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Abstract: The rod-shaped Au,s nanocluster possesses a low
photoluminescence quantum yield (QY=0.1 %) and hence is
not of practical use in bioimaging and related applications.
Herein, we show that substituting silver atoms for gold in the
25-atom matrix can drastically enhance the photolumines-
cence. The obtained Ag.Au,s_, (x =1-13) nanoclusters exhibit
high quantum yield (QY=40.1%), which is in striking
contrast with the normally weakly luminescent Ag.Auys_.
species (x =1-12, QY =0.21 %). X-ray crystallography further
determines the substitution sites of Ag atoms in the Ag.Auys_
cluster through partial occupancy analysis, which provides
further insight into the mechanism of photoluminescence
enhancement.

F luorescent nanomaterials are of major importance in many
fields.'™# Different types of fluorescent nanomaterials have
been developed, such as quantum dots (QDs),F! lanthanide
nanoparticles,®” and carbon nanodots.[*! Metal nanoclusters
(Ag, Au) have emerged as a new class of nanomaterial.'**!
Compared to QDs* Au and Ag nanoclusters (NCs) are
more biocompatible and can be readily bioconjugated; other
advantages include their extrememly small size, good photo-
stability, and low toxicity; thus, fluorescent noble-metal NCs
have been recognized as a promising candidate for cell
labeling, biosensing, and photo-therapy applications. >
However, a general issue lies in the lower quantum yield
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(QY) of metal NCs compared to QDs and organic dyes, which
significantly limits the applications of metal NCs. Various
approaches have been developed to synthesize noble metal
NCs with enhanced fluorescence, for example: 1) engineering
the particle surface by using different ligands, such as
DHLA P! dendrimers,®? polymers,®) DNA,?*3 peptides,
and proteins;***! 2) controlling the metal core size*! or
doping the core with other metal atoms. Doping atomically
precise nanoclusters is highly desired and allows atomic-level
insight into the origin of fluorescence, which is of major
importance.“**! Recently, several doped gold NCs with
conserved core size have been successfully synthesized;*>
however, these thiolate-protected nanoclusters, as well as the
phosphine-protected gold NCs,*'*** are of low fluorescence.

Herein, we report the discovery of drastic fluorescence
enhancement in gold nanoclusters doped with 13 Ag atoms.
Interestingly, gold nanoclusters of the same structure, but
doped with fewer Agatoms, are only weakly fluorescent.
Thus, the 13th Agatom triggers strong fluorescence in the
doped gold nanocluster.

Two synthetic methods were devised for obtaining Ag-
doped, 25-metal-atom nanoclusters (see the Experimental
Section and the Supporting Information for details). In the
first route, polydisperse Au nanoparticles'® were first made
and then used as the precursors to react with an Ag' thiolate
complex, which gave rise to Ag-doped gold nanoclusters with
25 metal atoms (I). In a second synthetic route, Au,
nanoclusters!'” (as opposed to the nanoparticles used in the
first route) were first prepared and then reacted with Ag'
thiolate to form Ag-doped nanoclusters of 25 metal atoms
(II). Characterization of phosphine-protected Au;; NCs and
small Au nanoparticles are provided in the Supporting
Information, Figure S1. For comparison, we also prepared
undoped Au,s nanoclusters.['*1¢]

Electrospray ionization time-of-flight mass spectrometry
(ESI-TOF MS) was employed to characterize the Au/Ag alloy
nanoclusters and the undoped Au,s (Figure 1). The undoped
Au,s NCsl'¥ are formulated as [Auys(PPhs),o(SC,H,Ph)sCLJ*",
and exhibit a clean signal at m/z 4151.8 (Figure 1a), which is
consistent with the expected value (4151.6; FW=8303.2 and
charge number (z) =2). In contrast, the Au/Ag alloy nano-
clusters showed a series of peaks corresponding to different
numbers of Ag atoms doped into the gold clusters (Figure 1b
for I and Figure 1c¢ for II). This was evidenced by the mass
difference between peaks equal to the gold and silver atomic
mass difference (197-108 =89 Da), thus forming a distribu-
tion of [Ag,Au,s_(PPh,),o(SC,H,Ph);CL]**, but with the total
number of metal atoms preserved at 25. A distinct difference
between I and II lies in the attained maximum number of Ag
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Figure 1. ES| mass spectra of: a) [Au,s(PPh,),(SC,H,Ph)sCl,]*", b) I,
and c) Il. The general formula of I and Il is [AgAuys_, (PPhs)yo-
(SC,H,Ph)sCl,]*", but with different x ranges.

3850 3950 4050

4150

7000 8000 9000

dopants in the cluster. Route 1, with Au nanoparticles as the
starting material, gave rise to a maximum doping of 12
Ag atoms (Figure 1b, inset). In route 2, Auy; clusters were
used as the starting material, and we obtained a unique 13-
Ag-atom doped Ag;;Au,, nanocluster with the same ligands
as in the [Au,s(PPh;),,(SC,H,Ph);CL]*" (and hence omitted
hereafter), in addition to the Ag.Au,s_, species (x<12)
observed in synthetic route 1. The isotope patterns of
Ag;Auy,, AgpAugs, and Auys match closely with the simu-
lated patterns (Figures S2-S4), and so do the isotope patterns
of other Ag,Au,_, species, thus confirming the formula
assignment.

The optical properties of [Au,s(PPhs),(SC,H,Ph)sCL,]*"
exhibit high sensitivity to the number of Ag atoms doped into
the cluster. Figure 2a shows that the Au,s clusters have
distinct absorption bands centered at 413 nm and 675 nm; the
latter is the HOMO-LUMO transition.’>>! With Ag atoms
substituted into the gold cluster, the 675 nm band blue shifts
and gives rise to a color change of the cluster solution from
brown to green. Drastic spectral changes occur in the
spectrum of II, in which two pronounced bands at 370 nm
and 427 nm were observed in addition to the further blue shift
of the HOMO-LUMO peak; these features are thus primar-
ily caused by the substitution of the 13th Ag atom into the
cluster, indicating strong perturbation to the electronic
structure of the cluster by the 13th Ag atom.

Product I exhibits a weak emission at ca. 720 nm (Fig-
ure S5) with a quantum yield of only 0.21 %, thus indicating
that all the Ag,Au,s_, species with x<12 are weakly
fluorescent. Of note, the undoped Au,s clusters also exhibit
a weak emission at about 827 nm with a low quantum yield
(ca. 0.1 %), which is consistent with the report of Park and
Lee.’¥ Significantly, doped II exhibits drastically enhanced
photoluminescence with a quantum yield of 40.1 %, and the
emission band blue shifts to about 680 nm (Figure 2b). A
comparison of the photoluminescence (PL) of Au,s and I and
II are shown in Figure S5. An interesting question is: which
specific species in the Ag,Au,s_, distribution (II) is strongly
fluorescent? As all of the Ag,Au,s_, species with x <12 (I) are
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Figure 2. a) UV/Vis spectrum of Auys, |, and Il, the inset is a photo of
the cluster solutions. b) photoluminescence properties of product Il.
PLE (—), UV/Vis (-----). UV/Vis and excitation spectra (left), and
emission spectra (right) at different excitation wavelengths, as indi-
cated by arrows.

weakly fluorescent, the 13-Ag-atom doped nanocluster in I is
responsible for the observed high fluorescence. The PL
excitation spectrum of II (Figure 2b, left, solid profile) is
almost identical with the absorption spectrum (Figure 2b, left,
dotted profile); this behavior is reminiscent of quantum-dot
behavior.?! It is noteworthy that the emission peak wave-
length is not dependent on the excitation wavelength (Fig-
ure 2b).

Compared to I, it is surprising that the unique Ag;;Au,,
species in II shows a significantly increased quantum yield,
which implies that, when Ag dopants reach 13 atoms, a large
perturbation to the electronic relaxation and dynamics of the
resultant Ag;;Au,, cluster occurs. To elucidate the structural
and electronic origin of the high fluorescence of the doped
nanoclusters, we carried out full characterization of the as-
obtained products.

The [Ag,Au,s_,(PPhs);o(SC,H,Ph)sCL,]*" nanoclusters
obtained in routes 1 and 2 allow the growth of single crystals.
X-ray crystallography was used to determine the structure of
the doped nanoclusters (Figure 3). First, all three types of
nanoclusters (Au,s, and Ag-doped I and IT) adopt the same
biicosahedral structure.’>'®) As the [Ag,Au,s_(PPhy),-
(SC,H,Ph);sCL]*" nanoclusters have different numbers of
Ag atoms, and X-ray crystallography only gave an average
electron-density map, we carried out partial occupancy
analysis to pinpoint the specific sites for Ag dopants in the
biicosahedral structure. Partial occupancy analysis indicates
that in both I and II the top and bottom vertex positions
(Figure 3b,c) are essentially occupied by silver atoms, which is
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Figure 3. X-ray structures of: a) [Au,s(PPh;),0(SC,H4Ph)sCl,]**, b) I, and
c) Il. M =metal atom.

in contrast with Au vertices in the homogold Au,; nanocluster
(Figure 3a); this is due to the fact that these two vertex sites
are bound to Cl, and Ag has a higher affinity to halogens than
does Au. Product I contains a series of Ag,Au,s_, species (x <
12, with 10 and 11 being the most abundant; see Figure 1b,
inset); they possess the same biicosahedral geometric struc-
ture (Figure 3b). Partial occupancy analysis also shows that
the metal atoms at the “waist” (Figure 3b, grey) are randomly
occupied by Au and Ag with roughly equal probability (silver
occupancy of ca. 45 %, average of all the Ag,Au,;_, clusters in
the crystal), and that the biicosahedral center is randomly
occupied by Au and Ag with a Ag occupancy of 65%. In II,
gold atoms at the waist sites (Figure 3¢, cyan) were replaced
by silver atoms at a much higher probability (ca. 80%),
including the center (ca. 76 % occupancy of Ag). The much
higher Ag occupancy in II is consistent with ESI-TOF
analysis, in which the Ag,Au,s_, species (x <13, with 12 and
13 being the most abundant; see Figure 1c, inset). This
difference significantly influences the photoluminescence of I
and IL

'"H NMR analysis provides additional evidence for the
replacement of gold by silver atoms at the waist of the 25-
metal-atom structure. For the thiolate ligand in the cluster,
the a-CH, (relative to the -SH group) is the closest to the
metal core, and thus can probe the metal atom to which the
thiolate ligand is bonded.”” In Figures S6-S8, the 'H NMR
signal of the a-CH, shifts distinctly from 3.71 to 2.93 ppm with
increasing silver doping. The *'P NMR spectrum (Figure S9)
also suggests that the substitution occurs on the waist, rather
than at the top and bottom pentagons of the rod, because the
*'P signals did not shift. '"H-'H COSY further verifies that II
(Figure S10) and I (Figure S11) have the same structure as
that of the Au,s nanocluster (Figure S12), because the 'H-'H
correlations of the ligands are almost the same.

Previously, Lee et al. reported that the HOMO-LUMO
gap of Au,s nanorods is 1.54 eV (805 nm), which is close to the
emission wavelength of the Au,s rod cluster (827 nm)."* We
performed differential pulse voltammetry (DPV) and square
wave voltammetry (SWV) analyses of II (Figure S13). The
HOMO-LUMO gap was determined to be 1.79 eV (690 nm),
which is also very close to the emission wavelength (680 nm).
These results suggest that the fluorescence of both Au,s
nanorods and II originates from the LUMO-HOMO tran-
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sition; thus, electronic perturbation to the HOMO and
LUMO orbitals would largely influence the fluorescence
properties. It is intriguing that Au,s nanorods are essentially
non-fluorescent (QY=0.1%), whereas their silver-doped
counterparts (II) emit strong fluorescence. In terms of the
electronic structure of the Au,s rod cluster,’>*! the HOMO
orbital is localized on the ten gold atoms at the waist, and
contributed by Au 6s and 6p atomic orbitals, whereas the
LUMO orbital is highly localized on the central Au atom
(Figure S14). According to the X-ray structural analysis of
Ag-doped rod clusters, Ag atoms first preferentially substi-
tute for the two vertex Au atoms, then the ten Au atoms at the
waist and the Au atom in the center (Figure 3). When the 13
Au atoms are replaced, strong perturbation to the electronic
structure occurs, manifested in the UV/Vis spectral profile
and photoluminescence intensity. Gold atoms show a strong
sd hybridization owing to the relativistic effect; the LUMO
(which consists of the Au 6s and 6p orbitals) will be largely
altered after the 13 Au atoms are substituted by Ag atoms, as
the Ag 5s orbital is higher than the Au 6s; this gives rise to
a larger energy gap and explains the blue shift of the HOMO-
LUMO transition. The fluorescence relates to the recombi-
nation rate of the photoexcited electron (on the LUMO) and
the hole (on the HOMO). Silver substitution of the 13
Au atoms (i.e. the case of Ag;;Au,,) results in a HOMO and
LUMO consisting completely of Ag 5Ss, rather than mixed Au
6s and Ag 5Ss (i.e. the cases of weakly fluorescent Ag, Au,s_,,
x<13). Compared to Au 6s, the effective mass of Ag 5Ss
electrons is closer to one, owing to less sd hybridization in Ag,
and hence, higher electron mobility in the Ag;;Au,, cluster
than in Au,s. Furthermore, the closer masses of the excited
electron and the hole in Ag;;Au;, should contribute to
a higher recombination rate, thus, giving off stronger photo-
luminescence in the 13-substituted Ag;;Au;, nanocluster.
Single crystals of II also exhibit strong red luminescence,
that is, no solid-state quenching of fluorescence occurs.

With respect to the metal-sulfur (M—S) bond length
change after Ag doping (Table S1), I gives rise to an average
increase of 0.09 A (3.8%) over Au,, and I and II give
comparable M—S bond lengths (2.42 vs. 2.41 A; Table S1).
Therefore, the M—S bond length change is not relevant to the
large photoluminescence enhancement. We have also com-
pared the M—M bonds, but no appreciable change was found
(Table S1).

The extraordinary PL properties of II hold potential for
biological applications. However, the phenethyl group in the
ligand renders the nanoclusters water insoluble, and func-
tionalization of the nanoclusters by biomolecules is also an
issue. To solve these problems, we introduced hydroxye-
thylthiol in the synthesis of II. The as-obtained [Ag,Au,s_,-
(PPh,),,(SC,H,OH)sCL]*" (x < 13) nanoclusters were tested
in living cells (human cancer cell 7402). Fluorescence confocal
imaging of these NCs-labeled cells (Figure 4) was done by
monitoring red PL from the nanoclusters (excitation: 405 nm
or 633 nm laser), which displays intracellular staining after
incubation at 37°C for 2 h. The wide excitation wavelength
range and the red emission make this nanocluster feasible for
simultaneous use with other dyes with emission shorter than
600 nm (e.g. the most MitoTracker and LysoTracker) without
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Figure 4. a) Confocal image (false color) of human cancer cells (7402)
incubated with 10 ugmL™" [Ag,Auys_, (PPhs)1o(SC,H,OH)sCLI*" (x=2~
13) after 2 h of incubation, washed by PBS buffer. 4,,=405 nm
(emission wavelength from 650-750 nm). b) 4., =633 nm (emission
wavelength from 650-750 nm). c) Bright-field image of 7402 cells.

d) Overlay of (a), (b), and (c).

any interference. The 5-dimethylthiazol-2-yl-2,5-diphenyl-
tetrazolium bromide (MTT) assay demonstrates that the
nanocluster probe shows no cytotoxicity after a long period of
incubation (Figure S16).

In summary, we have identified a highly fluorescent
Ag,;Au,, nanocluster by comparing two series of Ag-doped
Ag,Au,s_, nanoclusters prepared by two different routes. The
reaction of Au nanoparticles with Ag' thiolate gives rise to
Ag.Au,s_, with x <12, with all of these species only weakly
fluorescent (QY ~0.2%). Reaction of Au,, clusters with Ag'
thiolate gives rise to Ag,Auy;_, with x <13, and the unique
Ag ;Auy, species in the distribution is highly luminescent (QY
~40.1%). Structural analysis shows that the AgAuy .
nanoclusters are geometrically identical and adopt the same
biicosahedral structure. Significantly, only when the 13 Au
sites that are associated with the HOMO and LUMO are fully
substituted with silver does the alloy cluster become highly
fluorescent. The atomic-level structural and electronic insight
provides a promising design principle for highly fluorescent
metal nanoclusters, and may stimulate future work on the
deep understanding of the atomic-level origin of fluorescence
from metal nanoclusters, as well as on the development of
applications in biolabeling, sensing, and other fields.

Experimental Section

Synthesis of phosphine-protected Au nanoparticles and conversion to
[Ag.Auys_, (PPhy)o(SR)sCL]*" (x<12; I): Triphenylphosphine-
capped Au nanoparticles were prepared by NaBH, reduction of
HAuCl, in a water/toluene system in the presence of tetraoctylam-
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monium bromide (TOAB) and PPh;.'® The obtained polydisperse
nanoparticles were then used as the precursor for the synthesis of
alloy nanocluster I by reaction with phenethylthiosilver. PhC,H,SAg
(80 mg) was added to the ethanol solution (10 mL) of nanoparticles
(75 mg) under vigorous stirring at 298 K. After 6 h, the product was
dried in vacuum, washed several times with ethanol/hexane (1:3, V/
V), redissolved in a minimal amount of methanol, and purified by
a Sephadex LH-20 column. The brownish-yellow fraction that eluted
first was collected and mixed with an excess of NaSbF, for 15 min.
Insoluble products were collected on a filter and crystallized from
a mixed solution of CH,Cl, and diethyl ether.

Synthesis of [Auy;(PPh;)sCl,]*and conversion to [Ag,Au,s_,
(PPh;)14(SR)sCL]*" (x <13; II): Triphenylphosphine-stabilized Au,,
clusters were prepared by the method described in Ref. S3. Then, Auy,
was reacted with alkanethiosilvers (including (2-hydroxyethylthio)-
silver and phenethylthiosilver). In the case of phenethylthiosilver,
PhC,H,SAg (80 mg, 0.33 mmol) was added to an ethanol solution
(10 mL) of Auy; NCs (75 mg, 0.017 mmol) under vigorous stirring at
313 K. After 6 h, the product was dried under vacuum, washed several
times with ethanol/hexane (1:3, V/V), redissolved in a minimal
amount of methanol, and passed through a Sephadex LH-20 column.
The dark green fraction that was eluted first was collected, then mixed
with excess NaSbF for 15 min. Insoluble products were collected
after centrifugation, crystallized from a mixed solution of CH,Cl, and
diethyl ether. The synthetic procedure that uses functionalized groups
(2-hydroxyethylthio)silver is slightly different in reaction temper-
ature. CH,(OH)CH,SAg (56 mg, 0.33 mmol) was added to the
ethanol solution (10 mL) of Auy; NCs (75 mg, 0.017 mmol) under
vigorous stirring at 293 K. The products were dried in vacuo, washed
several times with ethanol/hexane (1:3, V/V), redissolved in a minimal
amount of methanol, and finally purified by a Sephadex LH-20
column.
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