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The synthesis and characterization of ligand protected gold nanoclusters (AumLn) have attracted great

interest. After the crystallization of Au102(SR)44 and Au25(SR)18
� clusters, the syntheses and theoretical

predictions of AumLn clusters have been greatly accelerated. To date, there are few systematic studies on

the size evolution and ligand effects of Au–L binary systems. Herein, using a stoichiometric (AuL)n (n ¼
1–13) system as a test case, we theoretically investigate the ligand effects (L ¼ Cl, SH, SCH3, PH2, and

P(CH3)2) on these structures and size evolution. The method of genetic algorithm combined with density

functional theory is used to perform an extensive global search of the potential energy surface to locate

the global minima (GM) and low-lying isomers. For each ligand, the structural features are roughly similar

to (AuSR)n, that is, the GMs change from single ring to catenane structures. Besides, a new folding mode

(ring-at-ring) is revealed in the GMs at n ¼ 12–13. The GM structures are very similar for L ¼ SH and

SCH3 and for L ¼ PH2 and P(CH3)2, which indicate that the R groups can be directly replaced by H in the

calculations. However, there are obvious differences in the GM structures for L ¼ Cl, SH and PH2. It is

found that the origin of the ligand effects is the polarity of the Au–L bond. The Au–Cl bond is of the

highest plorarity, and the noncovalent interaction index approach reveals that the Au/Au aurophilic

interaction is the strongest for L ¼ Cl, followed by L ¼ SH and L ¼ PH2. Moreover, the polarity of the

Au–L bond may affect the preferred Au–L–Au bond angle, which is an important geometric parameter.

The linearity of Cl–Au–Cl is the easiest to be broken for more Au/Au contacts, which is viewed in the

GMs of (AuCl)n at n ¼ 7, 8 and 12.
I. Introduction

Ligand-protected gold nanoparticles (AumLn) have attracted
considerable interest because of their promising applications in
nanocatalysis, medicine and optical devices.1–7 Among the AumLn
clusters, thiolate protected gold nanoclusters, Aum(SR)n, are the
most studied systems. Two breakthroughs for Aum(SR)n clusters
are the crystal structure determinations of Au102(SR)44 and
Au25(SR)18 clusters, which consist of Aun(SR)n+1 (n ¼ 1, 2) oligo-
mers that bind to a gold core with high symmetry.8,9 Subse-
quently, based on this model of a gold core surrounded by gold
thiolate oligomers, density functional theory (DFT) calculations
were used to predict the structures of Au38(SR)24,10–14

Au24(SR)20,15,16 and Au144(SR)60.17–21 Recent studies found that the
structures of Au68(SR)30 cluster and Au18(SC6H11)14 are still
consistent with this model of a gold core surrounded by gold
thiolate oligomers.22–24 Moreover, several experimental studies
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have revealed the ligand effects on the stabilities and properties
of noble metal clusters. The redox properties of Au38(SPhX)24
clusters and the original magic stability of Aum(SR)n clusters was
demonstrated by employing ligand effects.25,26 Recently, Johnson
et al.27 studied the effect of phosphine substitution on ligand
reactivity and binding, and it is shown that several larger clusters
readily undergo exchange of the PPh3 ligands in solution for
singly substituted PPh2Me and PPh2Cy ligands. With the exper-
imental observations on the ligand effects on Au nanoclusters,
many theoretical calculations have been performed to under-
stand how surface ligands inuence the electronic structure and
stability of metal nanoclusters. Ligand effects on the structure
and electronic optical properties of Au25(SR)18

� clusters have
been explored and the studies have revealed that p-thio-
phenolates ligands that include electron-withdrawing groups
could result in the distortion of the Au25S18 framework.28

Au38(SR)24, Au102(SR)44 and Au24(SR)20 have been also employed
to study the ligand effects on stability, and it was found that
–SPhCOOH has more favorable binding than –SPh and
–SPhF.29–32 Recently, the role of the anchor atom and ligand types
on the properties of Aum(SR)n nanoclusters have been studied,
and there was a more pronounced effect on the gold–ligand unit
structure and ultimately on the aurophilic interactions.33,34
RSC Adv., 2016, 6, 4705–4712 | 4705
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The aforementioned ligand effects are mainly on Au102(SR)44
and Au25(SR)18 clusters with a gold-to-ligand ratio greater than
1 : 1. Previous studies also made some progress in the homo-
leptic type of –SR and –PR2 group protected Au clusters. The
cyclic oligomers of [Au(PR2)]n (n ¼ 3, 4 and 6) have been
synthesized and characterized.35–37 The lowest-energy isomers of
(AuCl)n (n ¼ 3–6) clusters are also found to be cyclic arrange-
ments.38 The synthetic Au10(SR)10 and Au12(SR)12 clusters were
found to be composed of two interpenetrating pentagons and
hexagons, respectively.39 Gronbeck and co-workers explored the
low-lying structures of (AuSR)n with n ¼ 2–12 and predicted
a transition from planar rings to crown structures.40 The
structures of (AuSR)n (n ¼ 6–12) clusters were relocated using
the DFT and MP2 methods and a new structural family of
double helical conformations was discovered.41

Despite the signicant progresses in the area of AumLn
clusters, size evolution and ligand effects on (AuL)n clusters
with an Au-to-L ratio of 1 : 1 still lack systematic investigations
because of the limited experimental data on these structures. To
the best of our knowledge, literature on the ligand effects of
(AuL)n clusters is rare. Herein, we seek to investigate the ligand
effects on the size evolution of (AuL)n clusters, with n ¼ 1–13, L
¼ Cl, SH, SCH3, PH2 and P(CH3)2. The DFT method combined
with genetic algorithm (GA) is used to locate the global
minimum (GM) structures of the clusters. To explore the origin
of the ligand effects, the polarity of bonds, aurophilicity and
binding energies of the clusters are also discussed.

II. Computational details

The global minimum search for the (AuL)n clusters was carried
out using GA coupled with DFT, which has been successfully
applied in the structural prediction of a number of systems.42–45

GA is an optimization strategy that is inspired by the Darwinian
evolution, which mimics the process of natural selection.46–48

This strategy is routinely used to generate useful solutions for
optimization and search problems. GA belongs to the larger
class of evolutionary algorithms, which generate solutions to
optimization problems using the techniques inspired by
natural evolution such as inheritance, mutation, selection, and
crossover. Starting with a population of candidate structures,
we relax these candidates to the nearest local minimum. Using
the relaxed energies as the criteria, a fraction of the population
is selected as “parents”. The next generation of candidate
structures is the structure matching the “parents”. This prog-
ress is repeated until the GMs are located.49 The TPSSh func-
tional50 is selected for DFT calculation, which has been proven
to be reliable in the prediction of ligand-protected Au nano-
clusters.51,52 The unbiased global search of the potential energy
surface at the DFT level is very time-consuming. Thus, in the
global search procedure, we chose small basis sets, 3-21G for Cl,
S, P, C, and H and Lanl2MB for Au, in the DFT calculations to
save time. With a small basis set, all the possible motifs can be
found, but the energy sequences of various isomers are
different. Then, the obtained low-lying geometries are fully
relaxed at the TPSSh/6-311G*/LANL2TZ(f) level aer global
optimization. The normal mode frequencies are also computed
4706 | RSC Adv., 2016, 6, 4705–4712
at the same level for all the structures to ensure that they belong
to the minima, and all the minima are veried by the absence of
an imaginary frequency. All the DFT calculations were carried
out using the GAUSSIAN 09 package.53
III. Results and discussion

In this study, the GMs and low-lying isomers of (AuL)n (L ¼ Cl,
SH, SCH3, PH2 and P(CH3)2, n ¼ 1–13) are located at the TPSSh/
6-311G*/LANL2TZ(f) level, which include single-ring, helical,
crown, catenane and double-ring structures. Then, to investi-
gate size evolution and ligand effects, the average binding
energies, aurophilicity and the polarity of the bonds are
discussed.
1. Geometric structures

We rst introduce the geometric structures of (AuSCH3)n (n¼ 1–
13) clusters (Fig. 1a), which have been reported before for n¼ 2–
12.26,27 All the known GMs are reproduced in our study. 2a is
a fold line, which is 0.47 eV lower in energy than the previous
rhombic isomer. When n ¼ 3–9, the single rings are the GMs.
However, 3a is a planar single ring, while 4a and 5a are twisted
single rings. The GMs are all helical structures at n ¼ 6–9. In
particular, 8a and 8b are competitive isomers, and 8a lies only
0.02 eV lower in energy than 8b (a double-ring structure con-
sisting of two four-membered rings). When n ¼ 10-12, the GMs
are all catenane structures consisting of two interpenetrating
ve-/six-membered rings. It is worth noting that 12b and 12a are
nearly degenerated in energy. Interestingly, 12b has a unique
ring-at-ring structure (a small Au4L4 ring inserted into a large
Au8L8 ring), which has not been reported before. 13a is also
a catenane structure, which is composed of ve- and eight-
membered interpenetrating rings. The crown isomers with
high symmetries are also shown in Fig. 1a, which lie much high
in energy at large sizes.

In most calculations, the large –SR groups in experiments are
oen replaced by an –SCH3 group to reduce the computation
cost.54 Thus, can the –SCH3 group be further replaced by the –SH
group in calculations? Fig. 1b plots the GMs and low-energy
isomers of (AuSH)n clusters. It can be seen that the values for
(AuSH)n clusters are in agreement with those of (AuSCH3)n
clusters in the GM structures, except for n ¼ 8, where the energy
sequence changes slightly. The double-ring and helical structure
are also competitive in energy at n ¼ 8, where the former (8A) is
0.01 eV lower in energy for L¼ SH but is 0.02 eV higher in energy
for L ¼ SCH3. Due to the great similarity between the structures
of (AuSH)n and (AuSCH3)n, it can be expected that the –SR groups
can be simplied directly to the –SH group in calculations for the
structural prediction of Aum(SR)n complexes.

To explore the ligand effects, we locate the GMs of (AuL)n
clusters with the –SCH3 group replaced by the –P(CH3)2 group.
Fig. 2a displays the GMs and low-energy structures of the
[AuP(CH3)2]n clusters. From this gure, we can see that the
frameworks of the (AuSCH3)n and [AuP(CH3)2]n clusters are very
similar. However, the planar single rings are global minimum
up to n ¼ 5, and the GMs prefer crown structures at n ¼ 6–8 in
This journal is © The Royal Society of Chemistry 2016



Fig. 1 Optimized geometries of (a) (AuSCH3)n and (b) (AuSH)n (n ¼ 1–13) clusters at the TPSSh/6-311G* (S, H, C) and Lanl2TZ(f) (Au) levels. Au-
yellow, S-purple, H-white, and C-gray.
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[AuP(CH3)2]n. Moreover, the GM of [AuP(CH3)2]12 (12I) is a cat-
enane structure consisting of ve- and seven-membered rings
instead of two six-membered rings in (AuSCH3)12.

In Fig. 2b, we can see that the GMs of (AuPH2)n are very
similar to those of [AuP(CH3)2]n clusters. The difference is that
the GM of (AuPH2)9 is a crown structure, whereas the GM of
(AuPH2)13 is a ring-at-ring structure (a small Au5L5 ring inserted
into a large Au8L8 ring). Due to the great similarity between
(AuPH2)n and [AuP(CH3)2]n, the large –PR2 groups in experi-
ments can be simplied by the –PH2 group in calculations.

Due to practical reasons, there is no report on the synthesis of
Cl-protected gold nanoclusters. However, sometimes the –SR and
–PR2 ligands can be replaced by the –Cl group for theoretical
computations to predict structures in calculations.55,56 The GMs
This journal is © The Royal Society of Chemistry 2016
and low-lying structures of (AuCl)n clusters are given in Fig. 3. It
can be seen that (AuCl)n clusters also have certain similarities with
(AuSCH3)n clusters in the structures. When n ranges from 3 to 5,
the GMs present single rings, while when n ¼ 6 and 9 helical
structures are formed. When n¼ 10 and 11, the GMs are catenane
structures. Obviously, the GMs have unique structures at n¼ 7, 8,
12, and 13 and the energy sequences also change compared with
(AuSCH3)n clusters. Concretely, 7X1 is a double-ring structure
consisting of three- and four-membered rings, and one edge of the
three-membered ring is broken. Similarly, the three-membered
rings in 8X1 are broken to bring the Au atoms close to each
other. 12X1 is a ring-at-ring structure (an Au4Cl4 ring inserted into
an Au8Cl8 ring); however, the linearity of two Cl–Au–Cl edges in
the Au8Cl8 unit is broken to 110�. 13X1 is an irregular structure
RSC Adv., 2016, 6, 4705–4712 | 4707



Fig. 2 Optimized geometries of (a) [AuP(CH3)2]n and (b) (AuPH2)n (n¼ 1–13) clusters at the TPSSh/6-311G* (P, C, H) and Lanl2tz(f) (Au) levels. Au-
yellow, P-orange, H-white, and C-gray. The labels are sr: single ring, cr: crown, dr: double ring, h: helix, and ca: catenane.

Fig. 3 Optimized geometries of (AuCl)n (n ¼ 1–13) at the TPSSh/6-
311G* (Cl) and Lanl2tz(f) (Au) levels. Au-yellow and Cl-green.

RSC Advances Paper
with a broken four-membered interpenetrating ring. The reason
for the serious breaking of the Cl–Au–Cl linearity at n ¼ 7, 8, 12
and 13 is to have more Au/Au contacts.
4708 | RSC Adv., 2016, 6, 4705–4712
2. Binding energies

Based on the structural analysis mentioned above, it is found
that (AuL)n clusters with different ligand types show certain
differences in their structures. To explore ligand effects on the
stability, the average binding energies (Eb) per AuL unit of each
GM cluster were calculated, which is dened as Eb ¼ (nEAu + nEL
� E(AuL)n)/n, where EAu, EL and E(AuL)n are the energies of Au, L
and (AuL)n, respectively. Fig. 4a compares Eb as a function of
cluster size for the ve ligands. It is clearly seen that there is an
increment in Eb for the successive addition of one AuL unit. For
L ¼ Cl, SH and SCH3, Eb increases quickly up to n ¼ 3, and then
converges at n ¼ 4. For L ¼ PH2 and P(CH3)2, Eb increases
quickly with n up to 4, and then converges at n ¼ 5. For each
ligand, Eb reaches the highest value at n ¼ 10 (Fig. 4b), thus
indicating magic stability of the structure with two inter-
penetrating ve-membered rings. From the curves of Eb, the
order of stability for each ligand should be SH > Cl > PH2 > SCH3

> P(CH3)2. (AuSH)n is obviously more stable than (AuSCH3)n at
a large size, which may be due to the weak hydrogen bond (S/
H–S) in the former. For L ¼ PH2, SCH3 and P(CH3)2, the small
stability differences may be due to the steric effects of the –CH3

group.
To show the size evolution more clearly for L ¼ Cl, SH, and

PH2, the relative energies of the total binding energies (E) and
their tting (Et) are plotted in Fig. 4c–e in a manner that
emphasizes particular stable minima or “magic numbers”. In
This journal is © The Royal Society of Chemistry 2016



Fig. 4 (a) Binding energy of the GMs of (AuL)n (L ¼ Cl, SH, SCH3, PH2,
P(CH3)2) clusters as the function of cluster size, n. (b) Enlarged binding
energy of the GMs of (AuL)n (L ¼ Cl, SH, SCH3, PH2, and P(CH3)2)
clusters in the 8–13 region. (c–e) Plots of the energetic gaps (E � Efit)
of the lowest-energy (AuL)n (L ¼ Cl, SH, PH2) clusters as a function of
cluster size, where E is the total energy and Efit is a four-parameter fit of
the GMs: Efit ¼ a � bn1/3 + cn2/3 + dn (related coefficient R > 0.999).
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these curves, positive peaks correspond to more stable struc-
tures. It can be seen that, for each ligand, there are two
pronounced peaks at n ¼ 4 and 10, which indicate that (AuL)4
and (AuL)10 are more stable than their neighbors. For L ¼ Cl,
there is a small peak at n¼ 8, which indicates the stability of the
double-ring (AuCl)8 cluster. It should be noted that the stability
of (AuPH2)5 is similar to that of (AuPH2)4, which manifests the
stability of ve-membered ring. This results in the highest
relative stability of (AuPH2)10 among the three ligands.
Fig. 5 Plots of reduced density gradient versus electron density
multiplied by the sign of the second Hessian eigenvalue (left) and NCI
isosurfaces at s ¼ 0.30 (right) for the global minimum structures of (a)
(AuCl)10, (b) (AuSH)10 and (c) (AuPH2)10.
3. Aurophilicity

Previous studies suggested that the strong Au/Au aurophilic
interaction is responsible for the stability of closed-chain gold
thiolate [Au(SC6H4-p-CMe3)]10,37,38 and these catenane struc-
tures can give rise to the largest number of close Au/Au
contacts, resulting in lower energies. For large cluster sizes (n$

10) of these systems, it is found that most of the GMs are cat-
enane structures. For L¼ Cl, the linearity of the Cl–Au–Cl bonds
is broken at n¼ 7, 8 and 12 to havemore Au/Au contacts due to
aurophilicity. However, aurophilicity is a type of weak non-
covalent interaction, and cannot be studied directly by the
natural bonding orbital methods. Herein, we use the non-
covalent interaction (NCI) index approach to detect aurophi-
licity based on electron density and its derivatives,57,58which has
been successfully applied to investigate the aurophilic interac-
tion in (Au2S)n clusters.59 The NCI studies were carried out using
Multiwfn package,60 and the NCI isosurface images were created
This journal is © The Royal Society of Chemistry 2016
using VMD.61 The NCI index is based on the reduced density
gradient, s, and the electron density, r, where

s ¼ 1

2ð3p2Þ1=3
jVrj
r4=3

and it allows to highlight interactions characterized by a low-
density regime. To distinguish different types of interactions,
the second Hessian eigenvalue (l2) can be used as a sign, which
can be either positive or negative.

Fig. 5 plots the reduced density gradient (s) versus electron
density (r) multiplied by the sign of l2 and the low-gradient (s¼
0.30 au) NCI isosurfaces of the three typical structures (AuCl)10
(10X1), (AuSH)10 (10A) and (AuPH2)10 (10i). From the le part of
Fig. 5, the low density, low-gradient spikes lie at about sign (l2)r
¼�0.035 au for (AuCl)10, �0.032 au for (AuSH)10 and�0.020 au
for (AuPH2)10, which represent strong noncovalent attractions,
and the more negative spikes represent stronger attractions
(Au/Au aurophilic interactions between the central gold atoms
in each ring and those on the periphery). The Au/Au aurophilic
interactions can be viewed directly from the NCI isosurfaces in
the right part of Fig. 5, where the darkness of the color indicates
the strength of the Au/Au aurophilicity (Cl > SH > PH2).
Besides, the average Au/Au distances in the (AuCl)10, (AuSH)10
and (AuPH2)10 clusters are 2.96 Å, 3.04 Å, and 3.34 Å, respec-
tively, which agree well with the relative strength of the Au/Au
aurophilic interactions within them. Moreover, for the (AuCl)10
and (AuSH)10 clusters, there are smaller spikes at about sign (l2)
r ¼ �0.025 au and �0.020 au, respectively, which represent
another Au/Au aurophilic interaction (between gold atoms
around the periphery, as viewed in the NCI isosurfaces). The
average Au/Au distances between the gold atoms around the
periphery are 3.11 Å and 3.30 Å for L ¼ Cl and SH, respectively,
which are in agreement with their relative strength. In
RSC Adv., 2016, 6, 4705–4712 | 4709
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particular, both (AuSH)10 and (AuPH2)10 have low density spikes
at sign (l2)r ¼ �0.020 au, and the average Au/Au distances are
close to each other. This further shows that the Au/Au distance
is in agreement with the relative strength of the Au/Au auro-
philic interactions. In addition, the spikes at positive values
represent steric interactions between the two rings, which are
the red regions of the isosurfaces. In comparison, Fig. 5a and
b based on (AuCl)10 and (AuSH)10, respectively, are almost the
same. This trend is also somewhat reected in the calculated
geometrical parameters reported in Table 1, and also in the
average Au/Au distances of 2.96 and 3.04 Å. However, the
(AuPH2)10 cluster shows differences in all these properties.
Fig. 6 Polarity of Au–L bond in monocyclic (AuL)n clusters (L ¼ Cl, SH,
and PH2) as the function of cluster size, n.
4. Polarity and bond angles

Previous comparisons show that the aurophilicity in the (AuCl)n
cluster is the strongest, followed by (AuSH)n and (AuPH2)n. As is
well known, the order for the polarity of the Au–L bonds is Au–
Cl > Au–SH > Au–PH2. Thus, the aurophilicity may be affected by
the polarity of Au–L bonds. To verify the Au–L bond polarity in
the different homoleptic gold clusters, a natural bonding orbital
(NBO) analysis62–64 was performed on the single-ring structures.
The results are shown in Fig. 6, where the polarity of an Au–L
bond is represented as the percentage of the shared electron
pairs due to L. For (AuL)n (n ¼ 1), Au and L atoms supply one
electron each to form one Au–L bond, and the polarity of the
Au–Cl, Au–S and Au–P bonds are 0.75, 0.66, 0.56, respectively,
indicating that the charge is polarized towards L. When n $ 2,
each L contributes three electrons and each Au contributes one
electron to form 2n Au–L bonds, thus the polarity increases
suddenly at n ¼ 2, and then levels off at n > 2. Due to the larger
electronegativity difference between Au and Cl atoms, the
polarity of the Au–Cl bonds is stronger than Au–S and Au–P
bonds, which is in accordance with the relative strength of Au/
Au aurophilic interactions. Moreover, stronger polarity can
result in weaker covalency, which can make it easier for the
linearity of L–Au–L bonds to be broken. For L ¼ Cl, because of
the strongest polarity and aurophilicity, the linearity of Cl–Au–
Cl bonds is the easiest to be broken for more Au/Au aurophilic
contacts, which is found in the GMs of (AuCl)7, (AuCl)8, (AuCl)12
and (AuCl)13.

Moreover, due to the difference in polarity for Au–L bonds,
the preferred angles of Au–L–Au bonds are different, which
Table 1 Comparison of bond angles for the monocyclic structures of (A

N

(AuCl)n

N

(AuSH)n

Au–Cl–Au (�) Cl–Au–Cl (�) Au–S–Au

2X2 64.2 115.8 2B 65.4
3X1 74.5 165.5 3A 77.2
4X1 87.4 177.4 4A 87.5
5X1 78.7–95.8 177.7 5A 94.6
6X2 79.8 178.5 6A 87.6
8X3 79.2 178.9 8C 88.1
10X3 79.2 179.1 10C 88.9
12X3 79.2 179.3 12C 89.5
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further affects their structures. Table 1 compares the changes in
Au–L–Au angles for the monocyclic structures of these three
systems. For small cluster sizes, the Au–Cl–Au, Au–S–Au and
Au–P–Au angles show substantial contractions from the ideal
79�, 89� and 120�, respectively. The Au–Cl–Au angles reach the
ideal values at n ¼ 3–4 for L ¼ Cl, n ¼ 4 for L ¼ SH, and n ¼ 5–6
for L¼ PH2. Thus, (AuCl)4, (AuSH)4 and (AuPH2)5 with ideal Au–
L–Au angles are more stable than their neighbors.
IV. Conclusions

In the present study, the size evolution and ligand effects of
(AuL)n clusters with n ¼ 1–13, L ¼ Cl, SH, SCH3, PH2, and
P(CH3)2, are investigated using a method that combined the GA
with DFT. The GMs of (AuSCH3)n shi from single rings at n ¼
2–9 to catenane structures at n$ 10, which is in agreement with
the previous studies. Besides, a new folding mode (ring-at-ring)
is revealed in the GMs at n ¼ 12–13. When the ligands are SH,
PH2 and P(CH3)2, the structural features are roughly similar to
those of (AuSCH3)n. Thus, the –SCH3 group can be replaced by
the –SH group, which suggests a way to predict the structures of
Aum(SR)n by exploring Aum(SH)n clusters. Similarly, the large
–PR2 groups in experiments can be directly simplied by –PH2
uCl)n, (AuSH)n and (AuPH2)n clusters

N

(AuPH2)n

(�) S–Au–S (�) Au–P–Au (�) P–Au–P (�)

114.6 2ii 73.4 106.6
162.8 3i 88.4 151.6
178.2 4i 104 166.0
177.3 5i 114.1 173.9
178.8 6i 119 177.7
178.2 8i 119.7 179.0
177.9 10iii 120 179.5
177.8 12iii 120.1 179.8

This journal is © The Royal Society of Chemistry 2016
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group in calculations. For L ¼ Cl, most of the GMs are also
single rings and catenane structures, but the linearity of Cl–Au–
Cl is broken at n¼ 7, 8, 12 and 13 to have more Au/Au contacts
due to the aurophilicity.

The NCI method reveals that the aurophilicity in the (AuCl)n
cluster is the strongest, followed by (AuSH)n and (AuPH2)n,
which is accompanied by the lengthening of the Au/Au
distances. The polarity of Au–L bonds is the strongest for L ¼ Cl
among these three ligands, which is in accordance with the
relative strength of Au/Au aurophilic interactions and further
results in breaking of the Cl–Au–Cl linearity in some GM
structures. The polarity could also affect the preference of Au–L–
Au angles and further results in the difference of structures.
(AuCl)4, (AuSH)4 and (AuPH2)5 with ideal Au–L–Au angles are
more stable than their neighbors. This results in the highest
relative stability of (AuPH2)10 among the three ligands.

Ligand effects are frequently viewed in the experimentally
produced ligand-protected Au clusters. Taking (AuL)n clusters
as examples, this study tried to answer the question of how
ligands affect these structures. The origin is the polarity of the
Au–L bond, which results in gaps in the strength of Au/Au
aurophilic interactions and in the preferred Au–L–Au angles.
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