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Michael James Cowan, PhD

University of Pittsburgh, 2022

Although nanomaterials find use in most technologies, a complete fundamental under-
standing of their property origins is missing. Solving this problem goes hand-in-hand with
achieving structural determination of nanomaterials down to atomic-level precision, which
would enable the use of theory to unravel important structure-property relationships (SPRs).
Thiolate-protected metal nanoclusters (TPNCs) have attracted tremendous interest as a
unique class of atomically precise nanomaterials. Since TPNC structures can be modu-
lated through heterometal doping, the field offers an ideal space to systematically formu-
late new SPRs. Additionally, TPNCs exhibit physicochemical properties that are favorable
for many applications, such as imaging cancer cells and catalysis. Thus, leveraging these
“nano-models” for SPR development can directly impact many fields while simultaneously
advancing our fundamental understanding of nanomaterials properties.

This work aims to develop, expand, and apply SPRs towards improved TPNC design
for targeted applications. First, we demonstrated the application of the Thermodynamic
Stability Model across all TPNC sizes. After introducing new ionization potential (IP)
and electron affinity (EA) SPRs, we applied these models to a My;-May series of TPNCs,
rationalizing the dopant-based stability observed under experiment. Next, we developed a
simple framework that captures TPNC solubility behavior through molecular-like TPNC
properties. We then used these properties to rationalize crystallization behavior in a series
of TPNCs. Shifting focus to alloy systems, we extended our IP/EA SPRs to capture trends
across AgAu TPNCs. Finally, we expanded the application of the Bond-Centric Model to
capture stability of TPNCs. Remarkably, the new model rationalized the relative stability
between experimentally determined TPNC isomers, revealing its promise as a tool to aid
TPNC structure prediction. Overall, this dissertation provides new insights through SPRs
that will fuel TPNC discovery towards property-and-application-targeted structure design.

v
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1.0 Introduction

The content of this chapter is adopted, in part, from:

e M. J. Cowan and G. Mpourmpakis. Towards elucidating structure of ligand-protected

nanoclusters. Dalton Transactions, 49:9191-9202, 2020.

As society advances, nanomaterials weave tighter into our everyday lives — demanding
continued improvement to their properties for a breadth of applications. At the nanoscale,
structure, or atomic arrangement, dramatically dictates materials properties. Thus, a long
sought goal of nanomaterials research has been achieving complete atomic-level control over
structure.[1] Through atomically precise synthesis and structure determination, one can
leverage first principles calculations and systematic analysis across a series of structures to
reveal nanomaterial structure-property relationships (SPRs).[2] Development of SPRs pro-
vides new insights into the origins of nanomaterials properties as well as enables application

targeted design.

1.1 Thiolate-protected Metal Nanoclusters (TPNCs)

Thiolate-protected metal nanoclusters (TPNCs) have recently attracted great interest as
a unique class of atomically precise nanomaterials.[3] Due to their high stability and distinct
properties (spanning from molecular- to metallic-like characteristics), TPNCs are often re-
garded as inorganic-organic hybrid molecules, thus differentiating them from larger metal
nanoparticles.[4] With a growing catalogue of structures achieved through ligand and metal
variation,[5] TPNCs make up the ideal “playground” to formulate new SPRs. Furthermore,
TPNCs exhibit intriguing properties ranging from structural, to optical, to electrochemi-
cal,[6-10] giving rise to vast potential for many applications over a broad range of fields. For

instance, the luminescent properties of TPNCs have opened avenues for their use in detecting



biomolecules,[11] as well as imaging cancer cells[12,13] and bacteria.[14] Additionally, TPNCs
have emerged as efficient and selective catalysts owing to their high surface-to-volume ratio
and discrete electronic states (i.e., molecular-like HOMO-LUMO gap rather than metallic
character).[15] TPNCs can catalyze a variety of reactions, including among others the hydro-
genation of nitrobenzaldehyde,[16] photocatalytic degradation of organic pollutants,[17] and
the electrocatalytic reduction of CO,.[18] With the ever-growing possibilities for practical
nanotechnological applications, research interest for TPNCs continues to expand.

One of the most popular synthesis methods of TPNCs, and arguably the work that
ignited the field, was introduced by Brust et. al. in 1994, where Au salts were reduced in the
presence of organic thiols and a strong reducing agent (NaBHy).[19] The synthesis of thiolate-
protected Au nanoparticles was achieved, exhibiting a distribution of diameters ranging 1-3
nm, but structural characterization with atomic precision was still lacking. Over the next
decade, improvements were made to the synthesis process such that TPNCs with exact
molecular weights were discovered using separation methods and mass spectrometry.[20—22]
True atomic precision, however, was not reached until 2007, where Jadzinsky and Calero et.
al. were able to characterize the exact atomic positions of Aujge(p-MBA)y (p-MBA = para-
mercaptobenzoic acid) within an unprecedented 1.1 A resolution through single crystal X-
ray diffraction.[23] With this pioneering work, the discovery of additional TPNC structures
followed soon after, including both the anionic[24] and neutral[25] Auys(PET) s (PET =
phenylethanethiolate) in 2008, the Ausg(PET)y, in 2010,[26] and the Ausg(TBBT)q4 (TBBT
= 4-tert-butylbenzenethiolate) in 2012[27] (Figure 1.1).

TPNCs are also referred to as “magic size” nanoclusters, since they exhibit high stability
at specific compositions (i.e., at specific n and m of M,,(SR),, structures).[4] This emergence
of magic sizes was primarily due to the development of a size focusing synthesis method.[28]
According to the size focusing method, after the initial formation of polydisperse TPNCs,
the solution is exposed to “harsh” conditions, such as excess thiol concentration and elevated
temperatures. This process leads to only the most stable TPNC surviving in a monodisperse
environment, thus “focusing” the TPNC distribution to a single TPNC structure. Additional
methods to synthesize new magic sizes have also been developed, including ligand-based

approaches to control TPNC size[29] and TPNC-TPNC transformations through ligand ex-



[Auzs(PET)se" Auzs(PET)24 Ausz5(TBBT);4
Au;g2(p-MBA) 4,

e 2008 ® 2010

Figure 1.1: Timeline scheme of the first TPNC structures determined experimentally. Both
the anionic (q = -1) and neutral (q = 0) Augs(PET);s structures were determined in 2008.
Gold and yellow balls represent Au and S atoms, respectively. Red, gray, and light gray

sticks represent O, C, and H atoms of the organic ligands, respectively.

change.[30] With the continuous advancement of synthesis and post-synthetic manipulation
methods, there is practically no end in sight to the experimental discovery of new, atomically

precise TPNCs.

1.2 TPNC Structural Rules

The experimental advances in TPNC synthesis and characterization have provided nanos-
tructures with atomic-level precision to theory. In addition, developments in theory and
increase in computational power have enabled the investigation of large systems, such as
TPNCs, with accurate, first principles methods.[31,32] As a result, the combination of both
ends has led to the detailed elucidation of TPNC properties. Although many structural rules
and SPRs have been developed due to the expanding number of experimentally synthesized
TPNCs, the first structural rule came as a prediction that was later confirmed through the

determination of the Aujgo(p-MBA)y. The “divide and protect” theory,[33] first introduced



by Hakkinen et. al. in 2006, states that the TPNC structure consists of two distinct regions:
i) a highly symmetric core made solely of metal atoms, which is protected by ii) a shell
of ligand-metal motifs (Figure 1.2). The protecting groups form as RS-(M-SR), units.[33]
These units range in sizes, known as different z-Mers,[3] and include x = 0 (i.e. a bridging
thiolate[34] or a us-coordinated sulfide group[35-37]). Additionally, protecting ring motifs
have been observed (e.g., octameric ring in the Auy(TBBT);4[38]) where metal-ligand units
form a complete loop around the TPNC core. These RS-(M-SR), protecting groups became
known as “staple” motifs due to the staple-like appearance of dimers (RS-(M-SR)y) around
the core of the first determined TPNC, the Auyge(p-MBA)44.[23,39] Remarkably, this simple
yet powerful theory universally captures the structural makeup of all TPNCs.

A second structure-based rule captures the composition constraints of magic size TPNCs.
The “nano-scaling law” [40] describes the number of metal atoms (n) and number of ligands
(m) as analogues to the volume (V) and surface area (SA) of TPNCs, respectively. Through
analysis of the known magic sizes, the TPNCs were found to follow the relationship SA
aV?? (a = scaling factor), which is a known scaling law of primitive geometric shapes. In
other words, stable M,,(SR),, nanoclusters follow n o m?/3, which rationalizes the specific n
and m pairs that emerge in the magic sizes. Subsequent work found that the type of ligand
affects the scaling factor.[41,42] The nano-scaling law reveals the power of population-based

analyses, highlighting their effectiveness for developing SPRs.

1.3 TPNC Stability Theories

Since the early syntheses of TPNCs, a major topic of research focus has been determin-
ing what gives rise to their stable magic sizes. To rephrase, why can the [Augs(SR)1s]~ be
synthesized with high stability,[24, 25] but a [Auge(SR)1s]” cannot? Although structural
rules can capture geometric trends in TPNCs, they do not provide a means of rationalizing
the stability of these nanoscale systems. As a result, all stable TPNCs generally follow the
divide and protect theory and nano-scaling law, but a theoretically predicted TPNC that

adheres to these rules may not be stable. Thus, there has been extensive work on ratio-



Shell

AU,5(PET) g RS

Figure 1.2: Illustration of the divide and protect theory using the Augs(PET)qs structure
(left), which can be decomposed into a Auys icosahedron core (top right) protected by a
shell of six dimeric staple motifs, RS-Au-SR-Au-SR (bottom right). Gold and yellow balls

correspond to Au and S atoms, respectively. R groups are represented as sticks.



nalizing the stability of magic size TPNCs through both their geometric (atomic positions)
and electronic (electron configuration) structures. The earliest method utilized an electron
counting approach. Drawing from the jellium model, the superatom theory describes that
stable TPNCs have a closed electronic valence shell and a relatively large HOMO-LUMO
gap.[43] Due to metal-ligand bonding, the valence electron count (e) for [M, (SR),|? can
be calculated following e = nv —m — ¢, where v is the atomic valence of the metals.[43]
For example, the [Augs(SR)1s]” has 8 valence electrons since 25(1) — 18 — (—1) = 8. When
first revealed, this theory captured the stability of most magic TPNCs. However, the con-
tinuous synthesis of new structures led to many cases that the superatom theory could not
capture, thus limiting its application as a universal stability model.[44] Therefore, although
instrumental in introducing fundamental concepts to the field, the superatom theory lacks
universal predictive power of TPNC stability across their complete materials space.
Recently, Taylor and Mpourmpakis developed the Thermodynamic Stability Model (TSM).

The TSM is the first model that not only captures the complete geometric and electronic
TPNC structure (i.e., exact atomic positions and electron configuration, respectively), but
also incorporates fundamental thermodynamics to rationalize TPNC stability.[45] The model
leverages the divide and protect theory[33] of a core-shell structure and builds on chemical
potential contributions between the core and the shell region of the TPNCs. Given the harsh
conditions undergone during size focusing synthesis,[28] a stable TPNC achieves chemical
equilibrium between its core metal kernel and shell of staple motifs. This equilibrium of
chemical potentials can be approximated by two electronic properties, i.e., the core cohesive
energy (CE) and shell-to-core binding energy (BE), which can both be calculated using Den-
sity Functional Theory (DFT). Core CE is the average bond strength between core metal
atoms in the presence of the protecting shell motifs, whereas shell-to-core BE is the binding
strength of the shell motifs to the core. When applied to a range of TPNCs, the TSM re-
veals a fine energy balance between the core CE and the shell-to-core BE for experimentally
synthesized (stable) TPNCs. Importantly, the TSM is not constrained to electron counting

rules, thus holding predictive power to test on any theoretical candidate structures.



1.4 Alloy TPNCs

In recent years, significant research has been done to introduce heterometals into TP-
NCs, forming a new class of alloy TPNC derivatives with distinct properties.[5] Alloy TPNCs
can be synthesized by heterometal doping to form analogues of their monometallic counter-
parts,[46] or even entirely new structures.[47] Importantly, alloy TPNCs provide additional
parameters, metal type and composition, that can be tuned for properties control.[5]. How-
ever, due to distributions in dopant concentrations,[47] atomic precision can be lost. To
improve our understanding of favorable dopant concentration and location, one can apply
computational methods like DFT to screen alloy TPNC candidates and compare their sta-
bility. Although effective for a sample of TPNCs, a major challenge becomes overcoming
the curse of combinatorics — a problem also faced in the field of “unprotected” polymetallic
nanoparticles.[48] The vast materials space that TPNCs exhibit is due to the many choices of
metals and ligands. Tmagine transforming from Augs(SR)1s to Agas(SR)1s by doping one Ag
atom at a time, giving only 26 unique compositions (including the two monometallic cases).
Within this constrained example, there are actually 33,554,432 unique structures (2?2025—
choose-i, excluding symmetry) due to the distinct positions that each metal type can take
(i.e., different possible chemical orderings). The problem becomes even more challenging if
we expand to a trimetallic Mas(SR)15 system, which has been reported in literature.[49] More-
over, removing the structure and single ligand constraints further opens the search space of
candidate TPNCs. This ever-expanding materials space requires new computational frame-
works that enable high throughput screening of TPNC candidates at reduced computational
cost. Developing such tools would enhance our understanding of TPNC doping preference

and provide actionable insight to experimentalists for alloy nanocluster design.



2.0 Rationalizing TPNC Stability Through SPRs

The content of this chapter is adopted, in part, from:

e M. J. Cowan and G. Mpourmpakis. Structure-property relationships on thiolate-protected
gold nanoclusters. Nanoscale Advances, 1:184-188, 2019.

e Y. Li*, M. J. Cowan*, M. Zhou, Y. Song, T. Y. Luo, H. Wang, N. L. Rosi, G. Mpourm-
pakis, and R. Jin. Atom-by-atom evolution in the adamantanethiolate-protected Ausg;
- Augs - AugnCdy - Augy nanocluster series. Journal of the American Chemical Society,

142(48):20426—20433, 2020.

2.1 Expanding the Thermodynamic Stability Model (TSM)

As previously mentioned in Section 1.3, in 2017, Taylor and Mpourmpakis introduced
the TSM,[45] which connects core-shell structural characteristics with the thermodynamics
of formation of TPNCs. Their work showed that the TSM accurately predicts stability for
numerous experimentally synthesized TPNCs ranging in size, structure, and metal composi-
tion, laying the foundation for the theory’s applicability as a general stability model.[45, 50]
However, the original development of this model only tested structures n < 102.[45] In this
study, we sought to expand the proven capabilities of the TSM by testing it across the
complete range of experimentally determined TPNC structures (up to n = 279).[51]

2.1.1 Computational Details

We employed DFT calculations to examine fifteen experimentally determined TPNC
structures.[23, 26, 35, 36, 38, 52-59] All calculations were performed with no symmetry con-
straints using the Perdew-Burke-Ernzerhof (PBE) exchange—correlation functional [60] with

a double-C valence polarized (DZVP) basis set and Goedecker-Tetter-Hutter (GTH) pseu-

*Authors contributed equally.
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Figure 2.1: Fully optimized TPNC structures ranging from Au;g(SR)14 to Augze(SR)s4, where
the R groups have been simulated with methylthiolate ligands. White, gray, yellow, and gold

correspond to H, C, S, and Au atoms, respectively.

dopotentials,[61] as implemented in CP,K.[62] All TPNCs were centered in a non-periodic
cubic box with a 7 A minimum offset between the structure and boundary. Similar to pre-
vious electronic structure studies,[39, 45] full ligands were replaced with methylthiolates to
reduce computational cost. The TSM was applied based on previously reported methods.[45]
In addition, the vertical ionization potential (IP) and electron affinity (EA) were calculated

according to the following expressions:

IP = E%JIBINC - E%PNC (2.1)
EA= Eg“;lNC — Erpne (2.2)

where Efpye is the electronic energy of a TPNC with its original charge z = g or in a
perturbed charge state © = g £ 1.
Figure 2.1 shows our fifteen fully optimized experimentally determined TPNCs, which

includes various shapes and sizes (number of metal atoms, n, ranging from 18 to 279). We



note that methylthiolates (SCH3) were used in place of full ligands. Prior studies have shown
that full-to-methyl ligand change may affect nanocluster properties when there is significant
reconstruction of the TPNC during relaxation (i.e., deviation from crystal structure).[45]
Thus, it is important to note that there was no reconstruction during optimization for any
of the TPNCs presented in Figure 2.1. Additionally, recent work has demonstrated that the
TSM also captures stability when using full ligands,[50] illustrating its effectiveness across

different ligand types.

2.1.2 Applying the TSM

As previously stated, the divide and protect structural rule states that all TPNCs are
made up of a highly symmetric metallic core protected by a shell of metal-ligand “staple”
motifs.[33] Inspired by this rule, the TSM connects core-shell structural characteristics with
the thermodynamics of colloidal TPNC formation. This is done by comparing the core co-
hesive energy (CE) and shell-to-core binding energy (BE) of a TPNC to determine stability.
A balance between these energies (i.e., parity) represents a thermodynamic chemical equi-
librium achieved between the core and shell. In other words, a thermodynamically stable
TPNC will exhibit a fine energy balance between core CE and shell-to-core BE.[45]

Based on the methodology previously reported,[33,45] each structure from Figure 2.1 was
split into its respective core and shell regions and the core CE and shell-to-core BE were calcu-
lated. Figure 2.2 depicts the energy balance between core CE and shell-to-core BE for the TP-
NCs studied. Notably, the AuggSa(SCHs)ag, Auyo(SCHs)ag, Ause(SCHs)se, Auiys(SCH;)s7,
Auyy(SCHs)go, and Augrg(SCHjz)ss have never been analyzed with this theory. Interest-
ingly, the three largest structures (denoted with stars in Figure 2.2), the Aujus(SCHjz)7o,
Augys(SCHj)so, and Augrg(SCH3)sy, are in excellent agreement with the theory, falling very
close to the parity line. The results of these larger TPNCs support the model’s capabil-
ity as a tool for capturing stability of TPNCs approaching a few hundred metal atoms. It
should again be noted that the TSM had been applied up to the Au;p2(SCHjz)4y TPNC and
this is the first time we demonstrate that the theory is extendable to significantly larger

systems, like the Ausze(SCHj)ss. Along with these large TPNCs, AusgSao(SR )20, Augo(SR)24
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and Auss(SR)32 were analyzed with this theory for the first time to further explore different
core packing structures and size regions of TPNCs. The three structures were found to dis-
play a fine CE-to-BE energy balance. Though the remaining structures had been previously
computationally investigated using the TSM,[45] our work herein has been performed using
a different exchange-correlation functional, namely PBE.[60] As a result, utilizing different
computational methods provides further evidence towards the legitimacy of the TSM, which

is agnostic to functional choice, and is solely based on thermodynamics foundations.

2.1.3 EA and IP SPRs

Understanding electronic properties of TPNCs is essential for their use in catalysis and
chemical sensing.[63,64] Moreover, unraveling simple relationships based on experimentally
measurable properties could allow for the development of practical models that researchers
can employ to screen the electronic properties of TPNCs as a function of their size. In con-
sideration of this, the IP and EA for the fifteen TPNCs were calculated. As shown in Figure
2.3, it was found that there is a size effect for both IP and EA that is dominated by the num-
ber of metal atoms (n) within a nanocluster. As the TPNC size increases (i.e., n increases),
the IP decreases (becomes less endothermic). The EA follows the same trend, only that
since the values are negative, as the TPNC size increases the EA becomes more exothermic.
In other words, the larger TPNCs, like Augr9(SCHj)ss, 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 ones with electron withdrawing character, can
impact the EA and IP of TPNCs.[65,66] For this reason, we note that deviations from the
models could potentially exist for TPNCs stabilized with electron withdrawing ligands (e.g.,
para-mercaptobenzoic acid (p-MBA)), but the general trends (i.e., size-effect) provided from
the models will still remain valid. The results presented in Figure 2.3 trend with the general
size dependence of HOMO-LUMO gaps previously reported for TPNCs.[67] Additionally, we
note that the IP and EA models are indiscriminate of core packing structure, as the cores of

the TPNCs studied herein include FCC-, HCP- and BCC-like packing.
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2.1.4 Towards Targeted TPNC Design

First introduced by Dass et. al. ,[40] Figure B.1 shows the results of a nano-scaling
law applied to the TPNCs studied in this work. Similar to Figure 2.3, the number of Au
atoms is an important factor, in this case to describe the number of ligands present on
each TPNC. Notably, even the largest Auiss(SR)s57, Augss(SR)so, and Augrg(SR)ss TPNCs
are found to follow the model, providing strong evidence that virtually all magic-sized TP-
NCs scale with this simple structural relationship. Although the metal-ligand composition
model cannot entirely predict new TPNCs, it still plays a significant role in the structure
prediction process, identifying the number of ligands needed to stabilize a specific number
of Au atoms. In fact, along with the IP and EA SPRs developed in this work, as well as
the TSM,[45] one can start building a framework enabling a property-specific design of new
TPNCs. Starting with a targeted application that requires a TPNC with a specific IP, the
[P model portrayed in Figure 2.3 can be used in concert with the nano-scaling law (Figure
B.1) to determine the appropriate TPNC composition needed. Previous work has revealed
that the type of thiolate ligand (i.e., the “R” group in Au,(SR),,) plays a central role in
metal-ligand composition of the stable nanocluster synthesized.[29,68] Therefore, an exper-
imentalist could utilize these ligand effects to control the number of metal atoms desired
within the TPNC and thus, the resulting electronic properties. Additionally, the TSM can
aid in screening the stability of potential TPNC candidates in a size-focused effort due to
the composition constraint from the nano-scaling law. Overall, this approach, which utilizes
computationally discovered structure-property (electronic and stability) relationships, could

guide experimentation towards a property-targeted synthesis of TPNCs.

2.2 Capturing Stability with IP and EA Trends
Realizing TPNC electronic property trends not only award an accelerated means of

property prediction, but also offer avenues towards systematic comparisons of synthetically

accessible vs. inaccessible structures. That is, we can probe the stability of theoretical TP-
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NCs by testing them against validated SPRs that were determined from a global analysis of
stable structures. Our next work applied this methodology, using our IP and EA SPRs, to
an incremental My _o4 nanocluster series all protected by 1-adamantanethiolate (SAdm).[69]
Of note, this TPNC series is the first reported that exhibits an atom-by-atom growth evolu-
tion, following Auy;(SAdm);s, Aug(SAdm)ig, AugeCdi(SAdm)ig, and Augy(SAdm)qe. Our
focus was to rationalize why these structures were synthesizable relative to other potential

monometallic or heterometal-doped states.

2.2.1 Computational Details

DFT calculations were performed without any symmetry constraints using the PBE
functional with def2-SV(P) basis sets[70] accelerated with the Resolution of Identities (RI)
approximation,[71] as implemented in Turbomole v7.2.[72] Geometry optimizations were
performed on each SAdm-protected TPNC in the series starting from their experimentally
determined structures reported in our work[69] and in literature.[34, 53, 69] The structures
were optimized using a quasi-Newton Raphson method and converged to successive energies
under 107% Ha as well as interatomic forces under 1072 Ha/Bohr. Theoretical 7e TPNCs
were produced by replacing a single kernel Au with Cd within the optimized Aug; (SAdm);5
and Augs(SAdm)ig, or replacing the Cd with Au within the optimized AugCd;(SAdm)qe.
Geometry optimizations were then performed on the new theoretical TPNCs under the afore-
mentioned specifications. Finally, vertical IP and EA were calculated for each experimental

and theoretical TPNC using Equations 2.1 and 2.2, respectively (where ¢ = 0 for all cases).

2.2.2 Electronic Stability of the TPNC Series

An interesting issue to address for the Mgy;-Msgy series is related to the stability of the
TPNCs based on free electron counting rules from the superatom theory[43] (discussed in
Section 1.3). Despite the smooth, atom-by-atom transition exhibited by the TPNC se-
ries, there is a sharp transition in their free electron counts. As Figure 2.4 shows (blue
dashed box), the series shifts from 6e for Aug(SAdm);5 and Augs(SAdm)ys (i.e., 21-15 =
22-16 = 6e) to 8e for AugCd;(SAdm)s and Augy(SAdm)s (2242-16 = 24-16 = 8e), skip-
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Figure 2.4: Optimized TPNC structures for IP and EA calculations. R groups (C and H

atoms of SAdm ligands) are removed for clarity.

ping over 7e systems. Experimental efforts to synthesize the 7e Augz(SAdm)q by adjusting
the synthetic conditions were not successful, and only when Cd(II) was used, could a 23-
atom TPNC be obtained. In a previous periodic series (i.e., Augg(TBBT ), Ausg(TBBT)ay,
Auyy(TBBT)sg, and Ause(TBBT)s0), the free electron number increased from 8e, 12e, 16e
to 20e with the same interval (4e).[73] Interestingly, the same 4e increment is observed for
the series of Augg(SR)20, Auss(SR)2g, and Auys(SR)os (SR = S-¢-CgHyp).47 Note that in
another series reported previously,[47] as more Ag atoms were doped into the kernel, the
6e AugpAgi(SAdm)5 also transited to the 8e AujgAgy(SAdm)ys. The results of the new
SAdm-protected series in the current work suggest that an even number of valence electrons
is required,[74] even for atom-by-atom growth.

To probe the synthetically inaccessible 7e TPNCs, we modulated Cd-doping to create
three theoretical structures (red dashed box in Figure 2.4). Furthermore, we studied two
distinct AuggCd; (SAdm),; TPNCs (second denoted with *) in order to determine the effect

of dopant location on IP and EA.
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2.2.3 Comparing IP and EA of TPNC Series to Known SPRs

Figure 2.5 shows the IP and EA for the TPNC series and their theoretical 7e deriva-
tives compared to our previously developed SPRs. The results reveal that the Aug; -
Auge - AugpCd; - Augs series follows the SPRs for stable structures. As to theoretical
AugCd; (SAdm);; and Auy;Cd; (SAdm)yg, their EAs follow the trend of the stable TPNCs
(Figure 2.5, red circles), while their IPs deviate and have much lower energy compared to
their 6e counterparts (Figure 5, blue circles). The results indicate that the theoretical Te
TPNCs do not intend to take in an electron to fulfill 8e shell closure, but prefer to lose an
electron and achieve the same configuration as their stable TPNC counterparts. Moreover,
comparison of the additional AugyCd;(SAdm);5* revealed that dopant location does not play
a role in IP and EA (Figure 2.5). The result aligns with theory, as Cd placement should
have little effect on these properties since IP and EA are each a cumulative response by the
TPNCs (charges are delocalized). Augs(SAdm)ig, on the other hand, shows almost identical
IP as the stable AuysCd; (SAdm);g, but much lower EA than its 8e counterpart, proving that
an additional electron is desired by the 23-Au-atom TPNC.

Overall, the analysis demonstrates why 7e TPNCs cannot be readily prepared. We note
that the Te Auy;(PET);s has been synthesized, but it was done so by air oxidation of its
anionic 8e counterpart,[25] which only suggests that 7e TPNCs can form through redox chem-
istry on charged TPNCs. Further, the 7e Auys(PET);s was shown to spontaneously trans-
form to Augg(PET)q4 in solution (at 65°C, as shown in the Supporting Information of Dainese
et. al. [75]), revealing a decrease in stability relative to its 8e counterpart ([Augs(PET)5]7).

The agreement between experimentally accessible structures and our IP and EA SPRs
supports the use of these models as stability metrics for neutral TPNCs. Furthermore,
probing theoretical 7e TPNCs through Cd-Au replacement revealed that the IP and EA
models can distinguish stability for heterometal-doped TPNCs.
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2.3 Conclusions

In this chapter, we utilized systematic analyses to extend, develop, and apply SPRs —
mainly towards TPNC stability. First, we demonstrated that the TSM is applicable across
the complete spectrum of TPNC sizes. Indeed, the model verified the thermodynamic sta-
bility of the recently experimentally synthesized Aui46(SR)57, Auass(SR)so, and Augrg(SR)ss
TPNCs. Using those results from our DFT calculations, we also developed new SPRs that
connect [P and EA to the number of metal atoms in Au TPNCs. These new SPRs were then
used to probe the stability for an atom-by-atom evolution TPNC series. This approach was
done by modulating the free electron count in the neutral series through Cd-doping (i.e.,
shifting from 6e or 8e to 7e by adding or removing a Cd atom, respectively) to create a sam-
ple of experimentally inaccessible structures. By comparing the electronic properties of the
structures, we found that the theoretical 7e systems deviate from the IP and EA SPRs while
the 6e and 8e systems did not. The electronic “destabilization” of the 7e structures (relative

to SPRs between stable TPNCs) rationalized why they are not experimentally observed.

19



3.0 Unraveling Distinct TPNNC Properties Through Dipole Moments

The content of this chapter is adopted, in part, from:

e M. J. Cowan, T. Higaki, R. Jin, and G. Mpourmpakis. Understanding the solubility
behavior of atomically precise gold nanoclusters. The Journal of Physical Chemistry C,
123:20006-20012, 2019.

e Y. Li*, M. J. Cowan*, M. Zhou, M. G. Taylor, H. Wang, Y. Song, G. Mpourmpalkis,
and R. Jin. Heterometal-doped Moz (M = Au/Ag/Cd) nanoclusters with large dipole
moments. ACS Nano, 14:6599-6606, 2020.

3.1 Understanding TPNC Solubility Behavior

Among the physical properties of TPNCs, solubility has received little attention, yet it
is critically important to many aspects of TPNC research. Examples include TPNC syn-
thesis, where solvent can control thiolate-metal speciation and dictate product size,|[76,77]
as well as structural determination due to the sensitivity of solvent/nonsolvent pairs to
successful TPNC crystallization.[78] Based on experimental observation, it is well known
that the surface ligands largely determine the solubility of TPNCs, that is, organic solu-
ble thiolate ligands (-SR) lead to TPNCs soluble in common organic solvents like toluene,
and dichloromethane (DCM). However, atypical solubility has been observed for some TP-
NCs.[79,80] Thus, there is a need for systematic studies to elucidate general SPRs for TPNC
solubility. In this work, we aim to understand the driving forces behind TPNC solubility.

*Authors contributed equally.
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3.1.1 Computational Details

DFT calculations were implemented with the CP;K package,[62] and were performed
using the PBE[60] exchange—correlation functional with a 500 Ry energy cutoff, DZVP basis
set, and GTH[61] pseudopotentials. PBE was selected due to its proven success in calculating
electronic properties of TPNCs.[34,35,51] All TPNCs were centered in a non-periodic cubic
box with a 7 A minimum offset between the structure and boundary. The systems were then
relaxed until interatomic forces were no greater than 0.02 eV/ A. Self-consistent field energies
were converged to 1077 Ha. The fully optimized structures were then used to calculate the
electronic permanent dipole vectors and polarizability tensors of the TPNCs. Total electronic
dipole moments were calculated based on the generation of maximally localized Wannier
functions using the Berry phase scheme.[81,82] The dipole moment vectors (Table D.2)
were found relative to the center-of-mass of each TPNC. Magnitudes of the dipole vectors

() were calculated by

RV R e o (3.1)

where p; is the ith (x, y, z) component of the dipole vector. Electronic polarizabil-
ity tensor calculations were performed with the variational perturbation theory using a
diagonalization-based preconditioned conjugate gradient approach.[83] The optimized TP-
NCs were placed in a polar environment, and the response wave functions were converged
in a self-consistent manner to 107% Ha. The resulting tensors were diagonalized to find the
molecular polarizabilities of each TPNC.[84] The average polarizability («) and anisotropy
(Aa) were calculated as

Olgy + Qyy + Oz

a= 3 (3.2)

Aa = %\/(O‘m — yy)? + (yy — 22)? + (s — Qpg)? (3.3)

where o; corresponds to the principal components (i.e., diagonal terms) of the molecular

polarizability.[84, 85]
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3.1.2 Typical vs. Atypical TPNC Solubility

We first list the experimental observations of solubility for ten TPNCs in Table 3.1.
The results reveal the common solubility properties of TPNCs protected by aprotic thiolate
ligands. Specifically, this class of TPNCs is typically soluble in toluene and DCM, but in-
soluble in protic solvents such as methanol and ethanol. These TPNCs are also generally
insoluble in aprotic solvents with a relatively large dipole moment such as acetonitrile. Of
particular note within Table 3.1 are the anionic Augs(PET);s stabilized with a tetraocty-
lammonium (TOA™) counterion and Augy(SAdm);s. For [Augs(PET)5] [TOA]T, we note
that its neutral counterpart exhibits typical solubility, indicating the importance of the total
charge state to solubility behavior. Interestingly, the Augo(SAdm);3 TPNC is only soluble
in nonpolar benzene, which is drastically different than the other two TPNCs protected by
SAdm within this study (i.e., AusgSa(SAdm)sg and Aug; (SAdm);5). We examine this atyp-
ical solubility behavior by first utilizing Hansen solubility parameters (HSPs), a similarity
metric used to determine solubility between organic molecules.[86] In Figure 3.1, we plot
HSPs of the solvents tested for Augy(SAdm);s. By coloring the points based on solubility
behavior of the TPNC, one can immediately see the distinct regions that appear in the HSP
space. Taking the HSP of benzene as the reference point, we observe that as one traverses
further away in the HSP space, the solubility behavior shifts to “slightly soluble” and then to
insoluble. Although the results agree with experimental observations, they do not rationalize
the unusual solubility behavior of Augy(SAdm);s when compared to other TPNCs. Instead,
a more thorough analysis of all TPNCs presented in Table 3.1 is required that focuses on

their inherent properties.
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Figure 3.1: Comparing Ausy(SAdm);g solubility behavior to Hansen solubility parameters
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Table 3.1: Experimental solubility behavior of ten TPNCs (including neutral and anionic forms
of Augs(PET)15). Ben: benzene, Tol: toluene, DCM: dichloromethane, MeOH: methanol, EtOH:
ethanol, ACN: acetonitrile, ACE: acetone, THF: tetrahydrofuran.

*Described as “slightly soluble”

Name Solvent Nonsolvent Ref(s)
Atz (SAdm), 5 Tol, DCM MeOH, ACN [34]
Augs(PET) 8 Ben, Tol, DCM EtOH, ACN [25, 80, 88|
[Atios(PET) 5] [TOAJ* | Ben, Tol, DCM, EtOH (24,80, 88]
ACN
Augg(TBBT)g Tol, DCM MeOH, EtOH [54,89]
Auzo(SAdm)g Ben Tol*, Chloroform™, DCM, [79]
THF, MeOH, ACN, ACE
AugpS(S-tBut);g Tol, DCM, THF MeOH, EtOH [35,90]
Atzg(TBBT)a, Tol, DCM EtOH [27,89]
AutzsSs(SAdm)a0 Tol, DCM MeOH 136]
Attgo(0-MBT)ss Tol, DCM MeOH 129, 56]
Ausa(TBBT)s Tol, DCM MeOH (56, 89]
Atty33(TBBT)s, Tol, DCM, THF MeOH, EtOH, ACN 6,91]

3.1.3 Structural Observations

To understand the solubility properties of the TPNCs listed in Table 3.1, we optimized
their experimentally determined structures using DFT. The ten (neutral) systems shown in
Figure 3.2 represent a wide range of TPNCs varying in size (21 — 133 Au atoms), ligand type
(five different organic ligands), and shape (i.e., symmetry).

Studying TPNCs with similar structural properties but different solubility behavior en-
ables us to systematically examine the role that specific physicochemical properties play in
solubility. For example, from Table 3.1 one can observe that TPNCs protected by TBBT are

found to have typical solubility, independent of size. However, this trend breaks down when
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Ausg(TBBT) 4 AU35S,(5-Adm),g Au4o(0-MBT)o4 Aus:(TBBT)s, AU133(TB-BT)52

Figure 3.2: TPNCs fully optimized with DFT. Gold and red balls correspond to Au and S

atoms, respectively. Black and white sticks represent hydrocarbon ligands.

one looks at SAdm-protected TPNCs. In fact, there appears to be no correlation between sol-
ubility and size, suggesting that the solubility behavior of TPNCs is size-agnostic. Focusing
on TPNC shape instead leads to some interesting comparisons between structures. For in-
stance, the atypical solubility behavior of Auzy(SAdm);s could be attributed to its relatively
high symmetry (i.e., S¢ point group).[79] The only TPNC with a higher order of symmetry
is the Augs(PET)1s (D2 point group). However, the anionic form of the Augs(PET)ys is
stabilized by the presence of a TOA™T counterion. Due to the equal concentrations of nan-
ocluster and TOA™ in solution, the counterion must be considered when examining TPNC
symmetry. Thus, the presence of TOA™ breaks the Dy, symmetry of the system. Further-
more, the loss of an electron to form the neutral Augs(PET) g results in a slight distortion of
the structure. This distortion arises from the open-shell 1S21P? superatom electron config-

uration.[92] Therefore, our qualitative observations suggest that symmetry plays a key role

in TPNC solubility behavior.
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3.1.4 Connecting Molecular Properties to Solubility Behavior

Permanent dipole moment of solutes can affect their solubility behavior.[93] Addition-
ally, dipole moment serves as a means to address symmetry effects in charge distribution on
a chemical structure. Therefore, we calculated the total electronic dipole moment of each
TPNC (Figure 3.3) to quantitatively analyze these effects connecting TPNC symmetry to sol-
ubility behavior. Of the 10 neutral TPNCs studied (shown in Figure 3.3a), AusgSo(SAdm)qg
exhibits the largest dipole moment of 4.31 Debye (D). This can be attributed to the two
ps-sulfido atoms located on a single side of the TPNC, leading to Cs, symmetry.[36] The
presence of non-symmetrically (i.e., lacking a horizontal mirror plane) distributed sulfido
atoms strongly influences the dipole moment as also indicated by AusgS(S-‘But);s, which
has a large dipole of 3.50 D. However, in the absence of sulfido atoms, TPNC symmetry
appears to play the major role. In fact, the orientation of the protecting thiolate ligands
can have a significant impact on the resulting electronic dipole of TPNCs, which becomes
apparent in the largest TPNC that we investigated. Aujs3(TBBT)s52 has a highly symmet-
ric Mackay icosahedral Au core, but its “swirly” distribution of surface ligands breaks the
total symmetry of the system.[6] Thus, we find that Auys3(TBBT)s2 exhibits the second
largest dipole moment of 3.76 D. Although the anionic state of the Augs(PET);5 TPNC has
been reported to have higher symmetry than the neutral,[92,94] the presence of the TOA™
counterion must be considered when calculating its dipole moment calculation. As previ-
ously stated, this is due to [Augs(PET)3]~ and TOA+ having equivalent concentrations in
solution. Thus, there are 1:1 electronic interactions exhibited between the TPNCs and coun-
terions which must be accounted for. Although the counterion and the anionic TPNC are
expected to be solvated in solution, decreasing their intermolecular interactions (compared
to gas phase), a dipole is expected to be developed because a negative charge is equilibrated
in the vicinity of a positive charge in solution. As a result, including TOA™ in our calcula-
tion generates a strong electronic dipole of 22.91 Debye (Figure 3.3b). We note that strong
interactions also exist due to the TPNC charge and the dipole of the solvent. However, for
the purposes of gaining trends with a single TPNC descriptor, we can capture these charge

effects through our electronic dipole moment calculations, where the dipole moment becomes
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significant between two point charges (charged TPNC and counterion). The drastic increase
in the dipole moment explains why [Augs(PET);g] [TOA]" has the unique ability to dis-
solve in the highly polar acetonitrile. Additionally, the result reveals the importance that
the charge state of TPNCs has on their solubility properties. This is especially significant
for larger TPNCs because determining the correct charge for some of these systems has been
shown to be a difficult task.[57,59]

As previously mentioned, Augg(SAdm);g exhibits the second highest order symmetry of
the TPNCs studied herein. As a further indication of high symmetry, the Auzo(SAdm)qg
was found to be perfectly nonpolar with a calculated dipole moment of 0.00 D. The lack of
dipole can easily be realized through visualizing the electron density and charge distribution
within the TPNC. Figure C.1 reveals symmetric charge density that can be seen through a
continuum of charge isosurfaces (Figure C.1la) as well as atomic point charges (Figure C.1b).
The result is in striking contrast to the polar Aug (SAdm)qs and AusgSe(SAdm)sy TPNCs
that are stabilized with the same type of ligands. Moreover, the results for SAdm-protected
TPNCs strongly agree with the experimental observations, suggesting that the presence of
an electronic dipole moment is essential for a TPNC to exhibit typical solubility behavior
(i.e., soluble in toluene and DCM). However, the neutral Auss(PET);g also exhibits no dipole
with a calculated value of 0.04 D, yet it follows typical TPNC solubility. Therefore, although
important, the permanent dipole moment alone does not completely explain Au-based TPNC
solubility behavior.

Because polarizability has been shown to be a key factor in solubility behavior of molec-
ular systems,[95-97] we calculated the molecular electronic polarizability of the 10 TPNCs.
As expected based on previous work with organic molecules,[85] we found a strong linear
correlation between the average polarizability and the size of each system (using the number
of electrons in each system as a descriptor), as shown in Figure C.2. Furthermore, Figure
C.2 reveals that for TPNCs with the same ligand type (SAdm and TBBT), we find perfect
linear relationships but with different slopes. The slight difference in slope can be attributed
to the difference in saturation of hydrocarbons between ligand types.[85]

In an effort to further understand the polarizability behavior of the TPNCs we examine

the anisotropy of the polarizability as shown in Figure 3.4. One can immediately see the
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Figure 3.3: Magnitude of total electronic dipole moment vectors (in Debye, D) for (a) 10
neutral TPNCs (in the order of increasing number of Au) and (b) Auys(PET);g in the neutral
and anionic charge states and in the presence of a tetraoctylammonium (TOA™) counterion
(inset structure).The structures exhibiting the minimum (Augs(PET) s and Auzo(SAdm);s)

and maximum (AusgS2(SAdm)s) permanent dipoles are shown as insets in the left panel.
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Figure 3.4: Anisotropy in polarizability (Ac«) of TPNCs in the order of increasing number

of Au atoms. Anisotropy is given in units of A3.

unique character of the nonpolar Augy(SAdm);g3 TPNC as it is found to exhibit the lowest
anisotropy at 25.52 A3. This is in stark contrast to the other nonpolar TPNC studied, the
neutral Augs(PET);s, as it has an anisotropy that is over three times greater (80.43 A3). This
difference in A« can rationalize the unique behavior of the two TPNCs, Auzo(SAdm);g and
Augs(PET) 5. Specifically, to relate these results to solubility, we first note our assumption
that in solution, each of the two TPNCs experiences a uniform and symmetric solvation
environment. This is a legitimate assumption accounting for the fact that each TPNC
is protected by a single ligand type, and the ligand coverage is generally uniform across
the TPNC surface (supported by the aforementioned nano-scaling law, where the number
of surface ligands scales with the number of Au atoms on Au,(SR),, TPNCs, as m o
n?/3).[40,42] As a result, a larger anisotropy in polarizability would lead to a stronger induced

dipole within a TPNC. This outcome is due to the electronic structure of a TPNC becoming
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polarized through intermolecular interactions with the solvent in an increasing manner for
systems that exhibit higher anisotropy in polarizability. Thus, because Augo(SAdm);g is
closer to isotropic polarizability, it experiences a smaller induced dipole in solution, which
suggests its inability to dissolve in solvents with a permanent dipole moment, such as DCM
and toluene. In contrast, the larger anisotropy of the neutral Auys(PET);3 would experience
a greater induced dipole, leading to its solubility in toluene and DCM.

To further rationalize TPNC solubility trends with our electronic property calcula-
tions, we plot dipole moment, anisotropy, and experimental solubility behavior in Figure
3.5. The plot demonstrates the clear distinctions that differentiate Auzo(SAdm);s and
[Aug;(PET) 5] [TOA]T from TPNCs with typical solubility. In fact, by defining regions on
Figure 3.5 that correspond to different solubility behaviors, we reveal an excellent agreement
between our computational results and the experimental observations. Moreover, our find-
ings suggest that dipole moment and anisotropy can be used in concert as parameters to pre-
dict the solubility behavior of all Au nanoclusters protected by aprotic, thiolate ligands. The
approach can also be applied to other metal TPNCs. For instance, [Agss(SR)1s]” [PPhy]™,
protected by SR = 2-4dimethylbenzenethiolate, has been successfully synthesized and was
found to be an analogue to anionic Augs(PET)s (i.e., same shape and symmetry).[98] It
also shares similar solubility behavior to its Au counterpart. Specifically, the Ag TPNC is
soluble in aprotic solvents (DCM, dimethylformamide, dimethyl sulfoxide, and toluene) and
insoluble in methanol. Additionally, the Ag TPNC is soluble in a 1:1 v/v solution of DCM
and acetonitrile,[98] supporting the role that the charge state plays in solubility behavior.
Our methods can also be extended to heterometal-doped TPNCs. To test the effect of het-
erometal doping, we created a theoretical AuggAg(SAdm);s TPNC, by replacing a shell Au
with Ag, and compared its dipole moment and anisotropy to Ausyg(SAdm);s (Table 3.2).
Doping a Ag atom in the shell of the TPNC breaks its symmetry, thus creating a permanent
dipole moment (from 0.00 to 0.852 D). However, there is almost no change in the anisotropy
of the system. Nevertheless, since both properties are vital to solubility, the results still sug-

gest that heterometal doping could provide a means of control over the solubility behavior

of TPNCs.
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Figure 3.5: Comparing permanent dipole moment and anisotropy to TPNC solubility be-

havior. Data point colors indicate observed solvents for each TPNC (based on Table 3.1).

Boxes represent regions of typical (green) and atypical (red) solubility behavior.

31



Table 3.2: Comparing a theoretical AuygAg;(SAdm);g and its monometallic counterpart.

Property Allgo(SAdm) 18 AUQQAgl (SAdm) 18
1 (D) 0.00 0.852
Aa (A% 25.52 26.40

3.2 Towards TPNC Self-Assembly: Rationalizing Large Dipoles in a My;

Series

TPNCs are promising candidates for self-assembled supramolecular structures due to
their advantageous properties and atomic precision.[1] However, controlling their assembly is
a major challenge.[99] Importantly, other nanomaterials have achieved self-assembly through
strong dipole-dipole interactions.[100] In the previous Section (3.1), we highlight the role
of electronic properties on physical TPNC behavior. Following a similar logic, our next
work([101] investigated a My3 TPNC series that all exhibit significantly large dipole moments
(1 > 10 Debye) relative to neutral TPNCs in the same size regime (1 = 0-5 Debye, as shown
in Figure 3.5). Specifically, we rationalized the origin of these large permanent dipoles and
connected them to unique physical and optical properties, namely alignment in the crystalline
state and solvatochromism, respectively. Our results highlight the potential for self-assembly

of TPNC supramolecular structures driven by dipole-dipole interactions.

3.2.1 Computational Details

All DFT calculations were performed in Turbomole v7.2[72] following the same methods
described in Section 2.2.1. Initial structures were taken from the experimentally deter-
mined crystalline structures reported in our work[101] and in literature.[47] Ligands were
substituted to methylthiolate (SR = SCHj). After geometry relaxations, electronic dipole
moments (u) were determined using Turbomole. Atomic charges were calculated using the

natural bond orbital (NBO) analysis,[102] as implemented in Turbomole.
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Figure 3.6: Optimized structures and calculated dipole moments (u) of AujgAgs(SR)s,
AUQQCdl(SR)lg)BI", and AulgAggcd1<SR)15BI’ (SR = SCHg)

3.2.2 Large Dipole Moments

The Mss TPNC series, shown in Figure 3.6, all possess quasi-C's symmetry with an
icosahedral M;3 kernel (M = Ag, Au) protected by three trimer motifs (Auz(SR),) and a
“capping” Y(SR); motif at the top (Y = Ag, Cd-Br). The structures enable systematic
comparison, which reveals the importance of the Cd;(SAdm)3;Br motif in achieving giant
dipole moments in these systems. However, only acknowledging the presence of heterometals
does not take into account symmetry effects, which was found to be crucial for p in our
solubility work (Section 3.1).

To obtain deeper insight into the unusually high g of the Moz TPNCs, we sought for
NBO charge analysis.[102] As shown in Figure 3.7, significant ground state electron transfer
is observed in the Mg series, which is in large part due to the heterometals. Not only can
the negative and positive centers be clearly observed in the Mss series, but the polar bonds
are oriented in the same direction, hence giving rise to very high total dipole moments. In
other words, the charge separation is mainly along the quasi-C5 axis of the My series (i.e.,
axis along Cd-Br bond in AugyCd;(SR);5Br), resulting in a large p along this principal axis.
These results explain why the trimetallic TPNC exhibits the largest p since its arrangement

of heterometals, and thus ground state charge transfer, are all along the quasi-C'3 axis.
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ted for clarity. NBO charges are labeled (left) and marked by color (right, blue = positive
and red = negative). Selected dipoles along the ('3 axis are indicated by green arrows which
contribute to p (magenta arrows); Local dipoles that are expected to cancel out are indicated

by purple arrows.
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3.2.3 Connecting to Crystalline Alignment and Solvatochromism

It is important to note that the TPNCs in the Mays series are synthesized by modu-
lating heterometal concentrations. Thus, the series offers tunable dipole moments while
maintaining a similar overall structure. Upon further analysis of the Mys series, we can
understand some unique physical and optical properties that emerge in the structures due
to their large dipole moments. For example, high p leads to interesting alignment of TP-
NCs in the experimentally determined crystals (Figure C.3). Specifically, the trimetallic
Auy9Ag;Cdy (SAdm)5Br TPNCs, which exhibit the largest dipole (1 = 18.18 D), are aligned
into “head-to-tail” cluster chains. Crystals of the subsequent TPNCs in the series move fur-
ther from this “head-to-tail” arrangement based on their respective . Therefore, tuning pu
enables control over TPNC alignment, revealing the potential of p as a tunable property
towards self-assembled TPNC supramolecular materials. In addition to structure alignment,
the large dipoles explained the solvatochromic effects observed for these TPNCs. Shifts in
experimental UV-Vis absorption spectrum peaks were found to linearly correlate with solvent

polarity parameters, supporting strong p—u interactions between TPNC and solvent.
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3.3 Conclusions

In this chapter, we first used DFT calculations to rationalize the solubility behavior
of 10 TPNCs. Our results show the essential roles that permanent dipole moment and
polarizability play in determining which solvents can dissolve a given TPNC. Auzo(SAdm);s,
a TPNC with atypical solubility, was found to be nonpolar and additionally has extremely
low anisotropy, which leads to its inability to dissolve in polar organic solvents. Neutral
Auys(PET) 5 was also found to be nonpolar, but it exhibits high anisotropy. This finding
suggests that a dipole can be induced in the TPNC, explaining why it can dissolve in the
common TPNC solvents, that is, toluene and DCM. Importantly, our calculations rationalize
a series of experimental observations with regards to the solubility behavior of TPNCs that
exhibit diverse structures (i.e., size, shape, and ligands). Our study offers a rapid and
powerful means to address solubility trends within different TPNCs by calculating their
electronic properties, such as dipole moment and polarizability.

In a similar manner, we also employed DFT to determine significantly large permanent
dipole moments within a M3 alloy TPNC series. The three TPNCs, Au;9AgzCd;y (SAdm)5Br,
AugeCd; (SAdm);5Br, and AujgAgy(SAdm);s, had dipole moments of 18.18 D. 17.08 D, and
10.72 D, respectively. The large dipoles were explained through NBO charge analysis as
well as symmetry and heteroatom arrangement arguments. Furthermore, the TPNC dipole
moments were connected to experimentally observed behavior: alignment in the crystalline

state and solvatochromic effects.
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4.0 Decoding Chemical Ordering in Alloy TPNCs

The content of this chapter is adopted, in part, from:

e M. J. Cowan*, A. V. Nagarajan®*, and G. Mpourmpakis. Correlating structural rules

with electronic properties of ligand-protected alloy nanoclusters. Journal of Chemical

Physics, 155:024303, 2021.

4.1 Correlating Structural Rules with IP and EA of Alloy TPNCs

Despite having a vast domain of materials space for exploration upon heterometal dop-
ing, there is a dearth of bimetallic TPNCs that have proven to show enhanced characteristics
for different applications. Although some efforts have been made,[69] developing SPRs for
bimetallic TPNCs has not been sufficiently explored and provide great promise in the field
of nanoscience. From an experimental standpoint, such a task can be time-consuming and
expensive thus leading to a rather impractical and complex approach. On the other hand,
computational methods such as DFT offer an accelerated approach to nanomaterials discov-
ery through SPR development at a small fraction of experimental time and expense. For
example, Panapitiya et. al. developed a machine learning model that captures DFT CO ad-
sorption energy on AgAu TPNCs.[103] The model was trained on a dataset of hypothetical
alloy structures and importantly was found to work across a range of different TPNC sizes.
Following in a similar path, in this study, we perform DFT calculations to explore structural
effects on electronic properties, specifically IP and EA, of our own AgAu TPNC dataset.
The main goal is to extend our previously developed SPRs (Section 2.1.3) to capture trends

in alloy TPNCs.

* Authors contributed equally.
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4.1.1 Computational Details

All electronic structure calculations were performed at the DF'T level using CPoK v6.1.[62]
The PBE[60] functional in conjunction with a DZVP basis set, GTH pseudopotentials,[61]
which importantly capture relativistic effects in the heavy elements, and 500 Ry cutoff was
used to describe the electronic structure of all systems. All TPNC structures were posi-
tioned in the center of a computational box that awarded at least 7 A of space from the
walls. A convergence criterion of 0.025 eV A~! was used for all geometry optimizations with
a self-consistent field (SCF) threshold of 10~7 Ha. We note that the same methodology has
been previously employed in literature to capture electronic properties of TPNCs.[104-106]
All TPNCs possess a total charge of 0. Vertical IPs and EAs were calculated per Equations
2.1 and 2.2, respectively, wherein the electronic energies of the TPNCs in their (-1) or (+1)

charge state were subtracted from the electronic energy of the neutral TPNCs (¢ = 0).

4.1.2 Generating the Bimetallic TPNC Dataset

We created bimetallic TPNCs by modulating the experimentally determined Augg(SR)a4,
Auyp2(SR) 44, Augge(SR)s0, and Augre(SR)ss structures.[23,27,58,59] Examples of each TPNC
size are shown in Figure 4.1. The four structures exhibit FCC cores protected by combina-
tions of similar staple motifs (bridging thiolates, monomers, and/or dimers; Figure 4.2 and
Table D.1). Furthermore, they encompass the size regime where TPNCs display a sharp
transition from molecular-like to metallic behavior (i.e., Augys to Auarg).[107] To reduce
computational cost while maintaining the accuracy of DFT calculations, we used -SCHj
(methylthiolate) ligands as protecting groups on the surface of the TPNCs. This approach
has been widely utilized to capture the electronic properties of TPNCs.[45,50,51] Ag was
used as a dopant to create different hypothetical TPNC structures due to the synthetic
accessibility across Ag-Au compositions in literature.[47, 108-110] Specifically, 9 different
compositions (approximately 10% increments; see Table C.1 for exact compositions) and
10 different chemical orderings at each composition were chosen to create the materials do-
main. The chemical orderings were generated randomly to ensure uniform sampling of the

bimetallic configuration space. Our efforts resulted in a final dataset of 368 unique TPNCs.
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Au;4(SR),, Au,,(SR),, Au,,6(SR)g, Au,,4(SR)g,

Figure 4.1: Examples of the different TPNC sizes used in this study. The selected samples
have 50% Ag composition and a randomly generated chemical ordering. Color scheme: Au:

yellow, Ag: grey, S: red, C: black, H: white.

4.1.3 Exploring IP/EA Trends

After generating the hypothetical AgAu TPNC dataset, we performed DFT calculations
to optimize each of the 368 structures. We then calculated vertical IP and EA of each
system (Equations 2.1 and 2.2, respectively; see Section 4.1.1 for calculation details). Before
attempting to build general SPRs that can predict these properties, we sought to first explore
the data by visualizing IP vs. EA for each TPNC, as shown in Figure 4.3. Immediately
from the plot, one can observe that metal composition (color of data points) systematically
affects the TPNC electronic properties. The general trend reveals that higher concentrations
of Ag lead to a higher IP and more negative (favorable) EA. Of note, the results follow an
opposite trend compared to atomic Ag and Au (IP4, < IP4, and EA 4, > EA 4, for metal
atoms). Furthermore, the IP does not align with the trend between metal work functions
(pag < ¢au).[111] Previous work revealed that Ag and Au exhibit different interactions
with thiolate ligands,[112] which could play a role in this counterintuitive behavior (i.e.,
increased charge transfer from Ag to ligand through Ag-S bond could make it more difficult
to donate an electron and cause higher IP). However, the M3s TPNC does not follow the
general IP trend and instead exhibits minimal change in IP across compositions, with the

monometallic systems (points with black border) showing approximately the same IP. Since
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Ausz6(SR)y, Au1>(SR) 44 Au,46(SR)go AU79(SR)g4

Figure 4.2: Demonstration of FCC cores (top row) and shell motifs (bottom row; core atoms
shown in light gray for contrast) of the four Au TPNCs used to generate the hypothetical
AgAu TPNC dataset in Chapter 4 (see Section 4.1.2 for more details on the dataset). Color

scheme: Au: yellow, S: red. R groups omitted for clarity.

IP and EA relate to HOMO and LUMO energies,[113] respectively, the results suggest that
Ag-doping the Augg(SR)q4 increases the LUMO energy while preserving the HOMO energy of
the system — an observation reported for other Ag-doped TPNCs of similar size.[114] These
interesting findings can be further explored by comparing between TPNC sizes. Based on
Figure 4.3, there is a clear, converging behavior in the electronic properties, which occurs
as TPNC size increases. Indeed, at smaller sizes, dopant position (i.e., chemical ordering)
plays a significant role in the electronic properties, which is highlighted by the spread of Msg
and Mg, points in Figure 4.3. This result is due to the emergence of quantum confinement
effects and discrete electronic states within the smaller-sized TPNCs. As we move to the

larger systems, the orbitals lose their discrete energies and localization, becoming more
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diffuse and causing the emergence of band-like behavior (i.e., towards metallic behavior).
Thus, Mgy and Maozg TPNCs do not experience chemical ordering effects on EA and IP
due to the dominating influence of bulk core atoms. Instead, the larger structures follow
a composition-dependent IP o« —zEA trend, where x =~ 1. Overall, the results reveal the
importance of understanding core-shell makeup for electronic properties of AgAu TPNCs,

especially at smaller size regimes with molecular-like electronic behavior.

4.1.4 Extending IP/EA SPRs to capture AgAu TPNCs

In our previous work (Section 2.1.3), SPRs were developed that capture IP and EA across
monometallic Au TPNCs solely from the number of metal atoms (n).[51] We leverage the

/3 in Figure 4.4 to compare our bimetallic dataset to the previously

same descriptor, n~
reported relationships (black dotted lines). As expected, the monometallic Au TPNCs (gold
points with black border) tend to follow the linear trend. We note that the SPRs underpre-
dict IP and EA of Auss(SR)24, but these values border the 95% confidence interval of the
previously developed models in Figure 2.3. Furthermore, all AgAu TPNCs appear to roughly
match the trend, indicating that the descriptor is a good metric to capture size effects on
IP and EA. Clearly, though, additional information is required to accurately predict these
electronic properties across AgAu TPNCs. Although X4, (color of points in Figure 4.4)
appears to differentiate IP and EA behavior for the larger TPNCs, the trend breaks down
for the smaller systems. Specifically, we see non-linear behavior (i.e., not IP|[EA o< X4,)
arising in the IP of M3z (monometallic IPs are almost identical) and EA of Mjgs (Agioe is
around the median EA rather than the minimum), which is further illustrated in Figure 4.3.
Therefore, X 44 alone cannot capture dopant effects for IP and EA across all TPNC sizes.
Based on our analysis of size and composition effects on IP and EA, there is a clear need
to distill further structural information that accounts for the dopant-position-based nuances
in electronic properties. As previously described, all TPNCs follow the divide and protect
theory,[33] meaning one can distinguish core from shell atoms based on the experimentally

determined structure. This structural rule is important for electronic properties of TPNCs,

especially those that are dependent on frontier orbitals of the systems. For example, time-
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dependent DFT (TDDFT) has revealed that low-energy electron excitations (HOMOs to
LUMOs) occur by a core-to-shell transition in TPNCs.[24, 115] Since IP and EA directly
probe HOMO and LUMO energetics in molecular systems,[113] there is strong physical mo-
tivation to distinguish the core and shell regions when attempting to predict these electronic
properties. In addition, core and shell metal atoms exhibit different interactions with thi-
olate ligands. From an electronic standpoint, DF'T has shown that shell metal atoms form
M(I)-S covalent bonds while core metals instead form dative M(0)-S bonds.[43,116] Further-
more, by conducting a bond distance analysis of our AgAu TPNC dataset (Figure D.1), we
reveal two distinct M-S regimes in each TPNC (green and purple bimodal distributions) that
differentiate core and shell M-S bonding. The structural analysis also highlights the similar
bond distributions observed across the four TPNCs, including the consistently shorter Au-S
bond lengths compared to Ag-S (core Au ws. core Ag and shell Au wvs. shell Ag). Taken
together, the different electronic and structural character of M-S interactions indicate the
importance of distinguishing core and shell contributions to EA and IP.

By leveraging the core-shell nature of TPNCs, we generated a series of structural de-
scriptors that capture size, composition, and structural makeup of our bimetallic systems.
A summary of the descriptors is given in Table D.3. Apart from our global size and compo-
sition descriptors (n~/? and X Ag, Tespectively), we introduced two new terms that describe
metal compositions of the TPNC core and shell. Importantly, we can compute these terms
from experimental TPNC structural data (Table D.1, meaning they do not require any
DFT calculations. To compare the new descriptors to X4, and identify their significance to
EA and IP, we generated linear regression models (Figure D.2) using just the M3g(SR)24
TPNC data. We chose to focus on the M3s(SR)24 due to its unique IP behavior (Figure 4.3).
Starting with EA, we find that there is little difference in the predictive ability between X4,
and X5 based on their model coefficients in Figure D.2a, b. The results are expected
based on our prior analysis of Ag composition effects (Figure 4.3 and 4.4). In contrast, there
is a clear significance of the core-shell properties for IP prediction. While X 4, is unable to
differentiate IPs of the different systems, X7 and Xi‘};e” together can capture the IP trend
across the M3g(SR)24 TPNCs. The results agree with our expected physical motivations,
where the core and shell of a TPNC influence its IP and EA, respectively.
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Combining the insights determined from our prior analyses, we employed linear regression
to introduce new SPRs that can predict IP and EA across our AgAu TPNC dataset. The
models, shown in Figure 4.5, capture these trends with a high degree of accuracy ( MAE
< 0.06 eV). In addition, they do so by utilizing the same three fundamental descriptors, which
capture size (n~'/?), composition and core-shell makeup ( Sre and X5e!) of the TPNCs.
As expected from the underlying physics, the shell descriptor plays a significant role in
predicting EA while the core descriptor does the same for IP, which can potentially relate to
the HOMO and LUMO energy levels, respectively. Importantly, we found that our models
perform better when the core feature can differentiate size — hence why we use the product
of our size and core descriptors as a single feature. The necessary size dependence can be
explained by the converging behavior of IP properties observed across the TPNCs in Figure
4.3. By incorporating size, our core term can distinguish large TPNCs from smaller systems
where quantum effects and discrete electronic states play a more significant role, therefore
achieving stronger correlation across the complete AgAu TPNC dataset. Despite the similar
structural properties of the four TPNCs in the dataset, the IP/EA SPRs are expected to
work across various Ag-doped Au TPNCs, including different shapes, core packing, and
X-mer motif types. This is due to the fact that i) all TPNCs follow divide and protect
theory,[33] which was used to develop the new core shell descriptors, and ii) previous IP/EA
SPRs for Au TPNCs were shape agnostic.[51] The size regime of AgAu TPNCs probed in
this work spans from smaller, molecular-type TPNCs (Augg, Aujge and Auggg), to the larger
metallic-type Auyzg TPNC. Including Augrg in our analysis, which behaves more like an alloy
nanoparticle than a typical TPNC (surface plasmon resonance, continuous bands rather than
discrete energy levels, etc.), suggests that the trends observed between metal composition
and IP/EA could extend to larger Au/Ag nanoparticles (NPs). However, our results do not
concretely prove that these systems will have similar IP/EA trends, and therefore additional
studies are needed to investigate larger alloy nanomaterials.

When fitting models, it is important to think critically about the dataset. If a dataset
is too small, or if it does not correctly represent a domain space, using it to fit a model
can lead to misguided conclusions and poor predictive performance in the future. Although

it is not possible to perform DFT on the entire bimetallic TPNC configuration space, the
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dataset herein was produced in an effort to maximize the area of materials space sampled
(i.e., ranging size, composition, and chemical ordering). Furthermore, the simple models
have only three degrees of freedom that are physically motivated for the target electronic
properties. Though we note that more high quality data is always better as it can lead to
higher accuracies, all aforementioned results indicate that the bimetallic TPNC dataset is
adequately sized to develop the IP/EA SPRs.

Overall, our new SPRs provide key insights into the physics that dictate TPNC elec-
tronic properties. Moreover, they offer powerful screening tools that can aid in experimental
design of AgAu TPNCs for targeted applications. Future efforts will focus on predicting
highly accurate IP and EA of TPNCs using higher levels of theory that are computationally
more expensive. Such data can be used in combination with this high throughput screening
approach to accurately relate application-oriented IP/EA behavior (for example, in electro-

catalysis and photocatalysis) to the TPNC structure.

47



4.2 Towards a Universal Stability Model for Alloy TPNCs

The recent efforts to modulate TPNC properties through heterometal doping have yielded
remarkable results, including enhanced catalytic activity[117] and realization of new magic
sizes.[118] However, with the increase in structural complexity, new challenges arise for
structural determination with atomic precision. This problem is magnified at larger TPNC
sizes (> 100 metal atoms), which offer a massive configuration space of potential alloy
chemical orderings (i.e., how the metals position themselves in a TPNC). Dropping the
constraint of a single structure causes an explosion in the size of the potential materials
space. Although DFT is an effective approach to study TPNCs, both monometallic and alloy,
its computational expense makes exploring large portions of the hypothetical configuration
space intractable. Thus, there is a need for accelerated methods capable of determining the
most favorable chemical orderings (i.e., maintaining atomic precision) in alloy TPNCs while
exploring the vast alloy materials space. Furthermore, the approach should ideally extend
across the monometallic space as well, towards a generalized method that captures stability
of all TPNCs — opening avenues for accelerated structure prediction. In this work, we lay
the foundation towards a computational framework to predict thermodynamically favorable
structural configurations of TPNCs, including dopant positions and concentrations in alloy

structures.

4.2.1 Computational Details

All DFT calculations, namely geometry optimizations, were performed in CPyK v6.1

following methodology from prior work.[119] See Section 4.1.1 for complete details.

4.2.1.1 TPNC Formation Energy (E;)

The TPNC formation energy, E¢, references atomic metals and thiols (HSR) to measure
the preference of forming TPNCs and molecular hydrogen. It is a measure of TPNC ther-
modynamic stability and can importantly differentiate between metal composition, chemical

ordering, and ligand type. E; can be computed with DF'T following Equation 4.1, where £}
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is the electronic energy of species j and number of ligands (m) is used as a scaling factor.
TPNC formation energy can also be conceptualized as the sum of M-M and M-S bond ener-
gies (i.e., the energetic preference of forming M-M and M-S bonds in reference to HSR and

atomic metals, M).

1
DFT __
EPFT = —

1 n
<EMn(SR)m + §mEH2) - (Z En, + mEHSR)] (4.1)

4.2.1.2 Bond-Centric Model (BCM)

Cohesive energy (CE) is a metric of thermodynamic stability that describes how stable
a metal NP is relative to its atoms infinitely separated apart (i.e., atomic M). Similar to Ey,
it can be conceptualized as the sum of M-M bond energies in the NP (scaled by number of
atoms, Nytoms). The Bond-Centric Model (BCM)[120] calculates the CE of a metal NP with
Natoms by summing contributions from all bonds in the system (Equation 4.2). Bond energy
contributions between atoms a and b (each term in Equation 4.3) are calculated by their
respective coordination number (CN) in the system as well as bulk properties of each metal
(periodic crystalline form), including bulk CN and CE (CNyy, and CEpyy, respectively).
To account for the difference in bond energies between homoatomic and heteroatomic bond
types, the BCM employs a weighting term, . A pair of the terms, given as y4—y and yp—a),
is calculated for each unique metal-metal combination (e.g., Ag-Au) and is a function of
metal dimer bond dissociation energies (BDE, Equations 4.4 and 4.5) as well as a “sum-
to-two” constraint (Equation 4.6). Because the BCM leverages easily tabulated values, it
provides a rapid means to predict NP stability — surpassing DFT with its faster computation
time as well as larger range of measurable NP sizes. Further, since the model measures each

explicit bond energy, it can differentiate metal composition and chemical ordering. 48]

1 Nbonds
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BDE(a,b) =FE,+ E, — E(a—b) (4.4)

BDE(a—a)’Y(a—b) + BDE(b—b)'Y(b—a) =2 X BDE(a_b) (4.5)

Y(a—b) + V(o—a) = 2 (4.6)

4.2.2 Curating a TPNC Dataset

The study herein includes a variety of TPNC structures from prior works, including the
SCHjs-protected TPNCs from Section 2.1 as well as the AgAu dataset from Section 4.1.2
to probe alloy effects. Additional experimentally determined TPNCs protected by PET
and TBBT ligands were also included to probe ligand effects across different sizes. These
structures were taken from literature.[25-27,54-56,91,121,122] A summary of the complete
TPNC dataset (392 unique structures) is given in Table 4.1.

Table 4.1: Summary of TPNCs included in this study grouped by experimental ligand type
or hypothetical ligand/doping (denoted with *).

TPNC Group # Structures Reference(s)
*SCH;-protected Au 15 Section 2.1
*SCHjs-protected AgAu (alloy) 368 Section 4.1.2
PET-protected Au 4 (25,26, 55,121]
TBBT-protected Au 5 [27,54,56,91, 122]

We first calculate EJ?F T for the range of TPNCs. The results are given in Figure 4.6

as a plot of EPFT

vs. number of metal atoms (n). The graph reveals that E?F T

generally
decreases (becomes more exothermic) as a function of TPNC size (represented by n), which is
comparable to CE trends in metal NPs. This general trend is expected since Ef*" measures

bond energies in the structure and upon an increase in size, the number of bonds increases
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at a consistently higher rate than n (i.e., each metal atom is always forming more than one
bond). When looking at just alloy structures (light blue points), one can see that E?F s
able to differentiate various alloy TPNCs of the same metal-ligand composition, which shows

the potential for EP*™ as a reasonable metric to compare stability between TPNC alloys.

4.2.3 Extending the BCM to TPNCs (E; Model)

As previously mentioned, the BCM[120] provides an accelerated means to predict metal
NP stability. The model does so by computing CE, which measures the M-M bond energies
of a given metal NP. Similarly, E; measures bond energies in a TPNC, including M-M as
well as M-S bonds, to probe stability. Thus, if the BCM can be extended to also capture
M-S bond energies, it should in theory be able to predict E; for TPNCs.

In order to extend the BCM to capture M-S bonds, or more specifically the M-SR bond,
one can adjust the reference utilized in the model. For the case of metals, the BCM references
the bulk crystalline form (e.g., Au in its FCC unit cell). Since thiolates are derived from
thiols during TPNC synthesis,[19] it is reasonable to treat a thiol as the reference state for
SR units, which importantly matches the reference of E; (Equation 4.1). With a selected
reference, we can now map the BCM parameters to their S-equivalent analogues. C'N},, is
set to 2 (Equation 4.7) due to the two S bonds present in thiols (H-S-R). Since metal C Ep1;
is the average bond strength per single atom, it can be thought of — conceptually — as the
bond strength that a metal forms in its reference state. Therefore, the same measure can be
achieved for S by calculating the H-SR bond formation energy (BFE), as shown in Equation
4.8. Of note, BFE utilizes Hy as a hydrogen feedstock, which is a similar concept to the Ef
formulation, just in an opposite manner. To determine metal-ligand v values, we can leverage
BDEs of metal-thiolate complexes as well as thiols (i.e., analogues to “heteroatomic” and
“homoatomic” metal dimers, respectively). BDEs are computed via Equation 4.4, treating
M + SR and H + SR as a and b units for metal-thiolate complexes and thiols, respectively.
Combining Equations 4.5 and 4.6, we can compute y values for any metal ligand pair. Taken
together, the new parameterizations can be used with the BCM to predict M-S bond energies,

extending the model to TPNCs. Moreover, since the parameters only depend on simple
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calculations of small molecules, the extended model maintains its computational efficiency.
A summary of all values used to parameterize the BCM for TPNCs are provided in Table
D 4.

ONg =2 (4.7)

CEpuyx = BFEusr = Ensr — Esg — 0.5En, (4.8)

With all required parameters tabulated, we next utilize the extended BCM, aptly named
the Ef model, to calculate formation energies for our complete dataset of TPNCs (Table 4.1).
The results are reported in Figure 4.7 as a parity plot between E¢ calculated by the model and
DFT. The plot reveals the excellent performance by the model across the TPNC groups, with
all mean absolute percent errors (MAPEs) < 8.10% (Equation 4.9). It is crucial to note that
there is no model fitting. The results are instead based on parameters from the previously
determined properties of small molecules (i.e., metal dimers, metal-ligand complexes, and
thiols). Furthermore, since the E; model parameters reference specific thiol molecules, this
single model can easily compute the stability of TPNCs protected by each of the three
ligands. Importantly, the E; model also appears to capture the correct trends between
the hypothetical AgAu TPNCs. Indeed, the model is able to differentiate between metal
compositions. However, it is difficult to determine model performance based on chemical
ordering due to the small differences in E; between AgAu TPNCs that only differ in atomic
arrangement (i.e., same size and composition). These results are not surprising, though,
considering experimental observations that Ag can be doped into Au TPNCs across a large
range of compositions.[47,108-110] Nevertheless, the overall results reveal the potential of

the E; model as a universal method to predict stability for any TPNC structure.

|model — actual|
MAPE = Z ( p—— x 100% (4.9)
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4.2.4 Applying the E; Model to Auss(PET),, Isomers

When comparing between chemical orderings of a given TPNC structure (same size,
shape, and composition), the type and number of atoms remains constant. Thus, comparing
E; values is identical to comparing the electronic energy of each TPNC (based on Equation
4.1). One can then make direct comparisons of stability through E; values, which is the key
component behind the potential of the E; model for predicting favorable dopant positions
in TPNCs. Zooming out to a more general view, the E; model offers a route to compare
stability between any TPNC structural isomers regardless of metal composition. Therefore,
successfully predicting E; can aid in generalized structure prediction of new TPNCs.

The TPNC dataset in this work includes two Auss(PET)q, isomers (Figure 4.9), denoted
Q[26] and T[55] (based on the names of the first authors who experimentally determined
their structures[55]). Each structure consists of a 23-atom core, but with different configu-
rations (bottom row of Figure 4.9). They also exhibit unique protecting shells with various
motif types (middle row). The Q is made of three monomers and six dimers while the T
consists of three monomers, three dimers, two trimers, and a single bridging thiolate. Com-
paring the unique core-shell components of the nanoclusters highlights the stark structural
difference possible between TPNC isomers. Beyond experimental synthesis and structural
determination, the relative stability of the isomers has also been tested experimentally. Tian
et. al. revealed that, upon elevated temperatures (50°C), the T will spontaneously transform
to the @ TPNC.[55] However, the reversible transformation was not possible, indicating
that the Q is more thermodynamically stable. Due to these experimental observations, the
Augs(PET)4, isomers make up a perfect case to test the E; model for its ability to measure

relative stability between isomers.
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Figure 4.8 depicts the E; of the Ausg(PET)y, isomers calculated with DFT (blue bars)

and with the model (green bars). Beginning with the former, we find that accurately

E?FT
predicts the Q to be more thermodynamically stable than the T. Despite the systematic error
(in reference to DFT), the model is still capturing the correct trend. Indeed, the E; model
is clearly predicting the Q as the more thermodynamically stable TPNC isomer. We also
calculated E of the isomers protected by SCHj (Figure D.3). The additional results show
that both DFT and the model correctly predict the SCHs-protected Q isomer to be more
stable. This result not only provides further support of the E; model’s accuracy, but it also
provides further evidence that SCHj is a reasonable substitution for PET when computing
electronic property calculations. Overall, the E; model results are in excellent agreement

with both theory and experimental observation, supporting its use as a general guide for

TPNC structure prediction.
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4.3 Conclusions

In summary, we explored structural effects on electronic properties of AgAu TPNCs to
unravel new SPRs based on simple, atom counting descriptors. We first generated a dataset
of 368 hypothetical AgAu TPNCs ranging in size (Msg(SR)24, M102(SR)44, Maygs(SR)s0, and
Ma79(SR)s4) composition (=10% Ag increments) and chemical ordering. Using DFT, we
optimized the structures of each TPNC and subsequently calculated their IP and EA. These
electronic properties were then visualized to reveal unique, size-dependent behavior across
our sample space. The diverging behavior, especially for IP, was rationalized by the emer-
gence of quantum effects and discrete electronic energy levels for smaller TPNCs. Next, we
compared our dataset to IP/EA SPRs previously developed on Au TPNCs, showing gen-
eral agreement with the models. In order to extend these SPRs to capture alloy effects,
we introduced new composition-based features that account for the core-shell nature of TP-
NCs. After revealing the significance of our new features for IP prediction in M3g(SR )24, we
employed linear regression to produce new SPRs that can accurately predict IP and EA of
AgAu TPNCs. The IP/EA models each utilize the same three descriptors that do not rely
on DFT calculations. Importantly, we connect the role of each descriptor in predicting IP
and EA to the underlying physics that govern the TPNC electronic behavior. Overall, the
developed SPRs provide physical insights on TPNC electronic properties and open avenues
towards application-targeted design of AgAu TPNCs with finely tuned IP and EA behavior.

Seeking to maintain atomic precision, we developed the E; model, which captures the
thermodynamic stability of TPNCs. The model is an extension of the BCM and was able
to predict E; across a range of TPNCs with MAPE < 8.10%. Importantly, the model in-
volves no fitting, and instead relies on simple calculations on metal dimers, metal-ligand
complexes, and thiol molecules. Apart from predicting E; across TPNCs protected by var-
ious ligand types, the model can also capture trends of hypothetical alloy (AgAu) TPNCs.
Furthermore, the model correctly predicts stability preference between a pair of experimen-
tally determined Ausg(PET)s4 isomers, revealing its potential as a tool for TPNC structure
prediction. Overall, our results lay the foundation for further development of the E; model

towards a universal method to capture TPNC stability.

29



5.0 Future Work

5.1 Capture Role of Ligand Effects on TPNC IP and EA

The work herein introduced IP/EA SPRs for monometallic TPNCs (Section 2.1.3).[51]
Since the models were able to rationalize stability of a My;-Mgy TPNC series that includes
a heterometal-doped structure,[69] the natural next step was to extend these SPRs to alloy
systems. This process was completed for AgAu TPNCs in Section 4.1.[119] Of note, all
development of the SPRs was done using TPNCs with SCH3-substituted ligands (rather than
the experimental “full” ligands). Importantly, prior work in literature revealed that certain
ligands can affect IP and EA of TPNCs[65, 66] as well as TPNC optical properties.|[115]
Therefore, in order to achieve a complete understanding of IP/EA trends across TPNCs, it
is imperative to investigate ligand effects on these electronic properties. Next steps should
focus on identifying and studying TPNC series protected by the same ligand type (e.g.,
TBBT series|73]) to systematically unravel the role of ligands on IP and EA. The future work
should also invoke analyses across a range of structures (similar to the approaches herein) and
previously developed SPRs to aid in discovering general relationships that capture TPNC
I[P and EA across any size, ligand type, and metal composition. Doing so will provide
on-demand prediction of TPNC electronic properties to fuel application-targeted structure

design.
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5.2 Improved E; Model that Distinguishes TPNC Core and Shell

Despite the promising performance of the E; model across monometallic and AgAu TP-
NCs (Section 4.2), there is still significant room for improvement. The current methodology
behind the model differentiates M-M and M-S bonds based solely on metal type and coordi-
nation. However, divide and protect theory[33] clearly explains that there are two distinct
regions within a TPNC: a core and shell. Other works from literature have revealed that
core and shell metals have different oxidation states, specifically M(0) and M(I), respec-
tively, giving different electronic properties.[43] This difference leads to different bonding
nature between sulfurs and core metals vs. shell metals, which can be illustrated through a
bond distance analysis (green and purple bimodal distributions in Figure D.1). Since we can
easily determine the core and shell regions from experimental structures (illustrated by the
work in Section 4.1), distinguishing bond types based on core-shell properties will not harm
the computational efficiency of the model. Instead, it should significantly aid in the overall
performance of the E; model since there is a clear difference in core vs. shell bond proper-
ties. Thus, by further modifying the E; model to differentiate bonding in core-shell regions
of TPNCs, we can inject richer information into the model to boost its ability to predict E
across all TPNCs. Future efforts should strive to incorporate core-shell information into the
E model by developing new reference states that differentiate core and shell metal electronic
structures. Upon success, the approach should enhance the accuracy of the stability model,
which is necessary to unlock its use as a tool for dopant position/concentration elucidation

and structure prediction of colloidal systems.
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BCC
BCM
BDE
BE
BFE
CE

CN
DCM
DFT
DZVP
EA
FCC
GTH
HCP
HOMO
HSP
IP
LUMO
MAPE
NBO
NP
p-MBA
PBE
PET
SAdm
SCF
SPR
TBBT

Appendix A Abbreviations and Nomenclature

body-centered cubic
Bond-Centric Model

bond dissociation energy
binding energy

bond formation energy
cohesive energy

coordination number
dichloromethane

Density Functional Theory
double-( valence polarized
electron affinity

face-centered cubic
Goedecker-Tetter-Hutter
hexagonal close packed
highest occupied molecular orbital
Hansen solubility parameter
ionization potential

lowest unoccupied molecular orbital
mean absolute percent error
natural bond orbital
nanoparticle
para-mercaptobenzoic acid
Perdew-Burke-Ernzerhof
phenylethanethiolate
l-adamantanethiolate
self-consistent field
structure-property relationship

4-tert-butylbenzenethiolate
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TOA*™  tetraoctylammonium
TPNC  thiolate-protected metal nanocluster
TSM Thermodynamic Stability Model

Q molecular polarizability

A« anisotropy in polarizability

L magnitude of dipole moment vector
m  number of ligands

n number of metal atoms

q charge state of TPNC
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Appendix B Rationalizing TPNC Stability Through SPRs

90+

Au246(SR)go
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Figure B.1: Metal-ligand relationship of experimentally determined TPNCs (labeled
Au,(SR),,). Number of ligands (m) linearly correlates with n?/3 (depicted by the solid
black line) with an R? of 0.995. The shaded orange region represents the 95% confidence

interval of the linear regression fit.
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Appendix C Unraveling Distinct TPNC Properties Through Dipole Moments

Table C.1: Dipole moment calculations. p; corresponds to the ith (x, y, z) component of

the dipole vector. p is the magnitude of each vector. All values are in units of Debye.

Name [ [y [z I
Aty (SAdm)y; 2.8561 0.1961 1.5321 3.25
Augs (PET) 1 0.0389 0.0004 0.0154 0.04
[Augs (PET) )~ 0.0025 0.0215 0.0246 0.03
[Augs (PET) 5]~ [TOA]* 22.8743 1.2534 0.2104 22.91
Augg(TBBT)y 0.0991 2.3169 2.0022 3.06
Auzo(SAdm)g 0.0003 0.0002 0.0000 0.00
AusS(S-tBut) s 2.8926 0.2697 1.9444 3.50
Auzg(TBBT)yy 1.4552 0.6026 0.7653 1.75
AusgSs(SAdm) g 2.4365 0.1577 3.5460 4.31
Auyo(0-MBT)oy 1.4197 0.6611 0.0967 1.57
Ausy(TBBT)s, 0.1876 1.4081 1.8054 2.30
Auy53(TBBT)s, 3.2016 1.8117 0.7847 3.76
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Figure C.1: Charge density maps of Augy(SAdm);s. a) Electrostatic potential map and b)
atomic point charges calculated with Bader charge analysis. Blue and red colors correspond

to positive and negative charge, respectively.
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Figure C.2: Average polarizability compared to number of electrons in each TPNC. Different

colors correspond to different ligand type. A linear regression was calculated for all data (solid

black line) as well as TPNCs protected by TBBT (dotted green line) and SAdm (dotted blue

line).
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Auzz-nAgLr:CdﬂSR)ﬁi (n~2)

Figure C.3: TPNC dipole alignment in the crystal states of (a) Augs_,,Ag,Cd;(SAdm);5Br
(n=1-4), (b) AuyeCd;(SAdm);5Br, and (c¢) AujgAgs(SAdm);5. All TPNCs are marked with
their dipole vectors, and the energy of attraction interactions between two NC dipoles are
indicated in the unit of kJ/mol. Color labels: yellow = Au, light gray = Ag, pink = Au/Ag,
blue = Cd, maroon = Br, green = Cl, light yellow = S, and gray = C.
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Appendix D Decoding Chemical Ordering in Alloy TPNCs

Table D.1: Exact compositions generated for the bimetallic TPNC dataset from Chapter 4.

Approximate X 44 Composition

M36(SR)24 Mi02(SR) 44 Ma46(SR)s0 Ma79(SR)s4
10% AgiAugy AgioAugy Agas Auggy AgogAugs;
20% AgrAuyg AgaoAugy AgioAuigr AgseAtiggs
30% AgiiAugs AgziAury AgraAuir AggaAuygs
40% AgraAug Agy1Aug; AgosAuiag AgriaAuger
50% AgigAug AgsiAus AgiazAuygs AgraoAuzg
60% AgAuyy Age1 Auy AgiagAugg AgierAugig
70% AgosAuyy AgriAus; AgiraAuyy AgigsAugy
80% AgagAuy AggaAuyg AgigrAuyg AgaazAuse
90% AgsaAuy AggaAuyg Agagi Augs Agos1 Augg
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Table

dataset generated in Chapter 4.

D.2: Core-shell details of the four Au TPNC used to generate the AgAu TPNC

Composition | Core Atoms | Bridging SR Monomers Dimers
M36(SR)24 20 0 0 8
Mi02(SR) 44 79 0 19 2
Ma46(SR)s0 206 10 20 10
Mazo(SR)s4 243 18 24 6
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Figure D.1: Bond analysis of the optimized AgAu TPNC dataset from Chapter 4. Violin
plots show the distribution of bond distances between different element pairs, including the

range (capped lines) and relative frequency of bond lengths (shaded regions).

Table D.3: List of structural properties explored for EA /TP SPRs for AgAu TPNCs.

Property Formula Description
n~1/3 - Metal atom count raised to the power of -1/3
X ag Nag/Num Ag composition
g Nf{’;e /Neore Ag composition of core
Xspet Nl INgpet Ag composition of shell
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Figure D.2: Comparing X4, (a, b) to core-shell descriptors (c, d) for capturing EA and IP
trends in M3s(SR)4.
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Table D.4: Complete list of values used to parameterize the BCM for TPNCs in Section
4.2. CEpyy for Ag and Au are PBE-calculated values taken from literature.[123]

Parameter Value Units
CNp9 12 -
C Nyl 12 -
CNgh ) :
CED. -2.49 eV /atom
CEfy, -2.99 eV /atom
CE,)M" = BFEn_scn,) -1.91 eV
CELET = BFE(y—per) -1.92 eV
CELBPT = BFE(y_rpsT) -1.47 eV
V(Ag—Au) 0.06 -
Y(Au—Ag) 1.94 -
V(Ag—SCH;3) 1.58 -
Y(SCHs—Ag) 0.42 -
V(Au—SCHSs) 1.62 -
Y(SCH;z—Au) 0.38 -
Y(Ag—PET) 1.55 -
YPET-Ag) 0.45 -
Y(Au—PET) 1.60 -
V(PET—Au) 0.40 -
Y(Ag—TBBT) 1.78 -
Y(TBBT-Ag) 0.22 -
Y(Au—TBBT) 1.86 -
Y(TBBT—Au) 0.14 -
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Figure D.3: TPNC formation energy (Ey) of Augs(SR)24 isomers, Q (left) and T (right),
protected by SCHj as a theoretical substitution to PET. Blue bars = EP*™, Green bars =

del
Epodel,
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