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ABSTRACT: Luminescent nanomaterials have captured the
imagination of scientists for a long time and offer great promise
for applications in organic/inorganic light-emitting displays,
optoelectronics, optical sensors, biomedical imaging, and
diagnostics. Atomically precise gold clusters with well-defined
core—shell structures present bright prospects to achieve high
photoluminescence efficiencies. In this study, gold clusters with
a luminescence quantum vyield greater than 60% were
synthesized based on the Au,,(SG),y cluster, where SG is
glutathione, by rigidifying its gold shell with tetraoctylammo-
nium (TOA) cations. Time-resolved and temperature-depend-
ent optical measurements on Au,,(SG);;3 have shown the
presence of high quantum yield visible luminescence below
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freezing, indicating that shell rigidity enhances the luminescence quantum efliciency. To achieve high rigidity of the gold shell,
Au,,(SG),5 was bound to bulky TOA that resulted in greater than 60% quantum yield luminescence at room temperature.
Optical measurements have confirmed that the rigidity of gold shell was responsible for the luminescence enhancement. This
work presents an effective strategy to enhance the photoluminescence efficiencies of gold clusters by rigidifying the Au(I)—

thiolate shell.

B INTRODUCTION

Ultrabright luminescent nanomaterials have received tremen-
dous research attention for their applications in light-emitting
diode displays, luminescent sensors, and biological imaging.'~
Greater photostability, low toxicity, and higher photolumines-
cence (PL) are quite essential for successful applications of
such nanomaterials. Until recently, semiconductor quantum
dots were at the focal point of research for these applications,
and tremendous progress has been made with them.'™
However, the semiconductor quantum dots are relatively
large and often toxic, limiting their applicability.°™® On the
other hand, luminescent metal clusters have received much
attention recently as alternatives to quantum dots and organic
dye molecules for many technological applications due to the
promises offered by their ultrafine size, excellent stability, and
low toxicity.”~"” However, the luminescence quantum yields
(QY) from metal clusters are still not sufficiently high enough
to offer practical applications.

High QY visible luminescence from gold clusters formed in
dendrimers has been reported.'®'” However, the origin of
luminescence in them still remains unclear. The synthesis of
atomically precise gold clusters, and consequent structural
characterization, has ignited numerous research efforts'” ™% in
order to achieve greater luminescence from gold clusters.
However, the luminescence efficiencies reported for these
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clusters remain low with a significant amount of work focused
on Auy; clusters.">* In a recent work, Xie and co-workers>®?’
have synthesized Au,,(SG);s clusters and shown emission
around 665 nm with a QY of ~8%. From the comparison of its
luminescence properties with those of Au(I)—thiolate com-
plexes that exhibit solvent-induced and cation-induced
aggregation, the enhanced luminescence was ascribed to
aggregation-induced emission (AIE).>**” However, the origin
of emission in these clusters still remains unaddressed, posing a
major hurdle for the development of highly luminescent
clusters.

In this report, we present a novel strategy to dramatically
enhance the luminescence efficiency of gold clusters based on
the unique core—shell structure of Au,,(SG),s. We have probed
the origin of luminescence in Auy(SG);s clusters with
combined time-resolved and temperature-dependent lumines-
cence techniques. Our investigations have shown that
luminescence arises from the ligand-to-metal—metal charge
transfer state of the gold shell and also unearthed an
interestingly high QY triplet state in frozen media. As it was
possible to observe ultrabright emission from these clusters in
frozen media, Auy,(SG),s was bound to bulky TOA to rigidify
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the Au(I)—thiolate shell. The luminescence efficiency of the
rigidified Au,, clusters is enhanced remarkably and exhibits high
QY luminescence (>60%) at room temperature.

B RESULTS AND DISCUSSION

Auy,(SG)g clusters were synthesized following a literature
procedure® with some modifications (see Experimental
Section for experimental details). Briefly, instead of the carbon
monoxide reduction method,”” we synthesized Au,,(SG);q in
ambient conditions using NaBH, as a reducing agent. The key
to this synthesis was to slow the reduction reaction of the
Au(I)—thiolate precursor. To moderate the reduction activity
of NaBH,, pH was initially adjusted to 12 to induce slow
reduction of the Au(I)—thiolate precursor for 30 min before
being changed to 2.5 to quench the BH,™ activity. We found
that the pH control was critical for the high-yield preparation of
Auy,(SG),5. When the synthesis was run at pH 12 throughout
the whole reaction, the yield of Auy,(SG);; clusters was greatly
reduced and larger-sized gold nanoparticles were obtained. In
addition, the yield of Au,,(SG),s was found to be the highest
when the solution was stirred for 6 h. A polyacrylamide gel
electrophoresis (PAGE) analysis of the reaction product shown
in Supporting Information (SI) Figure S1 showed that there
were three clusters, Au;s(GS),3, Au;5(GS),,, and Auyy(GS),
formed after being stirred for 2 h. During the additional stirring
for 4 h, these clusters were focused to Au;s(GS);; and
Auy,(GS)g clusters. The yield of Au,,(SG);3 was found to
decrease for a longer stirring time, and thus the reaction was
run for 6 h. After solvent fractionation of the raw product using
water/isopropyl alcohol (IPA) mixtures, highly pure red-
emitting clusters were obtained with a typical yield of ~10%
on the basis of gold atoms. Transmission electron microscopy
(TEM) image of the separated Auy,(SG);s in SI Figure S2
shows that the clusters are very monodispersed with an average
core size of around 1.3 nm.

The negative-mode electrospray ionization (ESI) mass
spectrum shown in Figure 1a firmly establishes that the isolated
cluster is highly monodispersed and its chemical composition is
consistent with Au,,(SG)s. There are peaks observed at m/z
1960—1990 that represent Au,,(SG),s ions containing a
different number of Na* ions. The experimental isotope pattern
for the most intense peak at m/z ~1968 Da was superimposed
with the simulated one of [Au,,(SG),s-SH]®, as compared in
Figure 1la, inset. Shown in Figure 1b,c are the optical absorption
and the emission and excitation spectra of Au,,(SG);5 clusters
in water. The emission maximum was found to be around 665
nm, and the excitation peaks at 470 and 520 nm match the
most prominent maxima in the absorption spectra. The
luminescence QY calibrated with Rhodamine B as the standard
was found to be 7% for Au,,(SG),s in water.

To understand the excited state relaxation dynamics of
Auy,(SG);g clusters, time-resolved photoluminescence meas-
urements were carried out. In a previous study, we have shown
that the luminescence from quantum-sized gold clusters
consists of two components: a weak, low quantum yield visible
luminescence followed by near-infrared luminescence.**~>° The
visible luminescence relaxes in ultrafast time scales and was
assigned to gold core luminescence. To monitor the visible
luminescence dynamics of Au,, clusters, femtosecond measure-
ments were carried out after excitation at 400 nm and
monitoring at 520—550 nm (SI Figure S3). The luminescence
decay traces were fit with 200 fs (>95%) and a picosecond
relaxation time (<5%). The 200 fs decay component is assigned
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Figure 1. (a) ESI mass spectrum of Au,,(SG), clusters obtained from
the synthesis. The inset shows a comparison between the experimental
data (gray line) and the calculated isotope pattern (black line) of
[Au,,(SG)5-SH]*". (b) Absorption spectrum and (c) excitation and
emission spectra of Au,,(SG),s in water.

to the relaxation of gold core to gold shell or to the relaxation
within gold core states, which then undergoes intersystem
crossing to populate the triplet states of the gold shell. Other
quantum-sized gold clusters have also shown similar ultrafast
luminescence at this wavelength region, which was assigned to
the relaxation of the gold core to the gold shell**™°
Femtosecond luminescence anisotropy measurements have
shown zero anisotropy for the visible luminescence, indicating
that the excitation and luminescence decay are dominantly
localized on gold core states.

The most interesting aspect of luminescence from
Au,,(SG),g clusters is the high quantum yield near-infrared
luminescence with a maximum at 665 nm. Nanosecond time-
resolved luminescence monitored at 670 nm for Au,,(SG);5 in
water has shown slow and multiexponential decay with lifetimes
of 8 ns (49.2%), 130 ns (20.5%), 1.2 us (28.5%), and >S us
(1.9%). An average lifetime of 380 ns was determined for the
luminescence decay at 670 nm (SI Figure S4). Similar longer
lifetimes for luminescence at near-infrared were observed for
Auys(SR)5™ clusters and were attributed to the luminescence
arising from gold shell states, where significant ligand
contribution is present."' ™" Also, long-lived luminescence
was observed for Au(I)—thiolate complexes.*®

To further investigate the origin of luminescence in Au,,
clusters, temperature-dependent luminescence measurements
were carried out. Figure 2a shows the luminescence spectral
change as temperature is decreased from 303 K to 77 K for
Au,,(SG),s clusters in a 65:35 (v/v) glycerol—water mixture.
This solvent mixture was chosen as it gave a decent glass at low
temperatures. It is observed from Figure 2a that the
luminescence intensity has increased with decreasing temper-
ature along with a shift in the luminescence maximum from 670
to 580 nm. The inset of Figure 2a shows the change in
luminescence maximum (black circles) as well as normalized
luminescence intensity (red circles) as a function of temper-
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Figure 2. (a) Temperature-dependent photoluminescence spectra of
Au,,(SG),4 clusters at different temperatures. Inset shows the plot of
PL maximum (black circles) and normalized PL intensity (red circles)
as a function of temperature. (b) PL decay traces of Auy,(SG)s
clusters as a function of temperature. Inset shows the average lifetime
as a function of temperature.

ature. Interestingly, both show drastic increase around 233 K
that corresponds to the freezing point of the solvent mixture.>!
Temperature-dependent luminescence decay traces and corre-
sponding lifetimes of Au,,(SG)s clusters have also shown a
sharp increase at a temperature of 233 K (Figure 2b and its
inset). The luminescence decay at 77 K was fitted with a
biexponential function, and an average lifetime determined
from the analysis was increased by more than 12-fold from 380
ns at 295 K to 4.75 us at 77 K. The observed microsecond-scale
lifetime and large Stokes shift suggest that the emission from
Au,,(SG),5 clusters is mainly phosphorescence whose
efficiency dramatically increases in the frozen media.

The long-lived luminescence observed for the Au,,(SG);g
cluster was attributed to AIE by Xie and co-workers®” as similar
luminescence was observed for Au(I)—thiolate complexes in
which the degree of aggregation was found to be affected by the
solvent polarity or the presence of cations.”**” In the present
work, however, it is unlikely that the degree of aggregation
changes with lowering temperature for such a well-defined,
isolated cluster as Auy,(SG);s. A density functional theory
(DFT) calculation predicts that the most stable isomer of the
Auy,(SG);g cluster has a prolate Aug core protected by two
trimer (GS-[Au-SG];) motifs and two tetramer (GS-[Au-SG],)
motifs.”” The trimer and tetramer form an interlocked gold
shell structure. Based on this structural model, the long-lived,
high quantum yield luminescence observed for Au,,(SG)g
clusters can be better ascribed to ligand-to-metal—metal charge
transfer (LMMCT) relaxation occurring at a triplet metal-
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centered state in the long, interlocked gold shell. The
LMMCT-induced luminescence has been observed for a
number of gold complexes and ascribed to aurophilic
interactions that become important when the adjacent gold—
gold distances are less than 3.6 A.*>*
Temperature-dependent luminescence decay traces show an
increase in LMMCT luminescence upon freezing, suggesting
drastic reduction in the nonradiative relaxation offered by the
gold shell. In addition to the enhanced luminescence below the
freezing point, it is interesting to see that the luminescence
maximum also shifted to a higher energy and the luminescence
lifetime increased drastically. These observations unequivocally
suggest that there is another triplet state which becomes
prominent in frozen media. Taken together, the luminescence
dynamics of the Au,,(SG);s cluster can be described as the
following (Figure 3). Upon photoexcitation, the excited state of

= =

oo |G et
=
LUMO ——— T, gold-shell
T,
High Low
QYPL ‘J‘QY PL
HOMO

Figure 3. Schematic diagram showing the excited state relaxation
dynamics in Au,(SG),g clusters in water. T; and T, represent
LMMCT states of the gold shell. T, states are destabilized by freezing
or rigidifying the gold shell.

Au,,(SG),4 relaxes very fast within gold core states or from the
gold core to gold shell state. After fast intersystem crossing, the
singlet state relaxes to a highly luminescent (LMMCT) triplet
state (T;), which then relaxes to a low energy and less
luminescent triplet (LMMCT, T,) state. The T, state possesses
significant charge transfer (CT) characteristics that can be
stabilized in polar media, and the interaction and fluctuation of
the gold shell with the surrounding media leads to efficient
nonradiative relaxation. As the gold shell becomes rigid in
frozen media, the T, state is destabilized under reduced solvent
interactions and the luminescence predominantly arises from
the highly luminescent T, state. The T, state appears to be an
intrinsic luminescent state of the gold shell and is not
influenced by nonradiative relaxation channels of solvent or
ligand fluctuations. These two LMMCT triplet states (T; and
T,) observed for Auy,(SG);s are analogous to the intra-
molecular charge transfer (ICT) states observed in organic
luminophors. Organic molecules such as 7-amino coumarin
derivatives®* and branched donor-z-acceptor chromo-
phores®* ™’ possess both intrinsic ICT states and solvent-
stabilized ICT states. Solvent-stabilized ICT states are stabilized
in polar solvents and exhibit fluorescence quantum yields much
lower than those of the intrinsic ICT states.>* >’
Temperature-dependent luminescence evidently confirms
that the rigidity of the gold shell is critical for the observation
of ultrabright emission from the Au,, clusters. Luminescence
enhancement due to rigidity in organic molecules is very well
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documented,*®>° and it is intriguing to observe similar behavior

for quantum-sized gold clusters. Then, a question arose, is it
possible to rigidify the gold shell by other means and observe
similarly bright luminescence from these clusters? To explore
this possibility, Auy,(SG);s was ion paired with bulky TOA
cations that bind with the carboxylate anions of glutathione.*’
Significant intramolecular interaction is expected between the
alkyl chains of TOA cations, making the Au(I)—thiolate shell
rigid, as depicted in Figure 4a. The electrostatic attraction
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Figure 4. (a) Schematic of binding TOA to Au,,(SG), clusters (Au,
blue; S, green), (b) digital photograph of Au,,(SG),s in water and
TOA-Au,, clusters in toluene under long-wavelength UV lamp
irradiation (365 nm), and (c) luminescence spectra of Au,,(SG);5 in
water and TOA-Au,, in toluene. Also, shown in the graph is the
fluorescence spectrum of Rhodamine B (RhB, QY = 31%)*' with the
same optical density.

between the carboxylate anions of the Au,,(SG);4 cluster in an
aqueous phase and TOA cations in toluene is strong, so the
TOA-bound Au,, clusters readily transfer to the toluene phase
within a few minutes (see Experimental Section for
experimental details). The TOA-paired Au,, clusters (TOA-
Au,,) were found to be very stable in toluene and also soluble
in many other organic solvents such as dichloromethane,
ethanol, methanol, acetonitrile, etc.

SI Figure SS shows the negative-mode ESI mass spectrum of
TOA-Au,, clusters. There are peaks observed at m/z 2800—
3000 that represent TOA-Au,, ions with the overall charge of
57, which is determined by the total number of counterions
(H*, Na*, TOA") paired with the carboxylate of the glutathione
ligands. As can be seen in the figure, the TOA-Au,, cluster ions
retain their original composition of Auy,(SG)yg and they are
likely generated by the dissociation of TOA cations. This
indicates that the number of TOA cations paired with
Au,,(SG),4 is >13, which is also consistent with NMR analysis
of the TOA-Au,, clusters (SI Figure S6). The observed peaks at
m/z ~2993 Da match well with the isotope pattern of
[Au,,(SG) - 16H*+11TOA*]®", as compared in SI Figure S5b.

SI Figure S7 shows that the absorption spectra of Au,,(SG) 4
and TOA-Au,, are almost identical, indicating that the paired
cluster retains its original optical properties. In stark contrast,
the luminescence intensity was drastically enhanced after being
paired with TOA, as can be seen in Figure 4; the intensity
increased nearly 9-fold, and a QY of 62% was observed for
TOA-Au,, clusters in toluene. Also, the luminescence
maximum shifted to higher energies (~630 nm), suggesting
that the binding of the gold shell with TOA altered the
luminescent triplet state. It is noteworthy that these behaviors
are distinctly different from the AIE observed for Au(I)—
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thiolate complexes,26 which makes the TOA-Au,, cluster
unique.

It could be argued that there could be some solvent
(toluene) contribution to the enhanced luminescence observed
for the TOA-Au,, clusters in Figure 4. To evaluate the solvent
effect, Au,,(GS);5 clusters were phase-transferred into toluene
using a different counterion, cetyltrimethylammonium (CTA),
instead of TOA. The luminescence of the CTA-paired Au,,
clusters in toluene exhibited, however, essentially no enhance-
ment compared to that of Au,,(GS);s clusters in water (Figure
Sa). This result indicates that the luminescence enhancement
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Figure S. (a) Luminescence spectra of Au,,(SG),s paired with
quaternary ammonium cations with different chain length: Auy,(SG),g
in water (black) and CTA- (pink), TMA- (blue), TOA- (red), and
TDA-paired (green) Au,, clusters in toluene. All cluster solutions have
the same absorbance (0.025) at 514 nm and are excited at 514 nm. (b)
Luminescence of TOA-Au,, clusters in various solvents with different
dielectric constants: toluene (¢ = 2.38), dichloromethane (& = 8.93),
ethanol (& = 24.5), methanol (¢ = 32.7), and acetonitrile (& = 37.5)
and Au,,(SG),4 in water (e = 80).

observed for the TOA-Au,, clusters was not due to the organic
solvent but rather to the presence of TOA paired to the Au,,
clusters. Since CTA has only one chain of long alkyl groups,
there could be fewer interactions between them, which presents
a small influence on rigidifying the structure compared to the
bulky TOA. This result also rules out the possibility of
luminescence enhancement by the electric field effect induced
by the bound TOA cations, as the similar effect would be
expected for the CTA-paired Au,, clusters.

When the TOA-Au,, was phase-transferred back to the
aqueous phase by adding tetramethylammonium decanoate to
the TOA-Au,, clusters in toluene, the luminescence drastically
decreased and exhibited a similar quantum yield of ~7%,
indicating that there was no size change involved in the phase
transfer reactions, unlike other metal clusters,* and that the
luminescence enhancement effect was solely caused by TOA
binding. Whereas the enhanced luminescence is mainly induced
by TOA, luminescence of TOA-Au,, exhibits interesting
solvent dependence, as shown in Figure Sb. That is, the
luminescence significantly decreased with increased dielectric
constant of the solvent. This can be understood by weakening
the effect of ion pairing in polar media. As the ion pairing
becomes weakened in polar media, the rigidity of the gold shell
drastically decreases and the luminescence relaxation then
occurs at the solvent-stabilized T, state.

Further time-resolved luminescence measurements were
carried out for TOA-Au,, clusters to understand if the binding
of TOA altered the radiative and nonradiative relaxation at
room temperature. Nanosecond time-resolved luminescence
measurements have shown a drastically increased lifetime of
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2.44 ps for TOA-Au,,, a greater than 6-fold increase compared
to that in the 380 ns for Au,,(GS) 4 clusters (SI Figure S8). It is
interesting to note that the microsecond-scale lifetime of TOA-
Au,, is comparable with that of Auy,(SG)5 at 77 K (4.75 ps).
The enhanced luminescence with a maximum shift from 665 to
630 nm and increased lifetime are similar to those observed for
Au,,(GS),5 clusters with reduced temperature, indicating that
rigidifying of the gold shell is possible when bound with TOA.
In addition, the "H NMR resonance peaks for CH, protons
(2.0—2.7 ppm) of glutathione for TOA-Au,, become severely
broadened, as can be seen in SI Figure S6, indicating that the
shell becomes rigidified upon binding with TOA.

The chain length effect of quaternary ammonium cations on
the luminescence of paired Au,, clusters clearly confirms that
the luminescence enhancement is due to enhanced rigidity of
the gold shell. As expected, the Au,,(GS);s ion paired with
tetradecylammonium (TDA) cations showed an emission (QY
= 66%) even brighter than that with TOA-Au,,, as shown in
Figure Sa. However, the phase transfer reactions from water to
toluene with shorter quaternary ammonium cations were
unsuccessful. We have instead carried out a cation exchange
reaction of the preformed TOA-Au,, clusters with an excess
amount of quaternary ammonium cations with a shorter alkyl
chain such as tetramethylammonium (TMA). As can be seen in
Figure Sa, the luminescence intensity significantly decreased
when the TOA cations are replaced with TMA cations in
toluene. These results evidently confirm that the enhanced
luminescence intensity is strongly associated with the rigidity
induced by pairing with bulky counterions. The above results
unambiguously show that ultrabright luminescence observed
for the TOA-Auy, clusters originated from rigidifying the
Au(I)—thiolate shell induced by pairing with bulky counterions
such as TOA and TDA.

It is interesting to note that there is also TOA binding effect
observed for a weakly luminescent Au,s(SG)s cluster (SI
Figure S9). TOA-paired Au,5(SG),s clusters were prepared
similarly to the TOA-Au,, clusters.*® Although the lumines-
cence of a resulting cluster remains weak (QY ~ 0.6%), there
was about a 6-fold enhancement observed for Au,(SG),s upon
pairing with TOA, as shown in SI Figure S9b. The lifetime also
increased from 160 to 940 ns upon binding with TOA (SI
Figure S10). These results suggest that the luminescence arises
from the gold shell, and there is a rigidifying effect observed
even for Au,s(SG),s~. When the well-separated dimeric gold
shell structure of the Au,s(SG),s cluster is considered,'®
however, the aurophilic effect is unlikely in this cluster and thus
the luminescence can be ascribed to the ligand-to-metal charge
transfer (LMCT) effect, as proposed by Jin and co-workers,"
rather than the LMMCT effect.**>>?

What is the design strategy for highly luminescent metal
clusters then? Comparison of similarly sized Au,,(SG),5 and
Auy5(SG),5 clusters manifests that the aurophilic effect in the
gold shell and ensuing LMMCT relaxation is important for
higher luminescence. Further enhancement can be achieved by
rigidifying the gold shell. In the present work, we have shown
that it is possible to achieve luminescence QY greater than 60%
by rigidifying the gold shell by lowering the medium
temperature or binding with bulky groups. This approach for
attaining higher luminescence could be used for other gold
clusters with luminescent gold shells. The highly luminescent
clusters offer promise for biomedical imaging and display
applications. Furthermore, the enhancing strategy of the gold
shell emission can be effectively used for the detection of
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proteins and other biologically relevant materials that can
change the environment around the gold shell. This work
opens new avenues to the use of highly luminescent gold
clusters in such applications.

B EXPERIMENTAL SECTION

Materials. Gold(Ill)chloride trihydrate (HAuCl,-3H,0, reagent
grade), reduced i-glutathione (GSH, >98%), sodium borohydride
(NaBH,, 99%), tetraoctylammonium bromide (TOABr, 98%),
cetyltrimethylammonium bromide (CTABr, >98%), tetramethylam-
monium bromide (TMABr, 98%), triza base (>99%), glycine (for
electrophoresis, >99%), acrylamide/bisacrylamide (bio reagent, 40%),
and Rhodamine B were purchased from Sigma-Aldrich. Tetradecy-
lammonium bromide (TDABr, >98%) was purchased from Tokyo
Chemical Industry Co. Sodium hydroxide (NaOH, 98%), hydrochloric
acid (HCl, 35—37%), isopropyl alcohol (IPA, 99%), and ACS-grade
toluene, acetonitrile, ethanol, and methanol were purchased from
Burdick and Jackson. Water was purified using a Millipore Milli-Q
system (182 MQ-cm). All of the chemicals were used as received
without further purification.

Methods. UV—vis absorption and photoluminescence spectra of
the Au,,(SG);3 and TOA-paired Auy,(SG)s clusters (TOA-Au,,)
were recorded by using a Shimadzu UV—vis—NIR spectrophotometer
(UV-3600) and Scinco fluorescence spectrometer (Fluoro Mate FS-2),
respectively. TEM images were collected on a JEOL electron
microscope (JEM-2010). TEM samples were prepared by drop-casting
a toluene solution of TOA-paired Au,,(SG),4 clusters (1 mg/1 mL)
on a 400 mesh Formvar/carbon-coated copper grid (01814-F, Ted
Pella) and drying for 2 h at room temperature before imaging. The
chemical composition of isolated Au,,(SG),4 clusters was analyzed by
using ESI mass spectrometry (LTQ Orbitrap XL, Thermo Scientific)
in negative-ion mode (flow rate, 5.0 4L/min; capillary voltage, 4.2 kV;
capillary temperature, 180 °C; m/z range, 1000—4000). The samples
were prepared in ultrapure water at a concentration of S mg/S mL and
directly injected into the mass spectrometer. The molecular formula of
the TOA-paired Au,, was analyzed by an ESI mass spectrometer
(compact Q-TOF, Bruker) in negative-ion mode (flow rate, 5.0 uL/
min; capillary voltage, 3.0 kV; capillary temperature, 180 °C; m/z
range, 1000—3000). The samples were prepared in a mixture of
toluene and acetonitrile at a concentration of 5 mg/S mL and directly
injected into the mass spectrometer. The isolated Au clusters were run
through PAGE by Mini-PROTEAN Tetra Cell (Biorad) to verify the
purity of the clusters. The homemade stacking gel and resolving gel
were 4 and 30 wt %, respectively, and PAGE was processed for 2 h at
150 V until the bands were distinctly separated.

Synthesis of Au,,(SG);s Clusters. In a typical synthesis, an
aqueous solution of 20 mM HAuCl, (12.5 mL) and 50 mM
glutathione (GSH, 7.5 mL) was added to 230 mL of ultrapure water in
a 500 mL Erlenmeyer flask (see SI for materials and methods). The
mixture was then vigorously stirred for 2 min until the yellowish
solution turned cloudy. After being stirred, the pH was adjusted to
12.0 using 1 M NaOH, which made the color of the solution turn clear
yellow. Thereafter, diluted 0.1 mL of NaBH, (3.5 mM) was slowly
added dropwise. The reaction solution was then stirred for 30 min.
During the first 1S min, the solution slowly turned orange. Finally, the
pH was adjusted to 2.5 to quench the BH,™ activity and stirred slowly
(150 rpm) for 6 h at room temperature. The product solution was
then rotary evaporated to near dryness. To isolate Au,,(SG)g from
the raw product, solvent fractionation was conducted using water—IPA
mixtures. Typically, the product was dissolved in 10 mL of water, and
12 mL of IPA was added to induce precipitation of large-sized
nanoclusters, which was found to be Auy,(SG),s in this case. The
precipitate was separated by centrifugation, and more IPA (1 mL) was
added to the supernatant to induce additional precipitation of
Au,,(SG),s. This process was repeated until the supernatant was
clear. Highly pure Au,,(SG);; clusters were predominantly obtained in
the first precipitate and identified by using ESI mass spectrometry and
UV—vis absorption spectrometry. This water-soluble Au,,(SG) s was
found to be very stable for more than 6 months in aqueous solution.
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Synthesis and Characterization of Highly Luminescent TOA-
Au,; Clusters. In a typical procedure, 10 mg of Au,,(SG),5 dissolved
in 10 mL of ultrapure water and 10 mg of TOABr (TOA/Au,(SG),s
=18) in 1 mL of toluene were added to a 20 mL scintillation vial. The
aqueous solution was then adjusted to pH 9.0, ensuring that the
carboxyl groups of glutathione were anionic forms. The electrostatic
interaction between the carboxylate anions of the glutathione ligand
and the hydrophobic TOA cations in the toluene phase appeared to be
quite strong so that the TOA-paired Au,, clusters were readily
transferred (within 3 min) to the toluene phase by hand-shaking the
two immiscible solutions. After the toluene phase was separated into a
new vial, 15 mL of ultrapure water was added to the toluene solution
to remove any water-soluble impurities by shaking the two immiscible
solutions. This step was repeated until nothing was extracted into
water. The toluene solution of the purified TOA-paired Au,, clusters
(TOA-Au,,) was stored in a refrigerator until further use.

Temperature-Dependent and Time-Resolved PL Measure-
ments. Temperature-dependent PL measurements were carried out in
an Edinburgh spectrofluorimeter (F900S). The fluorimeter is coupled
with an Optistat DN cryostat (Oxford Instruments), and the ITC
temperature controller and a pressure gauge were used to conduct the
temperature-dependent experiments from 77 to 313 K. The vacuum in
the cryostat was maintained with a leybold turbo molecular pump.
Spectra were taken at different temperatures after a wait period of 10
min. The error in temperature setting is 0.5 K. The Auy,(SG)g
sample was dissolved in a 65:35 glycerol/water mixture, and TOA-
Au,, samples were dissolved in ethanol for temperature-dependent PL
measurements. All the samples were purged with N, to get rid of
dissolved oxygen to omit the problems in solvent freezing temper-
atures as well as the effect of oxygen on phosphorescence lifetimes.
Optical absorption measurements before and after temperature-
dependent PL measurements have shown no change, suggesting the
samples did not change during the measurements.

Time-resolved PL lifetime measurements were measured using a
time-correlated single-photon counting technique after excitation at
503 nm with a diode laser excitation, and the measurements were
carried out in an Edinburgh F900S spectrofluorimeter. Cooled
Hamamatsu R-921P PMT was used as the detector. Temperature-
dependent time-resolved PL measurements were also carried out using
the same apparatus described above by changing the excitation source
to a diode laser. Time-resolved luminescence measurements of the
gold clusters were also studied using the femtosecond luminescence
up-conversion technique described elsewhere.”® Briefly, the up-
conversion system used in our experiments was obtained from CDP
Instruments, Inc., Russia. In the present investigation, studies were
carried out with the second harmonic (400 nm) of the fundamental
Ti:sapphire laser at 800 nm as the excitation source. Polarization of the
excitation beam for the magic-angle fluorescence and anisotropy
measurements was controlled using a Berek compensator, and the
sample was continuously rotated with a rotating cell of 1 mm
thickness. Horizontally polarized luminescence emitted from the
sample was up-converted in a nonlinear crystal of f-barium borate
using a pump beam at 800 nm, which first passed through a variable
delay line. Fitting the Raman signal from water gave a sigma value of
~120 fs for instrument response. Spectral resolution was achieved
using a double monochromator and photomultiplier tube. The
excitation average power varied but was around 10 + 0.3 mW, and
an average collection time of 3 s was used for most wavelengths. No
degradation of the sample was observed as the traces overlapped after
each repetition, and the optical absorption measurements did not
show any change before or after the measurements.
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