
Isomeric Thiolate Monolayer Protected Au92 and Au102
Nanomolecules
Naga Arjun Sakthivel, Luca Sementa, Bokwon Yoon, Uzi Landman,* Alessandro Fortunelli,*
and Amala Dass*

Cite This: J. Phys. Chem. C 2020, 124, 1655−1666 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: We report the results of a study of the isomeric
thiolate monolayer capping of two gold nanocluster molecules,
namely Au92 and Au102, both protected by 44 4-tert-butylbenzene
thiolate (TBBT) ligands. The finding of an isomeric monolayer of
the same ligand in a series of metal nanocluster molecules in this
large size range is unprecedented. Au92 and Au102 possess entirely
different structures and properties. The Au92 has an 84 atom face
centered cubic (FCC) core whereas Au102 has a 79 atom Marks-
decahedral core. Nevertheless, despite the metal core structural
diversity and the complexities of the interfacial staples, both of these
gold nanocluster molecules have the same number of ligands. The
Au92 core is protected by 28 bridging ligands and 8 monomeric
staple motifs whereas Au102 is protected by 19 monomeric and 2
dimeric staple motifs. The Au92 and Au102 cores have cuboidal and globular structures, respectively. As a result, Au92 has longer
{100} facets and exhibits c(2 × 2) monolayer arrangement for bridging ligands similar to what has been observed on {100} facets of
bulk gold, whereas Au102 has only staple motifs. We prepared the Au102 in TBBT series using a ligand-exchange-based approach and
characterized them by mass spectrometry and UV−vis spectroscopy. Mass spectrometry revealed that the compound has a mixture
of isoelectronic species with the formula of Au102(TBBT)44, Au103(TBBT)45, and Au104(TBBT)46. Concurrent first-principles
electronic structure computational studies provide insights into the stability and nature of these two isomeric-monolayer capped gold
nanomolecules.

■ INTRODUCTION

The facile synthesis of stable, thiolate protected gold
nanoparticles1 and their subsequent identification to be
molecules2 with unique electrochemical3−6 and optical proper-
ties7−12 drew interest from researchers across diverse areas of
scientific research. Investigations of Au102 and Au25 gold
nanomolecules further triggered the field’s growth significantly,
following the reports in 2007 and 2008 about their X-ray
crystallographic structures, respectively.13,14 The Au102 system
has been studied widely with applications in drug delivery and
catalysis.13,15−23 It has been synthesized with water-soluble and
organo-soluble ligands.24−26 In the case of organo-soluble
ligands, thiophenolate ligands support the Au102(SR)44
molecular formula and has an electrochemical gap of ∼0.6 V,
which is in reasonable agreement with the theoretically
computed band gap.25 Au99(SR)42, which is a stable size in
the thiophenolate protected series of nanomolecules, remains
to be crystallographically studied.26,27 In contrast, in the case of
phenylethanethiolate (aliphatic-like) and aliphatic thiolate
ligands, a mixture of sizes were found: (Au103(SR)45,
Au104(SR)45, Au104(SR)46 and Au105(SR)46).

28,29 A wide
range of Marks decahedral (m-Dh)30 and decahedral (Dh)

nanomolecules have been discovered since then in gold and
silver nanomolecules systems with 102−374 metal atoms.31−37

Several other polyhedral structures such as icosahedra,
anticuboctahedra, and truncated octahedra, with interesting
properties and applications have been discovered.38−50

Distinct ligands form distinct series of gold-based nano-
molecules (AuNMs) sizes, each characterized by a precise
number of gold atoms and ligands.51 To date, there is only one
known occurrence of two cluster sizes (that is, with different
number of gold atoms) having an isomeric ligand count,
namely, the phenylethanethiolate-capped Au38 and Au40
clusters protected by 24 ligands.52

The 4-tert-butylbenzenethiolate (TBBT, SPh-tBu) protected
series of AuNMs comprises: Au28(SR)20, Au36(SR)24,
Au44(SR)28, Au52(SR)32, Au92(SR)44, Au133(SR)52, and
Au279(SR)84.

31 We have prepared a mixture of isoelectronic
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stable sizes with a molecular formula of Au102(TBBT)44,
Au103(TBBT)45, and Au104(TBBT)46 evidenced by mass
spectra. It is intriguing and unprecedented that with the
same number of thiolate groups, two core-sizes (Au92 (refs 53
and 54) and Au102) exist in the same series, with the two
clusters differing by 10 Au atoms, and exhibiting two entirely
different structures. A difference of 50 Au atoms and isomeric
monolayer has been observed between two different series;
Au329(SR)84 in the phenylethanethiolate series and
Au279(SR)84 in the TBBT series.55 The Au102(SR)42 and

Au104(SR)46 compounds with closely related composition to
Au102(SR)44 (ref 13) have been modeled computationally and
shown to possess a m-Dh 79 atom core as well, with
differences in the staple motif configurations.16 Later, the
Au104(SR)46 composition has been identified experimentally as
well.28,29 We predict that the Au102(TBBT)44, Au103(TBBT)45
and Au104(TBBT)46 would also have a m-Dh 79 atom core−
shell structure similar to its analogs protected by
−SC6H4COOH and −SC10H7.

13,56 In the case of
Au102(SR)44, the stability of the nanomolecule has been

Figure 1. X-ray crystal structures of Au92 and Au102: (a) core-centered atoms, (b) core atoms, and (c) total structure. Staples: blue, monomeric Au;
orange, dimeric Au; yellow, sulfur. C and H atoms are excluded for clarity.
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ascribed to the magic 58-electron closed shell, but recent
experimental studies indicate that geometric stability of the
mDh structural motif could also be a major factor in its
stability.56,57 It is pertinent to remark here that although
electronic shell closing is certainly a factor contributing to the
stability of a number of nanocluster systems, there are also a
number of stable AuNMs that do not exhibit “magic” electron-
shell closing, including: Au30(SR)18, Au36(SR)24, Au38(SR)24,
Au130(SR)50, Au133(SR)52, and Au144(SR)60.

31

Here, we report the results of structural and computational
explorations of the Au92 and Au102 nanomolecules capped by
isomeric thiolate monolayers. Despite the structural diversities in
the metal core and the complexities of the interfacial staples, both
of these AuNMs have the same number of ligands. We also report
here the first preparation of TBBT-protected Au102. The
product has been analyzed by mass spectrometry (matrix-
assisted laser desorption ionization (MALDI) and electrospray

ionization (ESI) mass spectrometry) to determine the
composition, while optical absorption spectroscopy has been
employed to determine the difference in electronic properties
between the Au92 and Au102 nanomolecules. Theoretical
studies were performed to provide insights into the electronic
structure and stability of the two sizes with isomeric monolayer
but possessing drastically different structures.

■ RESULTS AND DISCUSSION

Au92(TBBT)44 nanomolecule has an 84 Au atom FCC core
protected by eight monomeric staple units (−SR−Au−SR)
and 28 bridging ligands (−Au−SR−Au−). The 84 atom core
has an arrangement of Au2@Au18+Au4@Au60 atoms. Au2 forms
the center of the interpenetrating bicuboctahedral structure
(Au2@Au18), followed by four Au atoms on the four
trapezoidal {111} facets on the bicuboctahedra (Figure 1).
The Au24 core is covered by the 60 Au atoms layer which is

Figure 2. Isomeric TBBT monolayer on (a) Au92 and (b) Au102. Staples: blue, monomeric Au, orange, dimeric Au, and yellow, sulfur. Surface Au
atoms on {111} ( red) and {100} (magenta) facets. Core-centered Au atoms, C, and H are excluded for clarity.
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then protected the TBBT ligand monolayer. The Au102(SR)44
structure has a 79 atom mDh core protected by 19 monomeric
staples and 2 dimeric staples (Figure 1). The 79 atom mDh
core has an Au7 decahedra @ Au32 Ino’s decahedra (iDh) core
with Au10 along the {100} facets of the iDh forms the Au49
mDh core. Then, 2x Au15 caps on the poles of the core forms
the m-Dh 79 atom core. The 60 Au atoms layer in Au92 can be
viewed as a 2x 18 Au atom caps on the poles and 2x 12 Au
atom belt along the equatorial position of the core analogous
to the 2x Au15 caps and Au10 belt along the equatorial position
in Au102 (Figure 1).
Figure 2 illustrates the differences in arrangement of thiolate

monolayer on Au92 and Au102 nanomolecules. In Au92, two
monomeric staples are located on both the poles of the core in
a 2-fold symmetry and 2 monomeric staples from both poles’
trapezoidal {111} facet connects to the equatorial belt. The
bridging thiolate groups are arranged in a c(2 × 2)
arrangement on the {100} facets like thiolate groups on the
{100} facets of bulk gold.31,58 In Au92, ∼ 64% of the ligands are
in bridging configuration and the rest in monomeric staple
motifs. In Au102, the 15 atom caps on the poles have five
monomeric staple motifs arranged in a 5-fold rotational
symmetry protecting 10 Au atoms (Figure 2). Out of five
tetrahedral wedges of the decahedra, three wedges has three
monomeric staples from each pole anchoring the six out of ten
Au atoms on the {100} facets of the Au39 (iDh). The
remaining four atoms on the equatorial belt is protected by two
monomeric staples. Two dimeric staple motifs protect the
remaining two Au atoms on both the poles.
Mass Spec t romet r y . The compo s i t i o n o f

Au102−104(TBBT)44−46 nanomolecules were studied by matrix-
assissted laser desorption ionization (MALDI) mass spectrom-
etry and electrospray ionization (ESI) mass spectrometry.
MALDI-MS data reveals the 1+ and 2+ charge state of the
compound with broad peak due to fragmentation (Figure 3). It
also indicates that no neighboring sizes other than Au102−104
are present. ESI-MS was performed using THF as solvent and
no Cs+ was added. The analyte ionized in 2+ and 3+ charge
state peaks and the molecular composition was determined by

deconvoluting the charge state peaks to get the molecular
weight. The m/z peaks for 2+ and 3+ charge states of
Au102(TBBT)44, Au103(TBBT)45, and Au104(TBBT)46 were
observed at the following m/z values, 13 681 Da, 13 861 Da,
and 14 044 and 9121 Da, 9241 Da, and 9361 Da, respectively.
Figure 3 inset shows the 2+ of Au102(TBBT)44,
Au103(TBBT)45, and Au104(TBBT)46.

UV−Vis Spectroscopy. Figure 4 reports the optical
absorption spectrum of Au102−104 in comparison with the two
neighboring sizes in TBBT series, Au92 and Au133. Au92 has
absorption features at 440, 660, and 850 nm. Au133 has features
at 430, 510, and 710 nm. Au102−104 species on the other hand
do not exhibit distinct bands.

Energy Decomposition and System Comparison
Analyses. To compare the relative stability of Au92(TBBT)44
vs Au102(TBBT)44 we resort to computational modeling,
employing our previously proposed energy decomposition
(fragmentation)59 and system comparison60 analysis protocols
that we have successfully used in previous work.61−63 To this
purpose, we use first-principles simulations based on density
functional theory (DFT).
Our analysis protocols need structural information on the

considered systems. For the equilibrium structure of
Au92(TBBT)44 we used the crystallographic data available in
ref 54. Since no crystallographic data are available for
Au102(TBBT)44, we created its structure by taking the
coordinates of Au102(p-MBA)44 from ref.13 and by replacing
the carboxylic groups with tert-butyl groups via a docking
procedure which ensures that there are no overlapping atoms
in the resulting configuration. The initial geometries of both
these systems were then subjected to density-functional-tight-
binding (DFTB) molecular dynamics (MD) simulations,
lasting 3 ps at 400 K during which the coordinates of the Au
and S atoms were left frozen to the initial geometry. The MD
runs were followed by DFT relaxations without geometrical
constraints. The thus-generated coordinates are provided in
the Supporting Information.
Local geometry relaxations at DFT level and DFTB-MD

runs were performed by employing the CP2K code64 whose

Figure 3. MALDI and ESI mass spectra of Au102−104(TBBT)44−46 nanomolecules. MALDI spectra (red) reveals the 1+ and 2+ charge states at
∼26.2 kDa and ∼13 kDa, respectively. ESI spectra (blue) reveals the 2+ and 3+ charge state for Au102−104(TBBT)44−46 nanomolecules. Inset shows
the zoom-in in the 2+ m/z region showing the peaks for three isoelectronic species with (Au,TBBT) = (102,44), (103,45), and (104,46).
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DFT algorithms are based on a hybrid Gaussian/plane-wave
scheme (GPW). We resorted to pseudopotentials derived by
Goedecker, Teter, and Hutter65 for describing the core
electrons of all atoms, and DZVP basis sets66 for representing
the DFT Kohn−Sham valence orbitals. The cutoff for the
auxiliary plane wave representation of the density was 400 Ry.
Calculations were performed spin-unrestricted. The semi-
empirical Grimme-D3 correction67 was added to Perdew−
Burke−Ernzerhof (PBE)68 exchange and correlation (xc-)
functional to take into account dispersion interactions. In the
DFTB calculations, we used the parameters from ref 69. Time
integration steps of 1 fs were used during the MD runs, and the
temperature was controlled by Nose−́Hoover chain thermo-
stats.70

For simplicity, we limited our analysis to electronic energies
only (corresponding to 0 K ideal conditions, no entropic
effects). Our analysis protocols foresee calculating the DFT
energetics of the complete clusters and of a series of
intermediate species to shed insight into the relative energetic
stability of clusters with different stoichiometry [here,
Au92(TBBT)44 vs Au102(TBBT)44] and its decomposition
into separate, physically meaningful energy contributions. A
full report of our results is listed in Table S1 of the Supporting
Information.
We recall that our fragmentation analysis tool59 corresponds

to calculating and comparing the reaction energy of the
following fragmentation, atomization, and ligand separation
processes, for the two AuN(TBBT)44 species:

E

Au (TBBT) Au (TBBT) fragmentation

4.336 au

92 44 92 44
crown Au

fragm

92→ +

Δ =

‐

E NAu 92Au atomization / 0.09288 au92
atmz→ Δ =

E

(TBBT) 44(TBBT) ligand separation

1.458 au

44
crown Au92

relax

ligsep

→

Δ =

‐

E

Au (TBBT) Au (TBBT) fragmention

4.313 au

102 44 102 44
crown

fragm

→ +

Δ =

E MAu 102Au atomization / 0.09431 au102
atmz→ Δ =

E

(TBBT) 44(TBBT) ligand separation

1.307 au

44
crown Au

relax

ligsep

102 →

Δ =

−

whereas our system comparison analysis tool60 investigates
cluster interconversion via different steps that in the present
case simplify to a metal addition reaction:

E

Au (TBBT) 10 Au Au (TBBT) metal additionNN 44 10 44

interconv

μ+ [ ] →

Δ

+

To evaluate this last reaction energy we need the chemical
potential of Au, μ[Au], which can be assumed to coincide
under the given experimental conditions with the atomization
energy per atom of the Au-core, ΔEatmz/N, similar in the
present case for Au92(TBBT)44 and Au102(TBBT)44: μ[Au] =
ΔEatmz/N = 0.09288−0.09431 au.
By using the values of total energies from Table S1 and the

chemical potential of Au estimated as described above, we then
calculate the c luster interconvers ion energy as
ΔEinterconv[Au92(TBBT)44 → Au102(TBBT)44] = 0.0288−
0.0431 au, i.e., 0.78−1.17 eV. We thus arrive at our main
conclusion that, despite the great structural differences
between Au92(TBBT)44 and Au102(TBBT)44, these two species
exhibit a similar electronic stability, with Au92(TBBT)44 more
stable than Au102(TBBT)44 by roughly 1 eV. This relatively
small energy difference in such large and complex compounds
is striking, and confirms the great freedom in morphology and
stoichiometry of nanomolecules in this nonscalable size
reǵime. It is also in tune with the experimental observation
that both clusters can exist and be successfully synthesized.
It can be noted that Au92(TBBT)44 is more stable than

Au102(TBBT)44 despite the 58-electron electronic shell closure in
the latter species. Indeed, analyzing Table S1 in more detail,
one can see that the similarity in formation energy of the two
MPC arises from a compensation between ligand−ligand
interaction, stronger in Au92(TBBT)44 by ≈0.15 au, and Au-
core atomization, which favors Au102(TBBT)44 and is
connected with its electronic-shell closure effect. Ligand−
ligand separation energy is practically the same for TBBT
thiolate ligands and their hydrogenated TBBT-H counterparts,
proving that chemical bonding between S atoms in the ligand
crown does not play a role, while dispersion terms contribute
by only 0.03 eV to the difference in ligand−ligand interaction,
hence suggesting that phenyl−phenyl π−π and T-stackings
interactions60 are mainly responsible for the enhanced stability
of Au92(TBBT)44. Clearly, this kind of stabilization will depend
on solvent and entropic effects59 (provisionally neglected
here).

Figure 4. UV−vis absorption spectra of Au102−104(TBBT)44−46
nanomolecules (red, solid) compared with the Au92(TBBT)44
(olive, dash) and Au133(TBBT)44 (blue, solid).
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Finally, to test the robustness of our analysis with respect to
a change in the structure generation protocol, we have created
two additional structural models for Au102(TBBT)44 and
Au92(TBBT)44 by taking the initial coordinates of these two
clusters, generated either via the docking procedure for
Au102(TBBT)44 (mimicking as close as possible the hypo-
thetical crystal structure of this cluster) or from the crystal
coordinates for Au92(TBBT)44, and by performing a local
relaxation at the DFT level, while keeping the AuS cores
frozen. Using these new models, the energetics of the metal
addition reaction does not qualitatively change, now being
ΔEinterconv = −0.01 eV, meaning that according to this different
modeling the two clusters are isoenergetic, whichgiven the
size of this systemsis qualitatively in tune with our previous
analysis. In other words, despite the fact that these new crystal-
like cluster structures have a rather different network of
ligand−ligand interactions compared to those used in our
analysis above, a substantial energetic proximity between the
two clusters is confirmed. The coordinates and fragmentation
energy terms of the previous (relaxed) and frozen-core
structural models are provided in the Supporting Information
(Table S1).
Electronic Structure and Stability of Au92 and Au102.

Further insights into the electronic structure and stability of
the thiolate-ligand-capped Aun (n = 92, 102) nanoclusters,
have been gained through calculations using the density
functional theory (DFT) method, employing the Vienna ab
initio simulation package VASP.71−74 The wave functions were
expanded in a plane wave basis with a kinetic energy cutoff of
400 eV. The interaction between the atomic cores and the

valence electrons was described by the projector augmented-
wave (PAW) potential75 (which includes relativistic correc-
tions) and the exchange-correlation functional was described
by the Perdew−Wang PW91 generalized gradient approx-
imation (GGA).76−78 Results for the relaxed model (further
optimized with VASP) are given in Figures 5, 6, and S3; for
frozen-core electroic structure results see the Supporting
Information (in particular Figure S2A).
In Figure 5, we display for the energy-optimized X-ray

determined Au102(SR)44 cluster the projected density of states,
PDOS, i.e. the electronic density of states projected onto the
angular momentum components, introduced in ref 79 (see
STh1). In the calculations of the PDOS the TBBT capping
ligand is modeled (for computational convenience) by thiol−
phenyl, that is SR = S-phenyl; for PDOS results with the TBBT
ligands, showing close similarity to those displayed in the text
of the manuscript, see Figures S2B, S2C. We also display
images of representative superatom orbitals, located at the
bottom of the spectrum (having nodal structures of 1S, and 1D
wave functions, respectively) and near the top of the spectrum
(with a nodal patterns characteristic of 1G and 1H states); a
vertical dashed line at E − EF = 0 denotes the location of the
midpoint between the highest occupied molecular orbital
(HOMO, of 1G character) and the lowest unoccupied one
(LUMO, of 1H character).
The first feature observed in the PDOS is the relatively large

HOMO−LUMO energy gap (ΔHL = 0.46 eV). Inspection of
the electronic structure of the cluster and the orbitals’ angular
momentum symmetries (Figure 5) shows that, in agreement
with an early proposalintroduced first in ref 79, termed as a

Figure 5. Calculated projected densities of states (PDOS) for Au102(S-phenyl)44 and selected iso-surfaces of superatom orbitals (the two colors
correspond to different signs of the wave function). We also include schematic illustrations of the orbitals’ nodal structures. The various angular
momenta contributions are displayed in different colors, as given in the inset.
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“partial jellium” model, and used extensively in subsequent
studies of ligand-protected metal clusters18,45while for a
wide range of energies (located at the middle of the energy
spectrum), the electronic wave functions exhibit localized
character (associated with Au atomic 5d electrons), and the
orbitals of states with energies near the top (near the Fermi
level) and bottom of the electronic spectrum are of delocalized
character, derived from the atomic Au 6s1 electrons (see
representative orbital images in Figure 5). These delocalized
states can be assigned particular symmetries, determined with
the use of an expansion of the calculated wave functions in
spherical harmonics following80 the electronic cluster-shell-
model80 (CSM). Associated with the CSM is a (superatom)
aufbau rule: 1S2|1P6|1D10|2S2 1F14|2P6 1G18|2D101H22 3S2|
1I26..., where S, P, D, F, G, H, and I, correspond, respectively,

to angular momenta, L = 0, 1, 2, 3, 4, 5, and 6. In the above
CSM scheme, the vertical lines denote shell-closures (magic
numbers), with closure near the Fermi level often accompanied
by the opening of a stabilizing energy gap (refereed to in this
paper as ΔHL); in the above shell-structure scheme the shell
closures occur at n* = 2, 8, 18, 20 34, 58, 90, 92, ... electrons
(with the values of n*’s called “magic numbers”). The above
shell-closure magic numbers apply to spherical (or near-
spherical) clusters. Lifting of the g = 2L+1 degeneracy of levels
belonging to the Lth angular momentum shell may occur for
nonspherical clusters (particularly for states near the Fermi
level, see below); for early use of such crystal-field splitting in
the context of the electronic spectrum of the C60 cluster, see ref
81, and for a general discussion of cluster shape effects on the
electronic shell model of metal clusers see ref 82.
In Figure 5 the occupied superatom spectrum consists of n*

= 58 delocalized electrons (1S2|1P6|1D10|2S2 1F14|2P6 1G18|);
this number of electrons equals the number of Au atoms in the
cluster (102), less the number of sulfur-anchored ligands (44).
The HOMO complex, (2P6, 1G18) consisting of 12 orbitals
and holding 24 electrons, and the LUMO complex (1H, 2D)
consists of 16 (empty) orbitals. Deviations from spherical
symmetry (of the cluster geometry and effective electronic
potential) can cause certain alterations in level ordering, as well
as splittings of the (2L + 1)-fold level degeneracy (of the L’s
superatom orbital) by crystal-field effects. Such splittings are
seen clearly in the PDOS in Figure 5.
The PDOS for Au92(S-phenyl)44 displayed in Figure 6a

exhibits a HOMO−LUMO gap ΔHL= 0.57 eV at the Fermi
level. Furthermore, the PDOS shows clear evidence for a
superatom CSM structure at the bottom of the spectrum (see
features marked as 1S and 1P), whereas at the top of the
PDOS (in the HOMO and LUMO regions) the spectrum is
more complex. Indeed, the displayed orbitals’ isosurfaces
corresponding to states at the bottom of the spectrum show
well-developed 1S and 1P delocalized wave functions of
delocalized superatom character, whereas those at the top of
the spectrum (labeled HOMO and LUMO; see Figure 6a) are
of mixed (hybridized) nature (see also Figures S1 and S3, and
Table S2). We remark here that even though the 1S and 1P
states portray clear delocalized superatom character, they also
show some (small) mixing with capping ligand orbitals (see the
1S and 1P wave functions above Figure 6a). These hybridized
components were not included in the integration involved in
calculation of the PDOS (see Supporting Information section
titled STh1. Projected Density of States) for the entire Au92(S-
phenyl)44 cluster, where a radius of integration R0 = 5.5 Å was
employed (which is large enough to include all the metal
atoms of the cluster); this accounts for the somewhat lower
amplitude of the superatom peaks (e.g., 1S and 1P) in Figure
6a than those for the bare Au24 cluster [for which there were
no ligands, and an integration radius of R0 = 9.5 Å was used,
Figure 6b,c, while for the Au24 atom cluster, essentially the
same PDOS plots as those in Figure 6b,c were obtained with
R0 = 5.5 Å]. Obviously, the above consideration does not effect
the energy locations of the states in the PDOS plots.
To unravel the spectral behavior near the Fermi level, we

focus our attention on the inner core of the cluster, namely, on the
24 gold atoms which are not directly bonded to any of the capping
ligands [see inset in Figure 6b, labeled Au24@Au92(S-
phenyl)44]. The PDOS for that core region (in the geometry
it has as part of the capped 92 gold atom cluster) shows a small
ΔHL= 0.13 eV and a crowding of several states near the Fermi

Figure 6. Calculated projected densities of states (PDOS) for (a) the
Au92(S-phenyl)44 cluster. Also shown are iso-surfaces of states at the
bottom of the PDOS spectrum (marked 1S and 1P), and near the
Fermi level (marked HOMO and LUMO). (b) The Au24 core in the
geometry. It is found in the capped 92-gold-atom cluster, denoted as
Au24@ Au92(S-phenyl)44. (c) The structurally relaxed Au24@ Au92(S-
phenyl)44 core. Note the opening of the HOMO−LUMO gap (ΔHL=
0.62 eV). Also shown at the bottom are iso-surfaces of superatom
orbitals of the relaxed core (the two colors correspond to different
signs of the wave function). The insets in parts b and c show the
atomic arrangements in the 24-gold-atom core (different layers
depicted by different color balls). The various angular momenta
contribution to the PDOS are displayed in different colors, as given in
the inset to part a.
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level (see Figure 6b). On the other hand, structural relaxation
of the 24-atom core results in opening of a large gap (ΔHL =
0.62 eV) and a clear superatom structure in the bottom part of
the spectrum as well as at the HOMO and LUMO regions [see
Figure 6c, and the superatom orbital iso-surfaces at the
bottom]. Inspection of the occupancies of the various energy
levels shows that of the five 1D orbitals four lie below the
Fermi level (accommodating eight electrons), and the other
1D level is shifted to the unoccupied manifold. Furthermore,
out of the seven 1F superatom orbitals, three lie below the
Fermi level, occupying 6 electrons and the rest of the 1F levels
are shifted above EF joining the unoccupied manifold. As a
result the gapped electronic structure (that is, the above-noted
ΔHL = 0.62 eV gap) of the relaxed Au24@Au92(S-phenyl)44]
core cluster, is described by the superatom energy level
sequence: 1S2|1P6|2S2 1D8|1F6 (occupied by 24 electrons). We
reiterate that the above splitting and shifting of superatom
orbitals in the HOMO and LUMO region result from the
nonspherical geometry of the 24-atom core cluster. Note that
here the stabilization energy gap does not occur for one of the
aforementioned magic-number, n*, that correspond to
spherical-shell closures. Instead, because of the degenarcy
lifting (splitting) due to the prounced nonspherical symmetry
of the 24-Au-atom inner-core cluster (see inset in Figure 6b,c),
the gap opens inside the 1D and 1F angular momentum shells
(at the top of the occupied spectrum, near EF), with only some
of the levels of these shells being occupied (i.e., lying below
EF), while the other levels shift to higher energy (above EF)
belonging the unoccupied manifold above the stabilization gap
(see Figure 6c).
As aforementioned the results in Figures 5, 6, S1, and S3 and

Table S2a,c were obtained for the relaxed model discussed in
the Results and Discussion, subsection titled “Energy
Decomposition and System Comparison Analyses”, and further
optimized with the use of the VASP DFT simulation package.
PDOS results for the “frozen core” structural model (described
in the last paragraph of the subsection Energy Decomposition
and System Comparison Analyses) with the coordinates listed
in the Supporting Information, are given, respectively, in
Figure S2a,b for the capped 102 and 92 gold clusters (with the
TBBT ligands modeled by S-phenyl, where only the H atoms
replacing the terbutyl group were VASP-optimized optimized).
These results portray the robustness of the structural models to
variations in the computational preparation and optimization
(an issue of particular importance for the 102 gold atom cluster
where crystallographic data is available only for the p-
mercaptobenzoic acid ligands, that is the Au102(p-MBA)44
system, as discussed earlier in this paper). These calculated
results show a close overall similarity between the electronic
PDOS of the two structural models, with the HOMO−LUMO
gaps for the “frozen model” being somewhat smaller than those
calculated for the fully relaxed one: that is, 0.32 eV (0.46 eV)
and 0.54 eV (0.57 eV)) for the frozen-core Aun(SR)44, n = 102
and 44, respectively (with the values for the fully relaxed
systems given in parentheses), the difference being smaller for
the 92-Au atom cluster.
The states displayed near the Fermi-level for the two cluster

sizes (compare, respectively, Figures 5 and 6a with those in
Figure S2a,b, calculated for the two structural models, varying
mainly by their ligands configurations), are dominated by the
same superatom angular momenta, for the two ligand-
relaxation modes, as shown in Table S2b,d. This serves as
further evidence regarding the robustness of the underlying

supershell structure that acts as a stabilizing factor; for the
smaller, 92-gold atom cluster, the amplitudes of the superatom
states near the Fermi-level are lower than those found for the
larger, 102-Au-atom cluster. This is due to stronger
perturbation in the smaller cluster (and subsequent orbital
distortion and hybridization) caused by the outer gold atom
shells that anchor the capping ligands. As described above,
these perturbing effects can be unraveled through the
introduced CCSM model (see the progression in Figure 6a−
c). Further support for the proposed CCSM derives from
examination of the “orbital tomography” shown in Figure S3,
which reflects the localization (anchoring) of the superatom
orbitals (1S, 1P, ...) on the FCC- stacked Au24 inner-core,
denoted above as Au24@ Au92(S-phenyl3)44 (see upper panel of
Figure 1 and inserts in Figure 6b,c).
Finally, we remark here that the above analysis, which we

term as “core-cluster shell-model” (CCSM) introduces a new
conceptual element, where the electronic stabilization
(evidenced by a finite HOMO−LUMO gap) is traced to,
and derives from, the superatom electronic shell organization
of the energy levels in an inner core region of the ligand-
capped cluster [here the Au24@Au92(S-phenyl)44].
It is pertinent to comment here that the superatom model of

a metal cluster, pertains to organization of the valence
electrons (the 6s1 electrons in the case of gold cluster) into
delocalized states (the superatom states), which describe the
motion of these electrons under the influence of the cluster’s
effective mean-field potential (see, e.g, ref 79). For a (neutral)
bare metal M (e.g., M= Au, Ag) cluster,79 the number (Nv) of
valence electrons to be considered equals the number of metal
atoms, NA. On the other hand in the case of an organically
capped metal cluster MNA(SR)m, Nv = NA − m (accounting for
the bonding of the m thiolate ligands to the metal cluster).18,45

The CCSM introduced here aims at explaining the stability of
capped clusters where the above prescription does not yield a
satisfactory explanation; namely, cases where no energy gap is
found near EF, or when the states near EF (e.g., the HOMO
and LUMO states, and those in their vicinity) do not show a
delocalized (superatom) character (see Figure 6a). The CCSM
generalizes the above prescription by assigning the superatom
stabilization only to the inner-core region of the capped metal
cluster, comprised only of gold atoms which are not bonded
directly to the S atoms of the thiol ligands; for the
Au92(TBBT)44 cluster considered here, this inner core consists
of the 24-Au atoms (with Nv = 24) shown in column a of the
top panel of Figure 1 (see also inset in Figure 6b,c).
Focusing on the electronic structure of the inner-core region

is motivated, in part, by the expectation that from a cluster-
growth perspective it is expected that the stability of the early
formed inner core of the metal cluster, in particular, its
superatom shell structure and the stabilization that it provides,
would be maintained (at least in large part) and be imparted to
the assembling outer atomic shells comprised of metal atoms
that interact and anchor the capping (protecting) organic
ligands. We expect this mode of analysis to be most useful in
investigations of a broad range of nanocluster systems
(particularly in the larger cluster range), including cases
where the density of states of the entire capped cluster shows
only a small, or no, HOMO−LUMO gap.

■ CONCLUSIONS
Au92 nanomolecules possess an untwinned FCC structure
whereas Au102 has a 5-fold twinned structure. Despite these
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significant diverse structural motifs of the metal cores and the
complexities of the interfacial staples that anchor the organic
(TBBT) ligands, both clusters were found here to have the
same number of ligands. In the case of the Au92 nanocluster
molecule the capping monolayer is primarily composed of
bridging ligands (∼64%) and the rest appear as in staple
motifs, whereas the Au102 nanocluster is protected solely by
staple motifs. The staple-motif configurations seems to play a
vital role in dictating the structure and composition of the
nanocluster molecules.
First-principles electronic structure computational modeling

via fragmentation and system comparison analysis indicate that
despite the major difference between the two nanomolecules,
the energetic stability is very similar between the two
nanomolecule systems, with merely a ∼1 eV difference
between the two. The optical absorption study of Au102−104
reveals featureless spectra, whereas Au92 has distinct absorption
bands.
Analyses of the DFT-calculated angular-momentum−

projected density of states (PDOS) spectra provide deep
insights into the superatom cluster-shell-model (CSM)
organization of the electronic energy levels, with the TBBT-
capped Au102 system showing a 58-electron superatom shell-
closing and a 0.46 eV HOMO−LUMO stabilizing energy gap.
The stability of the TBBT-capped Au92 nanocluster molecule is
elucidated through the newly introduced “core cluster shell
model” (CCSM) where the superatom shell closing and gap
(∼0.6 eV) opening is found here to originate from the
electronic structure of the FCC inner metallic core, Au24@
Au92(S-phenyl)44, of the nanomolecule. In both the ligand-
capped Au92 and Au102 clusters, added structural stabilization is
gained through interfacial staple-anchoring to the metal cluster
and ligand organization.

■ EXPERIMENTAL SECTION

Materials. Hydrogen tetrachloroaurate (III) (HAu-
Cl4.3H2O) (Alfa Aesar ACS grade), sodium borohydride
(NaBH4) (Sigma-Aldrich, 99%), 2-phenylethanethiol (Sigma-
Aldrich, 98%), 4-methylbenzenethiol (Sigma-Aldrich, 98%), 4-
tert-butylbenzenethiol (TBBT) (TCI America, > 97%), and
trans-2-[3[(4-tert-butyl phenyl)-2-methyl-2-propenylidene]-
malononitrile (DCTB matrix) (TCI America) were used as
received. HPLC grade solvents such as tetrahydrofuran,
toluene, and methanol were purchased from Fisher Scientific.
All materials were used as received.
Synthesis. Synthesis of Au102−104(TBBT)44−46 was per-

formed in three steps. First, Au144(SCH2CH2Ph)60 was
synthesized and then core-converted to Au99 by reacting with
4-methylbenzenethiol.27 Finally, Au99(SR)42 was then reacted
with TBBT (1 mg:100 μL of TBBT) for 1 h at room
temperature under stirring to obtain Au102−104(TBBT)44−46.
The reaction was then stopped by adding excess methanol and
centrifuged at 4000 rpm for 3 min. The precipitate was washed
with methanol (4×) to remove the excess thiol. Re-etching was
carried out for 15 min if few unexchanged ligands were present.
Instrumentation. A Voyager DE PRO mass spectrometer

was used to acquire MALDI-TOF mass spectra using DCTB
matrix. Electrospray ionization mass spectra (ESI-MS) were
collected using a Waters Synapt HDMS instrument with THF
as the solvent. UV−vis absorption spectra were collected using
a Shimadzu UV-1601 spectrophotometer with toluene as the
solvent.
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