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ABSTRACT: Fluoride (F~) is one of the common naturally
occurring anions present in groundwater worldwide that may be
beneficial or detrimental depending on the total amount
ingested and the duration of exposure. Among all the
remediation techniques, adsorption using nanomaterials shows
superior efficiency and the process can be eco-friendly and
economical. We report cellulose nanofiber-polyaniline (PANI)-
templated ferrihydrite nanocomposite synthesized by a green
one-pot process where the iron precursor not only acts as an
oxidant for the polymerization of aniline to give emaraldine
base—emaraldine salt (EB—ES) form of PANI but also forms 2-
line ferrihydrite (FeOOH) nanoparticles in situ. These nano-
particles get embedded into the cellulose—PANI blend to give a
granular nanocomposite having double action sites for

Fluoride
contaminated water

Biopolymer reinforced CNPFH
sustainable nanocomposite for
fluoride adsorption

Fluoride free water

adsorption and robustness which also prevent nanoparticle leaching. Doped PANI and FeOOH act as synergistic adsorption

sites for F~

removal which results in an enhanced uptake capacity. The materials’ adsorption mechanism and removal

performance have been evaluated by diverse analytical techniques. The investigations led to the conclusion that the material is
suitable to be used as adsorption media in the form of simple cartridges for gravity-fed water purification. In addition, the impact
of such materials on the environment has been assessed by evaluating the relevant sustainability metrics and socio-economic

parameters.

KEYWORDS: fluoride, cellulose nanofiber, polyaniline, ferrihydrite, synergy, sustainability metrics

1. INTRODUCTION

Fluorine is the lightest halogen and the most electronegative
element of the periodic table. It ranks 13th in terrestrial
abundance and 625 mg/kg of it can be found in the earth’s
crust.' In nature, it exists as fluoride anion (F~) and occurs
mainly as sedimentary rocks like fluorspar, apatite, and so
forth.” These fluoride minerals are mostly insoluble in water,
unless factors like high alkalinity, temperature, and low fluoride
and high bicarbonate concentrations in the water medium
cause its mobilization, thereby resulting in fluoride contami-
nation."”” The hydrogeochemical factors give rise to natural F~
in groundwater in the range of 0.5—50 ppm, keeping the
latter’s color, smell, and taste intact. Although a concentration
up to 1—1.5 mg/L is the requirement for good dental health,
prolonged exposure to water consisting F~ in the range of 1.5—
4 and 4—10 mg/L is known to cause dental and skeletal
fluorosis, respectively.”* Fluorosis is known to affect over 200
million people, from about 25 countries across the globe,
making F~ one of the deadliest inorganic pollutants of natural
origin in groundwater.””® The risk of fluorosis because of

v ACS Publications  © Xxxxx American Chemical Society

human consumption of such water is faced by many countries,
notably India, Sri Lanka, China, Chile, Mexico, and Hungary,
the Rift Valley countries in East Africa, Turkey, and parts of
South Africa.”” Solution for F~ contamination is suggested to
be an affordable removal method with simplicity in design and
operation.

Defluoridation can be carried out at household and
community levels.” Conventionally, coagulation and precip-
itation on activated alumina, alum, and calcium hydroxide have
been widely employed which results in an unpleasant taste for
the resultant water and increase in the residual ion
concentration.'®™"® Other methods like membrane filtration,
reverse osmosis, electrocoagulation, dialysis, and ion exchange
are efficient but expensive and cumbersome, and also require
high maintenance.'°™>" Adsorption is a widely used process
which is economical as well as simple to use.”*” It gives
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Scheme 1. Illustration of CNPFH used For Fluoride Removal from Water
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satisfactory results with less operation time by means of
mechanisms like external mass transfer, surface adsorption, and
intraparticle diffusion. Many low cost adsorbents have also
been employed for fluoride removal like alumina, red mud,
clays, fly ash, activated carbon, calcite, brick powder, activated
coconut-shell, oxide ores, and bone char, which exhibit varying
uptake capacities.”® Activated alumina is popular amongst
other adsorbents because of its high surface area, which
induced greater uptake while maintaining its structural stability
without shrinkage, swelling, or disintegration in water. >3
Other metal oxide- and hydroxide-based adsorbents prepared
in micro and nanoforms include modified ferric oxide/
hydroxide, hydroxyapatite, magnesium, zirconium, and ce-
rium-modified materials, titanium-derived adsorbent, schwert-
mannite, zeolite, and so forth; all of them show higher uptake
and selectivity toward fluoride.”"**~*° Biopolymer-derived
adsorbents like chitosan, chitosan derivatives, and metal (Mg,
Al, Fe, Zr, Ce, La, and Nd) impregnated chitosan have been
thoroughly studied giving adsorption capacities ranging from
1.39 mg/ﬁ for raw chitosan to 44.4 mg/g for silica-coated
chitosan.”** Although, chitosan is environmentally friendly, it
is derived from crustacean shells and is a less sustainable
option as compared to plant sources. Its polycrystalline nature
reduces uptake capacities as adsorption takes place only on the
amorphous region available on the surface. On the other hand,
nanocellulose, derived from cotton or wood pulp, having
hydrophilic surface chemistry, high strength, chemical inert-
ness, and high surface area is a promising material to be used as
a matrix for adsorbent synthesis.”> Cellulose nanofibers
(CNFs), typically in the range of 2—20 nm in diameter and
1—-100 pm in fiber length and is exposed with hydroxyl groups
in the process of production.””*® Polymer-based nano-
composites have become a prominent area of research in the
field of water purification because of the advantages like film
forming ability, dimensional variability, and availability of
various tunable functional groups. Polyaniline (PANI),
polypyrrole (PPy), polythiophene, and their derivatives/
analogues, have gained popularity as chemical adsorbents
because of their facile synthesis, porous structure, good
electrorheological property, and insolubility in water.*® With
the advancement in nanoscience and nanotechnology, it is now
easy to engineer the polymeric composites with specific
nanoparticles to enhance efficiency, as per the requirement.
In this work, a cellulose nanofiber-PANI-templated ferrihy-
drite (CNPFH) nanocomposite was prepared by a one pot
synthesis process via an in situ polymerization method. The

simple synthesis yielded a sustainable composite which was
used for F~ removal from water by means of adsorption. This
is an eco-friendly adsorbent with high F~ uptake capacity. Iron
oxyhydroxide (FeOOH) is already reported as an efficient
arsenic (As) remover but a poor performer in the case of
F~.*”%7 PANI shows unique, yet simple doping/dedoping and
redox chemistry, and it is cost-effective and nonhazardous in
pure form.”® It also has been reported as a F~ remover but with
a meager uptake capacity of 0.8 mg/g.”> Here, FeOOH and
PANI were blended together and trapped in the CNF matrix to
get a robust composite for an improved synergistic perform-
ance toward F~ removal. Both of these entities together not
only give a greater number of surface active sites but also
enhance the kinetics of adsorption. Our previous studies have
brought out synergy in the performance of several nanostruc-
tures in water adsorption (Scheme 1).

2. EXPERIMENTAL SECTION

2.1. Materials. Native CNF gel (2.8 wt %) was purchased from
BioPlus. Ferric chloride hexahydrate (FeCl;-6H,0) and NaOH were
purchased from RANKEM Glasswares and Chemicals Pvt. Ltd., India.
Aniline (extrapure, AR 99.5%) was purchased from SRL Pvt. Ltd.
Sodium fluoride Emparta was purchased from Merck. Deionized (DI)
water was used throughout the experiments unless otherwise
mentioned.

2.2. Methods: Synthesis of the CNPFH Nanocomposite.
Aniline (2 mL) was taken in 60 mL DI water and was kept stirring for
30 min. CNF slurry (5 g) was mixed in 10 mL of water which was
then added to the aniline solution. After another 30 min stirring, 1.5 g
of FeCl;-6H,0 was added to the reaction mixture. The resultant pH
of the mixture was about 1.2 which was adjusted to 4 by dropwise
addition of 2 M NaOH. The resultant slurry was stirred for 12 h,
followed by filtration and washing with DI water. The precipitate
collected was dried at SO °C to get shiny black chunks. The chunks
were crushed mechanically and sieved to get the granular adsorbent
media. The product obtained was about 1.8 g.

2.3. Batch Adsorption Studies. In a typical batch adsorption
experiment, 25 mg of the granular media were shaken with 100 mL of
F~ spiked distilled water of 10 mg/L concentration in a 250 mL
polypropylene vessel. The vessels were agitated at 200 rpm in a
thermostatic shaker at room temperature (25 + 2 °C). The water
sample was collected to measure the leftover F~ concentration in
treated water as a function of time and dosage, using a fluoride-ion-
selective electrode (ISE). The maximum uptake of F~ (g.) by
CNPFH was calculated using the eq S1.

2.4. pH Effect. To know the pH effect on F~ adsorption, 25 mg of
granular media were added to 25 mL of F~ spiked water, adjusted to
the required pH by 1 M HCI/1 M NaOH and shaken for 3 h. The
treated water sample was analyzed by ISE.

DOI: 10.1021/acssuschemeng.9b04822
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2.5. Interfering lons. To understand the effect of interfering ions
on As adsorption, the ions of interest which generally exist in ground
water, like calcium (Ca®"), magnesium (Mg®"), potassium (K'),
sodium (Na*), chloride (CI7), carbonate (CO;*”), bicarbonate
(HCO;™), nitrate (NO;7), silicate (SiO;*7), and sulfate (SO,*7)
were spiked in 25 mL of distilled water in separate conical flasks, with
concentrations relevant to ground water. This water was treated with
25 mg of CNPFH for 3 h and ISE measurements were conducted.
The relevant water quality parameters are listed (Table S2,
Supporting Information).

3. INSTRUMENTATION

Transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) were performed at an accelerating voltage of
200 kV on a JEOL 3010, 300 kV instrument equipped with a
UHR polepiece. The accelerating voltage was kept low to
ensure that the beam-induced damage on the material was low.
The samples for HRTEM were prepared as the dispersions
which were drop casted on carbon-coated copper grids and
allowed to dry under ambient conditions. Surface morphology,
elemental analysis, and elemental mapping studies were carried
out using a scanning electron microscope (SEM) equipped
with energy-dispersive spectroscopy (EDS) (FEI Quanta 200).
For the SEM and EDS measurements, the samples were
spotted on an aluminum sample stub. X-ray photoelectron
spectroscopy (XPS) measurements were done using an
ESCAprobe TPD spectrometer of Omicron Nanotechnology.
Polychromatic Mg Ka was used as the X-ray source (hv =
1253.6 eV). The samples were spotted as drop cast films on a
sample stub. A constant analyzer energy of 20 eV was used for
the measurements. Binding energy was calibrated with respect
to C 1s at 284.8 eV. Residual fluoride concentration in water
was measured (using TISAB) by a fluoride-ISE (ION 2700,
Eutech Instruments). Iron concentration in water was detected
using a PerkinElmer NexION 300X ICPMS (inductively
coupled plasma mass spectrometry) with appropriate stand-
ards. Brunauer—Emmett—Teller (BET) surface area was
measured using a Micromeritics ASAP 2020. The samples
were degassed at 200 °C for 4 h under a vacuum and analyzed
at 77 K with an ultrahigh pure nitrogen gas. Thermogravi-
metric measurements were done with a TA Instruments QS00
Thermogravimetric Analyzer (TGA) under air and N,
atmosphere from room temperature to 900 °C, with 10 min
scan rate. All the uptake capacity studies in the batch mode
were done in 250 mL polypropylene conical flasks.

4. RESULTS AND DISCUSSION

4.1. Characterization of CNPFH before and after F~
Uptake. The nanocomposite has been characterized by
HRTEM, powder X-ray diffraction (XRD), SEM, EDS,
mapping, and TG to know about its structural features, surface
and morphological properties, composition, and thermal
stability. Figure 1 presents SEM images of the CNPFH
nanocomposite having rough and granular surface morphology
which does not change upon exposure to various F~
concentrated solutions implying that the process of interaction
is adsorption. This also suggests that the composite possesses
very good mechanical strength which makes it suitable for use
in a water purification cartridge. The granular size is about 150
+ 50 um. The absence of fibrillar structures confirms the
complete transformation of polymeric reagents to the product.
The elemental composition of CNPFH showed C, O, Fe, and
N as major constituents. High carbon content is due to

Elem  Atomic % Atomic %
(Before)  (After)

50.77  53.23
N 4.42 3.68
(¢} 26.81 20.71
Fe 16.76 15.92
¥ 0 6.46
1.24 0.02

Figure 1. (A,B) show SEM of CNPFH before and after F~
adsorption, respectively. (C,D) EDS elemental mapping of N, O,
Fe, F, and Cl of CNPFH before and after F~ adsorption, respectively,
along with EDS quantification of elements.

nanocellulose and PANI forming the backbone of the
composite structure while N and O (partly) come from the
major functional groups of the respective polymers. Fe and O
constitute the presence of iron oxide content in the composite.
Mapping shows the uniform distribution of each element
throughout the surface, specifically F~ in the adsorbed sample.
Further, we note the presence of Cl which decreases in the
adsorbed sample, when compared to the parent composite.
Figure 2 illustrates the HRTEM images of the CNPFH
composite at a S nm scale where iron oxyhydroxide
nanoparticles are embedded in the CNF—PANI blend matrix,
confirming composite formation. The structure is largely
amorphous but nanoscale polycrystalline domains appear upon
beam irradiation for a few minutes, depicted by the fast Fourier
transform (FFT) diffraction pattern shown in the inset (Figure
2A). Lattice planes were resolved and matched with hematite
(a-Fe,0;) and goethite (@-FeOOH) and they appeared
because of gradual conversion of metastable iron oxyhydroxide
to more stable iron oxides upon beam irradiation for a few
minutes. XRD spectra (Figure 2C) show characteristic broad
peaks of 2-line ferrihydrite at 35 and 62° which correspond to
a metastable form of iron oxyhydroxide. A weak peak at 23°
corresponds to the (020) plane of PANI constituting the
amorphous nanocomposite. The physical properties of the
nanocomposite do not change before and after F~ removal
which indicates that the process involved is adsorption. XPS
survey spectra (Figure 2D) confirm the presence of C, N, O,
and Fe in CNPFH before and after F~ uptake. The F~
saturated sample showed a feature for F 1s which was
deconvoluted to get a clearer idea. The deconvoluted F 1s
spectra (Figure 2E) show 2 peaks at 682.2 and 687.1 eV
indicating two different binding sites on CNPFH for F~
adsorption. Figure 3A shows the deconvoluted C 1s peaks at
284.8, 286.5, and 288.1 eV belonging to sp3 C—-C/C—-H, sp3
C—0/sp* C—N, and sp* C—N of the parent CNPFH which
has a backbone of cellulose and PANI. Figure 3C shows the Fe
2p peaks at 708.6, 711.9, and 716.3 eV because of —Fe—O—
Fe—, >Fe—OH and a satellite peak. The peaks at 528.3, 529.9,
and 531.2 eV in O 1s correspond to Fe—OH, Fe—O groups,
and adsorbed water of parent CNPFH, respectively. They
show an expected shift to 528.8, 530.4, and 531.7 eV,
respectively, upon F~ adsorption. While C 1s and Fe 2p did
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Figure 2. (A,B) HRTEM showing various crystallographic planes of CNPFH by beam-induced crystallization along with a FFT of the images
before and after F~ adsorption. (C) Powder XRD patterns of CNPFH before and after F~ adsorption. (D) XPS survey spectra of CNPFH before
and after F~ adsorption. Deconvoluted F 1s peaks are expanded in (E).
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Figure 3. Deconvoluted XPS spectra of (A) C 1s, (B) N 1s, (C) Fe 2p, and (D) O 1s regions of CNPFH before and after F~ adsorption.

not show any shift in binding energy before and after
adsorption, N 1Is and O 1s deconvoluted peaks got shifted to
higher binding energies upon F~ adsorption indicating that
they bind via N— and O— sites of CNPFH (Figure 3).

To explore the mechanism of F~ adsorption in detail, we
conducted an experiment where a sample of CNPFH was
exposed to low F~ concentration for 5 min and the other
CNPFH sample of the same weight was exposed to high F~
concentration for 3 h. This helped us understand the affinity of
F~ ions toward different sites available on the composite.
Figure 4A shows the F1s XPS peaks at 687.3 eV after 5 min of
F~ adsorption which corresponds to F~ binding through the
N~ site of PANL. Whereas, when it was left exposed to high
amount of F~ for 3 h, apart from the 687.3 eV, a peak at 682.5

eV emerges which is due to F binding at the FeOOH site.””
This has been confirmed by analyzing the F~ adsorbed
cellulose—ferrihydrite composite (Figure S4) which shows a
peak at 682.1 eV. Late activity of FeOOH sites may be due to
the sandwiched nature of nanoparticles embedded in the
PANI—cellulose blend matrix that can be reached by F~ ions,
high concentrations only. Hence, N sites of PANI are better
exposed at the surface than the iron oxide nanoparticles, and
the former initiates the adsorption process, but the latter shows
large uptake capacity. Adsorption on PANI occurs by the ion
exchange mechanism where F~ replaces CI” which is the
dopant to quaternary N of PANI leading to a peak at higher
binding energy of N 1s in the adsorbed sample compared to
the parent sample. Similarly, F~ was adsorbed through the ion
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Figure 4. Deconvoluted XPS spectra of (A) F 1s, (B) N 1s, and (C) O 1s regions of CNPFH after 5 min and 3 h of F~ adsorption giving insights

about the mechanism of adsorption.

exchange process with the surface hydroxyl groups of FeOOH
(Figure 4C). The O 1s peaks at 530.1 and 528.6 eV
corresponding to Fe—OH and Fe—O groups of parent
CNPFH got shifted to 530.6 and 529.1 eV with decreased
intensity for the adsorbed sample. This is supported by the
Langmuir isotherm which gave a high correlation coefficient in
this case (to be discussed in Figure ).
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Figure 5. Batch studies for the performance of CNPFH (A) as a
function of dosage and contact time, (B) pseudo first order, and (C)
Langmuir isotherm model for fluoride adsorption from water.

4.2, Batch Studies of F~ Adsorption on CNPFH. It is
observed that CNPFH exhibited superior performance where
50 mL of 10 mg/L F~ spiked water was treated with different
dosages ranging from 5 to 180 mg, as shown in Figure SA.
About 50 mg of the composite was sufficient for bringing down
the F~ concentration below 1 mg/L within 3 h of exposure
time. It also shows the fast uptake kinetics of the composite
where the initial 10 mg/L concentration of F~ was rapidly
reduced to 1.5 mg/L within 60 min of incubation, by virtue of
availability of the maximum number of free surface sites. At the
end of 3 h, the residual concentration of F~ decreased further
to 1 mg/L, following a relatively slower kinetics because of
high surface coverage. Analyzing the kinetic data with the
Lagergren’s pseudo-first-order model (Figure SB), two differ-
ent slopes corresponding to F~ adsorption at two different sites
belonging to PANI and FeOOH, respectively, which were in
agreement with the XPS analysis of the adsorption mechanism
discussed in Figure 4. Other adsorption mechanisms also are in
broad agreement with the data, although they may not be
strictly explainable for a two site model (Figure S1).

Figure 5C shows the linear form of the Langmuir isotherm
model (eq S2) which gives a maximum adsorption capacity of
50.8 mg/g for CNPFH with a high correlation coefficient (R?)
0.96 using eq S2. It indicates monolayer adsorption, also
known as chemisorption which agrees with the ion-exchange
mechanism discussed in Figure 4A.'”"” This is further

Table 1. Comparison of CNPFH Adsorption Capacity with Other PANI/PPy-Based Adsorbents

sl no.

1

NN R WwW N

materials

PANI
PANI/chitosan
PANI/alumina
FeOOH

PPy/Fe;0,
Ppy/TiO,
CNF/PANI/FeOOH

uptake capacity (mg/g)
0.8
S.S
6.6
23.8
17.6—22.3
33.17
50.8

max wt % PANI/PPy optimum pH references
100 3 40
8—10 3—4 39
11.6 3 24
0 7 29
83 6.5 41
9.3 7 42
14.1 3—4 this study
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supported by the lower R? value of the Freundlich isotherm
(eq S11) and a low BET surface area of 111.1 m?/g of the
composite and median pore width of 11.321 A which do not
play a major role in the adsorption process. The low surface
area can be attributed to the ionic sites of the material as
shown by XPS analysis, which cannot be completely picked up
by N, adsorption, used for surface area evaluation. By using the
Dubinin—Radushkevich isotherm (eq S12), we determined the
E value (adsorption energy) to be 2500 kJ/mol (Figure S3).
The correlation coefficient (R*) was 0.96. The E value (>16
kJ/mol) shows chemisorption taking place in the medium. The
outcome of various isotherms and kinetic parameters is
summarized in Table S1. The maximum F~ uptake capacity
of various other PANI/Ppy-based composites is compared
with that of CNPFH, in Table 1. CNPFH shows higher
removal efficiency even with lesser wt.% PANI because it
exhibits synergistic performance because of simultaneous
availability of FeOOH sites as well. Moreover, the adsorption
of F~ on the CNPFH surface is also thermodynamically
feasible and is a spontaneous process with a negative AG value.
Using eqs S13 and S14, the thermodynamic parameters (AH
and AS) with the R? value as 0.87 were derived. The AH and
AS gave positive values which indicated that the adsorption is
endothermic in nature giving rise to randomness at the solid
solution interface during the adsorption of F~ species at the
active sites of the composite.

4.2.1. Control Studies. The control studies were carried out
by using only CNF for fluoride uptake. It showed a meager
removal of 200—300 ppb of F~ out of 10 ppm which may be
due to its porous structure. Hence, CNF can be considered as a
platform having a high surface area which can favor blending
with PANIT and can embed the ferrihydrite nanoparticles in
such a way that the active sites are available for adsorption of
the surface of the mechanically stable composite.

CNPFH shows F~ removal more than 80% in the presence
of the most interfering anions like carbonate (CO,*7),
bicarbonate (HCO;~), nitrate (NO;7), silicate (SiO;>7),
sulfate (SO,>7), and chloride (Cl7) in higher concentrations,
except for SO,>~, where F~ removal is about 60%. This may be
because of the competing nature for both the ions to form
inner-sphere complexes with functional groups at the
adsorption sites. The uptake of F~ by CNPFH stays unaffected
by the interfering cations like calcium (Ca®"), magnesium
(Mg*"), potassium (K*), and sodium (Na*) (Figure 6A). It is
able to maintain about 90% removal efficiency in a wide range
of pH, that is, 3—9, but starts showing a decreased uptake
when tested above pH 9 as shown in Figure 6B. This is because
the decrease in surface positive charges of the adsorbent at
higher pH levels (9—11) shown by zeta potential measure-
ments, which adversely effects the coulombic interaction
between the F~ ion and the adsorbent surface (Figure 6C).
Also, in the presence of excess hydroxyl ions in the medium,
they start competing with F~ ions for adsorption.

TGA of CNPFH in Figure 7A shows early weight loss of
about 7% because of moisture below 250 °C. The weight loss
of about 26% is due to the burning for carbon backbone of the
cellulose and PANI polymers used in the composite between
220 and 350 °C. Next 15% weight loss is due to the loss of
PANT functional groups and its dopants above 400 °C. Rest of
the composite consists of iron oxide contributing 51% of the
weight of the nanocomposite that stays stable till 900 °C. The
iron oxide content in the composite is further studied by IR
spectroscopy where Fe—Q vibrations appear at 600—700 cm ™!,
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Figure 6. Batch studies for the performance of CNPFH (A) in the
presence of interfering ions, (B) in the pH range of 3—10 for fluoride
removal from water, and (C) zeta potential of CNPFH in the pH
range of 3—11.

overlapping with a broad peak of O—H bending as shown in
Figure 7B. The region between 1100 and 1600 cm™
corresponds to C—O stretching of cellulose, characteristic
peaks of aromatic C—N stretching, C=C, C—H, and C=N
stretching of the benzenoid ring and quinoid ring that confirms
the emaraldine form of PANL* A band around 1570 cm™
corresponding to the N—H bending of the amine salts and
strong band in the 1100 cm™ region corresponding to the
dopant suggest the presence of the mixed (EB—ES) salt form
of PANI in the nanocomposite. N—H stretching at 3378 cm™
of the parent CNPFH gets broadened and shifted to 3410
cm™ upon F~ adsorption.

From the perspective of environmental safety, CNPFH was
tested for its leaching behavior. TOC (total organic carbon)
and TN (total nitrogen) were measured of the adsorbent-
soaked water. About 1.8 and 0.1 mg/L were the TOC and TN
values before F~ adsorption, while 1.7 and 0.08 mg/L were the
TOC and TN values of CNPFH after F~ adsorption,
respectively. Iron leaching was also checked (20 and 12 ug/
L before and after F~ adsorption, respectively) but all these
values are below MCL (maximum contaminant levels) in
drinking water, that is, 10 mg/L for TN and 300 ug/L for iron
according to the United States Environmental Protection
Agency (USEPA). This can be attributed to the mechanical
stability imparted to the nanocomposite by the cellulose
backbone. Thus, the granular material can be packed in a
prototype cartridge through which contaminated water can be
passed continuously in an antigravity fashion for a larger
contact time without using any external energy.

4.3. Environmental Impact Assessment. This technol-
ogy was assessed qualitatively and quantitatively by evaluating
some of the relevant mass-based sustainability and socio-
economic parameters, to determine the extent of "§reenness”
of the material and its manufacturing process.” "> The
calculations were done using equations listed in an earlier
paper.*® They are also listed in the Supporting Information
(eqs S4—S8) and the outcomes are summarized in Table 2.

4.3.1. Raw Materials. A major raw material includes
cellulose which is renewable and biodegradable. Processing
of CNFs usually involves mechanical extrusion and defibration
for homogenization and chemical treatment by enzymes or
strong acids and those manufacturers who use mild processing
techniques for lignocellulosic fibers should be preferred for the
supply of the raw material. Iron salt and aniline are used in
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Table 2. Mass-Based Sustainability Metrics Evaluation for the Manufacturing Process of the CNPFH Nanocomposite

mass intensity (MI) solvent intensity (SI) reaction mass efficiency energy consumption
material size (um) (kg/kg kg/kg) (RME) % ggl;Wh/kg) E-factor
CNPFH 150 + SO 1.84 38.80 54 1.78 0.6

nanocomposite

small quantities. Water is used as the solvent. The mass
intensity (excluding water) was calculated to be 1.84, while the
water intensity came as 38.8. Reaction mass efliciency was
54%. Large amounts of water were used because of moderate
solubility of aniline which is 3.6 g per 100 mL water at 20 °C.
Reaction mass efficiency can be improved by further
optimization of reactant masses and avoiding the use of excess
reagents.

4.3.2. Energy Consumption. Electricity was used for
operating the pH meter, stirrer, and vacuum filtration settings.
The composite was dried under the sun and no electrical
energy was involved in the operation of the technology. Energy
intensity was calculated to be 1.78 kW-h/kg of the composite,
in a lab scale synthesis set up. The energy intensity can be
reduced effectively by increasing the scale of production.

4.3.3. Resulting Emissions. No harmful solvents/fumes or
side products were discharged during the synthesis of the
composite. Use of extra oxidants to polymerize aniline was
avoided in the synthesis. The E factor (environmental factor)
was calculated to be 0.6 which indicates minimum emissions.
The unreacted salts coming out with wash water discharge can
be removed, and water can be recycled. The method of
preparation of the composite is water positive by 1—2 orders of
magnitude; that is, it produces about 200 L of fluoride-free
water for every 1 L of water consumed for its production.”’

4.3.4. Toxicity Potential. As per European Chemicals
Agency (ECHA), FeCly; and NaOH are classified as a skin
sensitizer and corrosive, respectively, while aniline is toxic on
repeated exposure to humans and aquatic life. While the first
two reagents are nonflammable and stable at room temper-
ature, aniline is in situ polymerized to PANI during composite
formation and gets blended with cellulose, thereby preventing
any leaching as shown by TOC analysis. PANI is not a
hazardous substance or mixture according to regulation (EC)
no. 1272/2008. FeCl;, NaOH, and aniline show acute oral
toxicity (LDs,) at 900 mg/kg, 280—680 and >102 mg/kg in
mice, respectively. Therefore, the manufacturing process has to
be undertaken with some simple precautionary measures.

4.3.5. Disposal of Waste. Fluoride-adsorbed composites can
be subjected to multiple regenerations for subsequent
adsorption cycles by suitable base treatment like NH,OH.
They can be finally disposed off in leach-free landfills.

4.3.6. Affordability. Taking S mg/L as the average F~
concentration in accessible water in affected communities,
reagents procured at bulk industrial rates and when the same
composite synthesis is optimized with the industrial grade bulk
cellulose, this technology can provide fluoride-free water under
$ 0.7/1000 L of clean water.

4.3.7. Social Acceptability. 1t depends on various criteria
such as whether a technology is economical, requires low
operational effort, acceptable for the users as a product, and
can treat the contaminated water with the expected societal
impact. The CNPFH-based technology is eco-friendly, simple,
cost-effective, and does not incur excessive operational cost.
The technology does not require trained manpower for
implementation and maintenance. Thus, it is expected to be
highly acceptable by the affected communities.

5. CONCLUSIONS

We report a green method for preparing highly efficient and
sustainable cellulose/PANI-based nanocomposite and CNPFH
for defluoridation of water. The 2-line ferrihydrite nano-
particles incorporated in the polymeric confinement of CNFs
and doped N sites of the blended PANI function as active sites
which operate synergistically for enhanced F~ removal. This
also results in faster kinetics of adsorption. Therefore, the
cooperation between such functional groups produce a
combined performance that is greater than the sum of their
separate capacities. SEM, HRTEM, XPS, and IR studies
confirm that the surface, physical, and chemical properties of
CNPFH remain intact even after F~ exposure till saturation.
Moreover, the nanocomposite works efficiently in a wide range
of pH with fast adsorption kinetics. The maximum F~
adsorption capacity of CNPFH is 50.8 mg/g which is higher
than other PANI-based composites reported so far. Moreover,
the robustness of the composite keeps it free from leaching,
which makes it a superior option for an industrially feasible and
green material for delivering affordable water in F~ affected
communities worldwide. Lastly, further insights related to the
environmental impact of such materials was developed by
assessing relevant sustainability metrics.
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Equation (1): The maximum uptake of F- (qe) by cellulosic composites was calculated using the

equation given below:

Uptake (qe) = (Co=CelV

m

where ge is the amount of F- ions adsorbed per gram of the adsorbent (mg/g) at equilibrium, Ce is
the equilibrium concentration of As(III)/As(V) in the bulk solution (mg/L), Co is the initial F-

concentration (mg/L), V is the volume of solution (L) and m is the mass of the adsorbent (g).

Equation (2): The linearized form of Langmuir equation used in this work is defined as,

C

Ce c

e 1

de 9max  DPdmax

where qe 1s the amount of adsorption at the surface of the adsorbent (mg/g), Ce is the equilibrium
concentration of the solution (mg/L), qmax is the maximum surface density at monolayer coverage
and b is the Langmuir adsorption constant (L/mg) related to the free energy of adsorption and

1/qmax and 1/bqmax are the Langmuir constants.

Equation (3): The removal % of F- was calculated using the equation mentioned below:

Co—Ce

Removal % = x 100

[
where Co and Ce are the initial and equilibrium concentrations of the metal ions, respectively.

Sustainability metrics equations

mass of all reactants used excluding water

Equation (4): Mass intensity = kg/kg product

mass of product



Equation (5):

Equation (6):

Equation (7):

Equation (8):

Equation (9):

Equation (10):

Equation (11):

Equation (12):
Equation (13):

Equation (14):

mass of all water used

Water intensity (W) = kg/kg product

mass of product

mass of product

X 100%

Reaction mass ef ficiency (RME) =

mass of all reactants

Energy Intensity — amount of nonrenewable energy used kW . h/kg

mass of product

kg (raw materials)—kg(desired product
E factor = (kg g 14 )]

kg(total product including water)

Lagergren pseudo-first-order model: 1n(qe-qt) = Inge — kit

, t 1 1
Ho’s pseudo-second-order model: — = — + —t
de k2qs  de

Freundlich adsorption isotherm model: logQe = log Kf + %logCe

Dubinin-Radushkevich isotherm model: InQe = InQg — K,4€>
Gibbs free energy equation: AG° = AH®° — TAS®

Equation for thermodynamic parameters: Ink = (—AH®)/RT + (AS°)/R
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Figure S1: Large area SEM images of CNPFH (a) before and (b) after F- adsorption.
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Figure S2: TEM images of CNPFH (a) before and (b) after F- adsorption, corresponding to
elemental mapping shown in Figure 1 (C) and (D).



Figure S3. TEM images of as-synthesized CNPFH composite (a) before and (b) after F-

adsorption.
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Figure S4. Pseudo second-order reaction kinetic plot for the adsorption of F- on CNPFH, fitted
with Eq. 10.
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Figure S5. Freundlich isotherm plot for the adsorption of F- on CNPFH, fitted with Eq. 11.



Table S1. Summary of isotherms and kinetic parameters of F- adsorption on CNPFH.

Pseudo 1% order lf(lqe ) 0.02 6.5 0.891
=Inq, — k4t
t 1 1

+—t 0.01 9.8 0.997
qe

Pseudo 2" order —=
q  kq?

c, C, 1

Langmuir 0.04 50.8 mg/g 0.969

e  9Qmax M9max

1
Freundlich log g, = logKf +—logC, 33 8.3 (mg!~'n L /g) 0.899
n

10
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Figure S6. Dubinin—Radushkevich isotherm model for F- adsorption on CNPFH using Eq.
12.
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Figure S7. Deconvoluted XPS spectrum of F 1s for F- adsorbed FeOOH-cellulose composite.
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Figure S8. Thermodynamic plot for the adsorption of F- on CNPFH, using Eq. 14.
AS =0.077 kJ/mol .K, AH = 0.002 kJ/mol
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Table S2.

Physicochemical characteristics of influent natural water.

SI no. Parameters Value
1 Total coliforms (CFU/ml) 1-2 #103
2 pH at 25°C 7.8
3 Conductivity (uS/cm) 640.0
4 Fluoride (mg/L) 0.57
5 Chloride (mg/L) 86.34
6 Nitrate (mg/L) 1.84
7 Sulfate (mg/L) 32.41
8 Silicate (mg/L) 15.87
9 Phosphate (mg/L) 55.83
10 Sodium (mg/L) 53.74
11 Potassium (mg/L) 2.33
12 Magnesium (mg/L) 14.34
13 Calcium (mg/L) 28.72

14



Downloaded via INDIAN INST OF TECH MADRAS on January 11, 2020 at 13:22:14 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL CHEMISTRY

L e t Z. e r S @ Cite This: J. Phys. Chem. Lett. 2020, 11, 2632

pubs.acs.org/JPCL

Formation of Cubic Ice via Clathrate Hydrate, Prepared in Ultrahigh
Vacuum under Cryogenic Conditions

Jyotirmoy Ghosh, Radha Gobinda Bhuin,” Gaurav Vishwakarma, and Thalappil Pradeep*

DST Unit of Nanoscience (DST UNS) and Thematic Unit of Excellence (TUE), Department of Chemistry, Indian Institute of

Technology Madras, Chennai 600036, India

O Supporting Information

ABSTRACT: Cubic ice (ice I.) is a crystalline phase of solid water, which exists in the
earth’s atmosphere and extraterrestrial environments. We provide experimental evidence
that dissociation of acetone clathrate hydrate (CH) makes ice I, in ultrahigh vacuum
(UHV) at 130—135 K. In this process, we find that crystallization of ice I, occurs below its
normal crystallization temperature. Time-dependent reflection absorption infrared
spectroscopy (RAIRS) and reflection high-energy electron diffraction (RHEED) were
utilized to confirm the formation of ice I.. Associated crystallization kinetics and activation
energy (E,) for the process were evaluated. We suggest that enhanced mobility or
diffusion of water molecules during acetone hydrate dissociation enabled crystallization.
Moreover, this finding implied that CHs might exist in extreme low-pressure
environments present in comets. These hydrates, subjected to prolonged thermal
annealing, transform into ice I.. This unique process of crystallization hints at a possible

ice pores / (lcely
'/0 J % TEIK
Y —
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. | Time (h)
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Acetone
clathrate
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mechanistic route for the formation of ice I_ in comets.

ces are ubiquitous in the universe, planets, and interstellar

medium (ISM)' and can exist in different amorphous and
crystalline forms.”* At ambient conditions, only hexagonal ice
(ice 1) can be obtained, out of more than 17 known crystalline
ice polymorphs.*™® Recently, in 2019, a new crystalline
superionic ice phase was discovered,” termed ice XVIII,
which indicates the diverse and exciting nature of this field.
Cubic ice (ice L), a metastable ice phase, was discovered by
Konig® in electron diffraction experiments.’ Subsequently,
many experiments were performed to produce ice I.”"° Such
studies include vapor deposition on cooled substrates,”"' ™"
freezing of water in confined geometries,"*'® supercooling of
water droplets,'” > freezing of high-pressure ice phases (phase
II to IX) followed by annealing to 120—170 K,>*'~** annealing
of amorphous ices,”*° dissociation of clathrate hydrates
(CHs),” ™ etc.

Formation of ice I. by dissociation of CHs is intriguing
among the several methods mentioned above. It was shown
that dissociation of CO, hydrates can lead to ice I.°”* The
dissociation experiments were carried out at 6 mbar and 170—
190 K, simulating the Martian surface and subsurface
conditions.”” However, the applicability of this unique
transformation route in more exotic environments (comets
and ISM), where the pressure is extremely low (~107'° mbar),
is still an open question. Note that ice I_ is predicted to exist in
comets.”** This is possible as CH, the precursor of ice I. in
this transformation, can exist in cometary conditions.*
Moreover, ice I. is also known to form in the earth’s
atmosphere.'”**™*° Calculation of dissociation pressures of
different hydrates suggests their stability at low pressures and
low temperatures.”” We have shown recently that methane and
CO, can form CHs at ~107' mbar and ~10 K, conditions

-4 ACS Publications  © 2019 American Chemical Society
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relevant to ISM.”® However, there has been no experimental
evidence to our knowledge for the formation of ice I. upon
dissociation of CHs in ultrahigh vacaum (UHV) conditions.
Comets are assumed to be the most primitive bodies of the
solar system and impart essential information on its formation.
The nuclei of comets are mostly composed of rock, dust, and
water-ice along with other volatile substances. The structures
and phases of ice in comets play crucial roles in the entrapment
of volatile gases,” as well as in different cometary activities
such as cometary outbursts, heat balance of the cometary
nuclei, etc.>® Patashnick et al.* proposed that the heat evolved
during crystallization (amorphous to ice 1) may be the driving
force for these outbursts. Again, it was speculated that the
change of thermal conductivity during this crystallization may
alter the heat balance of the cometary nucleus.’”*' ™"
Amorphous ice is a poor heat conductor in comparison to
ice I, and thermal conductivity rises by a factor of 10 upon
phase transition.”” The comets composed of ice I. show low
volatile outburst activity in comparison to comets with
amorphous ice.”” Enhanced thermal conductivity of ice I,
increases the overall temperature of the cometary nucleus,
resulting in the escape of volatile species at one time. In
contrast, the comets with amorphous ice continuously show
outburst activity every time the surface is sufficiently heated by
solar radiation. This phenomenon may occur in an erratic
manner until all the ice is transformed into the cubic state.*
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Figure 1. RAIR spectra of 300 MLs of acetone:H,O (1:1) at 135 K in the O—H and C=O stretching regions. The mixture was codeposited on
Ru(0001) substrate at 10 K and annealed at a rate of 2 K'min™" to 135 K. The C=0 stretching band was deconvoluted to show the concentration
of acetone trapped in the hydrate cage and ASW pores. The inset focuses on the change in C=O stretching band upon dissociation of acetone
hydrate over time. The O—H band changed after crystallization, and different features were resolved upon deconvolution.

Acetone, a precursor of prebiotic species,44 was found on
comet 67P/Churyumov-Gerasimenko, for the first time, in
2015.*° Recent measurements by the ROSINA (Rosetta
Orbiter Spectrometer for Ion and Neutral Analysis) instrument
onboard Rosetta suggested the possible existence of CHs in
this comet.*® Here, we have shown that acetone could form
CH because of its interaction with amorphous solid water
(ASW) in conditions analogous to those of the comets.

7—50 . . .
on the interactions of acetone with

Extensive studies’
ASW or crystalline ice film exist in the literature. At higher
temperatures, acetone can escape the hydrate cage to form
empty hydrate. The empty hydrate is usually regarded as
unstable because the guest species stabilize the host frame-
work.”" Falenty et al. reported the formation of an “empty”
hydrate after 5 days of continuous vacuum pumping of neon
hydrate at 110—145 K, which they attributed to ice XVIL.>'
Here, we demonstrate that acetone hydrate formed in UHV
can transform into ice I, upon in situ dissociation of the former
at 130—-135 K.

Ice I, via acetone hydrate was prepared by annealing a
codeposited ~300 MLs acetone:H,O (1:1) film to 135 K and
maintaining it there in UHV for 3 h (additional experimental
details are given in the Supporting Information). Figure 1
shows the RAIR spectra obtained immediately after annealing

27

the codeposited film at 135 K (blue trace; 0 h) and after 3 h
(orange trace; 3 h). The inset of Figure 1 shows the time-
dependent RAIR spectra of the same system in the C=O
stretching region. In Figure 1, only the O—H (2800—4000
ecm™) and C=0 (1650—1770 cm™"') stretching regions are
displayed as these two regions are important for the
acetone:H,O system where major changes were observed. At
135 K, the O—H bending band became featureless, and
therefore, it was neglected in the spectra. The C=0 stretching
band at 0 h shows two features at ~1721 and ~1709 cm™},
which are attributed to acetone hydrate™~>* and ASW-trapped

s
acetone,

respectively, based on previous IR studies. These
two features were deconvoluted to predict the actual amount
of acetone in the hydrate form with respect to the total acetone
present. Taking the area under the 1721 cm™' peak, the
amount of acetone in the hydrate form was estimated to be
32.59% of the total acetone. Isothermal time-dependent RAIR
spectra of 150 MLs of pure acetone (Figure S1), measured at
different temperatures (115, 120, and 125 K), showed a major
feature at ~1718 cm™' due to bulk acetone.*”***° This
confirmed that the 1721 cm™ peak is entirely a new feature
and arises only because of acetone hydrate and not because of
bulk acetone or its aggregates. Temperature-dependent RAIR

DOI: 10.1021/acs.jpclett.9b03063
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spectra shown in Figure S2 suggest that acetone hydrate starts
to form at 130 K.

However, it is not stable in this condition and dissociated
within 3 h. The inset of Figure 1 shows the reduction of C=0
stretching band with time and resulted in a weak feature at
~1702 cm™". This feature is assigned to a dilute mixture of
acetone and water (1:20), which was separately examined
(Figure S3).

Acetone is a relatively less abundant molecule in the
cometary environment. We have performed time-dependent
RAIR spectra for dilute mixtures (1:10 and 1:20) of
acetone:H,0 at 135 K (Figure S4). They also resulted in ice
I, in processes as described. Therefore, it is confirmed that
acetone hydrate could be formed even with a very dilute
mixture of acetone:H, 0, which may have direct relevance from
the cometary science perspective. However, to present the
results in a clear and consistent way, a 1:1 mixture was used,
which allowed us to obtain better quality spectra and monitor
the changes distinctly in the spectra.

The O—H stretching band also underwent a profound
change with time. The featureless broad O—H stretching band
at 0 h is a characteristic feature of ASW (blue trace in Figure
1). However, this particular band is red-shifted with respect to
the O—H stretching band of an ASW film, reflecting the
increase in the order and number of H-bonded water
molecules with time.”” The unit cells of hydrates are complex,
and the water molecules reside in several inequivalent sites,
which results in the broadening of the O—H stretching band of
the host ice network.”® This band became sharp and split
partially after 3 h (orange trace in Figure 1). Splitting and
sharpening of O—H stretching of the IR spectrum are
associated with the crystallization of the ice film. This O—H
band was deconvoluted to three distinct features as shown in
Figure 1. The features at 3164, 3284, and 3395 cm™'
correspond to v; in-phase band, v; TO band, and the
overlapped v; LO and v, out-of-phase bands of ice I.. These
assignments were made based on the previous IR studies of ice
1.>7% It is evident that acetone hydrate in UHV slowly (within
3 h) dissociates at 135 K, leading to ice I.. We carried out a
similar time-dependent RAIR study of the same system at 130
and 120 K. These results are shown in Figures S5 and S6,
respectively. We see that acetone hydrate formed at 130 K
(Figure SS) got converted to ice I after 9 h. However, the
formation of acetone hydrate and subsequent crystallization to
ice I were not observed at 120 K, even after 48 h (Figure S6).
This observation indicates that the thermal motion of acetone
molecules is responsible for the formation of acetone CH. At
low temperature (<120 K), these motions are restricted;
however, they became significant near the acetone desorption
temperature (~130 K) in UHV. Earlier studies’® also suggest
that molecular mobility plays a vital role in the entrapment of
guest molecules into the hydrate cages; therefore, the
temperature near the desorption of guest species used here is
crucial for the observed phenomenon.

A similar time-dependent study was carried out with 300
MLs of acetone:D,0 (1:1) at 140 K, and cubic D,0O ice was
formed upon dissociation of acetone hydrate (Figure S7). The
requirement of a slightly higher temperature of 140 K is
understandable because D,O is a heavier molecule than H,O,
whose rearrangement required a higher temperature.®'

Thin films of ASW (<30 MLs) grown by vapor deposition
below 110 K are known to have intrinsic ferroelectricity”> and
negative surface potential.”> However, in our study, the
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contribution of these effects of ice may be disregarded,
because all the experiments were performed with higher
coverage of ice (300 MLs) and above 120 K when such
properties disappear. Time-dependent studies of pure 150 MLs
of H,0 were carried out at 120 and 130 K (Figure S8), and
self-crystallization of ice was not observed. It proved that
dissociation of acetone hydrate alone produced the ice I, even
at a lower temperature.

The structure of the ice formed is crucial to be investigated
by more direct measurements. Figure 2 shows the time-
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Figure 2. Time-dependent RHEED images of 300 MLs of
acetone:H,0 (1:1) at 120, 130, and 135 K. Here, a codeposition
was done on the Ni(111) substrate at 20 K by following a method
similar to that in a RAIRS study. After deposition, the mixtures were
annealed at 2 K'min™" to reach the required temperatures. RHEED
images were collected at 135 K for (a) 0 h and (b) S h, 130 K for (c)
0 hand (d) 12 h, or 120 K for (e) 0 h and (f) 24 h.

dependent reflection high-energy electron diffraction
(RHEED) images of 300 MLs of acetone:H,O (1:1) at
different temperatures as indicated. These experiments were
conducted in a separate chamber by depositing 300 MLs of
mixed ice on a Ni(111) substrate at 20 K. After deposition, the
mixture was annealed (heating rate = 2 Kmin™') to the
experimental temperatures and kept for the required time, as
shown in the figure. Here, it must be noted that all of the
experiments were performed under multilayer deposition
conditions, and therefore, the substrate does not play a role
in the morphology of the deposited ice systems.””®® The
RHEED image in Figure 2a, which was taken immediately after
annealing the acetone:H,O system at 135 K, does not show
any pattern indicating the amorphous nature of the mixture.
However, after 5 h, several diffraction rings were observed
(Figure 2b). Notably, these diffraction patterns originate from
the water ice film. In this particular condition, most of the
acetone molecules desorb from the mixture as indicated by the

DOI: 10.1021/acs.jpclett.9b03063
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IR measurement. The RHEED pattern indicates that the water
film is ordered; that is, this is a crystalline ice film which is
cubic, as the observed diffraction patterns match with the
earlier diffraction studies®®” of ice I. Time-dependent
RHEED experiments were carried out at 130 and 120 K as
well. We observed in Figure 2d that after 12 h at 130 K, the ice
became cubic. However, at 120 K| the ice I_ diffraction patterns
were not observed, even after conducting the study for 24 h
(Figure 2ef). These observations are in accordance with the
RAIR spectra presented in Figure 1. From an analysis of the
diffraction patterns in Figure 2, it is evident that ice I. was
formed only through the dissociation of acetone hydrate.
Figure 3 shows the TPD-MS spectra of 300 MLs of
acetone:H,0O (1:1). Here, the ice film was heated at 30 K-
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Figure 3. TPD-MS spectra of 300 MLs of acetone:H,0 (1:1). The
ramping rate was 30 K-min~'. Here, the intensities of CH,CO* (m/z
= 43) and H,0" (m/z = 18) are plotted. (a) Desorption trace of
acetone (m/z = 43) shows a sharp peak at 134 K, which is attributed
to the untrapped acetone desorption. The shoulder labeled $ is due to
acetone hydrate desorption. The peak labeled * is attributed to
acetone desorption due to premelting of ice upon annealing, and that
labeled # is due to desorption of acetone along with the processes in
ice. (b) The desorption trace of water (m/z = 18) shows a sideband,
which is due to the amorphous-to-crystalline ice transition. It
coincides with the shoulder labeled $. The peak at 155 K is due to
the complete desorption of ice.

min~' to obtain the TPD spectra. In Figure 3a, for the

desorption trace of acetone, the intensity of CH;CO* (m/z =
43) is shown as a function of temperature. It shows a sharp
desorption feature at 134 K due to the dissociation of
untrapped acetone which exists outside the hydrate cage. It was
further confirmed by the TPD of pure acetone, which shows a
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desorption peak at 132 K (Figure S9). It is to be noted that
acetone starts to form a hydrate just by annealing to 130 K, as
shown in Figure S2. In TPD, the shoulder marked with $ is
due to acetone hydrate dissociation. This feature of acetone
(Figure 3a) may have a contribution from the molecular
volcano (MV) of acetone as it coincides with the transition of
ASW to crystalline ice (Figure 3b). Upon deconvoluting the
desorption trace of acetone (Figure S10), the amount of
desorption due to acetone hydrate is estimated to be 24.26% of
the total acetone at this condition, and it is correlated to the
amount of acetone in hydrate form calculated from the IR data
(Figure 1). Note that the shoulder peak is indeed narrow,
much like the feature at 134 K (Figure S10). The feature
marked with * is due to the premelting of ice, which releases
some amount of trapped acetone, whereas the # feature is due
to release of still smaller amounts of acetone, which desorb
along with ice at 155 K. This smaller amount of acetone is also
observed in the RAIRS study as shown in Figure 1 where a
weak feature at ~1702 cm™ was observed even after hydrate
dissociation, which was further confirmed in a separate
experiment shown in Figure S3. The desorption trace of
H,0" (m/z = 18) consists of two features as shown by spectral
deconvolution. The vapor pressure (desorption rate) of ASW
is higher than that of crystalline ice, which resulted in a bump
indicated by pink shading.’® Interestingly, this bump occurs
right at the same temperature when acetone hydrate
dissociated. Therefore, this is additional evidence to suggest
that dissociation of acetone hydrate resulted in the
crystallization of ice.

Kinetic parameters of ice I, crystallization were evaluated by
conducting time-dependent RAIRS studies at different temper-
atures. Previous reports’"**® suggest that the crystallization
kinetics of ASW can be evaluated by monitoring the change in
O—H stretching band during crystallization. The decoupled
O-D stretch in HDO was also found to be effective in
predicting the crystallization kinetics.”””" Here, both these
methods were adopted for a conclusive evaluation of the
kinetics.

The time-dependent RAIR spectra of acetone:HDO (5%
D,0 in H,0) at different temperatures (130, 132, 135, and
137 K) are shown in Figures S11—S14. In Figure S13a, the
bottom most spectrum (0 h trace) indicates a pure ASW film
which was crystallized with time. We have evaluated the
crystallization fraction, x(t), from changes in the absorbance
(AA) at a fixed wavenumber (3307 cm™ in Figure S13a,
indicated by the vertical line) for each temperature. A similar
approach was adopted in several previous reports.””*** Also
in Figure S13b, the initially broad amorphous spectrum (0 min
trace) eventually was transformed into a relatively sharp
crystalline spectrum with a peak at ~2427 cm™'. Here,
differences in the integrated peak area between the completely
ASW and (partly) crystalline films at each time interval were
considered. However, changes in the absorbance (AA) at a
fixed wavenumber (~2427 cm™" in Figure S13b, indicated by a
vertical line) produced almost the same result for x(t) as that
obtained from the integrated peak area. The crystallization
fraction was calculated by eq 1

_AA()
T AAQ2)

=) (1)

where AA(1) is the difference in the absorbance at a particular
time “t” and that at time zero; AA(2) is the difference in
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absorbance of a completely crystallized film and that at time
zero.

Panels a and b of Figure S15 illustrate the changes in the
crystallization fractions as measured from the O—H and
decoupled O—D stretching bands, conducted at different
temperatures as shown. It was evident that the rate of
crystallization was increased with rise in temperature. This
change was reflected in the change of the curve shape from
sigmoidal to exponential with temperature.”” Next, the
crystallization fraction at different temperatures was fitted to
the Avrami equation’””?

x(t) =1 — exp[—k(T)-t]" )

where t is time, k(T) the rate constant, and n the Avrami
exponent. For all temperatures, n is a parameter whose value
indicates the geometry of the growing particles and the type of
nucleation, whether it is diffusion- or interface-controlled.””*
Thus, the nature of the crystallization process can be predicted
from the knowledge of Avrami exponent, n. After rearranging,
this equation becomes

In(—=In[1 — x(t)]) = nIn(t) + nln k(T) 3)

Panels a and b of Figures S16 show linearly fitted straight
lines using eq 3, for different temperatures as shown. The
values of n are determined from the slopes. Using the values of
n and intercept of the straight lines for each temperature, the
rate constants, k(T), are estimated. Values of n and k(T)
obtained from the analysis of O—H and O—D stretching bands
at different temperatures are summarized in Table S1.

The obtained values of n (2.59—1.62, in Table S1) suggest
that the crystallization kinetics is diffusion-controlled with
particles growing into a predominantly spherical geome-
try.”*~7° Previous studies also suggest that the crystallization
kinetics of water to ice I. at T < 150 K is diffusion-controlled
with predominantly spherical grow’ch.74 Here, we suggest that
dissociation of acetone hydrate can promote the diffusion or
mobility of H,O molecules which essentially trigger the
formation of crystalline ice. Panels ¢ and d of Figure S16 show
the Arrhenius plot obtained from the analysis of the O—H and
the O—D stretching regions, respectively. The slope of these
linearly fitted lines gave the values of the activation energy
(E,), which were estimated to be ~57.92 and ~57.58 kJ mol ™",
respectively. This is comparable to the previously reported
activation energy values (E, = 60—77 kJ mol™') for the
crystallization of pure ASW obtained by different experimental
techniques.ég’m’7 =7 Here, the high mobility of the water
molecules during hydrate dissociation can overcome the
kinetic barrier to form crystals even at a lower than usual
ice-crystallization temperature.

In conclusion, we found that dissociation of acetone hydrate
leads to the formation of ice I. under UHV. CHs are known to
dissociate under prolonged exposure to vacuum and result in
an entirely different crystalline structure of ice.”’ The
nucleation of ice I occurs below the crystallization temper-
ature, and molecular rearrangement during hydrate dissocia-
tion favors it. It is known that water-ice exists in comets, and
acetone has also been found there recently.” This study shows
that acetone hydrate can exist in the extreme low-pressure
conditions present in comets. Here, we believe that we present
a missing piece of the puzzle linking the existence of ice I. and
CH in comets. We suggest that this may be the mechanistic
route for the formation of ice I. in such environments. This
study may hint at the ice composition of a comet (amorphous
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or crystalline), which have implications from the cometary
science perspective.
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Experimental Section:

Experiments were carried in an ultrahigh vacuum (UHV) chamber (base pressure ~5x10-10
mbar). Details of the instrument are described elsewhere.! This kind of low pressure is an
essential condition for simulating the ISM or cometary environments. The vacuum was
maintained by several oil-free turbomolecular pumps backed by diaphragm pumps (Pfeiffer
Vacuum). In brief, the chamber was equipped with reflection absorption infrared (RAIR)
spectroscopy and temperature-programmed desorption (TPD) mass spectrometry. Here, a
Ru(0001) single crystal was used as the substrate. A thin film of ice was grown on top of this
substrate, mounted on a copper holder, which in turn, was attached at the tip of a closed cycle
helium cryostat (ColdEdge Technologies). The temperature was measured by using a K-type
thermocouple connected to it. Repeated heating at 400 K before vapor deposition ensured
surface cleanliness. The temperature ramping was controlled and monitored by a temperature
controller (Lakeshore 336).

Acetone hydrate was formed by using ~99.99% pure acetone, purchased from Sigma-Aldrich
and Millipore water (H,O of 18.2 MQ resistivity), taken in separate test tubes, connected to the
sample line through a glass-to-metal seal. Here, both acetone and water were additionally
purified through several freeze-pump-thaw cycles before introduction into the experimental
chamber. The sample lines were connected to the experimental chamber through a high
precision all-metal leak valve. These leak valves were used to control the flow or inlet pressure
of different samples. Out of the two sample inlet lines, one was exclusively used for acetone
while the other line was used for water deposition. During the exposure of different samples
into the UHV chamber, their purities were checked using a quadrupole mass spectrometer
(Extrel) installed in the chamber. Recorded mass spectra were used to monitor purity as well
as to measure the ratio of the mixtures. The ratio of the mixed ice was determined by controlling
the flow or inlet pressure of the sample. Here, we express the film thickness in terms of the
monolayer (ML), assuming that 1.33x10°% mbar.s = 1 ML which has been estimated to contain
~1.1x10" molecules.cm™. A number of reports®* adopted this calculation for the estimation
of surface coverages. The inlet pressure during sample deposition was decided based on the
coverage desired at the time of the experiment. The substrate was kept in a fixed perpendicular
position for uniform growth of ice. For accurate estimations, the relative sensitivities of ion
gauge response (ion gauge coefficient) towards different molecules have to be accounted.’
Other ways of estimating coverage include determination of molecular flux by Hertz-Knudsen

equation, numerical integration of thermal desorption spectra.® Despite this limitation, the
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present method was chosen for its simplicity. A 1:1 monolayer mixture of acetone:H,O will be
3.22:1 in molar ratio. However, it is difficult to estimate the actual ratio (acetone:H,0O) during
the nucleation of acetone hydrate at higher temperature, due to the desorption of acetone. The
nucleation is primarily governed by the annealing temperature and residence time. Therefore,
the accurate measurement of the ratio of the mixture is insignificant for this study.

Here, to prepare 300 MLs of acetone:H,O (1:1), the UHV chamber was backfilled at a total
pressure of ~5x1077 mbar (where, acetone inlet pressure = 2.5x1077 mbar, and water inlet
pressure = 2.5%10"7 mbar) and deposition was continued for 10 minutes. Now, this mixed ice
was slowly (heating rate = 2 K.min!) heated to the required experimental temperatures (120,
130, and 135 K). At these temperatures, the mixed ice was monitored constantly by RAIRS
with time. For decoupled O-D stretching analysis, the samples were prepared using D,O (~5%)
in H,O.” In this solution, D,O undergoes H/D exchange to form HDO. The use of HDO
facilitates the observation of ASW crystallization because the O-D stretching vibration is
decoupled from intramolecular and intermolecular O-H stretching vibrations.”

RAIR spectra were recorded using a Bruker FT-IR spectrometer, Vertex 70. The external IR
beam was focused onto the substrate using gold plated mirrors through ZnSe flanges
(transparent to IR beam), attached to the vacuum chamber. The reflected IR beam from the
substrate was re-focused using another gold-plated mirror to a liquid N, cooled external MCT
IR detector. The spectra were collected in the 4000-550 cm™! range with 2 cm! resolution. Each
spectrum was averaged for 512 scans to get a better signal to noise ratio.

The CHs produced in the UHV condition were further characterized by temperature
programmed desorption-mass spectrometry (TPD-MS) analysis. For TPD-MS, after ice
deposition or clathrate hydrate formation, the substrate was moved to a fixed position by using
a sample manipulator to ensure that the surface is very close to the mass spectrometer inlet and
the substrate was ramped at a constant heating rate (30 K.min'!). Suitable masses of the
desorbed species (m/z =43 for acetone, m/z = 18 for H,O) were selected by a linear quadrupole
mass spectrometer analyzer, and the intensity of the desorbed species was plotted as a function
of substrate temperature. Extrel CMS, USA supplied the mass spectrometers.

Reflection high-energy electron diffraction (RHEED) study was carried out in a different UHV
chamber of base pressure ~1.33x10-1° mbar, which was described in detail elsewhere.!” To
obtain RHEED patterns, we used a focused high-energy electron beam (30 keV) that was
generated by an electron gun (Eiko Co. Ltd., MB-1000). The diffraction pattern projected onto
a phosphor screen was recorded using a high-sensitivity CCD camera intermittently (pulse

duration of ~0.5 s), only at specific temperatures and coverages of interest to reduce sample
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damage. The typical electron beam current during the RHEED measurement was 5-7 nA, as
determined using a Faraday cup. The spot size and glancing angle of the beam were 0.1 mm

and 2-3°, respectively.
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Figure S1. Isothermal time-dependent RAIR spectra of 150 MLs of pure acetone film at (a)
115, (b) 120, and (c) 125 K in the C=0 stretching region. Time-dependent studies at relatively

higher temperatures (130 or 135 K) could not be performed, since pure acetone desorbs within

a few minutes at these temperatures.
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Figure S2. Temperature-dependent RAIR spectra of 300 MLs acetone:H,O (1:1) in the (a)

C=0 stretching region, and (b) O-H stretching region. The mixture was co-deposited on

Ru(0001) substrate at 10 K, and annealed at a rate of 2 K.min"'.
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Figure S3. Temperature-dependent RAIR spectra of 300 MLs acetone:H,O (1:20) in the (a)
C=0 stretching region, and (b) O-H stretching region. The mixture was co-deposited on
Ru(0001) substrate at 10 K, and annealed at a rate of 2 K.min! to 140 K. The C=0 stretching

region partly overlaps with the O-H bending feature. Noise in the spectra is due to the reduced

concentration of acetone.
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Figure S4. Time-dependent RAIR spectra of 300 MLs of acetone:H,O for two different ratios;

(1:10) and (1:20) as shown in the top and bottom panels, respectively.
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Figure S5. Time-dependent RAIR spectra of 300 MLs of acetone:H,O (1:1) at 130 K in the

(a) C=0 stretching region, and (b) O-H stretching region. The mixture was co-deposited on

Ru(0001) substrate at 10 K, and annealed at a rate of 2 K.min™! to 130 K.
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Figure S6. Time-dependent RAIR spectra of 300 MLs of acetone:H,O (1:1) at 120 K in the

(a) C=0 stretching region, and (b) O-H stretching region. The mixture was co-deposited on

Ru(0001) substrate at 10 K, and annealed at a rate of 2 K.min! to 120 K.
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Figure S7. Time-dependent RAIR spectra of 300 MLs of acetone:D,0 (1:1) at 140 K in the
(a) C=0 stretching region, and (b) O-D stretching region. The mixture was co-deposited on
Ru(0001) substrate at 10 K, and annealed at a rate of 2 K.min! to 140 K. The small peak at

~2349 cm! is due to the uncompensated gas phase CO, from the background.
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Figure S8. Time-dependent RAIR spectra of 150 MLs of solid H,O film at (a) 120 K, and (b)
at 130 K in the O-H stretching region. The water vapour was deposited at 10 K on Ru(0001)

substrate. The ice films were annealed at 2 K.min"! rate to the respective temperatures.
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Figure S9. TPD-MS spectra of 150 MLs of pure acetone. Ramping rate = 30 K.min-!.
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Figure S10. Deconvoluted desorption trace of acetone, taken from the TPD spectra shown in
Figure 3a of the main manuscript. Here, two components are fitted to show their spectral widths

are almost the same.
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Figure S11. Time-dependent RAIR spectra of 300 MLs of acetone:HDO (5% D0 in H,0) at
130 K in the (a) O-H stretching region, and (b) O-D stretching region.
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Figure S12. Time-dependent RAIR spectra of 300 MLs of acetone:HDO (5% D,0 in H,0) at
132 K in the (a) O-H stretching region, and (b) O-D stretching region.
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Figure S13. Time-dependent RAIR spectra of 300 MLs of acetone:HDO (5% D,0 in H,0) at
135 K in the (a) O-H stretching region, and (b) O-D stretching region. The mixture was co-
deposited on Ru(0001) substrate at 10 K, and annealed at a rate of 2 K.min! to 135 K. The
vertical lines at a fixed wavenumber are used to measure the absorbance changes with time,

which was further utilized for calculation of crystallization fraction.
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Figure S14. Time-dependent RAIR spectra of 300 MLs of acetone:HDO (5% D-0 in H,0) at

137 K in the (a) O-H stretching region, and (b) O-D stretching region.
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Figure S15. Crystallization fraction of 300 MLs of acetone:HDO (5% D,O in H,0O) obtained
from isothermal RAIRS measurements at 130, 132, 135, and 137 K. The extent of

crystallization were estimated from, (a) the 3307 cm! peak in the O-H stretching region, and

(b) the 2427 cm™! peak in the decoupled O-D stretching region.

S20



Table S1: The parameters for crystallization of ice Ic during the dissociation of acetone hydrate

at different temperatures.

Temperature (K) n Rate constant; k (s™)

130 2.49 2.47%107

132 2.45 6.37x10°°
O-H stretching

135 2.05 1.80x104

137 1.62 4.04x104

130 2.59 2.36x107

132 2.51 5.76x107°
O-D stretching

135 2.08 1.50x104

137 1.81 3.94x104
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(E.) can be calculated from the slope of the straight line.
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ABSTRACT: Herein, we present an intercluster reaction
leading to new trimetallic nanoclusters (NCs) using bimetallic
and monometallic NCs as reactants. Dithiol protected
bimetallic MAg,s(BDT) ,(PPh,), (BDT = 1,3-benzenedithiol
and M = Nj, Pd, or Pt) and monothiol protected Au,;(PET);,
(PET = 2-phenylethanethiol) were used as model NCs. A
mixture of trimetallic MAu,Ag,s_.(BDT);,(PPhy), (x = 1—
12) and bimetallic Ag,Au,s_(PET);5 (x = 1—-7) NCs were
formed during the reaction as understood from time-
dependent electrospray ionization mass spectrometry (ESI
MS). Detailed studies of intercluster reaction between

M=Ag/ Nil Pd/Pt A9

oo "JI:\:. .f\\’.?‘
/\\\‘/,’)@\.\1 (’,é‘ix_r .:J:r?

- P * ‘\‘y\\)ﬁ
\:é‘. “
MAGg24(BDT),,(PPh;),

Auys(PET)g MAu,,Ag4(BDT)y,(PPh;),

Ag,o(BDT),,(PPh;), and Au,s(PET);s were also performed. Although both MAg,s(BDT),,(PPh;), (M = Ag, Ni, Pd, or
Pt) and Au,s(PET);4 contain 13 atoms icosahedral core, only a maximum of 12 Au doped NCs were formed for the former as a
major product and not the 13 Au doped one, unlike the previous reports of intercluster reaction. The transfer of Ni, Pd, or Pt
atom from the center of icosahedron of MAg,s(BDT) ,(PPh;), to Au,s(PET)s was not observed, which suggests that the
central atom is not involved in the reaction. Density functional theory (DFT) calculations were performed to know structures
and properties of the formed NCs. This study demonstrates the use of intercluster reaction as an effective synthetic protocol to

make multimetallic alloy NCs.

B INTRODUCTION

Atomically precise nanoclusters (NCs) composed of an
interior metal-core and exterior metal—ligand shell have gained
significant attention due to their precise compositions and
well-defined structures.'~* Robust stability of some NCs allows
the growth of single crystals enabling structure determination
by single-crystal X-ray diffraction leading to a detailed
understanding of cluster-based materials.”~® They exhibit
fascinating optical, catalytic, magnetic, and electrochemical
properties which make them suitable for various applica-
tions.”'* The unique properties of NCs can be tuned by
changinfg their structure, atomicity, protecting ligands,
etc.”™"® Among different NCs, alloy NCs composed of
two or more metals are of great interest nowadays.'””**
Alloying in Au and Ag NCs usually shows significant effects on
catalysis, optics, etc., and therefore, it is of high importance in
broadening their applications.”>~>” The very first example of
an atomically precise bimetallic cluster synthesized was
PdAu,,(SR),s.”**" After that, many alloy NCs were synthe-
sized which exhibited drastic change in structure and
properties from their monometallic analogues. For example,
26-fold enhancement in photoluminescence (PL) was
observed by the doping of S Au atoms in Ag,o(BDT),,(PPh,),
(BDT = 1,3-benzenedithiol and in short Agzg).30 Also, doping
of Au increases the stability of NCs as observed in

N4 ACS Publications  © xxxx American Chemical Society

Ag,,(TBBT),, (tert-butylbenzenethiol).”’ Although poor
stability of Ag,,(TBBT),, did not allow the formation of its
single crystals, doping of one Au atom improved its stability
and AuAg(TBBT),, was crystallized.” The effect of
heteroatom doping in catalysis is well-studied."*** Alloy NCs
displayed higher catalytic activity than the monometallic
analogues as observed in the oxidation of benzyl alcohol
using Pd doped Au,s(PET) s (PET = 2-phenylethanethiol and
in short Au,).>*

A wide variety of combinations and compositions are
possible for alloy NCs.> Their structures depend on synthetic
methods and conditions applied.”> Among different synthetic
procedures of alloy NCs, the most common procedures are
coreduction, galvanic reduction, antigalvanic reduction, and
intercluster reaction.’*** Depending on the metal atom and
synthetic procedures, the doping position in alloy NCs can be
defined which has significant effect on their properties.”” A
large number of alloy NCs have been synthesized by the
coreduction method. However, it is hard to control the
structures of the obtained alloy NCs. In the case of galvanic
and antigalvanic reduction methods, structures and morphol-
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ogy of the formed NCs depend on the metal precursor used in
the reaction.”” Properties of NCs depend on the morphology
as in the case of sphere and rodlike Au,; NCs which showed
different catalytic activity toward electro-reduction of CO,."’

Intercluster reaction is a new and effective method for the
synthesis of alloy NCs.*' Krishnadas et al. introduced
intercluster reactions between Au,s and Ag,,(FTP),, (FTP =
4-fluorothiophenol and in short Ag,,), which resulted in a
mixture of bimetallic NCs.** Further, they studied the
intercluster reaction between structurally similar Au and Ag
NCs, Au,s and Ag,s(DMBT),; (DMBT = 2,4-dimethylbenze-
nethiol and in short Agzs).43 These intercluster reactions
manifested the molecule-like reactions possible between
atomically precise NCs. The bimetallic NCs formed during
these reactions showed the conservation of structures. Other
than these conventional methods, a new synthetic protocol was
reported by Biirgi et al. where metal foils were used as doping
reagents.”* Their study revealed the importance of ligands and
the metal-core during intercluster reactions. Though the
reaction between monometallic NCs has been studied for
the past several years, intercluster reaction using multimetallic
NCs is still unexplored.

In this report, we have presented the formation of trimetallic
NCs by intercluster reaction between dithiol protected
bimetallic NCs, MAg,3(BDT) ,(PPh;), (M = Ni/Pd/Pt) (in
short MAg,5) and a monothiol protected NC, Au,. At first, we
synthesized new bimetallic NCs, PdAg,s and NiAg,s along with
the synthesis of known PtAg,s by ligand exchange-induced
structural transformation (LEIST) method starting from
MAg,, NCs (M = Ni/Pd/Pt). The synthesized bimetallic
NCs were used as precursors for the reaction with Au,; leading
to the formation of trimetallic alloy NCs,
MAu,Ag,s_(BDT),(PPh;), (in short MAu,Ag,s_, where M
is Ni/Pd/Pt and x = 1—12). Also, a detailed understanding of
the intercluster reaction between Agyy and Au,g has been
presented which was not been addressed in our previous
work.** The intercluster reaction between Ag,o and Auy led to
the formation of a mixture of bimetallic NCs,
Au,Ag,,_,(BDT),(PPhy), (in short Au,Agy,_, where x = 1—
12) and Ag,Auy;_,(PET) s (in short Ag,Au,s_, where x = 1—
7). Unlike the previous intercluster reactions where the metal-
core was fully replaced by Au atoms, in this case, we found the
formation of Auj,Ag;; as the major product rather than
Auj;Ags upon completion of the reaction. The reaction
between MAg,s and Au,s also resulted in the formation of
MAu,,Ag4 as the major product, which is understood as due
to the reaction occurring at the surface of the NCs. The inner
icosahedral core is seemingly protected by the metal-dithiol
linkages in such a way that direct interaction with the metal-
cores is not possible during the reaction. This was further
confirmed from the fact that the central Ni, Pd, or Pt of MAg,,
was not being transferred to Au,s. Further, theoretical
calculations were carried out to understand structures and
properties of the formed NCs.

B RESULTS AND DISCUSSION

We synthesized bimetallic MAg,, (M = Ni/Pd/Pt) NCs
following a reported protocol as mentioned in the
Experimental Section. NiAg,,, synthesized for the first time,
exhibited prominent absorption features at 483 and 665 nm
(panel b in Figure S1A). The absorption maximum of NiAg,,
was 7 nm blue-shifted from that of Ag,; (panel a in Figure
S1A). Panel b’ in Figure S1B presents ESI MS of NiAg,, which

exhibits a sharp peak at m/z 2558 with 27 charge state
corresponding to [NiAg,,(DMBT)s]*". The formed NiAg,, is
stable at low temperature for a few months. However, at room
temperature, it is less stable than Ag,s. Their absorption
spectra at room temperature are presented in Figure SIC.
Panels ¢/c’ and d/d’ in Figure S1 show UV-—vis absorption
spectra and ESI MS of PdAg,, and PtAg,,, respectively, which
are in accordance with the previous reports.

The LEIST method was followed for the synthesis of
unknown Ni/PdAg,; and previously known PtAg,s (details are
given in the Experimental Section). Optical absorption
spectrum of Ni-doped Ag,y shown in Figure 1A manifests a
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Figure 1. (A) UV—vis absorption spectrum of NiAg,s (green trace),
compared to Ag,y (red trace). (B) ESI MS of NiAg,s which shows
two peaks at m/z 1190 and 1587, corresponding to [Ni-
Ag,5(BDT),]* and [NiAg,s(BDT),,]*", respectively. Theoretical
and experimental isotopic distributions of [NiAg,s(BDT),]*" and
[NiAg,s(BDT),,]>~ are shown in the inset of (B) which match
perfectly.

well-defined absorption peak at 440 nm along with a shoulder
peak at 517 nm (green trace). The absorption maximum is 7
nm blue-shifted, while the shoulder peak is 4 nm red-shifted
from that of Ag,, (red trace in Figure 1A)." An intense peak at
m/z 1190 was observed along with a less intense peak at m/z
1587 in ESI MS which corresponded to [NiAg,s(BDT),,]*"
and [NiAg,s(BDT),,]*", respectively (Figure 1B). Theoretical
and experimental isotopic patterns of [NiAg,s(BDT),,]*/*~
matched exactly with each other as shown in the inset of Figure
1B. The NiAg,, got ionized at high pressure and high voltage
conditions in which detachment of all PPh; ligands took place.
On the other hand, the species did not get ionized at low
voltage and low gas pressure conditions, and hence, we were
unable to get PPh; attached peaks in ESI MS. X-ray
photoelectron spectrum (XPS) of NiAg,s given in Figure S2
shows the presence of Ag 3ds,,, Ni 2p;/5, P 2ps/5, and S 2p;,
at 368.6, 853.9, 132.0, 163.0 eV, respectively. The NiAg,, is
more stable than the NiAg,, which is revealed from their time-
dependent absorption spectra presented in Figure S2B. It also
shows good stability at high temperature (60 °C), although it
is less stable than that of Ag,s as shown in Figure S2C.
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Pd doped Ag,y cluster was synthesized by the LEIST
method which manifested distinct absorption features at 444
and 518 nm (Figure 2A). The absorption maximum (444 nm)
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Figure 2. (A) UV—vis absorption spectrum of PdAg,s having a
maximum at ~444 nm (blue trace) is compared with that of Ag,, (red
trace). (B) ESI MS of PdAg,s which shows an intense peak at m/z
1202 corresponding to [PdAg,s(BDT);,]*" along with a less intense
peak at m/z 1603 corresponding to [PdAg,s(BDT),,]*". Insets show
experimental and theoretical isotopic distributions of
[PdAg,s(BDT),]* and [PdAg,s(BDT),]*" which fitted well with
each other.

was 3 nm blue-shifted than that of Ag,, while the shoulder
peak was ~S nm red-shifted. ESI MS shown in Figure 2B
consists of an intense peak at m/z 1202 along with a weak peak
at m/z 1603. These correspond to 4~ and 3™ charge states of
[PdAg,s(BDT),,]. The presence of four PPh; ligands was
confirmed by ESI MS measurement under low voltage and low
gas pressure conditions (see Figure S3). PdAg,; was also
characterized with the help of other analytical tools such as
XPS and secondary electron microscopy/energy dispersive X-
ray spectroscopy (SEM/EDS) (Figure S4). XPS shows the
presence of P, S, Pd, and Ag (Figure S4A). The Ag 3ds,, peak

appears at 368.5 eV which is at a higher value than that of Ag
(0) (367.9 eV).

The Pd 3ds,, peak appears at 337.5 eV which is also at a
higher value than that of Pd (0) (335.5 eV). SEM/EDS
characterization of the cluster is shown in Figure S4B. The
elemental mapping clearly shows the presence of C, P, S, Ag,
and Pd. The inset of Figure S4B shows the SEM image of the
solid cluster and EDS mapping of the elements. Following a
similar procedure, PtAg,; was synthesized. Absorption
spectrum presented in Figure SSA displays two prominent
features at 425 and 491 nm which are in agreement with the
previous report.”® Two peaks at m/z 1224 and 1632 were
noticed in ESI MS which are due to [PtAg,s(BDT),,]*" and
[PtAg,s(BDT);,]*", respectively. Theoretical isotopic distribu-
tion of the peak at m/z 1224 matched exactly with the
experimental one confirming the assignment of
[PtAg,s(BDT),,]*" (inset of Figure SSB). Unlike MAg,,,
the MAg,; (M = Ni/Pd/Pt) clusters show both the 4™ and 3~
charge states which imply that Ni, Pd, or Pt act as both
zerovalent and univalent dopants (d'%° and d’s'), although the
intensity of the zerovalent one is higher than the other.

For the sake of understanding the structure of the newly
synthesized NiAg,s and PdAg,s, we measured ESI MS as a
function of collision energy (CE), and the data are presented
in Figure S6. We observed the loss of smaller fragments such as
[Ags(BDT);]” and [Ag;(BDT),]” at higher CE. Ni or Pd
atoms were not found in smaller fragments which suggest that
Ni or Pd atoms do not occupy the staple motifs, rather they
occupy the icosahedral core, similar to the case of PtAg,s.*
This is because of their higher electronegativity similar to the
previous reports.”****’ Absorption spectra of both NiAg,s and
PdAg,g are similar to Ag,q, suggesting that they have the same
structures. Hence, we calculated the structures of NiAg,; and
PdAg,, using density functional theory (DFT) and the most
stable structures are presented in the insets of Figure 3A,B.
Detailed descriptions of DFT calculations are given in the
Experimental Section. Their optical absorption spectra
calculated using time-dependent DFT (TDDFT) method are
given in Figure 3A,B. They are consistent with the
experimental ones, although there are some red-shifts (14
and S nm for NiAg,; and PdAg,;, respectively) which are in
accordance with the previous reports.””*® Other possible
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Figure 3. Theoretical (black) and experimental (red) UV—vis absorption spectra of (A) NiAg,s and (B) PdAg,g. Insets of (A) and (B) show the
DFT-calculated most stable structures of NiAg,s and PdAg,, respectively. Color code: light green, light pink, and pink denote Ag atoms, cyan
denotes S atoms, orange denotes P atoms, sea blue denotes the Ni atom, and navy blue denotes the Pd atom.
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Figure 4. Time-dependent ESI MS of intercluster reaction between PdAg,s and Au, (1:S ratio) where panel (A) shows the reaction at the PdAg,,
side and panel (B) presents the reaction at the Au, side. The red asterisk corresponds to thiolates produced during the reaction. The species

observed are [PdAu,Ag,;_.(BDT);,]* and [Ag.Auys_(PET)]”

are not mentioned in the text for simplicity.

abbreviated as PdAu,Ag,s_, and Ag Au,;_,, respectively, and the charged species

structures of NiAg,s and PdAg,s but higher in energy available
from computations are shown in Figure S7.

Intercluster Reaction between PdAg,g and Au,s. After
the synthesis of bimetallic MAg,; (M = Ni/Pd/Pt) NCs and
their thorough characterization, they were used for intercluster
reaction with Au,s. At first, intercluster reactions between
PdAg,; and Au,; were performed for the synthesis of
trimetallic PdAu,Ag,s_, NCs (x = 1—12). From the time-
dependent ESI MS of the reaction mixture of PdAg,s and Auy;
presented in Figure 4, it is evident that the intercluster reaction
ended up with the formation of a stable trimetallic alloy NC,
PdAu,Ag,s along with an unstable PdAu,3;Ag s which
disappeared with time. Along with the trimetallic NCs,
bimetallic Ag,Au,s_, (x = 1—-7) NCs were also formed (Figure
4) as the final products. The rate of intercluster reaction
between PdAg,s and Au,s was found to be highly dependent
on their molar ratio. To study the concentration dependence,
we carried out reactions using different molar ratios of PdAg,,
and Au,; such as 4:1, 2:1, 1:1, 1:2, and 1:5, which are shown in
Figure S8. The reaction rate was observed to be extremely slow
when the amount of Au,s used was less than that of PdAg,,
(for 4:1 and 2:1 ratios of PdAg,4:Ag;s). Using a 1:1 ratio, we
saw a satisfactory rate, although it took more than 1 day for the
completion of the reaction. However, an increase in the
amount of Au,s (PdAgys:Ag,s = 1:5) led to the completion of
the intercluster reaction within 24 h. Figure 4A shows that after
S min, 2 Au atoms replace 2 Ag atoms to form PdAu,Ag),
and consequently 2 Ag atoms replace 2 Au atoms, forming
Ag,Au,s_, where x is 0—2 (red traces in Figure 4A,B). But with
increasing time, the number of doped Au atoms in PdAg,s and
doped Ag atoms in Au,g were not the same. After 30 min of
reaction, we noticed that 6 Au atoms were doped in PdAg,s
while only 3 Ag atoms were doped in Au,s (blue traces in
Figure 4A,B). At 1 h, 6 h, and 12 h, 8, 11, and 12 Au-doped
PdAg,,, respectively, were formed while only 3, 4, and 5 Ag
atom doping in Au,s were seen (pink, green, and violet traces,
respectively, in Figure 4A,B). After 12 h, a small amount of 13
Au-doped product, PdAu,;Ags, was observed but when the
reaction was continued up to 24 h, only 12 Au-doped product
PdAu,,Ag;s was formed as the main product (orange trace in

Figure 4A). After 24 h, only up to 7 Ag-doped Au,; NCs were
formed (orange trace in Figure 4B). Theoretical and
experimental isotopic distributions of PdAu;,Ag,s are
presented in Figure S9 which fit well with each other,
confirming the assigned composition. Time-dependent ab-
sorption spectra of the reaction mixture were measured, which
are presented in Figure S10. The reaction mixture contains
both trimetallic and bimetallic NCs as observed in ESI MS, but
absorption spectra show the features of Ag,Au,s_, (1—7). This
is because of the higher Au,s concentration used in the
reaction than PdAg,; which masks the absorbance of PdAg,,.
Interesting aspect in this intercluster reaction is that the Au
atoms of Au,g are getting doped in PdAg,, to make trimetallic
NCs, while no Pd atom is getting inserted in Au,; to make the
corresponding bi and trimetallic NC. To understand the
mechanism, we studied other bimetallic NCs, PtAg,s and
NiAgys and performed their intercluster reactions with Auyg,
and the data are discussed in the subsequent section.
Intercluster Reaction between PtAg,s and Au,s. Time-
dependent ESI MS of the intercluster reaction between PtAg,,
and Au,s (PtAg,g:Au,s = 1:5) is presented in Figure S. Similar
to PdAg,s, the intercluster reaction using PtAg,s displayed
systematic progress with time. The reaction was completed
within 30 h which showed the formation of trimetallic
PtAu,;,Ag;s NC as the major product (orange trace in Figure
S). Theoretical and experimental isotopic distributions of
PtAu,,Ag s matched perfectly as shown in Figure S11. ESI MS
of the reaction toward the Au,; side presented in Figure S12
manifests only 7 Au doping similar to the reaction between
PdAg,s and Auy;. Time-dependent absorption spectra are
shown in Figure S13 which also reveal systematic change with
time, and the final spectrum looks more like Ag;Au;3 NCs due
to the use of higher concentration of Au,; than that of PtAg,,.
Intercluster Reaction between NiAg,s and Au,s. To
demonstrate the intercluster reaction between NiAg,s and
Au,;, we performed time-dependent ESI MS as shown in
Figure S14. After 4 h of mixing, we found doping of 8 Au
atoms in NiAg,s. Further monitoring of ESI MS was not
possible due to the lower intensity of the formed trimetallic
NCs. Therefore, we assume that similar to Pd and Pt, in the
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Figure 5. Time-dependent ESI MS of intercluster reaction between
PtAg,s and Auys (1:5 ratio) showing the reaction at the PtAg,; side.
The reaction starts slowly and gets over within 30 h. The species
formed are [PtAu,Ag,s_(BDT),]*" abbreviated as PtAu,Ag,s_,, and
the charged species are not mentioned in the text for simplicity.

case of NiAg,s, doping of 12 Au atoms is feasible, although we
were unable to detect NiAu,Ag; due to its lower ionization
efficiency. Theoretical and experimental isotopic distributions
of NiAuAg,, are shown in Figure S15 which fit well with each
other.

Intercluster Reaction between Ag,, and Auys. To get
more insight into the reaction mechanism, intercluster reaction
between Agyy and Au,; was performed in detail which was not
mentioned in our previous report.45 Similar to MAg,g M =
Ni/Pd/Pt), this reaction also required higher Au,s concen-
tration in comparison to Ag,, (Figure S16). Time-dependent
ESI MS corresponding to the reaction of 1:5 mixture of Agy,
and Auyg is presented in Figure S17. It exhibited a slower
reaction rate than MAg,; (M = Ni/Pd/Pt) and was not
completed even after 36 h. This is because of the lower
reactivity of undoped NCs than the doped ones as evident
from the previous reports.”’ To increase the rate, the reaction
was carried out at a higher temperature which is shown in
Figure 6. At 60 °C, the reaction was completed within 4 h
which led to the formation of highly intense Auj,Ag;, along
with a small amount of Au,;Ag;s and Au,;Ag 4 (see blue trace
in Figure 6). Though Ag,, is having a similar Ag,; icosahedral
core compared to Ag,s, Auj,Ag); was formed as a major
product rather than Auj;Ag;s. The experimental isotopic
distribution of Auj,Ag;, is shown in Figure S18, which is in
good agreement with the theoretical one. The reaction at Au,
side shows the insertion of 7 Ag atoms similar to the MAg,q
(M = Ni/Pd/Pt), as shown in Figure S19. Time-dependent
absorption spectra of the mixture shown in Figure S20 also
display similar absorption features to that of the reaction
product of MAg,; (M = Ni/Pd/Pt).

Mechanistic Details. Understanding the mechanism of a
chemical reaction is an important aspect. According to the
early reports of intercluster reactions, the metal—ligand
interface plays an important role.”*' Hence, dithiol protected
NCs exhibit slow reaction rate than the monothiol protected
ones due to the stronger metal—ligand binding as well as
higher intracluster noncovalent interactions between the
protective ligands. In the case of monothiol protected NCs,
the exchange of both metals and ligands were observed.
However, for dithiol protected NCs, only metal exchange but
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Figure 6. Time-dependent ESI MS of the reaction mixture of Ag,
and Au,s (Agyo:Au,s = 1:5) at a higher temperature (60 °C). The
reaction at the Ag,q side is shown here. The species observed are
[AuAgyy_(BDT),,]>” abbreviated as Au,Ag,,_,, and the charged
species are not mentioned in the text for simplicity.

no ligand exchange was feasible. It is also due to the strong
binding of dithiol which cannot be replaced by a monothiol.*

In the previous example of intercluster reactions involving
monothiol protected NCs such as Ag,s and Au,s, exchange of
more than 12 atoms was observed during the reaction as they
have more fluxional structures which were demonstrated by
the Borromean ring model.** According to the Borromean ring
model, NCs were viewed as a combination of three interlocked
rings among which breakage of one ring can lead to the
destruction of the whole structure during the reaction. Hence,
the core atoms became easily accessible for interaction during
the reaction which resulted in the doping of more than 12
atoms.”"*> However, the structure of Agy (or MAgzs) is
different from that of Ag,s. It has the Ag; icosahedron
protected by four Ag;Sg crown motifs and four AgPPh; units.”’
Out of the two kinds of staples present in Ag,, crown-like
Ag;S4 staples are easier to interact due to their less crowded
surroundings as shown in Figure 7A. On the other hand, Auy;
consists of Au,; icosahedron and six Au,S; staples (shown in
Figure 7A). During the reaction, there may be weak van der
Waals interactions of one Ag,y with four Au,s approaching
from four tetrahedral directions at different times in the
process of reaction which may lead to the formation of
Auj,Ag, at the end of the reaction. This kind of van der Waals
interactions were feasible during the intercluster reaction
between Agys and Au,.** We suppose that 12 Au atoms
occupy the crown motifs (see Figure 7B) of Ag,s. In an early
report, 5 Au atoms were doped in Ag,, following the
coreduction method. The crystal structure of AuAg,; was
reported where the Au atom occupies the central position.
Further, the use of a higher amount of AuPPh;Cl led to the
incorporation of more number of Au atoms which were
incorporated at the terminal positions according to the NMR
study. However, no crystal structure was reported for the
higher number of Au doped NC.”° In the case of intercluster
reactions involving MAg,s (M = Ag/Ni/Pd/Pt) and Au,;, Ag
atoms of the crown motifs get exchanged due to the geometry
of approach of the two NCs during their interaction. Further,
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Auy,Agy; (IS)

Figure 7. (A) The weak van der Waals interactions between staple
metals of Agy, and Au,s which results in (B) the formation of
Au,,Ag,; where Au atoms are doped in the crown motifs of Ag,. (C)
The rapid interchange between Au atoms on staples and Ag atoms on
the icosahedral surface leads to the formation of a thermodynamically
stable isomer of Auj,Ag.

the Au atoms present in crown motifs can rapidly interchange
their positions to form other isomers which are energetically
more stable.””>* There are four doping positions in MAg,s (M
= Ag/Ni/Pd/ Pt), among which the central atom is not getting
replaced by Au atoms as we observed experimentally. Among
the remaining three positions, icosahedral surface (IS) is
energetically more stable (DFT calculated structure of
Auj,Ag,, is given in Figure 7C) than the other isomers as
per DFT calculations. However, other isomers of Auj,Ag;, also
can exist in the solution, and their structures are shown in
Figure S21. As Ni/Pd/PtAg,; NCs are having similar
structures to that of Ag,, they exhibit the same reaction
mechanism and form similar products. Also, Ni/Pd/
PtAuj,Ags possess similar structures to that of Au;,Ag;,
containing Ni, Pd, or Pt at the center of the icosahedron.

We used higher concentration of Au,; than Ag,g or MAg,s to
speed up the reaction as discussed above which resulted in the
doping of less number of Ag atoms in Au, than the number of
exchanges in Ag,, (experimentally, incorporation of 7 Ag
atoms were observed). Similar to Ag,,, Ag atoms are supposed
to dope first in the staple of Au,s during the reaction and then
undergo rapid atom exchange to attain the energetically
favored structure of Ag Au,s_, (x = 1—7) where Ag atoms are
doped in the icosahedral surface positions.”>>°

B CONCLUSION

In conclusion, we discussed the formation of trimetallic NCs
by intercluster reaction of bimetallic and monometallic NCs.
We used dithiol protected MAg,s (M = Ni, Pd, or Pt) and
monothiol protected Au,; for the reaction. The reaction was
monitored by time-dependent ESI MS measurements. The

reactions revealed that the central doped metal atoms, Ni, Pd,
or Pt of MAg,; were unavailable for exchange by Au atoms and
hence only Ag-rich trimetallic NCs got formed. At the end of
the reaction, 12 Ag atoms of MAg,; were replaced by 12 Au
atoms to form MAu,Agy,. The intercluster reaction between
Agyo and Au,; also showed the formation of Auj,Ag), as the
major product. The study demonstrates that unlike the
monothiol protected NCs, dithiol protected ones show strong
metal—ligand binding due to the presence of strong non-
covalent intracluster interactions between protective ligands.
This led to the formation of MAu,Ag;s (M = Ag/Ni/Pd/Pt)
by the outer metal—ligand shell interactions with Auyg.
Therefore, inner cores were not involved in the reaction
directly and remained unchanged. Intercluster reaction is thus
found to be a useful tool to make multimetallic NCs that
enrich the chemistry of atomically precise NCs.

B EXPERIMENTAL SECTION

Materials and Chemicals. Sodium borohydride (NaBH,, 95%),
1,3-benzenedithiol (BDT) (>99%), 2,4-dimethylbenzenethiol
(DMBT), 2-phenylethanethiol (PET), chloroauric acid trihydrate
(HAuCl,:3H,0), tetraoctylammonium bromide (TOAB), tetraphe-
nylphosphonium bromide (PPh,Br), palladium acetate (Pd(OAc),),
nickel acetate (Ni(OAc),), chloroplatinic acid (K,PtCl,), and
triethylamine were purchased from Sigma-Aldrich. Silver nitrate
(AgNO;) was purchased from Rankem chemicals. Triphenylphos-
phine (PPh;, 98%) was purchased from Spectrochem. Dichloro-
methane (DCM), dimethylformamide (DMF), acetone, tetrahydro-
furan (THF), and methanol (MeOH) were purchased from Rankem
and were of HPLC grade. All chemicals were used without further
purification.

Synthesis of Auys(PET);g (Au,s). For the synthesis of Au,s, we
followed a reported synthetic procedure.”” About 40 mg of HAuCl,:
3H,0 was taken in 7.5 mL of THF and ~65 mg of TOAB was added
and stirred for 15 min to get a deep red solution. Next, ~68 uL of
PET was added, and the solution was stirred for 2 h to get a colorless
solution indicating the formation of Au-SR. Then, the formed thiolate
was reduced by adding ~39 mg of NaBH, (in 2.5 mL of ice-cold
water), and the stirring was continued for another 6—7 h to get a
reddish-brown colored solution. After that, the reaction mixture was
completely dried in rotavapor, and the cluster was precipitated by the
addition of MeOH. The precipitate was washed thoroughly by MeOH
to remove excess thiol and other impurities that were discarded with
the supernatant solution. This washing was repeated for 2—3 times
followed by the extraction of the Au,; cluster in acetone which helps
to remove bigger particles and then the pure cluster was extracted in
DCM.

Synthesis of Ag,s(DMBT);g (Agys). The cluster was synthesized
following a reported method after a few modifications.”® About 38 mg
of AgNO; was dissolved in S mL of MeOH and then ~9 mL of DCM
was added to it. To this solution, ~90 uL of DMBT was added which
resulted in a thick yellow mixture. After S min, ~6 mg of PPh,Br (in
0.5 mL of MeOH) was added followed by the addition of 0.5 mL of
an ice-cold aqueous solution of NaBH, (~23 mg) after 20 min. The
reaction mixture was stirred for ~8 h and aged for 24 h. The dark
brown solution was centrifuged, and then the supernatant was
concentrated to ~5 mL using a rotary evaporator. The cluster was
precipitated by the addition of excess MeOH and washed several
times with MeOH. Then the precipitate was dissolved in DCM and
the cluster was extracted.

Synthesis of MAg,,(DMBT),5 (MAg,, where M = Ni, Pd, or
Pt). For the synthesis of NiAg,,, we followed a reported method after
some modifications.*® At first, ~10 mg of AgNO; was dissolved in
MeOH (S mL) along with ~10 mg of Ni(OAc), (9 mL of DCM).
Then, ~10 4L of DMBT in 0.5 mL of DCM was added to the mixture
followed by the addition of ~10 mg of PPh,Br (in 0.5 mL of DCM).
After ~20 min, NaBH, (40 mg in 0.5 mL of ice-cold water) was
added, resulting in the reduction of Ag-Ni-phosphine-thiolate to form
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NCs, and 50 pL of triethylamine was added after S min. The solution
was kept stirring overnight. The formed cluster solution was
evaporated and then washed with MeOH. The clusters were extracted
in DCM. Following the similar synthetic route, PtAg,, and PdAg,,
were synthesized using K,PtCl, and Pd(OAc),, respectively, instead
of Ni(OAc),.

Synthesis of Ag,o(BDT);,(PPh3); (Agys). The cluster was
synthesized adopting an already reported method.*’ First, ~20 mg
of AgNOj; was dissolved in S mL of MeOH, and then 9 mL of DCM
was added. After a few mins, ~13.5 uL of BDT (0.5 mL of DCM) was
added to the solution. Then, after 5 min of stirring in the dark, ~200
mg of PPh; (in 0.5 mL of DCM) was added to the mixture, and next,
0.5 mL of an ice-cold aqueous solution containing ~11 mg of NaBH,
was added, which immediately changed the color of the solution to
dark brown. The reaction was kept for 3 h under dark conditions.
Then, the precipitate (red color) was collected by centrifugation and
the concentrated solution was collected by rotary evaporation. The
cluster was washed several times with MeOH and then dissolved in
DCM. The reddish-orange colored cluster was collected after the
removal of unwanted byproducts.

Synthesis of MAg,g(BDT),,(PPh;), (MAg,s where M = Ni, Pd,
or Pt). The ligand exchange induced structural/size transformation
(LEIST)® method was used for the synthesis of MAg,s. MAg,, was
taken in DCM as precursors, and then BDT and PPh; were added to
the solution which was kept for 1 h. After that, DCM was evaporated
and the formed cluster was washed with MeOH several times. Then,
the cluster was extracted in DMF and used for further character-
izations.

Synthesis of MAu,Ag,s_,(BDT);,(PPh;), (MAu,Ag,s_, where
M = Ni, Pd. or Pt; x = 1—13). The trimetallic clusters were prepared
through the intercluster reaction between MAg,s and Au,s. MAg,,
was taken in DMF and mixed with DCM solution of Au,. Excess
DMF was added to the mixture and then characterized using
absorption spectroscopy and high-resolution electrospray ionization
mass spectrometry (ESI MS).

Characterizations. Optical absorption spectra of samples were
obtained using a PerkinElmer Lambda 25 spectrometer. Electrospray
ionization (ESI) mass spectra (MS) of samples were measured using a
Waters Synapt G2-Si high-resolution mass spectrometer. X-ray
photoelectron spectra of samples were obtained using an Omicron
ESCA Probe spectrometer with polychromatic Al Ka X-rays (ho =
1486.7 eV). The pass energy for survey scans was kept at 50 eV
during the measurements and changed to 20 eV for specific regions.
Calibration of binding energies (BE) of the core levels was done with
C 1s BE set at 285 eV. Secondary electron microscopic (SEM)
measurements were done using FEI Quanta 200 operating at 30 kV
equipped with energy-dispersive X-ray spectroscopy (EDS).

Computational Details. The structure and optical properties of
NiAg,g, PdAgy,, and Auj,Ag,, were calculated using density functional
theory (DFT) and time-dependent DFT (TDDFT) which were
implemented in Grid-Based Projector Augmented Wave method
(GPAW).>>® In order to include only the interactions of the valence
electrons, the PAW setup was considered as Ag(4d'%5s'5p®),
S(3s*3p*), P(3s*3p*), C(2s?2p?), and H(1s') with scalar relativistic
effects which were included for Ag. Initially, the reported crystal
structure of Ag,y was taken and the other structures were built up by
replacing Ag atoms with Ni, Pd, and Au atoms. The geometry of all
clusters was optimized using the PBE exchange function®" in real-
space finite difference (FD) mode in GPAW.51 having a grid spacing
of 0.2 A, and the convergence criterion for the forces on each atom
was set to 0.05 eV/A. Further, the optical absorption spectra were
calculated by time-dependent DFT (TDDFT) using the optimized
structures.®
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Figure S3. ESI MS of PdAg2s measured under low voltage and low gas pressure conditions

shows the presence of four PPhs ligands.

Supporting information 4:

A)  py(o) 3355 Ag(0) 3679
3ds;, Ag3d |3dg,
375 34y, 3685  3dy,
342.7 3745

340 345 365 370 375 380

B.E(eV) ———

130 135 140 160 165

B.E(eV) ————

Figure S4. (A) XPS spectrum of PdAg2s shows the presence of Pd, Ag, P and S. Pd 3ds» peak
arises at 337.5 eV which is higher than that of Pd (0) (335.5 eV) and Ag 3ds. peak arises at
368.5 eV which is also at a higher value than that of Ag (0) (367.9 eV) which manifest a partial
charge transfer from Pd to Ag. (B) SEM image of PdAg2s and EDS mapping of C, P, S, Ag and

Pd.



Supporting information S:

A) B) [PtAg,(BDT),,]*
0.3 \
Experimental
Theoretical
o 0.2
(&)
o
‘u T T T
2 1220 1225 1230
o
(72}
o 3
< 01 [PtAg,(BDT),,]
Ii - T l =L T T T
1200 1500 1800 2100 2400
m/z
00 T T T T T J T
400 600 800 1000
Wavelength (nm)

Figure SS5. (A) UV-vis absorption spectrum of PtAgas which possesses two prominent features
at 425 and 491 nm. The absorption peaks are 22 nm blue-shifted from that of Ag. (B) ESI
MS of PtAgzs exhibits two intense peaks at m/z 1224 and 1632 which correspond to
[PtAg2s(BDT)12]* and [PtAgos(BDT)12]*, respectively. Theoretical and experimental isotopic

distributions of [PtAg2s(BDT)12]* are shown in the inset of (B) which are well fitted.



Supporting information 6:

— - B e = B
=f £ 8 58 & 8
A E 8 a J 53 § 3
ed w0 < < <
s g £ 2 2 £ =
CE5
Y
L Lol . ( | e B aw
i CE4
L Led i ( O T R TR
~ L CE3
l ( " y 4 Al ne
e i i g o
1 CE2
i .l
l | CE1
T T T T T T T
500 1000 1500 2000 2500 m/z
. e 2222
B 2 8 @8 8 a8 a
B) .68 58 & 2 3 4 &
o0 — o o << << << << <<
<m>> > - T T T T
O8I £ £ £ £ & £
m‘ 0 ce4
E
Ll ces
| CE2
[ T
CE1
T T T T T v
500 1000 1500 2000 2500 m/z

Figure S6. The collision-induced dissociation mass

1190) and (B) [PdAg2s(BDT)12]* (m/z 1202).

spectra of (A) [NiAgas(BDT)12]* (m/z



Supporting information 7:

E=-1812.95eV



E=-1810.28 eV

E=-1810.85eV

Figure S7. Theoretical structures of different isomers of (A) NiAgzs and (B) PdAgzs. Mainly
four isomers of NiAgas and PdAgas were observed and three of them are shown here; (a) Ni/Pd
atom is doped in the icosahedral surface, (b) Ni/Pd atom is doped in crown staples and (c)

Ni/Pd atom replaces Ag atom which is bonded to PPhs.
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Figure 12. Time-dependent ESI MS of intercluster reaction between PtAgzs and Auas (1:5

molar ratio) showing the reaction at Auzs side which show formation of AgxAuzs-x (x= 0-7).
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Figure S13. Time-dependent UV-vis absorption spectra of intercluster reaction between

PtAg2s and Auzsusing a 1:5 molar ratio.
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Figure S14. Time-dependent ESI MS of intercluster reaction between NiAg2s and Auazs using

a 1:5 molar ratio which show the formation of trimetallic NiAuxAg2s-x.
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1:1, 1:5 and 1:10 molar ratios at 6h which lead to the formation of AuxAgzo-x (x = 1-8).
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Figure S17. Time-dependent absorption spectra of the reaction between Ag29 and Auzs (1:5

ratio) at room temperature resulting in the formation of AuxAgzo-x(x = 1-12).
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Figure S18. Experimental and theoretical isotopic patterns of Aui2Agi7 which shows good
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Figure S19. Time-dependent ESI MS of the reaction between Agzoand Auas (1:5 ratio) at the

Auzs side (higher temperature).
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Figure S20. Time-dependent UV-vis absorption spectra of the intercluster reaction between

Ag29 and Auzsusing a 1:5 molar ratio.
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Figure S21. Three different geometric isomers of Aui2Agi7; (a) 12 Au atoms are doped in the
icosahedral surface, (b) among 12 Au atoms, 8 Au atoms are doped in the crown staples and remaining

4 Au atoms are doped in Ag-PPhs motifs and (c) 12 Au atoms are doped in the crown motifs.
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ABSTRACT: A new synthetic protocol is introduced which
preserves the secondary structure of protecting proteins
encapsulating a luminescent atomically-precise silver cluster.
This was achieved by using a preformed triphenylphosphine
(TPP)-protected silver cluster as the precursor forming bovine
serum albumin (BSA)- and human serum albumin (HSA)-
protected Ags clusters. This is the first example of the
formation of luminescent protein-protected clusters in a
neutral medium, without using any reducing agent, which
results in minimal alteration of the protein structure during
cluster growth. The cluster formed showed exceptional
stability, unlike other silver clusters of this class. The formation
of these red luminescent clusters was visualized by UV—vis and
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photoluminescence spectroscopy. The identification of Ags core was made through matrix-assisted laser desorption ionization
mass spectrometry (MALDI MS), and a plausible mechanism of the formation was identified by monitoring the systematic
growth of the cluster core by time-dependent MALDI MS experiments and electrospray ionization mass spectrometry (ESI MS)
of the reaction mixture. The cluster was successfully employed as a luminescent probe for cancer cell imaging. Retention of
protein conformation in the clusters was confirmed through circular dichroism (CD) spectroscopy, and the same was reflected
in the retention of 89% of the esterase activity of BSA in the Ag,;@BSA clusters synthesized by this method, compared to only
28.7% for Agoc@BSA clusters synthesized using previous protocols, conducted in basic medium.

B INTRODUCTION

Protein-protected noble metal nanoclusters (NCs),' ™ a
subclass of atomically-precise protected noble metal clusters,’
are the most studied ones among this class of materials. Due to
their intense luminescence with high quantum yield, stability in
ambient condition for months, and biocompatibility, these
materials are considered as a new class of biohybrid materials
with potential applications in diverse areas,”’ especially in
sensing”™'* and biology.''~"* Development of such stable,
sensitive, and reliable platforms are highly desirable for specific
binding and targeted drug delivery,'”'® multimodal imag-
ing,"" ™" therapeutic applications,”” targeted biolabeling,”*"**
and so on. Bovine serum albumin (BSA) is the most
commonly used protein to synthesize Au and Ag clusters like
Aug@BSA,”* Au@BSA,”* Au,@BSA," Auyy@BSA,” Auy@
BSA,”' Agy@BSA,”® Ag;s@BSA,”” and Ag;@BSA.”® Other
than BSA, large proteins with high molecular weight such as
human serum albumin (HSA) (Au@HSA),” lactotransferrin
(Auys, 3440), 3931 human serum transferrm (Au),** pepsin
(Aug ;3 25) horseradish peroxidase (Au),** egg white (Au,

-4 ACS Publications  © 2019 American Chemical Society

29408

Pt),”> and ovalalbumin (Au)’® have been employed to
synthesize Au, Pt, and Ag clusters. Small proteins with low
molecular weight such as insulin (Au),’” lysozyme
(Aug1p_1p),'"** and trypsin (Au)’” have also been used to
synthesize protein-protected clusters. In all of these cases, gold
is preferred to make such clusters due to the ease of synthesis
and greater stability of the resultant clusters, and the number of
silver clusters reported is substantially less.

In a typical protein-directed cluster synthesis, the metal ion
is complexed with the protein and subsequently reduced either
by a strong reducing agent, like NaBH,, or by increasing the
pH (11-12) of the solution."*”** However, in the presence of
a strong reducing agent (NaBH,) or alkaline pH of the
reaction mixture, proteins undergo irreversible conformational
changes, and this results in the partial or complete loss of their
inherent bioactivity.*>*' Sometimes it leads to the formation of
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protein oligomerization.*”** Reduced bioactivity is one of the
factors limiting the widespread use of such materials in
biomedical research. Therefore, a milder synthetic method
retaining the bioactivity of the as-synthesized NCs is needed.
With these objectives, we explored the possibility of using
preformed clusters as precursors to synthesize luminescent
clusters, retaining the bioactivity of the protein.

Phosphine-protected clusters of gold have been known and
studied for some time.”** A new class of atomically precise
NCs of silver coprotected by hydride and phosphines as
ligands was reported recently.**® Such clusters are expected to
be more reactive, having accessible metal sites compared to the
thiol-protected clusters due to the presence of labile
phosphines. Here we report that such a cluster,
[Ag,sH 4(TPP),,]*" (to be abbreviated as I subsequently),
where TPP is triphenylphosphine, can be systematically
transformed into highly stable and luminescent silver clusters
protected by proteins under neutral pH conditions, preserving
the bioactivity of the encapsulating proteins. The precursor I
acts as a source of atomic Ag species toward the formation of
the red luminescent Ag s@BSA at neutral pH. The retention of
the protein’s bioactivity and secondary structure in the course
of cluster formation has been confirmed experimentally. Such
transformations were not observed with more stable nano-
particles and thiol-protected cluster systems, implying the
sensitivity of the method to the specificity and chemical
stability of the starting materials.

B METHODS

Materials. AgNO; was purchased from Rankem Chemicals.
Sodium borohydride (NaBH,, 98%) was purchased from
Sigma-Aldrich. Triphenylphosphine (TPP) was purchased
from Spectrochem. BSA was purchased from the Sisco
Research Laboratory. All of the chemicals were used as
received without further purification. All solvents (dichloro-
methane (DCM), methanol (MeOH)) were purchased from
Rankem and were of analytical grade. Milli-Q water with a
resistivity of 18.2 MQ:-cm was used for synthesis. The protein,
BSA, contained Na* in the as-received form.

Instrumentation. UV—vis spectra were recorded using a
PerkinElmer Lambda 25 UV—vis spectrometer. Absorption
spectra were typically measured in the range of 200—1100 nm
with a band-pass filter of 1 nm.

MALDI MS of Ag;s@BSA cluster was measured using a
Voyager-DE PRO Biospectrometry Workstation from Applied
Biosystems. A pulsed nitrogen laser of 337 nm was used for
ionizing the sample, and sinapic acid was used as the matrix.
Spectra were collected in the positive mode, and an average of
250 shots was used for each spectrum. The matrix solution was
prepared by dissolving 10 mg of sinapic acid in a 1:3 mixture of
acetonitrile and 0.1% trifluoroacetic acid (TFA) in Milli-Q
water (overall volume of 1 mL). A S L amount of the cluster
solution, without dilution, was mixed thoroughly with 50 uL of
the matrix mixture. A 2.5 yL amount of the resulting mixture
was used for spotted by dried droplet method.

ESI MS experiments were done using a Waters Synapt G2Si
HDMS instrument. The instrument consists of an electrospray
source, quadrupole ion guide/trap, ion mobility cell, and TOF
detector. All of the experiments were done in positive ion
mode.

Photoluminescence measurement was carried out in a
HORIBA, Jobin Yvon NanoLog Fluorescence spectrometer
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with a band pass of 3 nm for both emission and excitation
spectra.

Circular dichroism (CD) spectra were measured in a Jasco
815 spectropolarimeter with Peltier setup for the temperature-
dependent measurements. CD studies were done with a 10
mm path length cell. The concentration of the sample in the
cuvette used for CD measurement was 2 X 1077 g mL™".

Scanning electron microscopy (SEM) and energy-dispersive
analysis (EDS) images were conducted using an FEI
QUANTA-200 SEM. For the measurements (SEM and
EDS), samples were spotted on an indium tin oxide (ITO)
conducting glass substrate and dried in ambient conditions.

High-resolution transmission electron microscopy
(HRTEM) was performed with a JEOL 3010, 300 kV
instrument equipped with an ultrahigh-resolution (UHR)
pole piece. Samples were prepared by dropping the dispersion
on carbon-coated copper grids for HRTEM.

The cells were imaged using a LSM880 laser scanning
confocal microscope (Carl Zeiss, Germany), and image
acquisition was performed using a high-NA oil immersion
objective (Plan-Apochromat 63X/1.4) using Zen 2009
software (Carl Zeiss, Germany). Laser lines at 405 and 488
nm were used for excitation. For 405 nm excitation, emission
was collected from 410 to 550 nm, and for 488 nm excitation,
emission was collected from 491 to 550 nm. Each image was
acquired with an exposure time of 80 and 100 ms. The total
thickness of the sample was about 4—5 um, leading to the
acquisition of 25—30 optical sections. Images were processed
through Zen BLACK software (Carl Zeiss) and exported into
TIF format. Selected cellular regions were cropped and
analyzed further in ZEN Blue software for 3D reconstruction
with a 180-frame rotation series along the Y axis. The
orthogonal view and 3-D images reconstruction were made
using ZEN Blue software. The intracellular distribution was
projected using Imaris 3D rendering software.

Synthesis of [Ag,gH;s(TPP);o]** (Cluster ). Initially, 20
mg of AgNO; was dissolved in 5 mL of methanol. To the
above solution TPP (70 mg in 10 mL of chloroform) was
added under stirring conditions. After 20 min, 6 mg of NaBH,
dissolved in 0.5 mL of ice-cold Milli-Q water was added to the
above reaction mixture. After addition of aqueous NaBH,
solution, the colorless solution immediately turned light
yellow. The stirring was continued for 3 h. The final color of
the solution was deep green, which confirmed the formation of
cluster. The solvent was removed from the reaction mixture by
rotary evaporation. The cluster was then washed 6—7 times
with Milli-Q water to remove the unreacted silver ions and
NaBH,. After being washed, the green-colored precipitate was
dissolved in 1 mL of methanol. The final concentration of I is
1S mM.

Synthesis of [Ag;3@BSA]l. A 25 mg amount BSA was
dissolved in 1.6 mL of Milli-Q water. Then the solution was
stirred for 1 min. Under stirring condition 400 uL of I was
added from the 1 mL of methanol solution. The addition of I
into the BSA solution made the reaction mixture turbid.
Stirring was continued for 12 h. The turbid solution was
centrifuged, and from the supernatant the brown-colored
cluster solution was collected. This solution was used for
characterization.

Synthesis of [Agqc@BSA]. A S mL amount of 10 mM
silver nitrate solution was added to a solution of 250 mg of
BSA dissolved in S mL of Milli Q water with vigorous stirring
at room temperature. About 0.3 mL of 1 M NaOH solution
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Figure 1. (A) Schematic of the formation of Ag;;@BSA from 1. Hydrodynamic diameters of BSA and Ag,;;@BSA are shown in the schematic. ESI
MS of I is shown in inset a, where peaks marked with asterisks (*) are due to the phosphine losses from 1. Expanded view of the molecular ion peak
is also shown. Pictorial representation of the time-dependent change in color of the solution under visible and UV light is shown as inset b. TEM
image of Ag;s@BSA is shown as inset c. Cluster cores are marked. (B) UV—vis spectra of Ag;s@BSA and L Inset shows the solutions of I and
Ag,s@BSA under visible light. (C) Luminescence profile of Ag;s@BSA. Inset shows the solutions of I and Ag,@BSA under UV light. Absorption
and emission maxima are marked on the traces. Concentration of Ag;;@BSA cluster solution is 7.5 X 10~* mol/L.

was added followed by 10 mM NaBH, solution dropwise until
the solution turns from colorless to reddish brown, indicating
formation of the Agoc@BSA cluster.

Cell Viability. The cellular toxicity of Ag;s@BSA was
determined by resazurin reduction, a colorimetric assay. HeLa
cells were seeded in a 96-well plate at a density of 5000 per
well and grown overnight. They were treated with different
concentrations of the clusters. After 24 h of incubation, each
well was washed with phosphate-buffered saline. Resazurin dye
was added and incubated for the 3 h for the reduction. The
blue dye resazurin became to pink resorufin, and the
absorbance was measured at 570 and 595 nm. Three replicates
were performed.

Cellular Uptake Studies by Confocal Fluorescence
Microscopy. HeLa cells were cultured on chamber slides (BD
Biosciences, USA) and incubated with Ag;@BSA (5 uM
concentration) NCs for § and 24 h. After incubation, the cells
were fixed with 4% (w/v) paraformaldehyde followed by
permeabilization using 0.1% Triton X-100 and washed with
PBS buffer. The cells were mounted in the mounting medium
(Vector Laboratories, USA) containing Hoechst 33342 to stain
the nuclei. These cells were covered with a coverslip, sealed
with nail polish, and kept for imaging.

Evaluation of Esterase Activity. The bioactivity of BSA
and the Ag ;@BSA was determined by monitoring the
appearance of the hydrolysis product of p-nitro-phenyl acetate
(PNA) in a manner similar to a previously reported method.”
The concentration of PNA was 100 uM, and the
concentrations of BSA and Ag,;@BSA were 1 mg/mL.

B RESULTS AND DISCUSSION

Luminescent Cluster from a Nonluminescent one.
Synthesis of Ags@BSA was initiated by mixing I with a
solution of BSA at pH 7.1 under continuous magnetic stirring.
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Figure 2. MALDI MS of pure BSA (blue trace) collected in the linear
positive ion mode using sinapic acid as the matrix and that of as-
prepared, red-emitting Ag;s@BSA (red trace). Peaks due to singly
charged ions of Ag s@BSA are expanded in the inset along with those
of BSA. Presence of conalbumin in the BSA is indicated with an
asterisk (*).

A schematic of the formation of Ag;;@BSA from I (ESI MS
shown in inset a) is represented in Figure 1A. A gradual color
change of the mixture during the course of the reaction was
observed, accompanied by the evolution of red luminescence,
generally associated with the formation of metal clusters. The
time evolution of cluster growth observed under visible and
UV illumination is shown in the inset b of Figure 1A. Such a
gradual change in color and luminescence of the protein
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solution indicated slow nucleation of the cluster core within
the protein template. After 12 h of reaction, a colorless BSA
solution turned into a brown-colored, intense red luminescent
solution. No perceptible change in the color of the solution
was observed when incubation was continued beyond 12 h.
Monolayer-protected NCs generally exhibit well-defined
molecular transitions in the absorption profile.” The blue
trace in Figure 1B shows the UV—vis spectrum of precursor I
with maxima at 550 and 620 nm.**® The UV—vis spectrum of
Ag 3s@BSA (red trace, Figure 1B) predominantly exhibits the
characteristic absorption of BSA at 280 nm along with a broad
absorption in the 440—540 nm region. Expansion of this region
(inset of the Figure 1B) clearly shows two absorption maxima
around 490 and 507 nm, further indicating the formation of a

protein-protected silver cluster. The change in the color of the
cluster solution from green (parent I) to brown (formed
Ag,@BSA NCs) under visible light is shown in the inset of
Figure 1B. The photoluminescence profile of the cluster
(Figure 1C) shows two excitation peaks around 375 and 490
nm along with a bright red emission centered around 670 nm.
The excitation maximum at 375 nm is due to the presence of
the protein shell, and the other excitation maximum at 490 nm
is because of the presence of the cluster core. Both excitations
give the same emission but with different intensities.
Photographs under UV illumination showing the trans-
formation of I into a red luminescent cluster are presented
in the inset of Figure 1C. The quantum yield of the cluster was
25.1% using fluorescein as reference (in water). It is also worth
mentioning that in the course of formation of the protein-
protected NCs in solution an insoluble product was also
formed, which was removed through centrifugal precipitation,
and the centrifugate containing the NCs was characterized in
detail. EDS analysis of the precipitate formed after 12 h
showed the presence of water-insoluble phosphines along with
Ag and proteins (Figure S1).

Formation of the cluster core in the protein template results
in swelling of the protein.”® The hydrodynamic diameter of the
parent BSA was 7.2 nm. At the end of the reaction, the average
size of the proteins was increased by about 1 nm, as shown in
Figure 1A. It is very difficult to determine the exact core size
for clusters from HRTEM analysis as the high-energy electron
beam is known to induce cluster coalescence. Low-dose
microscopy was performed to confirm the formation as well as
to have a definite idea about the size of the cluster core. The
cluster core appears as tiny black dots in the HRTEM image
(inset c, Figure 1A) having a size of ~1 nm. This also
confirmed the absence of bigger plasmonic nanoparticles in
solution.

Identification of the Atomicity. Mass spectrometry has
emerged as an essential tool in understanding the atomicity of
the clusters. We measured the MALDI MS of the as-prepared
NCs to assign the nuclearity of the cluster core. The spectra of
the cluster (red trace) and of BSA (blue trace) are shown in
Figure 2. BSA showed its molecular ion peak at m/z 66.4 kDa
and a peak at m/z 33.2 kDa, corresponding to the +2 charge
state in the MS. In the case of the cluster, both peaks were
seen, albeit they appear at higher masses from that of BSA. The
mass shift to a higher mass region in the NCs from the parent
protein in both +1 and +2 states clearly indicate the growth of
a cluster core in the protein cavity. An expanded view of the +1
region of the MS (inset, Figure 2) shows a 1.9 kDa shift,
corresponding to the incorporation of 18 Ag atoms into the
protein core, forming Ag,s@BSA. The dication shows one-half
the shift, as expected. This confirms that the cluster core is
incorporated in a single protein moiety. It is to be noted that
the peaks around m/z 80 kDa (+1 charge) and m/z 40 kDa
(+2 charge) present in the MALDI MS are associated with the
presence of the protein conalbumin, an internal standard used
in BSA.””* These peaks were shifted to higher mass in the
case of the cluster. This increased shift is attributed to the
formation of Agg core in this protein also.

The EDS spectrum collected from the NCs showed the
presence of Ag and S in the formed cluster (Figure S2).
Quantitative analysis of the EDS spectrum gives an S:Ag ratio
of 2.2, expected for the Ag;;@BSA composition (2.22). Note
that BSA has 35 S atoms due to cysteine and S S atoms due to
methionine. XPS spectra in the Ag 3d region (Figure S3)
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shows Ag in zero (0) oxidation state (Ag 3ds/, at 368 V), and
the S 2p region shows S to be thiolate kind (S 2p;/, at 161.5
eV) in Ag;s@BSA NCs.”” It further confirmed the chemical
composition of the cluster.

Cysteine as well as methionine residues in the proteins are
perceived to be responsible for protecting the metal core
through the formation of metal—sulfur (M—S) bonds in the
protein-protected NCs.*****' Nuclearity of the cluster cores
formed in the proteins, for this reason, depends on the number
of cysteine residues present in a particular protein. We chose
human serum albumin (HSA), a protein with the same number
of cysteine residues as that of BSA to form the cluster through
the addition of I. This was also seen to uptake Ag atoms from
the precursor cluster, forming Ag,;@HSA after 12 h. The UV—
vis spectra, luminescence profile, and MALDI MS correspond-
ing to this transformation are shown in Figures S4 and SS.

Lactoferrin (Lf), an 83 kDa protein with different number
and position of cysteine and methionine groups, was also used
to synthesize Ag NCs following our new method. UV—vis and
luminescence spectra of the new system are shown in Figures
S6A and S6B, respectively. The MALDI MS shown in Figure
S6C confirmed the formation of Ag,;@Lf cluster. The
difference in atomicity is attributed to the structural differ-
ences, stabilizing a smaller cluster. Though the molecular
weight of Lf is higher than BSA and HSA, the number of
histidine (His) residues present in Lf is less. Thus, the ability of
Lf to stabilize the small clusters formed at the initial stage is
expected to be lower than both BSA and HSA. This probably
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results in the formation of a smaller 13-atom Ag cluster in this
case. Relevant data are summarized in Table S1.

Mechanism of Multistep Evolution of the Cluster.
Formation of Ag,;@BSA through the reaction between I and
BSA was accompanied by a gradual change in the
luminescence of the solution (inset b, Figure 1A and Figure
S7). This indicated a gradual evolution of the Ag, cluster
during the course of the reaction. To shed light into the time
evolution, time-dependent MALDI MS was recorded from
aliquots collected at different intervals, as shown in Figure 3. At
the initial stages of the reaction (0—1 h), no mass shift from
the parent BSA peak was seen. This indicated a different
pathway of cluster formation in the current method than the
traditional method, in which attachment of metal ions to the
protein at the beginning of the reaction is manifested by an
abrupt mass shift just after addition of the metal salt.>" Such a
shift is not noticed here as shown by the 0 and 1 h spectra.
With further progression of the reaction, a gradual shift to
higher mass was seen in the MS up to 12 h, indicating growth
of the cluster core inside the protein template over time. The
nuclearity reaches Ag,q after 12 h, and neither the continuation
of the reaction beyond this point nor further addition of fresh I
to the reaction mixture changes the final Ag;@BSA. Once
formed, the cluster was stable for months, even when stored at
room temperature, an attribute generally seen only in gold
clusters.

Time-dependent MALDI MS suggests that the formation of
Ag s@BSA from I happens slowly, in steps, rather than through
transfer of the Ag core from the monolayer protected cluster

DOI: 10.1021/acs.jpcc.9b07765
J. Phys. Chem. C 2019, 123, 29408—29417



The Journal of Physical Chemistry C

Figure 6. Confocal microscopic images of internalization of Ag;;@BSA cluster in HeLa cells after 24 h incubation. (A) Fluorescence image of NCs
exhibiting red luminescence inside the cell. (B) Cell nucleus stained with DAPI. (C) Bright-field image of the corresponding cells. (D) Overlay of
these three images. (E) 3D reconstruction of the cells confirming internalization of the cluster.

into the protein in a single step. To gain further insight into the
mechanism of formation of Ag;;@BSA, ESI MS of the reaction
mixture was collected at various stages of the reaction. ESI MS
of the reaction surprisingly showed the presence of small naked
Ag clusters (Figure 4A). The few atom naked Ag clusters were
observed at maximum intensities in ESI MS at the early stages
of reaction, and their concentration (ion intensity) diminishes
as the reaction progresses (Figure 4B). Ag;* appeared as one of
the major peaks in the ESI MS, and MS/MS of the same
showed that other clusters seen could very well be its
fragmentation products (Figure 4C). Ag," was not seen in
ESI MS and is due to lower stability of the three-electron
system (Ag,"). For this reason Ag;" directly fragmented to
Ag;* during MS/MS study. It could also be due to the stability
of the neutral fragment, Ag,. While ESI MS of the reaction
mixture at the early stages of the reaction showed the clear
presence of naked clusters, MALDI MS at these stages did not
indicate formation of any protein-protected cluster species.
This led us to infer that the Agy cluster with labile phosphine
protection slowly disintegrates under the reaction conditions,
releasing the few atom Ag clusters into the protein molecules
present in solution, which immediately captures these small
clusters. It is important to note that the proximity of the
protein molecules to the released few atom silver clusters play
an important role in the stabilization of such clusters.
Formation of larger silver nanoparticles was observed when
the protein concentration in the reaction mixture was

decreased by 1 order of magnitude (Figure S8). The protein
molecules remain further apart in solution at this lower
concentration, so they cannot capture and protect the small Ag
clusters efficiently enough, and they grow into larger
nanoparticles.

The initial attachment between the few atom Ag clusters and
BSA, however, happens through weak interactions and results
in their detachment during mass spectrometric ionization
processes (ESI and MALDI). This leads to the observation of
naked Ag cluster in ESI MS, while only free protein is observed
in the MALDI MS. Stabilization of small Au clusters at the His
residues of crystalline protein cage (apoferritin) has been
reported recently.”” We believe that similar attachment of the
Ag clusters at the His residues of BSA is responsible for their
initial stabilization. These clusters attached to His are then
slowly transferred to cysteine (Cys) residues of the protein
through the formation of M—S bonds with better thermody-
namic stability. This initiates the formation of protein-
protected cluster species. The cluster core protected by Cys
continues to grow in size with time through the sequential
transfer of His-bound Ag cluster followed by their coalescence.
These stable cluster species, although unfortunately did not
ionize in ESI MS, are seen in MALDI MS as intermediates.
Growth of the protein-protected cluster core with time also
results in the reduction of the concentration of His-bound Ag
cluster. This was reflected in the decrease in the ion intensity
of the naked clusters with reaction time (Figure 4B). The
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reaction stops when the largest stable cluster that can be
accommodated by these cysteine residues without significant
alteration of the protein structure is formed, which turned out
to be 18 for both BSA and HSA, probably due to their
structural similarity. A schematic representation of this
probable reaction mechanism is shown in Figure S. Since
preformed Ag(0) species are involved in the cluster formation,
the process did not require the addition of a reducing agent.
Formation of Ag,s@BSA cluster was not observed through the
reaction of BSA with citrate-capped silver nanoparticles as well
as with thiol (glutathione)-protected Ag clusters (Figure S9),
presumably due to their enhanced stability, restricting them
from producing the Ag(0) or Ag, species needed in the
process.

Cluster as Potential Bioimaging Probe. Entrapment of
the metal core inside the biomolecular template through a
formation of a strong M—S bond is expected to make the
Ag s@BSA clusters biocompatible. Their potential cytotoxicity
was evaluated by incubating HeLa cells with the NCs and
accessing the viability of these cells after 24 h through resazurin
assay (results are shown in Figure S10). This confirmed the
biocompatibility of the as-synthesized Ag;;@BSA NCs.

Their bright red luminescence can potentially be exploited
for bioimaging applications given their ultrahigh stability in the
biologically relevant conditions. Furthermore, the cluster being
made at neutral pH eliminates the possibility of pH-induced
changes in luminescence in physiological conditions. HeLa
cells were used to study the cellular uptake without any special
purification or conjugation of as-synthesized clusters. Attach-
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ment of the clusters along the cell membrane was observed
after S h of incubation (Figure S11). The cluster gradually
diffused into the cytosol and was observed to be completely
internalized after 24 h (Figure 6). Three-dimensional
reconstruction of the corresponding cells (Figure 6E and
video V1) from the z stack images (shown in Figure S12)
confirmed the localization of the clusters in the cytoplasm,
demonstrating the cluster to be an excellent bioimaging probe.
The cell nucleus was stained with DAPI in these experiments.
Retention of Protein Structure and Bioactivity.
Reactions performed at solutions of high pH or use of strong
reducing agents are thought to be the reasons for large changes
in the secondary structure of the protein during cluster
formation. Since the aforementioned process using a
preformed cluster as precursor involves neither, retention of
the protein structure to a greater degree is expected in the
Ag s@BSA. Conformational change in the protein structure
can be measured by the change in the CD (circular dichroism)
spectrum, which is shown in Figure 7A. The fraction of a-helix,
a measure of the conformational change, was calculated for
both Ag,;@BSA and Ag,@BSA clusters (synthesized through
conventional route) from CD spectra. A higher degree of
retention of a-helicity was indeed observed in Ag ;@BSA
(41%) over Agoc@BSA (27.7%), confirming lesser alteration
of the protein structure in the new synthetic methodology.
Function or bioactivity of a protein is also closely related to
its structural integrity. BSA is known to possess esterase
activity,””>*7> the ability to catalyze the hydrolysis of esters
into component acids and alcohols. The retention of this
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biological function in Ag;;@BSA was tested using PNA as a
model compound and was compared with that of Agoc@BSA.
PNA shows a peak around 270 nm in its UV—vis spectrum
(red trace, Figure 7B). This characteristic feature of PNA
changes in the presence of BSA (blue trace, Figure 7B) to give
a peak around 400 nm, indicating the formation of the
phenolate ion (black trace, Figure 7B) in the solution through
hydrolysis. Kinetics of the catalyzed hydrolysis of PNA was
monitored by following the concentration of the phenolate
ions through UV—vis spectroscopy (Figure 7c). After 1 h of
reaction, Ag;s@BSA was found to be 89% as active as parent
BSA, compared to only 28.7% in the case of Agoc@BSA
(Figure 7D). This can be related to the changes in the primary
and secondary structures of the protein during the synthesis of
Agoc@BSA. Basic medium used in this conventional protocol
can modify the tyrosine and arginine residues, thou7ght to be
responsible for the esterase activity of BSA,***” causing
disruption of H bonds and electrostatic interactions, leading
to the loss in helicity. On the other hand, synthesis of Ag;;@
BSA involves only the capture and encapsulation of Ag clusters
from solution and retains the structural integrity as well the
bioactivity of the protein. This improved bioactivity is
supported by studies using Ag;;@Lf as well. Lf possesses
several enzymatic activities; among them, phosphatase activity
was monitored in a similar way for native Lf and the Ag,;@Lf.
The cluster showed 90% catalytic activity (Figure S13).

Bl CONCLUSIONS

We introduced a new protocol to synthesize red luminescent
protein-protected clusters using preformed clusters as the
metal source. Internalization of the silver clusters released in
solution from nonluminescent phosphine-protected precursor
cluster by the protein was manifested in the change of the
luminescence of the solution. The presence of an 18 Ag atom
core associated with each protein molecule in the final cluster
was identified through MALDI MS, and the mechanism of
formation was elucidated from time-dependent mass spectra. A
higher degree of structural intactness of the protein in the
formed cluster could be achieved by this protocol. This
resulted in the addition of extra functionality to the proteins
while the inherent bioactivity is retained, addressing a major
problem associated with the conventional method of synthesis.
The clusters were found to be excellent luminescent probes for
cancer cell imaging. The combination of stable yet sensitive
luminescence of the clusters formed inside minimal structurally
altered and functionally active proteins is expected to aid in the
further development of biomedical applications of such
clusters.
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Figure S1: The EDS spectrum of the precipitate along with the quantification data (A). (B) is the
image of the precipitate under visible light (left) and under UV light (right).
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Figure S2: The EDS spectrum of the Ag;s@BSA cluster along with the quantification data (A).
(C-E) are the EDS images of the cluster collected using Ag La, S Ka, and N Ka emissions.

Corresponding SEM image of the Ag;s@BSA is shown in B. The quantification data suggest that
the Ag:S ratio is in good agreement with the theoretical value for Ag;s@BSA.
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Figure S3: Total XPS survey spectrum of Ag;s@BSA. The insets show the spectra of the cluster
in the Ag 3d region and S 2p regions.
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Figure S4: Characterization of the Ag;s@HSA cluster. (A) UV-vis profile of HSA (blue trace)
and Ag;s@HSA cluster (red trace). (B) Luminescence profile of the Ag;s@HSA cluster. Inset
shows the color of HSA and the cluster under visible light (top) and under UV light (bottom).
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Figure S5: MALDI MS of pure HSA (blue trace) collected in linear positive ion mode using
sinapic acid as matrix and that of the as-prepared red emitting Ag;s@HSA (red trace).
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Figure S6: Characterization of Ag;;@Lf cluster. (A,B) UV-vis and luminescence spectra
(excitation at 365 nm) of Ag;;@Lf cluster. C) MALDI MS spectra of the parent protein and the

cluster showing the formation of the Ag;;@Lf cluster.
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Table S1: Number of cysteine/methionine, Trp/Tyr/His, and disulfide bridges present in BSA,
HSA, and Lf.

Cys (C) Met (M) Trp (W) Tyr (Y) His (H) Disulfide
bond
BSA 35 5 2 19 17 17
HSA 35 5 1 16 17 17
Lf 33 3 13 19 10 16

Note: Though the molecular weight of Lf is high than BSA and HSA, the number of His residue
present in Lf is less. Thus the ability of Lf to stabilize the small clusters formed at initial stage is

expected to be lower than both BSA and HSA. This probably result in the formation of a smaller

13-atom Ag cluster in this case.
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Figure S7: Time dependent luminescence profile of the Ag;s@BSA cluster during synthesis.
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Figure S8: UV-vis profile of Ag nanoparticle formed in a reaction of [Ag;gH;s(TPP)0]** cluster
with reduced concentration of protein.
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Figure S9: (A) MALDI MS of BSA before (blue) and after (red) reaction with Ag Nps. The
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Figure S10: The viability of HeLa cells after treating with different concentrations of Ag;s@BSA
NCs for 24 hours. The viability was obtained by resazurin assay. The error bar represents standard
error of 3 trials.
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Figure S11: Microscopic images of the HeLa cells after 5 h incubation with NCs. (A)
Fluorescence image of NCs in cells (B) Cell nucleus stained with DAPI. (C) Bright-field
image of the corresponding fluorescence images. (D) An overlay of these three images.
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Figure S12: Z stacking images of cells shows the internalization of NCs in the HeLa cells.
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ABSTRACT: We probed the interaction between Au;;@BSA
and various heavy metal ions using luminescence spectrosco-
py. Interestingly, Aus@BSA showed luminescence enhance-
ment upon interaction with Cd** and Pb** at concentrations
higher than 1 ppm, due to the formation of cluster aggregates.
Such aggregates were detected by dynamic light scattering
(DLS) and high resolution electron microscopy (HRTEM)
studies. Luminescence enhancement of Au;s@BSA in the
presence of Cd>* was due to the interaction of Cd** with the
cluster core, while Pb**-induced luminescence enhancement
was due to BSA-Pb** interaction. Observations were further

§ % Cd?* and Pb?*

Concentration
higher than 1 ppm !

Metal-ion-induced luminescence
enhancement in Au;s@BSA

Au,;@BSA

supported by X-ray photoelectron spectroscopy (XPS) studies. This kind of phenomenon has been observed in protein
protected clusters for the first time. We believe that such metal-ion-induced luminescence enhancement can be used to
synthesize cluster systems with enhanced optical properties and different ion—cluster interactions can be used to develop metal

ion sensors using Ausg@BSA.

B INTRODUCTION

The study of noble metal nanoclusters consisting of a few to
hundred metal atoms has become fascinating due to their
unique optical and electronic properties.'~* Especially, Au and
Ag metal nanoclusters have been studied extensively due to
their attractive optical properties. Such nanoclusters typically
use thiols as protecting ligands, and various protocols in the
solution phase’ as well as solid state’ have been developed for
their synthesis. Macromolecular templates such as DNA,°
dendrimers,” and most recently proteins,”®’ have also been
used for the synthesis of such nanoclusters. The most
commonly used proteins are bovine serum albumin
(BSA),>'™" lysozyme (Lyz),M_m lactoferrin (Lf),'”'®
human serum albumin (HSA),"””° and a few others.””'
Protein protected noble metal clusters (PPCs) have been
synthesized under basic pH and are stable over a wide pH
range.”'”'® Typically the core of such nanoclusters is less than
2 nm in diameter. PPCs exhibit attractive optical, electronic,
catalytic, and magnetic properties.”” Luminescence of PPCs is
stable under different pH conditions, and their quantum yield
is high as compared to their monolayer protected counterparts.
Due to the simple synthetic procedure and ease of
modification with various functional groups, PPCs have been
considered as major candidates for biolabeling, in vivo and in
vitro imaging' ***and various sensing applications.”*” They are
biocompatible due to lower metallic content and use of bulky
proteins as ligands. High quantum yield and presence of
various functionalities of PPCs can be used for highly selective
and sensitive detection of analytes in various applications.

-4 ACS Publications  © 2019 American Chemical Society

28969

Owing to their small size, biocompatibility, luminescence, and
low tox1c1ty, PPCs are good candidates for sensing of metal
ions”*>® and small molecules.””*"~*°

Intense photoluminescence (PL) is one of the most
interesting properties of PPCs. According to the previous
reports, the reason for the high quantum yield of such clusters
is FRET between the protein shell and the core of the
cluster.”'” Recently, Chevrier et al. have studied the structural
and intense luminescence properties of the BSA-stabilized gold
cluster in detail.>" It is also possible to tune the luminescence
property of nanoclusters by changing the composition through
alloying,'> doping,®* etc. Enhancement of luminescence
through different routes has been studied by several groups.
In our previous report, we have shown that an Au cluster
protected by mixed proteins shows 3-fold enhancement in
luminescence due to FRET.”> Luo et al. have reported
aggregation-induced luminescence enhancement of Au(I)
thiolate where they have shown that the Au(I) thiolate shell
surrounding the Au(0) core plays a role in enhancing the
luminescence.”® Metal-induced luminescence enhancement
has been reported by Muhammed et al,,'> where they found
that the enhancement of luminescence in Auqc@BSA was due
to Ag nanoparticles where protein acts as a spacer between the
gold cluster and the nanoparticles. A similar study has been
demonstrated for glutathione-capped Au clusters by Ji et al,
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where they have found that the enhancement was due to the
formation of aggregates through GSH—Pb** interaction.*
Exchanging the core with other metals can significantly change
the luminescence property of a cluster as shown by Wang et al,,
where they observed drastic fluorescence enhancement in an
Au cluster when it was doped with Ag atoms.>”

It can be concluded from the above discussion that reactivity
of clusters with metal ions can change their properties
drastically. In particular, heavy metal ions can react with
clusters in different ways, either with the core or with the
protecting shell. Heavy metal ion contamination is one of the
serious threats to human health and environment due to their
toxic effects. Some of the heavy metals are biologically essential
such as copper (Cu),’® zinc (Zn),*” and iron (Fe)** but at
higher concentrations they can lead to toxicity while other
heavy metals, namely, mercury (Hg),” cadmium (Cd),"’ and
lead (Pb),*" are not biologically essential, and their presence
even at lower concentrations can cause harm to the
organism.*” Although various conventional analytical techni-
ques have been used for analyzing metal ions,™** PL
spectroscop;f is one of the simplest tools for such
analysis,'*"*>%

Due to strong surface plasmon resonance and its depend-
ence on the surface protection, gold nanoparticles have been
employed to detect heavy metal ions.*”*” DNAzyme
biosensors also showed good selectivity and sensitivity for
detecting heavy metal ions.** PPCs are highly sensitive to the
presence of specific metal ions and due to their high quantum
yield, change in luminescence can be visualized with naked
eyes and thus it can be an ideal candidate for sensing metal
ions. Xie et al. have shown for the first time that BSA-stabilized
Au clusters can be used for sensing Hg2+, which quenches the
luminescence of the former completely.”* Sensing of Cu®* ions
in live cells using Auqc@BSA has been reported by Durgadas
et al."” Zeptomolar detection of explosives such as TNT and
Hg>* by using a hybrid material of Ago @BSA and Au
mesoflower has been shown by Mathew et al.”” Goswami et al.
have reported quenching of Pb** using CuQC@BSA.A'5 Several
other groups have also demonstrated sensing of various metal
ions through luminescence quenching.”**

Here in this paper, we report the luminescence enhancement
in Auj@BSA through metal-ion-induced aggregation. This
phenomenon has been observed for the first time. It was found
that Auys@BSA forms aggregates when treated with higher
concentrations of Cd** and Pb*" which leads to a significant
change in their luminescence property. The resulting
aggregates were thoroughly characterized using various
spectroscopic and microscopic techniques. The effect of Cd**
and Pb** on Auy;@BSA has been studied in detail.

B EXPERIMENTAL METHODS

Reagents and Materials. All the chemicals were
commercially available and used without further purification.
Bovine serum albumin (pH 6—7, SRL Chemical Co. Ltd,,
India), sodium hydroxide (RANKEM, India), tetrachloroauric
acid trihydrate (CDH, India), PbCl, (CDH, India), CdCl,
(CDH, India), FeCl, (CDH, India), HgCl, (Merck, India),
CuCl, (Merck, India), and Sinapinic acid (Sigma-Aldrich)
were used for the experiments. Triply distilled water was used
for all the experiments.

Instrumentation. UV—vis spectra were collected using a
PerkinElmer Lambda 25 spectrometer in the range of 200—
1100 nm with a scan rate of 480 nm per minute. Luminescence

measurements were carried out using a Jobin Yvon NanoLog
spectrometer. For both excitation and emission, spectra were
collected with a band-pass of 3 nm and the samples were
excited at 365 nm. High resolution transmission electron
microscopy (HRTEM) was performed with a JEOL 3010
instrument working at 300 kV, equipped with an ultra high
resolution (UHR) polepiece. Energy dispersive X-ray analysis
(EDS) was carried out with an Oxford EDAX housed in the
TEM. Sample for HRTEM was prepared by dropping the
dispersion on a carbon coated copper grid and drying under
ambient conditions. MALDI MS study was conducted using an
Applied Biosystems Voyager DE PRO Biospectrometry
Workstation. A pulsed nitrogen laser of 337 nm was used for
the studies and an average of 250 shots was used for each
spectrum measurement. Sinapinic acid was used as the matrix
for MALDI MS measurement. Dynamic light scattering (DLS)
measurements were performed using a Malvern Zetasizer ZSP
instrument. X-ray photoelectron spectroscopy (XPS) studies
were carried out with an Omicron ESCA probe spectrometer
with polychromatic Mg Ka X-rays (hv = 1253.6 eV). The
samples were spotted as drop cast films on a sample stub.

Synthesis. Synthesis of Aug@BSA. Augc@BSA was
synthesized as reported previously.” In a typical synthesis, 1
mL of 6 mM tetrachloroauric acid trihydrate (HAuCl,-3H,0)
solution was added to 25 mg of BSA powder in 1 mL of
distilled water, under vigorous stirring. The mixture was
allowed to stir for 5 min. Then 100 yL of 1 M NaOH was
added to the above mixture and stirred for 12 h until the
solution turned golden brown in color. The reaction was
carried out at room temperature. The solution of Augc@BSA
was stored at 4 °C for further use.

Study of Interaction of Au;g@BSA with Different Metal
lons. For performing metal ion interaction studies with Augc@
BSA, various metal ions such as Cd*, Pb**, Hg*", Fe**, and
Cu®" were chosen. Metal ion solutions of various concen-
trations were obtained by serial dilution of the stock solution.
Typically, S uL of the cluster solution was diluted 400 times
with distilled water. To study the interaction, different
concentrations of metal ions were added to the above-
mentioned cluster solution. After addition, the solution was
mixed well and incubated for 2 min before recording the
luminescence spectrum. It is well-known that Cu** and Hg**
ions can quench the luminescence of Augc@BSA but the
interaction of Aug-@BSA with other metal ions has not been
studied in detail. Therefore, from the perspective of toxic heavy
metal ions, interactions of Cd** and Pb*" were studied in
detail.

B RESULTS AND DISCUSSION

Spectroscopic and Microscopic Characterizations of
Augc@BSA. Synthesis and characterization of gold cluster
within BSA template was reported by Xie et al.” Briefly, the
addition of HAuCl,.3H,0 to BSA forms Au*—BSA complex.
BSA contains 21 tyrosine residues which can reduce Au®* to
Au’. Further reduction of Au* to Au’ occurs by adding NaOH
into the mixture. At alkaline pH, BSA acts both as a reducing
and as a capping agent for Au cluster synthesis.'® Due to the
bulkiness of BSA, it provides steric protection to the cluster.
Augc@BSA has been characterized using different spectro-
scopic and microscopic techniques (Figure 1), and the core of
the cluster has been assigned using MALDI MS study (Figure
S1).
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Figure 1. Comparison of UV—vis spectra for (A) pure BSA and (B)
Augc@BSA. PL (C) excitation and (D) emission spectra of the
cluster. The cluster shows an emission maximum at 645 nm and an
excitation maximum at 365 nm. Inset shows the photograph of cluster
solution under (E) visible and (E’) UV light. (F) HRTEM image of
the sample shows a core size of around 1.8 nm. The clusters are
shown with dotted circles. Scale bar in the HRTEM image is 20 nm.

A comparison between UV—vis absorption spectra for pure
BSA and Auqc@BSA is depicted in parts A and B of Figure 1,
respectively. BSA shows an absorption feature at 280 nm due
to the presence of aromatic amino acids such as tyrosine and
tryptophan residues. In the case of Augc@BSA, a decrease in
the absorption intensity at 280 nm was observed along with a
shoulder at 375 nm as compared to that of pure BSA. The
absence of a well-defined absorption feature in the case of
clusters has been attributed to the encapsulation of the cluster
by bulky BSA."® The PL excitation and emission spectra of the
cluster are presented in parts C and D of Figure 1, respectively.
Two excitation maxima around 365 and 500 nm were observed
for the cluster as previously reported.'” When the cluster was
excited at 365 nm, two emission maxima, one around 450 nm
which is due to weak luminescence from the protein and the
other at 645 nm because of emission from the cluster, were
found. The cluster showed bright red luminescence and
photographs of the cluster under visible light and UV light are
shown in Figure 1, parts E and E’, respectively. To study the
size of clusters, HRTEM analysis was performed (Figure 1F).
The core of the cluster was found to be below 2 nm, and no
particles of bigger size were found. MALDI MS study was
performed to assign the core of the cluster. The calculated
mass difference between the parent protein and the cluster
formed provides the number gold atoms present in the core of
the cluster. Augc@BSA has a peak at m/z ~74210 and the
mass difference between Augc@BSA and BSA (m/z 66 700)
was ~7.5 kDa, suggesting the formation of Aujs@BSA. So,
henceforth Auqc@BSA will be referred as Au;s@BSA.

With this background, our studies on the interaction of
different metal ions with the cluster are discussed in the next
section.

Metal-Induced Enhancement of Photoluminescence
in Auzg@BSA. Clusters can interact with various metal ions
through chemical functionalities of the protein or through the
metal core. Interaction between different metal ions and
clusters can bring changes in the PL as well as other properties
of the cluster. Here, we have studied the effect of various metal
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ions such as Cd** and Pb** on the PL of Aus;;@BSA. The
emission spectra for Auj;@BSA and BSA in the presence of
Cd** and Pb** ions at different concentrations are shown in
Figure 2.

As shown in Figure 2A, different concentrations of Cd**
were added to Au;g@BSA to monitor its effect on the
luminescence profile. A decrease in the PL intensity was
observed upon addition of 100 ppb Cd**. However, at 500
ppb, instead of further decrease, it leads to an increase in the PL
intensity. Moreover, the addition of 1 ppm of Cd** resulted in
higher emission intensity as compared to the parent cluster.
With further increase in the concentration of Cd** from 1 to
10 ppm, luminescence intensity increased systematically. A
gradual blue shift in the emission peaks from 650 to 630 nm
was also noticed in the process, and when the concentration of
Cd** reached at 10 ppm, it resulted in a ~2.7 fold
enhancement of emission intensity. To find out the role of
BSA on Cd** and Au;@BSA interaction, similar concen-
trations of Cd*" were added to BSA, and emission spectra were
collected (Figure 2B). BSA showed an emission maximum ~
335 nm when excited at 280 nm. At lower concentrations of
Cd*, no change in the protein emission was noticed. Upon
addition of increasing concentrations of Cd*’, changes in the
luminescence of BSA were less marked and were opposite to
that of Au;s@BSA. Thus, it is suggested that PL enhancement
in Auss@BSA is due to the interaction of Cd** with the cluster
core and not with the protein shell. Further studies with DLS
and HRTEM were performed to understand the effect of Cd**
on Au;s@BSA. These results are discussed in the next section
of the paper.

Similar measurements were conducted to know the effect of
Pb** on the PL properties of Auys@BSA. Upon addition of 100
ppb of Pb**, a decrease in the PL intensity of Au;s@BSA was
observed (Figure 2C) which was similar to that of Cd*".
Further addition of Pb** (500 ppb to 10 ppm) resulted in a
gradual increase in the luminescence intensity. Addition of 10
ppm Pb** caused a ~1.6 fold enhancement of the cluster. To
understand the role of protein in this interaction, similar
concentrations of Pb** were added to BSA. A systematic
decrease in the protein emission was observed with increase in
concentration of Pb** from 100 ppb to 10 ppm without any
change in the position of emission. Pb** has a tendency to bind
to proteins which could induce the aggregation of clusters
through protein—protein interaction.”” Such aggregation can
result in aggregation-induced enhancement in luminescence.
Although enhancement was observed in the presence of both
the metal ions, Cd** showed a higher enhancement than Pb*"
at similar concentration, although reasons for enhancement
could be different in both the cases. In the case of Cd**, major
interaction was with the core and in the case of Pb*, major
interaction was with the protein shell of the cluster. A shift in
the cluster emission toward the blue region upon interaction
with Cd** also suggests that the core itself is changing after
interaction with Cd*". The calculated quantum yields for
Auys@BSA and Auyg@BSA in the presence of Pb** and Cd**
were found to be 8.0%, 13.0% and 15.0%, respectively.

Control PL study was performed to check the sensitiveness
of the incubation time (Figure S2A). Same parameters were
maintained during each measurement. No enhancement in the
emission intensity was observed in the parent cluster over time.
During the course of time, no precipitates were seen either in
the solution of parent cluster or in the presence of Pb** and
Cd*". Time-dependent changes in Ig5, of Au;@BSA upon
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Figure 2. PL emission spectra of Auys@BSA after treatment with (A) Cd** and (C) Pb**. The PL emission spectra of BSA after treatment with (B)
Cd?* and (D) Pb**. Excitation wavelengths for Au;@BSA and BSA are 365 and 280 nm, respectively.

addition of 1 ppm concentration of Pb** and Cd** were
measured to check the stability of the cluster. When Pb**
(Figure S2B) and Cd*" (Figure S2C) were added to the cluster
solution, a large increase in Ig5, counts was observed, which
was stable over long time. This suggested that the enhancement
in emission intensity was due to the presence of Pb** and Cd*".
UV—vis absorption spectra of Au;g@BSA in the absence and
presence of metal ions have been measured (Figure S3). As
mentioned earlier, prominent absorption features were absent
in protein protected gold clusters due to encapsulation by the
bulky protein. The absorption peak at 280 nm is the
characteristic feature of aromatic amino acids of the protein.
No prominent change in the absorption features was seen
upon adding Cd** to the cluster solution while a significant
change was found upon Pb** addition. This change indicated
that there is an interaction of Pb?* with the protein shell of the
cluster which also supports the PL studies.
Metal-lon-Induced Aggregation Studies of Au;;@BSA
by DLS and HRTEM. To investigate the effect of metal ions
on the size of Au;g@BSA, DLS measurements were performed
(Figure 3, parts A and B). From the DLS study, the size of BSA
was found to be ~ 7.6 nm and parent Au;s@BSA has a size of
~ 9.7 nm, which are closely matching with the values reported
(Figure $4).%° This suggested that the cluster core to be of ~
2.1 nm and this value is slightly more than the size observed in
HRTEM analysis (Figure 1F). The larger size observed in DLS
measurement than by HRTEM is due to the presence of a
solvation shell around the cluster in water. The volume
fraction-dependent DLS measurement was carried out for the
parent cluster. But no change in the size was observed with
increase in concentration of the cluster (Figure SS). Figure 3A
shows the changes in the size distributions of Au3;@BSA when
different concentrations of Cd** were added to the former. Size
of the cluster (9.7 nm) increased gradually upon interaction
with increasing concentrations of Cd**, and finally, it reached
~40 nm at 10 ppm of Cd**. Similar results were also obtained
in the case of Pb** (Figure 3B) but at 10 ppm, it led to bigger
aggregates of the clusters. Changes in the size of the parent
cluster in the presence of Cd** and Pb** implied that the
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interaction of both the metal ions with the cluster induced
their aggregation.

To further confirm the aggregation of the cluster, HRTEM
analysis was performed at a higher concentration of metal ions
(Figure 3, parts C, C’, D, and D’). TEM images of the clusters
with Cd** are shown in Figure 3, parts C and C’. It clearly
shows aggregation of the clusters. Similar aggregates were also
found in the case of Pb*" (Figure 3, parts D and D’). Compact
aggregation of clusters was seen in this case (Figure 3D).
These aggregates are mostly spherical in shape. Magnified
image of one such spherical aggregate is shown in Figure 3D’.
In both the cases, sizes of the clusters are much larger than the
parent one (Figure 1F). This result confirms the metal-ion-
induced aggregation of the cluster. The presence of Cd** and
Pb*" has been confirmed by EDS analyses (Figures S6 and S7).

XPS Studies of Au;z@BSA in the Presence of Cd**and
Pb?*. X-ray photoelectron spectroscopy (XPS) is an important
tool to reveal the oxidation states of elements in the sample.
XPS analysis of parent Au;s@BSA has shown that Au 4f,,,
appears at 84.1 eV, confirming the presence of a stable metallic
core (Au’ state) in the cluster (Figure S8A)." The binding
energy of S 2p;/, at 162.1 eV suggested Au—S bonding which
stabilizes the core through cysteine residues of the protein
(Figure S8B). The PL data shown in Figure 2 proposed that
the major interaction of Cd** is with the core of the cluster
whereas Pb*" interacts with the BSA shell of the cluster. To
further investigate metal-ion-induced changes in the oxidation
states of cluster core and interacting elements, we carried out
XPS analysis of Au;s@BSA upon interaction with Cd** and
Pb** (Figure 4).

Due to the interaction of Cd*, Au 4f,, at 84.1 eV got
shifted to 85.3 eV suggesting the oxidation of the core to Au'".
However, two peaks at 406.4 and 404.6 eV binding energy
were seen in the Cd 3d region and assigned as Cd*" and Cd’,
respectively. After interaction with Pb*', only a change of 0.4
eV in the binding energy of Au 4f,/, was observed (from 84.1
to 84.5 eV), indicating the core to be closer to its metallic state,
and the binding energy at 138.9 eV was the characteristic
feature of Pb**. The XPS data have shown that Cd** induced a
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Figure 3. DLS spectra of Au;@BSA at various concentrations of (A) Cd** and (B) Pb**. Data for parent Au;s@BSA are also shown. TEM images
showing the aggregation of clusters upon adding (C) Cd** and (D) Pb**. The corresponding higher magnification TEM images are shown in parts
C’ and D', respectively.
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Figure 4. (A and B) Au 4f region of Auy@BSA upon interaction with Cd** and Pb**, respectively. (C and D) Corresponding Cd 3d and Pb 4f
regions, respectively.

change in the oxidation state of the cluster core, i.e. from Au’ core of the cluster. This also supported the results obtained
to Au* whereas Pb*" did not bring a significant change in the from PL studies discussed earlier.
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Selective Luminescence Enhancement of Au;;@BSA
Due to Metal lons. The interactions of Aus,@BSA with Cd*"
and Pb** were discussed in the earlier sections and enhance-
ment of luminescence was observed at higher concentrations of
Cd** and Pb** while luminescence was quenched at lower
concentration. The luminescence response of Au;s@BSA was
studied with other divalent metal ions such as Fe**, Hg**, and
Cu’, and the changes were compared with Cd** and Pb**
ions. Figure 5 shows the change in the luminescence of the
cluster after treatment with metal ion concentrations starting
from 1 ppb to 1 ppm. Area under the emission spectrum of
Aus@BSA (550—710 nm wavelength range) is plotted against
the molar ratio of metal ion to Auys@BSA, for different analyte
ions.

After addition of each concentration of metal ion to cluster,
the cluster solution was incubated for 2 min before collecting
the emission spectra. Only in the presence of Cd** and Pb*',
luminescence enhancement was seen but not in the case of
Fe?*. Whereas at lower concentrations of Cd**, Pb?*, and Fe*',
a decrease in the emission intensity was noticed. Enhancement
in emission started from 0.1 ppm of Cd** and Pb** onward. In
the earliest sections, we have already discussed the effect of
increase in the concentration of Cd** and Pb** (Figure 2, parts
A and C). Unlike Hg**, Cu** also is known to quench the
luminescence of AuQC@BSA.B’24 In both cases, at lower
concentrations (up to 100 ppb), a decrease in the
luminescence intensity was observed, but complete quenching
occurred only at 1 ppm of ions. The interaction of Cu** with
BSA shell of the cluster has been proposed as a possible reason
for this luminescence quenching, whereas a similar quenching
effect in the case of Hg*" is due to the interaction between the

metal ion and the core of the cluster."***

B CONCLUSIONS

The interaction of Auy@BSA with Cd** and Pb** has been
investigated in great detail. Auj@BSA was found to have
aggregation-induced emission enhancement in the presence of
Cd** and Pb*, for concentrations higher than 1 ppm. This
phenomenon has been studied for the first time in the case of
PPCs. The enhancement of luminescence is due to aggregation
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of clusters, and such aggregates were detected by DLS and
HRTEM analyses. PL studies have shown that, in the case of
Cd?*', enhancement in the luminescence is due to interaction
between Cd*" and cluster core whereas PL enhancement in
Auys@BSA upon Pb** is due to Pb** —protein shell interaction.
These observations were further supported by XPS data, where
it was shown that interaction with Cd** resulted in the
oxidation of the cluster core from Au’ to Au’ along with
changes in binding energy of Cd**, but interaction of Pb** did
not affect the core of the cluster. Interactions of other metal
ions such as Fe’*, Hg*', and Cu®" with Au;3@BSA were also
studied and it showed that such interaction is selective to Cd**
and Pb*". Difference in the nature of interactions between
heavy metal ions and Ausg@BSA may be used to develop a
sensor with a logical readout for identifying different metal
ions. Also, such metal-ion-induced aggregation of clusters
leading to emission enhancement will open up the possibility
of developing clusters with enhanced optical properties and
associated applications.
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Figure S1: Comparison between MALDI MS of BSA and Augc@BSA showing mass shift of

7.5 kDa from parent protein after cluster formation. The cluster is assigned as ~Auszs@BSA.
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Figure S2: (A) The PL emission spectra of Ausgs@BSA. Spectra from 1 to 6 were measured at a
time interval of 2 min to check the stability of the parent cluster (all the parameters were kept
same during the measurement). Excitation wavelength for Aus;s@BSA was 365 nm. Time-

dependent changes in Igso of Ausg@BSA upon addition of 1 ppm (B) Pb*" and (C) Cd*".
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Figure S3: UV-vis absorption spectra of parent Ausg@BSA (black trace) and after treatment
with Cd*" (red trace) and Pb”" (green trace). Inset shows the expanded view of the absorption

feature.
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Figure S4: DLS data of BSA and Auss@BSA showing the presence of ~2.1 nm cluster core.
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Figure S5: Volume fraction-dependent DLS spectra of Auzs@BSA showing the size of the
cluster remained same with increase in concentration of the cluster. Concentrations 1, 2, and 3
correspond to 5, 20 and 50 pL of cluster solution in 2 mL of DI H,O, respectively. Therefore, the

last two correspond to 4 and 10 times enhanced concentration than the first.
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Figure S6: HRTEM EDS spectrum with quantification data showing the presence of Cd*" and
other expected elements in Auzs@BSA.
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Figure $7: HRTEM EDS spectrum with quantification data showing the presence of Pb”" and
other expected elements in Auzs@BSA.
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ABSTRACT: We present an example of an interparticle
reaction between atomically precise nanoclusters (NCs) of
the same metal, resulting in entirely different clusters. In
detail, the clusters [Ag,,(TBT)s(TFA)(CH;CN)]* (TBT =
tert-butylthiolate, TFA = trifluoroacetate, CH;CN =
acetonitrile) and [Ag;s(TPP),,H;s]** (TPP = triphenyl-
phosphine) abbreviated as Ag;, and Ag; respectively,
react leading to [Ag,s(TBT)(TFA),(CH,CN);Cl]* and
[Ag,,(TBT)4(TFA),(CH;CN);Cl]*, abbreviated as Ag
and Ag,,, respectively. The two product NCs crystallize
together as both possess the same metal chalcogenolate
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shell, composed of Ag,.S;, making them indistinguishable. The occupancies of Ag,s and Ag,, are 66.66 and 33.33%,
respectively, in a single crystal. Electrospray ionization mass spectrometry (ESI MS) of the reaction product and a
dissolved crystal show the population of Ag,, and Ag,; NCs to be in a 1:1 and 2:1 ratio, respectively. This suggests
selective crystallization in the cocrystal. Time-dependent ESI MS was employed to understand the formation of product
clusters by monitoring the reaction intermediates formed in the course of the reaction. We present an unprecedented
growth mechanism for the formation of silver NCs mediated by silver thiolate intermediates.

KEYWORDS: nanoclusters, intercluster reactions, homometallic clusters, cocrystals, Ag;s and Ag,,

tomically precise noble metal nanoclusters (NCs) are
Aan emerging class of materials. Studies on them are

motivated by their unusual structures and associated
properties.1_6 NCs possess exceptional geometric and
electronic structures, having a core size below 3 nm, exhibiting
intriguing properties due to molecule-like energy levels, strong
photoluminescence, color tunability, high catalytic activity,
facile surface tailorability, and good photostability, which are
different from bulk nanoparticles, with diameters >3 nm.’”’
Scalable fabrication of the NCs results in new materials with
distinctly different applications.”” Attempts to design novel
NCs have been there using diverse methodologies. Clusters
with varying cores can be obtained by different synthetic
procedures such as size focusing methodology,'”"" interpar-
ticle reactions,'” and many others.”™® To understand the
distinct properties of NCs, detailed knowledge of their
structures is important. In the recent past, atomically precise
silver (Ag) nanoclusters with a wide range of nuclearlty have
been characterized, including Ag14, Aglé,14 Agm Ag33,
Agzor17 Agzpls Agzs,” Agzzrz Agzmz Ag4o,22 Ag44;23 Agie
Aginy”t Agno” Agsuw” Agssy’ Agio efc, with varying

22

-4 ACS Publications  © 2019 American Chemical Society 13365

thiols, as well as with secondary ligands, mostly phosphines.
Charge is an integral part of the cluster system, with many
existing in multianionic forms. Structural studies of nano-
clusters revealed that the metal core is protected by an outer
layer, composed of the metal and ligands. A closed-shell
electronic structure makes these clusters stable, which often
results in an overall charge for the system. In a few cases, an
unusual possibility of two NCs of similar outer structure
covering varied inner cores exist during the nucleation of a
crystal, leading to the formation of multicomponent molecular
solids or cocrystals.”” They have properties of both the
clusters. The study of cocrystals is a well-known aspect of
modern crystal engineering.”® They may have several
applications in pharmaceutical sciences.”” Many cocrystals of
noble metal NCs are known now.””**7>° These have been
synthesized either by reducing thiolate or phosphine
complexes or by ligand-exchange-induced size transformation
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Figure 1. Total structures of (A) [Ag,;(TBT)s(TFA),(CH;CN);(Cl)]* and (B) [Ag,,(TBT)4(TFA),(CH;CN);(Cl)]*. The Ag,s NC is hollow
inside, and Ag,, contains one additional Ag atom inside. Light gray and yellow spheres in the ball-and-stick model represent Ag and S atoms,
respectively, and other nonmetals are represented by a wire frame model. Space-filling models of (C) Ag,s and (D) Ag;,. Color code: Ag,

light gray; S, yellow; F, light green; C, gray; N, light blue; CI, black.

reactions (LEIST).>' NCs are considered as stable entities and
are expected to retain their identity in solution. Chemical
reactions between NCs or interparticle reactions belong to a
special class of reactions introduced by our group, which
typically involve the exchange of metals and ligands between
different clusters, leading to product clusters.””** These
reactions were performed by reacting monolayer-protected
clusters composed of different metals, for example, Ag and Au
NCs. Reaction between Au,; and Ag,, were regorted initially
followed by the reaction of Ag,s and Au,s.”””” Many others
were also studied subsequently.”*™>” Here, we explored an
interparticle reaction methodology between homometallic
clusters to make new clusters. To understand the growth of
NCs, time-dependent electrospray ionization mass spectrom-
etry (ESI MS) studies were performed. We note that the size
evolution mechanism for the formation of Ag and Au NCs via
homoleptic thiolate-stabilized precursors has been reported
recently.”**%

We present the synthesis, optical properties, ESI MS
analysis, and structures of atomically precise NCs, costabilized
by TBT (tert-butylthiolate) and TFA (trifluoroacetate) ligands.
The synthesis involves a homometallic interparticle reaction of
silver NCs using [Ag;,(TBT)s(TFA);(CH;CN)]* and a
hydride and phosphine coprotected cluster,
[Ags(TPP),,H,4]**, abbreviated as Ag;, and Ag,, respec-
tively, as reactants, which are known previously."”*" The

reaction mixture formed cocrystals of product NCs viz.
[Ags(TBT)s(TFA),(CH;CN);Cl]* denoted as Agys and
[Ag;;(TBT)s(TFA),(CH;CN),CI]* denoted as Ag;,. The
two NCs are structurally similar and are indistinguishable in
the lattice. We probed the mechanism of interparticle reaction
using time-dependent ESI MS and UV—vis spectroscopy,
which gave deep insights into the formation of the NCs
mediated by silver thiolate intermediates. Our approach
represents a different method of synthesizing atomically
precise NC cocrystals, which could result in unusual properties
and applications.

RESULTS AND DISCUSSION

The Ag;, NC was synthesized by dissolving silver thiolate,
Ag(TBT),, and CF;COOAg in a mixture of acetonitrile and
methanol. To this was added a methanolic solution of Agq
(synthesized by a reported method)."”** A dark brown
solution along with a black precipitate was formed; the
mixture was kept stirring for 1 h, and the solution was
centrifuged at 8000 rpm (5868g). The black precipitate was
discarded as it did not dissolve in various organic solvents. The
resultant supernatant dark brown solution was initially
analyzed by UV—vis absorption spectroscopy for its optical
properties that displayed the characteristic molecular tran-
sitions at 439 and 611 nm. The solution obtained after

DOI: 10.1021/acsnano.9b06740
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Figure 2. (A) Construction of Ag,,, by the addition of one silver atom between the Ag atoms, (B) showing distorted square anti-biprismatic
geometry in which the central Ag atom is bonded to eight Ag atoms. (C) Top view of the Ag, metallic framework. (D) View of Ag;S; shell
showing Ag,S capping around the periphery of the shell. (E) Top view of Ag,s and (F) Ag,, NC shells: Ag (gray) and S (yellow).

centrifugation was left for slow evaporation at 5 + 5 °C for
crystallization, and after 1 week, light brown crystals suitable
for single-crystal X-ray diffraction (SCXRD) were obtained.
SCXRD, ESI MS, and UV—vis spectroscopic techniques were
employed to characterize the product formed.

A block-shaped single crystal was evaluated by SCXRD.
Analysis of the crystallographic data showed that there exist
two types of NC entities viz.
[Ag,¢(TBT)3(TFA),(CH,;CN),;CIl]* and
[Ag;,(TBT)g(TFA),(CH;CN),Cl]*, acronymed as Ag;s and
Ag,,, respectively, in a single crystal, as shown in Figure 1.
Each NC exhibits a sandwich-like molecular structure,
assembled in a monoclinic P2,/n space group (Table S1).
These NCs have identical outer structures, and they can easily
exchange positions in a lattice. They are, therefore, not able to
distinguish each other and crystallize together. The geometrical
framework of the Ags NC can be represented by surface-
connected 16 Ag and 8 S atoms, thereby forming an Ag;Sg
hollow shell, arranged in a layered fashion: Ag,S,—Ags—Ag,S,,
forming a sandwich-like structure (Figure S1). For the Ag,,
NC, a single Ag atom is encapsulated in the Ag,, shell and has
an occupancy of 1/3. Thus, in the cocrystal, 2/3 NCs have 16
Ag atoms and 1/3 NCs have 17 Ag atoms. In Ag¢S; shell, each
S atom is coordinated to four Ag atoms, forming Ag,S capping
around the periphery of the shell (Figure 2D). The Ag;s and
Ag); NCs in a cocrystal are primarily protected by the TBT
ligand. In addition, seven units of TFA, three molecules of
acetonitrile and one chlorine atom are coordinated to the
Ag)Sg shell. One molecule of acetonitrile per unit cell is also
located in the lattice. The Ag;s NC structure is almost similar
to the shell of a recently reported [Ag;4Cl-
($Bu)s(CF;C0O0),(DMF),(H,0)]-1.5(DMF) NC, although
it encapsulates CI” within the cluster core.”” Recently, a
[Ag;7158(C,B10H 0S,)s(CH;CN); ] NC was reported, but it

has a different geometry.'> The construction of Ag;, is shown
in Figure 2A—C, in which the central Ag atom is coordinated
to eight Ag atoms of the shell, resulting in a distorted square
anti-biprismatic geometry. We have not seen any counterion
upon solving the structure of these NCs. To identify the
counterion, we have performed the IR (infrared) spectroscopy
of a cocrystal. The IR spectrum exhibits a characteristic band at
1365 cm™' (Figure S2), which can be assigned to N—O
stretching of the NO, ™ ion.™* It indicates that the NO;™ ion is
the counterion existing in a cocrystal. The NO;™ has its origin
from AgNO; used in the synthesis of Agg NCs. "

ESI MS was performed to probe the existence of NCs in the
solution. A single crystal was dissolved in acetonitrile for
carrying out mass spectral measurements. Other details of the
sample preparation and instrumental conditions are described
in the instrumentation section of the Supporting Information
(SI). The mass spectrum (MS) exhibits three major peaks at
m/z 305S, 3277, and 3499 in the positive ion mode (Figure
3Ai). Expanded peaks show a characteristic peak separation of
m/z 1.00, which confirms the +1 charge state. Therefore, the
peaks at m/z 3499, 3277, and 3055 are assigned to
[A817(TBT)s(TFA)7(CH3CN)3C1]+;
[Ag,s(TBT)s(TFA)s,(CH;CN),;Cl]*, and
[Ag,s(TBT)s(TFA)s(CH;CN);Cl]*, respectively. This was
further confirmed by matching the experimental (violet
trace) and simulated (red trace) isotopic distributions of the
peaks (Figure 3Aii). The presence of Ag s and Ag peaks in
the mass spectrum may be a result of fragmentation. To probe
this, we performed collision-induced dissociation (CID)
experiments of the peaks due to Ag;s and Ag,; by varying
the laboratory collision energy. For the Ag,s peak, CID results
in the Ag;5 moiety, as a result of the loss of CF;COOAg. Other
fragmented species were also formed upon increasing the
collision energy (Figure S3). CID studies of the Ag, peak

DOI: 10.1021/acsnano.9b06740
ACS Nano 2019, 13, 13365—13373
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Figure 3. (A) (i) ESI MS in positive ion mode of crystals dissolved in acetonitrile solution. Peak (a) corresponds to
[Ag,,(TBT)4(TFA),(CH;CN);(Cl)]". Peak (b) corresponds to [Ag;s(TBT)s(TFA)s(CH;CN);(Cl)]*, and another peak corresponds to b-
CF,;COOAg. (ii) Isotopic distribution of (a) experimental spectrum (violet trace) is compared with simulated spectrum (red trace). (iii)
UV—vis absorption spectrum of a crystal dissolved in acetonitrile solution. (B) UV—vis spectra of a reaction mixture in acetonitrile during ¢
= 2—60 min. Arrows mark the position of absorption bands. (C) UV—vis and ESI MS of the methanolic solution of [Ag;s(PPh;),,Hc]**. (D)
UV—vis and ESI MS of [Ag,,(TBT)s(TFA);(CH;CN)]" in acetonitrile. Experimental and simulated mass spectra are compared in the insets

of (Ciii) and (Diii).

shows the systematic loss of TBT and TFA moieties, with an
increase in collision energy, but no signature of the conversion
to Ag s NC was observed, as shown in Figure S4. We conclude
that the peak corresponding to Ags is due to a separate entity
and not arising from a fragment of Ag,,. The above observation
proves the presence of two kinds of NCs in solution.
Populations of Ag;s and Ag;, are not equal in the ESI MS
(Figure 3Ai), assuming that both the species have similar
ionization efficiencies. The Ag,s peak, whose population is
more than Ag), in the crystal, supports its appearance as the
major NC species. Although there are additional factors such
as ionization efficiency and ion transmission, which determine
mass spectral intensities, the intensity ratio supports excess
concentration of Ag;s. MS of the solution obtained after 1 h of
the reaction shows the population of Ag;s and Ag;; to be
almost equal (Figure SS). In order to correlate the findings of
the single crystal and the reaction mixture, we carried out the
MS of the supernatant left behind after crystallization. It was
observed that the supernatant also contains peaks correspond-

13368

ing to Ag;s and Ag;, (Figure S6). These findings suggest that
the single crystal stabilizes with a population of 66.66 and
33.33% of Ag; and Ag,, NCs, respectively, rather than the 1:1
ratio noted in another set of clusters,”> despite the presence of
extra Ag); species in the supernatant. This could be due to the
minimum energy considerations.”” These results allow us to
write a balanced chemical equation given below (considering
the mass balance of silver and sulfur atoms only). To the best
of our knowledge, this is the early observation of a
homometallic interparticle reaction of silver NCs yielding
cocrystals. We believe that the hydride-rich Ag,g is important
for inducing the reaction. We suggest the following processes
(Scheme 1).

The mass spectral intensities in the reaction mixture and
supernatant support this conclusion. Equal intensities of Ag
and Agy, in the reaction mixture were changed to 2:1 for a
solution prepared from the crystal. In the supernatant, the
amount of Ag,, increased, although the ratio in the supernatant
is not 1:2, which is understandable as some of the Ag 4 and

DOI: 10.1021/acsnano.9b06740
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Scheme 1

4AgpSg + Agg 2Ag16Ss T 2Ag17Sg 1

Reaction Mixture

[2/3AgSg + 1/3Ag17Sg] + Supernatant 2
Co-crystal

Ag); may have only crystallized. To further explore the
individual properties of Ag;s and Ag;; NCs, attempts were
made to synthesize these separately by changing the reaction
conditions, but we could not succeed in this process.

ESI MS of the reaction mixture measured at various time
intervals (¢ =2, 5, 15, 30, 60 min and 7 days) after the addition

of a methanolic solution of Ags into a solution of Ag;, are
shown in Figure 4. These measurements show that the
characteristic peaks of individual Ag,;s and Ag;, NCs
disappeared completely after mixing them. At t = 2 min
(right after the reaction), a characteristic peak at m/z 4928,
which could be assigned to [Ags,(TBT),(TFA)s(CH;CN);]",
denoted as Agy), was observed. The appearance of this peak
suggests that an addition reaction had taken place between
Ag), and Ag;; NCs. Many peaks were observed in the range
between m/z 100 and 1000. All of these low molecular weight
species (m/z < 1000) were assigned to thiolates and
phosphines formed during the reaction, shown in Figure S7.
MS recorded after S min of reaction show many peaks in the
region between m/z 1000 and 3000, which were assigned to
the heteroleptic reaction intermediates. No such peak was

b
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Figure 4. Time-dependent ESI MS spectra of the reaction mixture during the synthesis of [Ag,((TBT)s(TFA)s(CH;CN);(Cl)]* and
[Ag;,(TBT)4(TFA),(CH;CN),(Cl)]* via silver-thiolate-based reaction intermediates (assigned from 1 to 21). Insets shows the magnified
regions of ESI MS containing intermediates. Assignments of the peaks are on the right.
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model cluster, (A) [Ag,;s(TBT)s(TFA),(CH;CN);Cl]* and (B)

observed at m/z 4928. This suggests that the adduct Ags, is
fragmented into smaller intermediates. Therefore, it appears to
be a top-down approach and is different from the reported
one.”®** MS monitored from time ¢ = 15—30 min shows that
significant changes occur. Color of the reaction mixture
changes from dark to light brown. An important aspect noticed
after 30 min is the emergence of different peaks whose m/z
match with the molecular mass of
[Agls(TBT)s(TFA)s(CH3CN)3C1]+;
[Ag,s(TBT)s(TFA)4,(CH;CN),;Cl]*, and
[Ag;,(TBT)4(TFA),(CH;CN),Cl]*. After 1 h, MS does not
show the appearance of any kind of intermediate(s). Intensities
of the peaks corresponding to Ag,s and Ag,, were stabilized.
MS of the crystal dissolved in acetonitrile also show signatures
corresponding to Ag;s, Ag,s and Ag;; similar to that obtained
after 1 h of the reaction, however, with different intensities. It
suggests that stable NCs are formed after 1 h of the reaction.
We were able to identify as many as 21 intermediates in the
entire path of the reaction, which undergo dissociation and
rearrangement via a “growth mechanism” which leads to the
formation of Ag;s and Ag;; NCs. These intermediates can be
represented by a general formula,
[Ag,(TBT),(TFA),(CH;CN),CL]*, where p = 6—15 and 30,
q=2-9,r=1-6,5s=0-5 and t = 0—1 (Table S3). We,
therefore, conclude that all of the silver thiolate intermediates
formed during the reaction will size-focus to stable NCs, viz.
[Ag,s(TBT)s(TFA)4,(CH,CN),Cl]* and
[Ag,,(TBT)4(TFA),(CH;CN);Cl]*. Both the NCs have zero
valence electron count. A flowchart of the reaction is shown in
Scheme S1.

UV—vis absorption spectra of the reaction mixture were
studied at different time intervals (t = 2, S, 1S, 30, 60 min and
7 days) after the addition of a methanolic solution of Ag, into
a solution of Ag),, as shown in Figure 3B. The UV-—vis
measurements during time f = 2—15 min show a broad
absorption band with 4, at 419 nm, followed by a shoulder at
483 nm. The absorption features of Agj, and Ag;; NCs
disappeared completely upon mixing them (Figure 3Ci, Di).
This suggests the possibility that a reaction had taken place
between Ag)g and Ag;, NCs. During ¢ = 30—60 min, a notable
red shift was observed, and the absorption peaks were shifted
t0 Apmex 438 and 611 nm (Figure 3B). The color of the reaction
mixture changed from dark to light brown. After 1 week, the
UV—vis absorption features of the crystal dissolved in
acetonitrile were similar to that observed after 60 min of the
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reaction (Figure 3Aiii). This implies that a stable composition
had formed, and the reaction products did not transform
subsequently.

Time-dependent density functional theory calculations were
performed on the optimized structures of Ag,s and Ag;, NCs
to understand their optical transitions (Figure S8). In the
optimized structures, F, C, and H atoms were relaxed, and all
other atoms were kept fixed. This setup was established using
the hybrid Perdew, Burke, and Ernzerhof (PBE) model
without any symmetry constraints. The following PAW setups,
Ag(4d'ss'), ClI(3s’3p°), S(3s3p*), F(2s2p®), O(2s2p*),
N(2s22p*), C(2s*2p*), and H(1s'), were used including the
scalar-relativistic effects for silver. The optical absorption
spectra of optimized clusters having the simplified model
ligand (CH;) were calculated using linear response time-
dependent density functional theory.” The oscillator strengths
of both Ag s and Ag,, NCs were added in a 2:1 ratio in order
to obtain the absorption spectrum of the cocrystal. The
absorption spectrum was plotted with a Gaussian broadening
of 0.085 eV in the energy range of 400—900 nm, and it is
compared with the experimental spectrum (red trace), as
shown in Figure S9. The calculated spectrum displays the
molecular transitions at 356 and 742 nm. The absorption peaks
were observed at 439 and 611 nm in the experiment which are
blue-shifted by 43 nm and red-shifted by 103 nm, respectively,
from the calculated spectrum. This difference could be due to
the reduced structure utilized for theoretical calculations.**’
The molecular orbitals (MOs) involved for the transitions at
356 and 742 nm are shown in Figures S10 and S11,
respectively. These transitions have mainly ligand to metal
character. From the density of states (DOS) analysis, it is seen
that significant difference in the spectra between Ag s and Ag,,
clusters lies only in the frontier orbitals (Figure 5). HOMO of
the clusters is dominated by 2p and 3p atomic orbitals (AOs)
of ligands, whereas LUMO is composed of Ss of Ag. The
HOMO-LUMO gap is larger for Ag,4 than for the Ag,, cluster
and may be due to the presence of a central Ag atom, which
significantly alters its electronic structure. Therefore, to
understand the role of the central Ag atom in the Ag;, cluster,
the partial DOS spectrum was separately plotted for the central
Ag atom and of the Ag,4 shell (Figure 6). From this, it is clearly
noted that the AOs of the central Ag atom were extensively
populated only in the frontier orbitals, and the rest of the MOs
were dominated by the AOs of the Ag,, shell. However, the
HOMO is comparably contributed by the 4d AOs of Agy4 shell
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Figure 6. Partial DOS analysis of molecular orbitals of the model
cluster, [Ag,,(TBT)s(TFA),(CH,CN),CI]*.

and 5s AOs of the central Ag atom, whereas the near LUMOs
are predominantly due to Ss AOs of the central Ag atom.
Furthermore, the optical absorption transitions of both Ag;,
and the cocrystal at a wavelength of ~742 nm might be
significantly influenced by the high spherical symmetry of Ss
AOs of the central Ag atom of Ag,, rather than the 4d AOs of
the Ag4 shell. Therefore, the peaks at 742 and 356 nm are
attributed to sp—sp intraband transition and pd—sp transition,
respectively. Contributions of AOs to the MOs were analyzed
using the Kohn—Sham MOs and DOS.

CONCLUSIONS

To summarize, we report an interparticle reaction between two
atomically precise NCs [Ag;,(TBT)s(TFA);(CH,CN)]* and
[Ag,s(TPP),,H,4]*" abbreviated as Ag;, and Ag;s, respectively,
resulting in products [Ag,s(TBT)s(TFA),(CH;CN),CI]* and
[Ag,,(TBT)s(TFA),(CH;CN);Cl]* which cocrystallize to-
gether. The reaction proceeds via a growth mechanism
utilizing silver thiolate intermediates. Both the NCs have an
identical Ag; ¢S shell, arranged in a layered fashion of Ag,S,—
Ags—Ag,S,, forming a sandwich. This makes the NCs
indistinguishable, and they cocrystallize. In a single crystal,
the occupancies of Ag,¢ and Ag;; NCs are 66.66 and 33.33%,
respectively. MS of the reaction product shows the population
of Ag;s and Ag;, to be almost equal, whereas that of a crystal
dissolved in acetonitrile shows a 2:1 ratio of their intensities.
This may possibly suggest that the concentrations of Ag4 and
Ag,; are almost equal in the product, but selective
incorporation occurs in the crystal. For further validation,
MS of the supernatant after crystallization was measured which
showed peaks corresponding to Ag,s and Ag), NCs, but with
an excess of the latter. These findings support that the single
crystal stabilizes with 2:1 ratio of Ag)s and Ag;, NCs, despite
the presence of extra Ag;, species in the supernatant. Our
results allowed us to write a balanced chemical equation for the
reaction. We believe that our results will initiate more activities
in the area of atomically precise clusters.

EXPERIMENTAL SECTION

Chemicals and Materials. tert-Butylthiol (TBT), silver trifluor-
oacetate (CF;COOAg), triphenylphosphine (TPP), and sodium
borohydride (NaBH,, 98%) were purchased from Aldrich. Silver
nitrate (AgNO;) was purchased from Rankem Chemicals. All
chemicals were used as received without further purification. All of
the solvents, such as dichloromethane (DCM), methanol (MeOH),
acetonitrile (CH3CN), and chloroform (CHCl,), were purchased

from Rankem Chemicals and were of analytical grade. Milli-Q water
was used for the synthesis.

Synthesis of a Mixture of [Ag,4(TBT)g(CF;C00),(CH;CN),CIT*
and [Ag,;(TBT)g(CF3C00);(CH3;CN),CI]*. Synthesis of
[Ag,(TBT)s(TFA)s(CH;CN)]*: 200 mg of silver thiolate, Ag-
(TBT),, was added to a solution of acetonitrile and methanol (3 mL
each). To this was added 200 mg of CF;COOAg upon stirring, and
after some time, a clear transparent solution appeared, which resulted
in the formation of [Ag,,(TBT)s(TFA);(CH;CN)]* denoted as Ag;,.
About 1 mL of methanolic solution of [Ag s(TPP),;H 4]*" denoted as
Ag;s (~5 mg/mL) was added to the above reaction mixture. Ags was
synthesized by a reported procedure (see the Supporting Information
for a detailed synthesis).*"** A dark brown solution along with a black
precipitate was formed; the mixture was kept stirring for 1 h, and the
solution was centrifuged at 8000 rpm (5868g). The black precipitate
was discarded. The solution obtained after centrifugation was left for
slow evaporation at 5 & S °C for crystallization, and after 1 week, light
brown crystals were obtained. Crystals were soluble in acetonitrile,
methanol, ethanol, and DCM. Yield of the synthesis was 25% in terms
of silver.
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Experimental Section
Synthesis of [Ag18(TPP)10 Hi6]** nanocluster

Phosphine and hydride co-protected [Agis(TPP)10H16]*" nanocluster (TPP — triphenylphosphine)
assigned as Agis was synthesized by a reported method.!? 20 mg of AgNO; was dissolved in
the mixed solvents of 5 mL methanol and 9 mL of chloroform. After that 70 mg of TPP,
dissolved in 1 mL of CH3Cl, was added to the above reaction mixture under stirring condition.
After 20 min of stirring, 6 mg of NaBH4 in 0.5 mL of ice cold water was added. Upon addition
of the reducing agent, colourless solution changes to yellow. The reaction mixture was kept for
continuous stirring for 3 h under dark condition. After 3 h the yellow colour solution changes to
dark green which indicated the formation of the Agis cluster. The reaction mixture was allowed
for solvent evaporation under reduced pressure. The green solid product collected was washed
several times with water to remove excess silver precursor and the reducing agent. After
washing, the pure material was extracted using methanol. The green colour solution of NC was

characterized using UV-vis and ESI MS and was used for further reaction.



Instrumentation
(a) UV/Vis spectroscopy
UV-vis spectra were recorded using a Perkin Elmer Lambda 25 instrument in the range 200 —

1100 nm.

(b) General instrumental parameters used for ESI measurements

Cluster sample was analysed by Waters Synapt G2Si High Definition Mass Spectrometer
equipped with electrospray ionization (ESI) and ion mobility (IM) separation. The sample was

analysed in positive ESI mode. The optimized conditions for the sample analysed is given below:

Sample concentration: 10 pg/mL
Solvent: CH3;CN

Flow rate: 30 uL/min

Capillary voltage:2- 3 kV

Cone voltage: 30 V

Source offset: 20 V

Trap collision Energy: 0 V
Transfer collision Energy: 0 V
Source temperature: 100°C
Desolvation temperature: 200°C
Desolvation gas Flow: 400 L/h

Trap gas flow: 10 L/h



(¢) X-ray crystallography

Single crystal data were measured using a Bruker Kappa APEX III CMOS diffractometer using
CuKa (A = 1.54178 A) radiation. Indexing was performed using APEX III. Data integration and
reduction were performed using SAINT V8.37A. Absorption correction was performed by multi-
scan method implemented in SADABS (Bruker, 2016). Space group was determined using

XPREP implemented in APEX III.

Single crystal X-ray diffraction (SCXRD) analysis

Structure was solved using SHELXT-2017 and least-squares refined using SHELXL-2017.
Crystal data and refinement conditions are shown in Table S1. Suitable restraints were applied
during the least-squares (LS) refinement. Upon refinement, it was observed that Agis and Agi7
were not disordered. The existence of two types of molecules in the same site results in the
additional symmetry related disorders in both the molecules. Three of the CF3 moieties are
doubly disordered and one acetonitrile was also disordered. Their disorders have been resolved.
The molecule has a crystallographic P21mn space group. A more detailed explanation of Agis and
Agy7 structure reveals the atom Ag in the shell centre of Agi7 which has occupancy of 1/3
(33.33%). This depicts that in the co-crystal structure 2/3 (66.66%) NC molecules have 16 Ag
atoms and 1/3 molecules have 17 Ag atoms. The difference Fourier map towards the end showed

the presence of acetonitrile molecule in the lattice.



Electron count formula

The total valence electron count (M) for each intermediates, [Agy,(TBT)q (TFA){(CH3;CN),CL]" is
counted by the formula, M = p-q-r-t-c, where p, q, r, t and c are the number of silver atoms,

thiolate, trifluoroacetates, chloride and net positive charge on the molecule, respectively (Table

$3-S5).3

A) B) £)

Figure S1. Space-filling model of Agi6Ss shell in (A) Agis and (B) Agi7 NCs. (C) Lateral view
of the Agi6Ss shell.
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to N—O stretching in NO3™.
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Figure S3. MSMS spectra of [Agis(TBT)s(CF3COO)s(CH3CN)3(Cl)]* for different collision
energies (I : 0 eV, II:10 eV, III : 20 eV, IV : 30 eV, IV : 40 eV). With the increase in collision

energy the fragmentation occurs in Agis NC and gives rise to the formation of Agis species.
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moiety is stable and does not give any Agi¢ species.
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Figure S5. ESI MS of a reaction product in acetonitrile. ESI MS of the reaction mixture shows

the population of Agis and Agi7 clusters to be almost equal.
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Figure S6. ESI MS of supernatant obtained after crystallization. The intensities of the peaks

imply that the population of Agi7 is more than Agis which supports our assumption that selective

crystallization occurred.
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[Agy(SR)31"+ [Agy (SR)31"+ [Ago(SR)l" + [Ag12(SR)7]" + [Ag12(SR)71" + [Ag13(SR)s] " + [Ag14(SR)g]"

Y

Scheme 1: Flow chart of the reaction process

[Ag12(SR)g(TFA)5(CH;CN)] ™+ [Ag;g(TPP)oH 6]**

2 min

[Ag30(SR)g]"

Y

-[Agy(SR)4]"

-[Ag;5(SR)s]"
-[Ag;5(SR)71"
-[Ag14(SR);]"

+ [Ag14(SR)g]" + [Ag;5(SR)]” + [Ag;5(SR)g]

-[Ag7(SR)3]"

-[Ag;o(SR)4I"
-[Agi2(SR);]"
-[Ag)'(SR),]"
-[Ag;3(SR)g]"
-[Ag4(SR)6]"
-[Ag4(SR)s]"
-[Ag;5(SR)6]"
-[Ag;5(SR)e]"

Y

5 min

[Ag7(SR);]" + [Ago(SR)4]" + [Agi3(SR)s] ™+ [Ag;3(SR)7] ™+ [Ag 4(SR)7]"

15 min

30 min

[Ag7(SR)3]"+ [Age(SR)3]" + [Age'(SR)2]" + [Agr(SR)a]" + [Agg(SR)s]" + [Agi2(SR)7]" + [Ag11(SR)e] "+ [Ag17(SR)g] +

[Ag6(SR)g]"

-[Ag7 (SR);]"
-[Ags(SR)3]"
-[Ags'(SR),]"
-[Agy(SR),]1"
-[Agg(SR)3]"
[Aga(SR);]"
-[Ag11(SR)6]"

1 hour

[Ag17(SR)s] ™+ [Agi6(SR)g]"

Where SR is tertiary-butylthiolate (TBT). The other ligands (TFA, CH3CN and Cl) have not been
included.
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Figure S8. Optimized geometry of (A) Agis and (B) Agi7.
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Figure S9. Experimental (red) and theoretical (black) optical absorption spectra of a crystal.
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Figure S10. Molecular orbitals responsible for the optical transition of the peak at 356 nm.
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Transition corresponds to 742 nm

Figure S11. Molecular orbitals responsible for the optical transition of the peak at 742 nm.

17



Table S1. Crystal data and structure refinement for co-crystal

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.000°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(I)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

newl

Cs4 Hs1 Agie33F21 NgO14 SsCl
3462.94

293(2) K

0.71073 A

Monoclinic

P21/n

a=19.802(9) A o= 90°
b=22.502(10) A
c=22.792(11) A y=90°
10052(8) A3

4

2.288 Mg/m3

3.381 mm-!

6587

0.200 x 0.150 x 0.100 mm3
2.856 to 25.000°

-22<=h<=23, -26<=k<=26, -27<=1<=27

137308

17664 [R(int) = 0.1507]

99.8 %

Semi-empirical from equivalents
0.7453 and 0.5466

Full-matrix least-squares on F2
17664 /904 /1192

1.050

R1=10.0812, wR2 =10.2079
R1=0.1811, wR2 =0.3073
n/a

1.946 and -1.274 e.A-3

B=98.198(14)°
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Table S2. Silver complexes, silver thiolates and phosphines observed m/z below 1000

S. No. [Intermediate]+ code | m/z
1 [Ag(CH,CN)] I | 150.01
2 [Ag(TBT),(CH,CN)]" i |326.11
3 | [agPPhy]” iii | 368.14
4 | [Ag(TBT),(CH,CN)(CI),]" iv [398.11
5 | [Ag,(TBT),(CH,CN)(CF,CO0)] v |587.21
6 | [Ag,(TBT)(CF,C00),(CH,CN)CI]’ vi | 60620
7 | [Ag(PPh,),] vii | 631.18
8 [Ag,(TBT)(PPh,) ] viii | 828.89
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Table S3. Reaction intermediates formed during the reaction

Electron count

[Inter“rnediate]+ code | m/z
M)

[Ag,(TBT),(CF,CO0)(CH,CN),]" |1 4928.08 14
[Ag,(TBT),(CF,CO0) (CH,CN),(C)]" |2 1294.97 1
[Ag,(TBT),(CF,CO0),(CH,CN),]” 3 1635.29 2
[Ag,(TBT),(CF,C00),]" 4 | 2479.99 1
[Ag,;(TBT),(CF,C00)]" 5 2526.24 |
[Ag,,(TBT).(CF,C00).]" 6 |2703.01 |
[Ag,(TBT),(CF,C00),] 7 1361.51 0
[ Ag,,(TBT),(CF,C00),]" g8 | 177409 |2
[Ag,,(TBT),(CF,CO0),(CH,CN),Cl]” |9 | 2377.02 0
[Ag,,(TBT).(CF,CO0),(CH,CN),CI]" |10 | 241834 0
[Ag,,(TBT)(CF,CO0),(CH,CN)CI]" | 11 | 2573.86 2
[Ag,(TBT)(CF,C00)]" 12 |2615.38 0
[Ag,,(TBT),(CF,CO0),(CH,CN)(CD] | 13 | 2751.97 0
[Ag,(TBT),(CF,CO0)(CH,CN)(CD]" | 14 | 2795.23 2
[Ag,(TBT),(CF,CO0)(CH,CN),CI] |15 |2836.20 2
[Ag,(TBT),(CF,CO0)]" 16 | 1028.86 1

20



[Ag,(TBT),(CF,CO0),(CH,CN)]” 17 | 1092.62
[Ag,(TBT),(CF,C00),]" 18 | 1385.95
[Agy(TBT),(CF,C00),]" 19 | 1469.89
[Ag,,(TBT),(CF,CO0),(CH,CN)]" 20 |2102.34
[Ag,,(TBT).(CF,CO0),(CH,CN)]" 21 | 2298.93
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ABSTRACT: We report an approach to create bare silver cluster Agj, and
hydride-rich Ag ;H], separately, as pure species uncontaminated with other
entities, in the gas phase starting from a solution-phase monolayer-protected
cluster, Ag;sH,4(PPh;)i5. These clusters can be synthesized just by applying a
small potential on the cone of the mass spectrometer, during electrospray mass
spectral analysis. Both the clusters were trapped and reacted with reactive gases
like carbon monoxide and acetylene. Unusual products like Ag;,(CO)? were
observed when Ag], was reacted with CO in the trap. No intermediate species
were found. Transfer of H from acetylene to the cluster during reaction was
observed, which later reduced acetylene. All of the structures formed were
calculated using density functional theory and show interesting facts about the
composition of the products and the mechanism of their formation. Most of

Ag17* Agy;(CO),*

(p] s°

CO in Trap

i AT

1
1620 1825 1630 1835 1880 1845 1850 oot LA AALUL e A
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the structures were observed for the first time.

1. INTRODUCTION

Atomically precise monolayer-protected clusters is a rapidly
growing area of research in the recent past." Mass spectrometry
has been used extensively as a characterization tool for the
understanding of these types of clusters, which mostly show a
single peak in their soft ionization mass spectra. Unprotected
gas-phase clusters” produced in situ belong to a thoroughly
researched subject area, and many such species were identified
decades ago.”" In most of the cases, clusters were produced by
magnetron sputtering,5 fast atom bombardment,® laser
ablation,” etc., from metal salts in vacaum® or under ambient
conditions’ and were identified by mass spectrometry.
Theoretical calculations on the structure and reactivity of
such clusters have been important to understand their science
in greater detail.'® Numerous metallic,""*! semiconducting,12
and other"® clusters were created so far using these methods,
and their unique and interesting properties and structural
studies have expanded the field further as the scientific quest
evolved. With the advancement in synthetic methods and mass
spectrometric techniques, almost any metal or semiconductor
cluster could be synthesized in the gas phase. The main
drawback of such clusters lies in their broad size distribution
and postsynthesis mass selection.”'* Although numerous
attempts were made to create single-cluster ions in the gas
phase, successes have been limited. Maximum number of
studies were focused on catalytic activity of size-selected
clusters.'* Increased number of surface atoms may help in their
high catalytic activity.'>'

-4 ACS Publications  © 2019 American Chemical Society

In contrast, atomically precise monolayer-protected clusters
are prepared in solution and their ions are detected in gas
phase by mass spectrometry. Gas-phase reactivity study of this
class of clusters is still limited as their surface is protected. One
way to remove part of the protection is by partial
fragmentation of such cluster ions. Collision-induced dissoci-
ation (CID) of such clusters results in smaller thiolate
fragments, but they never result in intact bare clusters.'’

Gas-phase silver clusters have been reported to show high
reactivity and catalytic activity toward carbon monoxide
oxidation where silver clusters with different atomicities have
been used.'®™*° Other reactions include O, adsorption,'®
propene oxidation,'® acetylene and ethylene hydrogenation,”'
reactivity with chlorine,” reactivity with ethanethiol,” NO
activation,”® C—H and C-I activation,” oxygen reduction
reaction,26 reactivity toward ammonia,27 selective activation®®
etc,, to name a few. Supported silver clusters were used for
photocatalysis,” selective hydrogenation,”" hydrogen evolu-
tion,*" dye degradation,30 catalytic reduction,” dissociation of
N,0,” etc. The surface oxidation tendency of such gas-phase
clusters is very high,” and hence they have limited applications
under ambient conditions.

A recent report on hydride-rich phosphine-protected silver
clusters® shows a new possibility of creating bare cluster ions
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Figure 1. Schematic representation of the experimental process. Ions are generated by modifying parameters of the source. The desired ions are
then mass-selected and allowed to react with reactive gases, and the products were analyzed. A generalized mass spectrometer setup is shown for

clarity. Schematic of the complete instrument is shown in Figure SI.

in the gas phase as hydride ligands can be stripped off by
collision-induced dissociation (CID). We had demonstrated a
method of synthesis of a single gas-phase species Ag}, starting
from a precursor [AgsH,s(PPh;);o]** in recent reports.’”*°
The precursor cluster [Ag sH s(PPhy),o]*" was synthesized
using an established procedure reported elsewhere.”* Phos-
phine ligands were removed following in-source fragmentation
by applying a higher cone (extraction) voltage, which resulted
in Ag;Hj, clusters. Hydride protection was further removed
by applying higher potential, and a pure Ag], cluster was
produced. This cluster Ag}, is an example of a single gas-phase
cluster species produced in one step, synthesized from a
different solution-phase precursor.

In the present report, Ag}, has been trapped and allowed to
react with carbon monoxide and acetylene. Surprisingly,
Ag-Hj, did not show any reactivity with CO, implying that
the smallest possible ligand, namely, hydride was enough to
passivate the reactive cluster surface toward reaction with CO.
On the other hand, H exchange occurs when the cluster was
reacted with acetylene. Unusual reactivity of the ions with
these gas molecules was further studied using density
functional theory (DFT) calculations. Theoretical studies
show that specific structural sites are responsible for such an
activity. All of the geometries discussed in this report were
studied theoretically, and the results are in agreement with
experiment.

2. EXPERIMENTAL SECTION

2.1. Synthesis of [Ag,gHs(PPhs);o]**. The cluster was
synthesized following a recently reported method by Boot-
haraju et al.>* In a typical synthesis, 20 mg of AgNO; in 5 mL
of MeOH was mixed with 100 mg of TPP in 7 mL of DCM
and stirred for 20 min. To the colorless mixture, 1 mL of ice-
cold NaBH, (35 mg) was added and the color of the solution
turned yellow immediately. The stirring was continued for
another 10 h in the dark to get a green solution indicating the
successful transformation of the reactant to cluster. The as-
synthesized cluster was rotavapored to remove the solvents and
washed repeatedly with Milli-Q water to remove excess
reactant. Finally, the clusters were extracted in MeOH for
further characterization. During the synthesis of
[Ag;sD14(PPhy),0]*>" cluster, NaBH, was replaced with
NaBD, and a similar process was followed.

28495

2.2. Mass Spectrometric Details. All mass spectral
analyses were performed in a Waters Synapt G2Si instrument
with electrospray ionization source (ESI) and ion mobility
(IM) cell. This instrument is also capable of analyzing samples
in matrix-assisted laser desorption ionization and atmospheric
pressure chemical ionization mode. The data were analyzed
using MassLynx 4.1 software. All of the species were identified
in the positive-ion mode. To obtain intact cluster ion, about
100 pg/mL sample solution was prepared in MeOH and
diluted to 10 times before injecting into a mass spectrometer.
The capillary voltage was set at 2 kV, and cone voltage and
source offset were set to 0 V. For Ag,,H,, ion, the cone voltage
and source offset were increased to 120 and 100 V,
respectively. The cone voltage was further increased to 150
V to remove all of the H from Ag,,Hj, to get bare Ag,, cluster
ion. A constant 400 L/h desolvation gas flow rate was
maintained throughout the experiment without any additional
cone gas flow. The capillary temperature was fixed at 100 °C,
and the desolvation temperature was set at 150 °C. For MS/
MS analysis, the species were trapped and variable collision
energy was supplied through high-purity Ar as collision gas (5
mL/min). Ultra-high-purity He was used as curtain gas in IM
cell at a flow rate of 100 mL/min. High-purity N, was used in
the IM cell with a flow rate of 50 mL/min. A bias voltage of 45
V was applied, while the wave velocity and wave height were
maintained at 400 m/s and 40 V, respectively. For reactions in
trap, Ar gas was replaced with CO and C,H,. The Ar line was
removed and attached to the respective gas cylinder, and the
flow rates were controlled using the MassLynx software.
Typical trap pressures for 2, 5, and 10 mL/min flow rates were
1.3 X 1072 1.84 X 107% and 3.4 X 107> mbar, respectively. All
of the reactions were performed at room temperature.

2.3. Computational Details. The structures of the
complexes of Ag;, with hydrogen and CO were optimized
using density functional theory with meta-generalized gradient
approximation of Tao, Perdew, Staroverov, and Scuseria
exchange-correlation functional. All of the structures were
calculated as monocations. Silver atoms were treated with
LANL2DZ basis set, and 6-31G* was used for the remaining
atoms. The geometry optimization was carried out with no
geometric constraints. To ensure that the optimized structures
correspond to true minimum, vibrational frequencies were
calculated for all of the complexes. Imaginary frequencies were
not observed for any structure. All of the calculations were

DOI: 10.1021/acs.jpcc.9b09465
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performed using Gaussian 09 software. The binding energies
were calculated using the following equation

binding energy = Ecomplex - [Emonomerl + EmonomerZ]

where E s is the energy of Ag,(CO);, Enonomer is the
energy of Agy,, and E_ e 18 the energy of nCO, n = 1-7. In
a similar way, thermal free-energy differences were calculated
using the following equation

free energy difference

= FE — [FE ,+ FE

complex monomer monomerZ]

where FE e is the free energy of Ag7(CO)Y, FE,onomert 18
the free energy of Ag}, and FE_ e is the free energy of
nCO (n = 1-7).

3. RESULTS AND DISCUSSION

3.1. Formation of Agj; and Ag,;H7;. Hydride-rich
[AgsH,¢(PPhy),o]** was synthesized following a recent
report.”” Cluster synthesis is sensitive to conditions, and it is
important to follow these closely. The cluster was purified and
dissolved in MeOH and analyzed by electrospray ionization
mass spectrometry (ESI MS) in a Waters Synapt G2Si
instrument, which is also equipped with ion mobility
separation. At a lower spray voltage, an intact cluster was
observed with the molecular ion peak at m/z 2290, which is in
agreement with the reported one. With increase in cone
voltage and tuning of a few other experimental parameters, it
was possible to remove all of the phosphine ligands as well as
all of the hydrides from the cluster. In this process, one Ag
atom was also lost from the parent cluster and it resulted in a
bare Agj, cluster in the gas phase. A schematic of the synthesis
process is shown in Figure 1. In the experiments, source
parameters were optimized such that only cone voltage and
source offset voltages were changed maintaining all other
parameters the same throughout the experiments. At lowest
voltages (cone voltage and source offset at 0 V), the intact
cluster in its 2+ charge state was observed at m/z 2290. A few
other smaller peaks were observed at lower m/z, which are due
to PPh; losses. When the cone voltage and source offset were
set at 120 V, all of the PPh; ligands were lost along with an Ag
from the core. The peak maxima matched with Ag-H},. Some
tailing was observed at lower mass, due to a few H, losses
during in-source fragmentation.”> The peak was compared to
Ag-H7, and Ag ;H;g to show the H, losses. Better optimization
of the species to get fewer H, losses is possible with fine tuning
of the parameters. When the cone voltage was increased to 150
V, all of the H were lost and the peak due to Agj, appeared,
and the isotope distribution fitted exactly with the calculated
one. Similar sequential ligand and H, losses were observed
during multistage tandem mass spectrometry of [Ag,H, ,L¢]**
(where ¥ = 9—15).”” Corresponding mass spectra at different
cone voltages are shown in Figure 2. Isotope envelope for each
peak is expanded and compared to the calculated pattern
shown as insets (i)—(iii). Note that this type of bare cluster
synthesis is not instrument-specific. A similar observation was
made with another mass spectrometer (in ESI or NESI mode)
by tuning the source parameters for effective in-source
fragmentation.

Collision-induced dissociation of the parent cluster resulted
in a similar type of fragmentation and Ag}, was formed.*’
Further CID on bare Ag], cluster resulted in smaller silver

Ag,;* Agq*
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"
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Figure 2. (A) ESI MS of [Ag;sH,4(PPh;)o]** in positive-ion mode
showing a strong signal for 2+ charged species with a few additional
PPh; losses. Enlarged view of the molecular ion is shown in (i), which
matches perfectly with its calculated isotope pattern. (B) With
increasing cone voltage, all PPh; ligands were lost from the cluster and
a strong peak appeared at m/z 1847, which was assigned as Ag,,HJ,.
(C) At the highest cone voltage, all H atoms were also lost and the
bare Agj, cluster peak was observed at m/z 1833. Isotope patterns of
each peak are shown in insets (ii) and (iii). DFT optimized structures
of the clusters, Ag;;HJ,, and Agj], are shown alongside the peaks.
Parameters of the spectrometer are also given.

clusters, as shown in Figure S2A—E. A series of bare Ag
clusters were seen with odd-numbered clusters being higher in
intensity compared to the even-numbered ones. Although Agg
was found at a reasonable intensity, Agf, was completely
absent in the current experimental condition. All of the clusters
obtained in this process possess only one major peak in their
respective ion mobility mass spectra, confirming the presence
of only one type of structural isomer in the gas phase (see
Figure S2F). Width of the drift time distribution decreased
with the core size. Typically gas-phase clusters show different
types of isomeric structures. The absence of multiple isomeric
species may be due to enhanced stability of one isomer or very
fast interconversion among isomers, faster than the mass
spectrometric time scale. The resolution of the instrument
might also not be enough to separate such isomers.
Experimental "™W™MSCCSy, is shown in Table SI.

The structure of Ag;, was determined based on the previous
report.38 One Ag atom is in the core, while other 16 Ag atoms
form the shell. Distribution of these 16 silver atoms is such that
four Ag atoms form a parallelogram with the Ag—Ag—Ag bond
angle ranging between 58 and 62° and Ag—Ag bond lengths
ranging between 2.80 and 2.83 A. The highest occupied
molecular orbital-lowest unoccupied molecular orbital
(HOMO-LUMO) gap (AHL) was found to be 0.205 eV
for neutral Ag;; and 0260 eV for Agj,. The optimized
structure was used for further calculations. Calculations
indicate that 16 silver atoms available on the surface of Ag,
can bind with equal number of hydrogen (H), which is one
hydrogen to each surface Ag atom. When the same structure
was optimized to a local minimum on the potential energy
surface, the terminal H ligands change their bonding pattern to
bridge between Ag atoms. During the reorganization process,
two vicinal H atoms are bonded to each other and evolved as
hydrogen molecule. This may be because of crowding of
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— conversion
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Ag,, Initial Structure Ag.Hyg
AHL= 0.205 eV L
Change in AHL=0.142 eV

.H2
Dihydrogen
formation
Ag,/H,,
AHL=0.232 eV

bonding pattern

During optimization

Figure 3. Formation of Ag;;H,, from Ag;, was calculated by DFT. During calculation, 16 H atoms were added initially to the DFT optimized
structure of Ag;,. A complete core conversion was observed with 16 H attachment. During optimization, the bonding pattern of H with Ag changes
and two of them were released as H, to get the final optimized structure of Ag,,H,. Silver atoms are gray, and hydrogen atoms are green in color.

hydrogens on the surface of Ag,, during reorganization. Now,
the cluster has only 14 H on its surface, and the optimized
geometry is shown in Figure 3. In the structure of Ag,H,,,
some hydrogens bind through two and three coordinations
while one hydrogen is bonded to a single silver atom. We have
also found that there are two vacant sites above the plane
formed by three silver atoms. Bridging H is known for silver
clusters. Zhao et al. calculated structures of small neutral and
cationic Ag,H (n = 1-7) clusters by DFT*’ and found that
bridged sites are preferred energetically for cationic and neutral
silver clusters. The isomeric structures were constructed by
changing the position of the hydrogen, which bind via three
coordination as mentioned above. Three isomers were
optimized for Ag;H,, and they are shown in Figure S3.
The structure of Ag; is slightly distorted after hydrogenation.
The bond lengths between silver atoms increase due to the
presence of H. Further, two more H were added to the
AgsH, cluster and optimized to local minimum on the
potential energy surface. The structure of Ag,Hs is also
stable. Note that with more than 14 H on the surface, the
overall structure of the cluster core also changes (see Figure 3).
These data indicate that with more H loading, isomeric cores
can be created. A similar core conversion was observed with
Ruy, cluster anion upon H loading.*’

3.2. Reactivity of Agj; with CO. To understand the
reactivity of the bare clusters, the instrumental setup was
modified. Through the modified channels, reactive gases were
leaked in at desired flow rates and allowed to react with the
species of interest. We have made arrangements to inlet gases
in the trap by replacing argon lines with a gas of our choice.
For the first set of experiments, we have checked with the
standard calibrant whether there is any mass shift or additional
fragmentation when different gases were leaked into trap
instead of Ar at the experimental conditions. Even at maximum
flow rates used in our experiments, we have not seen any such
anomalies. For the first set of experiments, carbon monoxide
(CO) was introduced in the trap (see Figures 1 and S1) and
the trapped Ag}, ions were allowed to react with it and the
product was identified by a time-of-flight mass analyzer. All of
the experiments were performed in the resolution mode to get

a perfect isotope resolution, and the data are shown in Figure
4. At lower CO gas flow (2 mL/min), no CO added product

(B) Ao (i)

Ag7(CO),*
Experimental

T e

Capillary Voltage: 2 kV

2020 2025 2030 2035 2040 Cone Voltage: 150 V
Ag,,(CO);* Source Offset: 120 V
"

n Trap Gas Flow: 10 mL/min

(A) @
Experlmental
Calculated
l ' . ' l l CaplllaryVoltage 2kv
1 Cone Voltage: 150 V
1820 1825 1830 1835 1840 1845 1850 Source offset 120V
Trap Gas Flow: 2 mL/min
1800 1900 2000 2100
m/z

Figure 4. Reaction of Ag}, with (A) 2 mL/min and (B) 10 mL/min
of CO in the trap showing a peak for 7 CO attachment with the
cluster. Isotope patterns of both Ag}; and Ag;,(CO)3 match with their
calculated isotope patterns. The insets show DFT optimized
structures of (i) Agj, and (ii) Ag;;(CO)i. Parameters of the
spectrometer are also given.

was seen. When the gas flow was gradually increased to S mL/
min, a new peak appeared at m/z 2030, which is assigned as
Ag,,(CO)3. Dependence of the peak on CO flow is shown in
Figure S4A. The peak was enhanced in intensity when 10 mL/
min CO flow was maintained. A weak Ag;,(CO){ was also
observed. Surprisingly, lesser number of CO added peaks were
not observed in the lower region of the mass spectrum. When
the species was allowed to fragment by CID, bare Agj, was
regenerated (see Figure S4B).

To get a clear picture of the fragmentation pattern, the ions
were allowed to pass through the ion mobility cell before the
TOF analysis. In this condition, we could find fragments of
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Figure S. DFT optimized structure and electrostatic potential surface of Ag},, Ag;;H{, and Ag;,(CO)}_; showing electron density on atoms. The
blue color represents positive potential, and the red color indicates negative potential.

Ag,,(CO){, Ag,(CO)E, Ag,(CO)j, etc., confirming stepwise
fragmentation; however, all of these species were not seen
when normal CID was performed confirming lower stability of
such species in the experimental conditions (see Figure S4C).
We could not increase the trap gas flow beyond 10 mL/min in
the current setup; however, we believe that more CO
attachment could be possible if the ions are allowed to react
at higher partial pressures of the reacting gas. The hydride-
protected Ag;,Hj, did not show any CO uptake in similar
experimental conditions.

3.3. DFT Calculations. The reactivity of a cluster depends
on its HOMO—-LUMO gap. The calculated HOMO—-LUMO
gaps for the bare and hydrogenated silver clusters (Ag;, and
Ag;H,,) are 0.205 and 0.232 eV, respectively, implying that
the reactivity of hydrogenated clusters is less compared to that
of the bare one. Calculated electrostatic potential surfaces
(based on the partial charge distribution) of the cluster ions
are presented in Figure S. The blue color represents positive
potential, and the red color corresponds to negative potential.
The electrostatic potential around Agj, is different from that of
Ag-Hj,. Most of the atoms are in highly positive potential in
Agt,, whereas the number of such atoms decreased in the case
of Ag;;Hj, The decreased positive potential represents
increased electron density on Ag-Hj, compared to Agl..
Mulliken charges on each atom for both the structures (Ag},
and Ag;Hj,) are tabled in the Supporting Information (see
Tables S2 and S3). These charges also show that most of the
atoms in Ag,-Hj, are with partial negative charge. The negative
charge distribution around Ag,,Hj{, may be the reason for its
reduced reactivity toward CO. For structural optimization, a
neutral CO molecule was added sequentially. Carbon
monoxide can anchor on the silver cluster through terminal
and bridge bonding. The CO molecule binds to the silver
atoms of Ag;, in two bonding patterns. The terminal bonding
of CO is more stable than the bridging one. Hence, CO is
made to bind with Ag, in terminal positions. There are six
possible binding sites on Ag,; for one CO molecule. The
possible isomeric structures were optimized (see Figure S5) for

neutral Ag,,. The most stable isomer with one CO has been
used to bind with the second CO molecule. In the case of the
second CO also, nine possible isomers were predicted, and the
most stable isomer was used for further addition of a third CO
(see Figures S6 and S7). Similarly, four CO attachments led to
five isomers (see Figure S8). Like that, we have added five, six,
and seven CO similarly (Figures S9—S11). It can be observed
that the even-numbered CO molecules were added in a
symmetric fashion. Among the most stable isomers in all of the
cases presented in Figures S5—S11, the lowest-energy
structures with CO (1—7) were further optimized with a
positive charge (Figure S12). The binding of CO does not
bring significant changes in the structure of Ag},. The
electrostatic potential surface of each Ag;,(CO){_; is shown
in Figure S, and the Mulliken charges for each atom are given
in the Supporting Information (Tables S2 and S4—S10). The
positive potential decreases in the core of cluster with the
increase in CO concentration, which implies that electron
density increases with the addition of CO. The free-energy
change and binding energy of CO and Agj, were calculated
and are listed in Table 1. The negative sign of the binding
energy values shows stability of these compounds. The binding
energy increases with the addition of new CO molecule, and it
is higher for Ag;;(CO)3i. The CO uptake capacity of silver
cluster increased with the increase in the number of CO
molecules. Further, the free-energy changes and the binding

Table 1. Calculated Free-Energy Change and Binding
Energy with Sequential Addition of CO for Agj,
cluster + CO

AG (kcal/mol) binding energy (kcal/mol)

Ag,,(CO)* 3.61 —4.83
Ag;,(CO)3 —0.69 —-19.17
Ag;,(CO)3 —3.84 —-30.73
Ag,,(CO); —4.95 —41.46
Ag,,(CO)E —15.85 —63.41
Ag,,(CO)§ —23.95 —78.51
Ag,(CO): —17.89 —-81.16
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energies for the formation of complexes between CO and both
the neutral and positively charged Ag,, were calculated and are
given in Tables S11 and S12. The negative sign shows the
feasibility of formation of those adducts, similar to the trends
in binding energies.

3.4. Reaction with Acetylene Molecules. Both Agj, and
Ag,H7, were separately allowed to react with acetylene in the
trap. With increasing acetylene flow rate (from 2 mL/min in
Figure 6A to 10 mL/min in Figure 6B), Ag}, showed a peak at

Agy,C,Hqo"
(8) (C) €0« <00
Collision of Ag,;*
o with Acetylene
OO0 molecules
<00
Ag,/* CzH, Hydride transfer from
( acetylene to Ag,; * and
(-CoH)S attachment of
Ag]17CSHm+ acetylene to Ag,; *
I
Agq*
(A) - Experimental ‘
Calculated
A917CAH10+ Reduction of acetylene
Ag,;;,CH,¢* on Ag,; * surface by
hydride
. T y \ hS
1800 1900 2000 2100  Adsorption of —C,H; on Ag,; * surface

m/z

Figure 6. (A) Reaction of Ag}, with 2 mL/min and (B) 10 mL/min
of C,H, in trap. At 10 mL/min C,H, flow rate, a strong peak was
observed, which is assigned as Ag,,C,H7,. During reaction, H transfer
occurs between the cluster and acetylene molecules, and sub-
sequently, acetylene is reduced. (C) Explanation of the mechanism.
The structures were optimized with DFT.

m/z 1892 corresponding to C,H,, addition. The peak also
show tailing toward higher mass range depicting more H
addition. The peak was compared to the calculated mass
spectra of Ag),C,Hj, and Ag,,C,Hj¢, confirming that there is
more H attachment possible to the cluster. Addition of two
molecules of acetylene should increase the mass by m/z 52.
However, additional increase in mass was observed (m/z 58),
which could be due to the reduction of adsorbed acetylide
(—C,H) to —C,H; on the surface of the Ag}, cluster. The
other possibility could be that during collision with acetylene,
the cluster uptakes a few H from acetylene molecules and
reduces acetylene on the cluster surface. The H-deficient
acetylene may react with each other and polymerize to
oligoacetylene, which was not detected in the positive-ion
mode. The next peak appears at another m/z 58 difference (2
X C,Hy = 58, the reaction discussed above), suggesting that
initial H transfer may occur on the cluster surface and
acetylene binds to it in the Ag—C=C—H fashion. Assuming
that no reduction of acetylene occurs on the surface, there
were initially 16 active sites. Two acetylene molecules and 6 H
occupy eight sites, and the remaining eight sites are occupied
in the consecutive step, in a similar fashion. This could be the
reason why more than four acetylene additions were not
observed.

The mechanism of acetylene adsorption and subsequent
reduction can be explained by the following equations

Ag17 + nC2H2 - Ag17Hn(C2H)m + (_CZH)n—m/ 4

< m<n

Ag17Hn(C2H)n/4 - Ag17(C2H5)n/4

For the reaction shown in Figure 6, n = 16, m = 4, the equation
may be written as follows

Ag,. + 16 C,H, — Ag H((C,H), + (=C,H),,
Agl7H16(C2H)4 - Agl7(C2H5)4

Similar selective catalytic activation of acetylene and its
chemisorption on the cluster surface were observed for anionic
Au,*" and cationic Co, clusters.”* Although studies of catalytic
effect on acetylene hydrogenation are limited for silver clusters,
selective hydrogenation occurs on the active sites of Ag-doped
Pd nanoparticles.”” But such type of intracluster H transfer to
reduce adsorbed acetylene to ethane was not observed before.
The structures of the reaction products were calculated by
DFT, and a plausible reaction pathway is shown in Figure 6C.
Isomeric structures arise due to one and two ethane adsorption
on Ag}, surface, shown in Figures S13 and SI14. The
mechanism of H exchange was further confirmed when
Ag-H}, was used as the precursor for the reaction. The
product peak was observed at m/z 1897 and assigned as
Ag,C,H{; (see Figure S15). The experimental isotope
distribution matches exactly with the calculated spectrum.
Here also, two molecules of acetylenes were attached at a time
and H exchange occurs between Ag ,Hj, and C,H,. Due to H
exchange with the colliding C,H,, initial width of the parent
peak changed, and finally, it got returned almost to its original
width when the final product was formed. To support the
mechanism, Ag,,H], was replaced with Ag;;D}, (NaBD, was
used instead of NaBH, during initial synthesis in solution).
The product intensity was lower in the case of D. The peak
was assigned as Ag;,C,H,D7,. This implies that at least three
H/D should be removed from the surface to accommodate
two C,H, molecules (see Figure S16). This study also proves
the H/D-capturing capacity of bare Ag}, cluster, which may be
used as a hydrogen storage material for controlled release of H,
in the gas phase.

4. CONCLUSIONS

The current work demonstrates a strategic method to create
atomically precise gas-phase clusters from a different solution-
phase entity. Completely bare and hydride-protected silver
clusters show very different reactivities toward different
reactive gases. While Ag], shows seven CO attachments, no
CO was attached to Ag;;Hj,. The smallest possible ligand like
H can also passivate the cluster surface toward CO and make it
catalytically inert. This finding is very important in terms of
choosing any such cluster system for catalytic studies. Bare
cluster was very reactive toward acetylene and showed H
exchange with C,H, during reaction. Hydride-protected cluster
also showed similar reactions where the number of H exchange
was proved by replacing H with D on the cluster surface. All
structures were calculated by DFT, which shed light on the
stability and reactivity of such clusters. Unusual product
composition was also explained by calculations. We believe
that this study will help create reactive clusters, which would
enhance our understanding of selective catalysis.
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Figure S1. Schematic representation of the instrument. All the reactions were carried out in
the trap region where Ar is used as collision gas. The Ar gas line was modified and reactive
gases like CO and C2H> were incorporated.
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Figure S2. A) CID of Agi7" shows different bare clusters. Odd numbered clusters are more
stable than the even ones. Complete absence of Agio* confirms lesser stability of the clusters
in the experimental condition. On the contrary higher intensity of Ags" and Ago* cluster
confirms very high stability of these clusters in the experimental condition. Expanded m/z
region for Agi7*, Agis*, Ago" and Ags* are shown in B) to E). Extracted ion mobilogram of
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each of the odd numbered clusters are shown in F). Despite of the possibility of having multiple

structural isomers of such gas phase clusters, only one isomer appeared at maximum
abundance.

Table S1. CCS of bare Ag cluster cations with varying nuclearity.

Cluster Arrival Time (ms) TWIMSC(CSn2 (A2)
Agi7* 7.86 174
Agis* 6.37 157
Agis* 5.29 143
Agi* 4.26 128
Ago* 3.36 114
Agr* 2.64 101
Ags* 2.32 95
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C) D)
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AHL = 0.218 eV AHL = 0.218 eV

C Ad OH

Figure S3. Four different isomeric structures of Agi7Hi4. The most stable geometry is shown
in A. Other structures are arranged in their decreasing stability order.
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Figure S4. A) Reaction of Agi7* with different flow of CO showing Agi7(CO)7* formation. B)
CID of Agi7(CO);* with increasing collision energy lead to bare Agi7* cluster. C) CID of
Agi17(CO)7* in IMS mode showing stepwise fragmentation. Mass range of m/z 1900-2010 is
expanded in the inset and the peaks are labelled.
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Table S2. Atomic coordinates and the Mulliken charges of all the atoms of Agi7™.

Atom X (A) Y (A) Z(A) Charge (e)
Ag -0.422181 1.119245 -2.065327 -0.433489
Ag 0.904745 -0.363006 0.289899 3.807301
Ag 1.481851 1.162071 2.671400 -0.162205
Ag 2.217860 -1.732583 2.545697 -0.175852
Ag -1.064040 1.919193 0.938372 -0.433275
Ag 0.070397 -3.284642 0.889789 -0.225769
Ag 3.796133 0.309430 0.729353 -0.190571
Ag 2.836309 -2.500819 -0.332910 -0.175120
Ag -3.045344 2.361957 -1.281071 0.110276
Ag -1.218084 -0.730765 2.276860 -0.384785
Ag -3.580418 0.262739 0.804231 0.005461
Ag 1.926890 2.484994 -0.249938 -0.321240
Ag -0.458616 4.004579 -1.163998 0.177069
Ag 2.501173 -0.112171 -2.100598 -0.161443
Ag -2.670202 -2.532826 0.101708 -0.057895
Ag -2.953935 -0.519175 -2.135160 0.005956
Ag -0.322537 -1.848222 -1.918304 -0.384422




Table S3. Atomic coordinates and Mulliken charges of all the atoms of Agi7Hi4™.

Atom X (A) Y (A) Z(A) Charge (e)
Ag -2.479023 1.249976 -1.155632 0.002647
Ag 0.001521 -0.017348 -0.019685 2.289170
Ag -1.358441 -2.011040 1.876284 -0.029752
Ag 1.367113 -2.031403 1.860834 -0.033481
Ag -0.009942 -2.697551 -0.712330 -0.064818
Ag 3.027114 0.173746 1.536286 -0.107033
Ag 0.025561 0.294630 2.947703 -0.181389
Ag 1.414600 2.356064 1.385474 -0.040407
Ag -1.465850 -1.116059 -2.547743 -0.064548
Ag 3.088052 -1.894396 -0.411921 -0.047127
Ag 1.438257 -1.121575 -2.560186 -0.065203
Ag -3.027125 0.187463 1.554364 -0.112696
Ag -3.096791 -1.888877 -0.385404 -0.048021
Ag -1.386158 2.349688 1.401058 -0.034828
Ag 2471274 1.240128 -1.177955 0.000428
Ag -0.011379 1.391885 -2.709750 -0.021194
Ag 0.001081 3.486149 -0.846334 -0.089703
H -0.016786 -2.346686 -2.799532 -0.009143
H 3.156187 1.833362 0.405569 -0.035586
H 3.312273 -1.731771 1.466822 -0.023872
H -0.007941 3.298960 -2.598925 -0.007038
H 1.852161 0.755666 -2.859995 -0.034733
H 3.014384 -2.105384 -2.166916 -0.002376
H 1.780342 0.977247 2.855188 -0.051908
H -3.306520 -1.719491 1.495331 -0.024255
H 0.013985 -1.825987 3.241125 -0.007378
H -3.038416 -2.100553 -2.140916 -0.002192
H -3.147381 1.847584 0.434769 -0.035114
H 0.009287 3.675321 1.005386 -0.031324
H -1.878198 0.762037 -2.843923 -0.034475
H -1.736908 0.960212 2.858079 -0.052651




Table S4. Atomic coordinates and Mulliken charges of all the atoms of Ag;7CO™.

Atom X (A) Y (A) Z(A) Charge (e)
Ag -0.152740 -0.500183 -2.814555 -0.358639
Ag 0.016431 0.498993 -0.101547 4.248543
Ag 1.915894 -2.327944 1.772689 -0.090673
Ag 0.215125 -0.395975 2.929026 -0.135699
Ag 2.450072 0.449498 1.200759 -0.204132
Ag -2.200389 0.519183 1.724306 -0.296592
Ag -0.918054 -2.023904 1.105803 -0.065900
Ag -3.622692 -1.708569 0.579099 -0.229536
Ag 2325148 0.492051 -1.739962 -0.303678
Ag 0.114637 2.264144 2.089015 -0.283129
Ag 1.703455 2.832196 -0.140776 -0.312597
Ag 1.138859 -1.980251 -0.904499 -0.114686
Ag 3.807412 -1.485343 -0.242043 -0.244531
Ag -1.685695 -2.474936 -1.495468 -0.059903
Ag -1.640564 2.746040 -0.122042 -0.290208
Ag 0.054305 2.255208 -2.345054 -0.212777
Ag -2.545217 0.242918 -1.088555 -0.197366

C -0.805967 -0.441984 -4.883512 0.304239
0 -1.075726 -0.459408 -5.997726 -0.152738

Table S5. Atomic coordinates and Mulliken charges of all the atoms of Ag;7(CO).".

Atom X (A) Y (A) Z(A) Charge (e)
Ag 0.697529 -2.769410 -0.283397 -0.343317
Ag -0.011385 0.119446 0.348692 4.427883
Ag -2.216992 1.108913 -2.444557 -0.038707
Ag -0.784577 2.835312 -0.780180 -0.343296
Ag -2.708319 0.841597 0.342705 -0.225303
Ag 1.867895 2.252202 0.126717 -0.310825
Ag 0.713868 1.084873 -2.228090 -0.183476
Ag 3.495723 0.993279 -1.842896 -0.242624
Ag -1.886662 -2.002342 0.681838 -0.310813
Ag -0.475947 2.403456 1.957476 -0.228255
Ag -1.603030 -0.052212 2.744464 -0.295113
Ag -0.913914 -1.323290 -1.932005 -0.183492
Ag -3.661291 -1.138804 -1.372205 -0.242633
Ag 1.993781 -1.409743 -2.350629 -0.038700
Ag 1.747713 0.742342 2.544117 -0.295112
Ag 0.584193 -1.811420 2.333078 -0.228245
Ag 2.683156 -0.609122 0.288573 -0.225317

C 1.571351 -4.705508 0.181543 0.306693
0 1.989165 -5.757502 0.363132 -0.153022
C -1.636326 4.830978 -0.638560 0.306694
0 -2.047446 5.901120 -0.635195 -0.153022




Table S6. Atomic coordinates and Mulliken charges of all the atoms of Ag17(CO)3*.

Atom X (A) Y (A) Z (A) Charge (e)
Ag 2.073421 -1.856447 -0.240905 -0.457123
Ag 0.014384 -0.008445 0.424871 4338729
Ag -2.373356 -0.009712 -2.687379 -0.053522
Ag -2.112236 1.965991 -0.642065 -0.318334
Ag -2.662695 -0.720065 0.149719 -0.224654
Ag 0.424905 2.789402 0.322033 -0.296522
Ag 0.030733 1.502430 -2.244675 -0.030647
Ag 2.367497 2.927843 -1.759476 -0.247100
Ag -0.596065 -2.828610 0.409528 -0.318347
Ag -1.593555 1.524077 2.065906 -0.340130
Ag -1.525585 -1.232281 2.630336 -0.273557
Ag -0.066094 -1.384489 -1.979222 -0.139929
Ag -2.531253 -2.740890 -1.713860 -0.277391
Ag 2.435214 0.073405 -2.268820 -0.053295
Ag 1.254262 1.022915 2.691318 -0.223261
Ag 1.168526 -1.802865 2.438562 -0.288702
Ag 2.669650 1.039254 0.302314 -0.260382

C 3.869733 -3.029590 0.195866 0.312390
o) 4.813426 -3.659870 0.357882 -0.155385
C -4.025279 2.991385 -0.744380 0.306019
o) -5.019021 3.558909 -0.821681 -0.156288
C -2.375485 2.670492 3.764035 0.308493
0 -2.932579 3.252207 4578761 -0.151062




Table S7. Atomic coordinates and Mulliken charges of all the atoms of Ag;7(CO)4".

Atom X (A) Y (A) Z(A) Charge (e)
Ag -2.876297 0.316087 0.631337 -0.387951
Ag -0.003281 -0.356177 -0.149902 5.036299
Ag 2.027715 1.574328 2.201072 -0.034081
Ag 2.876913 0.639211 -0.297400 -0.385682
Ag 1.878347 -1.224010 1.728909 -0.413041
Ag 1.075403 0.451156 -2.604003 -0.341202
Ag 0.695727 2.392347 -0.454380 -0.223466
Ag -0.627908 2.639475 -3.023203 -0.189002
Ag -1.083199 -1.369807 2.225401 -0.341015
Ag 2.146289 -1.865249 -1.087965 -0.477254
Ag 0.260152 -3.250178 0.377936 -0.263599
Ag -0.679169 1.507277 1.904206 -0.216795
Ag 0.634449 -0.025683 3.986586 -0.187281
Ag -2.007882 2.663906 -0.618013 -0.028895
Ag -0.289485 -2.169840 -2.462235 -0.266955
Ag -2.168377 -2.090205 -0.441224 -0.482644
Ag -1.887355 0.255159 -2.124530 -0.418073

C -4.513388 1.482321 1.580087 0.327809
0 -5.366384 2.091307 2.044538 -0.152506
C 4.500915 2.154583 -0.205941 0.328340
0 5.341732 2.929692 -0.123491 -0.152735
C 3.663475 -2.920065 -2.146084 0.290269
0 4508678 -3.488750 -2.674313 -0.155501
C -3.689247 -3.574192 -0.297161 0.290383
0 -4.533563 -4.348922 -0.236562 -0.155422




Table S8. Atomic coordinates and Mulliken charges of all the atoms of Ag;7(CO)s™.

Atom X (A) Y (A) Z(A) Charge (e)
Ag 2.576615 0.601299 1332050 -0.370551
Ag 0.144972 0.383839 -0.289139 4.494785
Ag -1.700948 -2.733521 2.160618 -0.168713
Ag -1.724181 -1.660058 -0.503622 -0.409807
Ag -1.875282 0.069068 1.767872 -0.092390
Ag -1.205090 -0.085288 -2.862200 -0.376148
Ag 0.271550 -3.545136 0.190560 -0.045716
Ag 0.413823 -2.337349 -2.397542 -0.034533
Ag 0.338176 1.286612 2.935412 -0.178923
Ag -2.594012 1.088815 -0.719655 -0.385007
Ag -0.714128 2.778189 0.778755 -0.299342
Ag 0.705978 -1.362657 1.950637 0.026075
Ag -0.862041 -0.915131 4214668 -0.221115
Ag 2.197424 -1.488067 -0.446062 -0.464810
Ag -0.547301 2.519964 -2.121373 -0.321695
Ag 1.879456 2.503425 -0.730216 -0.457041
Ag 1.655409 0.317938 -2.587137 -0.467918

C 4342199 1.567571 2.221995 0.300159
0 5.295811 1.796673 2.816728 -0.153147
C -3.185658 -3.054397 -1.335641 0.346521
0 -3.986831 -3.771742 -1.738096 -0.167946
C -4.552838 2.031719 -0.913719 0.304403
0 -5.606456 2.446451 -1.094654 -0.158070
C 3.250730 4243792 -0.932958 0.309784
0 3.858800 5.136014 -1.314481 -0.148041
C 4.018763 -2.583322 -0.737535 0.304222
0 4.988703 -3.179231 -0.888608 -0.165035




Table S9. Atomic coordinates and Mulliken charges of all the atoms of Ag;7(CO)s".

Atom X (A) Y (A) Z(A) Charge (e)
Ag -2.976161 -1.016472 -1.728311 -0.293969
Ag 0.035193 0.493358 0.829594 4.697460
Ag 2.342580 -2.261354 -1.213469 -0.261852
Ag 2.419791 -0.566938 1.358948 -0.478297
Ag 1755838 0.492423 -1.378643 -0.178389
Ag 1.081410 1.405862 3.254348 -0.403868
Ag 0.597782 -2.816834 0.988047 -0.018511
Ag -0.013720 -1.197958 3.152971 -0.361085
Ag -0.871196 0.732489 -2.716627 -0.127955
Ag 2.140262 2.279881 0.801783 -0.462497
Ag -0.014074 2.790833 -1.078540 -0.214532
Ag -0.320857 -1.555304 -1.285048 0.244664
Ag 1.153981 -1.100599 -3.586197 -0.189954
Ag -2.000001 -1.375325 0.984539 -0.494681
Ag -0.577402 3.135926 1.644695 -0.380328
Ag -2.330687 1.299265 -0.152565 -0.463265
Ag -1.973108 0.872238 2.708072 -0.517160

C -4.760212 -1.753630 -2.885572 0.299206
0 -5.370659 2.434977 -3.574917 -0.141476
C 4.198512 -1.580913 2.060994 0.314680
0 5.166155 -2.067569 2.439349 -0.165486
C 3.616309 3.858018 0.597702 0.303189
0 4.440774 4.653630 0.555274 -0.159030
C -4.031776 2.417355 -0.878447 0.321667
0 -4.937046 3.011344 -1.259339 -0.166780
C -3.232286 -3.029425 1.633299 0.313358
0 -3.925460 -3.882383 1.966280 -0.167176
C 4.069433 -3.617798 -1.512833 0.301076
0 4776269 -4.469164 -1.810094 -0.149008




Table S10. Atomic coordinates and Mulliken charges of all the atoms of Agi7(CO)7*.

Atom X (A) Y (A) Z(A) Charge (e)
Ag -1.777119 -2.098640 -0.750455 -0.340047
Ag -0.486815 0.469798 0.472462 4.031895
Ag 3.264833 -0.965593 1.142947 -0.220736
Ag 1.996354 1.726158 1.108778 -0.453451
Ag 2.001002 0.069326 -1.117654 0.174550
Ag -0.428460 3.144670 1.352029 -0.393860
Ag 0.913589 -0.452412 2.743868 -0.323198
Ag -1.694297 1.062457 2.882072 -0.405597
Ag 0.505095 -1.898356 -2.437015 -0.127586
Ag 0.476223 2.397418 -1.311271 -0.283872
Ag 0.940922 0.693563 -3.630534 -0.214385
Ag 0.815632 -2.100697 0.382095 -0.002107
Ag 3.075575 -2.466573 -1.277925 -0.186068
Ag -1.556185 -1.610957 2.013415 -0.399965
Ag -2.280087 2.555560 -0.735842 -0.273250
Ag -1.369994 0.354782 -2.165050 -0.159403
Ag -3.225933 0.136290 0.502871 -0.472134

C -3.017956 -4.021252 -0.983809 0.315655
0 -3.178874 -5.124977 -0.710711 -0.150463
C 3.515651 2.879886 2.229671 0.308272
0 4308777 3.663341 2.503008 -0.159696
C 1.165158 4.264886 -2.117403 0.303635
0 1.569171 5.255987 -2.534772 -0.168095
C -2.803296 -0.993393 -3.157460 0.329908
0 -3.554418 -1.474873 -3.888344 -0.172061
C -2.173786 -3.278195 3.244541 0.299562
0 -2.498248 -4.138389 3.931030 -0.160567
C 5.002751 -1.325545 2.475532 0.301337
0 5.788076 -1.726224 3.207733 -0.151265
C -5.464250 -0.035281 0.519477 0.306300
0 -6.478401 -0.546861 0.682247 -0.153308
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Figure SS. Six different isomeric structures of Agi7(CO);. The most stable geometry is shown
in A. Other structures are arranged in their decreasing stability order.
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Figure S6. Nine different isomeric structures of Agi7(CO).. The most stable geometry is shown
in A. Other structures are arranged in their decreasing stability order.
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Figure S7. Four different isomeric structures of Agi7(CO)3. The most stable geometry is shown
in A. Other structures are arranged in their decreasing stability order.
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Figure S8. Five different isomeric structures of Ag17(CO)4. The most stable geometry is shown
in A. Other structures are arranged in their decreasing stability order.
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Figure S9. Four different isomeric structures of Ag;7(CO)s. The most stable geometry is shown
in A. Other structures are arranged in their decreasing stability order.
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Figure S10. Six different isomeric structures of Agi7(CO)es. The most stable geometry is shown
in A. Other structures are arranged in their decreasing stability order.
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Figure S11. Six different isomeric structures of Ag17(CO)7. The most stable geometry is shown
in A. Other structures are arranged in their decreasing stability order.

S19



Supporting Information 12:

Ag,(CO),* Ag,,(CO)s*

Figure S12. DFT optimized structures of Agi7(CO)," (n = 1-6). For Agi7(CO);*, the DFT
optimized structure is given in Figure 4.
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Table S11. Calculated free energy change with sequential CO addition for Agi7 and Agi7™.

Cluster + CO | AG (kcal/mol) | Cluster + CO | AG (kcal/mol)
Agi7(COY | 3.61 Agi7(CO) “1.39
Agi17(CO)* -0.69 Ag17(CO)2 -4.89
Agi17(CO)s* -3.84 Agi17(CO); -5.54
Ag17(CO)4+ -4.95 Ag17(CO)4 —728
Agi17(CO)s* -15.85 Agi17(CO)s -6.64
Ag17(CO)6+ -23.95 Ag17(CO)6 -6.18
Ag17(CO)7+ -17.89 Ag17(CO)7 -6.65

Table S12. Calculated binding energy change with sequential CO addition for Agi7 and Agi7™.

Cluster + CO | Binding Energy | Cluster + CO Binding Energy
(kcal/mol) (kcal/mol)

Agi7(CO)* -4.83 Agi7(CO) -14.18

Agi7(CO)* -19.17 Agi17(CO) -12.23

Agi17(CO)s* -30.73 Agi17(CO)3 -9.18

Agi17(CO)4" -41.46 Ag17(CO)4 -10.21

Agi17(CO)s* -63.41 Agi17(CO)s -8.75

Agi17(CO)6" -78.51 Ag17(CO)s -7.88

Agi17(CO)7* -81.16 Agi17(CO)7 -7.82
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Figure S13. Six different isomeric structures of Agi7(C2Hs)1. The most stable geometry is
shown in A. Other structures are arranged in their decreasing stability order.
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Figure S14. Four different isomeric structures of Agi7(C2Hs),. The most stable geometry is
shown in A. Other structures are arranged in their decreasing stability order.
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Figure S15. A) Reaction of AgisHi4™ with different flow of C;H> showing Agi7C4His"
formation. B) Experimental isotope distribution of Agi7CsHis™ matches exactly with the
calculated one.
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Figure S16. Comparison between reaction of CoHz with A) Agi7H14" and B) Agi7D 14" showing
H exchange and formation of Agi7CsHis5* and Ag17C4HaD11*. Three H sites are now replaced
with two acetylene.
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ARTICLE INFO ABSTRACT

Point of use (POU) sensors are extremely relevant, being capable of providing fast and reliable analysis in remote
and resource-limited settings. Of all the diverse techniques utilised for POU sensors, a combination of electro-
chemistry and microfluidics may have the greatest potential towards quantitative assessment of heavy metal
ions. The major challenge in combining these for sensing applications lies in the complexity of fabricating
integrated devices and the insufficient quantity of analytes in the sample volume. To address these issues, we
have developed a radial microfluidic device capable of electrokinetic preconcentration by ion concentration
polarization (ICP) and integrated it with electroactive surfaces. The proposed sensor is the first demonstration of
concentration of heavy metal ions by ICP and its quantitative assessment by voltammetry. Utilising the in-
tegrated sensor, we have shown the sensing of As>* down to 1 ppb by linear sweep voltammetry with ~40 uL of
sample. The sensor was also tested successfully for sensing As>* in a field sample from an arsenic affected region
of India. The sensor was also tested for the detection of other metal ions too. This work would facilitate the
development of highly sensitive POU hand-held sensors for water quality monitoring in resource-limited areas.

Keywords:

Point of use sensor

Electrochemical microfluidic sensor
Ion concentration polarisation
Arsenic

Heavy metal ions

1. Introduction

Presence of naturally occurring arsenic in water is of particular
concern and has received considerable attention owing to its high
toxicity. Specifically, trivalent form of arsenic (As®*) has been noted to
cause various adverse health effects ranging from vomiting, abdominal
pain, etc., in case of acute poisoning while chronic exposure can lead to
skin, lungs and bladder cancer [1]. Arsenic compromises the body’s
immune functions, damages lung cells and causes inflammation of heart
cells. Presence of 19ppb of arsensic in human body reduces lung
functions considerably and when it is above 120 ppb, the lung’s ability
is affected to the same extent as that of long term smokers [2]. Being
tasteless and odorless in water, the presence of arsenic cannot be de-
tected easily. For accurate detection of arsenic, various lab - based in-
strumentation [3] such as atomic absorption spectroscopy (AAS) [4]
and inductively coupled plasma mass spectrometry (ICP-MS) [5] exist.
Though these instruments provide accurate measurements, their

* Corresponding author.
E-mail address: pradeep@iitm.ac.in (P. Thalappil).
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shortcoming lies in their size and requirement of trained personnel
which limit their portability. One of the techniques that can be used to
address these issues is electrochemistry [2]. Electrochemical sensors are
based on the transfer of electrons on the surface of the electrodes and
their advantages lie in low cost with ease of miniaturization, minimal
sample pre-treatment and portability [6]. The advantage of portability
in utilising electrochemical sensors arise from the fabrication and de-
velopment of portable potentiostats that can perform most of the
electrochemical measurements. Portable electrochemical detectors are
currently being extensively researched upon because of their potential
value in point-of-use applications [7-9]. Added advantage of such a
system lies in its use as peripheral devices which can be integrated with
mobile phones through bluetooth and the data can be uploaded to a
data storage system anywhere in the world using the current mobile
technology making it useful in resource limited settings [8] for remote
monitoring of remediation solutions. These parameters of the electro-
chemical sensors make it suitable for developing point of use sensors for
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arsenic and other metallic elements [10].

Integrating electrochemistry to microfluidics has given rise to the
development of electrochemical microfluidic devices leading to micro
total analysis systems (UTAS). The advent of uTAS changed the outlook
for various applications [11,12]. Microfluidics form the core technology
in uTAS owing to its versatility and requirement of smaller volumes for
analysis. The major constraint one encounters while using microfluidics
for sensors is the insufficient amount of analytes in the volume utilised.
To rectify this, various preconcentration techniques such as isoelectric
focusing [13], electric field gradient focusing [14], electrokinetic
trapping [15], immunocapture based trapping [16], etc. [17], are being
looked at. Of particular interest is electrokinetic trapping where in the
presence of micro-nano junctions in a microchannel, different phe-
nomena like ion exclusion enrichment effect, ion depletion enrichment
effect, and amplified electrokinetic effect are exhibited [18,19] near the
micro-nano interface. During electrokinetic trapping, the application of
an external electric field results in an ion imbalance between the mi-
crochannel and nanochannel due to electro-migration flux, inducing the
formation of a concentration gradient near the micro/nanochannel in-
terface. This causes a diffusion flux which works to balance the ion flux
of the system. The micro-nano junction is usually created by placing a
membrane in the microchannel, where the nanopores of the membrane
in contact with the microchannel form the micro-nano junction. These
membranes are preferably electronegative with preferential cation
permeability, where the charge selectivity is caused by the acidic im-
purities present on the pores of the membrane [20]. This technique has
been termed as ion concentration polarization (ICP). Although the ab-
breviation ICP is commonly used for inductively coupled plasma, we
propose to use the same as the literature has accepted it. ICP has been
extensively used for the concentration of dyes, biomolecules, etc.
[21-23]. Multiple theoretical studies have been performed to under-
stand the mechanism of concentration and the scaling laws involved
[24].

Here in this paper, we have integrated a radial channel ICP device
directly to electrodes to perform electrochemistry. Even though ICP is
capable of concentrating ions in microchannel, its major limitation lies
in the incapability to quantitatively analyse the concentrated analyte,
hence limiting most of the ICP devices to qualitative analysis. We have
rectified this issue by combining our microfluidic devices to electrodes.
Radial microchannels were utilized to increase the analyte volume used
for preconcentration. The device design was kept simple to enable ease
of fabrication and analysis. Multiple ions were analysed in the device to
study their concentration mechanism and detection by voltammetry,
with particular interest to arsenic.

2. Experimental
2.1. Materials

Gold wire, chrome pellets, silver wire, platinum wire, copper (II)
acetate, lead (II) acetate, iron (II) acetate and manganese (II) acetate
were purchased from Sigma — Aldrich. Sodium arsenite was purchased
from SD Fine Chem Ltd. Potassium hydroxide, sulphuric acid (H,SO,),
acetone and iso-propyl alcohol were sourced from Rankem. Sylgard kit
was purchased from Dow-Corning. Nafion perfluorinated resin solution
was purchased from Aldrich. All chemicals were of analytical grade and
were used without further purification. Distilled water was used
throughout the experiments unless mentioned otherwise.

2.2. Instrumentation

For the electrode fabrication, spin coating was performed using Spin
Coaters Spin 150 followed by UV beam exposure in mask aligner using
OAI model 5000. For chrome and gold deposition, electron beam li-
thography was performed using BOC Edwards Auto 306. Scanning
electron microscope (SEM) images were taken using FEI QUANTA-200
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SEM. Spin coating of PDMS was performed using Spin NXG - Pla.
Plasma bonding was done using Harrick Plasma Plasma Cleaner PDC-
002-HP. The electrochemical measurements were performed using CHI
600A (CH Instruments, USA). External voltage was applied using
Keithley 2611 B sourcemeter. Optical Imaging was done using Leica
DMI 3000 B inverted microscope.

2.3. Electrode fabrication

The gold electrodes on glass were patterned using photolithography.
The process included the heating of glass slides in an oven at 120 °C
followed by spin coating of SU-8 photoresist on the substrate and fur-
ther baking at 60 °C. The photoresist coated slide was then exposed to
UV beam for 20s through the mask. The exposed substrate was de-
veloped by placing in KOH solution for 20s. The patterned slide was
then washed in distilled water and blow dried. Gold was deposited on
these substrates by electron beam deposition and susequently washed in
IPA to remove the excess followed by washing in distilled water and
blow dried by N, gas. Thickness of the electrode was maintained at
80 nm with 5nm chrome layer and 75nm gold layer. The fabrication
process is demonstrated in SI Figure S1.

2.4. Microchannel fabrication

We designed an 8-way radial channels with 100 um height, 100 um
width and 1 cm length. The master wafer was fabricated using standard
photolithography process [25]. The radial devices were then fabricated
by using standard soft lithography technology from literature [26]. The
inlet and outlet for the channels were made using a 2 mm punch.

2.5. Patterning of perm-selective membrane

We patterned a circular nafion film on a 250 um thick PDMS layer
with a 2 mm central hole by stamping method. The radius of the stamp
was 2.5 mm. The PDMS film was then heated on a hotplate at 75 °C for
5 min to remove the solvent.

2.6. Chip fabrication

The fabricated device was composed of four layers: radial micro-
channels (top layer), nafion patterned PDMS layer with 2mm hole
(second layer from top), PDMS layer with 3 mm hole interconnecting
the sensing layer and the concentration layer (third layer from top) and
electrochemical sensor (bottom layer). Two layers from the top acted as
the working layer. Nafion in the second layer was patterned in a cir-
cular manner of diameter 2.5 mm to enable the concentration in all the
8 microchannels. This design caused the ions to concentrate at the
centre of the 8 channels. The 2mm hole at the centre of the second
layer acted as the pathway for the concentrated ions to move towards
the electrodes. The diameter of the hole was optimised at 2mm to
minimise the trapping of bubbles in the bottom two layers. The third
layer was composed of a PDMS layer with a 3mm window. The
thickness for the second and third layer were maintained as 250 pm
each. The bottom layer consisted of 3 electrodes patterned in a circular
manner with a total diameter of 2.5 mm.

2.7. Electrochemical measurements and data analysis

The electrochemical measurements were performed by an electro-
chemical workstation at room temperature. Electrochemical measure-
ments were carried out using a three electrode system consisting of bare
gold as working and counter electrodes. Silver wire was used as the
reference electrode. To monitor the stability of the electrodes, the de-
vice was continuously observed using an inverted microscope during
the experiment.
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Fig. 1. A schematic of the device fabrication protocol and its working mechanism. Panel a shows the device fabrication, (i) representation of the various layers of the
device, Layer 1 contains the electrodes, Layer 2 consists of a 3 mm window at the center, Layer 3 contains a 2 mm window at the center along with circularly
patterned nafion of 2.5 mm radius and Layer 4 contains the microchannels, (ii) shows the fully fabricated device, inset shows an optical image of the fabricated device
(bottom view). Panel b shows the working mechanism of the device. (i) schematic showing the top view of the device, the device is filled with the analyte, outward
(red) arrow depicts the direction of flow (ii) represents application of external voltage (anode is placed at the central well and ring electrode at the outer wells) to
induce ion concentration, inward (green) arrow shows the direction of ion movement and (iii) upward (magenta) arrow at the center of the radial device depicts the

reduction of concentrated ions after ICP.

3. Results and discussion
3.1. Characterization of the electrodes and microfluidic device

The optical image of the electrode is given in the inset of SI Figure
S2a. The surface morphology of the electrodes was analysed using SEM
as represented in SI Figure S2a. SEM images showed that the electrodes
have a homogeneous surface. The dimensions of the electrode are given
in SI Figure S2b. For the electrochemical characterization of the fabri-
cated electrodes, cyclic voltammetry (CV) of ferro/ferricyanide com-
plex was performed, given in SI Figure S3. We observed reversible
redox peaks at the electrolyte - electrode interface confirming that the
electrode surface was electroactive. Ion concentration polarization in a
radial microfluidic device has already been established [27,28].

3.2. Working mechanism

The experimental steps involved in the fabrication and sensing is
depicted in Fig. 1. After fabricating the device, the sample is injected by
utilising a commercial pipette tip. The pipette tip was placed at the
centre of the radial device and the sample was injected into the mi-
crochannels by applying pressure. Volume of the sample present in the
microchannels at any given time during the analysis was calculated to
be 8 uL while the total volume in the device was ~ 40 pL. Detailed
calculations for analyte volume in the microchannels and the device are
given in SI S4. Following this, the measurements were carried out in
two steps. The first step involved the application of an external DC
voltage to the platinum wire placed in the micropipette tip containing
the analyte to induce ICP. This voltage is applied for a stipulated time to
induce ion concentration. The next step was to do the voltammetry

measurements. These measurements were initiated 3s after the ex-
ternally applied voltage is switched off. The intermediate 3s acted as
the buffer time to minimise the noise due to external applied voltage on
the working electrode.

3.3. Working principle

ICP is an electrokinetic phenomenon consisting of dynamic ion
concentration changes with ion depletion and ion enrichment across
nanochannels/nanopores [19]. Cation exchange membranes such as
nafion use sulfone anion (R-SO37) as a fixed charge making it cation
selective by nature [20]. When an analyte is flowed in a microchannel
connected to a cation selective membrane and a DC electric field is
applied, only cations will pass through the micro-nano junction while
anions will concentrate on the other side of the membrane. To satisfy
the laws of electro-neutrality, an extended space charge (ESC) layer
forms adjacent to the electrical double layer [28,29]. By varying the
applied voltage, both anions and cations can be pushed towards the
anode leading to an ion enriched zone at the cathodic side of the na-
nochannel and ion depletion zone on the other side [30]. In contrast to
the conventional ICP devices, which utilise a buffer channel along with
the analyte channel, our devices work on the concept of “a bufferch-
annel-less radially structured preconcentrator” [28]. The use of a radial
configuration enhances throughput, electrokinetic stability and causes
local increase in concentration at the centre of the device during ICP. In
our device, the anode was placed perpendicular to the electrodes meant
for voltammetry. After the ions were concentrated at the anode by ICP,
the concentration of the ions was analysed by linear sweep voltam-
metry.
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Fig. 2. Electrochemical characterization of As>* after ICP. The x-axis represents the voltage applied during voltammetry and the current is plotted in y-axis. Green
trace represents 5 ppb of As®>* in 0.1 M H,SO,, while orange and magenta traces are for 10 and 25 ppb, respectively. Voltage applied during ICP is given as a, b and ¢
which stand for 30, 50 and 100 V respectively. Labels 1, 2 and 3 depict the durations for which the voltages were applied, which were 60, 150 and 300 s respectively.

For example, al represents LSV obtained after applying 30V for 60 s during ICP.

3.4. Ion pre-concentration and detection

The fabricated chip was utilised to concentrate the ions in the
sample. To study the concentration effects with varying time and vol-
tage, the pre-concentration was carried out by applying 30, 50 and
100V in varying durations of 60, 150 and 300 s for 5, 10 and 25 ppb of
As®** in 0.1 M H,S0,. After concentrating, linear sweep voltammetry
was utilised for quantitative assessment of analyte concentration. For
linear sweep voltammetry, potential for the measurements were opti-
mised from 0 to 5V, since the oxidation peak of As®>* in acidic medium
is known to be at 0.21 V.

Fig. 2 shows the voltammogram of the concentrated ions. For
clearer understanding, the values are tabulated in SI Table 1. It is
known that at acidic pH, As®* exists as H3AsO3 which is neutral in
charge [31].

The experiment was expected to proceed in two steps, the first step
involved a local increase in the concentration of ions in the vicinity of
the working electrode caused by ICP. This was followed by the oxida-
tion and reduction of metal ions on the working electrode during LSV as
given in eqn. 1 and eqn. 2.

As such, it was expected that the combination of ICP with LSV acts
similar to Anodic Stripping Voltammetry (ASV). In ASV, the first step is
to apply a controlled potential to deposit the metal ions on the working
electrode. This causes the local increase in concentration of analyte by
depositing the ions from the larger volume of solution to the electrode.
This is then followed by stripping of the electrode for measurements.
Major limitation in ASV arises due to the incomplete stripping of the
working electrode after deposition, effectively reducing the surface
active sites available in the electrode for subsequent measurements

[32]. This limitation was rectified in our device, as during ICP the local
increase in concentration of the ions is caused by transferring the ions
from the microchannels to the 3 mm well where the electrodes are lo-
cated without affecting the working electrode during the concentration
process and reducing the ion residence time on the electrodes. This
results in no or reduced effect on the active sites of the working elec-
trode. For our experiments, the peak value of As®* was noted to be
0.21 + 0.02V. The shift can be attributed to the deviation in ionic
current of the electrolyte as a result of applying potential to the mi-
crochannels during ICP. The buffer time between the application of ICP
voltage and voltammetry measurements was optimised to 3s. If the
buffer time is lesser, the background current is too high, resulting in
increase in noise in the voltammogram. In case its more than 3s, there
is a loss in the ions concentrated by ICP.

There was no peak seen in the absence of ICP. The minimum current
obtained for 5 ppb at 30 V was 3.49 x 102 pA after concentrating for
60s. No voltammetric peaks were seen at reduced potential or time.
From this it can be understood that 30 V was the voltage required for a
stable junction formation at the micro-nano interface. Upper threshold
voltage was determined by doing ICP at 100 V up to which we obtained
linear increase in voltammetric current. ICP performed with applied
voltage of 150 V did not show linearity in concentration which is due to
the instability of the junction. Maximum current for 5 ppb was observed
during the application of 100 V for 300 s and it was 1.82 pA while the
application of 30 V to a 5 ppb solution for the same duration exhibited a
current of 6.02 X 102 pA showing a 30-fold increase in the current
intensity. Measurements for the concentration of 10 ppb and 25 ppb
when concentrated for 300s, at 30 and 100V, showed a 3-fold en-
hancement in the current. Except for the minimum concentration of



V. Subramanian, et al.

2u
30V
® 50V
* 100V
——y =y0 + A*exp(R0*x)
<
b
g 1h9
Sud
S
=
QO
04
50 100 150 200 250 300
Time (s)

Fig. 3. Variation of the voltammetric signal at the peak voltage (0.21 V) for
5ppb As®>* with time at different ICP voltages. The data are fitted with straight
lines.

5 ppb, ICP of 10 and 25 ppb showed similar concentration enhancement
factors. Applying voltage for a longer time will result in higher con-
centration of ions at the anode. The maximum time for ICP was kept at
300 s taking into account its possible use as a point of use sensor where
shorter analysis time is a major requirement. WHO’s provisional
guideline for arsenic in drinking water is 0.01 mg/1 i.e. 10 ppb, hence,
all the experiments were conducted with 5 ppb as lower limit.

From the literature [22,33], it is known that ICP is an ion transport
phenomenon caused by the selective passage of ions through ion ex-
change membranes. Nafion being a cation permeable membrane allows
the selective passage of cations restricting the movement of anions. In
the presence of an external voltage, the anions are attracted to the
anode while to maintain electroneutrality, the cations also move to the
anodic side. This leads to the increase in the concentration of ions at the
anode which in turn results in the increase in the local ion concentra-
tion around the electrodes meant for voltammetry as these electrodes
are placed directly below the anode. This results in the better detection,
although the samples have lower bulk concentration. Fig. 3 shows the
voltammetric signal of As®* at the peak voltage (0.21 V) for the input
concentration of 5ppb. A linear increase in the peak current of the
voltammetric signal was observed with varying ICP factors of time and
voltage. Similar phenomenon was observed for 10 and 25 ppb solutions
as given in SI Figure S5. This confirms the usefulness of the approach
for quantitative analysis.

The efficiency of the device in sensing other metal ions was also
studied. For this, 10 ppb of Fe**, Mn?", Cu®* and Pb®>* were added
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separately to 0.1 M H,SO, and subjected to ICP at 30 V for 60 and 150 s
and LSV studies were performed. Fig. 4a depicts the voltammetric peak
of Fe?* at 0.44 V. The current intensity was 20 pA after concentration
for 150 s which was very high as compared to the other ions. The
voltammetric peak for oxidation of Cu®** was seen at 0.49V with an
intensity of 2 pA, as shown in Fig. 4b. Fig. 4c represents the LSV of
Mn?*. ICP performed at 30 V for 60 and 150 s both showed a peak at
0.1V during LSV which corresponds to the oxidation of Mn?* on the
electrode, while another peak was noted at 0.26 V only in case of 150 s.
We speculate that increase in ICP duration increases the local con-
centration of Mn>* leading to the formation of MnO, on the gold
electrodes during oxidation following either ECE or disproportionation
mechanism [34]. This results in the formation of anisotropic structures
on the working electrode and the peak at 0.26 V. The peak at 0.26 V can
be attributed to Mn** which forms during the oxidation of Mn2™" fol-
lowing the disproportionation mechanism. The structures deposited on
gold working electrodes are shown in SI Figure S6. The LSV of Pb>™ is
shown in Fig. 4d. The ion Pb®* showed an oxidation peak at 0.16 V
with an intensity of 0.05 pA which was the least in the cations analysed.
The obtained peak positions were confirmed from literature [35,36], to
correspond to the respective ions. It was seen that the concentration of
these ions were much higher than As®*.

This can be attributed to the charge of ions in the electrolyte. At
acidic pH, arsenic exists as a neutral species while the other ions
measured stay as cations. ICP as an electrokinetic technique is highly
influenced by ionic size and charge. Cations with larger charge to size
ratios tend to migrate faster than those with smaller ratios, which was
seen by the reduced concentration of Pb?>* as compared to the other
cations. The ionic radius of Pb®* is 119 pm, larger compared to Fe**
(77 pm), Cu®>* (73pm) and Mn?* (80 pm). The mobility of cations
during ICP is much higher compared to that of anions and neutral
species and was attributed to a combination of electrophoretic and
electroosmotic phenomena. Arsenic being a neutral species, does not
exhibit any electrophoretic mobility and hence the concentration of
arsenic by ICP was expected to be caused by only electroosmotic mo-
bility [37,38].

To analyse the capability of our device for field applications, 5 ppb
of arsenic was spiked in tap water and tested. Fig. 5a shows the LSV of
tap water after ICP. ICP was performed by applying 30V for 60's, 150 s
and 300 s. It was seen that there were no peaks present in the region of
interest which depicted the absence of certain ions. In case of synthetic
water sample as given in Fig. 5b, a peak was noted at 0.1 V which in-
creased with increase in the duration for which ICP was performed. The
shift in the peak position was due to the change in pH of the electrolyte.
Subsequent measurements of tap water and synthetic sample by ICP-MS
also showed the same results. The ability of the device to perform in
field water was confirmed by analysing water sample from arsenic af-
fected region of West Bengal (India) given in Fig. 5c. The sensor de-
picted a peak at 0.1 V which can be attributed to arsenic at neutral pH
[39,40]. ICP-MS analysis of the field sample showed the arsenic

200n 'd) Pb?*

0.0 0.2 04 06 0.0 0.2 0.4 0.6

Voltage (V)

Fig. 4. Electrochemical characterization of 10 ppb of heavy metal ions concentrated at 30 V for 60 and 150s: a) Fe?*, b) Cu®™, ¢) Mn?* and d) Pb2™*.
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Fig. 5. Electrochemical characterization of a) tap water, b) tap water +5 ppb As®*and c¢) field water concentrated at 30 V for 60, 150 and 300s.
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Fig. 6. Electrochemical characterization of 5ppb of Pb®*, As®*, Fe?",
Mn?*and Cu?* in 0.1 M H,SO,, concentrated at 30 V for 60, 150 and 300s.

concentration to be about 7 ppb which related to the data previously
obtained. Another peak was obtained varying between 0.3 — 0.5V
which was noted to be from Fe?*. The working electrode of our sensor
was plain gold electrode with no functionalisation to induce specificity.
Fig. 6 shows the performance of our sensor when subjected to multiple
ions.

Experiment was conducted on a synthetic multi ion solution created
by spiking 5 ppb of Pb?*, As®**, Fe**, Mn?"and Cu®" in 0.1 M H,SO,.
Fig. 6 LSV showed the generation of more peaks as the duration of ICP
was increased. When 30V was applied for 60 s (green trace), a single
peak was seen at 0.4 V which was expected to be of Fe?>* or Cu®* or a
combination of both as both Fe?* and Cu®?* were expected to give

peaks in that range. When continued for another 90s (red trace), an-
other peak at 0.1V attributed to Mn®* was noted along with the pre-
viously observed peak. Increasing the duration to 300s gave multiple
peaks at 0.15, 0.19, 0.26 and 0.45V which were assigned to Pb%*,
As®*, Mn*" and Fe?* /Cu®*, respectively based on the results obtained
previously. During sensing, it was noted that the ions didn’t exhibit
similar peak intensity during voltammetry even though the initial
concentrations of the ions in the electrolyte were maintained the same.
The concentration of the ions was seen to follow the conventions of
electrophoretic and electroosmotic mobility. The ion, As®** which
happens to be neutral at pH 2 exhibits the minimum concentration
while the other cations exhibit varying concentrations depending on
their ionic radii. This data showed the sensors ability to be used in
samples with a combination of ions. To develop a highly specific sensor,
the working electrode can be functionalised.

A point of use sensor places high importance on sensitivity and re-
producibility. The sensitivity of the sensor for As®* was tested by
analysing 1ppb of As®* in 0.1 M H,SO, as represented in Fig. 7a.
Oxidation peak of As®>* was obtained at 0.23 V with intensity current of
0.05pA demonstrating good sensitivity. The time taken for sensing
1 ppb of As®* was noted to be 600 s with no current being observed at
lesser time durations. This reemphasises the conjecture that as the
duration for ICP was increased, the number of ions concentrated will
increase if there is a continuous flow from the inlet. Continuous injec-
tion of the sample in the device along with an increased duration for
ICP would probably allow us to extend the LOD further.

The reproducibility of the device was confirmed by utilising three
different devices and studying their performance under the same ap-
plied conditions of 25 ppb of As®* in 0.1 M H,SO,, concentrated at 30 V
for 300 s. The devices exhibited very high repeatability with oxidation
peak at 0.23V and a slight variation in current intensity ranging from
2.32 to 2.39 pA as shown in Fig. 7b. the reproducibility of the data was
within ~ + 0.08 pA. The present technique was also compared to other
recently reported studies as given in SI Table 2.
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Fig. 7. Electrochemical characterization of a) 1 ppb As®>* in 0.1 M H,SO,4 b) 25 ppb As®* in 0.1 M H,SO, concentrated at 30 V for 300 for three devices.
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The fabricated sensor was single use and non-specific in nature
owing to the working electrode being only gold. Specificity in a sensor
refers to being completely specific to one analyte in its ideal form. Non-
specificity in a sensor leads to decrease in the detection sensitivity of
the target as there are at times high similarity between analytes [41].
Also, other ions will interact with the surface of the working electrode,
reducing the number of sites for the target to react on. Thus, non-spe-
cificity of our device presents a serious limitation for it to be applied in
the field conditions. This issue can be rectified by the surface functio-
nalisation of the working electrode with materials exhibiting specificity
to arsenic such as nanoparticles [42], MnO, [43], enzymes [44], amino
acids [45], etc.

4. Conclusion

In this research, we have developed an electrochemical microfluidic
sensor with radial microchannels for sensing of arsenite in field water
samples. Nanoelectrokinetic pre-concentration by ICP was combined
with an electrochemical microfluidic sensor to enable the pre-
concentration and detection of the analyte to attain high sensitivity
with limited volume of the sample, down to 40 pL. The sensor fabri-
cation was simplified without the use of valves to ensure portability.
The sensor showed the capability to detect As®>* down to 1 ppb. The
sensor was also tested for the detection of other metal ions such as
Cu®*, Fe?*, Mn®* and Pb?*. LSV based response of a mixture of the
above mentioned ions was also investigated. The voltammogram
showed the presence of peaks specific to each ion of the mixture. The
performance of the sensor was stable and repeatable. Surface functio-
nalisation of the working electrode of these sensors can make them
extremely analyte specific. The device showed promising capability to
be developed as a point of use sensor for resource-limited areas by
combining it with a portable electrochemical analyser.
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Figure S1. Schematic for the fabrication of electrodes (left) and microfluidic device (right).
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Figure S2. a) SEM image of the electrodes and inset shows its optical image and

b) Schematic of the electrode with dimensions. All dimensions are in mm.
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Figure S3. Cyclic voltammetry of 2 mM ferro/ferricyanide complex using the fabricated Au

electrode.
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Calculations for volume in microchannel and microfluidic device

Microchannel height, width and length are 100 pm, 100 um and 1 cm respectively.
Volume of a cuboid / 1 microchannel = (I X b x h)

Volume of radial (8) microchannels = 8(0.1 x 0.1 x 10) mm’®

=0.8 mm’ =8 uL

The outlet of each channel has a radius of 1 mm and height 1 mm. Considering it as a

cylinder,

Volume of a cylinder / 1 outlet = nir’h

Volume of 8 outlets = 8 (3.14 x 1 x 1) mm’
=25.12 mm’ =25.12 uL

The inlet has a radius of 1 mm and is connected to a 10 pL pipette containing ~5 pL solution

to provide electrical connection.

The electrodes are placed inside 2 layers of PDMS, one with radius of 1.5 mm and the other

with radius of 1 mm, both are of 250 um height.

Volume of solution above the electrode = (3.14 x 1.5 x 025+ (3.14x 1° x 0.25)
=2.6 mm’ = 2.6 uL

Total volume of sample in radial microchannels = 8 uLL

Total volume of sample in device =8 + 25.12 4+ 5 + 2.6 uL

=40.72 uL
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Current (nA)
Conczcle)lll)t;)ation Voltage

Time (s) 30 50 100

60 3.49*103 0.02 0.10

5 150 5.18*103 0.12 0.49
300 6.02*%102 0.97 1.82

60 0.12 0.43 0.55

10 150 0.45 1.41 1.11
300 1.33 1.63 3.11

60 0.79 0.86 1.25

25 150 0.81 2.05 3.18
300 1.81 3.09 5.08

Table 1. Tabular column representing the data of electrochemical characterization of As™ for

different concentrations, potentials and durations.



Current (A)

S-5 Supplementary Information 5

a) b)
S5u4
- B
PR NES .
— y = y0 + A*exp(R0*x) Hq1—vy=y exp(R0*x)
214 -
24
1“‘ _/—//
1M+ §
° 0
50 100 150 200 250 300 50 100 150 200 250 300
Time (s)

Figure SS. Variation of the voltammetric signal at the peak voltage (0.21 V) for a) 10 ppb
and b) 25 ppb of As’* with time at different ICP voltages. The data are fitted with straight

lines.
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Figure $6. SEM image of Mn** deposition on gold electrode after ICP at 30 V for 150 s.
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Electrode

ZrO,/Nafion/Au electrode
Au/Fe;0, modified screen
printed carbon electrode
NH,-GO modified Au
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Au NPs on Boron Doped
Diamond electrode
Glutathione, dithiothreitol
and N-acetyl-L-cysteine on

gold electrode

Tin oxide nano needles on
graphite pencil electrode
Fe-Chitosan coated Carbon
electrode

Au electrode

Table 2. Comparison of performance parameters between different studies for the detection

of As>*

Electrolyte

PBS

0.1 M HAc-
NaAc

PBS

0.1 M HAc-
NaAc
PBS

Phosphate

buffer
HCl1

Water

Mining

wastewater

H,SO,/ Water

Technique/
Deposition time

(s)

CV

SWASV/120 s

SWASV/ 150 s

SWASV/ 150 s

SWASV/ 60 s

ASV/300 s

LSV /150 s

CV

SWASV/ 180 s

Microfluidics +

LSV

Experimental

LOD (ppb)

4.113

0.5

0.8

0.5
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Ambient electrospray deposition Raman
spectroscopy (AESD RS) using soft landed
preformed silver nanoparticles for rapid and
sensitive analysist

Tripti Ahuja, i Atanu Ghosh,1 Sandip Mondal, Pallab Basuri, Shantha Kumar Jenifer,
Pillalamarri Srikrishnarka, Jyoti Sarita Mohanty, Sandeep Bose and
Thalappil Pradeep (D

We introduce a technique called ambient electrospray deposition Raman spectroscopy (AESD RS) for
rapid and sensitive surface-enhanced Raman scattering (SERS) based detection of analytes using a minia-
ture Raman spectrometer. Using electrospray, soft landing of preformed silver nanoparticles (AgNPs) was
performed for 30—-40 seconds for different concentrations of analytes deposited on conducting glass
slides. Using AESD RS, SERS signals were collected within 4—6 minutes, including sample preparation.
Transmission electron microscopy (TEM) and dark-field microscopy (DFM) were used to characterize the
preformed AgNPs before and after electrospray. We achieved the nanomolar and micromolar detection of
p-mercaptobenzoic acid (p-MBA) and 2,4-dinitrotoluene (2,4-DNT), respectively. In this work, 0.3 pL of
preformed AgNPs were used, which is ~33 times less in volume than the quantity needed for convention-
al SERS. Quantitation of unknown concentration of analytes was also possible. A similar amount of elec-
trosprayed AgNPs was utilized to characterize Escherichia coli (E. coli) bacteria of different concen-
trations. Viability of bacteria was tested using fluorescence microscopic imaging. Besides reduced analysis
time and improved reproducibility of the data in every analysis, which is generally difficult in SERS, the
amount of AgNPs required is an order of magnitude lower in this method. This method could also be

rsc.li/analyst

Introduction

Surface-enhanced Raman spectroscopy (SERS) is used widely
as a powerful tool for sensitive detection of surface adsorbed
species.'™ It has also been used to probe molecular orien-
tations over nanoparticle surfaces.®® Numerous analytical
applications in different fields including electrochemistry, cat-
alysis, biology, medicine, art conservation and materials
science have been reported using SERS because of the rich

DST Unit of NanoScience (DST UNS) and Thematic Unit of Excellence (TUE),
Department of Chemistry, Indian Institute of Technology Madras, Chennai 600 036,
India. E-mail: pradeep@iitm.ac.in; Tel: +91044-2257-4208

tElectronic supplementary information (ESI) available: Optical photograph of
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used to probe the real-time changes in molecular and biological species under ambient conditions.

vibrational spectroscopic information it provides.”' It has
also extended applications in the field of sensors such as
chemosensors, biosensors, etc.'>* Silver nanoparticles
(AgNPs) are well known SERS substrates used for analyzing
chemical and biological systems. They are easy to synthesize,
have a high surface area to volume ratio, and possess excellent
plasmonic properties. Raman scattering using AgNPs is useful
in chemical sensing and catalysis, as in the catalytic reduction
of p-nitro thiophenol (p-NTP) to p-amino thiophenol
(p-ATP)."'® However, the toxicity of AgNPs has been a
hindrance for their efficient use in biological studies. They
affect bacterial cells by disrupting the cell membrane and
consequently, the cellular functions by causing oxidative
damage."”'® Limiting the exposure time of AgNPs can reduce
their toxic effects and minimizing their amount used for ana-
lysis is a small step toward lessening the impact of AgNPs on
the environment." This is particularly important as AgNPs are
one of the most marketed nanoparticles (NPs) worldwide.>*°
Conventional SERS substrates are fabricated by three usual
methods: (i) mixing plasmonic NPs with a dilute solution of
analytes, (ii) spin/drop-casting of analyte solution on a solid/
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dried film of NPs, and (iii) incubating particles with a dilute
solution of analytes for a period of time for better
adsorption.”"** In these approaches, the preferred adsorption
of NPs at specific sites do not happen efficiently within a short
period. However, there are other ways of preparing SERS sub-
strates using templated nanostructures on surfaces which are
stable, reproducible and convenient to handle.?*** These sub-
strates have mastered the technology of engineering hotspots
that result in high SERS enhancement factors and extraordi-
nary signal uniformities over large sampling areas.”> >’ But
their fabrication procedures have rendered them considerably
more expensive and uncommon. An alternative approach for
the preparation of SERS substrates is possible by ambient elec-
trospray deposition (AESD).>**° Ambient electrospray is a
process of producing charged micro or nano-droplets by
applying direct current (DC) voltages of the order of a few
kilovolts (kV) on liquids confined in a micro-capillary, while
soft landing is a process where polyatomic ions are deposited
directly onto a specified location of the surface at near-zero
kinetic energy.>**° Previously reported results have shown the
synthesis of plasmonic NPs using AESD.*'** A combination of
ambient electrospray and soft landing can produce a uniform
distribution of localized NPs on conducting surfaces.*
Localization of NPs can limit the effective area for SERS exam-
ination, but better enhancement of signals can be achieved.
Tremendous efforts have been made to obtain efficient SERS
substrates by modifying the nanoparticle surfaces. This has
enhanced their utility in various analytical applications.**?* In
this regard, AESD of preformed AgNPs can be used as a prom-
ising technique to prepare SERS substrates for the rapid detec-
tion of analytes with a good enhancement factor. In this
approach, a stream of electrosprayed droplets composed of
AgNPs was sprayed on the dropcast film of an analyte and SERS
spectra were recorded from the opposite side of the support.

Here, we report the rapid SERS detection of p-mercaptoben-
zoic acid (p-MBA - a Raman tag), 2,4-dinitrotoluene (2,4-DNT -
an explosive organic compound) and Escherichia coli (E. coli -
a biological analyte) by AESD of preformed citrate-capped
AgNPs. For this, we introduce the AESD RS technique where
ambient electrospray deposition was coupled with a miniature
Raman spectrometer. This technique helped us in reducing
the exposure time and the amount of AgNPs used for SERS
analysis. Nanomolar and micromolar concentrations of p-MBA
and 2,4-DNT, respectively, were detected with a small volume
of sprayed AgNPs (0.3 pL) in shorter durations (30-40 s).
Complete SERS measurements were performed within
4-6 minutes, starting from the sample preparation to data
acquisition. Calibration curves were plotted for p-MBA as well
as for 2,4-DNT. A linear correlation between SERS signals
versus the logarithm of concentration was observed which
could be used for the quantitation of unknown analytes,
within the uncertainties in intensity measurements. We have
also shown the capability of the AESD RS technique to detect
E. coli at its lowest concentration limit of 10> CFU mL™" and
performed live dead imaging of bacteria to show their viability
after electrospray deposition (ESD).
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Experimental methods and materials
Materials

Trisodium citrate (>99%) was purchased from Merck Life
Science Private Limited. Silver nitrate (99.9%) from RANKEM,
India. p-MBA and 2,4-DNT were purchased from Sigma
Aldrich. Luria Bertani (LB) broth and growth media were
obtained from HiMedia. E. coli (MTCC 443) was obtained from
Microbial Type Culture Collection and Gene Bank. A LIVE/
DEAD BacLight™ bacterial viability kit was purchased from
Molecular Probes, Eugene, OR. Other reagents were of analyti-
cal grade and used without any further purification or treat-
ment. Deionized water (DI) (~18.2 MQ) obtained from Milli-
Q® was used throughout the experiments.

Synthesis of AgNPs

Citrate-capped silver sols were prepared using the modified
Turkevich method,>® wherein 17 mg of AgNO; was dissolved in
100 mL of DI H,O, and the solution was heated to 100 °C. A
solution of 1% sodium citrate (4 mL) was added dropwise to
the boiling solution. The solution was kept boiling for
10-15 min until it became pale yellow. This colored solution
was allowed to cool to room temperature and was finally stored
in the dark at 4 °C. The prepared sols were diluted with DI
water (1: 1) for electrospray SERS measurements.

Sample preparation and SERS measurements

SERS sample preparation was done by drop-casting analyte
solution (40 pL) on the conductive surface of a clean indium
tin oxide (ITO), in a controlled manner (2 pL solution spotted
every 2 s, 20 times at the same spot) such that the analyte solu-
tion spreads equally in all directions. However, after drying, it
forms a ring. Four spots near the periphery of the ring
(Fig. S2) were selected and used for AESD. Spots more than 4
were not used to prevent interference between AgNPs electro-
sprayed at these spots. Diluted concentrations of analyte were
made from a stock concentration by dissolving 5 mg of a com-
pound (p-MBA and 2,4-DNT) in 1 mL of ethanol. Signals were
collected instantly after electrospraying preformed AgNPs for
30-40 s based on the analyte concentration. We have moni-
tored 2 samples of each concentration, with 3 spectra each
from 4 different locations of the sample. A total of 24 spectra
(2 samples x 4 locations x 3 spectra) was averaged, plotted and
used for statistical variance calculations. Note that no Raman
signals were obtained from the analytes at such concentrations
dropcast onto ITO glass slides, without AgNPs.

Preparation of bacterial samples

For this study, E. coli cells were grown overnight in LB broth at
37 °C and 220 rpm in an orbital shaker. The cells were then
diluted to a concentration of 8 x 10® CFU mL™" in LB (ODggo =
0.1). The cells were separated from the media by centrifugation
at 3000 rpm for 5 min. The pellet was washed twice with DI
water by centrifugation. Other dilutions (10°~10°> CFU mL ") of
bacteria samples were prepared similarly to ~10%° CFU mL™"
concentration. For fluorescence microscopic analysis, 40 pL of
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the bacterial sample was dropcast onto cleaned ITO glass
slides and 20 pL of propidium iodide-SYTO 9 mix (1:1) was
loaded on top of the sample. The mixture was sealed with a
0.145 mm thick cleaned coverslip (Schott) and incubated in
the dark for 5 min.

Instrumentation

UV-Visible spectroscopic measurements were performed using
a PerkinElmer Lambda 25 spectrophotometer in the range of
200-1100 nm. Transmission electron microscopic (TEM)
measurements were performed using a JEOL 3010, 300 kv
instrument. As-synthesized AgNPs were spotted on a carbon-
coated copper grid by drop-casting followed by air drying. For
an electrosprayed sample, the copper grid was placed near the
silica capillary tip and preformed AgNPs were sprayed for 40 s
on a grid followed by air drying. Confocal Raman imaging
experiments were performed using WITec alpha300 S equip-
ment. Frequency-doubled Nd:YAG laser (532 nm) with a
maximum output power of 20 mW was used for the excitation
of the sample. For dark-field imaging, an attachment was
designed to use a CytoViva™ high-resolution dark-field con-
denser (oil immersion) and 100X oil immersion objective
(UPLFLN, Olympus) in the above-mentioned confocal Raman
set-up. For white light illumination (400 to 1000 nm), an
L1090-Halogen lamp from International Light Technologies
Inc. was used. The laser was focused onto the sample using a
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100X oil immersion objective (UPLFLN, Olympus). Signals
after passing through a 532 nm bandpass filter were dispersed
using a grating spectrometer (600 grooves per mm) onto a
charge-coupled detector (CCD). Spectral images were scanned
using the sample mounted on a piezo stage. Fluorescence
staining experiments were performed using a CytoViva™
microscopy system.

AESD RS set-up

A custom-built AESD RS set-up (schematic in Fig. 1A) incorpor-
ates a nanoESI emitter with a high voltage DC power supply of
~2.5-3 kV and a Raman spectrometer (Research India Co.)
with a 532 nm excitation laser of 20 mW power on the sample.
A grating of 1800 grooves per mm and an accumulation time
of 0.3 s were used. The home-made electrospray source was
made by continuously infusing a dilute solution of preformed
AgNPs (1:1 AgNPs:water, 0.284 nM) through a fused silica
capillary using a 500 pL. Hamilton syringe and a syringe pump.
The inner and outer diameters of the fused capillary were 150
and 300 um, respectively. The flow rate was set to 0.5 uL min~"
that generated a gentle electrospray plume. The positive
polarity of a high voltage DC power supply was connected to
the needle of the syringe to apply the required potential. A
fused silica capillary was connected to the syringe through a
finger tight union connector. 100-120 nA current was observed
for the electrosprayed AgNPs at ~3 kV, using a picoammeter.

= Blue AgNP
== Green AQNP
——Red AgNP
........................... >
600 700 800
Wavelength (nm)

Fig. 1 (A) Schematic representation of the AESD RS set-up, (B) characterization of the soft landed AgNPs before and after electrospray, (i and ii)
TEM images of the preformed AgNPs before and after electrospray, respectively, (iii) DFM image of the soft landed AgNPs, and (iv) plasmonic

scattering spectra corresponding to each of the AgNPs encircled in (jii).
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The tip of the capillary was placed in such a way that the soft
landing of nanoparticles can be done over one side of the ITO
plate containing the analyte of interest. The ITO plate was then
connected to the ground to dissipate the charge of the
droplets.

Data processing by the clustering algorithm

Cluster analysis for confocal Raman spectral image was per-
formed using an in-built clustering algorithm of the WITec
software.

Results and discussion
Ambient electrospray deposition Raman spectroscopy (AESD RS)

The set-up incorporates a nanoESI emitter (a fused silica capil-
lary) with a high voltage module and a miniature Raman
spectrometer with a green laser as the excitation source.
Details of the set-up are discussed in the Experimental
section. The charged AgNPs generated by the ion source were
soft landed on the analyte film which was dropcast onto an
ITO glass plate placed at a distance of 3-5 mm from the tip of
the silica capillary. Instead of placing the analyte coated glass
slide facing the Raman objective, it was placed in an inverted
position such that it faces the tip of the silica capillary. A
schematic illustration of the set-up is shown in Fig. 1A and an
optical photograph of the actual set-up with a zoomed-in
image of the sample region is shown in Fig. S1.}

Experiments involved the recording of SERS spectra from
dropcast analyte on ITO after spraying AgNPs for 30-40 s until
enhanced SERS signals appeared. Signals were recorded from
four locations of the sample (see Fig. S21 for details). In this
work, we have probed p-MBA, 2,4-DNT, and E. coli for analysis.
Characterization of the as-synthesized AgNPs was performed
by UV-Vis absorption spectroscopy and DFM, as shown in
Fig. S3.T The absorption peak of AgNPs appeared at 420 nm in
solution (see Fig. S31), which confirmed the formation of plas-
monic nanoparticles. Subsequent studies were performed on
the electrosprayed AgNPs by TEM and DFM. TEM images of
the preformed AgNPs before and after electrospray are shown
in Fig. 1B(i and ii), showing that applying such high voltage
brings about some changes in the morphology of the NPs,
although this aspect has not been investigated here. These
modified AgNPs served as better SERS substrates having more
hotspots due to the increase in polydispersity and sharper
edges of the particles. Increased polydispersity after electro-
spray is influenced by the parent sample, surfactants in the
medium, and electrospray parameters. These need to be opti-
mized, and we are currently pursuing this study to obtain ideal
conditions. Increased polydispersity of AgNPs leads to SERS
enhancement, but it causes spatial variations in intensity.
Post-characterization of the sprayed AgNPs was performed by
DFM and plasmonic scattering spectroscopy, as shown in
Fig. 1B(iii & iv). Multiple colors of AgNPs in the corresponding
DF image indicate the polydispersity of the sample, which has
been supported by the TEM image (ii). The particle size distri-
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bution of the AgNPs before and after electrospray is shown in
Fig. S4.7 Size distribution calculations were performed using
DF images and the Image] software. These plots suggested
that before and after electrospray, the average size of AgNPs
remained approximately the same. However, some aggregates
were formed by electrospray as evidenced by the DFM image
and the scattering spectra. With better understanding and
characterization of the SERS substrates, the detection of ana-
Iytes was pursued, and the corresponding data are presented
in the next section.

Rapid and sensitive detection of p-MBA and 2,4-DNT using
AESD RS

For SERS detection, 40 pL of an ethanolic solution of analytes
were dropcast onto ITO glass slides and air-dried. We achieved
detection in the range of 100 uM to 1 nM (15 pg mL™" to 0.15
ng mL™") for p-MBA and 3 to 0.5 pM (0.45 pg mL™" to 0.075 g
mL™") for 2,4-DNT, respectively. The compound p-MBA, being
a good Raman probe, has been used widely for SERS detection
and also for pH sensing which is nowadays used for cellular
imaging.*® Hence, it was used as a model analyte for AESD RS
but to prove the ability of our technique over a wide range of
analytes, 2,4-DNT (an explosive surrogate) and E. coli (a bio-
logical species) were also tested. A waterfall plot of SERS
spectra of p-MBA at different concentrations is shown in
Fig. 2A. The spectra are dominated by two features at 1586 and
1080 em™', which are assigned to vg, and vy, aromatic ring
vibrations, respectively.>” A second sharp peak appears at
1377 em™" due to the symmetric stretching of the carboxylate.
Also, the bending mode of carboxylate appears at 844 cm ",
which was broad and weak at lower concentrations. In our
experiments, the absence of 910 and 2580 cm™" peaks, which
correspond to §(CSH) and v(SH) bonds, respectively, indicates
that the analyte was bound with the electrosprayed AgNPs.
Major peak assignments are shown in Fig. 2A and complete
assignments of the vibrational bands are listed in Table S1.7 A
pictorial representation of p-MBA molecules bound to the Ag
surface is shown in the inset of Fig. 2A. The signal intensity of
the molecule increases gradually with an increase in the con-
centration from 1 nM to 100 pM. A calibration curve was
plotted between SERS intensity (counts) of the 1377 em™" peak
versus the logarithm of concentration, as shown in Fig. 2B.
Intensities used in the calibration plot were taken after aver-
aging 24 spectra at each concentration. The linear correlation
(R square value is 0.9895) observed could be helpful in the
quantification of unknown analytes.*® Mean and standard
deviation values of the calibration curve calculated from the
weighted intensities of the sample (p-MBA) are shown in
Table S2.1 Variance observed in the calibration plot is due to
the morphological changes occurred in AgNPs as a result of
ESD. Such morphological changes will alter the number and
position of hotspots on the nanoparticles. As the variance is
large, the quantitation of analytes using AESD RS is semi-
quantitative. We also calculated the enhancement factor®®>°
(EF) for the SERS system probed by AEDS RS. An EF of 2 x 10°
was observed for 1 uM concentration. EF calculations were per-
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Fig. 2 (A) SERS spectra of p-MBA of various concentrations ranging
from 100 pM to 1 nM, the inset shows the pictorial representation of
p-MBA molecules adsorbed on the AgNP surface and (B) calibration
curve of SERS intensity of the 1377 cm™ peak vs. logarithm of the con-
centration of p-MBA. Data are fitted with a straight line.

formed using the weighted intensity counts of the 1586 cm™"

peak, and the details are discussed in the ESLf

Control experiments of blank ITO and citrate-capped AgNPs
were also performed to show that p-MBA signals were signifi-
cantly different from those of citrate-capped particles and ITO.
The spectra of ITO and citrate are shown in Fig. S5.f ITO
signals appeared as two broad bands in the region of 500-700
and 900-1200 cm ™, respectively, which are in good agreement
with the values reported in the literature.”® Since citrate has
very weak Raman scattering cross-section, sharp and well-
resolved SERS features were not observed in the preformed
AgNPs before and after spray. Symmetric and asymmetric
COO™ stretching features of citrate in the 1370-1385 and
1580-1590 cm ™" window were detectable with reduced inten-
sity.*’ In addition to the control experiments, a comparative
study was performed between dropcast and electrosprayed
SERS signals, as shown in Fig. S5.f We observed that in the
case of dropcast colloidal AgNPs (10 pL) solution on dried
P-MBA (40 pL), SERS was observed, but intensity and sharp-
ness of the signals were much lower than that obtained from
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the electrosprayed AgNPs. Signal intensities for the dropcast
AgNPs were in the range of 1500-2000 counts (for 1586 cm ™),
whereas, in the electrospray method, intensities enhanced to
10 000 counts which were ~5 times that obtained for the same
analyte concentration (see Fig. S5t). In the AESD method, a
colloidal solution of preformed AgNPs was sprayed for 40 s at
a flow rate of 0.5 pL min~" to obtain the signals of the analyte.
It was observed that the utilized volume of the colloidal solu-
tion is ~33 times lesser than the volume used in the conven-
tional dropcasting methods for SERS analysis. We also com-
pared the EF between dropcast and electrosprayed SERS
signals using 10 pM concentration of p-MBA with 0.3 pL of
AgNPs. Calculations showed that the EF of electrosprayed
SERS is 5.2 times higher than that of the dropcast SERS
(shown in the ESIT). Similar concentration-based experiments
were performed on 2,4-DNT, an organic compound used as a
surrogate for trinitrotoluene (TNT). Its detection was per-
formed sequentially from 3 pM to its toxicity threshold limit
(0.5 pM), and the corresponding data are listed in Fig. S61 and
Table S3.7 A stacked plot of different concentrations of DNT is
shown in Fig. S6AT and a calibration curve was also plotted
(Fig. S6Bft). Error calculations of the calibration curve are
shown in Table S3.f With the help of this curve, spiked
DNT concentrations can also be quantified approximately.
Assignments of the vibrational bands are shown in Fig. S6A.*
Hence, soft landing of preformed AgNPs using AESD RS serves
as a robust method for making useful SERS substrates for the
rapid detection and semi-quantitation of analytes.

Post-characterization of electrosprayed AgNPs by DFM and
confocal Raman imaging

The SERS experiments presented in the previous section
showed that electrospray facilitates the rapid and efficient
detection of analytes. However, it is equally essential to ensure
that SERS signals appeared only from the locations where the
spray has happened and are absent otherwise. To do this, we
performed confocal Raman imaging aided with dark-field
microscopy on the sprayed samples separately, as our AESD RS
system was not integrated with the imaging technique.
However, the intensity of SERS signals collected in AESD RS
will be different from those measured in the confocal system
as the sample was dried before performing dark-field assisted
confocal Raman measurements. At first, the optical image
stitching of the sprayed sample was performed, shown in the
inset of Fig. 3A, then the boundary of the electrosprayed
AgNPs was focused with a dark-field objective followed by con-
focal Raman imaging of an area of 20 x 20 pm?®. The observed
boundary in the inset (Fig. 3A) is due to the size distribution
of droplets in electrospray, which suggests that some droplets
are deposited on the substrate in the wet form, while many
nanoparticles are deposited directly. However, the fraction of
charged droplets vs. NPs is not clear from the AESD RS data.
As micro and nano-droplets travel more distance, the solvent
keeps evaporating and thus increasing the distance would
increase the soft landing of dry and charged NPs and concomi-
tantly it will decrease the number of droplets from being de-
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Fig. 3 Image mapping of the electrosprayed AgNPs. (A) Dark-field
image of one of the portions of the boundary of electrosprayed AgNPs,
and (B) confocal Raman imaging of the region encircled in (A) with a
heat map shown next to it, where 0 and 5363 indicate the CCD counts
in the SERS spectra. An image in (B) corresponds to the total SERS inten-
sity of the spectrum. An optical image of the sprayed region shown in
the inset of (A), scale bar in the optical image is 500 ym. The dotted
region is expanded in (A).

posited. To ensure that the formation of charged droplets is
minimum during AESD, we have increased the tip to collector
distance from ~4 mm (original distance) to ~8 mm and
~12 mm, respectively. At larger distances, SERS signals
(Fig. S77) were still observed (for 10 uM p-MBA) but with the
reduced intensity as compared to ~4 mm distance. Thus, we
conclude that at a distance of ~4 mm, the relative contribution
of charged droplets on SERS signals will be more compared to
that of the dry NPs. It will be difficult to distinguish quantitat-
ively the fraction of charged droplets vs. dry NPs on the
observed signals when AESD and SERS are happening simul-
taneously. The optical image, DFM image of the boundary
with sprayed AgNPs and the corresponding confocal Raman
imaging of one of those regions are shown in Fig. 3. It is
evident from the confocal Raman map that only at the electro-
sprayed AgNP locations, SERS signals were observed, while no
signal was detected where AgNPs were absent. Raman imaging
was performed for 10 pM concentration of p-MBA.

Confocal Raman map analysis by the clustering algorithm

A clustering algorithm is one of the simplest algorithms for
spectral image analysis. It groups the spectra according to
their similarity in peak positions, widths and signal intensi-
ties, forming clusters which represent the regions of the image
with identical molecular properties.**> Confocal Raman image
of the electrosprayed AgNPs shown in Fig. 3 has been sub-
jected to cluster analysis to obtain the SERS spectra of p-MBA
at different regions of the map. Cluster analysis gives the
average spectra of various regions. The cluster analyzed spectra
are shown in Fig. 4, which resulted in two sets of groups as (i-
iv) and (v). The first group (i-iv) corresponds to those regions
of the map where SERS signals were observed due to the pres-
ence of sprayed AgNPs on the dropcast analyte. However, the
other group (v) corresponds to that region of the map where
no SERS was observed. Insignificant intensity for the whole
region in this spectrum (component v) shows that p-MBA at
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Fig. 4 Cluster analysis of the electrosprayed region, (A) confocal
Raman map of the region as shown in Fig. 3, (i)—(iv) indicate the respect-
ive regions of map A, where SERS signals of p-MBA were observed in the
presence of AgNPs, and (v) shows the region of map A, where no SERS
was observed in the absence of AgNP spray, and the spectra corres-
ponding to regions (i—v) are shown in (B), scale bar in all images is 4 um.

this concentration (10 pM) could not be detected without
AgNPs being present. Along with the cluster spectra (Fig. 3B),
the corresponding Raman images (Fig. 3A) are also shown (i-
v). The SERS spectra obtained for different regions of the
Raman map were similar with spatial variations in the inten-
sity which could be due to nanoparticle reshaping caused by
laser irradiation as reported recently.’” Thus, the clustering of
the Raman map ensured that the SERS signals of p-MBA were
observed only in the regions of spray and were absent
otherwise.

AESD RS as a tool for biological applications

The bio-molecules of bacteria interacting with AgNPs show dis-
tinct SERS spectra.'”**™*¢ Contact between bacteria and AgNPs
is necessary for obtaining reliable SERS signals. Although
AgNPs perform well as SERS substrates, they are known to
possess antimicrobial properties.”” AgNPs induced apoptosis
influences the spectra to a large extent.””*® Overcoming this
toxicity of AgNPs while utilizing them as SERS substrates have
been a challenge.

We present a technique, wherein the volume of AgNPs
sprayed on bacterial cells is similar to the amount used for the
detection and quantification of previous analytes. In this case,
the time for exposure to AgNPs was 40-50 s, which was slightly
more as compared to p-MBA and 2,4-DNT. During this short
time, the signals can be obtained without much effect on the
bacterial cells. As the time of exposure to AgNPs is shortened,
the uptake of AgNPs by the bacterial cells will be reduced. The
cells are not suspended in colloidal AgNPs solutions,* as
done in conventional techniques. Thus, we can use the AESD
RS method without much sample preparation for analyzing
bacteria in water, food, clinical, and environmental samples.
DFM images of the untreated bacteria and the bacteria treated
with sprayed AgNPs are shown in Fig. 5A and B, respectively.
Expanded DFM images of the individual bacterium are shown
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Fig. 5 (A and B) DFM images of the bacteria before and after electro-
spray. An individual bacterium is expanded in the inset of (A) and (B), and
(C) SERS spectra of E. coli (MTCC 443) at different concentrations
(10°-10% CFU mL™?) with their vibrational band assignments.

in the insets of Fig. 5A and B. Average spectra of different con-
centrations of E. coli are shown in Fig. 5C. The resultant SERS
spectra are dominated by peaks at 1370-1420, 950-1000 and
560-640 cm~' which were attributed to symmetric COO~
stretching, membrane phospholipids and carbohydrates,
respectively.'”” Complete band assignments are listed in
Table S4.1 Although AESD RS can analyse bacteria, we wanted
to know whether these organisms are indeed alive during ana-
lysis. Therefore, we have performed ‘replica plating’ of the ITO
glass slide, dropcast with E. coli, on two types of agar-based
growth media. Nutrient agar (general nutrient media for algae,
bacteria, etc.) and MacConkey agar (media specific to Gram-
negative bacteria) were used for the replica plating. The first
replica was made with the glass slide dropcast with E. coli on
the agar plate. Then, the same slide was removed from the
agar plate and used for electrospray deposition. This AgNP de-
posited plate was used for the second replica on a fresh agar
plate. These plates were incubated at 37 degrees for 24 hours.
Results for these four plates are shown in Fig. S8.7 The growth
of the bacteria after the electrospray showed that they were not
killed during deposition.

7418 | Analyst, 2019, 144, 7412-7420
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Our claim that E. coli have survived after electrospray depo-
sition is to show that the conditions at which the electrospray
was performed enable analysis on live bacteria as well. The
exposure time of AgNPs to bacterial cells was just 60 s. The
volume and concentration of AgNPs used for the sample are
0.5 pL and 0.284 nM, respectively. The effect of AgNPs at this
condition cannot be ascertained quantitatively as the current
AESD RS set-up is not integrated with an imaging system.
Thus, we have shown the effect qualitatively. We have also per-
formed fluorescence microscopic imaging (see Fig. S9t) to
show the viability of bacteria and a statistical count of live and
dead bacteria.’® For E. coli after electrospray deposition, the
death rate of bacteria was somewhat higher than that of E. coli
before electrospray. However, it is evident from images (Ai, Aii,
Bi, and Bii, Fig. S97) that a large number of bacteria survived
even after ESD. Statistical calculations were performed using
Image] analysis and it was seen that 94.2% bacteria were alive
after ESD, while 96.7% bacteria were alive prior to ESD. The
location of nanoparticles can be ascertained using correlated
optical DFM and fluorescence images (Ci, Cii, Di, and Dii,
Fig. S97), but the understanding of the effect of nanoparticles
on bacteria cannot be quantified as the exposure time is very
short and the number of NPs interacting with each bacteria is
different. Inferences from replica plating and fluorescence
imaging experiments support that AESD RS can help in the
analysis of live bacterial cells.

Conclusions

In conclusion, the technique of AESD RS was introduced,
which is capable of rapid and sensitive SERS detection of
molecules in diverse systems. Nanomolar and micromolar con-
centrations of p-MBA and 2,4-DNT were detected within
4-6 minutes, including sample preparation. A linear plot of
SERS signal intensity versus logarithm of concentration was
observed, which can be used for the semi-quantitative analysis
of spiked analytes. AESD RS provides an enhanced signal
intensity of the order of 10°® for 1 uM concentration, which is
5.2 times higher than that of the drop-casting SERS method.
As the AESD RS set-up was not integrated with an imaging
technique, post-characterization of the electrosprayed AgNPs
was performed using confocal Raman imaging aided with
DFM. Post-characterization helped us to ensure that the SERS
signals appeared only from the sprayed locations. Cluster ana-
lysis of the Raman image of p-MBA resulted in two groups,
where one showed SERS signals in the sprayed region, and
another group where no SERS was observed. Furthermore, our
technique proved to be an important tool for detecting and
characterizing E. coli at its lowest concentration of 10> CFU
mL™". Qualitative experiments of replica plating showed that
bacteria survived after ESD. Live and dead fluorescence
imaging of E. coli provided a statistical count of live and dead
bacteria after ESD. The AESD RS technique can also serve the
purpose of single bacterium detection if an imaging system is
coupled with it. We believe that the real-time changes in

This journal is © The Royal Society of Chemistry 2019
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molecular and biological species can also be performed
efficiently using the presented technique to get better insights
into the orientations and intermediates of the analyte in a
similar time scale.
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Fig. S2 A schematic representation of selecting four locations from the drop casted analyte for

AESD.
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Fig. S3 (A) UV-Vis absorption spectrum of the as-prepared AgNPs, and (B) DFM image of the

preformed AgNPs immobilized on an ultra-clean glass slide.

Before electrospray After electrospray

Fig. S4 DFM images and their corresponding histograms of the particle size distribution of AgNPs,

(A) before and (B) after electrospray.
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Fig. S5 A comparative plot between conventional SERS and AESD SERS signals. (a) Blank ITO, (b)
control SERS of only AgNPs electrospray without p-MBA, (c) SERS of p-MBA when AgNPs were
drop casted, and (d) SERS of p-MBA when AgNPs were electrosprayed. Spectra were background

corrected and vertically shifted for clarity, but no other manipulation was performed.



Table S1 Band assignments of SERS features of p-MBA

Peak position (cm) Assignments(1-2]
717 y(CCO)
(aromatic)
842 6(co0)
absent O6(CSH)
1013 Ring deformation
1136 13B (CCC) + v (C-S) + v (C-
COOH)
1186 6 (C-H)
1078-1086 Vi, (ring)
1375-1380 v(CO0")
1585-1588 Vg, (ring)

Table S2 Calculation of mean and standard deviation for calibration curve of p-MBA

Concentrati Mean of Standard
on (M) intensity deviation of
counts intensity counts

107 1628.277 26.106
108 2839.332 53.173
107 3504.938 294.986
10 5344.406 467.998
10° 6769.224 441.697

10+ 8661.805 613.920
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Table S3 Calculation of mean and standard

Concentration (uM)

Fig. S6 (A) Stacked SERS plot of 2,4-DNT at different concentrations ranging from 3 to 0.5 uM and

(B) calibration curve between SERS intensity (1589 cm™ counts) and concentrations of 2,4-DNT.

deviation for calibration curve of 2,4-DNT

Concentrati Mean of Standard
on (uM) intensity deviation of
counts intensity counts
0.5 1562.224 133.654
1 1818.565 78.055
1.5 2516.361 260.221
2 2632.293 227.489
2.5 2872.928 310.216
3 3006.579 132.228
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Fig. S7 SERS spectra of 10 uM p-MBA with electrosprayed AgNPs at different tip to collector
distances.

Table S4. Band assignments of SERS features of E. coli.

Peak position Assignments!3-4]
(cm?)
560-640 6(COO0) + carbohydrates
760-815 Tryptophan
950-1000 Membrane phospholipids
1080-1130 Proteins + lipids +
carbohydrates
1370-1420 Veym(COO-) and §(C-H)
proteins
1530-1630 amide , v(CN), y(NH)




Fig. S8 Replica culture of ITO glass slides drop casted with E.coli on A) Nutrient agar before (left)

and after electrospray (right), and B) MacConkey agar before (left) and after electrospray (right).

__________

Som B0
ig. S9 Fluorescence microscopic imaging of bacteria, (Ai) E. coli before electrospray, (Aii)
zoomed-in view of (A1), (Bi) E. coli after electrospray deposition, (Bii) zoomed-in view of (Bi),

(Ci) fluorescence image of region of E. coli interacted with AgNPs, (Cii) zoomed-in view of (Ci)



shown in dotted square, (Di1) optical DFM image corresponding to (Ci) to show AgNPs, and (Dii)
zoomed-in view of (Di) shown in dotted square. Green and red dotted circles in (Cii) and (Dii)

represent live and dead bacteria after their interaction with AgNPs.

Enhancement factor calculations:

Enhancement factor (EF) for SERS system can be described by the equation®® given below:

EF = (ISERS/Nsurface)/(INRS/Nbulk) (1)

Isers and Iygs are the observed intensities arising from the interaction of drop casted analyte (here
p-MBA) with the electrosprayed AgNPs and the normal Raman scattering intensity of analyte
molecule in the absence of electrosprayed AgNPs (normal Raman signal). Parameters Ny face and
Nyuik are the number of analyte molecules excited under the laser spot interacted with sprayed

AgNPs and the number of analyte molecules under the laser spot for the bulk specimen.

From experimental data, lsgzs = 8068 counts (obtained after the average of 24 spectra of 1 uM

concentration for 1586 cm) and Izs = 298 counts (52 mM).
Nsurface = 4T[r2-C-A-N (2)

wherer, C, A, N are average particle radius of the Ag nanoparticles in the spot, surface density of
the analyte drop casted, area of the laser spot and the average number of particles per square
micrometer area, respectively. The average particle radius r was taken (from ImagelJ analysis of
TEM images) as 20 nm, the density of analyte molecules (C) drop casted (1 uM concentration for
40 uL volume) was calculated as 108/um?, the area of the laser spot (10x objective, Numerical
Aperture = 0.25) diameter was 7.6 um (A = ~ 45 um?), and the number of particles per square

micrometer (N) from DFM measurement was 12.
Npuik was calculated using the formula:
Npui = Na-A-h-p/M (3)

where A is the area of the laser spot, h is the penetration depth of the laser, p is the density of

the solid analyte (1.3 g/cm?3 in case of p-MBA) and M is the molecular weight of the analyte (in



this work, 154.19 g/mol for p-MBA). The laser spot diameter was 7.6 um; penetration depth of
laser h was calculated as ~1244.3 um [h = (2x3.14xw?)/Axn, where w is laser spot size, A is laser
wavelength, i.e. 532 nm and n is the refractive index of Nd-YAG laser, i.e., 1.825].

Using these parameters and the previously quoted equations (1-3), the EF for the SERS system
(p-MBA and electrosprayed AgNPs) was calculated to be 2 X 108.

Comparison of enhancement factor values between electrospray versus drop casted SERS:

10 uM p-MBA sample was treated with 0.3 ulL of electrosprayed and drop casted AgNPs,
respectivley.

In electrospray, the SERS intensity of 1586 cm™ peak was 11191 counts.

In drop cast method, the SERS intensity for the corresponding peak was 1084 counts.

Using EF equation described above, values for electrospray and drop casted SERS were

2.78x108 and 5.37x107, respectively.

Quantification of EF = EF of electrospray/EF of dropcast = 2.78x108/ 5.37x107 = 5.2

References:
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ABSTRACT: We report the crystal structure of a supra-
molecular coassembly of a red luminescent silver cluster,
[Ag,o(BDT),,(TPP),]*” (referred to as Ag,,) (BDT, 1,3-
benzene dithiol; TPP, triphenyl phosphine), with dibenzo-
18-crown-6 (DB18C6). The structure may be viewed as
crystallization-induced self-organization of DB18C6 mole-
cules into cage-like hexamers in the interstitial spaces of the
lattice of trigonal Ag,, (Ag,oT) clusters, which resulted in
an anisotropic expansion of the Ag,,T lattice along its z-
axis. This structure corresponds to a new family of “lattice
inclusion” compounds in nanoclusters. Supramolecular
forces guide the assembly of the clusters and the crown

ﬂ%* .

Co-assembly

Building blocks Crystals

ethers, which pack into complex hierarchical patterns in their crystal lattice. We identified the effect of such a coassembly
on the solid-state luminescence of the cluster. The crystals containing the coassembly were ~3.5-fold more luminescent
than the parent Ag,,T crystals. We also used high-resolution electrospray ionization mass spectrometry to get further
insights into the nature of the complexation between Ag,, cluster and DB18C6. This study provides a new strategy for
designing cluster-assembled functional materials with enhanced properties.

tomically precise noble metal nanoclusters exhibit a
Arich diversity in their core and ligand structures.'®

Precision in their structure, optical absorption features,
and chemical reactivity confirm the molecular nature of such
particles.”® Because of their unique physical and chemical
properties, they also find applications in sensing, catalysis,” and
optoelectronics.'” Noncovalent interactions of the ligands,
such as C—H---w, 7—x, H-bonding, van der Waals, electrostatic
interactions, etc., can induce different forms of assemblies in
them."" Such interactions also play an important role in
organizing the clusters in their crystal lattice."*”"* Self-
organization of the ligands into various patterns was observed
in the lattice of [Au246(p-MBT)80],15 and the packing was
similar to that observed in biomolecules. Noncovalent
interactions also controlled polymorphism in [Ag,s(BDT),,-
(TPP),]*~ (BDT, 1,3-benzene dithiol; TPP, triphenyl
phosphine) clusters.'® Extensive H-bonding was observed in
the lattice of the cluster, [Ag,,(p-MBA);,]*~ (p-MBA, para
mercapto benzoic acid).'” Self-organization of [Au,g,(p-
MBA),,] clusters into colloidal sheets and capsids were also
driven by weak supramolecular forces.!” Moreover, non-
covalent interactions were decisive in determining the
assemblies formed by clusters with cyclodextrins (CDs)"*"
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and fullerenes.”””' Mathew et al. showed that supramolecular

functionalization of [Au,s(SBB),5]™ (SBB is 4-(t-butyl)benzyl
mercaptan) clusters with CDs increased the stability of the
cluster core and enhanced the luminescence of the cluster.'®
Nag et al. demonstrated that supramolecular complexation can
lead to the emergence of interesting properties like isomerism
in nanoclusters.” Such reports reveal the growing interest in
supramolecular chemistry of atomically precise clusters.'"**
Though supramolecular assemblies of clusters have been
studied using different techniques, such as mass spectrometry,
spectroscopy, transmission electron microscopy, theoretical
calculations, etc,'' the complete structures of the supra-
molecular adducts of clusters have not yet been solved with
atomic precision.

Crown ethers are an interesting class of heterocyclic
compounds, which are well-known to form a wide variety of
supramolecular host-guest complexes.”*">° They possess a
hydrophilic cavity of ether oxygen atoms which is capable of
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Figure 1. (A) Structure of I, (B) expanded view showing the interaction between one of the DB18C6Na* molecules and BDT and TPP
ligands of the cluster, and (C) expanded view of the three DB18C6Na* molecules attached on the cluster surface. Color codes: gray, Ag;
yellow, S; orange, P; red, O; green, C of BDT and TPP; white, H of BDT and TPP; light blue, C and H of DB18C6; pink, Na. In panel C, C
and H of the three DB18C6Na* molecules are colored differently in light blue, dark blue, and purple, respectively.

capturing alkali and alkaline earth metal ions, and surrounding
this cavity there are hydrophobic ethylenic groups. Function-
alized crown ethers have also been designed due to the
possibilities of new properties that can be generated in them.”’
Due to such properties, crown ethers find numerous
applications in phase-transfer catalysis,”® ion transport
mechanism,”® and as building blocks for supramolecular
assemblies.”> Supramolecular architectures resulting from the
interaction of functionalized crown ethers with polyoxome-
tallates have been examined.”””’ Recently, Guy et al. reported
that molybdenum cluster salts, such as A,MoX;, (A = Cs/K
and X = CI/Br), can interact with functionalized 15-crown-5
and assemble into liquid crystalline phases with strong NIR
emission.”’ Such studies suggest the potential of using crown
ethers as building blocks for designing advanced functional
materials.

Herein, we resolved the crystal structure of a supramolecular
coassembly of an atomically precise red luminescent cluster,
[Agy(BDT),(TPP),]*" (referred to as Ag29)32 with dibenzo-
18-crown-6 (DB18C6). By using single-crystal X-ray diffrac-
tion (SCXRD), we show that the crown ethers self-organized
into cage-like hexamers in the void spaces of the lattice of Ag,y
clusters. This resulted in an anisotropic expansion of the lattice
of the parent cluster. We also investigated the effect of such a
coassembly on the solid-state luminescence of the cluster and
investigated the mechanism of assembly formation by using
high-resolution electrospray ionization mass spectrometry (ESI
MS).

Agyo cluster was chosen as the model cluster system for this
study due to its high stability and luminescence properties. The
cluster was synthesized following a reported protocol®” and
characterized using optical absorption and ESI MS (Figure
S1). Vapor diffusion of methanol into a dimethylformamide
solution of Ag,o and DB18C6 resulted in the formation of dark
red crystals (Figure S2) containing the coassembly of the two
entities. Details of synthesis and crystallization are presented in
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Supporting Information. SCXRD revealed the existence of two
molecules, [Ag,,(BDT),(TPP),][(DB18C6Na);] (I) and
[Ag,o(BDT),(TPP)][(DB18C6Na);] (II), with a relative
occupancy of 0.765:0.235 in the crystal lattice. The crystal
structure of I is shown in Figure 1A. Three DB18C6Na*
molecules were assembled over one of the Ag,S; faces of the
cluster and oriented symmetrically around the C; axis of I,
which passed through the center of the icosahedron of the
cluster and the Ag—P bond opposite to the Ag;S; face. As
crown ethers bind to alkali metal ions, Na* was trapped in the
cavity of DB18C6.*> Though Na* was not added externally
during the crystallization process, the source of Na® was
probably NaBH, used for cluster synthesis. Intermolecular C—
H--7z interactions between DB18C6Na* and the BDT and
TPP ligands of the cluster existed in the crystal structure.
Moreover, electrostatic interactions between the anionic Ag,,
cluster and the three cationic units, DB18C6Na®, favored the
crystallization. An expanded view showing the interactions
between one DB18C6Na" molecule and the neighboring BDT
and TPP ligands of the cluster is presented in Figure 1B. One
of the benzene rings of DB18C6Na* comes in close proximity
to a pair of BDT ligands of the cluster, and interacted by
intense C—H---7r contacts at distances of ~3.03—3.60 A, which
is comparable to the interaction distances observed in other
supramolecular adducts of clusters."' The C—H of the —CH,
group of DB18C6Na" also interacted with the aromatic ring of
a TPP ligand at a distance of ~3.34—3.37 A. The three
DB18C6Na* molecules, attached on the cluster surface, also
interacted between themselves through intermolecular C—
H---7 contacts at interaction distances of ~3.85 A (Figure 1C).
The Na™ at the center of three crown ethers were oriented in a
triangular fashion with a distance of 9.77 A between them, as
shown in Figure 1C, and the 3-fold symmetry axis of I passed
through the center of this triangle. In addition, H,O was also
coordinated to Na* with a Na—O distance of ~2.33 A (Figure
S$3). II also showed similar geometry but it contained only one
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a=2746A b=2746A c=4665A

Figure 2. Crystallographic packing of (A) I and (B) Ag,,T, viewed from y-axis.

TPP ligand, which is opposite to the site of attachment of the
crown ethers (Figure S4). Due to the labile binding of the TPP
ligands of Ag,y cluster, some of them were lost during
crystallization to form II, which constituted a minor
component in the crystal lattice. The structure was also
carefully explored to find whether any meaningful disorder or
inexplicable connectivity existed at any other part of the
structure. But none could be found, indicating that no other
molecule/fragment existed in the lattice. Further details on
solving the crystal structure is presented in the supporting
information (Table S1).

A mixture of I and II crystallized into a single crystal in the
trigonal crystal system and R3 space group. I and II share the
same site in X-ray structure of which 76.5% of the sites in the
crystal are occupied by I and 23.5% are occupied by II. The
crystal containing the mixture of I and II is referred to as Ag,o-
DB18C6 in the following discussion. The packing of Ag,o-
DB18C6 was comparable to the packing of the trigonal
polymorph of Ag,, clusters (Ag,,T).'® Along the z-axis, the
unit cell was elongated to $7.15 A in case of Ag,,-DB18C6,
compared to 46.65 A in case of Ag,,T, whereas the dimensions
along the x- and y-axis were similar in both cases. This
expansion of the lattice along one direction expanded the
volume of the unit cell to 37,225 A3, from the unit cell volume
of 30,474 A of Ag,,T.'° Anisotropic expansion of the crystal
lattice by the inclusion of guest molecules was also observed in
the case of inclusion of gases in the lattice of clathrate
hydrates.”* A view of the packing of I and Ag,,T from the y-
axis, presented in Figure 2A and B, revealed that the interstitial

536

spaces in the lattice of Ag,oT were occupied by DB18C6. The
crown ethers were packed in between the clusters by C—H---z
contacts, which increased the inter-cluster distances by ~0.53
nm along z-axis, compared to that of Ag,sT. The nature of
packing was similar when viewed from the x-axis (Figure SS).
A view from the z-axis showed that the void spaces along the z-
axis of Ag,oT were occupied by the crown ethers in the case of
I (Figure S6). The packing of II was also similar. The extensive
interlocking of ligands in the lattice of Ag,o-DB18C6 resulted
in a densely packed structure. Moreover, the crown ethers were
assembled into discrete hexameric units throughout the crystal
lattice, view from the y-axis is presented in Figure 3A. The
formation of these hexamers of crown ethers was favored by
local intermolecular C—H--7 contacts and the symmetry of the
crystal packing. An expanded view of one such unit,
(DB18C6Na)*, presented in Figure 3B, reveals that each
hexamer formed a hollow cage-like structure, where the pairs of
opposite crown ethers on the surface of the cage were related
by a centre of inversion. The six Na atoms of the cage were
oriented in rectangular bipyramidal geometry (Figure 3C). Six
water molecules were trapped inside the cavity of these
supramolecular cages (Figure S7). Similar molecular cages
were also observed in the case of hexameric assemblies of
resorcarenes,> calixarenes,”° insulin,>’ etc., and such cages
usually act as hosts for trapping guest molecules,”® and also as
molecular capsules for catalyzing certain reactions.”” Thus,
crystal structure of Ag,,-DB18C6 may be described as a “lattice
inclusion compound” or “lattice clathrate”,** where guest
molecules (crown ether hexamers) get crystallized in the
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Figure 3. (A) Packing of DB18C6Na* molecules into hexameric units throughout the crystal lattice, view from the y-axis. (B) Expanded view
of one of the hexameric units (circled in yellow in A) showing the formation of cage-like structures. Opposite crown ethers, shown in similar
colors, are related by a center of inversion. (C) The orientation of the Na* of the crown ether hexamer in a rectangular bipyramidal

geometry.

interstitial spaces of the host lattice (AgyoT) and depending on
the size of the guest molecules, expansion of the crystal lattice
occurs. Such a phenomenon was not observed earlier in the
case of nanoclusters.

In the structure of I/IL, two types of host-guest interactions
may be visualized: first, at the molecular level where crown
ethers trap Na® and secondly, complexation of these crown
ethers with the cluster, where the cluster can be considered as a
colloidal-level molecule. Moreover, from the packing of Ag,-
DB18C6, it is evident that Ag,y clusters and DBI18C6
molecules show hierarchical assembly in their crystal lattice.
While the lattice of the cluster acts as a host for trapping the
crown ether cages, these cages further act as a host for trapping
water as the guest molecules. Further, the cages themselves are
formed by self-organization of six DB18C6Na" units and each
DB18C6Na’ unit is formed by the capture of Na* in the cavity
of DB18C6. In the crystal lattice, there are cluster—cluster,
crown ether—crown ether, and cluster—crown ether inter-
actions. Supramolecular forces guide the assembly behavior at
each level. The packing patterns represent an emerging
phenomenon in nanoscience where simple building blocks
evolve into complex architectures with new features that are
not manifested in individual entities.

We compared the emission from both Ag,,-DB18C6 and
Ag,oT to understand the effect of the noncovalent interactions
on their solid-state luminescence. Though the density of the
particles in Ag,,-DB18C6 (~1.85 gm cm™), was slightly less
compared to the density in the lattice of AgyeT (~2.041 gm
cm™3), there was ~3.5 fold enhancement in the luminescence
of the former (excitation at 532 nm). Details of the
luminescence measurements and calculation of enhancement
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factors are discussed under the experimental section in the
Supporting Information. Dense packing of the ligands in the
case of Ag,;-DB18C6 resulted in greater rigidity and restriction
of the intramolecular rotations of the TPP ligands which
caused an enhancement of the radiative transitions,'®*"**
compared to the lattice of Ag,oT. Ion pairing effects of the
negatively charged clusters with the positively charged
DB18C6Na" in their crystal may have also contributed to
the enhancement of the luminescence.”> The slight red shift
and broadening in the emission spectrum of Ag,,-DB18C6
may be attributed to changes in electronic coupling and
electron-phonon interactions”” in the two crystals. Despite the
structural complexity of the inclusion compound (Ag,s-
DB18C6), the uniformity in the properties of the single
crystal makes the luminescence comparison possible. Similar
phenomenon was also observed in the case of the polymorphic
crystals of the cluster where the cubic polymorph (Agy,C)
exhibited a more ri(gid packing and higher luminescence
compared to AgyT.'" The Ag,;-DB18C6 crystals were more
luminescent compared to Ag,,C (density ~ 2.11 g cm™) too
(Figure S8). However, when Ag,,-DBI8C6 crystals were
dissolved in DMF, there was no change in the emission
compared to the solution-phase emission of the parent Ag,
clusters (Figure S9A), which further supported that the
enhancement was due to the strong intermolecular interactions
in the crystalline state and in solution-phase such intermo-
lecular interactions were lost due to random arrangement of
the molecules. The optical absorption features were also
unchanged compared to that of the parent cluster (Figure
S9B), which suggested weak interaction between the molecules
in solution.
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Figure 4. Emission from Ag,,-DB18C6 and Ag,,T crystals, excited
at 532 nm.

To understand the nature of solution-phase complexation,
we dissolved the Ag,,-DB18C6 crystals in DMF and analysed
these by ESI MS. In the negative ion mode, the adducts,
[Ag,,(BDT),,(TPP),(DB18C6),,]*~ (n = 0—4, m = 0-3)
were detected (Figure S). The peaks are labelled with (n, m)

0,3)
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T
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Figure S. ESI MS from the crystals of coassemblies of Ag,y cluster
and DB18C6, dissolved in DMF, in negative mode showing the
detection of the adducts, [Ag,,(BDT),(TPP),(DB18C6),,]*>" (n =
0—4, m = 0-3). The comparison of the theoretical and
experimental isotopic distribution patterns of [Ag,,(BDT),,-
(DB18C6),]*” is shown in the inset. The labels (x,y) means x =
number of TPP (n) and y = number of DB18C6 molecules (m)
attached to the cluster.

indices. As the TPP ligands were labile and DB18C6 molecules
were noncovalently bound, they were detached from the
cluster during ionization. This complicated the exact
quantification of the adducts and the abundances of the
species could not be compared with their occupancy in the
crystal structure. However, a maximum of three DB18C6
molecules was found to be attached to the cluster with varying
number of TPP ligands. Moreover, in the positive ion mode,
the species, DB18C6Na* was detected (Figure S10). This
suggested the existence of two types of equilibria in solution:
(i) attachment of neutral DB18C6 to the cluster and (ii)
capture of Na* by DB18C6. Both these processes contributed
to the crystallization of Ag,,-DB18Cé.

In summary, we crystallized a supramolecular coassembly of
Ag,y and DB18C6 molecules. The structure showed an
anisotropic expansion of the parent Ag,,T lattice due to the
incorporation of DB18C6 hexamers in the interstitial spaces of
its lattice. The crystals of the coassembly of Ag,, with DB18C6
exhibited greater luminescence compared to the crystals of the
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parent Ag,oT. This supramolecule may find application as a
luminescent probe for selective cation sensing. The hexameric
cages of crown ethers in the crystal lattice may also be utilized
for trapping gases or other suitable guest molecules. Similar
interactions may also be explored for a range of different
clusters and crown ethers. The crystallization of such
supramolecular assemblies of clusters unfolds a new direction
in nanoparticle engineering and such functional materials may
show enhanced optical and mechanical properties. By choosing
the appropriate crown ether, cluster assembled liquid
crystalline phases may be created, which may find applications
in optoelectronic devices. As crown ethers are sensitive to all
alkali metal ions, others, such as Li*, may be incorporated in
the nanoparticle assemblies and these modified materials may
find applications in electrochemical devices. Noble metal
cluster assemblies assisted by crown ethers are expected to
enhance the area.
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EXPERIMENTAL SECTION

Materials. All the reagents were commercially available and used without further
purification. Silver nitrate (AgNO3, 99.9%) was purchased from Rankem, India. 1,3-Benzene
dithiol (BDT), dibenzo-18-crown-6 (DB18C6) and NaBH, were purchased from Sigma
Aldrich and triphenyl phosphine (TPP) was purchased from Spectrochem, India. The solvents
used, MeOH, DCM, DMF, were of the HPLC grade.

Synthesis of [Agzg(BDT)lz(TPP)4]3' cluster. [Ag,(BDT) 12(TPP)4]3' cluster was synthesized
following a reported protocol.1 About 20 mg of AgNO3 was dissolved in a mixture of 5 mL
methanol and 10 mL DCM. Then, 13.5 uL of BDT ligand was added to this mixture. The
color of the solution turned turbid yellow. The mixture was kept under the stirring condition
and shortly after this; 200 mg of PPh; dissolved in 1 mL of DCM was added. The solution
turned colorless indicating the formation of Ag-S-P complex. After about 15 min, 10.5 mg of
NaBHy in 500 pL of water was added. The color of the solution turned to dark brown.
Gradually the color changed to orange, indicating the formation of the nanoclusters. After 3 h
of continuous reaction under dark conditions, the reaction mixture was centrifuged, and the
supernatant was discarded. The precipitate was washed repeatedly with methanol to remove

all the unreacted compounds and the purified cluster was extracted in DMF.

Crystallization of coassemblies of [Agzg(BDT)u(TPP)4]3' clusters with DB18C6. About 10
mg of [Agzg(BDT)lz(TPP)4]3’ cluster and 3 mg of DB18C6 was dissolved in 1 ml of DMF
and - 2.5 mL of MeOH was allowed to vapor diffuse into the solution. Dark red crystals,

suitable for SCXRD, were obtained after a week.

INSTRUMENTATION
Optical absorption measurements were performed in a PerkinElmer Lambda 25 UV-vis

spectrophotometer.

A Horiba Jobin Yvon Nanolog spectrometer was used for the photoluminescence
measurements in solution. The samples were excited at 450 nm. The excitation and the

emission band pass was set at 3 nm.
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Emission spectra of crystals were collected in a Witec GmbH, Alpha-SNOM alpha300 S
confocal Raman instrument using 532 nm laser as the excitation source. For comparing the
luminescence from different crystals, all the parameters like laser power, beam spot size,
accumulation time and integration time were kept constant in all cases. The maximum
emission intensities were considered to compare the enhancement in luminescence of one
crystal with respect to the other. By keeping all the parameters same, number of clusters in
the illumination volume will be nearly the same in both (parent and crown ether-included
crystals) the cases. Inhomogeneity of the crystal surfaces, if any, are averaged out by multiple

measurements.

Mass spectrometric measurements were done with a Waters Synapt G2 Si high resolution
mass spectrometer. Measurements were done using the following conditions:
Capillary voltage: 3 kV, Cone voltage: 0 V

Source temperature: 50 °C, Desolvation temperature: 80 °C, Desolvation gas flow: 300 L/h

Single crystal X-ray diffraction data were collected using a Bruker D8 VENTURE APEX3
CMOS. Crystal data and refinement conditions are presented in Table S1. The crystal data
has been deposited to The Cambridge Structural Database and the CCDC number: 1888965.
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Figure S1. A) UV-vis spectrum of [Agzg(BDT)lg(TPP)4]3' cluster. Inset shows the structure
of the cluster, B) ESI MS of [Ag,o(BDT) 12(TPP)H]3' (n=0-4). Inset shows the comparison of

the experimental and theoretical isotopic patterns of [Ag(BDT);2]™.
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Figure S2. Optical images of the crystals of the coassemblies of [Agzg(BDT)lz(TPP)4]3'
cluster with DB18C6 molecules.

Figure S3. Expanded view of the three DB18C6Na" molecules attached on the cluster
surface, showing the coordination of H,O to Na*. The O atoms of H,O are shown in brown
color. The H atoms of H,O were not resolved from the crystal structure.
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Figure S4. Structure of IL.
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Figure S6. Crystallographic packing of A) I and B) AgyT, viewed from z-axis.
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Figure S7. Trapping of water molecules inside the crown ether cages. The H,O molecules are
coordinated to Na*. The O atoms of H,O are shown in brown color. The H atoms of H,O
were not resolved from the crystal structure.
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Figure S8. Emission from Agy-DB18C6, AgyyT and Ag,oC crystals, excited at 532 nm.

S7



A) B)

1.0 4
1.0
Ag,,-DB18C6 Ag,,-DB18C6
i \ Ag Ag
0.8 \\ 29 0.8- 29
S 06- g
S \ e 0.6
= \ g
g 0.4 - \\ § 0.4
E <
0.2 4 0.2+
0.0 /- 0.0
T T T T T T T T + 1
500 600 700 800 400 600 800 1000
Wavelength (nm) Wavelength (nm)

Figure S9. A) Solution-phase emission spectra of Agyg clusters and Agyy-DB18C6 crystals
dissolved in DMF, excited at 450 nm. B) Optical absorption spectra of Agyy clusters and
Agr9-DB18C6 crystals dissolved in DMF.
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Figure S10. Positive mode ESI MS showing the detection of DB18C6Na". The comparison

of the theoretical and experimental isotopic distribution patterns of DB18C6Na" is shown in

the inset.
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Table S1. Crystal structure data

Identification code Ag29DB18C6
Empirical formula C192.63 H181.27 Ag29 Na3 022.50 P3.29 S24
Formula weight 6924.53
Temperature 296(2) K
Wavelength 0.71073 A
Crystal system Trigonal
Space group R-3
Unit cell dimensions a=27.424(5) A a= 90°
b =27.424(5) A b=90°
c=57.155(10) A g=120°
Volume 37225(14) A3
Z 6
Density (calculated) 1.853 Mg/m3
Absorption coefficient 2.507 mm-!
F(000) 20078
Crystal size 0.150 x 0.100 x 0.050 mm3
Theta range for data collection 2.971 to 26.061°
Index ranges -33<=h<=33, -33<=k<=33, -70<=1<=66
Reflections collected 139409
Independent reflections 16328 [R(int) = 0.0891]
Completeness to theta = 25.242° 99.8 %
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.78 and 0.55
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 16328 /1264 / 893
Goodness-of-fit on F2 1.412
Final R indices [1>2sigma(I)] R1=0.1136, wR2 = 0.3261
R indices (all data) R1 =0.1834, wR2 =0.3989
Extinction coefficient n/a
Largest diff. peak and hole 6.738 and -1.806 e.A-3

Details on refinement of crystal structure. From X-ray diffraction two molecules were
found in the crystal lattice: [Agao(BDT)2(TPP)4][(DB18C6Na);] (I) and
[Agro(BDT)2(TPP)][(DB18C6Na);] (II). During the initial stages of structure determination
itself, when atom Agl was omitted from structure, the Fourier map clearly showed two peak
positions which could not be refined as a single atom. The refinement results showed two
disordered positions for the Ag atom, each showing different connectivity. The structure was
carefully explored to find out whether any meaningful disorder or inexplicable connectivity
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existed at any other part of the structure. But none could be found, indicating that no other
molecule/fragment existed in the lattice.

The quality of diffraction was not sufficient to justify refinement of hydrogen atoms of H,O
molecules. Minor absorption errors coupled with Fourier series termination effects could
have resulted in the positive electron densities near the heavy atom positions. Since all the
heavy atoms are assigned full occupancy of the site, any minor Fourier electron density at
heavy atom sites may be thought as due to small errors in the data.
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ABSTRACT: Polytetrafluoroethylene (PTFE) is probably
the most extensively used chemically inert and thermally
stable polymer. We report the degradation of PTFE in water in
the presence of common metals and carbohydrates resulting in
polymeric fragments. About 53 mg of solid materials
consisting of polymeric fragments and copper was separated
from a copper vessel in 15 days when a PTFE pellet of about
920 mg was stirred with 1000 ppm glucose in 70 mL of water
at 70 °C. Degradation produced fluorocarbon species in water
were detected by high-resolution electrospray ionization mass
spectrometry. Triboelectric charging of the PTFE surface

PTFE covered magnetic pellet

Glucose solution Degradation of PTFE

during stirring and consequent interaction of the charged surface with the metal ions, brought to solution by carbohydrate-
induced corrosion, is attributed to this phenomenon. We show that such a process can be extended to other polymers such as
polypropylene. The study suggests important consequences of nanoplastics to environment and health, including impact of such

chemistry to cooking.

KEYWORDS: Tribochemical degradation, Polytetrafluoroethylene, Nanoplastics, Dissolution, Polymer degradation

B INTRODUCTION

Polytetrafluoroethylene (PTFE), commonly called Teflon, is
regarded as the most common chemically inert synthetic
polymer known to mankind." Its stability in acids, bases, and at
high temperatures has made it one of the most popular
materials used to enhance durability of common appliances
such as in kitchenware. There are very few reports on the
degradation of PTFE due to its high chemical inertness. Kavan
et al. degraded PTFE in the presence of highly reactive alkali
metals (Li and Na).” In this Letter, we present experimental
proof of significant degradation of PTFE in water in the
presence of common metals and carbohydrates producing
nanoplastics in solution. The onset of chemical reactions has
also been observed through the detection of short fragments of
PTFE in solution.

B RESULTS AND DISCUSSION

The experiments performed (as described in the methods
section) in which a PFTE covered pellet was stirred in glucose
solution (1 mg/mL) of water in the presence of a gold foil,
gave a red luminescent polymeric film (Figure 1 and Figure
S1A) on the liquid surface after 30 days of reaction. We know
that PTFE is not a luminescent material (Figure S2). Chemical
analysis of the film by scanning electron microscopy/energy
dispersive analysis of X-rays (SEM/EDS) confirmed that it is
composed of PTFE with 0.04% Au (Figure S3C). Additional
experiments were discussed below to prove that the film was

-4 ACS Publications  © 2019 American Chemical Society 17554

composed of PTFE and gold. Bright red luminescence of the
film implied the presence of Au—C bonding as several Au—C
compounds exhibit such emission.”* Gradual evolution of Au
concentration in the solution (Figure S3B) from 1 ppb on day
3 to 15 ppb on day 30, confirms the glucose-induced
dissolution of gold.

Similar degradation of PTFE occurred also with other metals
(Cu, Zn, Ag, and Fe) in which a PTFE covered magnetic pellet
was stirred in a vessel of metal, containing glucose solution. In
every case, these polymeric films were separated and
characterized using SEM/EDS, Raman spectroscopy, and X-
ray photoelectron spectroscopy (XPS). Compositions of the
floating films were similar to varying amounts of metals.
Fluorine (39.95%) and copper (2.36%) were quantified by
EDS mapping of the solid material separated from the copper
vessel (Figure S4B). Microscopic localization of copper
(1.17%) was observed in the cracks of the materials (Figure
S5C). The existence of fluorine (43.09%) and zinc (1.27%)
was confirmed by EDS of the zinc vessel-derived material
(Figure S6B).

Similar results were obtained for other metal vessels, too
(Figure S7). However, the films were non-luminescent unlike
in the case of gold, as expected. Materials with the M—C bond
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Figure 1. Photographs of the reaction product of PTFE and gold in
the presence of glucose under (A) visible light and (B) UV light
(mercury vapor lamp). The magnetic pellet pictured here has the
reaction product attached on it. The reaction product found floating
on the water was kept on the glass slide. The material was red
luminescent under UV light.

(Cu—C, Zn—C) are not known to be luminescent under UV
light. The thin films from the copper vessel were greenish-blue
(Figure S1B) in color suggesting a high amount of Cu

incorporation into PTFE and probably Cu remains in its +2
oxidation state. The dissolution of metals and emergence of
the polymeric film are related. The process occurred even at
room temperature but upon longer time of reaction. As higher
temperature also caused evaporation of water, we conducted
the experiment at 60—70 °C as the process was monitored for
weeks. Experiments were performed with PTFE samples of
different sources (local and Sigma-Aldrich) and shapes (pellet,
granules, and sheet) to ensure that these variations did not
affect the results.

To get further information on bonding, Raman spectroscopy
was performed for the material collected from copper and
stainless steel vessels and the spectra were compared with that
of pure PTFE. Peaks from the material obtained from copper
and stainless steel vessels and pure PTFE are shown in Figure
2Aa,b,c, respectively. Peaks labeled as 1, 2, 3, 4, S, 6, and 7
represent CF, wagging (1), CF, twisting (2), CF; symmetric
deformation (3), CF, symmetric stretching (4), CF,
asymmetric stretching (5), C—C stretching (6), and C—F
stretching (7), respectively.” A new peak was seen at 472 and
473 cm™ for copper and iron-containing samples, respectively
which is absent in pure PTFE. About 1 cm™' Raman shift was
observed, which suggested the presence of different metals and
chemical environments (Figure S8A). Independent Raman
measurements were performed on the separated polymer from
copper and stainless steel vessels to check the reproducibility
(Figure S9). In a previous report, the Pt—C stretching mode
was found in-between 470 and S00 cm™', depending on the
ligand environment® which is in agreement with M—C bond
formation in the examined materials. Shifts of 2 and 4 cm™
were observed for C—C stretching (peak 6) for copper and
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Figure 2. (A) Raman spectra of the polymeric materials derived from stainless steel (a) and copper (b) vessels compared with pure PTEFE (c).

-1

Appearance of a new peak at 473 and 472 cm

were seen for stainless steel and copper-derived materials, respectively in addition to the PTFE

features. Peaks 1, 2, 3, 4, 5, 6, and 7 are CF, wagging, CF, twisting, CF; symmetric deformation, CF, symmetric stretching, C—C stretching, CF,
asymmetric stretching, and C—F stretching of PTFE, respectively. (B) XPS data to confirm the presence of carbon (a), fluorine (b), and copper (c)

in the copper-derived material. Data for pure PTFE are also shown.
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Figure 4. (A) Plot showing the positive charge acquired by the water in a PTFE beaker. (B) Photograph of the PTFE beaker containing 100 mL
water with a magnetic pellet covered by a copper foil. (C) Plot showing the positive charge acquired by the water in the copper vessel. (D)
Photograph of the copper vessel containing 50 mL water with a magnetic PTFE pellet. Charge was measured by dropping 1 mL of the water into a

Faraday cup connected to an electrometer.

iron-containing samples, respectively compared to pure PTFE,
as shown in Figure S10A.

XPS was performed as an alternate analytical technique to
obtain elemental information. Peaks at 933.0 and 953.0 eV are
attributed to Cu 2p;,, and Cu 2p, 5, respectively (Figure 2Bci).
Presence of the satellite peaks due to configurational
interaction at 943.0 and 963.0 eV confirmed the oxidation
state of copper (+2). All the spectra were calibrated with C 1s
and there was no significant change in the C 1s peak position
for copper-derived PTFE compared to pure PTFE (Figure
2Bb). Both of them showed a strong signal for F 1s, further
confirming the material to be composed of fragmented PTFE.
While F 1s peak appeared at 689.0 eV for pure PTFE, the peak
position got shifted to 688.1 eV in copper—PTFE which can be
due to the M—C bond formation (Figure 2Bbi). Both Raman
spectroscopy and XPS are in good agreement with M—C bond
formation in metal-derived PTFE compounds.

17556

Several control experiments were performed to understand
the mechanism of such unusual reactivity of PTFE. A linear
relation was found between the amounts of solid collected
from each vessel with the reaction time (Figure 3A). About 53
mg of solid materials was isolated from the copper vessel after
15 days of reaction. The amount of separated solid materials
decreased gradually from copper to stainless steel. A very
similar trend was observed for the extracted metal ion
concentration in the solution, which is highest for Cu and
lowest for Fe (Table S1). A brief summary of the degradation
of PTFE with metal ion concentration is provided in Table S1.
At higher glucose and hence higher metal ion concentration in
solution, the amount of solid precipitate also increased
significantly (Figure 3B). Baksi et al. have shown the
mechanism of the extraction of silver by glucose.” A similar
type of degradation was observed when metal ions (Cu®*) were
added to the water in the absence of glucose (Figure S11). No

DOI: 10.1021/acssuschemeng.9b03573
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considerable degradation was found in the absence of glucose.
The separated materials were colored in nature. These
observations confirmed that metal ions play an important
role in degrading PTFE and this phenomenon is not because
of mechanical abrasions.

The reaction between the PTFE surface and metal ions may
be responsible for the generation of M-PTFE products as
suggested by the above-mentioned results. We propose that
triboelectric charges generated® on the rotating PTFE-coated
magnetic pellet may lead to reaction with metal ions on its
surface to initiate the degradation. The triboelectric phenom-
enon was proven by measuring the charge accumulated in
water as a result of the process of stirring the pellet. The
experiment was conducted in two ways: (a) stirring a copper
foil-covered magnetic pellet in a PTFE beaker (Figure 4A,B)
and (b) stirring a PTFE pellet in a copper vessel (Figure
4C,D), in water. The extent of charge accumulated in water
was larger in panel a as the area of the PTFE exposed was
larger in it. An increasing positive charge in water was noticed
in the course of stirring (Figure 4). From earlier studies, it was
proven that when water was passed over a PTFE surface, the
former acquires a positive charge and the latter acquires a
negative charge.””'' The method used is outlined in
Supporting Information. The acquired negative charge on
the PTFE surface makes the metal ions to interact with it,
resulting in degradation. Triboelectric degradation was further
supported by the linear dependence of the amount of product
on the glucose concentration in solution (Figure 3B), which in
turn increased the metal ion concentration. Degradation of
PTFE was not noticed without stirring, which also suggested
that it is likely to be due to triboelectric phenomenon.

This reaction between the charged surface of PTFE and
metal ions, termed as tribochemical reaction, results in metal—
(CF,), bonding, which could destabilize certain C—C bonds,
leading to their breakage. It is known that triboelectric charges
accumulated at dielectric materials may cause reduction'” or
transfer” of palladium(1I) and copper(1I).

To understand the degradation products of PTFE in this
process, we performed high-resolution electrospray ionization
mass spectrometry (HRESI MS) of the solution derived from a
copper vessel, after 15 days of reaction. While scanning the m/
z range from 30 to 70, the presence of CF;*, C;F*, C,F, and
CF" were detected as shown in Figure 5 along with the isotopic
peak of CF;". Calculated and experimental mass spectra for
CF;" are given in the inset of Figure 5. These fragments
confirm the chemical degradation of PTFE.

Similar results have been observed for a brass vessel (Figure
S12). Fluorocarbon species were also obtained from a copper
vessel in the presence of dissolved Cu®" from CuCl, without
glucose (Figure S13), confirming the need for metal ions and
not sugar for the reaction.

As the concentration of these soluble fluorocarbon frag-
ments were very less in the solution, other spectroscopic
studies in solution such as nuclear magnetic resonance (NMR)
were impossible. Similar results were obtained for other types
of carbohydrates like cyclodextrins (Figure S14 and Figure
S15).

Degradation of PTFE in the presence of metals generated
nanoplastics in water. We observed 4—10 pm and 200—400
nm pieces of polymer particles in the solution. Transmission
electron microscopy (TEM) images of the nanoplastics are
shown in Figure S16. We have analyzed the TEM grid by SEM
also. SEM image and EDS mapping information is provided in
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Figure 5. HRESI MS of the solution derived from a copper vessel.
Presence of various fluorocarbon species in solution was identified by
mass spectrometry. Inset of Figure 5 shows the calculated and
experimental mass spectra of CF;".

Figure S17. Presence of fluorine and copper were confirmed by
EDS mapping.

Degradation of polypropylene was also noticed after reaction
with glucose solution in a copper vessel (Figure S18). Raman
(Figures S19 and S20) and SEM (Figure S21) studies
confirmed the formation of plastic particles of polypropylene
in solution.

Nowadays, PTFE is utilized as a coating for different
cooking appliances. Presence of different metal ions in
foodstuff and carbohydrates-induced dissolution of metals
from the container could lead to fluorocarbon fragmentation,
which may bring plastics into the solution.

As the process requires no high temperature, hard chemicals
or additional activation, we believe that this method offers a
new and greener strategy for polymer degradation.

B CONCLUSION

In summary, we have investigated an unusual reaction between
PTFE and various metal ions derived from bulk such as gold,
copper, zin, silver, and iron (stainless steel) in an aqueous
solution of carbohydrates like glucose and cyclodextrins,
leading to the degradation of the polymer. A red luminescent
product was obtained by the reaction between gold and PTFE,
and non-luminescent products were obtained for other metals.
Presence of the M—C bond in such products was confirmed by
Raman spectroscopy and XPS. Tribochemical reactions and
interaction of metal ions with charged PTFE surfaces are
proposed to be the possible pathways for the degradation of
PTFE. HRESI MS confirmed the presence of small fragmented
fluorocarbon species in water. We have detected nanoplastics
in water that may lead to toxicity. The method presented was
extended to polypropylene. We postulate that the method
opens up greener strategies for polymer degradation. The
impact of such chemistry on food through cooking practices
points to the need for additional studies. We note that many of
the non-stick cookware is coated with PTFE these days. High-
temperature processing of foodstuffs containing metal ions
could initiate such degradation.
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Materials and Methods

Methods

Chemicals and Materials: Vessels of copper, silver (with 90.50% purity), brass (60.66% copper, 36.58%
zinc), stainless steel and polypropylene were purchased from the local market. (D+)-glucose (G), y-CD
(cyclodextrin), magnetic pellet and gold foil were purchased from Sigma-Aldrich. Milli-Q water was used
throughout the experiment. Experiments were performed with various types of PTFE samples (from local
and Sigma Aldrich) to ensure that source of the samples did not affect the results. Experiments were
repeated with magnetic pellets (coated with PTFE) as well as different forms of PTFE (tape, granules and
sheet).

Experimental methods:

For the reaction between gold surface and PTFE, a 2 cm x 2 cm gold foil was inserted into a 250 mL
PTFE beaker containing 100 mL aqueous solution of glucose (~1 mg/mL) having a PTFE coated magnetic
pellet at 60-70°C. Samples were collected at regular intervals for inductively coupled plasma mass
spectrometry (ICP MS) and other analyses.

We measured the weight of the PTFE pellet after taking out the magnet from it.

v-CD/glucose (~70 mg) was placed in silver, copper, brass and stainless steel vessels in milli-Q water (70
mL). The reaction mixtures were kept stirring at 60-70 °C for 15 days. Samples were collected at regular
intervals for ICP MS and other analyses.

S2



For the reaction of polypropylene, a magnetic pellet was inserted into the polypropylene vial (Figure S16).
Reaction conditions were same as of PTFE.

Instrumentation:

ICP MS: ICP MS was performed using Perkin Elmer NexION 300X instrument equipped with Ar
plasma. Before analysing any sample, the instrument was first calibrated with Au standard of four
different concentrations (0, 10, 100, and 1000 ppb) to get a calibration curve with R2=0.9999.
Calibration was done with other elemental standards also.

ESI MS:

The fluorocarbon species were studied by Waters Synapt G2Si HDMS instrument. Optimized conditions
for these measurements were as follows: Flow rate: 30-50 puL/min, capillary voltage: 3 kV, cone voltage:
80-120 V, source offset: 100-130 V, desolvation gas flow: 400 L/h.

Spectroscopy:

Raman spectroscopic measurements were performed in a Witec GmbH, Alpha-SNOM alpha300 S
confocal Raman instrument equipped with a 532 nm laser as the excitation source.

Microscopy:

SEM (scanning electron microscopy) and energy dispersive analysis of X-rays (EDS) were performed
using an FEI QUANTA-200 SEM.

HRTEM (high resolution transmission electron microscopy) was performed with a JEOL 3010, 300 kV
instrument equipped with a UHR polepiece.

XPS:

XPS measurements were carried out with an Omicron ESCA Probe Spectrometer. It consists of EA 125
energy analyzer, XM 1000 MKII X-ray source and monochromator, DAR 400 X-ray source (Al/Mg),
VUV source HIS 13, CN 10 and CN 10+ charge neutralizer system, ISE 10 sputter ion source and MKS
residual gas analyzer for TPD. Polychromatic Al Ka X-rays (hy = 1486.6 eV) were used for analysis. 300
W X-ray power was applied.

Charge measurement:

We took a PTFE beaker containing 100 mL milli-Q water. A magnetic pellet covered with copper foil
was immersed in the beaker (Figure 4). Magnetic pellet was rotated at 60-70 °C. We took 1 mL water
from the beaker at ~ 30 seconds interval and measured the charge of this water using a home-built Faraday
cup and an electrometer.
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Table S1. Concentration of metals from the solution of their corresponding vessels, analyzed by ICP
MS. Amount of solid material separated from each vessel is also given.

Metal vessel Metal Time Metal ion concentration Amount of metal-
(ppm) PTFE (mg)
Day 03 153.2 12.00
Day 06 223.0 23.00
Copper Cu Day 09 291.1 33.00
Day 12 347.8 42.00
Day 15 419.3 53.00
Day 03 78.5 05.00
Day 06 109.5 09.00
Day 09 132.8 14.00
Brass Zn
Day 12 167.3 19.00
Day 15 195.8 23.00
Day 03 04 01.00
Day 09 0.9 02.50
Day 12 1.3 03.50
Day 15 1.9 05.00
Day 03 0.3 00.75
Day 06 0.5 01.40
Stainless steel Day 09 0.7 02.00
Fe Day 12 1.1 02.70
Day 15 1.3 03.50
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Figure S1. Photograph of PTFE degradation by different metals. A), B) and C) correspond to gold foil,
copper and brass vessel, respectively. A) Red luminescent polymeric films appearing on the liquid surface
after reaction with gold foil. D) Color of the PTFE-metal polymeric films after reaction in copper vessels.

1cm
—

Figure S2. Photographs of the PTFE covered magnetic pellet A) under visible light and B) UV light (mercury
vapor lamp).
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Figure S3. SEM/EDS of the PTFE-gold polymeric film. A) EDS of the PTFE-gold polymeric film. B)
Extraction of gold by glucose in the course of 30 days. SEM image and elemental analysis data are
presented in C) i) and ii), respectively. As we have performed the SEM/EDS on a carbon tape, the % of

carbon will be different from the expected value.
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cK 43.24 57.68
FK 47.38 39.95
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Figure S4. SEM/EDS of the copper derived PTFE polymeric film. A) EDS of the copper derived PTFE
polymeric film. B) Elemental analysis, showing the presence of copper and fluorine. C) Elemental
mapping of the material. Scale bar is the same for all images in C).
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Figure S5. SEM/EDS of the copper derived PTFE polymeric film. A) SEM EDS, B) SEM image and C)
elemental analysis of the polymeric film at the cracks. Presence of copper was detected from these cracks.
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Figure S6. SEM/EDS of the brass derived PTFE polymeric film. A) EDS of the brass derived PTFE polymeric
film. B) Elemental analysis, showing the presence of copper, zinc and fluorine. C) Elemental mapping of the

material. Scale bar is the same for all images in C).
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Figure S7. SEM/EDS of the silver derived PTFE polymeric film. A) SEM EDS of the silver derived PTFE
polymeric film. B) Elemental analysis, showing the presence of silver and fluorine. C) Elemental mapping

of the material. Scale bar is the same for all images in C).

—— Copper

1cm™?
— |ron
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450 460 470 480 490
Raman shift (cm-)

Figure S8. Raman Spectra of the PTFE-metal composite. A) Expanded view of the peaks at 473 and 472
cm! for stainless steel (purple) and copper (blue) PTFE material, respectively from Figure 2. A shift of 1

cm’! was observed for copper and iron-containing samples, respectively.
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A) Copper PTFE B) Stainless-steel PTFE
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Figure S9. Independent Raman measurements from the polymer separated from A) copper PTFE and B)
stainless-steel PTFE experiments. Peaks due to the polymer are reproduced in all measurements.
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Figure S10. Raman Spectra of the PTFE-metal composite. A) Expanded view of peak 6 of Figure 2. Shifts
of 2 and 4 cm! were observed for the C-C stretching (peak 6) for copper and iron-containing samples,
respectively compared to pure PTFE.
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Figure S11. Reaction of PTFE pellet with copper chloride. Reaction of copper chloride solution (20 mg
CuCl,in 50 mL water) with PTFE magnetic pellet in copper vessel A) and PTFE beaker B). Similar kind of
degradation has been observed for copper (II) ions. Greenish blue color PTFE-metal composite has been
observed. This reaction was performed without glucose.
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Figure S12. HRESI MS of the solution from brass vessel. Presence of the fluorocarbon species has been
confirmed. Inset of Figure S12 shows the calculated and experimental mass spectra of CFs".
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Figure S13. HRESI MS of the solution derived from a copper vessel in presence of CuCl, without glucose.
Presence of various fluorocarbon species in solution was identified by mass spectrometry. Inset of Figure
S13 shows the calculated and experimental mass spectra of CFs".
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Element Wt% At%
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Figure S14. SEM/EDS of the copper derived PTFE polymeric film. A) SEM/EDS B) SEM image and C)
elemental EDS of the material from copper derived PTFE, after reaction using y-cyclodextrin. Presence of

copper and fluorine was noticed.
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Figure S15. Amount of solid material separated from a copper vessel plotted as a function of time, after
reaction with y-cyclodextrin.
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Figure S16. i-vi TEM images of the nanoplastics with different sizes, varying from 200-400 nm. Images
from different regions of the grid are presented.
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Element

CK 74.77 85.18
F K 18.60 13.40
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Figure S17. A) i-iii) SEM images of the plastic particles of different sizes varying from 4-10 pm. B) 1)-ii)
Elemental analyses, showing the presence of copper and fluorine. iii) Elemental mapping of the plastic
particles. Scale bars in iii) are the same as in the SEM images. The percentage of carbon will be different
from the expected value because we have performed the analysis on a carbon coated copper grid. By the
interaction of copper ions with charged PTFE surface, the fluorocarbon species could come into the solution.
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Figure S18. A) i) Photograph of the polypropylene vial. ii) A magnetic pellet was inserted into this vial. B)
Reaction of polypropylene with glucose solution in copper vessel which was stirred to cause degradation.
Degradation of polypropylene was noticed after 10 days of reaction. Spectroscopic and elemental analysis
of the floating materials are presented in Figure S19-S20 and Figure S21, respectively.
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Figure S19. Raman spectra of the polypropylene-copper composite (A) and that of pure polyrpropylene (B).
Peaks 1, 2, and 3 represent C-H stretching, CH, deformation, and symmetric CHs deformation.
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Figure S20. Expanded views of the Raman spectra of the same samples as in Figure 19. Spectral colors
correspond to the same as in Figure 19. Peaks c, f, and j show 2 cm™ shift. Peak splitting was observed in
the case of c.
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Figure S21. A) SEM/EDS of the copper-derived polypropylene polymeric film. B) Elemental analysis,
showing the presence of copper and carbon. Other peaks are because of the ITO plate used as the substrate.
C) Image of plastic particles of polypropylene found in the solution.
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Waterborne Fluorine-Free Superhydrophobic Surfaces
Exhibiting Simultaneous CO, and Humidity Sorption
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1. Introduction

Recent progress in the field of superhydrophobic materials has proven their

potential to solve many problems of the contemporary society. However,
the use of such materials to capture moisture and CO, from air, to help
reduce the impact of global climate change is not explored. In addition,
most of the time, fabrication of these materials needs organic solvents

and fluorinated molecules involving multiple steps that hinder the use

of nonwettable materials in everyday life. Herein, a waterborne, fluorine-
free, robust superhydrophobic material synthesized at room temperature
through a one-step chemical-modification process is reported, which exhibits
moisture and CO, capturing capability. While covalently grafted low surface
energy hydrocarbon molecules control the bulk superhydrophobicity, the
incorporated amine functionalities facilitate moisture and CO, adsorption
as these molecules (H,0 and CO,) can easily diffuse through hydrocarbon
assemblies. Being polar, H,O molecules are observed to readily interact
with amine groups and favor the adsorption process. Synthesized material
shows an approximate CO, adsorption of 480 ppm (10.90 mmol L)

in ambient conditions having 75% humidity. Multifunctionality along

with durability of this material will help expand the applications of

superhydrophobic materials.
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Mimicking natural phenomena is prob-
ably the best way to explore smartness.
Over the years this has made Mother
Nature an idol of architecture. Among
many others, surfaces of various biolog-
ical species having interesting nonwet-
ting characteristics have attracted both
industry and academia and have become
some of the intensely pursued research
areas because of their enormous potential
in various domains.!! Although several
methodologies have been introduced to
fabricate these surfaces, complicated
multistep processes, limitation in large area
production, durability, etc., have restricted
their use in everyday life.Z Recently, a
few such robust liquid repelling surfaces
have been reported.?*3l However, in most
of the cases, achieving such a property
involves the use of 1) fluorine-containing
chemicals (offering low surface energy)
and 2) hazardous organic solvents.[3&4
While fluorinated hydrocarbons can lead
to bioaccumulation and toxicity, the use of
organic solvents increases environmental
concerns.’! Recently, a few superhydrophobic materials have
also been designed with reduced environmental impact.l® For
example, Chen and co-workers have demonstrated the fabri-
cation of a fluorine-free robust superhydrophobic surface, but
organic solvents were used in the process.”] We have shown
the fabrication of organic-solvent-free superhydrophobic
materials that contain fluorinated molecules.’] Therefore,
designing a water-based fluorine-free robust low energy mate-
rials at ambient conditions is important from the perspective of
reduced environmental impact and industrial significance.
Imparting new properties such as conductivity, chemical sen-
sitivity, etc., especially to nonwettable materials is important.”!
For example, introduction of carbon-based materials such as
graphite, reduced-graphene, and carbon nanotubes to enhance
the mechanical, thermal, and electrical conductivity,'% incor-
poration of inorganic nanoparticles such as TiO,, and ZnO to
impart biodegradation, etc.,?*!! to superhydrophobic surfaces
are well known. However, in most of the cases, these modified
surfaces were developed through the incorporation of different
micro/nanomaterials. In contrast, fabrication of superhydro-
phobic materials having molecularly grafted functionalities

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. a) Schematic representation of the synthesis of a waterborne superhydrophobic material. b) Photograph of colored water droplets over
various coated substrates. Aqueous solutions of CuCl,, KMnO,, and K,Cr,O; were used instead of pure water to add color contrast. c) Static water
contact angle over a superhydrophobic paper. d) Time resolved bouncing of water droplet over a coated filter paper (soft surface).

to address various environmentally relevant problems has not
been explored. In the context of recent concerns about the cli-
mate change, both moisture and CO, have great influence on
the rise of atmospheric temperature. Although some super-
hydrophobic/omniphobic membranes!? and MOFs (metal
organic frameworks)!3 are known to capture CO,, their fab-
rication processes involve multiple steps, hazardous organic
solvents, and fluorine-containing molecules. In the case of
membranes, liquid repelling property enhances gas diffusion
through them as the pores are not blocked by water molecules.
CO, diffusion through the membranes is typically dissolved
and separated by alkaline amine solutions.['??l For MOFs, even
though it shows an uptake of =11.0 mol L™ at 298 K and 55 bar
with 100 mg of the material, stability, complex fabrication pro-
tocols, bio and environmental-compatibility as well as indus-
trial scale production require additional efforts. These limit the
usability of these materials in everyday life even though they
may possess good CO, adsorption capability.

Herein, we have designed an environment-friendly water-
borne clay-based material at ambient conditions that provides
a robust large-area superhydrophobic coating at room tem-
perature and adsorbs moisture (water vapor) and CO, from
air at the same time without affecting its nonwetting property.
These multifunctional properties of the material arise from
the covalently grafted chemical-functionalities having different
molecular dimensions. While the incorporated hydrocarbon
chain decreases the surface free energy of the material, amino
functionalities (wrapped with clay sheets) facilitate adsorp-
tion of moisture and CO, through electronegative nitrogen
atoms. Being synthesized and dispersed in water at neutral
pH, it also minimizes the safety concerns, environmental
pollution, and operational cost, enhancing industrial viability.
Applicability of this material to develop a robust and flexible
waterproof paper is also demonstrated and tested with various
external perturbations. In short, herein a waterborne green
superhydrophobic material is developed through a one-step
wet-chemical process that possesses environmentally relevant
multifunctional properties and shows potential applicability
in various industries such as paints, packaging, clothing, and

paper.
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2. Results and Discussion

Figure la schematically represents one-pot chemical modifi-
cation of native clay (NC) particles with two different types of
silanes, octadecyltriethoxysilane (OS) and 3-(2-aminoethyl-
amino)propyltrimethoxysilane (AS), at room temperature, in
water. This results in excellent water-repelling thin films upon
spray coating the suspension over various soft and hard sub-
strates (Figure 1b). OS molecules, that possess low surface
energy because of the hydrocarbon chain, get slowly adsorbed
over clay sheets through hydroxyl groups and finally form cova-
lent bonds through hydrolysis.®d These hydrocarbon chains
introduce nonwetting characteristics to the hydrophilic clay
material that forced water droplet to sit as a sphere having a
static contact angle (CA) of 170° (Figure 1c). Thermodynami-
cally, it also minimizes the air-water—solid interfacial energy
of water droplet and facilitates its rolling-off. Water-repelling
property of the material was evaluated with advancing and
receding contact angle (AC and RC) and contact angle hysteresis
(CAH) measurements, which are more sensitive to the droplet
dynamics on the surface (Figure S1, Supporting Information).
This was further extended to droplet drag test (DDT) and vertical
droplet adhesion test (VDAT)®¥ (Figure S2 and Videos S1 and S2,
Supporting Information). Bouncing of a water droplet even over
a soft surface (coated filter paper) is pictorially presented in
Figure 1d and Video S3 in the Supporting Information.
Modified clay (MC) induces nanoscale surface roughness,
one of the prerequirements for superhydrophobicity, which was
revealed through atomic force microscopy (AFM) (Figure 2a).
While average surface roughness of the coated glass surface
was ~180 nm, NC coated glass surface showed an average
roughness of 30 nm (Figure S3, Supporting Information). Such
enhancement in roughness is known to be controlled by the
hydrophobic effect,® namely an interaction between water
and low surface energy molecules. Surface morphology of MC
coated filter paper was imaged by scanning electron microscopy
with a tilt angle of 45° (Figure S4, Supporting Information).
Uniformly distributed nanoscale features over micrometer
sized fibrous matrices facilitate the trapping of air, leading to
an excellent water-repelling property. Inset demonstrates the

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

INTERFACES

www.advmatinterfaces.de

Transmittance
(e

1170, C-N stretch —-ﬂ

= o)
7
1€ o 9%/ &2
> o L2 3
r aQ ~ oy
= ofl 58|23 g2
ol ,», 5| &€ 3|o =
Sl 2 sl &8 =
wdl 8 S
t S B ? ¢ EE T
Ll 2 «
{4 & G <
& b
T G
i ¢ Modified kaolinite

4 Modified
clay
Average roughness 180 nm 0nm 3750 3000

2250
Wavenumber (cm)

1500 750 0 200 400 600 800
Binding Energy (eV)

1000

Figure 2. a) AFM image of the coated glass substrate reveals the roughness of the coating (average roughness 180 nm). b) IR spectra of the super-
hydrophobic material (normal and modified clay). Peaks at 2852, 2924, 1384, and 1468 cm™' (marked area) correspond to various vibrational modes
of the C—H bond. Shoulder at 1170 cm™ (for expanded view, see Figure S6, Supporting Information), which broadened the spectrum, corresponds to
C—N stretching. c) Survey and deconvoluted XPS spectra in the O1s region showing the relative concentrations of Al=O—H and Al—O—Si linkages,

over chemically functionalized clay-coated surface.

top/perpendicular view (0°) of the surface. Figure S5 in the
Supporting Information demonstrates the cross-sectional view
of the layered superhydrophobic thin film, coated over a glass
substrate. Average thickness of the coating was 8-10 pm.

Mode of attachment of the incorporated chemical-functional-
ities with NC particles, being the underlying reason to provide
durable superhydrophobicity, was studied with IR spectros-
copy and X-ray photoelectron spectroscopy (XPS). Additional
peaks at 2852, 2924, 1384, and 1468 cm™ (marked) in the IR
spectrum of MC particles are related to the stretching, rocking
and bending vibrational modes of the C—H bond (Figure 2b).
This confirmed the chemical attachment of AS and OS with NC
particles which is solely inorganic in nature (being an alumi-
nosilicate). Apart from this, a shoulder at 1170 cm™ (marked,
expanded view Figure S6, Supporting Information), which is
associated with the broadening of IR spectrum of MC in the
region of 1100-1200 cm™?, is related to the C—N stretching. NC
particles (kaolinite) mostly consist of AlI-O—H and Al—-O—Si
groups where the upper-most layer of the surface contains rela-
tively higher concentration of AI-O—H (than Al—O—Si) groups
(Figure S7, Supporting Information). These active O—H groups
readily react with silane molecules resulting in an increase of
Al—O—Si network over the surface. Figure 2c shows the relative
concentrations of AlI-O—H and Al—O—Si for the MC coated
surface. Incorporation of hydrocarbon functionalities over the
clay surfaces also reflects the presence of substantial amount of
carbon (Figure 2c) compared to the unmodified one (Figure S8,
Supporting Information). Small peak in the region of 285 eV in
the spectrum of the NC corresponds to carbon, which mostly
comes from the organic species (Figure S8, Supporting Informa-
tion). Eventually, the covalent attachment between Si (from OS
or AS) and OH (from NC) leads to the long-standing stability of
the material. This was also tested by keeping both the as-syn-
thesized MC dispersion and the coated substrates for 3 months
at normal atmospheric condition and room temperature
(30-38 °C) (Experimental Section) in the laboratory condition.

Mechanical durability being an essential parameter toward
various industrial applications, MC coated superhydrophobic
surfaces were tested with several hard and soft abrasion tests.
Static and dynamic contact angles of water droplets over
abraded surfaces are graphically presented in Figure 3a. After
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every ten completed abrasion cycles, water CA were measured
and continued for 100 cycles. For instance, in the hard abra-
sion tests, the coated surface was subjected to sand paper
abrasion test with a load of 50 g and mechanical-pressing test
with a pressure of 264.4 atm (equivalent to a weight of 5 ton)
(Figure S9iii, Supporting Information). In the first case, even
though 100 abrasion cycles result in the removal of a few
layers of the coating, the underlying layers helped to retain
their water-repelling property intact® %l and made water drop-
lets to roll-off through the abraded surface areas (Figure 3a).
Similar water-repellent property was observed after mechanical-
pressing test where the coated surface was subjected to a pres-
sure of 264.4 atm (equivalent to a weight of 5 ton) (Figure S9ii,
Supporting Information). For soft abrasions, the coated surface
was tested with tissue paper abrasion and finger wiping test in
a cyclic fashion (Figure S9iii,iv, Supporting Information). Here
also, nonwettability was unchanged with spontaneous rolling-
off of the water droplets through the abraded areas (Figure 3a).
Unaltered superhydrophobicity of the abraded surface was
further examined with DDT and VDAT. DDT over finger-
wiped surface and VDAT over sand paper abraded surface are
presented in Figure S10a,b and Videos S4 and S5 in the Sup-
porting Information. To demonstrate the applicability of the
material for various paper-based technologies, the coated supe-
rhydrophobic paper was subjected to various manual-bending-
movements (Figure 3b,1-4) that are comparable to everyday
applications. These were performed 100 times and the treated-
surfaces were evaluated with CA and CAH measurements
(Figure 3c). Durability of the coated surface was further tested
with the oil-wash experiment (Figure S11, Supporting Infor-
mation) where the superhydrophobic surface (filter paper) was
artificially wetted with silicone oil and washed manually with
ethanol and hexane. Retention of water-repelling characteristic
upon the abovementioned experiments not only proves the
durability of the material, it also showed the effective binding
of the material with the substrate without any adhesive. This
binding is due to the self-polymerization of secondary amine
groups during the spontaneous drying process!®! that assists
the binding between the clay particles as well as between the
material and the substrate. These bending experiments also
demonstrate the flexibility of the coated paper.
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Figure 3. a) Durability of the water-repelling surface in terms of the change in CA and CAH of water droplet during multiple abrasion cycles. i) Sand
paper abrasion with 50 g of load (abrasion distance of 5 cm), ii) mechanical pressing with a pressure of 264.4 atm (equivalent to the weight of 5 ton),
iii) tissue paper abrasion, and iv) finger wiping test. b) Possible bending movements of the superhydrophobic paper (1)-(4). ¢) Change of nonwet-
ting property of the superhydrophobic paper (presented through static CA and CAH) upon manual bending cycles illustrated in (b), for 100 times.
d) Water-repelling and self-cleaning property of the coated paper after treating with an organic solvent (THF treated surface is demonstrated here).
Water droplets carry the dust and roll off. e) Durability of the coated paper upon various environmental perturbations such as temperature treatments
for 2 h (150 and —80 °C), exposure to direct sunlight and normal laboratory environment for 3 months. Inset: Static contact angles of water droplet
after corresponding experiments. f) Vertical droplet adhesion test over high-temp-treated superhydrophobic surface (1)—(3). Detachment of the water
droplet without leaving any trace of water over the treated surface proves the retained nonwetting property of the coated substrate.

Similar to the mechanical durability, stability of the mate-
rial toward low-surface-tension liquids that stick and penetrate
the surface easily, was tested with multiple organic solvents
having a range of polarity (Experimental Section). In the first
case, surfaces were washed with different organic solvents and
tested with the movement of water droplets after proper drying.
In all the cases, surfaces were observed to maintain their
superhydrophobicity and self-cleaning property. This is pre-
sented for tetrahydrofuran (THF)-treated surface in Figure 3d
(pictorially) and Video S6 in the Supporting Information. In
the second case, surfaces were immersed in selected solvents
and kept for a long time (50 h) at room temperature in a closed
container (to avoid the evaporation of the solvents). Water-
repelling property of these surfaces was evaluated through CA
and CAH measurements after every 5 h interval (Figure S12,
Supporting Information). Behavior of acidic and basic (pH =1
and pH = 14) water droplets over the coated surface was tested
with CA measurements and VDATs (Figures S13 and S14, Sup-
porting Information). Effect of various extreme environmental
conditions such as high-temp (150 °C), low-temp (-80 °C),
exposure to direct sunlight and normal laboratory conditions
for long time were also tested in order to test the industrial
relevance of this material (Figure 3e). Details are given in the
Experimental Section. Inset shows the CA of the water droplet
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after corresponding experiment. Treated surfaces were further
tested with VDAT. Figure 3f and Video S7 in the Supporting
Information correspond to VDAT over high-temp-treated
surfaces. Temperature stability of the material was further
investigated in detail till 250 °C and the exposed surfaces were
studied with CA and VDAT measurements (Figure S15a,b,
Supporting Information). VDAT with 250 °C temperature
treated surface was presented in Figure S15b in the Supporting
Information.

Apart from superhydrophobicity, the synthesized material
showed interesting and environmentally relevant properties,
such as adsorption of moisture and CO,. To demonstrate the
moisture capturing ability of the material, coated filter papers
were subjected to humid air (85% relative humidity, RH) in a
closed container and change of RH with time was studied at
constant temperature (25 °C). Surprisingly, within 2 min, RH of
the enclosure was seen to decrease to less than 20% (marked,
Figure 4a) and finally reached a constant value of (10 + 2)%
RH with time. This change in RH was not seen for filter paper
and NC (Figure S16, Supporting Information). Amino-func-
tionalities being the active sites to facilitate moisture-adsorp-
tion, along with the superhydrophobic material (AS + OS@
clay) that contain AS, a control study was performed with
only-amine functionalized clay (AS@clay) (Figure 4a, inset).
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Figure 4. a) Rapid adsorption of moisture by superhydrophobic material at constant temperature. (Inset) Experiments with amine functionalized
(AS@clay) and superhydrophobic (AS + OS@clay) surfaces prove that the amine functionalities are the underlying reason for moisture adsorp-
tion. Control experiment with NC is shown in Figure S16 in the Supporting Information. Both amine-functionalized clay and superhydrophobic clay
contain the same amount of amine functionality. b) Advancing and receding water contact angles over superhydrophobic surface after the moisture-
adsorption experiment (a). c) Consecutive cycles to achieve moisture saturation of the coated surface at constant temperature. Black curve represents
the sigmoidal nature of moisture adsorption toward saturation. (Inset) Static CA of water droplet over saturated superhydrophobic surface derived
from the experiment (c). d) Droplet drag test and e) vertical droplet adhesion test over moisture saturated superhydrophobic surface. f) A molecular-
surface-functionality model to illustrate the moisture adsorption phenomenon over functional superhydrophobic material. Assembled hydrocarbon
chains that control the bulk nonwettability (by decreasing surface energy and trapped air) but allow air molecules (moisture and CO,) to diffuse into
the assemblies. Inset: Interactions between electronegative nitrogen atom of amine group with water and CO,.

Similar decrease of RH for both the cases revealed the mois-
ture-adsorption mechanism as well as the importance of
amino-functionalities to impart such a property to the coating
material. Being an electronegative element, nitrogen atoms
easily interact with water molecules through hydrogen
bonds and facilitate adsorption of water. It is also possible
through the electrostatic interaction between amine and water
molecules, as secondary amine groups sometimes possess
distinct positive charges. This reflects the fast adsorption
kinetics of water molecules. Comparatively less adsorption
of moisture for AS@clay compared to the AS + OS@clay,
although concentration of amine-functionality was equal in
both the materials, suggests that along with the presence
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of active-chemical-functionalities, hydrophobic effect-induced
enhancement of surface roughness (Figure 2a) results in higher
surface exposure for the AS + OS@clay. However, the kinetics
of this moisture adsorption was seen to be identical for both
the materials, at constant temperature (25 °C). As surrounding
temperature having a great influence on both RH and adsorp-
tion kinetics, temperature-dependent studies were performed
with constant initial RH of 85% (Figure S17, Supporting Infor-
mation) where negligible difference in the moisture adsorption
was observed. Temperatures were chosen near indoor values.
Although all these experiments were performed between 20 and
30 °C, rapid moisture adsorbing capability of the material is
expected to be enhanced at lower surrounding temperatures.
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Surprisingly, the water-repellent property of the material
remained intact even after adsorption of moisture from air.
Corresponding AC, RC, and CA over moisture adsorbed sur-
faces are presented in Figure 4b and Figure S18 in the Sup-
porting Information. This was further studied in detail with a
moisture-saturated superhydrophobic surface where the satu-
ration-adsorption of the coated surface was carried out through
multiple adsorption cycles at 25 °C, presented in Figure 4c. CA
over this moisture-saturated sample was 170° (Figure 4c, inset),
similar to the untreated surface (Figure 1c). Nonwettability of the
moisture-saturated surface was also studied in detail with DDT
and VDAT (Figure 4d,e and Video S8, Supporting Information).
This can be correlated with the previously discussed experi-
ments in Figure 3e where even after long exposure to sunlight
and normal laboratory conditions (it results in the moisture-
saturated surface), surfaces retain their water-repelling charac-
teristics. For better understanding of such moisture adsorption
phenomenon over a functional superhydrophobic material, a
molecular-surface-functionality model is presented in Figure 4f.
While small AS molecules get wrapped over the clay particles
through a spontaneous self-polymerization of secondary amines,
OS molecules with hydrocarbon chain mostly stay perpendicular
to the surfacel® and control the bulk nonwetting property
of the surface by reducing the surface energy and by trapping
air inside the assemblies. Although these assemblies restrict
the penetration of water droplets, water vapor or moisture
(blue dots) can easily diffuse between these giant molecular
walls and get adsorbed with amine functionalities. Nitrogen
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atom-induced interaction between amine functionalities and
water molecules is shown in Figure 4f, inset. In short, the local
molecular structure (and dimension) with proper chemical func-
tionalities impart this property to the new superhydrophobic
material.

For CO, capturing experiments, the coated surface was
subjected to an artificially injected closed CO, environment.
Figure 5a shows different cycles of CO, adsorption at 25 °C
and a RH of 20%. Chemically, in this case also, molecular func-
tionalities such as primary and secondary amines facilitate the
adsorption of CO,. This is schematically presented in Figure 4f
where red color dots represent CO, molecules. Material shows
an approximate CO, uptake of 480 ppm (10.90 mmol L) under
ambient conditions having 75% humidity. However, in this
case, the adsorption kinetics was observed to be slower than the
previous one (humidity adsorption). Unchanged wettability of
the CO,-adsorbed material was measured with CA (Figure 5a,
inset). To identify the nature of chemical-bonding between CO,
molecules and amine groups, CO,-adsorbed material was char-
acterized with IR spectroscopy (Figure 5b—d). As percentage of
clay content is very high in the material and clay has various IR
active modes in the lower region, only-amine (AS) which plays
the key role to adsorb CO, was used to locate the chemical sig-
natures related to the adsorption and interaction of CO, with
amine groups (Figure 5b,c). Generally, CO, molecules bind with
amine functionalities and form amide groups. Observed peak at
1650 cm™! relates to this C=0 stretching of amides. Peaks at
1310 and 1412 cm™ correspond to the NCOO stretching
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Figure 5. a) CO, capturing phenomenon over superhydrophobic surface at constant temperature. Inset: Static water contact angle over CO, adsorbed
surface showing the retained superhydrophobicity of the coated substrates. b) IR spectrum of only-amine (AS) after CO, adsorption. As clay has
different IR active sites (in lower region), to locate the chemical changes properly upon CO, adsorption, only-amine was used here. Signatures
correspond to the uptake of CO, are marked. c) Enlarged view of the area of interest in the spectrum (b). d) IR spectra of CO,-adsorbed native clay,
amine-clay, and superhydrophobic clay. Characteristic features upon CO, adsorption are marked by dotted lines. These are present in both amine-clay
and superhydrophobic clay but not observed in the IR spectrum of native clay. ) Influence of relative humidity on CO, adsorption process at constant
temperature. f,g) Moisture and CO, adsorption performance (together) of the material at ambient conditions.
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which also confirms the binding of CO, with amine function-
alities. While peaks at 1030, 1120, and 1570 cm™ (shoulder)
are associated with ammonium carbamate, peak at 1470 cm™!
comes from NH;*/NH,". Distinct peak at 926 cm™" relates to the
N—H wagging of primary amine. However, these peaks are not
present in pure amine.['®l Figure 5d represents the IR spectra of
CO,-adsorbed NC, AS@clay, and AS + OS@clay, where none of
the characteristic features of CO, adsorption were seen for NC
(features due to CO, adsorption in AS@clay and AS + OS@clay
are marked). Humidity being an influential parameter for chem-
ical adsorption of CO,, humidity dependent experiments were
also performed at a constant temperature of 25 °C (Figure 5Se).
Adsorption of larger amount of CO, in higher RH (75%) com-
pared to the low humid condition (20% RH) again validated the
CO, capture mechanism of the material.'’”! While at low RH
(25%), surface was observed to show adsorption of 350 + 15 ppm
CO,, at RH 75% it was in the range of 480 + 15 ppm CO, on an
average. To demonstrate the real-life usability of the material,
moisture and CO, capture experiments were performed together
at constant temperature (Figure 5f,g). As seen before, in this case
also, rapid adsorption of water vapor/moisture was observed and
it decreased below 20% RH within a few minutes. At the same
time, CO, capturing ability of the material remained unaltered.
Having such important properties toward environmental issues
along with its durable nonwettability, we believe that this
multifunctional superhydrophobic material will enhance it
usability in different technologies including paints, flexible
electronics, and microfluidic devices.

3. Conclusion

In conclusion, we demonstrate the development of a green
and multifunctional waterborne superhydrophobic mate-
rial having an enhanced environmental relevance. Ability to
adsorb moisture and CO, at the same time without affecting
the water-repelling characteristics makes this material novel
and industrially valuable. Being synthesized in water and
ambient conditions, it promotes bulk production and mini-
mizes additional environmental concerns and safety related
issues. Durability of the coated surfaces against various
external perturbations revealed the applicability of the mate-
rial in day-to-day life. This includes various paper-based tech-
nologies, clothing, packaging, and many others. Molecular
functionality-driven rapid adsorption of moisture at different
temperatures promotes the versatile use of the material for
different purposes. CO, adsorption capability even in dry con-
dition highlights the potential of the material as well. Finally,
the ease of synthesis and ecofriendly nature of the material
not only broadens its industrial adoptability, it also addresses
the urgent environmental need toward reducing the impact of
air pollution and climate change.

4. Experimental Section

Materials: Al the chemicals were purchased from commercial
sources and used without further purification. Kaolinite clay was
purchased from Alpha minerals and chemicals (India). OS (95%) was
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purchased from Gelest (USA). AS (commercial grade) was purchased
from Rishichem Distributors (India). Ethanol, hexane, heptane, dimethyl
sulfoxide (DMSO), and THF were procured from RANKEM, India. All the
chemicals were used without further purification. Sandpaper (P320) was
purchased from a local hardware shop.

Synthesis: Chemical modification of the hydrophilic clay particles was
performed solely in water through a wet chemical process (Figure 1a and
Figure S19, Supporting Information). One pot synthesis of the material
includes the mixing of two differently functionalized silane molecules,
AS (1 mL) and OS (0.7 mL), with well-dispersed aqueous clay solution
(2.75 wt%) at room temperature and was kept under vigorous stirring
condition for 10-12 h. Although the silanes are generally very reactive in
water, chemical attachment of OS with clay particles was controlled, as
the solubility of OS in water is very low because of the long hydrophobic
tail. Having silane functionality in another end, this low surface energy
molecule initially gets adsorbed on the hydroxylated surfaces of clay
particles and slowly underwent hydrolysis forming chemical bond
with the clay sheet. As-synthesized dispersed material was then spray
coated over various substrates and kept for drying. Although the coated
surfaces were dried at room temperature (32 °C) and showed excellent
water-repelling characteristic, to enhance the evaporation rate of water,
coated substrates were also allowed to dry in warm condition (50 °C)
that does not change the chemical and physical properties of the
material (Figure S20, Supporting Information). Therefore, to prepare the
bulk samples for multiple experiments, this condition (drying at 50 °C)
was followed all the time.

Long Term Stability of the Material: Long-term stability of the material
was tested through two different ways. In the first case, as synthesized
material was immediately coated over the surfaces and kept for
3 months. In the second case, the synthesized material was stored for
3 months and then coated over the surfaces. In both the cases, surfaces
showed similar water-repelling property compared to the freshly
prepared samples (as-synthesized material immediately coated and
dried). In addition, the stability of the chemical attachments of these
molecules (AS and OS) with clay particles was also studied through
IR spectroscopy. Here, the dried material was sonicated in water for
30 min and the supernatant was studied by IR spectroscopy (Figure S21,
Supporting Information). In the Figure, spectrum of the supernatant
(blue) does not contain any characteristic peak of either AS (black) and
OS (red). Whereas the spectrum was similar to pure water (orange).

DDT and VDAT: For the drag test, a water droplet (=5 pL) attached
with a needle was dragged back and forth by 5 cm over a coated
surface and the change was observed in the shape of droplet during the
movement. Whereas in the second experiment, vertical droplet adhesion
test, water droplet (=5 pL) attached with a needle was moved up and
down and pushed vertically over the surface to deform the shape of the
droplet. Detachment of the water droplet from the superhydrophobic
surface without leaving any traces showed the extent of the water-
repelling nature of the material. These were performed in different
locations of the surface as well.

Sand Paper Abrasion and Mechanical Pressing Test: For sand paper
abrasion test, sand paper was placed between the surface and a load of
50 g and moved for 5 cm back and forth. After each ten consecutive cycles
CA, AC, and RC of water droplet over abraded surface were measured
and presented in Figure 3a. This was continued for 100 cycles. For
mechanical pressing test, coated surperhydrophobic paper was subjected
to a pressure of 264.4 atm (equivalent to the weight of 5 ton). In this
case, after every 1 h, CA, AC, and RC of water droplet was measured. This
pressure treatment of 1 h corresponds to ten complete cycles.

Oil-Wash Experiment: For the oil-wash experiment, a coated filter
paper was artificially wetted with viscous silicone oil. Being oleophilic
in nature, oil adsorbs on the surface nicely and goes inside the rough
surface structure. Adsorbed oil was then manually washed with ethanol
and hexane. Washed filter paper was further kept inside hexane for 12 h
and was tested with water after complete drying.

Chemical Durability Against Organic Solvents: Durability of the coated
surface against organic solvent was performed in two ways with THF,
DMSO, ethanol, and heptane. Solvents were chosen having different
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polarity. In the first case, coated surfaces were washed with these
solvents and tested with the movement of water droplets and self-
cleaning property. For the second one, coated surfaces were immersed
inside the organic solvents for 50 h in a closed container and tested with
CA, AC, RC, and CAH measurements every 5 h intervals.

Durability against Environmental Stresses: Durability of the coated
surface against various environmental stresses were evaluated by
treating the surface with extreme temperature, direct sunlight, and
normal laboratory atmosphere for long times. For temperature treatment,
surfaces were kept at 150 °C and —80 °C for 2 h. Treated surfaces were
tested with static and dynamic water contact angle measurements
once they reached to ambient temperature. Change in wetting property of
the surface upon exposure to sunlight and normal laboratory atmosphere
for long time was tested by keeping the surfaces outside (under direct
sunlight and laboratory environment) for 3 months. However, even after
a year the surfaces were observed to retain their superhydrophobicity.

Temperature Stability Experiment: For studying the stability of the
material at higher temperature (>150 °C), the coated surfaces were
tested at 200, 225, and 250 °C. In all the cases, to eliminate the aerial
oxidation, surfaces were heated in vacuum condition for 30 min.
Nonwettability of the treated surfaces was examined with CA and VDAT.
While till 250 °C, water droplets were observed to roll off nicely, above
this, pinning of the droplets was seen.

Moisture and CO, Adsorption Experiments: Both moisture and CO,
adsorption experiments were carried out with coated filter paper in a
closed container at constant temperature (25 °C). On an average =1 g
material was used to coat the filter papers. Reproducibility of such rapid
moisture adsorption and CO, adsorption were studied with same coated
filter paper for multiple time in a cyclic way. These are presented in
Figures 4a and 5a. In between the experiments, coated surfaces were
reactivated by desorbing the adsorbed water and CO, molecules at a
relatively warm condition (50-60 °C) for 10 min.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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