability, gendered labour relations 
impact health and wellbeing. In pastoralist 
Kenya, men are moving further away from 
their homes in search of pastures and water44, 
and those without cattle migrate to nearby 
cities and towns to diversify household liveli-
hoods. Women, though differentiated by their 
marital status, land ownership and the num-
ber of cattle owned, acutely feel the impact 
of water scarcity, most confronting trade-offs 
between water costs, time availability for col-
lection and the health impacts of the same. 
Shortages imply either purchasing or walking 
long distances for safe water. As the responsi-
bility for accessing water and ensuring water 
quality is privatized and placed on individual 
households and women within them45, these 
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trade-offs get sharper, leading to declines in 
consumption alongside a rise in workloads. 
Where these cannot be managed one finds an 
increase in water-borne diseases, poor health 
and nutrition, and rising mortality. Economic 
advantages and disadvantages are bound to 
social and cultural advantages and disad-
vantages in relation to the value attributed 
to different activities46, with women denied 
decision-making and control in water manage-
ment institutions.

Water research needs integration of women 
and gender issues into mainstream agendas to 
ensure material wellbeing but also the trans-
formation of these agendas to reflect strategic 
gender interests related to increased say in 
decision-making, recognition of reproduc-
tive needs as legitimate, and an equal share 
of benefits. Water, like land, is both a physical 
asset and a source of meaning, so correcting 
the invisibility of gendered power relations 
here can also contribute to the larger goal of 
gender equality.

Joyeeta Gupta: Water Justice is essential for 
life within the planetary boundaries

The current water crises related to poor 
water access, over-abstraction, pollution and 
extreme weather events — result from inequi-
table, unsustainable and failing governance. 
If justice is not central to direct and indirect 
water policy at all levels, it will be impossible 
to live within the water, climate and nutrient 
planetary boundaries.

There are three main issues related to water 
justice. First, scholars propose water bounda-
ries to maintain water system stability, which  
require drastic reductions in water use, con-
straining water supply. Even without this con-
straint, many cities are reaching ‘day zero’ (or 
when there is no fresh water available for city 
consumption) and many basins are ‘closed’ (as 
demand exceeds supply and no more water can 
be extracted from the basin). Water shortage 
raises the price of water beyond the reach of the 
poor affecting and exacerbating existing prob-
lems of water, sanitation and hygiene (WASH) 
access, and shifts water from uses with low but 
necessary (for example, drinking water) to high, 
but not quite so necessary, returns on invest-
ment (for example, golf courses, biofuels). This 
requires redistributing water.

Second, declining water quality, whether 
because of sewage, pharmaceutical, plastic, 
nutrient, or pesticide pollution results from 
the ability of users to externalize pollution. 
This raises issues such as who is polluting, how, 

where, in relation to production for whom, or 
questions of liability (who is liable) and redis-
tribution (how can pollution be reduced by 
restructuring production, distribution and 
consumption processes).

Third, extreme weather events (droughts, 
floods, cyclones) affect lives, livelihoods, 
infrastructure, and redistribute risks in 
society, especially in the global South. Such 
events are in line with climate models and 
will rise in the future. Sadly, the costs of 
such damages are not fairly distributed. To 
put things in context, we should consider 
that Hurricane Ian caused more than US$75 
billion worth of damage to Florida47, while 
only US$100 billion was promised annually 
to the entire developing world for adapta-
tion, much of which is not being provided or 
provided as commercial loans48. Although 
at CoP27, countries came to an agreement 
to finance loss and damage already caused 
to other countries, given the history of cli-
mate change finance, it is likely that this will 
be no more than a symbolic gesture. Dam-
age caused to other countries, to the extent 
caused by greenhouse gas emissions should 
in principle be borne by those who emitted 
those gases49. However, if finance is provided 
through loans it may lead to a spiralling debt 
crisis in the developing world.

All three issues raise distributive and correc-
tive justice points. Challenges to redistributive 
justice include a) past (colonial) and institution-
alized inequitable water property rights and 
quasi-property rights in permits/concessions 
and contracts that cannot easily be expropri-
ated without compensation50; b) the direct link 
between water use and GDP encouraging water 
use to enhance GDP and the Jevon’s paradox 
where increased water efficiency ironically 
leads to higher water use; c) water overuse and 
‘water grabbing’ by rich people and investment 
funds51; d) the externalization of local to global 
pollution (for example, Coca Cola sells 200,000 
plastic bottles a minute, much of which ends up 
as plastic soup, that is, plastic pollution in the 
ocean52; e) the unwillingness to take responsi-
bility for damage caused and pay compensa-
tion; f) the fact that some companies that use 
large quantities of water, directly or indirectly, 
avoid paying taxes (for example, Starbucks53) 
which reduces country revenues for reinvesting  
in public goods.

Proposed solutions often institutionalize or 
exacerbate existing inequities. In the market-
based system, the rich (whether countries, 
companies or people) benefit from actual 
and virtual water uses while externalising 

damage54, they create rules that favour them, 
and prevent, avoid or evade rules that regu-
late them or require them to pay taxes. The 
poor pay the final bill as their water resources 
are expropriated (for example, indigenous 
populations55,56) and often polluted (for exam-
ple, communities near dams and mines), and 
cannot afford rising water prices for drinking 
or irrigation or the bankable loans to adapt 
to extreme weather events. The situation 
can be summarized by considering that as of 
2021, 2.3 billion people live in water-stressed 
areas, 1.8 billion drink polluted water, and 2.8 
billion people suffered from floods between 
2001–2018.

The question is: Is water justice needed to live 
within water boundaries? I would argue that 
further denying the poor drinking water and 
sanitation services will only exacerbate health 
problems with spillover effects on society, and 
denying them adaptation services will expose 
them to extreme weather events that will dis-
place millions beyond borders; all of which will 
have repercussions on the Earth we share. If we 
want to live within planetary boundaries, we 
have to engage in redistributive justice.
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 Patents 

Indian Patents (Granted) 

(1) A selective and efficient process for the extraction of noble metal ions from complex 

mixtures, Thalappil Pradeep, Md Rabiul Islam and Tanmayaa Nayak, application no.  

202241026274, May 5, 2022, issued as patent no. 417781, dated January 12, 2023.  

(2) Method for colocalization of plasmonic nanoparticles and biomolecules with plasmonic and 

Raman scattering microspectroscopy, T. Pradeep and Kamalesh Choudhari, application no. 

1864/CHE/2015, dated April 09, 2015, issued as patent no. 419154, dated January 24, 2023. 

(3) Method of fabricating a conducting cloth based breath humidity sensor and applications 

thereof, T. Pradeep, Pillalamarri Srikrishnarka, Dasi Raaga Madhuri, Sourav Kanti Jana and 

Boby George, application no. 202241008331, dated February 17, 2022, issued as patent no. 

480519, dated December 12, 2023.  

(4) Method for accumulation of silver by rice and possible metal extraction by agriculture, T. 

Pradeep, Soujit Sengupta, Ananya Baksi and Debal Deb, application no. 6846/CHE/2014, 

dated December 31, 2014; full specification filed on December 28, 2015, issued as patent 

no.  416654, dated January 3, 2023. 

(5) A method for facile, rapid and industrially scalable preparation of metal hydroxide 

composition, Hydromaterials Private Limited & Indian Institute of Technology Madras (IIT 

Madras),  application no. 201941054546, dated December 30, 2019, issued as patent no. 

429730 dated April 24, 2023. 

(6) Methods for selective visual detection of TNT, T. Pradeep, Ammu Mathew and P. R. Sajanlal, 

application no. 3150/CHE/2012, dated August 1, 2012, issued as patent no.  442508, dated 

August 2, 2023. 

(7) An electrode system based on differential oxidant response for the detection of free 

chlorine,  Thalappil Pradeep, Kamalesh Chaudhari, Tullio Servida, Vishnu Kannan and 

Spoorthi Bhat, application no.  202141031970, TEMP/E-1/42985/2021-CHE, dated July 15, 

2021, issued as patent no. 443964, dated August 9, 2023. 
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(8) Reactivation of silver metal particle-based antimicrobial compositions, T. Pradeep, Sahaja 

Aigal, Amrita Chaudhary, M. Udhaya Sankar and Anshup, application no. 4300/CHE/2011, 

dated December 9, 2011, issued as patent no. 462074, dated October 26, 2023. 

(9) A compact, modular and scalable continuous-flow greywater sink for potable and non-

potable uses, Pradeep and Ankit Nagar, application no. 202141054715, dated November 26, 

2021, issued as patent no. 462091, dated October 26, 2023.  

(10) Vertically aligned nanoplates of atomically precise Co6S8 cluster for practical arsenic sensing, 

T. Pradeep, Anagha Jose, Arijit Jana, Tanvi Gupte, Keerthana Unni, Ankit Nagar, 

Amoghavarsha R. Kini and B.K. Spoorthi, application no. 202241076581, dated December 29, 

2022, issued as patent no. 465466, dated November 3, 2023. 

(11) A method for environmental arsenic detection and public awareness using human cells, 

Thalappil Pradeep and Tanvi Gupte, application no.  202241049077, dated August 28, 2022, 

issued as patent no. 484281, dated December 18, 2023. 

(12) A point-of-care (POC) amperometric device for selective arsenic sensing, Thalappil Pradeep, 

Sourav Kanti Jana and Kamalesh Choudhuri, application no. 202041023576, dated June 5, 

2020, issued as patent no. 490895, dated December 28, 2023. 

Patents Applied 

(1) A method of identifying authenticity of ayurvedic preparations using hand-held Raman 

spectroscopy, Thalappil Pradeep, Ajaya Kumar Barik, Mithun N, Anish R Nath, Jijo Lukose 

and Santhosh Chidangil, Application no: 202341048917, dated July 20, 2023. 

PCT Applied 

(1) A selective and efficient process for the extraction of noble metal ions from complex 

mixtures, Thalappil Pradeep, Md Rabiul Islam and Tanmayaa Nayak, application no. 

PCT/IN2023/050401, dated April 24, 2023. 

(2) A method to transform crystalline minerals to nanoparticles by microdroplets, Thalappil 

Pradeep, B. K. Spoorthi and Pallab Basuri, application no. PCT/IN2023/050649, dated July 4, 

2023. 
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(3) Material and method for sustainable and affordable atmospheric water harvesting, 

Thalappil Pradeep, Ankit Nagar and Sonali Seth, application no. PCT/IN2023/050808, dated 

August 27, 2023. 

(4) Vertically aligned nanoplates of atomically precise Co6S8 cluster for practical arsenic sensing, 

Thalappil Pradeep, Anagha Jose, Arijit Jana, Tanvi Gupte, Keerthana Unni, Ankit Nagar, 

Amoghavarsha R. Kini and B. K. Spoorthi. Application no. PCT/IN2023/050856, dated 

September 12, 2023. 
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