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G
old nanoclusters have attracted
considerable attention owing to
their unique catalytic and elec-

tronic properties, as well as their great po-
tential for industrial applications.1–5 Ad-
vances have been made over the past few
years in resolving structures of small-to-
medium sized gold clusters.6–18 For ex-
ample, it has been established from joint
experimental�theoretical studies that an-
ion gold clusters Au4

��Au12
� exhibit two-

dimensional (2D) planar structures,7–9

Au16
��Au18

� possess hollow cage
structures,10,11 Au20

� has a distinct tetrahe-
dral structure (the smallest gold pyramid),12

Au24
� exhibits a tube-like structure,11,13

and Au25
�,14 Au32

�,15 and Au34
�16,17 ex-

hibit core�shell structures. Beyond the size
of Au34, however, atomic structures of gold
nanoclusters are largely unknown, except
Au55

��Au64
�.18–20 Indeed, it is still a chal-

lenging task to determine total structures of
bare gold clusters solely from experiment,
particularly for clusters in the size range of
1�3 nm. For larger-sized gold nanoparticles
(e.g., � 3 nm), their structures can be di-
rectly inferred from common structural
characterization techniques such as
high-resolution transmission electron
microscopy, scanning tunneling
microscopy, atomic force microscopy, and
small-angle X-ray scattering.

Ligand-protected gold nanoclusters21–25

provide alternative building blocks to fabri-
cate new forms of matter such as cluster-
assembled arrays.26 Previous ab initio theo-
retical studies have provided molecular
insight into thiolate�gold interaction.27–36

Recently, a major breakthrough in total
structure determination of a thiolate-
protected gold nanocluster has been
achieved by Jadzinsky et al.37 These re-

searchers have successfully produced a
single crystal of the gold�thiolate nano-
cluster, each being composed of exactly 102
Au atoms and 44 p-mercaptobenzoic acid
(p-MBA) groups (Figure 1). The 44 thiolate
groups form the so-called “staple” motifs on
the surface. The embedded Au102 structure
may be viewed as a 49 atom Marks decahe-
dral core covered by two 20 atom caps on
opposite poles (with C5 symmetry), plus 13
equatorial Au atoms.37 Another structural
description, given by Whetten and Price,38

is that the embedded Au102 structure is
composed of a grand core of 79 Au atoms
plus 23 exterior Au atoms. The grand core
consists of a 49 atom Marks decahedral clus-
ter and two groups of 15 Au atoms located
on opposite poles. Thus, the 49 atom Marks
decahedral cluster can be viewed as a
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ABSTRACT A total structural determination of the Au102(p-MBA)44 nanocluster has been recently achieved

via successful crystallization of the thiolated-protected gold nanocluster (Jadzinsky et al. Science 2007, 318, 430).

The embedded Au102 cluster may be viewed as a multilayered structure described as Au54(penta-star)@Au38(ten

wings)@Au10(two pentagon caps), where the inner Au54 “penta-star” consists of five twinned Au20 tetrahedral

subunits. To gain more insight into high stability of the Au102(p-MBA)44 nanocluster, we have performed ab initio

calculations to study electronic properties of a homologue Au102(SCH3)44 nanocluster, an Au102(SCH3)42 nanocluster

(with two SCH3 groups less), and an “effectively isoelectronic” Au104(SCH3)46 nanocluster with a more symmetric

embedded Au104 structure. Electronic structure calculations suggest that the Au102(SCH3)44 nanocluster possesses

a reasonably large gap (�0.54 eV) between the highest occupied molecular orbital and the lowest unoccupied

molecular orbital (HOMO�LUMO gap), which is comparable to the measured HOMO�LUMO gap (�0.65 eV) of

the bare Au58 cluster. Likewise, the Au104(SCH3)46 nanocluster has a HOMO�LUMO gap of �0.51 eV, comparable

to that of Au102(SCH3)44 nanocluster. In contrast, the Au102(SCH3)42 nanocluster has a zero HOMO�LUMO gap.

These results confirm that high stability of the Au102(p-MBA)44 nanocluster may be attributed in part to the

electronic shell closing of effective 58 (� 102 � 44) valence electrons, as in the case of Au25(SCH2CH2Ph)18
�

cluster whose high stability may be attributed to the electronic shell closing of effective 8 (� 26 �18) valence

electrons.

KEYWORDS: gold nanoclusters · thiolate protection · Jellium
model · HOMO�LUMO gap · shell closing

A
RTIC

LE

www.acsnano.org VOL. 2 ▪ NO. 7 ▪ 1497–1503 ▪ 2008 1497



structural motif for the thiolate-protected nanocluster.

The 23 exterior Au atoms serve only to connect the thio-

late groups with the 79 Au atom grand core.

It has been known that truncated decahedral mo-

tifs with 5-fold symmetry are prevalent structural mo-

tifs for passivated gold nanoclusters in the 1�2 nm size

range.39 Still it is interesting to study the reason why

this thiolate-protected gold nanocluster contains 102

gold atoms. One important factor pointed out by Jadz-

insky et al. is that high stability of the thiolate-protected

Au102 nanocluster is due in part to the closure of the

electronic shell. Each of the 102 Au atoms donates one

valence electron, while each of the 44 thiolates accepts

one electron (or each thiolate has a formal charge of

�1). Effectively, the number of nonlocalized valence

electrons is 102 � 44 � 58. According to the spherical

Jellium model,40–43 bare alkaline or noble metal clusters

with 2, 8, 20, 34, 58, 92, etc. valence electrons should

be highly stable because of closure of the electronic

shell.44,45 Indeed, the spherical Jellium model has been

very successful in explaining high stability of several

“magic number” gold clusters such as Au8, Au20, Au34,

and Au58.12,16,17,19,20 In general, noble metal clusters

with a closed electronic shell possess a relatively large

energy gap between the highest occupied molecular

orbital and the lowest unoccupied molecular orbital

(HOMO�LUMO gap). For example, the tetrahedral clus-

ter Td�Au20, core/shell cluster Au34, as well as core/

shell cluster Au58 exhibit a measured HOMO�LUMO

gap of 1.77,12 0.94,16,17 and 0.65 eV,19,20 respectively.

Very recently, three groups44–46 have shown that a

thiolate-protected anion gold cluster

Au25(SCH2CH2Ph)18
� (with an icosahedral Au13 core)

has a large HOMO�LUMO gap of �1.2 eV. The

Au25(SCH2CH2Ph)18
� cluster may be viewed as having

effective eight nonlocalized valence electrons, which is

a magic number according to the spherical Jellium

model. On the other hand, the Au38(SR)24 cluster has a

smaller HOMO�LUMO gap (0.9 eV) than that of

Au25(SCH2CH2Ph)18
�.47–54 This behavior might be

explained with a nonspherical shell model.53

Despite numerous theoretical studies on small
and medium-sized thiolate-protected gold clus-
ters, few ab initio studies have been found in the lit-
erature on large-size thiolate-protected gold clus-
ters. In this article, we present a comprehensive ab
initio study and structural analysis of a homologue
Au102(SCH3)44 nanocluster, an Au102(SCH3)42 nano-
cluster with the same number of Au atoms but
two thiolate groups less, as well as an “effectively
isoelectronic” Au104(SCH3)46 nanocluster with a
more symmetric embedded Au104 structure. Elec-
tronic structure calculations show that the
Au102(SCH3)44 nanocluster has a HOMO�LUMO
gap of 0.56 eV, comparable to that of bare Au58

cluster, while the Au104(SCH3)46 nanocluster has a
HOMO�LUMO gap of 0.51 eV. However, the

Au102(SCH3)42 nanocluster has a zero HOMO�LUMO
gap. Hence, our ab initio calculations confirm that the
spherical Jellium model is likely applicable to thiolate-
protected noble metal clusters and that high stability of
thiolate-protected Au102 nanoclusters is most likely
due to closure of the electronic shell.

RESULTS AND DISCUSSION
Structural Anatomy. First, we present a structure analy-

sis of the embedded Au102 structure in the same fash-
ion as Mednikov et al.’s analysis for a ligated 165 atom
multishell Pd�Pt nanocluster.55 In Figure 1a,b, we dis-
play atomic structure of the experimental Au102(p-
MBA)44 nanocluster and optimized structure of the
Au102(SCH3)44 nanocluster, respectively. Despite differ-
ences in their ligands, the embedded Au102 structures
in both thiolate-protected nanoclusters are very similar.
The similarity can be more clearly seen from 2a and
2b in Figure 2a, where exterior ligands are removed
for ease of view. The structural similarity in embedded
Au102 structures suggests that the ligand�gold interac-
tion in the Au102(p-MBA)44 and its homologue
Au102(SCH3)44 nanocluster is more or less the same.
Hence we expect that electronic properties of the
Au102(SCH3)44 nanocluster can be useful to assess elec-
tronic properties of the larger Au102(p-MBA)44 nanoclus-
ter. We have also performed structural optimization for
a bare Au102 cluster carved out from the experimental
Au102(p-MBA)44 nanocluster (2c in Figure 2a). After
structural optimization, the bare Au102 cluster becomes
slightly more ordered with quasi-5-fold symmetry, al-
though it does not have exact C5 symmetry due to the
existence of two triangle wings (see below). Jadzinsky et
al. have pointed out that the 49 atom Marks decahe-
dral Au cluster may be viewed as five twinned crystals.37

As shown in Figure 3, if additional five vertexes Au at-
oms are included together with the 49 atom truncated
decahedron, a 54 atom “perfect” decahedral structure is
seen, which can be also viewed as five twinned Au20

Figure 1. (a) Atomic structure of synthesized Au102(p-MBA)44 nanocluster (in
crystalline form; ref 37). (b) Optimized structure of a Au102(SCH3)44 nanocluster.
Yellow (blue): Au; green: S; gray: C; red: O; and white: H. Blue highlights one of five
twinned Au20 tetrahedral subunits.
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tetrahedral subunits (Figure 3b). Hereafter,
the decahedral Au54 structure is named as
a penta-star. In Figure 2b, rotational angle
distribution in the region S1�S5 of 2a�2c
is compared with that of a perfect D5h

structure. It is clear that 2c gives the best
match with perfect D5h structure, while 2a
and 2b are not deviated too much from the
perfect D5h structure. In principle, one
could also study shear-strain distribution
within the S1�S5 region, as shown in a re-
cent study for much larger decahedral Au
nanoparticles.56 Previous studies have
shown that bare decahedral Au nanoparti-
cles with a size �10 nm are unstable be-
cause the twinned decahedral Au nanopar-
ticles are intrinsically strained.57,58 Here,
the five tetrahedral subunits within a Au54

penta-star share a single edge coinciding
with the 5-fold axis. Although a perfect
Td�Au20 tetrahedral cluster is highly stable
due to closure of the electronic shell,12

five perfect Td�Au20 clusters cannot com-
pletely form a perfect penta-star. As illus-
trated in Figure 3a, if two vertexes (e.g., a
and c) of a Td�Au20 cluster are connected
through the midpoint of opposing edge
(point b), the angle �abc is 70.53°. When
five Td�Au20 subunits are joined together,
there is 7.35° (� 360 � 5 � 70.53) solid-
angle deficiency. Hence, a stand-alone Au54

penta-star is energetically unfavorable due
to large strain. On the other hand, the pres-
ence of a Au54 penta-star within the
Au102(p-MBA)44 nanocluster indicates that
decahedral structure can be energetically
favorable in thiolate-protected gold nano-
clusters with size as small as 2 nm.

With the Au49 Marks decahedron as the
core, growth of thiolate-protected Au
nanocluster is expected to be strongly af-
fected by local thiolate�gold interaction.
Jadzinsky et al.37 have demonstrated that
all thiolate groups bound to the gold clus-
ter are in the form of either RS-Au-SR simple
“staple” motif (totally 19) or RS-Au-SR-Au-SR extended
“staple” motif (totally 2). Indeed, each of the five ver-
texes of the Au54 penta-star is part of the RS-Au-SR
staple motif, growing based on the Marks decahedral
Au49 core. Ultimately, formation of a highly stable
Au102(p-MBA)44 nanocluster manifests a delicate bal-
ance between local thiolate�gold interaction (in the
form of staple motifs), with the growth mode compat-
ible with underlying Marks decahedral Au49 core, and
an overall tendency to close the electronic shell. Our
structural analysis indicates that the requirement of
forming 46 RS-Au bonds (out of total 88 RS-Au bonds)

leads to five wings on each side of the Au54 penta-star

(Figure 3b). The 10 wings include eight rhombuses and

two triangles (blue), taking 38 Au atoms. The forma-

tion of two triangle wings breaks 5-fold symmetry asso-

ciated with the Au54 penta-star. The 13 equatorial Au at-

oms can be divided into two groups: 5 as the corner of

the Au54 penta-star, and 8 as the corner of the wings.

On top of the 10 wings, the requirement of forming

10 additional staple motifs (including 20 RS-Au bonds)

results in an additional five-atom pentagonal cap on

each side of the Au54 penta-star. Hence the embedded

Au102 structure may be also viewed as a multilayer

Figure 2. Embedded Au102 structures. (a) 2a: Original structure derived from the synthe-
sized Au102(p-MBA)44 (ref 37); 2b: carved out from optimized Au102(SCH3)44 nanocluster; 2c:
optimized bare Au102 cluster whose initial configuration is the same as 2a. Blue “bonds”
are merely a guide to the eye as these bonds are longer than typical Au�Au bond length.
(b) Rotational angle distribution of 2a, 2b, and 2c versus that of perfect D5h structure.
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structure described by Au54(penta-star)@Au38(ten

wings)@Au10(two caps) (Figure 3b). Lastly, the remain-

ing required 22 RS-Au bonds (� 88 � 46 � 20) stem

from 15 perimeter Au atoms of the Au54 penta-star.

Among these 15 Au atoms, the five vertex Au atoms

and two Au atoms on edges are all connected with two

RS groups.

Electronic Properties. The DFT method is used to com-

pute electronic structures of bare Au102 cluster (2c in

Figure 2a) as well as thiolate-protected nanoclusters. It

is found that bare Au102 clusters possess a relatively

small HOMO�LUMO gap (�0.16 eV), whereas the

Au102(SCH3)44 nanocluster has notably a larger

HOMO�LUMO gap (0.54 eV), indicating that the

thiolate-protected Au102 nanocluster is more
chemically stable than bare Au102 clusters.
Moreover, a HOMO�LUMO gap of 0.54 eV is
comparable to that (�0.65 eV) of bare Au58

clusters (measured from anion photoelectron
spectroscopy experiment19,20). The appreciable
HOMO�LUMO gap of bare Au58 clusters can
be understood based on the spherical Jellium
model in that 58 valence electrons of a Au58

cluster close the electronic shell. Likewise, the
fact that the Au102(SCH3)44 nanocluster also ex-
hibits a reasonably large HOMO�LUMO gap
supports an assumption that the Jellium model
may be also applicable to the thiolate-
protected noble metal clusters.

To provide another evidence for applicabil-
ity of the Jellium model to thiolate-protected
noble metal clusters, we constructed a

Au104(SCH3)46 nanocluster (based on the Au102(SCH3)44

nanocluster) which contains an embedded Au104 struc-

ture with 5-fold symmetry. As mentioned above, the

Au102 structure contains two triangle wings so that it

no longer has 5-fold symmetry. By replacing the two tri-

angle wings with two rhombus wings, 5-fold symme-

try can be restored. The newly constructed Au104 struc-

ture can be described as Au54(penta-star)@Au40(ten

rhombus wings)@Au10(two pentagon caps). Moreover,

by connecting two new SCH3 ligands with added gold

atoms to form two simple “staple” motifs, we obtain a

new Au104(SCH3)46 nanocluster (Figure 4). Electronic

structure calculations show that optimized

Au104(SCH3)46 nanocluster exhibits a HOMO�LUMO

Figure 3. (a) Perfect tetrahedral Td�Au20; �abc � 70.53°. (b) Graphitic anatomy of
embedded Au102 structure. A Au54 penta-star consists of five twinned Au20 tetrahe-
dral subunits (in five colors). Ten wings (taking 38 Au atoms) include 8 rhombuses and
2 triangles (in blue), 5 on each side of the penta-star. The Au54 penta-star (in blue)
plus the wings (in yellow) form a Au92 structure. Adding a five-atom pentagonal cap
(in red and green) on each side of the Au92 gives rise to the Au102 structure.

Figure 4. Optimized atomic structure of a Au104(SCH3)46 nanocluster. Yellow: Au; green: S; gray: C; and white: H. Two spheres
represent the two newly added Au atoms based on the Au102(SCH3)44 nanocluster.
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gap of �0.51 eV, comparable to that (0.54 eV) of
the Au102(SCH3)44 nanocluster. Again, this 0.54 eV
HOMO�LUMO gap with the Au104(SCH3)46 nano-
cluster is likely due to electronic shell closing of
effective 58 (� 104 � 46) valence electrons. As an
independent test, we removed two SCH3 ligands
from the original Au102(SCH3)44 nanocluster and
obtained a Au102(SCH3)42 nanocluster. DFT calcu-
lations show that this Au102(SCH3)42 nanocluster
has a zero HOMO�LUMO gap. The latter may be
explained by the fact that the cluster has effec-
tive 60 (� 102 � 42) valence electrons (open
shell).

Additionally, we performed electronic struc-
ture calculations for the Au25(SCH3)18

� “magic
number” cluster.44–46 This anion may be viewed
to have effective 8 nonlocalized valence elec-
trons (25 � 18 � 1 � 8), whereas the cation
counterpart Au25(SCH3)18

� has effective 6 nonlo-
calized valence electrons (25 � 18 � 1 � 6). In-
terestingly, the calculated HOMO�LUMO gap of
the Au25(SCH3)18

� cluster is 1.2 eV, much larger
that that (0.6 eV) of the Au25(SCH3)18

� cluster. In
summary, the spherical Jellium model which has
been so successful in explaining magic number
clusters of bare alkaline and noble metal clusters
is possibly applicable to thiolate-protected gold
clusters.

Hirshfield charge analysis suggests that a
small charge transfer occurs from Au atoms to S
atoms. On the surface of the embedded Au102

cluster, Au atoms can be categorized into three
groups: group 1 has no coordination with any S atoms;
group 2 has coordination with a single S atom; and
group 3 has coordination with two S atoms. For group
1, each Au atom undertakes a little negative charge
(� �0.0025e). For group 2, every Au atom donates
0.024�0.031e to the S atom. For group 3, every Au
atom donates 0.058�0.081e to the S atoms, consistent
with previous theoretical results.28–31 Meanwhile, every
S atom takes �0.035 to �0.045e, and the C atom of
the methyl group takes �0.117 to �0.123e. In Figure
5a, a plot of the molecular electrostatic potential (MEP)
offers a global view of electric charge distribution over
surface of the Au102(SCH3)44 nanocluster. It can be seen
that methyl groups, group 2, and group 3 Au atoms ex-
hibit highly positive MEP (blue), whereas sulfur atoms
and group 1 Au atoms exhibit negative MEP, consistent
with the Hirshfield charge analysis. Molecular orbital hy-
bridization is another common characteristic of ligand-
protected metal nanoclusters. As an independent test,
we performed an Hirshfield charge analysis for the
Au25(SCH3)18

� cluster and obtained qualitatively simi-
lar results of charge transfer as those for the
Au102(SCH3)44 nanocluster. Total charge transfer from
Au to S is 0.62e for the Au25(SCH3)18

� cluster compared
to 2.87e for the Au102(SCH3)44 nanocluster. Both calcu-

lations suggest that charge transfer may not play a key

role in reducing the effective number of valence elec-

trons neither in the Au102(SCH3)44 nanocluster nor in

the Au25(SCH3)18
� cluster. Rather, it seems that those

Au atoms involved in the staple motifs no longer con-

tribute to effective number of nonlocalized valence

electrons in the sense of the spherical Jellium model.

As such, for a Aum(SCH3)n cluster, its effective number

of valence electrons may be given by m � n. Figure 5b

displays calculated HOMO and LUMO of the

Au102(SCH3)44 nanocluster. It can be seen that both

HOMO and LUMO are largely contributed by the 3p or-

bital of S atoms as well as the 6s and 5p orbitals of the

Au atoms in the staple motifs, supporting localization of

certain Au s-valence electrons due to formation of the

staple motifs.

CONCLUSION
We have performed an ab initio study of a

Au102(SCH3)44 nanocluster which is a homologue to

the recently synthesized Au102(p-MBA)44 nanocluster

and an “effective isoelectronic” Au104(SCH3)46 with

a more symmetric embedded Au104 structure, as well

as a Au102(SCH3)42 nanocluster with two less thio-

late groups than Au102(SCH3)44. Electronic structure

Figure 5. (a) Plot of an isosurface of eletrostatic potential for the Au102(SCH3)44

nanocluster (left: solid model; right: dot model; yellow: negative; blue: positive).
(b) Isosurface (the isovalue is 0.01 au) of the HOMO (left) and LUMO (right) of the
Au102(SCH3)44 nanocluster. Blue and yellow denote positive and negative sign of
wave functions, respectively.
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calculations show that the Au102(SCH3)44 nanoclus-
ter exhibits a modest HOMO�LUMO gap (�0.54 eV),
comparable to that (�0.65 eV) of the bare Au58 clus-
ter, while the Au104(SCH3)46 nanocluster has a
HOMO�LUMO gap of �0.51 eV, comparable to that
of Au102(SCH3)44. In contrast, the Au102(SCH3)42

nanocluster exhibits a zero HOMO�LUMO gap.
These results support an explanation that high sta-
bility of the synthesized Au102(p-MBA)44 nanocluster
is likely due to electronic shell closing of effective
58 valence electrons. Charge analysis shows that
little charge transfer occurs between embedded
Au102 structure and thiolate groups. Thus, the effec-
tive number of valence electrons (58 � 102 � 44)
may be attributed to localization of Au s-valance

electrons (44) due to formation of 19 simple and 2
extended “staple” motifs. Likewise, high stability of
the Au25(SCH2CH2Ph)18

� cluster may be attributed
to electronic shell closing of effective 8 valence elec-
trons. In general, for a Aum(SCH3)n cluster, its effec-
tive number of valence electrons may be given by m
� n. In particular, high stability of thiolate-protected
gold nanoclusters such as Au102(p-MBA)44 and
Au25(SCH2CH2Ph)18

� is a manifestation of a delicate
interplay between local thiolate�gold interaction (in
the form of staple motifs), a growth process compat-
ible with underlying Au core symmetry (Marks deca-
hedral Au49 core for Au102(p-MBA)44, and icosahedral
Au13 core for Au25(SCH2CH2Ph)18

�), as well as a glo-
bal tendency of closing the electronic shell.

METHODS
Atomic coordination of the Au102(p-MBA)44 nanocluster was

obtained from the authors of ref 37. For computational feasibil-
ity, we studied a smaller homologue gold nanocluster,
Au102(SCH3)44. We used a density functional theory (DFT)
method to perform full geometric optimization of bare Au102

structures and thiolate-protected nanoclusters. Similar DFT
methods have been used by others in their studies of smaller-
sized thiolate-protected gold nanoclusters such as
Au25(SCH3)18

� and Au38(SCH3)24.28–31,44–46 The generalized gra-
dient approximation in the form of the Perdew�Wang 91 func-
tional,59 a relativistic effective core potential (ECP), and the
double-numerical polarized basis set (DNP) implemented in the
DMol3 software package60,61 were employed in the DFT calcula-
tion. To validate the computation method, we optimized the tet-
rahedral Td�Au20 cluster and obtained a computed
HOMO�LUMO gap of 1.80 eV, which is in good agreement with
measured HOMO�LUMO gap of 1.77 eV.12
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29. Häkkinen, H.; Walter, M.; Grönbeck, H. Divide and Protect:
Capping Gold Nanoclusters with Molecular Gold-Thiolate
Rings. J. Phys. Chem. B 2006, 110, 9927–9931.

30. Grönbeck, H.; Walter, M.; Häkkinen, H. Theoretical
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