Tri-icosahedral Gold Nanocluster
[AU37(P P hg) 10(8C2H4P h) 10X2] _|_2 Linear
Assembly of Icosahedral Building Blocks

Renxi Jin,"* Chong Liu,’ Shuo Zhao," Anindita Das," Hongzhu Xing,* Chakicherla Gayathri," Yan Xing,**
Nathaniel L. Rosi,’ Roberto R. Gil," and Rongchao Jin*"

TDepartment of Chemistry, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, United States, ¥School of Chemistry, Northeast Normal University,
Changchun, Jilin 130024, China, and §’Department of Chemistry, University of Pittsburgh, Pittsburgh, Pennsylvania 15213, United States

ABSTRACT The [Aus;(PPhs);0(SR)10X,]* nanocluster (where SR = thiolate and X = CI/Br) was theoretically
predicted in 2007, but since then, there has been no experimental success in the synthesis and structure

determination. Herein, we report a kinetically controlled, selective synthesis of [Aus;(PPhs);o(SCHPh), Xl ™

(counterion: (I~ or Br™) with its crystal structure characterized by X-ray crystallography. This nanocluster

shows a rod-like structure assembled from three icosahedral Au,3 units in a linear fashion, consistent with the

earlier prediction. The optical absorption and the electrochemical and catalytic properties are investigated. The

successful synthesis of this new nanocluster allows us to gain insight into the size, structure, and property

evolution of gold nanoclusters that are based upon the assembly of icosahedral units (i.e., cluster of clusters).

Some interesting trends are identified in the evolution from the monoicosahedral [Aun(PPh;)sz]er to the
bi-icosahedral [Au,s(PPhs)1o(SCH,Ph)sX;]* ™ and to the tri-icosahedral [Aus;(PPhs)1(SGH4Ph)10Xo] ™ nanocluster, which also points to the possibility of
achieving even longer rod nanoclusters based upon assembly of icosahedral building blocks.

Clusters of Clusters

KEYWORDS: Aus; nanocluster - mixed ligands - clusters of clusters - structure evolution - CO oxidation

old nanoparticles have long been a

subject of intensive research in the

field of nanoscience owing to their
important plasmon resonance properties
and extraordinary stability."? When the size
of nanoparticles reaches the ultrasmall size
regime (e.g., less than 2 nm), such ultrasmall
nanoparticles become nonplasmonic and
are classified as nanoclusters. In recent re-
search, atomically precise nanoclusters of
molecular purity have been realized,® and
they can be represented by definite molec-
ular formulas (Au,L,, where n represents
the precise number of gold atoms and m
the number of ligands). These nanoclusters
exhibit unique geometric structures and
molecular-like single-electron transitions
dictated by the quantum size effect.*¢
Beside the thiolate-protected gold nano-
clusters,” "% there has been a renewed
interest in phosphine-protected nanoclus-
ters'>~27 since the earlier works.?® 33 Theo-
retical work on gold—phosphine nanoclus-
ters has also been carried out.>*~>° Among
the structural building blocks, the icosahe-
dral motif has been frequently observed in
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nanoclusters protected by phosphine, thio-
late, or mixed ligands. Of particular interest
is how the larger nanoclusters are built up
with the smaller building blocks such as
Auy; and Au;3.">"%37 Several growth modes
have been identified, such as vertex-, edge-,
or face-sharing. In particular, Teo et al. iden-
tified a quite common growth mode termed
cluster of clusters via vertex-sharing,>® which
is reminiscent of atom packing into clusters
such as the linear M,, triangular Ms, tetra-
hedral M,, and so on, but here M also
represents icosahedral 13-atom building
blocks. For such multiunit superstructures,
it is of interest to find out whether the
properties of the building blocks are pre-
served and any new collective characteris-
tics would originate from the assembled
superstructure.

In recent years, new progress has been
achieved in the synthesis and structural
characterization of gold cluster of clusters.
Bi-icosahedral [Au,s(PPh3)10(SR)sCl5]** nano-
clusters have been successfully synthesized
by “bottom-up” or “size-focusing” meth-
0ds.**~*? Single-crystal X-ray crystallography
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revealed that the Au,s core was constructed by two
icosahedral Au;s units by sharing one vertex gold
atom.*®*! Compared to the optical absorption spec-
trum of the icosahedral Au;s cluster,'™® the Auys
nanocluster shows a new electronic transition at long
wavelength due to the dimeric structure,*® while other
electronic properties are almost preserved compared
to the individual icosahedral Au,3 nanocluster. From
then on, researchers started to study the evolution of
structure-related properties by linear assembly of ico-
sahedral Au,; building blocks into longer gold clusters
of clusters.**** Nobusada et al. theoretically predicted
the structure and electronic properties of a linear tri-
icosahedral gold cluster ([Aus;(PH3)10(SCH3);0Cl51") in
2007.** However, there has been no experimental
success in the synthesis of the tri-icosahedral Aus;
nanocluster due to the increasing difficulty in linearly
assembling more icosahedral Au;s units together,
albeit a cyclic 37-atom tri-icosahedral Ag—Au structure
was reported in much earlier work*® Generally, it
remains a challenge to obtain higher-order Au nano-
clusters by using ultrasmall Au clusters as the building
blocks.

In this work, we report the successful synthesis of
the [Aus;(PPh3)10(SCoH4Ph);0Clo] T nanocluster after its
prediction by Nobusada et al. 8 years ago. The Aus;
core comprises three icosahedral Au,z building blocks
linearly assembled together via vertex-sharing, consis-
tent with the theoretical prediction.** Compared to the
previously reported [Au,s(PPhs)10(SCoH4Ph)sClL1* and
[Au13(PPh3)1oXo13 " nanoclusters, distinct features in
the electronic transitions and optical spectra are iden-
tified. We have also investigated the catalytic activity of
[Aus7(PPhs);0(SCoH4Ph)1oCl]1T as well as the effect of
ligands on carbon monoxide (CO) oxidation using
anatase TiO, as the support for the nanoclusters. The
[Aus7(PPhs)10(SC,H4Ph)10Clo] T nanocluster is so far the
largest linear structure in the family of gold “clusters of
clusters” and indicates the possibility of further elonga-
tion to obtain even longer rod structures.

RESULTS AND DISCUSSION

Synthesis and Characterization of [Auz;(PPh;);o(SG;H4Ph);o-
X,I*. The synthesis of Aus, includes two primary steps:
(1) synthesis of the phosphine-capped Au clusters
(size mixed) and (2) addition of thiol to convert the
phosphine-protected polydisperse Au clusters into
phosphine/thiolate-protected monodisperse clusters.
It is worth commenting on the critical difference
between the syntheses of Aus; and Au,s nanoclusters.
The two stages for synthesizing Aus; and Auys are
indeed similar,*' except that ice-cold water is used as
the solvent to dissolve NaBH, for reducing the Au(l)—
PPh; intermediate in the current synthesis of Aus, as
opposed to EtOH as the solvent to dissolve NaBH, for
reducing Au(l)—PPhs in the previous Auys synthesis.
We found that the solvent is very critical for the
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Figure 1. Structure of the [Ausz;(PPh3);o(SCoH4Ph)oXo]"
nanocluster (color labels: Au, yellow; S, red; P, blue; X:
Cl and/or Br, green).

selective synthesis of Aus;, which involves kinetic
control by tuning the reducing strength of NaBH, in
different solvents (water vs EtOH) and subsequently
the growth kinetics of gold clusters. The success in
obtaining the Aus; cluster indicates the future pos-
sibility of obtaining even larger clusters based upon
linear assembly of smaller building blocks.

The [Aus7(PPhs3);0(SCoH4Ph)10X5]T formula and its
structure are determined by single-crystal X-ray crystal-
lography. As shown in Figure 1 and Table 1, the Aus;
core can be viewed as a linear assembly of three
icosahedral Au;s units by sharing vertex gold atoms.
There are six pentagonal rings (labeled |-Vlin Figure 1).
The Au.—Aug and Auy,—Au,, bond lengths in each Auqs
unit are around 2.76 and 2.9 A, respectively (where Au,
and Au,, stand for the central and peripheral Au atoms
of the Au, 3 icosahedron, respectively). The icosahedral
Au,3 units are bridged by thiolate ligands (five thiolates
between the Il and lll layers and another five thiolates
between the IV and V layers; Au—S bond length=2.343 +
0.068 A). Ten phosphine ligands are terminally coordi-
nated to the two Aus pentagonal rings on the two ends
of the rod (i.e., the | and VI layers; Au—P bond length =
2.241 £ 0.041 A). Two halogen atoms are bonded to
two apical Au atoms of the rod (Au—X bond length =
2.479 R). Of note, the carbon tails of the ligands are not
resolved due to disordering. The core structure of
[Aus7(PPhs3);0(SCoH4Ph)10X5] 1 is consistent with the
earlier theoretical prediction.*® The linear structure of
Ausy is in contrast with the other 37-metal-atom tri-
icosahedral structures reported previously.>34

Nuclear magnetic resonance (NMR) is employed to
further probe the ligand information on the Aus;
nanocluster. "H NMR analysis (Supporting Information
Figure S1) shows 'H signals of —CH,CH,— of the
thiolate ligand at the chemical shifts of 3.15 ppm
(integral: 20H), 3.8 ppm (10H), and 4.1 ppm (10H), with
a total of 40H (ie, 10 ligands of —SCH,CH,Ph). The
aromatic region (6—8 ppm) gives rise to 200H; after the
corresponding aromatic 50H of SCH,CH,Ph is sub-
tracted, the remaining 150H correspond to 10 ligands
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TABLE 1. Bond Lengths of the [Auz;(PPhs),o(SC;H4Ph),0X,1" Nanocluster®

Distance A
[ Au(R))-Au,(R)) } 2.768 +0.029
Auy(R))-Au,(R,) | 2.909 £ 0.051
| AuR,)-Au (R,) | 4.897
| Au(R,)-Au(R,) ‘_ 2.762+0.013
Au (R)-Au (R;) 2.904 +0.041
Au-Au Au:(Rz)-Au:(R:) 5.602
\ Au(Ry)-Au,(Ry) [ 2.768 +0.029
Auy(Ry)-Au,(R;) 2.915+0.053
l Au(Layer II )-Au(Layer III) \ 3.059 +0.043
Au(Layer IV )-Au(Layer III) 3.059 +0.043
Au-X:Cl/Br [ 2.479
‘ Au-P . 2.241+0.041
X: Cl/Br Au-S } 2.343 £0.068

“Auc and Au, are the central and peripheral Au atoms of the Au;s icosahedron, respectively.

ala correlates with two different 'H resonances; that is, the
- two protons in each methylene (CH,) group are not
chemically equivalent. Considering the chemical
equivalence of protons in the methylene group in the
Au,s nanocluster,'® we conclude that the —CH,CH,— in
Ausy is hindered, making one of the protons (labeled
oy for a-CH; and Sy, for 8-CH, in Figure 2a) closer to
the Au core and the other proton (labeled ay., for
a-CH, and fy., for 3-CH, in Figure 2a) farther from the
Au core in each methylene group. For the chemical
environment of PPh; ligands, the 3'P NMR spec-
trum (Figure S2, the chemical shift of the 3'P signal is
49.82 ppm) indicates that there is one set of PPh;
ligands.

The UV—vis—NIR absorption spectrum of [Aus,-
(PPh3)10(SC5H4Ph)10X5] " exhibits four peaks at 1230,
795, 490, and 430 nm (Figure 3a), which are essentially
consistent with the previous prediction based on the
density functional theory (DFT).** The 1230 nm peak
/58 2@ arises from the HOMO—LUMO electronic transition,

) and the 795 nm peak is attributed to the HOMO—1
-:"1 & o9 L to LUMO transition. These two peaks are caused by the
I, y r ’ ’ ’ r three interacting Au,; icosahedra via vertex-sharing.
4.2 4.0 38 36 34 3.2 3.0

H (ppm) The shorter wavelength peaks at 430 and 490 nm

originate in the electronic transitions within individual

Au;; units.*® For the Au,s nanocluster (Figure 3b, curve ),
the peak at 670 nm is the HOMO—LUMO transition and
is caused by the interaction between the two icosahe-
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Figure 2. Two-dimensional NMR of the Ausz; nanocluster:
(a) "TH-"3C HSQC and (b) "H—"H COSY.

of PPhs. Thus, the ratio of PPhs/SC,H4Ph is 1:1, being
consistent with the result of the X-ray crystallography.
In the HSQC spectrum (Figure 2a), the "H signals in the
region of 4.2—3.0 ppm show correlations with two
different carbons (see the *C dimension) at 36.8 and
41.8 ppm. Each phenylethylthiolate has a- and 3-CH,
(oe and S denote the positions relative to the sulfur
atom, with o-CH, being closer to the sulfur atom), and
thus there would be only one set of —CH,CH,— in the
cluster. However, the "TH—"H COSY spectrum (Figure 2b)
shows that there are four different protons in the region
of 4.2—3.0 ppm, which means that each carbon signal
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dral Au,s units that share one vertex, and the absorp-
tion peaks below 500 nm arise from the electronic
transitions within individual icosahedral Au,5 units. For
the Au,3 nanocluster (Figure 3b, curve Il), the HOMO—
LUMO peak is at 500 nm and the spectral profile is
similar to the short wavelength (<500 nm) portions of
both Ausz; and Au,s nanoclusters. Taken together, the
electronic nature of the individual Au,; icosahedron is
essentially preserved in the tri-icosahedral Ausz; nano-
cluster, but new collective features also emerge; that is,
the HOMO—LUMO peak shifts from ~500 nm (for the
Au, s cluster) to 670 nm (for Au,s) to 1230 nm (for Ausy).
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Figure 3. (a) UV—vis—NIR spectra of the Aus; nanocluster;
inset: spectrum on the photon energy scale. (b) UV—vis
spectra of Au,s (I) and Au, 5 (I) nanoclusters; inset: spectra of
Auys (lll) and Au,; (IV) on the energy scale.

The optical energy gap of the Auz; nanocluster is
determined to be 0.83 eV (Figure 3a, inset), which is
smaller than that of Au,s (Eg ~ 1.73 eV, Figure 3b, curve
Il and of the Au,; cluster (E; ~ 1.96 eV, Figure 3b,
curve V). The observed differences in the optical
spectra of Ausy;, Au,s, and Au,s illustrate the size
evolution of the electronic and optical properties in
the clusters of clusters series with increasing numbers
of Au, 3 building blocks.

To investigate the electrochemical properties of the
Aus; nanocluster, we performed cyclic voltammetry
(CV) and differential pulse voltammetry (DPV) analyses
(Figure S3 and Figure 4). A series of oxidation and
reduction peaks are observed in the DPV analysis,
corresponding to different oxidation and reduction
states of the Ausz; nanocluster. The first oxidation peak
and the first reduction peak are at +0.20 and —0.95 V
(vs Ag/AgCl), respectively, thus the electrochemical
gap is 1.15 V (the potential difference between the
first reduction peak and the first oxidation peak). After
the ~0.48 V charging energy is subtracted (the differ-
ence between the first and second oxidation peaks),
the electrochemical gap is converted to the HOMO—
LUMO gap of 0.77 eV, which is in agreement with the
optical energy gap (0.83 eV). This HOMO—LUMO gap is
smaller than that of [Auas(PPhs)io(SCoH4Ph)sCl1%"
(1.53 eV) as well as that of [Au;3(PPh3)eX,* " (1.76 eV)
but larger than those of the infinite 1D analogues of
different charges (the gaps are about 0.3 and 0.2 eV for
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Figure 4. Differential pulse voltammogram of the Aus;
nanocluster at room temperature.
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Figure 5. CO oxidation light-off curves of different samples.

the +2 and —2 states of the vertex-sharing wire,
respectively), illustrating the general trend—the larger
the cluster, the smaller the HOMO—LUMO gap.***¢
Catalytic Activity of Aus;/Ti0, for CO Oxidation. We further
investigated the catalytic activity of the Auz; nanocluster
toward CO oxidation. Anatase TiO, nanorods (Figure S4)
were made following a literature approach*” and used as
the support for the nanoclusters. The Aus;/TiO, cata-
lyst was prepared by soaking the TiO, powders in a
CH,Cl, solution of Aus; nanoclusters in a sealed vial for
24 h, followed by drying; no further treatment was
done unless otherwise noted. Both the as-prepared
TiO, rods and the Aus,/TiO, catalyst were tested for CO
oxidation in a fixed-bed reactor under 1 atm. The light-
off curves over the TiO, (without clusters) and the Aus,/
TiO, catalyst are presented in Figure 5. No CO oxidation
activity was observed for the bare TiO, nanorods below
200 °C (note: moderate activity at higher temper-
atures). In contrast, the Aus,/TiO, catalyst (without
any pretreatment) exhibits activity at 100 °C and
above, and the Au,s/TiO, (without pretreatment)
shows activity at 120 °C. For better comparison, we
define the Ts, (the temperature for 50% conversion of
CO) and Ty (the temperature for 90% conversion of
CO) to evaluate the catalysts. As shown in Table S2, the
Tso and Tyo temperatures of the Aus,/TiO, catalysts are
141 and 176 °C, respectively, which are lower than
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those of Auys/TiO; (Tso = 152 °C; Tgo = 191 °C). The
Aus,/TiO, catalyst exhibits turnover frequencies higher
than those of Au,s/TiO, in the entire temperature
range (Figure S3), thus Aus; is more catalytically active
than Au,s. Since Aus; and Au,s have similar structures
in terms of atom packing, the enhanced activity of the
Aus,/TiO, catalyst may be attributed to the size effect.
Specifically, the Aus; nanocluster contains three icosa-
hedra, and the side facets should constitute the cata-
lytic sites, the number of which are more than that of
the Auys rod.

To study the effect of ligands on CO oxidation, three
different pretreatment temperatures (T, at 150, 200,
and 300 °C) were chosen to pretreat the Aus;/TiO,
catalyst in oxygen. Compared with the Aus/TiO, cat-
alyst without any pretreatment, the catalytic activity of
the pretreated catalysts unexpectedly decreased for
the partially ligand-off sample (T, = 150 or 200 °C).
After the ligands were completely removed (Tpe =
300 °C), the catalyst showed even lower activity. The
decreased activity should be caused by aggregation
of the nanoclusters after the ligands were partially or
completely removed. It is worth noting that the ligands
on the Aus,/TiO, catalyst showed different behavior
when compared with the Au,/CeO, catalysts, in which
the catalytic activity would increase after the ligands
were partially removed from Au clusters.*®*~>° How-
ever, in the current Aus,/TiO, catalyst, the catalytic
activity becomes lower upon ligand removal. The dif-
ferent behavior between these two types of catalysts

EXPERIMENTAL METHODS

Synthesis of [Au;(PPh;);o(SGH4Ph)Cl,1". HAUCI,-3H,0 (0.1 g,
dissolved in 3 mL of H,0) was added into 8 mL of toluene
solution of tetraoctylammonium bromide (a phase transfer
agent, 0.145 g) with stirring at room temperature for 15 min.
After the aqueous phase became clear, which indicated the
complete phase transfer of gold salt from aqueous to toluene
phase, the aqueous layer was removed. Then, PPhs (0.180 g) was
added into the above toluene phase under vigorous stirring.
The solution became cloudy white immediately. Five milliliters
of an aqueous solution of NaBH, (0.026 g, dissolved in ice-cold
water) was rapidly added to the whitish solution to reduce
Au'(PPh3)X (X = Cl or Br) to clusters. After the mixture was stirred
for 2 h at room temperature under air environment, toluene was
rotavaporated after the removal of the aqueous layer, and the
brownish black product was extracted with dichloromethane
(DCM). Excess phenylethylthiol (200 ul) was added to this
solution and then heated to 313 K. The thermal process was
allowed to continue for 36 h at 313 K. The obtained product was
washed with methanol and extracted with acetonitrile/DCM =
3:1. The synthetic yield of the [Aus;(PPhs)10(SC5H4Ph)10X,1 " was
about 5% (Au atom basis). Single crystals were grown by vapor
diffusion of diethyl ether into a concentrated solution of the
cluster in DCM (5—10 mg in 1 mL of DCM). The synthesis of
the [Auys(PPhs3)16(SCaHAPh)sX,1%F cluster was carried out under
the same experimental parameters except using EtOH as the
solvent to dissolve NaBH,. The thermal process was allowed to
continue for 4 h at 313 K, and the obtained product was washed
with hexane and extracted with methanol.

Preparation of Au,/Ti0, Catalysts. Anatase TiO, nanorods were
prepared through a hydrothermal process, followed by a simple
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may be caused by the different interactions between
the Au clusters and the different supports. The bonding
force between Au and TiO, is weaker than that be-
tween Au and CeO,. After the ligands were removed,
the clusters would severely aggregate on the surface of
the TiO, support, resulting in a decrease in activity,
while the CeO, support can maintain the cluster struc-
ture and the activity was higher due to the formation of
more active sites on the cluster surface.

CONCLUSIONS

In summary, we have devised a facile method for
synthesizing a new gold cluster of clusters ([Auszs-
(PPh3)10(SC5H4Ph)10Xo1T, where X = CI/Br) protected
by mixed phosphine/thiolate ligands. The Aus; core
structure with three Au;s icosahedra linearly as-
sembled up is experimentally observed for the first
time in gold nanoclusters. The Aus; nanocluster ex-
hibits CO oxidation activity higher than that in the Au,s
nanocluster, which illustrates the size dependence
in catalysis since their structures are similar (i.e., tri-
icosahedron vs bi-icosahedron). The ligand effect of
the cluster on the catalysis has also been investigated.
Overall, this new cluster offers valuable information on
the size and structure evolution of gold cluster of
clusters. Future work may pursue the more elongated
rod structures assembled from the icosahedral units. In
addition, it is of particular interest whether the linear
growth mode of Au, 3 building blocks can be extended
to the case of thiolate-protected nanoclusters.>'?

annealing.”” In a typical procedure, TiO, powder (274 mg) and
NaOH (19.2 g) were dissolved in H,O (70 mL) in a beaker. After
being vigorously stirred for 1 h, the mixed solution was transferred
toa Teflon-lined stainless steel autoclave (15 mL volume) and then
sealed to heat at 150 °C. After a 20 h reaction period, the autoclave
was cooled to room temperature. The resulting white precipitates
were washed with HCl solution (0.1 M), water, and ethanol,
and finally dried under vacuum at 60 °C for 4 h. After calcination
at 500 °C for 4 h, the anatase TiO, nanorods were obtained. For the
preparation of supported Au,/TiO, catalysts, 100 mg of the TiO,
nanorods was impregnated by soaking the powders in a solution
of 1 mg of ligated Au, (Auys or Aus;) nanoclusters in DCM
(ca. 3 mL) in a sealed vial for 24 h, followed by drying.

Catalytic €O Oxidation. The catalytic oxidation of CO oxidation
was conducted under atmospheric pressure in a quartz-tube
fixed-bed reactor (8 mm i.d.). One hundred milligrams of the
catalyst Au,/TiO, was mixed with quartz sand. A gas mixture of
3% CO/10% 0,/87% He passed through the catalyst bed at a
flow rate of 40 mL min~". The products were analyzed by an
online gas chromatograph (HP 6890 series GC) equipped with a
TCD detector. The CO conversion was calculated from the mea-
sured CO concentration using the formula: CO conversion =
[CO2.0ut/(COuut + CO2.0u)], Where COqyr and CO5 o Were the
outlet CO and CO, concentrations, respectively.

Characterization. NMR spectra were obtained on a Bruker
Avance 500 spectrometer operating at ambient probe tempera-
ture, and 'H, "TH—"3C HSQC, "H—"H COSY, and >'P NMR spectra
were referenced to probe standards. UV—vis—NIR spectra of gold
clusters in DCM were recorded on a Varian Cary 5000 spectro-
photometer at room temperature. Differential pulse voltamme-
try and cyclic voltammograms of the Aus; nanocluster were
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measured on a CHI 620C electrochemical station at room
temperature. A platinum wire (the counter electrode), platinum
working electrode, and Ag/Ag™ quasi-reference electrode were
used in the electrochemical test. Aus; clusters (~5 mg) were
dissolved in ~5 mL of electrolyte solution (0.1 mol/L TBAPFg in
anhydrous DCM). The solution was bubbled with dry N, and
blanketed under N, throughout the electrochemical measure-
ments. Single X-ray diffraction data of Aus; were collected on a
Bruker X8 Prospector Ultra equipped with an Apex Il CCD
detector and an luS microfocus Cu Koo X-ray source (A =
1.54178 A). Data reduction included absorption corrections
with the multiscan method using SADABS (APEX Il software
suite, Bruker-AXS, 2006). The structures were solved by Patter-
son methods and refined by full-matrix least-squares using the
Bruker program SHELXTL.
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