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Gold L; edge EXAFS has been used to study the coordination environment
of gold atoms in the cluster molecule Augs(PPhs);12Cle. The mean coordi-
nation of 7 by other gold atoms is consistent with a 3-shell cuboctahedral
structure for the Augs cluster. The first direct measurement of the Au-Au
distance in this cluster shows that the spacing is significantly shorter than
that in bulk metallic gold and is consistent with calorimetric work which has
shown the Au-Au interactions are stronger in the cluster than in bulk gold.
There is no evidence to suggest a significant spread of Au-Au distances
in Augs(PPh3)12Cle, in contrast to lower-nuclearity gold cluster molecules
which have peripheral Au-Au distances typically 0.2A longer than those to

interstitial gold atoms.

1 Introduction.

The molecular compound Augs(PPhj);2Clg is prepared
by reduction of (PPh3)AuCl with B,Hg in benzene. It
has been characterised by methods including microanal-
ysis and molecular weight determination using sedimen-
tation measurements. 7Au Mossbauer spectroscopy
has shown the presence of different Au sites consistent
with the proposed structure of a cuboctahedron with
three concentric shells of metal atoms®?, Images corre-
sponding to 55-atom Au particles viewed along < 110 >
directions have been observed by high resolution elec-
tron ‘microscopy®. This compound therefore represents
an important molecular model for a small particle of
Aut, .

There is increasing interest in the electronic struc-
ture of molecular metal clusters of this type®. Some of
the spectroscopic® and electrical® properties of
Augs(PPhs)12Cls have been found to be intermediate
between those of lower-nuclearity gold clusters and col-
loidal gold.

However, Augs(PPhs)12Cle can be obtained in the
solid state only as an amorphous powder unsuitable for

X-ray crystallographic study. Consequently its molecu- h

lar structure has not been directly determined and, in
particular, no interatoniic distances for the cluster have
been available.

We have therefore used EXAFS to determine di-
rectly the coordination environment of the gold atoms
in this molecule.,
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2 Experimental.

Two samples of Augs(PPhy);,Cls prepared at different
times were ground to a fine powder and diluted with
boron nitride powder so that any inhomegeneities in ab-
sorption across the area of the incident X-ray beam were
minimised. The resulting mixtures were held in sample
mounts consisting of 1mm thick aluminium plates into.
which a 5mm square aperture was cut. The optical path
length of the X-rays transmitted through the sample
was adjusted by stacking the sample containers to give
a step of approximately unity in pt at the absorption
edge.

The EXAFS measurements, at the Au L3 edge were
performed, at room temperature in air, on beamline 7.1
at the SRS, Daresbury Laboratory (DL). Monochroma-
tion of the incident X-ray beam was achieved using a
double crystal Si(111) monochromator allowing rejec-
tion of higher order harmonics. Full beamline specifica-
tions are given elsewhere®.

. In addition the measurements made
Augs(PPhs)12Cls an experiment was performed on a 10pum
thick gold foil. The measurements made on this stan-
dard sample served three purposes, firstly the spectrum
of the foil was used for monochromator calibration. Sec-
ondly the spectrum of the reference material was used
for validation and empirical modification of the theoret-
jcally calculated electron phaseshifts used in the data
analysis and finally the structural parameters obtained
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from bulk gold are useful for comparison with those
measured for Augs(PPhs)12Cls.

3 Data Analysis.
~ (i) Background subtraction.

The oscillatory part of the X-ray a.bsorptlon coeffi-

cient is defined as

_ WE) - uolB)

x(E) W(E) M
where uo(E) and p(E) are the atomic absorption coef-
ficients associated with the ejection of a core electron
in an isolated atom and in an atom in the material of
interest respectively. E is the energy of the photoelec-
tron. The background subtraction and normalisation
required to reduce the experimentally measured spec-
trum to x(E) was achieved using the software package
EXBACK? available at DL. Firstly the edge position is
established from the position of the primary maximum
in the first derivative of the absorption spectrum. Next
the pre-edge background is fitted to a first order polyno-
mial over a selected energy range, the function obtained
is then extrapolated over the whole experimental energy
range, this background can then be removed. A smooth
function for o(E) is obtained using a spline procedure
in which three coupled, cubic polynomials are fitted to
the post-edge spectrum. The knot positions are varied
_ interactively until an acceptable function for po(E) is
obtained, special care being taken to ensure that the
smooth background does not echo any of the frequency
components of the EXAFS.

(ii) Data Fitting.

After background subtraction and normalisation the
theoretical EXAFS function, x(k), a simplified version
of which is given in equation 2,

n

x(k) =

i=1 4

was fitted to the experimental spectrum using the rapid
curved wave theory!! implemented in the computer pro-
gram EXCURV88!?, Here k = @ is the magnitude of
.the photoelectron wave-vector. The summation in equa-
tion 2 refers to the number of atomic coordination shells
contributing to the EXAFS, N; is the number of atoms
of type i occupying a shell of radius R;. A; is an effec-
tive Debye-Waller factor giving a representation of the
static and thermal disorder of the system via a Gaussian
distribution in interatomic spacings. The Debye-Waller
factor is related to the mean square deviation in bond
length o (and hence the width of the Gaussian distri-
bution) by

A=2g% - (3)

§ and 9 are photo-electron phase-shifts, f(w,k) is the am- -

plitude of the photo-electron backscattering factor and
the parameter VPI is the imaginary part of the photo-
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electron self energy representing the effective mean free
path of the photoelectron. An additional parameter in-
cluded in the fitting procedure is an energy zero term,
Ejs, which accounts for any offset in the zero of the ki-
netic energy of the photoelectron from the position of

" the absorption edge.

Phase-shifts for both absorbing and scattering atoms
were calculated using EXCURV88 and were then mod-
ified empirically using the spectrum of the Au foil to
give good agreement with the known structure of bulk
Au. Transferability of the phase-shifts between the Au
and the Aug; samples was assumed.

Experimental spectra weighted by k3 and best fits
for bulk Au and both the Augs samples are shown in
figure 1. Also shown in this figure are the radial dis-
tribution functions (RDFs) obtained by Fourier trans-
formation of the EXAFS functions. To minimise trun-
cation effects caused by transforming over a finite data
range a Gaussian window was using in the Fourier pro-
cess. Changing the range over which transformation is
performed is useful in distinguishing between real and
spurious peaks in the RDF.

(iii) Error Analysis.

As some of the parameters evaluated in the fitting
procedure are strongly correlated, care must be taken
when estimating experimental errors. In figure 2 we
show the relation between the fit index, FI, defined as

1 NPTS 2
FI% NPTS. ; (X(k)eap — X (K )theory) (4)

and some correlated structural parameters. As an esti-
mate of the errors mherent in the experiment we have
used the criterion

FITIH"
o = 0.96 (5)

Zkl;lz’zszn(2k12,+26+¢.)|f(7r,k)[ezp (Aik?)exp—

2VPDE;
—% @

shown as the bold contour in figure 2. This has been de-
rived from statistical considerations!® and gives a 95%
probability that the correlated parameters lie within the
region illustrated.

4 Discussion.

(i) Coordination number of the Au atoms.
The measured mean coordination numbers for the

Au atoms in the Augs(PPh;);2Cls clusters are 7.0,7.332.5.

This coordination number is an average taken over all
of the Au sites in the cluster. The individual atoms in
the cluster exhibit a variety of first neighbour coordi-
nation numbers depending on their positions. Assum-
ing the cuboctahedral structure proposed for the core!
and supported by Mossbauer spectroscopy 613 there are
5 distinct Au sites. Details of these sites and the coor-
dination of the respective Au atoms are given in table
2.
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EXAFS data for bulk Au and the tw:) ‘Augs cluster samples. The no'ta.tion
is that used in equation 2. :

Parameter . Bulk Au Augs sample 1 Augs sample 2
R(A) '2.884:0.02 2.76+0.02 2.784-0.02
N 12.3+1 . 7.3+2.5 7.0+£2.5

A 0.0144-0.003  0.02340.004 0.02240.004

Table 2. Gold sites in the core of Augs(PPhs);2Cls.

Gold site Occupancy of site Near neighbour coordination
- PPhg 12 . : 5
Unbonded surface 24 7
Cl . 6 8
Central atom 1 12
2nd central shell ; 12 : 12

Table 3. Average first neighbour coordination numbers for some cubocta-
hedral and icosahedral structures.

No. of shells No. of atoms Cuboctahedral Icosahedral
2 13 5.54 6.46
3 55 7.85 8.51
4 147 8.98 9.47










