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Abstract

Thiolate-stabilized gold nanoclusters have drawn significant attention for their
extraordinary properties and their applications in many fields such as catalysis, sensing,
biomedicine, efc. However, due to the size, complexity and conformational flexibility of thiolate
ligands, accurate structure prediction can be a challenge using computational approaches.
Substitution of thiolate ligands with chloride ligands provides a possible alternative. In this work,
the stability of a series of gold thiolate and chloride clusters with 1:1 stoichiometry (Au,L,; L=SH,
Cl; n=2-9) as well as the analogs of some experimentally observed gold nanoclusters (Au,L,
L=SH, CI; n=18-133) are examined, and binding energies, HOMO-LUMO gaps and absorption
spectra are determined using density functional theory (DFT). We observed that the optimized
geometries of gold nanoclusters for both types of ligands converged to the same local minimum
structure as the experimentally observed structures. The average binding energy per gold atom in
gold clusters converges after AusL4. The binding energies of chloride-stabilized gold clusters and
nanoclusters average 87.5% and 95.7% of the binding energies of thiolate-stabilized systems for
the clusters and nanoclusters, respectively. Typically, thiolates are found to be more stable than
the chlorides. However, higher HOMO-LUMO gaps in Au2Clo, AuzgClo4, and Aui02Clas compared
to their thiolate analogs suggest systems of particular interest for investigating the possible
existence of chloride-based gold nanoclusters. Absorption spectra are very similar regardless of
the ligand used. This study also demonstrates that in theoretical studies on large nanoclusters,
complex thiolate ligands can be replaced by CI ligands to predict structural and electronic

properties with reasonable accuracy and reduced computational effort.



Introduction

Physical and chemical properties of small nanoclusters are generally dissimilar from bulk
properties. Nanoscale gold colloids have been used even during ancient times mainly for
decoration due to their extraordinary optical properties.! In the 21% century, ligand-protected gold
nanoclusters that are smaller than 2 nm in core diameter (up to 250 atoms)!'? became popular in
research areas such as catalysis, bio-imaging, sensing, efc.'"*> because their monodisperse nature
assists in the tunability of the optical properties. Gold thiolates are one of the most interesting
groups of nanoclusters in this size range; many studies have been performed recently on this group
of nanoclusters to understand their structural and electronic properties. The first x-ray crystal
structure of an atomically precise gold thiolate nanocluster, a p-mercaptobenzoic acid (p-MBA)
protected gold cluster consisting of 102 gold atoms and 44 p-MBAs, was characterized by
Jadzinsky et al. in 2007.° Subsequently, other gold thiolate nanoclusters such as
[Au2s(SCH2CH2Ph)is]! and  Auis(SCeHii)i4 have been synthesized and characterized
crystallographically.”!® Numerous studies on gold nanocluster structures have been discussed in
several recent reviews on atomically precise metal nanoparticles.> 113

The electronic structure of gold thiolate clusters can be described by a super atom model
that includes the ligand interaction with the gold core.!® In this representation, the number of
valence electrons v of Au,(SR),? can be calculated by v =m — n — g; systems corresponding to
noble gas electronic configurations, where the total valence electrons are 2, 8, 18, 34, efc., often
show exceptional electronic stability.

Gold thiolate compounds with a 1:1 gold to ligand ratio have been used to treat rheumatoid
arthritis!” and the x-ray structures of the clinically-used compounds such as gold(I) thiomalate

(Myochrysine) have been determined.'® In addition, experimental work on homoleptic gold



thiolate clusters includes the observation of a chair-like structure for [ AueSe(Ci5H23)6].C4H10O by
LeBlanc and Lock!® and synthesis of catenane structures of Auio(SCeHa-p-CMes)io and
Aui2(SCsHa-0-CMe3)12 by Wiseman et al.>° Using density functional theory (DFT), Gronbeck et
al. performed a detailed analysis of structural and optical properties of cyclic (AuSCH3), clusters
with # ranging from 2 to 12.2! The authors concluded that clusters from (AuSCH3)s and above
adopt crownlike structures whereas the smaller ones have a planar-ring Au-S framework. They
also observed that the electronic structures of gold clusters with different alkyl ligands,
(AuSCH3)4 and (AuSCeH13)4, are similar. Moreover, double helical structures were obtained by
Shao and coworkers from their global minimum search on homoleptic gold thiolate clusters
(AuSR), (n = 6-9).22 From a theoretical study on gold thiolate clusters, Barngrover and Aikens
observed similar formation energies for clusters containing SH and SCHj; groups, but lower

binding energies when phenylthiolate ligands are bound.??

DFT has been able to successfully predict structures and choose between isomers of
compounds with a large number of electrons as well as high coordination numbers including gold
and silver nanoclusters; the benefits of DFT include reasonable accuracy along with less
computational cost compared to ab initio methods for these systems.>*?> However, expanding
calculations to predict the structures of larger nanoclusters requires more time and computational
resources which in practice limits the cluster size up to several hundred gold atoms. Furthermore,
most of the experimentally synthesized thiolate protected nanoclusters possess large ligands such
as SCH>CH»Ph and SCsH11, which leads to a huge number of possible isomers and conformers for
structure prediction calculations. Therefore, replacing large ligands with small ligands such as
SCH3 and SH is necessary and has been identified as satisfactory in theoretical studies.?* %6 In a

theoretical study of ligand effects and size evolution on the structures and stability of (AuL),



systems (n =2 to 13), Liu et al. showed the similarity of the structural features of systems with SH
ligands to those with SCH3 ligands, suggesting the possible substitution of SH ligands in Au,,(SR),
nanoclusters.?® Using a first principles analysis of AuzsLis™! where L is F, Cl, Br, or I, Jiang and
Walter noticed that halides, being isoelectronic to thiolate ligands, are a good substitute for
thiolates on gold clusters.?” They showed that the core-staple structure of an all-chloride
substituted Auys cluster is a stable local minimum. Halides have been used in other studies as well.
Tlahuice-Flores and co-workers employed iso-electronic substitution of thiolate by chloride in
icosahedral Auj44(SR)s0? to determine structural and bonding patterns in the nanocluster.?® They
confirmed from DFT calculations that the /-symmetry is held upon replacing thiolate with chloride
for the 2+ and 4+ charge states of the nanocluster. The authors further stressed that the high
intricacy of solving structural and electronic properties of ligand protected noble metal
nanoclusters in this critical size range can be reduced with the isoelectronic method. To the best
of our knowledge, chloride analogs of gold thiolate nanoclusters have not yet been synthesized.
However, it might be possible that “bare” gold nanoclusters that have been reported®’=! may
actually be stabilized by chloride/bromide ligands, and these clusters could be isolated with
modifications in the synthesis such as changing the strength of the reducing agent. Therefore,
predicting structures and stability of gold chloride nanoclusters computationally will be beneficial
not only for theoretical chemists but also for future experimental studies.

In this work, we compare the stability of a series of isoelectronic and isomorphic gold
thiolates and chlorides by means of structure, binding energy, energy gap between the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), and
absorption spectra. In this text, the terms “gold clusters” and “gold nanoclusters” are used to refer

to gold compounds with fewer than 250 atoms; “gold clusters” denotes systems containing up to



9 gold atoms while “gold nanoclusters” refers to analogs of known x-ray crystal structures with 18

to 133 gold atoms.

Methodology

Geometries of a series of gold thiolate clusters and their chloride analogs ((AuL),; n = 2-
9, L = SH, Cl) were optimized using DFT. The initial coordinates of the clusters were taken from
previous work by Barngrover and Aikens.?* The simplest thiolate, i.e. -SH, was chosen to compare
the stability with chlorides. Another set of structural analogs of recently synthesized gold thiolate
nanoclusters, namely Auis(SR)14,”1% Auz0(SR)16,>? [Au2s(SR)16]7,* Au24(SR)16,>* Auza(SR)20,%
Au24(SeR)20,*®  [Auzs(SR)is] ¥ Aus(SR)20,>”  Auszo(SR)18,*®  Auzs(SR)24,”  Ausg(SR)ns, 04
Auso(SR)24,% Auaa(SR)2s,* Ausa(SR)32,%? Aui102(SR)4s,® and Auizs(SR)s2,* was also examined in
terms of stability. Geometry optimizations and linear response time-dependent density functional
theory (LR-TDDFT) calculations were performed using the Amsterdam Density Functional
(ADF)* package with the GGA Becke Perdew (BP86)**7 functional and polarized triple - { (TZP)
frozen core basis set while scalar relativistic effects were included using the zeroth-order regular
approximation (ZORA).*® The self-consistent-field (SCF) convergence criteria was improved to
108 while changes in energy and gradient during the geometry optimization were tightened to 10°
> Hartree and 10* Hartree/angstrom respectively. The most effective aggressive gradient
smoothing was used. The binding energies were calculated based on the reactions presented in
equations (1) and (2) for clusters and nanoclusters, respectively. Stabilization energies were
calculated using equations (3) and (4) for the clusters and nanoclusters. In equation 4, Ej4,
represents the energy of a free Au atom. Moreover, the average binding energy per gold atom was

calculated by dividing the binding energy by the number of gold atoms of the nanocluster.



According to the binding energy calculation, positive binding energies indicate energetically

favorable structures.
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A large energy difference between the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) also contributes to the stability of a compound.*’
Li and coworkers reported that tetrahedral Auyo cluster shows a HOMO-LUMO gap of 1.8 eV,
which is about 0.2 eV greater than that of Ceo, by photoelectron spectroscopy as well as by density
functional calculations.®® We also calculate the HOMO-LUMO gap of the clusters and
nanoclusters of interest in this work for further comparison of their stability.

Absorption spectra of SH and Cl analogs of experimentally available clusters up to
AuioLas were calculated using LR-TDDFT implemented in the ADF package using the same
computational accuracy used for the optimization unless otherwise mentioned. In order to simplify
the calculations for the AuiooLas system, a double - { (DZ) frozen core basis set was used. The
lowest 200 transitions were calculated for all nanoclusters up to Ausslos; Auszlsz and larger
systems required up to 800 states to get excitations up to at least 2 eV. The excitations were

convoluted with a Gaussian function with a 0.2 eV full width at half maximum value.



Results and Discussion

Optimized Structures

The optimized structures of gold clusters Au,L, and gold nanoclusters Au,L,, are shown in
Figures 1 and 2, respectively. The average Au-S and Au-Cl bond lengths of cyclic clusters are
approximately 2.4 A for both ligands. S-Au-S and Au-S-Au bond angles are approximately 174°
and 93° whereas the corresponding values for gold chlorides are 175° and 86°. Similar values have
120

been observed experimentally and theoretically by Bau,'® LeBlanc and Lock,!® Wiseman et a

Groénbeck et al.,*! and Barngrover and Aikens.?’

The two isomeric structures of Auzsloo (1) and (2) are the structural analogs of
Auz4(SCH,Ph-Bu)yg from Das et al.®® and a selenolate-capped structure, Auza(SeCeHs)o, from
Song et al 3® respectively. The structure of Auss(SR)24 with the face-fused biicosahedral Auys core

reported by Qian et al.*’

is represented by Ausglzs (1) and a less stable structural isomer
synthesized by Tian and co-workers*! is labeled as AusgLas (2). The geometries of the optimized
nanoclusters for both types of ligands converged with the same local minimum structures as the
synthesized crystal structures. For example, both thiolate and chloride protected AuigLis are

composed of an Aug kernel surrounded by one AusLs tetramer, one AuxL3 dimer and three Aul.

monomers.’!?

It should be noted that it has previously been observed that the core sizes of nanoclusters
protected by bulky or aromatic thiols can vary significantly from those of alkylthiolate-protected
gold nanoclusters.’!>> However, theoretical work suggests that the electronic structure of cyclic

thiolates with alkylthiolate ligands is similar*' and that the alkylthiolate ligands can be further



reduced to -SH groups for structure prediction of Au,(SR)» compounds.?* %® The current work

demonstrates the similarities between chloride-protected and alkylthiolate-protected gold clusters

and nanoclusters.
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Figure 1. Optimized gold thiolate and gold chloride clusters (AuL), (n = 2-9). Key: Au: gold, S:

yellow, H: white, Cl: green.
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Figure 2. Optimized gold thiolate and gold chloride nanoclusters Au,L.

Molecular orbitals (MOs) (isosurface = 0.03) of (AuL)2 and (AuL)s with thiolate and
chloride ligands are compared in Figure 3. Clusters with two gold atoms (Figure 3a) clearly
manifest similarity between the MOs for the SH and CI ligands. Both thiolate and chloride
stabilized clusters share the same contributions of atomic orbitals (AOs) that contribute to a
particular MO. For example, gold 5d and sulfur (or chlorine for the chloride analog) 3p are the

primary AOs contributing to the HOMO of (AuL).. However, it may not be clear at first glance

9



that this similarity still remains for the MOs of (AuL)4 (Figure 3b). As the cluster size gets larger,
there are many occupied orbitals with very similar energy, and the degeneracy of the MOs with
the size of the clusters leads to different linear combinations of AOs for an individual orbital.
Nevertheless, the formation of the frontier orbitals from a combination of gold 5d and 6s with 3p
of sulfur/chlorine is consistent for all gold clusters. The similarity in MOs is not restricted to the
smaller gold clusters. The frontier MOs of the larger nanoclusters are also qualitatively insensitive
to whether thiolate or chloride ligands are used. The frontier orbitals of AuigLi4 are shown in
Figure 4 (isosurface = 0.02). Again, these orbitals appear the same regardless of the protecting
ligand. Note that here we show the similarity between the -SH and -Cl ligated gold nanoclusters;
aliphatic (alkylthiolate) ligands are expected to resemble these ligands whereas the bulky and/or
aromatic ligands may show different structural and electronic properties from those of

alkylthiolates.

10
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Figure 3. Frontier molecular orbitals of (a) (AuL), and (b) (AuL)4. Color code: Red and blue
indicate opposite phases of occupied orbitals, whereas orange and cyan denote opposite phases of

unoccupied orbitals.
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Binding Energy

As indicated in Figure 5, total binding energies, calculated using equation 3, increase with
the size of the gold-thiolate cluster, and isomers with the same stoichiometry have almost the same
binding energy (Table S1). Steric strain in the (AulL), and (AuL)s clusters is thought to be
responsible for the lower stability of these systems.?">>* As evidenced by the positive binding
energies, it can be noticed that chloride ligands also favorably form gold clusters. The ratio
between the binding energies of gold chlorides to those of thiolates varies around an average of
87.5% (£0.6) for these systems (Table 1). Moreover, average binding energies per gold atom
converge after four gold atoms in both thiolates and chlorides (Figure 6). This result is in
agreement with previous work.?!» 2% 26 In addition, average binding energies of the cyclic clusters
with SH ligands are similar to the average binding energies of cyclic methyl thiolate gold clusters

23

calculated by Barngrover~’ using the same exchange-correlation functional (BP86) (Table 1). This

supports the idea that the complexity of theoretical calculations can be simplified by replacing

SCHj3 groups with SH as suggested by previous work.> 26

L=SH I | =Cl

Binding Energy (eV)

Figure 5. Total binding energies of gold clusters.
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Table 1. Average binding energies per gold atom of small cyclic thiolate and chloride gold clusters

and the ratio between the average binding energies for Cl and SH species.

L=SCHj3 (eV)

Cluster L=SH (eV) L=Cl (eV) (ref ) CI:SH (%)
Auzl; cis 0.56 0.48 0.54 86.5
Auzl; trans 0.55 0.48 0.55 86.9
Ausl; 1.69 1.49 1.69 88.0
Augl4 1.91 1.67 1.91 87.5
AusLs 1.92 1.68 1.92 87.3
AugLe crown 1.93 1.68 1.92 87.3
AugLe helix 1.92 1.68 1.92 87.3
AusL7 crown 1.92 1.68 1.92 87.3
Au7L7 helix (1) 1.93 1.68 1.92 87.1
Au7L7 helix (2)* 1.92 1.68 1.92 87.4
Auglg crown 1.93 1.68 1.92 87.2
AugLg helix (1) 1.92 1.68 1.92 87.5
AusLg helix (2) 1.92 1.70 1.93 88.5
AugLg crown 1.93 1.68 1.91 87.4
Aol helix (1) 1.93 1.70 1.92 88.4
Auwl helix (2) 1.92 1.70 1.93 88.4

? Both SH and CI structures of AusL7 helix (2) were converged to crown geometry

14
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Figure 6. Average binding energies per gold atom of gold clusters.

A similar analysis was carried out with the gold nanoclusters. Binding energies of both
chloride and thiolate stabilized nanoclusters are positive (Figure 7 and Table S2); thiolates are
more stable, but the difference is relatively small and tends to decrease with the size of the
nanocluster. When going from AuszL3z to Auioz2Lag, the binding energy almost doubles because
the size also essentially doubles. In consequence, it is useful to consider the average binding
energies, as defined by equation (4). While the average binding energy per gold atom converged
ataround 1.9 eV and 1.7 eV in cyclic clusters with thiolate and chloride ligands respectively (Table
1 and Figure 6), the average binding energy of nanoclusters varies around 2.1 eV (Table 2 and
Figure 8). Binding energies of chlorides are approximately 95.7% (£1.7) of the binding energy of
thiolates. This average ratio is higher than that for gold clusters due to the larger size and the
composition of the nanoclusters. The nanoclusters have Au-Au bonds with bonding energies that
effectively do not change depending on the ligand, which causes the similarity of average binding

energies for the two ligands. Because of the consistent ratio between binding energies, one could
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use the average ratio along with the binding energy results for computed chloride-stabilized

nanoclusters to predict the binding energies of novel thiolate-stabilized gold nanoclusters.
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Figure 7. Total binding energies of gold nanoclusters.

Table 2. Average binding energies per gold atom of gold nanoclusters and the ratio between the

average binding energies for Cl and SH species.

Average binding  Average binding

Nanocluster energy per Au energy per Au CI:SH (%)
(L=SH) /eV (L=Cl) /eV
AuisLis 2.08 1.97 94.9
AuzoLis 2.07 1.93 93.2
Auxslie 2.28 2.22 97.4
Auslie 2.13 2.03 94.9
Auaslag (1) 2.07 1.91 92.4
Auzaloo (2) 2.05 1.92 93.4
AuasLig 2.25 2.20 97.7
Aunglog 2.14 2.02 94.5
Auzolis 2.17 2.08 95.9
Auselos 2.18 2.07 95.2

16



Ausglog (1) 2.19 2.11 96.3

Ausglos (2) 2.19 2.10 95.9
Augolog 2.21 2.12 95.9
Auaslog 2.20 2.11 95.8
AusyLao 2.22 2.13 95.9
Auioz2las 2.34 2.31 98.6
Auizslsy 2.38 2.34 98.3
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Figure 8. Average binding energies per gold atom of gold nanoclusters.

HOMO - LUMO Gap

It is known that the HOMO-LUMO gap generally decreases with increasing size.
Nanoclusters in the size range < 2 nm show an enhanced HOMO-LUMO gap and high stability
compared to larger nanoclusters.’®>’ However, the electronic stability is controlled by several
factors such as the type of ligand, geometric arrangement of the staple motifs and the symmetry of
the core.!® 2! Herein we compare the stability of thiolate- and chloride-stabilized nanoclusters in

terms of their HOMO-LUMO gaps. For the small cyclic clusters as well as larger nanoclusters,

17



thiolates have a larger HOMO-LUMO gap than chlorides (Figures 9 and 10; Tables S3 and S4)
except for a few systems, suggesting higher electronic stability. In the two cis- and trans- AuzL.
clusters, Cl makes the cluster more stable, which may be due to electronic effects or to a lesser
steric hindrance compared to SH. Among the nanoclusters, Auio2L44 and the most stable isomer of
Ausglog are predicted to have larger HOMO-LUMO gaps in chloride-stabilized systems compared
to the thiolate versions (Figure 10 and Table S4). This implies that it may be valuable to study
these chloride compounds further to determine whether it is possible to synthesize atomically
precise chloride-stabilized systems if appropriate synthesis conditions (reducing agent, efc.) are

used.
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Figure 9. HOMO — LUMO gaps of gold clusters.
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Figure 10. HOMO — LUMO gaps of gold nanoclusters.

Absorption Spectra

The shape of the absorption spectra of chloride-stabilized nanoclusters are generally similar
to those of the corresponding SH-passivated clusters with a redshift of peak positions. Spectra for
AuisLis, AuasLig, and AuiozLas are shown in Figure 11; the others are provided in Figure S1. Since
the electronic transitions correspond to the energies in the UV/vis region, we are interested in the
lower energy end of the spectrum. (Note that the sudden drop at the UV end does not necessarily
imply that a peak reaches a maximum before the drop; the spectrum falls simply because there are
no more excited states calculated.) When the system size increases, the energy range that can be

calculated becomes narrower for a constant number of states.
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Figure 11. Absorption spectra of selected nanoclusters. (Note: The sudden drop at the UV end
does not necessarily imply that a peak reaches a maximum before the drop; the spectrum falls due

to the finite number of excited states calculated.)

The lowest energy peak of AuisLi4 appears at around 1.8 eV in both ligands, which can be
compared with the experimentally observed peak position that occurs near 1.97 eV (~630 nm) by
Das et al.'” and Chen et al.’ in the Auis(SCsHi1)14 nanocluster. Even though the transition from
HOMO to LUMO orbitals is the prominent contribution for this peak in the SH based nanocluster
(Tables S5 and S6), similar to the previous work of Das and co-workers,'® a somewhat weaker
transition from HOMO-1 to LUMO appears to destructively cancel the oscillator strength in the
lowest energy transition. Similarly, the HOMO - LUMO and HOMO-1 = LUMO transitions in

the chloride nanocluster couple with each other in a destructive fashion (Tables S7 and S8). We
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also observe a prominent peak at 2.0 eV and 1.9 eV in thiolate and chloride protected nanoclusters
respectively, which is comparable with the experimental value of 2.18 eV (570 nm)’-'°. We found
that the HOMO - LUMO and HOMO-1-> LUMO transitions constructively add to give rise to
these excitations regardless of the type of ligand attached to the nanocluster. Overall, for both
thiolates and chlorides the two transitions from HOMO to LUMO and LUMO++1 destructively and
constructively couple to generate a lower and a higher energy excitation respectively.

It is clear from this spectral transition analysis that systems ligated with chlorides would
bear qualitatively similar transition properties to those ligated by thiolates. Numerical variances
may arise due to the difference in the HOMO-LUMO gap and as a result of raising the symmetry
of the chloride-stabilized systems compared to the thiolate clusters, which affects the orbital
energy levels (Figure S2). For example, the energy levels of the frontier orbitals of AuisCli4 shift
towards lower energy compared to Auis(SH)14 (Table S9). In the Cl-based nanocluster, the frontier
virtual orbitals are more stabilized compared to the occupied orbitals, leading to a lowering of the
energy gap and the corresponding excitation energies. Frontier molecular orbitals are composed
of Au and S/CI atomic orbitals in both types of gold nanoclusters, and the ligand contributions to
the frontier orbitals appear to be similar in both chloride and thiolate analogues. However, for
higher energy virtual orbitals, we observe that more ligand-based orbitals (arising from S and H
atomic orbitals) are present in the thiolate cluster whereas the contributions from the Cl atoms to
these orbitals is less in the chloride version. Overall, it can be concluded that the spectra of
chloride- and thiolate-protected gold nanoclusters are very similar up to the point where the ligand
effects start to contribute at higher energy.

The spectra of AuzsLig show clear comparison for the Cl and SH ligated nanoclusters. The

three main peaks of the SH-stabilized nanocluster at 1.4, 2.6 and 3.4 eV have been redshifted to
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1.3, 2.4, and 3.1 eV in Cl-stabilized nanoclusters. The red shifts of the excitation energies of
chloride-ligated structures arise due to the lower HOMO-LUMO gaps of chloride-stabilized
systems compared to thiolates. Moreover, the spectrum of AuxsClig is narrower than AuzsSHig due
to the fact that the Cl systems can achieve slightly higher symmetry. For instance, the three distinct
excitations near 1.3 eV in the spectrum of Au»sClig are closer in energy compared to the
corresponding excitations of AuzsSHig at around 1.4 eV. The high symmetry induces degeneracy
in the electronic structure leading to degenerate excitations. To this end, substitution of thiolates
with isoelectronic chlorides helps achieve high symmetry and increases the computational
efficiency for potential structure and property predictions.

For AuiozL44, the spectra almost overlap for the two ligands. Calculation of excitations up
to 2 eV for the Cl ligand captures one of the two shoulder-like peaks around 2 eV shown in
spectrum of Auio2(SH)44. Moreover, structure in the optical absorption spectrum around 1-1.2 eV
is captured for both ligands. Again, the chloride-stabilized nanocluster exhibits a spectrum that is
slightly red-shifted compared to the thiolate-stabilized system because the Cl-stabilized system

experiences increased stabilization of its frontier virtual orbitals compared to its occupied orbitals.

Conclusion

Atomic and electronic structures, binding energies, average binding energies, HOMO-
LUMO gaps, and absorption spectra of thiolate- and chloride-stabilized gold clusters and
nanoclusters were compared in this study. The gold core of optimized gold nanoclusters converged
to the same structure as the experimentally determined structures for both thiolate and chloride
ligands. The binding energy increases with the size of the cluster and isomers tend to have similar
binding energies in both thiolate and chloride stabilized gold clusters. Calculated average binding
energies of (AuSH), are similar to the previously reported average binding energies of (AuSCH3),
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where the same level of theory was employed. Calculated average binding energies per gold atom
converge after AuslL4 in the gold clusters with a 1:1 gold to ligand ratio. Binding energies of
chloride-stabilized gold clusters are about 87.5% (+0.6) of those of thiolate-stabilized systems; the
corresponding average ratio for gold nanoclusters is found to be 95.7% (+1.7). Even though the
binding energies and average binding energies of chloride gold clusters are numerically smaller
than those of thiolate gold clusters, they are still predicted to be stable, just as the thiolate-stabilized
systems are, and can be considered as a potential alternative to thiolates. Generally, thiolates have
higher HOMO-LUMO gaps than chlorides except for AuzLo, Auszglos (1), and Auio2Las. The
spectra are very similar regardless of ligand, with the chloride-stabilized systems exhibiting peaks
at slightly lower energy that may be somewhat sharper due to a higher overall symmetry in the
nanocluster compared to thiolate-stabilized systems. Overall, the binding energy, HOMO-LUMO
gap, and excitation spectra results suggest that chlorides may provide a possible ligand that could
be employed experimentally, and strongly suggest that theoretical studies aimed at structural

predictions could effectively employ chloride ligands.
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