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Since their discovery, thiolate-protected gold nanoclusters (Au,(SR),) have garnered a lot of interest due to
their fascinating properties and “magic-number” stability. However, models describing the thermodynamic
stability and electronic properties of these nanostructures as a function of their size are missing in the
literature. Herein, we employ first principles calculations to rationalize the stability of fifteen experimentally
determined gold nanoclusters in conjunction with a recently developed thermodynamic stability theory on
small Au nanoclusters (=102 Au atoms). Our results demonstrate that the thermodynamic stability theory
can capture the stability of large, atomically precise nanoclusters, Au79(SR)gs, Au246(SR)go, and Aui46(SR)s7,
suggesting its applicability over larger cluster size regimes than its original development. Importantly, we
develop structure—property relationships on Au nanoclusters, connecting their ionization potential and
electron affinity to the number of gold atoms within the nanocluster. Altogether, a computational scheme
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Introduction

In 1994, Brust et al. introduced a synthetic method to create
a new class of gold nanoparticles protected by thiolate ligands."
Since then, these nanoparticles have attracted tremendous
research interest due to their intriguing properties ranging from
structural, to optical, to electrochemical,>® giving rise to vast
potential for applications in the fields of catalysis, chemical
sensing, and biomedicine.” A class of these nanoparticles are
known as thiolate-protected gold nanoclusters (Au NCs). With
sizes ranging from a dozen to a couple of hundred gold atoms
(i.e. <2 nm, giving rise to the term nanocluster®), these thermally
stable, atomically precise Au NCs represent an exciting and
rapidly growing field.®

Since the early synthesis of Au NCs, a major topic of research
focus has been determining the origin of the high stability with
certain molecular formulas (Au,(SR),,), i.e. what gives rise to
“magic numbers” in their synthesis (specific n and m). One of
the first steps towards answering this question with respect to
the structure of the NCs was the divide-and-protect theory
proposed by Hikkinen et al.'® Confirmed in the next couple
years,""** the theory stated that instead of just thiol ligands
surrounding a metallic core, there is a more sophisticated
makeup of a smaller metallic core protected by a shell of thiol-
gold staple motifs. As a result, the Au,(SR),, NCs, where n and
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m are the number of gold atoms and ligands, respectively, could
be viewed as Au,,_,RS(AuSR),, where x indicates the motif type.**
This was the foundation of the staple motifs found in all stable
Au NCs known today.

Although the divide-and-protect theory describes the overall
structural characteristics of Au NCs, it does not explain the
origin of the magic size NC stability. By diving deeper into
electronic reasons that could give rise to NC stability, the
superatom theory was developed.** As the name suggests, the
theory treats a Au NC as one large superatom - rationalizing its
electronic stability by assuming that the valence electrons
occupy a set of orbitals made up by the entire Au NC. Thus, Au
NCs are stable when their valence electrons make up a closed-
shell electronic system. Other models stemming from the
superatom theory have been developed as well,">'® but none
have been able to explain the stability of all Au NCs."* The
aforementioned models have significantly advanced our
understanding of Au NCs, but there is still a need for models
able to rationalize the stability of a wider array of NCs. In 2017,
Taylor et al. introduced the thermodynamic stability theory”
which connects core-shell structural characteristics with the
thermodynamics of formation of Au NCs. The theory revealed
an energy balance between the binding strength of a Au NC
shell to its core (BE) and the cohesive energy of its metallic core
(CE). The results showed an excellent parity of these energies for
numerous experimentally synthesized Au NCs with different
sizes and structures, laying the foundation for the theory's
applicability as a general stability model. Since its conception,
others have utilized the theory to test the stability of Au NC
isomers.'®'* However, more work is still needed to expand the
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model's reach, namely the analysis of Au NCs in different size
regimes. In addition, using this theory in concert with other
developed structure-property relationships on Au NCs could
potentially generate a very effective predictive tool bridging the
structure with the stability and properties of Au NCs. Herein, we
apply first principles calculations to examine fifteen experi-
mentally determined Au NC structures,>**** first using the
thermodynamic stability theory. Next, we introduce models to
predict the ionization potential (IP) and electron affinity (EA) of
Au NCs. Both models are based on the number of gold atoms
within a nanocluster (NC size), a property that can be identified
experimentally.” Most importantly, we demonstrate how models
describing thermodynamic stability, IP, EA, and stoichiometry
can be used together to guide researchers towards property-
driven design of Au NCs.

Computational methods

DFT calculations were performed using the Perdew-Burke-
Ernzerhof (PBE)* exchange-correlation functional along with
the double-{ valence polarized basis set (DZVP) and Goedecker,
Teter, and Hutter (GTH)* pseudopotentials as implemented in
the CP2K*® package. All structures were fully relaxed until the
max forces were below 0.002 eV A~' while the total energies
were converged to 10”7 Ha. Core CE and shell-to-core BE were
calculated based on previously reported methods."” Vertical
ionization potentials (Erp) and electron affinities (Eg,) were
calculated according to the following expressions:

Ep = Exc' — Enc® (1)
Ega = Enc ' — Enc® (2)

where Eyc” is the electronic energy of Au NCs with a charge, x.

Results and discussion

We fully optimized fifteen experimentally determined Au
NCs>?*2? (see ESI Fig. S1t) with the number of gold atoms
ranging from 18-279. Based on the methodology reported by
Taylor et al.,'” each structure was then split into its respective
core and shell regions and the core CE and shell-to-core BE were
calculated. Fig. 1 depicts the energy balance between the
core CE and shell-to-core BE for the Au NCs studied. Notably,
Au35S5(SCH3)20, AU40(SCH3)z4, AUsy(SCH3)sz, Au146(SCH3)57’
Au,46(SCH3)g0, and Au,,(SCH3)g, have never been analyzed
with this theory. Interestingly, the three largest structures
(denoted with stars in Fig. 1), Au,46(SCH3)79, AUs46(SCH3)go, and
Au,79(SCH3)g4, are in excellent agreement with the theory,
falling very close to the parity line. The results of these larger Au
NCs support the model's capability as a tool for capturing the
stability of Au NCs approaching a few hundred gold atoms. It
should be noted that the thermodynamic stability theory had
been applied up to a Au,,(SCH3)44 NC and this is the first time
we demonstrate that the theory is extendable to a significantly
larger NC, Au,;9(SCHj)gs. Along with these large NCs,
Au3sS,(SR),0, Auyo(SR),4 and Aus,(SR);, were analyzed with this
theory for the first time to further explore different core packing
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Fig. 1 Parity of shell-to-core binding energy (BE) and core cohesive
energy (CE) of Au NCs. All NC structures have been experimentally
determined. The solid black line indicates perfect parity between CE
and BE. An energy balance is maintained over a large size range of Au
NCs further supporting the thermodynamic stability model. The stars
denote the largest experimentally synthesized NCs, a NC size regime
where the model had not been applied before.

structures and size regions of Au NCs. The three structures were
found to display a fine CE-to-BE energy balance. Though the
remaining structures had been previously computationally
investigated using the thermodynamic stability theory,"” our
work herein has been performed using a different exchange-
correlation functional, namely the Perdew-Burke-Ernzerhof
(PBE).** As a result, utilizing different computational methods
provides further evidence towards the legitimacy of the ther-
modynamic stability theory, which is agnostic to the functional
choice, but is solely based on thermodynamic foundations.

The work herein uses methylthiols in place of full ligands.
Prior studies have shown that the full-to-methyl ligand change
may affect the core CE and shell-to-core BE when there is
a reconstruction of the Au NC during relaxation (i.e. deviation
from the crystal structure).’” Thus, it is important to note that
there was no reconstruction during optimization for any of the
Au NCs presented in Fig. 1. Additionally, recent work has
demonstrated that the thermodynamic stability theory also
captures stability when using full ligands,*® illustrating its
effectiveness across different ligand types.

Understanding the electronic properties of Au NCs is of great
importance for their use in catalysis and chemical sensing.”®
Moreover, unraveling simple relationships based on experi-
mentally measurable properties (e.g. number of Au atoms on
the NC) could allow for the development of practical models
that researchers could employ to screen the electronic proper-
ties of NCs as a function of their size. In consideration of this,
the ionization potential (IP) and electron affinity (EA) of the
fifteen Au NCs were calculated. As shown in Fig. 2, it was found
that there is a size effect for both IP and EA that is dominated by
the number of gold atoms within a NC. As the Au NC size

Nanoscale Adv., 2019, 1, 184-188 | 185
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Fig. 2 Electronic property prediction models as a function of n’%,
where n is the number of Au atoms on the NC. Solid black lines indi-
cate linear fits, whereas shaded regions show 95% confidence inter-
vals. Data points represent the vertical ionization potential (IP) and
electron affinity (EA) of Au NCs, in kcal mol™. Red and blue points with
the same x-value correspond to the same structure (only one is
labeled). Auzg(SCH3)24q and Auzg(SCH3),4¢ were found to have almost
the same IPs and EAs with both differences under 0.1 kcal mol ™.

increases (i.e. number of gold atoms increases), the IP decreases
(becomes less endothermic). The EA follows the same trend,
only that since the values are negative, as the NC size increases
the EA becomes more exothermic. In other words, the larger
NCs, like Au,;o(SCH3)g4, require the least amount of energy to
remove an electron and exhibit the highest affinity to receive an
electron. Previous work has indicated that certain ligands,
especially the ones with electron withdrawing character, can
impact the EA and IP of Au NCs.*”*® For this reason, we note that
slight deviations from the models could potentially exist for
Au NCs stabilized with electron withdrawing ligands (e.g.
para-mercaptobenzoic acid), but the general trends (i.e. size
effect) provided by the models will still remain valid. The results
presented in Fig. 2 trend with the general size dependence of
HOMO-LUMO gaps previously reported for Au NCs.** Addi-
tionally, we note that the IP and EA models are indiscriminate
of the core packing structure, as the cores of the Au NCs studied
herein include FCC-, HCP- and BCC-like packing.

To further understand the structural trends of IP and EA, the
projected and total density of states (PDOS and TDOS, respec-
tively) for three nanoclusters - including both the smallest and
largest Au NCs studied herein - are plotted in Fig. 3. It is known
that as the size of Au NCs increases, there exists a region in
which the Au NCs transition from molecular- to metallic-like
character.* Looking at the plots in Fig. 3, one can observe
clear HOMO-LUMO gaps, a molecular characteristic, present
for both Au;4(SCHj3),4 and Aus,(SCHj3)s,. However, the largest
nanocluster, Au,,¢(SCH3)g4, does not display a gap indicating
that the system is metallic. In fact, Au,,9(SR)g, was determined
to be metallic experimentally and exhibits surface plasmon
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Fig. 3 Calculated projected density of states (PDOS) for: (a)

Au1g(SCH3)14, (b) Ausa(SCH3)3,, and (c) Auy79(SCHs)gs. The zero-point
on the common energy axis indicates the Fermi energy, in kcal mol™.
The black line represents the total DOS for each Au NC. The blue,
orange, green, and red lines indicate the PDOS for gold, sulfur, carbon,
and hydrogen, respectively.

resonance.* Furthermore, the TDOS of the Au NCs suggests the
emergence of discrete states as the size of the nanocluster
decreases. The resulting size-dependent NC electronic proper-
ties are what lead to the structure-property relationships shown
in Fig. 2. Additionally, the energy states near the Fermi level are
vastly dominated by gold, further supporting the use of n as
a descriptor for IP and EA.

First introduced by Dass et al.,* Fig. 4 shows the results of
a nano-scaling law applied to the Au NCs studied in this work.
Similar to Fig. 2, the number of gold atoms is an important
factor, in this case to describe the number of ligands present on
each Au NC. Notably, even the largest Au46(SR)s7, Auss6(SR)g0,
and Au,,o(SR)g, NCs are found to follow the model providing
strong evidence that virtually all magic-sized Au NCs scale with
this simple structural relationship. Although the stoichiometric
model cannot entirely predict new Au NC structures, it still plays
a significant role in the NC prediction process, identifying the
number of ligands needed to stabilize a specific number of Au
atoms. In fact, along with the IP and EA models developed in
this work, as well as the thermodynamic stability theory,"” one
can start building a framework enabling a property-specific
design of new Au NCs. Starting with a targeted application
that requires a gold nanocluster with a specific ionization
potential, the IP model portrayed in Fig. 2 can be used in
concert with the stoichiometric model (Fig. 4) to determine the
appropriate Au NC composition needed. Previous work has
revealed that the type of thiol ligand (i.e. the “R” group in
Au,(SR),,) plays a central role in the stoichiometry of the stable
nanocluster synthesized.****** Therefore, an experimentalist
could utilize these ligand effects to control the number of gold
atoms desired within the NC and thus, the resulting electronic

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Stoichiometric relationship of experimentally determined gold
nanoclusters (labeled Au,(SR),). Number of ligands (m) linearly

2
correlates with 13 (depicted by the solid black line) with an R* of 0.995.
The shaded orange region represents the 95% confidence interval of
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properties. Additionally, the thermodynamic stability theory
can aid in screening the stability of potential NC candidates in
a (NC size) focused effort due to the aforementioned stoichio-
metric relationship (Fig. 4). Overall, this approach, which
utilizes computationally discovered structure-property (elec-
tronic and stability) relationships, could guide experimentation
towards a property-targeted synthesis of Au NCs.

Conclusions

Using electronic structure calculations in conjunction with the
recently developed thermodynamic stability theory,"” we inves-
tigated the electronic properties and stability of 15 experimen-
tally synthesized Au NCs of different sizes. We reveal that the
thermodynamic stability theory can be applied to larger Au NC
sizes than the ones on which it was developed. Specifically,
we demonstrate that Auyus(SCHj)sy, Aupge(SCHj)g0, and
Au,;9(SCH3)g, were found to follow the energy balance stability
criterion. These results reveal the theory's ability to capture
stability over much larger Au NC size regimes. In addition, we
revealed strong correlations between the number of gold atoms
in a Au NC and both its IP and EA (electronic properties). These
relationships were further rationalized based on the structure-
dependent density of states profiles of the Au NCs. It was also
verified that the number of gold atoms for each Au NC corre-
lated with their number of ligands even for the larger Au NCs.
Utilizing all these thermodynamic and structure-property
models can aid in a property-specific design of new gold
nanoclusters.
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