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Abstract

Fluorescent metal nanoclusters have recently emerged as a new class of functional
materials because of their potential applications in photocatalysis, water splitting, light
harvesting or others. Here, we have demonstrated the synthesis of highly blue luminescent AuAg
bimetallic alloy cluster by simple one pot bottom up method. Transmission electron microscopy
(TEM), X-ray photoelectron spectroscopy (XPS), and photoluminescence (PL) have been used to
characterize the alloy clusters. A dramatic blue shifting of PL peak (from 608 nm to 444 nm)
reveal a drastic change of electronic transition in presence of Ag®, due to formation of new
cluster. We have been given emphasis on the influence of the capping ligand, pH or metal ions
on the cluster formation and their stability. Based on the controlled experiments and galvanic
theory, anti-galvanic reaction mechanism has been proposed for the formation of bimetallic
AuAg alloy cluster. Surface Enhanced Raman Scattering (SERS) intensity is found to be
increased in presence of AuAg alloy cluster and the enhancement factor (EF) found to be 1.44 x

10° for alloy AuAg nanocluster.
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Introduction

Ultrasmall noble metal nanoparticles are known as metal clusters having typical size in
between metal atom and metal nanopaticle (NP). * Unlike NP, the density of the state in
nanoclusters is not strong enough to show shape and size dependent surface plasmon resonance
(SPR).*® Rather, it exhibits molecule likes d-sp, sp-sp distinct transition and intense fluorescence
due to quantum confinement, which is a unique property of nanoclusters.” ® The
photoluminescence wavelength of metal nanocluster (NC) can be tuned form near-infrared (NIR)
to ultraviolet (UV) either by varying the number of core atoms or by changing the protecting
ligand of the cluster.? It is reported that Ag; cluster (silver cluster composed of 7 atoms of Ag)
exhibits intense blue luminescent however Agg cluster exhibits NIR-red emission.’® Jin and his
coworkers™ have demonstrated that Auys cluster exhibits different photophysical properties
depending on ligand-to-metal charge transfer (LMCT) or ligand-to metal-metal charge transfer
(LMMCT). The stability and solubility of noble metal NCs are governed by the capping ligands
and the commonly used capping ligands contain N, O, P and S atom.> ' ¥*1® Thjols are often
used as capping ligand for Au, Ag, Cu even Pt NC.** > ! Thjoalcohols, thioacids and sulfur
containing amino acids or peptides are widely used for water soluble metal cluster synthesis.*” ¢
Multi-thiol based ligand is also used for the synthesis of stable NIR emissive AuNC.” Mattoussi
et al.>® 2° have elaborated the influence of zwitterionic anchor on the photophysics (QY, lifetime
etc.) and stability of AUNC or AgNC. Generally, two methods are being used for preparing
metal clusters, either by one step bottom up approach or by two step top down method. " 2
Yao and coworkers®* have reported the synthesis of Ausg and Auss by changing the pH of the
solution only, without changing precursor and capping ligand.

The potential applications of such noble metal cluster are found to be in living cell
imaging, sensing of toxic metal ions or biomolecules by using PL signal of the NC.% %3t
Nevertheless, hybrid and composite of nanoclusters are found to be potential candidates in
photocatalysis, water splitting, light harvesting, CO oxidation, alcohol oxidation, sensing or other
multimodal applications.™™ **** Unlike pure AgNC or AuNC, AuAg alloy NC possess higher
stability owing to the presence of nobler Au and high QY due to the Ag.*® Two step methods for
synthesis of bimetallic cluster have been reported by Xie and his co-workers.* In this method,

Ag’ is added with AUNC, where Ag” helps to bridge Au’-thiolate motifs on the AuNC surface.
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Thus, AuNC is surrounded by the large network of Au‘/Ag’-thiolate, produces highly
luminescent AuAg alloy cluster.*®

In this report, we have synthesized highly efficient blue luminescent bimetallic AuAg
alloy cluster by simple one pot bottom up method. We, also provide an alternative top down
method for the synthesis of same bimetallic cluster. Several characterization methods (TEM,
XPS, matrix-assisted laser desorption ionization-time of flight and PL) are being used to
characterize these alloy clusters. A mechanism for the formation of bimetallic alloy cluster has
been proposed. Finally, surface enhanced Raman scattering (SERS) enhancement of methlyene
blue (MB) in presence of bimetallic alloy cluster is reported.
Experimental Section
One pot synthesis of gold nanocluster (AuNC) and gold-silver alloy nanocluster (AuAgNC)

The synthesis of Au nanocluster®® by using thiol induced reduction of Au®* to Au® is given
in supporting information (ESI). For synthesis of gold-silver alloy nanoclusters, different
amounts (5 uL to 160 uL) of 1 wt % Ag* were mixed with 80 uL of 1 wt % Au®* and these were
kept for incubation at dark without stirring for 5-6 hours. Finally purification was done by
centrifugation followed by dialysis. Solution having highest blue fluorescent intensity upon
excitation at 375 nm was stored for further experiment.

Etching directed Synthesis of gold-silver alloy nanocluster (AuAgNC)

For etching directed synthesis of 2.5 mL of diluted AuNP? (see ESI) solution was mixed
with 60 pL of 1 wt % Ag" and pH of the solution was adjusted by 0.5 mL of 50 mM borax. To
this solution, 1.25 mL of 40 mM MUA in ethanol was added. Then, the mixture was etched at
dark for 72 hours. Sample was centrifuged at 20000 rpm for 10 min to remove the bigger AUNPs
and supernatant was dialyzed for 6 hours. Highly blue luminescent alloy clusters were stored in
at 4°C.

Characterization

Room-temperature optical absorption spectra were recorded by UV-Vis spectrophotometer
(Shimadzu) using a cuvette of 1 cm path length. The emission spectra of all samples were
obtained with FluoroMax-P (HORIBA Jobin Yvon) luminescence spectrophotometer. Quantum
yield (QY) of the alloy NC and AuNC were measured using quinine sulfate and rhodamine 6G as
reference dye, respectively. The transmission electron microscopy (TEM) image and the energy

dispersive spectroscopy (EDS) were taken using JEOL-JEM-2100F transmission electron
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microscope. Mapping of AUAgNC was performed by high-angle annular dark-field imaging
(HAADF) in scanning transmission electron microscope (STEM) mode of the same TEM
instrument. The size of the NCs are also measured by matrix-assisted laser desorption ionization-
time of flight (MALDI-TOF) mass spectrometry on Bruker Daltonics Autoflex Il TOF/TOF
system. A pulse laser of 337 nm and saturated DHB solution was selected as matrix for MALDI-
TOF measurement. Raman spectra of the films were recorded by exciting the sample with an Ar”
ion laser source of 1.0 mW power at the sample with T64000 model made of Horiba Jobin Yvon.
Results and Discussion

11-mercaptoundecanoic acid (MUA) is chosen as a capping ligand for synthesis of
nanocluster (NC). MUA also acts as mild reducing agent®* for the conversion of Au** to Au’.
Figure 1A (red curve) depicts a strong absorption peak at 390 nm along with two weak
absorption humps at 280 nm, and 320 nm which are due to the d-sp and sp-sp transition of
AUNC.” ** No absorption band due to surface plasmon resonance (SPR) at 520 nm,*" * s
observed which confirms no formation of Au NP in the present experimental conditions.' The
photoluminescence spectrum (red curve of Fig. 1B) demonstrates a strong orange-red emission at
608 nm for as synthesized AUNC. The PL intensity of the luminescent AuNC increases with
increasing Au: S ratio and then it decreases. In the present study, the highest fluorescent intensity
of AuNC, having quantum vyield (QY) 2.4% is obtained at 1.0: 5.0 of ratio Au: S. Thus, we
choose 1.0: 5.0 ratio of Au: S for bimetallic cluster synthesis. To achieve bimetallic cluster,
different amounts of Ag* are directly added to the mixture of Au** and MUA. The absorption
peak at 390 nm of AuNC (Fig. 1A, blue curve) is shifted to 334 nm and the orange-red emission
(608 nm) of AuNC is blue shifted to 444 nm (almost 166 nm blue shift, shown in Fig. 1B) at a
ratio of Ag: Au (1.0: 1.75). The dramatic blue shifting of absorption and PL peak reveal a drastic
change of electronic transition in presence of Ag", due to formation of new cluster. In such alloy
cluster, Xie et al.*® have proposed this strong fluorescence of bimetallic clusters is mainly due to
Au(D)/Ag(l) complex formation. The highest quantum yield (QY) is found to be 3.0 % for 1.0:
1.75 ratio of Ag: Au. Digital photographs (Fig. S1, ESI) also support the change of brightness,
color tunability of cluster with changing Ag: Au. It is interesting to note that the absorbance peak
at 334 increases with increasing incubation time (50 min to 5 hours) for 1.0: 1.75 ratio of Ag: Au
(Fig. 2A). The PL intensity (at 444 nm) increases significantly after 4hrs incubation time (Fig.
2B) due to completion of cluster formation.
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It is clearly seen from TEM image (Fig. 3A) that the formation of ultrasmall
monodispersed Au NC with an average particles size is 1.6 + 0.5 nm. The TEM image of AuAg
bimetallic cluster (Fig. 3B) demonstrates the uniform particle size distribution and the average
diameter of the bimetallic clusters is 1.7+ 0.5 nm. In normal TEM resolution, it is not possible to
differentiate AUNC and AuAg bimetallic nanocluster. Therefore, HAADF-STEM technique has
been used for elemental mapping of this cluster. The rectangular box in the Fig. 3C shows the
area which is taken for elemental mapping (Fig. 3D-F) of S, Au and Ag, respectively. Analysis
confirms the presence of both Au and Ag in AuAg bimetallic nanocluster. Again, the distinct
peaks of Au and Ag from EDS study also confirm the formation of bimetallic cluster (Fig. S2).
MALDI-TOF mass is being used to find the mass or composition of NC. Fig. S3 shows the
MALDI-TOF spectrum for the Au NC. The peak at m/z ~ 6427 is probably due to the AuNC,
having molecular formula Au;sMUA 5. The peaks at m/z ~6011, 5596 or others are coming from
AuisMUA 5 unit by the dissociation of AuiMUA;, Au,MUA,; or AuyMUA, fragments. In case of
AuAg alloy NC, a broad hump at m/z ~3300 to 5000 is observed (Fig. S4), indicating AuAg
alloy formation with different molecular formula which is consistent with previous result.*®

To well characterize this bimetallic cluster, XPS study is being performed. Figure 4A
shows the binding energy of gold 4f;;, and 4fs;, are 85.03 eV and 88.07 eV, respectively and the
intensity ratio of 4f;: 4fs, is 1.23: 1.0. The shifting of the peak (4f,) with respect to bulk Au®
(84.0 eV) and Au** (86.0 eV) confirms the AUNC formation where Au is neither in Au® nor in
Au** state.”? The co-existence of Au® and Au** state is also a special characteristic of AuNC.*
In the de-convoluted XPS curve (Fig. 4B); the binding energy of S 2psp, is 162.42 eV which is
consistence with the previous report.** The additional peak at 163.78 eV is due to disulfide
formation by MUA. As no external reducing agent is used, some of the thiols are converted to
dithiols and Au®* are reduced to Au%Au*. On the other hand, the peak intensity of Au 4f;;
reduces with respect to 4fs, in bimetallic cluster, as silver is present. The intensity ratio of
4f10:4F5, is 1.23: 1.0 for pure AUNC and it decreases to 0.17: 1.0 in presence of silver,
confirming the bimetallic cluster which is different from the pure AuNC.* Like pure AuNC (Fig.
4A), bimetallic cluster also possess Au™ state on the surface, which have great potential to show
metallophilic interaction.** Therefore, we believe the influence of metallophilic (d'°-d'® of Au*
and/ Ag") interaction as reflected from XPS spectra, which is responsible for the enhancement of

peak (Fig. 4C) intensity ratio of 4f;,: 4fs, in presence of Ag®. The binding energy for bulk silver
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and its zero state are 368.2 and 374.2 eV for Ag 3ds;, and Ag 3ds, respectively.** In the as
synthesized bimetallic cluster, the binding of Ag 3ds;, and Ag 3ds/, are at around 367.54 eV and
373.3 eV, respectively (Fig. 4D), which confirms the zero state of Ag. Thus, Ag influences the
alloy NC formation either by bridging the Au-S motifs or metallophilic interaction.

The control experiments have been performed to understand the influence of the capping
ligand, pH or metal ions on the cluster. The stability of the cluster and alternative way of
synthesis of same bimetallic cluster has also been investigated. For any cluster synthesis, the
crucial steps are ligand-metal complex formation followed by reductive decomposition of the
complex. It is noted that no cluster (Fig. 5A) formation is observed in presence of GSH
(glutathione) or CYS (L-cysteine) because Au*-GSH or Au*-CYS complex are extremely soluble
in water. In the present study, ethanol is added to aqueous solution of MUA to enhance the
solubility. MUA is negatively charged (as pH~ 9 in our experiment), it forms strong complex
with Au*/Ag” which will neutralize the charge. The aggregates of Au*/Ag*-MUA produces
highly fluorescent AUNC or AuAg bimetallic alloy clusters in alkaline medium.*® On the other
hand, Cu®* or Pt*" does not form luminescent cluster in presence of MUA even in alkaline
medium (Fig. 5B). It is interesting to note that the AuAg alloy clusters are stable in presence of
both oxidizing (H,O;) and reducing (NaBH,) agents. However, the cluster structure breaks down
in addition of large excess of NaBH, and H,0, as evident from PL study (Fig. 5C and D).

To find any alternative method for synthesis of bimetallic cluster, core-etching technique
is being used. The incubation of MUA with a mixture of AuNP and Ag* for 6 hours produces
orange-red emitting AUNC. The blue emission at 444 nm is observed (Fig. S5) if incubation time
is increased for 3 days, which is similar to as synthesized one pot method. This phenomenon
elucidates that the orange-red emitting AUNC may be formed as an intermediate before
bimetallic blue emitting AUAgNC formation. Then, the intermediate AuNC in-situ is converted
to AuUAgNC in presence of Ag® and excess MUA. It is clearly seen from TEM images (Fig. 6A-
D) that the size of the AuNP drastically reduces after etching with MUA. The bimetallic NC is
synthesized by a top down (core etching) method, having average particle size of 1.7+ 0.5 nm,
which matches well with the bimetallic NC synthesized by one pot method. Hence, core etching
is found to be an alternative top down way for size selective synthesis of bimetallic NC.
Although, one pot method is definitely a less time taken superior approach, compared to top

down method. In a control experiment, no blue emitting cluster formation occurs even when Ag*
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is added with green emitting AUNC. On the other hand, if AgNP is added with the mixture of
Au**-MUA and incubated for 2 days, the solution color changes from brown to black. The
supernatant exhibits intense blue luminescent similar to bimetallic cluster (Fig. S6).

Based on experimental results, the following observations are made: (1) orange-red
emitting (emission at 608 nm) AuNC is observed when Au®* incubated with MUA. (2) No
fluorescent NC is observed when Ag” incubated with MUA and AgCl precipitation is obtained
on addition of KCI to this solution. (3) In one pot method, incubation of the mixture of Au** and
Ag" with MUA for 6 hours produces blue emitting (444 nm) bimetallic AUAgNC and addition of
KCI to this solution does not produce any AgCl precipitation. (4) Etching of AuNP with Ag" and
MUA for 6 hours produces orange-red emission. Three days incubation produces blue emitting
bimetallic AUAgNC, like one pot method. (5) Addition followed by incubation for 2 days of
AgNP in the mixture of Au** and MUA produces blue luminescent bimetallic AuAgNC. A
schematic diagram (Scheme 1) is given based on the above discussion.

The standard electrode potential (E°) of different systems are given below;

[AuCl]™ + 3e = Au’(s) [E°=0.99 V] (1)
[AuCl,]™ + e = Au®(s) [E°=1.51V] )
AgT 4e = Agl(s) [E®=0.799 V] (3)

Thus electrochemistry suggests the following reaction is favorable according to classical
galvanic theory: Au®*/ Au™ + Ag® (s) — Ag" + Au® (s) and the reverse reaction should not be
happened.*? However, the XPS and EDX confirms that both Au® and Ag° are present in our
bimetallic nanocluster, though initially Au®** and Ag* are incubated in presence of reducing and
capping agent MUA. Furthermore, addition of KCI to this solution does not produce
precipitation of AgCIl, which confirms the presence of O state of silver, not in +1 state. It
indicates that Ag” is converted to Ag® in presence of Au® or Au*-MUA complex. Thus, the
conversion of Ag" to Ag® in presence of Au® or Au*-MUA complex violates the classical
galvanic rule. It reveals that anti-galvanic reaction occurs in presence of Au cluster in one pot
synthesis which is unprecedented. In top down method, excess thiol dissolves the gold atom from
AUNP surface and form Au*-S complex.?® This Au®-S or Au*-S makes the unfavorable reaction

spontaneous (reduction of Ag* to Ag).*® Thus, silver helps to link the Au’-S and Au**-S motifs

Page 8 of 22



Page 9 of 22

Journal of Materials Chemistry C

via strong metallophilic (d'°-d') interaction. In fact, the actual mechanism of cluster formation is

still in debate. Based on our experimental findings and the previous reports®" 22 * the plausible
reactions for bimetallic cluster formations are:

AU** + MUA-S — Au’-S-MUA +Au*-S-MUA +MUA-S-S-MUA (4)
Au’-MUA + Au*-S-MUA + Ag" — AuAgMUA (5)

On the other hand, when AgNP (AgP) is added with the mixture of Au** and excess MUA, very
quickly the classical galvanic reaction takes place i.e. Ag® + Au** — Ag" + Au’. Then, the small
atoms or clusters of Au® interacts with MUA which again in-situ reduce the Ag* by anti-galvanic
reaction and followed by metallophilic interaction produces the bimetallic AUAgNC. Thus,
strong anti-galvanic reaction prior to the metallophilic interactions is the key factor for the
formation of alloy cluster.

The bimetallic alloy nanocluster is further investigated for the surface Raman enhancement
study. Figure 7 shows the Raman spectra of the methylene blue (MB) molecules in the presence
and absence of cluster. It is known that surface areas of NCs are much higher than the NPs or
bulk system. Subsequently, the capability of dye adsorption on the NC surface is much higher
than the NP surface which facilitates the SERS enhancement. The most intense peak at 1618 cm’
!is due to C-C stretching of the ring of MB. On the other hand, peak at 1395 cm™, 1450 cm™ and
445 cm™ are assigned for the Raman spectra of MB due to symmetric, asymmetric starching and
bending of the C-N-C skeleton, respectively.** No significant Raman signal at 1618 cm™ or 445
cm™ are observed when AuNC is mixed with a nonfluorescent MB dye. However, in presence of
AuAg bimetallic alloy cluster, a significant SERS enhancement (calculated enhancement factor
is 1.44 x 10° of MB is observed (Fig. 7) with respect to pure MB. The enhancement factor (EF)
is calculated by the following well established expression®
EF = (Isers/ Nads)/(lbui/ Npuik) (6)

Where lsgrs represents the intensity of a vibrational mode in the surface enhanced
spectrum, lpyik is the intensity of the Raman spectrum of same vibrational mode in, Nugs is the
number of molecules adsorbed on the SERS-active substrate, and Npuk IS the number of
molecules sampled on the bulk. In the present case, dye adsorption on the alloy surface,
interaction with local electromagnetic field which makes alloy a promising SERS enhancer

species than pure AuNC.*#’
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Conclusion

Highly blue luminescent AuAg alloy nanoclusters have been synthesized using one pot
bottom up approach without using external reducing agent. Mercaptoundecanoic acid (MUA) is
being used for both capping and reducing agent. We also provide an alternative top down method
for the synthesis of same AuAg NC. An interesting anti-galvanic reaction is proposed to explain
the alloy cluster formation which unprecedented. Numbers of controlled experiments confirm
that Ag present at 0 oxidation state and Au present at 0 along with +1 oxidation state. Analysis
suggests that both top down and bottom up approaches follow anti-galvanic reaction for alloy
cluster formation. The SERS properties of alloy bimetallic cluster exhibit significant
enhancement of Raman signal. The enhancement factor is found to be 1.44x 10° in presence of
MB dye. Thus, we believe this alloy AuAg NC would be very promising for emission tuning
and to detect the hazardous dye by SERS enhancement.
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Figure Captions
Scheme 1. Different pathways for synthesis of AUNC and AuAgNC.

Figure 1. (A) Absorption spectra of AUNC (a) and AuAg alloy cluster (b); (B) emission spectra
of AuNC (a) and AuAg alloy cluster (b).

Figure 2. (A) Time dependent absorption spectra and (B) photoluminescence spectra of AuAg

nanocluster [(a) 50 min, (b) 1h 30 min, and (c) 4h incubation time].

Figure 3. TEM images of Au nanocluster (A), AuAg bimetallic cluster (B), HAADF-STEM
image of AuAg bimetallic cluster (C), elemental mapping of S (D), Au (E) and Ag (F)..

Figure 4. XPS spectra of the elements Au (A), S (B) of AuNC and (C) Au, (D) Ag of AuAg
alloy nanocluster.

Figure 5. (A) Effect of different ligands on the cluster formation (a, b, ¢ for MUA, CYS and
GSH, respectively); (B) Effect of metal ions ( a, b, ¢ for Ag*, Cu?* and Pt*", respectively); (C)
Stability of alloy cluster in presence of 110 mM NaBH, (a, b, and ¢ for 0 uL, 60 uL and 120 pL
and d for 120 uL of NaBH,4 after 1-day incubation); (D) Stability of alloy cluster in presence of
30 wt % of H,0, (a, b, and ¢ for 0 pL, 60 pL and 120 pL; d for 120 pL H,O; after 10 min and e

for 1-day incubation).

Figure 6. TEM images of AuNP before etching at low resolution (A), AuNP before etching at
high resolution (B), after etching and before centrifugation (C), after etching and after

centrifugation (D).

Figure 7. Raman spectra of pure MB (a), in presence of AuNC (b) and in presence of AuAg

alloy nanocluster (c).
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With MUA

Scheme 1. Different pathways for synthesis of AUNC and AuAgNC.
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Figure 1. (A) Absorption spectra of AUNC (a) and AuAg alloy cluster (b); (B) emission spectra

of AUNC (a) and AuAg alloy cluster (b).
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Figure 2. (A) Time dependent absorption spectra and (B) photoluminescence spectra of AuAg

nanocluster [(a) 50 min, (b) 1h 30 min, and (c) 4h incubation time].
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Figure 3. TEM images of Au nanocluster (A), AuAg bimetallic cluster (B), HAADF-STEM
image of AuAg bimetallic cluster (C), elemental mapping of S (D), Au (E) and Ag (F).
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Figure 4. XPS spectra of the elements Au (A), S (B) of AUNC and (C) Au, (D) Ag of AuAg alloy

nanocluster.
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Figure 5. (A) Effect of different ligands on the cluster formation (a, b, ¢ for MUA, CYS and
GSH, respectively); (B) Effect of metal ions ( a, b, ¢ for Ag*, Cu?* and Pt*", respectively); (C)
Stability of alloy cluster in presence of 110 mM NaBH, (a, b, and ¢ for 0 uL, 60 uL and 120 uL

and d for 120 puL of NaBH,4 after 1-day incubation); (D) Stability of alloy cluster in presence of
30 wt % of H,O; (a, b, and ¢ for 0 uL, 60 pL and 120 pL; d for 120 pL H,O, after 10 min and e

for 1-day incubation).
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Figure 6. TEM images of AuNP before etching at low resolution (A), AuNP before etching at
high resolution (B), after etching and before centrifugation (C), after etching and after

centrifugation (D).
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Figure 7. Raman spectra of pure MB (a), in presence of AUNC (b) and in presence of AuAg alloy
nanocluster (c).

21



Journal of Materials Chemistry C Page 22 of 22

TOC: Top down and bottom up approaches for the synthesis of alloy metal clusters.
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