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Abstract: The structural determination of ultrasmall clusters remains a challenge due to difficulties in
crystallisation. Often the atomically precise clusters undergo structural change under the influence of
the environment. X-ray absorption spectroscopy (XAS) can be an attractive tool to study the electronic
and geometric properties of such clusters deposited onto various supports under in situ conditions.
Herein, [Au6(dppp)4](NO3)2, [Au9(PPh3)8](NO3)3, [Au13(dppe)5Cl2]Cl3, and Au101(PPPh3)21Cl5
clusters were studied using XAS. The clusters exhibited distinct features compared to bulk gold.
XANES results show a systematic increase in the absorption edge energy and white line intensity,
with a decrease in cluster nuclearity. The EXAFS of clusters are sensitive to nuclearity and ligands
and were fitted with their known crystal structures. This study advances the understanding of the
phosphine-ligated metal clusters relevant to practical applications in catalysis and sensing.

Keywords: cluster chemistry; X-ray absorption spectroscopy; gold nanoparticles

1. Introduction

Metal clusters constitute a unique class of materials which bridge the gap between
single atoms or ions and large nanoparticles with many properties similar to bulk metals [1].
Clusters have interesting optical, magnetic, biomedical, etc., properties, and show exciting
performance in sensing and catalysis [2]. The properties and performance of the clusters are
strongly affected by their size and composition, offering unique opportunities to fine-tune
such materials for a specific application [3,4]. Clusters are typically made either under
UHV conditions via size-selection [5,6] or using chemical synthesis in the liquid phase,
with the latter approach requiring ligands to cap the surface of the metal core [7,8].

Chemically synthesised clusters, in some cases, can be made at a large scale, and
more importantly, in most cases, such species can be crystallised [7]. Crystallisation is
an excellent tool for purification, yet more importantly, it enables the solving of crystal
structures of clusters using a well-established single-crystal X-ray diffraction technique,
with hundreds of structures being reported to date [9].

Gold clusters, in particular, have shown interesting catalytic performance in numerous
and diverse reactions, such as oxidation [10–12], hydrogenation [13,14], the ester-assisted
intermolecular hydration of alkynes, bromination of arenes [15,16] etc., which is in stark
contrast to the well-known inertness of bulk gold.

In the case of many applications, such as heterogeneous catalysis and sensing, clusters
must be deposited onto solid supports. Cluster-based catalysts can have issues with cluster
aggregation, which is often related to specific reaction conditions, be that gas phase [17] or
liquid phase [18] heterogeneous catalysis [19].
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Hence, a detailed characterisation of cluster-based materials is of paramount im-
portance, ideally under operando conditions that are relevant to industrial application.
Aberration-corrected high-resolution HAADF-STEM is capable of imaging supported clus-
ters thanks to recent advances in environmental instruments and stages, allowing for
operando studies [20]. However, such facilities are rare as operando experiments are often
limited to the gas phase, with liquid phase capabilities only recently emerging [21]. Impor-
tantly, only a tiny part of the sample is studied under the high magnification needed for
imaging.

X-ray photoelectron spectroscopy (XPS) can be used to exclusively study the surface
of such materials across large areas easily, making such studies representative of the whole
sample, and can be utilised to monitor cluster aggregation [22,23]. However, typically,
such studies require a high vacuum, with environmental XPS instruments needed for the
operando studies only recently emerging. Similarly to electron microscopy, liquid phase
studies can be even more challenging for XPS [24].

X-ray Absorption Spectroscopy (XAS) is a well-established synchrotron-based tech-
nique suitable for the representative studies of the bulk of cluster-based materials. Most
scientifically advanced nations have such facilities, which are typically operated in a multi-
user fashion, and many synchrotrons also accept proposals from international researchers.
The downside here is the time delay between the beam time proposal and the experiment.
Highly sensitive XAS allows for operando studies under both liquid and gas phase het-
erogeneous catalytic conditions, enabling photocatalytic and electrocatalytic studies as
well [25,26].

Herein, we report a detailed XAS investigation of a wide range of ultra-small atomi-
cally precise gold clusters capped by phosphine ligands, which highlights changes in the
spectra as a function of size. The fitting of the XAS data benefitted from the availability of
crystal structures and the application of fuzzy degeneracy in the fitting methodology used
in our study of the range of gold clusters. The obtained results suggest that XAS shows
promise for future studies (including operando) of the changes in the cluster structure in
response to external factors such as temperature, solvation, interaction with the support,
complete and/or partial removal of phosphorus-donor ligands, and during the catalytic
application.

2. Results and Discussion

Prepared using the aforementioned synthesis methods [27–32], Au6, Au9, and Au13
clusters are truly atomically precise (i.e., with known crystal structure) and capped with
phosphine ligands (Figure S1), whereas the Au101 clusters correspond to ca. 1.5 nm
Au nanoclusters with a narrow particle size distribution (with an estimated formulae
Au101(PPh3)21Cl5) and were synthesised using the previously reported method. These
clusters were studied using XAS; the details of the acquisition of the X-ray absorption
spectra and data analysis are given in the Supplementary Information. The full XAS spectra
of the clusters are shown in Figure S2; the spectra were resolved in two parts (XANES and
EXAFS) for ease of analysis.

2.1. XANES of Phosphine-Capped Au Clusters

XANES is sensitive to electronic structure (density of unoccupied states), local atomic
arrangement, and geometry around the element of interest, making it an important tool
for comparing clusters with bulk gold (Figure 1). The absorption edge is shifted to a
higher energy for the Au clusters in comparison to the bulk gold, and importantly, the shift
increases with a decrease in the cluster size. If we estimate the edge energy as the point of
inflection in the rising edge (determined by the position of the maxima of dI/dE), the edge
shift compared to the bulk gold systematically increases with a decrease in size. Au6 has a
shift of ~2.2 eV, Au9 has a shift of ~1.7 eV, and Au13 has a shift of ~1.5 eV, while Au101 has
an absorption edge nearly 0.2 eV above the bulk gold (Figure 1, inset). This observation is
consistent with the previous report on related gold−thiolate nanoparticles [33]. The shift
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in absorption edge compared to the bulk metal is the combined effect of the difference
in energy levels [34,35], surrounding environment [36], bond length and strength [37,38],
geometry [39,40], the effect of shielding of the core-level holes [41], and charge on absorbing
atoms [42–44]. These parameters are strongly interrelated; thus, it is difficult to disentangle
their individual contributions [37]. For example, the UV-vis spectra of clusters generally
interpreted in light of the electronic transitions in the clusters suggest that the electronic
transitions in the Au clusters are significantly different from the bulk-like gold nanoparticles
(Figure S4).

Inorganics 2023, 11, x FOR PEER REVIEW  3  of  15 
 

 

inflection in the rising edge (determined by the position of the maxima of dI/dE), the edge 

shift compared to the bulk gold systematically increases with a decrease in size. Au6 has a 

shift of ~2.2 eV, Au9 has a shift of ~1.7 eV, and Au13 has a shift of ~1.5 eV, while Au101 has 

an absorption edge nearly 0.2 eV above the bulk gold (Figure 1, inset). This observation is 

consistent with the previous report on related gold−thiolate nanoparticles [33]. The shift in 

absorption edge compared to the bulk metal is the combined effect of the difference  in 

energy  levels  [34,35], surrounding environment  [36], bond  length and strength  [37,38], 

geometry [39,40], the effect of shielding of the core-level holes [41], and charge on absorb-

ing atoms [42–44]. These parameters are strongly interrelated; thus, it is difficult to disen-

tangle their individual contributions [37]. For example, the UV-vis spectra of clusters gen-

erally interpreted in light of the electronic transitions in the clusters suggest that the elec-

tronic transitions in the Au clusters are significantly different from the bulk-like gold na-

noparticles (Figure S4). 

 

Figure 1. The normalised XANES spectra of Au clusters and gold foil. The inset shows the first de-

rivative of the XANES spectra. 

The surrounding ligands contribute to the rearrangement of energy levels of clusters 

and can  influence  the density of  the unoccupied d-states of Au atoms  [45]. Zhang and 

Sham reported that the d-charge (hole) distribution of ~2 nm Au nanoparticles could be 

tailored via changing the capping ligands. It was found that Au NPs lose d electron den-

sity when capped with thiol ligands and gain electron density when capped with weakly 

interacting dendrimer [46], and the effect  is more pronounced when the particle size is 

decreased due to an increase in the surface to volume ratio [47]. All the clusters studied 

here have phosphine  ligands, which are  reported  to have a very small contribution  to 

XANES features due to the weak Au–P interactions [48,49]. The effect of charge on edge 

shift  can be  explained by assuming  that an X-ray absorbing atom  is  surrounded by a 

spherical shell of charge q and  radius R. From  the electrostatic  interactions  theory, we 

know that the energy levels of an atom inside this shell will be shifted by q/R; thus, the 

core energy levels will be shifted relative to their initial positions [37]. A partial charge on 

the absorbing atom can be induced by chemical bonding with an electron-withdrawing or 

electron-donating ligand, resulting in the shift of an edge. Furthermore, all of the clusters 

studied here have a formal charge: the pure Au6 cluster has +2, the Au9 clusters have +3, 

Figure 1. The normalised XANES spectra of Au clusters and gold foil. The inset shows the first
derivative of the XANES spectra.

The surrounding ligands contribute to the rearrangement of energy levels of clusters
and can influence the density of the unoccupied d-states of Au atoms [45]. Zhang and Sham
reported that the d-charge (hole) distribution of ~2 nm Au nanoparticles could be tailored
via changing the capping ligands. It was found that Au NPs lose d electron density when
capped with thiol ligands and gain electron density when capped with weakly interacting
dendrimer [46], and the effect is more pronounced when the particle size is decreased due to
an increase in the surface to volume ratio [47]. All the clusters studied here have phosphine
ligands, which are reported to have a very small contribution to XANES features due to
the weak Au–P interactions [48,49]. The effect of charge on edge shift can be explained
by assuming that an X-ray absorbing atom is surrounded by a spherical shell of charge q
and radius R. From the electrostatic interactions theory, we know that the energy levels
of an atom inside this shell will be shifted by q/R; thus, the core energy levels will be
shifted relative to their initial positions [37]. A partial charge on the absorbing atom can be
induced by chemical bonding with an electron-withdrawing or electron-donating ligand,
resulting in the shift of an edge. Furthermore, all of the clusters studied here have a formal
charge: the pure Au6 cluster has +2, the Au9 clusters have +3, and Au13 has a total charge
of +3. Such formal charges are compensated by the counter ions, which are not directly
coordinated to the cluster metal core according to the single-crystal X-ray diffraction data.
The Au101 has 5 Cl− ligands directly bonded to the gold core according to its formulae
(Au101(PPPh3)21Cl5), yet the effect on charge of individual Au atoms within the core is
probably significantly diluted due to the much larger size of other ultra-small clusters
studied here. The shift in XANES absorption edge to the higher energy with a decrease
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in cluster size is somewhat similar to the higher Au 4f7/2 binding energies for smaller
clusters [22,50–52].

Au foil has four distinct near-edge features, shown as a-d in Figure 1, in the first
60 eV past the edge. The first resonance above the edge (labelled as a) corresponds to
the characteristic “white line” of transition metals, arising from 2p3/2 → 5d5/2,3/2 dipole
transitions [46,49]. The “white line” intensity is related to the unoccupied d-states; thus, it
is strong for the transition metals with partially filled d-bands. Although the 5d orbitals
of Au atoms are nominally full ([Xe] 4f145d106s1), due to the s-p-d hybridisation, a small
white line is observed in the XANES of the bulk gold [53].

The “white line” for the Au clusters is both more intense and shifted to the higher
energy compared to bulk gold (Figure 1), in line with the previous reports on thiol-capped
Au clusters [45,54–57]. Moreover, the smaller clusters exhibit the “white line” with higher
intensity and at higher energy than the larger clusters, as can be clearly seen in Figure S3,
where XANES spectra are superimposed. The Au101 clusters have a much smaller white
line, closely resembling bulk metal, which is consistent with the formal charge of +5 shared
over 101 Au atoms. It is also worth noting that the width of the peak (FWHM) at the “white
line,” which is related to the density of occupied d states [58], is larger for the smaller
clusters. The increase in FWHM is similar to the increase in FWHM for the Au 4f7/2 binding
energy in XP spectra of the smaller Au clusters of bulk gold [22,50].

The other XANES features peaks b-d (Figure 1), which correspond to the resonances
characteristic of the extended local structure of the fcc Au metal [59,60]. The oscillations
beyond the “white line” in XANES spectra are broadened for the atomically precise clusters
related to lower coordination numbers, higher structural disorder, and difference in the
bond distances compared to the bulk gold, in line with the known crystal structures of
these clusters [28–30,61]. Unlike the other clusters studied here, the Au101 clusters possess
all of the XANES features of bulk gold, but these are less intense; this is due to the smaller
size of the Au101 clusters (~1.5 nm), which makes the multiple scattering less probable,
resulting in the attenuation of the resonance features [48,60].

2.2. EXAFS of Phosphine-Capped Au Clusters

The individual atoms in the atomically precise clusters exhibit dissimilar first shell
coordination numbers (Figure S1), unlike the “ideal” fcc metallic gold, where all the Au
atoms have 12 neighbouring atoms in their first coordination shell. Since different clusters
exhibit different scattering environments from neighbouring gold atoms and peripheral
ligands, their experimental EXAFS features are significantly different (Figure 2). The XAS
spectra were resolved in the oscillation of χ(k) using Athena software, and fitting was
performed by only considering the single scattering paths using Artemis software [62]. To
minimise the number of path parameters in such disordered materials, the fuzzy degeneracy
approach was used, allowing us to group some Au–Au scattering paths to minimise the
fitting variables [63]. Previously, the approach to group the bond distances in the disordered
materials [64–66] and clusters [54,67–69] had been used. Full details describing the fitting
procedure are provided in the materials and methods section. The contribution of smaller
hydrogen atoms in the EXAFS spectra is expected to be very weak due to the low scattering
power of this species; thus, it is ignored in the FEFF calculations [64].

2.2.1. EXAFS of Au9 Clusters

Chemically synthesised [Au9(PPh3)8](NO3)3 clusters consist of one central gold atom
bonding with eight peripheral Au atoms, which are bonded to triphenylphosphine ligands
(Figures 3 and S1b) [28]. These clusters are highly disordered compounds in the sense
that bond lengths vary significantly within the cluster (Table S1). Based on the bonding
behaviour with neighbouring atoms from the known crystal structure, Au atoms in the
Au9 clusters can be categorised into three types (shown as Au(1) to Au(3) in Figure 2a and
Table S1). The Au atoms in one category have a similar scattering environment, but each
type of Au atom experiences significantly different scattering environments; for example,
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the Au(3) type atom, i.e., central Au atom, is bonded with only Au atoms (eight atoms),
whereas both Au(1) and Au(2) type atoms are bonded with four Au atoms and one P atom.
However, the bond distances between the neighbouring Au atoms are significantly different
(Table S1 and Figure 3). In addition, Au(1) and Au(2) type atoms experience more pronounced
scattering from carbon atoms in the phosphine ligands compared to central, i.e., Au(3) type
atoms (Figure 3c).

Inorganics 2023, 11, x FOR PEER REVIEW  5  of  15 
 

 

   

(a)  (b) 

Figure 2. EXAFS of a series of phosphine-capped gold clusters: (a) Magnitude of Fourier transform; 

(b) in k-space. 

2.2.1. EXAFS of Au9 Clusters 

Chemically synthesised [Au9(PPh3)8](NO3)3 clusters consist of one central gold atom 

bonding with eight peripheral Au atoms, which are bonded to triphenylphosphine ligands 

(Figures 3 and S1b) [28]. These clusters are highly disordered compounds in the sense that 

bond lengths vary significantly within the cluster (Table S1). Based on the bonding behav-

iour with neighbouring atoms from the known crystal structure, Au atoms in the Au9 clus-

ters can be categorised into three types (shown as Au(1) to Au(3) in Figure 2a and Table S1). 

The Au atoms in one category have a similar scattering environment, but each type of Au 

atom experiences significantly different scattering environments;  for example,  the Au(3) 

type atom, i.e., central Au atom, is bonded with only Au atoms (eight atoms), whereas both 

Au(1) and Au(2) type atoms are bonded with four Au atoms and one P atom. However, the 

bond distances between the neighbouring Au atoms are significantly different (Table S1 

and Figure 3). In addition, Au(1) and Au(2) type atoms experience more pronounced scatter-

ing from carbon atoms in the phosphine ligands compared to central, i.e., Au(3) type atoms 

(Figure 3c). 

 

Figure 3. (a) Different types of Au atoms in Au9 clusters; (b) two groups of bonds with similar fea-

tures; and  (c) Au9 clusters with different groups of atoms;  light blue colour  represents bonds  in 

Figure 2. EXAFS of a series of phosphine-capped gold clusters: (a) Magnitude of Fourier transform;
(b) in k-space.

Inorganics 2023, 11, x FOR PEER REVIEW  5  of  15 
 

 

   

(a)  (b) 

Figure 2. EXAFS of a series of phosphine-capped gold clusters: (a) Magnitude of Fourier transform; 

(b) in k-space. 

2.2.1. EXAFS of Au9 Clusters 

Chemically synthesised [Au9(PPh3)8](NO3)3 clusters consist of one central gold atom 

bonding with eight peripheral Au atoms, which are bonded to triphenylphosphine ligands 

(Figures 3 and S1b) [28]. These clusters are highly disordered compounds in the sense that 

bond lengths vary significantly within the cluster (Table S1). Based on the bonding behav-

iour with neighbouring atoms from the known crystal structure, Au atoms in the Au9 clus-

ters can be categorised into three types (shown as Au(1) to Au(3) in Figure 2a and Table S1). 

The Au atoms in one category have a similar scattering environment, but each type of Au 

atom experiences significantly different scattering environments;  for example,  the Au(3) 

type atom, i.e., central Au atom, is bonded with only Au atoms (eight atoms), whereas both 

Au(1) and Au(2) type atoms are bonded with four Au atoms and one P atom. However, the 

bond distances between the neighbouring Au atoms are significantly different (Table S1 

and Figure 3). In addition, Au(1) and Au(2) type atoms experience more pronounced scatter-

ing from carbon atoms in the phosphine ligands compared to central, i.e., Au(3) type atoms 

(Figure 3c). 

 

Figure 3. (a) Different types of Au atoms in Au9 clusters; (b) two groups of bonds with similar fea-

tures; and  (c) Au9 clusters with different groups of atoms;  light blue colour  represents bonds  in 

Figure 3. (a) Different types of Au atoms in Au9 clusters; (b) two groups of bonds with similar
features; and (c) Au9 clusters with different groups of atoms; light blue colour represents bonds
in group 1, and violet colour represents bonds in group 2. The atomic colour scheme is gold (Au),
orange (P), and black (C). All the carbon atoms in Au9 clusters are shown in Figure S1.

In EXAFS analysis, Au–Au interatomic distances were grouped to reduce the num-
ber of fitted parameters while preserving as many scattering paths as possible without
compromising the overall fit (Figure 3 and Table S2). In this case, the bond distances
were grouped into bins of 0.18 Å width, which yields one group of Au–P scattering paths,
two Au–Au bond distance groups based on the bond length, and several Au–C single
scattering paths (Figure 3 and Table S2). We obtained a satisfactory fit of the Au9 clusters
(Figure 4 and Table 1) for the window of R from 1.3 to 3.4 Å (dotted line boxes within
corresponding figures highlight such windows); the peaks beyond that range are mainly
due to the scattering from Au–C single and multiple scattering paths and large distance
Au–Au single scattering and multiple scattering paths [29].
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Table 1. Structural characteristics of Au9 clusters (with ∆Eo = 3.63 eV).

Path CN (Fixed) σ2 (Å2) R (Å)

Au–P 0.889 0.0012 ± 0.0008 2.2951 ± 0.0112
(Au–Au)1 2.667 0.0035 ± 0.0006 2.7087 ± 0.0110
(Au–Au)2 1.778 0.0031 ± 0.0009 2.8447 ± 0.0145

Au–C 2.667 0.0140 ± 0.0111 3.3783 ± 0.0947

Based on the structural understanding of the Au9 clusters, EXAFS analysis of the
Au9 clusters can be divided into several distinct bonding domains (Figures 4 and S5).
The first peak in the EXAFS spectrum is attributed to the nearest neighbour P atoms; the
following peak is due to the scattering of the neighbouring Au atoms; the peaks at higher
R values are due to scattering from distant Au atoms and the carbon atoms (Figure 4). It
can be seen that the contribution of carbon atoms cannot be ignored; scattering from the
carbon atoms can modify both the magnitude and phase of the photoelectron wave, and the
inclusion of one more carbon single scattering path improves the fit at the expense of the
additional parameters (Figures S6 and S7). So, it is a matter of having to use the available
information from the XAS data, as per the Nyquist criterion, to assign a fit as the final
fit [63]; the value of the reduced chi-square and R-factor could be used to describe the better
model. In this study, we have synthesised and rigorously characterised atomically precise
[Au9(PPh3)8](NO3)3 clusters using the previously reported method; hence, we could fix
the coordination number. A similar approach to group the Au–Au scattering environment
was previously reported by MacDonald et al. for thiol-capped Au clusters [65]. In order to
investigate the supported clusters or submixture of different size clusters in a system, the
model can be relaxed to allow the coordination number to vary.

2.2.2. EXAFS of Au6 Clusters

Based on the structural understanding of crystalline Au6 clusters [29], Au atoms in
the clusters can be assumed to be of two distinct types (Figure S8a). There are two type (i)
gold atoms bonded to two phosphine ligands and two gold atoms, and four type (ii) atoms
bonding with one phosphine ligand and two gold atoms (Figures S1a and S8a). The bond
distance between neighbouring Au atoms varies from 2.63 to 2.923 Å, and there is also a less
significant variation in the Au–P bond length (Table S5). The first shell bonding with the
nearest gold atom can be grouped into two groups for EXAFS fitting in order to minimise



Inorganics 2023, 11, 191 7 of 14

the fitting variables (Figure S8b). Group one consists of shorter bond distances between the
neighbouring Au atoms, while group two was assigned to larger bond distances between
neighbouring Au atoms. Grouping of the Au–Au scattering paths results in a satisfactory
fit of the EXAFS spectrum of Au6 clusters (Figure 4 and Table S5).

The EXAFS spectra of the Au6 clusters have two main regions (Figures 5 and S9); it is
clear the first peak is due to the Au–P bond, and the following peaks are attributable to
scattering from Au–Au bonds and contributions from the carbon atoms in the phosphine
ligands (Figure S10). Moreover, due to the lower Au–Au coordination numbers in the
Au6 clusters compared to the Au9 clusters, the relative contribution from the Au–carbon
scattering paths becomes more significant. Here, the fitting of EXAFS data was done by
assuming contributions from one aggregate shell of carbon and incorporating more Au–C
paths can improve the fit at the expense of additional parameters.
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2.2.3. EXAFS of Au13 Clusters

In the case of the crystalline Au13 clusters [30], all of the Au atoms possess distinct
bond distances with the neighbouring atoms. The crystal structure of the Au13 cluster
suggests that it has one central gold atom coordinated with twelve peripheral Au atoms [30].
Two of these peripheral Au atoms are bonded to Cl, and the other ten Au atoms are bonded
to phosphorus (Figure S1c), and each peripheral Au atom is bonded to four other Au
atoms in the periphery. All the bond distances between neighbouring Au and P/Cl atoms
are slightly different (Table S7). In order to minimise the number of fitting parameters,
the bond distance between the neighbouring Au atoms can be classified into two main
groups: the first group involves bonds of the central Au atom with the Au atom in the outer
periphery, while the second group have the bonds between Au atoms within the outermost
periphery of the metallic core (Figure S11). Hence, the EXAFS data were fitted using the
fuzzy degeneracy approach previously performed, grouping the bond distances in the bins
of width 0.15 Å, which resulted in a reasonably good fit (Figures 6 and S12).

This grouping of Au–Au bond distances allowed for the fitting EXAFS of Au13 clusters
without having to assign different parameters for each scattering path (Figure 6 and
Table S6). Moreover, this breakdown of the Au13 clusters into different bonding domains
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can shed light on the alteration in bonding behaviour of the surface and/or the central
atom under the influence of external stimuli.

The EXAFS spectrum of Au13 has three visibly distinguishable regions, with the first
coming from the binding of Au with P and Cl, the second one corresponding to the bonds
with the central atom, and the surface Au–Au bonds make a major contribution to the
third peak—with a minor contribution from carbon atoms (Figure S13). Magnitude-wise,
the contribution of carbon spectra are very small but enough to influence the phase of the
photoelectron wave.
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2.2.4. EXAFS Analysis of Au101 Clusters

Unlike Au6, Au9, and Au13 clusters, Au101 clusters are not atomically precise; these
are ultra-small Au nanoparticles capped with triphenylphosphine ligands with a narrow
particle distribution. Here, The EXAFS fitting of Au101 clusters was attempted by assuming
the Au–P scattering environment was similar to that in AuPPh3Cl, and the overall Au–Au
scattering environment for the FEFF calculation was estimated from the Au102 clusters with
the known crystal structure (Figures 7 and S14 and Table S9) [9].

Only one path for Au–P and one scattering path of Au–Au scattering were consid-
ered. As a result, the fitting yields a very low coordination number for Au–P coordination
(Table S9), which suggests that, due to a relatively large number of Au atoms in Au101 clus-
ters, the contribution from the Au–P scattering is very much diminished compared to other
clusters studied here (Figure S15). The lower coordination number of Au atoms in Au101
clusters compared to the bulk gold (CN = 12) is due to the smaller size of Au101 clusters;
this is consistent with the lower coordination number obtained for Au55 clusters [48,66]
and ion beam synthesised small Au clusters onto SiO2 [67].

The fitting of Au101 clusters was also performed by fixing the Au–P coordination
number to the empirical formula (Figure S16 and Table S10). The fitting looks similar,
suggesting that Au–P contribution is indeed very small in the EXAFS. Therefore, fitting
was attempted without Au–P scattering paths, which yielded a good fit (Figure S17 and
Table S11), suggesting that the Au–P contribution in Au101 clusters is relatively insignificant,
which is likely due to its larger size and higher scattering ability of heavier gold atoms
compared to phosphorous atoms.
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It is clear that the Au clusters show a systematic increase in first shell coordination
number from Au6 (1.333 and 2.000) to Au9 (1.778 and 2.667), to Au13 (1.846 and 4.615),
and finally to Au101 (~7.5), for which the differentiation of the Au atoms into two groups
with different coordination numbers is not needed. Finally, it is noteworthy that the use of
scattering contributions by carbon atoms, though relatively distant from the Au absorber,
was important in order to achieve better quality fits for the atomically precise ultra-small
clusters (Au6 to Au13). Meanwhile, despite having only ca. 10 times larger Au101, the Au
metal core completely dominates, with there only being a small contribution by Au–P and
no need to include scattering by carbon. Hence, the successful deposition of the intact
clusters onto supports for use in catalysis, sensing, etc., can be confirmed by the match
in XAS spectra of the pure crystalline clusters. While changes to the adsorption edge, the
“white line,” and the appearance of the typical fcc features in XANES, as well as an increase
in coordination number in EXAFS coinciding with a reduction in or disappearance of the
features due to ligand contribution, can indicate, among other things, cluster aggregation
during the cluster deposition of supports, activation of obtained materials, and use of them
in sensing and catalysis.

3. Materials and Methods
3.1. Synthesis and Purification of Au Clusters

Atomically precise [Au6(dppp)4](NO3)2, [Au9(PPh3)8](NO3)3, [Au13(dppe)5Cl2]Cl3
and ultra-small Au nanoclusters (i.e., Au101(PPPh3)21Cl5) were synthesised, and their
identity was confirmed following previously reported methods [27–31].

3.2. X-ray Absorption Spectroscopy Measurement and Processing

The crystallised clusters were dissolved in dichloromethane and precipitated by
adding an excess of diethyl ether; the precipitated powder was dried in a vacuum and mixed
with cellulose to make a homogenous powder. X-ray absorption spectroscopy (XAS) mea-
surements on clusters were carried out in fluorescence mode at the Australian Synchrotron
in Clayton, Victoria, Australia using multipole wiggler XAS beamline (12-ID), operating
with an electron beam energy of 3.0 GeV and a beam current of 200 mA (maintained using
the top up mode). The Au-L3 data were collected using a Si(111) monochromator and
focusing optics, and the measurements were performed at a 10 K helium cryostat.
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Raw data obtained at the beamline were converted using Sakura software [68] and
processed using Athena software [62] by extracting the EXAFS oscillation χ(k) as a function
of the photoelectron wave number k, following standard procedures. For all of the clusters,
the k-range was chosen from 2.5 to 15 Å−1. Fittings of EXAFS were performed using a fuzzy
degeneracy approach, which allowed us to group the path lengths in a bin of user-defined
width [63,69]. The contribution of smaller hydrogen atoms in the EXAFS spectra was
expected to be very weak due to the low scattering power of this species. Thus, it is ignored
in the FEFF calculations [64].

Fuzzy Degeneracy Approach for EXAFS Fitting

The FEFF program is quite particular about finding the degenerated path; two similar
paths with a difference in path length as low as 1 fm (femtometer) were not grouped as a
degenerated path in FEFF calculations [63]. The bond length between the neighbouring
atoms in clusters was not always the same [70]; sometimes, the difference in path length
was as low as 0.02 Å (Tables S1, S5 and S7)—the FEFF program considered them as two
non-degenerate paths. Assigning the individual value of the Debye–Waller factor (σ2) and
the shift in the radius parameters (∆R) makes the total number of variables more than the
information available from the Nyquist criterion; thus, the fitting was performed via a fuzzy
degeneracy scheme [63]. The fuzzy degeneracy scheme allowed us to group the scattering
paths into bins of user-defined width. The paths within the margin were considered to
be degenerated, and the path length of each bin was averaged [63,69]. This approach has
been previously used for disordered material [63,69,71–74], and results are close to those
of the strict degeneracy approach [63]. Artemis software was used to refine the fitting
parameters using only the single scattering paths and modelled each sample in R-space
until a satisfactory model describing the system was obtained.

4. Conclusions

In summary, the structures of a wide series of ultra-small, phosphine-capped Au
clusters were studied using XAS for the first time. XANES of the clusters show a progressive
shift in the adsorption edge to the higher energy within the series of clusters studied (from
the largest Au101 to the smallest Au6) and the higher intensity of the white line for the
clusters studied (compared to bulk gold). The XANES features of the largest Au101 are
the closest to those observed for the bulk gold, while the atomically precise clusters differ
from the bulk gold. The EXAFS spectra of clusters were fitted using the fuzzy degeneracy
approach, and the results fit closely with the experimental data. Coordination numbers of
Au atoms systematically increase across the series from the smallest Au6 to the largest for
Au101. Contributions by P and even C atoms of the ligands are important for ultra-small
clusters (Au6 to Au13), which may offer a way to study the removal of such ligands (de-
ligation). Phosphorus-donor ligands bind to Au less strongly compared to widely studied
thiol ligands, offering easier pathways for the supported clusters with partially or fully
removed ligands, which is unusual for the crystalline state structures. We believe that
this in-depth XAS study of a wide range of ultra-small phosphine-capped Au clusters will
provide an excellent starting reference point for the XAS analysis of Au clusters deposited
on various supports, studies of their de-ligation, and potential aggregation during thermal
activation, pre-treatments, and while applications in sensing and catalysis. Additionally,
the breakdown of the clusters into different bonding domains can provide insight into the
dependence of site-specific bonding interactions with the reagents or analytes.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/inorganics11050191/s1, Figure S1: Crystal structures of (a) [Au6(dppp)4](NO3)2,
(b) [Au9(PPh3)8](NO3)3, and (c) [Au13(dppe)5Cl2]Cl3. The atomic colour scheme: gold (Au), orange
(P), green (Cl), and black (C); hydrogen is omitted for clarity; Figure S2: XAS spectra of Au foil
and Au clusters; Figure S3: XANES spectra Au foil and Au clusters overlaid directly for compari-
son of the intensity; Figure S4: UV-Vis spectra of (a) [Au6(dppp)4](NO3)2, (b) [Au9(PPh3)8](NO3)3,
(c) [Au13(dppe)5Cl2]Cl3, and (d) Au101(PPPh3)21Cl5 in methanol; Figure S5: Contribution of individ-

https://www.mdpi.com/article/10.3390/inorganics11050191/s1
https://www.mdpi.com/article/10.3390/inorganics11050191/s1
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ual scattering paths in EXAFS of Au9 clusters (a) in R-space, and (b) in k-space; Figure S6: Fitting of
Au9 clusters without using scattering paths from carbon (a) in R-space, and (b) in k-space; Figure S7:
Fits of Au9 clusters using two aggregated shells of scattering paths from carbon (a) R-space, and
(b) k-space; Figure S8: (a) Different types of Au atoms in Au6 clusters, (b) groups of bonds with
similar features, and (c) Au6 clusters with different groups of atoms; light blue colour represents
bonds in group 1 and violet colour represent bonds in group 2. The atomic colour scheme: gold (Au),
orange (P), and black (C). All the carbon atoms are shown in Figure S1; Figure S9: Fits to the Au
L3-edge EXAFS of Au6 clusters in k-space; Figure S10: Contribution of individual scattering paths in
EXAFS of Au6 clusters in R-space; Figure S11: The classification of bonds with similar features in
the Au13 cluster, and (b) Au13 clusters with different groups of atoms; light blue represents bonds
in group 1, and violet colour represents bonds in group 2. The crystal structure of the clusters is
shown in Figure S1; Figure S12: Fits the Au L3-edge EXAFS of Au13 clusters in k-space; Figure S13:
Contribution of individual scattering paths in EXAFS of Au13 in R-space. Figure S14: Fits to the Au
L3-edge EXAFS of Au101 clusters in k-space; Figure S15: Contribution of individual scattering paths
in EXAFS of Au101 (a) in R space; Figure S16: EXAFS spectra with fixing Au–P coordination based
on the empirical formula of Au101 (a) fitted EXAFS, and (b) individual contribution from different
scattering paths; Figure S17: Fits of EXAFS of Au101 clusters without Au–P scattering path; Table S1:
Bond distances between neighbouring Au–Au atoms in Au9 clusters; Table S2: Bond distance and co-
ordination numbers for bonds in each selected group of Au atoms in Au9 clusters; Table S3: Structural
characteristics of Au9 clusters with no Au–C scattering path (∆Eo = 3.812 eV); Table S4: Structural
characteristics of Au9 clusters with two Au–C scattering paths (∆Eo = 3.716 eV); Table S5: Bond
distances between neighbouring Au–Au atoms in Au6 clusters; Table S6: Structural characteristics of
Au6 clusters (∆Eo = 2.737 eV); Table S7: Bond distances between neighbouring Au–Au atoms in Au13
clusters; Table S8: Structural characteristics of Au13 clusters (∆Eo = 4.574 eV); Table S9: Structural
characteristics of Au101 clusters (∆Eo = 4.204 eV); Table S10: Structural characteristics of Au101 clusters
after fixing Au–P coordination number (∆Eo = 4.221 eV; Table S11: Structural characteristics of Au101
clusters without Au–P scattering path (∆Eo = 4.67).
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