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A
dvances in nanotechnology have en-
couraged the creation of stable,
highly functionalized nanomaterials.

Thiolate-protectedgold clusters (Aun(SR)m)
1�4

exhibit a high stability in solution and in the
solid state comparedwithothermetal clusters.
In addition, they can be synthesized precisely
at the atomic level5�12 and therefore are well
understood by experimental and theoretical
studies.13�18 Furthermore, these clusters ex-
hibit size-specific physical or chemical pro-
perties, such as photoluminescence,1,3,5,6,19,20

redox behavior,3,21 and catalytic activity,22�26

which are not observed in bulk gold.

Consequently, Aun(SR)m clusters are attract-
ing considerable attention in a wide range
of fields from nanoscience to nanotech-
nology.
The ligand-exchange reaction has long

been used to functionalize these Aun(SR)m
clusters. This method enables a new ligand
to be introduced to the Aun(SR)m clusters
and imparts new functionality.27,28 Further-
more, the method allows Aun(SR)m clusters
with unique chemical compositions to be
synthesized with high yield. For example,
when Au38(SC2H4Ph)24 and 4-tert-butylben-
zenethiol (TBBT) react in solution, a distortion
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ABSTRACT Thiolate-protected gold clusters (Aun(SR)m) have attracted con-

siderable attention as functional nanomaterials in a wide range of fields. A ligand-

exchange reaction has long been used to functionalize these clusters. In this study,

we separated products from a ligand-exchange reaction of phenylethanethiolate-

protected Au24Pd clusters (Au24Pd(SC2H4Ph)18), in which Au25(SR)18 is doped with

palladium, into each coordination isomer with high resolution by reversed-phase

high-performance liquid chromatography. This success has enabled isomer

distributions of the products to be quantitatively evaluated. We evaluated quantitatively the isomer distributions of products obtained by the reaction

of Au24Pd(SC2H4Ph)18 with thiol, disulfide, or diselenide. The results revealed that the exchange reaction starts to occur preferentially at thiolates that are

bound directly to the metal core (thiolates of a core site) in all reactions. Further study on the isomer-separated Au24Pd(SC2H4Ph)17(SC12H25) revealed that

clusters vary the coordination isomer distribution in solution by the ligand-exchange reaction between clusters and that control of the coordination isomer

distribution of the starting clusters enables control of the coordination isomer distribution of the products generated by ligand-exchange reactions

between clusters. Au24Pd(SC2H4Ph)18 used in this study has a similar framework structure to Au25(SR)18, which is one of the most studied compounds in the

Aun(SR)m clusters. Knowledge gained in this study is expected to enable further understanding of ligand-exchange reactions on Au25(SR)18 and other

Aun(SR)m clusters.

KEYWORDS: thiolate-protectedgold clusters . ligand-exchange reaction . reversed-phase high-performance liquid chromatography
. coordination isomer . isomer distribution
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of the metal core is induced in addition to the ligand
exchange, which leads to the formation of Au36-
(TBBT)24 with a yield of ∼90%.29,30 Au28(TBBT)20 and
Au133(TBBT)52 have also been synthesized similarly
from Au25(SC2H4Ph)18 and Au144(SC2H4Ph)60, respec-
tively.31�33 Therefore, the ligand-exchange reaction is
an extremely useful method to functionalize clusters
and synthesize unique clusters.
Many studies have been carried out on ligand-

exchange reaction mechanisms. The pioneering
work of Murray and co-workers used mainly nuclear
magnetic resonance and mass spectrometry. Their
research provided extensive information on the rates
of ligand-exchange reactions34,35 and the chemical
composition distributions of the products.35�37

Ackerson and co-workers conducted single-crystal
X-ray structure analysis of Au25(SC2H4Ph)16(p-BBT)2
and Au102(p-MBA)40(p-BBT = p-bromobenzenethiol,
p-MBA = p-mercaptobenzoic acid).38,39 Their work
clarified the geometric structures of the products.
On the basis of the obtained geometric structures,
Ackerson and co-workers proposed the presence of
sites at which reactions were more likely to take place.
However, as Ackerson and co-workers suggested,
the obtained geometric structure may be only one of
multiple products present.39 Indeed, Bürgi and co-
workers showed by high-performance liquid chroma-
tography (HPLC) with a chiral column that multiple
coordination isomers of Au38(SC2H4Ph)23(PCP-4-S)
could be produced by the reaction between Au38-
(SC2H4Ph)24 and [2.2]paracyclophane-4-thiol (PCP-4-
SH).40 The variety of the reaction sites has also been
predicted in the early stage studies by Murray and
co-workers.37 Thus, distributions of the generated co-
ordination isomers should be evaluated quantitatively
to increase the understanding of the mechanism in
ligand-exchange reactions.
In this study, we have achieved quantitative deter-

minations of the coordination isomer distributions of
products obtained by ligand-exchange reactions using
reversed-phase (RP)-HPLC. RP-HPLC is a familiar se-
paration or analytical method that is used in the study
of Aun(SR)m clusters.11,41�44 We have recently found
that products of ligand-exchange reactions can be
separated by RP-HPLC combined with mobile phase
substitution with high resolution depending on ligand
combinations.45,46 In this study, we found for Au24Pd-
(SC2H4Ph)18 (refs 43, 47�49) (Au25(SR)18 (refs 50�52)
doped with palladium), that even the coordination
isomers could be separated with a high resolution
when an appropriate solvent was used as the mobile
phase. We have evaluated quantitatively the isomer
distributions of the products obtained by ligand-
exchange reactions between Au24Pd(SC2H4Ph)18 and
thiol, disulfide, or diselenide using this high-resolution
separation method. We have found that there is a
significant bias in the isomer distributions of the

products, and in all of the aforementioned reactions,
exchange reactions start to occur preferentially at
thiolates that are bound directly to the metal core
(thiolates of core site). We further studied the temporal
evolution of isomer-separated Au24Pd(SC2H4Ph)17-
(SC12H25) using our high-resolution separation method.
The results provide insights into how isomer distribu-
tions arise in the clusters and how coordination isomer
distribution in the clusters can be controlled.

RESULTS AND DISCUSSION

In this study, we used Au24Pd(SC2H4Ph)18 (Figure 1(a)
and S1) as the metal cluster for the following reasons.
(i) Au24Pd(SR)18 has a geometric structure in which Au
at the center of Au25(SR)18 (Figure 1(b)) is substituted by
Pd (Figure S2). Therefore, Au24Pd(SR)18 has a similar
framework structure to Au25(SR)18, which is one of the
most extensively studied compounds of the Aun(SR)m
clusters.43,47�49 (ii) The ligand-exchange reaction be-
tween two Au24Pd(SR)18 molecules does not occur as
readily as that between two Au25(SR)18 molecules.53

Therefore, in experiments with Au24Pd(SR)18, ligand-
exchange reactions between the generated coordina-
tion isomers could be suppressed and isomer distribu-
tions of the products can be determined more reliably.

High-Resolution Product Separation. In this section, we
describe the product obtained from the reaction be-
tween Au24Pd(SC2H4Ph)18 (Figure 1(a)) and C12H25SH.
The ligand-exchange reaction was induced by stir-
ring Au24Pd(SC2H4Ph)18 and C12H25SH (concentration
ratio of 1:50) in dichloromethane for 4 min. Figure 2
shows the matrix-assisted laser desorption/ionization
(MALDI) mass spectrum of the products. The mass
spectrum exhibits peaks attributable to Au24Pd-
(SC2H4Ph)18�n(SC12H25)n (n = 0�7). This indicates that
the ligand-exchange reaction took place under our
experimental conditions.36

The obtained products were separated by HPLC
using an octadecylsilyl column (Figure S3(a)). All pro-
ducts were first adsorbed on the stationary phase by
injecting a suspension of clusters into the column in
which a solvent incapable of dissolving the clusters
(adsorption solvent) was used as mobile phase. Then,

Figure 1. Geometrical structures determined for (a) Au24Pd-
(SR)18 (refs 43, 48, and49) and (b) Au25(SR)18 (refs 50 and 51).
The R groups are omitted for simplicity. Two sites of sulfur
(S) discussed in this manuscript are explained in (a).
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the products were eluted from the stationary phase in
order of cluster surface polarity (Figure S3(b)) by
gradually introducing a solvent capable of dissolving
the clusters (elution solvent) into the mobile phase
using a linear gradient program (Figure S4). Our pre-
vious studies revealed that Au24Pd(SC2H4Ph)18�n-
(SC12H25)n could be separated with high resolution
depending on the ligand combinations by this meth-
od. In those studies, methanol and tetrahydrofuran
(THF) were used as the adsorption and elution solvents,
respectively.45,46 Under these experimental conditions,
the mobile phase polarity is higher than that of the
stationary phase (Figure S3(a)); thus, the clusters are
separated in the reversed-phase mode. In this study,
acetonitrile and acetone were used as the adsorption
and elution solvents instead of methanol and THF,
respectively (Table S1). As a result, a peak attributed
to a cluster with a single chemical composition was
separated into multiple peaks (Figures S5 and S6).

Figure 3 shows the chromatogram of the obtained
products, which features a peak distribution similar to
that in the MALDI mass spectrum (Figure S7). This
demonstrates that Au24Pd(SC2H4Ph)18�n(SC12H25)n
(n = 0�7) was separated with high resolution depend-
ing on the ligand combinations under our experi-
mental conditions. Figure 4 shows an enlarged view
of a peak group attributed to Au24Pd(SC2H4Ph)18�n-
(SC12H25)n (n = 0�5). Only one peak exists for
Au24Pd(SC2H4Ph)18 (Figure 4(a)). Two peaks exist for
Au24Pd(SC2H4Ph)17(SC12H25) (Figure 4(b)) and more
peaks are visible for Au24Pd(SC2H4Ph)18�n(SC12H25)n
(n = 2�5) (Figure 4(c�f)). In the MALDI mass spectrum
of each fraction in Figure 4, only a peak attributable
to the single chemical composition of Au24Pd-
(SC2H4Ph)18�n(SC12H25)n (n = 0�5) was observed
(Figure 5), which demonstrates that only the clusters
of the single chemical composition were contained in
the fractions of Figure 4(a�f). These results indicate
that each coordination isomer of Au24Pd(SC2H4Ph)18�n-
(SC12H25)n (n = 0�5) was separated with high resolu-
tion under our experimental conditions. Acetonitrile
(0.369 mPa s at 25 �C) and acetone (0.306 mPa s at

25 �C) are solvents with a lower viscosity thanmethanol
(0.544 mPa s at 25 �C) and THF (0.456 mPa s at 25 �C),
respectively.54 It is presumed that the coordination
isomers were separated with high resolution under
these experimental conditions (Figure S8), because the
variations in cluster elution times from the stationary
phase are suppressed or the interaction number be-
tween the stationary phase and clusters (the theoretical
plate number) after the elution is increased by a de-
crease in the viscosities of the adsorption and elution
solvents.55 Several other factors may also contri-
bute to the higher resolution. Regardless of the main
cause, the above result indicates that when appro-
priate experimental conditions are chosen, the pro-
ducts can be separated into each coordination isomer
with high resolution by RP-HPLC, and quantitative
evaluation of the coordination isomers by RP-HPLC is
then possible.

Reaction Mechanism: Reaction with Thiol. On the basis of
the separated peaks, we considered the exchange site
in the ligand-exchange reaction between Au24Pd-
(SC2H4Ph)18 and C12H25SH. We consider first the initial
ligand-exchange site. As shown in Figure 4(b), the
chromatogram of Au24Pd(SC2H4Ph)17(SC12H25) exhib-
ited two peaks with retention times of 56.58 and
57.20 min. Their area ratio was calculated to be 12:0.9
by curve-fitting of these peaks (Figure 4(b)). This
result indicates that the isomer distribution of the
Au24Pd(SC2H4Ph)17(SC12H25) products was strongly
biased.

To determine the species responsible for the ob-
served peaks, the obtained samples were left in ace-
tone at room temperature and variations in the relative
intensities of the two peaks were studied. Figure 6(a)
shows a temporal evolution of the chromatogram of
Au24Pd(SC2H4Ph)17(SC12H25). The relative intensity of
the peak at 57.20 min increased with time. This in-
dicates that the difference in thermodynamic stability
between the two coordination isomers was not sig-
nificant. Note that a similar change in the distribution
of the coordination isomers has also been observed by
Bürgi and co-workers for the reaction between Au38-
(SR)24 and PCP-4-SH.

40When the area ratio approached

Figure 3. Chromatogram of product obtained from the
reaction between Au24Pd(SC2H4Ph)18 and C12H25SH in di-
chloromethane at [C12H25SH]/[Au24Pd(SC2H4Ph)18] = 50.

Figure 2. Negative-ionMALDImass spectrumof the product
obtained from the reaction between Au24Pd(SC2H4Ph)18
and C12H25SH in dichloromethane at [C12H25SH]/[Au24Pd-
(SC2H4Ph)18] = 50.
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2:1, no further change was observed in their relative
intensities (Figure 6(a)). Au24Pd(SR)18 used in this study
has a geometric structure in which six [-S(R)-Au-S(R)-
Au-S(R)-] staples surround the Au12Pd metal core
(Figure 1(a)). Two types of SR units exist in such a
geometric structure, namely, SR that is bound directly
to the metal core (core site) and SR that is positioned
at the center of the staple (apex site). The numbers of
each type of SR unit are 12 and 6, respectively, which

gives a ratio of 2:1 (Figure 7(a,c)). These results imply
that peaks with retention times of 56.58 and 57.20 min
could be attributed to isomers exchanged at the core
and apex sites, respectively (Figure 4(b)). In the isomer
with SC12H25 at a core site (core-site isomer), the C12H25

chain, which interacts more strongly with the station-
ary phase than C2H4Ph, is expected to exist closer to
the interior (Figure S9) than in the isomer with SC12H25

at an apex site (apex-site isomer). The core-site isomer
may interact less efficiently with the stationary phase

Figure 4. Expanded chromatograms for regions of (a) Au24Pd(SC2H4Ph)18, (b) Au24Pd(SC2H4Ph)17(SC12H25), (c) Au24Pd-
(SC2H4Ph)16(SC12H25)2, (d) Au24Pd(SC2H4Ph)15(SC12H25)3, (e) Au24Pd(SC2H4Ph)14(SC12H25)4, and (f) Au24Pd(SC2H4Ph)13-
(SC12H25)5. The fitting results are also shown in (b,c). In these fittings, the peak structure used for fitting is based on the
peak structure of Au24Pd(SC2H4Ph)18 of (a), because the peak structure in the chromatogram does not show a symmetrical
curve (see (a)).

Figure 5. Negative-ion MALDI mass spectra of fractions
shown in Figure 4(a�f). (a�f) show the mass spectra of
the fractions shown in Figure 4(a�f), respectively. Two
isomers of isomer index i = 1, 2 (Figures 4(b) and 7(a,c)),
which were separated by RP-HPLC, are shown for the
fraction of Figure 4(b). In each mass spectrum of (a�f), a
peak attributed to a single Au24Pd(SC2H4Ph)18�n(SC12H25)n
(n = 0�5) was mainly observed. The minor peaks observed
in (b�f) are attributed to clusters generated by the reaction
between two Au24Pd(SC2H4Ph)18�n(SC12H25)n while drying
the sample for mass measurements (see Figure 9).

Figure 6. Timedependenceof chromatogramsof regionsof
(a) Au24Pd(SC2H4Ph)17(SC12H25) and (b) Au24Pd(SC2H4Ph)16-
(SC12H25)2. In (a,b), all the chromatograms are normalized
with the strongest peaks. In (a), the inset shows the time
dependence of the area ratio of peaks A and B.
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because of this difference and thereby elute earlier
than the apex-site isomer (Figure S10).

Thus, the Au24Pd(SC2H4Ph)17(SC12H25) products ob-
tained immediately after the reaction are comprised
mainly of core-site isomer. This demonstrates that the
first ligand-exchange reaction occurs preferentially at
the thiolate of a core site.

Next, we consider the second ligand-exchange site.
As shown in Figure 4(c), the chromatogram of Au24Pd-
(SC2H4Ph)16(SC12H25)2 shows a larger number of
peaks compared with that of Au24Pd(SC2H4Ph)17-
(SC12H25). This indicates that there were a large numb-
er of coordination isomers in the Au24Pd(SC2H4Ph)16-
(SC12H25)2 products. Twelve coordination isomer
structures can be considered for Au24Pd(SC2H4Ph)16-
(SC12H25)2 (Figure 7(b)). However, fewer than 12 peaks
are visible in Figure 4(c). Furthermore, when Au24Pd-
(SC2H4Ph)16(SC12H25)2 was left in acetone, the chroma-
togram shape changed gradually (Figure 6(b)), similar
to Au24Pd(SC2H4Ph)17(SC12H25). These results imply
that not all possible coordination isomers were present
in the Au24Pd(SC2H4Ph)16(SC12H25)2 products obtained
immediately after the reaction. On the basis of isomer
structure of Au24Pd(SC2H4Ph)17(SC12H25), it is likely that

the coordination isomers exchanged at the core
sites were present mainly in the Au24Pd(SC2H4Ph)16-
(SC12H25)2 products. In the coordination isomers
shown in Figure 7(b), five isomers have two SC12H25

moieties positioned at core sites (isomer index j= 1�5),
and 24, 24, 6, 6, and 6 site combinations exist for these
five coordination isomers, respectively (Figure 7(d) and
Table S2). The main peaks shown in Figure 4(c) could
be curve-fitted with such isomers (Figure S11). Our
tentative assignments on the Au24Pd(SC2H4Ph)16-
(SC12H25)2 peaks (Figure S12 and Table S3) imply that
isomers with two SC12H25 at the core sites (isomer
index j = 1�5) are included with a ratio of 81.7% in
Au24Pd(SC2H4Ph)16(SC12H25)2 obtained immediately
after the reaction (Figure S11). As shown in Figure 4(b),
the initial exchange occurs at a core site with a
possibility of 93.0%. These results imply that the sec-
ond SC12H25 moieties are introduced into the remain-
ing core site of Au24Pd(SC2H4Ph)17(SC12H25) of the
core-site isomer with a possibility of 87.7% (Figure S11).
Thus, the second exchange still occurs preferentially at
the core site, although the priority is slightly less at the
second exchange (87.7%) than the initial exchange
(93.0%).

Thus, on the basis of a quantitative evaluation of the
coordination isomers by RP-HPLC, it was demonstrated
that the ligand-exchange reaction starts to occur pre-
ferentially at thiolate bound at core sites in the reaction
between Au24Pd(SC2H4Ph)18 and C12H25SH. We per-
formed similar experiments while changing the reac-
tion medium from dichloromethane to toluene or
acetone. As a result, products exhibited similar chro-
matograms regardless of the solvent (Figure S13(a,b)).
A similar result was also obtained without solvent
(Figure S14(a,b)). We conducted similar experiments
using other alkanethiols (R = CxH2xþ1; x = 8, 10, or 14) in
place of C12H25SH; however, a similar interpretation was
obtained from the chromatograms (Figure S15(a,b)).
These results imply that the reaction mechanism de-
scribed above is the main mechanism under many
experimental conditions. The results obtained in this
work are consistent with the interpretation of the
reaction of Au25(SC2H4Ph)18 with p-BBT obtained by
Ackerson and co-workers based on single-crystal X-ray
structure.39

Häkkinen and co-workers performed density func-
tional theory calculations on the ligand-exchange re-
action between Au102(SH)44 and CH3SH, and proposed
that such a reaction involves initial nucleophilic attack
of the S of CH3SH on the Au of an [-S(H)-Au-S(H)-]
staple in Au102(SH)44.

38 The H of the SH then bonds to
S in the staple, and allows the reaction to proceed.
Also, Au24Pd(SC2H4Ph)18 has staples on its surface
(Figure 1(a)). Thus, it can be considered that the
reaction starts with a nucleophilic attack of the thiol
on Au of the staple, even in the present system
(Scheme S1). However, in contrast to Au102(SH)44, the

Figure 7. Coordination isomers considered for (a) in
Au24Pd(SC2H4Ph)17(SC12H25) with isomer index, i, and
(b) Au24Pd(SC2H4Ph)16(SC12H25)2 with isomer index, j.
(c) The number of repetitions of site combinations for each
isomer with isomer index, i and j, are summarized in (c) or
(d), respectively (Table S2).
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staples of the present system include two different S
atoms that can be attacked by H of the thiol bound to
Au; one in a core site, and the other in an apex site
(Figure 1(a)). Our results imply that the attack of H of a
thiol on S occurs preferentially at the S of a core site
on the [-S(R)-Au-S(R)-Au-S(R)-] (R = C2H4Ph) staples
(Scheme S1).

Reaction Mechanism: Reaction with Disulfide or Diselenide.
We have also studied the ligand-exchange reactions of
Au24Pd(SC2H4Ph)18 with other molecules by this meth-
od. Figure 8(a) shows a chromatogram of the products
obtained by reaction between Au24Pd(SC2H4Ph)18 and
(C12H25S)2 (Figure S16). Au24Pd(SC2H4Ph)17(SC12H25)
exhibited a chromatogram similar to that of the
products obtained by the reaction between Au24Pd-
(SC2H4Ph)18 and C12H25SH (Figure 4(b)). In the chro-
matogram of Au24Pd(SC2H4Ph)17(SC12H25), two peaks
attributed to the isomers were estimated to be 12:1.8
through curve-fitting (Figure 8(a)). Au24Pd(SC2H4Ph)16-
(SC12H25)2 also exhibited a chromatogram similar to
that of Figure 4(c). These results indicate that the
exchange reaction occurs preferentially at the core
site even if the reactant is not a thiol (C12H25SH)
but a disulfide ((C12H25S)2). Similar results were also
obtained for the reaction between Au24Pd(SC2H4Ph)18
and (C12H25Se)2 (Figures 8(b) and S17). The reaction of
Aun(SR)m clusters with diselenide is often used for
the synthesis of Aun(SeR)m clusters,56,57 but little is
known about its mechanism. As shown in Figure 8(b),
Au24Pd(SC2H4Ph)18�n(SeC12H25)n (n = 1, 2) clusters have

slightly longer retention times compared with Au24Pd-
(SC2H4Ph)18�n(SC12H25)n (n = 1, 2) (Figures 4(c) and 8(a))
probably because of the difference in atomic radius
between Se (1.17 Å) and S (1.04 Å) (Figure S18). However,
chromatograms of the respective clusters are essentially
similar (Figure S18). Thismeans that theexchange reaction
occurs preferentially at a core site even if the introduced
ligand is selenolate instead of thiolate (Figure S19). These
results demonstrate that the priority of the reaction site
does not change in all the aforementioned reactions on
Au24Pd(SC2H4Ph)18.

Mechanism of the Variation in Isomer Distributions. We
further studied on how isomer distributions arise in
clusters in solution (Figure 6) by tracking the temporal
evolution of a chromatogram of isomer-separated
Au24Pd(SC2H4Ph)17(SC12H25) by RP-HPLC. Figure 9
shows this evolution for a core-site isomer. During
the first hour, the amount ofAu24Pd(SC2H4Ph)17(SC12H25)
decreased gradually, whereas the amounts of Au24Pd-
(SC2H4Ph)18 and Au24Pd(SC2H4Ph)16(SC12H25)2 in-
creased gradually. At this stage, the isomer distribu-
tion of Au24Pd(SC2H4Ph)17(SC12H25) did not display
noticeable changes. This means that the main reac-
tion in this time frame is the ligand-exchange re-
action between Au24Pd(SC2H4Ph)17(SC12H25) shown
in Scheme 1(a).53 The reaction in Scheme 1(a) had
progressed even further (Figure 9) after an extended
period (g8 h). A sample of this time frame includes
Au24Pd(SC2H4Ph)18 and Au24Pd(SC2H4Ph)16(SC12H25)2
produced by the reaction in Scheme 1(a) in relatively
large quantities and Au24Pd(SC2H4Ph)18�n(SC12H25)n
(n g 3) produced by the multiple ligand-exchange reac-
tions between clusters in small quantities (Figure 9). In
these samples, the ligand-exchange reaction depicted
in Scheme 1(b,c) can be expected to occur frequently
between the generated clusters. Accordingly, a con-
siderable degree of apex-site isomer started to appear
in the region of Au24Pd(SC2H4Ph)17(SC12H25) in addi-
tion to the core-site isomer in the chromatograms
of such timeframes. Similar phenomena were also

Figure 9. Time dependence of chromatogram of core-site
type Au24Pd(SC2H4Ph)17(SC12H25) left in acetone.

Figure 8. Chromatogram of product obtained by the reac-
tion between (a) Au24Pd(SC2H4Ph)18 and (C12H25S)2 and (b)
Au24Pd(SC2H4Ph)18 and (C12H25Se)2. These reactions were
conducted in dichloromethane at [(C12H25S)2]/[Au24Pd-
(SC2H4Ph)18] = 50 and [(C12H25Se)2]/[Au24Pd(SC2H4Ph)18] =
10, respectively.
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observed in the experiment using Au24Pd(SC2H4Ph)17-
(SC12H25) of apex-site isomer, although the generation
rate of isomer distribution is slightly different (Figure
S20). These results imply that the variation in isomer
distribution in Au24Pd(SC2H4Ph)17(SC12H25) is caused
mainly by the ligand-exchange reactions between the
generated clusters.

Isomer Distribution in Au24Pd(SC2H4Ph)16(SC12H25)2 Generated
from Isomer-Separated Au24Pd(SC2H4Ph)17(SC12H25). Our study
on the temporal evolution of isomer-separated
Au24Pd(SC2H4Ph)17(SC12H25) using RP-HPLC also re-
vealed that the isomer distribution of Au24Pd(SC2H4Ph)16-
(SC12H25)2 generated by Au24Pd(SC2H4Ph)17(SC12H25) is
different depending on the isomer structure of
the precursor Au24Pd(SC2H4Ph)17(SC12H25). Figure 10
shows chromatograms of Au24Pd(SC2H4Ph)16(SC12H25)2
generated after 0.5 h (Figures 9 and S20). The
chromatogram of Au24Pd(SC2H4Ph)16(SC12H25)2 gener-
ated from a core-site isomer (Figure 10(b)) resembles
closely that of Au24Pd(SC2H4Ph)16(SC12H25)2 obtained
by ligand-exchange reaction between Au24Pd-
(SC2H4Ph)18 and C12H25SH (Figures 4(c) and 10(a)),
supporting the interpretation that the exchange

occurs preferentially at a core site in the reaction
between Au24Pd(SC2H4Ph)18 and C12H25SH. Conver-
sely, Au24Pd(SC2H4Ph)16(SC12H25)2 generated from an
apex-site isomer (Figure S20) exhibited strong peaks at
different retention times (Figure 10(c)). These observed
peaks were located mainly at the retention times
predicted for Au24Pd(SC2H4Ph)16(SC12H25)2 including
exchange at the apex site (Figures S12 and S21).
Our tentative assignments of the peaks of Au24Pd-
(SC2H4Ph)16(SC12H25)2 imply that the sample in
Figure 10(b) contains isomers with two SC12H25 at the
core sites (isomer index j = 1�5) with a content of
71.6% as main product (Figure S21), whereas the
sample of Figure 10(c) contains isomers with one
SC12H25 at the core site and one SC12H25 at the apex
site (isomer index j = 6�10) with content of 78.3% as
main product (Figure S21). These results demonstrate
that the isomer distribution of the generated clusters is
different. A similar phenomenon was also observed for
Au24Pd(SC2H4Ph)15(SC12H25)3 (Figure S22). These re-
sults indicate that the coordination isomer distribution
of the products generated by the ligand-exchange
reactions between clusters could be controlled by
controlling the coordination isomer distribution of
the reactant clusters.

CONCLUSIONS

We have evaluated quantitatively the isomer distri-
bution of the product obtained by a ligand-exchange
reaction on Au24Pd(SC2H4Ph)18 by increasing the
RP-HPLC resolution. The following were concluded
concerning the mechanism of ligand-exchange reac-
tions on the clusters. (i) The exchange reactions occur
preferentially at thiolates of a core site in the ligand-
exchange reactions of Au24Pd(SC2H4Ph)18 with all
molecules of RSH (R = CxH2xþ1; x = 8, 10, 12, or 14),

Scheme 1. Proposed reactions that could lead to the pro-
duction of apex-site type Au24Pd(SC2H4Ph)17(SC12H25) from
core-site type Au24Pd(SC2H4Ph)17(SC12H25). Each isomer
structure is schematic and is not the exact structure that
was determined experimentally for the clusters included in
the solution.

Figure 10. Chromatograms of the region of Au24Pd-
(SC2H4Ph)16(SC12H25)2 obtained by (a) reaction between
Au24Pd(SC2H4Ph)18 and C12H25SH in dichloromethane
(Figure 4(c)), (b) standingof core-site typeAu24Pd(SC2H4Ph)17-
(SC12H25) in acetone (Figure 9), and (c) standing of apex-site
type Au24Pd(SC2H4Ph)17(SC12H25) in acetone (Figure S20).
Index k indicates the isomer index used for tentative assign-
ment of each isomer in Figure S11 (Table S3).
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(C12H25S)2, or (C12H25Se)2. (ii) The ligand-exchange
reactions between clusters occur in the cluster solu-
tion, and this causes a variation in coordination isomer
distribution of the clusters in solution. (iii) The control
of coordination isomer distribution of the reactant
clusters enables control of the coordination isomer
distribution of the product generated by ligand-
exchange reactions between clusters. We used
Au24Pd(SC2H4Ph)18 in this study as a model cluster to

accurately determine the isomer distribution of the
products. However, Au24Pd(SC2H4Ph)18 has a similar
framework structure to Au25(SR)18 (Figure 1(a,b)).
Therefore, the results obtained are expected to be
applicable for ligand-exchange reactions on Au25(SR)18
and other Aun(SR)m clusters. We believe that observing
and understanding such reactions could lead to their
improved control and thereby the creation of desired
metal clusters.

METHODS
Synthesis of Au24Pd(SC2H4Ph)18. Au24Pd(SC12H25)18 was first syn-

thesized by amethod previously reported by our group43 which
is based on the Brust method.58 Then, all Au24Pd(SC12H25)18
ligands were replaced with SC2H4Ph by reacting Au24Pd-
(SC12H25)18 with PhC2H4SH in dichloromethane. We repeated
two procedures several times to achieve this: a ligand-exchange
reaction and washing of excess PhC2H4SH and byproducts from
the products using a 1:1 water:methanol solution. The Au24Pd-
(SC2H4Ph)18 was obtained with molecular purity (Figure S1).

Ligand-Exchange Reaction. Au24Pd(SC2H4Ph)18 (0.10 μmol) was
dissolved in 100 μL of dichloromethane, toluene, or acetone. To
this solution, 5.0 μmol of RSH (R = CxH2xþ1; x = 8, 10, 12, or 14),
5.0 μmol of (C12H25S)2, or 1.0 μmol of (C12H25Se)2 was added and
the solution was stirred at room temperature. (C12H25S)2 and
(C12H25Se)2 were synthesized using the methods of Tong and
co-workers.59,60 After 4 min (CxH2xþ1RH), 1 h ((C12H25S)2), or 40 s
((C12H25Se)2), the solution was washed with a mixture of
methanol and water to remove excess thiols.

Temporal Evolution of Isomer-Separated Au24Pd(SC2H4Ph)17(SC12H25).
Each coordination isomer (core- or apex-site isomer) of Au24Pd-
(SC2H4Ph)17(SC12H25) was separated using RP-HPLC (Figure 6(a)).
The separated sample (∼8 nmol) was left in 50 μL of acetone, and
the product temporal evolution was evaluated by RP-HPLC.

Characterization. MALDI mass spectra were acquired with a
time-of-flight mass spectrometer (JEOL Ltd., JMS-S3000) using
an Nd:YAG laser (wavelength: 349 nm) and trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propenylidene]malononitrile as the
MALDI matrix.36 The cluster-to-matrix ratio was set at 1:1000.
The laser fluence was reduced to the lowest value that enabled
ion detection. Ultraviolet�visible/near-infrared absorption
spectra of the Au24Pd(SC2H4Ph)18 dichloromethane solution
were recorded at ambient temperature using a spectrometer
(JASCO, V-670). Wavelength-dependent optical data, I(w), were
converted to energy-dependent data, I(E), using the following
relation, such that the integrated spectral areas were conserved:
I(E) = I(w)/|∂E/∂w| � I(w) � w2.

HPLC Experiments. HPLC experiments were conducted using
a Shimadzu instrument consisting of a DGU-20A3R online
degasser, LC-20AD pump, CTO-20AC column oven, and SPD-
M20A photodiode array detector. A stainless-steel column
(250 mm � 4.6 mm inner diameter) packed with 5 μm C18-
bonded silica with a pore size of 175 Å (Hypersil GOLD, Thermo
Scientific) was used as the reverse-phase column. The column
temperature was fixed at 25 �C to maintain reproducibility.
Before sample injection, aging (stabilization) of the column and
detector was performed for a sufficient time. The absorbance
chromatogram was monitored, using a photodiode array, at
380 nm. Each sample was first diluted in acetone (0.1 mg/5 μL)
and then suspended in solution by adding acetonitrile (15 μL).
The sample suspension (20 μL) was injected into the instru-
ment with an acetonitrile mobile phase at 1 mL/min. After
sample injection, the amount of acetone in the mobile phase
was increased continuously, using a linear gradient program
that increased the acetone ratio of the mobile phase from
0 to 100%, with a replacement time of 100 min (Figure S4).
In a previous study, the use of a step gradient as a gradient
program improved the resolution.46 However, a clear improve-
ment in resolution was not observed for the experimental

conditions used. After analysis, the chromatogram was cor-
rected by subtracting the background measured without a
sample.
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