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The single-crystal structure of [Aug(PPh3)g](NO3); was re-
solved for the first time with atomic resolution. The cluster
has crystallographic D, and approximate molecular D, skel-
etal symmetry derived from an icosahedron. Voltammetry of
the Aug clusters in CH,Cl, reveals a 1.78-eV energy gap be-
tween the first one-electron oxidation peak and the first re-

duction peak. The UV/Vis and luminescence properties of
Auy clusters were also investigated. The cluster solid shows
two broad emission peaks at 579 nm and 853 nm, respec-
tively, at room temperature.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Research on gold nanoparticles with a size of a few
nanometres has been of great interest in recent years. Owing
to the spatial confinement of the charge carriers in these
small particles, the valance and conduction bands split into
discrete, quantized electronic levels.'l Thus the electric
properties of these small gold nanoparticles evolve from the
state of bulk continuum to discrete molecular orbital energy
levels, which makes them particularly attractive for applica-
tion in nanodevices and molecular electronics.!”]

Much effort has been directed towards exploring the size
range for gold nanoparticles in which the transition from
bulk to molecular behaviour becomes evident. Transition
from redox molecule-like charging to bulk metal-like
double-layer capacitive charging was observed in voltam-
metric and near-IR studies of different-sized Au clusters
coated with alkanethiolate monolayers.[') With an increase
from 1.1 to 1.9 nm in diameters, the HOMO-LUMO (the
highest occupied and lowest unoccupied molecular orbitals)
energy gap decreases from 0.9 to 0.4 eV. Furthermore, nu-
merous studies have reported photoluminescence in gold
clusters with diameters below 5 nm;[®! this is believed to be
a consequence of quantization of the electronic levels in the
cluster cores and indicates the molecule-like behaviour of
the clusters.

Various methods have been reported for the preparation
of Au nanoparticles. One of the best-known methods of
preparing Au clusters with subnanometre size is using so-
dium borohydride to reduce gold salts in the presence of
triarylphosphanes. Synthesis and characterization of ennea-
nuclear gold clusters [Aug(PArs)s]Y3, where PAr; is a phos-
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phane ligand and Y is a noncoordinating anion, have been
well documented in the literature. Only a few of them
could be crystallized and examined with single-crystal X-
ray diffraction, which enables a precise determination of the
structure of the cluster core with ligand shell. However, the
full X-ray structure of pure [Aug(PPhs)g](NO3); is still un-
known because of the poor crystal quality. This problem
has most recently partially been overcome by forming a
supramolecular intercluster compound consisting of the
Aug(PPh;3)g* cluster and [PW,040]*~ Keggin anions.)

In a previous communication we preliminarily presented
the core structure of [Aug(PPhs)g]**.[% In this report we are
able to present the single-crystal data, and electrochemical
and optical properties of [Aug(PPhs)g](NO3); as a methanol
solvate in full detail. In particular, for the first time the
band gap was determined from the differential pulse vol-
tammetry (DPV) measurements. Furthermore, the mole-
cule-like nature of the Aug clusters was proven by photolu-
minescence measurements at room temperature.

Results and Discussion

Single-Crystal Structure

Although the crystal structures of some Aug clusters have
already been reported in the literature, their precise determi-
nations were generally limited by disordering of the phos-
phane ligands bonded on Au atoms. Furthermore, the soft
potential energy surface that interconnects the skeletal iso-
mers of the cluster compound makes isolating good-sized
single crystals very problematic.”l Therefore, for most
known Aug clusters only the metal core and phosphorus
atoms have been defined. In this work, the preparation of
1 was performed by NaBH, reduction of Au(PPh3;)NO; ac-
cording to a literature method.!®8! After reduction, the red-
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brown residue was copiously washed with tetrahydrofuran
and hexane, yielding a green powder. TEM analyses re-
vealed that larger Au particles, if formed during synthesis
of 1, were washed away in this step owing to their un-
charged cores. As shown in Figure 1, the samples obtained
only contained particles with a diameter of about 1 nm.

Figure 1. TEM image of cluster 1.

Further recrystallization in methanol/ether led to the for-
mation of dark green crystals, which were examined by X-
ray analysis and are shown in Figure 2. The positional pa-
rameters are listed in Table 1, while the selected bond
lengths and angles are summarized in Table 2. The cluster
has crystallographic D, and approximate molecular D,
skeletal symmetry, very similar to [Aug{P(p-CcH4CH3)3}5]-
(PFg)3,18°1 which is derived from the centred icosahedron
by removing a rectangle of four gold atoms. Each unit cell
contains four Aug cluster cations, eight well-ordered nitrate
anions and 16 methanol molecules. A third anion and an
additional solvent molecule per cluster are disordered and
occupy residual voids in the structure. Thus, the composi-
tion of the single crystal examined corresponds to the stoi-
chiometry 1-5CH;OH.

Figure 2. Structure of the [Aug(PPhs)s]’* cluster cation (PLA-
TONU!%) in single-crystal 1:5CH5;OH. Symmetry codes, a: x, 0.5 —
1, z;b:x,05-05-z ¢ -x, 05~z
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Table 1. Atomic coordinates (.,X104) and equivalent isotropic dis-
placement parameters [X 103 (A)?] for cluster 1-5CH;OH.[!

X y z Ueq

Aul 88(1) 1650(1) 1790(1) 23(1)
Au2 533(1) 2555(1) 1310(1) 24(1)
Au3 0 2500 2500 16(1)
P1 144(2) 965(2) 1110(4) 29(1)
P2 1318(2) 2554(2) 777(4) 28(1)
NI 2500 0 3460(3) 82(15)
0Ol 2500 0 2810(4) 150(2)
02 2832(19) 218(18) 3710(3) 158(17)

[a] Uq is defined as one-third of the trace of the orthogonalized
Uj; tensor.

Table 2. Selected bond lengths [A] and angles [°] for cluster
1-5CH;OH. !

Aul-Au2 2.8804(12) Au3-Au2c 2.6746(9)
Aul-Au3 2.7078(9) Au3-Au2b 2.6746(9)
Au2-Au3 2.6746(9) Au3-Aulc 2.7078(9)
Aul-Aul 2.7718(19) Au3-Aula 2.7078(8)
Aul-Au2a 2.8547(12) Au3-Aulb 2.7079(8)
Au2-Au2a 2.7624(17)

Au2-Aula 2.8547(12) Aul-P1 2.292(6)
Au3-Au2a 2.6745(9) Au2-P2 2.271(6)
P1-Aul-Au3 175.45(18) Au2a-Au2-Aula 61.67(3)
Pl-Aul-Aulc 124.96(18) P2-Au2-Aul 119.92(16)
Au3-Aul-Aulc 59.22(2) Au3-Au2-Aul 58.21(2)
Pl-Aul-Au2a 118.40(18) Au2a—Au2-Aul 60.74(3)
Au3-Aul-Au2a 57.40(2) Aula—Au2-Aul  109.19(4)
Aulc-Aul-Au2a  103.14(3) Au2a-Au3-Au2 62.19(4)
Pl-Aul-Au2 119.74(17) Au2a—-Au3-Au2c 118.22(4)
Au3-Aul-Au2 57.09(2) Au2-Au3-Au2c  173.58(3)
Aulc-Aul-Au2 112.41(3) Au2-Au3-Au2b 118.22(4)
Au2a-Aul-Au2 57.59(4) Au2a-Au3-Aulc 109.96(3)
P2-Au2-Au3 147.63(18) Au2-Au3-Aulc  121.57(3)
P2-Au2-Au2a 152.49(18) Au2c-Au3-Aulc  64.71(3)
Au3-Au2-Aula 58.91(2) Au2b-Au3-Aulc  64.06(3)
P2-Au2-Aula 130.31(16) Aulc-Au3-Aula 170.39(3)
Au3-Au2-Aula 58.54(3) Aul-Au3-Aula 119.35(4)

[a] Symmetry codes, a: x, 0.5 -y, z; b: x, 0.5 —», 0.5 — z; ¢: —x, y,
0.5 -z

As shown in Table 2, the radial Au—Au bond lengths lie
in the range 2.6746(9)-2.7079(8) A, which are slightly
smaller than the values, 2.689(2)-2.735(2) A, reported for
[Aug{P(p-C¢H,OCH3)5} g](NO3)5.18 The peripheral Au—-Au
distances are 2.7624(17)-2.8804(12) A, which are larger
than the radial distances and fall in the same range as
2.751(4)-2.899(4) A reported for [Aue{P(p-CcHsOCH5)5}5]-
(NO3)3.1% Using [PW,040]> as the anion and DMF/ace-
tone as the solvent, the single crystal of the [Aug(PPh;)g]**
cluster with a skeleton symmetry close to D,;, was obtained
very recently by Jansen and co-workers.’! They reported
Au-Au distances ranging radially from 2.661(1) to
2.738(1) A and peripherally from 2.788(1) to 2.926(1) A,
where the peripheral Au—Au bond lengths are slightly larger
than those obtained in the present study. The Au-P bond
lengths in 1:5CH3;OH are 2.292(6) and 2.271(6) A, respec-
tively, which are comparable to the peripheral Au-P dis-
tances 2.29(3)-2.33(3) A previously published for the
[Aug(PPh3);](NOs3), cluster.l’]
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UV/Vis Spectroscopy

The diffusion reflectance spectrum of the cluster 1 in the
solid state was recorded with the green crystals recrys-
tallized from methanol/ether and shown in Figure 3. The
spectrum is in good agreement with those obtained from
other Aug green crystals, [Aug{P(p-CcH4Me);}5](BF4); and
[Aug(PPhs)g](BF,)5,1%%! which both have a D, skeletal sym-
metry derived from the centred icosahedron. However,
when the green crystals as-prepared were redissolved in
CH,Cl, and dried on a glass slide in nitrogen, microcrystals
with two different colours, green and red-brown, were ob-
served under the microscope. While the green microcrystals
give the same electronic spectral characteristics as measured
before, the red-brown microcrystals show a different spec-
tral shape, as shown in Figure 3. The latter accords with the
spectrum observed from [Aug{P(p-CcH,OMe);}g](BF,)s,
which contains the centred crown of gold atoms with a clus-
ter symmetry very close to D,..[®®) Mingos and his co-
workers have reported the presence of two skeletal isomers
in [Aug{P(p-C¢H,OMe);}g](NO3); cluster compounds.®]
Jansen et al. also obtained [Aug(PPh;)g](PW,040); with
two skeletal geometries by using a different combination of
solvents.’] Unfortunately, here we did not obtain the gold-
brown crystals with a quality good enough for X-ray crys-
tallographic measurement.

Abs (a.u.)

300 400 500 600 700 800
Wavelength /nm

Figure 3. Diffuse reflectance spectra for cluster 1 in the solid state:
(a) green crystals and (b) red-brown microcrystals.

For the Au clusters in solution state, the optical response
in UV/Vis spectra has been widely used to probe their size-
dependent electronic structures. With a size over 2 nm, the
Au nanoparticles usually exhibit a surface plasmon band in
the absorption spectra. When the particle sizes are less than
2 nm, the surface plasmon band becomes obscure, and fi-
nally only a smooth spectrum with absorbance increasing
exponentially from the visible to the ultraviolet region can
be observed.!'>!%] When the particle sizes further decrease
to subnanometre range, the discrete peaks emerge in the
UV/Vis spectra.l’]

Cluster 1 prepared in this work showed an identical op-
tical spectrum in solution to the data published before.[”-!1]
As shown in Figure 4 (a), four discrete peaks were ob-
served, indicating the presence of molecule-like electronic
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levels. The spectra are generally attributed to the intramo-
lecular transitions of the Aug(PPhs)g** cluster framework.
By assuming a D, skeletal symmetry of the Aug(PPhs)g>*
cluster in solution the same as that of the green crystals,
Jaw and Mason!'!4l interpreted the electronic absorption
and magnetic circular dichroism (MCD) spectra in the UV/
Vis range 607-278 nm with a simple molecular orbital
(MO) scheme, which was primarily based on ¢ Au-Au in-
teraction from 6s orbitals. Previous reports have suggested
that these molecule-like transitions are extremely sensitive
to the cluster core size and geometry, but not sensitive to
the variation of phosphanes and anions.[”] Therefore these
optical spectra are very helpful to analyze the core nu-
clearity of clusters in solution and to track the process of
cluster degradation or aggregation reactions. In the present
work, two ligand exchange reactions with cluster 1 were
carried out to examine the stability of the Au core and ex-
plore the feasibility of replacing the bulky triphenyl phos-
phane ligands on the cluster surface.

Abs. (a.u.)

700 800

500

Wavelength / nm

300

Figure 4. Electronic spectra of cluster 1 (a) in CH,Cl,; (b) after
ligand exchange with TPPMS, in H,O; (c) after ligand exchange
with propanethiol, in CH,Cl..

Parts b and ¢ of Figure 4 illustrate the spectral differ-
ences of the cluster solution after ligand exchange with tri-
phenylphosphane monosulfonate sodium salt (TPPMS) and
propanethiol, respectively. The dissociative mechanism has
been suggested previously when introducing new phos-
phane ligands to the [Aug(PPhs)g]** cluster solution.l-!%]
Similarly, here a cluster solution with a UV spectrum con-
sistent with that of Aug was obtained after a two-phase li-
gand exchange with TPPMS. The obtained water-soluble
cluster solution showed one singlet resonance in 3'P{'H}
spectra at 0 = 54.5 ppm in D,O. As thiols usually have a
more intensive interaction with gold than phosphanes,[!'3l a
liable ligand exchange is expected to occur after introducing
propanethiol to a cluster 1 solution. In the course of our
studies, it is also observed that during the exchange process
the original gold core changes. As shown in part ¢ of Fig-
ure 4, the spectrum after ligand exchange exhibits charac-
teristics similar to those reported for thiol-stabilized Au;,;
clusters.['4]

Photoluminescence

In addition to the UV/Vis absorbance studies, the lumi-
nescent spectra of cluster 1 in the solid state as well as in
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CH,Cl, were also recorded. The near-IR luminescence of
small gold-containing clusters has been reported be-
fore,[32-3b-151 which makes them promising for application in
nanophotonics devices and as luminescent probes in medi-
cal imaging. The subnanometre clusters exhibit lumines-
cence with higher quantum yields than the larger clusters
because of their large energy-level gaps, which limits the
contribution of nonradiative processes in relaxation. Fig-
ure 5 presents the photoluminescence spectrum of the solid
at room temperature with an excitation at 532 nm. Two
broad emission peaks were observed at 579 nm and 853 nm,
respectively.
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Figure 5. Emission spectrum of the cluster solid of 1 (excitation at
532 nm).

In previous work, Yam et al.l'>¢13 reported a dual lumi-
nescence centred at 500 nm and 700 nm for polynuclear
Au'-sulfido complexes with up to 12 Au atoms. Similarly,
El-Sayed and Whetten also observed a very broad emission
from a glutathione-stabilized Au,g cluster, which covers the
visible to infrared range (620-1550 nm) with two maxima
at around 800 and 1100 nm, respectively.*?! In both works,
the long wavelength emission was assigned to the phospho-
rescence originating from a triplet excited state of the Au
clusters, while the short wavelength emission was attributed
to the fluorescence from a singlet excited state. Recently,
Bruce et al. observed an emission centred at 540 nm at 77 K
with a metallamacrocyclic phosphane Auy thiolate cluster,
whereas at room temperature this emission becomes very
weak.['%8] In a very recent work Huang et al. reported the
broad fluorescence of 2-nm Au clusters in solution with
high quantum yield."'>8l While we observed the two broad
emission peaks in the solid, in solution only a very weak
emission signal at 630 nm could be recorded. The lack of
the longer wavelength emission might be related to the
structural isomerization the cluster undergoes in solution.
A detailed analysis of this phenomenon will be part of our
future work.

Electrochemistry

Cyclic (CV) and differential pulse (DPV) voltammetries
have been widely used to investigate the properties of highly
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monodisperse semiconductor and metal nanoparticles, es-
pecially in order to evaluate the HOMO-LUMO energy
gaps, which can be determined by the first oxidation and
reduction peaks. As shown in Figure 6, a series of well-de-
fined charging peaks are noticeably illustrated for cluster 1
in the potential range —2.0 to +2.0 V.
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Figure 6. Cyclic and differential pulse voltammograms of 1.0 mm
cluster 1 solution in CH,Cl,, with 0.1 M tetrabutylammonium hexa-
fluorophosphate (TBHF) as a supporting electrolyte. The CV po-
tential scan rate was 50 mV. The pulse amplitude was 50 mV.

The DPV voltammogram is in accordance with the CV
data, but with a higher accuracy to resolve the redox cur-
rent peaks because of the minimization of the charging-cur-
rent effect. The distinct peaks shown in Figure 6 are as-
cribed to the discrete charging of the cluster molecules at
the electrode surface. In an early report, van der Linden et
al. performed a detailed electrochemical study of two-elec-
tron reduction of the Aug(PPhs)g(PF¢); cluster in various
solvents.'® By controlled potential electrolyses in acetoni-
trile at —0.60 V (vs. Ag-AgCl, 0.1 m LiCl-acetone), the un-
ipositive Aug(PPh3)sPF cluster was obtained from the cor-
responding 3+ ion with a skeletal symmetry change from
D»;, to D3, where the potential is identical to the first re-
ductive peak of cluster 1 observed in the present work, that
is, —0.64 V (vs. Hg/Hg,Cl,, saturated KCI). Furthermore,
according to the DPV curves in Figure 6, a substantial elec-
trochemical gap of 1.78 eV can be easily derived from the
first oxidation and reduction peaks, occurring at about
1.14 V and -0.64V, respectively. This rather substantial
spacing has been observed in numerous small-sized Au clus-
ters and been accounted for by the emergence of a “mole-
cule-like” HOMO-LUMO band gap in the nanoclusters
with subnanometre dimensions.['&140:17&.170] yang and
Chen investigated the HOMO-LUMO gap of Auy; clusters
stabilized with triphenylphosphane and found the value in-
creased from 1.4 to 1.8 eV after ligand exchange with do-
decanethiolate ligands.['*?! Quinn and co-workers reported
a 1.2-eV gap from a hexanethiolate-coated Ausg cluster ac-
cording to the voltammetric measurements.['’l Previously,
the electrochemical gaps for Auy;[PPhs]4(SR),Cl, and
109
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Au5[PPh;]4(SR), were reported to be 1.6-1.7 eV,['7] while
for Au;;Cl3(PPh;); it was 1.41 eV and after ligand exchange
with n-dodecanethiols it increased to 1.76 eV.'*Pl Herein,
the voltammetry studies of cluster 1 show an almost iden-
tical electrochemical gap to that previously reported for the
Auy; cluster.

Conclusion

The single-crystal structure of the [Aug(PPhs)g](NO3);
cluster was determined to be a green tetragonal modifica-
tion that contains a cation that has D, skeletal symmetry
derived from a centred icosahedron. The optical data and
electrochemistry characterization revealed its molecule-like
nature and a 1.78-eV HOMO-LUMO energy gap. Lumi-
nescence measurements of the cluster solid give two broad
emissions with maxima at 579 and 853 nm, respectively.
UV/Vis spectra of the cluster in solution after ligand ex-
change with TPPMS and propanethiol show characteristics
observed earlier in Aug and Auy; clusters respectively. As
the electronic structure small gold nanoparticles evolve
from the state of bulk continuum to discrete molecular or-
bital energy levels with decreasing size, such clusters may
be attractive for application in nanodevices and molecular
electronics.

Experimental Section

Auy Cluster Preparation: According to ref.®d, NaBH, (0.018 g,
0.48 mmol) in ethanol (23 mL) was added dropwise into Au(PPhs)-
NO; (1.0 g, 1.9 mmol, prepared according to literature!!®)) in etha-
nol (40 mL) whilst stirring. The mixture was stirred at room tem-
perature for 2 h and then filtered. The dark red-brown filtrate was
dried in vacuo and then dissolved in methylene dichloride (5 mL).
After filtering and solvent evaporation under vacuum, the residue
was washed with tetrahydrofuran and hexane. Finally drying in
vacuo gave 0.27 g of green powder, [Aug(PPhs)g](NOs); (1). The
3SIP{'H} spectrum of cluster 1 in CD,Cl, gave one singlet at § =
56.9 ppm. The crystal suitable for X-ray analysis, 1-5CH;OH, was
obtained by a slow diffusion of diethyl ether into a cluster solution
in methanol.

Structure Determination: Data were collected with Mo-K,, radiation
(graphite monochromator, 2 = 0.71073 A) on a Bruker SMART
DS goniometer equipped with an APEX CCD detector; crystal size
0.34X0.23X0.15 mm, 7 = 153(2) K. Crystal data for 1-5CH;OH:
Ci49H 140AugN30,4Pg, formula mass 4217.10, orthorhombic space
group Cece, a = 25.786(2), b = 27.378(3), ¢ = 19.2452(19) A, V =
13587(2) A3, Z = 4, dycq = 2.062 mgm™3, linear absorption coeffi-
cient 9.836 mm™!, F(000) = 7992, 74317 reflections with -30 < h =
31, 23 = k = 33, -14 = [ = 23, w-scans, 20,,,« = 51°, multiscan
absorption correction!'®?! (min. transmission 0.08, max. trans-
mission 0.23), Ry, = 0.1571. The structure was solved by direct
methods.[1% After assignment of the well-ordered electron-density
maxima, a large void (103 A3) at Wyckoff position 4b remained;
the BYPASS procedurel’® as implemented in PLATON!% indi-
cated the presence of 59 electrons. Electron count and volume are
in agreement with one nitrate anion and one molecule of solvent
methanol per void; the overall composition matches the microana-
lytical data obtained for a crystalline sample. Refinement with full-
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matrix least-squares on F2,[1%I anisotropic displacement parameters
for Au and P, isotropic refinement for C, N, O, H atoms in structure
factor calculations, convergence for 202 variables at wR, = 0.2376
(6336 reflections), R; = 0.1106 [6093 observations with I > 2a(1)],
gof = 1.268, residual electron density close to Au, +7.428/
—4.387 A

Ligand Exchange Reaction Between 1 and Triphenylphosphane
Monosulfonate Sodium Salt (TPPMS): A solution of TPPMS
(7.5mg, 1.9 X102 mmol) in H,O (3 mL) was added to a solution
of cluster 1 (10 mg, 2.4 X 103 mmol) in CH,Cl, (3 mL) and stirred
at room temperature until the colour in the organic phase com-
pletely vanished. The red aqueous phase was ready for further use.

Ligand Exchange Reaction Between 1 and Propanethiol: A solution
of propanethiol (13.5mg, 1.7 10~ mmol) in hexane (2 mL) was
added to a solution of cluster 1 (8.0 mg, 1.9 X 103 mmol) in meth-
anol (2mL) and stirred at room temperature overnight. The
colourless hexane layer was decanted and the dark brown methanol
layer was dried in vacuo. After washing twice with ether and final
drying, the solid was ready for further use.

Electrochemistry: Electrochemical analysis of 1 was performed with
a Potentiostat Galvanostat Model 283 (Princeton Applied Re-
search) using a platinum working electrode (diameter 1.0 cm), a
platinum wire auxiliary electrode and a Hg/Hg,Cl, (saturated KCl)
reference electrode in an electrolyte solution of tetrabutylammo-
nium hexafluorophosphate (TBHP) (0.1 M) in methylene dichlo-
ride. All measurements were conducted at room temperature.

UVIVis Spectroscopy: UV/Vis spectra were collected with a J&M
Tidas UV/Vis (Zeiss Axioplan 2) spectrometer. For the diffuse re-
flectance spectra of the microcrystals, cluster 1 was dissolved in
methylene dichloride first and then dried on a glass slide in nitro-
gen.

Luminescence Spectroscopy: Photoluminescence spectra were taken
on a luminescence spectrometer with a Nd:VOy-laser source and
an imaging Czerny-Turner monochromator. The sample was
placed under a confocal microscope.

Transmission Electron Microscopy: Transmission electron micro-
scopy (FEI Tecnai F20) was used to determine the particle size of
cluster 1. The sample was dissolved in ethanol and then transferred
onto TEM grids coated with an ultrathin carbon layer.

CCDC-645243 (for 1:5CH;0OH) contains supplementary crystallo-
graphic data. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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