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T
he synthesis of thiolate-protected
gold nanoclusters and studies of their
properties have achieved significant

advances in recent years.1�10 A series of
atomically precise nanoclusters have been
obtained with precise control at the atomic
level,1,2 and well-studied examples include
Au25(SR)18, Au38(SR)24, Au67(SR)35, Au102-
(SR)44, Au130(SR)50, and Au144(SR)60.

1�3,9�24

A few of them have been crystallographi-
cally characterized.8�10,16 Moreover, a size-
focusing methodology24 has been success-
fully established based upon prior literature
work and has been demonstrated to be
quite universal,25�33 giving rise to molecu-
larly pure Au25(SR)18, Au38(SR)24, and Au144-
(SR)60 nanoclusters

25�27 andbimetal ones,28�31

as well as some larger nanoclusters.18,32,33

This methodology comprises two primary
steps: (i) kinetically controlled synthesis of a
mixture of Aun(SR)m with a properly con-
trolled size range and (ii) size focusing of the
mixture with the controlled size range into
single-sized nanoclusters.24 In addition to the
size-focusingmethod, another useful approach
pertains to ligand exchange, such as
phosphine-to-thiol exchange processes;34,35

however, in many cases molecular purity
product could not be obtained except in the
case of phosphine-capped Au11 to thiolate-
capped Au25.

34

The availability of atomically precise
nanoclusters opened up new opportunities
for ligand exchange synthesis of different
sized nanoclusters. We recently performed
thiol-to-thiol ligand exchange with 4-tert-
butylbenzenelthiol (TBBT) using molecu-
larly pure Au38(PET)24 nanoclusters (where
PET = SCH2CH2Ph) as the starting clus-
ters.36 This process gave rise to a new
Au36(TBBT)24 nanocluster of molecular pur-
ity, and its atomic structure has been suc-
cessfully solved by single-crystal X-ray
crystallography.36 Interestingly, the struc-
ture of Au36(TBBT)24 is drastically different
from that of the starting Au38(PET)24 nano-
cluster (Scheme 1). The Au38(PET)24 nano-
cluster is intrinsically chiral, and the inner
core (i.e., kernel) of both enantiomers con-
sists of a face-sharing biicosahedral Au23
unit, which is protected by three Au(SR)2
monomer staples and six Au2(SR)3 dimer
staples.16 The chirality originates from the
dual-propeller-like rotating arrangement of
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ABSTRACT We report a disproportionation mechanism identified in the

transformation of rod-like biicosahedral Au38(SCH2CH2Ph)24 to tetrahedral Au36-

(TBBT)24 nanoclusters. Time-dependent mass spectrometry and optical spectros-

copy analyses unambiguously map out the detailed size-conversion pathway. The

ligand exchange of Au38(SCH2CH2Ph)24 with bulkier 4-tert-butylbenzenethiol

(TBBT) until a certain extent starts to trigger structural distortion of the initial

biicosahedral Au38(SCH2CH2Ph)24 structure, leading to the release of two Au atoms

and eventually the Au36(TBBT)24 nanocluster with a tetrahedral structure, in which process the number of ligands is interestingly preserved. The

other product of the disproportionation process, i.e., Au40(TBBT)m+2(SCH2CH2Ph)24�m, was concurrently observed as an intermediate, which was the

result of addition of two Au atoms and two TBBT ligands to Au38(TBBT)m(SCH2CH2Ph)24�m. The reaction kinetics on the Au38(SCH2CH2Ph)24 to

Au36(TBBT)24 conversion process was also performed, and the activation energies of the structural distortion and disproportionation steps were

estimated to be 76 and 94 kJ/mol, respectively. The optical absorption features of Au36(TBBT)24 are interpreted on the basis of density functional

theory simulations.
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the six dimer staples. By contrast, Au36(TBBT)24 is achiral
and contains a truncated tetrahedral face-centered-cubic
(fcc) Au28 kernel.

36 The Au28 kernel exposes {111} and
{100} facets and is protected by four regular dimer
staples and 12 unprecedented, simple bridging thiolates
without containing any gold atoms in contrast with
Au(SR)2 and Au2(SR)3 staple motifs. The emergence of
an fcc-structured Au28 kernel at such a small size was
also a surprise, and it breaks the previously thought
general trend37,38 from icosahedral (e.g., Au25(PET)18 and
Au38(PET)24) to decahedral (e.g., Au102(p-MBA)44) to fcc
structure in plasmonic nanoparticles32 and bulk gold.
The transformation of Au38(SCH2CH2Ph)24 to Au36-

(TBBT)24 nanoclusters is quite remarkable. It raises a
number of interesting questions: How does the reac-
tion occur (i.e., the detailed reaction pathway)? Why
does the reaction occur (i.e., the driving force leading to
the structural transformation)? What specific role does
the TBBT ligand play in the process? To address these
questions, we are motivated to carry out a detailed
investigation of the conversion mechanism. Under-
standing this ligand-triggered process is important
and may lead to the development of another universal
methodology for nanocluster synthesis other than the
size-focusing methodology.24

Herein, we report an interesting disproportionation
mechanism identified in the transformation of Au38-
(PET)24 to Au36(TBBT)24. Our results indicate that, start-
ing with Au38(PET)24, the ligand exchange with bulkier
TBBT induces structural distortion of the initial rod-like
biicosahedral Au38(PET)24 structure. The destabilized
structure then spits out two Au atoms and transforms
into the tetrahedral Au36(TBBT)24 structure (Scheme 1),
and concurrently, the released Au atoms combine with
Au38(SR)24 (where SR includes both PET and TBBT) to
form Au40(SR)26 in the presence of free TBBT thiol. This
process is evidencedbydetailedmass spectrometric and
optical spectroscopic analyses. The optical spectrum of
Au36(TBBT)24 was further interpreted by theoretical simu-
lations on a Au36(SCH3)24 model cluster. The electronic
transitions and the frontier orbitals were identified.

RESULTS AND DISCUSSION

To study the transformation process, we startedwith
molecularly pure Au38(PET)24 with a concentration of

0.16mg/mL in toluene. Then the Au38(PET)24 nanoclus-
ters reacted with excess TBBT thiol under a TBBT/PET
ratio of∼160. The reactionwas performed at 80 �C, and
the reaction mixture was sampled at different time
intervals for UV�vis and electrospray ionization mass
spectrometry (ESI-MS) analyses (see Supporting Infor-
mation for details).
Figure 1 shows the ESI-MS and UV�vis spectral evolu-

tion of the reaction mixture at different reaction times.
In ESI-MS, we used the doubly charged mass peaks for
analysis of the species in the reaction mixture due to
their higher intensity compared to the singly charged
ones (supporting Figure S1). The detailed assignment
of peaks is summarized in Table S1 (see Supporting
Information). On the basis of the results, the Au38 to
Au36 transformation can be roughly divided into four
stages (vide infra).

Stage I. In the first stage (0�5min), ligand exchange
reaction occurs. As seen in the ESI-MS spectra, the
starting material (i.e., Au38(PET)24 nanoclusters) shows
a single peak (Figure 1A, 0 min). After 5 min, this peak
evolves into a group of peaks with an identical spacing
of 14. This spacing corresponds to the mass difference
between TBBT and PET ligands (MW of PET = 137 Da,
TBBT = 165 Da, Δm/z = 14 when z = 2). Thus, this
group of peaks can be identified as the TBBT ligand
exchange product of Au38(PET)24, corresponding to
Au38(TBBT)m(PET)24�m. Note that the number on the
top of the mass peak indicates the number of TBBT
ligands on the nanocluster (for clarity, only one is
indicated); up to 12 TBBT ligands were exchanged onto
Au38 during the first 5 min (Figure 1A).

Concurrently, the UV�vis spectra show no discern-
ible difference between the start and 5min (Figure 1B).
The characteristic peaks of the Au38 absorption spec-
trum are at 490, 620, 750, and 1050 nm (Figure 1B,
0 min).15,26 These features are well preserved up to
5 min, when a maximum of 12 TBBT ligands are ex-
changed onto the Au38 cluster. The similar absorption
spectra indicate that the structure of Au38(SR)24 (where
SR refers to mixed TBBT and PET) is retaineded during
the first ligand exchange process (Scheme 2, stage I).
The reaction of this stage can be written as

Au38(PET)24 þ TBBT f Au38(TBBT)m(PET)24�m

þ PET (m < ca: 12) (1)

Stage II. In this stage (10�15 min), the ligand ex-
change reaction continues, but it starts to induce
structural distortion of the original Au38(SR)24 cluster,
as manifested in the optical spectra. As shown in
Figure 1A at t = 10 and 15 min, the number of TBBT
ligands further increases in Au38(TBBT)m(PET)24�m to a
maximum of ca. 21. Interestingly, a new absorption
band at 550 nm appears in the UV�vis spectra
(Figure 1B, see the arrow), and its intensity increases
as the population of heavily exchanged product

Scheme1. Conversionof Au38(PET)24 to Au36(TBBT)24 nano-
clusters (the carbon tails are not shown for clarity; S atoms,
yellow; kernel Au atoms, magenta; surface Au atoms, green
or cyan).
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[Au38(TBBT)m(PET)24�m] increases. The appearance of
this 550 nm peak indicates the rearrangement of the
Au38(SR)24 skeleton; hence the electronic structure of
the nanocluster was influenced. This structural distor-
tion should be triggered by the bulkiness of the TBBT
ligand, since TBBT is a secondary thiol with its S atom
connecting directly to a benzene ring, while PET is a
primary thiol with S connecting to a CH2 group. In
order to accommodate more and more bulky TBBT
ligands with the ligand exchange reaction going on,
the original rod-like structure of Au38(SR)24 becomes

distorted (Scheme 2, stage II). This structural distortion
is the key step for the transformation (size and struc-
tural conversions) to occur, entering stage III (vide
infra). The reaction in this stage can be written as
below, with Au38* denoting the distorted structure:

Au38(TBBT)m(PET)24�m (m<ca:12) þ TBBT

f Au38�(TBBT)m(PET)24�m (m>ca:12) þ PET (2)

Stage III. It is in this critical stage (20�60 min) that
the size and structural conversions take place. Inter-
estingly, instead of simple conversion from Au38*(SR)24

Scheme 2. Reaction pathway for conversion of Au38(PET)24 to Au36(TBBT)24. Stage I, ligand exchange; II, structure distortion;
III, disproportionation; IV, size focusing.

Figure 1. (A) Time-dependent ESI-MS of the transformation reaction. The doubly charged region is shown. The three gray
shadows indicate three groups of peaks: (left) Au36(TBBT)m(PET)24�m, (middle) Au38(TBBT)m(PET)24�m, (right) Au40(TBBT)mþ2-
(PET)24�m. The numbers on the top of the mass peaks indicate the number of TBBT ligands (m) exchanged onto the cluster.
(B) Corresponding UV�vis spectra of different times in parallel with ESI-MS.
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to Au36(SR)24, a “disproportionation” reaction is identi-
fied: when one Au38*(SR)24 cluster releases two gold
atoms to form Au36(SR)24, another Au38*(SR)24 cluster
captures the two released gold atoms together with
two free TBBT ligands from the solution to form Au40-
(SR)26. This disproportionation process is easily identi-
fied in the ESI-MS analysis (Figure 1A, t = 20, 35, 60 min
profiles). When t = 20 min, two new sets of peaks with
comparable intensities were observed on the left and
right sides of the Au38*(SR)24 peak set (Figure 1A, t =
20 min). The left set of peaks is identified to be Au36-
(TBBT)m(PET)24�m (m=19 to 24), whereas the right-side
set is Au40(TBBT)mþ2(PET)24�m (m = 21 to 26). As the
reaction continued, the intensity of these Au36 and Au40
peaks increased, while the intensity of Au38 decreased
(Figure 1A, t = 35 and 60 min profiles). This trend clearly
indicates the transformation of Au38*(SR)24 to two
products, i.e., Au36(SR)24 and Au40(SR)26 (Scheme 2).
Hence, the reaction in this stage can be written as

2Au38�(TBBT)m(PET)24�m þ 2TBBT

f Au36(TBBT)m(PET)24�m þAu40(TBBT)mþ 2(PET)24�m

(3)

It is worth mentioning that the number of PET
ligands in the Au36, Au38* and Au40 nanoclusters is
roughly conserved when the disproportionation reac-
tion first takes place: all ranging from 0 to 6 with
maximum at ∼3. The unexchanged PET ligands actu-
ally act as a label for the ligand shell of the three
clusters. The conservation of PET ligands in these three
clusters indicates the transformation reaction was
achieved within the original cluster via internal recon-

struction (as opposed to complete disintegration fol-
lowed by reassembly of pieces), and simple releasing
and capturing processes lead to the formation of new
Au36 and Au40 clusters. Another note is that tiny amounts
of Au39(SR)25 and Au41(SR)27 were also observed in the
ESI-MS spectra (see Supporting Figure S2, zoom-in
mass spectrum for t = 35 min), indicating that the
capturing of released gold atoms and free TBBT ligands
by Au38*(SR)24 progresses one by one, but the stability
of Au39(SR)25 and Au41(SR)27 is less than that of Au40-
(SR)26 since the latter was much more abundant.

The characteristic absorption peaks of Au36(SR)24 are
at 380 and 570 nm.36 As shown in Figure 1B (profiles 20,
35, 60 min), a hump first appeared at 380 nm and its
intensity gradually increased, corresponding to the
increasing abundance of Au36. The decreasing intensity
of the afore-discussed 550 nm peak within 20�65 min is
consistent with the trend of decreasing abundance of
Au38*(TBBT)m(PET)24�m species in the ESI-MS.

Stage IV. After all the Au38*(TBBT)m(PET)24�m are
transformed into Au36(TBBT)m(PET)24�m and Au40-
(TBBT)mþ2(PET)24�m (Figure 1A, t = 120 min), evi-
denced by the complete disappearance of the
Au38*(TBBT)m(PET)24�m peak set, the reaction enters

the fourth stage (120�300 min), during which a size
focusing conversion occurs together with further ligand
exchange toward completion (i.e., until 24 TBBT
ligands). As shown in the 120 min profile, the intensity
of Au40(TBBT)mþ2(PET)24�m becomes significantly lower
than that of Au36(TBBT)m(PET)24�m, indicating that Au40 is
somewhat less stable than Au36 under the harsh envi-
ronment of high temperature and excess thiol, while
Au36(SR)24 survives due to its extraordinary stability.

An interesting question pertains to the ultimate fate
of Au40(SR)26. Does it decompose to Au(I)-SR polymer
or convert to Au36(SR)24? If Au40(SR)26 decomposes, the
final Au36(SR)24 yield would be∼47% (gold atom basis)
according to the disproportionation (eq 3) (see above,
i.e. 36/(2� 38) = 0.47). On the other hand, if Au40(SR)26
eventually converts to Au36(SR)24,

Au40(SR)26 f Au36(SR)24 þ 2Au(0)þ 2Au(I)SR (4)

then the yield of final Au36(SR)24 would be doubled
(∼94%), as eq 4 combined with eq 3 gives an overall
equation:

2Au38(SR)24 þ 2TBBT f Au40(SR)26 þAu36(SR)24
Au40(SR)26 f Au36(SR)24 þ 2Au(0)þ 2Au(I)SR

Overall : 2Au38(SR)24 f 2Au36(SR)24 þ 2Au(0)

(5)

To answer the question, we determined the reac-
tion yield of Au36(SR)24, which is ∼90%, close to the
expected yield according to eq 5; hence the Au40
product is eventually converted to Au36 clusters during
the third and fourth stages, instead of decomposing to
Au(I)-SR polymer. The reaction is completed when the
last PET ligand onAu36 is exchangedby TBBT (Scheme2).
Futher heating of the Au36(TBBT)24 clusters under excess
TBBT ligand does not cause any further changes; there-
fore Au36(TBBT)24 is an extremely stable species.

Kinetics of the Conversion Process. The 550 nm peak
can be used for the kinetic study. Figure 2 shows
the evolution of the 550 nm peak as a function of time
with the reaction carried out at 80 �C. The increase
in intensity during ∼200 to ∼1000 s implies the

Figure 2. Kinetic curve (monitored by absorbance at 550 nm)
for the conversion of Au38(PET)24 to Au36(TBBT)24 at 80 �C.
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increasing amount of Au38* formed during the ligand-
induced structural distortion process (i.e., stage II),
while the decreasing intensity over the ∼1000 to
∼3000 s period is mainly due to the transformation
of Au38* into Au36 and Au40 (i.e., stage III). Of note, the
decrease of intensity in the first∼200 s is caused by the
turbulence of the solution during heating from RT to
80 �C, and the initial ligand exchange stage shows no
absorbance change; thus the rate constant cannot be
determined. Hereinwe focus only on stages II and III. By
taking a first-order kinetic model, we obtained rate
constants (k2 and k3) at 60, 70, and 80 �C (Table 1). By
plotting ln(k2 or 3) against 1/T, the activation energy (Ea)
is obtained; for stage II, Ea,II is∼107 kJ/mol, and for stage III,
Ea,III is ∼152 kJ/mol (for details see the Supporting Infor-
mation). The kinetics for stage IV was not pursued due to
the least absorbance changes and large noise. It should
be noted that our kinetics analysis is only semiquantita-
tive, as the four stages cannot be completely separated.

Steric Hindrance and Electronic Conjugation Effects of the
TBBT Ligand. It is interesting to know why the TBBT
ligand can be used to synthesize a new gold nanoclus-
ter different from the well-known “magic sizes” such as
Au25(SR)18, Au38(SR)24, and Au102(SR)44. The main dif-
ferences between TBBT and alkyl-chain thiolate (such
as HS-n-C6H13 and PET) lie in that (i) TBBT is much
bulkier since it is a secondary thiol and (ii) the sulfur
atom is conjugated with the aromatic ring. To test the
potential roles of steric hindrance and electronic con-
jugation of TBBT in the synthesis of Au36(TBBT)24, we
choose a cyclohexanethiol ligand, which is similar in
bulkiness to TBBT but without an aromatic ring. The
transformation reaction was done with all the condi-
tions kept the same (e.g., thiol/Au38 ratio, temperature)

except the thiol type. The time-dependent UV�vis
spectra were recorded to monitor the reaction process
and compared with the TBBT case (Figure 3A,B).
Interestingly, we also observed that a newpeak around
530 nm appeared first (Figure 3B) and then disappeared
during the reaction of cyclohexanethiol with Au38(PET)24,
which is very similar to the stage II and III of TBBT as afore-
discussed. Thus, the new absorption band and its im-
plications are common in both reactions of cyclohexan-
cethiol and TBBT, indicating that it is the bulkiness of the
ligand that triggers the initial transformation process due
to distortion to the original Au38 structure. It is worth
mentioning that bulky ligands were found to have large
effects on cluster size.4,5 In our system, the final productof
cyclohexanethiol exchange however shows a featureless
optical spectrum (Figure 3B, blue profile), rather than a
distinct spectrum as in the case of TBBT; the former
implies a possible mixture of different sizes, which is
indeedconfirmedbyESI-MSanalysis (supportingFigureS3).
This is in striking contrast with the exclusive formation of
Au36(TBBT)24 in the case of TBBT. The result of the cyclo-
hexanethiol exchange process implies that the conjuga-
tion effect of the aromatic TBBT ligand is also important
for exclusive formation and stabilization of Au36(SR)24 since
other sizes as in cyclohexanethiol exchange are not ob-
served. Taken together, both the steric bulkiness and
electronic conjugation factors of TBBT are important for
the successful transformation fromAu38(SR)24 to very clean
Au36(TBBT)24 in high yield (∼90%, approaching the theo-
retical 94% yield as indicated by the overall reaction, eq 5).

Interpretation of the Optical Spectrum. We further inter-
pret the optical absorption features of Au36(SR)24 by
performing time-dependent density functional theory
(TD-DFT) simulations. DFT optimizations of the Au36-
(SR)24 (R is simplified as a methyl group) are performed
using the generalized gradient approximation with the
Perdew�Burke�Ernzerhof functional combined with
the triple-ζ polarized (TZP) basis set with inclusion of
scalar relativistic effects via zeroth-order regular ap-
proximation implemented in the Amsterdam Density
Functional package.39,40 The TD-DFT computation of the
optical absorption spectrum is performed at the LB94/TZP

TABLE 1. Rate Constants for Stages II and III at Different

Reaction Temperatures

60 �C 70 �C 80 �C

k2,obs (s
�1) 4.0 � 10�4 1.4 � 10�3 3.5 � 10�3

k3,obs (s
�1) 4.8 � 10�5 1.8 � 10�4 1.1 � 10�3

Figure 3. Time-dependent UV�vis spectral evolution of (A) 4-tert-butylbenzenethiol and (B) cyclohexanethiol reaction with
Au38(PET)24.
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level of theorywith the lowest 200 singlet-to-singlet excita-
tion energies computed, similar to previous works.41�44

The theoretical optical adsorption spectrum agrees
well with the experimental measurement (Figure 4A).
On the basis of computed excitation energies and
Kohn�Sham (KS) orbitals, we have assigned the orbital
transition modes of two distinct adsorption peaks (a
and b) observed in the experiment (Figure 4B). Peak a is
contributed primarily from the HOMO to LUMO transi-
tion, with someminor contributions from the transition
of electrons from lower energy orbitals (HOMO�n) to
the LUMO and higher unoccupied orbitals. For peak b,
the transition of electrons from the HOMO to higher
unoccupied orbitals is observed. With respect to the
atomic orbital compositions of the KS orbitals
(Figure 4B), the HOMO�3 to HOMO, as well as LUMO
and above, are all mainly composed of Au(6sp) atomic

orbitals (highlighted in red), denoted as the sp band,
while the HOMO�4 and lower orbitals form the d band
since they are mainly contributed by Au(5d).

Comparison of MALDI-MS and ESI-MS Characterization.
Herein it is worth commenting on the matrix-assisted
laser ionization mass spectrometry (MALDI-MS) char-
acterization of Au36(TBBT)24. In the MALDI mass spec-
trum of Au36(TBBT)24 nanoclusters, we did not observe
the intact cluster ions but the one-ligand-lost product,
Au36(TBBT)23 (Figure 5), reminiscent of the Au36(SPh)23
species reported previously by Dass and co-workers
using MALDI-MS analysis.45 Thus, Au36(TBBT)23 is an
artifact due to MALDI-MS since the Au36(TBBT)24 formula
has been unambiguously established by ESI-MS and
X-ray crystallography.36 MALDI-MS is being widely used,
and the majority of cases give reliable information,46�50

but an ESI-MS double check is highly desirable.

CONCLUSION

We have elucidated the detailed mechanism of the
ligand-induced conversion from Au38(PET)24 to Au36-
(TBBT)24. The reaction pathway can be roughly divided
into four stages: (I) PET to TBBT ligand exchange, (II)
TBBT-triggered structural distortion of Au38 with an
optical feature at 550 nm, (III) disproportionation of
Au38 to Au36 and Au40, and (IV) size conversion of Au40 to
Au36. This process gave rise toAu36 nanoclusters in a∼90%
yield (Au atom basis), approaching the theoretical yield of
∼94% according to the disproportionation mechanism.
The conversion of biicosahedral Au38 structure to fcc Au36
structure is remarkable; it provides an unprecedented
example of ligand bulkiness induced size and structural
transformation in thiolate-protected nanoclusters.

METHODS

Chemicals. Tetrachloroauric(III) acid (HAuCl4 3 3H2O, >99.99%
metals basis, Aldrich), 2-phenylethanethiol (PET, 99%, Acros

Organics), glutathione (G-SH, 98%, Acros Organics), sodium
borohydride (NaBH4, Aldrich), 4-tert-butylbenzenethiol (TBBT,
97%, Alfa Aesar), and cyclohexanethiol (97%, Aldrich) were
used. Solvents used were methanol (HPLCgrade, g99.9%,

Figure 4. (A) Comparison of simulated UV�vis absorption spectrum of Au36(SR)24 with the experimental spectrum. (B)
Estimation of contributions of Au(6sp), Au(5d), and S(3p) to KS orbitals.

Figure 5. Comparison of theMALDI-MS and ESI-MS spectra of
Au36(TBBT)24.Theasterisks indicate the fragmentsdue toMALDI.

A
RTIC

LE



ZENG ET AL . VOL. 7 ’ NO. 7 ’ 6138–6145 ’ 2013

www.acsnano.org

6144

Aldrich), ethanol (absolute, 200 proof, Pharmco), dimethylene
chloride (HPLC grade, g99.9%, Aldrich), and toluene (HPLC
grade, 99.9%, Aldrich). All chemicals were used as received.

Experiment. The synthesis of Au38(PET)24 (PET: SCH2CH2Ph)
was based on a previously reported size focusing method.26 To
study the transformation process, we first dissolved Au38(PET)24
single crystals in toluene to make a solution of 0.16 mg/mL
(absorbance at 626 nm λ626 = 0.616 OD); note that the extinc-
tion coefficiency of Au38(PET)24 at 626 nm is ε626 = 4.2 �
104 M�1 cm�1 in toluene. Then, 4-tert-butylbenzenethiol was
added to the Au38(PET)24 solution. The molar ratio of TBBT to
PET (in Au38(PET)24) was kept at ∼160. The mixture was heated
to 80 �C under magnetic stirring in an air atmosphere. Approxi-
mately 1 mL of solution was sampled at different time intervals
and cooled immediately. The sample was then directly sub-
jected to UV�vis analysis. Then the solvent (toluene) was
removed by rotary evaporation, and 1 mL of methanol was
added. The gold nanoclusters precipitated out after centrifuga-
tion at 10 000 rpm for 5min. The supernatant (containing excess
TBBT) was discarded. The precipitate was subjected to washing
with methanol three times to make sure no TBBT remained.
Once separated from TBBT, the gold nanoclusters were stable
(i.e., without further reactions with TBBT). The as-collected
nanoclusters were then characterized by ESI-MS.

In kinetics measurements, 1 mL of a toluene solution of
Au38(PET)24 in a 1 cm quartz cuvette (absorbance at 550 nm
∼0.75 OD) was mixed with 10 μL of TBBT. The kinetics was
carried out using a Hewlett-Packard (HP) Agilent 8453 diode
array spectrophotometer equipped with an HP 89090A Peltier
temperature controller. The cuvette was placed in the sample
holder preset at 60, 70, or 80 �C, with constant magnetic stirring
(500 rmp), and the UV�vis absorption spectra were recorded
with time. The temporal change of absorbance at 550 nm was
used for kinetic analysis.

Characterization. UV�vis spectra of the Au clusters were
acquired on an HP Agilent 8453 diode array spectrophotometer
at room temperature. ESI-MS were recorded using a Waters
Q-TOF mass spectrometer equipped with Z-spray source. The
source temperature was kept at 70 �C. The sample was directly
infused into the chamber at 5 μL/min. The spray voltage was
kept at 2.20 kV, and the cone voltage at 60 V. The ESI samplewas
dissolved in toluene (∼1 mg/mL) and diluted (1:2 v/v) by dry
methanol (containing 50 mM CsOAc to enhance cluster ioniza-
tion in ESI).
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