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The location of the Pd atoms in Pd,Auss(SC,H4Ph)2s, is studied both experimentally and theoretically. X-ray photoelectron

www.rsc.org/

spectroscopy (XPS) indicates oxidized Pd atoms. Palladium K-edge extended X-ray absorption fine-structure (EXAFS) data

clearly show Pd-S bonds, which is supported by far infrared spectroscopy. By comparing theoretical EXAFS spectra in R

space and circular dichroism spectra of the staple, surface and core doped structures with experimental spectra.

Introduction

Interest in atomically precise and well defined gold
nanoclusters (Au,(SR)) has greatly increased in recent years,
due to their unique size-specific physical and chemical
properties.1 These clusters typically consist of a symmetric
metal core protected by multiple gold-thiolate staples -SR-(Au-
SR-), (n=1,2). Recent studies furthermore showed even longer
staples such as Au3(SR)42, Au4(SR)53 or AuS(SR)54A Extended
studies have been performed focusing on the synthesis,
characterization and properties of these gold nanostructures.
Particularly stable clusters were found to be Au25(SR)18,5’ 6
AUBS(SR)24:7 AU40(5R)24,8' AU102(5R)44,1O and A'-1144(5R)60,11
although later a large number of stable clusters has been
found (see examples in">™ and in the recent book devoted to
this field"?).

Recently heteroatom doping of gold nanoclusters has been
introduced,zo' 1 which represents a viable strategy to study the
sensitivity of physical-chemical properties of the nanoclusters
towards replacement of a single or few gold atoms by other
metals.2*?* Furthermore, it provided the possibility of fine-
tuning the properties of these Au,(SR)n clusters.”*?® Several
well-defined bimetallic clusters have been studied recently
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with single or multiple doping atoms (Pd, Pt
23,36-38 [, 39
Ag, Mn~).

Application of these doped-thiolate gold nanoclusters requires

Cu,

the understanding of the atomic structure and determination
of the exact position of the foreign (dopant) atoms. Highly
selective synthesis protocols or separation techniques are
critical in order to obtain high purity samples of the metal
clusters for structure studies.*® In addition to these challenges,
it is also difficult to obtain single crystals of the atomic precise
doped gold nanoclusters to confirm the dopant location by
XRD. Few crystals of doped gold nanoclusters (Au,s,M,(SR);g,
M: Cd, Cu, Ag, x=1-13, Au1,Ag3,(SR)30 and [AU12+nCU32(SR)30+n]4-)
have been obtained.’”” *** Furthermore, the crystallization
process may favour certain structures of a mixture thus biasing
the  structure Experimentally,
spectrometry (MS) and extended X-ray absorption fine
structure analysis (EXAFS) are powerful alternatives to study

determination. mass

the composition and local geometric structure of doped
nanoclusters respectively without the need to crystallize the
samples.%' 47 %8 Structures of the parent thiolate protected
gold clusters (AU25(SR)18,49 Au38(SR)247 and Auloz(SR)MSO) have
been confirmed by X-ray crystallography. With respect to the
which are thought to have
structures analogous to the parent gold clusters, the most
intriguing question is the dopant
extensively studied clusters so far are doped Au,s(SR)is

respective doped clusters,

location. The most
nanoclusters, which have three principle possible dopant
positions: (1) in the staples; (2) in the icosahedral shell; and (3)
in the center site. EXAFS analysis support the center dopant
location of monodoped PdAu24(SR)183° and PtAu24(SR)1851' 32
clusters, which are also computationally the most stable. In
multi-doped Au,s(SR)1g clusters, Ag,Au,s,(SR)1s and Cu,Au,s.
«(SR)1s, only a mixture (different x) could be isolated. For
clusters with high mixing ratio x, Ag,Au,s,(SR):g (x<13) and
Cu,AuU,5.,(SR)15 (x<5), Dassg7, Jin®® and Negishi24 reported that
the dopant preferentially occupied the shell of the icosahedral
core. Nevertheless, when the mixing ratio is reduced, Cu
atoms are confirmed by EXAFS to be at the theoretically less
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favored staple sites of Cu,Au,s.,(SR)15 (x=1) due to stabilization
of Cu at these positions in oxidative synthesis and storage
condition.*®

Ausg(SC,H4Ph),, nanocluster has received particular interest
for its well-defined structure and intrinsic chirality.54 It
comprises a bi-icosahedral Au,; core, three monomeric and six
dimeric protecting staples.7 Negishi et al. performed the
synthesis and isolation of Pd,Auss(SC,H4Ph),4 nanocluster by
Size Exclusion Chromatography and preferential
decomposition of side products.32 The doped cluster gives rise
to higher stability compared to Ausg(SC,H4Ph),, against
decomposition in THF. The structure in which the two Pd
atoms are located in the center of the icosahedron is
computationally most stable structure. However, no direct
experimental analysis has been reported so far to support the
center doped structure. Our group recently reported the
enantioseparation of Pd;Auss(SC,H4Ph),, clusters.*® Compared
to Ausg(SR),4, Pd doping significantly changed the features in
the circular dichroism spectrum. The doped cluster showed
racemization at lower temperature, indicating a more flexible
Au-S interface.

In this contribution we study the location of the Pd dopant in
atomic precise Pd,Aus6(SC,H4Ph),4 nanocluster. A series of size
exclusion chromatography (SEC) and high performance liquid
chromatography (HPLC) separations have been performed to
isolate the doped cluster. New staple vibrations in the far
infrared (FIR) spectra and oxidized Pd in X -ray photoelectron
spectroscopy (XPS) indicate Pd-S bonds. The location of Pd
atoms in Pd,;Ausg(SC,H4Ph),, was further studied by density
functional theory (DFT) calculations and Pd K-edge EXAFS. We
performed geometry optimization, UV and circular dichroism
(CD) spectra calculation and EXAFS fitting for three structures
with the two Pd atoms doped inside the Ausg core, on the core
surface or in the staples. DFT calculations predicted that
doping inside the core is much more stable. However, both
time-dependent density functional theory (TDDFT) calculations
of the CD spectra and EXAFS fitting suggested that the
calculated center doped structure and long staple doped
structure contributed to the experimental data. EXAFS fitting
suggested a mixture of 46% core doped structure and 54%
staple doped structure in the Pd,Aus6(SC,H4Ph),4 sample.

Experimental

Synthesis and isolation of Pd,Auz¢(SC,H,Ph),, clusters

The synthesis and separation procedure in order to obtain
highly pure palladium doped cluster was described in our
previous work.*® Briefly, Pd,Auss,(SR).4 (x = 1,2) clusters were
synthesized following an adapted protocol based on the work
of Negishi et al®® The main difference to the previous
synthesis concerns the purification steps. After extraction of
the crude product with acetonitrile (separation of
PdAu,4(SC,H4Ph),g clusters), a second extraction with acetone
is performed in order to completely remove Au,s(SC,H4Ph) 5 .
Then the nanoclusters were isolated in a gel permeation
column (GPC/SEC)* followed by HPLC separation steps, till the
collected samples  showed only the signal of
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[Pd;Au36(SCyH4PN),4]" in the matrix-assisted laser desorption
ionization mass spectrometry (MALDI-TOF) analysis.

UV-vis spectra were recorded on a Varian Cary 50
spectrometer. Quartz cuvettes of 10 or 5 mm path length were
used (solvents: methylene chloride and toluene). MALDI-TOF
mass spectra were obtained on a Shimadzu Biotech Axima
mass spectrometer in linear mode. DCTB was used as matrix.
(see supporting information for synthesis description and
characterization of the pure sample).

Positive-mode Electrospray lonization Mass Spectrometry
(ESI) measurements

ESI mass spectra were acquired on ESI-qTOF QSTAR Elite
equipped with an API 200 TurbolonSpray ESI source (ABSciex).
A 0.4mM toluene solution of Pd,Aus¢(SC,H4Ph),, was prepared.
To this solution, stock solution of cesium acetate (5 pL of 50
mM CsOAc in methanol) and additional methanol were added
to obtain a final sample concentration of 188uM. The solution
was infused into the ESI source at a flow rate of 5 puL/min. The
parameters were optimized to get maximum abundance of the
ions under study. Room-temperature nitrogen was used as
nebulization (25 psi) and as curtain gas (18 psi). The ion-source
voltages of 5.5 kV for capillary, 225V for the oriface plate
(declustering potential), 5V as potential difference between
skimmer and pre-quadrupole, and between 250 V for the
potential difference between the focusing ring and pre-
quadrupole were used. Accumulation delay of 3s, ion release
delay of 6 ms and ion release width of 5 ms were used. Each
spectrum was an average of spectra collected within 5 min,
each of these containing 40 individual scans that were
averaged before being sent from the instrument to data
system. The measurement and data handling was
accomplished with Analyst® QS 2.0 Software. Mass spectra
were externally calibrated by using ESI Tuning mix (Agilent
Technologies). The monoisotopic resolution was not obtained,
but the charge states of the ions were determined by
characteristic Cs* mass differences and by comparison of the
peak shape to the shape of theoretic isotopic distributions. The
compositions of the ions were finally verified by comparing
experimental m/z values with the theoretical ones.

High Resolution Transmission Electron Microscopy (HRTEM)
measurements
Microstructural  characterization by  High  Resolution
Transmission Electron Microscopy (HRTEM) was performed at
an accelerating voltage of 200 kV in a JEOL 2010F instrument
equipped with a field emission source. The point-to-point
resolution was 0.19 nm and the resolution between lines was
0.14 nm. Samples were dispersed in toluene in an ultrasonic
bath. Images were not filtered or treated by means of digital
processing, and they correspond to raw data. A minimum of
300 particles were measured in each sample for particle size
determination. The size limit for the detection of nanoparticles
was about 0.8 nm. The average particle diameter was
calculated from the mean diameter frequency distribution
with the formula: d=Zn;di/Zn;, where n; is the number of

particles with particle diameter d; in a certain range.

This journal is © The Royal Society of Chemistry 20xx
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X-ray Photoelectron Spectroscopy (XPS) measurements

X-ray photoelectron spectroscopy (XPS) was done on a SPECS
system equipped with an Al anode XR50 source operating at
150 mW and a Phoibos MCD-9 detector. The pressure in the
analysis chamber was always below 107 Pa. The pass energy of
the hemispherical analyzer was set at 25 eV and the energy
step was set at 0.1 eV. Samples were dissolved in toluene and
drop-casted directly over the sample holder. Data processing
was performed with the CasaXPS program (Casa Software Ltd.,
UK). The binding energy (BE) values were referred to the C 1s
peak at 284.8 eV. Atomic fractions (%) were calculated using
peak areas normalized on the basis of acquisition parameters
after background subtraction, experimental sensitivity factors
and transmission factors provided by the manufacturer.
Background subtraction was done with Shirley background.

Far Infrared Spectroscopy

FIR spectra were recorded on a Bruker Vertex 80sv Fourier
transform IR spectrometer. Measurements were performed in
vacuum at a resolution of 4 cm™ by averaging 200 scans. A
Mylar 6 mm multilayer beamsplitter was used. The samples
were dissolved in dichloromethane, spread over a silicon
window substrate and dried.

Calculations

Calculations were done with density-functional theory (DFT),
real-space grid based projector-augmented wave code-
package GPAW, that includes scalar-relativistic corrections for
gold-setup.ss’ *% Structural relaxation of staple, surface and
core doped szAu36(SC2H4Ph)24('2) clusters were done using 0.2
A grid spacing, 0.05 eV/A convergence criterion for maximum
forces acting on atoms, and local density approximation (LDA)
xc-functional.”” Optical absorption and CD spectra were
calculated using Casida formulation of linear response time-
dependent DFT (TDDFT), 0.25 A grid spacing and PBE (Perdew-
Burke-Enrzerhof) functional.*®®°

X-ray Absorption Fine Structure (XAFS) measurements and
fitting approach

X-ray absorption fine structure (XAFS) measurements at the Pd
K-edge (24.35 keV) were carried out at the Super-XAS
beamline at the Swiss Light Source (Villigen, Switzerland). A
solid sample of Pd,Auss(SC,H4Ph),, was dissolved in a small
volume of dichloromethane and the concentrated solution was
drop-cast onto scotch tape and dried. The spectra were
measured in fluorescence mode using a five element silicon
drift detector. The fitting procedure was performed by Ifeffit
software suite®’. The EXAFS spectra were background
corrected and normalized, and the resulting K weighted EXAFS
spectra were Fourier transformed from 3-10 A A two shell
EXAFS (Pd-S and Pd-Au) fit was performed for the
Pd,Aus6(SC,H,Ph),, spectra. A FT-EXAFS window of 1 to 3.5 A
was used for the fitting. The SOZ was fixed at 0.86(deduced
from the fitting of the Pd foil). In each structure, all R-values
were correlated and all other parameters (E, and 02) were

This journal is © The Royal Society of Chemistry 20xx

allowed to run free, except coordination number (CN) that was
fixed based on the theoretical calculations. The EXAFS data of
Pd,Aus6(SC,H4Ph),, were simulated based on the optimized
structure from DFT calculations. The simulated data of each
structure was the sum of all scattering paths generated by
FEFF calculations. The location of the Pd dopant was
determined by comparing the simulated EXAFS spectra with
the experimental one. The EXAFS data of the staple doped and
center doped mixture were fitted with 2 Pd-S scattering paths
for the first structure and 12 Pd-Au scattering paths the
second one. The molar ratio between the two structures was
calculated accordingly.

Results and Discussion

As described before,33 the second enantiomer of
Pd,Aus6(SC,H4Ph),4 (E2) can be obtained in high purity by
chromatography separation, which was confirmed by MALDI,
UV and CD studies (Supporting information). In order to
explore the cluster composition, ESI-MS analysis was
performed. The positive-mode ESI spectrum in Figure 1 shows
three cationic species of Pd,Auss(SC,HsPh),s by different
number of Cs” cations attached. The most abundant peak with
the m/z of 10729.38 can be assigned to [Pd,Aus5(SCoH4Ph),, +
Cs]’, which indicates a neutral cluster. The theoretical isotopic
distribution for that ion (red solid lines in Figure S2) is
consistent with the experimental peak shape. The existence of
1- cluster charge was also shown as a minor peak at m/z value
of 10862.43, which is related to [Pd,Aus¢(SCHPh),, + 2Cs]”.
Small peaks for [Pd,Auss(SC,H4Ph),4]" ion (m/z 10596.88),
[Pd,Auss(SC,HsPh),s +  Cs]® ion  (m/z 10487.16) and
[PdAus5(SC,H4Ph)5,]" ion (m/z 10687.14) could also be found.
The only plausible electrochemical oxidation process in
positive-mode ESI measurements ruled out the possibility of
forming 1- cluster charge during the measurement.”? This
suggests there are some negative cluster charge state species

in the Pd,Aus(SC,H4Ph),, sample.
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Figure 1. Positive polarization ESI-MS spectrum of Pd,Ause(SC,HsPh). inset:
HRTEM image from Pd,Ause(SC,H4Ph)y, sample.
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The observation of neutral and 1+ charge states may have
several origins including: (1) oxidation of negatively charged
species during ESI measurement, (2) presence of
Pd,Aus6(SC,H,4Ph),, isomers with different Pd dopant locations
in the sample.

Complementary high
microscopy (HRTEM) studies confirmed the high homogeneity
of the sample. A general view of Pd,Aus5(SC,H4Ph),, clusters is
shown in Figure 1 inset. The distribution of particle size is very
narrow and centered at about 0.9 nm (98% of all particles are
within the range 0.8-1.1 nm). Particles are round-shaped and
lattice fringes are

resolution transmission electron

neither sharp edges nor well-defined
observed in the HRTEM images. The small size of the particles
and the presence of the thiol ligands prevented any EDX or
EELS analysis.

XPS / Normalized Intensity

- - - - Experimental data
= = - Component fitting
T T

T T T
360 355 350 345 340
Binding Energy / eV

T

Figure 2. Au 4d and Pd 3d XP spectra of Pd,Auss(SC;H4Ph)4, experimental
data are denoted in grey dots, envelop and Shirley background, and
component fitting are denoted in black

Table 1. XPS Compositional analysis of Pd,Auss(SC,H4Ph),4

Aured Auax Pdox
Binding Au Au Au Au Pd Pd
Energy (eV) 4ds/, 4dsp, 4ds;; | 4dsp | 3dsp 3dsp2
334.7 352.8 337.7 | 355.7 | 336.8 342.1
Atomic
composition 13.5 79.0 7.5
(%)
X-ray photoelectron spectroscopy (XPS) confirmed the

presence of Pd and further gave information about its state.
Figure 2 shows de-convoluted XPS spectrum. There are two
components for Au, the main one (337.7 eV and 355.7 eV)
likely corresponds to oxidized Au (Au-SR interactions) and the
other one (334.7 eV and 352.8 eV) can be ascribed to metallic
Au from the cluster core (Table 1). With respect to Pd atoms,
there is only one component at binding energies
corresponding to oxidized Pd (336.8 eV and 342.1 eV). This is
compatible with an interaction between Pd and a more
electronegative element (for example, S). The peak at ca. 349
eV and 150 eV are assigned Figure 2. Au 4d and Pd 3d XP

4| J. Name., 2012, 00, 1-3

spectra of Pd,Auss(SC,H4Ph),4, experimental data are denoted
in grey dots, envelop and Shirley background, and component
fitting are denoted in black to a Ca impurity.

The vibrational modes of the staples in the cluster surface
should be altered if the Pd atoms are located in the staples We
therefore compared the FIR spectra of parent Ausg(SC,HsPh),,
and Pd,Aus6(SC,H4Ph),, nanoclusters (Figure 3). The two
spectra are quite similar, showing that the basic structure of
the staples is the same in both cases.”® The bands at 217, 285
and 320 cm™ in both nanoclusters can be assigned to radial,
tangential/radial and tangential Au-S modes, respectively.
Notably, a new bands at 160, 246 and 320 cm™ was found in
Pd,Aus6(SC,H,4Ph),, sample, which can be assigned to modes
involving Pd-S bonds.®* This indicates that at least a part of the
Pd atoms is located in the staples, which is consistent with XPS
that showed oxidized Pd. This is in contrast to the proposed
center doped structure proposed based on DFT caIcuIations32,
in which both Pd atoms are inside the Au,; core. Further
differences in the FTIR of Pd,Auss(SC,H4Ph),, and
Ausg(SC,H,4Ph),,4 concern the intensity of bands, such as at 180
em™ (Au-S-C bending modes) , 390 and 405 em™ (CH, rocking
vibrations), 491 cm™ (C-C-S bending modes) and 562 em™ (C-S
stretching modes).

—— Pd,Augg(SC,H4Ph)oy
Augg(SCaHy)z4

Au-S Pd-s CH,

Absorbance / a.u.

T T T
300 400 500 600

Wavenumber / cm”'

Figure 3. FIR spectroscopy of Ausg(SC;HsPh),4 and Pd2Auss(SC2HaPh) 24
nanoclusters

To further investigate the position of the Pd dopant we carried
out DFT calculations for isomers of Pd,Auss(SC,H4Ph),, with
the two Pd dopants in different positions: in the staples, on the
core surface and in the centre. We used the -SC,H,Ph for this
purpose. The calculations were done with charge 2- in order to
preserve the cluster delocalized electron count of 14, as is the
case in Au33(SR)24.65 To facilitate the comparison, we chose
three representative models. Scheme 1 shows the optimized
structures and corresponding relative energy of three
representative models with both the two Pd atoms in the long
staples, on the core surface and inside the core. The atomic
coordinates of each model are given in Supporting
Information. By considering the relative energy, the core
doped structure is unambiguously favoured over the staple
and core surface doped structures by the energy differences of

This journal is © The Royal Society of Chemistry 20xx
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Scheme 1. Optimized structures for Pd;Ausg(SCH,CH,Ph),s’

Dopant location
Relative Energy

Staple
l.6eV

Core
0eV

®R group is omitted for the sake of simplicity. Key: red = Pd; yellow = Au; green =S

1.6 eV (core-staple) and 1.2 eV (core-surface), which are much
beyond the inaccuracy of theory. The features of calculated
optical absorption for the three models were compared with
the experimental spectrum. Figure 4a shows the characteristic
peaks in experimental UV-vis spectrum of Pd,Aus5(SC,H4Ph),,
at 418, 535, 616 and 733nm. A clear difference of absorption
spectra feature for the three models can be observed in Figure
4a, which can be related with different geometry distortion of
Ausg(SR),4 by Pd doping and different electronic structure in
the three models.* Although the three models show different
calculated UV features, none of them gives a perfect fit with
the experimental spectra. The calculated spectrum of the
staple doped cluster is likely the closest to the experimental
spectrum.

For more detailed comparison, we further studied theoretical
CD spectra (Figure 4b), which are more sensitive to the
structure. The handedness of Pd,Ausg(SCoH4Ph),s E2 can be
assigned to be anticlockwise by comparing the calculated with
experimental CD spectra. Significant differences between the
isomers are observed in the calculated CD spectra. The overall
shape and the peak positions of the calculated CD spectra of
the core doped structure (Figure 4b) agrees the best from all
the models with the experimental spectra in the bands at 344
(+), 386 (+), and 607(+) nm taking into account a minor redshift
in computed spectrum. The two adjacent minima seen in the
experimental spectrum at 431 (-) and 474 (-) nm do not
perfectly match only with the one minimum seen close to
500(-) nm in the calculated CD-spectrum of the core doped
model. In that region combining the characteristic features of
the spectra from both, staple and core doped models, would
give the best agreement. The total energies of two staple

This journal is © The Royal Society of Chemistry 20xx

staple

Intensity / a.u.

surface

core

T T T T T
300 400 500 600 700 800 900
Wavelength / nm

0/ mdeg

\/\/\,\,ﬁm

T T T
300 400 500 600 700
Wavelength / nm

Figure 4. Comparison between experimental (red) and calculated (black) (a)
absorption and (b) CD spectra of Pd,Auss(SC,H4Ph),4 nanocluster. Coincident
peaks between experimental and theoretical spectra are shown by asterisks
(* staple model; ® core model). Calculations were done for three different
models (see text for more details)
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doped structures (two Pd dopants in long staples and one Pd
dopant in long and one in short staple) are close, as is
compared in Scheme S1. The calculated optical and CD spectra
of these structures are quite similar (Figure S3a, S3b). We
therefore concentrated on the mode with both Pd atoms in
long staples.

To summarize, DFT and TDDFT calculations show reasonable
UV and CD spectra compared to experiments and do not
overrule the possibility for mixed contribution from core-
centre and staple Pd doped clusters, although, the core centre
doped cluster is energetically the most favourable. The
presence of staple doped structure could be explained by the
electro-positivity of Pd atom compared to Au atom (2.2 for Pd
and 2.4 for Au), which stabilizes the cluster in aerobic
preparation and storage condition.?® However, the exact
position of both Pd atoms and the composition of the mixture
cannot be determined by this method.

XAFS measurement of the doped cluster was done to study the
environment of Pd atoms. The experimental Pd K-edge Fourier
transformed EXAFS spectrum of Pd,Auss(SC,H4Ph),, is shown
in Figure 5a. The peak at 1.89A corresponds to the Pd-S first
coordination shell. The minor peak at 2.80 A can be assigned
to the Pd-Au first coordination shell. The Pd-S peak is clearly
evidenced. In addition, the intensity of the Pd-Au peak is much
lower than the Pd-S peak, indicating that the staple doped
species exist in the Pd,Aus6(SC,H4Ph),, sample.

Previous studies on dopant location on gold clusters like
PtAU24(SR)1851 and PdAu24(SR)1347 observed a low intensive
peak (around 2A in R space), fitting with the distance of Pt-S
and Pd-S bonds,
impurities related with noble metal-sulphur oligomers which

respectively. These were assigned to

decrease after size exclusion column purification. In our case,
the sample has been purified by several separations steps
including size exclusion column and chiral HPLC. The dominant
intensity of the Pd-S peak after purification therefore indicates
that the peak is related with the sample and not with
impurities.

For further component analysis, comparison of EXAFS data was
made between the representative models and the
experimental result (Figure 5b). The Pd-S peak in the staple
doped model (1.85A) and the Pd-Au peak in core doped model
(2.86A) agree with the corresponding peaks in experimental
data. However, we could not get any good fit of our EXAFS
data which would show a high molar concentration of the
surface doped model (Figure S5). Therefore the possibility of
surface doped structure in the Pd,Auss(SC,H4Ph),, sample is
excluded. To investigate the influence of the Pd dopant
location of the staple doped model on the simulated spectra,
we compared the simulated FT EXAFS spectra of the models
with both Pd atoms in the long staples and short staples
structure (Figure S6). Almost the same spectra were obtained
from the two models. This is due to the fact that the Pd-S
distances are similar for short and long staples. EXAFS is
therefore not sensitive to the exact location of the Pd dopant
within the staple and the structure with both Pd atoms in the
long staples was chosen to fit the composition of a mixture of
staple and core doped structures. A good fit for the first two

6| J. Name., 2012, 00, 1-3

shells is shown in Figure 5a and Table S1. A composition
estimation of 54% staple doped structure and 46% center
doped structure was determined. It should be noted however
that measurements at room temperature can lead to
underestimation of the amount of core doped clusters, as

suggested by previous studies.™**
1,00
a L —Fit
== « Experimental
0,80

0,60 -

FTlx(x) %]

0,40+

experimental

> N\ surface

core

R(A)

staple

FT(<) 6]

Figure 5. EXAFS spectra of Pd,Auss(SC,H4Ph),4in R space: (a) experimental
and fitted spectra for a mixture of staple and core doped models. (b)
Experimental and simulated EXAFS spectra for the staple, surface and core
doped models

Previous studies on heteroatom doping of Ausg(SR),4 showed
the possibility to dope up to five Ag atoms.*”® However, to the
best of our knowledge, in the case of Pd, up to two atoms can
be doped into Ausg(SR),, whereas only a single Pd atom can be
doped into Au,5(SR);5. Such specific doping behaviour of Pd
strongly favours the core-centre model. However the present
results show the possibility of staple doping for the Ausg(SR).4
cluster. Some hypothesis could be considered in order to
explain the staple model although experimental verification is
still missing. Based on previous work from Tsukuda et al®®,
doping at staple position of Cu in Au,5(SR),g was confirmed by
EXAFS  measurements although this position was
computationally less stable. This is ascribed to the lower
surface energy of Au (1.55J/m2) compared to Cu(111)
(1.83J/m?2), like it is the case for Pd(111) (2.00J/m2).

This journal is © The Royal Society of Chemistry 20xx
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Furthermore, the presence of two doping locations for
Pd,Aus6(SR),4 could be related with synthesis parameters.
During the synthesis the formation of doped Pd,Au,(SR), and
also un-doped Ausg was reported. One hypothesis is the direct
formation of core doped Pd,Auss(SR),4 and a second doping
process of the Ausg(SR),4 cluster with Pd atoms in the solution,
leading to the staple doping. The process of the incorporation
of heteroatom to a magic number cluster has been observed
before in the case of Ag and Au,s(SR).g, recently reported“.
Finally, it should be noted that in previous studies® the
mixture after the synthesis was aged in THF or in presence of
thiol. In contrast, our sample was not aged but was separated
by several SEC and HPLC runs.

Conclusions

In conclusion, a combined experimental and theoretical study
of the Pd dopant location in Pd,Aus6(SC,H4Ph),4 nanocluster
was done for the first time. The presence of Pd-S bond in the
pure cluster is clearly shown in the EXAFS spectra and
confirmed by XPS and FIR spectroscopy. The centre doped
structure is proved by DFT calculations to be the most stable
structure. Comparison of experimental and theoretical optical
absorption, CD and EXAFS spectra further suggests a mixture
of staple and core doped structures in the sample. However,
the exact position of the two Pd atoms in the staple cannot be
determined by the methods applied. The presence of less
energetically favoured staple doped structure could be due to
its stability against aerobic preparation and storage condition.
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