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2-Phenylethanethiolate (PET) and 4-tert-butylbenzenethiolate (TBBT) are the most frequently used
ligands in the study of thiolate (SR)-protected metal clusters. However, the effect of difference in the
functional group between these ligands on the fundamental properties of the clusters has not been
clarified. We synthesized [Au24Pt(TBBT)18]°, which has the same number of metal atoms, number of
ligands, and framework structure as [Au,4Pt(PET)15]°, by replacing ligands of [Au.4Pt(PET);5]° with TBBT. It
was found that this ligand exchange is reversible unlike the case of other metal-core clusters. A compari-
son of the geometrical/electronic structure and stability of the clusters between [Aus4Pt(PET)1g]® and
[AU,4Pt(TBBT)5]° revealed three things with regard to the effect of ligand change from PET to TBBT on
[AU24Pt(SR)161% (1) the induction of metal-core contraction and Au-S bond elongation, (2) no substantial
effect on the HOMO-LUMO gap but a clear difference in optical absorption in the visible region, and (3)
the decrease of stabilities against degradation in solution and under laser irradiation. By using these two
clusters as model clusters, it is expected that the effects of the structural difference of ligand functional-
groups on the physical properties and functions of clusters, such as catalytic ability and photo-
luminescence, would be clarified.

Introduction

When a metal is reduced to fine particles of ~1 nm in dia-
meter, the particles exhibit physical and chemical properties
and functions that are different from ordinary metals. These
physical and chemical properties and functions change signifi-
cantly depending on the number of constituent atoms. Metal
clusters with these characteristics are expected to be applied in
diverse fields, such as energy, environment, and medical care.
To control the physical and chemical properties of such
metal clusters, synthesis with atomic precision is essential.
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Thiolates (SRs)," *° selenolates,*>*" alkynylates groups,** phos-

phines,?>** and carbon monoxide®>?® can be used as ligands,
and then metal clusters can be synthesized with atomic
precision. Among them, thiolate-protected gold clusters
(Au,(SR),,) have a high stability in the solution and solid state,
and exhibit multiple physical/chemical properties and func-
tions that are suitable for application including photo-
luminescence, redox behavior, and -catalysis.”” For these
reasons, Au,(SR),, clusters have been the subject of increasing
research in recent years.’

In the study of Au,(SR),, clusters, when 2-phenylethanethio-
late (PET; Scheme S1(a)f) or 4-tert-butylbenzenethiolate (TBBT;
Scheme S1(b)7) is used as a ligand, the single crystallization of
clusters is relatively easy and the determination of the geo-
metrical structure of Au,(SR),, clusters is possible by single-
crystal X-ray diffraction analysis (SCXRD).”**° Therefore, to
understand the correlation between the chemical composition
and geometrical structure and that between geometrical struc-
ture and physical properties, PET and TBBT have been the two
most commonly used ligands in the study of Au,(SR),, clusters.
Because these SRs have substantially different functional
groups (Scheme S1f), the resulting Au,(SR), clusters have
different chemical compositions and geometrical structures.*®>°

Nanoscale, 2019, 11, 22089-22098 | 22089


www.rsc.li/nanoscale
http://orcid.org/0000-0003-4075-6980
http://orcid.org/0000-0003-3282-8964
http://orcid.org/0000-0001-7254-1197
http://orcid.org/0000-0003-3965-1399
http://crossmark.crossref.org/dialog/?doi=10.1039/c9nr07117b&domain=pdf&date_stamp=2019-11-15
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9nr07117b
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR011045

Open Access Article. Published on 16 October 2019. Downloaded on 5/5/2026 9:23:21 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

[Au,s(PET)1e]
[Auss(PET),q]°
[Au44(PET)gq]°
[Auz5(PET)gq]®

[Aus(TBBT)2]°
[Auss(TBBT)24]°
[Auy33(TBBT)s]°
[Auz76(TBBT)g4]°

Creation of cluster with different framework structure

(b) 5
et O
;g;'o"

[Au,,PHTBBT) 6] (2)

[Au,,PHPET) (1)
Elucidation of ligand effects between PET and TBBT

Fig. 1 Comparison between (a) previous work and (b) this work.

For example, when PET is used as the ligand, Au,(PET),, clus-
ters, such as [Au,5(PET)is]”, [Auss(PET),4]%, [Ausy(PET)s,]°
[Auy44(PET)60]% and [Aus,o(PET)g4]’, are formed, whereas,
in the case of TBBT, Au,(TBBT), clusters, such as
[Au,5(TBBT)y]°, [Auz6(TBBT),4]°, [AUsy(TBBT)s,]% [Auyss(TBBT)s, ],
and [Au,;o(TBBT)g,]°, are generated. The numbers of gold
atoms and ligands are the same in [Aus,(PET)s;,]° and
[Aus,(TBBT);,]°, but their framework structures are signifi-
cantly different.>*?" Au,(SR),, clusters with various chemical
compositions and geometrical structures have been syn-
thesized by using a number of such ligands that are suitable
for single crystallization (Fig. 1(a)).

In addition to the chemical composition of the cluster, the
stability, electronic structure, and functions of Au,(SR),, clus-
ters change depending on the functional-group structure of
the ligand.”*®*™*” For example, it has been demonstrated that
properties of Au,s5(SR);s, such as the stability in solution,
reducibility, dissociation pattern under laser irradiation,
quantum yield of photoluminescence, and catalytic activity,
along with other properties, differ depending on the func-
tional-group structure of the ligand. Therefore, the selection
of the ligand functional group is essential in the functionali-
zation of Au,(SR),, clusters. Although PET and TBBT are the
most frequently used ligands when studying Au,(SR),, clus-
ters, the effects of the ligand type (difference in functional
group) on the electronic structure, stability, and function of
Au,(SR),, clusters are not well-known. To obtain detailed
information regarding the effects of these different uses, it is
essential to synthesize Au,(SR), clusters with the same
number of metal atoms, number of ligands, and framework
structure using PET and TBBT. However, no reports exist
on the synthesis of the pair of Au,(SR),, clusters described
above.
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The difference in bulkiness of the functional groups of the
two ligands is closely related to this reason. In general, the
Au,(TBBT),, clusters are synthesized by replacing the PET
ligand of the Au,(PET),, clusters with TBBT via a ligand-
exchange reaction.**™*® Because TBBT has a bulky phenyl
group next to S, unlike PET (Scheme S1t), an increase in the
number of exchanged ligands in this reaction causes repulsion
between the phenyl groups at the cluster surface, which result
in stress induction on the framework structure of the cluster.
As a result, ligand exchange from PET to TBBT causes changes
in the chemical composition and framework structure of the
cluster (Fig. 1(a)).”* Thus, it can be presumed that to syn-
thesize the pair of Au,(SR),, clusters using PET and TBBT, it is
necessary to use a cluster with a strong metal framework
that can withstand the stress induced by repulsion between
the ligands, as a precursor. Previous studies have shown that
when the central atom of Au,5(SR);s (SR = PET or 1-dode-
canethioate) is replaced with palladium (Pd) or platinum (Pt)
([Au,4M(SR);5]% M = Pd or Pt), the framework structure of the
cluster becomes stronger.””*® Furthermore, recent studies
have revealed that this type of central-atom substitution can
create an electrochemical catalyst with a high hydrogen-gene-
ration ability.®*°

The purpose of this study was to: (1) synthesize metal clus-
ters with the same number of metal atoms, number of ligands,
and framework structure using PET and TBBT; and (2) eluci-
date the effect of the difference in functional groups between
PET and TBBT on the cluster through a direct comparison
of the geometrical/electronic structure and stability between
the obtained pair of clusters (Fig. 1(b)). To this end, we
exchanged the ligand of [Auy,Pt(PET)s]° from PET to TBBT.
Consequently, we synthesized [Au,,Pt(TBBT);4]° with the same
number of metal atoms, number of ligands, and framework
structures as [Auy,Pt(PET);5]°. We found that this ligand
exchange is reversible unlike the case of other metal-core clus-
ters. For the two [Au,,Pt(SR);5]° (SR = PET or TBBT) obtained
in this way, we studied their geometrical/electronic structure
and stability. We could clarify details on the effect of differ-
ences between the two functional groups on the geometrical
structure, optical absorption, electrochemical properties, stabi-
lity in solution, and that against laser irradiation.

Results and discussion
Synthesis of [Au,,Pt(TBBT),5]°

The objective cluster was synthesized by stirring [Au,,Pt(PET),g]°
(cluster 1) (Fig. S1 and Scheme S2(a)f) and 4-tert-butyl-
benzenethiol in toluene to exchange the ligand of the cluster
from PET to TBBT. After the reaction was completed, excess
thiol and by-products were removed from the product by
washing with methanol, and the product purity was further
improved by thin-layer chromatography (TLC; Fig. S2 and
Scheme S2(b)7).

Fig. 2(a) shows the optical absorption spectrum of the
obtained product (cluster 2). In the absorption spectrum,

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Characterization of the product (cluster 2); (a) optical absorption
spectrum and (b) negative-ion ESI mass spectrum. In (a), optical absorp-
tion spectrum of cluster 1 is also shown for comparison purpose. In (b),
cluster 2 was ionized to di-anion [Au,4Pt(TBBT)1g]?~ during electrospray-
ing. This ionization of the cluster is often observed in the literature.*®

peaks appear at approximately 1125 and 630 nm. Overall, the
characteristics of this absorption spectrum are similar to those
of cluster 1.*® Fig. 2(b) shows the negative-ion electrospray
ionization (ESI) mass spectrum of cluster 2. In the mass spec-
trum, a peak that is attributed to [Au,,Pt(TBBT),s]”~ appeared
at m/z = 3948.2 (inset of Fig. 2(b)). In the positive-ion ESI mass
spectrum of cluster 2, which included Cs' in the solution, a
peak that is attributed to [Au,,Pt(TBBT),3sCs,]>" appeared at
m/z = 4081.2 as a main peak (Fig. S3t). In the X-ray photo-
electron spectrum of cluster 2, a weak-intensity peak that is
attributed to Pt 4f,,, and 4f;,, was observed at around 75.4 and
79.2 eV, respectively (Fig. S47). In the reversed-phase high-per-
formance liquid chromatogram (HPLC), a single sharp peak
was observed at the retention time that is expected for the
neutral cluster (Fig. S51). These results show that a neutral
[Au,,Pt(TBBT),5]° with the same number of metal atoms,
number of ligands, and charge state as cluster 1 was
synthesized.

To confirm that cluster 2 has a framework structure which
is similar to that of cluster 1, we determined the geometrical
structure of cluster 2 via SCXRD. We used a slow evaporation
method for crystallization and obtained dark-green single crys-
tals (Fig. S67). Fig. 3 shows the overall structure of cluster 2
that was determined by SCXRD. Cluster 2 has a geometrical
structure in which six Au,(TBBT); staples surround an icosahe-
dral Au,,Pt core. This geometry is similar to that of cluster 1.%°

Unfortunately, it is challenging to determine the position of
Pt using only SCXRD in this geometrical structure. Pt belongs
to the same period as Au in the periodic table, and both
elements have similar electron numbers (Pt; 78, Au; 79).
Because the elements are discriminated by electron density in
SCXRD, it is difficult to distinguish Pt from Au, which have
very similar electron densities. However, for [Au,4Pt(SR)s]%,

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Geometrical structure determined by SCXRD for cluster 2. In the
crystal, the counter anion was not observed, which is consistent with
the interpretation that the product was neutral [Au,4Pt(TBBT)5]°.

density functional theory (DFT) calculations predicted that the
geometrical structure in which Pt is located at the center of the
metal core is thermodynamically most stable.>’ The optical
absorption spectrum of cluster 1 is similar to the theoretical
absorption spectrum that is predicted for [Au,4Pt(SR);5]° with
the geometry described above.’® The optical absorption spec-
trum of cluster 2 is similar to that of cluster 1 (Fig. 2(a)). These
results indicate that Pt is located at the center of the metal
core in cluster 2 (Fig. 3).

We found that cluster 2 can be returned to cluster 1 by a
reaction between cluster 2 and 2-phenylethanethiol (Fig. 4).
PET and TBBT have different functional-group structures and
charge states®® of S. However, this result demonstrates that
when both clusters have a similar framework structure, the
ligand exchange from TBBT to PET is also possible similar to
that from PET to TBBT.

In this way, we succeeded in exchanging the PET ligand
with TBBT while maintaining the number of metal atoms, the
number of ligands, and the framework structure of cluster 1.
As described above, in the reaction between an Au,(PET),,
cluster and 4-tert-butylbenzenethiol, changes commonly occur
in the number of metal atoms, number of ligands, and/or
framework structure of the cluster with the number of
exchanged ligands (Fig. 1(a)).>*****™*° In this work, we have
succeeded in preventing the deformation of the framework
structure by using cluster 1, which has a strong metal frame-
work, as a precursor cluster.

Several examples exist in the syntheses of a pair of Au,(SR),,
clusters using PET and TBBT, such as [Au,(SR)¢]° and
[Aus,(SR);,]%.%%*1>*>* However, for [Au,o(SR)6]%, the geometri-
cal structure of [Au,o(PET);¢]° has not yet been clarified experi-
mentally.”® Regarding [Aus,(SR);,]%, as described above, the
framework structures of [Aus,(PET);,]° and [Aus,(TBBT);,]° are

Nanoscale, 2019, 11, 22089-22098 | 22091
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Fig. 4 Reaction of cluster 2 with 2-phenylethanethiol. (a) Optical
absorption spectrum of the product with those of cluster 1 and starting
cluster 2. (b) Negative-ion MALDI mass spectrum of the product.
(c) Schematic of the reversibility of the reaction. In (b), the asterisks indi-
cate laser-fragments (see Fig. 9).

different.®>*' In contrast, cluster 2 has the same framework
structure as cluster 1. By using these two clusters, it is possible
to elucidate the effect of the difference in the functional group
between PET and TBBT on the structure, stability, and physical
and chemical properties of the clusters.

Ligand effects

By using clusters 1 and 2, the effects of the difference in func-
tional group between PET and TBBT on the geometric struc-
ture, electronic structure, and stability of Au,(SR),, clusters
were investigated.

Geometrical structure. As mentioned above, clusters 1 and 2
have similar framework structures (Fig. 3). Nonetheless, a
closer inspection of the bond length revealed differences
between the geometrical structures of the two clusters.

Fig. 5(a) compares the Pt-Augys (Aug, s is Au of the metal
core surface) bond lengths between clusters 1 and 2.°° As
described below, in both cases, the geometrical structure is
distorted owing to the Jahn-Teller effect.”® Because of the
resulting strain, for cluster 1, twelve bond lengths are distribu-
ted continuously in a bond-length range of 2.76-2.80 A.
However, in cluster 2, the twelve bonds are divided into two
types of bond lengths, six are approximately 2.76 A and the
remaining six are approximately 2.79 A. Similar differences in
distributions of bond lengths were observed in the bond-
length distribution of the Aug,Aug. (Fig. 5(b)), the Augy.—
Ssurt (Fig. 5(c); Sgure is S bonded to Augyt), the S-C (Fig. 5(d),
AUgyrAUgeple (Fig. S7(a) and Table S1;t Auggpe is Au in
staple), and Augpie-S (Fig. S7(b) and Table S1f) bonds. These
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Fig. 5 Comparison of bond lengths between clusters 1 and 2; (a) Pt-
Augyrt, (b) AUsyr—AUgurs, (€) AUgur=Ssurr, and (d) S-C bonds. The bond
lengths of cluster 1 were extracted from ref. 50.

Fig. 6 Space-filling models obtained from SCXRD for clusters (a) 1 and
(b) 2. The space-filling models of cluster 1 were reproduced from
ref. 50. In (a) and (b), two patterns from different angles are shown for
each cluster. Copyright 2016 Royal Society of Chemistry.

results show that, although clusters 1 and 2 have broadly
similar framework structures, differences exist in the distor-
tion of their structures. According to the space-filling model,
the phenyl groups are strongly gathered three by three at the
cluster surface in cluster 2 (Fig. 6). It can be considered that
cluster 2 has a geometrical structure with a high symmetry
compared with cluster 1 because of this interaction between
phenyl groups.

Considering the average bond length (Table 1), the Pt-
Augys and Augy—AuUg, s bonds are shorter and the AugySsure
bond is longer in cluster 2 than in cluster 1. Therefore, cluster
2 has a compact metal core and Au,(SR); staples away from the

This journal is © The Royal Society of Chemistry 2019
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Table 1 Comparison of bond lengths between clusters 1 and 2

Bond type Cluster 1 Cluster 2

Pt-AUgy,s 2.778 + 0.015 2.776 + 0.014°
AUgyrAUgyt 2.921 + 0.155% 2.919 + 0.067%
AUgyr—Ssurf 2.367 + 0.031¢ 2.387 + 0.006"
S-C 1.842 + 0.050“ 1.784 + 0.018

“These values were extracted from ref. 50.

metal core surface compared with the cluster 1. Based on the
pK, values of the aromatic ligand (pK, = ~10 in DMSO), 4-tert-
butylbenzenethiol, and the aliphatic ligand (pK, = ~17 in
DMSO), 2-phenylethanethiol,”® TBBT is assumed to possess S
with a lesser electron-donating property compared with PET.
Because of this difference in pK,, in cluster 2, the Au-S bond
is thought to be weaker than in cluster 1 and the Au,(SR);
staple is distant from the metal core.?®

Electronic structure. The following has come to light from
previous studies for Au,,Pt(SR);s (SR = PET or 1-hexanethiolate
(C6)): (i) as for Au,,Pt(SR);g, the total number of valence elec-
trons of the cluster satisfies the closed-shell electron structure
as a divalent negative ion ([Au,4Pt(SR);5]*7), and in this
[Au,4Pt(SR);5]*", the energy of the highest occupied molecular
orbital (HOMO) is triply degenerated (left side in Fig. 7(a));
(ii) for [Au,4Pt(SR);5]°, which has been isolated frequently in
experiments, the total number of valence electrons is two less
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Fig. 7 Electronic structures of clusters 1 and 2; (a) orbitals predicted by
DFT calculation for Au,4Pt(SR)1g, (b) SWV curves and (c) optical absorp-
tion spectra. The schematic in (a) is adapted from ref. 56. In (c), the verti-
cal arrows indicate the solution open-circuit potential. Copyright 2015
American Chemical Society.
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than the number of closed-shell electrons, which leads to
the Jahn-Teller effect. As a result, in [Auy,Pt(SR);4]% the
triple degeneracy of the HOMO is resolved, which leads to
the appearance of new HOMO and lowest unoccupied mole-
cular orbital (LUMO) (right side in Fig. 7(a)); (iii) in [Au,,Pt
(SR)15]°, the HOMO and LUMO are P-type orbitals, and tran-
sition between the HOMO and LUMO is prohibited. Therefore,
the HOMO-LUMO transition could not be observed by using
optical absorption spectroscopy. In the optical absorption
spectrum of [Au,,Pt(SR);5]°, the peak near 1125 nm (1.10 eV)
represents the transition from HOMO-1 to LUMO (o; right
side in Fig. 7(a)), and the peak at around 600 nm (2.08 eV) is
attributed to the transition from HOMO to LUMO+1 (B; right
side in Fig. 7(a)).>®

In this study, to examine the effect of the difference in
ligands on the electronic structure of [Au,,Pt(SR);5]% square-
wave voltammetry (SWV) was performed for both clusters. The
SWV curves of clusters 1 and 2 are shown in Fig. 7(b). The
shapes of the curves of the two clusters are similar to those of
[Au,,4Pt(C6):5]°,°° which indicates that the Jahn-Teller effect is
present in clusters 1 and 2 like in [Au,,Pt(C6);5]°. For both
clusters, the HOMO-LUMO gap (right side in Fig. 7(b)) was
estimated by subtracting the charging energy (Eo; — Eo,) from
the electrochemical energy gap (Eri — Eoq; here, Er; indicates
the peak potential of R1) (Table $21).>® Both were found to
have a HOMO-LUMO gap of a similar magnitude (0.30 eV for
cluster 1 and 0.33 eV for cluster 2). Therefore, the difference in
distortion of the framework structure has a minimal influence
on the extent of degenerate resolution. Conversely, a large
difference was found in Eg,; — Eq,, which indicates that there
is a significant difference in the charging energy’’ between
clusters 1 and 2.

Based on the optical absorption spectra (Fig. 2(a)), we also
considered the effect of difference between the two functional
groups on the a and f transition (right side in Fig. 7(a)).
Fig. 7(c) shows the optical absorption spectra of the trichloro-
ethylene solutions of clusters 1 and 2, with the horizontal axis
represented in terms of energy (eV). The first peak o appears
near 1125 nm (1.10 eV) in both absorption spectra. As men-
tioned previously, this peak can be attributed to the transition
from HOMO-1 to LUMO. Because the d orbital of Pt is largely
involved in HOMO—-1,’° the energy of HOMO—-1 changes con-
siderably if the substitution position of Pt is different.>
However, Pt is located at the center of the metal core in clus-
ters 1 and 2. Therefore, there is a minimal difference in the
positions of this orbital between the two clusters, which
results in no substantial change in the position of peak « in
the spectrum between the two clusters. On the other hand,
there is a difference in the position of peak p near 600 nm
(1.95 eV) between the two clusters; in cluster 2, the peak shifts
to a low-energy region by approximately 35 nm (0.11 eV) com-
pared with cluster 1. Owing to this difference in peak position
in the visible-light region, the colors of the cluster solution are
slightly different (Fig. 7(c)). For LUMO+1, the orbital that is
derived from S is also involved, in addition to the orbital of the
metal core.’® Because aliphatic hydrocarbon and aromatic
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hydrocarbon are present next to S in PET and TBBT, respect-
ively, the charge state of S should differ between PET and
TBBT (see pK, values described in the previous section). The
difference in the charge state of S is considered to be the cause
of the difference in the energy level between HOMO and
LUMO+1 for the two clusters.

Stabilities. The effects of the ligand differences on the stabi-
lities against degradation in a solution and under laser
irradiation were investigated.

For the resistance against degradation in a solution, the
clusters were dissolved in a solvent and the change was exam-
ined by using optical absorption spectroscopy. The time
dependence of the change in the optical absorption spectrum
of the toluene solution of cluster 1 and cluster 2 at 80 °C is
shown in Fig. 8(a) and (b), respectively. Because the optical
absorption of toluene appears at a wavelength longer than
1100 nm, peak a (Fig. 7(a) and (c)) could not be observed in
this experiment. For cluster 1, there was no substantial change
in the optical absorption spectrum over the course of 5 h, as
shown in Fig. 8(a). In contrast, the shape of the optical absorp-
tion spectrum for cluster 2 changed gradually with time
(Fig. 8(b)). A similar phenomenon was observed for the
toluene solution at 60 °C (Fig. S8f) and the tetrahydrofuran
(THF) solution at 60 °C (Fig. S9T). These results indicate that
ligand exchange from PET to TBBT reduces the [Au,,Pt(SR);5]°
stability in a solution.

Previous studies on Au,s(PET);3 revealed that when
Au,5(PET);g is allowed to stand in solution, the clusters
undergo oxidation and induce a peeling-off reaction of
the Au(1)-PET complex.’® Because [Au,,Pt(SR);5]° has a geo-
metrical and electronic structures similar to Au,s(SR);g,”"°
[Au,4Pt(SR);5]° degradation in solution in this study is pre-
sumed to be caused by the same reaction. Based on the O1
peak position in the SWV curve (Fig. 7(b)), cluster 2 requires
more energy for oxidation than cluster 1, which means that
cluster 2 has an electronic structure that is more difficult to
oxidize than cluster 1. In cluster 2, although the ligands are

(a) 1 —on
—1h
—2h
—3h

4n
—5h

—
O

~
N

Absorbance

—0h
—1h
—2h
—3h

4h
—5h

T T T
800 1000

400 600
Wavelength (nm)

Fig. 8 Time dependences of absorption spectra of (a) cluster 1 in
toluene (1 x 107> M) at 80 °C and (b) cluster 2 in toluene (1 x 107> M) at
80 °C.
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strongly gathered three by three at the cluster surface, different
from cluster 1, it is unlikely that the proportion of metal
surfaces that are exposed to oxygen attack is high (Fig. 6).
However, in cluster 2, the Au-S bond is extended compared
with cluster 1 (Table 1). From these results, it can be con-
sidered that cluster 2 is more easily degraded in a solution
than cluster 1 because in cluster 2 the Au-S bond is more
prone to breakage than in cluster 1.

For stability under laser irradiation, we compared the
extent of dissociation of the two clusters in matrix-assisted
laser desorption/ionization (MALDI) mass spectrum.’
Fig. 9(a) and (b) show the negative-ion MALDI mass spectra of
clusters 1 and 2 measured at identical laser intensities,
respectively. In Fig. 9(a), peaks assigned to Au,,Pt(PET),, and
Au,Pt(PET),, were observed as main peaks, in addition to the
peak attributed to the parent Au,,Pt(PET);s. The peak of
Au,,Pt(PET);, is assumed to be formed by PET detachment
from Au,,Pt(PET),s and the peak of Au,,Pt(PET),, is assigned
to Auy(PET), detachment from cluster 1 (Fig. S10(a)f). These
dissociation peaks were observed in our previous study on
cluster 1.°° Fig. 9(b) shows the MALDI mass spectrum of
cluster 2, which was measured at the same laser intensity. In
the mass spectrum, no peak appears that could be attributable
to the parent cluster (cluster 2), which suggests that cluster 2
underwent dissociation at this laser intensity. These results
demonstrate that cluster 2 is more unstable under laser
irradiation than cluster 1. Actually, to the best of our knowl-
edge, there are no reports in which the parent TBBT-protected
metal cluster was observed in the MALDI mass spectrum.*?

As described above, in cluster 2, the Au-S bond is extended
compared with cluster 1. Because the dissociation of both
clusters involves SR detachment, the difference in this
bonding strength is thought to be responsible for the differ-
ence in stability. However, the dissociation pattern differs in
both clusters. For example, for cluster 2, the main peaks are
Auy;Pt(TBBT);6, Au,,Pt(TBBT); 5, and Au,oPt(TBBT),, which are

a
(@) Au,,PHPET),
AU,PHPET),,
- AU, PYPET),;
— !
s
= il
= o
é (b) Au,,PH(TBBT) s
= 2 1: Au,6PY(TBBT),S,
2 2: Au,gPt(TBBT),
1 3 3: Au,,Pt(TBBT), 5
45 4: AuysP(TBBT) ¢
5: Au,,P(TBBT),;
) o e
T |3 v T v T
2000 4000 6000 8000 10000 12000 14000
Mass (Da)

Fig. 9 Negative-ion MALDI mass spectra of clusters (a) 1 and (b) 2
recorded at same laser fluence. Only main fragment-peaks are assigned
in these spectra. Details of laser-fragment patterns are described in
Fig. S10.¥
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produced by the dissociation of Au(TBBT),, Au,(TBBT)s,
or Au;(TBBT),; from cluster 2, respectively (Fig. S10(b)f).
However, for cluster 1, this type of dissociation pattern was not
observed even at an increased laser intensity (Fig. S10(a)f).
From these results, it is inferred that the difference in dis-
sociation mechanism is also involved in the origin of the
difference in stability against laser dissociation. Despite many
uncertainties regarding the factors of the difference in stability
remain, we expect that in the future more information would
be obtained on the dissociation mechanism of the two clus-
ters, which would improve the understanding of the difference
in their ease of dissociation.

Comparison with previous studies. There are several reports
on the ligand effects on the basic properties of the thiolate-
protected metal clusters before our study. For example,
Jin et al. have synthesized [Au,5(SNAP)g]” (SNAP = 2-naphtha-
lenethiolate) and reported the difference in geometrical/elec-
tronic structures, stabilities and catalytic activity between
[Au,s5(PET) 5] and [Au,5(SNAP),4]~.*° Also, Dass et al. have syn-
thesized [Ausg(SPh),,]° (SPh = benzenethiolate) and discussed
the difference in geometrical/electronic structures, stabilities
and fragmentation energies between [Ausg(PET),4]° and
[Augg(SPh),4]°, although they could not obtain the geometrical
structure of [Auzg(SPh),4]° by SC-XRD in this study.*® A part of
our results is well consistent with their results, implying that
the results obtained in our study (PET vs. TBBT) are predict-
able from the previous works using Au,(SR),, clusters contain-
ing the ligands similar to TBBT. However, in this study, we
demonstrated experimentally the expected effect of the ligand
by a direct comparison between clusters 1 and 2. We expect
that the effects from the structural differences of the ligand
functional-groups on the physical properties and functions
of clusters, such as the catalytic ability®® and photo-
luminescence,” would also be clarified in future by using
these two clusters as model clusters.

Conclusions

In this study, we successfully synthesized [Au,,Pt(TBBT),4]° with
the same number of metal atoms, number of ligands, and
framework structure as [Au,,Pt(PET);4]’, which has a strong
metal core, by replacing the ligand from PET to TBBT. We
found that this ligand exchange is reversible unlike the case of
other metal-core clusters. By using the obtained pair of clusters,
[Au,4Pt(PET);4]° and [Au,,Pt(TBBT);5]°, we examined the effects
of functional-group difference on the geometrical structure,
electronic structure, and stability of the clusters. As a result, we
found that the following three effects are induced when the
ligand is changed from PET to TBBT in [Au,4Pt(SR);5]"

(1) The metal core shrinks and the Au-S bond expands.

(2) There is no significant difference in HOMO-LUMO gap,
but a clear difference is caused in the optical absorption in the
visible region.

(3) The stability worsens in a solution and under laser
irradiation.
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By using these two clusters as model clusters, we expect
that the effects of the structural difference of ligand func-
tional-groups on the physical properties and functions of clus-
ters, such as catalytic ability®" and photoluminescence,®*
would be clarified.

However, it should be noted that the effect of the func-
tional-group difference revealed in this study is that in
[Au,,4Pt(SR)5]°. If the framework structure of the cluster were
changed, the magnitude of the stress generated by repulsion
between the ligands and the resulting effect of the difference
in the functional-group structure on the cluster would also
differ. This study confirmed that when the metal core is
strengthened, thiolate-protected metal clusters with the same
number of metal atoms, number of ligands, and framework
structure can be synthesized by using PET and TBBT. We
expect that, based on this concept, other clusters with the
same number of metal atoms, number of ligands, and frame-
work structure would be synthesized by using PET and TBBT.
If this is achieved, we could acquire a greater understanding of
the effect of the difference between the two functional groups
on the basic properties of the cluster and enlarge the scope of
application using each ligand’s property.

Experimental
Chemicals

All chemicals were obtained commercially and used without
further purification. Hydrogen tetrachloroaurate tetrahydrate
(HAuCl,;-4H,0) and  chloroplatinic  acid  hexahydrate
(H,PtCls-6H,0) were from Tanaka Kikinzoku. Sodium tetra-
hydroborate =~ (NaBH,), tetraoctylammonium  bromide
((CgH417)4NBr), and silica gel (spherical, 63-210 pm) were from
FUJIFILM Wako Pure Chemical Co. THF, ethanol, methanol,
toluene, hexane, acetonitrile, acetone, dichloromethane, and
hydrogen peroxide (H,0,, 30 wt%) were from Kanto Chemical
Co., Inc. 2-Phenylethanethiol was from Aldrich. 4-tert-
Butylbenzenethiol and trans-2-[3-(4-tert-butylphenyl)-2-methyl-
2-propenylidene]malononitrile (DCTB) were from Tokyo
Chemical Industry. Co., Ltd. Cesium acetate (CH;COOCSs) was
from Nacalai Tesque. Pure Milli-Q water (18.2 MQ cm) was gen-
erated with a Merck Millipore Direct 3 UV system.

Syntheses

Au,,Pt(PET),5 (1). Cluster 1 was synthesized by the method
reported by Wu and co-workers®® with a modification
(Scheme S2(a)t). First, 658 mg (1.60 mmol) of HAuCl,-4H,0,
207 mg (0.40 mmol) of H,PtCls-6H,0, and 1.27 g (2.32 mmol)
of (CgH;)4NBr were dissolved in 60 mL of THF and the solu-
tion was stirred for 30 min at room temperature. Then, 897 pL
(6.70 mmol) of 2-phenylethanethiol was added to the solution
and the solution was stirred for 45 min at room temperature.
The solution changed from dark to light orange. Then, 10 mL
of ice-cold water was added to the reaction mixture and stirred
for a further 3 min. The solution became milky white. Then,
10 mL of ice-cold water that contained 780 mg (20.0 mmol) of
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NaBH, was added to the solution and the solution was stirred
for 5 h at room temperature. The solution changed from light-
orange to black. After the reaction, water and excess NaBH,
were removed from the solution by centrifugation and THF
was removed from the solution by evaporation. Excess 2-pheny-
lethanethiol was removed with methanol, and this washing
was repeated at least three times. The product was fractionated
by an open column using silica gel as a stationary phase and a
mixture of solvent (toluene : hexane = 5: 3) as an eluent, and a
second green fraction was collected. This fraction contained
cluster 1 and [Au,5(PET);4]%. [Auys(PET) ]’ was decomposed
selectively in the mixture to obtain a high-purity cluster 1.
Crude product was dissolved in 5 mL of dichloromethane, and
5 mL of H,0, was added to this solution. After stirring for 5 h,
the H,0, phase was removed and dichloromethane was
removed by evaporation. The byproduct from the decompo-
sition process by using H,0, was removed by column chrom-
atography using silica gel as a stationary phase and a mixture
of solvent (toluene : hexane = 5: 3) as a mobile phase. The first
fraction contained the objective cluster, and ~5 mg of green
cluster 1 was obtained.

Au,,Pt(TBBT);g (2). Cluster 2 was synthesized by ligand
exchange of cluster 1 by 4-tert-butylbenzenethiol
(Scheme S2(b)T). First, 5 mg (0.68 pmol) of cluster 1 was dis-
solved in 3.33 mL of toluene. Then, 500 pL of 4-tert-butylben-
zenethiol was added to the solution and stirred overnight
(11 h) at room temperature. The toluene was evaporated as
much as possible under controlled conditions such that the
temperature of the reaction mixture remained within 25 °C.
Excess thiol was removed by washing with methanol. Progress
of ligand exchange was monitored by ESI mass spectrometry.
Because the exchange was incomplete after the first step,
further ligand exchange was done in this synthesis.’® The
obtained crude mixture was dissolved in 3.33 mL of toluene
and 500 pL of 4-tert-butylbenzenethiol, and stirred at room
temperature for ~1 h. The toluene was removed, and the reac-
tion mixture was washed with methanol until the smell of
excess thiol disappeared. Crude product was purified by
running a preparative TLC (silica gel 60 F,54, Merck) using a
mixture of solvent (toluene : hexane = 3 : 7). The product purity
was confirmed by HPLC and ESI-MS and an optical absorption
spectrum.

Crystallization

Approximately 3 mg of the cluster 2 was dissolved in a solvent
mixture of 1 mL dichloromethane and 3 drops of ethanol. The
solution was placed in a smaller vial and capped loosely. The
smaller vial was placed inside a bigger empty vial, which was
capped tightly. Vial capping was done so that solvents evapor-
ated slowly. Hexagonal-shaped crystals were observed after
10 days.

Characterization

Optical absorption spectra of clusters 1 and 2 were obtained in
dichloromethane or trichloroethylene solutions at room temp-
erature with a spectrometer (JASCO, V-670 or Shimadzu, UV
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3600). The wavelength-dependent optical data (I(w)) were con-
verted to energy-dependent data (I(E)) by the following
equation, which conserved the integrated spectral areas: I(E) =
I(w)/|0E/ow| & I(w) x w*.

MALDI mass spectra were collected by a spiral time-of-flight
mass spectrometer (JEOL, JMSS3000) with a semiconductor
laser (A = 349 nm). DCTB was used as the MALDI matrix.*®> To
minimize the cluster dissociation that was induced by laser
irradiation, the cluster-to-matrix ratio was fixed at 1 : 1000.

ESI mass spectrometry was performed by using a reflectron
time-of flight mass spectrometer (Bruker, micrOTOF II
or Waters, Micromass Q-TOF mass spectrometer). In the
measurements, a cluster solution with a concentration of
10-200 pg mL™" in dichloromethane was electrosprayed at a
flow rate of 180-540 puL h™".

X-ray photoelectron spectroscopy (XPS) data were collected
by using an electron spectrometer (JEOL, JPS-9010MC) at a
base pressure of ~2 x 10~® Torr. X-rays from the Mg-Ka line
(1253.6 eV) were used for excitation. Cluster 1 or 2 was de-
posited on an Ag plate, and the spectra were calibrated with
the peak energies of Ag 3ds,, (367.9 eV).**

A chromatogram was obtained by using a Nexera HPLC
system (DGU-20A online degasser, LC-30AD pump, CTO-20AC
column oven, and SPD-M30A photodiode array (PDA) detector).
A YMC Meteoric Core C18 column (150 mm x 4.6 mm; i.d.
2.7 um) was used as a core-shell reversed-phase column.®*®
The column temperature was fixed at 25 °C to maintain repro-
ducibility. The mobile phase with a flow rate of 1.0 mL min™"
was changed gradually by using a linear gradient
program from acetonitrile to diethylether over 100 min.
Chromatograms were monitored at 380 nm by using a PDA
detector.

SCXRD data of cluster 2 were collected on a Rigaku XtaLAB
Pro: XtaLAB P200 single crystal diffractometer equipped with a
fine-focus sealed X-ray tube that produced multi-layer mirror-
monochromated Cu Ka radiation (4 = 1.54184 A). The crystal
was kept at —173 °C during data collection. The structure
was solved by a direct method using a SIR-92 structure solu-
tion program.®”” Final refinements were performed with
SHELXL-2018/3 °® by using the Olex2 platform.®®

SWV was conducted with an electrochemical workstation
(model 660B; CH Instruments) in dichloromethane with 0.1 M
Bu,NPFs as a supporting electrolyte that was degassed and
blanketed with high-purity Ar gas. SWV was carried out with a
Pt disk (0.4 mm diameter) working electrode at 100 mV s™*
with a pulse height and a width of 20 mV and 20 ms, respect-
ively. Ferrocene was added as an internal reference.

Stability experiment

To investigate the stability of the clusters against decompo-
sition in solution, an organic synthesizer (EYELA, PPS-2510)
was used to control the reaction temperature precisely and
reproducibly. Toluene or THF solution (10 mL, 1 x 10~> M) of
cluster 1 or cluster 2 was placed in the organic synthesizer and
heated to 60 or 80 °C while stirring at 900 rpm. For the
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stability test in THF, we used THF with an antioxidant
(dibutylhydroxytoluene).

To investigate the stability of the clusters against laser dis-
sociation, MALDI mass spectra were collected at a high laser
fluence.
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