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Luminescent AgAu alloy quantum clusters are synthesized
by a simple method that utilizes the galvanic reduction of
polydisperse plasmonic silver nanoparticles. The clusters are
characterized by ultraviolet-visible (UV/Vis) absorption
spectroscopy, photoluminescence (PL) spectroscopy, X-ray
photoelectron spectroscopy (XPS), transmission electron mi-
croscopy (TEM), and matrix-assisted laser desorption ioniza-
tion mass spectrometry (MALDI MS). Selective and tunable
quenching of cluster luminescence by Cu' ions is observed
and depends highly on the solvent as well as the protecting
ligands. Metal-ion selectivity is exclusively caused by metall-
ophilic interactions with the cluster core, and the tunability
depends on the nature of the protecting ligands as well as

solvent effects. Detailed XPS and time-resolved lumines-
cence measurements reveal that the tunability of lumines-
cence quenching is achieved by the systematic variation of
the metallophilic interactions between the Au' ions of the al-
loy cluster and Cu' ions formed by the reduction of Cu' ions
by the cluster core. This is the first report of tunable metallo-
philic interactions between monolayer-protected quantum
clusters and a closed-shell metal ion. We hope that these re-
sults will draw more attention to the field of quantum cluster—
metal ion interactions and provide useful insights into the
stability of these clusters, origin of their intense lumines-
cence, mechanisms of metal-ion sensing, and also help in the
development of methods for tuning their properties.

Introduction

Inherent molecule-like properties and synergistic effects
owing to the presence of heteroatoms make dimetallic
quantum clusters fascinating materials in modern cluster
science. Doping with other metals has been shown to en-
hance the chemical stability' as well as tune the electronic
structure of quantum clusters.” The presence of a hetero-
atom in the core is expected to result in unusual chiroptical
and magnetic properties in dimetallic clusters. Despite their
promising applications, the synthesis of such dimetallic
quantum clusters with atomically precise composition is a
big challenge. Among these clusters, Au-Agl3 and Au—Pd*
systems are common systems, and Au-Cu,! Au—Pt,[°l and
Ag-Nil" clusters have also been reported. The simultaneous
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reduction of individual precursors®71 and galvanic re-
duction of presynthesized quantum clusters!'®!"l are some
of the methods utilized for the synthesis of dimetallic quan-
tum clusters. Although galvanic reduction is extensively uti-
lized for the synthesis of dimetallic nanocrystals with con-
trolled shapes and compositions,® it is rarely utilized for
the synthesis of atomically precise quantum clusters. Mur-
ray et al. have shown that it is possible to make dimetallic
clusters from silver clusters!®! by this method, and galvanic
reduction has recently been utilized to synthesize atomically
precise Ag-Au clusters from presynthesized thiolate-pro-
tected!'%] and protein-protected silver clusters.['!]

The interaction of metal ions with quantum clusters is
an active topic of research. Metal ions induce new chemical
and electrochemical reactivities in clusters and modify their
absorption and emission features. Muhammed et al.l'?% re-
ported the first metal-ion-induced changes in the optical
properties of quantum clusters, and their reactivities with
metal ions were investigated.!'>®! Quantum confinement in
nanoparticles significantly alters their redox potentials!'?
and results in unexpected electrochemical reactions that
cannot be explained by conventional electrochemistry.['¥]
Although there are some previous investigations on the
size-dependent changes in the reduction potential of metal
clusters,'* the electrochemical reactivities of metal clusters
remain largely unexplored. Metal-ion-induced changes in
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cluster luminescence has been extensively exploited for
highly selective and sensitive detection of these species.['6]
The distinct roles of the inner core and ligand shells of these
clusters and photophysical mechanisms behind these inter-
actions have not been investigated in detail. Recently,
metallophilic interactions between closed-shell metal ions
with quantum dots!!” and protein-protected Au clusters!!®]
were shown to result in quenching of their luminescence.
Metallophilic interactions, weak bonding interactions be-
tween two closed-shell metal ions, are a well-known phe-
nomenon in Au' complexes and heterometallic clusters of
transition metals.['”) However, this is not a well-recognized
phenomenon in monolayer-protected noble-metal quantum
clusters. Pyykko et al. presented the first theoretical studies
on the interactions between a closed-shell Au,, cluster and
closed-shell Au' species.?” This work raised the possibility
of metallophilic interactions between the inner Au, core
and Au' ions in the protecting thiolate staple motifs of the
clusters and is of immediate relevance to monolayer-pro-
tected quantum clusters. Explorations of such interactions
in these systems may provide valuable insights into their
stability, the origin of their intense luminescence, mecha-
nisms of metal-ion sensing, and may also offer strategic
methods for tuning their properties.

Here, we present the utility of the galvanic reduction re-
action as a simple method for the synthesis of luminescent
monodisperse AgAu quantum clusters protected by mer-
captosuccinic acid (AgAu@MSA) derived from polydis-
perse plasmonic Ag nanoparticles (AgNPs). These clusters
are synthesized at room temperature and no external reduc-
ing agent is required. The use of Ag nanoparticles as the
precursor, instead of atomically precise Ag quantum clus-
ters, makes the method more facile and scalable because of
the inherent instability and difficult synthesis of the latter.
The intense red luminescence of these clusters under UV
irradiation and their high stability in aqueous solutions may
make this material useful for biological applications. The
luminescence of this cluster is selectively quenched by Cul!
ions. Detailed X-ray photoelectron spectroscopy (XPS)
measurements show that Cu'! ions are reduced by interac-
tions with the clusters. Even though Murray et al. and Wu
et al. have shown that negatively charged as well as neutral
Au,s clusters can reduce more reactive metal ions such as
Ag' and Cu' ions,[" no such reports exist on the redox
reactivities of alloy clusters. Time-resolved as well as steady-
state luminescence measurements show that this reactivity
leads to metallophilic interactions between the Au' ions of
the clusters and Cu' ions formed by the reduction of Cul!
ions by the clusters. Also, we report the solvent- and pro-
tecting-ligand-dependent tunability of these interactions,
which are reflected in the changes in the luminescence of
the cluster. Reports on such tunable metal-ion interactions
with the clusters are scarce in the literature. This is the first
report of tunable metallophilic interactions between mono-
layer-protected quantum clusters and a closed-shell metal
ion. These metallophilic-interaction-induced changes in
cluster luminescence are useful for the selective detection of
Cu'! ions in water below permissible levels.[16h]
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Results and Discussion

Synthesis and Characterization of Alloy Clusters

AgAu@MSA clusters were synthesized by galvanic re-
duction of AgNPs by Au'-MSA thiolates. Figure 1 shows
the time-dependent changes in the UV/Vis features during
the reaction. The plasmonic feature at 410 nm of AgNPs
disappeared immediately after the addition of Au'-MSA
solution, and a new feature appeared at around 600 nm,
which gradually disappeared and the spectrum became fea-
tureless. The solution was stirred for one hour and centri-
fuged subsequently to remove larger alloy nanoparticles
and AgCl. The UV/Vis spectrum of the resuspended pre-
cipitate (Figure S1) showed a broad peak at ca. 600 nm,
which is between the Au and Ag plasmonic peaks. This may
be due to the formation of larger AgAu alloy nanoparticles.
We propose that during the galvanic reduction, larger nano-
particles in the polydisperse AgNP sample react with Aul-
MSA to form larger AgAu dimetallic nanocrystals, and
very small particles undergo galvanic reduction to form
AgAu dimetallic quantum clusters (a schematic of the reac-
tion is given in the inset of Figure 1). The TEM images
shown in the inset of Figure 1 clearly show the decrease in
the particle size from AgNPs to AgAu@MSA clusters. As
the larger nanoparticles have lower solubility in methanol,
these dimetallic nanoparticles precipitate, and the smaller
dimetallic clusters remain in solution. The formation of
AgCl was confirmed by XRD analyses of the precipitate
(Figure S2).
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Figure 1. Time-dependent changes in the UV/Vis features during
the reaction between AgNPs and Au'-MSA thiolates in methanol.
(a) UV/Vis spectra of AgNPs in methanol, (b) immediately after
the addition of Au'-MSA, and (c) after one hour of the reaction.

Insets a and a’ in Figure 2 show the photographs of the
precursor AgNPs under visible and UV light, respectively.
Immediately after the addition of Au'-MSA, this solution
showed red emission under UV illumination. The time-de-
pendent evolution of the luminescence features is shown in
Figure S3, and typical luminescence features of the cluster
are shown in Figure 2. The cluster showed a broad emission
peak at 675 nm at 365 nm excitation. Insets b and b’ of
Figure 2 show the photographs of the AgAu@MSA cluster
under visible and UV light, respectively.
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Figure 2. Excitation and emission spectra of AgAu@MSA clusters
in methanol. The insets are the photographs of (a and a’) the AgNP
solution, (b and b’) the AgAu@MSA solution, and (¢ and c’) the
PAGE-separated clusters under visible and UV light, respectively.
The discontinuity in the excitation peak shows the position at
which the secondary of the emission maximum appears.

Polyacrylamide gel electrophoresis (PAGE) was per-
formed to check the purity of the as-synthesized clusters
(details in the Supporting Information). The inset photo-
graphs (c and ¢') of Figure 2 show the presence of a single
band of the gel after PAGE separation. The band appeared
light yellow under visible light and bright red under a UV
lamp. This shows that monodisperse dimetallic clusters can
be synthesized from polydisperse plasmonic silver nanopar-
ticles by using the galvanic reduction method.

The XPS survey spectrum shown in Figure 3 (a) indicates
the presence of all expected elements. The Au 4f;,, peak at
84.1 eV shows that the Au atoms are in the zero oxidation
state. The Ag 3ds, peak at 368.0 V'Y indicates the pres-
ence of metallic Ag in the cluster. The S 2p;, peak at
162.2 eV suggests that sulfur is attached to the metal core
in the form of thiolate.[*?l Energy-dispersive X-ray analysis
(EDAX) also confirmed the presence of the constituent ele-
ments in the cluster (Figure S4).
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Figure 3. (a) XPS survey spectrum of the AgAu@MSA cluster and
expanded regions of it showing the (b) Au 4f, (¢c) Ag 3d, and (d) S
2p features.
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Figure 4 shows the matrix-assisted laser desorption ion-
ization mass spectra (MALDI MS) of the clusters after li-
gand exchange with hexanethiol. Ligand exchange was at-
tempted because MSA-protected clusters do not give intact
ions in MALDI MS. This is also the case with glutathione-
protected clusters.?’] The inset of Figure 4 shows the lumi-
nescence spectral features of the cluster before (in water)
and after (in toluene) ligand exchange. The excitation maxi-
mum of the cluster shows a blueshift of ca. 20 nm after
ligand exchange, and the emission maximum is blueshifted
by ca. 5 nm. These shifts could be caused by the difference
in the polarities of water and toluene. The excitation and
emission spectral shapes are preserved after ligand ex-
change, which shows that the composition of the cluster
core is unchanged. At the threshold laser fluence, a peak at
17 kDa appears, and the peak shifts to the lower mass re-
gion owing to fragmentation of the cluster upon increasing
laser fluence.
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Figure 4. Laser-intensity-dependent MALDI MS spectra of the
AgAu clusters, ligand-exchanged with hexanethiol. The numbers
by the side of the arrow indicate the laser intensity as given by the
instrument. The inset shows the excitation and emission spectra of
the cluster before and after ligand exchange.

Tunable Interactions of the Alloy Clusters with Cu'" Ions

Interactions of metal ions with the quantum clusters af-
fect their absorption and emission features. Metal-ion-in-
duced luminescence changes of quantum clusters were uti-
lized extensively for the selective detection of trace quanti-
ties of metal ions.'®?* To study the interaction of metal
ions with the AgAu@MSA clusters, the luminescence spec-
tra of these clusters were measured in the presence of vari-
ous metal ions. Aqueous solutions of various metal ions
(100 pL, 100 ppm) were added to the cluster solution in
methanol. The luminescence of the AgAu@MSA clusters
was quenched immediately after the addition of a Cu'" solu-
tion. Figure 5 (a) shows that quenching is selective to Cuf
ions, and there is no significant decrease in luminescence
intensity upon the addition of other metal ions. The ad-
dition of Cu'! ions resulted in gradual precipitation of the
clusters from the solution. These observations may invoke
the possibility of aggregation-induced Iuminescence
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Figure 5. Emission spectra of (a) AgAu@MSA clusters in methanol and (b) AgAu@BBS clusters in THF in the presence of various

metal ions.

quenching, resulting from the binding of Cu'! ions to the
carboxylate groups of the MSA ligands, which was sug-
gested as a metal-ion-induced quenching mechanism in
noble-metal clusters.’*! Aggregation-induced quenching oc-
curs by the reabsorption of the emitted radiation from the
fluorophore, and for this phenomenon to be feasible, the
Stokes shift of the fluorophore should be very small. The
large Stokes shift (ca. 310 nm) of the AgAu@MSA cluster
also suggests that this phenomenon is not likely. The UV/
Vis absorption spectrum of the cluster was featureless, and
no new features were observed after treatment with the Cu'!
salt (Figure S5). Moreover, aggregation induced by the Cu!
ions should not affect the cluster core and, hence, the bind-
ing energies of the core atoms will not be shifted. XPS mea-
surements (Figure 8) show that the Au binding energy is
shifted to higher values. This evidence clearly indicates the
absence of aggregation-induced quenching.

To determine whether the observed metal-ion selectivity
is due to the specific interaction of Cu'! ions with the core
or the carboxylate groups of the ligand shell of the AgAu
cluster, quenching experiments were performed with clus-
ters that had been ligand-exchanged with zerz-butylbenzyl
mercaptan (BBSH). As the sulfur atom of this ligand is
bound to the AgAu core of the cluster and there are no
other functional groups such as -COOH, the possibility of
ligand—Cu'! interactions is eliminated. Interestingly, the lu-
minescence of the ligand-exchanged cluster (AgAu@BBS)
was also quenched by Cu'! ions (Figure 5, b), that is, the
selectivity towards Cu'! ions was retained even after ligand
exchange. These observations clearly suggest that the origin
of metal-ion selectivity is the interaction of Cu'! ions with
the AgAu core of the cluster.

The addition of oxalic acid (OA) into the Cu'l-treated
AgAu@MSA solution in methanol (solution 1) resulted in
complete recovery of the luminescence (Figure 6, a). This
shows that the interaction of Cu'! ions with the clusters is
almost completely reversible in methanol. As oxalic acid is
a very strong chelator for Cu'" ions, it forms stable copper
oxalate, which results in the recovery of the luminescence.
The addition of Cu' ions into a mixture of OA and the
clusters did not result in any quenching (Figure S6); this
shows that OA effectively prevents cluster—Cu'! interactions.
Interestingly, the luminescence of a AgAu@BBS—-Cu'! mix-
ture in tetrahydrofuran (THF; solution 3) was not at all
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recovered by the addition of OA (Figure 6, c). To check the
role of change in solvent from methanol to THF on the
observed irreversibility, quenching experiments were per-
formed with AgAu@MSA clusters in THF. Interestingly,
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Figure 6. Emission spectra of (a) AgAu@MSA clusters in methanol
and (b) THF and (¢c) AgAu@BBS clusters in THF showing the
changes in luminescence upon the addition of Cu'! ions and OA.
In each panel, traces a—c corresponds to the pure cluster, the cluster
with Cu'! ions, and the cluster with Cu'' ions and OA, respectively.
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we observed a partial recovery (Figure 6, b) of the lumines-
cence upon the addition of OA into a AgAu@MSA-Cu'!
mixture in THF (solution 2). This indicates that in addition
to the solvent, the nature of the protecting ligand is also
important in the determination of the reversibility of the
interaction (see below for possible effects of solvent and
protecting ligands). These observations show that the clus-
ter—Cu!! interactions that lead to luminescence quenching
are tunable with respect to the solvent and the nature of the
protecting ligand. However, we observed a redshift of the
emission maximum (ca. 5 nm for solution 1 and ca. 10 nm
for solutions 2 and 3) upon the addition of Cu'! ions, and
the shift was retained even after the addition of OA.

XPS measurements of the Cu'-treated clusters (Figure 7)
show that the Cu 2ps,, peak is shifted to lower binding ener-
gies compared to that of metallic Cu (935.5 eV). Cu'’ shows
a well defined peak shape with characteristic satellite struc-
ture. The presence of Cu 2p features in all the treated sam-
ples indicates that Cu is part of the samples. Note that the
XPS sample preparation involves washing the sample. How-
ever, complete absence of the satellite structure in these
samples suggests reduction of the Cu' ions. For solution 1,
the Cu 2p;, peak is at 932.5 eV, whereas for solutions 2
and 3, these peaks are shifted to 932.3 and 932.2 eV, respec-
tively. As the difference in the Cu' and Cu® binding energies
is only ca. 0.1-0.2 eV, it is difficult to assign the exact Cu
oxidation states in the mixtures. However, the reduction of
Cu" to Cu'/Cu® is evident from these measurements. The
characteristic ligand-to-metal charge-transfer satellite of
Cu'! at 946 eV is absent in the treated samples, indicating
the complete absence of the Cu'! state in the samples.
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Figure 7. Cu 2p regions in the X-ray photoelectron spectra of pure
and Cu'l-treated AgAu clusters. Traces a—d correspond to CuSO,
and solutions 1, 2, and 3, respectively.

Figure 8 shows the Au 4f binding energies for the pure
and Cu''-treated clusters. The Au 4f;, peak for the pure
AgAu@MSA cluster is at 84.1 eV. For solutions 1 and 2,
this peak is shifted to 84.6 eV. This peak shifts further to
85.0 eV for solution 3. The binding energies for Ag were
almost unchanged for the pure as well as Cu''-treated clus-
ters (Figure S7). This clearly indicates that the Cu'! ions
interact preferentially with the Au atoms of the alloy clus-

Eur. J. Inorg. Chem. 2014, 908-916

912

ter. Elemental analysis (Figure S4) shows that the alloy clus-
ter is mostly composed of Au. Galvanic reduction by Au'
thiolates is initiated on the surface of the AgNPs, and most
of the Ag atoms will be released as Ag' ions and a few Ag
atoms will be entrapped by Au atoms. Hence, these Ag
atoms are more likely to be in the inner core of the cluster,
which make them inaccessible to the Cu'! ions. This could
be the reason for the preferential interaction of the Cu"f
ions with the Au atoms of the cluster.

4f7 /2 4 fs/z

LT
s

80 8 92

4 88
B. E. (V)

Figure 8. Au 4f region in the X-ray photoelectron spectra of pure
and Cu'-treated AgAu clusters. Traces a—e correspond to pure
AgAu@MSA and solutions 1-4, respectively.

Notably, the observed trend in reversibility of the lumi-
nescence parallels the changes in the Au 4f;, binding ener-
gies. The Au 4f;, peak for solutions 1 and 2 (for which
the luminescence was completely and partially reversible,
respectively) is at 84.6 eV, which is between those for the
pure clusters (84.1 eV) and AgAu@BBS (85.0 eV). The shift
in the Au 4f;,, peak (from 84.1 to 85.0 V) is maximum for
solution 3, for which irreversible quenching of luminescence
was observed.

We suggest that the clusters can undergo two kinds of
interactions with Cu'" ions. XPS measurements clearly indi-
cate that the Cu'® ions are reduced as a result of their inter-
actions with the cluster. The decrease in Cu binding energy
(to that of Cu'/Cu®) and increase in that of Au in the clus-
ters may be an indication of a redox reaction between the
cluster core and Cu'! ions (reaction 1). The redshift of the
emission maximum of the clusters after treatment with Cu!!
ions could be an indication of the oxidation of the clusters.
The reduction of the Cu' ions by a noble metal such as Au
may seem contradictory when considering the conventional
electrochemical potentials. It is to be noted that the stan-
dard electrochemical potentials in the literature are those of
bulk electrodes. In the case of nanoparticles, especially at
the quantum cluster regime, electrochemical potentials will
be very much determined by quantum confinement effects.
A few earlier investigations!' >34 on small metal clusters
have shown that their reduction potentials were lower than
the bulk values. Hence, at the cluster regime, these types
of redox processes are feasible. Another possibility for the
reduction of the Cu' ions is the replacement of some of the
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Au! ions of the thiolate staple motifs by Cu'® ions, which
may lead to the formation of a mixed thiolate shell contain-
ing both Au' and Cu' ions (reaction 2). This leads to the
reduction of Cu'' to Cu' as in the case of copper thiol-
ates.[>l We could not confirm this interaction by an analysis
of the S 2p binding energies of the samples as there were
no significant changes in the S 2p binding energies of solu-
tions 1 and 2, compared to that of pure clusters. Notably,
the S 2p binding energies of copper and gold thiolates are
almost the same (ca. 162 eV).[?>2 However, for solution 3,
the S 2ps/» binding energy was 162.7 ¢V (data not shown),
which is higher than that of the pure clusters (162.2 eV).
XPS of the OA-treated solution 1 (solution 4; sample for
which luminescence was completely recovered) indicates
that the Au 4f binding energies remain at higher values
(84.6 ¢V). This shows that the clusters undergo an irrevers-
ible oxidation as a result of their interactions with the Cu'!
ions (reaction 1). Reaction 2 is expected to result in com-
plete reversibility of the Au 4f binding energies to those of
the pure clusters after treatment with OA, as all of the Cu'
ions are completely removed by OA. Once the Cu' ions have
been removed by OA, the Au' ions can bind with the li-
gands (released from Cu!), and this will regenerate the pure
clusters and should lead to the reversal of the Au 4f binding
energies to that of the pure clusters. However, this reversal
of binding energies was not observed. These observations
indicate that reaction 1, that is, the galvanic reduction, is
the most likely interaction between the clusters and Cu!!
ions.

To understand the mechanism of the observed fluores-
cence quenching of AgAu@MSA clusters in presence of
Cu' ions, we plotted (Figure 9) the fractional fluorescence
according to the Stern—Volmer Equation (1).

F
7= 1+ KolQ) M

F, and F are the fluorescence intensity in the absence and
presence of quencher, respectively, [Q] is the concentration
of quencher and Kp is the Stern—Volmer quenching con-

3.0
3.
2.5-P 2- / %
)
LL 2.0' =
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e [Cu'] (mM)
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Figure 9. Stern—Volmer plot for the luminescence quenching of
AgAu@MSA clusters in methanol upon the addition of Cu'! ions.
The inset shows the change of 7/t,, with Cu'' ion concentration.
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stant. From Figure 9, we have found a linear response of
fluorescence as a function of Cu'® ion concentration. This
result indicates that the nature of quenching is dynamic.

Picosecond time-resolved luminescence measurement is a
useful technique to aid understanding of the photophysical
processes behind the observed quenching of the
AgAu@MSA clusters. A gradual and significant decrease
in the average lifetime (Figure S8 and Table S1) with in-
creasing quencher concentration indicates the occurrence of
dynamic quenching. The plot of 7y/t,, against Cu'f concen-
tration (inset of Figure 9) was linear, as expected for a dy-
namic quenching process. The decay profiles for pure clus-
ters and solution 1 are shown in Figure 10. The decay tran-
sients are fitted tri-exponentially, and the fitting parameters
are tabulated in Table 1. Similar decay behaviors were also
observed for solutions 2 and 3 (Tables S2 and S3, Figure
S9 and S10, respectively). The decay profiles indicate the
dynamic nature of quenching for all cases.

a)

AgAu@MSA
AgAu@MSA-Cu(ll)
Recovery by OA

Aex=375 nm
Aem=675 nm

g
Counts (log scale)

AgAU@MSA
AgAU@MSA-Cu(ll)
AgAu@MSA-BQ
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Aem=675 nm

4
t (ns)

N

Figure 10. Picosecond time-resolved fluorescence transients of
AgAu@MSA clusters in methanol. (a) The quenching of lumines-
cence lifetime upon the addition of Cu' ions and its recovery upon
the addition of OA and (b) upon the addition of Cu'! ions and
benzoquinone.

Table 1. Picosecond time-resolved luminescence transients of
AgAu@MSA before and after the treatment with Cu'! and recovery
by OA in methanol. AgAu@MSA was also treated with BQ.

System 71 [ns] (%) 15 [ns] (%) 73 [ns] (%) .y [0S]
Pure AgAu@MSA  0.16 (38)  1.12 (20) 50 (42) 21.3
cluster in methanol

Cluster with Cu'! 0.10 (65) 1.24 (22) 12 (13) 1.93
Cluster with OA 0.09 (52) 1.64 (20) 50 (28) 144
Cluster with BQ 0.07 (71) 1.58 (9) 55 (20) 11.2

913

Dynamic quenching can occur through various processes
such as Forster resonance energy transfer (FRET) and pho-
toinduced electron transfer (PET). However, the absence of

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Eur|IC

www.eurjic.org

FULL PAPER

of nrgorte Cromisty
any permanent oscillating dipole (owing to the acceptor)
rules out the possibility of a FRET process. The absence of
an electron transfer processes is further confirmed by con-
trol experiments with benzoquinone (BQ), a well-known
electron acceptor. In presence of BQ, an ultrafast time com-
ponent (70 ps) evolves with very sharp decay with a contri-
bution of 71% (Figure 10, b). No such drastic changes in
the ultrafast components are observed for the Cu''-treated
samples, which rules out the possibility of an ultrafast PET
process from the cluster to the Cu'! ions. This is supported
by measurements at different Cu'! ion concentrations, for
which the gradual reduction of the longer time component
was observed with minor alteration of the shorter time con-
stant (Figure S8 and Table S1).

Similar lifetime decay patterns were reported for
Au,s@BSA clusters upon the interaction with Hg' ions.['34]
This was attributed to metallophilic bond-induced quench-
ing of the delayed fluorescence. The observations of the re-
duction of the Cu'! ions along with the similarity in the
decay patterns of the AgAu clusters strongly suggest the
possibility of metallophilic interactions. We suggest the fol-
lowing mechanism for the observed selective and tunable
quenching interactions. The Cu'! ions are first reduced to
Cu' by a redox reaction with the AgAu core of the cluster
(reaction 1). The 3d!° orbital of the Cu' ions and the 5d'°
orbital of either the Au' ions of the thiolate staple motifs
or the Au atoms of the partially oxidized cluster take part
in metallophilic interactions. As the staple motifs have a
significant role in the electronic structure of monolayer-pro-
tected clusters,?”! these interactions can lead to changes in
the electronic structure and to quenching. Metallophilic in-
teractions between Au' and Cu! ions are recognized both
theoretically and experimentally in diverse systems and have
been utilized in applications such as vapochromic sen-
sors.’8] We suggest that galvanic reduction-induced metallo-
philic interactions are the key factor that determines the
selectivity towards metal ions. Among the metal ions tested,
only the Cu'™ and Hg" systems possess positive reduction
potentials and, hence, these ions can be reduced most easily
by the quantum clusters. The reduction potentials of the
other metal ions are negative and, hence, they cannot be
reduced by these clusters. In addition to the electrochemical
potentials, the requirement of a closed-shell electronic con-
figuration for metallophilic interactions immediately reveals
the reason behind the observed metal-ion selectivity.
Among Cu'" and Hg', only Cu'" can attain a closed-shell
configuration (of Cu') from core-induced reduction, and
this might be the reason behind the observed selectivity
towards Cu'l. Even though Hg"' can be reduced to Hg' by
the cluster, this reduction will lead to the formation of an
ion without a closed-shell configuration. Notably, the ad-
dition of Hg" ions to the clusters does not lead to any im-
mediate luminescence quenching. However, quenching ow-
ing to the addition of Hg' ions was observable only after
about 5 h (data not shown). Earlier studies on the reaction
of quantum clusters with Hg'" ions show that the Hg!" ions
were reduced mostly to Hg' and not to Hg®.'??! This could
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be due to the high affinity of mercury towards the thiolate
ligands of the cluster.

We suggest that solvents as well as protecting ligands
play a crucial role in the tunability of the luminescence
quenching of these AgAu clusters. Solvents can induce
structural changes in the cluster core as well as the thiolate
staple motifs. Recent studies on Au-Cu clusters protected
by alkynyl ligands?°# show that solvents can induce struc-
tural reorganization of clusters by affecting the strength of
metallophilic bonding, and this leads to changes in the lu-
minescence features. Studies on Au' thiolates have shown
that solvents can induce Au'-Au' metallophilic interactions
caused by aggregation and lead to visible photolumines-
cence.[?’®! These solvent effects will modulate the strength
of Aul-Cu! boding in these clusters and lead to tunable
quenching interactions. As mentioned earlier, changes in
the bonding of thiolate staple motifs alter the electronic
structure of clusters, which in turn affects the luminescence
features of the cluster.?”!

Metallophilic bonding can originate from different types
of interactions between the closed-shell species such as van
der Waals, ionic, and charge-transfer forces. Theoretical
studies on Au'-Cu' metallophilic bonds®?®* show that this
bond is mainly due to ionic forces between the two species.
Hence, changes in the solvent polarity are expected to sig-
nificantly affect the nature of this bond. As the polarity of
the solvent decreases, the ionic-interaction-based metall-
ophilic bond becomes less feasible and the bond becomes
more covalent in nature and, hence, stronger. Therefore, the
Au'-Cu' bond will be weaker (i.e., this bond will be only
metallophilic in nature) in a polar solvent such as methanol
than in THF. The efficient chelation of Cu' species happens
in methanol and in turn results in complete recovery of the
luminescence. The complete recovery of luminescence was
further confirmed by experiments with the clusters in acet-
one as another polar solvent (Figure S11). We also observe
the recovery in the time-resolved measurements (see Fig-
ure 10, a). In THF, the metallophilic contributions to the
Au'-Cu! bond will be less, and the covalent nature of the
bond increases. This makes the Aul-Cu! bond stronger and,
hence, chelation with OA will be less facile. This could be
the reason for the partial recovery of luminescence for the
AgAu@MSA clusters in THF. Note that the dielectric con-
stants of methanol, acetone, and THF are 33, 21, and 7.5,
respectively. However, we could not demonstrate the
irreversible quenching for the MSA-protected sample in a
solvent less polar than THF because of the insolubility of
the clusters and Cu!! salts in such solvents. In the case of
the ligand-exchanged clusters, the Au'-Cu' bond experi-
ences a much more nonpolar environment (owing to the
BBSH or hexanethiol ligand shell) compared to the case
with the AgAu@MSA clusters in THF. Therefore, the Au'-
Cu' bond will be strongest for the ligand-exchanged cluster
in THFE In this case, the chelation of the Cu' ions with
OA will be least facile. This could be the reason behind the
irreversible quenching of the ligand-exchanged cluster. The
selectivity towards Cu'! ions and irreversibility of the lumi-
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nescence quenching are further confirmed with clusters that
are ligand-exchanged with hexanethiol.

To check the practical utility of these interactions for
Cu'' detection, the luminescence intensities of aqueous
solutions of AgAu@MSA with different Cu'' concentra-
tions (in parts per million) were measured (Figure 11). A
good linear response of the materials towards Cu'' ions was
observed. From this plot, the detection limit is 0.5 ppm,
which is well below the permissible limit of Cu'! ions in
water (1.3 ppm). As the reduction potentials of the clusters
depend on their composition, we expect that these interac-
tions can be utilized for ultra-low-level detection with clus-
ters of varied composition, which can be easily synthesized
by our method.
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Figure 11. Variation of the luminescence intensity of the
AgAu@MSA clusters in water with concentration of Cu'! ions, im-
mediately after the addition.

Conclusions

Luminescent AgAu dimetallic quantum clusters were
synthesized by a simple method that utilizes the galvanic
reduction of polydisperse plasmonic nanoparticles. The
clusters were characterized by various spectroscopic and
microscopic tools. The luminescence of the clusters is selec-
tively quenched by Cu!! ions, and the quenching is highly
tunable depending on the solvent and the ligand used. De-
tailed XPS measurements indicate that the clusters undergo
a redox reaction with Cu'l ions. Steady-state as well as time-
resolved luminescence measurements prove that the tunabil-
ity is due to the galvanic reduction-induced tunable metallo-
philic interactions between the Au' ions of the cluster and
Cu! ions formed by the reduction of Cu'® ions by the cluster.
This is the first report of tunable metallophilic interactions
between monolayer-protected quantum clusters and a
closed-shell metal ion. We hope that our results draw more
attention to the chemistry of quantum clusters with metal
ions in general and the metallophilic interactions of clusters
in particular.

Experimental Section

Materials: Chloroauric acid (HAuCly3H,0), mercaptosuccinic
acid (MSA), and 4-tert-butylbenzyl mercaptan (BBSH) were pur-
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chased from Sigma-Aldrich. Silver nitrate and tetrahydrofuran
(THF) were purchased from RANKEM. Hexanethiol was pur-
chased from Fluka. Oxalic acid, CuSO45H,0, CdCl,, ZnSOy,,
HgCl,, NiCl,, and Co(OAc), were purchased from Merck. All
chemicals were used without any further purification.

AgAu@MSA Clusters: MSA-protected AgNPs were synthesized by
following a reported procedure.?!1 A stock solution was prepared
by dissolving purified AgNPs (80 mg) in distilled water (10 mL).
Au' MSA thiolate was prepared in distilled water by dissolving
MSA powder (8.5 mg) in aqueous HAuCl, solution (5 mL, 5 mm).
All reactions were performed at room temperature. For the synthe-
sis of the AgAu@MSA clusters, the stock AgNP solution (0.5 mL)
was diluted with methanol (to 10 mL). Au'-MSA solution (2 mL)
was added into the methanolic AgNP solution with stirring. The
reaction was monitored by time-dependent UV/Vis absorption and
photoluminescence measurements. Larger AgAu alloy nanopar-
ticles and AgCl were removed by ultracentrifugation, and
AgAu@MSA clusters were obtained as a clear solution in meth-
anol. This solution was concentrated by rotary evaporation and
then freeze-dried to afford a pasty material; excess thiolates pre-
vented the production of clean powders from the system. Ethyl
acetate was added to this pasty material to precipitate the pure
AgAu@MSA, which was then collected and dried in nitrogen to
afford dry powder samples.

Ligand Exchange of AgAu@MSA Clusters: The ligand (BBSH or
hexanethiol) was dissolved in methanol (70 pL in 2 mL). This solu-
tion was added to AgAu@MSA cluster solution (2 mL) in distilled
water, and the mixture was stirred at room temperature for 2 min.
Toluene (4 mL) was then added, and the mixture was stirred further
for 3 min at room temperature. The aqueous layer became colorless,
and the toluene layer became light yellow indicating the completion
of the ligand exchange. The toluene layer was separated to afford
a clear solution of ligand-exchanged AgAu cluster.

Instrumentation: UV/Vis absorption spectra were recorded with a
Perkin—Elmer Lambda 25 instrument in the spectral range 200
1100 nm. Transmission electron microscopy (TEM) of the samples
was performed by using a JEOL 3010 instrument with an ultrahigh
resolution (UHR) polepiece. TEM specimens were prepared by
drop-casting one or two drops of the aqueous solution to carbon-
coated copper grids and allowed to dry at room temperature over-
night. All measurements were performed at 200 kV to minimize
the damage of the sample by the high-energy electron beam. X-ray
photoelectron spectroscopy (XPS) measurements were performed
with an Omicron ESCA Probe spectrometer with polychromatic
Mg-K, X-rays (hv = 1253.6eV). The X-ray power applied was
300 W. The pass energy was 50 eV for survey scans and 20 eV for
specific regions. Sample solutions were spotted on a molybdenum
sample plate and dried in vacuo. The base pressure of the instru-
ment was 5.0 X 1071 mbar. The binding energy was calibrated with
respect to the adventitious C 1s feature at 285.0 eV. Deconvolution
of the spectra was performed by using the CASAXPS software.
Matrix-assisted laser desorption/ionization mass spectrometry
(MALDI MYS) studies were conducted with a Voyager-DE PRO
Biospectrometry Workstation from Applied Biosystems. A pulsed
nitrogen laser of 337 nm was used for the MALDI MS studies. The
samples were mixed with a trans-2-[3-(4-tert-butylphenyl)-2-methyl-
2-propenylidenelmalononitrile (DCTB) matrix in 1:1 ratio, spotted
on the target plate, and allowed to dry under ambient conditions.
Mass spectra were collected in the negative-ion mode and were
averaged for 200 shots. Scanning electron microscopy (SEM) and
energy-dispersive X-ray (EDAX) analysis were performed with an
FEI QUANTA-200 SEM. For measurements, samples were drop-
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casted on an indium tin oxide coated conducting glass and dried
in ambient conditions. Picosecond-resolved fluorescence decay
transients were measured and fitted by using a commercially avail-
able spectrophotometer (Life Spec-ps, Edinburgh Instruments,
UK) with an 80 ps instrument response function (IRF).

Supporting Information (see footnote on the first page of this arti-
cle): Procedure for the PAGE experiment, UV/Vis spectra of the
product and byproducts, XRD pattern of the AgCl formed as a
byproduct, time-dependent evolution of the photoluminescence of
the clusters during the reactions, EDAX spectrum and elemental
composition of the cluster, UV/Vis spectra of the cluster in meth-
anol with and without Cu'! ions, emission spectra of AgAu@MSA
in methanol containing oxalic acid and its stability of fluorescence
upon the addition of Cu'! ions, Ag 3d regions in the X-ray photo-
electron spectra of pure and Cu''-treated AgAu@MSA clusters,
lifetime measurements of alloy clusters containing different Cu'!
concentrations, lifetime decay profiles and fitting parameters for
solutions 2 and 3, luminescence data showing the complete revers-
ibility of the quenching in acetone.
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