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Nanomaterials which exhibit both stability and functionality are currently considered to hold the most
promise as components of nanotechnology devices. Thiolate (RS)-protected gold nanoclusters (Au,(SR),,)
have attracted significant attention in this regard and, among these, the magic clusters are believed to be

the best candidates since they are the most stable. We have investigated the effects of heteroatom doping,
protection by selenolate ligands and protection by photoresponsive thiolates on the stability and
physical/chemical properties of these clusters. Through such studies, we have attempted to establish

methods of modifying magic Au,(SR),, clusters as a means of creating metal clusters that are both robust

and functional. This paper summarizes our studies towards this goal and the obtained results.

1. Introduction

Nanomaterials that exhibit both stability and functionality are
currently considered to hold the most promise as components of
nanotechnology devices. Metal clusters, composed of several to
hundreds of metal atoms, possess size-specific physical and
chemical properties which are not typically observed in bulk
metals, and these properties vary considerably depending on the
number of constituent atoms.! Metal clusters are therefore
attracting significant attention as potentially useful nanomaterials.
The synthesis of metal clusters in this size range incorporating
phosphine ligands has been extensively researched since the
1960s. Mingos, Teo, Pignolet, Schmid and Konishi ef a/. have all
conducted in-depth research in this field, and their work has
resulted in the synthesis of many monometal and alloy
clusters.” '® The study of these synthesized clusters has provided
much important information concerning the stability, structure
and physical properties of phosphine-protected metal clusters
with ultra-small metal cores. However, since these metal clusters
are easily degraded in solution, their poor stability raises
questions with regard to their viability as practical materials.'®
Thiolate-protected gold clusters (Au,(SR),), however, as
reported in 1994 by Brust ez al.,'” exhibit higher stability, due to
the strong bonds formed between the metal and the thiolate
ligands. These clusters are stable even at high temperature in
solution. Hence, since this first report, Au,(SR),, clusters have
been widely studied by groups representing a variety of fields,
and continue to be actively researched.'®* The early research of
Whetten, Murray and Tsukuda et al. provided significant impetus
for all such future studies. Their work concerning the precise
synthesis of these clusters resulted in several high-resolution
separation techniques and precise methods of chemical
compositional analysis, and made it possible to treat Au,(SR),
clusters as compounds with well-defined chemical compositions.
Furthermore, from experiments concerning the stability of a
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Fig. 1 Our study towards the creation of stable, functionalized metal
clusters. In the geometrical structures of Au,s(SR);s (Refs. 67 and 68),
Auss(SR),4 (Ref. 70) and Au,eo(SR)4s (Ref. 31), R groups are omitted for
simplicity.

series of clusters, they succeeded in finding specific stable
clusters, which were defined as so-called magic clusters.** >
Following several misassignments, the chemical compositions of

so the magic Au,(SR),, clusters were found to be Au,s(SR)s,

Ausg(SR),4 and Au144(SR)60.19’22’51’56’57 More recently, Jin and
Dass et al. reported that numerous other magic clusters
exist’ ¥ and that magic clusters can be synthesized size-
selectively with precision at the atomic level. Among those magic
4-tert-
butylbenzenethiolate), Auzg(SCoH4Ph)yy and Aujpa(p-MBA)4y (p-
MBA = p-mercaptobenzoic acid) (Figure 1) were successfully
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crystalized and their geometrical structures were elucidated

experimentally by Kornbeng, Murray, and Jin et al.*"**¢""7" The (a)
origins of the stability and electronic states of these compounds
were also elucidated, on the basis of theoretical studies, by
Hakkinen, Aikens, and Jiang et al.'"* These experimental and
theoretical studies revealed that magic Au,(SR),, clusters have a
highly symmetrical metal core and are specifically stabilized by
such a metal core being protected by multiple gold-thiolate
oligomers (—SR—[Au—SR-],) (Figure 1). The total number of
valence electrons associated with the metal cores of these
structures is consistent with a closed-shell structure, which also ESI

promotes the high stability of these clusters. Many investigations [AUz,Pd(SC12Hz5)1lIN(CsHo). ]
concerning the physical and chemical properties of Au,(SR), ”M“M exp.
clusters have been conducted, and it has been shown that the
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15 smaller magic clusters exhibit size-specific physical/chemical cak.
properties which are not seen in bulk materials, such as 8700 8710
photoluminescence,'*****377  optical  activity'****®  and
catalytic activity.79782 Furthermore, it has been demonstrated that 4000 8000 Mass (Da) 8000 10000

the surface ligands of these clusters can be exchanged with other
2 ligands (via a ligand exchange reaction) while maintaining the

core size,”>**4*88 making it possible to tune the solubility and

electronic structure of the clusters. In this manner, magic

Au,(SR),, clusters are extremely stable and can be synthesized

size-selectively, and yet exhibit size-specific physical and
2s chemical properties, which endows them with great potential as
new nanomaterials..

Our group has attempted to establish methods of modifying
magic Au,(SR),, clusters, with the goal of creating nanomaterials
which are both robust and functional, by increasing the
functionality of the clusters. As shown in many previous gas
phase studies, doping small metal clusters with heteroatoms has a
significant effect on their stability as well as their physical and
chemical propel’ties.g0 It was therefore anticipated that the
properties of magic Au,(SR),, clusters would also be significantly
s modified by doping with heteroatoms. In addition, protection of

magic  Au,(SR), clusters by selenolate ligands® and
functionalized thiolates’ was considered to be useful approachs.
Therefore, we have investigated the effects of heteroatom doping,
protection by selenolate ligands and protection by functionalized

4« thiolates on the stability and physical/chemical properties of these
clusters. Our studies, therefore, have essentially been aimed at
devising methods of tailoring magic Au,(SR),, clusters to produce
compounds which are stable and exhibit useful properties (Figure
1).

s The present paper summarizes our work towards this goal and
the results. In Section 2, we report the results of heteroatom
doping studies, in which magic Au,(SR), clusters were
successfully doped with three metal atoms: Pd, Ag and Cu.
Investigation of the resulting doped clusters showed the effects of

w
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Fig. 2 (a) Negative-ion MALDI and positive—ion electrospray ionization
(EST) mass spectra of [AuyPd(SCy,Hys)i5]’. Insets compare experimental
data with the calculated isotope patterns. In the ESI mass analysis, a
small amount of (C4;H,),NCIO, was added to the solution to allow
observation of neutral [Au,Pd(SCi,Has);5]° as a cation. (b) Optimized
structure of [Au,Pd(SCH3)5]° (adapted from Refs. 88 and 98).
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azobenzene derivative, demonstrating that employing these
thiolates make it possible to create a Auys cluster which exhibits
reversible changes in redox potential in response to
photoirradiation. Finally, in Section 5, we summarize our work
and briefly describe potential future research directions in this
field.
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2. Heteroatom Doping
2.1. Pd doping
2.1.1. AuzgPd(SR);5

3

doping on the stability and electronic structures of the clusters. In
Section 3, we discuss clusters protected by selenolates, including
results showing that incorporating selenolate ligands makes it
possible to produce gold clusters which exhibit superior stability
in solution as compared to thiolate-protected gold clusters.
ss Furthermore, our results demonstrate that using selenolate ligands
also enables the synthesis of alloy clusters that would be difficult
to synthesize using thiolates. In Section 4, we report research into
clusters protected by photoresponsive thiolates based on an

=)

With regard to Pd doping, several studies have preceded our own.
In 2009, Murray ef al. succeeded in synthesizing a Au,4Pd cluster
(Auy4Pd(SC,H4Ph) 5) using phenylethanethiol (PhC,H;SH) as the
ligand.” Following this report, three groups independently
performed density functional theory (DFT) calculations
concerning AU24Pd(SCH3)1g.94_96 These analyses resulted in two
conclusions regarding this compound; its most stable structure is

75 a core-shell-type Pd@Au,4(SR),s formation in which the central

Au in Auys(SR)ys is replaced by Pd, and replacing the central Au
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in this manner increases the interaction energy between the
central atom and the Au,4(SCH3),g cage, which in turn increases
the thermodynamic stability of the cluster. With the aim of
producing clusters which are more stable than Au,(SR),, we
focused on these theoretical predictions and attempted to isolate
Au,4Pd(SR)g and elucidate its structure and stability, as well as
its chemical properties.

Isolation

In our study, we used dodecanethiol (C,HpsSH) as the ligand97
and dodecanethiolate-protected AuyPd clusters
(AussPd(SC12H,s)15) were synthesized using the Burst method."”
In this process, gold and palladium salts were transferred from an
aqueous phase to a toluene phase with a phase transfer compound,
and C,H,sSH was added to the toluene phase. Adding a reducing
agent to this solution produced a mixture of Ci,HpsS-protected
Au-Pd alloy clusters of various sizes. The resulting mixture was
subsequently dried after which we separated out only the smallest
clusters (those containing 25 metal atoms) based on size-related
differences in the solubilities of the clusters (An Acetone was
used as the solvent for extraction). Matrix-assisted laser
desorption/ionization (MALDI) mass analysis of the product
demonstrated that it was composed of Auys(SCi,Hps)is and
AuyyPd(SCpHys)15. We next performed a high resolution
separation of these two clusters using high performance liquid
chromatography (HPLC) with reverse phase columns.
Auys(SCHps)1g is usually synthesized in its anionic form as
[Auys(SC 12H25)18]7,5 46768 while Auy4Pd(SCH»s),5 is produced as
the neutral compound [Au24Pd(SC12H25)13]0 (Figure 2(21)).98 The
two can thus be efficiently separated with reverse phase columns
due to differences in their charge states. Using this method, we
succeeded in isolating [Au24Pd(SC12H25)lg]O at an atomic level of
precision (Figure 2(a)).”

Structure

[Auys(SR)g] has been found to have a structure in which a Auy;
core is surrounded by six —SR—[Au—SR-], oligomers (Figure
1).67’68 Considering that [AU24Pd(SC12H25)lg]O has the same
number of metal atoms and organic moieties as [Auys(SR) 5] , we
would anticipate that the two have similar geometrical structures
(Figure 1). It is also known that only a single Pd is doped into
Auys(SC,Hys) s, regardless of the experimental conditions,”*”®
and that the Au and Pd readily form a core-shell-type structure.”
Furthermore, theoretical calculations predict that the most stable
structure  for  [AuyPd(CHs);]° is a  core-shell-type
[Pd@AuZ4(SR)1g]O structure.”>% Considering these three factors,
it is reasonable to expect that the [Pd@Auz4(SC12H25)18]O
structure exists (Figure 2(b)), in which the central Au in
Auys(SCi,Hps)yg is replaced with Pd. To confirm this, the optical
absorption spectrum and X-ray diffraction pattern of
[AuyPd(SCH3), g]o, in which SCHj is the ligand, were calculated
and compared with the experimental results obtained for
[Pd@Auz4(SC12H25)18]O. This comparison showed very good
agreement between the experimental results and the calculated
data®® On the basis of these results, we conclude that
[Au24Pd(SC12H25)1g]O does indeed possess a core-shell-type
[Pd@Auz4(SC12H25)18]O structure, in which the central Au in
Auys5(SC,Hys)yg is replaced with Pd.

Stability
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Fig. 3 (a) Time dependence of optical absorption spectra of a toluene
solution containing Au,s(SCi,Has)is and AuysPd(SCi,Has)is at 50 °C. (b)
Chemical composition of the solution as followed by negative—ion
MALDI mass spectrometry. After 30 days, the optical absorption
spectrum is similar to that of AuyPd(SCi,Has)1s, and the mass spectrum
exhibits only the peak attributed to Au,sPd(SCi,Hys)s. These results
demonstrate that Au,sPd(SCi,Hys);s is more stable in solution than
Auys(SCi2Has) s (adapted from Ref. 98).

DFT calculations predicted that replacing the central Au of
6 Auys(SR);g with Pd would increase the thermodynamic stability
of the cluster,”*” and our study confirmed that
AuyyPd(SCHss) 5 is actually more resistant to degradation in
solution than Au25(SC12H25)1g.98 To assess stability, we dispersed
both AUZ4Pd(SC12H25)lg and AU25(SC12H25)18 in toluene at 50 °C
s and examined changes in the chemical composition of the
mixture through optical absorption spectroscopy and MALDI
mass spectrometry. The optical absorption spectrum of the
mixture changed continuously over time, and after 30 days it was
very close to that of pure [Au24Pd(SC12H25)1g]O (Figure 3(a)),
7 indicating that Auys(SCioHss)s deteriorates more rapidly than
AuyyPd(SCpHys)13 under these conditions. In addition, the
MALDI mass spectrum of the mixture only exhibited a peak
attributed to AuyPd(SC,Hys)is after 30 days (Figure 3(b)).
Based on these results, it is evident that Au,4Pd(SC,Hys)1g is
75 more stable in solution than Au,s(SCi,Hps)ss.

As noted above, DFT calculations predicted that replacing the
central Au of Au,s(SR);g with Pd would increase the interaction
energy between the central atom and the Auy(SCHj)g cage.
Based on this theoretical prediction, the variation in

so thermodynamic ~ stability between AuysPd(SCpHys)1s  and
Auys(SCiHps)1s is considered to be due to this difference in
interaction energy. The more robust structural skeleton of
AuyyPd(SCpHys)g therefore is responsible for its superior
stability compared to Auys(SCioHys)s.

ss Ligand—exchange reactivity
We have demonstrated that Pd doping also significantly
increases the ligand-exchange reactivity of Auzs(SCnst)lg.88
The ligand-exchange reaction replaces a portion (or all) of the
cluster’s ligands with new ligands. This phenomenon can be

s used to tailor the solubility of a cluster and to introduce new
functional  ligands, as  demonstrated by  several

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 The results of the ligand—exchange reactions of

[Au24Pd(SC12H25)]g]0 (blue) and [Aups(SCioHas)is] (black). Plots indicate
the average number of exchanged ligands, x,., against reaction time:
(incoming thiol, solvent) = (a) (C¢Hi;SH, CH,CL); (b) (CsH,-,SH,
CHzclz), (C) (CmHzlSH, CHzclz), (d) (CmH;gSH, CHzclz), (e)
(PhC,H,SH, CH,CL,) and (f) (CsH,,SH, toluene) (adapted from Ref. 88).
The value of x,. was estimated from the negative-ion MALDI mass
spectra of the products.

studies.*>**4*83-8 Fyrthermore, both the redox potential'®*'"!
and photoluminescence quantum yield”" of Au,s(SR);s vary
depending on the ligand. The use of the ligand-exchange
reaction can also alter various chemical and physical
properties of the cluster and thus is an important means of
tuning cluster properties. To assess this effect, we reacted
[AUQ4Pd(SC12H25)1g]O and [Aqu(SC12H25)lg]7 with thiols (SO-
called incoming thiols) in solution and compared the reaction
rates in order to investigate the effects of Pd doping on the
ligand-exchange reactivity of Au,s(SR);s. Throughout these
trials, the chemical compositions of the products were
characterized by MALDI mass spectrometry®'® and the
average number of exchanged ligands, x,,., at various points in
the reaction was estimated from the mass spectra. These
experiments were conducted with various incoming thiols and
solvents® and showed that the x,. value of
[Au24Pd(SC12H25)1g]O is approximately 1.5-4.2 times greater
than that of [Au,s(SCi2Has)is]™ (Figure 4).% As noted above,
Pd doping increases the resistance of Aups(SR);g to
degradation (or unimolecular dissociationSI) in solution.®®
These results indicate that Pd doping actually has two
beneficial results; it suppresses unimolecular dissociation of
the cluster in solution and also increases ligand-exchange
reactivity.

We believe that the increased rate of ligand exchange
which follows Pd doping is related to the difference in the total
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s fewer

s process has been reported by Qian et a

numbers of valence electrons in the metal cores of
[Aus(SCi>Hys)i5]  and [AU24Pd(SC12H25)1g]0. Song and
Murray'® found that the rate of ligand exchange of
Auy44(SR)g varied depending on the charge state (i.e., the total
number of valence electrons) of the metal core such that, when
the gold core was oxidized from a neutral state to a charge of
+3, the rate of ligand exchange nearly doubled. Our group
similarly studied the dependence of the reaction rate on the

s charge state of Au,s(SCjpHss)1s and found that, even in the

case of Auys(SCioHps)s, the reaction rate exhibits a similar
dependence on the charge state; when the gold core was
oxidized and transitioned from an anionic to a neutral state,
similar increases in its reaction rate were observed.*® We know
that the anion [Auys(SCioHss)1] is the most stable synthesis
product whereas, in the case of AuyyPd(SCi,Hj,s);s, the neutral
species [Au24Pd(SC12H25)lg]O is obtained. The total numbers of
valence electrons in these clusters are respectively calculated
to be 8 and 6, indicating that [Au24Pd(SC12H25)1g]O has two
valence electrons than [Aups(SCioHjs)ig] . This
reduction in the number of valence electrons in the cluster,
equivalent to a reduced charge density, is likely to promote
attack by incoming nucleophilic ligands'® on the cluster,
resulting in an increase in the reaction rate.

Heinecke ef al.*? have, however, reported that the case of
ligand exchange in Aujp(p-MBA)y (@p-MBA = p-
mercaptobenzoic acid) is strongly related to its geometric
structure. They determined that those ligands in Aujg(p-
MBA),4 which were more physically accessible to incoming
thiols were preferentially exchanged. Our previous study
revealed that Pd doping distorts the structure of
[Aups(SCioHjs)1s] (Ref. 98) and so the dramatic increase in
the reaction rate on Pd doping may be partly due to this
distortion of the geometric structure, in addition to the above-
noted electronic factors.

2.1.2. AU36Pd2(SR)24

Our work therefore showed that doping Au,s(SR);g with Pd
forms a more stable cluster than the monometallic Au,s(SR);s.
We next wished to determine if this same increased stability

s on Pd doping would take place with other magic Au,(SR),,

clusters, and so we isolated high purity Au;sPdy(SC,H4Ph)y,

in which two Pd atoms are doped into Ausg(SC,H4Ph)ys, and
examined its stability in solution.

Isolation

In this study, we used phenylethanethiol (PhC,H,SH) as the
ligand.WA mixture of Au—Pd alloy clusters was initially prepared
by reacting gold and palladium salts with PhC,H,SH in
tetrahydrofuran (THF) and reducing the resulting complexes with
NaBH, (upper part of Figure 5(a)).""'°*'® This preparation
1'% We then separated
Aus6Pdy(SCyH4Ph),y4 from the mixture using the following two
steps.

Firstly, the two species Ausg.,Pd,(SCoHyPh)yy (1 = 1, 2) were
separated from the mixture. This step involved initially removing
Auys_,Pd,(SCH4Ph)g (n = 0, 1) from the mixture based on
differences in their solubility. Ausg,Pd,(SCoH4Ph)yy (n = 1, 2)
clusters were then separated from larger clusters using recycling
size exclusion chromatography. The MALDI mass spectrum of
the product confirmed that only the Ausg.,Pd,(SCoHyPh)oy (=1,
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Fig. 5 (a) Negative—ion MALDI mass spectra of (top) as-prepared
clusters, (middle) the product separated by recycling size exclusion
chromatography and (bottom) after stirring in THF solution at 60 °C for
8 days. The asterisk indicates the laser fragmentation ion of
Aus,Pd(SC,H4Ph),s (See Ref. 105). (b) Optimized structure for [Ause
Pd,(SCH3),4]* (the CH; moiety is omitted for clarity) (adapted from Ref.
105).

2) clusters were present (central portion of Figure 5(a)).

Next, the Aus,Pd(SC,H4Ph),, in the product was preferentially
decomposed. In this step, the product was stirred for 8 days in
THF at 60 °C. The MALDI mass spectrum of the product after 8
days exhibited only a peak attributed to Au;sPdy(SC,HyPh)yy
(MW = 10597.0) (lower portion of Figure 5(a)). The product was
further characterized by various techniques, including
electrospray  ionization (ESI) mass spectrometry and
thermogravimetric analysis. The results demonstrated that the
product  had a chemical composition  matching
Aus6Pdy(SCyH4Ph),4, and thus this material had been successfully
isolated in high purity using this experimental method.'®®
Structure
Isolated AussPdy(SC,H4Ph)y, is expected to have a similar
geometric structure to Ausg(SC,H4Ph)y,, since they both have the
same number of metal atoms and ligands. Auzg(SC,H4Ph),4 has a
structure in which multiple Au(I)-SC,HsPh oligomers cover a
Auy; core, which consists of two linked icosahedral Au,; groups
(Figure 1).70 Our studies on AuyPd(SR);3 have shown that
substitution of Pd for Au occurs in the center of the Au;z core
(2.1.1)98 and therefore it follows that AussPd,(SC,H4Ph),y, also
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Fig. 6 Time—dependent negative—ion MALDI mass spectra of a THF
solution containing Pd,Au;6(SC,HsPh)oy, PdAus-(SC,HsPh),s and
Auss(SCyH4Ph)y, at 60 °C. The asterisk indicates the laser fragmentation
ions of Auss(SC,H4Ph),4 (See Ref. 105) (adapted from Ref. 105).

assumes a structure with a Au,;Pd, core, where two Au atoms in
the center of the Au,; are replaced with Pd atoms, and in which
the core is covered by multiple Au(I)-SC,H,4Ph oligomers (Figure
5(b)). DFT calculations concerning AuzcPd,(SCH;),, have
demonstrated that the structure represented in Figure 5(b) is in
fact energetically stable.'"’

Stability

Stability experiments revealed that AussPd(SC,H4Ph),, also
exhibits higher resistance to degradation in solution than does
Auzg(SCoH4Ph),y. In these trials, a THF solution containing
AU36Pd2(SC2H4Ph)24, AU37Pd(SC2H4Ph)2 and AU38(SC2H4Ph)24
was continually stirred at 60 °C. MALDI mass analysis of the
mixture at various intervals revealed that Au;g(SC,H4Ph)yy
deteriorated more quickly than Au;sPdy(SC,H4Ph)y, (Figure
6),105 indicating that the doping of Auzg(SC,H4Ph),4 with two Pd
atoms forms a cluster that is more stable against degradation in
solution than the monometallic Au;g(SC,H4Ph),4. Similar results
were also obtained when assessing stability against core etching
by thiols.'” As noted, DFT studies found that, when an Au atom
in the center of the Au;; core in Auys(SR)yg is replaced by a Pd
atom, the interaction energy between the central atom and the
surrounding cage structure increases.”® The same manner of
increase in interaction energy occurs when Pd atoms are doped,
even in Ausg(SC,H4Ph)yy, which explains the increased
resistance of  AuzcPd(SC,H4Ph),s to both degradation in
solution and core etching by thiols compared to
AU3g(SC2H4Ph)24.

In contrast, Auz;Pd(SC,H4Ph)y,, which is doped with a single
Pd atom, decomposes more quickly in both THF and in neat
PhC,H,SH than Auss(SC,H,Ph),, (Figure 6).'% It is expected that
replacing a Au atom in the center of the Au,; core by a Pd atom
increases the interaction energy between the central atom and the
surrounding cage structure. However, doping with a single Pd
atom also decreases the symmetry of the structure, and we
consider that the associated decrease in the stability of the cluster
leads to more rapid decomposition of Aus,Pd(SC,H4Ph),, as
compared to the monometallic Auzg(SCoH4Ph)yq.

2.2. Ag doping

This journal is © The Royal Society of Chemistry [year]
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Fig. 7 (a) Negative—ion MALDI mass spectra of Au,s,Ag,(SCi2Has)is
synthesized at varying Au:Ag ratios. Ratios represent the relative

reactant proportions [HAuCL]:[AgNO;]. (b) Proposed structure for Au,s.
2Ag,(SCi2Has) s (n = 0—-12) (adapted from Ref. 108).

2.2.1. Auys ,Ag,(SR)y5

The element Ag (1.44 A) is similar to Au (1.44 A) in many ways,
since both have a single valence electron and virtually the same
atomic radius. It should therefore be possible to dope several Ag
atoms into magic Au,(SR), clusters more readily than when
working with Pd. The electronic structures and physical
properties of the resulting doped clusters were expected to
continuously vary with increasing levels of Ag doping and this
expectation prompted us to study the Ag doping of Aups(SR)s.
Synthesis

In this work, we used C;;H,sSH as the ligand.g7 Auys.
+Ag(SC1oHys)13 was synthesized using a method similar to that
used to make AuyPd(SCiHs)is (see Section 2.1).”* MALDI
mass analysis of the product demonstrated that a number of Ag-
doped Aups,Ag,(SCioHas) g clusters were synthesized by this
method and the number of the Ag atoms included in the clusters
increased continuously with the molar ratio of silver to gold salts
applied during synthesis (Figure 7(a)).'” The quantity of added
Ag atoms increased to n» = 12 when the [gold salt]:[silver salt]
ratio was 5:20 (Figure 7(a)).'”® As noted, the atomic radii of Ag
(144 A) and Au (1.44 A) are virtually identical, and both
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Fig. 8 (a) Optical absorption spectra and (b) optical absorption (blue),
photoemission (red) and photoexcitation (green) spectra of toluene
solutions of Au,s,Ag,(SCi:Has)is (n = 0—12). Photoemission spectra
were obtained using excitation at 570 nm (adapted from Ref. 108).

clements possess a single s valence electron. It follows that the
Au atoms should be readily replaced with Ag, leading to the
formation of Auys.,Ag,(SCioHss) g clusters in which multiple Au
atoms are replaced by Ag atoms. Jin ef al. has also succeeded in
synthesizing Auys_,Ag,(SR) 18

Structure

It is reasonable to assume, from its chemical composition, that
Auys ,Ag,(SCpHjs)s has the same skeletal structure as
Auys(SR)j5.  Several groups have performed theoretical
calculations to elucidate the positions of the Ag dopant atoms in
these alloy clusters. Walter et al. performed DFT calculations for
[AunAg(SCH3)5]* (=1 < x < +1) and reported that the structure
in which Ag is located at the surface of the Au,; core is the most
energetically stable.”® Aikens et al. performed DFT calculations
for [Auys.,Ag,(SH)15] (n < 12) doped with multiple Ag atoms,
and determined that, regardless of the number of dopant atoms,
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the structures in which Ag is found at the surface of the Au,; core
are the most energetically stable.''" The same findings were
reported by Kauffman er al. based on DFT calculations
concerning [AUZzAg3(SH)lg]7.l " On the basis of these results, Ag
is expected to be preferentially positioned at the surface of the
metal core in  Aups,Ag(SCpHas)ig.  That is,  Aups.
#Ag(SC1oHys)1s (n = 0-12) should have a structure in which a
Auy; ,Ag, alloy core is surrounded by six —SR—[Au—SR—],
oligomers, where R is C,Hps (Figure 7(b)). The Auys.
AL (SCoHys)1s (n = 0—12) clusters should therefore be stable
since stable “SR—[Au—SR—], oligomers are formed on their
surfaces, just as they are in Au,s(SR);5. We did find, however,
that, irrespective of the synthesis conditions, Aups.
+Ag,(SCoHys)1s clusters containing more than 14 Ag atoms are
not produced.'” We believe these clusters are unstable because
the larger proportion of Ag leads to incorporation of Ag atoms
into the oligomers, and thus the metal core is no longer
surrounded solely by stable ~SR—[Au—SR—], oligomers.
Electronic structures

Optical absorption spectroscopy of Auys.,Ag,(SCioHss)1g (7= 0—
12) revealed that the electronic structures of these clusters could
be continuously varied by increasing the extent of Ag doping.'®
The Au,s(SCiHys)1s spectrum exhibits a characteristic peak in
the region 1.5-2.0 eV (Figure 8(a)), attributed to the highest
occupied molecular orbital (HOMO: the occupied Au 6sp orbital
in the Au,; core) to lowest unoccupied molecular orbital (LUMO:
the unoccupied Au 6sp orbital in the Auy; core) transition, based
on DFT calculations concerning Au25(SCH3)lg.68‘71’112'1]3
Increased Ag doping shifts this peak to higher energy levels,
indicating an associated steady increase in the HOMO-LUMO
gap of the cluster. The photoluminescence emission of the
clusters also gradually shifts to shorter wavelengths with
increasing levels of Ag doping (Figure 8(b)).'"”™ Kauffman et al.
performed electrochemical measurements on
Au_Ag 3(SC,H4Ph) 3 and reported that, because Ag doping
raises the orbital energy of the cluster’s LUMO, the
HOMO-LUMO gap is increased.'"” All these results indicate that
Ag doping is an effective means of creating stable clusters with
larger HOMO-LUMO gaps than the original magic Au,s(SR);s.

2.2.2 Auzg.,Ag,(SR)24 and Auyyy ,Ag,(SR)go

108

Regarding the larger Ag-doped clusters, Dass et al. have
successfully synthesized larger Ag-doped magic Au,(SR),
clusters, with up to 12 Ag atoms in Ausg(SC,H4Ph)y, and up to 60
in Au144(SC2H4Ph)60.114’1 !5 On the basis of various findings, they
pointed out that the majority of Ag atoms are doped at the surface
of the metal cores of these clusters although a part of Ag atoms
may be doped in the oligomers of these clusters.''*!"> Hikkinen
et al. studied the geometrical structure of Au4.,Ag,(SR)g using
DEFT calculations, and reported that the structure in which Ag is
doped into the surface of the metal core is the most energetically
stable.''® In addition, Dass ef al. investigated the effect of Ag
doping on the optical absorption spectrum, and determined that,
while the peak structure is continuously eroded with increasing
doping number in the case of Au3g(SR)24,114 two plasmon-like
peaks continuously increase with increasing doping number when
working with Au144(SR)60.l 15

2.3. Cu doping
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Fig. 9 Negative—ion MALDI mass spectra of Au,s,Cu,(SC,HsPh)g
synthesized at varying Au:Cu ratios. Ratios represent the relative
reactant proportions [HAuCL]:[CuCL] (adapted from Ref. 117).

Copper is also in the same family as Au and so it seems
reasonable to expect to add several Cu atoms into the magic
Au,(SR),, clusters, such that the electronic structures and physical
properties of the clusters are continuously varied by increasing
the level of Cu doping. Cu is different from Ag, however, in that
its atomic radius (1.28 A) is smaller than that of Au (1.44 A) and
the Au—Cu bond is stronger than the Au—Au bond. We

s investigated how doping with such an element affects the

structure and stability of Auys(SR);s.

Synthesis

Auys_,Cu,(SR);s was synthesized via a similar method to that
used to make AuyyPd(SR);g (see Section 2.1) and Aups.
+Ag,(SR)15.”” Mass spectrometry of the product demonstrated that
Cu-doped Aus.,,Cu,(SR);3 had been synthesized using this
technique (Figure 9).''” However, in contrast to the case of Auss.
,,Ag,,(SR)lg,mx Auys ,Cu,(SC,H4Ph) g clusters with many copper
atoms (n > 6) were rarely obtained, regardless of the experimental
"7 As Cu has a smaller atomic radius than
Au, Cu doping significantly distorts the cluster structure, causing
the cluster to become unstable at higher doping levels.'”
Consequently, only up to five copper atoms can be doped into
Au,s(SR)ys, significantly lower than the extent of Ag doping
which can be achieved.

Structure

Given the chemical composition of Auys,Cu,(SR);5, we can
assume that Auys_,Cu,(SR)g also has a skeletal structure similar
to that of Auys(SR)s. To the best of our knowledge, there were

sno reports on the positions of Cu dopant atoms in Aups.

+Cu,(SR) g and so we carried out studies to elucidate the doping
positions, from both theoretical and experimental viewpoints,
although the results do not allow any definitive conclusions. The
optimum structures of the cluster doped at each potential doping
site (the center of the Auys core, the surface of the Auy; core and
the —SR—[Au—SR—], oligomers) indicate that the geometric
structure of the cluster is significantly distorted when copper is
inserted at any of these locations.''” These results differ from

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 7



Electronic Supplementary Material (ESI) for Physical Chemistry Chemical Physics
This journal is © The Owner Societies 2013

©

15

@

w
<

Au,5(SC,H,Ph),g

Absorbance (a. u.)

Au_,,Cu_,(SC,H,Ph)g

— ——
3.0

10 2.0
Photon Energy (eV)

4.0

Fig. 10 Optical absorption spectra of Au.4Cu.(SC,H,Ph);s and
[Au,s(SC,H4Ph) 5] . Dotted lines indicate the main peak positions in the
absorption spectrum of [Au,s(SC,H4Ph),s] (adapted from Ref. 117).

those for silver doping, where our own DFT calculations''” and
those by Aikens et al'"’ imply that silver doping produces only
minimal structural distortion, regardless of the doping site.
Because copper doping significantly distorts the cluster structure,
the number of doped atoms is considered to be limited to a
relatively low value (~5) for Auys_,Cu,(SC,H4Ph),g (Figure 9).
Electronic structures

Optical absorption spectroscopy of Auys.,Cu,(SC,H4Ph) g
revealed that, in contrast to the case of Ag doping, Cu doping
reduces the cluster’s HOMO-LUMO gap (Figure 10).'"
Electrochemical measurements of Au,s.,Cu,(SC,H4Ph)g also
indicated that Cu doping lowers the orbital energy of the cluster’s
LUMO,'"” leading to a decrease in the HOMO—-LUMO gap. As
noted, when thiolate is used as the ligand, as many as five Cu
atoms can be doped into the Au,s cluster. However, as will be
described later (Section 3.2), when selenolate is used as the
ligand up to nine Cu atoms may be added into the Au,s cluster.
Furthermore, the number of Cu atoms inserted can be varied

continuously depending on the preparative conditions.''® Optical
absorption, differential pulse voltammetry and
photoluminescence measurements of the series of Auys.

2Cuy(SeR);g (n = 1-9) clusters revealed that Cu doping
continuously reduces the HOMO-LUMO gap and continuously
shifts the emission wavelength to longer wavelengths (Section
3.2).118 These results demonstrate that Cu doping is an effective
means for creating clusters with smaller HOMO-LUMO gaps
than magic Auys(SR)s.

Stability

Cu doping was found to significantly reduce the stability of the
clusters in solution.''” Jin er al. reported similar results, which
showed the instability of Au25_nCun(SC2H4Ph)lg.m° Despite the
bond between Au and Cu being stronger than that between Au
and Au, the stability of Au,s.,Cu,(SR)g is less than that of
Auys(SR) g, which may be attributed to the induced strain in the

s Cu-doped cluster due to the size mismatch between Cu and Au.

Such significant reduction in stability was not observed upon
silver doping, suggesting that the geometric structure strongly
affects the stability of [Aups(SR)g]. Thus, it is necessary to
select a doping element which has a very similar atomic radius to

(a)

[Au,5(SCgH 7)1l

|||Il|m"mmllln calc.
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I ' 1 v 1
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4000 12000

Fig. 11 (a) Negative—ion ESI mass spectra of [Au,s(SCsH,7)is] . Inset
compares experimental data with the calculated isotope pattern. (b)
Optimized structure of [Au,s(SCH3),s] (the CH; moiety is omitted for
clarity) (adapted from Refs. 127 and 128).

4 that of gold in order to functionalize [Auys(SR);g]” while

maintaining its stability.
2.4. Doping with other metals

Recently, doping with heteroatoms has been studied by many
groups and several reports have appeared concerning doping
45 elements other than those discussed above. Jin et al. have
reported the synthesis of AuyPt(SR);5, which was produced by
doping Auys(SR),g with Pt.!"” On the basis of various structural
analyses, they concluded that, as was the case with AuyPd(SR);s,
Auy4Pt(SR);g has a core-shell-type Pt@Auy(SR) s structure.' 1%
so The Pt@Auy4(SR),g thus synthesized was isolated as the neutral
species [AuyPt(SR), g]o, and the total number of valence electrons
in the metal core was two less than that in [Auys(SR)g] . For this
reason, the molecular orbitals involved in optical transitions, and
thus the observed colors in solution, are different for both.'”
ss Furthermore, [Auys(SR);g] has been shown to exhibit catalytic
activity in the oxidation reaction of styrene when the oxidant is
PhI(OAc),, and doping with Pt atoms has been reported by the
same group to improve the catalytic activity of the cluster during
this reaction.'”” Jiang et al. have conducted theoretical studies on
0 M@Auy(SR) 5 clusters in which the central Au in Auys(SR)g is
replaced by various heteroatoms (M)."?' This work predicted that
substituting the central Au with 3d transition metals such as Cr,
Mn or Fe can endow the cluster with paramagnetism.

3. Protection by Selenolates (SeR)
65 3.1. Allzs(seR)ls

It has been reported that gold clusters with increased stability can
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Fig. 12 (a) Variations over time in the absorption spectra of
[Auys(SCsHy7)1s] and [Au,s(SeCsHi7)15] in toluene (1 x 10° M) at 60
°C. (b) Negative—ion MALDI mass spectra of [Au,s(SCsHi7)1s] and
[Au,s(SeCsH,7)15] recorded at a high laser fluence. Both spectra were
measured at the same laser fluence. I-IV are assigned to laser fragments
(adapted from Ref. 128).

be produced by changing the ligand from thiolate to selenolate
(SeR).”"'** Compared with sulfur (S), the electronegativity and
atomic radius of selenium (Se) are closer to those of gold and
consequently the Au—SeR bond has more covalent character and

s has a higher bond energy than Au—SR.*"'*"'* This is expected
to make Au,(SeR), more stable than Au,(SR), although, to
clarify the correlation between ligand and cluster stability, it is
essential to compare the stabilities of clusters with the same
quantities of gold atoms and ligands. With the goal of creating a

1o more stable cluster than Au,(SR),, we have synthesized
Auys(SeR) ;g which have the same numbers of metal atoms and
ligands as the original magic clusters and have investigated their
stability.
Synthesis

15 We prepared the Au,(SeR), clusters using a synthesis method

w
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o

o
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&

a

that improves on the approach reported by Li ef al.*! We isolated
the desired clusters from the mixture of Au,(SeR),, clusters based
on differences in their solubility in the solvent. Mass and
thermogravimetric analyses demonstrated that the product
contained only [Au,s(SeCgH;7)15] , and thus this product was
isolated with high purity (Figure 11(a)).'”’

Structure

Again, it is reasonable to postulate that, given the chemical
composition of [Au,s(SeCgH,7)15] , it should also have a skeletal

s structure similar to that of [Au,s(SR)g] . This was strongly

supported by the laser dissociation mass spectrum, optical
absorption spectrum and powder X-ray diffraction pattern of
[Auzs(SngHn)]g]f.m In order to improve our understanding of
its geometrical structure, we calculated the optimum structure for
[Aups(SeCH3)13] and obtained a structure similar to that of
[Au,s(SR)ys5]” (Figure 11(b)).'*® The calculated optical absorption
spectrum of [Au,s(SeCHj)15] based on this structure closely
resembles that of [Auzs(SngHn)lg]f.128 These results confirm the
assumption that the framework structure of the synthesized

s [Au,s(SeCgHy7)15] is the same as that of [Auys(SCsH;7)15] and

thus the only difference is that they have different ligands.
Stability

To clarify the degree to which changing the ligand affects cluster
stability, we first compared the stabilities of [Au,s(SCgHi7)1s]
and [Aups(SeCgHy7)13] against degradation in solution and the
results indicated that [Au,s(SeCgH;7)15] is more stable than
[Aups(SCsH,7)15]  (Figure 12(21)).128 Au—SeR bonds are more
fully covalent and have a higher bond energy than Au—SR and so
this enhanced Au-ligand bond energy is considered to increase
the stability of the Auys clusters. In a previous study, we found
that clusters degrade in solution through detachment of thiolates
and/or gold-thiolate oligomers.”' The higher bond energy of
[Auys(SeCgH17)15] is considered to suppress this detachment,
making it more stable in solution than [Auys(SCsH7)15] . Based
on these results, we conclude that changing the ligand from
thiolate to selenolate increases the gold—ligand bond energy in the
clusters and thus increases the cluster stability against reactions
involving dissociation of these bonds.

We next studied the resistance of solid [Auys(SCgH,7)15] and
[Aups(SeCgHi7)15] to thermal dissociation. In this work, we
employed thermogravimetric analysis (TGA) and estimated the
temperature at which the ligands begin to dissociate based on the
point where the TGA curve starts to fall. The results
demonstrated that the ligands of [Au,s(SeCgH;7)15] begin to
dissociate at a lower temperature than those of
[Au25(SCgH17)18]7.128 In this type of dissociation, the alkyl chains
begin to separate first.'*’ The Se—C bond energy (590.4 kJ/mol) is
lower than the S—C bond energy (713.3 kJ/mol) and this lower
bond energy is believed to cause the ligands to dissociate at a
lower temperature in the case of [Aups(SeCgHi7)is] . We
concluded that changing the ligand from thiolate to selenolate
reduces the resistance of the ligand to intramolecular dissociation
and thus decreases the stability of the clusters with regard to
reactions involving this dissociation process. In contrast, in trials
involving [Aus(SCioHps)is]  and  [Aups(SeCipaHys)is] (Auys
clusters protected by ligands with longer alkyl chains), barely any
difference was observed between the two during TGA analyses
and it was also observed that these clusters with longer alkyl
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chains dissociated at higher temperatures. Lengthening the alkyl
chain from CgH;; to C;H,s increases the intermolecular
interactions between ligands and this increase in interactions
likely suppresses evaporation of the alkyl groups in both the
thiolate and selenolate-based clusters, increasing the evaporation
temperature of the alkyl groups in both'*" and giving rise to the
minimal  difference in  these temperatures between
[AU25(SC12H25)18]7 and [Aqu(SeC12H25)1g]7. These results
indicate that if selenolate is used in the ligand, reduced stability
due to intramolecular dissociation can be suppressed using a
selenolate moiety with a long alkyl chain.

Finally, we investigated the stabilities of [Auys(SCsH;7)18]
and [Auys(SeCgHi7)13] in response to fragmentation by laser
light (N, laser; 337 nm), based on measuring the MALDI mass
spectra of [Auys(SCsH7)15] and [Auys(SeCgHi7)15] using a high
laser fluence. The results indicated that [Auys(SeCgHi7)i5] is
more stable against the laser fragmentation of parent ions than
[Auys(SCsH7)15] (Figure 12(b))."?” For both clusters, the main
dissociation products were assigned as [Au,(SCgH;7)14] and
[Auy (SeCgH17)14] , which were formed by detachment of the
Auy(ligand), moiety from [Auys(SCsHy7)1s] and
[Aups(SeCgHi7)15] 1respectively.49 Changing the ligand from
thiolate to selenolate increases the bond energy between gold and
the ligand and this increase in bond energy suppresses the

s detachment of the Auy(ligand), group and hence reduces the

extent to which fragment ions are generated from
[Auys(SeCgH 7) 18] relative to [Au,s(SCsHi7)s] -

In summary, the effects on stability of changing the gold
cluster ligands from thiolate to selenolate can be summarized as
follows: stability is increased during reactions involving
dissociation of the gold-ligand bond, while stability decreases in
reactions involving intramolecular dissociation of the ligand.
However, the latter reduction in stability can be suppressed by
incorporating selenolate-based ligands with a long alkyl chain.

These results indicate that Au,s clusters protected by
selenolates with long alkyl chains have similar stabilities against
thermal dissolution and greater stabilities against degradation in
solution than Auys clusters protected by thiolates with the same
alkyl chain length.

3.2. Au;S_nClln(SeR)ls

As discussed in Section 2.3, doping Auys(SR);3 with an element
which has a very different atomic radius from that of Au can
significantly reduce the stability of the cluster.''” To synthesize
stable clusters doped with such elements, it is therefore necessary

s to apply additional modifications to mitigate the deleterious

effects of the doping. It was recently reported by our own
group,'®® as well as by Meng ef al.,'”* that the use of selenolate
(SeR) groups as ligands allows for the synthesis of a particular
form of Auys cluster (Aups(SeR);g) that exhibits improved
stability compared to Auys(SR);3. We expanded on this finding by
investigating the Cu doping of Auys(SeCgH,7);s clusters. This
work succeeded in synthesizing the series of clusters
Auys_,Cu,(SeCgHy7)15, which we found to be more stable than the
analogous S-based clusters Auys—,Cu,(SR)s.

Synthesis and Stability
Auys_,Cu,(SeCgHy7)15 (n = 0-9) was produced using the same
method applied to the synthesis of AUQs(SCCgH”)lg,Hg with a
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Fig. 13 Time-dependent negative—ion MALDI mass spectra of Au,s.
2Cu,(SeCsHi7)5 in toluene solution (adapted from Ref. 118).
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Fig. 14 Absorption (blue), photoluminescence (PL) (red) and excitation
(green) spectra of toluene solutions of Au,s,Cu,(SeCsH7)is. PL
excitation was at 400 nm. Valleys in the region 1100-1220 nm are due to
solvent absorption (adapted from Ref. 118).

slight modification. Various characterizations using mass
spectrometry demonstrated that the cluster series was synthesized
with a high degree of purity via our chosen synthetic approach.
Trials to assess the stability of these clusters revealed that the
Auys_,Cu,(SeCgHy7)15 clusters thus synthesized did not readily
degrade in solution and the chemical composition of each cluster
was constant under our experimental conditions (Figure 13).'"®
The high level of stability exhibited by Auys—,Cu,(SeCsH;7)5 is
thus superior to that of Auys—,Cu,(SCsH7)15 (n > l)l 7. Since the
atomic radius of Cu is significantly different from that of Au
(1.28 versus 1.44 A), doping with Cu atoms results in pronounced
structural distortion of the cluster, and this effect is considered to
be related to the instability of Au,s—,Cu,(SCgH,7),5 clusters where
n = 1-5 (Section 2.3)."7 Our DFT calculations on
[Auys—,Cu,(SCH3) 5] (n 1-3) imply that the geometric
structure of Aups—,Cu,(SR)g is also significantly distorted when
copper is inserted at any cluster site,''® although the use of
selenolates as ligands enhances the strength of the metal-ligand
bonds.'*® Although no conclusive results have yet been obtained
with regard to the exact Cu atom doping positions, we presume
that the increased metal-ligand binding energy is associated with
the enhanced stability of Auys—,Cu,(SeCgHi4)15 clusters in
solution, as in the case of Au,s(SeCgH;7)s.
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Fig. 15 (a) Illustration of azobenzene photoisomerization. (b) Molecular
structure of the azobenzene derivative thiol used in this study.

This work also determined that a greater degree of Cu doping
was possible when employing selenolates as ligands as compared
to the use of thiolates.""® When applying thiolate ligands, it is
difficult to add more than five Cu atoms per cluster, irrespective
of preparative conditions (Figure 9).117 In contrast, for
Auys_,Cu,(SeCgHy7)s, the quantity of Cu atoms in the clusters
steadily increases as the relative amount of copper salt is
increased, such that a [gold salt]:[cupper salt] ratio of 18:7 results
in the synthesis of Au16cu9(SeC8H17)18.118 These results imply
that the use of selenolates as ligands allows for the synthesis of
alloy clusters which exhibit a level of stability not achievable
with thiolate ligands.

Electronic structure

Optical spectroscopy of a series of Auys—,Cu,(SeCgHj7) 5 clusters
showed that increased levels of Cu doping result in a steady
decrease in the HOMO-LUMO gap of the cluster.''® In the
optical absorption spectra of Aups—,Cu,(SeCgH;7);s in toluene
solution, the peak attributed to the HOMO-LUMO gap gradually
shifts to lower energy levels with increasing amounts of Cu
doping. The photoluminescence emission of the clusters also
gradually shifts to longer wavelengths with increasing Cu content
(Figure 14). These results indicate that Cu doping is an effective
means for creating stable clusters with smaller HOMO-LUMO
gaps than the original magic Au,s(SeR);s.

s 4. Protection by Azobenzene Derivative Thiolates

It has been reported that some of the physical properties of
Auys(SR)jg change when its ligand structure is modified. For
example, the redox potential'® and photoluminescence quantum
yield77 of Auys(SR);g have been found to depend on the ligand
structure. Consequently, combining Auys clusters with thiolates
which exhibit reversible structural changes in response to
photoirradiation is expected to result in the formation of Auss
clusters which change their physical properties reversibly in
response to photoirradiation.

Azobenzene is one of the most well-studied photoresponsive
molecules. It undergoes isomerisation from its trans to its cis
conformation on UV irradiation and from cis to trans on visible
light irradiation (Figure 15(a)). Thus, combining Aups clusters
with azobenzene compounds is expected to result in the
formation of clusters whose physical properties change reversibly
in response to photoirradiation. We therefore synthesized Aups
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Fig. 16 Negative-ion MALDI mass spectra of [Aus(S—Az)s]. The
asterisks indicate peaks due to fragment ions or phenyl radical adducts
(adapted from Ref. 101).
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Fig. 17 Photoresponsive behavior of [Au,s(S—Az)is] . (a) Optical
absorption spectra of [Auys(S—Az),s]” toluene solution (5.0 x 107" M) in
the energy range 2.3—4.0 eV. The visible photostationary state (blue line)
overlaps with the initial state (black line). (b) DPV of [Au,s(S—Az)5] . In
this experiment, a [Au,s(S—Az)s]” toluene solution (1.0 x 10~ M) was
irradiated by UV and subsequently visible light. After photoirradiation,
the photoproducts were evaporated to dryness and were dissolved in a
0.1 M (C4Hy)sNPFs in CH,Cl, solution. DPV was performed at room
temperature (adapted from Ref. 101).

clusters protected by azobenzene derivative thiolates with the aim
of producing photoresponsive Au,s clusters.

Synthesis and Stability

In this study, we used 4—(4—(phenylazo)phenoxy)butyl—1-thiol
(Az—SH) as the azobenzene derivative thiolate (Figure 15(b)).
This Az—SH was synthesized in our 1aborat0ry.101 Auys5(S-Az) g
was synthesized using a process similar to that used to make
Aups(SC,H,Ph)g by Dass et al.'™ Mass spectrometry of the

so product demonstrated that high purity [Auys(S—Az),g] protected
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by S—-Az was synthesized and isolated using this approach
(Figure 16). On the basis of various characterizations including
optical absorption spectroscopy, laser fragment spectrometry and
powder X-ray diffraction, we concluded that [Auys(S—Az)g]
possesses a similar geometric structure to [A1.125(SC2H4Ph)18]7.101
Isomerization of ligands
The optical absorption spectrum of azobenzene is known to
change on isomerization. In the absorption spectrum of the trans
isomer, a strong peak appears at 3.54 eV (350 nm), which is
derived from m—m* absorption, while the spectrum of the cis
isomer exhibits a less intense peak at 3.54 eV and a peak at 2.75
eV (450 nm) derived from n—m* absorption. These spectral
changes are reversed when the Az—SH returns to the trans
conformation. Similar spectral changes were observed repeatedly
s for isolated [Auys(S—Az)is]” (Figure 17(a)).'®" These results
indicate ~ that azobenzenes reversibly  isomerize on

photoirradiation even when present in the [Au,s(S—Az)g]™ cluster.

This finding is in stark contrast to results obtained with two—
dimensional self-assembled monolayers (SAMs); it has been
reported that isomerization does not occur in two—dimensional
SAMs consisting of azobenzene derivative thiolates with a
similar structure to the S—Az moiety of Figure 15(b) without the
incorporation of spacer molecules.'* This is because neighboring
molecules in two-dimensional SAMs are very close and

consequently there is insufficient space for isomerization to occur.

The azobenzene—derived thiolates in [Auys(S—Az)s], however,
are radially distributed around the Auj; core and there is thus
sufficient space between the ligands for isomerization to take
place. This is believed to be responsible for the high
photoisomerization efficiency of azobenzenes in [Au,s(S—-Az)s],
in contrast to the poor efficiency seen with two—dimensional
SAMs.
Photoresponsive behavior of redox potential
The variation in the redox potential of [Au,5(S—Az);3]” due to
s photoisomerization of the azobenzenes was investigated by
differential pulse voltammetry (DPV) measurements. The results
clearly demonstrated that the redox potential of Auys(S—Az)g
changes reversibly due to photoisomerization of the azobenzenes
(Figure 17(b))."®! In the voltammogram prior to photoirradiation,
there are peaks at —206 and 126 mV (Figure 17(b)). By
comparison to the voltammogram of [Au,s(SC,H4Ph)ig]” (Refs.
77, 100, 132), these peaks are attributed to the redox potentials of
[Au25(S—AZ)1g]’1/0 and [Au25(S—Az)18]O/H, respectively. In the
voltammogram following UV irradiation, these peaks are shifted
to higher energies, while the peak positions in the voltammogram
after visible light irradiation are similar to those prior to
irradiation (Figure 17(b)), indicating that the redox potentials of
[Au25(S—AZ)1g]’1/0 and [A1.125(S—Az)1g]0/+1 vary reversibly with
photoirradiation. We performed the same studies with
[Auys(SC,H4Ph) 5] but did not observe similar peak shifts on
photoirradiation'®" which provides further proof that the peak
shifts were caused by isomerization of azobenzenes. This
variation in the redox potential is considered to be caused by the
variation in the intramolecular dipole moment of S—Az due to
isomerization of the azobenzenes.’''** The variation in the
intramolecular dipole moments of ligands is thought to alter the
orbital energies of the cluster,’>"**"**"* causing the redox
potential of [Auys(S—Az)g] to vary. From these studies, we
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know that it is possible to produce photoresponsive Au,s clusters

0 by incorporating azobenzene derivative thiolates.

5. Summary and Future Directions

In summary, we have attempted to establish methods of
functionalizing magic Au,(SR),, clusters as a means of creating
metal clusters which  exhibit stability and unique
physical/chemical properties. To this end, we have investigated
the effects of heteroatom doping, protection by selenolate ligands
and protection by photoresponsive thiolates on these clusters.

With regard to heteroatom doping, Pd, Ag and Cu have all
been successfully inserted into magic Au,(SR),, clusters. Studies
of the resulting clusters showed that: 1) Pd doping improves the
stability of the clusters, 2) Ag doping increases the HOMO-
LUMO gap in the clusters and 3) Cu doping reduces the HOMO-
LUMO gap. These findings can serve as useful design guidelines,
since they allow magic Au,(SR),, clusters to be endowed with
new physical/chemical properties via heteroatom doping. At
present, however, clusters doped with Ag or Cu cannot be
synthesized with precision at the atomic level. To further our
understanding of the effects of doping with these elements on the
geometrical and electronic structures of the clusters, it is essential
to be able to separate clusters based on the quantity of added
dopant atoms. Recent research has demonstrated that HPLC is an
extremely effective means of obtaining high-resolution separation
of thiolate-protected metal clusters.***>¥!1%137138 The fyture use
of advanced HPLC techniques can thus be expected to allow for
high-resolution separation. To date, very little is known about
doped clusters, other than information concerning their stability,
electronic structures and optical properties. Research into their
catalytic activity,”*~*>'*’ electronic properties'*’ and other unique
characteristics can be expected to progress in the future.

Studies that have used selenolate as the ligand have found that
Auys clusters protected by selenolates are more stable than those
protected by thiolates. It is thus expected that stable selenolate-
protected Au,s clusters will be extensively investigated in the
future, just as thiolate-protected Auys clusters are currently being
researched. In addition, the same work has demonstrated that the
use of selenolates as ligands allows for the synthesis of alloy
clusters which exhibit a level of stability not achievable with
thiolate ligands. We anticipate that employing selenolate ligands
may allow the synthesis of a wide variety of heteroatom-doped
Auss clusters, 214

In studies utilizing an azobenzene derivative thiolate as the
ligand, it was found that combining Au,s clusters with
azobenzene compounds result in the formation of Auys clusters
which exhibit reversible changes in redox potential in response to
photoirradiation. These findings could allow the addition of
photoresponsiveness to the other useful physical/chemical
properties”' of magic Au,(SR),, clusters.
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