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ABSTRACT: Understanding the evolution of the structure and
properties in metals from molecule-like to bulk-like has been a long
sought fundamental question in science, since Faraday’s 1857
work. We report the discovery of a Janus nanomolecule,
Au,g,(SPh-tBu)s having both molecular and metallic character-
istics, explored crystallographically and optically and modeled
theoretically. Aujy, has an anisotropic, singly twinned structure
with an Aujss core protected by a ligand shell made of 24
monomeric [—S—Au—S—] and 6 dimeric [—-S—Au—S—Au—S—]
staples. The Au,s core is composed of an 89-atom inner core and
66 surface atoms, arranged as [Au;@Au,;@Aug; ] @Augg concentric
shells of atoms. The inner core has a monotwinned/stacking-
faulted face-centered-cubic (fcc) structure. Structural evolution in
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metal nanoparticles has been known to progress from multiply twinned, icosahedral, structures in smaller molecular sizes to
untwinned bulk-like fcc monocrystalline nanostructures in larger nanoparticles. The monotwinned inner core structure of the ligand
capped Auyy, nanomolecule provides the critical missing link, and bridges the size-evolution gap between the molecular multiple-

twinning regime and the bulk-metal-like particles with untwinned fcc

structure. The Janus nature of the nanoparticle is demonstrated

by its optical and electronic properties, with metal-like electron—phonon relaxation and molecule-like long-lived excited states. First-
principles theoretical explorations of the electronic structure uncovered electronic stabilization through the opening of a shell-closing
gap at the top of the occupied manifold of the delocalized electronic superatom spectrum of the inner core. The electronic
stabilization together with the inner core geometric stability and the optimally stapled ligand-capping anchor and secure the stability

of the entire nanomolecule.

B INTRODUCTION

The evolution of the transition in properties of metallic
particles from being molecular in nature to exhibiting bulk-
metal characteristics has been a rich source of scientific debate
and discussion since the seminal work of Michael Faraday in
1857, where he concluded that “the ruby gold behaves exactly
as metallic gold” and wondered whether these particles are
“molecules of gold”." The development of a facile protocol” for
the synthesis of thiolate protected gold nanoparticles (AuNPs)
and the discovery’ of the manifestation of a discrete,
molecular-like, size-dependent evolution® of their properties™*
have led to atomically precise determination® of their
structures with tens to hundreds of metal atoms.” "> These
developments have advanced the understanding of their self-
assembly, structure, and properties, as well as that of
superstructures made of them as elemental building blocks,
and resulted in the advancement of methods and strategies for
further development and their application."*'®™*° The size-
dependent structure and property evolution of nanomolecules
provides the opportunity to understand the fundamental
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nature of matter and the principles governing its evolution
3727746 However, although significant information
and insights have been gained over the past two and a half
decades from queries pertaining to “how and where” size-
evolutionary changes in materials’ properties occur, in the
sense of explorations of the mechanisms and processes by
which materials’ properties change with the degree of
aggregation and at what sizes such transitions exhibit
themselves, many aspects of this problem remain open.
Following the early introduction of a facile procedure for
thiolate-capped AuNPs synthesis,2 and the pioneering
combined experimental and theoretical characterization of
such gold nanomolecules (AuNMs), described as “.perfect

with size.
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A top view

B front view

AU, g1(SPh-tBu)gg

Figure 1. X-ray crystal structure of the anisotropic Au,o,(SPh-fBu)¢s nanomolecules. (A) Top and (B) front views (from left to right): (i) the HCP
Auyg kernel, located inside the inner core; (ii) the entire Augy inner core; (iii) the Au;ss core cluster, that is, the 89-atom inner core with the 66-
atom surface thiolate ligand-anchoring pads; the facets of the Au,s cluster are displayed as red, {111} facets; magenta, {100} facets; and (iv) the
left-most configuration in (A) and (B) that displays the entire thiol-protected nanoparticle, with only the sulfur atoms shown (small yellow balls).
Note that (A) shows a twin domain viewed along the C; axis (the perpendicular mirror plane lies in the plane of the paper). Part (B) is viewed
along a C, axis. (C) Classic HCP unit cell embedded in the Au, kernel. Core—shell view of (D) the inner core, (E) Au,9,S¢s, and (F) Au,q,(SPh-
tBu)s (gray, C). Intershell linkages and hydrogen atoms are excluded for clarity. The color designations are as follows: center Au; atoms, cyan;
Au,;, blue; Aug;, olive; S, yellow; and staple motifs, blue, monomeric Au; orange, dimeric Au.

nanometer-scale crystallites (nanocrystals), identically repli-
cated in unlimited quantities, in a state that can be
manipulated and understood as pure macromolecular sub-
stances, is an ultimate challenge of modern materials research
with outstanding fundamental and potential technological
consequences”,” the large majority of studies on the size-
evolution of metal nanoparticles have been carried out using
gold as the metal being probed, with a variety of organic
ligands as capping agents. Each ligand type results in a distinct
series of AuNMs sizes and properties.”” We focus here on
AuNMs of variable sizes, all capped by 4-tert-butylbenzene-
thiolate (SPh-tBu, TBBT) ligand. The plethora of AuNMs

structural motifs and the size-dependent variability of their
chemical and physical properties probed with the use of a
broad spectrum of experimental and theoretical method-
ologies, including X-ray crystallography,” electron microscopy,’

27,40,46

optical spectroscopy, electrochemical measure-

20,28,33,48
ments,” "

and chemical activity and catalytic reactiv-
ity,">* have indeed identified these systems as ones
characterized by superior stability, which exhibit readily
observable quantum confinement effects in the 1-3 nm size
range. These characteristics have positioned AuNMs as

favorable systems for serving as a test bed for the exploration
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and understanding of the physical origins of the underlying
materials’ structure and property evolution with size.

A series of TBBT-capped AuNMs containing a sequence of
sizes, ranging from 10 to 279 gold atoms, have been studied, of
which Au,3; and Au,,9 mark the size-boundaries, characterized
by molecule-like (quantized discrete electronic structure) at
the lower boundary (Au,3;) and as metallic (plasmonic) in
nature at the higher end (Au,), with no other TBBT-capped
AuNMs characterized between these sizes.”>"?*°07>"
Au,33(TBBT)s, has a compact Mackay-icosahedral (I,) S5-
site core structure, regarded as a multiply twinned variant of
the 55-site fcc (cuboctahedral, CO) nanocrystallite. The
essential electronic (and optical) character of Au;3;(TBBT)s,
is nonplasmonic (nonmetallic).”’ A series of smaller
homologues are “cuboidal” in morphology and even less
bulk-like.” In the latter case of Au,,o(TBBT)s,, the core is a
regular 147-site nanocrystallite, recognized as an fcc
cuboctahedron or alternatively as a 201-site fcc truncated
octahedron (TO), also referred to as “Wulff polyhedron”
morphology of fcc metals, with 8 {111} facets and 6 {100}
facets. The electronic, electrodynamic (spectroscopic), and
electrochemical properties of Au,,y are essentially plasmonic
(metallic).” Clearly, there is a large gulf, not only in size (~27
kDa Au,3; vs ~54 kDa Au,,e by mass) but also in essential
physical character, that separates the largely “molecular” (in
the sense of nonbulk) character of the Au;;;(TBBT),
nanomolecule from the evidently “metallic” (in the sense of
bulk-like) character of the larger Au,,o(TBBT)s,.

Despite some early hints that dated back to the first
indication of nanocrystal gold molecules of ~38 kDa in core
mass,”’ there has been no resolution offered yet to the
evermore vexing leap in the size-evolution, the structural motif
transformation from extreme multiple-twinning (I;) to single-
crystalline truncated-octahedral cores, as well as the transition
from nonmetallic to characteristic metallic (plasmonic)
properties of the optoelectronic response. The composition
of the aliphatic thiolate-protected ~38 kDa core compound
was found to be Aug(SR)gs """ and (judging from its
optical response) it lies in the transition region between the
molecule-like Au,4,(SR)g and the plasmonic Aus,(SR)g4 NM,
which also belongs to the aliphatic thiolate-capped series.””**
The Au;4,(SR)4s nanomolecule has not been crystallo-
graphically studied to date, and the optical properties are yet
to be explored in detail.

Here, we address the above-noted outstanding open
question pertaining to the “missing-link” TBBT-capped Aug,
AuNP whose size is intermediary between Au3; and Au,
nanomolecules. To this end, we have engineered the synthesis
of a nanomolecule with 191 Au atoms and 66 TBBT ligands,
found to exhibit hybrid structural and electronic properties. A
crude product of AuNPs was synthesized, thermochemically
etched with excess TBBT ligands, and a molecularly pure Aug,
product was isolated by size exclusion chromatography; see the
Supporting Information for details.”"** The composition and
purity were verified by mass spectrometry (see below). The
product has a molecular weight of 48 528.8 Da. The
Auyo,(SPh-tBu)g, crystals were grown by slow evaporation
and studied by single-crystal X-ray diffraction (SC-XRD).
Steady-state and transient absorption (TA) spectroscopy and
time-dependent density functional theory (TDDFT) simu-
lations were performed to shed light on the intermediate
molecular/metallic nature of the optical properties and
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electronic structure (refer to the Supporting Information for
detailed methods).

The electronic origins of the energetic stability that
characterizes the “missing-link” TBBT-capped 191-atom
AuNM were gained through the analysis of the first-principle
calculated electronic spectrum (through analysis of a general-
ization of the electronic cluster-shell model (CSM),** termed
recently’® as the core-CSM (or CCSM)). Indeed, the
electronic spectrum of the Au)y, inner core exhibits a
superatom shell structure with a shell-closing stabilization
gap of 0.42 eV, and the crystallographic structure of the inner
core reveals a monotwinned Dy, stacking-faulted fcc crystallite,
which provides the long-sought-after missing-link bridge
between the multiply twinned Au,;;(TBBT);, and mono-
crystalline Au,,,(TBBT)g, nanomolecules.

B RESULTS AND DISCUSSION

Au,4,(SPh-tBu)ss Nanomolecule Superlattice Crystal
Structure. The X-ray-determined superlattice of the Aujy,
nanomolecule self-assembles in layers on the xy-plane, stacked
with alternate layers of enantiomers along the z-axis in a 1:1
ratio, with each nanomolecule having six nearest neighbors
(Figures S1 and S2). Each AuNM has four neighbors in the xy-
plane and one neighbor in each of the two adjacent planes,
with center-to-center interparticle distances of 3.2 and 3.22
nm, respectively. Two AuNMs (enantiomers) are located in
the middle of the unit cell, and their corresponding four
neighbors are situated on the four ¢ edges, with each shared by
four neighboring unit cells (8/4), which leads to a total
contribution of four AuNMs per unit cell.

Au,y,(SPh-tBu)ss Nanomolecule Crystal Structure.
The X-ray crystal structure was solved in the C2/c space
group at 1.15 A resolution to a reliability (residual) factor R, =
5.7% (Table S1). The Au,y; nanomolecule has an anisotropic,
monotwinned structure with an approximate dimension of 3.4
nm X 3.2 nm (Figures 1 and S3). The nanomolecule is
composed of three major parts: an inner core, surface
anchoring pads, and a ligand shell. The inner core is made
of 89 gold atoms that are devoid of any direct bonding to the
capping thiolate ligands (Figure 1). It has a core—shell
structure with a 26-atom hexagonal close packed (HCP)
kernel, encapsulated by a 63-Au-atom shell. The classic HCP
unit cell can be found embedded in the 26-atom kernel (Figure
1C). Such an Au,, kernel has been computationally identified
to be one of the most stable close-packed structures.’>*®

The 89-atom inner core is a 14 faceted convex polyhedron
with 18 vertices and 30 edges (Figure S4). The 14 facets can
be further classified as eight {111} and six {100} facets. The
hexagonal and trapezoidal shapes form the {111} facets, and
the {100} facets are square-shaped. In total, there are two
hexagonal, six trapezoidal, and six square facets. The hexagonal
facets form the poles, along the principal three-fold rotational
axis. Three square and three trapezoidal facets then are
arranged in an alternating fashion while sharing their edges and
legs (Figure S4). The equatorial mirror plane mirrors that
arrangement to form a convex polyhedron. There are three
perpendicular two-fold rotational axes located along the
equatorial plane. Overall, the inner core has a D5, symmetry.
It provides a perfect template for the surface anchoring pads
(66 gold-sites). The anchoring pads are distributed as 6-atom
triangular {111} facets on the poles, S-atom trapezoidal {111}
facets, and 4-atom square {100} facets on the body. The Au;
core retains the Dy, symmetry (Figure 1).
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Figure 2. Staple motif assembly on Au,o,. Monomeric staples on (A) poles, (B) body, and (C) the equatorial position. (D) Dimeric staples solely
located on the trapezoidal {111} facets. Staple motif assemblies in the enantiomers of Auy,, are shown in (E) and (F), viewed in (E) along the C,
axis through the poles and in (F) along the C, axis through the equatorial position. Color designations are followed as in Figure 1. The Aug, inner

core and C, H are excluded for brevity.

Ligand Shell. The ligand shell is made of staple motifs with
36 gold sites and a thiolate monolayer with 66 TBBT ligands.
The staple motifs protect the Au,ss surface atoms and the re-
entrant grooves between the surface facets. The staples are of
two kinds: monomeric (—S—Au—S—) and dimeric (—S—Au—
S—Au—S—) staples, and there are 24 monomeric and 6 dimeric
staples (Figures 1, 2, and SS). In the staples, the Au—S—Au
angles range from 71.1° to 118.3° and the S—Au—S angles
range from 138.7° to 173.2°.

Distribution of the Staple Motifs. The staple motifs
protect the nanocrystallite surface in a structural and energetic
optimal interfacet configuration. The monomeric staples are
distributed in three areas: 6 per pole, 6 on body, and 6 on the
equatorial positions. (i) The poles have 6-atom triangular
facets, which are protected by 6 monomeric staples (Figure
2A). The monomeric staples from atoms on a triangular {111}
facet’s vertices anchor a vertex atom on a trapezoidal {111}
facet. The monomeric staples from atoms on a triangular
{111} facet’s edges anchor a vertex atom on square {100}

facets. The staple motif assembly on the poles of the Auq, is
very similar to the case of the Au,, nanomolecule.’” (i) On
the body, the monomeric staples from an atom on the square
{100} facet anchor a vertex atom on trapezoidal {111} facets
(Figure 2B). (iii) At the equatorial position, the monomeric
staples from the remaining two atoms on a square {100} facet
on one-half of the body protect the remaining two atoms on
the square {100} facet (on the other one-half of the body)
across the equatorial mirror plane (Figure 2C).

The dimeric staples are solely located on the trapezoidal
facets. The monomeric staples protect two of the five atoms in
the trapezoidal facet. Two of the remaining three atoms on the
trapezoidal facets are protected by one end of the dimeric
(long) staples, and the other end protects the two atoms on
the trapezoidal facet across the equatorial mirror plane. One
atom at the base of each trapezoidal facet remains without any
interaction with the thiolate group, as it is buried under the
dimeric staple metal atoms (Figure 2D). The thiolate
monolayer retains only the (three-fold and two-fold) rotational

https://dx.doi.org/10.1021/jacs.0c05685
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Figure 3. TBBT monolayer on Au,y,(SPh-tBu)y. Thiolate monolayer assembly on the Au,q,(SPh-tBu)ys nanocrystal viewed along (A) the three-
fold axis perpendicular to the pole {111} facet, and the two-fold axis at the equatorial position through (B) dimeric staples on the body {111} facet
and (C) monomeric staples on the {100} facets. Hydrogens are excluded for clarity. The second row of frames reveals the thiolate monolayer
assembly on specific facets (dashed lines, interligand phenyl—phenyl interactions; the arrows indicate the direction of rotation). Ligands are color
coded as follows: red, poles; blue, monomeric staple ligands extending out of the poles; olive, dimeric staples; and white, monomeric staples on the
{100} facets.

axes and breaks the symmetry to a chiral D; symmetry. Figure
2E,F displays the staple motif assembly on the enantiomers of
Auyo; nanomolecule.

Thiolate Monolayer Assembly. The ligand shell is
stabilized by staple Au—S interactions, as well as interligand
(phenyl—phenyl(z—x), CH—x, and S—z) and Au—7 inter-
actions. The interligand interaction distance ranges are CH—u,
24-3.1 A; S—rm, 3.6—43 A; Au—r, 34—4.4 A; and n—x,
4.3—5.5 A. The interligand interactions run from pole to pole
and along the body. The interligand phenyl—phenyl inter-
actions resemble the triskelion-like motifs on the poles, like a
clathrin lattice®” (Figures 3 and $6). The three arms extending
from the triskelion run down through the long staples on the
body and meet the arms extending from the other pole. The
interligand interactions on each half of the body run parallel to
the directionality of the triskelion-like motifs” arms (Figures 3
and S6).

Parentage of the Dj,-Augy Inner Core. The identi-
fication of the stable convex Dj;,-Augg polyhedral kernel, as the
“inner core” of the Au,y, nanoparticle, came as a welcome
surprise, particularly at this late stage of development of our
understanding of the nanoparticles’ structural motifs, a topic
that has been preoccupying researchers in this field for close to

three decades.”® The detailed analysis of its construction

(Figure 4) and interatomic distances (Figure S), either as
concentric shells of atoms (Figures S7 and S8, and Table S2)
or in a layer-by-layer fashion along its principal symmetry axis,
suffices to reveal many similarities, as well as key differences,
with respect to bulk fcc gold as well as structures of large or
small AuNMs. Additionally, there is little or no hint of any
strain in the structure.

Of further interest is the parentage of the inner core
Dj-Aug, polyhedron, as an fcc twin, to the nearest Wulff”
polyhedral structure, TO-116 (Figure 4). Unlike the
straightforward analysis of the kernel in the Au;u(SR)s;
structure,”® which is a twinned form of the well-known
TO-79 nanocrystallite (or a twinned cuboctahedral-5S inner
core), the analysis of the Dsy;-Aug, parentage appears to be
more intricate.

In the untwinned TO-116 structure, along any three-fold
(C,) axis, the {111} planes are ordered (stacked) as {abcabc},
as for any six-layer untwinned fcc structure (Figure 4B). The
number of sites in each layer of TO-116 is
{12:19:27:27:19:12}, similar to the five-layer {abcba} =
{12:19:27:19:12} of the Dj;-Augy kernel (Figure 4A,B). The
former may be converted to the latter in two steps: (i) first, a

https://dx.doi.org/10.1021/jacs.0c05685
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Figure 4. Parentage of the D;;, 89-atom inner core. (A) The arrangement of gold atoms along the three-fold axis of the monotwinned fcc Dy, 89-
atom core. (B) Untwinned TO-116. Core—shell depiction in the left column, with the corresponding layer-stacking along the Cj axis shown in the
middle column. (C) Transformation from TO-116 (B) to the monotwinned fcc Dy, 89-atom inner core (A). Core—shell color code: cyan, core
center atoms; red, first shell; blue, outer shell.

twinning operation is performed by fixing the upper half and
then rotating the lower half by 60° around the three-fold axis,
but with the unusual feature that the twinning plane lies
between the two middle planes of 27 atoms each, rather than
coinciding with one of these planes (Figure 4C). The layer-
stacking sequence becomes {abccba}; that is, it introduces a
mirror plane, at the cost of introducing a c—c fault junction. In
a subsequent step, (ii) one of the c-planes is removed. The
remaining c-layer becomes a reflecting plane in the new
sequence of {abcba} = {12:19:27:19:12}. Twinned TO
structures generally exhibit re-entrant (concave) features,
whereas the procedure just described produces a convex
form. It is apparent that this high-stability crystallographic
structure has been missed in the earlier database literature on
clusters’ nanocrystalline motifs.

Alternatively, the 89-atom inner core can be viewed as three
fused anticuboctahedra (also known as Johnson solid J27);”"
however, three-fused cuboctahedra have only 86 atoms (Figure
S9). Therefore, it is not possible to achieve the Dy;-Augy by
rotating one-half of the 86-atom polyhedra by 60° along the
principal C; rotational axis. Au,,o has a classic 7-layer fcc
stacking arrangement along any three-fold axis in TO-201, with
the {111} planes ordered as {abcabca} =
{19:27:36:37:36:27:19} (Figure S9).

Transition from Multiply Twinned Au,;; to Mono-
twinned Au;e; to Untwinned Bulk-like Au,yq. Structural
evolution in metal NPs has been studied over the last several
decades to understand the evolution of matter as a function of
size.’*”>”7? The discovery of Auyy in the TBBT-capped
AuNM s series’ reveals that, indeed, the structure evolves from
multiply twinned, icosahedral Au,;; to a singly twinned Au,q,

in the crossover size region and culminates with an untwinned
fce Au,,e nanomolecule.

Au,3; has an icosahedral core—shell structure with a 55-atom
inner core and a 52-Au-atom surface anchoring pad to form
the 107-atom metal core, Au@Au,,@Au,, @Aus,, protected by
26 monomeric staples with 26 Au atoms and 52 TBBT
ligands.31 The Au,y, nanomolecule has a core—shell structure
with 155 atoms, arranged as Au;@Au,;@Aug;@Augg,
protected by 24 monomeric and 6 dimeric staples with 36
Au atoms and 66 TBBT ligands. Finally, Au,,4 has a 147-atom
cuboctahedral inner core with a 102-atom surface anchoring
pad, to form the TO+ 249-atom core, Au@Au,;,@Au,@
Aug,@Au,,, protected by 30 bridging ligands, 18 monomeric
and 6 dimeric staples with 30 Au atoms and 84 TBBT
ligands.”* The center to surface anchoring pad structure is a
three-shell structure in Au;;; and Auyg;, and a four-shell
structure in Au,, (see insets in Figure SD). The core—shell
structure of the inner core in Auy3; and Au,, follows the
mathematical formula for the magic number of shells in
polyhedral clusters.*’

The structural evolution in the TBBT series crossover region
and layer-wise bond-length analyses from the center to the
surface anchoring pads and the center to the staple motifs are
shown in Figures S and S8, respectively. Table S2 lists the
bond-length analysis for Au,y (average, standard deviation,
and range); see ref 32 for the bond length analyses table on the
Auj;; and Au,,y nanomolecules. The average interatomic
distance of the Dj;-Aug, inner core is 2.87 A. It is close to the
bulk Au—Au distance of 2.88 A and similar to the untwinned
Au,,; inner core of Au,,y, whereas the multiply twinned I, Aug;
inner core of the Auy;; has a slightly longer average distance of
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2.89 A. The average bond length from the center to the surface
ranges from 2.76 to 2.96 A, 2.83 to 2.88 A, and 2.86 t0 2.95 A
in Auyy3, Auyey, and Au,s, respectively (Figure SD).

The distance of the surface anchoring pads from the inner
core is ordered as Auj;; (2.82 A) < Auyy, (2.83 A) < Auyy
(2.84 A). The interatomic distance in the surface anchoring
pads appears in the order Au;g; (2.88 A) < Auy,e (2.93 A) <
Au,y; (2.96 A). Also, there is little or no hint of any strain at
this interface, unlike the case in Au,,y and Aujs,.”"** The
distance of the staple Au sites from the anchoring pads is
ordered as Au;s; (3.19 A) > Auyg; (3.05 A) > Auyye (2.99 A).
The average Au—S bond length does not vary much in all three
structures, and the bond length ranges from 2.21 to 2.45 A. Of
note, pioneering work on Pd and Ag metal nanoparticles has
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revealed multiply twinned I, core structures similar to those
found in the AuNMs.*' ~*

Mass Spectrometry. Electrospray ionization mass spec-
trometry (ESI—MS) data reveal the 2+, 3+, and 4+ charge
states (m/z, mass/charge) of Auye(TBBT)¢ at 24264,
16176, and 12 132 Da, respectively (Figure 6A). The
molecular weight of the compound was found to be 48 528
Da by deconvoluting the multiple charge state peaks, and the
composition was assigned as Au;o;(TBBT)4. Also,
Au,, (TBBT)4 has a preferred charge state of 1+ (Figure
$10). Matrix-assisted laser desorption ionization (MALDI) MS
was carried out under threshold and high laser fluence to assess
the purity and composition (Figure 6B). The threshold laser
fluence data (red trace) reveal 1+ and 2+ peaks at ~46.1 and
~23.1 kDa, respectively (observed m/z is less than ~48.5 kDa
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Figure 6. Mass spectrometry of the Au,o,(SPh-tBu)ss nanomolecules.
(A) ESI-MS data. (B) MALDI-MS, threshold low (red) and high
(olive) laser fluence data.

due to fragmentation). The high laser data reveal the 1+ and
2+ peaks of the core at ~37.7 and ~18.9 kDa, respectively.
The purity of the sample can be seen readily by the absence of
any other peaks.

Steady-State Optical Absorption Properties. The
absorption spectra and photon energy plot for the TBBT-
capped Au,y; in comparison with Au,;; and Auy,g reveal the
transition from molecular to metallic behavior (Figure 7A,B).
The Au,y, record shows discrete features at 450 and 520 nm.
The broad shoulder at 520 nm is reminiscent of an emergent
surface plasmon resonance (SPR). The Au,3; nanomolecule
exhibits absorption features at 430, 510, and 700 nm, and the
Au,;o nanocrystal exhibits metal-like SPR at 510 nm. TDDFT
simulated spectra predict its overall appearance with a small
red-shift and accurately reproduce the overall trend with size
(Figures 7 and S12). The influence of the Au,o, anisotropic
geometry is reflected in the different Cartesian components of
the simulated spectrum; the Y component exhibits a more
pronounced incipiently plasmonic peak at ~550 nm (Figure
7C). Independent component maps of oscillator strength
(ICM-OS) plots for the most plasmonic, Y-Cartesian
component were studied at 2.02 and 2.62 eV (Figure S13).
It confirms some incipient, but not fully developed,
preplasmonic features, with low intensity at 2.02 eV and
restricted to a limited region of the occupied/virtual space.

Janus Molecular and Metallic Nature Revealed by
Transient Absorption Studies. Molecular and metal-like
excitation dynamics of AuNMs may be best revealed with the
use of ultrafast transient absorption (TA) measure-
ments.”>***® Molecule-like single particle excitations show
broad positive excited-state absorption (ESA) and pump-
power independent kinetics, whereas strong plasmonic bleach
and pump-power dependent kinetics are the hallmarks of
electron dynamics in metallic AuNMs.”> To unravel the
molecule/metallic nature of AuNMs, ultrafast TA measure-
ments were carried out after excitation at 370 nm. The TA
surface and spectra are shown in Figures 7 and S14—S16.

The Auyy, transient data show a negative bleach with a
maximum at ~540 nm, and a positive ESA on either side of the
bleach, which grows with time until a time delay of 820 fs
(Figures 7 and S15). Such growth is typical of metallic AuNPs
and signifies the electron—electron thermalization processes.
With time, the bleach is recovered to give rise to a broad,
featureless, ESA at longer time delays. The bleach recovery is
assigned to electron—phonon (e—p) relaxation. These spectral
features are characteristic of metallic AuNPs with the bleach
arising from plasmonic absorption. The recorded TA map for
the Au;o; nanomolecule in comparison with those for Au,;;
and Au,, is shown in Figure 7D—F. At 0.5 ps time delay, the
Au,;; displays two positive ESA features at 580 and 650 nm
and a small bleach at ~510 nm, while the Au,y, and Au,,
nanomolecules exhibit plasmon bleach at ~540 nm (Figure
7G).

Species Associated Spectra. Three main components
were observed in the Aujy relaxation dynamics species
associated spectra. Au,y; has a 2 ps bleach recovery component
for e—p relaxation, followed by an 18 ps component and a
long-lived species (Figure 7H); the 18 ps component has two
bleach maxima at 510 and 560 nm. The e—p relaxation
component (2 ps) is significantly longer than that of Au,, (1
ps) and the larger metallic AuNPs,””*> but comparable to that
of Auy,e(SC,H,Ph)g, (1.4 ps).*> The unique 18 ps and long-
lived species were not observed in other small-sized plasmonic
AuNPs. The emergence of these spectral features shows that
the Aujo; nanomolecule possesses excitonic states character-
istic to particles of molecule-like nature.

Pump-Power Dependence. TA measurements at differ-
ent pump fluence were carried out to explore the power-
dependent kinetics (Figures 71 and S16). The Auyy, spectral
features were similar at all pump fluences, and three
components were able to describe the relaxation dynamics
(Figure S16). Interestingly, the contribution of all three
components increased with an increase in pump fluence. The
e—p relaxation time increased with an increase in the pump-
power (Figure 7L]), and it can be described accurately using a
two-temperature model.** The strong power dependence of
the e—p relaxation confirms the metal-like character of the
Auyg; nanomolecule. It is interesting to note that the slope of
the e—p relaxation versus pump fluence is similar for Au,y;, and
Au, but is greatly different from that of Au,s; (that shows
molecule-like exciton dynamics and pump-power independent
kinetics); see Figures 7] and S14. In contrast, the intrinsic e—p
relaxation time is significantly (~2-fold) longer for Au,q, (1.8
+ 0.1 ps) when compared to Auyy (1.0 + 0.1 ps).”” The
electron dynamics in transition from molecule to metal is
schematically illustrated in Figure S17.

The experimental and computational results also indicate
that the ligand conjugation and coupling among excitations
associated with the metal core, the Au—S shell, and the
aromatic residues are key in anticipating the birth of a
plasmonic-like response, and to confer upon the Aujg,
nanomolecule its unique characteristics. The important
contribution of organic residues to these quantities is apparent
in the decomposition of the optical response into atomic
components as displayed in Figure S18, and it can be further
clearly appreciated from the plots of the induced density
(Figure 7K) and induced electrostatic potential (Figure 7L)
calculated via TDDFT/VS98 for the main peak at 2.21 eV.
The induced, or transition, density is defined in eq 5.4.5 of ref
87; its plot displays the changes in electron density (with a
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Figure 7. Optical properties displaying the Janus (molecular and metallic) nature of the Au,o; nanomolecule. (A) Steady-state absorption spectra of
the Au, 33, Auyg;, and Au,;, (experiment) and Auy,; (simulated) nanomolecules. (B) Photon energy plot of the Au,33, Auyo;, and Au,;, (experiment,
*instrumental artifact) nanomolecules. (C) TDDFT optical absorption of Au,,, distinguished into Cartesian components. Figure S11 and the inset
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ps at 115 pJ/cm? fluence. (G) TA spectra of Au, g3, Auyo;, and Au,y, at 0.5 ps time delay. (H) Species-associated spectra of Auyo; (from global fit
analysis). (I) Principal kinetic decay traces obtained from single value decomposition analysis of Auy for different pump fluence (solid,
multiexponential fitted traces). (J) Electron—phonon (e—p) relaxation time versus fluence. (K) Induced charge and (L) induced electric potential
simulated via TDDFT/VS98 for the excitation at 2.21 eV.

positive or negative sign) induced by the exciting field, which the corresponding response Coulomb potential generated by
thus provides a visual representation of an excitation at the the induced density. It is pertinent to comment here that in
given energy,88 whereas the induced electrostatic potential is investigations of AuNMs, the ligands dictate the composition,
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Figure 8. Electronic structure of the Au,y(SPh)gs nanomolecule. Calculated angular momentum projected densities of states (PDOS) for the
Auy;(S-phenyl)¢s nanomolecule. Displayed above and below are iso-surfaces of orbitals of selected electronic states of the ligand-capped cluster,
superimposed on the optimized X-ray determined atomic configuration. Different colors (magenta and purple) correspond to opposite signs of the
wave function, separated by nodal planes. The 1S, 1P, 1D, and 1F orbitals shown at the top (all corresponding to states at the bottom part of the
PDOS spectrum) display delocalized, superatom, characteristics. The orbitals shown at the bottom, corresponding to the marked energies, are of
localized nature, and any symmetry that they display reflects that of the atomic arrangements, the structural symmetry (note in particular the ones
near the Fermi level). The various angular momenta contributions to the PDOS are displayed in different colors, as given in the inset.

structure, and properties, to form a unique discrete series of
sizes based on the type of ligand.” The optical properties have
been widely studied in the alisphatic and aromatic thiolate
protected series of AuNMs.>>*” Additionally, sometimes
various sizes from different series have been considered as
one AuNMs system.86 It is better to compare each series
separately, especially in the crossover region, as it provides a
clear understanding and the contribution from the ligands to
the optoelectronic property and control over the structure is
common to all of the nanomolecules being studied and
compared. It is to be noted that, although Au,o,(TBBT)g is
smaller in size as compared to Au,s(p-MBT)g, (refs 34 and
86), the difference in capping ligands and atomic structure
influences the properties of the nanomolecules. Therefore, in
the para-methylbenzene thiolate (p-MBT) series, the molec-
ular nature of the properties of the Au,.s(p-MBT)g, nano-
molecule being not bulk-like indicates that the crossover region
to bulk-metal-like behavior for that series requires further
investigation.34’86

Electronic Structure of the Thiolate-Capped Au,q,
Nanomolecule and Electronic and Geometric Stabiliza-
tion of the D;,-Augy Inner Core. Insights pertaining to the
electronic structure and stability of the thiolate-ligand-capped
Auyg; nanomolecule have been gained through calculations
using the density-functional theory (DFT) method, which

employs the Vienna ab initio simulation package VASP;*~"*

for further details, see the method section in the Supporting
Information. Results obtained with the use of these theoretical
simulations subsequent to optimizaton of the thiolate-capped
nanomolecule structure (starting from the X-ray crystal
structure) are given in Figures 8 and 9.

The projected density of states, PDOS, that is, the electronic
density of states projected onto the angular momentum
components,”* calculated for the Au,,,(SR)gs nanomolecule, is
displayed in Figure 8. In the calculations of the PDOS, the
TBBT capping ligand is modeled (for computational
convenience) by thiol-fhenyl, that is, SR = S-phenyl; we
have shown previously’* that for larger capped Au, clusters (n
> 100), the PDOS results are relatively insensitive to such
replacement.

The PDOS spectrum of the energy-optimized X-ray
structure shows a rather small gap (referred to as the
HOMO-LUMO gap, AEy; = 0.16 eV) between the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied MO (LUMO) manifolds; see Figure 8 in the
region near the vertical dashed line at E — E = 0, where Ey is
the Fermi level. Furthermore, inspection of the electronic
structure shows clear evidence for delocalized states at the
bottom part of the spectrum [see iso-surfaces of selected
electronic orbitals that are classified according to their angular
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momenta, marked as L = 1S, 1P, 1D, and 1F, Figure 8, top];
these (superatom) states get occupied by the 6s' electrons of
the Au atoms. On the other hand, for the rest of the spectrum
(e.g., in the middle and near the top of the occupied part of the
spectrum, near E — Ep = 0), the electronic wave functions
exhibit (see bottom of Figure 8) localized, molecule-like nature
(associated with Au atomic 5d electrons), and any symmetric
patterns displayed by these orbitals reflect structural (atomic
arrangement) symmetries, rather than angular momentum
symmetries (like the ones discussed above, shown at the top of
Figure 8). We note here first that the above-noted behavior of
the electronic structure of the cluster and the orbitals’ angular
momentum symmetries at the bottom part of the spectrum
(Figure 8) agrees, in general, with an early proposal
(introduced in ref 94) termed as a “partial jellium” model;
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this methodology has been subsequently used in a number of
investigations of ligand-capped metal clusters.”"””

The above-noted superatom OPicture is tantamount to the
well-known cluster-shell model®* (CSM), which itself is an
adaptation of the original nuclear-shell model. Accordingly, a
CSM, or superatom, aufbau scheme is adopted, where the
electron filling follows the following rule: 1S*1P*1D"128*1F"|
2P911G 12D 1H??3S%11%... The shell-closures (magic num-
bers) are denoted by vertical lines, and a closure near Eg is
often accompanied by the opening of a stabilizing energy gap
(referred to as the HOMO-LUMO gap, AEy;). The “magic
numbers”, that is, the number of electrons completing the
shells, take the following values: n* = 2, 8, 18, 20, 34, 40, S8,
90, 92, ... electrons. The above aufbau rule and magic number
sequence result from the assumed spherical (or near-spherical)
cluster shape. Deviations of the cluster geometry from the
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assumed spherical shape bring about lifting of the g = 2L + 1
degeneracy of the levels belonging to the Lth angular
momentum shell (see, for example, the split 1S, 1P, 1D, and
1F states in Figure 8). In condensed matter and molecule
physics, such degeneracy-lifting is commonly termed as crystal-
field level-splitting (for further discussion of shape effects on
cluster electronic spectra, see refs 96 and 97).

The hallmarks of electronic stabilization in nanoparticles are
the emergence of a gap between the HOMO and LUMO
manifolds and of superatom shell-closure near the Fermi level.
With both of the above attributes unobserved in the PDOS
spectrum of the capped AuNPs (Figure 8), we turn next, in an
attempt to unravel the spectral behavior near the Fermi level,
to an analysis that focuses on the inner core of the NP, the
Augy inner core cluster that is not bonded to ligands. The
PDOS for that core in an anion charge state shows a similarly
small gap AEy; = 0.13 eV, but a significantly changed energy
level structure near E — Eg = 0 (Figure 9A). In fact, at the top
of the occupied manifold, we observe the development of
superatom shell structure with occupied 1G, 2D, and 1H levels.
These levels that would be (2L + 1)-fold degenerate for a
spherically symmetric electronic confinement “crystal-field”
split, as noted above, due to the nonspherical environment in
which the 89-atom unit has been embedded, as well as that of
the monotwinned stacking-faulted fcc Wulff underlying
polyhedral inner core Aug, cluster (see Figures 1, 4, 5, and S4).

Structural relaxation of the Augy” @Au,o;(SPh)¢s core yields
a PDOS of a significantly higher-level degeneracy with the
development of superatom orbitals portraying a clear
delocalized character, which extends from the occupied
HOMO region to the unoccupied LUMO manifold (see
Figure 9B). As aforementioned, the remaining observed
splitting of the 1G, 2D, 1H, 2F, and 1I superatom orbitals in
the HOMO and LUMO regions results from the nonspherical
geometry of the relaxed crystalline Augy inner core. Together
with the superatom shell structure at the bottom of the
nanoparticle, the shell structure scheme of the Augy™ @
Au,g,(SPh)gs core unit is {1S1P*I1D'12S*1F“2P°I1G®|
2D 1H?2}[38%21%...], with {..} denoting the occupied
superatom levels (holding a total of n* = 90 electron) and
[...] the unoccupied ones. This development is accompanied
by the emergence of a significant gap AEy; = 0.42 eV, which
attests to the electronic shell-structure stabilization of the inner
core unit. This analysis leads us to conclude that the stability of
the Au;o(SR)¢s nanoparticle originated from combined
electronic stabilization (operative through the formation of a
superatom shell structure of the 89-atom core) and geometrical
(atomic structure) stabilization of the surrounding outer
atomic shells and capping ligands.

Recently, we have termed the above analysis as the “core-
cluster shell-model” (CCSM)** with the stabilization (asso-
ciated with the opening of a relatively large AEy; gap)
resulting from organization of the superatom (shell) energy
levels originating from electrons of the metal atoms residing in
the core region of the ligand-capped nanoparticle [here the Au
6s' electrons of the Augy” @Au;o,(SPh)¢s inner core cluster].
This CCSM replaces here the commonly employed
prescription for using the superatom shell-model of thiolate-
capped My (SR),, (e.g, M = Ag, Au) clusters®”® (which itself
generalized the bare-cluster partial-jellium model”*), where the
number of valence electrons contributing to the superatom
level structure is taken as N, = N, — m, ie. the difference

between the total number of metal atoms (N,) in the
nanoparticle and the number of capping ligands (m). For
example, for the present case of the Au,o;(TBBT )¢ cluster, the
conventional prescription would yield N, = 191 — 66 = 125
electrons. On the other hand, in the CCSM, the superatom
stabilization derives only from the inner core (IC) metal
atoms, Ny ;¢ < N, (nonbonded directly to the sulfur atoms);
for the Au,o;(TBBT )¢ cluster considered here, this inner core
consists of the singly twinned Aug,~ inner core cluster (with N,
= Ny + 1 = 90).

As shown elsewhere,”* as well as illustrated by us here, the
CCSM methodology is most useful for cases where only a
small, or no, AEy; gap and no delocalized superatom orbitals
near the Fermi level are found in the density of states of the
entire capped nanoparticle. Focusing in the CCSM model on
the electronic structure of the inner core region is further
motivated by considering the cluster-growth process. Indeed,
we expect that the electronic and geometric stability of the
earlier-formed nucleating inner core of the metal nanoparticle
(made of atoms that do not directly contact the capping
organic ligand), and in particular the stabilization of that inner
core due to its emergent superatom shell structure, would be
transferred to the (subsequently assembling) outer atomic
shells comprised of metal atoms that do interact and anchor
(bind) the capping organic ligands.

To summarize, examination of the electronic structure
following the CCSM methodology led to the discovery of the
above-noted Augy cluster, predicted here to impart electronic
stability (opening a shell-closing gap around the Fermi level)
and the emergence of a compact stable structural motif, which
we term as monotwinned/stacking-faulted Wulff face-centered-
cubic polyhedron, or in short mt/sf-fcc nanocluster. Previous
mention of monotwinning, and/or stacking-faults and glide/
slip planes, in fcc nanoparticles as a stable structural motif may
be found in some early literature on the properties of metal
clusters,é8 gold nanomolecules,® and other crystalline gold
nanostructures (in particular, gold nanowires™®~'*°), as well as
in a more recent work on twinned fcc clusters.”

B CONCLUSIONS

The discovery of Aujq(SPh-tBu)¢s reveals key details
pertaining to the structure and property variations associated
with the size-evolution of metal nanoparticles, particularly in
the transition regime from molecule-like to bulk-metal-like
behavior. Aujy, has an anisotropic monotwinned structure,
with an Au,sg core protected by a ligand shell made of 24
monomeric and 6 dimeric staples. The Au,s; core is a
“perfectly twinned” structure, whereas multiply twinned
structures (such as in the Au;j; nanoparticle) do exhibit a
solid angle deficiency, which results in residual strain. The
inner core of the Au,y; nanoparticle is composed of an 89-
atom inner core and 66 surface atoms as concentric shells of
atoms with the count of Au;@Au,;@Aus;@Aug. The Au
core has D;;, symmetry, and the thiolate monolayer breaks the
symmetry to a chiral D; symmetry. The Aug, inner core as a
convex polyhedra has its parentage as an fcc twin of the TO-
116 polyhedron and adds a new morphological motif to the
library of polyhedral structures. This structure also sheds light
on the structural evolution in metal nanoparticles with sizes
ranging from extreme multiple-twinning to bulk monocrystal-
line cores with no twinning. In this way, the monotwinned
Aujy; nanomolecule provides the missing link between
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molecular multiple-twinning and bulk-like untwinned fcc
crystalline structure.

The Janus nature of the ligand-capped Au,y; nanomolecule
is exhibited in its optical and electronic properties. The steady-
state absorption spectrum reveals two distinct features at 450
and 520 nm with emergent plasmonic-like response, while its
neighboring sizes in the TBBT series portray molecular-like
(Au;;) and metallic-like (Au,,) characteristics. Transient
absorption studies revealed that it exhibits both metal-like
electron—phonon relaxation dynamics and molecule-like long-
lived excited states. Au,y; occupies a unique transition region
exhibiting hybrid molecule-like and metal-like properties. The
nature of the electronic spectrum in the core and surface
regions of this nanomolecule and the interactions between the
core-gold and surface-gold atoms (with the ligands providing
extended conjugation) underlie the observed plasmonic
behavior. At the same time, this nanomolecule is small enough
to sustain molecule-like spectral characteristics. Note that the
electronic conjugation between metal-core/staples and arom-
atic ligands is indispensable to anticipate the insurgence of
plasmonic effects at such small sizes as Au,;o, as demonstrated
in ref 59, or here for Au,y,. Moreover, Aujy, is unique in its
anisotropic structural arrangement, which is apparent in some
nonmonotonic features of the bond distance analysis in the
series (Figure SD) and is clearly reflected in the anisotropy of
the simulated absorption spectra along different Cartesian axes
(see Figure 7C,KL). We conclude that the above-noted
hybrid, Janus, nature of the Au;4;(SPh-tBu)ss nanomolecule
derives from a combination of various aspects, including
anisotropic atomic structure, symmetry,37 electronic structure,
the interactions between core-gold and surface-gold, and
extended conjugation in the ligand shell.

The theoretically calculated angular-momentum projected
density of states of the ligand-capped Au,y, nanoparticle shows
both delocalized (superatom, Au 6s' in origin) and localized
(Au 5d" in origin) electron orbitals. The delocalized orbitals
organize into a superatom spectrum that follows the widely
used electronic shell-model of clusters.’* In the core-cluster-
shell-model (CCSM) analysis®* of the Augy inner core, the
proximity to the 92 (90) electron shell closings of the Dsy;-
Aug®~ 1) (with the superscripts indicating the formal
charge-states of the nanocrystallite) confers superatom magic
number stability to the 89-gold-atom inner core, and to the
entire capped missing-link Au,; nanomolecule. Combined
with the aforementioned atomic (structural, crystallographic)
stability of the monotwinned stacking-faulted fcc nanoparticle,
the electronic-shell closing noted here makes the inner core
cluster “doubly magic”, thus conferring an extra degree of
stability conducive to preserving its independent character,
when the 66-Au-atom surface-layer is anchored to or templated
on that 89-Au-atom inner core seed. We believe that the
finding of this “missing-link” cluster in the evolutionary
sequence of metal nanoparticles, all capped by the same
ligand, and its unique Janus nature (revealed in its optical
properties), will serve as a landmark and motivate further
studies pertaining to basic research opportunities in the field of
atomically precise finite-size materials’ systems and their
potential utilization.
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