JYU DISSERTATIONS 650

Maryam Sabooni Asre Hazer

Electronic and Optical Properties
of Gold Clusters with Carbene
Ligands using Density Functional
Theory Calculations

)
|

UNIVERSITY OF JYVASKYLA

FACULTY OF MATHEMATICS
AND SCIENCE



JYU DISSERTATIONS 650

Maryam Sabooni Asre Hazer

Electronic and Optical Properties
of Gold Clusters with Carbene
Ligands using Density Functional
Theory Calculations

Esitetdaan Jyvaskyldn yliopiston matemaattis-luonnontieteellisen tiedekunnan suostumuksella
julkisesti tarkastettavaksi yliopiston Ylistonrinteen salissa FYS1
kesakuun 9. pdivana 2023 kello 12.

Academic dissertation to be publicly discussed, by permission of

the Faculty of Mathematics and Science of the University of Jyvaskyl3,
in Ylistonrinne, auditorium FYS1, on June 9, 2023 at 12 o’clock noon.

o
H

JYVASKYLAN YLIOPISTO
UNIVERSITY OF JYVASKYLA

JYVASKYLA 2023



Editors

Hannu Hakkinen

Department of Chemistry, University of Jyvaskyla
Ville Korkiakangas

Open Science Centre, University of Jyvaskyla

Painting on the cover by Maryam Sabooni Asre Hazer.

At the heart of this painting lies a mesmerizing circular form, meticulously painted with details and captivating
characters. While observing the painting from a distance, the finer nuances remain hidden, symbolizing the elusive
nature of the nanocluster’s world beyond our naked eye’s perception. It represents the realm where the intricate
dance of particles unfolds. This painting not only serves as a visual spectacle but also embodies the core essence
of the thesis. It invites the viewer to ponder the hidden intricacies of the nanocluster world, where perception and
understanding are only revealed through dedicated exploration and scientific inquiry.

Copyright © 2023, by author and University of Jyvaskyla

ISBN 978-951-39-9635-2 (PDF)
URN:ISBN:978-951-39-9635-2
ISSN 2489-9003

Permanent link to this publication: http://urn.fi/URN:ISBN:978-951-39-9635-2



ABSTRACT

Sabooni Asre Hazer, Maryam

Electronic and Optical Properties of Gold Clusters with Carbene Ligands using
Density Functional Theory Calculations

Jyvéaskyla: University of Jyvdskyld, 2023, 68 p. (+included articles)

(JYU Dissertations

ISSN 2489-9003; 650)

ISBN 978-951-39-9635-2 (PDF)

Diss.

In recent decades the investigation of ligand-protected metal nanoclusters has
garnered significant attention due to their unique properties and molecule-like
features. Protected gold clusters have been of particular interest, for which various
stabilizing ligands such as phosphines, thiolates, carbenes, and halides have been
used. N-heterocyclic carbenes have recently emerged as one of the most essential
organic ligands due to their potential to form robust metal-ligand bonds. Recent
research has focused on the special role of NHCs in stabilizing gold nanoclus-
ters compared to other ligands. This study employed density functional theory
methods to assess the electronic structures and optical absorption properties of
ligand-protected metal nanoclusters. Furthermore, molecular dynamics simu-
lations assisted in the recognition of structurally stable isomers. The outcomes
presented in this thesis contribute to a broader comprehension on the proper-
ties of metal nanoclusters and set the groundwork for exploring novel forms of
ligand-protected metal nanoclusters.

Keywords: gold clusters, carbene ligands, density functional theory, molecular
dynamics, electronic structure, optical absorption



TIIVISTELMA (ABSTRACT IN FINNISH)

Karbeeneilla suojattujen kultaklusterien elektroniset ja optiset ominaisuudet
tiheysfunktionaaliteoriaa kdyttden

Viime vuosikymmenind molekyyleilld suojatut metallinanoklusterit ovat heratta-
neet merkittavad kiinnostusta nanotieteissa niiden ainutlaatuisten ominaisuuk-
siensa takia. Erityisen huomion kohteena ovat olleet kultananoklusterit ja niiden
suojaamiseksi onkin kdytetty monia erilaisia orgaanisia molekyylejd, kuten fos-
fiineja, tiolaatteja, karbeeneja ja halideja. Naistd molekyyleistd N-heterosyklisten
karbeenien on viime aikoina havaittu olevan erityisen mielenkiintoisia, koska ne
muodostavat hyvin vahvoja sidoksia metallien kanssa. Viimeaikaiset tutkimukset
ovat yrittdneet selvittdd karbeenien erityistd luonnetta kulta-nanoklustereiden
stabiloinnissa verrattuna muun tyyppisiin suojaaviin molekyyleihin. Mainittuihin
aiheisiin liittyen tdssd vaitoskirjatutkimuksessa kadytettiin tiheysfunktionaaliteo-
riaa ligandisuojattujen metallinanoklustereiden elektronirakenteen ja optisten
absorptio-ominaisuuksien tutkimiseen. Lisdksi molekyylidynamiikkasimulaatioi-
den avulla pyrittiin 10ytdmaan ja tunnistamaan rakenteellisesti stabiileja vaihtoeh-
toisia klusterirakenteita eli klusteri-isomeereja. Tdssa vditoskirjassa esitetyt tulok-
set edistavat metallinanoklustereiden ominaisuuksien ymmarrystd suuremmassa
kuvassa ja luovat pohjaa tdysin uusien ligandisuojattujen metallinanoklustereiden
tutkimukselle.

kultaklusterit, karbeeniligandit, tiheysfunktionaaliteoria, molekyylidynamiikka,
elektronirakenne, optinen absorptio
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PREFACE

This thesis represents the culmination of my academic pursuits over the past four
years as a member of the research group led by Professor Hannu Héakkinen at
the University of Jyvéskyld. The work presented in this thesis includes one peer-
reviewed publication together with a manuscript that both were solely conducted
by the researchers at the Nanoscience Center in Jyvaskyld, and two additional peer-
reviewed publications accomplished through strong international collaboration.

The focus of my research has been on computational investigations for the elec-
tronic and optical properties of ligand-protected metal nanoclusters. Throughout
my work, I have been fascinated by the unique nature of metal nanoclusters and
the findings that come with understanding their origins. This thesis marks a sig-
nificant milestone in my academic journey, and I am grateful for the opportunity
to share my research with the scientific community.

Jyvéaskyld, March 2023

Maryam Sabooni Asre Hazer
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1 INTRODUCTION

To begin this chapter, I refer to Richard Feyman's inspiring speech "There is plenty
of room at the bottom", delivered on December 1959 at the American physical
society meeting in Pasadena, California [1]. In his speech, Feynman underlined the
significance of exploring and understanding the function of matter at the nanoscale.
He sparked a wave of interest in the field of nanoscience by emphasizing the idea
of manipulating individual atoms and molecules to build nanomaterials, as well as
developing machines and devices to operate with these materials on a far smaller
scale than was previously considered possible. The advancement in the field of
nanotechnology has led to the development of various machines and devices and
has opened up new opportunities in the field of materials science with the devel-
opment of tip-based microscopic and spectroscopic techniques. These techniques
involve the use of sensitive measurements of electrons, forces, and photons in
order to achieve incredibly high resolutions and sensitivities in the characteri-
zation and manipulation of materials at the atomic scale. One such invention
that revolutionized the field of nanoscience is the scanning tunneling microscope
(STM) [2]. The introduction of STM represents a significant breakthrough in the
investigation of surface morphology and electronic structure, allowing for the
creation and manipulation of atomic structures with exceptional atomic resolution.
This instrument employs scanned local probes with a high spatial resolution to
provide real-space information on surface morphology and electronic structure.

In the decades after Feynman'’s speech, there has been a surge of interest in the
study of ligand-protected metal nanoclusters. The size of these clusters typically
ranges from ten to a few hundred atoms (with the dimension up to a few nanome-
ters), which makes them known as the bridging link between individual atoms
and nanoparticles of the corresponding metals. Unlike metal nanoparticles, whose
properties are defined by an average size and size distribution, nanoclusters are
atomically-precise compositions with crystallographically resolved structures that
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are accurately described by a chemical formula. Thus, the incorporation or re-
moval of a single atom or electron may trigger a profound rearrangement of their
electronic and geometric structures.

Extensive research has been conducted on ligand-protected group-11 metal (Cu,
Ag, Au) nanoclusters [3, 4, 5] with dimensions close to the Fermi wavelength of
electrons (about 1 nm) displaying pronounced quantum size effects. This thesis
work focuses on gold nanoclusters that exhibit unique properties that differ from
those of larger equivalents such as Au nanoparticles. In contrast to plasmonic Au
nanoparticles, which exhibit continuous energy levels [6, 7], gold nanoclusters
possess discrete electron states [8, 9, 10]. As a result, they display remarkable
molecule-like features, such as a bandgap between the highest occupied molecular
orbital and the lowest unoccupied molecular orbital (HOMO-LUMO), distinct
absorption bands that arise from single electron transitions, high catalytic activity,
enhanced photoluminescence, and chirality [11, 12, 13, 14, 15, 16].

The stabilization of metal nanoclusters is a necessary requirement owing to their
high specific surface area and consequent high surface energy. To date, a variety
of ligand groups have been employed to stabilize gold nanoclusters, including
phosphines, thiolates, carbenes, halides, and alkynyls [17, 18, 19, 20, 21, 22, 23, 24].
The advancement of research in molecule-like properties of ligand-protected gold
clusters has opened up possibilities for diverse applications such as catalysis,
luminescence, and biosensing [17, 25, 26].

Initially, phosphines were employed to stabilize Au nanoclusters [27]. Ever since
several successful efforts in the synthesis and characterization of phosphine-
stabilized gold nanoclusters have been reported [28, 29, 30, 31, 32, 33]. The crystal-
lization of the first thiolate-protected Auygp(p-MBA)44 (p-MBA is 4-mercaptobenzoic
acid) [34], stimulated further studies in the area of thiolate-protected gold nan-
oclusters [35, 36, 37, 38]. In addition to phosphines and thiolates, a variety of
organic ligands such as selenolates [39], tellurolates [40], and N-heterocyclic car-
benes (NHC) [41] have been employed to synthesize precise ligand-protected gold
nanoclusters.

In recent years, there has been a growing body of evidence pointing to the impor-
tance of NHC ligands to stabilize gold nanoclusters. NHCs consist of a hetero-
cyclic ring structure with at least one nitrogen atom located adjacent to the carbene
wherein two coordinatively unsaturated electrons are present. The electronic
sensitivity toward structural modifications makes them one of the most essential
organic ligands to stabilize gold nanoclusters [42]. NHCs have been recognized
for their potential to form robust and enduring metal-ligand bonds, which is
attributed to the considerable strength of the o-bond between the NHC and metal
atoms. Consequently, NHCs are becoming one of the widely researched ligand
types to functionalize gold nanoclusters both in organic and aqueous solvents



[22, 43, 44, 45].

The first crystal structure of NHC-protected Au nanocluster was reported for the
[(NHC-Au)3] ™ cluster [46]. The successful synthesis of NHC-protected Au nan-
oclusters containing more than three Au atoms was achieved in a study conducted
by Crudden et al. [47]. In this study one PPhj ligand in [Auy1(PPh3)sCly]™ cluster
was substituted with NHC, resulting in the increased stability of gold clusters
comparing to all-phosphine clusters. These results directly elucidate the intrinsic
properties of NHC, thereby emphasizing its prominent role in stabilizing gold
clusters. This outcome also serves as compelling evidence of the superior stability
of the C-Au bonding over the P-Au bonding. Subsequently, the first two fully
NHC-stabilized Au clusters, [Au;3(NHC)oCl3]?* [43] and [Auys(NHC),Bry >+
[48] were reported. Crudden et al. showed that the NHC-stabilized Auyj clusters
exhibit higher stability than the corresponding phosphine clusters. They also
observed strong luminescence properties, making them potentially useful in a
variety of applications such as sensing, imaging, and optoelectronics [43]. More-
over, Zheng et al. reported the fully NHC-protected Aups nanocluster displays
outstanding thermal and air stability in solution, which is notably superior to that
of thiolated Aups clusters [48].

Despite the successes in the crystallization of metal nanoclusters, there is a risk
of missing crucial information about the presence of different low-energy struc-
tural isomers. This raises the question of whether the crystallized structure is the
only stable form in the experimental setting, as many metal nanoclusters have
a tendency to decompose over time under different environmental influences
[49, 50, 51]. As a result of these structural changes, different chemical species
can coexist, especially in the solution phase, which can interfere with the pro-
cess of crystallization. This query has been the subject of investigation in several
published studies [52, 53], which have demonstrated that the physicochemical
properties of metal nanoclusters are significantly influenced by the presence of
various isomers, thereby affecting the process of crystallization of the nanoclusters.
Thus, the study of isomerism of metal nanoclusters can lead to the discovery of
previously unknown clusters or the identification of clusters with unique charac-
teristics that can have significant implications in various fields [54].

As stated earlier, metal nanoclusters fill the gap between metal atoms and plas-
monic nanoparticles. They possess precise monodispersed sizes and well-defined
structures that facilitate the examination at the atomic level. Furthermore, the
discrete electronic states allow for the comprehensive investigation of nanocluster
isomers through the examination of various physicochemical properties. These
characteristics offer a potential pathway for the atomic-scale investigation of iso-
merism.

To this end, theoretical calculations can offer valuable insights by exploring both
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electronic and structural properties. Previous studies have demonstrated the
efficacy of density functional theory (DFT) to study the isomerism of gold nan-
oclusters [55, 56]. Nevertheless, depending on the scale of the system or the
purpose of the calculations, investigating isomers using DFT can be hindered
by intrinsic constraints such as computational cost and a lack of requirement
for analyzing temperature-dependent characteristics. The molecular dynamics
simulation method has been proven to be successful for this purpose [57, 58].

This thesis first investigates the effects of different ligands on the properties of
metal-ligand (M-L) bonding in various M-L complexes and ligand-protected metal
nanoclusters presented in the manuscript [PI]. Our results are in accordance with
the findings presented in the study conducted by Crudden et al. [59], which
highlights the exceptional potential of NHCs to form stable bonds with metals.
The emphasis then shifts to NHC-protected metal nanoclusters, where the elec-
tronic and optical characteristics of two distinct Au nanoclusters are thoroughly
examined in publications [PII] and [PIII], respectively.

In the publication [PIV], we employed DFT-based molecular dynamics simulations
(DFT-MD) to gain insights into the atomic-scale behavior of the [Aug(NHC-S)4]%*
nanocluster and explore its potential isomers under varying temperatures. Our
study has revealed the presence of at least seven potential isomers at different
temperatures. We found that the unique structure of each isomer can have a major
influence on its optical and electronic properties, emphasizing the importance
of comprehending isomerism in protected metal clusters in order to use them
for specific applications. Furthermore, our findings suggest that the crystallized
structure of a cluster may not always correspond to its lowest energy isomer in
the gas phase, and the opposite may also be true.

The following is how this thesis is organized: In chapter 2, I discuss the computa-
tional methodology employed in my work. In chapter 3, I discuss the findings of
the manuscript [PI] and articles [PII]-[PIV]. Lastly, in chapter 4, I summarize the
main insights of this thesis and discuss potential future research directions.



2 COMPUTATIONAL METHODOLOGY

This section provides an overview of the concepts required to comprehend the
theoretical foundations upon which the computational tools relied. I will begin
by introducing density functional theory (DFT) used in all calculations carried
out. Furthermore, I will describe the real-space code package GPAW (Grid-based
projector-augmented wave method) which has been used for all the calculations
presented in this thesis. The molecular dynamics simulation conducted in paper
[PIV] will next be explained. In closing, a variety of analytical techniques, includ-
ing Bader charge, dipole transition contribution maps, and analysis of electron
states will be presented.

2.1 Density functional theory

DFT is a quantum mechanical approach that provides solutions to the Schrodinger
equation to find the ground state properties of many-body systems fully defined
by electron density which is dependent on 3 spatial coordinates, rather than using
a many-body wave function ¥, a function of 3N variables. To introduce DFT,
we start with the Born-Oppenheimer approximation, which allows us to isolate
electron motion from nuclei, which simplifies solving the many-body Scrodinger
equation as nuclei are assumed to be stationary. Thus the time-independent
Schrodinger equation for electrons interacting in a fixed external potential Vext
using atomic units can be stated as:

HY = (T4 Vo + W)Y = EY, 2.1)

where the total energy E is the eigenvalue of the Hamiltonian operator H, ¥ is the
ground state wave function, T is the kinetic energy operator, and W represents the
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electron-electron interaction.

In 1964, Hohenberg and Kohn established the groundwork for density functional
theory by introducing two theorems [60]. First, the theorem states that the ground
state electronic density of a system determines the external potential V,,¢[n], and
that by solving the Schrodinger equation with this Vey¢[n], the many-body wave-
function and thus the true ground state electron density of the system can be
determined. The second theorem shows that by constructing a universal func-
tional F[n] that is independent of the external potential, the ground state energy
E[n] in an N-electron system can be calculated as:

Eln] = Tln] + Vext[] + Wln] = [ n(r)oext(r)dr + Fln], (22)

F[n] = T[n] + Win|, (2.3)

where [ 1(r)vext(r)dr, is a system-dependent term and includes the electron-nuclei
interactions in the system, F[n] is the Hohnberg-Kohn (HK) functional known as
universal functional that yields the ground state energy of the system if and only
if the used density is the true ny(r).

Although the HK theorem is accurate, the difficulties to solve HK equations arise
from the unknown universal functional. In 1965, Kohn and Sham (KS) proposed a
technique [61] to solve the F[n] using a non-interacting N particle system in which
the real system is turned into an alternative non-interacting reference system in
which electrons travel in an effective one-particle potential in atomic units :

F[n] = Ts[n] 4+ Vy[n] + Exc[n], (2.4)
N 1
Ts[n] = ;<lpi [ =5V 1), (2.5)
1 yn(r)n(r')
Vialn] = 5 / / arar T2, 2.6)
Eveln] = (T = T.) + (W — Viy). 2.7)

Ts[n] is the kinetic energy of non-interacting particles, Vi[n] is the Hartree energy,
which describes the classical Coulomb energy and contains the energy of electron
cloud, and Ey.[n] is the exchange-correlation (xc) functional, which treats the
ground-state density inaccuracies caused by the independent-particle approxi-
mation, as discussed in more detail in the next subchapter. Since now we have a
better understanding of the universal functional, let us check the one-particle KS
equations:

(=5 V2 + 0eg(1)i(r) = i(r), 8

where ¢; represents the eigenenergies, ¢;(r) is KS orbitals representing non-interacting
electrons wavefunctions from which the exact ground state electron density of
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the interacting system can be calculated. According to the Kohn-Sham theorem,
we are seeking the ground state electron density of the interacting system ny(r) =
Zilil |p;(r)|?. As such, v, 77(r) used in equation 2.8 is an effective potential that the
individual particles observe, and therefore generates the density of the interacting
system. This potential can be defined as:

Vesf[n] = vo(r) + vy + Vxe, (2.9)
OExc
Uxe[n](r) = Sn(r)’ (2.10)

where 1) is a system-dependent external potential created by the nuclei. However,
vy is the classical Coulomb energy of the electrons cloud, and vy, is the exchange-
correlation potential which is defined as equation 2.10.

Starting with a guess for an initial electron density and using a chosen approxi-
mation for vy, the effective single particle KS potential can be calculated using

equation 2.10. The KS equations are then solved by using the calculated potential.
N

By applying no(r) = ) _ |¢i(r)|*, a new electron density will be derived from the
calculated eigenstatés.1 The calculated density generates a new effective poten-
tial, which is input into the KS equations, creating new eigenstates and a new
density. This iteration is continued until the density and effective potential are
self-consistent. The self-consistency can be detected, e.g., when the difference
between the two most recent estimated densities is smaller than a pre-defined

threshold.

2.1.1 Exchange-correlation functionals

Exchange-correlation (xc) functional is a crucial component of the Kohn-Sham
equation, which portrays many-body effects in a quantum system. Exchange
and correlation energies represent different interactions in a system, as exchange
interaction occurs between electrons with the same spin; however, the correla-
tion term is caused by the difference in energy between the exact energy of the
true interacting system and the energy of the non-interacting KS system. The
challenging part in DFT is to introduce a reasonable estimate for Ey;, which in its
exact form would require the complete solution of the full many-body problem,
yet unachievable. Various approximations based on known physical limits of
electron gas are applied to calculate the exchange-correlation energy. Among all,
generalized gradient approximation (GGA) is the approach used in this thesis. In
this approximation, the functional depends on both electron density (1) and the
gradient of electron density Vn(r), which reveals how the density of electrons in a
system varies with distance. This approach opens up the possibility that non-local
electron effects can be evaluated due to the fact that the distribution of electron
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density in a real system is not necessarily uniform. The following defines the xc
energy functional based on GGA:

EGGA [1] = / FSCA (u(r), V() dr, 2.11)

where fCSA(n(r), Vn(r)) is the GGA functional, which depends on both the
electron density n(r) and its gradient Vn(r) at each point in space r. There are
several GGA functionals, such as PBE [62], GLLB-SC [63], and BEEF-vdW [64]
Which are used in this thesis. Each of these functionals has a unique functional
form of fGGA which is determined by combining different approximations for the
exchange and correlation parts.

All ground state calculations provided in this thesis used the PBE functional
established by Perdew, Burke, and Ernzerhof [62], which is defined as:

Eyot = e F(x) + " + H(t), (2.12)

in which the increment factor to the exchange (ex"°™) and correlation (e./°™)

energy of the homogeneous electron gas is given by the enhancement factor for
the exchange energy F(x), and the enhancement factor to the correlation energy
H(t).

Another functional that has been used in this thesis is GLLB-SC which is originally
developed with the aim of providing calculations to accurately predict the band
gaps of semiconductor and dielectric materials [65]. This functional is based on the
GLLB-type exchange[66] and PBEsol correlation [67]. Notably, two independent
studies have demonstrated the effectiveness of GLLB-SC in improving the accuracy
of band gap values and in providing better agreement with experimental results.
One of the studies [68] analyzed the band gap of a diverse set of 76 solids, including
sp semiconductors, ionic insulators, rare gases, and strongly correlated solids. The
study revealed that the accuracy of GLLB-SC is substantially superior to that of
both LDA [69] and GGA methods and is comparable to that of hybrid functionals.
In another study [70], it was determined that the band gap of phosphorene was
elevated upon adsorption of boron nitride.

Moreover, to include the van der Waals interactions in our DFT calculations
for the manuscript [PI], the BEEF-vdW (Bayesian Error Estimation Functional
with van der Waals) functional was employed [64]. The BEEF-vdW incorporates
numerous functionals to correctly explain and characterize a wide variety of atom-
atom interactions, including covalent, metallic, and long-range interactions which
are often not well-described by simpler functionals. BEEF-vdW is composed
of an exchange energy term, which is comparable to the PBE functional, and
a correlation energy term that combines elements of the LDA [69] and PBE [62]
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functionals with a functional called vdW-DF2 [71], which was specifically designed
to describe the vdW interactions.

In systems with an odd number of electrons such as some metal-ligand complexes
studied in the manuscript [PI], it was essential to include the spin of the elec-
trons; thus, using spin-polarized density functional theory (SP-DFT) allows the
Kohn-Sham equations to be solved for each spin separately and includes a spin-
dependent exchange-correlation potential in the calculations. The total electron
density is separated into spin-up and spin-down electron densities, and the Kohn-
Sham equations are solved independently for each of them. The total electron
density is given by the sum of the spin-up and spin-down electron densities.

2.1.2 Linear response time-dependent density functional theory

As previously stated, for a stationary system DFT relies on the ground state elec-
tron density; however, to extend DFT to the time domain for excited systems, a time
variable must be introduced which necessitates employing the time-dependent
(TD) Schrodinger equation:

i%‘f’(ri, t) = H(ri, t)¥ (r;,t), (2.13)
where ¥, the many-body electronic wave function, and the Hamiltonian operator
(H) depend not only on the position of all electrons r;(i = 1,2, ..., N) but also on
time. As DFT for the static systems, the TDDFT relies on electron density with 4
variables to minimize the complexity of working with 3N + 1 variables for the
many-body wave function. The time-dependent electron density is given as:

n(rt)= N/ |‘P(r,r2,...,rN,t)|2dr2...drN. (2.14)

In a seminal work [72], it was demonstrated that for any interacting particle
system, a one-to-one correspondence exists between the time-dependent electron
density and the time-dependent external potential. This correspondence allows
for an expansion in a Taylor series with respect to time, providing a foundation
for understanding the response of the system to perturbations in the external
potential.

For systems with weak external perturbation, the Taylor series expansion is only
evaluated in the first order, yielding the linear response. In this thesis, the opti-
cal properties of gold nanoclusters were studied using linear response TDDFT
(LR-TDDFT) employing Casida’s formalism. Casida’s equation represents an
eigenvalue problem, as illustrated in equation 2.15. This equation is solved in the
frequency domain, with the time variable, t, being transformed into the frequency
variable, w, through the application of the Fourier transformation [73, 74].
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The eigenvalue problem involving the matrix () is solved as follows:

QF = w?F. (2.15)

Equation 2.16 provides the matrix elements of ():

Qo = duudy (e~ e +20/ (i~ £7) (e — ) K/ (i — i) (e1 — <)
(2.16)

The subscripts i, j and k, [ label the occupied and unoccupied Kohn-Sham states,
respectively, and € and f refer to the energy and the occupation numbers of occu-
pied and unoccupied states. The coupling matrix Kj; ; consists of the Hartree and
exchange-correlation parts given as:

1 62 Exc[n]

Ky = [ drdr'gi () |+ g™ | )i ). @17)

The solution of Casida’s equations requires the calculation of the wave functions
and energies of the ground state system, and the KS wave functions are natural
choices as the basis functions.

2.2 Molecular dynamics simulations

In this dissertation, I present an investigation of potential isomers for a ligand-
protected gold nanocluster via molecular dynamics (MD) simulations [75, 76]. The
interatomic forces within the system are calculated using DFT. MD simulation is a
computer-based method that sheds light on the dynamical behavior of a system,
which is useful to explain in detail the experimental results that show usually the
effects of dynamics for example in form of absorption or NMR spectra.

To perform MD simulations, it is necessary to define an ensemble for a system,
which specifies the conditions under which the simulation is performed. One
commonly used ensemble is the canonical ensemble (NVT) which is used in this
thesis, in which the number of particles (N), volume (V'), and temperature (T) of
the system are held constant, but the energy is allowed to fluctuate. This serves as
a model of the system that is in contact with a heat bath.

In MD simulations, increasing the temperature entails the addition of kinetic
energy to the system, leading to atom displacements and velocities. In this context,
the MD algorithms are responsible for updating the positions and velocities of
the atoms at each time step, whereas underlying atomic interactions are given by
DFT. In order to forecast how a set of atoms or molecules evolves over the course
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of time, the solution of Newton’s equations of motion F = ma for the system is
required. The total force acting on an atom can be calculated by taking the negative
gradient of the potential energy of the system V with respect to the position of
atom i as:

d?x;
—Vl'V = miﬁ. (2.18)

The velocity Verlet algorithm as described below is a widely used method for
integrating the positions and velocities of atoms in molecular dynamics simula-
tions. The basic idea behind the velocity Verlet algorithm is to split the update
of positions and velocities into two separate steps, allowing for a more accurate
and stable calculation of trajectories. Here are the steps of the algorithm (At is the
simulation time step):

1- Current forces F(t) acting on the atoms using their current positions r(t) are
calculated.

2- The positions r(t + At) using the current velocities v () and the calculated forces
F(t) are updated as:

F(t) = r(t+ At) = r(t) + v(t) At +

(1/2)E(t)(At)?

3- The intermediate velocities v(t + 5!) are calculated as:

At (1/2)E(H)At

v(t+7) =o(t) + -

4- The new forces F(t + At) using the updated positions (¢ + At) are calculated.

5- The velocities v(t + At) are updated by using the intermediate velocities v(t +
36) and the new forces F(t + At) as:

o(t+At) =o(t+ %) + <1/2)F(;+ At)At.

6- Steps 1-5 for each time step in the simulation are repeated until one of the
following stopping criteria is met: convergence of specific system properties,
reaching the predetermined total simulation time, or completing the predefined
number of time steps.

As the simulations in this thesis were run under NV T conditions, a thermostat is
required to maintain a consistent temperature. The thermostat is a computational
algorithm that is used to eliminate surplus energy and maintain the desired
temperature of the system by modifying the Newtonian equations of the motion
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that govern the movement of the particles. One common thermostat that is used
in MD simulations is the Langevin thermostat [77]. The Langevin equation for an
atom with mass m; is given by:

av
F = I ym;¥; + Ri(t). (2.19)

Here, F is the total force acting on atoms, and 7; represents the time derivative
of the position r; of the ith particle. 7y is damping constant (the Langevin friction
coefficient), and R;(t) is the Gaussian stochastic variable. The Gaussian stochastic
variable (R;(t)) represents the random force on a particle due to collisions with
the heat bath particles at every given step, introducing thermal fluctuations into
the system. The damping constant (y) controls the coupling strength between
the particle and the heat bath, affecting the system’s equilibrium rate. Together,
the friction term and the random force ensure the system reaches the desired
temperature while maintaining the correct dynamics.

2.3 GPAW: Real-space grid implementation

GPAW (Grid-based Projector Augmented Wave) method [78, 79] is a real space
grid-based implementation of the projector-augmented wave (PAW) method [80]
which can be performed for a variety of systems, including nanostructures, sur-
faces, and interfaces to study a wide range of physical phenomena including
structural optimization, electronic properties, vibrational and optical spectra, as
well as molecular dynamics simulations. GPAW is a free and open-source software
package is designed to be highly modular and flexible, allowing users to per-
form a wide range of calculations using different exchange-correlation functionals,
boundary conditions, and other simulation parameters.

In addition to the capabilities of GPAW to perform DFT calculations, the atomic
simulation environment (ASE) [81] as a set of Python libraries is designed to
provide a unified interface for atomistic simulations and allows for the efficient and
accurate calculation of physical properties. ASE provides the tools required to set
up and conduct computations using the GPAW algorithm, including the generation
of input files, calculation execution, and result post-processing. Furthermore, ASE
includes a variety of tools for evaluating and visualizing the results of GPAW
calculations.

GPAW bases its electronic structure computations on the PAW approach, which
generates localized, atom-like orbitals that can be used to depict the electronic
structure of a system. These orbitals are created by perturbing the wave functions
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of the valence electrons in a system while accounting for the effect of the core
electrons. The all-electron wave function (¥) is calculated as a product of the
linear transformation using a projection operator (T) on pseudo wave functions
(1), as shown in equation 2.23:

¥n) =T1[¥,), (2.20)

the transformation between all-electron wave functions and pseudo-wave func-
tions is restricted to a specific region around each atom (the augmentation sphere).
According to equation 2.24, the transformation operator T is then formulated
through the partial waves (¢;), the smooth partial waves ¢?, and projector func-
tions p{. The transformation between all-electron and pseudo-wave functions
in the GPAW method allows for a more efficient and accurate description of the
electronic structure of a system, particularly for systems with a large number of
valence electrons.

T=1+3 3 (l¢f) — 1)) (pil- (221)

Applying this method along with the real-space grid introduces an efficient rep-
resentation of the wave functions for the system, efficient calculation of matrix
elements required for the DFT calculations, and efficient parallelization of the
calculations.

The atomic PAW setups for all Group-11 metals studied in this work include the
scalar-relativistic corrections.

2.4 Analysis methods

2.4.1 Bader charge analysis

The local atomic charges in this thesis are determined using Bader charge analysis
[82, 83, 84, 85], a technique for evaluating the charge distribution within a molecule
or solid.

To perform Bader charge analysis, the all-electron density calculated by DFT was
used as input. The analysis works by iteratively examining each grid point around
the system and assigning it to a specific atom based on its electron density gradient
behavior. This is done by following the deepest ascent path until the maximum
density is found, which represents the position of the assigned atom. Once all
grid points have been assigned, the Bader volumes of each atom can be defined,
and the all-electron density can be integrated into these restricted volumes to
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determine the number of electrons assigned to each atom. From this information,
the local atomic charge can be determined.

2.4.2 Dipole transition contribution maps

A dipole transition contribution map (DTCM) [86] is a graphical representation of
the contributions to the transition dipole moment of a system that is used in this
thesis to investigate the origin of peaks in the absorption spectrum employing time-
dependent density functional perturbation theory (TD-DFPT) [87] as implemented
in GPAW.

All the transitions from the initial electron state « to the final unoccupied states
B that contribute to the studied excitation at frequency w can be accounted for
by calculating the absorption coefficients Cg’ﬁ using this approach. The DTCM is
plotted as a two-dimensional map, with the energy of occupied states (gocc) on the
x-axis and the energy of unoccupied states (eunocc) On the y-axis. The transitions
are depicted as dots on the plot, and the density of the contour lines indicates the
intensity of each contribution. The transitions over the two axes are presented by
using Gaussian broadening. The DTCM is calculated using the following equation:

Qe unoce €occ — Ex 2 €unocc — €8 2
DTCM (€oce, Eunoce) = Z Z zcwﬁw‘u"‘ﬁ P Ae U A ,

© B
(2.22)

for the transition « — f along the direction of the laser field, the dipole moment
is indicated by p,p, and w is the frequency of the excitation. The DTCM is typi-
cally visualized using a color map, with positive contributions shown in red and
negative contributions shown in blue.

2.4.3 Angular momentum analysis of Kohn-Sham orbitals

In this thesis, the projected density of states (PDOS) analysis [8] was employed
to describe the superatomic feature of the studied clusters. PDOS allows for the
classification of orbital states within a cluster, including those that are delocalized
throughout the entire cluster core, known as superatomic orbitals. The symmetries
of each state are determined by introducing coefficients for the system as:

Ro
ci(Ro) =Y [ Pdr[ ¥ (1), 2.23)
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where R is the radius of the cluster region, which is manually specified to encom-
pass the whole cluster. Using Kohn-Sham eigenfunctions (y,(r)) projected onto
spherical harmonics functions (Y}, (7)) with respect to the center of the cluster,
Y ,.1m(r) can be written as:

9, (1) = / ArY i (F) “u (7). (2.24)

In this approach, the projection weights (overlaps of each state) onto spherical
harmonics functions with varying angular momenta are calculated. The magnetic
quantum number, m establishes the spatial orientation of the orbitals, whereas / as
an angular quantum number signifies the overall symmetry of functions. Finally,
the Gaussian broadened PDOS can be used to visualize the goodness of the match
of each KS state into different superatom state symmetries at different quantum
numbers [ that are usually distinguished by colors.



3 RESULTS AND DISCUSSION

In this section, I will discuss the implications and importance of the results pre-
sented in the manuscript [PI] and the publications [PII]-[PIV]. I will begin by
delving into the role of ligands in bonding to different metal atoms as reported
in the manuscript [PI] to broaden our understanding of metal-ligand (M-L) bond
properties from small M-L complexes to bigger systems such as ligand-protected
metal nanoclusters. The explanations provided in this thesis contribute to a com-
prehension of the reason why NHCs, rather than thiolates or phosphines, emerge
as superior ligand candidates in the aforementioned studied systems. This finding
is consistent with a study published by Crudden et al [59], in which they explain
the argument for using NHCs instead of thiolates as ligands in the formation of
self-assembled monolayers (SAMs) on gold surfaces. They found that the NHC
SAMs display exceptional stability, withstanding severe conditions such as high
temperatures, high pressure, and solvent exposure without significant deteriora-
tion or detachment from the gold surface. This stability is attributed to the strong
covalent bonds formed between the NHCs and the gold surface compared to
thiolates.

Following that, I focus my attention on the ligand-protected Au nanoclusters.
Thus, in paper [PII], the physicochemical properties of Au;o(NHC)¢Brs] ™, a novel
6-electron superatom cluster protected by NHC were studied. Moreover, the study
of the electronic and optical properties of the non-superatom di-cation cluster
protected by mixed NHC-S ligands [Aug(‘P "BnIm-CoHy-(43-S)4]* " ([Aug(NHC-
S)4]*) is presented in article [PIII]. Lastly, in paper [PIV] by employing DFT-MD
simulations the stability of crystallized [Aug(NHC-S)4]* nanocluster is questioned
by exploring possible isomers and comparing their stabilities. The findings suggest
that crystallized structure is not necessarily the most stable configuration in the
gas phase along with highlighting the importance of studying isomerization in
metal nanoclusters.
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3.1 Role of ligands in metal-ligand bond properties

In the manuscript [PI], a detailed investigation of the bonding interactions be-
tween ligands and metal atoms is presented for metal complexes and [M13L¢Brg] ™
clusters. The M-L complexes are composed of selected group-11 metal atoms
(M = Cu, Ag, Au) bonding to various ligands (L= SCH3, SCgHg, PPhg, NHCMe,
NHCE!, NHCP", NHCB") as are depicted in figure 3.1. Moreover, the clusters were
constructed using the same group-11 metals and with L = PPhs and NHC. Figure
3.1 illustrates the PBE-optimized Au-L complexes and Au nanoclusters protected
by NHCM¢ and PPhs, which serve as representative examples of the other systems
examined in the study. Two functionals PBE and BEEF-vdW were used to study
the effects of van der Waals interactions on the geometrical properties of the afore-
mentioned systems. The electronic properties, however, were presented only for
the PBE functional.

The chemical bonding of Group-11 coinage metals involves s and d valence orbitals,
characterized by a fully occupied d shell and a singly occupied s shell in the form
of nd'? (n + 1)s!, where n=3, 4, and 5 correspond to Cu, Ag, and Au, respectively.
The highest s-band of Group-11 atoms exhibits electron dispersion similar to that
of alkali metals; however, unlike alkali metals, relativistic effects must be taken
into account to accurately describe the properties of systems containing elements
with a filled underlying d shell[88, 89, 90, 91, 92, 93, 94, 95, 96, 42].

The bond length comparison displayed in figure 3.2 reveals the sequence of M-L
complexes to be Ag-L > Au-L > Cu-L for both PBE and BEEF-vdW. It was observed
that BEEF-vdW resulted in slightly longer bond lengths, ranging from 0.04 to 0.14
A when compared to the PBE. The smaller energy gap between the 3d and 4s
orbitals in copper, compared to silver leads to increased involvement of both 3d
and 4s orbitals in bond formation [97]. As a result, there is a higher degree of
covalency and stronger bonds within copper compounds than silver counterparts.

The binding energies for the M-L complexes were calculated as follows: AE =
(E[H2]/2+E[M-SR]) - (E[M] + E[HSR]) for thiolates and AE = E[M-L] - (E[M]+E[L])
for phosphines and carbenes. In the case of phosphine- and carbene-protected
metal clusters, the binding energy was determined using the formula: AE =
[E[Mi3LBrg] ™ - (E([M13Brs]™ + 6*L)]/6. The findings show that the binding
energies are proportional to the bond lengths. Nevertheless, the gold complexes
bonded to electron-donating ligands, such as PPhy and NHCs, exhibit higher
binding energies compared to their copper counterparts. This occurrence can be
attributed to the relativistic effects observed in gold atoms, which significantly
influence their electronic properties and bonding behavior. Figure 3.2 reveals
that the most and least stable compounds identified in the analysis are consistent
between the PBE and BEEF-vdW calculations, exhibiting the same relative order
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(@) (b)

FIGURE 3.1 PBE optimized Au-L complexes for (a) Au-SCHs, (b) Au-SCgHoy, (c) Au-
PPh;, (d) Au-NHCM¢, (e) Au-NHCH, (f) Au-NHC', (g) Au-NHCP" along
with two ligand protected Au clusters displayed in (h) [Au;3(PPh3)eBrg]
and (i) [Au;3(NHCM¢)¢Brg] ~. Notice the atom radius depicted in the figure
is not precisely reported. The color code for the different atoms is as follows:
Au (yellow), S (red), C (black), H (white), P (green), N (blue), and Br (brown).
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of energy values for these structures. The debate over the varied characteristics in
group-11 elements despite similar valence electron configurations is explained by
these effects which become more significant as the number of electrons increases
from Cu to Au [98, 99, 100]. The relativistic effects in gold result in the expansion
of the 5d orbitals (5d > 4d > 3d), consequently reducing the energy gap between
the 5d and 6s orbitals in gold atom[101, 102, 103]. Moreover, the contraction of the
outer s- and p-orbitals in gold results in decreased atomic size compared to when
these effects are disregarded.

This constriction in Au explains the higher electron affinity compared to Cu and
Ag (Au: 2.3 eV, Ag: 1.2 eV, Cu: 1.22 eV) [104]. The higher electron affinity suggests
that gold is more inclined to attract electrons, resulting in a more stable and
energetically favorable form of bonds with electron-donating ligands.

Additionally, a study conducted by Mufioz et al. [105] reported the influence of
relativistic effects on the stabilization of dative carbon-metal bonds in coinage
metal complexes, exemplified by NHC-MCl species (M = Cu, Ag, Au). Through
a comparison of scalar relativistic and non-relativistic DFT calculations, they
determined the extent to which relativistic effects contribute to various aspects of
bond formation. They observed an increasing impact of relativistic effects from
Cu (7.9%) to Ag (15.3%) and most notably for Au (39.9%). Relativistic effects
contribute to the stabilization of interaction energy components, accentuating the
reinforcement of 0-PPh; — M and 0-NHC — M bonds, as well as their electrostatic
nature. This observation is analogous to the effect of ligands possessing different
o-donor capacities, implying that relativistic effects should be accounted for when
assessing dative carbon-metal bonds, even in the case of lighter group elements.

Comparing different ligands, it was found that NHCs have higher ligand-metal
bond strengths. This finding is alighed with the finding of a study [59] which
explains that thiolate SAMs on the Au surface were replaced by NHCs due to the
superior stability of carbene ligands. This stability can be attributed to the nature
of metal-ligand bonds which is discussed more in detail in this work. Overall, this
evidence supports the argument that NHCs can be a highly appealing choice as
ligands in the field of nanometal clusters.

The electronic properties of M-L complexes (L = SCH3, PPhs, NHCM¢) were stud-
ied next. Figure 3.3 illustrates the PDOS of Cu-NHCMe (a), Ag-NHCME (b), and
Au-NHCM¢ (c) for metal and carbon atoms, together with plotted occupied molec-
ular orbitals (numbers 1 to 4 refer to HOMO to HOMO-3). Carbon atoms with the
electronic configuration of 1s? 2s? 2p? form a chemical bond with coinage metals
having the electronic configuration of nd!'%(n+1)s!, which lead to the formation of
an open-shell M-NHC complex. As shown in figure 3.3, the HOMO states in metal
atoms which are primarily s-symmetric and ligand groups that have p-symmetry
are responsible for the M-L bonding in Cu-C.
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FIGURE 3.2 The M-L bond lengths (A) and binding energies (eV) of the M-L complexes
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Additionally, d-states in Ag and Au atoms also interact with p-states of carbon
atoms, resulting in additional bonding states at lower energy levels, such as the
HOMO-1 and HOMO-2 states (labeled as 2 and 3). The o-type bonding feature has
been identified in M-NHC this means that the bonding between the metal atoms
and C-atoms in these complexes is primarily due to the overlap of the atomic
orbitals of metals and ligands, resulting in a strong covalent bond. The o-type
bonding feature is often associated with the stability of the complexes. Study on
the frontier molecular orbitals associated with the bonding of coinage metals and
SCH3 has revealed that the M-SCH3 complexes exhibit the o-type bonding for
their HOMO-1 states, as well as 7-type bonding resulting from the coupling of
d-states of the coinage metals and p-states of the sulfur atoms in lower energy
states. This is in contrast to the o-type bonding that has been observed in M-PPhj
bonds. Moreover, Cu has been observed to have the shortest bond length when
bonded to various ligands, this can be also attributed to its frontier atomic electron
states being near the Fermi level.

Bader charge analysis for PBE-optimized M-L complexes indicates that the coinage
metals exhibit different electron affinities when bonding to NHC ligands as com-
pared to thiolates and PPh3. The metal atoms transfer electrons to thiolates while
withdrawing them from PPh3 and NHC ligands. The examination of different
NHC groups revealed that the size of R groups in NHCs, whether R is CH3, CoHs,
C3Hy, or CH,CgHs, does not significantly impact the electron affinity of coinage
metals this conclusion is consistent with the findings for thiolate ligands, which
indicate that the size of R groups has no significant impact on the electron do-
nation behavior of metals however sulfur in SCgHg has higher electronegativity
comparing to SCH3.

To explore larger systems, I focus my attention on protected metal nanoclusters as
[My3LgBrg]~ (L= PPhs, NHCM¢, NHCH, NHC”", NHC?", and M= Cu, Ag, Au).
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FIGURE 3.3 The occupied molecular orbitals, labeled with labeled from 1 to 4 denoting
states from HOMO-2 to LUMO, and the projected density of states for three
systems: (a) Cu-NHCM¢ (b) Ag-NHCM¢ and (c) Au-NHCM¢, The HOMO-
LUMO gap is presented for each system, centered around zero and with
values of 1.48 eV, 1.49 eV, and 1.41 eV for systems a to c, respectively.
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TABLE 3.1 PBE and BEEF-vdW calculated binding energy per ligand (eV) and average
M-L bond length (A) for [M3LgBrg]~ clusters (L= PPhs, NHCM¢, NHC#,
NHC?", NHC?", and M= Cu, Ag, Au).

PBE BEEF-vdW
M-L AE M-L Bond length AE M-L Bond length
[Cuy3(PPhg)eBrg] -0.75 234 -1.13 2.36

[Ag13(PPh3)eBre] ™ -0.75 250 -1.04 2.55
[Auy3(PPhg)eBrs] ™ -157 2.35 -1.41 2.39
[Cui3(NHCMe)(Brg]~ -1.67 2.00 -1.62 2.00
[Ag13(NHCM¢)Brg]~ -1.34 2.14 -1.21 2.21
[Au;s(NHCMO)¢Brg]~ -2.21 2.12 -1.58 2.09
[Cu;s(NHCEH)¢Brg]™ -1.59 1.96 - B}
[Ag13(NHCEHBrg]~  -1.32 2.16 - _
[Au;s(NHCE)Brg]~  -2.18 2.13 - _
[Cuis(NHCP7)¢Brg]~ -1.51 1.96 . _
[Agi3(NHCP")¢Brg]~ -1.33 2.17 . _
[Aujs(NHCP")Brg]~ -2.18 2.07 - B}
[Cu3(NHCE")¢Brg]~ -152 1.97 - .
[Ag13(NHCB")¢Brg]~ -1.22 2.16 B, _
[Au;3(NHCB")Brg]~ -2.04 2.06 . _

To do this, I utilized the experimental work carried out by Shen et al [106] in 2020
in which they synthesized anionic icosahedral gold clusters [Au;sNHCgBrg] ™
using three different types of NHCs. However, to the best of our knowledge,
crystallized clusters in the form of [M3NHC¢Brs]~ for M=Cu and Ag have not
yet been identified.

Therefore, [Au;3NHCgBre] ™ (NHC-1 = 1,3-diisopropylbenzimidazolin-2-ylidene)
served as the starting point for the analysis, and the cluster by substituting various
ligand groups and metal atoms was subsequently modified. The geometrical
properties of [M3L¢Brg] ™ clusters (L= PPhj, NHCMe, NHCEf, NHCP", NHC?B",
and M= Cu, Ag, Au) along with the electronic properties with a focus on the M-L
bonds in coinage metal clusters protected by PPhy and NHCM¢ ligands have been
studied. As shown in table 3.1, the average M-L bond lengths for metal clusters
estimated using both PBE and BEEF-vdW (the van der Waals interactions have
just been investigated for the clusters protected by PPh; and NHCM¢) followed
the same sequence as seen in M-L bond lengths for complexes, with Ag-L > Au-L
> Cu-L.

The binding energy per ligand in gold clusters has been determined to be the
highest among copper and silver clusters. On the other hand, copper clusters
display the second-highest binding energy, and have the shortest average M-L
bond lengths. Cu clusters protected by NHCs were found to be suitable candidates
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FIGURE 3.4 Projected density of states for (a) [Cujs(NHCM®)Brg]~, (b)
[Ag13(NHCM¢)¢Bre]~, (c) [Auis(NHCM¢)Brg]~. The leftmost panels
show the projection to spherical harmonics functions centered at the center
of mass of the cluster (i.e. revealing superatom orbital symmetries) while
the two rightmost panels are for the atom-centered projections for Au- and
C-atoms separately (i.e. revealing atom orbital symmetries).

exhibiting superior properties compared to silver, albeit not as outstanding as gold.
In the case of BEEF-vdW, however, the energies of the NHC-protected clusters are
almost isoenergetic, with copper clusters exhibiting a slight advantage over gold
clusters.

An investigation into the impact of various ligands on the average bond distance in
copper clusters showed that the average value fluctuated between 1.96 A and 2.00
A. However, a more pronounced effect was observed on the average M-L bond
distance in silver and gold clusters. The study indicated that the choice of ligand
had a greater impact on the average bond distance in silver and gold clusters
compared to copper clusters. Additionally, the study found that the strength and
nature of the bonds between the central metal and peripheral metals in the clusters
remained relatively constant, regardless of the type of ligand used.

The Kohn-Sham electron wavefunctions were projected onto spherical harmonics
centered at the center of mass of the clusters in order to conduct a Ylm-analysis
to reveal the symmetry of electron states for metal clusters protected by NHCM¢.
As illustrated in figure 3.4, the symmetry of the frontier orbitals of the studied
clusters possesses P-symmetry, which is in agreement with what is expected for
8-electron superatoms. This conclusion is further reinforced by the visualized
molecular orbitals, which serve to validate the results obtained from the analysis.

In figure 3.4, the atom-based PDOS figures are provided for each NHCM¢ protected
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cluster, with the metal and carbon atoms labeled accordingly. The findings confirm
the strength of the bonds between metal and ligand for each cluster as seen also
for the simple M-L complexes (Cu > Au > Ag) by illustrating the location of the
d-band edge for metal atoms as well as the position of the p-band for the C atoms.
For clusters protected by PPhjs, atom-based PDOS yielded the same findings. This
set of analyses confirms that the same bonding features that were previously
verified for simple M-L complexes similarly influence the binding properties of
more complex systems such as clusters.

The Bader analysis for the charge distribution of metal atoms in clusters shows that
the charge behavior of these atoms is similar to that of M-L complexes, which are
positively charged. However, the gold atoms in [Au3(PPh3)sBrs] ™ have a slightly
negative charge compared to copper and silver atoms. The phosphorous and
carbon atoms in PPhz and NHC ligands are positively charged, with phosphorous
being more positively charged than carbon.
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3.2 Carbene protected Au nanoclusters

3.2.1 [Au;p(NHC)¢Br3]*: a 6-electron superatom cluster

A superatom cluster refers to a collection of atoms that possess a closed-shell
electronic configuration, and thus demonstrate behavior comparable to an indi-
vidual atom. The emergence of superatomic properties in a cluster stems from
the interactions between and characteristics of its constituent atoms, resulting in
collective behavior of electrons. The seminal work of Knight et al. [107] led to the
observation of a plethora of sodium clusters in a gas phase, with an abundance
of 2, 8, 20, 40, 58, and 92 atoms, which coincided with the electron shell closings
and specific valence electron counts. This finding was highly reminiscent of no-
ble gas atoms, known for their chemical inertness and stability. The stability of
superatomic clusters depends on their size and structures exhibiting electronic
properties similar to those of individual atoms in the periodic table [108, 109]. As
observed for sodium clusters, superatom orbitals follow the Au fbau rule, which
governs the sequence of electron state occupation [107]. The model developed for
metal clusters assumes that the valence electrons are delocalized over the entire
cluster. This delocalization results in the valence electrons experiencing a spheri-
cally symmetric square well potential in which the order of occupation is given by
the series 152 11P? | 1D!0| 252 1F14| 2P¢ 1G18| 2D!0 352 1HZ, ... corresponding to
electron counts of 2, 8, 18, (20), 34, (40), 58, 92, 138, ..., respectively [110]. Where
capital letters indicate the angular-momentum characters for the superatom states
which are representative of their atomic counterparts. The numbers enclosed in

parentheses signify weaker magic numbers that are not as stable as the main ones
[110].

These early observations paved the way for the development of the superatom
concept, which has since been extended to ligand-protected metal clusters [17, 111].
The incorporation of ligands results in covalent bonding between metal and ligand
that can lead to a reduced number of delocalized electrons depending on the
ligand type. This happens especially with electrophilic ligands like halides and
thiolates. Conversely, ligands like phosphines or NHCs have no effect on electron
delocalization.

In 2008, the electron counting rule was introduced as a unified model for ligand-
protected nanoclusters [8]. The superatom electron count for the ligand-protected
Au nanoclusters with the overall charge of z, represented as (LsAunXys)*, where,
Ls indicates the presence of weak ligands that have no significant influence on
the number of delocalized electrons, and X); denotes the existence of electron-
withdrawing ligands such as halides or thiolates.
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Therefore, the superatom electron count, n* for ligand protected metal clusters is:

n"=Nvyg—M-—z (3.1)

where N is the number of metal atoms, v4 is the effective metal valence (v4 =1
for gold atom), M is the number of electron-withdrawing ligands, and z is the
overall charge of the cluster. For instance, using equation 3.1, the superatom
electron count for the previously studied cluster [Au;3(NHC)gBrg] ™ in section 3.1
is calculated as n* = (13 x 1) - 6 + 1 = 8, corresponding to the electron configuration
of 1S? 1P®, signifying an 8-electron superatom. Furthermore, as depicted in figure
3.4 (c), the symmetry of the frontier orbitals (HOMO-1 and HOMO-2) in the Au;3
cluster exhibits P-symmetry, as expected for 8-electron superatoms.

The following presents the outcomes of a comprehensive DFT investigation con-
ducted on [Auo(M#CH2Bimy)¢Brs]* (Bimy = bipyrimidine) ([Aujg (NHC)sBrs] ")
cluster protected by NHC and halide ligands. The study was a part of the research
presented in the publication [PII]. The superatomic electron count for this clus-
ter, using equation 3.1, is calculated as n* = (10 x 1) - 3 - 1 = 6, corresponding
to a 6-electron superatom and the electron configuration of 15 1P*. To gain an
important understanding of the electronic structures of this cluster I employed a
well-studied computational approach explained in section 2.4.3, using equation
2.24 which involves projecting electron wave functions onto spherical harmonics
[111, 8,112,113, 114, 115, 116, 117]. This analysis is discussed later in this section.

The experimental investigation has revealed that the incorporation of different
halides, namely chlorine, bromine, and iodine, significantly influences the stability
of the cluster, ultimately leading to transformations over time. Results demon-
strated that the incorporation of bromide induces the transformation of Aujg
clusters into biicosahedral Auys clusters [48] at ambient temperature. In contrast,
the cluster containing iodine underwent a transformation into Auys clusters even
in the absence of external heat.

In order to validate the experimental observations, the DFT calculations for the
[Au;p(NHC)¢Br3] ' cluster were carried out to provide insight into its electronic
and optical absorption properties. The analysis started with optimizing the ex-
perimental crystal structure using PBE which is shown in figure 3.5. The results
indicate that while the calculations accurately predict the overall symmetry of the
cluster, the lengths of the Au-Br, Au-C, and Au-Au bonds were slightly overesti-
mated but no bond breaking was observed.
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FIGURE 3.5 PBE optimized structure of the crystal structure. The color code for the
different atoms is as follows: Au (yellow), Br (red), C (grey), and N (blue).
Reprinted with permission from Paul A. Lummis, Kimberly M. Osten,
Tetyana I. Levchenko, Maryam Sabooni Asre Hazer, Sami Malola, Bryan
Owens-Baird, Alex J. Veinot, Emily L. Albright, Gabriele Schatte, Shinjiro
Takano, Kirill Kovnir, Kevin G. Stamplecoskie, Tatsuya Tsukuda, Hannu
Hikkinen, Masakazu Nambo, and Cathleen M. Crudden. NHC-Stabilized
Auyg Nanoclusters and Their Conversion to Auys Nanoclusters. JACS Au,
2(4), pp-875-885, 2022. Copyright 2022 American Chemical Society

The electronic density of states was investigated by comparing the PDOS obtained
by employing PBE and GLLB-SC, as illustrated in figure 3.6 (a) and (b), respectively.
The finding suggests that both functionals successfully predict the symmetry of
the frontier orbitals, with P-symmetry for the HOMO and HOMO-1 orbitals as
expected for the 6-electron superatom, and D-symmetry for the LUMO orbital.
Figure 3.7 (a) and (b) validate the symmetry of HOMO and LUMO orbitals by
visualizing their corresponding molecular orbitals. In the case of the Auy cluster,
the observed major gap at the 6-electron configuration compared to the 8-electron
spherical systems can be attributed to its non-spherical geometry. The Auyg cluster
exhibits an oblate shape, which disturbs the symmetry of the potential well for
delocalized electrons in one direction. This disturbance affects the degeneracy of
the electronic states, causing the P-symmetric state which is perpendicular to the
flat Au-disc to go higher in energy.

By comparing PBE and GLLB-SC, it was found that GLLB-SC provides a more
accurate and realistic value for the HOMO-LUMO gap as compared to the experi-
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FIGURE 3.6 PBE and GLLB-SC calculated projected density of electron states to spher-
ical harmonics functions centered at the center of mass of the cluster in
(a) and (b), respectively. Coloring denotes different angular momenta.
Reprinted with permission from Paul A. Lummis, Kimberly M. Osten,
Tetyana I. Levchenko, Maryam Sabooni Asre Hazer, Sami Malola, Bryan
Owens-Baird, Alex J. Veinot, Emily L. Albright, Gabriele Schatte, Shinjiro
Takano, Kirill Kovnir, Kevin G. Stamplecoskie, Tatsuya Tsukuda, Hannu
Haikkinen, Masakazu Nambo, and Cathleen M. Crudden. NHC-Stabilized
Auyg Nanoclusters and Their Conversion to Auys Nanoclusters. JACS Au,
2(4), pp-875-885, 2022. Copyright 2022 American Chemical Society

mental data with a significant difference of 2.26 eV compared to 1.98 eV calculated
by PBE, thus, the GLLB-SC was chosen to carry out the rest of analysis.

Bader charge analysis reported in table 3.2 reveals that in the Au-NHC bonds on
the surface of the cluster, NHCs donate electrons of around 0.45 e/ligand and while
the central Au atom is slightly withdrawing electrons from the surrounded Au
atoms, the gold atoms bonded to ligand groups remain close to neutral. Moreover,
as expected bromines withdraw electrons by 0.49 e/Br.

Using LR-TDDFT as explained in section 2.1.2, figure 3.8 illustrates the optical spec-
trum calculated for [Au;o(NHC)¢Brs] ™. The oscillator strengths are represented as
blue lines, and the red and green curves represent the Gaussian broadened optical
absorption spectra and the experimental optical absorption spectra, respectively.
The experimental optical band gap is around 550 nm (2.25 eV), which agrees with
the calculated HOMO-LUMO gap (2.26 eV). All the calculated optical absorption
peaks were evaluated in DTCM.
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FIGURE 3.7 Visualisation of frontier orbitals for (a) HOMO and (b) LUMO states of clus-
ter [Aujo(NHC)gBr3] ™. Reprinted with permission from Paul A. Lummis,
Kimberly M. Osten, Tetyana I. Levchenko, Maryam Sabooni Asre Hazer,
Sami Malola, Bryan Owens-Baird, Alex J. Veinot, Emily L. Albright, Gabriele
Schatte, Shinjiro Takano, Kirill Kovnir, Kevin G. Stamplecoskie, Tatsuya
Tsukuda, Hannu Hikkinen, Masakazu Nambo, and Cathleen M. Crudden.
NHC-Stabilized Aujg Nanoclusters and Their Conversion to Auys Nanoclus-
ters. JACS Au, 2(4), pp.875-885, 2022. Copyright 2022 American Chemical
Society

TABLE 3.2 Atomic charges of the cluster [Aujo(NHC)¢Br3]" calculated from Bader
charge analysis for gold atoms and ligand groups using GLLB-SC.

Atom group N TotalQ(e) Q/N (e)

Central A 1 -0.084 -0.084
Au-Br 3  -0.086 -0.028
Au-C 6 -0.067 -0.011
Br 3 -1.465 -0.488
NHC 6 +2.703 +0.45
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FIGURE 3.8 Calculated (red) and experimental (green) UVvis spectra of the cluster
[Au;o(NHC)sBr3] ™. The calculated spectrum is folded from the individual
excitations shown as a blue stick spectrum. Reprinted with permission
from Paul A. Lummis, Kimberly M. Osten, Tetyana I. Levchenko, Maryam
Sabooni Asre Hazer, Sami Malola, Bryan Owens-Baird, Alex J. Veinot, Emily
L. Albright, Gabriele Schatte, Shinjiro Takano, Kirill Kovnir, Kevin G. Stam-
plecoskie, Tatsuya Tsukuda, Hannu Héakkinen, Masakazu Nambo, and
Cathleen M. Crudden. NHC-Stabilized Auyg Nanoclusters and Their Con-
version to Aups Nanoclusters. JACS Au, 2(4), pp.875-885, 2022. Copyright
2022 American Chemical Society

To understand the origin of the peaks, DTCM provides the contributions of various
electron-hole (e-h) transitions as seen in figures 3.9 (a-d) for the first through fourth
peaks. In this series of maps, the positive and negative effects on the transition
dipole moment are depicted in red and blue, respectively. The atom-based PDOS
for a chosen radius is computed individually for Au, Br, C, and N and plotted with
the bottom panel indicating the occupied states, and the right panel displaying
the unoccupied states. The grey region is all that is left out from the analysis
cutoff regions for selected atoms or the ones that are not fitted to the s,p, and
d atomic orbitals. Figure 3.9 (a) displays a first peak with a distinct gold-gold
character, suggesting electron transition from HOMO to LUMO. However, the
impact of electron transitions from ligand to gold is more pronounced at higher
peak energies, as illustrated in the second to fourth peaks (figure 3.9 (b) and (c),
respectively). In particular, electron transitions from HOMO and HOMO-1 to
LUMO+2 (gold-gold transitions) occur at the second peak (figure 3.9 (b)), along
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with electron transitions from lower energy states (most of which have ligand
character) to unoccupied states (ligand-to-gold transitions).
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FIGURE 3.9 DTCM analysis for the four selected absorption peaks of the calculated UV-

vis spectrum of the cluster [Auyo(NHC)¢Brs]™ shown in panels (a)-(d). The
bottom left panel depicts occupied electron states, whereas the vertical panel
on the right depicts unoccupied states. The density of states is projected
on individual atoms and coloring denotes the localization of the states to
different atomic groups. The red and blue regions in the maps represent
the constructive and destructive contributions of electron-hole transitions
to the overall transition dipole, respectively. The difference in hole-electron
orbital energy matches the peak energy at the dashed line. Reprinted with
permission from Paul A. Lummis, Kimberly M. Osten, Tetyana I. Levchenko,
Maryam Sabooni Asre Hazer, Sami Malola, Bryan Owens-Baird, Alex J.
Veinot, Emily L. Albright, Gabriele Schatte, Shinjiro Takano, Kirill Kovnir,
Kevin G. Stamplecoskie, Tatsuya Tsukuda, Hannu Héakkinen, Masakazu
Nambo, and Cathleen M. Crudden. NHC-Stabilized Aujy Nanoclusters and
Their Conversion to Aups Nanoclusters. JACS Au, 2(4), pp.875-885, 2022.
Copyright 2022 American Chemical Society
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3.3 Mixed NHC-thiolate protected Au cluster

3.3.1 The [Aus(NHC-S), 1>+

In contrast to Au superatom clusters which are predominantly composed of an
Au(0) core possessing a specific number of valence electrons in a closed-shell
electronic configuration, coordination clusters are comprised of Au atoms with 1+
oxidation state [118, 103, 119, 120, 121]. The [Aug(NHC-S)4]*" (NHC= (‘’"Bnlm-
CoHy-(u3-S)) cluster presented in [PIII], was found to be a non-superatom, as its
superatom electron countis0 (n* =6x1-4-2=0).

A bidentate, mono-anionic mixed NHC-sulfide ligand was used to stabilize Aug
in Paper [PIII]. NHCs have been employed to stabilize metal nanoparticles due to
their strong binding affinity towards metals as well as thiolates which have been
used as protecting ligands in nanoparticles because of their high coordination
capabilities. These successful studies have led to the idea of combining these
two binding moieties in a unit ligand to benefit from their bonding properties.
According to another study [122], it was demonstrated that a mixed-ligand strategy
can be employed to synthesize stable metal clusters utilizing weakly coordinating
ligands, such as SbPhs in [Au;3(SbPh3)sCly]>*.

[Aug(NHC-S)4]*+ reported in [PIII] is composed of an anti-prismatic central Aug
core protected by four NHC-thiolate ligand groups. To study the physicochemical
properties of the mentioned nanocluster, first, the experimental crystal structure
was optimized using PBE as shown in figure 3.10 which led to no fundamental
changes to the structure. However, the Au-Au distances were overestimated by
2-4% compared to the crystal structure, which is typical for the PBE.

To evaluate the electronic properties, a comparison was conducted between the
PBE and the GLLB-SC. The results revealed a significant HOMO-LUMO energy
gap for both functionals (PBE: 3.22 eV and GLLB-SC: 3.55 eV), which leads to
absorption in the UV region. The GLLB-SC absorption spectrum displayed the
closest resemblance to the experimental data. As a result, the GLLB-SC was chosen
for further electronic property calculations.

The calculated optical absorption spectrum as shown in figure 3.11 in the red curve,
indicates three peaks. The first of which at around 328 nm agrees well with the first
experimental peak shown in the green curve, while the following two absorption
peaks are slightly blue-shifted compared to the experimental peaks. Moreover,
one computed high energy peak is located around 250 nm, possibly matching with
the measured peak at shorter wavelengths, not visible in the presented range.

PDOS shown in figure 3.12 illustrates the symmetry of the states based on gold
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FIGURE 3.10 PBE-optimized structure of the crystal structure for [Aug(NHC-S),]>*. The
color code for the different atoms is as follows: Au (yellow), S (red), N
(blue), C (grey), and H (white). Reprinted with permission from Kirsi
Salorinne, Renee W. Y. Man, Paul A. Lummis, Maryam Sabooni Asre
Hazer, Sami Malola, Jacky C.-H. Yim, Alex ]. Veinot, Wenxia Zhou, Hannu
Héakkinen, Masakazu Nambo, and Cathleen M. Crudden. Synthesis and
properties of an Aug cluster supported by a mixed N-heterocyclic car-
bene-thiolate ligand. ChemComm 56(45), 6102-5, 2020. Copyright 2020
Royal Society of Chemistry.

atoms for a given cutoff of 3.5 A. By employing this particular approach and
visualization of HOMO and LUMO orbitals, as depicted in figure 3.12, it be-
comes apparent that a mixed ligand-metal character is present which indicates the
absence of superatomic symmetry within the system.



35

|
calc
. x5 -
=S exp ——
g —
=
i) -
=S
o
S _
0
<C
T
300 400 500

Wavelength (nm)

FIGURE 3.11 The calculated (red, GLLB-SC functional) and observed (green) UV-vis
optical absorption spectrum of the cluster [Aug(NHC-S)4]*". Using 0.1 eV
Gaussian broadening, the computed spectrum is folded from the oscillator
strengths (blue lines) of individual transitions. Reprinted with permission
from Kirsi Salorinne, Renee W. Y. Man, Paul A. Lummis, Maryam Sabooni
Asre Hazer, Sami Malola, Jacky C.-H. Yim, Alex J. Veinot, Wenxia Zhou,
Hannu Hakkinen, Masakazu Nambo, and Cathleen M. Crudden. Synthesis
and properties of an Aug cluster supported by a mixed N-heterocyclic
carbene-thiolate ligand. ChemComm 56(45), 6102-5, 2020. Copyright 2020
Royal Society of Chemistry.
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FIGURE 3.12 Projected density of states for Au atoms of the cluster [Aug(NHC-S),]*.
Different colors indicating different symmetries of states. The Kohn-Sham
frontier molecular orbitals are depicted for HOMO (left) and LUMO (right).
Modified with permission from Kirsi Salorinne, Renee W. Y. Man, Paul A.
Lummis, Maryam Sabooni Asre Hazer, Sami Malola, Jacky C.-H. Yim, Alex
J. Veinot, Wenxia Zhou, Hannu Hikkinen, Masakazu Nambo, and Cathleen
M. Crudden. Synthesis and properties of an Aug cluster supported by a
mixed N-heterocyclic carbene-thiolate ligand. ChemComm 56(45), 6102-5,
2020. Copyright 2020 Royal Society of Chemistry.

3.3.2 Isomer dynamics of the Aug nanocluster

This section provides an explanation for the findings presented in the paper [PIV].
To do so, I will first raise the question of whether the experimentally synthesized
crystalline cluster of [Aug(NHC-S)4]*> [123] can be considered the most stable
structure with certainty. To answer this question, DFT-MD simulations can be
used to monitor the cluster topologies at various targeted temperatures over a
period of time, enabling us to explore the potential isomers for the known crystal
structure. Although the crystallization of metal nanoclusters plays a crucial role
in understanding the properties of these clusters, it also has the potential to
miss important information about the presence of low-energy structural isomers.
Depending on the size of the clusters, searching for the isomers can be an expensive
task. Luckily, in the case of the above-mentioned small cluster [Aug(NHC-S),]%T,
the use of DFT-MD simulations presents an opportunity for cost-effective time
iterations which makes it feasible to perform these simulations and can provide
valuable insight into the stability of the cluster and can reveal the existence of
different isomers.

[Aug(NHC-S)4]%> consists of a central Aug core in an anti-prismatic configuration,
which is stabilized by four ligand groups of mixed NHC-thiolates. To investigate
the potential isomers for this cluster, DFT-MD simulations (see section 2.2) were
conducted for the experimentally optimized crystal structure presented in figure
3.13 (a), as previously explained in a published study [123]. The simulations were
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carried out at three different temperatures, approximately 145 K, 280 K, and 475
K with the total length of simulation of 20 ps, 10 ps, and 30 ps, respectively. The
impact of temperature on the electronic properties of the system during the MD
simulations of 2 fs time steps was evaluated.

FIGURE 3.13  (a) Optimized crystal structure of [Aug(NHC-S),]** using PBE. (b) Distance
between Au,-Auy (4.74 A) part of SR-Au-SR linear motif. (c) Dihedral
angle of S-Au-Au-S (89.10°). (Au: yellow, S: red, N: blue, C: gray, H:
white). Reprinted with permission from Maryam Sabooni Asre Hazer,
Sami Malola, and Hannu Hékkinen. Isomer dynamics of the [Aus(NHC-
S)4]*" nanocluster. ChemComm, 58(19), 3218-3221, 2022. Copyright 2022
Royal Society of Chemistry.

In our calculations, the Au,-Au, distance (4.74 A for relaxed crystal structure
shown in figure 3.13 (b)) and the dihedral angle of SR-Au-SR (89.10° for the
relaxed crystal structure shown in figure 3.13 (c)) are the two main parameters
in the cluster [Aug(NHC-S)4]*T to evaluate the degree of structural variations.
The total energy variations over time for DFT-MD simulations at three different
temperatures (145K, 280K, and 475K) are displayed in figure 3.14 (a), (b), and
(c). Seven snapshot structures as shown in the figure were selected based on
their proximity to the lowest local energy. As shown in table 3.3, after optimizing
the chosen structures, the selected isomers were found to be more stable than
the crystal structure (0.19-0.42 eV per cluster). According to the table 3.3, the
most stable configuration was determined to be isomer number 2 found at 145 K.
Table 3.3 displays the findings of a geometrical comparison between the selected
configurations and the crystal structure. The results illustrate that the structures
undergo significant changes over time, with a tendency to become more compact
and twisted without any bond breaking.
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FIGURE 3.14 DFT-MD total energy as a function of time for three different runs in (a)
145 K, (b) 280 K, and (c) 475 K. The chosen [Aug(NHC-S),]*>* isomers are
denoted with labels 1-7. Reprinted with permission from Maryam Sabooni
Asre Hazer, Sami Malola, and Hannu Hédkkinen. Isomer dynamics of
the [Aug(NHC-S)4]>" nanocluster. ChemComm, 58(19), 3218-3221, 2022.
Copyright 2022 Royal Society of Chemistry.

TABLE 3.3 Geometrical and energetic comparison between selected isomers of
[Aug(NHC-S),]*t in varying temperatures as compared to the relaxed crystal

structure.

Temperature (K) Isomer numbers Dihedral angle (°) of S-Au-Au-S  Au,-Au, distance (A) Relaxed energy (eV)
- static crystal structure 89.3 4.74 0

145 1 100.4 3.62 -0.40

145 2 101.6 3.83 -0.42

280 3 103.6 3.60 -0.32

280 4 99.4 3.75 -0.33

280 5 100.4 3.78 -0.35

475 6 94.7 3.83 -0.19

475 7 106.6 3.51 -0.33

Following the geometrical properties, the electronic characteristics at the previ-
ously stated temperatures have been studied. Studying the correlation between
HOMO-LUMO energy gap values in different Au,-Au;, distances as shown in
tigure 3.15 depicts that the most compact configurations have the lowest HOMO-
LUMO energy gaps which is universal for all temperatures.

Figure 3.16 illustrates a comparison of the optical absorption spectra computed for
the static crystal structure (represented as a yellow curve) and the single particle
transitions for 120 snapshot structures derived from the DFT-MD simulation at 145
K. ( Check the figures S3 and 54 of publication [PIV] for the comparison of optical
absorption spectra between the experimental data and the findings calculated at
temperatures of 280 K and 475 K, respectively.) This comparison sheds light on
the significance of small structural changes on optical properties, validating our
original goal of identifying probable isomers. The variation between the PBE-
optimized absorption spectrum for static crystal structure and for the DFT-MD
simulations is depicted by two main aspects: (1) the initial peak (I) found in the
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to the Au,-Au, distance for [Aug(NHC-S)4]%>* cluster at three tempera-
tures: (a) 145 K, (b) 280 K and (c) 475 K. The most densely populated area
with similar HOMO-LUMO energy gap values is depicted with lighter
colors. Reprinted with permission from Maryam Sabooni Asre Hazer, Sami
Malola, and Hannu Héakkinen. Isomer dynamics of the [Aug (NHC-S)4]**
nanocluster. ChemComm, 58(19), 3218-3221, 2022. Copyright 2022 Royal
Society of Chemistry.

DFT-MD simulation is missing from the absorption spectrum of single crystal
structure, and (2) the peaks (a), (b), and (c) in the single crystal structure are blue-
shifted compared to the peaks in the DFT-MD simulations which are observed at
around 350 nm (II), 310 nm (III), and 285 nm (IV). However, the peaks at 290 nm
(d) and 285 nm (IV) show a comparable match.

The DTCMs for these peaks shown in Figure 3.17 illustrate the contributions
of several electron-hole transitions. To analyze the optical absorption peaks for
dynamic structures, a configuration that has the most similarity in peak positions
to the combined absorption spectrum of all 120 dynamic configurations was
selected as a representative system.

The comparison of the first two peaks of the selected dynamic structure (figure 3.17
(a) and (b)) to the first absorption peak of the PBE-relaxed crystal structure (figure
3.17 (c)) shows that the electron transitions in the first peak of the PBE-optimized
structure are a combination of HOMO to LUMO+1 and HOMO-2 and HOMO-3 to
LUMO. The two main electron-hole transitions can also be observed in the first
and second peaks of the dynamic structure, where the first peak shows a clear
HOMO to LUMO+1 transition along with transitions from lower occupied states
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FIGURE 3.16 Optical absorption spectra of the single crystal structure (represented by
a yellow curve) and dynamic structures of [Aug(NHC-S)4]** cluster (rep-
resented by purple lines) obtained by combining 120 snapshot structures
taken at every 65 steps. The dynamic structures’ spectrum is represented as
a stick spectrum, which includes all single particle transitions and their os-
cillator strengths from the 120 structures that are grouped into energy bins.
The observed peaks of the stick spectrum are labeled with I-IV. Meanwhile,
the single crystal structure’s spectrum is broadened by 0.1 eV Gaussians,
and the peaks are labeled with a-d. Reprinted with permission from
Maryam Sabooni Asre Hazer, Sami Malola, and Hannu Héakkinen. Isomer
dynamics of the [Aug(NHC-S)4]>* nanocluster. ChemComm, 58(19), 3218-
3221, 2022. Copyright 2022 Royal Society of Chemistry.

to LUMO+1. Our findings reveal that the higher energy peaks exhibit a greater
number of transitions and display more collective behavior compared to the lower
energy peaks (figures S6 (a) and (b) and S7 (a-c) of publication [PIV] provide a
comprehensive look at the e-h transitions of the higher energy peaks).

The splitting of the first crystal structure peak into two distinct peaks in the finite
temperature can be explained by looking at the time evolution of the energy levels
for occupied and unoccupied states as shown in figure 3.18 (a) and (b), respectively.
This figure indicates that the HOMO state has a significant fluctuation in energy,
with a variation of 0.5 eV at 145 K. This fluctuation causes the HOMO state to
separate from the group of lower-lying states over time. On the other hand, the
energy levels of other states also show changes, but these fluctuations are much
smaller compared to the HOMO.

Eventually, in order to perform a final validation of the observed isomerism, an
additional MD simulation was performed by mimicking the crystal structure con-
ditions. As shown in figure 3.19 (a) MD simulations started with the lowest-energy
gas phase isomer number 2 surrounded by counterions (10 PF,) and solvent
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FIGURE 3.17 Comparison between DTCM of the lower energy peaks of the represen-
tative dynamic structure of [Aug(NHC-S)4]*>" in a)-b) and of the relaxed
crystal structure in c). The strengthening and screening contributions of
the chosen absorption peak are shown in red and blue, respectively. The
absorption peak is labeled in the spectrum in the lower right panel. The
occupied electron states are displayed in the bottom left subplot, while
the unoccupied electron states are portrayed in the right vertical subplot.
Reprinted with permission from Maryam Sabooni Asre Hazer, Sami Mal-
ola, and Hannu Hakkinen. Isomer dynamics of the [Aus(NHC-S)4]**
nanocluster. ChemComm, 58(19), 3218-3221, 2022. Copyright 2022 Royal
Society of Chemistry.

molecules (2 EtOH) resembling the arrangement of the original crystal structure,
as described ref. [123]. The results showed that the cluster spontaneously reverted
to the crystal structure conformation. The analysis revealed a significant increase
in the Au,-Au;, distance (as shown in figure 3.19 (c)), fluctuating around 4.6 A.
Concurrently, the S-Au-Au-S dihedral angle decreased (as shown in figure 3.19
(b)), oscillating around 85°. Notably, the crystal structure conformation was absent
from the structural phase spaces generated by the MD simulations for the isolated
cluster. Moreover, the MD simulation incorporating the surrounding counterions
and molecules provides direct evidence that the crystal packing influences the
precise structure of the cluster. This is just one unique example among a potentially
vast array of isomeric structures that may exist in the sample in the solution. It is
important to note that the structure observed in the crystal is likely optimized for
packing and maximizing interactions, which may not necessarily be representative
of the solution-phase behavior.
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FIGURE 3.18 The energy fluctuations of the (a) occupied states and (b) unoccupied states
as a function of time at 145 K (different states are represented in various
colors). Reprinted with permission from Maryam Sabooni Asre Hazer,
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S)4]*T nanocluster. ChemComm, 58(19), 3218-3221, 2022. Copyright 2022
Royal Society of Chemistry.
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dynamics of the [Aug(NHC-S)4]>" nanocluster. ChemComm, 58(19), 3218-
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4 CONCLUSIONS AND OUTLOOK

In this thesis, I showed the difference in the bonding nature of phosphine, thio-
lates, and NHCs to group-11 metal atoms in M-L complexes and metal clusters,
concluding that NHC ligands have superior bonding stability compared to the
other two. I also discussed the electronic structures and optical properties of
two distinct ligand-protected gold nanoclusters. Furthermore, an investigation
of isomerization for a relatively small-size Au nanocluster was undertaken using
DFT-based MD simulations at varying temperatures, yielding novel insights.

The manuscript [PI] presents compelling evidence indicating that NHCs exhibit
superior bonding strength with metals when compared to thiolates and PPh3. This
is attributed to the tendency of NHCs to form o-type bonds, which are inherently
stronger than 7-type bonds. While both NHCs and phosphorous-containing
ligands form o-type bonds, it is noted that PPh3 exhibits lower binding energies to
metals. Additionally, the charge transfer behavior between atoms engaged in M-L
bonding remains unaffected by the diverse side groups present in NHCs. Our
findings align with those reported previously emphasizing the remarkable bond
stability of NHCs compared to thiolates [59] and PPhjs [47] ligands.

The publication [PII], provides a comprehensive analysis of the electronic structure
and optical properties of [Aujo(NHC)¢Brs3] . I demonstrated that Auyg is a 6-
electron superatom cluster, explaining the hypothesis that Aujg converts to Aups
due to increased metallicity, from 6 to 16 electrons [48]. The calculations showed a
good agreement between the calculated and experimental absorption spectra and
explained that the origin of the absorption peaks is due to gold-to-gold transitions
at lower and ligand-to-gold transitions at higher energies.

In article [PIII], the evidence of the successful stabilization of Aug using a biden-
tate mixed NHC-thiolate ligand is provided. My study on the [Aug(NHC-S)4]**
nanocluster indicated the absence of a well-defined superatomic symmetry for
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the frontier orbitals, with a significantly large HOMO-LUMO energy gap. The
calculated UV-vis optical absorption spectra demonstrated a good agreement with
the corresponding experimental data. Analysis of the peaks revealed a strong
ligand-to-metal character for the first two peaks, however, the higher energy peak
illustrated the metal-to-metal contribution.

In the paper [PIV], the DFT-based MD simulations at three different temperatures
revealed the isomerism of the relatively small gold nanocluster [Aug(NHC-S),]*.
The findings revealed the presence of at least seven isomers at varying tempera-
tures and suggest that the transition between these isomers is reversible without
bond breakage. The optical and electronic properties of the nanocluster were
shown to be dependent on the isomer configurations which highlights the impor-
tance of understanding isomerism. Furthermore, I discussed that the crystallized
structure is not necessarily the lowest energy isomer in the gas phase or vice
versa. These observations prompt the need for further investigation into how the
presence of isomers affects the processes of crystallization and catalytic activity of
nanoclusters under different conditions.

This thesis highlighted the significant role of computational methods in gaining
a comprehensive understanding of the experimentally observed properties of
gold nanoclusters together with the discovery of novel isomers with distinct
properties. The findings presented herein point out that it is realistic to observe
isomerism in protected metal nanoclusters in ambient conditions. Furthermore,
it is important to realize that isomers exert a notable influence on the behavior
and properties of the nanoclusters like reactivity which may be distinguishable in
solution and crystal phases. This may lead to their use as new catalytic materials.
In addition, a thorough examination of diverse isomers can potentially lead to
the discovery of other novel applications. However, employing conventional
computational methods to characterize isomers under varying reaction conditions
can be challenging and time-consuming.

In my opinion, by expanding the boundaries of conventional computational tools
with machine learning methods, new insights, and discoveries can be unveiled
that can shape the future of nanoscience. In recent years, we have witnessed that
machine learning algorithms analyzed and interpreted vast amounts of data on
the behavior of nanomaterials. This method has been successful in predicting new
materials in addition to providing efficient force fields for atomic interactions that
approach quantum mechanical accuracy [124, 125, 126, 127, 128].

To overcome the limitations of studying nanoclusters, there is a growing trend
in the field toward the integration of machine learning and MD simulations. By
using machine learning, researchers can rapidly study the structural features
and key properties that govern the behavior of nanoclusters, enabling them to
efficiently screen a vast number of potential candidates for further investigation.
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Additionally, MD simulations can provide a detailed understanding of the be-
havior of nanoclusters under different reaction conditions, allowing researchers
to optimize the synthesis conditions and tune the properties of nanoclusters to
meet specific application requirements. This would lead to the development of a
robust framework that integrates computational and experimental approaches to
accelerate the discovery of new materials and applications.
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Herein, we describe the synthesis of a toroidal Auy, cluster stabilized
by N-heterocyclic carbene and halide ligands via reduction of the corresponding
NHC—Au—X complexes (X = Cl, Br, I). The significant effect of the halide ligands on
the formation, stability, and further conversions of these clusters is presented. While
solutions of the chloride derivatives of Au,, show no change even upon heating, the
bromide derivative readily undergoes conversion to form a biicosahedral Au,s cluster
at room temperature. For the iodide derivative, the formation of a significant amount
of Au,s was observed even upon the reduction of NHC—Au—I. The isolated bromide
derivative of the Au,; cluster displays a relatively high (ca. 15%) photoluminescence
quantum yield, attributed to the high rigidity of the cluster, which is enforced by
multiple CH—7 interactions within the molecular structure. Density functional theory
computations are used to characterize the electronic structure and optical absorption
of the Au,, cluster. '*C-Labeling is employed to assist with characterization of the
products and to observe their conversions by NMR spectroscopy.

gold, N-heterocyclic carbenes, metal nanoclusters, nanocluster interconversion, density functional theory calculations,
NMR analysis, "*C-labeling, photoluminescence

Au,s cluster strongly depends on the nature of the halide
employed.

Herein, we document the synthesis of these Auj, and Auyg
clusters and provide evidence that small, isolable clusters are
precursors to the formation of larger clusters. The extreme
effect that seemingly innocent counterions have on the
conversion of Aujy to Auyg is also described, along with the
effect of the solvent. The use of *C labeling on the carbene
carbon provides unprecedented insight into the transforma-
tion.

N-Heterocyclic carbenes (NHCs) are widely employed ligands
in transition-metal and main-group chemistry' > and have
recently attracted interest in materials chemistry,” providing
robust monolayers on planar gold surfaces’ " and nano-
particles.”™'* Known NHC-stabilized gold nanoclusters are
predominantly smaller Au;; or Aug; species,m_20 however,
Auy; and Au,, cores have also been reported for mixed-ligand
systems.”"”” Despite the high prevalence of Au,s cores in
thiolate-stabilized clusters, there is only one example of this
cluster size for NHC-stabilized systems.>®

Our group recently reported that the reduction of NHC—
Au—X complexes resulted in a series of icosahedral Au;
clusters (Figure 1) when benzylic groups on the NHC
nitrogens of substituted benzimidazole were employed."’
Although a range of benzylic substituents was tolerated,
increasing the steric size of the substituents led to a decrease in

Molecular gold complexes M*“™*BimyAuX 2a—c (X = Cl, Br,
I) were synthesized from the corresponding benzimidazolium

the yield of the target Au,; clusters, and the formation of January 3, 2022
polydisperse cluster mixtures. It was surprising then that the February 15, 2022
use of an NHC ligand with even more sterically hindered 2,4,6- March 4, 2022

trimethylbenzyl (from here on, MesCH,) wingtip groups gave April 6, 2022

well-defined cluster species, specifically an Au,, cluster with a
toroidal core. Subsequent conversion of Auy, to a biicosahedral

© 2022 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/jacsau.2c00004
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Figure 1. Synthesis of NHC-stabilized Au nanoclusters by direct reduction of NHC—Au—X complexes.

salts la—b via established procedures“’25 (see the SI for
details). The reduction of these complexes was carried out with
NaBH, at room temperature (Figure 2A). In all cases, UV—vis
absorbance spectroscopy revealed the presence of cluster
species with absorbance profiles notably different from
previously reported Au,; clusters.'” For instance, in the case
of 2b (X = Br), the reaction mixture after 12—20 h at room
temperature shows distinct absorbance bands at ~320, 368,
and 470 nm (Figure S2). Analysis of the crude reaction
mixture by electrospray ionization mass spectrometry (ESI-
MS; Figure S3) identified the major cluster species to be
[Au,o(M*CH2Bimy)Br,]* ([3b]"). The reaction times for the
formation of Auy, clusters as well as the composition of the
crude reaction mixtures depended on the halide employed but
all MesCH2BimyAuX precursors produced
[Au,o(MeCH2Bimy)X;]X clusters (3a, X = Cl; 3b, X = Br;
3¢, X = 1). In situ monitoring of the reduction of 2b by UV—vis
absorbance spectroscopy at short reaction times (<6 h)
showed intermediate gold species with absorbance bands at
~325, 424, and 532 nm (Figures S11 and 12). Due to their
transient nature, these species could not be unequivocally
identified by ESI-MS and NMR spectroscopy (Figures S13 and
14). At longer reaction times, these intermediate species
converted to [3b]Br.

Clusters [3a]Cl and [3b]Br were purified by column
chromatography, recrystallization, and anion exchange with
NH,PF (see the SI for details). ESI-MS of [3b][PF,] shows a
dominant molecular ion peak at 4504.9 m/z corresponding to
[Au,;o(M=“H2Bimy)(Br;]* (Figure 2B). Good agreement was
observed between the experimental and theoretical isotope
distribution patterns. A minor peak at 4460.0 m/z was also
observed in the cluster region; this peak was attributed to
exchange species [Au;o(M*“"?Bimy)(Br,C1]*, most likely
formed by halide exchange during ionization. UV-—vis
absorbance profiles of purified clusters [3a][PF4] (Figure
S67) and [3b][PF,] (Figure 2C) are largely the same, although
the exact band positions and intensities were found to be
dependent on the halide. Halogen effects on optical properties
are consistent with previous observations with phosphine-
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stabilized Au nanoclusters;*® however, a dramatic difference in
the reactivity of gold clusters depending on the halide present
has not been previously reported, to the best of our knowledge.
In our experiments, iodide cluster [3c]I proved to be difficult
to isolate in high purity due to its facile conversion to other
clusters (vide infra), and [3c]l was therefore only partially
characterized (Figures S6—8 and S15).

X-ray quality single crystals of the triflate salt [3b][OTf]
were characterized by single-crystal X-ray crystallography. The
solid-state structure (Figure 3) reveals a toroidal Auy, core
similar to [Au;o(PCy,Ph)¢Cl;][NO;] reported by Mingos et
al.”” but [3b]* has a different arrangement of halide ligands.
Cluster [3b]* has pseudo C,y symmetry, with two Auy(NHC),
rings capping either side of a planar Au,Br; core. The Au—Au
distances range from 2.6271(9) A to 2.936(1) A, with the
average radial Au—Au bonds being shorter than the average
peripheral Au—Au separations (2.700 and 2.832 A, respec-
tively; see Table S7 for summarized data). Au—C bond lengths
are between 2.026(9) A and 2.041(9) A (average 2.034 A;
Table S7), which is slightly shorter compared with Au—Cyyc
bond lengths in previously reported NHC-stabilized gold
nanoclusters.'” >

The cluster core of [3b]" is relatively more open than in
previously reported NHC-stabilized gold nanoclusters: unlike
Auy; and Auy;, [3b]* does not have any inner gold sites.
Moreover, the gold atom at the central site of [3b]" is not
bonded to NHC or halide ligands, which makes [3b]*
potentially more reactive.

Although [3b]Br is sufficiently stable to survive column
chromatography, its solutions in ethanol change color over
time, which prompted us to investigate whether a new cluster
was being formed. As expected, the UV—vis absorbance spectra
reflect this change, most notably through the appearance of a
new band at 658 nm (Figure S$16). ESI-MS analysis identified
[Au,s(MCH2Bimy), Br,]** ([4b]**) as the new cluster species.
This formulation is similar to an Au,g cluster stabilized by
PrBimy NHCs reported by Zheng et al,® in which five

https://doi.org/10.1021/jacsau.2c00004
JACS Au 2022, 2, 875885
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Figure 2. (A) Preparation of Auy, clusters 3a—c; (B) ESI-MS of [3b][PF4]; and (C) UV—vis absorbance spectrum of [3b][PF,] in

dichloromethane.

bridging bromide ligands link two Au,; icosahedra with a
shared central atom. In Zheng’s report, the Au, cluster was the
result of prolonged treatment of a molecular gold precursor
without the observation of intermediate cluster species.
Purification of cluster [4b]** could be achieved by anion
exchange with NH,PF, followed by column chromatography
(see the SI for details). In the ESI-MS of [4b][PF], (Figure
4B), the dominant molecular ion peak at 4654.5 m/z shows
good agreement with the theoretical isotope distribution
pattern of [Au,s(M*“™Bimy),,Br,]**. Trace amounts of
[Au,s(M=“H2Bimy) ,BrsCl]** (see the small peak at 4632.1

877

on Figure 4B) were also observed, consistent with Br/Cl
exchange.”® The main UV—vis absorbance bands of [4b]-
[PF], were found at 325, 338, 377, 413, 467 (with a shoulder
at ~510), and 658 nm (Figure 4C).

Though the conversion of one metal nanoclusters to another
is common, reports on such transformations involving
biicosahedral M, nanoclusters are scarce. A few publications
describe the preparation of phosphine/thiolate or phosphine/
halide stabilized biicosahedral M,s nanoclusters by conversion
from other species, such as a mixture of gold nano-

particles,zg_32 spherical M,; clusters,®® and smaller Auj,

https://doi.org/10.1021/jacsau.2c00004
JACS Au 2022, 2, 875885



Figure 3. (A) Molecular structure of [3b][OTf] with thermal ellipsoids drawn at the 50% probability level. Hydrogen atoms and anions have been
omitted, and NHCs are shown as a wireframe for increased clarity. (B, C) Alternative view of the [3b]* core with bromide ligands only. Color key:

Yellow = Au, Orange = Br, Gray = C, Blue = N.

nanoclusters.”® In all of these cases, there was a specific trigger
for the transformations of the metal core, for example, the
addition of different ligands.’"** Seemingly triggerless
conversion of otherwise stable Au,, into biicosahedral Au,; is
unprecedented. This prompted us to look into details of the
Au,, to Au,g conversion.

To probe the conversion of Au,, to Au,; clusters, we leveraged
the differences in the UV—vis absorbance spectra of the two
species to monitor reaction progress over time. Specifically, we
tracked the increase in the absorbance of the Au,g character-
istic band at 658 nm (Figure S). It was found that the
conversion of [3b]Br is solvent dependent, occurring readily in
protic or mildly acidic solvents such as alcohols (methanol,
ethanol) or chloroform, but not in other solvents examined
such as dichloromethane or tetrahydrofuran (THF) (Figure
S16). The conversion rate for [3b]Br depends on its
concentration, temperature, and the nature of the solvent. At
room temperature in alcohol solvents, over a week is required
to reach an appreciable concentration of Au,s, while the same
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conversion takes only 2 days at 55 °C in methanol. The
conversion is the fastest in chloroform at 55 °C, taking only
hours (Figure 5).%° Unfortunately, in chloroform, this
conversion is accompanied by the formation of unidentifiable
byproducts, which complicated attempts at quantitative kinetic
experiments.

To confirm the results obtained by UV—vis absorbance
spectroscopy and gain insight into the mechanism of Auy
formation, conversion of [3b]Br was also monitored by ESI-
MS and NMR spectroscopy (Figures S19—S521). Similar trends
were also observed using these techniques. In particular, the
conversion was faster in chloroform compared to methanol, as
monitored by NMR spectroscopy (Figures S20—S21). Note
that no intermediate cluster species were observed by ESI-MS
while monitoring the conversion of Au,, to Au,s (Figure S19),
and therefore, greater detail concerning the mechanism for this
conversion could not be obtained using this method.

The nature of the outer sphere anion also has a significant
effect on the rate of conversion. Cluster [3b][PF4] shows only
partial conversion after 20 h at 60 °C in methanol,*® while

https://doi.org/10.1021/jacsau.2c00004
JACS Au 2022, 2, 875885
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879

under the same conditions [3b]Br converts significantly to
Au,;, as observed by UV—vis absorbance and NMR spectros-
copy, and ESI-MS (Figures S17—21). Inner sphere halides also
have a significant effect. For example, the Au), cluster with
chloride ligands [3a]Cl showed no evidence of conversion to
Au,; even after several weeks in ethanol at room temperature
or with heating at 60 °C in methanol. By contrast, the bromide
derivative [3b]Br is readily converted to Au, clusters [4b]** in
specific solvents, and iodide cluster [3c]I gave significant
amounts of Au,s clusters [4c]*" even during the reduction of
2c (Figure S15). Attempts to isolate pure samples of [3c]I via
the established methods for [3b]Br also led to the isolation of
a significant amount of [4c]*" without the need for further
conversion, although instability of [4c]** prevented full
purification and characterization (Figures S6—8). These results
demonstrate the pivotal role not only of the outer sphere
counterions but also of the ligated halide ligands in cluster
conversion from Auj, to Au,s and the overall stability of the
clusters. Our observations agree with the previous reports that
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halides can affect the growth and conversions of metal
nanoclusters.”” =’

In an early attempt to isolate pure Au,s cluster [4b]** for
structural characterization, [3b]Br was dissolved in ethanol and
kept at room temperature for 7 days. Purification by dialysis
and anion exchange with K[B(C4Fs),] led to the isolation of
crystals of a closely related cluster [Au,s(M*"**Bimy),,Brg]-
[B(C¢Fs)4) ([Sb]*, Figure 6). This cluster closely resembles

Figure 6. (A) Molecular structure of [Sb][B(C¢Fs),] with thermal
ellipsoids drawn at the 50% probability level. Hydrogen atoms and
anions have been omitted, and NHCs are shown as a wireframe for
increased clarity. (B) Alternative view of the [Sb]* core with bromide
ligands only. Color key: Yellow = Au, Orange = Br, Gray = C, Blue =
N.

4b** with the exception of having an additional inner sphere
bromide ligand and therefore only a +1 charge. The parent
mass peak for [Sb]" could not be observed by ESI-MS, with
the sample showing only a peak for [4b]*, likely due to the
facile loss of one bromide ligand on the core during ionization.

X-Ray crystallographic analysis indicated that [Sb]" features
a twisted biicosahedral structure where the two central Aug
pentagons making up the core of the structure are in a partially
staggered orientation. The structure also features four bridging
and two terminal bromide ligands connecting the two central
Aug pentagons, instead of the expected symmetric five bridging
bromide ligands (Figures 6B and S63). The Au—Br bond
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distances at the waist sites are in the range of 2.5316(8) A—
2.5794(7) A for the doubly bridging bromides and 2.455(1)
A—2.4609(9) A for the terminal ones. The latter distances are
slightly shorter compared with the terminal Au—Br bond
distances at the vertex sites (2.4706(9) A—2.4718(9) A; see
Table S8 for summarized data). The co-existence of different
(i.e., bridging and terminal) metal-halide connection modes at
the waist sites of biicosahedral nanoclusters is extremely rare; it
was reported only once for related phosphine/ halide-ligated
AgAu bimetallic My clusters by Huang et al.*’

Subsequently, we established an optimized procedure for the
isolation and purification of the Au,; cluster, specifically, the
conversion of [3b]Br in methanol at 60 °C, followed by anion
exchange of the crude mixture with excess NH,PF¢ and
purification by column chromatography (see details in the SI).
We note that the anion exchange was used here to facilitate
purification, though later we discovered that anions may also
play role in transformations between [Sb]* and [4b]** (vide
infra). We were successful in growing crystals of [4b][B-
(CgFs)4), from Au,g clusters isolated via this route, after anion
exchange with the borate anion. The solid-state structure
(Figure 7) shows the expected Au,s core structure with five
symmetric bridging bromide ligands and not six as for [Sb]".

The two central Aug pentagons are slightly twisted from an
eclipsed orientation, although less than that in [Sb]*, most
likely due to the steric constraints of the bulky mesityl
substituents. Structures with five bridging halides and different
degrees of rotation of the vertex-sharing icosahedra had been
reported for related phosphine/halide-ligated heterometallic
M, nanoclusters”' ~** and, more recently, for an NHC/halide-
ligated Au,s nanocluster.” In particular, [Au,s(*Bimy),(Br,]**
(bearing significantly less bulky iPr wingtip groups as
compared with MesCH, in [4b]**) was reported to have an
eclipsed configuration of two icosahedra;* this nanocluster
conforms to idealized Dy, symmetry with somewhat shorter
icosahedron—icosahedron separations than in [4b]** (see
Table S8). Of note, the asymmetric unit contains two
molecules of [4b]** and three [B(C4F;),]™ counterions. The
fourth counterion was not resolved; this [B(C4Fs),]” counter-
ion is likely significantly disordered due to the large solvent
accessible void in the unit cell (see Figure S65).

The fact that the Au), cluster with chloride ligands [3a]Cl
showed no conversion to Au,s (while [3b]Br and [3c]I
convert readily) may be explained both by the steric
environment imposed by the bulky mesityl-substituted NHC
ligand, as well as steric and electronic factors introduced by the
smaller chloride ligands. Though multiple examples of
phosphine, thiolate, or NHC-protected gold clusters with
halides as co-ligands have been reported, chlorides are
commonly found terminally bound to gold, and clusters with
Au—Cl bridging bonds are extremely rare.*>*®

To further probe the reactivity and structures of [3b]* and
[4b]**/[5b]" in solution,'*C(2)-labeled benzimidazolium salt
1b* was synthesized and used to prepare the corresponding
B3C-labeled gold complex 2b* and cluster [3b*]X (see the SI
for details). The *C{'H} NMR spectrum of labeled [3b*]X
(X = Br or PF) has two carbene peaks at 200.7 and 214.9 ppm
in a 2:1 ratio, respectively, as expected from the two different
ligand environments predicted from the solid-state structure of
the Auy, clusters (Figure 8A; see Figure S45 for full-spectrum
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Figure 7. (A) Molecular structure of [4b][B(C4F;),], with thermal
ellipsoids drawn at the 50% probability level. Hydrogen atoms and
anions have been omitted, and NHCs are shown as a wireframe for
increased clarity. The asymmetric unit has two cluster molecules; only
one is shown for clarity. (B) Alternative view of the [4b]** core with
bromide ligands only. Color key: Yellow = Au, Orange = Br, Gray =
C, Blue = N.
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Figure 8. *C{'"H} NMR spectra (600 MHz, CD,Cl,) of (A) *C-
labeled [3b*][PF]; (B) column-purified [4b*][PFq],, and (C) crude
reaction mixture from conversion of [3b*]Br in MeOH at 60 °C for 4
days.
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and Figure S56 for assignment). The '"H NMR spectrum of
[3b*]X (Figure S44) is also in agreement with this structure
and is consistent with the nonlabeled cluster (Figure S40),
showing only minor broadening of the benzylic proton peaks,
in contrast to the diastereotopic benzylic proton peaks
observed in the spectra of related Au,; clusters.'”

Conversion of [3b*]Br in methanol or CHCl,; at 60 °C,
followed by exchange with NH,PF, and purification by column
chromatography led to the isolation of a major cluster species
with only one carbene peak in the *C{'H} NMR spectrum at
206.7 ppm (Figures 8B and S47). The '"H NMR spectrum
(Figure S46) is consistent with the NMR spectrum of the
isolated crystals of [4b][B(C4Fs),], as well as nonlabeled Au,;
clusters isolated by NH,PF, exchange and column chromatog-
raphy, and shows a single, albeit asymmetric, ligand environ-
ment, due to the fixed arrangement of the ligands across the
cluster (see Figures SS7 and S58 for assignment). For example,
six distinct methyl resonances can be found for the mesityl
groups (Figure S46). Due to the expected symmetry of the ten
ligands in cluster [4b]**, as well as the consistency of the NMR
and other spectroscopic data with the crystals isolated for
[4b][B(CFs),], we assign this species as [4b*][PF,], (see the
SI for full characterization data).

To obtain more insight into the conversion of Auy, to Au,s,
and the possible distinction between clusters [4b]** and [5b]*
in solution, we monitored the conversion of [3b*]X under
various conditions by NMR spectroscopy. In crude samples,
we can indeed confirm the presence of two major sets of
cluster ligand peaks by '"H NMR spectroscopy, in addition to
the expected gold complex byproducts (M*“*?Bimy)AuX and
[(Me=CH2Bimy),Au]X. In particular, a second set of six methyl
resonances distinct from those confirmed to be [4b]** is
evident in the reaction mixtures before anion exchange and
purification (Figure S22), along with a second carbene signal
in the *C{'H} NMR spectra of *C-labeled samples at 206.9
ppm (Figures 8C and S23). It also appears that this species is
either converted to [4b]** or decomposed during anion
exchange and/or column purification.

Interestingly, the "H NMR spectrum of a pure sample of
[4b][PF,], in the presence of excess tetrabutylammonium
bromide showed mostly this second set of signals in
dichloromethane-d2 (see Figures S22 and 23), suggesting
that it exists in this form in the presence of excess bromide
ions. Although the asymmetry of the solid-state structure of
[Sb]* would suggest the presence of multiple carbene signals
for this cluster, similar phosphine ligated AgAu bimetallic M,
clusters with six bridging halides have been found to exhibit
only a single ligand environment in solution by NMR
spectroscopy.”’ It is difficult to confirm the assignment of
this species as [Sb]*, as the parent mass peak cannot be
observed by ESI-MS likely due to facile loss of one bromide
ligand on the core during ionization, and unfortunately the
crystal yield of [Sb][B(C4Fs),] was not high enough for
detailed NMR studies. However, these NMR studies confirm
that multiple cluster species, likely the two Au,s clusters
characterized in the solid-state, are generated from the
conversion of Au,,, with [4b]X, appearing to be the dominant
structure isolated after purification in most cases.

The electronic structure of [3b]" was investigated by density
functional theory (DFT) using experimental coordinates as a
starting point (see the SI for technical details of the DFT
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Figure 9. (A) HOMO (left) and LUMO (right) orbitals of [3b]* and (B) calculated (red) and measured (green) UV—vis spectrum of [3b]*.

calculations and analysis). We used the real-space GPAW
code*® and optimized the structure with the Perdew—Burke—
Ernzerhof (PBE)* exchange—correlation (xc) functional to
describe the electron—electron interactions. The PBE-
optimized structure of [3b]* in the gas phase is shown in
Figure S74 and compared to the crystal structure in Table S9.
We see that the gas-phase model overestimates the Au—Au
bonds by 2—5%, Au—Br bonds by 2%, and Au—C bonds by 2%
while keeping the overall symmetry unchanged.

This behavior is similar to what we have found previously for
NHC-stabilized Au clusters,'®'”** and we consider it an
acceptable compromise between numerical efficiency and
accuracy. We note that the use of the gas-phase model for
[3b]* itself may account partially for the small structural
discrepancies between the experiment and theory, regardless of
the used xc functional, due to omission of effects from
counterions and crystal packing.

To study the symmetry of the frontier orbitals and the
magnitude of the HOMO—-LUMO energy gap, we also
employed the GLLB-SC xc functional, which was originally
developed to improve the band gap of semiconductor
materials.”” Figure S75 compares the electronic density of
states calculated both from the PBE functional and the GLLB-
SC functional for the PBE-optimized cluster structure. Both
functionals yield similar symmetries for the frontier orbitals,
with the HOMO and HOMO-1 orbitals being of T1,
(spherical P-symmetry), as expected for a cluster with 6
“superatom” electrons,”’ while the LUMO orbital has an e
(D) symmetry (Figures 9A and S76). GLLB-SC yields a
significantly larger energy gap as compared to PBE (2.26 and
1.98 eV, respectively). The larger gap is consistent with the
measured optical band gap as discussed later. For this reason,
we performed further analyzes of the electronic structure and
optical properties using the GLLB-SC functional.

Bader charge analysis (Table S10) reveals that the central Au
atom in the cluster is slightly negatively charged, while the Au
atoms in contact with the ligands are close to neutral
Bromines are clearly electron-withdrawing ligands (—0.49 e per
Br), as expected, and the NHC ligands act as weak electron
donors (0.45 e per ligand) to balance the total charge to +1.

The calculated UV—vis absorbance spectrum of the gas-
phase model of [3b]* is compared to the experimental data
recorded in dichloromethane (Figure 9B). The first exper-
imental absorption peak observed at around 505 nm as well as
the experimental optical band gap at around 550 nm (2.25 eV)
are reproduced well by the theory. The computations predict
two distinct optical absorptions at the band edge (see the blue
sticks in Figure 9B) that are likely to split to a larger degree in
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terms of energy at finite temperature due to atom dynamics.
This explains the broader asymmetric first feature (two
merging peaks) observed in the experiment. The third and
fourth peaks (at 366 and 317 nm, respectively) in the
experimental spectrum are reproduced well by the theory. We
analyzed the four peaks in the computed spectrum by
decomposing them to single electron—single hole excitations
with dipole contributions. The so-called dipole transition
contribution maps (DTCM) showing these decompositions
(Figures S77—S81) indicate that the lowest-energy peak has a
clear gold—gold character, having electrons removed from
HOMO and HOMO-1 orbitals and placing them to the
LUMO orbital. The second absorption peak has a mixed
character by including gold—gold transitions from HOMO/
HOMO-1 to LUMO+2 as well as ligand-to-gold transitions.
The weight of ligand-to-gold transitions increase as the peak
energy increases for the third and fourth absorbance peaks.

The electronic structure of phosphine/thiolate or NHC-
protected biicosahedral Au,s clusters was previously rational-
ized*** as a “dimer” of two closed-shell superatoms. Clusters
[4b]** and [5b]* described herein, likely possess similar
electronic configurations, and therefore detailed calculations
were not carried out on these systems.

Given the high PLQY (ca. 16%) observed for our previously
reported NHC-stabilized Au,; clusters,’” an investigation into
the emission properties of both Au, and Au,s clusters was
undertaken. Excitation and emission spectra of [3b]" and
[4b]** were acquired, as well as fluorescence excitation—
emission matrix (EEM) data (see the SI for details).
Photoluminescence from [4b]*" was found to be significantly
brighter as compared with [3b]* (Figure 10, inset). Emission
maxima were observed at ~795 and 785 nm for [3b]* and
[4b]**, respectively (Figure 10). The excitation spectrum of
[4b]** matches very well with its absorbance spectrum (Figure
S69); the position and profile of the emission band are
independent of the excitation wavelength. Both these
observations confirm the absence of emissive impurities in
the cluster sample. Of note, the presence of O, does not
decrease or quench the emission, suggesting that no triplet
state is involved in the emission.

The observed optical band gap is 550 nm for [3b]* (2.25
eV), demonstrating the high stability of this cluster. This
matches well with the computed value as discussed above. The
PLQY was determined by the comparative method using zinc
phthalocyanine as a standard (Figures S72 and S73). Cluster
[3b]* was shown to have a PLQY of ca. 0.9%, which is of the
order expected for Au nanoclusters. The Au,g cluster [4b]*
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Figure 10. Emission spectra (excited at 336 nm) of deoxygenated
solutions of [3b][PF4] (black) and [4b][PF], (red) in dichloro-
methane. The concentration of solutions was adjusted so the
absorbance at 336 nm matches. Inset: photographs of the
corresponding samples under visible (top) and UV (bottom) light.

showed a dramatically increased PLQY of 15%, which is
significantly higher than that observed for most Au clusters. As
was suggested previously,'”'® the rigidity imparted upon the
cluster through inter-ligand CH—7 and 7—7 interactions most
likely enhances the emission by restricting the nonradiative
decay pathways of the excited state, and in the case of [4b]*',
the two fused Au,; icosahedra of the core are also further
rigidified by bridging bromide ligands. However, relating the
cluster structure to photophysical properties is challenging
because PLQY measurements are carried out in solution, while
detailed structural characterization is performed in the solid-
state. Efforts to study photoluminescence properties in the
solid-state are ongoing in our laboratories.

In conclusion, we have described a series of new NHC-
stabilized [Au,o(M*“"?Bimy)¢X;]" clusters [3a—c]* (X = Cl,
Br, I) with a novel core architecture. The use of the bulky
bis(2,4,6-trimethylbenzyl)benzimidazolium-2-ylidene ligand is
important to drive cluster formation away from the more
common Auyj; clusters. Cluster [3b]* undergoes a solvent- and
counterion-dependent conversion into larger Au,s clusters,
with both [Au, (M**“H2Bimy),,Brg]* and
[Au,(M=CH2Bimy) oBr,]** observed experimentally in the
solid state by X-ray crystallography and in solutions by NMR
using the clusters bearing '*C-labeled NHC ligands. The
nature of the halide is critically important, with chloride-
containing Au,, clusters showing no propensity to convert to
Au,;, and iodide-containing clusters more easily converting to
Auy;.

Theoretical analysis showed that the conversion is
connected to the increase of “metallicity” of the cluster from
a 6-electron system to an unusual 16-electron system reported
previously”” and the conversion was monitored using ESI-MS
and in situ NMR spectroscopy, in addition to UV—vis
absorbance spectroscopy. While Au;, was only weakly
emissive, the Au,s cluster displayed significantly increased
photoluminescence, with the maximum emission wavelength
of 785 nm, and PLQY of ca. 15%. Work to further tailor the
emission of these clusters, understand the mechanism of
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cluster interconversion, and investigate further properties is
underway at this time.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.2c00004.

Synthetic procedures, characterization data, and exper-
imental results of monitoring the reaction progress using
UV—vis absorbance, ESI-MS, and NMR spectroscopies;
X-ray crystallographic data for [3b][OTf] (CCDC
2127768), [4b][B(C¢F,),], (CCDC 2127770), and
[5b][B(C¢Fs),] (CCDC 2127779) are available free of
charge at www.ccdc.cam.ac.uk/structures/ (PDF)
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5 Computational data

5.1 Computational analysis of cluster [3b]*

Figure S74.
functional.

Table S9.

Atom indexing is shown in Figure S58.

Optimized structure of the gas-phase model of [3b]* using the PBE exchange-correlational

Experimental and computed (PBE) atom-atom bond lengths in the crystal structure and in
the gas-phase model of [3b]*.

Bond Exp. | Calc. Bond Exp. Cale. Bond Exp. Cale.
Au(1)-Au(2) 2.679 | 2.749 Au(2)-Au(10) | 2.879 | 2.973 Au(6)-Au(7) 2927 | 3.015
Au(1)-Au(3) 2.730 | 2.768 Au(2)-Br(1) 2416 | 2471 Au(6)-C(1) 2.042 | 2.087
Au(1)-Au(4) 2.702 | 2.790 Au(3)-Au(4) 2.809 | 2.945 Au(7)-Au(8) 2.888 | 2.959
Au(1)-Au(5) 2.697 | 2.828 Au(3)-Au(10) | 2.795 | 2.887 Au(7)-Au(9) 2936 | 2.984
Au(1)-Au(6) 2.738 | 2.868 Au(3)-Br(3) 2420 | 2.481 Au(7)-Br(2) 2427 | 2484
Au(1)-Au(7) 2.627 | 2.676 Au(4)-Au(5) 2.852 | 2.933 Au(8)-Au(9) 2710 | 2.745
Au(1)-Au(8) 2.735 | 2.835 Au(4)-Au(6) 2.889 | 2.967 Au(8)-Au(10) | 2.876 | 2.947
Au(1)-Au(9) 2.687 | 2.826 Au(4)-C(82) 2.041 2.092 Au(8)-C(136) | 2.027 | 2.063
Au(1)-Au(10) | 2.709 | 2.799 Au(5)-Au(6) 2.695 | 2.776 Au(9)-Au(10) | 2.834 | 2.921
Au(2)-Au(3) 2.664 | 2.714 Au(5)-Au(7) 2.848 | 2.908 Au(9)-C(28) 2.031 2.068
Au(2)-Au(4) 2.883 | 3.043 Au(5)-C(109) | 2.029 | 2.076 Au(10)-C(55) | 2.032 | 2.072
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Figure S75. Electronic density of states in the gas-phase model of [3b]" by using the PBE (top) and
GLLB-SC (bottom) xc functional.

Color coding shows the projection of the orbitals into spherical symmetry about the c.o.m of the cluster.
The projection is done in a sphere of radius 3.5 A. The grey area labeled as “out” denotes that part of the
electron density that is either outside this radius (in the ligands) or cannot be spanned by the angular
momentum components up to J symmetry.

Table S10.  Bader charges for gold atoms and ligands in the gas-phase model of [3b]* calculated using
the GLLB-SC functional.

Atom group N Total Q (e) Q/N (e)
Au-center 1 -0.084 -0.084
Au-Br 3 -0.086 -0.028
Au-C 6 -0.067 -0.011
Br 3 -1.465 -0.488
NHC 6 2.703 0.45
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Figure S76.  Visualisation of frontier orbitals for [3b]".
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Figure S77.  Dipole transition contribution maps (DTCM) analysis for [3b]* — Principal axes of
moments of inertia.
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Figure S78. DTCM analysis for the lowest-energy peak (2.44 eV, shown in the bottom right panel) in
the UV—vis absorbance spectrum of [3b]*.

Bottom left panel shows the occupied electron states and the vertical panel on the right shows the empty
states. Red/blue areas in the map denote constructive/destructive contributions of the electron-hole
transitions to the total transition dipole. Along the dashed line, the hole-electron orbital energy difference
matches the peak energy. The occupied and empty electron states are decomposed by the elemental weights
as shown in the color coding.

S76



Energy, occ. states [eV] PLDOS [1/eV]
4 -3 -9 -1 0 0 2

| E
PR Out 4

Energy, unocc. states [eV]
A Y
Energy, unocc. states [eV]

[ 1]

€
Absorption

PLDOS [1/eV]

0 250 500 750
Energy, occ. states [eV] A [nm]

Figure S79.  DTCM for peak at E =3.07 eV.
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Figure S80. @ DTCM for peak at E = 3.54 eV.
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Figure S81.  DTCM for peak at E=3.94 eV.
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The preparation of a novel Aug cluster bearing a bidentate mixed
carbene-thiolate ligand is presented. The length of linker between
the central benzimidazole and thiolate has a strong effect on the
formation of cluster products, with a C, chain giving an Aug cluster,
while a C;3 chain results in no evidence of cluster formation. Density
functional theory analysis predicts a non-metallic cluster with a
large HOMO-LUMO (3.2-3.6 eV) and optical gap.

Metal nanoclusters (NCs) are interesting structures that bridge
the gap between classical molecular metal complexes, and metal
nanoparticles (NPs)." Unlike metal NPs, which are aggregates
described by average size, metal NCs are atomically precise
species with discrete molecular formula.>® Gold is by far the
most common metal employed in the preparation of metal NCs,*
including coordination clusters and superatom clusters.” In
coordination clusters, all Au atoms are in the 1+ oxidation state.
These clusters are held together by a combination of bridging
ligands and aurophillic interactions.® Superatom clusters are
primarily Au(0) core with defined numbers of valence electrons
in a closed-shell electronic configuration. The large majority of
these clusters are stabilized by thiolate ligands,” in addition to
other X-type ligands,**® and phosphines.’

N-Heterocyclic carbenes (NHCs) are emerging as valuable
ligands for the protection of metallic materials, including both
types of nanocluster.'® In a recent report, Corrigan described
an Aug cluster (I, Chart 1), in which a central Au, core is
supported by bridging thiolate moieties, and surrounded by 4
additional Au atoms each appended by an N-heterocyclic
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carbene—thiolate ligandf
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Chart 1 Examples of previously reported NHC-containing gold clusters:
[Aug(IPr)aSal ;% 1P IMAW6(R®-CN%* ()% [(NHC)sAusl* (1I);*>*¢ and
[Auy3(®"Bimy)oClsl?* (IV).8

carbene. Coordination cluster II, [(Im'Pr,-Au)g(ie-C)][BF4l2
described by Shionoya et al, has an anti-prismatic (Au')s core
with an endohedral carbon that is formally C*~ (Chart 1, Im'Pr, =
1,3-diisopropylimidazol-2-ylidene)."® Both of the aforementioned
clusters benefit from significantly higher stability than related
coinage metal clusters stabilized by phosphines.’”

Recent reports of NHC-stabilized Au superatom clusters have
also appeared, including [Au,]" clusters reported by Sadighi'® and
Bertrand (I, Chart 1)."° The first NHC-protected superatom
clusters with larger cores were reported recently, stabilized by
mixtures of NHCs and phosphine ligands,?® or entirely by NHC
ligands™! (Iv, Chart 1).>' Although NHCs and thiolates form the
strongest bonds to gold, there are very few examples of ligands
bearing both binding moieties within the same ligand.>* Since
these few examples have proven successful in the protection of
nanoparticles?* and nanorods,”®” we began a study of the
behaviour of mixed NHC thiolate ligands on gold clusters.

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Synthesis of ligand precursors, and gold complexes 4a and 4b.

To prepare the desired ligands, we began with 1-isopropyl-
benzimidazole (1), given our success working with benzimidazole-
based NHCs bearing isopropyl wingtips.'"> The sulfur-containing
wingtip was added by reaction of 1 with a dibromoalkane followed
by potassium thioacetate (Scheme 1). For these ligands, C, and C;
linkers were explored to permit greater conformational flexibility
than a C, yet keep the two metal ligation points close enough for
reliable cluster formation.

With the ligand salts in hand, Au(NHC)Br complexes 4a and
4b were prepared by reaction of 3a and 3b with Au(SMe,)Cl
respectively, in the presence of K,CO; in refluxing acetone to
afford the desired complexes in high yields after workup
(Scheme 1).>* In the case of 4a, crystals of suitable quality for
single X-ray diffraction analysis were obtained from a 3:1
n-hexane : CH,Cl, mixture that was stored at —20 °C overnight.
(Fig. 1). This revealed that 4a exists as a neutral monomeric
species, with the pendant sulfur unligated to Au, and the Br atom

N1

Fig. 1 Molecular structure of 4a. Hydrogen atoms have been omitted for
clarity. Selected bond lengths (A) and angles (°): Au(1)-Br(1) 2.3986(4),
C(1)-Au(1) 1.995(3), N(1)-C(1) 1.353(3), N(2)-C(1) 1.349(4); C(1)-Au(1)-Br(1)
176.52(8).

This journal is © The Royal Society of Chemistry 2020
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Scheme 2 Synthesis of Aug cluster 5a.

still coordinated to Au, rather than a dimer with sulfur bound to
gold and Br™ ion displaced to the outer coordination sphere.

Hydrolysis of 4a and 4b to reveal the thiolate was achieved
by treating a methanol solution of the adduct with a degassed,
aqueous solution of HBr (Scheme 2). This mixture was heated
for 16 hours at 65 °C. In the case of 4a, this produced a
colourless powder after workup (5a, Scheme 2). Positive mode
ESI-MS revealed the presence of a 2+ peak at 1029.0910 AMU,
consistent with a product containing a cluster of the formula
[(NHC-S),Aug]*". In the hydrolysis of 4b however, no product
containing more than one Au centre was observed, with the bis-
NHC cation [(NHC-SH),Au]" the major observed product by
ESI-MS, demonstrating the importance of the precise length of
the tether separating the NHC from the thiolate.

Cluster 5a was recrystallized from EtOH/H,O as colourless
blocks following anion exchange with [NH,][PF,]. The molecular
structure revealed a distorted anti-prismatic central Aug core,
supported by four NHC-thiolate ligands, in good agreement with
the product observed via ESI-MS analysis. Thus, the cluster cation
can be considered to be comprised of two neutral [(NHC-S),Au,]
units, with the additional Au” centres held in a staple-type bond
between these two fragments. This results in a see-saw geometry
for each of the non-carbon-bound Au' atoms, with S-Au‘-S
angles of 177.55(5)°, comparable to the pseudo-linear geometry
of the staples observed in other thiolate-protected Au clusters.”**
The Au---Au distances (3.426 A) are significantly longer than
those found in I (¢f 2.9282(3)-3. 0548(3) A 1 (2.9282(3)-
3.0548(3) A),’® I (2.6438(5)-2.6633(5) A),"® or IV (2.7488(8)-
3.006(1) A),>'* which display greater covalent character in their
bonding. It can therefore be reasonably assumed that there are
no covalent Au- - -Au interactions within the cluster.

Due to the presence of two Au" atoms that are not directly
attached to the carbenic carbon of the NHC ligand, we were
intrigued at the possibility of reducing these two gold centres
via two discrete Au(i) — Au(0) reductions. This transformation
would result in conversion of a coordination cluster containing
all Au(i) atoms into a two-electron superatom Au cluster.
Analysis of a 0.100 M solution of 5 by circular voltammetry
did in fact show two irreversible reduction events, one at —0.6 V,
and the second at —1.4 V (Fig. S23, ESI{), however it was not
possible to tell whether the cluster remained intact after the
second reduction. Therefore, we attempted chemical reduction
with a variety of reducing agents to determine whether Au(0)

Chem. Commun., 2020, 56, 6102-6105 | 6103
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HOMO LUMO

Fig. 2 (A) Molecular structure of cationic portion of [Aug{"Bnim-C,Ha-(13-S)}41%* (5a). For clarity, all hydrogen atoms have been omitted. (B) Calculated
frontier molecular orbitals of 5a, with HOMO (left) and LUMO (right). For additional data on the molecular structure, and additional views of calculated

orbitals, please refer to the ESI.¥

clusters could be obtained, however, all synthetic attempts to
obtain the neutral, doubly-reduced cluster were unsuccessful.

Density functional theory (DFT) computations were per-
formed to provide insight into the electronic structure and
optical properties of 5a (for technical details, please see the
ESIt). Optimization of the atomic structure with a total cluster
charge of 2+ was done starting from the experimental crystal
structure and using the PBE (Perdew-Burke-Ernzerhof) exchange-
correlation functional.>® Subsequently, the electronic structure and
optical properties were analysed by re-calculating the wave
functions in the PBE-optimized structure (Fig. S24, ESIT) using
the GLLB-SC (Gritsenko-van Leeuwen-van Lenthe-Baerends with
solid correlation) potential.>® Optimization kept the overall
cluster structure unchanged, although the Au-Au distances were
overestimated by 2-4% which is typical for the PBE functional
(Table S13, ESIt). Both functionals predict a very large energy
gap (PBE: 3.22 eV and GLLB-SC: 3.55 eV) between the highest
occupied (HOMO) and lowest unoccupied (LUMO) molecular
orbitals and subsequently the cluster absorbs only in the UV
region. Comparison of the measured (CH,Cl,) and computed
optical spectra in Fig. 3 shows that the GLLB-SC spectrum yields a
rather good agreement with the measured data. The first weaker
absorption in the experimental spectrum around 325 nm is
reproduced well. A double-peak main absorption, which shows
in the experimental data just below 300 nm, is slightly blue-
shifted in the computed spectrum. Furthermore, there is a peak
in the computed spectrum close to 250 nm, probably corres-
ponding to the rising absorption in the measured data to the blue
from 250 nm.

Electronic state analysis (Fig. S25, ESIT) and visualization of
a few frontier orbitals (Fig. 2B and Fig. S26, ESIT) revealed that
many of the frontier orbitals have a mixed ligand-metal character
and are lacking a clear superatomic symmetry. Rather they are
of bonding-antibonding character between each metal atom,
as would be expected for a coordination cluster complex.

6104 | Chem. Commun., 2020, 56, 6102-6105
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Fig. 3 Comparison of the computed (red, GLLB-SC functional) and the
measured (green, in CH,Cl,) optical absorption spectrum of 5a in UV-vis
region. The computed spectrum is folded from the oscillator strengths
(blue lines) of individual transitions using 0.1 eV Gaussian broadening. No
energy shift or intensity scaling is applied to the computational data.

This agrees with the chemical formula of 5a, where all Au
atoms are in the 1+ oxidation state, and the cluster has a total
2+ charge.””

Analysis of the optical absorption spectrum (Fig. 3) in terms
of dipole transition contribution maps showed that the two
lowest-energy absorption peaks at 3.78 eV and 4.41 eV (Fig. S28
and S29, ESIT) have a strong ligand-to-metal character, while
the peak at 4.57 eV has also metal-to-metal contribution, where
the holes are formed in the occupied metal states around —3 eV
(Fig. S30, ESIY).

In conclusion, we have synthesized novel Au, clusters using
a bidentate, mono-anionic mixed NHC-sulfide ligand. The clusters

This journal is © The Royal Society of Chemistry 2020
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form as non-metallic di-cations. The cluster formation is sensitive
to the chain length of the sidearm between the central benzimi-
dazolylidine and the pendant thiolate, with a C, chain resulting in
cluster formation and C; sidearm resulting in only monomeric Au
species being detected. Further work to investigate novel homo-
leptic clusters with similar mixed ligand system is ongoing at
this time.
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4. Computational data
4.1 Computational analysis of cluster Sa.

4.1.1 Figure S24: Relaxed structure of 5a calculated using PBE functional.
Au atoms are labeled as 1-6 in reference to Table S13.

4.1.2 Figure S25: Gold-projected density of states for 5a.
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4.1.3 Figure S26: A few frontier orbitals for Sa.
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4.1.4

4.1.5 Figure S27: Dipole transition contribution maps (DTCM) analysis for Sa — Principal axes

ChemComm

Table S13: Shortest Au-Au distances in Sa.

Au-Au Experimental geomeEry Optimized geoﬂmetry
Distance [5a][PFs]; (A) distance (A)
1-6 3.537 3.637
1-5 3.426 3.582
1-3 4.633 4.753
1-4 3.537 3.600
2-3 3.537 3.597
3-4 3.426 3.592
3-5 3.537 3.626

of moments of inertia.
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4.1.6  Figure S28: DTCM for peak at E =3.779 eV.

Red / blue areas indicate constructive / destructive contributions of individual transitions to the total
dipole moment. PDOS is analysed as projected to atomic Au s, p, d components. The grey area denotes
orbital weights in ligands.
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4.1.7 Figure S29: DTCM for peak at E =4.413 eV.
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4.1.8 Figure S30: DTCM for peak at E =4.570 eV.
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The use of metal nanoclusters is strongly reliant on their size and
configuration; hence, studying the potential isomers of a cluster is
extremely beneficial in understanding their performance. In gen-
eral, the prediction and identification of isomer structures and their
properties can be challenging and computationally expensive. Our
work describes an investigation to find local isomers for the previously
experimentally characterized small gold cluster [Aug(NHC-S),1** pro-
tected by bidentate mixed carbene-thiolate ligands. We employ the
molecular dynamics simulation method where the interatomic forces
are calculated from density functional theory. We find several isomers
that are more stable than the isomer corresponding to the experimental
crystal structure, as well as a significant impact of the finite-
temperature atom dynamics on the electronic structure and optical
properties. Our work highlights the growing need to investigate
ligand-stabilized metal clusters to uncover isomerism and tempera-
ture effects on their properties.

Ligand-protected metal nanoclusters (NCs) have a wide range of
applications due to their unique properties.'™ In order to
investigate metal NCs and their characteristics, it is important
to consider the influence of ligand groups.*® A broad range of
different ligands like chalcogenates, phosphines, alkynyls and
N-heterocyclic carbenes (NHCs) have already been used.’>°
Among all, gold clusters, in particular, have sparked consider-
able attention, for example due to their catalytic activity when
supported by metal oxides.”’ A rising number of research
studies have shown that the physicochemical properties of
metal NCs are substantially impacted by the presence of
different isomers, which influences the crystallization of the
main NC.>>** However, this study demonstrates that the crys-
tallized structure is not automatically the most stable isomer in
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the gas phase or in solution, which raises intriguing questions
regarding how the presence of isomers affects crystallization or
the catalytic activity of NCs in different conditions.

Computational methods provide a controlled way to study
isomers. Properties of thiolate-protected gold NCs have been
extensively studied using density functional theory (DFT) tech-
niques. As an example, a study on the Au,g(SR),, cluster™
suggested a novel isomer with relatively high stability
composed of the same Au,, kernel but a different ligand shell
compared to the two experimentally reported structures. It
showed also that the new isomer is an important link in the
formation of Au,,(SR)1g, Auz4(SR),, and Auyg(SR),, clusters. In
another DFT study,”” two low-lying Au,g(SR),, isomers were
suggested successfully and three isomerism mechanisms were
identified by studying the crystallized Ausg(SR)24, AUng(SR)s0,
and Auz(SR)y4 clusters.

DFT studies offer significant insight on isomerism, but
finding the potential structures can be a considerable chal-
lenge. Here, combining DFT with molecular dynamics (MD)
methods can help. A DFT-MD study, performed on
Auy5(SCH2CH2Ph),,*® revealed that from the two empirically
discovered isomers®>”*® the prolate shaped one is more stable
than the oblate one.

Although many experimental techniques are successful to
determine the atomic structure of metal NCs,*** finding the
presence of isomers is a difficult task by itself. In this regard,
computational work can inspire new experimental investiga-
tions. In a recent work, a new isomer structure for the widely
studied thiolate-protected gold cluster Au,5(SR),g was predicted
from DFT-MD calculations in 2020,°> and soon after, the
presence of this isomer was confirmed both in gas-phase
studies®® and in solution.?”

In this work, we investigate the previously characterized
[Aug(NHC-S),** cluster, protected by bidentate mixed
carbene-thiolate ligands, with the experimental crystal struc-
ture provided in ref. 6. We performed DFT-MD simulations at
three temperatures (approximately 145 K, 280 K and 475 K) with
a goal to characterize the impact of temperature on the
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structural, electronic and optical properties. Our study reveals a
systematic understanding of how temperature impacts the struc-
ture-property relations of the above-mentioned cluster. The most
important findings are: (i) new isomers with a lower total energy
than the structure reported from the experiment, (ii) demonstration
of the effect of crystal environment on the isomer structure, (iii) a
strong temperature dependence of the energy gap between the
highest occupied and the lowest unoccupied molecular orbital (i.e.
HOMO and LUMO), (iv) a clear correlation between the size of the
HOMO-LUMO energy gap and a descriptive structural parameter of
the cluster, and (v) shifting and splitting of the absorption peaks in
the UV-vis spectrum due to temperature effects (dynamics of single-
electron orbitals) as compared to the calculations for the known
static structure.

The experimental crystal structure (ref. 6) was used as our
initial point for the calculations. Density-functional theory
(DFT) implemented in the real-space code-package GPAW>®
was used to calculate the wave functions and eigenenergies
for the Kohn-Sham states. Relativistic effects for gold are
included in GPAW setups. All DFT calculations were performed
using the PBE (Perdew-Burke-Ernzerhof) functional.®*® The
structural optimization has been done by 0.2 A grid spacing
and 0.01 eV A™* convergence criterion for the maximum forces
acting on atoms in the cluster. Molecular dynamics (MD)
simulations were done using the Langevin thermostat with
0.01 friction parameter and 2 fs time step that is justified by
treating all hydrogen atoms as deuteriums during the simula-
tion. The dynamics was collected at three different tempera-
tures 145 K, 280 K and 475 K. The total length of the simulation
runs were 20 ps for 145 K, 10 ps for 280 K and 30 ps for 475 K
including heating. Analysis was done after the thermalization
stage, which takes less than 2 ps at 475 K, ~4 ps at 148 K and
2 ps in the 280 K run. From these results, the 475 K run was
continued after the 280 K run. 120 optical spectra were calcu-
lated after thermalization for the MD snapshot structures with
an increment of 65 steps using 145 K and 475 K data and 50
spectra with an increment of 65 steps using 280 K data.
Absorption spectra were calculated using linear response time
dependent density functional theory (Ir-TDDFT) as implemen-
ted in GPAW software.*® Spectra were calculated using 0.25 A
grid spacing and the PBE functional for the wavefunctions and
for the Ir-TDDFT kernel.

A previous study on [Aus(NHC-S),]*" revealed that this
cluster is made up of an anti-prismatic central Aug core
supported by four NHC-thiolate ligand groups composed of
two neutral [(NHC-S),Au,] staple-type units. The PBE-relaxed
single crystal structure, shown in Fig. 1, was used as our
starting point to run DFT-MD calculations at three different
temperatures: 145 K, 280 K, and 475 K. Fig. 1a depicts two gold
atoms Au, and Auy, which are uniquely positioned as part of
the SR-Au-SR staple units, and the distance between the two
gold atoms and the dihedral angle shown in Fig. 1b and c,
respectively, are used as two of the key parameters to study the
isomer configurations.

Fig. 2 shows the total energy behavior of the system at three
temperatures 145 K, 280 K and 475 K as a function of time. To
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(a)

Fig.1 (a) PBE-optimized structure of [Aug(NHC-S)41%*. (b) Au,-Auy dis-
tance — 4.74 A part of the SR-Au-SR linear motif. (c) Dihedral angle —
89.10° in S-Au-Au-S. (Au: golden, S: red, N: blue, C: gray, H: white).
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Fig. 2 Total energy as a function of time for DFT-MD runs in (a) 145 K,
(b) 280 K and (c) 475 K. The selected isomers are labeled 1-7.

find potential isomer configurations, seven structures from the
MD-runs were chosen and optimized (labeled in Fig. 2 and
visualized in Fig. S2, ESIT) based on their proximity to the local
minimum in terms of energy. The previously introduced Au,-
Auy, bond and dihedral angle were determined to analyse the
differences of the structures. The results presented in Table S1
(ESIt) indicate that the Au,-Au, distance varies between
3.51 A—3.83 A, and the dihedral angles get values between
94° and 106°. Compared to the crystal structure there is a
considerable change in the structure that gets more compact
and twisted by the two protecting unit ends, which happens
without any bond breaking. As a general trend, the largest
twisting connects to the most compact structures. Interestingly,
the crystal structure is not part of the structural phase space
seen in the MD-simulation. With an energy of 0.19-0.42 eV per
cluster, all the observed isomers are more stable than the single
crystal structure. The most stable structure is the isomer
number 2 as labeled in Fig. 2 at 145 K (check the structure
for isomer 2 in Fig. S1a (ESI{).

Next, we studied systematically dynamical and structural
effects on the electronic structure of the cluster at different
temperatures. Fig. 3 shows the distribution of the energy gap
values between the HOMO and LUMO as a function of the Au,-
Auy, distance at 145 K, 280 K, and 475 K.

The initial distance for the relaxed single crystal cluster is
4.74 A, and the HOMO-LUMO gap is 3.22 eV. As shown in
Fig. 3, universal correlation can be seen at all three tempera-
tures; the HOMO-LUMO energy gap value is lower for config-
urations with shorter Au,-Au, distance. Furthermore, the

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Heat and distribution maps of the HOMO-LUMO gap variation
with respect to the Au,—Aup, distance at three temperatures: (a) 145 K,
(b) 280 K and (c) 475 K. Lighter colors in the heat maps indicate the most
densely populated area with similar HOMO-LUMO energy gap values.

distribution of the HOMO-LUMO gap values (Fig. 3 right
vertical panels) is centered at about 2.85 eV for 145 K, 2.78-
2.85 eV for 280 K and 2.6-2.8 eV for 475 K. The shape
approaches normal distribution at higher temperatures. The
central region is the most densely populated area also based on
the scatter map plots. Note that the thermalization part has
been removed from the data.

Fig. 4 shows a diagram of the energy levels for occupied
states (a) and unoccupied states (b) as a function of time at
145 K. The energy of the HOMO state fluctuates strongly, within
0.5 eV, and over time this eigenenergy splits from the “band” of
lower-lying states. The energies of the other states either
increase or decrease in comparison to the PBE-relaxed crystal
structure, but with much smaller fluctuations than the HOMO.

It is now intriguing to see how the optical absorption
spectrum as one of the key signatures of electronic structure
changes. Optical absorption spectra were calculated for three
temperatures. Fig. 5 shows computed Ir-TDDFT spectra of the
static single crystal structure after structural optimization pre-
sented as a folded spectrum of electron-hole excitations com-
pared to the dynamical multi-structure spectrum calculated
from 145 K DFT-MD simulation. Temperature dependent spec-
tra are combined from the single particle transitions calculated
and collected for 120 snapshot structures that are chosen in
every 65 steps after thermalization.

Absorption spectra show that even minor changes in the
structure have a considerable impact on optical behaviour
(Au,-Au, bond lengths and dihedral angle values of the
selected isomers and single crystal structure are listed in
Table S1, ESIT). Optical absorption spectra of DFT-MD findings
in Fig. 5 show four absorption bands. The first peak appears

Py

A it AL b

' W.’rmmwwww

Energy (eV)

.10
Time (ps) Time (ps)

Fig. 4 Energies of the electron states (drawn in diverse colors) as a
function of time at 145 K for (a) occupied and (b) unoccupied states.
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Fig. 5 Optical absorption spectra in 145 K as combined from 120 snap-
shot structures (purple lines) chosen in every 65 steps compared to the
single crystal structure (yellow curve). Spectrum for the dynamic structures
is shown as a stick spectrum including all single particle transitions and
their oscillator strengths from the 120 structures that are collected into
energy bins (peaks I-1V). The spectrum of the optimized single crystal
structure is broadened by 0.1 eV Gaussians (peaks a—d).

around 400 nm (I) which is absent in the PBE-optimized single
crystal structure. The remaining peaks appear at about 350 nm
(I1), 310 nm (III) and 285 nm (IV) whereas the single crystal
structure displays two prominent peaks at 290 nm (d) and
335 nm (b) as well as two weak shoulders at 305 nm (c) and
355 nm (a). The first three absorption peaks (a), (b) and (c) in
the single crystal structure are blue-shifted, while the fourth
peak (d) shows a comparable agreement with that for DFT-MD
(IV). Absorption spectra calculated for 280 K display four peaks,
however, there are no discrete peaks in 475 K (check Fig. S3 for
280 K and Fig. S4 for 475 K results, ESIf).

To understand the origin of the optical absorption peaks for
the single crystal structure and dynamic structures, we com-
puted the dipole transition contribution maps (DTCMs). Fig. S5
(ESIT) shows DTCMs for the selected dynamic structure in
145 K. Red/blue dots in DTCMs represent the relative (strength-
ening/screening) contributions of single electron-hole excita-
tions to the total transition dipole moment. To reduce the
computational load, one representative structure from 120
configurations was selected for analysing the origin of the first
and the fourth absorption peaks. The selected structure has the
highest resemblance of peak locations to those of the combined
spectrum shown in Fig. 5, so that less costly DTCM computa-
tions could be obtained. The first and fourth absorption peaks
at 396 nm and 288 nm (shown by the arrows in the bottom right
panels) are analyzed in Fig. S5 (ESIt). The bottom horizontal
and right vertical panels illustrate the occupied (negative
energies) and the unoccupied (positive energies) electron
states. The absorption for the first peak at 396 nm arises from
the HOMO to LUMO+1 transition (Fig. S5a, ESIt), whereas the
second peak (Fig. S5b, ESIT) has several contributions from
states below the HOMO to states above the LUMO. Higher
energy peaks are composed of increasing numbers of transi-
tions and are more collective (DTCMs for the third and the
fourth peaks at 145 K shown in Fig. S6a and b, ESIt). Fig. S5¢
(ESIt) depicts DTCMs for the optimized single crystal structure.
The first peak at 355 nm is combined of two main transitions
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from HOMO to LUMO+1 and HOMO—1 to LUMO. Note that the
finite-temperature dynamics splits this peak into two in
Fig. S5a (ESIf). This is due to the splitting and decoupling of
the HOMO away from the deeper states as shown in Fig. 4a.
(DTCMs for the third and fourth peaks for the chosen dynamic
structure shown in Fig. S6, ESI,¥ and DTCMs for the second,
third and fourth peaks for the relaxed crystal presented in
Fig. S7, ESIY).

To relate the observed crystal structure to the optimal gas
phase isomer, we did a 7.4 ps MD simulation starting from the
lowest-energy gas phase isomer 2, surrounding it with counter-
ions (10 PFs ) and solvent molecules (2 EtOH) in the crystal
structure symmetry.® The total charge was set to 8- and the
central P- and C-atoms of PF¢~ and EtOH were fixed. Interest-
ingly, the cluster changes spontaneously back to the crystal
structure conformation when heating starts, as shown in Fig. S8
(ESIT). Compared to gas phase isomers (Table S1 and Fig. S2,
ESIt), the Au-Au distance increases drastically and fluctuates
around 4.6 A. Simultaneously, the S-Au-Au-S dihedral angle
decreases and oscillates around 85°. Hence, isomerization
happens spontaneously in both directions between the gas
and crystal phases. Optimization of the packing and interac-
tions to counterions and solvent molecules in the crystal
stabilizes a structure that is not seen in the gas phase isomers.

We have shown that DFT-MD calculation is an effective
approach to analyze previously studied cluster [Aug(NHC-S),]** in
order to find possible isomers at different temperatures. The
current findings show the presence of at least seven isomers at
three different temperatures: 145 K, 280 K, and 475 K. The
isomer transition occurs at low temperature without any bond
breakage and is shown to be reversible if the cluster environ-
ment is changed. In general, we have shown that the optical
and electronic properties of a cluster can be very different
depending on the exact structure and therefore understanding
the isomerism better for protected metal clusters aids design-
ing them for different applications. In this study, we imply that
the crystallized structure is not automatically the lowest energy
isomer in the gas phase or vice versa. In contrast to the small
molecules, protected metal clusters are computationally more
demanding and it is not self-evident whether their crystal, gas
or solution phase structures should or should not be the same -
even less is understood regarding how isomerization affects
properties such as the catalytic activity.
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Supporting Information:

Table S1. Au.-Au, distance part of SR-Au-SR linear motif and dihedral values in S-Au-Au-S including relaxed
energy values.

Temp. (K) IST;TZI"eZuir:Eiegrszas Dihedral angle [°] Distance [A] Relaxed energy [eV]
: S-Au- Au -S Au-Au
- Static crystal 89.3 4.7 0
structure
145 1 100.4 3.6 -0.40
145 2 101.6 3.8 -0.412
280 3 103.6 3.6 -0.32
280 4 99.4 3.7 -0.33
280 5 100.4 3.8 -0.35
475 6 94.7 3.8 -0.19
475 7 106.6 3.5 -0.33
(a)

Fig. S1 (a) Optimized structure of isomer 2 (as labeled in Fig. 2), (b) optimized structure of static single
crystal structure. The Au-Au distance in isomer 2 is 3.8 A and dihedral angle value is 101.6°, the Au-Au
distance in single crystal structure is 4.7 A and dihedral angle is 89.3°.
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Fig. S2 Optical absorption spectra in 280 K as combined from 50 snapshot structures (purple lines) chosen
in every 65 steps compared to static single crystal structure (yellow curve). Spectrum for the dynamic
structures is shown as a stick spectrum including all single particle transitions and their oscillator strengths
from the 50 structures that are collected into energy bins. The spectrum for optimized static crystal

structure is broadened by 0.1 ev Gaussians.

Fig. S3

Absorption (a.u.)
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Optical absorption spectra in 475 K as combined from 120 snapshot structures (purple lines) chosen in
every 65 steps compared to static single crystal structure (yellow curve). Discrete peaks oscillator strengths

are not visible at 475 K, as they are in 145 K and 280 K.
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Fig. S4 DTCM for the chosen dynamic structure showing strengthening and sreening contributions in red
and blue respectively for the selected absorption peak that is label with the spectrum in the lower right
panel (a) peak Il (b) peak IV. The occupied and the unoccupied electron states are shown in the bottom left
sub-plot and on the right sub-plot respectively.
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Fig. S5 The same as in Figure S4 but the peaks second, third and fourth for relaxed crystal structure in (a),
(b) and (c) panels respectively.
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