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Realizing the limits ...

... of sensitivity, while maintaining selectivity, is an ongoing quest. In their Communi-
cation on page 9596 ff., T. Pradeep et al. report a technique that allows for the detection
of tens of molecules of trinitrotoluene (TNT) by uniquely shaped anisotropic particles
called mesoflowers, which enhance the luminescence of silver clusters bound on them.

TNT interacts of with the bovine serum albumin protecting the clusters, leading to
luminescence quenching, and thus allowing detection. Wl LEY.VCH
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Conversion of double layer charge-stabilized Ag(acitrate colloids to thiol
passivated luminescent quantum clusters

L. Dhanalakshmi, T. Udayabhaskararao and Thalappil Pradeep*
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A red luminescent silver cluster was synthesized in milligram
quantities by the direct core reduction of the most widely studied
class of large silver nanoparticles, namely silver(@citrate of tens
of nanometres diameter. No byproducts such as thiolates were
detected, unlike in the case of typical methods of making such
clusters. The route provides nearly pure clusters. The possibility
to make diverse clusters from large nanoparticles expands the
scope of cluster research.

One of the most studied families of nanomaterials is noble
metal nanoparticles (NPs)! or colloids. A well known synthetic
methodology to make noble metal nanoparticles is the citrate
route, originally proposed by Turkevich et al. in 1951.% These
charge stabilized nanoparticles, commonly described as
M@citrate (M = Au, Ag) and their variants, exhibiting
intense surface plasmon resonance (SPR) have been the most
extensively used materials on which several unusual phenomena
at the nanoscale have been explored. Typical Ag@citrate NPs
are 30—70 nm in diameter while the gold analogues made under
identical conditions are smaller, 15-20 nm in diameter. Diverse
applications of such materials in catalysis,* spectroscopy,* water
purification® and a number of other areas became possible with
various forms of these NPs. Such NPs are different from the
more recent thiol and phosphene monolayer protected NPs in
terms of their stability. In the former case, stability is based on
the electrical double layer and in the latter, it is due to ligand
passivation. The most recent addition to noble metal nanoparticles
is their sub-nanometre size analogues, known as quantum clusters
(QCs) composed of a few metal atoms in the core and a protecting
ligand shell. Quantum clusters exhibit intense luminescence and
associated physicochemical properties. Diverse methodologies
have been employed to create clusters such as Au,s,® Auys,’
Aust Agy’ Agy,'® ete. Typically, many clusters are formed
together and versatile synthetic routes to create specific clusters
in pure form are desired. While smaller monolayer protected
nanoparticles of 2-3 nm or smaller diameter have been converted
to clusters, particularly Au,s, by a core etching protocol,®
the conversion of large, plasmonic NPs to clusters has not
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+ Electronic supplementary information (ESI) available. See DOI:
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been demonstrated. In this communication, we show that
luminescent silver clusters can be made in one step from the most
extensively studied family of nanomaterials, namely -citrate
protected nanoparticles. The formation of few atom clusters
starting from M @citrate may enable the exploration of properties
of a range of nanomaterials, from the largest to the smallest.
The process of synthesis involves making Ag@citrate NPs of
average diameter 30-70 nm by boiling 5 mM, 50 mL AgNO;
and adding aqueous sodium citrate (75 mg in 1 mL water) to it
and continuing boiling for 10 min. Reduction in core dimension
occurs by adding excess mercaptosuccinic acid (MSA, in solid
form; 73.5 mg, details are in S1, ESI{) and maintaining
a temperature of 70 °C, the temperature being critical. The
as-synthesized Ag@citrate NPs show a SPR at 420 nm
(Fig. 1Aa). During the reaction, there is a disappearance of
the plasmon feature at 420 nm (Fig. 1Ab) implying that no
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Fig. 1 (A) Spectral variation during the conversion of silver nano-
particles to quantum clusters. (a), (b) and (c) Spectra of parent
Ag(@citrate nanoparticles, that after 1 h and 24 h after adding
MSA, respectively. Insets: (d) Jacobian corrected spectrum of the
red trace as described in S1 (ESIt), (e) photograph of the crude
cluster in visible light, (e;) the same in UV light, (f) photograph of
PAGE separated cluster in visible and (f;) the same in UV light.
(B) Luminescence spectra of the cluster before (green trace) and after
(red trace) phase transfer. Excitation and emission wavelengths are
marked. C and C, are the photographs before and after phase transfer
in visible light and D and D; are in UV light. TEM images of
(E) Ag@citrate and (F) phase transferred cluster protected with
tetraoctylammonium bromide. Clusters are faintly visible. The larger
particles are due to electron beam induced aggregation.

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 (A) "H NMR spectrum of the Agoc@MSA cluster in DO along with that of MSA. The peak labeled with * is due to methanol used in
washing, which could not be removed despite freeze-drying. (B) XPS survey spectrum of Agoc@MSA cluster. Inset (i) and (i) are corresponding

to Ag 3d and S 2p. Their components are fitted.

gradual but direct core reduction happens, unlike in the core-
etching methods where the conversion is slower, taking hours.®
Spectra collected at various times such as 5 and 10 minutes after
adding MSA show this drastic decrease in plasmon features
(Fig. S2, ESI¥). The cluster formed has no apparent optical
absorption features (Fig. 1Ac). The step-like behavior and
specific features are clear after the Jacobian correction
(Fig. 1A inset, trace d). During the reaction, the color of the
solution changes from golden yellow to orange with no observable
precipitation due to thiolates or nanoparticles, unlike in the
case of core etching. The solution upon precipitation and
washing gave an orange powder (Fig. 1A, inset ¢) which shows
red luminescence in the solid state (Fig. 1A, inset e;). Extensive
literature on quantum clusters'' suggest that this luminescence
is indicative of their formation. To know the monodispersity
of the clusters, we separated the crude clusters by polyacrylamide
gel electrophoresis (details are in S1, ESI) which shows the
presence of a single band. The photograph of the gel with this
band was collected at room temperature in visible light and at
5 °C in UV light (Fig. 1A, inset (f and f;)). The pink
luminescence of the clusters is evident from the image. The
band upon extraction gives an optical absorption spectrum
resembling the crude (details in Fig. S3, ESIY) indicating that
the parent material has no visible impurities. As a result,
subsequent measurements were done with the crude. The
luminescence spectrum of the as-prepared Agoc@MSA shows
excitation at 450 nm and emission at 720 nm. The quantum
yield of the as-prepared cluster in water at 10 °C was found to
be 6 x 10~ using rodamine6G. The cluster can be easily phase
transferred (details are in S1, ESIt) and luminescence shows
an increase in intensity in the organic medium as shown in
Fig. 1B. Photographs of the cluster before and after phase transfer
in visible light (Fig. 1C and C;) and the same in UV light

(D and D;) show the expected characteristics. The cluster is
not visibly luminescent at room temperature in water
(Fig. 1D). From our previous studies of silver and gold QCs,
it is known that water quenches luminescence.!” However, a
toluene solution is visibly luminescent at room temperature
(RT, 23 °C). The parent citrate NPs are polydisperse with a
size in the range of 30-70 nm (Fig. 1E) while the clusters are
too tiny (~ 1 nm) to be seen under the electron beam (Fig. 1F)
and are also extremely beam sensitive, resulting in large
particles upon longer term irradiation (Fig. S4, ESIt).'? The
yield of the cluster is 44%, in terms of the metal used.

The '"H NMR spectra of MSA and Agoc@MSA clusters
were measured in D,O and are shown in Fig. 2A. Two strong
multiplets at 2.8 and 3.7 ppm in the "H NMR spectrum are from
CH, and CH protons of MSA, respectively. These multiplets
are broadened in the QC due to fast relaxation. Both CH and
CH, protons are shifted downfield, but CH protons are shifted
more because of the proximity to the silver core. The data
presented suggest the formation of MSA protected silver
clusters. Although detailed mass spectrometry (MS) was
attempted both by electrospray ionization (ESI) and by matrix
assisted laser desorption ionization (MALDI), no characteristic
features were obtained; however, the presence of silver, sulfur
and some Ag-MSA complexes was seen due to the decomposi-
tion of the cluster at higher capillary temperatures (Fig. S5 and
S6, ESIt). This is not surprising as many clusters are not stable
even under soft ionization conditions. Therefore, in the absence
of MS, a detailed elemental analysis was performed to arrive at
the cluster composition. The total organic fraction estimated
was 47.1% (15.3% C, 204% O, 10.2% S, 1.2% H) and
Inductively Coupled Plasma-Optical Emission Spectrometry
(ICP-OES) gave 53.2% weight of silver. All the results were
checked for reproducibility. These suggest a cluster compound

860 | Chem. Commun., 2012, 48, 859-861
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composed of ~38 Ag atoms and ~24 MSA ligands. The
calculated silver and organic fraction for Agi;g(MSA),4 is
53.4% Ag and 46.6% MSA. Slight changes are attributed
to water included in such a dicarboxylic acid incorporated
structure, despite long freeze-drying as suggested by infrared
spectroscopy (see below). Thermogravimetric (TG) analysis of
the as-prepared cluster (Fig. S7, ESIT) gives 38% of the organic
fraction as the remaining material was largely silver with some
sulfur. This is in agreement with Ag—S and S—C bond cleavages
in such clusters.!® Further support for the structure was
obtained from energy dispersive analysis of X-rays (EDAX)
and X-ray photoelectron spectroscopy (XPS). The silver to
sulfur atomic ratio in EDAX was 0.62 (calculated 0.63).
The EDAX spectrum and images of Ag, S, and C are shown
in Fig. S8, ESI{. XPS gave a silver to sulfur atomic ratio of
0.65. All these quantitative analyses support the tentative
formula of Ags;g(MSA),4. We are, however, continuing our
efforts on the MS analysis to confirm the composition.

The XPS survey spectrum shows all the expected elements
(Ag, C, O and S). High resolution XPS of silver shows Ag in
the Ag(0) state (Fig. 2B, i). A binding energy (BE) of 368.0 eV
for Ag 3ds), is similar to those of other silver clusters.'%13
S 2ps; appears at 162.0 eV due to S~ (Fig. 2B, ii). Both these
are characteristic of thiolate protected silver quantum clusters.
Expanded XPS spectra in the C 1s and O 1s regions are shown
in Fig. S9 (ESIt). The MSA protection is confirmed by the
IR spectrum which shows features corresponding to MSA
(C=0str ~1579cm™!, C-Oy, ~1388 cm™!, C-Hg, ~2929 cm™ 1)
and the disappearance of the S—H proton (Fig. S10, ESIY) in
the cluster is due to thiolate binding. The presence of water is
also clear from the IR data. X-Ray diffraction for Ag@citrate
gives features at 38°, 44°, 64°, 77° and 80°, but a broad peak
around 20 ~ 37° was obtained for Agoc@MSA clusters
(Fig. S11, ESI¥). This kind of large broadening of the peaks
is seen in gold'* and silver'® QCs.

The same method was tried with glutathione (SG) by
changing some experimental conditions (details are in SI,
ESIt). Agoc@SG clusters in powder form as well as in
organic phase show red luminescence. Absorption profiles of
Ag@citrate and Agoc@SG clusters upon reaction and the
luminescence spectrum of the phase transferred Agoc@SG
cluster are shown in Fig. S12, ESIt.

In conclusion, we report direct conversion of the most
studied class of nanoparticles to the most emerging category

of sub-nano materials by a simple one step route. This
methodology with various ligands and experimental conditions
may give diverse clusters with varying properties. Access to a
range of cluster sizes from tens of nanometres to sub-nanometres,
as in clusters, allows diverse properties to be examined.

We thank the Department of Science and Technology,
Government of India for financial support. Thanks to SAIF,
IIT Madras for NMR and ICP-OES.
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S1. Supplementary information 1
Experimental Section

Synthesis of Ag@citrate nanoparticles

Silver nanoparticles were prepared by the well-known Turkevich method. 5 mM solution of silver nitrate in 50 mL
deionized water was heated until it began to boil. 75 mg of sodium citrate dissolved in 1 mL deionized water was
added drop-wise to the boiling silver nitrate solution and the boiling was continued. The color of the solution slowly
turned into pale yellow, indicating the reduction of the Ag* ions. Heating was continued for an additional 10 min.
These nanoparticles show surface plasmon resonance peak at 420 nm which is characteristic of silver nanoparticles.

Synthesis of MSA protected silver quantum clusters

As prepared silver nanoparticle suspension was kept in ice cold water. 73.5 mg of MSA in powder form was added to
this solution and kept for stirring at 70 °C for 24 h. The color of the solution changes from golden yellow to orange.
Solution was freeze dried to yield a sticky paste which upon addition of water gave a concentrated solution. The
cluster was precipitated from it by the addition of methanol. The precipitate was repeatedly washed by 90% methanol
to remove unbound MSA and citrate ions. The product was dried under vacuum and was stored in the laboratory
atmosphere. Yield of crude Agac@MSA was 25 mg, starting from the above method, corresponding to 44% in terms
of silver.

Purification by polyacrylamide gel electrophoresis (PAGE): PAGE separation of the clusters was performed as
per the procedure given below.

A gel electrophoresis unit with 1 mm thick spacer (Bio-rad, Mini-protein Tetra cell) was used to process the PAGE.
Total contents of the acrylamide monomers were 28% (bis(acrylamide:acrylamide) = 7:93) and 3%
(bis(acrylamide:acrylamide) = 6:94) for the separation and condensation gels, respectively. The eluting buffer
consisted of 192 mM glycine and 25 mM tris(hydroxymethylamine). The crude mixture of Agac@MSA clusters, as a
orange powder, obtained from the reaction was dissolved in 5% (v/v) glycerol-water solution (1 mL) at a
concentration of 60 mg/mL. The sample solution (1.0 mL) was loaded onto a 1 mm gel and eluted for 4 h at a
constant voltage of 100 V to achieve separation shown in Fig. 1A (f, f1). The gel fractions containing the clusters were
cut out, ground, and dipped in distilled water (2 mL) for 10 min. Subsequently, the solutions were centrifuged at
15,000 rpm for 15 min at -10 °C, followed by filtering with filter paper having 0.22 um pores to remove the gel lumps
suspended in the solution. The samples were freeze dried to get the Agac@MSA powder. This was dispersed in
water and UV spectrum was collected (Fig. S3).

Even without PAGE, the clusters are rather pure, the excess MSA was removed by washing with methanol many
times.

Procedure for phase transfer

Clusters were phase transferred to toluene layer by using tetraoctlyammonium bromide as phase transfer agent.
Procedure is as follows: 2 mL of cluster in water was phase transferred to 2 mL of toluene by using 5 mg of
tetraoctylammonium bromide

Synthesis of Agac@SG

Citrate capped silver nanoparticles were prepared by taking 1mM silver nitrate in 50 ml deionized water in a

synthesizer tube and was heated until it began to boil (100 °C). 1 mL of 47 mM sodium citrate was added dropwise to

the silver nitrate solution and boiling was continued for 15 min to get the nanoparticle. Synthesizer tube containing
2
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nanoparticle suspension was kept in ice-cold water. Cluster formation was preferable at basic conditions obtained by
the addition of 1 mL of 0.15 M NaOH. To get the clusters 30.7 mg of glutathione in solid form was added and the
solution was kept for stirring at 70 °C for 48 h. The color of the solution changes from yellow to orange. The
Agac@SG powder was obtained by following the same procedure used for Agac@MSA. Powder in visible light
appears as orange and it can be stored at laboratory conditions.

Method of Jacobian correction

To amplify the less-intense absorption features, the data have been corrected with the Jacobian factor. For this, the
experimentally obtained absorbance values as a function of wavelength [I(w)], were converted to energy-dependent
numbers [I(E)], using the expression,

E = 19 o (o)
OE/d o

where 9E/dw represents the Jacobian factor.

Analytical procedures

A. UV-vis spectroscopy

UV-vis spectra were recorded using Perkin Elmer Lambda 25 UV-vis spectrometer. Spectra were typically measured
in the range of 190-1100 nm.

B. Fourier-transform infrared (FT-IR) spectra

Perkin Elmer Spectrum One instrument were used for measuring FT-IR spectra. KBr crystals were used as the
matrix for sample preparation.

C. Luminescence spectroscopy

The photoexcitation and luminescence studies were carried out using HORIBA JOBIN VYON Nano Log
spectrofluorimeter with 100-W xenon lamp as excitation source. The band pass for both excitation and emission was
setas 5 nm.

D. Transmission electron microscopy (TEM)

TEM images were collected using a JEOL 3010 microscope. A diluted solution of phase transferred cluster was
spotted on carbon coated copper grid and was dried in laboratory ambience.

E. ESIMS

Mass spectrometric studies were conducted using an electrospray system, MDX Sciex 3200 QTRAP MS/MS
instrument having a mass range of m/z 50-1700. As prepared clusters were dissolv3d in 1:1 water/methanol mixture
in ppm concentration. The samples were electrosprayed at a flow rate of 10 uL/min and ion spray voltage of 5 kV.
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F. Matrix assisted laser desorption ionization time of flight mass spectrometry (MALDI TOF MS)

The mass spectrometric studies were also conducted using a Voyager DE PRO Biospectrometry Workstation
(Applied Biosystems) MALDI TOF MS instrument. A pulsed nitrogen laser of 337 nm was used (maximum firing rate:
20 Hz, maximum pulse energy: 300 mJ) for desorption ionization and TOF was operated in the delayed extraction
mode. The mass spectra were collected in negative mode and were averaged for 100 shots. The spectra were
simulated using the Data explorer version 4.0.0.0 software provided by Applied Biosystems Inc. which uses the
isotope database of IUPAC.

G. SEM and EDAX analyses

Scanning electron microscopic (SEM) and energy dispersive X-ray (EDAX) analyses were done in a FEI QUANTA-
200 SEM. For measurements, clusters were drop-casted on an indium tin oxide coated conducting glass and dried
in vacuum.

H. X-ray photoelectron spectroscopy

XPS measurement was done using an Omicron Nanotechnology spectrometer with polychromatic Al Ka X-rays. As
prepared clusters in water were spotted on a Mo plate and allowed to dry in vacuum. The X-ray flux was adjusted to
reduce beam induced damage of the sample. The spectrometer was operated in the constant analyzer energy mode.
Survey and high-resolution spectra were collected using pass energies of 50 and 20 eV, respectively. The binding
energy was calibrated with respect to C 1s at 285.0 eV.

I.  X-ray powder diffraction

Powder XRD patterns of the samples were recorded using PANalytical X'pertPro diffractometer. The powder
samples of parent silver nanoparticles and clusters were taken on a glass plate and the X-ray diffractogram was
collected in the 20 range of 5 to 100 degrees.

J. Thermogravimetry (TG)

TG analyses of the as-prepared clusters were carried out with a Perkin Elmer TGA 7 at a heating rate of 20 °C per
min in N2 atmosphere.

K. NMR

H NMR spectra were measured with 500 MHz Bruker AVANCE |1l spectrometer. 20 mg/ 0.5 mL D20 was used for
HNMR analyses.

L. Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES)

ICP-OES measurements were done using Perkin EImer Optima 5300 DV. As prepared cluster was dissolved in
distilled water in ppm concentrations.



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2011

S2. Supplementary information 2

Time dependent UV-Vis spectra
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Fig S2. Spectral variation of Ag@citrate NPs after the addition of MSA followed by heating at 70 °C. After adding

MSA, SPR peak of Ag@citrate NPs disappears after 10 minutes. The data at 5 and 10 minutes show a weakening
shoulder due to the plasmon resonance.
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S3. Supplementary information 3

UV-Vis of Agac@MSA after PAGE
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Fig S3. UV spectrum of Agac@MSA cluster after PAGE separation, showing the similar feature corresponding to as-
synthesized cluster.
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TEM, effect of electron beam irradiation
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Fig S4. TEM image of phase transferred Agac@MSA cluster aggregates upon continuous electron beam irradiation.
The same regions of the grid are shown in images a, b, ¢ and d. Image ‘a’ is at the start of the irradiation showing
small clusters, image ‘b’ is after 30 sec. In ‘c’ the irradiation time was 60 sec. It was 90 sec in ‘d’. Diagram ‘e’ is the
particle size distribution corresponding to the TEM image ‘d’. Various size distributions from 3 to 11.5 nm are due to
Agac@MSA cluster aggregates, upon electron beam irradiation.
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S5. Supplementary information 5

ESI MS of as-prepared Agac@MSA cluster
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Fig S5. ESI MS of the Agac@MSA cluster collected in the negative mode. Peaks with * show the Na adducts of the
preceding formula. These appear to be decomposition products.
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S6. Supplementary information 6

MALDI MS
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Fig S6. MALDI MS of Agac@MSA cluster in negative mode. The AgnSm- series is labeled with their corresponding
molecular formulae. Peaks with * show the Na adducts of the preceding formula. Inset shows expanded view of the
MALDI MS.
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TG analysis
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Fig S7. Thermogravimetric (TG) analysis of Agac@MSA clusters performed under N>. A detailed analysis of the
data was not attempted as such clusters decompose leaving Ag>S as well as Ag. Several organic species are
observed in thermal decomposition of such clusters. Both Ag-S and S-C bond cleavages are observed (unpublished
data).
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S8. Supplementary information 8

SEM/EDAX
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Fig S8. A) SEM and EDAX images of the cluster. EDAX maps using C Kq, Ag Lq, and S Kq are shown. B) EDAX
spectrum of Agac@MSA cluster.
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S9. Supplementary information 9

XPS
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Fig S9. a) and b) C 1s and O 1s XPS spectra, respectively. C 1s region shows three peaks at 285.0, 286.8 and
288.3 eV, corresponding to the CH/CH2, C-S and COO- groups respectively. O 1s shows peaks at 529.6, 530.8,
532.0 and 533.5 eV corresponding to various species such as hydroxyl group, carboxylate oxygens and adsorbed
H20. The Ag:S atomic ratio is 1:0.65 whereas the expected value is 1:0.63. The C:O ratio is not reliable in view of
potential surface contamination.

12



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2011

$10. Supplementary information 10
FT-IR
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Fig S$10. FT-IR spectra of (a) MSA (b) as-prepared Agac@MSA. The -SH stretching feature at 2575 cm-" in HoMSA is
marked by a circle in (a) which is absent in Agac@MSA cluster. HoMSA features in the region of 2000-500 cm!
confirm the presence of MSA in the cluster. The strong band at 3434 cm-! in FT-IR of Agac@MSA is due to hydrated
water.
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Fig S11. Comparing the X-ray diffraction patterns of (a) Ag@citrate (b) Agac@MSA.
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Agac@SG quantum cluster
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Fig S12. Absorption profile of Ag@citrate and Agac@SG cluster upon reaction. Inset shows the luminescence
spectrum of the phase transferred Agac@SG cluster.
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Stable gold cluster molecules of the type Au,;,['” Au,;, "> and
Aus, 'Y have been fascinating and were some of the early
molecular nanosystems synthesized. Quantum phenomena
such as Coulomb blockade were demonstrated with them.™
Unusually intense luminescence and chemical reactivity of
molecular clusters or quantum clusters (QCs) of noble metals,
for example gold®* <! have attracted intense interest in areas
such as nanophotonics bioimaging,® catalysis,® and
others. In the past several years, some of these clusters
have been characterized thoroughly, both theoretically® and
experimentally.’! Several reports of various core sizes of silver
clusters are also known."") However, synthesis of atomically
precise alloy QCs of various compositions is a challenge.!""
Murray et al. synthesized Pd@Au,,(SR),s which was further
studied by Negishi etall'™ Negishi etal. isolated
PdAu24(SR)18.“1b] AgAuys_,(SR)5, and  (AuAg)14(SR)e
(R =organic soluble alkyl/aryl groups) were obtained by
simultaneously reducing metal salts in suitable condi-
tions."*dl There is also a family of well-characterized Ag/
Au/Cu cluster complexes!'? that are different from the metal
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core clusters discussed herein. We present the very first
experimental investigation of the water-soluble AgAu alloy
system belonging to the 13-atom family of clusters by a new
synthetic route that reveals a category of materials of
structural and electronic complexity that is expected to
attract interest in the coming years.

The bimetallic 13-atom QC Ag;Au,, which is protected
with mercaptosuccinic acid (H,MSA, or its dianion MSA
upon ionization in solution), exhibits well-defined transitions
in the absorption profile. This QC is prepared from the Ag;g
cluster (containing a mixture of Ag; and Agg)."*!! Synthesis of
alloy QCs involves three steps (for details, see the Supporting
Information, S1). The various stages of synthesis are shown in
Figure 1. First step is the synthesis of polydisperse
Ag@H,MSA nanoparticles followed by the synthesis of
Ag;s clusters by interfacial etching in the second step, as
reported previously."" Addition of an appropriate amount of
10 mm HAuCl, to the as-synthesized Ag; cluster in the third
step yields the alloy cluster (for details see the Experimental
Section).

Intensity

Figure 1. Changes observed during synthesis. A,B) Solutions of Ag; 5
(A) and the alloy QC (B) after synthesis under visible light. Insets: the
same samples under UV light. C) UV/Vis profile of a) Ag,; and

b) Alloy QC measured in water; arrows indicate the well-defined optical
features of the cluster. D) Luminescence spectra of a) Ag; 4 and b) alloy
QC in water at 300 K. E) Photographs of a,a') alloy QC in water and
b,b") in the solid state under visible and UV light. F) Comparison of
the PAGE of a,a') Ag; and b,b') alloy QC. Photographs of gel in visible
(a, b) and UV (', b') light. Band positions are marked with circles on
the gels.
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Photographs of Ag;; clusters and the alloy QC product
after synthesis are shown in Figure 1. During the reaction, the
solution becomes turbid and the color changes from reddish
brown to orange, indicating the completion of the reaction. A
yellowish-white precipitate was removed upon centrifugation
and the supernatant appears as a clear reddish yellow
solution. The precipitate formed during the reaction is
AgCl, as confirmed from XRD and EDAX (Supporting
Information, S2). Note that both the thiolate and AgCl are
insoluble in water. Finally, the supernatant was lyophilized
and a powder sample was obtained for analyzing the cluster in
detail. The as-synthesized clusters are stable for months in
aqueous phase by storing at low temperatures (below 283 K)
and in solid state at room temperature.

The absorption peak from the as-synthesized Ag; cluster
at 530 nm (2.34 eV) disappeared within a short reaction time
(1 min) and new optical absorption features appear in the
next 15 min of reaction with features at 350 (3.54 ¢V) and
692 nm (1.79 eV). Figure 1C gives the plot of the natural
logarithm of the Jacobian factor (details in the Supporting
Information) versus wavelength of these clusters, to show the
molecular features more clearly. Well-defined absorption
features are marked with arrows. Note that Au,; cluster also
exhibits the peak around 700 nm."* Furthermore, changes in
luminescence were observed before and after the reaction,
which were attributed to the modifications of the core. For
Ag;s, the excitation and emission maxima are at 670 and
770 nm, whereas for alloy QCs the values are at 390 and
650 nm, respectively (Figure 1D, a,b). Although Ag;; cluster
emission is weak (quantum yield (QY) of 8 x 10~°) at room
temperature (300 K), for Ag;Au,, the emission intensity is
enhanced and the QY was 3.5 x 1072 The materials, in both
solution and solid states, show bright emission that can be
photographed (Figure 1E). Polyacrylamide gel electrophore-
sis (PAGE) of Agg QC (pre-separated"* sample from Ag; )
and alloy QC are compared in Figure 1F. They moved to
different extent, but as single bands with different mobilities.
The mobility of alloy QCs is less than that of Ags QCs,
indicating the increase in cluster size. The presence of a single
band indicates the formation of one type of cluster in the
synthesis. The Agg band does not luminesce brightly at room
temperature,'" whereas the alloy QC band shows visible red
luminescence under UV light at room temperature (Fig-
ure 1F, a', b'). Alloy QCs extracted from the band to water
does not show observable shift in the luminescence peak
position compared to the crude but there is a slight increase in
the intensity (Supporting Information, S3), indicating that
both the samples are the same. The cluster appears faintly in
TEM but aggregates upon longer electron beam irradiation
(Supporting Information, S4) as seen in such clusters.1%

The molecular formula and nature of the monolayer
binding are supported by XPS, FTIR, and EDAX (Supporting
Information, S5-S7). XPS survey spectrum of Ag;Au, shows
the expected elements. The Au4f;, peak at 84.7 eV supports
a state intermediate to Au' thiolate (86.0eV) and Au film
(84.0eV) (Figure 2A, a). There is a slight binding energy
(BE) shift of 0.7 eV compared to bulk gold, it is expected for
monolayer protected QCs owing to —S—Au—S— staples.”] A
lower binding energy compared to Au' thiolate is due to the

www.angewandte.org
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Figure 2. A) XPS spectra in the a) Au4f and b) Ag3d regions of
Ag;Aug(H,MSA),,. Dotted lines indicate the Au4f;, and Ag3d;,,
positions of the Au® and Ag® metallic films. B) Simulated absorption
spectrum using time-dependent density functional theory (TDDFT).
The data are compared with the experimental spectrum (full line). The
region in between 1.4 to 2.3 eV is expanded. Inset: One of the
optimized structures of the model cluster, Ag;Aug(SCH;)o, with which
the spectrum was simulated. Ag large light gray, Au black, S small dark
gray, CH; small light gray.

smaller extent of electron donation from the Au core to thiol
ligands in QCs. Ag3ds, (BE of 368.1 €V) supports the Ag’
state (Figure 2 A, b). Note that there is not much difference in
BE between Ag’ and Ag' states, unlike in the case of Au. The
S2p;, BE is thiolate-like and a value of 162.0 eV is observed
(Supporting Information, S5). An additional S2p;, peak at
164.1 eV observed upon peak fitting may be due to other
ligand binding sites or X-ray induced damage.l'¥! The total
area of the both peaks was used for the estimation of sulfur.
An XPS study confirms that a cluster composed of Au and Ag
was formed with thiolate protection. "H NMR of the cluster is
similar to Ag; " and Ag,["™ clusters protected with MSA,
but extent of chemical shift and line broadening are different.

Several direct and indirect methods were used to know
the composition of the alloy QC. All the results (discussed

Angew. Chem. Int. Ed. 2012, 51, 21552159
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below) compelled us to assign a formula of Ag;Aus(MSA),, to
the cluster. The Ag/Au/S atomic ratio measured in EDAX
and XPS were 1:0.82:1.42 and 1:0.84:1.40, respectively in
agreement with the ratio expected from the composition of
Ag;Aug(MSA),, namely, 1:0.86:1.43 (normalized with respect
to Ag). Elemental analysis showed that the cluster contains an
organic fraction of about 43.7% (C 14.03, H 1.76, O 18.68,
S 9.34%), in good agreement with calculated value of 43.4%.
Au and Ag were independently estimated by ICP AES and
were found to be 35.2% and 23.4%, respectively (expected
34.4 and 22.0 %, respectively).

We have investigated the geometric and electronic
structures of the model system, Ag;Au,(SCH,),, theoretically
(for details, see the Supporting Information, S1). The Ag;Au,
core was fully optimized without any symmetry restrictions
and then the ligands were added, yielding Ag;Aus(SCH3),0;
the structure was optimized again. One of the possible
structures is presented in Figure 2B, which originated from
the Ag;Aug core of C,, symmetry, with the thiolates bonded in
a bridged form, —Au/Ag—SR—Au/Ag—. The structure has
a distorted icosahedral core. The simulated absorption spectra
of this structure obtained by time-dependent density func-
tional theory (TDDFT) agreed well with the experimental
results, showing several excited states with relatively strong
oscillator strengths coinciding with the experimentally mea-
sured values of 350 and 692 nm. There are a few other
structures of similar energies as well (Supporting Information,
S8).

Electrospray ionization mass spectrometry (ESI-MS)
measurements of the as-prepared cluster does not show
characteristic peaks owing to its decomposition at capillary
temperatures. This is not surprising as the cluster in aqueous
medium starts degrading to thiolates around 313 K. Similar
degradation was also observed for Ag, QCs.'™ To create
charged droplets at minimum capillary temperatures in ESI,
we performed partial ligand exchange and transferred the
cluster to the organic medium (Supporting Information, S1).
The exchanged product in toluene shows absorption peaks at
350 and 690 nm that match with the absorption profiles of the
MSA protected cluster, thus indicating that the cluster core is
the same under ligand exchange.’™™ Luminescence spectra
also did not show change, suggesting the same (Supporting
Information, S9). It was important that the ligand exchange
was partial so that some H,MSA ligands are also present on
the cluster that could yield carboxylate ions upon ionization.

A mass spectrum of PET- (phenylethanethiol) exchanged
clusters in toluene/methanol (1:1, v/v) mixture (Figure 3)
showed characteristic signatures that correspond to these
clusters. Several aspects of the mass spectrum support
a chemical composition of Ag;Aug(ligand),, for the cluster.
First, the observed isotope pattern matches perfectly with the
theoretical prediction. Second, the peak positions of the ions
are in perfect agreement, and third, the mass spectral series
terminate exactly after six tropylium losses, as only six PET
ligands are exchanged and they only can show these losses.
The spectrum is seen only in the negative-ion mode, as
H,MSA is a dicarboxylic acid (giving MSA dianion after
complete ionization). This assignment also matches well with
the HT exchanged cluster (Supporting Information, S10). The
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Figure 3. ESI MS spectrum of the PET-exchanged cluster in the
negative-ion mode and in the region m/z 1000-1700. Sequential loss
of tropylium (n=0, 1, 2...6) was seen in ionization. The clusters show
substitution of six ligands. The calculated isotope pattern is shown as
gray under the experimental peak envelope in inset A. Inset B shows
fragments.

lower-mass (m/z 1000-1300) peaks are from the smaller
fragments owing to fragmentation. The peaks in the series are
separated by m/z 12 and are due to the exchange of PET (MW
138.20) for H,MSA (MW 150.15), as shown in Figure 3B.

Several experimental results®™!”l suggest that the position
and intensity of the emission depends on the type of the
protecting ligand. The luminescence intensity was a function
of ligand protection; it followed the trend PET > OT > HT.
The ligands influence the luminescence emission as observed
in the Au,s system.’%) Ag;Aug(MSA),, shows enhancement
in luminescence upon phase transfer to toluene using phase
transfer agent TOABr (Supporting Information, S11).P¢10]
The average luminescence lifetimes for these samples before
and after phase transfer were 1.0 and 10.0 ns, respectively. The
percentage of the faster component decreased by 30 % after
phase transfer; this is a consequence of reduction in non-
radiative decay.™ This kind of reduction is also observed for
ligand-exchanged products (excitation at 409 nm and detec-
tion at 650 nm) of Ag;Aus(PET) (H,MSA),,_,, Ag;Aus(HT),-
(H,MSA),,_,, and Ag;Au,(OT),(H,MSA),,_,. Their average
luminescence lifetimes are in the order PET>OT>HT
(11.9>7.9 > 4.8 ns). All of the samples exhibit a tri-exponen-
tial decay. There seems to be a pattern of average lifetime that
may depend on the electron-donating property of the
ligands."™ Lifetimes of the cluster before and after phase
transfer and ligand exchange are given in the Supporting
Information, S12.
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Communications

From our previous reports, QCs undergo decomposition
in presence of free metal ions, especially Au*".P It is also
known that a metal-core galvanic exchange reaction was
successful when Ag/Pd/Cu nanoparticles were treated with
Au'SR instead of Au*".l"®) We propose that the mechanism of
formation of the bimetallic clusters involves the reaction of
Au*" with unbound H,MSA or Ag thiolate, forming Au'-
thiolate, which reacts with the Ag; clusters to form the alloy
cluster. Indeed, the addition of Au' thiolate to pure PAGE-
separated Agg clusters also forms the desired product. The
addition (of more than the optimized mount) of HAuCl, to
crude Ag;; clusters produces plasmonic nanoparticles, and
further addition leads to charge neutralization according to
the Schultz-Hardy rule,"¥ resulting in coagulation and
settling. This residue was analyzed using TEM, SEM, and
a luminescence image, which shows the presence of tubular
arrangement of nanoparticles (Supporting Information, S13).
It is expected that thiolate acts as a template for this
arrangement of nanoparticles (note that thiolate structures
are layered).l'"”? Several systematic control experiments were
carried out to improve the yield of the alloy cluster and to
arrive at this simplified procedure (Supporting Information,
S14).

It is important to have various specific ingredients to form
the cluster. Direct addition of HAuCl, to Ag' thiolate or to
PAGE-purified Agg separately did not produce the desired
product. In the former case, it is understood that there is no
driving force for the reduction of Au*'. In the latter case, the
addition of HAuCl, to pure Aggleads to the decomposition of
the cluster and simultaneous reduction of Au** This results in
the formation of differently shaped gold-silver plasmonic
nanomaterials (Supporting Information, S15, S16). This kind
of decomposition reaction was observed in purified crude
mixture of clusters (in the absence of thiolates + unbound
H,MSA; for details see the Supporting Information, S1),
indicating that both the clusters are playing a similar role in
the reaction. However, a detailed mechanism of the forma-
tion of alloy clusters requires extensive investigations.

Similar experiments were carried out by taking gluta-
thione-protected clusters. For this case, interfacial etching of
polydisperse Ag@MSA was carried out with glutathione to
produce Ag@SG QCs. The addition of HAuCl, to crude
Ag@SG gives a red luminescent alloy QC with a distinct
absorption profile. The protection of glutathione was con-
firmed by NMR spectroscopy (Supporting Information, S17).
The extent of reaction to other kinds of silver QCs was also
checked. For that we selected well-characterized, atomically
pure Agy(MSA),."" There are changes in the absorption
profile during the reaction between Au'MSA and Ag, QCs.
Reactions are very sensitive to the concentrations of reac-
tants, and diverse clusters of varying properties can be
prepared (Supporting Information, S18). Detailed experi-
mental characterization of the clusters is beyond the scope of
this work and will be reported separately.

In summary, a new 13-core Ag;Au, QC was synthesized by
a galvanic exchange reaction, starting from Ag,g precursor. It
exhibits quantum confinement in the absorption profile. The
cluster is pure as confirmed by PAGE and was characterized
by UV/Vis, FTIR, luminescence, TEM, XPS, SEM/EDAX,
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and ESI MS. Possible structures have been investigated
theoretically. The extension of this reaction to produce
various alloy QCs was carried out by taking Ago-@SG and
Agy(MSA), as examples.

Experimental Section

Synthesis of alloy QCs: To of as-synthesized crude Ag;g cluster
(3.0 mL reddish brown solution in water containing Agg+ Ag; + thi-
olate) without washing, containing 10.0 mg of clusters, HAuCl,
(6.0 mL, 10 mm) was added and stirred for 15 min at 293 K. The
formation of the cluster was checked by the appearance of
luminescence under UV light which was absent at 300 K for the
parent clusters. The resultant solution was centrifuged to remove
AgCl and thiolate. The reaction product was precipitated by the
addition of excess methanol and washed to remove dissolved
reactants such as H,MSA or other ions. The cluster product was
obtained by solvent evaporation using a rotary evaporator and the
material was stored in the laboratory atmosphere. Analytical and
computational methods are described in the Supporting Information,
S1.
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Experimental Section

Synthesis of Agz,s: About 85 mg of AgNQs, dissolved in 1.7 mL water, was added to 448.9 mg of HoMSA in 100 mL
methanol under ice-cold conditions with vigorous stirring. Silver was reduced to the zero-valent state by slow addition
of freshly prepared aqueous NaBH4 solution (0.2 M, 25 mL). The reaction mixture was stirred for 1 h. The resulting
precipitate was collected and repeatedly washed with methanol by centrifugal precipitation. Finally, the Ag@(H2MSA)
precipitate was dried and collected as a dark brown powder. Interfacial etching was performed in an aqueous/organic
biphasic system. Ag@(H2MSA) (100 mg in 100 mL H20) was dispersed in the aqueous phase. An aqueous solution
of the as-synthesized Ag@(H2MSA) nanoparticles was added to an excess of Ho2MSA in toluene (1/2 water/toluene
ratio). A weight ratio of 1:3 was used (Ag@(H2MSA):H2MSA). The resulting mixture was stirred for 48 h at room
temperature (ca. 300 K). Initiation of interfacial etching is indicated by the appearance of a blue layer at the interface
after 0.5-1 h. As the reaction proceeds, the color of the aqueous phase changes from reddish brown to yellow, and
finally to orange. After centrifugation, thiolate got precipitated and gives a reddish brown solution which contains Ags,
Ag7, smaller amounts of thiolate and unbound H2MSA. This solution is mentioned as crude Agr g cluster solution. For
further purification the solution was concentrated using freeze dry. The concentrated sample was centrifuged at
18,000 rpm, 278 K for 20 min to remove of thiolates. By the addition of methanol to supernatant, cluster product was
precipitated from it and the precipitate was repeatedly washed with 90% methanol to remove excess HoMSA. The
final precipitate contains both clusters and free from thiolates and HoMSA.

AgrAug clusters were prepared as mentioned in the main text.

Ligand exchange reactions: Exchange reaction was done with phenylethanethiol (PET), hexanethiol (HT) and
octanethiol (OT). 0.01M of these thiols were taken in 2.0 mL of toluene on top of 3.0 mL (3.3 mg/mL) of
Ag7Au6(H2MSA)1o cluster solution. The mixture was gently stirred for 3 hours at 273 K. Exchange can be observed
directly by visible color change of the toluene phase form colorless to reddish yellow. This was subjected to solvent
evaporation to yield a paste-like material, which was washed with water several times and the final precipitate was
soluble in toluene. Analytical and computational methods are described in S1.

Synthesis of Agoac@SG: Ag@H:MSA nanoparticles and glutathione were taken (weight ratio of 1:3) in
aqueous/toluene biphasic system. The resulting mixture was stirred for 48 h at room temperature (~300 K). As the
reaction proceeds, the reddish brown color of the aqueous phase gradually disappears and finally it converts to
orange. The separated aqueous phase is freeze dried and was washed with methanol to remove excess GSH. The
product in powder form was obtained by solvent evaporation using rotavapor and stored in closed container since it
is hygroscopic.

Phase transfer of AgzAug(H2MSA)1: 10 mg of alloy clusters was dissolved in 50 mL of distilled water. 5 mL of 3
mM TOABr [tetraoctylammonium bromide {CH3(CH2)71N Br)] in toluene was added to make an immiscible layer
above the water phase. Toluene got colored upon stirring the mixture for 2 min, indicating the transfer of cluster from
aqueous to organic phase. Phase transfer occurred due to the electrostatic interaction of anionic carboxylic group of
MSA to quaternary nitrogen group of TOA*.

Purification by polyacrylamide gel electrophoresis (PAGE): PAGE separation of the clusters was performed as
per the procedure given below.

A gel electrophoresis unit with 1 mm thick spacer (Bio-rad, Mini-protein Tetra cell) was used to process the PAGE.
The total contents of the acrylamide monomers were 28% (bis(acrylamide:acrylamide) = 7:93) and 3%
(bis(acrylamide:acrylamide) = 6:94) for the separation and condensation gels, respectively. The eluting buffer



consisted of 192 mM glycine and 25 mM tris(hydroxymethylamine). The crude mixture of Ag@(H2MSA) clusters, as a
reddish brown powder, obtained in the reaction was dissolved in 5% (v/v) glycerol-water solution (1.0 mL) at a
concentration of 60 mg/mL. The sample solution (1.0 mL) was loaded onto a 1 mm gel and eluted for 4 h at a
constant voltage of 120 V to achieve separation shown in Figure 1. During the gel electrophoresis, PAGE setup was
kept at ice cold temperature. The gel fractions containing the cluster were cut out, ground, and dipped in ice cold
distilled water (2 mL) for 10 min. Subsequently, the solutions were centrifuged at 20,000 rpm for 5 min at -263 K,
followed by filtering with filter paper having 0.22 um pores to remove the gel lumps suspended in the solution. The
samples were freeze dried to get reddish yellow powders. Same procedure was used to separate Ags cluster from
Ag7,3.

We also performed high resolution electrophoresis using increased contents of acrylamide monomers of 35% for the
separation gel. However, we did not observe any additional bands.

Analytical procedures

A. UV-vis spectroscopy

Perkin Elmer Lambda 25 UV-vis spectrometer was used for the measurements. Spectra were typically measured in
the range of 190-1100 nm. The experimentally obtained spectral data, /(?), which are functions of wavelength, were
converted to the energy dependent data, /(E), according to the following relation, (E) = [(?) / (?EI? ?)a [(?) x 72
where ?E/? ? represents the Jacobian factor.

B. Fourier-transform infrared (FT-IR) spectra

FT-IR spectra were measured with a Perkin Elmer Spectrum One instrument. KBr crystals were used as the matrix
for sample preparation.

C. Luminescence spectroscopy

Luminescence measurements were carried out using HORIBA JOBIN VYON Nano Log instrument. The band pass
for excitation and emission was set as 3 nm.

D. Transmission electron microscopy (TEM)

TEM images were collected using a JEOL 3010 microscope. A diluted solution was spotted on carbon coated copper
grid and was dried in laboratory ambience. Images were collected at 200 keV, to reduce beam induced damage of
the clusters. Our earlier studies had shown that small clusters are highly sensitive to electron beam and they
coalesce to yield nanoparticles on the grid.

E. Electrospray ionization (ESI) mass spectrometry (MS)

The ESI MS measurements were done in the negative mode using an MDX Sciex 3200 QTRAP MS/MS instrument
having a mass range of m/z 50-2000. A 50% (v/v) methanol/toluene cluster solution (0.1 mg/mL) was electrosprayed
through a stainless steel needle biased at ca. -3 kV. The solution was delivered by a syringe pump at a typical flow
rate of 8 pL/min. Under an optimized capillary temperature (ca. 353 K), evaporation of the solvents from the droplets
proceeds efficiently so that only the desolvated cluster ions in the intact form were formed at maximum yield. We
observed dissociation of the intact clusters into small fragments, at higher capillary temperatures.



G. SEM and EDAX analyses

Scanning electron microscopic (SEM) and energy dispersive X-ray (EDAX) analyses were done in a FEI QUANTA-
200 SEM. For measurements, samples were drop-casted on an indium tin oxide coated conducting glass and dried
in vacuum.

H. X-ray photoelectron spectroscopy

The photoelectron spectra of the samples were obtained using an ESCA probe/TPD of Omicron Nanotechnology.
Sample in water was spotted on a Mo plate and allowed to dry in vacuum. The size of the analyzed area was about 3
mm2. In view of the sensitivity of the sample, surface cleaning was not attempted. Al K, radiation was used for
excitation; a 180° hemispherical analyzer and a seven-channel detector were employed. The spectrometer was
operated in the constant analyzer energy mode. Survey and high-resolution spectra were collected using pass
energies of 50 and 20 eV, respectively. The pressure in the analyzer chamber was in the low 10-'0 mbar range
during spectrum collection. Binding energies of the core levels were calibrated with C 1s BE, set at 284.7 V.

l. Luminescence imaging

A Witec GmbH confocal Raman spectrometer, equipped with a Nd:YAG laser frequency doubled laser at 532 nm
was used as the excitation source to collect the luminescence images. The laser was focused onto the sample using
a 100X objective with the signal collected in a back scattering geometry. The signal, after passing through a super
notch filter, was dispersed using a 150 grooves/mm grating onto a Peltier-cooled charge coupled device (CCD),
which served as the detector. The sample mounted on a piezo stage was scanned with signals collected at every
step. For the images displayed, the scan area was divided into 100X100 pixels for spectral image acquisition.
Spectral intensities acquired over a predefined area were automatically compared to generate color-coded images.
In the images, regions coded yellow are regions with maximum fluorescence intensities and regions shown in black
are with minimum signal intensities.

J. Quantum yield
The quantum yield (QY) of the cluster was measured using rhodamine 6G (in water) as a reference.
K. Computational methods

The structure for AgzAus(SR)10 was determined theoretically by performing density functional calculations with the
Gaussian 09 software [ using Perdew-Burke-Ernzerhof (PBE) exchange-correlation (XC) functional,? together with
relativistic effective core potentials (RECP) that kept the outer valence 4d'05s' shells of silver atom, 2s22p? for
carbon atom, and 3s2 3p* for sulfur atom, replacing the rest electrons by RECP.BI After obtaining the optimized
ground state structures of AgzAug core by global optimization method Taboo Search in Descriptor Space (TSDS),™!
we passivated 10 methanethiolate (SCHs) ligands on the optimized AgsAus core and re-optimized these
Ag7Aue(SCH3)1o structures, followed by single point calculations for triplet states of AgzAus(SCH3)10 based on the
structures of the ground states. The simulated absorption spectra of this structure obtained by time-dependent
density functional theory (TDDFT).

L. Life time measurements

Picosecond resolved photoluminescence transients of AgzAus(SR)1o cluster were measured using a commercially
available spectrophotometer (LifeSpec-ps, Edinburgh Instruments, UK) with a 409 nm excitation laser having



instrument response function (IRF) of 60 ps. The picosecond-resolved ?uorescence transients have been fitted with

3
tri-exponential function, é A exp(-t/t.), where, A’s are weight percentages of the decay components with time
i=1

3
constants of t;. The relative change in the overall excited state lifetime is expressed by the equation t = § At .,
i=1

3

when § A = 1. It has to be noted that with our time resolved instrument after deconvolution, we can resolve at least
i=1

one fourth of the instrument response time constants.
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Confirmation of AgCl from SEM/EDAX and XRD
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Figure S1.

A)

B)

C)

l) SEM image of the byproduct during the synthesis of alloy QCs, showing the presence of 1-5 uM sized AgCl
crystals, one such crystal is in closer view is shown in image Il).

EDAX spectrum and elemental images of the byproduct crystal (1) EDAX spectrum of the byproduct. Il) SEM
image of the crystal and EDAX maps using lll) Ag M., (IV) Cl Ka, (V) O Ka (VI) S Ka, and (VII) C Ka are
shown. Sn La and In La lines are due to the indium tin oxide substrate used. Ag:Cl atomic ratio measured is
almost 1:1, which proves the presence of AgClI.

XRD patterns of the byproduct obtained during the reaction, is compared with the standard AgCl XRD
patterns. Lattice planes are assigned based on JCPDS file no 85-1355. The formation of AgCl confirms that
silver atoms from the cluster core are leaching out. Note that CI- is coming from the HAuCls precursor used in
the reaction.
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Comparison of crude and PAGE separated clusters

b)

Intensity
8
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Figure S2. Luminescence spectra of the cluster in water collected at 300 K using the same concentrations.
Comparison of the luminescence spectra of (a) as-synthesized cluster (before PAGE) and b) purified cluster (after
PAGE).



S4. Supporting information 4

TEM, effect of electron beam irradiation images

Figure S3. TEM image of Ag7Aus cluster aggregates (1), which upon continuous electron beam irradiation (I1) and (IIl)
coalesce to form larger nanoparticles. The same regions of the grid are shown in the images. Image (I) is at the start
of the irradiation showing small clusters, image (Il) is after 10 min and image and (lll) is after 20 min. The contrast
from the clusters is poor unlike in the case of nanoparticles. Image (IV) is of one grown particle showing the lattice

(shown by lines).
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XPS
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Figure S4. (A) XPS survey spectrum of the as-synthesized alloy QCs. (B) Expanded S 2p core level region. The
Ag:Au:S atomic ratio is 1:0.84:1.40 whereas the expected value is 1:0.86:1.43. The S 2ps» exhibits a thiolate
position of 162.0 eV and an additional S 2ps» peak at 164.1 eV observed upon peak fitting may be due to other
ligand binding sites or X-ray induced damage. Total peak area was considered to get the atomic percentage of sulfur.
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FT-IR
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Figure S5. FT-IR spectra of pure H.MSA, alloy QCs. The -SH stretching feature at 2552 cm! in HoMSA is marked by
the dotted-circle is absent in the alloy QCs spectrum, in agreement with the XPS. H.MSA features in the region of
2000-500 cm-" confirm the cluster was protected by HoMSA. A strong band at 3435 cm-! due to the hydrated water.
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SEM/EDAX

140 L.a0 4.10 560 T.00 840 980 11.30 12.60 ke

Figure S6. EDAX spectrum collected from alloy QCs. Inset showing the SEM image of the alloy QCs aggregate
from which the EDAX spectrum was taken. EDAX maps using Ag La, Au Ma, S Ka. Ag:Au:S atomic ratio measured is
1:0.82:1.42, whereas that expected is 1:0.86:1.43.
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Another structure of the model cluster, AgzAus(SCH3)10

Figure S7. Another possible structure of the model cluster, AgzAus(SCHa)1o. Ag is blue, Au is yellow and S is brown.
CHs units are also shown.
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Luminescence of ligand exchanged products
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Figure S8. Luminescence spectra of the ligand exchanged cluster solution, excitation at 350£30 nm and emission
show a maxima of 650+30 nm for AgrAus(H:MSA)10, Ag7AUs(HT)x(H2MSA)10-x, Ag7Aue(OT)x(H2MSA)10x and
Ag7Aus(PET)x(H2MSA)10-x.
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ESI MS of [Ag7Aus(HT)10]**
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Figure S9. ESI MS of the hexane thiol exchanged cluster in the positive mode in the region of m/z 1300-1600. The
ion [Ag7Aue(CeH13S)10]2* and its sequential -CeH13 losses are also seen in the spectrum. The spectrum confirms the
presence of ten ligands.
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Luminescence spectra of AgzAus(H:MSA)10 before and after phase transfer

== Ag_Au_ in water
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Figure S10. Luminescence spectra of AgzAus(H2MSA)10 in water and in toluene after phase transfer. Phase transfer
increases luminescence emission. Inset shows the photographs of AgzAus(H2MSA)+o a) before (left) and b) after
(right) phase transfer.
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Lifetime measurements
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Figure S11 A) Picosecond resolved photoluminescence decay transient (excitation 409 nm and detection at 650 nm)
of Ag7Aus(H2MSA)1o in aqueous solution and Ag7Aue(H2MSA)1o in toluene after phase transfer using
tetraoctylammonium bromide. Both the decays are tri-exponential. Inset showing the photograph of the
AgrAus(H2MSA)1o before (a) and after phase transfer (a'). B) Photoluminescence decay transient (excitation 409 nm
and detection at 650 nm) of AgzAus(PET)x(H2MSA)10x, Ag7AUs(OT)x(H2MSA)10x and AgzAus(HT)x(H2MSA)10.x. where
PET-phenylethanethiol, HT- hexanethiol and OT- octanethiol. The numerical fitting and IRF are shown in solid lines.
All the decay transients are tri-exponential. There seems to be a pattern of average lifetime which may depend on
the electron donating property of the ligands. Picosecond resolved anisotropic studies would give more information.
Inset shows the photographs of the Ag7Aus(PET)x(H2MSA)10-x, Ag7AUs(OT)x(H2MSA)10.x, Ag7AUs(HT)x(H2MSA)10x in
toluene under UV light.

Table 1: Tabulated lifetime values of the AgzAus(H2MSA)1o cluster before and after phase transfer. Standard error in
lifetime values is about 10%.

Solvent Average tins) | % | ta(ns) | % | ts(ns) %
lifetime(ns)

Water 1.0 0.02 93 1.2 3 25 4

Toluene 10.0 0.08 66 1.7 13 46 21

Table 2. Tabulated lifetime values of the ligand exchange products. Standard error in lifetime values is about 10%.



Average |ti(ns) | % |tans) | % |ts(ns) | %
lifetime (ns)
AgzAus(PET)«(H2MSA)10.x 119 | 015 |36 |22 | 2529 39
AgrAus(OT)x(H2MSA)1o.x 79 014 |42 |20 |26 |22 32
AgrAus(HT)<(H2MSA)10x 4.8 007 | 62|16 |18 |22 20
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TEM, SEM, EDAX, Optical images, Luminescence image of tubular arrangement

of nanoparticles

3062 CCD cts

Figure S12. |) TEM images of the reaction product upon the addition of 500 pL of 10 mM HAuCls to 100 L crude
silver cluster in 3 mL water. Note that here the amount of HAuCls used is more than the optimized condition. Images
show the presence of nanoparticles and their aggregation in a tubular manner where thiolate may be acting as a




template. Inset showing the TEM/EDAX maps of the reaction product were done using Au Ma, Ag La, S Ka and C Ka.
I) SEM images of the product showing the presence of the tubular structures. Inset showing the SEM image of one
such tube on which the EDAX maps were done using Au La, Ag Mz and S Ka. lll) Optical image of the product
showing the presence of the tubular structures. 1V) Inherent solid state luminescence image of tubular structures
collected by the spectroscopic mapping at an excitation wavelength of 532 nm. Regions coded bright yellow
represents the pixels where the luminescence signal (used for mapping) is a maximum, the minima being
represented with black. The scan area was 30 um x 30 um. Metallic nanoparticles are known to show this kind of
luminescence background in Raman image.
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Optimizing the amount of (cluster: HAuCls)
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Figure $13.

A) Reactions at various amounts of 10 mM HAuCls are photographed under white light and UV light. 100 pL of
crude silver cluster solution was made-up to 3.0 mL distilled water. To these solutions, 50, 100, 200, 300,
400, 500 pL of 10 mM HAuCls was added and stirred for 15 min at 293 K. Volume (3.0 mL) kept constant in
all these cases. At these concentrations, solutions are very dilute and the color change was not observed
under ambient light, whereas the cluster solutions photographed under UV light show a drastic change in the
emission of each sample. Emission of crude silver cluster was very low at room temperature. Upon the



addition of HAuCls, emission got enhanced which was maximum for the addition 200 L of HAuCls. Further
addition leads to decreasing luminescence emission.

B) Changes in the luminescence emission profile during the addition of HAuCls to the 100 L of crude silver
cluster in distilled water. Volume (3.0 mL) was constant in all these cases.

C) Changes in the luminescence emission position (?) and changes in the luminescence emission intensity
[(?em)] plotted against the amount of HAuCls. As-synthesized crude silver cluster showing luminescence
emission at 770 nm which upon addition of 50, 100, 200, 300, 400, 500 pL of HAuCls shifts to 650, 640, 630,
670, 675, 678 nm. Luminescence emission intensity was high for the reaction at 200 pL HAuCls. We used
these concentrations for synthesizing larger amounts.
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Blank reactions
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Figure S14.

A) Photograph of 3.0 mL of oligomeric siver thiolate solution taken in a bottle (I). To this solution, 50 to 600
pL of 10 mM HAuCls was added and the photographs of the corresponding solutions under UV light are
shown in (Il). All of them do not show any luminescence. It is noted that in contrast, addition of HAuCls to
crude silver cluster shows bright luminescence. It shows that the reaction involved is not a simple silver
complex- gold complex interaction.



B)

C)

(1) Photograph of the gel, containing Ags cluster and selected portion of the band containing Ags cluster was
cut Il). Cluster was extracted into distilled water whereas gel was insoluble. Pure Agg solution is of golden
brown color as shown in photograph Ill).

HAuUCls was added to the pure Ags cluster in various amounts and allowed the reaction for 15 min at 300 K.
Photographs of the cluster in visible and UV light are shown. Amounts of solution were not the same
(gradual increase from left to right) due to the increase in the amount of addition of HAuCls. All of them are
not showing any luminescence. This may be due to decomposition of Ag cluster and uncontrolled growth of
gold after the nucleation step due to the lack of external stabilizing agent. Note that metallic nanoparticles
exhibit very weak emission, not observable visibly.

D) ) Photograph of the reaction of pure Agsand 1000 pL of HAuCls 11) After removal of the solution, deep blue

layer appeared on the sides of the bottle which was very clear when it was compared with an empty bottle.
lIl) Photograph of the deep blue layer which was readily dispersible in water. IV) UV-Vis spectrum of the
solution showing various peaks. It is expected that these are from differently shaped nanoscale objects (see
below). Various peaks are marked.
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TEM images of gold-silver nanomaterials

Figure S15. TEM images of the product obtained during the above mentioned reaction (S15 D, IlI, IV). A, B are the
TEM images obtained from the same grid. ‘A’ shows the presence of decahedral gold nanoparticles and also gold
triangles. ‘B’ shows the TEM images of various shaped silver-gold nanoscale objects.
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1H NMR of (AgmAun)ac@SG
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Figure §16. '"H NMR of the (AgmAun)ac@SG and glutathione(GSH). Peaks corresponding to the cluster become

broader as compare to glutathione; especially H-7 (a-position) peak was more broadened and down field shifted due
to the closer to cluster core. Inset showing the powder form of the sample collected in both visible (a) and UV light

(a')



S$18. Supporting information 18

Reactions of Au(l)MSA with Ags(MSA); at various conditions

Figure S17. Photographs of the products of reaction between Au(l)MSA with Age(H2MSA)7 at various Au(l)MSA
concentrations keeping the concentration of Age(H.MSA)7 the same. The photographs were taken under UV
excitation. The glass sample vials were kept in a circular pattern. Image shows that alloy clusters of diverse
composition and emission characteristics may be made by varying the experimental conditions.
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We describe the application of a recently discovered family of materials called quantum clusters, which
are sub-nanometer particles composed of a few atoms with well-defined molecular formulae, exhibiting
intense absorption and emission in the visible region in metal ion sensing, taking Ags as an example. The
changes in the optical properties of the cluster, in both absorption and emission upon exposure to various
metal ions in aqueous medium are explored. The cluster can detect Hg?* down to ppb levels. It can also
detect 5d block ions (Pt>*, Au** and Hg?*) down to ppm limits. Hg?* interacts with the metal core as well

Ié?;‘i/glrfr:operties as the functional groups of the capping agents and the interaction is concentration-dependent. To under-
Clusters stand the mechanism behind this type of specific interaction, we have used spectroscopic and microscopic
Aggregation techniques such as UV-vis spectroscopy, luminescence spectroscopy, Fourier transform infrared spec-

troscopy (FT-IR), scanning electron microscopy (SEM), high resolution transmission electron microscopy
(HRTEM), and X-ray diffraction (XRD). Specific reasons responsible for the interaction of HgZ* have been

Metal ion sensing

proposed.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Among the synthesized nanostructures in the recent past, quan-
tum clusters [1] (QCs) or sub-nanoclusters [2] of noble metals are
exciting due to their novel optical and electronic properties. They
are useful in various kinds of applications such as metal ion sens-
ing, [3-8] catalysis [9,10] and bioimaging, [11-13]. Among all the
metal ions, mercury has a specific attraction towards sulphur due to
soft—soft interaction and several sensors, belonging to a broad cat-
egory of technologies and materials, have been developed based
on chemical interactions [14-18]. A number of fluorescence based
sensors for the detection of mercury has been reported [19-22].
Mercury is one of the highly toxic heavy metals. It is equally stable
in its metallic, inorganic and organic forms. Spreading of mercury
into the environment is due to anthropogenic sources like combus-
tion of solid waste, fossil fuels, gold mining, etc. [23]. Contamination
of mercury in the ground water resources is one of the biggest
threats for mankind. The release of mercury into water caused
several public health hazards like the Minamata disease. As it has
strong affinity towards sulphur, it can block the sulphydryl group
of enzymes, proteins and membranes [24]. It is also responsible for
abnormal activity of the brain, liver and kidney [25]. Because of its
several serious hazardous effects on mankind, there is a need to
develop highly selective and sensitive sensors for detecting mer-

* Corresponding author. Tel.: +91 44 2257 4208; fax: +91 44 2257 0545.
E-mail address: pradeep@iitm.ac.in (T. Pradeep).

0304-3894/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j,jhazmat.2011.12.032

cury in aqueous medium. The USEPA (United State Environmental
Protection Agency) has set a maximum of 2 ppb limit for mer-
curic ion in drinking water [26]. Gold nanoparticle [27] and gold
nanorod [28] based determination of mercury has been reported.
Investigation to such an extent has not been done in the case of sil-
ver. Bootharaju and Pradeep [29] have reported silver nanoparticle
based Hg scavengers, which have also been used for other heavy
metals.

All of these sensing studies do not give much details of the inter-
action of the heavy metal with the nanosystem. In this report, we
have studied the sensing capability of a silver cluster as well as
the detailed mechanism of interaction of Hg2* under different con-
centrations. For the study, we have used Agys, a newly discovered
cluster as the cluster of choice [30]. Distinctly different chemical
species have been observed as a result of the interaction and they
have been characterized with diverse instrumentation. Although
there have been a few reports of metal ion sensing by quantum
clusters of gold [3-8], there have been no reports on silver clusters.
Applications such as the present one will be better viable with sil-
ver than gold, in view of the reduced cost. Mechanism of interaction
has been studied in detail.

2. Experimental
2.1. Chemicals

We have used commercially available chemicals without
additional purification. Silver nitrate (AgNO3, 99%), glutathione
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Fig. 1. (A) UV-vis spectrum of the as-synthesized Ag,s clusters in the aqueous medium.

Inset is a photograph of the Ag,s powder. The peak positions are marked. (B) EDAX

spectrum of the Ag,s aggregate. The various peaks are labeled. (C) A cartoon representation of the Ag,s cluster. SG corresponds to glutathione in the thiolate form.

(GSH, 97%), methanol (G.R grade), ammonium per sulphate (APS),
N,N'methylene bisacrylamide (A.R grade), acryl amide (A.R grade),
N,N,N’',N’-tetramethylethelenediamine (TEMED), all metal chlo-
rides and mercuric acetates were purchased from SRL Chemicals Co.
Ltd. Sodium borohydride (99.99%), ethanol (HPLC grade), methanol
(HPLC grade) and tetraocylammonium bromide (TOAB) were pur-
chased from Sigma-Aldrich.

2.2. Synthesis of the silver cluster

Glutathione protected silver cluster (GSH exists as -SG, the
thiolate form on the cluster) was synthesized within the poly-
acrylamide gel [30]. The detailed synthesis protocol is given in
Supplementary data 1. After the synthesis, it was further purified
through filtration to remove the excess gel. Instrumentation details
are presented in Supplementary data 2.

2.3. Reaction of silver cluster with metal ions

In the initial experiments, Ag,s (20 ppm concentration) was
allowed to interact with 50 ppm solutions of the metal ions (Cr3*,
Mn?Z*, Fe3*, Co?*, Ni2*, Cu2*, Zn%*, Pd2*, Cd%*, Pt2*, Au3* and Hg?")
separately. Later experiments were done with reduced metal ion
concentrations of 10 ppm for selective sensitivity study. As Hg%*
was sensitive at 1 ppm range, lower concentration (ppb) studies
were done only with Hg2*, monitored by optical absorption spec-
troscopy. The concentrations mentioned are those present in the
final solutions, after mixing. All the experiments were carried out
in room temperature. Initial studies were done with chlorides, but
other salts such as acetates were also used to confirm the results.
For fluorescence quenching experiment we have transfer the clus-
ter into organic medium by using TOAB.

3. Results and discussion
3.1. Characterization of silver cluster

In the following, we present the most essential characterization
of the cluster. More detailed discussion of the data is presented

in a separate work, which reported this cluster initially [30]. The
as-synthesized clusters show strong quantum size effects such as
multiple molecule-like transitions in their optical spectrum mea-
sured in water appearing at 330, 478 and 640nm (Fig. 1A). A
shoulder is also found at 550 nm. Absorption profile of the clusters
is in agreement with the clusters reported by Cathcart and Kitaev
[31], who have suggested that these clusters may be Agys from
electrospray ionization mass spectrometry (ESI MS) data. LDI MS
of phase transferred clusters show well defined peaks to multiply
charged species of the type (Ag;55SG1g)?~, and ions correspond-
ing to g=7, 8, 9,...18 were detected which makes it possibly to
precisely assign the cluster [30]. Laser desorption ionization mass
spectrometry (LDI MS) data of phase transferred Ag,s clusters in
the negative mode also show well-defined peaks assignable to the
cluster. The atomic ratio of Ag:S is confirmed by EDAX (Fig. 1B).
Other spectroscopic characterization of the cluster such as XPS will
be discussed at an appropriate place below. The cluster exists as a
brown-black powder in the solid state. It is highly soluble in water
giving a brown solution. The clusters can be transferred to organic
medium by a phase transfer agent, TOAB. The optical absorption
features of clusters are not affected as a result of phase transfer to
toluene (Fig. 2A). The as-synthesized cluster does not show observ-
able luminescence under UV lamp but upon phase transfer to the
organic medium, it shows bright luminescence which can be pho-
tographed. Increase in luminescence intensity upon phase transfer
is attributed to the change in the rate of non-radiative rate [8]. The
excitation and emission maxima are at 480 and 630 nm at room
temperature (Fig. 2B). Photographs of the phase transferred clus-
ter, along with the aqueous phase in visible and UV light are shown
in the inset of Fig. 1A.

3.2. Application in metal ion sensing

The interaction of mercury with the cluster has been investi-
gated with the help of several spectroscopic and microscopic tools
and a discussion of the data are presented below.
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Fig. 2. UV-vis spectra of (A) as-synthesized Ag,s in aqueous (blue trace, before phase transfer) and organic media (red trace, after phase transfer in toluene). Peak positions
in both the cases are the same. The peaks are shifted for clarity. Insets are photographs of Agys solution after phase transfer in visible light (a) and UV light (b), respectively.
Aqueous layer below is colorless after complete transfer of clusters to the organic phase above. (B)This shows luminescence excitation and emission of Ags in water (blue
trace, before phase transfer) and toluene (red trace, after phase transfer). The samples were excited at 480 nm and the emission maximum was at 630 nm. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of the article.)

3.2.1. UV-visible spectroscopy

In the optical absorption spectrum, the characteristic peaks of
Agys clusters appear at 330, 478 and 640 nm. It has been found
that upon addition of metal ions into the cluster solution, there is a
change in the characteristics of the cluster, depending on the metal
ion. Initially the effect has been studied with 50 ppm solution of the
metalion, which was added to the cluster solution (20 ppm). UV-vis
characteristics of the as-synthesized Ag,s cluster changed drasti-
cally for the 5d block ions (Fig. S2). The intensity of the 478 nm peak
decreased for every metal ion, and the 640 nm peak nearly disap-
peared (Fig. S3A). Among the 5d block elements, particularly Hg2*
and Au3* almost destroyed the UV-vis characteristics of the Agys
cluster, while Pt2* shows a shift in wavelength. Metal ion concen-
tration was reduced to 10 ppm to know the metal ion specificity,
keeping the cluster concentration constant. Important informa-
tion to note is that Cd?* is different in the UV-vis characteristics
(Fig. S3B). A multiple step-like behaviour is observed at both the
concentrations. For 10 ppm solution (Fig. 3A) it has been found that
only Hg?* solution is showing effect on UV-vis features of the clus-
ter, rest of the ions are not manifesting changes. The 478 nm peak

is blue-shifted and a new hump is seen at 420 nm, which may be
due to the Ag-Hg alloy formation [32,33]. In order to prove that
anion does not have any effect, acetate salt of Hg (II) was taken
(Fig. S3D). This also shows the same behaviour, which confirms
that the interaction is due to Hg2* only. Therefore, we conclude
that at low concentration, Ag,5 can sense Hg2* in aqueous medium.
Detection of Hg2* with a lower limit detection of 1 ppb is possible
as shown in Fig. S4. The sensing capability and limit of detection
can be easily understood from Fig. 4, which shows that among all
the metal ions, the sensitivity is better for Hg2* and the detection
limit is down to 1 ppb (see also supporting information Fig. S4).

3.2.2. Fluorescence spectroscopy

Itis also possible to detect the presence of Hg2* by a fluorescence
quenching experiment. The phase transferred cluster in toluene
shows bright fluorescence under UV light compared to cluster in
the aqueous medium (Fig. 3A, inset photographs). Upon addition
of Hg?*, the fluorescence intensity is decreased (Fig. 3C). The exci-
tation and emission spectra are taken for all metal ions (Fig. S5).
As seen, Hg2* is showing a pronounced effect in decreasing the
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Fig. 3. UV-vis absorption spectra of various metal ions (10 ppm concentration) which are added to aqueous Agys cluster solution (A). Photographs of corresponding solutions
under visible light (B). Effect of various metal ions (10 ppm) on the emission intensity of Agys cluster (C). Below the UV-vis spectra, photographs (under UV excitation)
depicting fluorescence quenching are given for the phase transferred cluster (a) upon addition of, 1 ppm (b), 2 ppm (c) and 10 ppm (d) solutions of Hg?*.
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showing an expanded portion of the same in ppb range, which shows the sensing capability of Hg2* in the ppb range.

band is assigned to C=0 stretching frequency of the peptide. This

emission intensity compared to other metal ions. The parent
confirms the binding of HgZ* with the carbonyl moiety of the pep-

cluster is giving a characteristic excitation at 480 nm and emission

at 630 nm.

3.2.3. IR spectral analysis

We shall now discuss the details of the interaction of Hg2* with
Ag,s clusters. The IR-spectral data of parent cluster and the cluster
treated with different concentrations of HgZ* (10 ppb and 10 ppm)

tide [34,35]. Band at 1397cm~! is due to the C—O stretching of
the carboxylate. Absence of shift in this band has confirmed the
non-attachment of Hg2* to the free carboxylate group of the lig-
and. The C—C stretching and COO~ bending are found at 1122 cm™!
and 621 cm™!, respectively. Therefore, from this data it can be pre-
dicted that Hg2* is binding to the carbonyl moiety of the peptide in

are givenin Fig. 5. The cluster has characteristic bands at 3430 cm ™! both the cases.

due to O—H stretching, and at 2922 cm~! due to C—H stretching.
Absence of band at 2552 cm™! proves the presence of the ligand
in the thiolate form [30]. The band at 1658 cm~! was shifted to
1643 cm~! upon treatment of the cluster with Hg2* solution (for
both the cases, i.e. with 10 ppm and 10 ppb concentration). This

3.2.4. HRTEM and SEM analysis

Fig. S6 shows the HRTEM images of the cluster treated with low
concentration of HgZ*(10 ppb). The presence of cluster indicates
that at low concentration of Hg2* (10 ppb) it will not destroy the
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Fig. 5. FT-IR spectra of free Ag,s cluster (green) and the cluster with low (10 ppb, red trace) and high concentration (50 ppm, black trace) of Hg?* measured in a KBr matrix.
Inset is an expanded view of the carbonyl stretching region. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the

article.)
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Fig. 6. TEM and EDAX images of aggregated mass formed by the addition of 10 ppm Hg?* solution to the cluster solution. The TEM image and elemental maps of Hg, Ag and

Sarein (A, B, C and D), respectively. Various types of aggregated geometries are found.

cluster features, which is also confirmed from the IR spectral data
which suggests the attachment of Hg2* with the carbonyl moiety
of the peptide. Low concentration is also supported from the EDAX
analysis (Fig. S7) where elemental maps of Ag, Hg and S are also
given.

TEM image of an aggregated mass formed after treating with
10 ppm solution of Hg2* reveals a few distinctly visible clusters
as well (Figs. 6 and S8B). It may be noted that clusters are highly
sensitive to the electron beam. The TEM image of the aggregated
mass formed by the treatment of 10 ppm Hg2* shows various
types of shapes such as rods, hexagons, triangles, squares, octagons
(Fig. S9), etc. which are a few micrometer in dimension. These can
be separated from the free clusters upon centrifugation (Fig. S10).
Upon higher magnification, the lattice planes were visible which
are corresponding to (02 1) plane of paraschachnerite or AgsHg,
(Fig. SOH). This is also supported by XRD data given below. EDAX
quantification of an isolated hexagonal shape (Fig. S11A) also sup-
ports the formation of AgzHg, alloy during interaction of 10 ppm
solution of Hg2* with Agys cluster.

The composition of alloy is also supported by the SEM analysis
presented earlier (Fig. 7), where the EDAX quantification data of
this sample shows a composition of Ag, gHg> 1.

3.2.5. XRD data

The X-ray diffraction pattern of the residue formed due to the
treatment of Agys cluster with 10 ppm Hg2* shows peaks (Fig. 8A)
corresponding to Ag-Hg alloy. The peaks are well matched with the
JCPDS data of AgzHg; or paraschachnerite having an orthorhombic
crystal structure [36]. This confirms the reduction of mercury. At
very low concentration (10 ppb) of Hg2* it can only attach to the
carbonyl moiety but at higher concentration (10 ppm) it can bind
with sulphur moiety of thiolate ligand and interact with silver

surface leading to the reduction of Hg2* to Hg and subsequently
to the alloy. This is in accordance with the UV-vis data (Fig. S3C)
where the peaks are shifted to lower wavelength. At still higher
concentration, cluster gets degraded due to more and more reduc-
tion occurring on the surface of silver. XRD of the final product
obtained after treating the cluster with excess HgZ* is given in
Fig. 8B. The product peaks are well matched with the peaks corre-
sponding to Hg and AgClI (ID 74-0039 and 85-1355) which confirms
the reduction of Hg2* to Hg in the nanoscale as Ag is oxidized [29].

3.2.6. XPS study

XPS survey spectrum of the parent sample shows the expected
elements (Fig. S12). Ag is in its zero valent state in XPS, with a
binding energy of 368.0 eV for Ag 3ds,. XPS and SEM give the same
atomic ratio of Ag and S. The XPS survey spectrum of the cluster
treated with high (100 ppm) and low (100 ppb) concentration of
Hg2* are given in Fig. S12. All the peaks are assigned. The presence
of Na is form sodium borohydride used as the reducing agent in
the synthesis. Fig. 9 shows the expanded XPS spectra of Ag and
Hg for both the cases. At low concentration (100 ppb), no peaks
corresponding to Hg 4f are observed (Fig. 9B) which may be due
to the fact that such a low concentration is beyond the detection
limit of the technique. The peak at 367.8 eV (Fig. 9A) assigned to
3dsp, suggests the presence of silver in the zero valent state. So,
at lower concentration, oxidation is not happening which proves
that low concentration Hg2* is not affecting the cluster core which
also supports the IR data. At high concentration, the Hg 4f;, shows
a peak at 101.6eV corresponding to mercuric ion bonded to the
carbonyl moiety of the ligands, in agreement with the IR data. The
peak at 99.9 eV corresponds to metallic mercury [29]. So, reduction
is happening in such a nanosystem. A peak at 367.2 eV for Ag 3ds,
confirms the oxidation of silver during the course of the reaction.
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Fig. 7. EDAX spectrum of the cluster with 10 ppm Hg?*. Inset shows the SEM image (A) and elemental maps of silver (B), mercury (C) and sulphur (D). Elemental analysis
shows that Ag and Hg are present in 2.8:2.1 ratio in the aggregated mass.
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Fig. 9. XPS spectra of Ag 3d (A) and Hg 4f (B) regions from the residue obtained after reaction with mercuric ions at high (100 ppm) and low (100 ppb) concentrations. At
low concentration, Hg is not detected and therefore the trace is not shown while for high concentration, distinct peaks are seen.
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Fig. 10. Schematic representation of the sequence of events involved in the interaction of Hg?* with Ag,s cluster.

The S 2ps3); (Fig. S13A) at 162.1 eV for low concentration of Hg2*ion
suggests the intact monolayer [33]. Aslight shift to 162.3 eV for high
concentration of Hg2* may be attributed to the attachment of Hg
with the sulphur moiety. Peak at 168.1 eV corresponds to sulphate,
which may be due to aerial oxidation or X-ray induced damage of
the thiolate monolayer and is a known phenomenon in monolayer
protected systems [33]. The presence of C 1s peaks (Fig. S13B) at
285 (+0.01),286.2 (+0.1) and 288.07 (£0.01) eV correspond to car-
bons of different chemical environment. The O 1s peak at 531.7
(Fig. S13C) for both the cases suggest that the chemical environ-
ment of oxygen is the same. The N 1s peak (Fig. S13D) at 399.6
(£0.1) eVremains the same at both the concentrations investigated.

We have proposed a mechanism for the interaction of HgZ* ions
with silver clusters based on the experimental results. It can be
summarized as shown in Fig. 10. Upon addition of HgZ* to Agys
clusters in solution, the S atom of the thiol group binds to Hg2* ions
through soft-soft interaction, thus providing a weakly bound site
for Hg2* along with attachment of carbonyl moiety. At higher con-
centration the Hg2*, the ion subsequently approaches the surface
Ag atoms of the cluster. A redox reaction results in the formation
of Hg atoms and Ag* ions. Hg atoms either form an alloy with the
remaining metallic Ag atoms (at ~10 ppm concentration of Hg?*"),
or get precipitated as metallic Hg particles (at still higher concen-
trations). Oxidized silver react with Cl~ ions forming a precipitate
of AgCl. Interestingly, though Hg?* is not reduced by Ag in bulk,
we find that the reduction is achieved when Ag is present in the
form of Agys clusters. The effect of interaction is manifested in
spectroscopic studies.

4. Conclusion

Agys clusters can be used for sensing Pt2*, Au3* and Hg?* at low
concentrations (ppm range for Pt2* and Au3* and ppb range for
Hg2*). Both the absorption and fluorescence features of the clus-
ter can be used for the quantitative detection of Hg2* in water.
This is the first detailed study of the interaction of metal ions with
silver quantum clusters, a new family of luminescent materials.
Ag>s cluster detects Hg2* up to a limit of 1 ppb.
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1.1 Synthesis of Agys cluster.
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Figure S8.

Photographs at different stages of reaction during synthesis of Agys cluster.
UV-Vis absorption spectra of various metal ion (50 ppm) treated Ag,s cluster.
UV-Vis features of Agys cluster with different system and conditions.
UV-Vis absorption spectra of cluster with various concentration of Hg”",

Effect of various metal ion in luminescence spectra of Agys cluster solution

HRTEM image of cluster with low concentration (10 ppb) of Hg*".

SEM image and EDAX spectrum of Ag,s cluster with 10 ppb Hg*™ solution.

The EDAX spectra of Agys cluster treated with 10ppm of Hg”" ions.

Figure S9. HRTEM images of aggregated mass formed during the interaction of Ags

cluster with Hg*" solution.

Figure S10. HRTEM images of aggregated mass after centrifuge.

Figure S11. TEM and EDAX images of an isolated aggregated mass.

Figure S12. XPS survey spectra of cluster treated with low (black) and high (red)

concentration. Individual peaks have been assigned.

Figure S13. The S 2p, C Is, O 1s and N 1s peaks in the XPS spectra for the residue

formed while reacting with low (10 ppb) and high (100 ppm) concentration of Hg*",



Supplementary data 1. Methods

1.1 Synthesis of Agys Clusters

We have started our initial efforts of using the gel cavities for synthesis within the
PAGE set-up itself. The thiolates were prepared along with the gels and NaBH4 was
taken in place of buffer. Potential was applied as usual. The reduction resulted in the
formation of a colored gel from which clusters could be extracted in aqueous medium.
Later on this procedure was modified and it can be synthesized in beaker only without the
help of PAGE set up. For that 47 mg of AgNOs, 150 mg of GSH and 40 mg NaOH are
mixed in 1 ml of water. In a beaker 3 ml of gel (acrylamide : bisacrylamide = 47:3)
solution was taken, to that 0.7 ml of above prepared thiolate solution was added and well
mixed. Now to poly 40 ul of APS and 40 pl of TEMED was added to polymerize it .Then
10 ml of NaBHj4 solution (10mg/ ml) was added to reduce it. After that it was crashed and
washed with methanol to remove unreacted NaBH; otherwise it will leads to
nanoparticle. Finally it was extracted in water; clusters are coming out in solution while

gel remain as such. The schematic photographs are given here (figure S1).

Supplementary data 2. Instrumentation

2.4 Instrumentation

UV-Vis spectra were collected from Perkin Elmer Lamda 25 instrument in the
range of 200-1100 nm. Luminescence measurements were carried out on a Jobin Vyon
Nanolog instrument. For excitation and emission the band pass was set as 2 nm.The FT-
IR spectra were measured using Perkin Elmer Spectrum One instrument, KBr crystals
were used as a matrix for preparing the samples. Scanning Electron Microscopy (SEM)
and Energy Dispersive X-Ray Analyses (EDAX) were done in FEI QUANTA — 200

SEM. For measurements, sample were drop casted on an indium tin oxide coated



conducting glass and dried in vacuum. As a result of the substrate, the EDAX spectrum
shows features due to In, Sn and Si. High resolution Transmission Electron Microscopy
(HRTEM) and EDAX were carried out with a JEOL 3010 instrument. Samples were
taken on carbon coated copper grids and allowed to dry in ambient conditions. Powder
XRD patterns of the samples were recorded using PANalytical X’pert Pro diffractometer
.The powder samples of clusters were taken on a glass plate and the X-ray diffractogram

was collected for 5 to 100 degree in 2 theta using Cu Ka radiation.

NaBH,@)

i I i \Y

Figure S1. Photographs at different stages of reaction during synthesis of Agys cluster. 1)
Thiolate solution, i1) after addition of NaBHy, iii) after 20 minutes and iv) after removing

unreacted NaBHy.
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light. The bottles a, b,..., h correspond to pure Ag>s(SG)is, Agas(SGis) + 1 ppb Hg™',....
Agr5(SG)ig + 10 ppm Hg2+.
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Figure S5. Effect of various metal ions on the luminescence spectra of Agys cluster

solution. Trace a is showing the cluster feature whereas b and c are the cluster with 10

and 50 ppm solutions of metal ion, respectively.



Figure S6. HRTEM image of cluster with low concentration (10 ppb) of Hg*" showing
the presence of cluster (A). Some of the distinct spots due to the cluster are marked with
white circles. B and C are images taken after electron beam irradiation. D is showing the

EDAX spectrum of corresponding sample.
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Figure S7. SEM image and EDAX spectrum of Agys cluster after exposure to 10 ppb
Hg™" solution. The elemental maps of Hg, Ag and S are given by B, C and D,

respectively.



Figure S8. The EDAX spectra of Agys cluster treated with 10 ppm of Hg*". A is the
corresponding EDAX spectrum of an isolated hexagonal species (AgzHg,) and B is the

corresponding aggregated mass (whole area EDAX) formed during the treatment of Hg*™

with Agys cluster.



Figure S9. HRTEM images of the aggregated mass formed during the interaction of Agys
cluster with Hg”" solution. Various types of geometries are formed during the course of

the reaction (A-G). Lattice has been found with a regular spacing of 0.227 nm (H).
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Figure S10. HRTEM images of aggregated mass after centrifugation: Hexagonal (A), square (B),

triangular (C) and octagonal (D) type of geometries were observed.



Figure S11. TEM and EDAX images of aggregated mass formed by the addition of 10 ppm Hg*"
solution (A) showing an isolated hexagonalobject. The elemental maps of Hg, Ag and S of the

particle are given in B, C and D.
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Figure S12. XPS survey spectra of cluster treated with low (100 ppb) (black) and high

(100 ppm) (red) concentrations of Hg*". Individual peaks are assigned.
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Abstract

Noble metal quantum clusters (NMQCs) are the missing link
between isolated noble metal atoms and nanoparticles.
NMQCs are sub-nanometer core sized clusters composed
of a group of atoms, most often luminescent in the visible
region, and possess intriguing photo-physical and chemical
properties. A trend is observed in the use of ligands, ranging
from phosphines to functional proteins, for the synthesis of
NMQCs in the liquid phase. In this review, we briefly
overview recent advancements in the synthesis of protein
protected NMQCs with special emphasis on their structural
and photo-physical properties. In view of the protein
protection, coupled with direct synthesis and easy functio-
nalization, this hybrid QC-protein system is expected to have
numerous optical and bioimaging applications in the future,
pointers in this direction are visible in the literature.

Keywords: protein; peptide; noble metals; nano; quantum cluster;
fluorescence
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researched by both theoreticians and experimentalists.
Arrival of nanoscience has intensified research on clusters
in the condensed phase (1-3). For quite some time,
anything that is evaporated or made in smaller dimension
used to be referred to as clusters. The term clusters is now
by and large restricted to entities distinctly smaller than
nanoparticles. Quantum confined condensed phase clus-
ters of noble metals such as gold and silver have been of
recent interest due to their intriguing properties such
as photoluminescence, non-photobleachability, photon
anti-bunching, longer lifetime when compared to the
conventional organic fluorophores and versatility in app-
lications (4, 5). It should be mentioned that experimental
studies on Pt and Cu QCs have also been emerging recently
(13, 14). Here, one may remember that noble metals have
always been of larger interest to materials scientists, they
had been part of catalysis, organometallics and inorganic
complex chemistry (10, 12, 16, 17). And what we have been
currently pursuing as cluster science is closely associated
with the progress in other areas (1, 10, 16). In the next few
paragraphs, we have attempted to give a condensed version
of the subject area of NMQC:s.

Exploring the properties of matter at decreasing dimen-
sions has been an everlasting question in science. From the
‘divided state of metal’ of Faraday, colloidal state has been
explored intensely over the past one and a half century
(18). Excitement in this area can be seen in three distinct
categories of materials: noble metal nanosystems, semi-
conductor particles or quantum dots and zero, one and
two dimensional systems of carbon. Synthesis of stable
and well defined particles of gold in the solution state as
well as in the solid state redispersible forms, with various
functional attributes contributed to the expansion of
research in this area. Along with the multitude of proper-
ties of free and supported nanoparticles such as catalysis
and plasmonics accelerated research in this area. Use of
zero dimensional materials expanded into 1, 2, 3 dimen-
sional states of matter and each one of these specific forms
have produced distinct shapes for which reproducible
synthetic procedures are now available. This evolution
can be best observed in the case of gold, which makes gold
based nanosystem the most extensively investigated cate-
gory of materials. Excitements in this category of materials
are covered elsewhere in detail (19-21).

The above mentioned evolution in chemical synthesis
of nanoscale matter has produced entirely new class of
materials in the recent past and they belong to the sub-
nanometer analogues of nanoparticles with precise num-
ber of atoms which makes them inseparable from
molecules. They are also called as clusters or molecular
clusters and have also been referred to as artificial atoms
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in the literature. From the earliest synthesis of Auyy, Au;s
and Auss in 1978 onwards (22-24) there have been
numerous developments in this area. After the synthesis
of thiolate protected AuNP in 1994 (25) and water soluble
thiol protected clusters in 1997, this area started receiving
increased attention (26). The smallest analogues of these
clusters could not be observed in TEM and were
examined using mass spectrometry, especially by laser
desorption ionization (LDI) (26). As precise character-
ization was not possible, the early clusters were
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characterised based on mass numbers in their name such
as ‘28 kDa clusters’ (27). Luminescence from these
clusters in the NIR region, although not bright, attracted
attention (28). Several of these clusters were separated by
electrophoresis and their spectroscopic properties were
examined in detail (29). This was the turning point of
research in such materials which opened up numerous
properties of the molecular state of gold (4, 6, 60, 73, 93).

Parallel to the chemical synthesis of clusters, atomically
precise clusters with unusual structural stability have been
explored from the very early part of cluster science.
Several of these studies are natural extensions of gas
phase cluster spectroscopy. Marriage of advanced mass
spectrometry with laser ablation changed the course of
research as any material could be evaporated under an
intense laser beam. Such clusters, mass selected or
otherwise, could be deposited on surfaces to explore the
catalytic chemistry of reduced dimensions. In fact,
deposition of atoms on surfaces to produce clusters or
active catalysts, without mass selection has been prac-
ticed for a long time. Depositing and manipulating atoms
using scanning probe microscopy has been the holy grail
in nanoscience (1, 15, 16, 30, 31). As can be seen, the area
of QCs therefore represents a convergence of matter (and
the research on them too) from nanoparticle to molecules
or from atoms to molecules (Fig. 1) (1-55).

Convergence of Properties

o=>’4=

Molecules and clusters

- —

-

7 Cluster regime

Nanoparticles

Protein-protected luminescent noble metal quantum clusters

Various names may be given to these systems such as
clusters, molecules, nanoclusters, nanoparticles, mono-
layer protected clusters, artificial atoms and so forth
and many of these have been used in the literature. We
would like to present briefly our reasons for naming
them as quantum clusters. As nanoparticles and mono-
layer protected clusters (MPCs) have been used to
describe large nanoparticles with or without mono-
layers, these two terminologies do not bring out the
distinct differences or make their differences apparent
from the systems under discussion. Terminologies such
as artificial atoms may not be appropriate, as apart
from single metal clusters, there are distinct categories
of mixed atom analogues which make it necessary to
have ‘mixed atom’ or ‘alloy’ superatoms and such a
terminology does not appear suitable. Besides, shell
closing is not the only reason for their existence. While
clusters bring a gas phase analogy, it also suggests that
these systems may exist only in the free state, without
molecular protection. On the contrary, we are discussing
molecules which can be precipitated, crystallised and
redispersed just as any standard molecule. Thus the two
better suitable names are quantum clusters and mole-
cules. We refer to them with the former title as the latter
suggests that the whole entity such as M, X, where M
and X are the metal atom and ligand, respectively have
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Hierarchy of materials from atoms to bulk, especially in the case of noble metals. Clusters fall in-between atoms and
nanoparticles. Expanded view is of the cluster regime showing diverse variety in this category: gas phase and condensed phase
clusters with possible intermediate forms, the complexes. This schematic illustrates typical model nanosystems of gold but the
same applies to other noble metals also. The transition of properties occurs between atoms to nanoparticles and also it
illustrates the convergence of properties of colloidal nanoparticles and atoms at the scale of clusters. Schematic is for illustration
purpose only and is not to scale. In the expanded view of clusters, images of naked cluster, complex and condensed phase thiol
protected cluster were adapted from references 56, 57 and 58, respectively.
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no separate existence. This is not true, as the core and
the ligand are often two separate species with distinct
features. Besides these distinct reasons, the name
quantum clusters make them appear similar to quantum
dots, both are intensely luminescent, one of the
commonly used properties of the latter. Below we
briefly discuss the properties and trend in the stabilizing
ligands of these new materials.

NMQCs are sub-nanometer to 2 nm sized nanocrystal
cores composed of noble metals, containing typically tens
of atoms, with ligand protection and are distinctly
different from nanoparticles and bulk powders in many
properties (1-12). Surface plasmon is absent, since size of
the cluster reaches de Broglie wavelength of the electron
at the Fermi energy of the metal (Egerm; = 5.53 eV, 4.28
eV, 549 eV, and 7.00 eV for Au, Pt, Ag and Cu,
respectively (33)) and it can no longer support the
plasmon excitation (5). Their structure is distinctly
different from those of nanoparticles and bulk. For
instance, the QC Au;; has an icosahedral structure
(6, 10). As it is known, fraction of atoms on the surface
plays an important role in determining certain properties
and in the case of QCs, fraction of surface atoms is high
due to their extremely small core size (1). Electronic
confinement occurs due to the protection of the core
with the ligand shell and energy levels of the core
become discrete. Further, NMQCs exhibit highly polar-
izable transitions which scale in size with Epermi/N">
where Egem; 1S Fermi energy of the bulk metal and
N is the number of atoms (4). Luminescence in them arise
from the transitions between the d —sp interband and
sp —sp intraband derived levels and these conduction
electron transitions are the low-number limit of plasmons
(4, 6). Hence, by manipulating the number of atoms
in the core, emission wavelength can be tuned. Lumines-
cence combined with the non-cytotoxic nature, unlike
the popular semiconductor QD analogues, make them
unique for biological applications. NMQCs can be mag-
netic and may exhibit chirality (6-8). Although physico-
chemical, structural and electronic properties of NMQCs
are not covered in this short review (which may be
found elsewhere (1-3, 6, 10)), they pose several intriguing
questions. For example, one may ask: Where does the
transition from icosahedron to fec start? How many
atoms would be needed for plasmons to appear? When
would a specific chemical property such as CO reactivity
appear? In all of these properties, each atom counts.

With this abridged note, we would look at the various
ligands used and the trend observed in the synthesis of
NMQCs.

In the early times, groups of atoms formed by evapora-
tion were stabilized in unreactive matrices, typically of

(page number not for citation purpose)

condensed gases (1-2, 33-34). Since these clusters
are extremely reactive in nature, without a stabilizing
moiety, they tend to aggregate in solution to form
bigger structures, to release their higher free energy.
Hence, unlike some weakly protected colloids, the role
of stabilizing ligands and controlled synthesis became
crucial for solution state realisation of these materials.
In the beginning, by exploiting the gold-phosphine
chemistry, phosphine protected clusters came into
existence (22-24). Thiol based cluster synthesis was
developed by Whetten and Murray (35), they introduced
glutathione (GSH) as a ligand to make water soluble
clusters. Tsukada and colleagues extended this method
and purified the clusters (29). Initially thiol protected
clusters were synthesized in the organic phase (25, 26).
Thiols like phenylethanethiol, hexanethiol, octanethiol
and dodecanethiol-protected clusters were also prepared
by taking advantage of thiol-gold affinity (6, 35). Later,
water soluble thiols like mercaptosuccinic acid (MSA),
D/L penicalamine, captopril, etc. were employed (6, 38—
41). Use of MSA in nanoparticle and cluster synthesis is
due to Kimura (36, 37). Dickson’s group synthesized gold
and silver clusters in dendrimers and DNA, respectively
(42, 43). Ligand exchange of as-synthesized clusters has
also been demonstrated by Pradeep’s group (44-46).
Novel synthetic routes may be used to make these clusters
directly without purification and in larger quantities
(40-41, 44, 47-49, 51). Stable series of organogold
clusters (gold covalently bound to carbon) protected
by phenylacetylene has been synthesized recently (52).
Recently, Pradeep and co workers demonstrated that
direct synthesis of NMQCs in solid state is also feasible
(49). In zeolite scaffolds also silver clusters were made
(50). Direct conversion of colloidal silver nanoparticles
to thiol passivated Agocs has been demonstrated (51).
While mass spectrometric and few other spectroscopic
details of these clusters are known, very few crystal
structures are available so far (53-55). An emerging trend
is synthesizing clusters with proteins and peptides which
are functional. This trend in change of ligands for cluster
synthesis is indeed fascinating and a gradual size evolu-
tion in the protecting agent is also noticed (Fig. 2). This
may be thought of as a way to add additional attributes
as scientists have been looking at the proteins to mimic
them, especially the functional ones such as enzymes (17).
The most exciting aspect of this research is bright
luminescence in such clusters (60). The bio-molecular
templates add another dimension to this research, with
all their functional attributes. With this short briefing,
hereafter we would focus on NMQCs@proteins (the
@ symbolism implies NMQCs are embedded in pro-
teins). We hope this review would connect various aspects
of science from bio-mineralization by complex proteins
to quantum confined noble metal clusters.
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Trend in the ligands used for NMQCs synthesis
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The trend observed in the use of ligands for cluster synthesis, starting from gas phase unprotected analogues to
phosphine protected systems to functional protein protected QCs. Representations of naked, phosphine, thiol, and DNA
protected clusters were adapted from references 56, 59, 58 and 42, respectively.

Nature leaves one awestruck by its marvellous creations
and mysteries. Biomineralization is a natural process in
which living organisms adapt to form hard structures by
mineralizing metal ions through mineralizing peptides,
vesicles, etc., and it is known that mineralization in many
organisms occur as a mechanism to escape from ill effects
of toxic metal ions or to form specific functional
structures of millimeter to nanometer scale as in the
case of magnetic bacteria (61). Interesting reports are
available on bacterial mineralization of gold. Bacteria
which are closely related to Ralstonia metallidurans play
vital role in the formation of gold nuggets (62). Myriad of
inorganic nanostructures have been formed by biominer-
alization or biomimetic mineralization processes and a
lot of research efforts have been made to understand these
processes (61-66). While naturally formed AuNPs are
reported, unfortunately, QCs are not observed so far to
occur naturally, may be because of their high reactivity.
The biomineralization process has been mimicked to
synthesize NMQCs too by carefully adjusting the con-
centration of metal ions and modifying the environment
suitably. Unlike semiconductor QDs, quantum confine-
ment effects starts only below two nanometers in NMQC:s,
hence, controlling the size becomes a tedious but crucial
process. The captivating point is that size control is
achieved by proteins very easily (60). It is likely for an
NMQC to reside inside a large protein due to the former’s
sub-nanometer dimension or to be surrounded by more
than one protein in the case of very small proteins.

Mimicking biomineralization, Narayanan and Pal have
synthesized luminescent silver clusters in proteins using
NaBH, (67). Yu et al. transferred the as-synthesized
luminescent silver clusters to other biomolecular scaffolds
by shuttle-based method (68) and synthesized Agqgcs
intracellularly in NIH 3T3 cells (69). Xie et al. (60) first

Citation: Nano Reviews 2012, 3: 14767 - DOI: 10.3402/nano.v3i0.14767

reported the direct synthesis and stabilization of Augc by
a protein, bovine serum albumin (BSA) without any
external reducing agent. Synthesis was done by mixing
metal ion precursor with the protein and changing the
environment to alkaline pH. At alkaline pH, it is reported
that aromatic aminoacids donate electrons to reduce gold
ions while broken disulphide bonds play major role in
stabilizing the nucleated cluster (60). However, a clear
understanding of the process is not yet available. Several
groups have followed this procedure. Some groups have
followed modified procedures like using ascorbic acid in
addition to the above said mixture (70). Muhammed
et al. reported the synthesis of Augcs by etching of gold
nanoparticles by BSA (71) following their earlier method
of etching larger nanoparticles by GSH (44). Wei et al.
synthesized gold cluster with lysozyme (72). Xavier et al.
had demonstrated the synthesis of Augcs in iron binding
transferrin proteins such as lactotransferrin (Lf) and
showed that iron saturation does not affect the cluster
formation (73). But comparatively, Augcs in iron dep-
leted protein had higher emission intensity than Augcs in
iron saturated protein. This was first report to use a
multifunctional metallo-protein for cluster synthesis.
Recently, Le Guével et al. have synthesized gold clusters
in human serum transferrin (74). Shao et al. synthesized
Auges and Agoes on a solid platform of egg shell
membrane (ESM) which consists of mixture of proteins,
by soaking the separated ESM in metal ion precursor
solution and illuminating the surface with UV light (75).
Le Guével et al. synthesized Augc@BSA and protected it
with silica shell (76). Recently, Yan et al. synthesized
Augc@BSA and HSA using microwave assisted method
in a few minutes (77). Liu et al. synthesized Au@Agqcs
by sonochemical method in BSA (78). Choi et al. have
recently synthesized Augcs in fixed NIH 3T3 cellular
matrix (79). Mathew et al. reported a red emitting fifteen
atom silver cluster in BSA. However, it was less stable and
the stability was enhanced by protection with poly vinyl
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pyrrolidone (PVP) (80). Peptides are used to direct the
synthesis of clusters using mild reducing agent and by
varying the pH. Recently, electrostatically induced phase
transfer method has been used to synthesize NMQCs
(81). A series of silver clusters and Au,s have been
produced using custom peptides at alkaline pH (82, 83).

In general, from the published results so far,
NIR emitting Augcs@proteins in general possess two
excitation maxima (A ex. max = ~ 370 nm and 510 nm)
and one emission maximum in the NIR region (A em. max
= ~650-670nm (Fig. 3B) (70-73). They have higher
quantum yield ~6% when compared to their monolayer
protected counterparts (60, 70-74). Upon excitation at
370 nm, an emission around 450 nm is seen. This is
attributed to protein’s intrinsic fluorescence by a few
groups and due to Aug by other groups (60, 73, 75, 84).
NMQCs@protein exhibit strong stability across a wide
range of pH and is stable in higher ionic strength (Fig. 3C)
(60, 73). Long lifetime component values, usually above
100 ns, have been reported for Augcs@proteins (73, 74,
84). Recently, Kawasaki et al. reported blue and green
emitting Augcs synthesized at different pH with high
quantum yield using pepsin (85). Compared to their
monolayer protected counterparts, QCs@proteins have

A

Intensity at 650 nm

O

Intensity

Intensity (a.u.)

Ellipticity (mdeg)

several fold enhanced luminescence. The reason for the
enhancement of luminescence is still not completely
understood, albeit the nature of the ligands bound to
the cluster is important in this (86). In addition, the
emission from the complex and how the emission from
the intrinsic fluorophores of protein is contributing to the
enhanced luminescence are also not properly understood.
Earlier, it was suggested that there is a possibility of FRET
between protein’s fluorophores and the cluster; however,
other studies on this have not been reported (73). The
newly generated modified fluorophores during the reac-
tion may play crucial role in addition to the ligand’s role
(91). While investigating the luminescence from clusters,
one should be cautious about the intrinsic fluorescence of
the template or ligand used and their modified products
during the course of the reaction (43, 87-90).

Several groups have carried out XPS studies of
NMQCs@proteins and results showed the existence of
zero-valent Au and Ag indicating the presence of metallic
core (60, 70-74, 80). Simms et al. studied the structural
and electronic properties of Augc@BSA using X-ray
absorption spectroscopy (XAS). Their analysis of the Au
L(3)-edge extended X-ray absorption fine structure
(EXAFS) of Augc@BSA suggested that the QC was
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(A) A photograph illustrating the luminescence of Augc@BSA. Red luminescence of the cluster solution and solid upon
UV irradiation is shown, while the blue emission is from fluorophores of the protein. (B) Fluorescence spectra showing the
excitation and emission maxima for a typical protein protected cluster. (C) Bar diagram showing the changes in luminescence
intensity of clusters at various pH and corresponding photograph of the solutions in UV light. This indicates the significant
stability of protein protected clusters over a wide range of pH. (D) CD spectra showing change in the conformation of NLf at
various stages of cluster growth. A and D were adapted from references 60 & 94, respectively. B and C were adapted from

reference 73.
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Au,s with a Au-thiolate ‘staple’ motif. Further, they used
X-ray absorption near-edge structure (XANES) and Au
4f XPS to probe the electronic behavior of Augc@BSA.
The Au d-electron density of Au-BSA was found to
decrease by 0.047 e(-) relative to that of the bulk. They
further reported that ab-initio calculations involving local
density of states (I-dos) of Augc@BSA were consistent
with the experimental d-dos results (92).

Mass spectrometry (MS) has been indispensable in under-
standing atomic clusters (27, 29). For the QCs@protein
systems also, MS plays a major role in characterizing the
cluster core. But very few reports are available on specific
cluster cores in proteins, such as Au,s@BSA, Ausg@BSA,
Auy;s@Lf, Agis@BSA (Fig. 4D) and Agg@BSA. Some
groups have reported that mixture of several clusters must
be present in the protein matrix (60, 71, 73, 74, 80, 84). The
formation of clusters is highly dependent on the structural
properties of a given protein, hence various proteins with
clusters should be analysed separately to know about the
cluster core. Cluster core was shown to be similar in case of

Protein-protected luminescent noble metal quantum clusters

Augc@BSA and Augc@Lf, two larger proteins containing
similar number of thiols (60, 73). Recently, Liu et al. have
grown gold clusters in solution and also in insulin crystals
(93) (Fig. 4A, 4B). They have reported that no mass shift
was observed in the protein to characterize the nature of the
cluster and suggested a reason that since insulin is a small
peptide hormone, during ionization, the grown clusters
detach from proteins and therefore are not identified in MS.
The intact disulphide bonds observed in Raman stretching
and non-formation of clusters when disulphide bonds were
cut suggested an alternative growth mechanism other than
that is observed for larger proteins like BSA or Lactoferrin.
Recently, we also have observed similar mechanisms where
the growth of QCs in small proteins does follow different
mechanisms in comparison to larger proteins. We have
observed that unlike larger proteins like BSA and Lf, cluster
growth in lysozyme was different (Fig. 4C) (91). MS data,
particularly for the cluster core protected by small proteins
with less number of cysteine is not yet available. More MS
oriented studies are expected in the future to understand the
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(A) Two photon fluorescence image of Augcs grown in insulin crystals (A =800 nm). (B) Two photon excitation of
Augcs in the crystal, under different depth showing characteristic spectra of red emitting Augc@protein, Line 1 (red solid) is
emission from the surface of the crystals and line 2 (black dotted) is the emission from 5.0 pm below the incident surface. (C)
MALDI MS data of lysozyme at pH 7 (black), lysozyme-Au' " complex (red) at neutral pH with 2.5 mM HAuCl, showing
binding of gold ions by the observed mass shift. After cluster formation at pH 12, the mass shift pattern of complex disappears
and very little mass shift is seen (can be one or two gold atoms strongly bound to the protein) suggesting that cluster is bound by
more than one protein in case of smaller proteins like lysozyme. Hence during ionization in MALDI, it is not likely to see them
(Our unpublished data). (D) MALDI MS data of Ag;s@BSA. MALDI MS of pure BSA solution (black trace) collected in
linear positive ion mode using sinapic acid as matrix and that of the as-prepared red emitting Ag;s@BSA (red trace). The peaks
due to singly, doubly and triply charged ions of Ag;s@BSA are expanded in the inset marked A, B and C, respectively A and B
are adapted from 93, C and D are adapted from references 80 and 91, respectively.
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system well. Since well defined optical properties of cluster
cores are not seen in UV-vis spectra, it becomes difficult to
give more details about the cluster core. Investigations by
various groups on protein’s conformation upon cluster
formation revealed that there is a significant conformational
change (Fig. 3D) (60, 67, 73, 94). Narayanan and Pal
synthesized fluorescent silver clusters in o-chymotrypsin
and studied the cluster protein interaction using time
resolved fluorescence studies and reported that the con-
formation and activity of the enzyme is affected consider-
ably. Here, we have to note that NaBH, was used in their
method which may independently affect the protein’s
activity (67). The dynamics of protein during and post
synthesis of cluster is yet to be investigated. Overall, while
critically assessing the NMQCs@proteins system, the
synthesis part is simple but the fundamental properties
like origin of enhanced emission, role of protein’s intrinsic
emission, fate of protein’s activity and how cluster is
growing are yet to be understood completely. Hence there
is a need to have a relook at the present understanding of
QCs@proteins.

As we discussed above, the understanding of QCs@
proteins and how they evolve in the protein templates is
key to design next generation fluorescent functional
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noble metal clusters in macromolecular templates.
Though one can say it as bio-mineralization, exact
mechanisms of bio-mineralization are yet to be under-
stood properly. As from early reports, mechanisms of bio-
mineralization have been the topics of hot debate (61-66).
Recently, Chaudhari et al. attempted to understand the
growth process using mass spectrometry and have
reported the current understanding of the evolution of
gold QCs in Native Lf (NLf) and BSA templates (94)
(Fig. 5A). Pradeep group’s intial findings are intriguing
and leads to many additonal questions for future
research. From the MALDI MS data, they observed
that immediately upon addition of gold ions (Au®™) to
the protein molecules, 13-14 gold atoms bind to protein
and they remain in the Au' ™ state (Fig. 5B). Once NaOH
was added, the Au® state was observed and number of
bound gold atoms increased to ~25 per protein suggest-
ing the formation of Au,s, which was further corrobo-
rated by the commencement of red emmision. In the
process of cluster growth, some free protein is generated
depending on the total metal ion content in the Au'™"
complex. As far as the optical properties are concerned,
in the UV-vis spectra, they did not observe any prominent
Au,s feature, it may be due to the bulky nature of the
protein molecule and its strong absorption, but after 48 h,
weak features around 650 nm were seen. During the
evolution, at certain time intervals, they have observed

Au 4f

(8) 4f | After adding NaOH
Au(0)

Before adding NaOH

Binding energy (eV)

(A) Time dependent MALDI MS suggesting the presence of Au,s and emergence of free protein from 12th hour of
incubation. Initially, upon addition of Au®* to Lf at pH 12, only one peak is there from which parent protein peak emerges
when the clusters are nucleated. (B) XPS spectra sowing the presence of Au' ™ before the addition of NaOH and Au’ after the

addition of NaOH. A and B were adapted from reference 94.

(page number not for citation purpose)

Citation: Nano Reviews 2012, 3: 14767 - DOI: 10.3402/nano.v3i0.14767



the emergence of free protein at a specific molar ratio of
protein and gold, suggesting an inter-protein metal ion
transfer. This free protein was effectively utilized by
providing extra gold ions at specific time intervals and
they could obtain monodispersed clusters with enhanced
luminescence. CD spectroscopic studies revealed that
there were alterations in the secondary structure of the
protein as a function of time to facilitate the cluster
formation (Fig. 3D). Chaudhari et al. further demon-
strated two step and multi-step approaches to utilize
the free proteins generated to effectively form mono-
dispersed clusters with enhanced luminescence. They also
have hypothesized that inter-protein metal ion transfer
and aurophilic interactions also play vital role in the
formation of clusters in protein molecules. Li et al. has
also observed free protein during cluster growth and
proposed a method to remove the free protein from the
as-synthesized protein cluster mixture. They have devised
a simple chromatographic technique to remove the
free protein by dansylating the protein and then identify-
ing the free protein without the cluster by its green
fluorescence from the red emitting cluster containing
proteins (95).

Like peptide based nanoparticle synthesis, QCs have also
been synthesized using selected peptides. Even few amino
acids are used for cluster synthesis. For instance, histidine
has been used to synthesize Auj, (96). Banerjee et al. used
modified peptides for silver cluster synthesis (97, 98). The
most used peptide is glutathione GSH (Glutamic acid-
Glycine- Cysteine) which is a tripeptide, present in
biological systems. It has been used as a monolayer
ligand for cluster synthesis from the early stage of cluster
studies as mentioned before (6, 27, 29). Previously, Fabris
et al. had shown peptides when bound to Ausg remained
in a conformationally constrained fashion (99). Target
specific peptides based synthesis would be a more
interesting field. Recently, Gao et al. synthesized a series
of silver clusters and Au,s by using a peptide containing
nuclear target sequence (CCYRGRKKRRQRRR) and
demonstrated nuclear specific staining by Augcs (82, 83).
Yuan et al. synthesized Agocs using GSH and designed
peptides (Asp-Cys-Asp, Glu-Cys-Glu, and Ser-Cys-Ser
for red emitting Aggcs and Lys-Cys-Lys for blue emitting
Agqes) (81). Recently, Bellina et al. studied the isolated
GSH-Au and GSH-Ag complexes, correlated their opti-
cal properties by the combination of action spectroscopy
and time dependent density functional (TDDF) calcula-
tions and have reported that intense transitions are
occurring within S-Ag-S motif and not within the cluster
which is responsible for strong emission of silver clusters
in biomolecules (100). These small peptides containing
clusters may be helpful as biolabels where hydrodynamic
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size of the protein protected clusters is not compatible
and where smaller diameter is required.

NMQCs@proteins have been applied in sensing, electro-
chemiluminesence (ECL) and bio imaging so far and we
shall discuss their applications in the above-mentioned
order. Xie et al. had first shown that Augc@BSA can be
used as a sensor for Hg?* (101). Wei et al. and Lin et al.
synthesized Augc in lysozyme and had shown its Hg’*+
sensing application (72, 102). In general, it is reported
that Hg?* quenches fluorescence by interacting with the
core while fluorescence quenches due to the aggregation
caused by Cu®" jons. Augc@NLf was reported to be
sensitive to Cu®*t ions other than Hg>™ (73). Several
groups (101-105) have worked on metal ion sensing such
as Hg> ", Cu®™ and Pb*> " using QCs@protein; simplicity
in preparation makes them attractive tool for such
applications (Table 1). Muhammed et al. showed metal
enhanced fluorescence in case of Ausg@BSA, fluores-
cence turn off in the presence of Cu® " and turn on in the
presence of glutathione (71). Various other proteins
containing Augcs and Agocs have been employed for
metal ion sensing such as trypsin, pepsin, ESM (75, 85,
105). Augc@horseradish peroxidase has been used to
detect H>O, (106). Wang et al. used Augc@BSA for the
detection of glutaraldehyde in water (107) and Liu et al.
used it for the detection of cyanide (108). Guo et al.
synthesized red fluorescent stable silver clusters in
denatured BSA and used the clusters for Hg? " detection
(109). Recently Goswami et al. synthesized blue emitting
Cugc@BSA and showed that it can be used as a sensor
for H,O, and Pb*". They have proposed that the
additional aggregation due to Pb>* jons was responsible
for fluorescence quenching (110).

Apart from direct metal ion sensing, ECL based
sensing has also been demonstrated. Li et al. demon-
strated that ITO coated Augc@BSA exhibited ECL and
reported that ITO played a significant role in enhancing
ECL. They reported that in the presence of anionic co-
reactant S,0%, ECL was enhanced and demonstrated its
application to detect dopamine (111) (Fig. 6A). Fang
et al. showed the generation of ECL from Augc@BSA in
the presence of tetraethyl amine (TEA) and showed that
ECL is differently influenced by the metal ions; here
they showed it to be affected by Pb>™ (112) (Fig. 6B).
Recently, graphene conjugated Augc@BSA has also
been employed for generating ECL (113). Hun et al.
recently employed Augc@BSA in chemiluminescence
based experiments for the detection of lysozyme in cells
(114). Antibacterial composites have also been made
using NMQCs@proteins. Sreeprasad et al. showed that
Augc@Lf can be used to create luminescent patternable
composites together with chitosan and graphene oxide.
Augc in these composites were not quenched even in
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List of proteins used for NMQCs synthesis and their demonstrated applications

Protein Metal cluster Study and application References

Bovine serum albumin Au, Ag, Cu Sensing of Hg2+, Cu?™, 70-71, 94, 103-104, 101,
Pb2*, Hy0,, 107-114, 117121
Glutaraldehyde, and cyanide,
electrochemiluminescence,
cluster evolution, bio-imaging
and in vivo imaging.

Lysozyme Au Hg?* sensing, antibacterial 72,102, 116
activity

Cellular retinoic acid Au 72

Binding protein I

Lactotransferrin Au Cu?* sensing, FRET, compo- 73, 94, 115, 91
site with graphene cluster
evolution and bio imaging

Insulin Au Grown in crystals, bio imaging 93
and bioactivity

Pepsin Au Hg?* sensing, Blue, green 85
and red emitting Auqc

Trypsin Au Hg?* sensing 105

Serum transferrin Au Bio imaging 74

Egg shell membrane (mixture of Au, Ag Hg?* sensing 75

proteins)

a-Chymotrypsin Ag Cluster-protein interaction 67

Horseradish peroxidase Au H,0, sensing 106

Human serum albumin Au NOx sensing 77

Egg white Au Metal ion sensing 91

Ovalbumin, papain Au Metal ion sensing 91

Cell matrix (nucleolin) Au, Ag Intracellular synthesis 69, 79

the presence of Hg?" ions (115). Chen et al. reported
that Augc@lysozyme has enhanced antibacterial activity
against resistant strains (116).

Several biological applications of the NMQCs@pro-
teins have also been demonstrated. Retnakumari et al.
showed that Augc@BSA conjugated with folic acid can

A
(@

(b)

o o o 0

C so,”

ss5” °)

5,0,

*)

S0,

be effectively used to target the folate receptors in cancer
cells; this was the first report to employ QC@protein
for molecular receptor specific application and in another
report, they showed Augc@BSA can be conjugated to
monoclonal antibodies and used for targeted detection
of acute myeloid leukemic cells (70, 117) (Fig. 7C).

Au 6sp band

Fermi level

Au clusters

S: Et,N*CHCH,

Electro-chemiluminescence of (A) Augc@BSA coated on ITO plate where S,0% was used as co-reactant. (a) Electron
transfer between ITO and Augc@BSA and (b) the ECL mechanism of Augc@BSA in the presence of anionic co-reactant,
S,0%. (B) In another study, TEA was used as co-reactant. Figure illustrates the mechanism of ECL of Augc@BSA in the
presence of cationic co-reactant, TEA. A and B are adapted from references 111 and 112, respectively.
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Similarly, Muhammed et al. have also shown folate
receptor specific uptake of Augc@BSA by human
epidermoid carcinoma KB cells (71) (Fig. 7A). Recently,
Wang et al. have conjugated Augc@BSA to herceptin
(a widely used humanized monoclonal antibody in case
of breast cancer) to nuclear target Erb2 over-expressing
HER2+ breast cancer cells for targeted cancer therapy.
Unconjugated Augc@BSA were not taken up by cells,
thus demonstrated the targeting ability (118). Previously,
to impart functionality one has to rely on conjugation
chemistry to conjugate with biofunctional molecules, now
due to the arrival of QCs@functional proteins, bio-
functionality becomes intrinsic. Augc@insulin has been
used for bioimaging of brain cells (Fig. 7B) and as a CT
contrast agent. Commercially available insulin and Augc
@insulin are shown to reduce the blood level glucose in a
similar manner and no considerable change was ob-
served. They suggested that the preservation of bioactiv-
ity of insulin, even after the formation of clusters in them,

* " KB, FA-BSA-Au

Protein-protected luminescent noble metal quantum clusters

is mainly due to the intact disulphide bonds. They further
have shown that in undifferentiated myoblast cells having
less number of insulin receptors, uptake of Augc@insulin
was less compared to the differentiated myoblast cells
having increased number of receptors (93). Durgadas
et al. recently used Augc@BSA as a tool to detect
intracellular presence of copper ions after treating the
cells with copper solution (119) and have proposed a
dialysis method to isolate circulating cancerous cells from
normal cells in blood by conjugating Augc@BSA with
superparamagnetic nanoparticles (120). Le Guével et al.
used Augc@BSA protected by silica shell and Augc@-
serum transferrin for bio imaging of A549 cells (74).
NMQCs@proteins have been used for in vivo imaging
also. Wu et al. used Augc@BSA for in-vivo imaging
of cancer tissue in an animal model by exploiting
the enhanced permeability and retention (EPR) effect
of cancer tissue and this was the first report to
use Augc@protein for in-vivo imaging (121) (Fig. 7D).

Bioimaging applications demonstrated using Augc@proteins. (A) Uptake of FA-Augc@BSA (synthesized by etching of
larger nanoparticles with BSA) conjugated with folic acid Bright-field (A,C) and the corresponding fluorescence microscopy
(B, D) upper panel images show the interaction of FA- Augc@BSA with folate-receptorpositive KB cells with FA-conjugated
Augc@BSA. lower panel images show FA- Augc@BSA interaction with folate-receptor-negative mouse fibroblast L929 cells.
(B) Microscopic observation of internalization of the Augc@insulin. Differentiated C2C12 myoblasts were treated with insulin—
Augc for 2 h. a) Cell nucleus stained with 4°,6-diamidino-2-phenylindole (DAPI, blue). b) Actin fiber stained with Alexa Fluor
488 phalloidin to confirm the cell boundary (green). ¢) Augc@insulin exhibit red luminescence. d) Fluorescence image overlay
of the three images. (C) Molecular receptor specific uptake of Augoc@BSA conjugated to folic acid (FA). Fluorescent
microscopic images showing interaction of Augc@BSA-FA with different types of cell lines: (al)~(a2) FR ™ lung carcinoma
A549, (b1)«(b2) FR-depressed oral cell carcinoma, KB, (c1)~(c2) FR ™" KB cells with unconjugated Au clusters, (d1)~(d2)
FR *V¢ KB cells with FA-conjugated Au clusters at 2 h, (e1)~(e2) 4 h and (f1)~(f2) 24 h of incubation. (D) In vivo imaging using
Augc@proteins. (A) Fluorescence images of mice bearing an MDA-MB-45 tumor. Strong signal from Augc@BSA was
observed in the tumor (marked by the red circle) demonstrating significant passive accumulation in the tumor by the EPR effect.
The arrowheads indicate the tumor. (B) Ex vivo fluorescence image of the tumor tissue and the muscle tissue around the tumor
from the mice used in A. A, B, C and D were adapted from references 71, 93, 70 and 121, respectively.
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Nie et al. reported controlled assembly of two gold
quantumclusters in a well studied protein, ferritin. They
assembled two Augcs (blue and red emitting) at the
ferroxidase active sites of apo-ferritin heavy chain and
showed that the resulting nanostructures (Augc@Ft)
retained the intrinsic fluorescence properties of the
cluster with enhanced intensity. Native structure of ferrtin
was intact after assembly and they used it for in vivo
kidney targeting and bio imaging (122).

There has been an impressive growth in nanoscience and
technology at the nano-bio interface. In this review,
we have addressed such an interdisciplinary system where
clusters of quantum confined noble metal atoms are
grown by the union of materials and biology. NMQCs in
protein templates are recent additions to the family of
QCs with the fascinating advantage of being embedded in
a functional macromolecule matrix. Increasing research
interest in this system indicates an emerging trend. To
mention the versatility of this approach, not-limiting to
NMQCs, even doped semiconductor QDs, much bigger
in size, are also synthesized in aqueous phase recently
(123). It may be pointed out that nanoparticles of metals
and semiconductors were synthesised by bacteria, viruses
and fungi several years ago and biological synthesis is
now fairly established (124-126). However, there has
been very little understanding about NMQCs@protein
systems. Complete structural understanding of the system
is essential including how such systems evolve with time.
For such an understanding, crystal structures of the
intact protein protected metal clusters are necessary.
Nevertheless, it can be understood to an extent by
various mass spectrometric and spectroscopic tools.
Clusters in liquid-protein systems would have consider-
able advantage in future (127). Molecular mechanics and
dynamics based computational studies combined with
DFT simulations would help to refine our understanding.
Metallo-protein systems like ferritin, aconitase and lac-
case are known to have different metal cluster cores and
the enzymes use the cores as functional sites. Likewise, in
future, it is likely that luminescent noble metal cluster-
protein systems having cluster-based active sites to
function as catalysts. The cluster core at this specific
size can have interesting redox properties which may
affect the stability of the cluster itself. It can be viewed as
a mix of bio-mimetic and bio-kleptic nanotechnology
since we exploit the functionality of the protein (128).
The catalytic chemistry mentioned above may be ma-
nipulated with photons to have new kinds of photo-
catalysis. Synthesizing clusters at physiological pH would
have potential benefits in the field. Since, this system has
opened a new area at the nano-bio interface; there is a
need to know to what extent these proteins are modified
and what exactly is modified. Considering the biological
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applications of these cluster systems, despite the ongoing
research efforts, there is a substantial need to know how
these proteins with clusters are going to interact with the
biological systems and what would be the intracellular
fate of the uptaken clusters. We also should know
whether these modified proteins are seen differently by
the cell machinery. Proteins are fundamentally biological
nanomachines. Rationally designed proteins with clusters
would mean creating a permanent indicator to the
nanomachines so that we can track them anytime.
Thermostable templates mimicking the extremozymes
where the cluster’s stability is taken care of would have
big impact in high temperature reactions especially as
molecular beacons in PCR and in catalysis. To date, all
the studies indicate the possibilities of growing clusters in
organisms, if environment is suitably managed; it would
not be surprising, if we get viruses growing QCs, after all
it is also a protein body containing genetic material. It is
up to us to identify the right protein system. In a nutshell,
NMQCs in peptide and protein templates are expected to
have plenty of applications in electronics, chemistry,
biology and medicine over the years to come for which
early signs are apparent in the recent literature.
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ABSTRACT: A highly luminescent freestanding film com-
posed of the quantum cluster, Au,s, was prepared. We studied
the utility of the material for specific metal ion detection. The
sensitivity of the red emission of the cluster in the composite to
Cu® has been used to make a freestanding metal ion sensor,
similar to pH paper. The luminescence of the film was stable
when exposed to several other metal ions such as Hg*', As*,
and As*". The composite film exhibited visual sensitivity to
Cu® up to 1 ppm, which is below the permissible limit (1.3
ppm) in drinking water set by the U.S. environmental
protection agency (EPA). The specificity of the film for Cu**
sensing may be due to the reduction of Cu®** to Cu'*/Cu’ by
the glutathione ligand or the Au,5 core. Extended stability of the
luminescence of the film makes it useful for practical
applications.
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B INTRODUCTION

Quantum clusters of noble metals are a new category of
materials with unusually intense luminescence." Low cytotox-
icity, excellent photostability and high quantum yield have
made these materials excellent biolabels.” Sensitivity of their
absorption and luminescence to parameters such as exposed
metal ions,> > solvent polarity and hydrogen bonding2 has been
explored in the recent past. Because of the strong quantum size
effect, they possess characteristic absorption and emission
profiles due to intraband and interband transitions and can be
distinguished from the adjacent clusters easily from these
features. Metal-enhanced luminescence of such clusters has also
been explored.® A variety of applications in catalysis,”®
electroluminescence,” nanoelectronics,'® soft lithography,11
bioanalysisf’12 etc., are also current excitements in their
research.

There are several reports in the recent past on the utilization
of gold and silver quantum clusters for Hg** sensing.'*™'®
Metal ion reactivity with luminescent noble metal clusters was
pioneered by our group® and it has been shown that several Au
clusters, especially Au,;* and Au,,'! are especially selective. No
sensitivity was seen for Ag®, Ni**, Ca**, Mg**, Na*, Pb**, Hg",
and Cd*" in these clusters.” Cu®* is known to be toxic and its
allowed level in drinking water is 1.3 ppm, set by the U.S.
Environmental Protection Agency (EPA)."” Creating compo-
site structures using quantum clusters can be directly adapted
for applications.'® These materials are endowed with many
important properties such as nonlinear optical properties,”*’

-4 ACS Publications  © 2012 American Chemical Society 639

electronic conductivity21 and luminescence,*” and have been
suggested for use in various applications including chemical
sensors,” electroluminescent devices, electrocatalysis,24 etc.

Although these applications are important, it is necessary to
demonstrate the usability of such materials in the device format.
For this, it is important to have the materials fabricated in
various forms such as films. A free-standing film of a composite
may be used for direct applications for metal ions in solution
phase, similar to a pH paper. We note that several such
nanoscale materials have been prepared in the form of
composites for applications of this kind.***® However, no
quantum cluster has been developed hitherto in this format
adaptable for applications.

One of the newest quantum clusters is Au;5 encapsulated in
cyclodextrin (CD) cavities.”” While larger clusters are etched by
ligands to yield smaller clusters,”® the product formed is
trapped in host cavities to prevent it from further core
reduction. Encapsulation allows increased chemical and thermal
stability for the cluster. In the present method, Au;g cluster
protected with glutathione was further stabilized in cyclodextrin
cavities. Encapsulation is manifested in 2-dimensional nuclear
magnetic resonance (2D NMR) spectroscopy in the form of
cross peaks between the protecting glutathione and the
encapsulating CD molecules. The size of gold QCs is small
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to accommodate the cluster inside the CD cavity. The large size
of gold nanoparticles limits their incorporation inside the CD
cavity. In this work, we present the use of Aujs cluster
composites for metal ion sensing. A freestanding film of the
cluster is shown to be a Cu®" sensor at parts per million
concentrations. The luminescence of the film was found to be
quenched by Cu?'. Visually detectable changes of the film
enable the use of these materials as a Cu®" sensing paper. The
extended stable luminescence of the film finds utility in
practical applications. Although metal ion sensing in the
solution state is known with quantum clusters, specificity to a
metal and application as a practical device are demonstrated for
the first time.

B EXPERIMENTAL SECTION

Materials. All the chemicals were commercially available and used
without further purification. HAuCl,.3H,0, methanol (GR grade),
reduced GSH (y-Glu-Cys-Gly, MW. = 307), CuClL.2H,0, Cu-
(OAc),H,0, Cu,Cl,;2H,0, and CuSO,SH,0 were purchased from
SRL Chemical Co. Ltd., India. NaBH, (>90%) was purchased from
Sigma Aldrich. f-cyclodextrin (CD) was purchased from Wako
Chemicals, Japan. Chitosan was procured from Pelican Biotech &
Chemical Laboratories, India.

Synthesis of Au@SG. The nanoparticles protected with —SG
ligands (Au@SG) were synthesized using the reported protocol.”” To
a 50 mL methanolic solution (0.5 mM) of HAuCl,.3H,0, 1.0 mM
GSH was added (1:2 molar ratio, total volume of methanol was 50
mL). The mixture was cooled to 0 °C in an ice bath for 30 min. An
aqueous solution of NaBH, (0.2 M, 12.5 mL), cooled to 0 °C, was
injected rapidly into the above mixture under vigorous stirring. The
mixture was allowed to react for another hour. The resulting
precipitate was collected and washed repeatedly with methanol
through centrifugal precipitation. Finally the Au@SG precipitate was
dried and collected as a dark brown powder. The size of Au@SG
particles made here is in the range of 2—3 nm.

Cyclodextrin-Assisted Synthesis of Au;s Clusters. The above
nanoparticles (50 mg) were dissolved in 40 mL of deionized (DI)
water containing 1.6 mol of GSH and 2.2 X 10~* mol of cyclodextrin.
In this synthesis, GSH is used in excess as it works as an etchant. The
mixture was heated at 70 °C for 48 h. The completion of the reaction
was monitored by checking the red emission of the cluster under UV
light. The entire solution was centrifuged at 5000 rpm for 10 min. The
supernatant was transferred to a plastic vial and solution was freeze-
dried to obtain a brown powder with intense red emission in the solid
state. The material was washed twice with ethanol to remove excess
GSH.

Preparation of Cluster Composite Film. Two grams of chitosan
is dissolved with stirring in 50 mL of distilled water containing 5%
glacial acetic acid. Insoluble substances are removed by filtration
through a medium-pore-sized glass funnel to yield chitosan solution.
Twenty milliliters of chitosan solution is poured onto plastic petridish
and dried at 40 °C for 24 h. The film so obtained is soaked in 20 mL
solution of 5% trisodium citrate to enhance the strength and was
washed thoroughly and dried. A free-standing film of Aug
incorporated chitosan was prepared by soaking the film in Aug
cluster solution for 10 min and dried. Uptake of Au,5 was manifested
in the form of bright luminescence of the film upon UV irradiation.

Methods. Ultraviolet—visible (UV—vis) spectra were recorded
using a PerkinElmer Lambda 25 spectrophotometer. The photo-
excitation and luminescence (PL) studies were done using a NanoLog
HORIBA JOBINYVON spectrofluorimeter. Band pass for both
excitation and emission monochromators was kept at 3 nm. Scanning
electron microscopic (SEM) images and energy-dispersive analysis of
X-rays (EDAX) studies were obtained using a FEI QUANTA-200
SEM. Attenuated total reflection infrared spectroscopy (ATR—IR) was
measured using PerkinElmer Spectrum 100 Spectrometer. Chlorides
(Cu®, Cu", and Hg™), sulfates, acetates (Cu*), arsenates, and
arsenites (Na*) were used for metal ion detection studies. Metal ion

640

detection was studied at ppm concentrations. X-ray photoelectron
spectroscopy measurements were conducted using an Omicron ESCA
Probe spectrometer with unmonochromatized Al Ka X-rays (energy =
1486.6 eV).

B RESULTS AND DISCUSSION

Au;s shows a well-defined optical absorption spectrum in
aqueous solution with features at 318, 458, and 580 nm, all of
which are marked in Figure 1. The absorption features of
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Figure 1. Time-dependent UV/vis spectra of Auys cluster solution in
which the parent film was soaked. Traces a, b, and ¢ correspond to 2,
6, and 10 min of exposure, respectively. Inset shows the photographs
of the cluster incorporated film under white light and UV light.

Au;s@CD are not sharp, unlike in the case of QCs such as
Au,,” Auy,'' and Auy,” Optical luminescence, solvent
dependency, metal ion sensing, gelation are some of the
reported properties of Au;s.”” Upon exposing a freestanding
film of chitosan to the Aujs solution, the cluster gets loaded
onto the film. The spectra of the solution after various intervals
of exposure of the chitosan film are shown in Figure 1. The
decrease in the intensity of the peaks shows that the cluster is
getting loaded onto the film. The film after loading the cluster
shows luminescence as shown in the inset of Figure 1. A time-
dependent color change of the Au,; solution is observed during
loading. Initially the solution shows high luminescence on UV
irradiation, which gradually disappears with respect to time.

A saturation uptake of the cluster was observed after ten
minutes of exposure as shown in Figure 2. From the decrease in
intensity of optical absorption of Au;s, a maximum uptake of
0.06 X 10~* mol per sq. cm can be inferred. Beyond this, no
further uptake happens as shown by the inset of Figure 2.
Uptake of Au;s is manifested in the form of bright
luminescence of film upon UV irradiation (inset of Figure 1).

The morphology of the film was studied using SEM. A
higher-magnification image of an edge of the composite film is
shown in Figure 3. To study the spatial distribution of gold and
sulfur in the film formed by QCs, we carried out elemental
mapping using EDAX. Figure 3A shows the EDAX spectrum
collected from the film. Elemental maps are given as inset a;
and a, in Figure 3A. The data confirm the uniform presence of
the cluster in the composite. Luminescence of the parent
chitosan film appears at 500 nm, far away from the cluster
emission (in the Supporting Information, discussed later). The

dx.doi.org/10.1021/am201292a | ACS Appl. Mater. Interfaces 2012, 4, 639—644



ACS Applied Materials & Interfaces

Research Article

6x10"-

140

1201

1001
=

P
2
o 4 °
S © ol
= 4x10°; 3%
— o o 40
= £
N—
< 01
L 4 0 Ar?l%ungg clu1srt)gr 20
E_J, 2x10'1 added (mg)

300 450 600 750
Wavelength (nm)

Figure 2. Time-dependent UV/vis spectra of Aug cluster solution at
the saturation point. Traces a—f correspond to 0, 2, 4, 6, 8, and 10 min
of exposure, respectively. Inset shows the saturation uptake of the
cluster after 10 min of soaking.

photoluminescence spectrum of the Auy cluster (in solution
form) used in the study is given in the Supporting Information
(Figure S1). The luminescence spectrum of the composite film
is shown in Figure 3. The spectrum is comparable to that of
Auy; in the solution phase, which shows a similar bright red
luminescence on UV irradiation. Au,5 shows a NIR emission
with a maximum of 690 nm for excitation at 375 nm. PL spectra
of these quantum clusters show a large stokes shift. Possible
reason for this could be the energy cascade within the sp
derived excited states, facilitated by the concomitant energy

relaxation through structural distortion and low energy
excitation of the ligands. The composite film, when excited
around 375 nm, shows an emission around 700 nm which
resembles that of the Au,g solution. This confirms the
molecular nature of the cluster in the composite film.
Corresponding photographs of Aujs and the composite film
under the UV light are shown as the inset of Figure 3B.
Attenuated total reflection infrared spectroscopy (ATR—IR)
was employed to investigate the chemical affinity of Auj; to the
surface of the film. Figure 4 shows the ATR—IR spectra of the
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Figure 4. ATR—IR spectra of the parent film (trace a) and the
composite (trace b). Inset shows an expanded view of the fingerprint
region of the composite.
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Figure 3. (A) EDAX spectrum of the composite film formed by the quantum cluster. (a,), (a,) EDAX mapping of the film using Au M, and S K,
lines, respectively. The corresponding SEM image in a;. The uniform red background in a, and a, is due to the conducting carbon tape on which the
composite film was placed. (B) PL spectrum of cluster-chitosan film. Peaks in UV and visible regions correspond to excitation and emission,
respectively. Inset of B shows the photographs of aqueous Au,g solution and the film under the UV light.
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parent chitosan film (trace a) and the composite (trace b). The
characteristic absorption bands of chitosan are the bands at
1560 cm™', due to the stretching vibration of the amino group,
and that at 1334 cm™', assigned to the C—H stretching
vibration. Another band around 3336 cm™ is due to the amine
N—H symmetric vibration. The peak at 2927 cm™ is the typical
C—H stretching vibration. The peaks around 897 and 1154
cm™" correspond to the saccharide structure of chitosan. The
broad peak at 1081 cm™' is due to the C—O stretching
vibration. A comparison with the chitosan film shows that the
band at 1560 cm™' corresponding to the amino group
stretching is shifted in the composite (trace b). All the other
features are essentially unaltered. Therefore, we suggest that the
binding of the Aus to the film occurs due to the interaction of
amino group (NH,") on chitosan with COO™ functionalities on
the cluster.

The transmittance spectra of the parent chitosan film and the
cluster incorporated film were analyzed and shown in Figure S.

100
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_—

——

400 600 800 1000
Wavelength (nm)

Figure S. Transmittance of parent chitosan film (trace a) and the
composite (trace b) as a function of wavelength ranging from 300 to
1100 nm. Inset shows the photographs of the composite film under
UV light upon bending.

Transmittance (%)

A transmittance of 80% is observed in the case of the parent
film (trace a). After the loading of the cluster, the transmittance
was reduced by 10% (trace b). Appreciable optical transparency
to visible and near-infrared light promises its utility in making
transparent, luminescent films with applications, ranging from
flat panel displays to photovoltaic cells. The film is flexible and
the luminescence is retained. Photographs of the film under the
UV light at different extent of bending are shown in Figure S.

The red emission from the cluster was utilized for selective
metal ion detection. In the case of parent Au,; in solution, we
could see a drastic change, such as immediate disappearance of
red emission followed by the emergence of yellow emission
when exposed to Cu**, and no effect was observed for several
other metal ions tested.”” However, the film incorporated with
Auyg shows specific sensing for Cu®>" by immediate quenching
of the luminescence. The detection studies were carried out at
ppm concentrations. A drastic change in the emission
maximum was seen in the PL spectra of the film before and
after exposure of Cu’* (Figure 6A, traces a and b, respectively).
The quenching of luminescence in the case of Cu* is abrupt.
This exposure to Cu®* makes an irreversible colored stain on
the film. The parent chitosan film shows a decrease in
luminescence intensity and a blue shift of 7 nm in peak
maximum upon exposure to S ppm Cu** (see Figure S2 in the
Supporting Information). The composite film was exposed to
several other metal ions as well (Figure 6B). Although there is a
decrease in luminescence upon exposure to Hg**, As*" and As®"
(Figure 6B, traces b, c and d, respectively), the luminescence
recovers upon drying the film, unlike in the case of Cu**. A film
upon exposure to pure water itself shows a decrease in
luminescence, but it recovers upon drying. Thus the decrease
obtained with other metal ions is due to the solvent. Traces
labeled a in Figures 6A and B are due to the composite film
alone.

A prototypical sensor film was fabricated which shows the
effectiveness of the material. Figure 6C shows photographs of
the films exposed to various concentrations of Cu®*. The
concentration of Cu** was varied from 50 ppb to 50 ppm. The
region exposed to Cu’" shows visible color change and the
intensity of the color is proportional to Cu® concentration.
The exposed film is stable for an extended period; the parent
composite film is also stable for a long time. EDAX analysis
showed that the Cu®" exposed film showed uniform
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Figure 6. (A) PL spectra of the film before and after exposing to Cu®* (traces a and b, respectively). Inset shows the pattern written on the film using
Cu” in solution. (B) PL spectra of the film exposed to Hg?*, As™* and As®* (traces b, ¢ and d, respectively). Trace a is due to composite film alone.
Peaks in UV and visible regions correspond to excitation and emission, respectively (both in A and B). (C) Dependence of Cu*" concentration on
luminescence quenching. Peaks marked with an asterisk (*) in B correspond to the emission of chitosan.
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concentration of Au, Cu, S and Cl (see Figure S3 in the
Supporting Information).

To understand the specificity to Cu®" and also the negligible
response to Hg**, we performed XPS studies. The cluster in the
solution phase was treated with metal ions such as Cu®*" and
Hg*" for 10 min such that their final concentration was 5 ppm.
The samples were freeze-dried and washed with methanol in
order to remove the possibility of physical adsorption. The
precipitate collected on washing was spotted on a molybdenum
sample plate and dried in vacuum. The spectra in the required
binding energy (BE) range were collected. Figure 7A shows the
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Figure 7. A and B are survey spectra and Au 4f regions, respectively of
a) Au;s@SG-ACD, b) Au;@SG-ACD+Cu* and c¢) Au;s@SG-SCD
+Hg*". Inset of A is Cu 2p region of sample b. The dotted lines in B
indicate the change in BE. Minor shift in ¢ (0.2 eV) is within the
variations seen typically.

XPS survey spectra of Au;s@SG-SCD, Au;s@SG-#CD+Cu**
and Au,s@SG-SCD+Hg*" (traces a, b and c, respectively) and
the detailed spectra are collected at a pass energy of 20 eV for
specific regions (7B and inset of 7A). The presence of gold,
sulfur, carbon, nitrogen, oxygen and copper is evident from the
survey spectra. The Au 4f,, for both Au;;@SG-fCD and
Au,@SG-fCD+Hg** (Figure 7B, traces a and c, respectively)
appear at 84.2 (£0.2) eV, corresponding to the characteristic
binding energy of gold in zerovalent state.** The Au 4f;),
teature of copper treated sample is shifted by a significant value
(+0.6 eV, Figure 7B, trace b) which shows the interaction of the
cluster with copper. This supports the change in the
luminescence of Au;s@SG-SCD. The Cu 2p region of Au;s@
SG-BCD+Cu’" is shown as inset of Figure 7A. This shows a
feature of Cu 2p;/, at 932.1 eV with the absence of satellite.
The absence of satellite indicates the absence of copper in the
+2 state.®” The peak at 932.1 eV may be due to Cu'" or Cu® as
their binding energies are very close (by only 0.1-0.2 eV) and
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differentiation is difficult by XPS.>" The reduction of Cu** to
Cu'*/Cu’ may be due to the interaction of glutathione ligands
of the cluster as glutathione is well-known to reduce Cu** to
Cu'** The other possibility is the reduction of Cu®* by Au,
core where redox reaction may be feasible at the size scale of
quantum clusters. This change is expected to affect the
luminescence greatly. The Hg 4f region of Au;@SG-$CD
+Hg*" is shown in Figure S4 in the Supporting Information.
Mercury is not detected. This may be due to negligible/weak
interactions of Hg** with glutathione ligands of the cluster. The
feature observed in this binding energy region is due to Au Ss.

The sensitivity of the composite film to various salts of Cu®*
was also checked. All the salts of Cu®* (such as chloride, sulfate
and acetate) showed a similar shift in the emission wavelength
(see Figure SS in the Supporting Information). The sensitivity
to Cu'* in ppm concentration was also investigated which
showed a shift similar to Cu*" but larger in magnitude (see
Figure S6 in the Supporting Information). Dependence of the
emission features on the anions and valence state of copper are
subtle at the concentrations tested but they suggest that these
aspects are also significant.

B CONCLUSION

A multifunctional freestanding film of cm” area composed of
Auy; cluster was fabricated. We demonstrated the utility of the
film as a practical metal ion sensor. The visually observable
changes are proportional to the metal ion concentration. The
sensitivity of the luminescence to various cations was
investigated in which the material showed an abrupt change
in the case of Cu®" and there is no effect when several other
ions were tested. The stability of the composite, sensitivity to
lower concentration, applicability across all anions and absence
of other metal jon induced changes make this system useful for
practical applications. The specific sensing of Cu®" is under-
stood by XPS analysis which reveals the reduction of Cu** to
Cu'*/Cu either by the glutathione ligand or the Aug core.

B ASSOCIATED CONTENT

© Supporting Information

Excitation/emission spectrum and photograph of Aus in
solution phase under visible light, photoluminescence spectra
of chitosan film with and without Cu?*, EDAX spectrum and
SEM/EDAX image of the film in the presence of Cu?', XPS of
Au s@SG-fCD+Hg?** sample in the Hg 4f region, PL spectra of
the composite film on exposure to different compounds of Cu**
and comparison of the emission spectra of the film with Cu'*
and Cu’". This material is available free of charge via the
Internet at http://pubs.acs.org.
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Figure S1. Excitation and emission spectra of Aus solution. Inset shows the photograph
of Auss in solution phase under visible light. A photograph in UV light is given in Figure
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Figure S2. Photoluminescence spectra of parent chitosan film with and without Cu?* ion
(5 ppm). Peaks in UV and visible regions correspond to excitation and emission,

respectively. The feature indicated with (*) is due to an unidentified impurity.
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Figure S3. EDAX spectrum of the composite film exposed to CuCl,. Inset shows the

SEM and EDAX image of the composite film which shows uniform elemental

distribution of copper, gold, sulfur and chlorine in the exposed composite film.
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Figure S4. XP spectrum of Auis@SG-pCD+Hg?* sample in Hg 4f region. A peak

corresponds to Au 5s is noticed whereas no Hg 4f feature is seen.
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Figure S5. Photoluminescence spectra of the composite film exposed to different salts of
Cu® jon in 1 ppm concentration. Peaks in UV and visible regions correspond to
excitation and emission, respectively. Chloride, sulphate, acetate salts of copper shows a
similar shift in their emission wavelength. The feature indicated with (*) is due to an

unidentified impurity.
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Figure S6. A comparison of the photoluminescence spectra of the composite film with
chloride salt of Cu** and Cu'* metal ions at 1 ppm concentration. Peaks in UV and visible
regions correspond to excitation and emission, respectively. The feature indicated with

(*) is due to an unidentified impurity.
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detailed understanding of the mechanistic aspects of the _CHs

interaction between the species involved. Here, an attempt was Chlorpyrios ()
. Surface complex
made to understand the chemistry of noble metal nano-
particle—pesticide interaction, as these nanosystems are being gb o o 5
d ively f t ificati 0 del ticid ‘<D\/CH \\/‘J\/CH:
used extensively for water purification. Our model pesticide, _; “ OO i o
chlorpyrifos (CP), belonging to the organophosphorothioate s 5 EO

group, is shown to decompose to 3,5,6-trichloro-2-pyridinol Tee s
(TCP) and diethyl thiophosphate at room temperature over

Ag and Au NPs, in supported and unsupported forms. The degradation products were characterized by absorption spectroscopy
and electrospray ionization mass spectrometry (ESI MS). These were further confirmed by ESI tandem mass spectrometry. The
interaction of CP with NP surfaces was investigated using transmission electron microscopy, energy dispersive analysis of X-rays,
Raman spectroscopy, and X-ray photoelectron spectroscopy (XPS). XPS reveals no change in the oxidation state of silver after
the degradation of CP. It is proposed that the degradation of CP proceeds through the formation of AgQNP—S surface complex,
which is confirmed by Raman spectroscopy. In this complex, the P—O bond cleaves to yield a stable aromatic species, TCP. The
rate of degradation of CP increases with increase of temperature and pH. Complete degradation of 10 mL of 2 ppm CP solution
is achieved in 3 h using 100 mg of supported Ag@citrate NPs on neutral alumina at room temperature at a loading of ~0.5 wt %.
The effect of alumina and monolayer protection of NPs on the degradation of CP is also investigated. The rate of degradation of
CP by Ag NPs is greater than that of Au NPs. The results have implications to the application of noble metal NPs for drinking
water purification, as pesticide contamination is prevalent in many parts of the world. Study shows that supported Ag and Au
NPs may be employed in sustainable environmental remediation, as they can be used at room temperature in aqueous solutions

without the use of additional stimulus such as UV light.

B INTRODUCTION

Modern agriculture requires tons of pesticides and insecti-
cides worldwide to protect plants and produce from pests and
insects. It is estimated that about 2 million tons of organo-
phosphorus (OP) pesticides are used in a year throughout
the world." Because of indiscriminate and extensive use of
pesticides, they persist in soil, ground, surface waters, air,
and agricultural products.” Chlorpyrifos, O,0-diethyl O-(3,5,6-
trichloro-2-pyridyl) phosphorothioate (CyH;;Cl;NO;PS)
(CP), is a well-known organophosphorothioate pesticide that
is used in agricultural and nonagricultural areas.’ It is available
in various formulations under the trade names such as Lorsban,
Pyrinex, Spannit, Tricel, Dursban, Piridane, Silrifos, and Talon.*
In the European Community (EC) countries, 0.1 and 0.5 ppb
are set as the maximum admissible quantities for individual and
the total amount of pesticides, respectively, in drinking water.®
Exposure of CP for long periods results in serious harm to the
human nervous system, respiratory tract, and cardiovascular
systems.®” The effects of CP have been observed about 24 km
away from the place of application.® Therefore, the degradation
of CP present in environment has become a public concern.
The government of India has banned several chlorinated
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hydrocarbon insecticides, such as dichlorodiphenyltrichloro-
ethane (DDT), aldrin, and chlordane, and the use of CP has
increased as an alternative.® Corn, tree nuts, and soybeans are
the major crops on which CP is used.” Although reliable data of
the presence of pesticides in groundwater of different parts of
the world are rare, limited information is available from some
regions. Studies were conducted on the contamination of soil
and groundwater quality of Roorkee area, Haridwar district,
India, due to intense agricultural activities. Nine organophos-
phorous and 17 organochlorine pesticides were present in
groundwater much above the limits of Indian drinking water
standards.'®

The major pathways of chemical transformation of CP and
its analogues like CP-methyl are oxidation, hydrolysis, and nuc-
leophilic substitution reactions.'* CP can be oxidized by various
oxidizing agents, such as ozone, dinitrogen tetroxide, peracid,
and chlorine, which give CP oxon after the replacement of S by
oxygen in the thiophosphoryl bond (P=S)."*"'* CP oxon is
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substantially more toxic compared to its parent compound, as it
inhibits acetylcholinesterase (AChE, an enzyme necessary for
proper function of the nervous system).'® CP readily undergoes
hydrolysis in basic pH,17’18 whereas it persists in neutral and
slightly acidic conditions typical of soils, surface waters, and
aquifer sediments.'” There are several methods to degrade CP
in the literature, such as photolytic,”® enzymatic,”' electro-
enzymatic,”” ultrasonic,” and biodegradative** paths. Divalent
metal ion catalyzed hydrolysis of CP has been regorted in
which Cu®* is found to show high catalytic activity.”

Nanotechnology is important in the context of environ-
mental remediation.”**” We have shown that noble metal nano-
particles cause dehalogenation of several halocarbons and the
chemistry can be extended to halocarbon pesticides.”®
Subsequently, noble metal (especially silver and gold)
nanostructures have been used in water purification applica-
tions, especially because the chemistry occurs at room tempera-
ture and at high efficiency.”®>* Absorption spectra of these
NPs show that they are highly sensitive to toxic species present
in water, such as heavy metal ions>>%¢ (Hg**, Cd*, and
Pb*, etc.) and pesticides®”*® (endosulfan, chlorpyrifos, and
malathion, etc.). It is very much essential to understand the
pathways of degradation of pesticides and the toxicity of the
transformed products in order to design better nanomaterials-
based remediation strategies.

In this report, we have studied the degradation of this pesti-
cide at different concentrations by silver and gold NPs in
supported (on neutral alumina) and unsupported forms. The
system was chosen as a model as CP has well-defined spectros-
copic, elemental, and mass spectrometric features that allow
precise identification of the species involved. The degrada-
tion products of CP, 3,5,6-trichloro-2-pyridinol (TCP) and
diethyl thiophosphate (DETP), have been identified. TCP is
less toxic® when compared to CP, whereas other oxidation
products like CP oxon are more toxic'® than parent CP. We
have also studied the effects of monolayer protection, support,
temperature, and pH on the degradation of CP. A mechanism
has been proposed on the basis of the formation of a surface
complex involving AgNP—S binding. As the preparation of
Ag and Au nanoparticle-supported alumina is easy and degrada-
tion of CP in aqueous solutions occurs at room temperature by
simply stirring without any additional irradiation of light, the
application of noble metal nanoparticles in water purification
applications is sustainable.

B EXPERIMENTAL SECTION

Materials. Silver nitrate, tetrachloroauric acid trihydrate (CDH, India),
trisodium citrate (TSC, Qualigens), mercaptosuccinic acid (MSA), CP
(Fluka), sodium borohydride (Sigma Aldrich), and methanol were
received from various vendors and used as such without further
purification. Neutral alumina (60—325 mesh BSS) was supplied by
SRL, India. The surface area of alumina was 900 + 50 cm?/ g and
the mean particle size was 0.13 mm. Adsorption capacity was at least
1 mg/g for o-nitroaniline. Pore size distribution is 50—60 A

Synthesis of Ag NPs. The Ag@citrate NPs were prepared
according to the literature.> In this method, to a boiling 50 mL silver
nitrate (1 mM) solution, 2 mL of 1 wt % trisodium citrate was added,
and heating was continued further for a few minutes. The solution
turned light yellow, indicating the formation of NPs. The solution was
cooled in an ice bath. Later, the solution was centrifuged, and the
precipitate was washed with distilled water to remove excess citrate.
MSA-protected Ag NPs were prepared as follows.>® About 448.9 mg of
MSA was dissolved in 100 mL of methanol with stirring, at 0 °C. To
this was added AgNO; solution (85 mg of AgNO; in 1.7 mL of
distilled water). Then 25 mL of 0.2 M aqueous NaBH, was added
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dropwise, and stirring was continued for 1 h. The precipitate of NPs
was centrifuged and washed several times with methanol to remove
excess sodium borohydride and MSA. Finally, the solvent methanol
was evaporated with a rotavapor to get NPs in the powder form.

Supporting Ag NPs on Neutral Alumina. The loading of Ag@
citrate NPs was done by adding NPs solution to a calculated amount
of neutral alumina followed by gentle shaking. The adsorption of
NPs on alumina was noticed by the disappearance of color of the
supernatant. Addition of NPs solution was stopped when there was no
change in color of the supernatant. This was monitored using absorp-
tion measurements of the supernatant also. The loading of Ag NPs
was ~0.5 wt %. Similarly, MSA-protected Ag NPs were also loaded on
alumina at ~0.5 wt % by adding a stock solution of Ag@MSA NPs.

Interaction of Supported and Unsupported Ag@Citrate NPs
with CP. A 6 mL portion of Ag@citrate NPs solution was centrifuged
at 10000 rpm for 6—7 min to remove excess citrate. To the centri-
fugate was added the required volume of CP in a 1:1 water—methanol
mixture. Typically, S mL of Ag@citrate—CP solutions (at 1, 10, and
S0 ppm concentrations of CP) was stirred at 1500 rpm. In the case of
alumina-supported Ag@citrate, 100 mg of material and 10 mL of
2 ppm CP solutions were stirred at 1500 rpm.

Instrumentation. UV—vis absorption spectra were recorded with
a PerkinElmer Lambda 25 instrument in the spectral range of
200—1100 nm. High-resolution transmission electron microscopy
(HRTEM) of the samples was carried out using a JEOL 3010 in-
strument with a UHR pole piece. TEM specimens were prepared by
drop-casting one or two drops of aqueous solution to carbon-coated
copper grids and allowed to dry at room temperature overnight. All
measurements were done at 200 kV to minimize the damage of
the sample by the high-energy electron beam. Raman spectra were
measured using WiTec GmbH confocal micro Raman equipped with a
CCD detector. The light source was a Nd:YAG laser of 532 nm
wavelength. X-ray photoelectron spectroscopy (XPS) measurements
were done using an Omicron ESCA Probe spectrometer with
polychromatic Mg Ka X-rays (hv = 1253.6 eV). The X-ray power
applied was 300 W. The pass energy was 50 eV for survey scans and 20
eV for specific regions. Sample solution was spotted on a molybdenum
sample plate and dried in vacuum. The base pressure of the instrument
was 5.0 X 107'° mbar. The binding energy was calibrated with respect
to the adventitious C 1s feature at 285.0 eV. Most of the spectra were
deconvoluted to their component peaks, using the software CASA-
XPS. The ESI MS measurements were done in the negative and
positive modes using an MDX Sciex 3200 QTRAP MS/MS instru-
ment having a mass range of m/z 50—1700, in which the spray and the
extraction are orthogonal to each other. The samples were electro-
sprayed at a flow rate of 10 #L/min and ion spray voltage of S kV. The
spectra were averaged for 100 scans. MS/MS spectra were collected at
optimized collision energies in the range of 35—45 eV.

B RESULTS AND DISCUSSION

Interaction of Ag@Citrate NPs with CP. Ag@citrate®
NPs show plasmon absorption at 424 nm in water (inset of
Figure 1A, trace a). The absorption features of CP are seen at
229 and 289 nm in a 1:1 water:methanol mixture (inset of
Figure 1A, trace b). The peaks at 229 and 289 nm may be
attributed to the substituents in the pyridine ring.* CP solutions
of different concentrations (1, 10, and SO ppm) were treated
with Ag@citrate NPs and the absorption spectra of the solu-
tions were recorded after 24 and 48 h (Figure 1). After 24 h,
the silver plasmon peak was shifted to 436 and 650 nm in the
S0 ppm case (Figure 1A, trace c), which may be due to the
aggregation of NPs due to adsorption®® of CP, and the intensity
of the spectrum decreased drastically. The CP peak at 289 nm
disappeared completely and a new peak appeared at 320 nm,
which may be the product after the complete degradation of
CP. In the 10 ppm CP case, a slight decrease in intensity of
surface plasmon resonance of NPs is seen and a weak hump at
320 nm in CP was observed. After 48 h, a clear peak at 320 nm
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Figure 1. UV—vis absorption spectra of Ag@citrate NPs treated with 1, 10, and 50 ppm CP solutions (traces a, b, and c, respectively) after 24 and 48
h (A and B, respectively). The inset of A is UV—vis absorption spectra of Ag@citrate NPs and 1 ppm CP (a and b, respectively).

Figure 2. TEM images of Ag@citrate NPs (A) and NPs treated with 10 ppm CP solution after 48 h (B).

is seen in the 10 ppm CP case (Figure 1B, trace b) and the
silver plasmon peak is shifted to 457 and 700 nm, which is due
to aggregation of NPs.”®

To understand the red shift of surface plasmon of silver NPs
after the treatment of CP, TEM analysis was performed. TEM
images of the as-prepared and 10 ppm CP treated Ag@citrate
NPs (after 48 h) are shown in Figure 2. A larger area TEM
image of the CP-treated sample is shown in the Supporting
Information (Figure S1). The average size of Ag@citrate NPs is
30 = 10 nm (Figure 2A). Figure 2B is a small area TEM image
where we can see clear aggregation of Ag NPs induced by CP.

To see the elemental composition of the surface of NPs in
the aggregates, one of those aggregates was imaged as shown in
Figure 3. Figure 3A is the TEM image, and parts B, C, D, and E
are the elemental maps of Ag, Cl, S, and P, respectively.
Part F is the TEM image of single NP, and the Ag(111) lattice
(0234 nm) is marked.** The presence of P confirms the
presence of CP on the surfaces of the NPs. The energy disper-
sive analysis of X-rays (EDAX) spectrum corresponding to the
image is shown in the Supporting Information (Figure S2). It
shows the presence of elements Ag, S, P, and CL

To determine the origin of the new peak at 320 nm in the
absorption spectrum, the suspension of 10 ppm CP solution
and Ag@citrate was centrifuged (after 48 h) and the super-
natant was analyzed using electrospray ionization mass spectro-
metry (ESI MS). For comparison, ESI MS of CP was also
measured, and the data are shown in Figures 4 and S. Figure 4A
is the ESI MS in the positive mode. Traces a and b correspond
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to parent CP and the reaction products, respectively. In trace
a, the molecular ion peak of CP is at m/z 350.5. The major
fragments of CP are at m/z 323, 295, and 277, which are due
to losses of m/z 28 (C,H,), 56 (2C,H,), and 74 (2C,H, +
H,0), respectively, from m/z 350.5 (Figure 4A, trace a). The
other major specie noticed is at m/z 198, which may be due
to protonated TCP. The positive mode ESI MS of the
reaction product shows the disappearance of m/z 350.5,
which is due to CP (Figure 4A, trace b). This confirms that
CP has degraded. The major peaks are noticed at m/z 220
and 198. The m/z 198 peak may be due to TCP. To confirm
this further, tandem mass spectrometry of m/z 198 was
performed. The MS? of m/z 198 is shown in Figure 4B. In
TCP, there are three chlorine atoms. Due to the existence of
3Cl and *’Cl isotopes, for TCP, three peaks at m/z 198, 200,
and 202 are seen. The calculated mass spectral positions for
TCP and the peaks in the m/z 198 region are compared in
inset of Figure 4A. They are in good agreement. The peaks at
m/z 198, 200, and 202 are due to *Cl;, **CL*CI, and
3CI¥Cl, isotopomers of TCP, respectively. The MS® of m/z
198 peak (Figure 4B, trace a) gives fragments at m/z 180,
162, 144, 134, and 107, which are due to the loss of H,0, Cl,
H,0 + Cl, CO + Cl, and CO + CI + HCN, respectively.
Here, 33Cl is lost in the fragmentation. However, in the MS?
of m/z 200, the ion can lose **Cl or *’Cl, so we see peaks
separated by 2 mass units higher than all the peaks seen in
trace a (Figure 4B, trace b). In MS? of m/z 202 there is also a
possibility to lose either **Cl or *’Cl (Figure 4B, trace c). All
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Figure 3. TEM image and elemental maps of Ag@citrate NPs after treating with 10 ppm CP solution (after 48 h). Part A is the TEM image of an
aggregate. Parts B, C, D, and E are elemental maps of Ag, Cl, S, and P, respectively. Part F is the TEM image of a single NP, and the Ag(111)
interplanar distance is marked in the inset. The elemental maps are rotated nearly 90° with respect to the TEM.
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Figure 4. (A) ESI MS of CP (trace a) and supernatant of reaction mixture of Ag@citrate NPs and 10 ppm CP solution (trace b) after 48 h in
positive mode. The inset of A is a comparison of calculated mass spectral positions (red trace) of protonated TCP and the experimental mass
spectral region in m/z 198 (black trace). (B) MS/MS spectra of m/z 198, 200, and 202 (traces a, b, and ¢, respectively) in the reaction product. The

these losses are possible from the TCP structure, which is
shown in Figure 4B. In the positive mode, the other major
peak seen is at m/z 220. This may be due to the replacement
of H in the —OH group of the TCP structure by Na, as we
used trisodium citrate in the synthesis of Ag@citrate NPs.
The calculated mass spectral positions of the sodium salt of
TCP and m/z 220 peak are compared, and they are in very
good agreement (Supporting Information, Figure S3A). To
confirm the structure of m/z 220, its MS? spectrum was
measured, but we did not observe any positively charged
fragments, as only Na* loss occurs, giving a neutral fragment
(Supporting Information, Figure S3B).

In the negative mode ESI MS of CP, the major fragment
is m/z 196, due to loss of one proton from TCP (Figure SA,
trace a). The ESI MS of the product of 10 ppm CP solution
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and Ag@citrate NPs shows major peaks at m/z 196 and 169
(Figure SA, trace b). The peak at m/z 196 is assigned to the
structure mentioned (shown in Figure SA). To verify this,
calculated mass spectral positions were compared with the
experimental spectrum of the anion of TCP (inset of Figure SA).
Both are in good agreement. Although MS/MS analysis of
m/z 196, 198, and 200 were carried out, we did not observe
any negatively charged fragments (Supporting Information,
Figure S4A). The other major peak is m/z 169. This may be
due to the anion of DETP. To check the assignment, calculated
mass spectral positions were compared with the experimental
spectrum of the anion of DETP (Supporting Information, Figure
S4B), and they were in good agreement. To confirm the structure,
MS? of m/z 169 was performed and it gives peaks at 141 and 95,
which are due to the loss of C,H, and 2C,H, + H,O, respectively.
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Figure 6. XPS of Ag@citrate NPs and the sample treated with 10 ppm CP solution for 48 h. Parts A, B, C, D, E, and F are C 1s, Ag 3d, S 2p, Cl 2p, P
2p, and N 1s regions, respectively. Traces a and b (in A and B) are before and after treatment of CP, respectively.

The chemical structures of m/z 169 and 95 are shown in Figure
SB. On the basis of these assignments, we can postulate an
equation for the degradation of CP in presence of Ag@citrate
as follows:

Cl
cl ol N
N v AgNPs N
II sl oo 2, T 4
o N o\ . H0,25°C g
H o8
Cl
Chlorpyrifos 3,5,6-trichloro-2-
pyridinol (TCP)
Cl
Cl
N N \\ / \/
\
NaO 7 / VCH3
Cl
Sodiumsalt Diethylthiophosphate
of TCP (DETP)

After the treatment of CP, NPs were subjected to XPS ana-
lysis to see whether there is a change in oxidation state of silver

2675

in Ag@citrate NPs due to the degradation of CP. The XPS
data of 10 ppm CP treated and untreated Ag@citrate NPs are
shown in Figure 6. The C 1s features of as-synthesized Ag@
citrate NPs are seen at 285.0, 286.7, 288.5, and 289.6 eV, which
may be due to C—C, C—0, O—C—-0, and O=C—O carbons,
respectively (Figure 6A, trace a).*' The Ag 3ds,, peak is
observed at 368.2 eV, assigned to silver in the zerovalent state
(Figure 6B, trace a). After the treatment of CP, the features of
C 1s and Ag 3d;, are unaltered (traces b in Figures 6A and B,
respectively). They indicate that after the conversion of CP
there is no change in carboxylate protection and oxidation state
of silver. As noticed in TEM analysis, the adsorption of CP on
NPs is confirmed by XPS also. A peak of S 2p;, is observed at
161.6 eV, which may be due to chemisorbed* CP or metal
sulfide*’ as shown in Figure 6C. The Cl 2p region is shown in
Figure 6D, where the distinct features are deconvoluted and
labeled. The 2p;,, peaks at 197.8 and 201.1 eV may be due to
different chemical environments. The latter peak may be due to
organic chlorides,*’ which may be from adsorbed CP. The P
2p3/, peak is seen at 133.2 eV, which can be assigned to organo-
phosphate species** (Figure 6E). The N 1s features are
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observed at 398.8 and 400.2 eV (Figure 6F). The latter peak
may be due to the organic N 1s signal, due to adsorbed CP.*
The former peak may be due to the involvement of N in the
formation of a surface complex.

To understand the mechanism of interaction of CP with Ag
NPs surface, Raman spectroscopy was performed. Raman
spectra of CP and Ag@citrate NPs treated with 10 ppm CP
solution are shown in Figure 7 (traces a and b, respectively).
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Figure 7. Raman spectra of CP and Ag@citrate NPs treated with 10
ppm CP solution for 1 day (traces a and b, respectively). The inset is
the Raman spectrum of Ag@citrate NPs.

Major Raman features of CP are noticed at 640 and 1580 cm ™.
The former is due to C—Cl and the latter is due to P=S vibra-
tions, respectively.”® Parent Ag@citrate NPs exhibit Raman
peaks at 1372 and 1572 cm™, which are due to carbonaceous
species such as citrate (inset of Figure 7).2® NPs treated with
10 ppm CP solution show all the Raman features of CP. The
P=S and C—Cl features are broadened and shifted (Figure 7,
trace b), which confirm the adsorption of CP on NPs, leading
to aggregation. This is also confirmed by TEM and XPS. A new
peak at 248 cm ™ is noticed that may be assigned to AgNP—S
interaction, possibly in the form of an Ag,"<S complex.*~*

Effect of Temperature on the Degradation of CP. For
this study, S mL of 10 ppm CP solution (in 1:1 methanol:water)
was treated with the centrifugate obtained after centrifuging
S mL of Ag@citrate NPs (at 10 000 rpm for 6—7 min) at 15,
25, and 35 °C. After 12 h, solutions were centrifuged at
6000 rpm and supernatants were analyzed using UV—vis ab-
sorption spectroscopy. In 35 °C solution, NPs were preci-
pitated, whereas in 25 and 15 °C solutions, no precipita-
tion of NPs was seen. The data are shown in the Supporting
Information (Figure SS). For a given concentration of NPs and
CP, the rate of degradation was increased with an increase of
temperature. After 12 h, at 15 and 25 °C, 50 and 68% of
CP was degraded, respectively (traces b and c, respectively
in Supporting Information, Figure SS). At 35 °C, complete
degradation of CP was noticed, as indicated by the presence
of a peak at 320 nm (Supporting Information Figure SS,
trace d).*® In all cases, the red shift of surface plasmon of NPs
due to aggregation was seen.>®

Interaction of Alumina Supported Ag@Citrate NPs
with CP. In applications, it is necessary to use supported
nanoparticles. Alumina-supported Ag@citrate NPs were treated
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with CP (in 1:1 methanol + water). The samples were analyzed
with UV—vis, ESI MS, and XPS techniques. Ten mL of 2 ppm
CP solution was treated with 100 mg of alumina-supported
Ag@citrate NPs, and the solution was analyzed with absorption
spectroscopy as a function of time (Figure 8). After S min, only
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Figure 8. UV—vis absorption spectra of solutions of 2 ppm CP treated
with alumina-supported Ag@citrate NPs after S, 180, and 240 min of
exposure (traces a, b, and ¢, respectively). Inset shows the percentage
of degradation of CP in each cycle. The error bar is 4%.

features of CP (229 and 289 nm) are seen (Figure 8, trace a).
After 3 h, a new peak appeared at 320 nm, which is due to
the formation of TCP, and the 289 nm peak due to CP
almost disappeared (Figure 8, trace b).* After 4 h, complete
disappearance of the CP peak was seen (Figure 8, trace c). The
rise in background of absorption may be due to the pre-
sence of nanoscale particulates of alumina (even in the centri-
fuged sample).

Recycling of Alumina Supported Ag@Citrate NPs.
Reuse of NPs supported on alumina (100 mg) for the degrada-
tion of 2 ppm CP solution (10 mL) was studied for four cycles.
In each cycle, reaction was done for 4 h by stirring at 1500 rpm.
After the reaction, material was centrifuged in each cycle at
8000 rpm for 6—7 min, and the resulting centrifugate was
washed with methanol two times to remove any adsorbed CP
or degraded product of CP. The percentage of degradation of
CP was calculated using the area under the peak at 289 nm in
the absorption spectrum of the supernatant. In the first cycle,
complete degradation was seen and it decreased to 53, 28, 10%
in the second, third, and fourth cycles, respectively (inset of
Figure 8). The decrease in percentage of decomposition of CP
may be due to the coverage of CP on the nanoparticle surface,
which was not removed even after washing twice.

The ESI MS analysis of supernatant solutions in the first
cycle revealed the formation of TCP and DETP as products of
degradation of CP (data not shown). The XPS data of alumina-
supported Ag@citrate NPs treated with 2 ppm CP solution for
4 h are shown in the Supporting Information: parts A, B, C, and
D of Figure S6 are C 1s, Ag 3d, O 1s and Al 2p regions,
respectively. Traces a and b correspond to alumina-supported
Ag@citrate NPs before and after treatment of CP, respectively.
The C 1s peaks at 285.0, 286.0, 288.5, and 290.0 eV may
be due to C—C, C—-0O, O—C-0, and O=C—-O carbons,
respectively*' (Supporting Information, Figure S6A, trace a).
After treatment of CP, C 1s peaks are noticed at the same
positions, which indicate no change in citrate protection
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Scheme 1. Representation of Degradation of CP on Ag NPs”
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(Supporting Information, Figure S6A, trace b). The peak of
Ag 3dy, is noticed at 368.3 eV before and after treatment of
CP (traces a and b, respectively, in Supporting Information,
Figure S6B) due to silver in the zerovalent state. The O 1s
peaks are noticed at 529.3, 531.2, and 532.8 eV before and after
treatment of CP (traces a and b, respectively in Supporting
Information, Figure S6C). The peaks at 529.3, 5312, and
532.8 eV may be assigned to oxygen of alumina, hydroxyl groups
of citrate, and oxygen of carboxylate groups, respectively.” The
Al 2p peak at 74.6 eV due to alumina appears before and after
treatment of CP (traces a and b, respectively of Supporting
Information, Figure S6D).

Mechanism of Decomposition. A mechanism is proposed
on the basis of results obtained from UV—vis absorption, ESI
MS, TEM, XPS, and Raman measurements and is depicted in
Scheme 1. The NP can bind with sulfur and nitrogen atoms to
form a surface complex,” as they have a lone pair of electrons.
The formation of the Ag,*«S bond is confirmed by Raman
spectroscopy (Figure 7).* Due to the electron polarization
in the proposed surface complex, the side chain link to the
pyridine ring may get weakened.”> The P—O bond may cleave,
which results in the attack of water (nucleophile) at the
electrophilic phosphorus site."” Since TCP is a stable aromatic
compound, nitrogen will withdraw electrons from a coordina-
tion bond (to Ag,) to produce TCP. Then, DETP, which is
also a stable molecule, may form after withdrawing sulfur elec-
trons from the coordination bond. Aggregation of Ag NPs due
to adsorption of CP molecules was confirmed by TEM images
and the red shift of the UV—vis spectra. The adsorbed CP
molecules are shown with a star symbols in the scheme.
Presence of adsorbed species has been confirmed by elemental
mapping and various spectroscopic studies.

Effect of pH on the Degradation of CP. CP is known to
undergo degradation to give TCP and DETP at basic pH."
The results shown above are at neutral pH. The same degrada-
tion is also noticed at basic pH, in the presence of supported
nanoparticles. However, unsupported Ag NPs are unstable at
high basic pH. In the acidic pH range, NPs leach into the
solution, resulting in a decrease in the rate of degradation com-
pared to basic pH (data not shown).

Reaction of CP with Au@Citrate NPs. Au@citrate NPs
were synthesized®® similar to Ag@citrate NPs. A § mL solu-
tion of as-synthesized Au@citrate NPs was centrifuged at
10000 rpm for 6—7 min to remove excess citrate. To the
residue, S mL of 10 ppm CP solution (in 1:1 water:methanol
mixture) was added and the mixture was stirred at 1500 rpm.
The absorption spectra of the reaction mixtures were collected
at different times and data are shown in Figure 9A. The
absorption feature of NPs at 522 nm got shifted to 530 and
690 nm, which may be due to aggregation. The red color of
Au NPs turned to blue. The background of the spectra in-
creased with time, which may be due to aggregation of NPs
leading to the formation of turbidity in the solution. After 7 h
(trace b), a hump at 320 nm is noticed that may be due to
TCP.*® A very small conversion of CP to TCP was noticed as
parent CP was still observed even after 6 days, whereas in the
case of Ag NPs, conversion was complete in 2 days. The ESI
MS data also revealed the presence of CP in the solution after 6
days (data not shown). Aggregation of NPs was confirmed by
TEM analysis after reaction for 7 h. A large-area TEM image is
shown in Figure 9B. Small-area TEM images of Au@citrate
NPs before and after treatment of 10 ppm CP solution for 7 h
are shown in the Supporting Information (Figure S7, parts A
and B, respectively).
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Figure 9. UV—vis absorption spectra (A) of Au@citrate NPs + 10 ppm CP reaction mixture at different times. Traces a—c are at S min, 7 min, and
150 h, respectively. B is the large-area TEM image of above reaction mixture after 7 h.

Control Experiments. To prove the degradation of CP in
the presence of NPs, several control experiments were per-
formed. The possibility of degradation of CP at room tempera-
ture in 1:1 water:methanol mixture was checked by measuring
the absorption spectrum of CP with time. No change in the
absorption spectrum was seen, even after S days at room tem-
perature (Supporting Information, Figure S8A). The effect of
alumina substrate on the degradation of CP was also checked
using 3 ppm CP solution. The absorption spectrum of CP after
24 h showed a small (~10%) conversion to TCP (Supporting
Information, Figure S8B, trace b). Unprotected NPs were syn-
thesized by reducing silver nitrate with ice-cold sodium boro-
hydride, which show surface plasmon absorption at 390 nm
(data not shown). As-synthesized Ag NPs were immediately
loaded on neutral alumina and were used for the degradation of
1 ppm CP. CP was completely degraded to give a peak at 320
nm in the absorption spectrum after 24 h (Figure S8B, trace c).
Monolayer-protected Ag@MSA NPs were synthesized accord-
ing to the literature®® and loaded on alumina. These NPs were
used for degradation of CP (2 ppm). After 3 h, the TCP peak at
320 nm was seen in the absorption spectrum (Supporting
Information, Figure S9, trace c). 8 After S h, the CP peak at
289 nm disappeared completely, indicating the complete de-
gradation of CP (Supporting Information, Figure S9, trace e).
All these studies were done at neutral pH. The importance of
NPs is verified by using bulk silver powder (black in color),
which was obtained by reducing AgNO; with sodium boro-
hydride. In this case, only ~5% of CP was converted to TCP
even after 2 days (data not shown). All these control experi-
ments revealed that Ag NPs, both unprotected and monolayer-
protected, in supported and unsupported forms, help in the
degradation of CP.

B CONCLUSIONS

The degradation of CP by Ag and Au NPs was investigated at
room temperature. The degradation products, TCP and DETP,
were confirmed using tandem ESI MS. A mechanism of
degradation of CP was proposed based on TEM, EDAX, XPS,
and Raman results. To the best of our knowledge, this is the
first report on the chemistry of Ag NPs for the degradation of
CP. Unsupported Ag and Au@citrate NPs show aggregation
after adsorption of CP, leading to the red shift of surface
plasmon of NPs. The activity of Ag NPs is greater than that of
Au NPs in the degradation of CP. Unprotected and monolayer-
protected Ag NPs are also found to show degradation of CP.
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Supported Ag and Au NPs can be used to degrade CP effi-
ciently, because these may be reused, as aggregation of particles
is avoided. The rate of degradation of CP can be increased with
an increase of temperature and pH of the solution. However,
the fact that degradation occurs at room temperature and on
supported NPs is important, as these allow the utilization of
such materials for water purification. In such applications, it is
necessary that there is a postdegradation step to remove the
degradation products by adsorbents such as activated carbon.
The degraded products may undergo subsequent chemistry
with nanoparticles, and this aspect needs to be explored. It
is also necessary to extend this work to other pesticides of
relevance so that viable technologies are developed.
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TEM images, EDAX, ESI MS, UV—vis, and XPS data of Ag
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Figure S1. Large area TEM image of Ag@citrate NPs treated with 10 ppm CP for 48 h.
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Figure S3. A) Comparison of the calculated mass spectral positions (red trace) of sodium salt of TCP
and ESI MS of CP degradation product (black trace) in the m/z 220 region, in positive mode. B) ESI
MS? of m/z 220, 222 and 224 (traces a, b and c, respectively) of degradation product of CP, in positive

mode. The chemical structure of protonated sodium salt of TCP is also seen.
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Figure S4. A) ESI MS2 of m/z 196, 198 and 200 (traces a, b and c, respectively) of degradation product
of CP, in negative mode. B) Comparison of the calculated mass spectral positions (red trace) of the
anion of DETP and ESI MS of degradation product of CP (black trace) in the m/z 169 region, in
negative mode.
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Figure S5. UV-vis absorption spectra Ag@citrate NPs treated with 10 ppm CP at 15, 25 and 35 °C

(traces b, ¢ and d, respectively). Absorption spectrum of 2 ppm CP (trace a) is shown for comparison.
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Figure S7. TEM images of as-synthesized Au@(citrate (A) and reaction mixture of Au@citrate NPs and
10 ppm CP after 7 h (B).
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Figure S8. A) UV-vis absorption spectra of 1 ppm CP in 1:1 water + methanol mixture after 1, 3 and 5
days (traces a, b and c, respectively) at room temperature. Traces b and ¢ are vertically shifted for
clarity. B) UV-vis absorption spectra of 1 ppm CP and 1 ppm CP treated with unprotected Ag NPs
supported on alumina (traces a and c, respectively). Trace b is the absorption spectrum of 3 ppm CP

treated with alumina. In B all measurements were done after 24 hours.
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Figure S9. Absorption spectra of 2 ppm CP treated with Ag@MSA NPs loaded on alumina after 1, 2, 3,

4 and 5 hours (traces a, b, ¢, d and e, respectively). The rise in background of absorption spectrum in

trace c is due to the presence of alumina particulates.
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We present the synthesis of highly anisotropic nickel nanowires (NWs) and large area, free-standing
carpets extending over cm? area by simple solution phase chemistry. The materials can be post-
synthetically manipulated to produce hybrid tubes, wires, and carpets by galvanic exchange reactions
with Au®*, Ag*, Pt>*, and Pd**. All of these structures, especially the hybrid carpets and tubes, have
been prepared in bulk and are surface enhanced Raman scattering (SERS) active substrates. Molecules
of relevance such as dipicolinic acid (constituting 5-15% of the dry weight of bacterial spores of Bacillus
anthracis), dinitrotoluene, hexahydro-1,3,5-triazine (RDX), and trinitrotoluene at nanomolar
concentrations have been detected. An enhancement factor of ~10' was observed for the Ni-Au
nanocarpet. The reusability of the Ni-Au nanocarpet for SERS applications was tested 5 times without
affecting the sensitivity. The reusability and sensitivity over large area have been demonstrated by
Raman microscopy. Our method provides an easy and cost effective way to produce recyclable, large
area, SERS active substrates with high sensitivity and reproducibility which can overcome the

limitation of one-time use of traditional SERS substrates.

1. Introduction

Detection of trace amounts of explosives and chemical warfare
agents is an important task in view of national security and
defense. Potentially harmful materials such as disease causing
bacterial spores, viruses, and toxins have to be identified at low
concentrations quickly and accurately for the safety and well-
being of the population. Though various detection techniques
are available, systematic efforts have been ongoing to develop
better analytical techniques to detect a multitude of hazardous
materials in a cost-effective, rapid, and reliable manner. Aniso-
tropic micro-/nanomaterials with well-defined physiochemical
properties are of great interest to materials chemists in view of
their morphology-, size-, and crystallinity-dependent intrinsic
properties as well as attractive applications in the fields of
catalysis, sensing, electronics, and bio-related applications.'™
Surface enhanced Raman scattering (SERS)**° is a phenom-
enon, exhibited by certain nanoparticles (NPs), which enables the
rapid detection of molecules down to single molecule level, under
ambient conditions. Highly anisotropic NPs such as trian-
gles,'™12 stars,'® flowers,* erc.**''* are well-known for their

DST Unit of Nanoscience (DST UNS), Department of Chemistry, Indian
Institute of Technology Madras, Chennai 600 036, India. E-mail:
pradeep@iitm.ac.in; Fax: +91-44 2257-0545

T Electronic supplementary information (ESI) available: SEM and
EADX data of various materials such as Ni NC and NWs and their
hybrid forms, SEM image of branched Ni NWs, XPS spectra of O 1s
of various nanomaterials, Raman data showing higher detection limit
and reusability of Ni-Au NCs. See DOI: 10.1039/c2nr30557g

excellent SERS activity and related applications.'® Nanoparticle
assemblies such as superlattices'® also show similar enhancement,
enabling them for sensing applications.!” Theoretical predictions
of field enhancement around various anisotropic nanostructures
have been reported.'*'®'* However, cost-effective production of
a robust, reusable, large-area, and homogeneous SERS substrate
with high sensitivity and reproducibility still remains an impor-
tant issue. In view of making appropriate and affordable SERS
substrates, synthesizing SERS active nanomaterials by making
a thin coating of Au or Ag on prefabricated, cheap substrates
gained popularity.?®*' A periodic array of SERS active nano-
structures can also be fabricated over a large area by nanosphere
lithography techniques.” Most of these techniques have the
major disadvantage of being very time consuming with high
production costs. Solution based synthesis of most of the
anisotropic nanomaterials requires various surfactants such as
cetyltrimethylammonium bromide (CTAB) and sodium dodecyl
sulfate (SDS) and polymers such as poly(N-vinyl-2-pyrrolidone)
(PVP) and polyamines. The presence of such organic coating
may reduce the efficiency and sensitivity of these NPs towards
SERS activity.

The galvanic displacement reaction®*-2® is an easy way to make
SERS active nanomaterials from a pre-fabricated NPs template.
The galvanic displacement reaction has advantages over the
other methods in synthesizing nanostructures since no surfactant
or coordinating molecules are involved in the synthesis which can
yield clean surfaces, and is an important attribute for surface
enhanced spectroscopies. Here, we report the synthesis of thorny
nickel nanowires (NWs) and nanocarpets (NCs) via a simple

This journal is © The Royal Society of Chemistry 2012
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chemical reduction route and their subsequent use as sacrificial
templates for making highly SERS active, hybrid anisotropic
materials such as Au—Ni NCs, NWs and nanotubes through the
galvanic displacement reaction. Nickel NPs are very good
candidates to use as sacrificial templates for making SERS active
noble metal nanomaterials, as Ni is relatively cheap and has
lower reduction potential (0.25 V for Ni**/Ni (vs. standard
hydrogen electrode (SHE))) than noble metal ions (0.99 V for
AuCly /Au, 0.76 V for PtCl,* /Pt, and 0.59 V for PdCl,* /Pd).
Such hybrid materials show enhanced oxidation-resistance and
stability, which make them useful for certain biological appli-
cations, catalysis and SERS.?*-*! Various other nanosystems like
Ni-Pd nanotubes, Ni-Pt and Ni-Ag NWs were also made to
demonstrate the viability of our method to make various hybrid
nanomaterials. Reusability and utility of the Ni-Au NCs in the
detection of biomolecules, explosives, and an explosive surrogate
at very low concentrations have been demonstrated using Raman
spectroscopy and microscopy. Synthesis of such inexpensive, free
standing, recyclable, large area SERS substrates by a fast
chemistry without the aid of templates or surfactants is
advantageous for developing applications.

2. Experimental
2.1. Materials

NiCl,-6H,O, HAuCly-2H,0O, PdCl,, and hydrazine mono-
hydrate were purchased from SD Fine Chemicals, India (AR
grade). Hexachloroplatinic acid (H,PtCls-6H,0), dipicolinic
acid (DPA), and 2,4-dinitrotoluene (DNT) were purchased from
Sigma Aldrich. Trinitrotoluene (TNT) and hexahydro-
1,3,5-triazine (RDX) were gifts from Indira Gandhi Centre for
Atomic Research, Kalpakkam, India. All chemicals were used as
such without further purification. Triply distilled water was used
throughout the experiments.

2.2. Synthesis of nickel nanowires and nanocarpets

Ni NWs were synthesized by the reduction of nickel chloride in
water using concentrated aqueous hydrazine hydrate (HyH)
solution as the reducing agent. In a typical synthesis, 1 mL of
250 mM aqueous solution of nickel chloride was added to 9 mL
of water at 80 °C to get 25 mM solution of Ni**. After about one
minute, 1 mL of HyH solution was added drop-wise into the
solution. No stirring was done during this process. After the
addition of HyH, NCs were formed gradually inside the wall of
the glass beaker as a silverish film after 5 min. These NCs
measuring an area of ~5 cm? were then peeled carefully off the
beaker. Ni NWs were formed simultaneously inside the solution
as a black network-like residue, which was separated by forceps.
The NCs and NWs were washed carefully with distilled water
and subsequently with alcohol, to remove excess of hydrazine
and the other unreacted ions. The methodology could be scaled
to get larger quantities of these materials of the order of grams.

2.3. Making of hybrid Ni nanotubes and wires

About 4 mg of the Ni NWs, synthesized as per the above
procedure, were immersed inside 500 pL of 10 mM HAuCl, or
H,PdCl, solution in a vial. This solution was shaken gently for

5 min. After that, as formed Ni-Au and Ni-Pd nanotubes were
separated out from the solution using a bar magnet. They were
then washed carefully with distilled water and subsequently with
alcohol, to remove unreacted ions.

In order to make hybrid Ni-Ag and Ni-Pt NWs the afore-
mentioned experiment was conducted using 500 pL of 25 mM
H,PtClg or AgNOs in place of Au and Pd precursors.

2.4. Ni-Au nanocarpets

Thin films of nickel NCs (4 mg, ~2 cm?) were immersed inside
500 puL of 10 mM of HAuCly in a vial for about 5 min. A visible
change from silverish to light brown color indicates the forma-
tion of Ni-Au NCs. The Ni-Au NCs were separated out
carefully from the solution using forceps, washed with distilled
water and subsequently with alcohol and dried. This material
was later used for SERS measurements.

In all the abovementioned cases of synthesis of hybrid
nanostructures, varying quantities of metal ions were added to
the Ni nanostructures to deposit the required amount of metals
on them.

3. Instrumentation

Scanning electron microscopy (SEM) imaging and energy
dispersive analysis of X-ray (EDAX) studies were done with
a FEI QUANTA-200 scanning electron microscope. Raman
measurements were done with a WiTec GmbH, Alpha-SNOM
CRM 300 instrument having a 633 nm laser with a maximum
power of 35 mW. During the Raman measurements, the laser
power has been adjusted so as to get a good Raman spectrum.
The material was carefully transferred onto a cover glass, and
required amounts of analyte solution of finite concentrations
were mixed with it. It was then mounted onto the sample stage of
the Raman spectrometer. For the SERS measurements, the
backscattered light was collected using a 60x liquid immersion
objective at an integration time of 1 s. For Raman imaging of
Ni—Au nanotubes and Ni-Au NC, the backscattered light was
collected using 100x and 20x objectives, respectively, at an
integration time of 50 ms. A super notch filter placed in the path
of the signal effectively cuts off the excitation radiation. The
signal was then dispersed using a 600 grooves per mm grating,
and the dispersed light was collected by a Peltier cooled charge
coupled device (CCD). Raman enhancement factors were
calculated as discussed in earlier reports.’> XPS measurements
were done with an Omicron ESCA Probe spectrometer with
unmonochromatized Al Ka X-rays (v = 1486.6 V).

4. Results and discussion

Highly thorny NWs and NCs of Ni were synthesized by
following the procedure mentioned in the Experimental section
and their morphology was studied using SEM. The NCs were
separated as thin films which were several centimetres in length
and width (Fig. 1). The surface of the NCs attached onto the wall
of the glass beaker appeared silverish and was relatively smooth
in appearance (photograph is given in Fig. 6). The other side of
the NC which was not attached to the glass wall (in contact with
the solution) was highly thorny in nature and appeared black
(photograph in Fig. 6). The thorns, which were projecting
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Fig. 1 SEM image of Ni NC (A) and a single nanoflower (B). Inset of
(A) is an enlarged view of the Ni NC showing the presence of thorny
projections. (C) and (D) are the SEM and corresponding Ni Ka-based
EDAX images of Ni NCs. (E) and (F) are the SEM images of thorny Ni
NWs taken at various magnifications. (G) and (H) are the SEM and
corresponding EDAX images of Ni NWs.

outward from the surface (the inset of Fig. 1A), gave a carpet-like
appearance to these films. SEM analysis revealed that these NCs
were formed by the self-assembly of several flower-shaped Ni
NPs of around 1 pum size, as shown in Fig. 1B.

Since the constituent nanoflowers were not packed densely, the
NC appeared highly porous in nature (Fig. 1A). The chemical
composition of the Ni NCs was characterized using EDAX
(Fig. 1C and D). They are mainly composed of Ni along with
some amount of oxygen, probably formed due to the surface
oxidation of Ni (ESI, Fig. S11). While carpets were formed as
films, Ni NWs 2 um in diameter and length up to several hundred
microns (Fig. 1E and F) were formed in the solution as a black
mass within 10 min. These were separated from the solution
using forceps. Closer examination revealed that these wires were
highly anisotropic, constructed with a large number of thorns
with a length of 100-300 nm (Fig. 1F). The NWs were highly

stable. Even long time (30 min) ultrasonication could not break
them, indicating that the thorn-like building blocks had fused
together.

The chemical composition of the NW was examined using
EDAX (Fig. 1G and H). In addition to nickel, small amounts of
oxygen were also present which might be attributed to the surface
oxidation of nickel due to the high reactivity of elemental nickel
(ESI, Fig. S27).

The temperature dependence of the surface structure of these
NWs has been studied. We found that the surface of the thorny
NWs (Fig. 2A) became fairly smooth when the reaction was
carried out at elevated temperatures in ethylene glycol as solvent.
The synthesis yielded Ni NWs with an average diameter of
~200 nm in very large quantity without any other NPs of
different morphology (Fig. 2A and B). The amount of HyH also
plays an important role in determining the surface structure of
the NW. At low concentration of HyH (100 uL), sphere-like NPs
were formed and NWs were not seen (Fig. 2C). Some of these
particles tend to self-assemble to form chain-like structures. As
the amount of HyH increases (500 uL), an increase in the number
of thorns present on the NW surface was observed (Fig. 2D).
Further increase of the reducing agent (1 mL) resulted in the
formation of highly thorny Ni NWs (Fig. 2E). The number of
thorns was found to decrease when excess amount of reducing
agent (5 mL) was added (Fig. 2F). At an elevated temperature
and at a high concentration of the reducing agent, reduction of

Fig. 2 Large area (A) and enlarged (B) SEM images of the Ni NWs
formed when ethylene glycol was used as a solvent at 130 °C. (C)—~(F) are
the SEM images of the nanostructures synthesized using various amounts
of HyH such as 0.1, 0.5, 1.0, and 5.0 mL, respectively, keeping other
parameters the same.

This journal is © The Royal Society of Chemistry 2012
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Fig. 3 SEM images (A-C) of the sample A; taken in various magnifi-
cations. (D) and (E) are Ni Ko and Au Ma based EDAX maps of the tip
of a nanotube shown in (C).

metal ions may happen at a faster rate, resulting in the formation
of a smooth surface. Though thorny NPs and NWs of Ni were
seen earlier with the assistance of a surfactant and an external
magnetic field,**-3® our synthetic protocol is very simple, which
does not require any surfactant or magnetic field. It is proposed

that at the initial stage of the reaction, NiCl, undergoes
complexation with HyH. In the subsequent step, this complex
is reduced by excess HyH to form smaller Ni nuclei. These
nanocrystals could serve as seeds as well as provide catalytic
surfaces for further growth of larger particles. Further reduction
of Ni ions happens at these seed surfaces in all directions to form
spherical NPs.

Since the circumferential edges have higher free energies,*
further reduction may preferentially occur at these relatively
more active sites which lead to the formation of a spiky surface.
The high reducing capacity of HyH at higher temperatures*
enhances the reduction rate of Niions. At elevated temperatures,
these spiky nanospheres may tend to join each other to reduce
surface energy. Subsequently, these nickel crystals would connect
to form hierarchical nickel NWs. Reduction in the surface energy
by the elimination of the interface during this process may
facilitate NW formation. In the following steps, further deposi-
tion of Ni ions continues at these spear-like nickel stems, which
grow longer toward different directions until all of the nickel ions
are consumed. Continuous heating of the reaction mixture for
about 30 min resulted in the formation of branched NWs (ESI,
Fig. S3%). In the case of NC formation, the assembly of smaller
nanoflowers may happen laterally in all directions which results
in sheet-like structures.

4.1. Galvanic replacement reaction

Since nickel has a relatively lower reduction potential than noble
metals, the Ni NCs and NWs have been used as sacrificial
templates for the galvanic displacement reaction®*2¢ to make
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Fig.4 (A) and (E) are the SEM images of the sample A and A,, respectively. Corresponding EDAX images and spectra are also given. The elements

Ca, Sn and Si are due to the ITO conducting glass substrate used.
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hybrid systems with Au, Ag, Pt, and Pd. In such experiments, the
metal nanocrystal will get oxidized by the noble metal ion which
has a more positive reduction potential. In the case of Ni NWs,
after the addition of Au**, interestingly we found that the NWs
get converted to nanotubes. The resultant Ni-Au nanotubes
were characterized using SEM (Fig. 3). Almost all the NWs
underwent the galvanic displacement reaction and converted to
nanotubes (Fig. 3A). Fig. 3B reveals the tubular nature of these
hybrid nanomaterials. From the SEM images, it is clear that the
tips of the NWs undergo reaction easily resulting in nanotubes
with holes, mostly at the center of the tip which could be
attributed to the high reactivity of the tip of such one dimen-
sional NWs.#! After the addition of Au** into the Ni NWs, the
displacement reaction happens at sites of relatively high surface
energies such as point defects, stacking fault, steps, ezc.** During
the reaction, Ni atoms diffused to the surface of the NCs and Au
atoms diffused into the structure. More Ni atoms on the NW
surface will get displaced by Au atoms as etching creates Ni
surfaces with higher surface energies. At the same time, epitaxial
growth of Au results in the formation of thin films at the surface
of Ni NWs and subsequent etching will happen at the interior
of the NWs, newly formed high energy Ni surfaces are now
abundant. This could lead to the formation of nanotubes. The
Kirkendall effect*® is also expected to play a significant role in the
formation of such nanotubes.

The chemical composition of these hybrid nanotubes was
further confirmed by EDAX (Fig. 3C-E), which shows the
presence of Ni and Au. Well-defined nanotubes as shown in
Fig. 3 were obtained in 5 min when 500 uL of 10 mM of Au** was
added into 4 mg of the Ni NWs (we refer to this sample as Ay).
Upon increasing the concentration of Au®*" from 10 mM to
25 mM (referred to as A,), a greater amount of gold was
deposited onto the Ni NWs after 5 min and the NW surface was
decorated with nearly spherical gold nanobeads.

SEM images and corresponding EDAX data showing the
variation in the elemental compositions of the Ni-Au nanotubes
with increasing concentration of Au®* are given in Fig. 4. Ni-Au
nanotubes formed after 5 min of addition of 500 pL of 10, 15,
and 25 mM of Au’* into 4 mg of Ni NWs are shown in ESI
(Fig. S4t). As the reaction proceeds, a greater amount of Au was
deposited onto the NW surface.

A similar approach was followed to make various hybrid
nanomaterials such as Ni-Pd nanotubes, Ni-Pt, and Ni-Ag
NWs. For Pd, by the addition of 500 puL of 25 mM Pd>* solution,
the Ni NWs were converted to Ni-Pd nanotubes as in the case of
Ni-Au nanotubes (Fig. 5SA and B) whereas the nanotube
formation was not observed for the same amount of Ag or Pt
ions. At this particular concentration of metal ions, instead of
forming nanotubes, Ag and Pt got deposited onto the Ni NW
surface to form hybrid Ni-Ag and Ni—Pt NWs, respectively. The

Fig.5 (A), (E), and (I) are large area SEM images of Ni-Pd nanotubes, and Ni-Pt and Ni-Ag NWs, respectively. Single particle SEM images (B, F,
and J) and corresponding EDAX images (C, D, G, H, K, and L) of these nanostructures are also given.

This journal is © The Royal Society of Chemistry 2012
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large area and corresponding single particle SEM images of
Ni-Pd nanotubes as well as Ni-Pt and Ni-Ag NWs are given in
Fig. 5. The chemical composition of these hybrid nanostructures
was characterized using EDAX (Fig. 5C, D, G, H, K, and L).

We also made bimetallic Ni-Au NCs via the galvanic
displacement reaction by the addition of Au** into the Ni NCs.
By the addition of 500 uL of 10 mM of Au** into 4 mg of Ni NCs,
we could make ~4 mg of Ni-Au bimetallic NCs (this sample is
referred to as By with 2 cm? surface area, having almost the same
morphology as the parent Ni NCs (Fig. 6E)). After the deposi-
tion of Au, the sharpness of the thorns reduced slightly compared
to that of Ni NCs (Fig. 6D). The inset of Fig. 6E shows
a magnified SEM image of the bimetallic NCs in which the
thorns are projecting outward from the surface. Photographs of
alarge-area Ni NC before and after treatment with Au** solution
are shown in Fig. 6A-C.

As all the Au** added were not reacted with Ni atoms in the
replacement reaction, a significant amount of Ni remained inside
the nanocarpet (see ESI, Fig. S51). As the reactivity at the tip of
each thorn is high, the displacement reaction happened to
a greater extent at the tip and a greater amount of Au was
deposited at the tip. EDAX data suggested that the ratio of
atomic percentage of Au and Niin By is ~1 : 4 (ESI, Fig. S57). A
greater amount of Au was deposited by increasing the concen-
tration of Au** from 10 mM to 15 mM. The nanothorns present
on the NCs were converted to spherical NPs with roughened
surfaces of around 500 nm diameter, and the carpet was looking
like a film made by the assembly of spheres as shown in Fig. 6F.
Again when the concentration of Au increased to 25 mM
(referred to as B,), a greater amount of Au*" was deposited and
the size of the spheres increased from ~500 nm to ~3 pum
(Fig. 6G). Even after the galvanic displacement reaction, these

Fig. 6 Photographs of the Ni NC before (A (the side attached to the glass beaker is facing the viewer) and B (the side in contact with the solution)) and
after (C) treatment with Au®* solution. (D) SEM image of Ni NC showing a large number of spiky projections before the galvanic displacement reaction.
(E)(G) are Ni-Au NCs formed by the addition of 500 uL of 10, 15, and 25 mM of Au®", respectively, into 4 mg of Ni NCs.
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NCs were not completely fragmented or disassembled, but
existed as a film.

The chemical compositions of NCs and NWs of Ni and hybrid
Ni—Au NCs and nanotubes were characterized by using X-ray
photoelectron spectroscopy (XPS). The wide scan XPS spectra of
NCs and NWs of Ni and bimetallic Ni-Au NCs and nanotubes
are given in Fig. 7A. The enlarged scan of Ni 2p of Ni NCs and
NWs showed 2p;/, at ~855.5eV and 2p,» at ~873.5 ¢V (Fig. 7B).
At the same time, the Ni 2p region of Ni-Au NCs showed 2p;; at
~855.3 eV and 2p, ), at ~873.3 eV (Fig. 7C). In the case of Ni-Au
nanotubes, Ni 2ps3,, and 2p;,» were observed at ~855.4 ¢V and at
~873.1 eV, respectively. The observed shift in the Ni 2p peaks in
all the above mentioned cases toward the higher binding energy
region compared to Ni(0) (852.6 eV) can be due to the possible
existence of Ni** in the form of oxide coating on the surface of
these Ni nanosurfaces. The presence of satellite peaks found in
the high-binding energy region confirms the existence of Ni in its
divalent state.***¢ Poor intensity of the satellite features indicates
that the extent of surface oxidation at the surface of Ni nano-
structures is small. The O 1s peaks found around 531.4 ¢V in all
the cases (see ESI, Fig. S6T) again confirm the presence of O*".
The 4f region of Au in Ni-Au NCs and nanotubes is given in
Fig. 7D. The spectra showed the presence of Au 4f;,, and Au 4fs),
peaks at ~84.1 and ~87.8 eV, respectively, confirming the exis-
tence of gold in its metallic form, due to galvanic exchange.

4.2. SERS measurements

Noble metal NPs with sharp edges and corners exhibit an
enhanced electric field around these locations capable of
enhancing the intensities of Raman signals of molecules present
there.*#%4748 In our case, these spiky Ni-Au bimetallic nano-
tubes and NCs with highly roughened surfaces, devoid of any
surfactants or organic species, exhibited very good SERS
activity. The SERS activity of the nanomaterials has been studied
using crystal violet (CV) as the analyte. For the SERS study,
we selected four different substrates such as Ni-Au nanotubes
(A1 and A,) and Ni-Au NCs (B; and B;).

Samples A; and By corresponding to reaction with 10 mM
Au’** showed much better SERS activity compared to the other
two using a higher concentration of Au**. The SERS spectra
collected from various nanomaterials and corresponding SEM
images are given in Fig. 8. From a detailed study, we found that
the sample B; can detect CV up to a concentration of 10~'' M
(ESI, Fig. S7t) with an enhancement factor*->° of the order of
~10'. Even at a concentration of 10~'' M, we got characteristic
Raman features of CV adsorbed on Ni-Au NC. The high SERS
activity of Ni-Au NCs and nanotubes can be attributed to the
presence of the spiky tips as well as highly corrugated surfaces
acting as hot spots. Comparatively less SERS activity of the
other two systems (A, and B,) can be due to the absence of the
sharp thorns (due to the deposition of a greater amount of Au’*,
spiky thorns were converted into nearly spherical particles).
However, they also showed SERS activity with an EF of the
order of ~107, attributed to the presence of a highly roughened
surface. Apart from this, the junction between the adjacent
nanospheres in the self-assembled film or wires can also act as hot
spots, capable of enhancing the intensity of Raman signals.
Recently, Mirkin et al. have shown that very long range SERS is

possible in a nickel NW separated by a pair of gold nanodisks by
the excitation of the surface-plasmon resonance from the gold
nanodisk pair.®® A Raman image of a Ni-Au nanotube created
by integrating the spectral intensities of adsorbed CV molecules
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Fig.7 (A) Wide scan XPS spectra of NCs and NWs of Ni and bimetallic
Ni~Au NCs and nanotubes. (B) The Ni 2p region of Ni NCs and NWs.
(C) The Ni 2p region of Ni-Au NCs and nanotubes. (D) The Au 4f region
of Ni-Au NCs and nanotubes.
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Fig. 8 (A) Raman spectra collected from A, A,, By, and B, upon
exposure to 107 M CV. Representative large area SEM images of each
Ni-Au nanosubstrate are shown along with the spectra. (B) Raman
image of a Ni-Au nanotube created by integrating the spectral intensities
of adsorbed CV between 1200 and 1700 cm~"'. The inset shows the optical
image of the nanotube used for Raman imaging. (C) Raman spectra
collected the two regions marked in the Raman image shown in (B).
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(107® M) between the 1200 and 1700 cm~' window is shown in
Fig. 8B. From the Raman image, it is clear that the enhancement
of the Raman features is not uniform throughout the nanotubes.

The spectra collected from various regions of the nanotube
showed varying intensities at different regions (Fig. 8C). This can
be due to the uneven distribution of gold at the surface of the
nanotubes. The more SERS active Au rich region (spot 2)
showed higher intensities compared to the Ni rich areas (spot 1)
which is not as good as Au in terms of its SERS activity. This
result confirms that the deposition of Au onto the Ni NW during
the galvanic displacement reaction is not uniform; hence there
will be slight differences in the intensities of SERS signal at
different points.

Taking advantage of the high SERS activity of sample B, we
demonstrated the utility of this material as an SERS substrate
for the detection of certain analytes such as DPA, a molecule
which constitutes 5 to 15% of the dry weight of the bacterial
spore of Bacillus anthracis, the explosives TNT and RDX and
an explosive surrogate, DNT. In our study, first we took the
Ni-Au NCs on a glass substrate and 20 puL of the analyte
solutions of different concentrations were drop-casted. The
substrate was subjected to an SERS test in ambient air. The
back-scattered light was collected using a 60x liquid immersion
objective with an integration time of 1 s. The enhancement
factors (EFs) were calculated in all the cases for a lower
detection limit. We could detect the characteristic Raman
features of DNT and TNT up to a concentration of 107 M
(EF = 10° (Fig. 9). In the case of DPA, the detection limit wa