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Abstract

Thiolate-protected noble metal nanoparticles (~2 nm size) are efficient solar photon
harvesters, as they favorably absorb within the visible region. Clear mechanistic insights
regarding the photo-physics of the excited state dynamics in thiolate-protected noble metal
nanoclusters are important for future photocatalytic, light harvesting and photoluminescence
applications. Herein, the core and higher excited states lying in the visible range are investigated
using the time-dependent density functional theory method for different thiolate-protected
nanoclusters. Nonadiabatic molecular dynamics simulations are performed using the fewest
switches surface hopping approach with a time-dependent Kohn-Sham (FSSH-TDKS)
description of the electronic states with decoherence corrections to study the electronic relaxation
dynamics. Calculations on the [Allzs(SH)lg]f1 nanocluster showed that relaxations between core
excited states occur on a short time scale (2-18 ps). No semiring or other states were observed at
an energy lower than the core-based S; state, which suggested that the experimentally observed
picosecond time constants could be core-to-core transitions rather than core-to-semiring
transitions. Electronic relaxation dynamics on [Au25(SR)1g]'1 with different R ligands (R = CH3,
C,Hs, CsH7, MPA) [MPA = mercaptopropanoic acid] showed that all ligand clusters including
the simplest SH model follow a similar trend in decay within the core states. In the presence of
higher excited states, R= H, CHs, C,Hs, CsH; demonstrated similar relaxations trends, whereas
R=MPA showed a different relaxation of core states due to a smaller LUMO+1-LUMO+2 gap.
Overall, the S; state gave the slowest decay in all ligated clusters. An examination of separate
electron and hole relaxations in the [Auzs(SCHg)lg]'1 nanocluster showed how the independent
electron and hole relaxations contribute to its overall relaxation dynamics. Relaxation dynamics
in the Au;3(SH);4 nanocluster revealed that the S; state has the slowest decay, which is a
semiring to core charge transfer state. Hole relaxations are faster than electron relaxations in the
Au;g(SH) 4 cluster due its closely packed HOMOs. The dynamics in the Auss(SH),4 nanocluster
predicted that the slowest decay, the decay of S;; or the combined S;1-S12, S;-S;-Se-S7 and S4-Ss-
So-Sip decay, involves intracore relaxations. The phonon spectral densities and vibrational
frequencies suggested that the low frequency (25 cm™) coherent phonon emission reported
experimentally could be the bending of the bi-icosahedral Au,; core or the “fan blade twisting”

mode of two icosahedral units. Relaxation dynamics of the silver nanoparticle [Ags(SR)s]™"



showed that both [Ag25(SH)1g]71 and [AU25(SH)18]71 follow a common decay trend within the
core states and the higher excited states.

A real-time TDDFT investigation on a set of linear gold nanowires Au,, (m =4, 6, 8, 10,
12) indicated that the longitudinal peak splits due to the involvement of interband transitions.
Time-dependent occupation numbers and their Fourier transformed spectra revealed a dominant
single particle transition (£, 2 ,1;) in the longitudinal peaks that is coupled with less probable
d-band transitions (d = X). The transverse modes are constructed from a coupling of two or

more single particle transitions with X, = IT, character.
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Abstract

Thiolate-protected noble metal nanoparticles (~2 nm size) are efficient solar photon
harvesters, as they favorably absorb within the visible region. Clear mechanistic insights
regarding the photo-physics of the excited state dynamics in thiolate-protected noble metal
nanoclusters are important for future photocatalytic, light harvesting and photoluminescence
applications. Herein, the core and higher excited states lying in the visible range are investigated
using the time-dependent density functional theory method for different thiolate-protected
nanoclusters. Nonadiabatic molecular dynamics simulations are performed using the fewest
switches surface hopping approach with a time-dependent Kohn-Sham (FSSH-TDKS)
description of the electronic states with decoherence corrections to study the electronic relaxation
dynamics. Calculations on the [Allzs(SH)lg]f1 nanocluster showed that relaxations between core
excited states occur on a short time scale (2-18 ps). No semiring or other states were observed at
an energy lower than the core-based S; state, which suggested that the experimentally observed
picosecond time constants could be core-to-core transitions rather than core-to-semiring
transitions. Electronic relaxation dynamics on [Au25(SR)1g]'1 with different R ligands (R = CH3,
C,Hs, CsH7, MPA) [MPA = mercaptopropanoic acid] showed that all ligand clusters including
the simplest SH model follow a similar trend in decay within the core states. In the presence of
higher excited states, R= H, CHs, C,Hs, CsH; demonstrated similar relaxations trends, whereas
R=MPA showed a different relaxation of core states due to a smaller LUMO+1-LUMO+2 gap.
Overall, the S; state gave the slowest decay in all ligated clusters. An examination of separate
electron and hole relaxations in the [Auzs(SCHg)lg]'1 nanocluster showed how the independent
electron and hole relaxations contribute to its overall relaxation dynamics. Relaxation dynamics
in the Au;3(SH);4 nanocluster revealed that the S; state has the slowest decay, which is a
semiring to core charge transfer state. Hole relaxations are faster than electron relaxations in the
Au;g(SH) 4 cluster due its closely packed HOMOs. The dynamics in the Auss(SH),4 nanocluster
predicted that the slowest decay, the decay of S;; or the combined S;1-S12, Si-S;-Se-S7 and S4-Ss-
So-Sip decay, involves intracore relaxations. The phonon spectral densities and vibrational
frequencies suggested that the low frequency (25 cm™) coherent phonon emission reported
experimentally could be the bending of the bi-icosahedral Au,; core or the “fan blade twisting”

mode of two icosahedral units. Relaxation dynamics of the silver nanoparticle [Ags(SR)s]™"



showed that both [Ag25(SH)1g]71 and [AU25(SH)18]71 follow a common decay trend within the
core states and the higher excited states.

A real-time TDDFT investigation on a set of linear gold nanowires Au,, (m =4, 6,
8, 10, 12) indicated that the longitudinal peak splits due to the involvement of interband
transitions. Time-dependent occupation numbers and their Fourier transformed spectra revealed
a dominant single particle transition (£, = Z,:) in the longitudinal peaks that is coupled with
less probable d-band transitions (d = X). The transverse modes are constructed from a coupling

of two or more single particle transitions with X, = II, character.
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Chapter 1 - Introduction

1.1 Noble metal nanoparticles

“Noble metals” are metals that are resistant to oxidation occurring under normal
environmental conditions. These metals are considered precious due to their low abundance.
Among the various noble metals, gold and silver have drawn an enormous interest since ancient
times. According to historical reports, gold and silver have been used in coloration of ceramics
and glasses' and for medicinal field applications as an antimicrobial agent.” However, their
nanoscale structures were not known in ancient times. Since then, gold and silver noble metal
nanoparticles have contributed to major advances in science through their applications in optics,

biomedical sensing,” energy conversion and storage®”’ and catalysis.* "’

1.1.1 Monolayer protected noble metal clusters

The discovery of the gas phase clusters'” has lead the foundation to the early monolayer
protected clusters (MPC). The synthesis of the noble metal nanoparticles using protecting ligands
has evolved over time. In the early days, there were several reports on phosphine-protected noble
metal clusters.””"® Among MPCs, gold has been studied extensively due to its high stability
under ambient conditions. In this thesis, I will mainly discuss thiolate-protected noble metal
clusters. Significant developments have occurred to understand the correlation between the
geometric structures of the MPC and their optical properties. In 2007, the first X-ray crystal
structure of a MPC, specifically Au;jp2(SR)44 [SR = p-mercaptobenzoic acid (p-MBA)], was
determined'® and it was shown that a small gold core is protected by Au(SR), and Aux(SR);
semiring motifs rather than a large gold core protected with thiolate ligands. A similar
observation occurred with the determination of the crystal structure of Auzs(SR)lg'1 in 2008.2%!
These types of semiring motifs have been suggested in the “divide and protect” concept
introduced in 2006.%

The electronic stability of the MPC can be explained in terms of the superatom model.*

In the superatomic model, stability is decided based on the ligand-core interactions of the

nanoparticle. If the MPC is defined as AuNXMLSZ,24 where X is a one-electron withdrawing or



localizing ligand and L is a Lewis base type ligand, then the electron count n of this cluster can
be calculated as,
n=Nvy,—M-—z (1.1)

Here, N is the number of the gold or silver atoms. v, is the atomic valence, which is 1 for
both gold and silver. M is the number of localizing ligands and § is the number of Lewis base
type ligands in the MPC. z is the total charge of the system. For an approximately spherical
system, the Aufbau rule for filling the superatomic orbitals are in the order of
1S%1PY1D"2S* 1F2P°1GY|..., where S-P-D-F-G- denote the angular momentum quantum
number. When n corresponds to a shell closing “magic number” such as 2, 8, 18, 34, 58, ... the
spherical MPC is electronically stable. When n does not correspond to a magic number, that
MPC should be non-spherical. However, the stabilities of the Au;44 and larger thiolate-protected
gold nanoclusters can be decided based on the geometric shell closure rather than the electronic

shell filling.”>*’

1.1.2 Optical properties of thiolate-protected gold and silver nanoparticles

Gold and silver nanoparticles in the 10-100 nm size regime demonstrate unique optical

231 ncluding the surface plasmon resonance (SPR) phenomenon. The SPR is the

properties
collective oscillation of conduction electrons in the presence of an electric field.*> Classical
electromagnetic theory can be used to explain the plasmonic properties of these larger
nanoparticles.”” The ultra-small size (2-3 nm in diameter of the metal core) of MPC
nanoparticles places them in between small molecules (e.g. metal-ligand complexes) and
plasmonic metal nanoparticles. These ultra-small nanoparticles have strong quantum size effects
due to the discrete energy levels of electrons and hence result in multiple absorption bands in the

optical absorption spectra.’**> Therefore, quantum mechanical calculations are required to

understand their optical properties.

1.1.2.1 Au,5(SR);s

The Auys(SR);s nanocluster has been extensively studied both experimentally and

36-37

theoretically due to its exceptional stability and interesting optical properties. Auys(SR);g has

crystallographically resolved charge states of -1, 0, +1?°! 3*3% that are stable irrespective of



their charge.*” The cluster consists of a Aus icosahedral core surrounded by six “V-shaped”

20-21
1.

—SR—Au—SR—Au—SR- semiring motifs as shown in Figure

Figure 1.1 Crystal structure of a Au,s(SR);s cluster, where R=phenylethyl group (R groups
are not shown here) (A) the icosahedral Au;; core (B) Au;; core and the exterior 12 gold
atoms (C) Auys cluster protected by 18 thiolate ligands (magenta-Au; yellow-S) (Reprinted
with permission from J. Am. Chem. Soc. 2008, 130, 5883-5885. Copyright 2008 American
Chemical Society).

Time-dependent density functional theory (TDDFT) calculations have been performed on
the [Auys(SR)1s]" cluster to correlate the optical properties with its cluster geometry. The
experimental UV-vis spectrum has revealed three well defined bands at 1.8, 2.75 and 3.1 eV for
[Au25(SR)1g]'1. The theoretical spectrum for [Auzs(SR)lg]'1 agreed quite well with the experiment
especially in the spectral shape.”’ Figure 1.2A shows the Kohn-Sham orbital energy level
diagram for a model compound [Aus(SR)s]" and Figure 1.2B shows its theoretical absorption
spectrum. The a, b, ¢ labels in the Figure 1.2B refer to the peaks corresponding to the
experimentally observed peaks. According to the [Auas(SR);5]™ electronic structure, the sp-band
is comprised of the HOMO to LUMO+2 orbitals (Figure 1.2A), which has a higher contribution
from the 6sp atomic orbitals of gold (shown in green). Here, the HOMO is the highest occupied
molecular orbital and LUMO 1is the lowest unoccupied molecular orbital. The HOMO-1 to
HOMO-5 orbitals are made up of 5d atomic orbitals of gold and p orbitals from sulfur, which is
known as the d-band. The HOMO orbital of [Au,s(SR)s]" is approximately triply degenerate
and has the shape of a superatom P orbital, whereas the LUMO orbital is approximately doubly
degenerate. The first peak at 1.52 ¢V corresponds to a HOMO - LUMO transition, which is an

intraband, sp > sp transition. The next peak at 2.63 eV arises from mixed intraband sp = sp and



interband sp = d transitions. The peak at 2.91 eV arises mainly from an interband transition sp
->d.
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Figure 1.2 (A) Kohn-Sham orbital energy level diagram for Auys(SH)15” (B) The theoretical
absorption spectrum of Auzs(SH)lg'1 (Reprinted with permission from J. Am. Chem. Soc.
2008, 130, 5883-5885. Copyright 2008 American Chemical Society).

It has been shown that the HOMO-LUMO gap of [Auys(SR);s]™ is not significantly
affected by the thiolate ligand (R) attached.*”*' Both theoretical and experimental work have
been performed on the [Auss(SR)is]” cluster to discover the ligand effects on its optical
properties. The first absorption peak redshifts less than the second peak for R = CHs;, CH,CH3
compared to R = H in a density functional theory (DFT) study.*” In an experimental study, the
para-substituted phenyl groups in the Au,s(SCH,CH,Ph);s° have shown similar optical
absorption spectra with slight blueshifts in the second and third peaks.”’ A double peak has been
observed instead of the first main peak in the optical absorption spectra of [Auas(SR)is]”
theoretically™ and experimentally** when different ligands are used. The double peaks are
attributed to splitting of the superatom P orbitals due to longer ligands. In a theoretical study, as
the charge g of the Aus(SR)is? cluster goes from -1 to +1, an increase in the splitting of
superatomic P orbitals has been observed.*” A TDDFT investigation showed that the absorption
spectrum of [Au,s(SR)15]™ is slightly affected in the presence of a solvent.**

The photoluminescence of the [Auas(SR);s]”" nanocluster has been widely investigated
both experimentally and theoretically. Various experimental investigations have been carried out

46-47
d,

to understand the temperature,’® ligan and charge state dependence and the



photoluminescence mechanism of Au,s(SR);g nanocluster.***° The experimental emission of the
Au,s(SR);g cluster has been observed in the 1.15-1.55 eV range. Diverse photoluminescence
mechanisms proposed by the experimental groups have raised the question whether the involved
excited states arise from core-based orbitals, charge-transfer states, or from ligand-based states.
However, a recent theoretical investigation has proposed that the photoluminescence based states

arise from core-based orbitals and that there is no involvement of the semiring states.*

1.1.2.2 Other thiolate-protected gold and silver nanoparticles

TDDFT investigations have been carried to along with the crystal structure
determinations to understand the optical properties, their origin and to link the structure property
relations for various other thiolate-protected nanoparticles.”' ™’

Various sizes of thiolate-protected gold nanoclusters with different core:ligand ratios
have been determined by X-ray crystallography.*" °*** Extensive TDDFT calculations have been
used to predict cluster structures using theoretical absorption spectra. The Au;3(SR);4 nanocluster
is the smallest stable member of an “isoelectronic” 4 electron family.”> Tlahuice and Garzon
theoretically predicted a Aujg(SR)i4 structure®™ that has a prolate bi-tetrahedral Aug core
protected by two dimers (Aux(SR)3) and two trimer (Ausz(SR)4) semiring motifs. In 2014, Kamat
and co-workers showed that Au;s(GSH),4 absorbs strongly in the visible range,** which matched
with the UV-vis spectra reported by Xie and co-workers in 2013% for a similar cluster. Notable

peaks appeared at 580 nm and 620 nm.*

In 2015, two experimental groups of Jin and Zhu
crystallized the Au;s(SR);4 nanocluster in separate experiments. They obtained a similar
geometry despite different ligands used. ® They found that Aug(SR)y4 is charge neutral cluster
with a face-fused Aug bi-octahedral core. The core is protected by semiring motifs consisting of
one Auy(SR)s tetramer, one Auy(SR); dimer, and three Au(SR), monomers. The Aug core has a
+5 charge. The Aug core is larger than the Au; and Aug cores of Auyo(SR);s and Auys(SR)x,
respectively.®> °® The Auyo(SR)1s and Auss(SR)y are other members of “isoelectronic” 4e
nanocluster family. In Au;g(SR);4, strong interactions between the core and the semirings (strong
AUcore-AUgemiring bonds) have been reported. Similar strong core-semiring bonds have been
reported in Auso(SR)16.% Also, the ligand does not affect the geometric structure of this cluster.®

The experimental UV-vis absorption spectrum of Au;s(SC¢Hi1)14 showed peaks around 1.97,
2.18 and 2.76 eV® and the Zhu and co-workers have shown main peaks at 1.94, 2.14, 2.70 and



3.26 eV on a similar cluster.”” TDDFT calculations on these geometries have shown similar
peaks but with a redshift despite the different level of theories used (BP86/double-C valence and
PBE/TZP with ZORA level of theories).®> ® The first peak at ~ 1.9 eV was assigned to the
HOMO - LUMO transition which is a semiring to core charge transfer.®

Ausg(SR),4 1s one of the earliest theoretically predicted nanoclusters.®’” Aikens and co-
workers®™ found several lower energy geometries for the Ausg(SR),4 nanocluster by considering
the structure of the protective gold-thiolate layer. They showed that the D; isomer geometries are
stable than the Cj, isomer. This cluster consists of a faced fused bi-icosahedral Auys; core
protected by six Auy(SR); dimeric semirings and three Au(SR) monomeric semirings.®® Due to
its elongated gold core structure, the electronic structure of the Ausg can be explained through the
particle-in-a-cylinder (PIC) model and the orbitals can be expressed with X, I, A symmetries.
The core-shell structure of the Ausg(SR),4 nanocluster results in interesting optical properties.
There are four main peaks appearing in the visible region of the optical absorption spectrum. The
peaks up to 1.36 eV arise from intraband transitions and the peaks that lie in the 1.59-1.72 eV
range arise from a combination of intraband and interband transitions. The transitions out of the
ligand-based d-band into the sp-band are responsible for the fourth peak.®® A theoretical
investigation on the luminescence origin of the Ausg(SR).4 nanocluster suggested that the two
lowest energy fluorescence bands of the Auss(SH),4 nanoparticle arise predominantly due to a
HOMO — LUMO transition that involves core-based orbitals®® rather than the core-to-semiring
relaxations as predicted in experimental luminescence work.*

Similar to thiolate-protected gold nanoclusters, experimental and theoretical work has
also been performed to understand the structures and optical properties of thiolate-protected
silver clusters. Experimental observation of discrete optical absorption spectra for silver
nanoparticles with diameters less than 3 nm’® suggested that these nanoparticles could behave
similar to their gold counterparts. Ags(SR)39 was the first thiolate-protected silver nanoparticle
synthesized’' and its crystal structure has been resolved.” It is composed of a Ag;, icosahedral
core surrounded by a Agyy decahedral outer core. The core is protected by six Agy(SR)s
semirings. The HOMO of this cluster is a superatomic D orbital.”

Total structure determination of [Allzs(SR)lg]'1 lead to investigation of its silver analog
[Ag25(SR)1g]'1 and two other silver doped Au,s clusters. Aikens performed TDDFT calculations

on these predicted silver clusters to understand their optical and electronic properties.”



[Ags(SR)1s]" showed an electronic structure similar to its gold analog where the HOMO is
nearly triply degenerate and the LUMO is nearly doubly degenerate. The HOMO—->LUMO
transition has been observed around 1.64 eV with the SAOP/TZP level of theory. The HOMO-
LUMO gap of both silver and gold clusters are similar. However, the gap between the LUMO
and LUMO+1 is smaller for silver compared to the gold analog. Thus, the second peak in the
silver nanoparticle originated from a HOMO—->LUMO+1 transition. Later, the “golden” silver
nanoparticle, [Ag>s(SR)1s]”" was synthesized and characterized,” and its experimental UV-vis

absorption spectrum agrees well with the spectrum predicted by Aikens.

1.1.3 Optical properties of noble metal nanowires

Apart from the ligand-protected noble metal nanoclusters, bare nanoparticles of noble
metals also demonstrate unique optical properties. The surface plasmon resonances in these gold
and silver nanoparticles can be tuned depending on the size, shape, dielectric function and the
environment of the nanoparticle.”” During the past years, various shapes of gold and silver
nanoparticles have been synthesized such as nanorods, nanobars and nanowires.””’® Among the
various shapes of nanoparticles available, nanorods and nanowires have drawn significant
attention due the high sensitivity of their optical properties to their aspect ratios.””™ TDDFT
theoretical investigations have been performed on nanorods/nanowires with various sizes and

shapes®* ™’

to understand their interesting optical properties. The plasmon excitations in small
nanowires have been investigated using the linear response TDDFT method.® This method has
also been used to explore the optical properties of silver nanorods.* Real time TDDFT has been
used to study the end and central plasmon modes in linear sodium and silver chains.*>* Later,
the size dependence of electronic excitations in copper, silver and gold chains up to 26 atoms
was investigated.?’” Recently, the coherent plasmonic behavior of silver nanowires Ag,, (m= 4, 6,

8, 10, 12) was studied using a real time TDDFT method.*®

1.2 Excited state behavior of noble metal systems

Noble metal nanoclusters demonstrate features specific to their structures that could lead
to different relaxations. Precise interpretations of the excited state behavior of monolayer

protected gold and silver nanoclusters has been debated over time. The excited state relaxations



of the gold nanoclusters can be described based on several representations. The energy gap law is
one of the models used to explain the excited state relaxations; this law states that the excited
state lifetimes increase with the decrease in nanoparticle size.*® In other words, there is an
inverse relationship between the HOMO-LUMO energy gap and the non-radiative decay in these
systems.” It has been shown that the relaxations of gold nanoclusters that arise due to electron-
phonon interactions are less significant due to their discontinuous energy states.** °’ A common
view of the excited state relaxations in monolayer protected gold nanoclusters is that two
processes occur, including an ultra-fast relaxation that happens in the gold core (< 200fs) and a
subsequent internal relaxation of core-semiring charge transfer (~1ps).”””’ These long lived
semiring states can be responsible for the photoluminescence of the gold nanoclusters. The
semiring states have been suggested as the main contributor in the relaxation dynamics of the
gold nanoclusters.”' > *® The excited state relaxation dynamics of the gold nanoclusters can also
depend on the charge states, dopants, ligands and the solvent.”*"'%

A photoinduced electron transfer study on glutathione-protected gold nanoclusters has
suggested that a semiring state with a relatively long lifetime is responsible for the electron
transfer, which is of interest for light harvesting applications.** A different study has shown that
the charge transfer in glutathione-protected gold nanoclusters is dependent on the size of the
cluster.”* Aujg(SR)14 showed the highest electron transfer yield of ~4% among other gold
clusters in that photo-induced electron transfer investigation. In a different gold nanocluster-
sensitized solar cell experiment, Au;s(SR)14 was identified as a better sensitizer based on its
power conversion efficiency.'®*

Plasmonic-based solar water splitters have been developed over the past years to produce
solar fuels. In a plasmon-enhanced photocatalysis system, a semiconductor material (Ti0;) is in
contact with a noble metal nanoparticle (gold/silver) that has a surface plasmon resonance (SPR).
This combined noble metal-semiconductor composite system has shown enhanced photocatalytic

yields upon visible light irradiation (Figure 1.3)'%'%®
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Figure 1.3 The combined noble metal-semiconductor composite system. Electrons (e) in the
valence band (VB) are excited to the conduction band (CB) in titanium oxide (TiO;) by UV
light irradiation. The excited electrons migrate to the gold particles (Au) to facilitate
hydrogen production. The holes (h") created in the VB promote oxygen production.
(Reprinted with permission from SPIE Newsroom. DOI: 10.1117/2.1201201.00407).

Recently, the research groups of Tatsuma, Kamat, and Jin have shown that even the
traditionally non-plasmonic noble metal nanoclusters such as Au,s(SR);s" can also create a
photocatalytic enhancement upon visible light irradiation.” '®''® These smaller noble metal
nanoparticles are of great interest for photocatalysis due to several reasons. These noble metal
nanoparticles can have quantized double layer charging which can promote charge storage within

111

the nanoparticle.” Also, these smaller nanoparticles can create a larger shift of the apparent

Fermi level than larger particles.'

More importantly, these small thiolate-stabilized
nanoparticles can greatly absorb visible light from the solar spectrum. Despite of many studies,
the direction of the electron flow within the noble metal-semiconductor composite system is not
fully understood. It has been suggested that the mechanism of electron flow can vary depending
on whether visible light or UV light is used. Experimentally, several different interfaces between
the noble metal and TiO, have been studied since the interface is an important factor that affects
the rates of charge migration and recombination. The mercaptopropionic acid (MPA) linker can
be used to covalently attached the gold nanoparticle to the TiO, surface.''? Generating solar fuels

from photocatalysis is an interesting concept, but more development is needed due to the

inadequate current understanding of the fundamental physical principles involved.



1.2.1 Nonradiative relaxations of thiolate-protected noble metal nanoparticles

It is vital to investigate the excited state relaxations of thiolate-protected noble metal
clusters upon visible light irradiation to understand their photo-physics. Precise knowledge of the
photo-physics of thiolate-protected noble metal nanoparticles can eventually lead to further
development of its potential applications as mentioned in the previous section. Energy relaxation
dynamics investigations on different sizes and structures of thiolate-protected noble metal
nanocluster will allow us to elucidate their physical and chemical properties for the advanced
development of catalytic applications.”®®” ' 3116 Experimental work on thiolate-protected
gold clusters reported that fluorescence could arise from charge transfer (CT) interactions
between the ligands and the metal core.”” Hence, understanding the role played by CT and core

transitions in defining the excited state behavior of the thiolate-protected gold clusters is crucial.

1.2.1.1 [Auzs(SR) 5]

In the literature, various experimental depictions of electron relaxation dynamics from
excited states lying near the HOMO—-LUMO gap and from higher excited states of the
[Au25(SR)1g]'1 cluster are available. Very distinct time scales that range from the femtosecond to
nanosecond scale and different mechanisms for relaxation have been reported experimentally for
nonradiative relaxation dynamics of the [Auzs(SR)lg]'1 cluster.

Whetten, El-Sayed and co-workers''” have performed studies on a thiolate-stabilized gold
cluster which was later identified as the Auys cluster. Their transient absorption studies revealed
the luminescence lifetime to be on a nanosecond time scale or longer. At the same time, a fast
relaxation (750 fs) was observed and was attributed to relaxation from higher excited state(s) to
the lowest singlet excited state through internal conversion. The femtosecond relaxation
dynamics performed on the [Alhs(SCHzCHzPh)]g]il anion by Moran and co-workers”® showed
an extremely rapid internal conversion process, ~200 fs, which they attributed to the transitions
in the multilevel electronic structure of the Au;s core. A significant wave function overlap of the
states localized in the core atoms has been recognized as the reason for the ultrafast relaxation.
These core states include the HOMO—-LUMO which is approximately 6-fold degenerate and the
HOMO-LUMO+1, which is approximately 9-fold degenerate. They observed another decay

channel with a 1.2 ps internal conversion time scale, which they identified as a relaxation from
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the core to the semirings. Femtosecond time-resolved luminescence measurements on AupsLig
clusters (L = hexanethiol and glutathione) by Ramakrishna and co-workers suggested that higher
excited states have decay lifetimes of 200 fs to a few picoseconds and are relatively long-lived
compared to molecular excited states and excited states in larger nanoparticles.”

Jin and co-workers studied the ultrafast electron relaxation dynamics of anionic and
neutral Au,s(SR);s nanoclusters.'”® They reported that in both clusters, photoexcitation occurs
into two nondegenerate states near the HOMO-LUMO gap that are derived from the core
orbitals. A large difference between the lifetimes of the core excitations was observed for the two
clusters where the anion gives a decay rate more than 1000 times slower than the neutral cluster.
Knappenberger and co-workers studied the excited state relaxation dynamics in the AupsLig
cluster in its anion and neutral forms using time-resolved near-infrared transient absorption
spectroscopy.” A nonradiative core-to-ligand energy transfer process following the internal
conversion, on a few picosecond time scale, was identified as the main relaxation mechanism. A
~100 ps relaxation was reported for the anion where the relaxation starts from the excitation to
LUMO+I1 and not LUMO. Different excited state lifetimes have been identified for states as core
and CT type states for Au,s(SR)s clusters by Goodson and co-workers.”” The core states are
made of the HOMO—-LUMO transitions, whereas the CT states are the core—shell transitions.
They suggested that core states have a lifetime below 5 ps and the CT states had lifetimes above
I ns.

The excited states of glutathione-protected gold nanoclusters have been studied by Kamat
and co-workers.”® They reported a 780 ns long-lived excited state, which they assigned to a
ligand-to-metal transition. A 3 ps short-lived state has been ascribed to a metal core transition in
the reduced glutathione-stabilized gold cluster. In a different study, the size-dependence of the
excited state dynamics in glutathione-protected gold clusters was investigated. The Auys(GS);s
cluster has shown a rapid ca. 1 ps decay which was assigned to a metal-metal transition and a
slower decay of ca. 200 ns was identified which they identified as a ligand-to-metal charge
transfer.* A femtosecond two-dimensional electronic spectroscopy (2DES) study was
performed to understand the electronic relaxation dynamics on the superatom P and D states of
the [Auys(SCgHo)is] 1 Cluster by Knappenberger and co-workers.” Two distinct transitions
around 1.90 and 2.20 eV were identified, which are believed to arise from the HOMO-1;
HOMO-2 — LUMO+1;LUMO and HOMO—-1;HOMO—-2 — LUMO+2;LUMO+3 respectively.
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The hot electrons created in the excitations to LUMO+2 and LUMO+3 in the 2.20 eV excitation
rapidly relax to the LUMO within 200 fs via internal conversion. These higher LUMOs arise
from the Au sp conduction band. A rapid 85 fs decay has been reported for the 1.90 eV
excitation, which is assigned to an internal conversion of electron from LUMO+1 to LUMO. A
common decay to both the 1.90 and 2.20 eV excitations, which has a time constant of 300 fs for
the decay, was attributed to internal conversion of holes between the HOMO-2 and HOMO
states. A very recent theoretical study on the [Aups(SH)is]™' cluster proposed a mechanism
considering relaxations mainly within the core states. They supported the idea that the
relaxations are a sum of ring and core contributions.'”® Recently, Knappenberger, Jin and co-
workers studied the ligand and solvent dependent electronic relaxation dynamics of Auys(SR);s™
clusters.'”” This study concluded that intraband relaxation among the MPC superatom states is
mediated by low-frequency vibrations of the gold core.

In addition to the undoped [Auzs(SR)lg]'1 nanocluster, nonradiative relaxation
experiments have also been performed on doped versions of the [Auss(SR);s]" nanocluster. In
2010, Moran and co-workers studied the relaxation dynamics of the AuysPd(SCH,CH,Ph);g
cluster. They reported relaxation within the core within 50 fs and core-to-ligand internal
conversion with a decay constant of 500 fs which was similar to their relaxation dynamics on
Au,s(SCH,CH,Ph) g ~ %% Jin and co-workers investigated the effects of single atom doping on the
ultrafast electron dynamics of the M;Auy(SR);s (M=Pd, Pt) nanoclusters. Similar relaxation
pathways were observed for both Pt and Pd doped systems. However, the Pt dopant showed an
accelerated coupling between the metal core and the surface ligands compared to the Pd
dopant.'” A temperature dependent absorption and ultrafast exciton relaxation dynamics study
was performed on MAu,4(SR);5 clusters (M = Pt, Hg) to understand the role of the central metal
atom. Ultrafast transient absorption results have shown that Pt-doping leads to faster excited state

relaxation while the Hg-doping and undoped Auys relax to shell gold in a much longer time. '’

1.2.1.2 Other thiolate-protected gold nanoparticles

Various excited state relaxation dynamic experiments have been conducted on other
thiolate-protected gold nanoclusters such as Aujo-12(GSH)10-12, Au;s(GSH);3, Aulg(GSH)14,64
and AU33(SC2H4Ph)24.119 In 2014, Kamat and co-workers carried out ultrafast (femtosecond)

transient absorption spectroscopy and nanosecond transient absorption spectroscopy to
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investigate the excited state behavior of glutathione-protected clusters Auys(GSH);s,
Au;3(GSH) 14, Aus(GSH);3, and Aujo-12(GSH);0-12. They were able to determine the quantum
yield of electron transfer between the excited metal clusters and methyl viologen (MV>") to find
the size dependent properties. The study showed a rapid (< 1 ps) and a slower (~200 ns)
relaxation for larger sized clusters with core metal atoms while only a slower relaxation was
observed for the homoleptic (Aujo-12(GSH)j¢-12) clusters. The decay components were identified
as metal-metal transition and ligand-to-metal charge transfer, respectively. An increasing
photocatalytic reduction yield with decreasing cluster size (Auys < Aujg < Auys < Aujg-12) was
found. However, Au;3(GSH) 4 was identified as the highest potential photosensitizer based on
the quantum yield of electron transfer and good visible light absorption properties.** Similar
observations have been found by Bang and co-workers. They reported a power conversion
efficiency of 3.8% for Aujs(GSH)4 cluster used in a gold nanocluster-sensitized solar cell.'*

A very recent experiment by Jin and co-workers reports the ultrafast relaxation dynamics
of Ausg(SC,H4Ph),4 nanoclusters and the effects of structural isomerism.'"” The study found a
correlation between ultrafast relaxation dynamics and atomic structures of two isomers of
thiolate-protected Ausg(SC,H4Ph),4. The bi-icosahedral Ausg with a Au,; inner core showed a
rapid decay (1.5 ps) followed by nanosecond relaxation to the ground state. The isomer with a
core composed of mono-icosahedral Au;; capped by a Au,; tri-tetrahedron by sharing two atoms
revealed similar relaxation processes, but with the rapid decay being accelerated (1 ps). Here, the
picosecond relaxations were assigned to core—shell charge transfer or to electronic rearrangement
within the metal core.

Experimental work has also been done on a rod shaped 25-atom gold nanocluster to
understand its ultrafast relaxation dynamics.''* The 25-atom rod is protected by 10
triphenylphosphines, 5 phenylethylthiolates, and 2 chloride electron-withdrawing ligands which
is different from the conventional ligand arrangement of the [Auzs(SR)lg]'1 nanocluster. Their
femtosecond transient absorption studies revealed two lifetimes, with the 0.8 ps component
attributed to the fast internal conversion process from LUMO-+n to LUMO and the long
component to electron relaxation to the ground state.

A series of n-hexanethiolate-protected gold clusters (Aups, Auss, Augr, Aujpz, Aujas,
Aussz) were studied to understand the excited state relaxation. It has found that excited state

dynamics of the nanoclusters are governed by the energy gap law.*” In a recent investigation, the
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size dependent excited state dynamics in a periodic series of face-centered cubic gold
nanoclusters (including Auzs(SR)20, Ausze(SR)24, Augsa(SR)2s, Ausa(SR)3z) have been studied. The
excited state behavior of these nanoparticles showed a different behavior compared to the rest of
the nanoclusters studied so far. This study suggested that core-semiring relaxations are not
involved in the relaxations, and relaxation of the excited states slows down with an increase in

nanoparticle size.'*

1.2.1.3 Silver thiolate-protected nanoparticles

In the literature, no experimental work has been performed yet on the relaxation
dynamics of thiolate-protected silver nanoclusters that are an exact analog of the thiolate-
protected gold nanoclusters mentioned in the previous section. However, transient spectroscopy
experiments have been done on a ligand-stabilized silver cluster, [Agsu(SR)30]", to understand
its time-dependent optical properties.''> Furthermore, an investigation has been done on a rod-
shaped, silver-doped AgyAuys x nanocluster to compare the relaxation dynamics in the doped
structures with the undoped cluster. This study observed faster nuclear relaxation in doped

systems compared to undoped.'?!

1.3 Objectives and overview of the thesis

A clear interpretation of excited state relaxation dynamics in thiolate-protected noble
metal nanoparticles has drawn much attention in research due the applicability of these systems
as a potential photosensitizer in metal cluster-sensitized solar cells, in light harvesting, and in
photoluminescence applications. Various experimental work has been done to characterize the
electron relaxation dynamics of the excited states in noble metal nanoparticles. Despite the
widespread experiments, very distinct time scales that range from the femtosecond to
nanosecond scale have been reported experimentally for nonradiative relaxation dynamics. Also,
several different mechanisms for relaxation have been proposed. The primary objective of this
thesis is to explore the excited state relaxation dynamics of thiolate-protected noble metal
clusters upon visible light irradiation to understand their photo-physics. The relaxation dynamics
will be assessed on various noble metal nanoparticles based on ligand effects, size effects and the

noble metals. A secondary objective of this thesis to investigate the optical absorption in a set of
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gold nanowires using the real time TDDFT method, which is a model system that will aid in
understanding the electron dynamics in larger plasmonic nanoparticles.

Chapter 2 explains the theory and the computational methods used in this research.
Chapter 3 (Senanayake, R. D.; Akimov, A. V.; Aikens, C. M., J. Phys. Chem. C. 2017, 121,
10653—10662.) delivers a theoretical investigation of electron and nuclear dynamics in the
[Au,s(SH) 5] thiolate-protected gold nanocluster. Chapter 4 gives insights on the electronic
relaxation dynamics in the thiolate-protected nanocluster series [Au25(SR)1g]'1 (R = CH3, C,Hs,
CsH7, MPA) [MPA = mercaptopropionic acid] to understand the ligand effects on relaxation
dynamics as well as to examine separate electron and hole relaxations in the [Au25(SCH3)lg]'1
nanocluster. Chapter 5 provides a theoretical investigation of relaxation dynamics in the
Au;g(SH)14 gold nanocluster. Chapter 6 explains a theoretical investigation of relaxation
dynamics in the Auss(SH),4 thiolate-protected gold nanocluster. Chapter 7 explores the
relaxation dynamics of the [Agys(SH)is]' nanocluster compared to its exact gold analog,
[Au,s(SH) 5] '. Chapter 8 gives a real-time TDDFT investigation of optical absorption in gold
nanowires. Finally, Chapter 9 summarizes this thesis and provides possible directions for future

work.
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Chapter 2 - Theory and computational methods

2.1 Quantum mechanics

2.1.1 The Schrodinger equation

Classical mechanics can only be applied to macroscopic particles, which is not
satisfactory to explain the motion of electrons in atoms and molecules. Therefore, one requires
quantum mechanics to explain the nature of the microscopic particles.

The Schrédinger equation is considered to be the master equation of quantum mechanics.
W is called the state function or wavefunction of the quantum mechanical system, and it can
provide all possible information about a system. The wavefunction can depend on both the
position (x) of the particle as well as the time (¢), and can describe the state of a particular
quantum mechanical system. Therefore, for a one particle, one dimensional system, the time-

dependent Schrodinger equation (TDSE) can be defined as,

ho¥Y(x,t) h? 0%2¥(x,t) 2.1)
Tt T am o TV@D¥®Y

This equation will describe how the state function changes with time. In other words, it

will allow one to calculate the future wavefunction at any time if the wavefunction at time t is

known. In this equation, the constant 7 (/-bar) is defined as /4 /27, i= \/—_1 , and m 1is the mass
of the particle. V(x,?) is the potential energy function of the system. The wavefunction gives a
measurement of the x coordinates (the position) of the particle as well. The probability density

gives the probability of finding a particle in a region of the x axis from x to x+dx. It is defined as,
|W(x,t)|* dx (2.2)
If a system does not experience any time-dependent external forces, the time-independent

Schrédinger equation can be used, which is,

h? d*y 2.3
E¥(x) = - dx(zx) + V()P (x) @3

Here, the potential energy V only depends on x and is independent of time ¢. Hence, the
probability density, [¥(x)[, is also independent of time. In this case, W(x) known as a stationary

state and £ is the energy of the system.
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2.1.2 The Born-Oppenheimer approximation

The molecular Hamiltonian for non-relativistic and field-free conditions is given by the

,2
Y Sy Yy
2 Lam, Vi T 2m, LTy, 2.4)
a >a a 1
,2
e
D
7 ij

i>)

equation,

The a and f refer to nuclei and i and j refer to electrons. The operators for the kinetic energy of
the nuclei and electrons are given by the first and the second terms respectively. The third and
fifth terms give the potential energy of repulsion between nuclei and electrons respectively, with
7qp being the distance between the nuclei a and £ with atomic numbers Z, and Z; and r;; being the
distance between electrons i and j. The potential energy of the attraction between the electrons
and the nuclei is given by the fourth term where 7, is the distance between electron i and nucleus
a.

Use of the full Hamiltonian (2.4) in solving the Schrédinger equation can be complex.
Therefore, one can use the Born-Oppenheimer approximation to simplify the Hamiltonian. The
nuclei are much heavier than the electrons (m, >> m,). Therefore, the electrons move faster than
the nuclei and to a good approximation, one can consider the nuclei to be fixed while the
electrons have motion. The change in the nuclear configuration is negligible during the electronic
motion. Considering the nuclei as fixed, the nuclear kinetic energy term can be omitted to get the

Schrédinger equation for the electronic motion only,
(Aot + Vuw )W = U¥ 2.5)

Now, Hy, is the purely electronic Hamiltonian which is given by,

Z ae
Tia l>] (2.6)
When the nuclear repulsion, Vyy, is added to the electronic Hamiltonian we get He +Vv.
Vyy 1s given by,
2.7

Z,Zge"
ﬁ

a B>a
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Then, the electronic energy including the internuclear repulsion is given by the U term

(2.5), which has a value of,
U=E,; + Vyy (2.8)
The electronic coordinates are the variables in the electronic Schrodinger equation (2.5),
whereas Vyy is independent of the electronic coordinates. Vyy is a constant for a given nuclear

configuration. Hence, omission of the Vyy constant from the Hamiltonian will not affect the

wavefunction and will result purely in the electronic energy E.;,

A

HeWeor = EqiWe (2.9)

However, E.; depends parametrically on the nuclear coordinates.

2.1.3 Mixed quantum-classical dynamics

Computationally it is not feasible to carry out accurate quantum mechanical calculations
on the dynamics of molecular processes which involve more than 2-3 atoms. Conventional
molecular dynamics (MD) has been used to simplify this problem over the years. However, the
the electrons are not accounted for in classical MD which is a limitation. The MD calculations
are done based on two main approximations. The first approximation is the Born-Oppenheimer
approximation mentioned in section 2.1.2 above, which separates the electronic and atomic
motions and reduce the dynamics to atomic motion on a single adiabatic potential energy
surface. The treatment of the atomic motions by classical mechanics is the second
approximation. However, these approximations can be invalid for processes of interest in
applications, such as electron transfer, radiationless processes in molecules, and photoinduced
chemistry. To address these issues, mixed quantum-classical dynamics methods have been
introduced. The aim of these calculations is to maintain a multi-dimensional classical mechanical
treatment for most atoms while having the important degrees of freedom computed with
quantum mechanics. Self-consistency in the mixed quantum-classical dynamics is vital, where
the quantum mechanical degrees of freedom must progress accurately under the influence of the
surrounding classical motions and then in return, the classical degrees of freedom should respond

accurately to the quantum mechanics (called the quantum back reaction problem).’
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2.1.3.1 Nonadiabatic dynamics

The adiabatic processes where the nuclear and the electronic motions are decoupled can
be treated with the Born-Oppenheimer (BO) ab initio molecular dynamics (AIMD). However,
when the nuclear and electronic degrees of freedom are strongly coupled such as in many
photochemical processes, the BO-AIMD approximation breaks down. For example, in metal
nanoparticles the density of states is high and multiple electronic states can be populated during
an excitation. Therefore, it is vital to treat the transitions between these states during the nuclear
dynamics simulations, and these transitions are treated by applying nonadiabatic (NA) dynamics.
The NA dynamics will attempt to treat the interactions between the quantum and classical
systems in a self-consistent way while accounting for the NA effects. There are two main

approaches to treat the NA effects: the mean-field method and the surface-hopping method.

2.1.3.1.1 The mean-field method

The mean-field method is also known as the Ehrenfest method.”” It is based on a mean-
field separation of classical and quantum motions.” The quantum variable 7, is considered as fast
and the classical variable R, is considered slow. The fast particles are moving in the average field
of the slow particles and vice versa. There is feedback between the fast and slow degrees of
freedom in an average manner. The Ehrenfest method®” can be obtained as a classical limit of
the time-dependent self-consistent field method.'®"® In this method the total wavefunction is

factorized into the product of fast and slow particle functions Z(r,7) and Q(R,?) as,’

Y(r,R,t) = Z(r,t)2(R, t)exp [%j E (t) dt’] (2.10)

Z(r,t) and Q(R,f) are normalized at every time ¢ with respect to integration over » and R,

respectively. E,(¢’) is called the phase factor which is given by,

£ (0) = j j 5 (r,t) * (R, OH, (r, E(r, )Q(R, t)drdR (2.11)

H,(7,R) is the Hamiltonian of the fast system for slow particles fixed at position R, which is given

by,
h2 o 72 (2.12)
H,(r,R) = — - mL: + V,z(1,R)

b
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In this equation, m; is the mass of the fast particle b and V,z(r,R) contains all the inter-particle
interactions such as fast-fast, slow-slow and fast-slow. Then, the mean-field Ehrenfest method

can be defined using the equation,

dZ(r,R,t 2.13
ih%= H,(r,R)Z(r, R, t) ¢

Here, the total energy is conserved'® through the energy transfer between the quantum
and classical coordinates. This method does not change based on the choice of quantum
representation (adiabatic or diabatic). The classical particles evolve subject to a single effective
potential corresponding to an average over quantum states. Therefore, this method neglects the
correlation between the classical and quantum motions. However, the mean-field method can
provide accurate quantum transition probabilities and is computationally manageable especially

for systems with a dense manifold of excited states such as metal nanoparticles.

2.1.3.1.2 Surface-hopping method

The surface-hopping method has been developed to introduce the classical-quantum
correlation that is absent in the mean-field method." The approximations used by the surface-
hopping method may not be as transparent as the in the mean-field method. However, the
surface-hopping approach can be obtained from a multi-configuration expansion of the
Schrédinger equation with approximations analogous to the mean-field method. In the surface-
hopping approach, a given trajectory can be divided into different branches, each corresponding
to a particular quantum state and weighted by the amplitude of the state. Thus, it includes the
classical-quantum correlations. The total energy is conserved in the surface-hopping method and
it also provides accurate quantum transition probabilities. A hopping algorithm can be used for
the surface-hopping which decides the microscopic reversibility. Unlike the mean-field method,
the surface-hopping can be changed depending on the choice of quantum representation. The
surface-hopping based on the adiabatic representation will adequately explain the back reaction
of the quantum transitions on the classical trajectories.

Different hopping algorithms can be utilized for the surface-hopping method.” '>?' The
‘fewest switches surface-hopping’ (FSSH) algorithm is one of the most commonly used

algorithms." Tt is a variationally-based hopping algorithm that maintains the correct populations
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lci(?)| of each state with a minimum number of hops between states. For a case of two states, the
probability of a switch from state 1 to state 2 during the time interval d¢ is given by,

dlloglc,(8)I?] (2.14)
dt

P1—>2 =

A hop will not occur if this probability is less than zero. In this case the fewest switches
algorithm will not exactly reproduce the populations |ci(?)|. If a hop is possible, the hop will be
followed by a change in the velocity in the direction of the local nonadiabatic coupling vector to
conserve the total energy of the quantum-classical system.”***

The surface-hopping methods will not be appropriate for cases with non-vanishing
coupling between states.” Also the method requires excited state wavefunctions for each state of

26-27

interest, which will make it more computationally expensive.

2.2 Computational methods

2.2.1 Density functional theory

The electronic wavefunction for an n-electron molecule will depend on 3n spatial and »
spin coordinates. The main idea of the density functional theory (DFT) is to replace the
wavefunction with its 3n spatial and » spin coordinates with fewer variables. Therefore, DFT
will not calculate the molecular wavefunction; instead, the molecular electron probability density
p is calculated and the molecular electronic energy E is calculated from p. The density only
depends on x, y and z coordinates.

The ground state electronic energy Ej is a functional of the ground state density py as,
Ey = Eolpol (2.15)

DFT will calculate Eyand other ground state molecular properties from the ground state electron
density py. Since DFT is associated with a fewer number of variables (i.e. only three variables), a

higher computational efficiency can potentially be achieved.

2.2.1.1 Hohenberg-Kohn theorem

The purely electronic Hamiltonian (2.6) in atomic units can be rewritten as,
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A 1 n , n 1 (2.16)
He = ——ZVi + Zv(ri)+ ZZ—
24 4 — L T}
=1 =1 j i>j
where,
Z .
=3 e a1
Tia
a

The ground state electronic wavefunction ¥, of an n-electron molecule is an
eigenfunction of the purely electronic Hamiltonian (2.16). o(7;) is the potential energy of
interaction between electron i and the nuclei which depends on the coordinates x;, y; z; of
electron i and on the nuclear coordinates. v(r;) in the electronic Schrédinger equation is a
function of only x;, y;, z; because the Schrodinger equation is solved for fixed locations of nuclei.
The term o(7;) is produced by the charges external to the system and hence it is called the
external potential acting on electron i. The electronic wavefunction and the allowed energies of
the molecule can be found as the solutions to the electronic Schrédinger equation once v(7;) and
number of electrons n are specified.

According to the Hohenberg and Kohn theorem,”® the ground state electron probability
density py(r) for a system with a nondegenerate ground state determines the external potential

and the number of electrons, which is given by the relation,

j po(r)dr =n (2.18)

Thus, the relation between the ground state electronic energy Eyand py(7) is given by,

Eo = Ey(po) (2.19)

Eyis a functional of the function py(r), where the v subscript denotes the dependence of £ on the
external potential v(7;), which will be different for various molecules.

The sum of electronic kinetic-energy, electron-nuclear attraction, and electron-electron
repulsion terms is given by the purely electronic Hamiltonian (2.6). When we take the average of

(2.6) for the ground state, we get,
E=T+ Vyoe+ V. (2.20)
The overbars denote the averages. These average values of molecular properties are determined

by the ground state electronic wavefunction, which is then dependent on py(7). Thus, equation

(2.20) can be written as a functional of py.
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Ey = E,(po) = Tlpol + Vnelpol + Vee [po] (2.21)
The Vy, term is given by,

VNe = .IPO(T)U(T') dr (2.22)

where v(7) is the nuclear attraction potential energy function for an electron located at point 7.
Therefore, the Vy,.[p,] is known. However, the functionals T[p,] and V,.[p,] are not known.

Equation (2.21) can be rewritten as,

Ey = Ey(po) = j po(P)u(r) dr + Flpo] (2.23)

Therefore, the Hohenberg-Kohn theorem does not allow the calculation of E, from p, because

the Flpo] = Tlpol + V..[po] functional is unknown.

2.2.1.2 Kohn-Sham method

Since the Hohenberg and Kohn theorem does not show how to calculate £, from py or
how to find py without finding the wavefunction, Kohn and Sham introduced a key step forward
to find py and then find E, from py. The Kohn-Sham theory” is developed based on a fictitious
reference system of n noninteracting electrons. The noninteracting system is denoted by the
subscript s throughout the text. The n noninteracting electrons experience the same external

potential energy function v,(7;) such that,

ps(r) = po(r) (2.24)
where p,(7) is the ground state electron probability density of the reference system and py(7) is
the exact ground state electron density of the molecule we are interested in. The Hohenberg and
Kohn theorem proved that the external potential is determined by the ground state probability
density function.”® Therefore, one can determine the v,(r;) of the reference system once ps(7) is

defined for the reference system. We can write the Hamiltonian of the reference system as,

A LI (2.25)
A=) R
i=1
where,
~ 1 2.26
RS = =22+ u () 229

32



hXS is the one-electron Kohn-Sham Hamiltonian. There is no interaction between the electrons in
the reference system. Thus, the ground state wavefunction ¥ of the reference system is a Slater

determinant of the lowest energy Kohn-Sham spin orbitals uXS of the reference system.

IIUS,O = |u1u2 er s unl (2.27)
u; = 055(ry)o; (2.28)

6/ (1) is the spatial part of each spin orbital and o; is a spin function (a or §). In a
closed shell system, the electrons are paired in the Kohn-Sham orbitals. The two electrons will

have opposite spin o and £ in the same spatial Kohn-Sham orbital. Each spin orbital is an

eigenfunction of the one electron operator ﬁf"s such that,
RKSQES = gkSgKS (2.29)
The &5 are the Kohn-Sham orbital energies. Kohn-Sham theorem rewrites the components of

the Hohenberg-Kohn equation (2.21). AT is defined as,

AT[po] = Tlpol — Tslpo] (2.30)
which is the difference in the average ground state electronic kinetic energy between the
molecule and the reference system of noninteracting electrons where the electron density is equal

to that of the molecule. It also defines the following term,

_ _ 1 2.31
ATelpo) = Telpe) = 5 [ 2222 s, 23D

r;21s the distance between the points x;, y;, z; and x», y,, z> and the second term in (2.31) is the
classical expression for the electrostatic interelectronic repulsion energy given that the electrons
are smeared out into a continuous distribution of charge with electron density p. Thus, we can

substitute (2.30) and (2.31) into equation (2.21) to get,

_ 1 .
Fo= Biow) = [ v ar+ ool + 5 [ X225 drar, @

+ Exc [Po]

where,
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Exc[po] = AT[,DO] + AVee [.00] (2.33)

E..[pol is called the exchange-correlation energy functional. However, the AT and AV,
are not known. The common practice it to apply a good approximation for the E,.[p,] which
will be discussed in the next section. The rest of the terms in the (2.32) can be evaluated through
the ground state electron density. The ground state electron density can be obtained from the

Kohn-Sham orbitals as follows,

n (2.34)
po() = psr) = Y |K[°

=1
The first term in (2.32) can be evaluated through p, (7). The T[p,], kinetic energy of the
noninteracting system with wavefunction ¥, and the Slater-Condon rules result in the following

relation,

) 1 (2.35)

Ts[Po] = -3

ZIIUS

Ps

2.7

2

_ IS s rarsc)

Therefore, one can find E, (2.32) from p,(r) if we know the Kohn-Sham orbitals 6/°

and the E,..[p,].

2.2.1.3 Exchange-correlation energy functional

The E,.[p,] is known as the exchange-correlation energy functional. In DFT
calculations, various approximate functionals E,.[p,] are used. A common procedure is to
compare the calculated molecular properties in DFT to the experimental values to validate a
functional.

In the procedure of developing approximate Kohn-Sham DFT functionals, the E,..[p,] is
written as the sum of an exchange energy functional and E, and the correlation energy functional
E. which is,

E..=E,+E, (2.36)

E, is defined using the exchange energy in Hartree-Fock theory, where the Hartree-Fock
orbitals are replaced by the Kohn-Sham orbitals and for a closed-shell molecule the equation is

given by,
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n (2.37)
D (015 0@ 1/m, [0S (D0fS )

n
i=1 j=1

ENJISN

E,=—

The currently available models (e.g. Local density approximation) are used to evaluate

the E. (2.36). The exchange-correlation functionals that are currently used can be explained

using the Jacob’s ladder analogy.*® The Jacob’s ladder of DFT list the functionals that go from

less accurate to more accurate while climbing the ladder. However, the computational cost of

using each functional will also rise while climbing up. The Jacob’s ladder in the ascending order

of the accuracy is given by,

1.

Local density approximation (LDA) — Depends only on the local density (p)

Ex: Vosko, Wilk, Nusair (VWN)’!

Generalized Gradient approximation (GGA) - Depends on the local density and
the gradient of the density (Vp)

Ex: BP86"*’, PBE™

. Meta-GGA — Include either (or both) of the second derivative of density (Vp) or

orbital kinetic energy density (7)

Ex: TPSS®

Hybrid GGA — Mixes LDA, GGA, meta-GGA and exact exchange formulas (p,
Vp, Vport, E,)

Ex: B3LYP**

Generalized random phase — Both the occupied and virtual orbitals used and

optimized effective potential (OEP) is used

2.2.2 Basis sets

The wavefunction can be represented as a linear combination of the basis functions y,..

The molecular orbitals (MOs) ¢; can be written as,

¢ = Z CriXr (2.38)

i

where the basis functions y,- are usually considered as atomic orbitals (AOs). The basis sets are

constructed to have enough flexibility to represent “real” wavefunctions.
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2.2.2.1 Atomic basis sets
When atomic basis sets are used, AOs are considered as the basis functions and are

represented as a linear combination of one or more slater type orbitals (STOs) or Gaussian type

orbitals (GTOs). The STOs have the form,
Xenpm = NY™(6, p)r" e (2.39)

where Y, are spherical harmonic functions. N is the normalization constant.
The GTOs in Cartesian coordinates have the form,
gijx = Nxlyizke=r* (2.40)
The i, j and k are nonnegative integers. { is a positive orbital exponent and x, y, z are Cartesian
coordinates.

A STO approximates a ls hydrogen orbital and it describes the electron density near
nucleus better than a GTO. The GTO does not have the proper cusp at the nucleus, therefore the
AOs are represented poorly. Also, GTOs do not represent the tail of the wavefunction properly
since it falls off quickly at distances far away from the nucleus. However, GTOs are normally
used in calculations since the integrals associated with GTOs can be calculated analytically as
opposed to the STOs which need to be solved numerically. Hence, contracted Gaussian functions

(CGF) have been introduced to fit Gaussians to approximate a STO. The CGF has the form,

L

CGF _ GF

w = Zdw p
p=1

which gives linear combination of multiple GTOs. The (].’)gF called a primitive Gaussian

(2.41)

and d,, are the contracted coefficients.

STOs are used in the Amsterdam density functional (ADF)*’ calculations mentioned in
this thesis. A minimal basis set is composed of one STO for each inner shell and valence shell
AO of each atom. When each STO of a minimal basis set is replaced by two STOs that are
different in their orbital exponents {(zeta), a double-zeta (DZ) basis set is obtained. Similarly,
the triple-zeta (TZ) basis set replaces each STO by three STOs that differ in their orbital
exponents. As the basis set gets larger, the accuracy and the computational cost of the calculation

increases.
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Upon molecule formation, the AOs can change their shape and their centers tend to shift.
Therefore, polarization functions are added with / quantum numbers that are greater than the
maximum / of the valence shell of the ground state atom. A polarization function added to a DZ
basis set is called DZP. Here, a set of five 3d functions on each “first row” and “second row”
atom and a set of three 2p functions on each hydrogen atom is added. Diffuse functions are used
for calculations on anions to correctly model the spread-out electron density.

The Gaussian software® calculations use Gaussian orbitals and CGF functions. The
Gaussian calculations performed in this thesis used the LANL2DZ (Los Alamos National
Laboratory basis sets) basis set which has been developed through a fitting procedure of pseudo-

orbitals with Gaussian functions.*

2.2.2.2 Plane wave basis sets

Plane wave basis sets are used for the periodic calculations.***' Unlike in the atomic
basis sets, plane wave basis sets are not centered on atoms. Many elements with periodic
structures have band structures that can be explained in terms of plane wave basis sets. For

periodic systems, the one-electron Kohn-Sham orbital becomes,

0; = O (2.42)
Then a second index, n, is added to represent the one-electron band which is 6,, (). In this
basis set, the plane waves are used as the basis functions. According to the Bloch theorem,*’ a

Kohn-Sham orbital can be given by plane waves in the presence of a periodic potential, in the

form,
Onx@+ 1) = 0 (F)ekT (2.43)

In real space, T is a translational vector (T = u,d; + u,d, + usds) that makes the

Hamiltonian invariant. The 6, ,(#) is the basis set whereas the e'** is the phase factor. In
reciprocal space, the real space vectors will be replaced by a k vector. In the smallest cell in the

reciprocal space (Brillouin Zone), the plane wavefunction is given by,
0, (P) = ug(F)etk” (2.44)

Fourier transform operations can establish a relation between the reciprocal and the real

space. The plane wave basis set’s total energy expression and the Hamiltonian are simple to
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implement. Also, the Fast Fourier Transform (FFT) makes the evaluation of the HO very
efficient.

In the (2.44) equation each electron occupied a k state. Then charge density p(7) is given
by,
() = ) [0 @.45)
K
The plane wavefunction can be expanded into a discrete summation,
6 -(7) = Z ¢, =(G)e!+0)7 (2.46)
G
where G is the lattice vector in the reciprocal space, (5 = vll;1 + v, Bz + v;3 133), and c,z is the
expansion co-efficient. An infinite number of states will be required to give a full description of
the plane wave function. Therefore, the number of plane waves used in the basis set will be
described by the energy cutoff E,,;, according to the following relation,
h2
2m

(2.47)

> 2
Ecur = |cht|

2.2.2.2.1 Pseudopotential

The wavefunctions show a rapid varying behavior near the non-valence electrons (core
electrons) near the nucleus. However, these non-valence electrons do not affect the physical and
chemical properties directly. Therefore, an effective potential known as the “pseudopotential” is
composed to replace the all electron potential. The valence electrons are described by “pseudo
wavefunctions”. A pseudopotential reduces the size of the basis set. There are different types of
pseudopotentials available to use. All of these methods are frozen core methods where the core
electrons are pre-calculated in an atomic environment and kept frozen.

Projector augmented wave (PAW) method* is one of the pseudopotentials available
which is used in the Vienna Ab initio Simulation Package (VASP)* calculations performed for
the calculations in this thesis. In the PAW method, the wavefunctions are decomposed into three

terms such as,
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exact wavefunction (2.48)
= pseudo plane waves — pseudo onsite radial grids

+ exact onsite radial grids

This considers no interaction between the different radial grids and plane waves; hence
the computational efficiency is increased. The PAW method will be able to obtain an accuracy

similar to the all electron calculations.

2.2.3 Relativistic effects
The scalar relativistic effects play a major role in the chemistry of the heaviest main
group elements. These effects originate from energy changes among the electronic levels that can
be explained through the Einstein’s theory of relativity to electrons within an atom. Einstein’s
theory of relativity states that the relativistic mass m of a moving object increases as its velocity

v increases according to the relation,
mo (2.49)
VA =0/0%)

where m, is the rest mass and c is the speed of light (137 au). The electron velocity can be

calculated using the expression, (2me’/n’h)Z where ¢ is electron charge, n” is a quantum number
and Z is the atomic number.** The average velocity of a s electron in an atom is approximately
Z au when n=1 (ground state). Hence, the average velocity of a ls electron in a heavy atom
(higher Z value) is significantly higher. At this higher speed, the value for the electron mass m
(the relativistic mass) is higher than the rest mass m,. Thus, the magnitude of the relativistic
corrections increases with the value of Z. Also, the s orbital shrinks at a higher electron speed
since the radius of a hydrogen-like 1s orbital (Bohr radius) is inversely proportional to electron
mass. The relative energy levels of atomic orbitals also change due to the relativistic effects. The
s orbital energies decrease substantially and p orbitals decrease to a lesser extent. This creates an
increased shielding of the inner s electrons, In contrast, the d and f orbitals are expanded and
their energies are increased due to the increased shielding of the inner s electrons.** The optical
and electronic properties and geometries can be affected due the relativistic effects in heavy
elements such as gold and silver. Therefore, the calculations performed for this thesis have

included the relativistic effects since the projects involve gold and silver nanoparticles.
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The zeroth order regular approximation (ZORA)* is used in the ADF program to include

37, 46 -
’ 1S

the relativistic effects. The zeroth order of the regular expansion of the Dirac equation
given as the ZORA equation. In Gaussian program calculations, the relativistic effects are
included through the LANL2DZ basis set used for gold and silver nanoparticles. In the
LANL2DZ basis set, effective core potentials (ECP) are used to replace the innermost core
electron. The ECPs for the fourth and fifth row elements include the mass-velocity relativistic
effects into the potentials.”® The scalar relativistic effects are included in the VASP software
calculations through the pseudopotentials. Here, the valence electrons are treated in a scalar

relativistic approximation.*’

2.2.4 Time-dependent density functional theory

Time-dependent density functional theory (TDDFT) is an extension of the DFT. The
DFT method is a static ground state theory that cannot be used to treat the excited states and
photo-absorption spectra and the dynamical nature of systems. Thus, TDDFT has been
introduced to investigate the properties and dynamics of molecular systems in the presence of the

electric or magnetic fields.

2.2.4.1 Runge-Gross Theorem

The foundation for TDDFT was developed through the Runge-Gross theorem (1984).
Runge and Gross® introduced the time dependent analogue of the Hohenberg-Kohn theorem
(2.2.1.1). The Runge-Gross theorem states that there is a unique one-to-one mapping between the
time-dependent external potential, V. (r,t), of a system and its time-dependent density, p(r,1),
for a given initial wavefunction ®,. Thus, V,,(r,t) and the time-dependent many-body

wavefunction are both functionals of the density that are given as,

Vext (r,t) = Vext [,0. cDO] (r,t) (2.50)

d(t) = Plp, Pol(0) (2.31)

Hence, this will allow one to calculate all the properties of a system.
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2.2.4.2 Time-dependent Kohn-Sham (TDKS) equations

The time-dependent density, p(7,¢) of an interacting system could be equivalent to the
time-dependent density of a noninteracting system evolving in a different potential.* This is true
when the initial noninteracting wavefunction, &, (¥, in section 2.2.1.2 was the noninteracting
wavefunction without the time dependence) reproduces the initial density and its first time-
derivative. The potential that describes this noninteracting system is unknown as in ground state
DFT, hence approximations must be utilized. Similar to ground state DFT, the noninteracting
system is described by a single Slater determinant of Kohn—Sham one-electron orbitals. For

TDDFT, the orbitals become time-dependent orbitals, ¢; (7, t),

O(r,0) = |p1(r, )P, (1, 1) .. (1, 1) (2.52)
Then, the time-dependent density is given by the sum over these occupied orbitals,

N (2.53)
p(0) = ) |60’
j=1

The set of time-dependent effective single-particle Kohn—Sham equations is given by,

= H(r, O¢;(r, ) = [~ 2+ [ dr' 25D 4 v, [0, @5, @](r, 0) +

; 2658
[r=7']

at

(2.54)

Vere(r,0)| ¢, )

where the kinetic energy of an electron in a Kohn—Sham orbital is given by the first term on the
right-hand side in (2.54). The next term is the Coulomb repulsion which depends only on the
density at a given time ¢. The time-dependent single-particle external potential, V,,.(r,t),
includes both the external time-dependent perturbation and the Coulombic attractive potential of
the nuclei. Vi [p, @g, @](r, t) is the time-dependent exchange-correlation potential. It includes
dependence on the density at all previous points in time and also the initial interacting and
noninteracting states. Then, the elements of the Kohn—Sham density matrix P are created from

the time-dependent coefficients as,
Pu(®= ) ey ey (0) (2.55)
4

because the Kohn—Sham molecular orbitals can be expanded as a linear combination of basis

functions, x,, such that ¢;(t) = X, c,:(t)x,.
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In an orthonormal basis, the TDDFT equation for the density matrix, which is also known

as the quantum Liouville equation of motion,” can be given as,

ih —dz(tt) — [H(®), P(D)] (2.56)

The H is the Hamiltonian, which will be the Kohn—Sham operator, given in the matrix
form, H,, (t) = ()(#|ﬁ(t)| Xv)- Equation (2.56) can be used as the starting point to propagate the
electron density in time via numerical integration for the real-time-TDDFT (RT-TDDFT)
method or applying a small perturbation and retaining only the linear response (LR) of the
density to derive the LR matrix formulation of TDDFT. A detailed explanation of the RT-
TDDFT and LR-TDDFT methods will be given in the next sections of this chapter.

In TDDFT methods the unknown exchange-correlation potential is approximated and the
adiabatic approximation for V,. is used in most of the TDDFT methods. In the adiabatic
approximation, the instantaneous electron density is inserted into standard ground state V.
potentials. As mentioned in the previous section, the V. is a functional of the initial state of the
system as well as the entire history of the density as V,.[p, ®,, ®;](r, t). This is known as the
memory dependence of the exchange-correlation potential and it originates from the reduced
nature of the density compared to the full many-body wavefunction that contains the complete
information about the system at any given time. It is assumed that the electron density varies
slowly within the adiabatic approximation. Thus, all history of the density, as well as initial state
dependence, is ignored within the adiabatic approximation, and the exchange-correlation
potential is given by,

Veclp, @o, @51(r, t) = Vi [p(2)] (2.57)

2.2.4.3 Linear-response (LR) and real-time (RT) time-dependent density functional theories

The field-matter interactions are vital for many photoexcitation applications. Depending
on whether the field is weak or strong, the TDDFT method utilized will vary. Section 2.2.4.2
explains the starting point of the LR-TDDFT and RT-TDDFT methods. If there is a smaller
interaction with the field than the magnitude of the intermolecular interactions, then the
excitation is defined as weak. In such instances, only a small perturbation is induced away from
the ground state of the system. LR-TDDFT is a perturbation theory-based method which will

describe such weak excitations. In this method, the excitation energies are calculated according
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to the Casida equations.’’ They consider solutions to a non-Hermitian eigenvalue equation
derived from retaining only the first-order response of the density to a perturbation. This method
was used to calculate optical absorption spectra for the gold and silver nanoparticles mentioned
in this thesis using both ADF and Gaussian software.

On the other hand, the RT-TDDFT method can go beyond the linear response of the
density, where it can capture the field-matter interactions in both weak and strong regimes. In the
RT approach, the electron density is observed in time and space which will unveil the dynamical
nature of an excitation. RT-TDDFT propagates the electronic density according to equation
(2.56). Then, the density matrix is propagated using a unitary time evolution operator, U(t,),
as, 325

P(tns1) = U(ty) - P(tysr) - UT (L) (2.58)
where U(t,) is constructed from the eigenvectors A(t,) and eigenvalues £(t,) of the Kohn-
Sham matrix at time ¢, as,

U(t,) = A(t,) - exp[—i-2At - (t,)] - AT(t,) (2.59)
with time step At. The time dependent response of the systems is probed by applying an external
electric field. Then, the time-dependent dipole moment x(?) is calculated at each time step using,

u(t) = Tr[DP(t)] (2.60)
D is the dipole matrix in the orthonormal basis. When the dipole response in real time is known,
one can calculate dipole strength function S(w), which gives the optical absorption spectra
within the RT approach. S(w) is given by,

S(w) = 4:—:) Tr[Ima(w)] (2.61)

a(w) is the polarizability in the frequency domain which can be obtained by taking the Fourier
transform of the u(t) and dividing by the Fourier transform of the applied electric field according
to the following relation,

Hi(w) = a;(w)E;(w) (2.62)
i denotes the x, y, z Cartesian coordinates. The RT-TDDFT calculations mentioned in this thesis

were performed using a development version of the Gaussian series of programs.*®

43



2.2.5 Trajectory surface hopping in the time-dependent Kohn-Sham approach

The mean-field Ehrenfest method (section 2.1.3.1.1) for electron-nuclear interactions will
fail to explain the scattering and nonradiative electron-nuclear relaxations within the TDKS-DFT
methodology. Therefore, the trajectory surface hopping (SH) TDKS approach has been
introduced as a solution. This method has developed FSSH (section 2.1.3.1.2) for DFT within the
Kohn-Sham (KS) representation of the electron density (FSSH-TDKS).”® The FSSH-TDKS
method has been used to calculate the nonradiative relaxation dynamics of the thiolate-protected
gold/silver nanoclusters mentioned in this thesis.

The KS energy can be expressed as the expectation value of the Hamiltonian in the basis

of Slater determinants constructed with TDKS orbitals, ¢; as follows,

E = (¢ . p|H|PaPp - Dp) (2.63)

where H is the Hamiltonian within the generalized gradient approximation. In this method, the
time dependence in TDDFT is due to the ionic motion. Therefore, Vo (1) = Voyt (7, R(t)),
where this value depends on the time through the nuclear trajectory, R(t). The time dependence
of the electron density due to an external field is not considered here. However, R(t) accounts
for the quantum backreaction problem. In trajectory SH methods, the nuclear trajectory R(t)
responds to electronic forces by stochastically hopping between electronic states. Since the
FSSH is suitable within the adiabatic representation as mentioned earlier, the single electron
adiabatic KS orbitals (or many electron Slater determinants formed from these orbitals) can be

the eigenstates of the KS Hamiltonian (2.54). The time-dependent ¢, (r,t) KS orbitals can be
expanded in the adiabatic KS orbitals ¢y (; R) and we get ¢, (1, t) = X} ¢, (©) | i (r; R)). n is
the number of electrons. Then, the TDKS equation (2.54) transforms to an equation in the

coefficients cpy as,
9 - . (2.64)
ih =) = ) pm (©)(Em Sim + diom - R)

m
The NA coupling is given by,
. o~ - . 10~ (2.65)
dim - R = =ih{ (5 RVl G5 R) - R = =it (G| o | )

which is nonzero only if the determinants are different by a single KS orbital. V'; is the gradient

54-55

operator. The Velocity Verlet algorithm is used to propagate the nuclei with a time step At.
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The solution to equation (2.64) gives the coherent time evolution of electronic states that are
coupled to evolution of nuclear subsystems. Here, the standard FSSH algorithm (section
2.1.3.1.3) by Tully' can determine the fate of the system stochastically on-the-fly, producing
different nuclear trajectories. However, the standard FSSH can be computationally expensive
because the electronic structure calculations should be performed at each nuclear time step for all
trajectories. Hence, as a solution, the FSSH method within the classical path approximation

(FSSH-CPA) has been introduced for large systems.

2.2.5.1 FSSH-CPA

In CPA, it is assumed that the nuclear dynamics of the system stays unaffected by the
dynamics of the electronic degrees of freedom. However, the electronic dynamics are driven by
the nuclear dynamics. The electronic Hamiltonian will parametrically depend on the classical
nuclear variable along a MD trajectory. The MD trajectory can be predetermined since it is
independent of the electron evolution. Therefore, few MD trajectories will be required and many
stochastic realizations of the FSSH algorithm can be calculated on the same trajectory. However,
the CPA is valid when there are no significant structural changes to the system upon electronic
excitations. In other words, kinetic energy should be the primary source of the nuclear dynamics.

In FSSH-CPA, the hop rejection and velocity rescaling in standard FSSH are replaced by

scaling the transition probabilities, g;_,;(t) with the Boltzmann factor® as,

8i-j (t) = 8isj (t)bi—>j (t) (2°66)

E; — E; (2.67)
'j i
— E; > E;
by (®) ={ P ( ey T ) o
The transitions that are up in energy will be less probable due to this Boltzmann scaling

and will not affect the rates of the energy loss. Hence, the detailed balance will be retained

during the NA dynamics.
2.2.5.2 Decoherence induced surface hopping (DISH)

In mixed quantum-classical dynamics the electrons are treated quantum mechanically

(i.e. quantum subsystems) while the nuclei are treated classically. The quantum mechanical wave
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packet of the total system that includes all quantum effects of the bath splits into uncorrelated
branches. The separation of the nuclear wave packets linked to different electronic states results
a loss of coherence within the electronic subsystem. In other words, the microscopic system can
evolve quantum mechanically as a superposition quantum states in contact with a bath. The
macroscopic bath follows a group of trajectories associated with the components of the quantum
state. Diverged bath trajectories lead to a loss of phase relationship among the states of the total
system.”’® However, this phenomena will not occur if the nuclear motion is treated classically
as in the FSSH in mixed quantum-classical dynamics. Therefore, decoherence can be introduced
as a correction to the SH method. For the calculations in this thesis, we use the PYXAID
program’® > which accounts for the decoherence correction through the DISH® algorithm within
the CPA implementation.

The decoherence effects should be included if the decoherence time is less than the time
of the coherent electronic transition and for materials with well separated energy levels. The time
scale of divergence of nuclear wave packets gives the decoherence time which is related to the
phonon-induced pure dephasing times. The phonon-induced pure dephasing times are obtained
through optical response theory.®’®* They are obtained through the autocorrelation function of
the electronic energy gap changing along the MD trajectory due to the nuclear motion. In DISH,
a hop happens because of the decoherence in the electronic subsystem. As the semiclassical
nuclear wave packet associated with a given electronic state 7, moves sufficiently far away from
the wave packets that are related to the other states, it should decide to hop to state i or to stay in
the superposition of the remaining states. This happens when the time since the last decoherence

(¢;) event for state i is greater than the decoherence time 7;(t) for state i. The decoherence time

7;(t) is defined as,

N
1 (2.68)
5 2 Il

j=1j#i

where r; gives the decoherence rates between the pairs of electronic states which are
precomputed before the NA-MD simulation using the optical response theory® and cj(t) are

state amplitudes. Then, the trajectory must decide to hop to a new state. Within the CPA, the

probability of hops upward in energy are scaled by the Boltzmann factor as mentioned in (2.67).
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2.2.5.3 Basis set, initial conditions and time dependent populations for FSSH-TDKS
It is important to decide the electronic state basis and the initial conditions for the FSSH-
TDKS calculations. The TD Slater determinant in the basis of the Slater determinants composed
of the adiabatic one electron KS orbitals is considered as the basis set. All the KS orbitals
obtained from the electronic structure calculations will not be necessary for the TDKS
calculations, hence an “active space” is used in the calculations. Once the basis and the initial

conditions are decided, the time dependent population for each state can be calculated as,

B.(t) = M]l-v(lt) (2.69)

M is the total number of trajectories in the ensemble and M;(t) is the number of surface hopping

trajectories in electronic state i at time .
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Chapter 3 - Theoretical Investigation of Electron and Nuclear

Dynamics in the [Auzs(SH)lg]'1 Thiolate-protected Gold Nanocluster

Reproduced with permission from:

Senanayake, R. D.; Akimov, A. V.; Aikens, C. M., J. Phys. Chem. C, 2017, 121 (20), 10653—
10662.

3.1 Abstract

Clear mechanistic insights into excited state dynamics in thiolate-protected gold nanoclusters
are vital for understanding the origin of the photocatalytic enhancement via metal nanoparticles
in the visible region. Extensive experimental studies on the [Au,s(SR);s]" thiolate-protected gold
nanocluster nonradiative relaxation dynamics reported very distinct time constants which span
from the femtosecond to nanosecond scale. In this work, the nonradiative excited state
relaxations of the [A1125(SH)13]'1 cluster are investigated theoretically to characterize the electron
relaxation dynamics. The core and higher excited states lying in the energy range 0.0 — 2.2 eV
are investigated using time-dependent density functional theory (TD-DFT). The quantum
dynamics of these states is studied using a surface hopping method with decoherence correction,
augmented with a real-time approach to DFT. Population transfer from the S; state to the ground
state occurs on the several hundred picoseconds timescale. Relaxation between excited states that
arise from core-to-core transitions is found to occur on a much shorter time scale (2-18 ps). No
semi-ring or other states are observed at an energy lower than the core-based S; state. This
observation suggests that the several picosecond time constants observed by Moran and
coworkers could arise from core-to-core transitions rather than from a core-to-semi-ring
transition. A large energy gap between the S; and S states is found to be responsible for a
relatively slow decay time for S;. The S, state population decrease demonstrates the slowest
decay time due to the large energy gap to the ground state. The spectral densities are calculated

to understand the electron-phonon interactions that lead to electronic relaxations.
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3.2 Introduction

Thiolate-protected gold clusters in various size regimes have fascinated researchers due to
their promising optical, electrochemical, catalytic, and magnetic properties''* which make the
clusters useful in photocatalysis, optics, sensing, and medical applications.''> Among these
systems, thiolate-protected gold nanoparticles in the 1-2 nm size range demonstrate exceptional
optical properties due to quantum confinement leading to a discrete spectrum of electronic
energy levels, well-defined HOMO-LUMO transitions, and catalytic behavior that depends on
the particle size. The quantization of energy levels occurs when the diameter of the metal
nanoparticle is below the Fermi wavelength of the metal.'"* Small thiolate-stabilized
nanoparticles have been reported as efficient solar photon harvesters, due to their favorable
absorption spectrum that spans throughout the visible region."

Thiolate-protected gold clusters such as the well-defined [Auzs(SR)lg]'1 cluster, which
consists of a Au;; icosahedral core surrounded by six ‘V-shaped’ -S-Au-S-Au-S- semi-ring
motifs,'® '” have gained a lot of attraction in recent years. Recently, several research groups have
shown that traditionally non-plasmonic noble metal clusters like [Auzs(SR)lg]'1 can enhance
photocatalytic yields upon visible irradiation.'®*' Therefore, thiolate-protected gold clusters have
been proposed as photosensitizers in metal-cluster-sensitized solar cells.'® Even though there
have been many experimental studies on gold nanocluster composite systems up to date, the
origin of the photocatalytic enhancement in these systems is still a point of active debate.' **%°
It is essential to study the excited state relaxation of these noble metal nanoparticles alone upon
visible light irradiation in order to understand the origin of their photocatalytic enhancement.

It has been reported that fluorescence of thiolate-protected gold clusters could arise from
charge transfer (CT) interactions between the ligands and the metal core.'* Hence, it is important
to understand whether the CT and the core transitions a play a major role in defining the excited
state behavior of the thiolate-protected gold clusters. Due to the lack of fundamental research
related to excited state dynamics in these clusters, such studies will offer new perceptions in
understanding the photocatalytic activity of thiolate-stabilized gold nanoparticles in the visible
region.

Numerous experimental characterizations of photoluminescence and electron relaxation
dynamics from excited states lying near the HOMO-LUMO gap and from higher excited states

of the [Auzs(SR)lg]'1 cluster are available. Whetten, El-Sayed, and coworkers?® have performed a
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luminescence study on a thiolate-stabilized gold cluster which was later identified as the Auys
cluster. They suggested two mechanisms explaining the origin of two prominent peaks in the
emission spectrum at 1.15 eV and 1.55 eV. According to the first mechanism, the peaks could be
attributed to intraband and interband transitions, respectively. According to the second one, the
peaks are explained by the relaxation from the lowest singlet state S; to the ground state and
from the lowest triplet state T, to the ground state, respectively. The latter proposed mechanism
assumes an excitation to higher excited states which is followed by fast relaxation to S; due to
internal conversion. Then, the fluorescence originates from an electron-hole recombination,
bringing the system to the ground state. Phosphorescence would arise due to intersystem crossing
to T; followed by a radiative relaxation to the ground state. The former mechanism proposed
attributes the 1.15 eV peak to an intraband transition within the sp band across the HOMO-
LUMO gap, whereas the 1.5 eV peak is due to the radiative interband recombination between the
sp and d bands. The luminescence decay times of a few to several hundred nanoseconds as well
as microseconds have been observed for the radiative relaxations. The authors also suggested
that the luminescence decay dynamics could be complex and may involve several closely spaced
energy levels.”” A transient absorption study performed on the same gold cluster by the same
research groups confirmed the luminescence lifetime to be on a nanosecond timescale or longer.
At the same time, a fast relaxation with a time constant of 750 fs was observed and was
attributed to relaxation from higher excited state(s) to the lowest singlet excited state through
internal conversion.”®

Moran and coworkers studied femtosecond relaxation dynamics in the [Au,s(SCH,CH,Ph);s]
! anion. In contrast to Whetten et al., they observed an extremely rapid internal conversion
process, taking place on the order of 200 fs, which they attributed to the transitions in the
multilevel electronic structure of the Aujs core.”® The ultrafast relaxation timescale has been
rationalized based on a significant wavefunction overlap of the states localized in the core atoms;
the core states include the HOMO-LUMO which is approximately six-fold degenerate and the
HOMO-LUMO+1, which is approximately nine-fold degenerate. Another observed decay
channel, with the 1.2 ps internal conversion timescale, was suggested to be due to relaxation
from the core to the semi-rings. A similar study on the Pd-doped Au,s cluster suggested very fast
(< 50fs) internal conversion within the core states, a 500 fs internal conversion between core to

ligand states, and a relaxation of the semi-ring states of around 25 ps.”’
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An ultrafast luminescence dynamics study has been performed by Ramakrishna and
coworkers on AupsL;g clusters with two different protecting ligands, L = hexanethiol and
glutathione.14 They observed that the luminescence arises from the Au,s core states and that the
excited states relaxation time constants are independent of the presence of protecting ligand. The
luminescence decay was attributed to relaxation of Au core states to semi-ring states. The
researchers found that the relaxation proceeded through a manifold of electronic states and takes
several hundreds of femtoseconds to complete. According to their femtosecond time-resolved
luminescence measurements, higher excited states have decay lifetimes of 200 fs to a few
picoseconds and are relatively long-lived compared to molecular excited states and excited states
in larger nanoparticles."*

Using time-resolved near infrared transient absorption spectroscopy, Knappenberger and
coworkers studied the excited state relaxation dynamics in the Au,sL;s cluster in its anion and
neutral forms.*® The major relaxation mechanism was identified as a non-radiative core-to-ligand
energy transfer process following the internal conversion, on a few picosecond time scale. A
relaxation process which had been a previously unnoticed decay channel with a time scale of
several hundred picoseconds was observed for the neutral system which had an activation barrier
with respect to the HOMO-LUMO energy gap. For the anion, a ~100 ps relaxation was reported,
presumably starting from the excitation to LUMO+1. No indication of this relaxation pathway
initiated from the LUMO was observed. A radiative decay of a LUMO excitation has been
observed to occur on an approximately 5 ns timescale.*

Goodson and coworkers®' have identified different excited state lifetimes for states that they
assign as core and CT type states for Auys(SR);s clusters. The core states are comprised by the
HOMO-LUMO transitions, whereas the CT states are the core-shell transitions. The core states
were suggested to have a lifetime below 5 ps and the CT states had lifetimes above 1 ns.

Kamat and coworkers’® have studied excited states of glutathione-protected gold
nanoclusters. They identified a 780 ns long-lived excited state, which they assigned to a ligand-
to-metal transition. An approximately 3 ps short-lived state, also observed in the experiment, was
ascribed to a metal core transition in the reduced glutathione-stabilized gold cluster. In a separate
report, the size-dependence of the excited state dynamics in glutathione-protected gold clusters

was investigated. The Au,s(GS);s cluster showed a rapid ca. 1 ps decay and a slower decay of
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ca. 200 ns, which were identified as a metal-metal transition and a ligand-to-metal charge
transfer, respectively.'

Very recently, an electronic relaxation dynamics investigation has been carried out by
Knappenberger and coworkers on the superatom P and D states of the [Auzs(SCgHg)lg]’1 cluster
using femtosecond two-dimensional electronic spectroscopy (2DES) in the visible region.”
2DES can distinguish the spectrally overlapped signals in the one-dimensional experiments.** In
the absorption spectrum, two distinct transitions around 1.9 eV and 2.2 eV were identified, which
are believed to arise from the HOMO-1;HOMO-2-2>LUMO+1;LUMO and HOMO-1;HOMO-
2->LUMO+2;LUMO+3 respectively. As per their findings, hot electrons created in the
excitations to LUMO+2 and LUMO+3 in the 2.2 eV rapidly relax to the LUMO within 200 fs
via internal conversion. These higher LUMOs arise from the Au sp conduction band.”
Regarding the 1.9 eV excitation, a rapid 85 fs decay was reported which had been attributed to
an internal conversion of electron from LUMO+1 to LUMO. A 300 fs decay which is common
to 1.9 eV and 2.2 eV was attributed to internal conversion of holes between the HOMO-2 and
HOMO states.™

A very recent theoretical investigation by Aikens and coworkers™ proposed the origin of the
photoluminescence of [Auas(SR)is]" cluster capped by different ligands R (R=H, CH3, CH,CHs,
CH,CH;,CHj3) in the gas phase. According to this study, the Au-Au bonds expand slightly in the
Aujs core in the first excited state compared to the ground state geometry. Reduction in the
symmetry of the outer shell of the core was observed, which caused an increased splitting among
the approximate triply degenerate HOMO, HOMO-1, HOMO-2 and doubly degenerate LUMO,
LUMO+1 orbitals. A vibrational breathing mode in the range of 75-80 cm™ was reported for the
vibrations responsible for the nuclear relaxation. Several excited states had been suggested to be
responsible for the observed emission of the [Auzs(SR)lg]'1 cluster. The excited states were
found to arise from the excitations out of the superatom P orbitals into the lowest two superatom
D orbitals, which are the core-based transitions.>

Overall, very distinct time scales which span from the femtosecond to nanosecond scale have
been reported experimentally for non-radiative relaxation dynamics. In addition, several different
mechanisms for relaxation were proposed. Theoretical studies can help elucidate the different
time scales and relaxation mechanisms. A very recent theoretical study performed nonadiabatic

dynamics on the [Auys(SH);g] cluster and proposed a mechanism considering relaxations mainly

56



within the core states.’® A 30 ps decay was reported for the slowest nonradiative energy transfer
from LUMO to HOMO. They support the idea that the relaxations are a sum of ring and core
contributions.*® Further investigations of the core and higher state relaxations are vital to fully
understand the electron relaxation dynamics of the Auys cluster. Herein, the main focus of this
article is to unveil the physical principles behind the electron-nuclear dynamics and the

mechanism of electron relaxation of the thiolate-protected Au,s nanoparticle.

3.3 Computational methodology

We have performed ab initio real-time nonadiabatic molecular dynamics (NA-MD)
simulations to study the electronic relaxation dynamics in thiolate-protected nanoclusters. The
NA-MD simulations allow modeling quantum transitions in a manifold of electronic states
coupled to nuclear degrees of freedom. These processes cannot be treated with the Born-
Oppenheimer ab initio molecular dynamics, which assumes that only one electronic state is
sufficient for accurate modeling of electron-nuclear systems. The NA-MD simulations are
performed using the fewest switches surface hopping (FSSH)*’ algorithm. Specifically, we
utilize a simplified but computationally efficient approach based on the classical path
approximation (CPA) and the Kohn-Sham description of electronic states (FSSH-TDKS).*® This
approximation is valid when the nuclear dynamics is not significantly affected by electronic
excitation, which is typical for solid-state systems or structurally rigid blocks, such as quantum
dots. The assumption is supported by the previous TD-DFT studies,”® which suggest only slight
changes in Au-Au distances in the core of the nanoparticle, and no significant changes in the
geometry of the ligands. The overcoherent nature of the FSSH approach is corrected by the
decoherence-induced surface hopping (DISH)* scheme. All the NA-MD simulations are
performed using the PYXAID program.**!

The computations are organized in several steps. The initial relaxed geometry of
[Au,s(SH) 5] was obtained by performing a geometry optimization using a conjugate gradient
method as implemented in the Amsterdam Density Functional (ADF)* package. The core
electrons are treated using a frozen core approximation. Valence electrons are described using
the localized atomic triple zeta polarized basis set (TZP). The scalar relativistic effects of
electrons in gold are accounted for via a zero order regular approximation (ZORA).* The

electronic exchange and correlation are treated using the GGA Perdew—Burke—Ernzerhof
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exchange-correlation functional (PBE)* functional. The vibrational frequency calculations are
performed using ADF at the same level of theory. Electronic excitations (including absorption
spectra) in the optimized structures were studied using linear response time-dependent density
functional theory (TD-DFT) with the same specifications as above.

In the second step, the systems are thermalized and the molecular dynamics (MD) trajectories
are computed. These calculations rely on density functional theory (DFT) calculations performed
with the Vienna Ab initio Simulation Package (VASP).** The core electrons are treated using the
pseudopotentials of the projector-augmented wave (PAW)* type, whereas the valence electrons
are obtained using a plane wave basis set. The plane wave basis is defined by the kinetic energy
cutoff value of 400.0 eV. A simulation box with a size of 24 A was used to avoid contacts
between the [Auxs(SH)is]'. Only the gamma-point sampling over the Brillouin zone was
considered, as appropriate for the finite size systems. A temperature ramping calculation was
performed on the relaxed geometry at 0 K in order to heat the system up to 300 K. An MD
trajectory was obtained by integrating classical Hamiltonian equations of motion for nuclei using
the Verlet algorithm®’ and the 1 fs integration timestep. The trajectories were run under
microcanonical ensemble conditions. Valence electron interaction was described using the PBE
exchange-correlation functional.* The MD trajectory of 5 ps in length was computed.

In the third step, the nonadiabatic coupling (NAC) elements are calculated using the
wavefunctions computed along the MD trajectory obtained in the previous step. Specifically, we
employ a numerical scheme of Tully and Hammes-Schiffer* to calculate NACs as implemented
in the PYXAID code. These couplings were precomputed, stored, and used in the subsequent
steps to model NA transitions. The precomputed 5 ps trajectory was split into several smaller
pieces, each 3.5 ps in length, resulting in 10 different starting geometries. The 3.5 ps sub-
trajectories are considered the NA-MD trajectories, determining the maximal time of simulated
electronic relaxation. For each NA-MD trajectory, 1000 realizations of the stochastic
FSSH/DISH state hopping trajectories are considered, leading to sufficiently well converged
statistics of electronic transitions.

Several important electronic excited states that contribute to the two main peaks in the optical
absorption spectrum of [Auys(SH)s]" in the energy range of 0.0 - 2.2 eV are characterized in
detail. The excited state decay times are calculated including decoherence both ‘with’ and

‘without’ an energy correction to the calculated excited states. The energy corrections are used to
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compensate for underestimation/overestimation in the calculated DFT band gaps compared to the
experimental gaps. The decay times of the excited states populations are calculated by fitting to

an exponential decay which has the form,

F©) = exp(-2) G-D

The ground state population increase was calculated fitting the data to an exponential rise which

has the form,

f(£) =1—exp (— ;) (3.2)

The fitting was done using Gnuplot fitting implemented in GNUPLOT 5.0.

3.4 Results and discussion

The absorption spectrum calculated at the PBE level of theory (Figure 3.1) shows strong
peaks around 1.4 eV, 2.5 eV and 3.3 eV. The peak positions are shifted compared to the three
well-defined bands at 1.8, 2.75, and 3.1 eV'® 7 observed in the experimental UV-vis absorption
spectrum of [Auys(SH)1s]", yet the assignment is rather clear. The 1.41 eV peak obtained using
DFT calculations arises from the core to core transitions of the Au;; core. The energy is slightly

below the 1.5 eV value reported elsewhere.'’
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Figure 3.1 Calculated PBE/TZP optical absorption spectrum for [Auzs(SH)lg]'l.
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3.4.1 Relaxation dynamics of the first excited state peak.

To understand the electronic relaxation process of the [Auzs(SH)lg]'1 cluster, we have studied
the 1.4 eV peak which corresponds to the experimental 1.8 eV peak.'® ** According to Aikens
and coworkers,'” the first excited state that occurs at 1.52 ¢V (1.41 eV in this study) corresponds
to the intraband transition of HOMO-> LUMO where the HOMO is triply degenerate and the
LUMO is doubly degenerate. In this study we will consider the doubly degenerate LUMO as
two separate orbitals, LUMO and LUMO+1, and the triply degenerate HOMO as three separate
orbitals, i.e. the HOMO, HOMO-1, and HOMO-2 orbitals. Table 3.1 shows the excitations
involved in the 1.4 eV peak. The 1.4 eV peak is mainly constructed from the excited states 4, 5,
and 6, which have higher oscillator strengths compared to excitations 1-3. States 4 and 5 have
nearly equal oscillator strengths. The single-particle excitations that contribute the highest
weights to each excitation are shown in the table. It should be noted that the transitions going
from HOMO, HOMO-1 and HOMO-2 - LUMO and LUMO+1 are all core-to-core intraband

transitions.

Table 3.1 The transitions with the highest weights for the first six excited states from the
TDDFT calculation.

Excitation | Energy | Oscillator Weisht Most weighted
transitions (eV) strength g transitions

0.8514 HOMO - LUMO
0.0593 HOMO-2 - LUMO

1 1270 | 0.0031
0.0426 | HOMO-1 & LUMO+1
0.0357 | HOMO > LUMO+1
0.7912 | HOMO > LUMO-+1

2 1206 | 00043 01107 | HOMO-1->LUMO

0.048 HOMO-2 2 LUMO+1
0.0378 HOMO - LUMO
0.4518 HOMO-1 - LUMO
0.1829 HOMO-2 - LUMO+1
3 1.361 0.0035 0.1769 HOMO-2 - LUMO
0.1468 HOMO-1 2 LUMO+1
0.0308 HOMO - LUMO+1
0.4127 HOMO-1 - LUMO
0.2062 HOMO-2 - LUMO
0.1989 HOMO-1 2 LUMO+1
0.0818 HOMO-2 - LUMO+1

4 1.408 0.0189
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0.0735 HOMO - LUMO+1
0.5656 HOMO-1 2 LUMO+1
0.2718 HOMO-2 - LUMO

5 1.417 0.0232
0.0861 HOMO - LUMO
0.0429 HOMO-2 - LUMO+1
0.6276 HOMO-2 - LUMO+1
0.2618 HOMO-2 - LUMO

6 1.444 0.0242 0.0493 HOMO - LUMO+1
0.0234 | HOMO-1 - LUMO+1
0.0113 HOMO - LUMO

It should be noted that the first six excited states from the TDDFT calculation (Table 3.1) are
slightly different from the S;-S¢ states that we define for use in the FSSH-TDKS calculations to
deduce the relaxation dynamics of the 1.4 eV excitation (Table 3.2). They vary in that each of the
states in the FSSH-TDKS calculations arise from a single Slater determinant, whereas the
TDDFT calculations yield states that are inherently mixed. However, the S;-S¢ states shown in
Table 3.2 roughly correspond to the transitions with the highest weights from the first six excited

states in the TDDFT calculation.

Table 3.2 Excited states and corresponding transitions used in the FSSH-TDKS
calculations.

Excited state Transition
Si HOMO - LUMO
S, HOMO - LUMO+1
Ss HOMO-1 - LUMO
S4 HOMO-1 - LUMO+1
Ss HOMO-2 - LUMO
Se HOMO-2 - LUMO+1

The analysis of the orbital energies of the [Au25(SH)1g]'1 cluster indicates the near-
degeneracy of the LUMO and LUMO+1 as well as the near-degeneracy of HOMO, HOMO-1
and HOMO-2 (Figure 3.2). This behavior is consistent with the previous characterization of the
nature of these orbitals.!” As shown in Figure 3.3, the HOMO-2, HOMO-1, and HOMO consist
mainly of core gold orbitals which have a mixed 6s and 6p character. The LUMO and LUMO+1

are also composed of 6s orbitals from gold atoms in the core of the nanostructure. The lower
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lying orbitals (HOMO-3 to HOMO-6) show mainly 5d character originating from the ligand gold
atoms and a small amount of 3p character from sulfur orbitals. The orbitals shown in Figure 3.3

are plotted with the ADF GUI.

Energy vs time at 300K for Aus(SH)1g™2
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Figure 3.2 Variation of the HOMO-6 to LUMO+6 orbital energies with time.

62



Figure 3.3 The orbitals near the HOMO-LUMO gap and their relative energies in eV.

3.4.1.1 Relaxation dynamics of the S, state

A fully coherent relaxation dynamics of the S; state was modeled considering electronic

transitions from LUMO to HOMO (Figure 3.4). In this initial study, we have considered a
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minimal model, including only the S; and ground states. Figure 3.4a shows the LUMO
population decay, which relates both to the S; state population decrease and the ground state
(GS) population increase. The S; decay time was found to be 5.7 ps, which is much less than the
recently reported decay time of 30 ps for S; in a similar theoretical work.”® Increasing the
HOMO-LUMO gap by 0.55 eV, to match the corresponding experimental value, only slightly
increases the timescale — up to 6.3 ps (Figure 3.4b). To correct the overcoherent nature of the
FSSH scheme, we have considered adding decoherence effects via the DISH algorithm (Figure
3.4, panels ¢ and d). Decoherence is included in all remaining calculations we will discuss in the
next section. Decay times of 65.0 ps and 349.0 ps were obtained for simulations with
decoherence both ‘without’ and ‘with’ the energy correction to the S; state, respectively.
Inclusion of decoherence changes the decay time values considerably. In addition, the inclusion
of decoherence amplifies the energy gap correction. We should note that the simulation times
obtained with DISH (Figure 3.4, panels ¢ and d) are not long enough to obtain accurate values
for these decay times, so the latter rely on extrapolation and the obtained timescales should be

considered to be estimates.
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Figure 3.4 Dynamics of the S, state relaxation: with energy gap correction (b, d) and with
decoherence correction (c, d).
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3.4.1.2 Relaxation dynamics of S; to S¢ states

In this section, the relaxation of the first six excited states, S; to S¢ is discussed. In contrast to
the model study discussed in section 3.4.1.1, all six excited states and the ground state are
included in the calculations. The computed kinetic curves are shown in Figure 3.5. The
corresponding ground state recovery times are shown in Table 3.3. Compared to the minimal 2-
state model, the relaxation of the S; state in the presence of all six excited states does not
significantly change. This is expected, since no lower energy state is involved in this process.
The presence of higher energy states does not alter the dynamics significantly, since they remain
energetically inaccessible (transitions to them are very infrequent). It should be noted that the
ground state growth dynamics should include contributions from multiple relaxation pathways.
Whetten and coworkers have also suggested the involvement of several degenerate energy states
which leads to complicated decay dynamics.”” Without the 0.55 eV energy correction, the ground
state growth after excitation of S; is 73 ps when all six excited states are considered, compared
to 65 ps in the presence of only S;. This could be due to a small electron population transfer to
the higher energy S, and S; states as shown in Figure 3.5a, which may delay the relaxation to the
ground state. However, when the energy correction to the excited state is incorporated, the

ground state growth time decreases to 313 ps from 349 ps.

Table 3.3 Ground state population increase lifetimes after excitation of the six excited states
contributing to the 1.4 eV peak.

. Ground state growth time Ground state growth
Excited . c e . .
state (ps) without c0ns1de.r1ng the | time (ps) with ?he energy
energy correction correction
St 73 313
S, 71 365
S3 81 441
S4 120 690
Ss 96 750
Se 158 1429

It is clearly evident that the initial LUMO+1 - HOMO-2 excitation (S¢) leads to the slowest
GS recovery regardless of whether an energy correction is used. The LUMO+1 - HOMO-1

excitation (S4) leads to the second longest GS population growth when no energy correction is
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applied. Both S; and S, decay to the GS much faster. Generally, higher initial excitation leads to
slower repopulation of the ground state (Table 3.3). The large initial excitation number implies
the presence of a large number of intermediate states. Each additional intermediate state retains
the system in the excited state for a longer duration, exerting an effective “friction”, and leading
to longer GS recovery times. For all states shown in Table 3.3, it is clear that the times for
repopulation of the ground state have increased significantly as a result of the addition of the

energy correction.

Table 3.4 The decay times of the excited state population decrease of the six excited states
contributing to the 1.4 eV peak.

Excited Decay tm.le (ps) without Decay time (ps) with
considering the energy .
state . the energy correction
correction
Si 15 18
S, 3.2 3.3
S 3.0 3.1
Sy 1.9 1.9
Ss 2.6 2.6
Se 1.9 1.9

The excited state depopulation times are summarized in Table 3.4. Despite the slow overall
ground state population growth dynamics, the decay times of initial excited states are ultrafast.
Excited state depopulation occurs quickly between the excited states. It is clear that ground state
repopulation times after excitation of the S; state are much larger than the decay times of the S;
state (73 ps vs. 15 ps without energy correction and 313 ps vs. 18 ps with it). We can
hypothesize that the S, and S; states play an important role in the S; state relaxation since the S;
state population transfer to the S, and S; states is much faster than the population transfer to the
GS. In Figure 3.5b the S, state quickly transfers some population to the S; state and a small
amount to the S; and Ss higher energy states while the ground state is populated slowly. The
ground state population increase is slightly slower when the energy correction is added as shown
in Figure A.1b. When excited to the S¢ state as in Figure 3.5f, the population relaxes to the lower
energy S;-Ssstates, and the populations of all states after 3.5 ps reach an average value of 0.17.

As mentioned in the introduction, the work performed by Moran and coworkers in 2009

identified a 1.2 ps time constant measured with a probe pulse of 620 nm (~1.99 eV) and a time
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constant of 4 ps with a lower energy probe pulse of 725-800 nm (~1.55 — 1.71 eV).?® The probe
energy range lies between 1.5 to 1.99 eV, which spans the energy range of the first absorption
peak of the [AUzs(SH)lg]'l cluster!” which arises from core to core transitions. Therefore, we
suggest that the time constants observed by Moran and coworkers could arise from core to core
transitions rather than from a core to semi-ring transition. We observe time constants for the
near HOMO-LUMO core states (S; to S¢ states) in a range of 2 - 18 ps, which is in a good
agreement with the picosecond time scale constants observed by Moran and coworkers. Because
the initial dynamics for the FSSH-TDKS method are run on the ground state potential, it is

possible that excited state nuclear relaxation could decrease some of these time constants.

3.4.2 Relaxation dynamics of higher excited states up to Szs

The relaxation of the higher excited states will be discussed in this section. We consider an
initial excitation corresponding to the peak at around 2.2 eV. Analysis of the most probable
transitions with highest oscillator strengths and transition dipole moments gives the HOMO-6 to
LUMO+4 orbitals as the orbitals involved in the main transitions. The detailed analysis of the
transitions is shown in Table A.1 in the supporting information in Appendix A.

All possible single particle transitions were considered for orbitals between HOMO-6 and

LUMO+4 as shown in Table 3.5; S;-Sg have the same transitions as in Table 3.2.
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Figure 3.5 Evolution of the populations of S;, Sy, S3, S4, Ss, S¢ states. 5(a) to 5(f) are
relaxations from S; - S¢, respectively, without the energy correction.

Table 3.5 Transitions considered for higher excited states.

Excited
state
S, HOMO - LUMO+2

Ss HOMO - LUMO+3

So HOMO - LUMO+4

Sio HOMO-1 - LUMO+2
Sit HOMO-1 - LUMO+3
Siz HOMO-1 - LUMO+4
Si3 HOMO-2 - LUMO+2
Si4 HOMO-2 - LUMO+3

Transition
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Sis HOMO-2 - LUMO+4
Si6 HOMO-3 - LUMO

Si7 HOMO-3 - LUMO+1
Sis HOMO-3 - LUMO+2
St9 HOMO-3 - LUMO+3
S20 HOMO-3 - LUMO+4
S HOMO-4 - LUMO

Sz HOMO-4 - LUMO+1
Sa3 HOMO-4 - LUMO+2
Sa4 HOMO-4 - LUMO+3
Sas HOMO-4 - LUMO+4
Sa6 HOMO-5 - LUMO

S27 HOMO-5 - LUMO+1
Sas HOMO-5 - LUMO+2
Sa9 HOMO-5 - LUMO+3
S30 HOMO-5 - LUMO+4
Sa1 HOMO-6 - LUMO

S3z HOMO-6 - LUMO+1
S33 HOMO-6 - LUMO+2
S34 HOMO-6 - LUMO+3
S3s HOMO-6 - LUMO+4

An excited state energy correction of 0.55 eV was used for the S; to S¢ states and no
correction was considered for the S; to Sss states. All relaxation times were calculated with the
inclusion of decoherence. The population relaxation of states S; to S¢ is shown in Figure A.2 in
the supporting information (Appendix A). According to Figure A.2, the population relaxations of
states S; to S¢ preserve similar relaxation patterns compared to the Figure A.1 plots with only
minor changes.

The calculated excited state population decay times for the first six states are shown in Table
A.2 in the supporting information. The S, state has the slowest decay time of 15 ps compared to
the other six states having 3.3 to 1.4 ps decay times. Compared to the decay times observed for
the case where only the S;-S¢ states were considered, these states have similar decay times. A
similar trend is followed for the six states except for the Ss state, which now has a decay time
similar to S4.

The depopulation of the Sg to S35 states occurs much faster than that of the S, state, on the

timescale ranging from 0.7 to 3.1 ps (Table A.3, in the Supporting Information, Appendix A).
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Among all these states, the S; state has a distinctively long lifetime of 9.9 ps, comparable to that
of the S; state. This is likely due to the large energy gap between the S; and S¢ states, which
makes the population transfer more difficult. Geometrical relaxation of the S; state can decrease

this energy gap,” which may lead to faster decay times.

3.4.3 Electron-phonon interactions in the [Auzs(SH)ls]'1 cluster

Nonadiabatic couplings arise due to interactions between electronic and nuclear degrees of
freedom; thus, vibrations in the [Auzs(SH)lg]'1 cluster can lead to non-radiative relaxation of
excited states. Therefore, it is vital to understand which nuclear vibrational motions couple most
strongly with electronic states in order to understand the dynamics of electronic relaxations in
these systems.

In the femtosecond relaxation dynamics study on the [Auzs(SCHzCHzPh)lg]'1 cluster, Moran
and coworkers identified a 80 cm™ vibrational mode when the probe pulse was tuned to 660-700
nm (~ 1.8 eV), which they attributed to a radial Au-Au bond stretching mode within the Au;;
core of the cluster.”® Similarly, a time dependent photoluminescence study on Au,s(SCsHo)'® by
Knappenberger and coworkers identified a Au(0)-Au(l) stretching vibrational mode around 90
cm” and a Au(I)-S stretching mode around 200 cm™.*

In order to understand electron-phonon interactions in the [Auzs(SH)lg]'1 cluster, Fourier
transforms of the normalized autocorrelation function of the energy gap fluctuation for a pair of
electronic excited states are computed. The energy gap could be between the GS and an
electronic excited state or between two different electronic excited states. This gives the phonon
spectral density that shows the vibrational modes that are correlated with the non-radiative
relaxations.

Figure 3.6 shows the Fourier transforms of autocorrelation functions of the fluctuations of the
energy gaps (phonon spectral density spectra) between the GS and S;, GS and S,, GS and S5, and
GS and Sg separately. Between GS and S;-S,, there is a range of intense peaks in the region of 0-
100 cm™, with two intense peaks around 25 cm™ and 62.5 cm™. These features are also shown in
the graphs drawn between the GS and the S;-Sg states which are shown in Figure A.3. The 25
cm” peak is also visible in the GS-S; and GS-Sg plots. Furthermore, a small peak in the range

75-100 ¢cm™' is visible for the GS with S1, S», Sa4, S¢ and Sg which could be attributed to the 80
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cm” vibrational mode observed experimentally. These states arise from core-based transitions.
All the plots are drawn with a resolution of ~ 4.8 cm™.

The phonon spectral densities for the pairs of GS with S; and Sg reveal a different
character. Both display a small peak around the 200-225 cm™ range. The S; and Sy states arise
from the HOMO - LUMO+2 and HOMO - LUMO+3 transitions, respectively. To investigate
further, similar graphs were plotted between the two adjacent excited states instead of the GS-
excited state. Figure 3.6 also shows the graphs drawn for S;-S; and S,-S; only while the
remainder of the graphs are shown in Figure A.4.

In order to correlate the observed vibrational frequencies to the cluster geometry, we
compared the frequency values to the frequency calculation with ADF. According to this
comparison, it is possible that the ~ 25 cm™ frequency that we observe could be a Au(core)-
Au(semi-ring) stretching frequency and that the ~ 62.5 cm™ mode could be a Au(core)-Au(core)
stretch. We observed very clear Au(core)-S stretching vibrations between the 213.3 — 237 cm™
frequencies from the frequency calculation. Therefore, the small peak we see around the 200-225
cm” range from the spectral density plots could be attributed to a Au(core)-S stretching

vibration.
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Figure 3.6 Fourier transform of autocorrelation functions of the fluctuations of the energy
gaps (phonon spectral density spectra) between GS-S;, GS-S,, GS-S7, GS-Ss, Si-S2, and S,-
S;.

3.5 Conclusion

The nonradiative relaxation dynamics of the [Auzs(SH)lg]'1 cluster excited states have been
investigated using TDDFT and KS-DFT based NA-MD methods. The timescales for the ground

state recovery were found to be up to two orders of magnitude larger than the relaxation
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timescales of the S;-S¢ excited states. The GS recovery time increases with the initial excitation
energy, suggesting that the recovery of the ground state population may be significantly inhibited
by the effective “friction” due to the presence of intermediate electronic states, even though the
relaxation of the initially-prepared state may occur on the ultrafast timescale. Importantly, the
timescales for the GS recovery are increased by a factor of 2-6 by including an energy gap
correction.

The S;-S¢ excited states were found to decay non-radiatively on the timescale of 2.5 to 18 ps,
due to fast relaxation to the other excited states as well as to the GS. Our relaxation dynamics
calculations of the core states suggest that the time constants observed by Moran and coworkers
could arise from core to core transitions rather than from a core to semi-ring transition as they
suggested. We predicted time constants for the near HOMO-LUMO core states (S; to S¢ states)
to be on the picosecond time scale, which is in good agreement with the picosecond time scale
constants observed by Moran and coworkers.

The relaxation dynamics of the higher excited states with energy up to ~ 2.2 eV preserve
similar relaxation trends. Within the higher excited state relaxations, we observe that S; has the
slowest decay time of 9.9 ps. This could be due to the large energy gap between the S; and Se
states. The S, state population decrease demonstrates the slowest decay time due to the large
energy gap to the GS; in our study, no semi-ring or other states were observed at lower energy

than the core-based S; state.
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Chapter 4 - The Electronic Relaxation Dynamics in [Auzs(SR)lg]'1 (R
= CH3;, C,Hs, C;H;, MPA) [MPA = mercaptopropionic acid ligand]
Thiolate-protected Nanocluster Series: Ligand Effects and Separate
Electron and Hole Relaxation Dynamics in the [Auzs(SCH3)18]'1

Nanocluster

4.1 Abstract

We investigate the excited electron dynamics in [Au25(SR)1g]'1 (R = CHj3;, C,Hs, CsH7,
MPA) [MPA = mercaptopropanoic acid] nanoparticles to understand how different ligands affect
the excited state dynamics in this system. The population dynamics of the core and higher
excited states lying in the energy range 0.00-2.20 eV are studied using a surface hopping method
with decoherence correction in a real-time DFT approach. All of the ligated clusters follow a
similar trend in decay for the core states (S;-S¢). The observed time constants are on the
picosecond time scale (2-19 ps), which agrees with the experimental time scale, and this study
confirms that the time constants observed experimentally could originate from core-to-core
transitions and not from core-to-semiring transitions. In the presence of higher excited states, R =
H, CHj3;, C;Hs, and C3H7 demonstrate similar relaxations trends whereas R = MPA shows slightly
different relaxation of the core states due to a smaller gap between LUMO+1 and LUMO+2 gap
in its electronic structure. The S; (HOMO-LUMO) state gives the slowest decay in all ligated
clusters, while S; has a relatively long decay. Furthermore, separate electron and hole relaxations
were performed on the [Au25(SCH3)lg]'1 nanocluster to understand how the independent electron,

hole relaxations contribute to the overall relaxation dynamics.

4.2 Introduction

Small thiolate-protected gold clusters in the ~2 nm size regime have been identified as
promising efficient solar photon harvesters.'”? Their ability to absorb photons in the visible range
has been a major reason for their usefulness in photocatalytic applications.! Experimental studies
have demonstrated that even non-plasmonic clusters such as [Auzs(SR)lg]'1 can contribute to
photocatalytic enhancement upon visible light irradiation on a Aups-semiconductor system.”®

These observations have suggested that the [Aus(SR)is]”’ nanocluster can be a possible
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photosensitizer in metal cluster-sensitized solar cells.? Also, [Allzs(SR)lg]'1 has shown interesting
photoluminescence properties’™' that are important for future sensing and imaging applications.
Therefore, a thorough understanding of the excited state relaxations in [Auas(SR)5]™ is required
for the development of relevant applications.

The [Auas(SR)is]" cluster is a well-defined thiolate-protected gold nanoparticle with an
icosahedral core that consists of thirteen gold atoms. The gold core is surrounded by six “V-
shaped” —S—Au—S—Au—S— semiring motifs.'”!® Several different [Auzs(SR)lg]'1 clusters have
been reported experimentally and theoretically depending on the type of the ligand R attached to
the sulfur atoms. Some of the SR groups used are alkanethiols such as -SCH3, -SCH,CH3, -
SCe¢H 13, -SCH,CH,Ph; glutathiones; arylthiols such as -SPhX(X=H, F, Cl, Br, CH3, OCHj3, NO,,
/Bu), and dithiolates.> ' In the literature, various experimental characterizations of electron
relaxation dynamics from excited states lying near the HOMO—-LUMO gap and from higher
excited states of the [AUZS(SR)18]71 cluster can be found.> > ' 2> 262 5 these experiments,
groups have used different ligands in the R group, including SR = glutathiones, hexanethiols, -
SCH,CH,Ph.

In 2002, Whetten and co-workers performed a femtosecond transient absorption study on
the glutathione-stabilized Au,s cluster and found two relaxation lifetimes: one around 750 fs and
the other on the nanosecond time scale.” Moran and co-workers studied the femtosecond
relaxation dynamics of the Au,s cluster when the ligand was R = CH,CH,Ph. They proposed a
relaxation mechanism involving a relaxation time of ~200 fs for the Au;; core and a slower 1.2
ps time constant for the relaxation from core to semiring states.'’ A femtosecond time-resolved
luminescence study of AupsL;s [L = hexanethiol (CsS) and glutathione (GS)] by Ramakrishna
and co-workers suggested that higher excited state decay constants have lifetimes of 200 fs to a
few picoseconds.’® Kamat and co-workers also studied relaxation dynamics of the
glutathione-protected Au,s nanocluster. In their study, the Au,s(GS);s cluster showed a ~1 ps
decay constant for a metal-metal transition and a slower ca. 200 ns decay constant for a ligand-
to-metal charge transfer.' Overall, experimental studies on nonradiative relaxation dynamics on
Auys clusters with different ligand systems have demonstrated varying time constants that span
from the femtosecond to nanosecond time scale.

At this point, a systematic theoretical study is needed to explain the different time scales

observed for different Aups clusters and provide further insights into the Aups relaxation
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mechanism. Recent theoretical studies have been performed on understanding the nonradiative
excited state relaxations of the [Auzs(SH)lg]f1 cluster to characterize the electron relaxation
dynamics.’”>' Those investigations considered the smallest possible Au,s cluster model with

simple SH ligands. In the study by Senanayake et al.,*

the core and higher excited states lying in
the energy range of 0.00—2.20 eV were considered in the relaxation dynamics calculations. It
was found that relaxations between excited states that arise from core-to-core transitions occur
on a short time scale of around 2-18 ps. This study also supported that idea that no semiring
states are involved at an energy lower than the core-based S, state. The observation suggests that
the several picosecond time constants observed by Moran and co-workers could arise from core-
to-core transitions rather than from a core-to-semiring transition.”® The SH ligand was used in
our previous study to capture the relaxation dynamics of the Auys cluster while reducing the
complexity of the geometry of the system and minimizing the computational cost. However, it is
important to determine how the trends in the relaxation dynamics differ in the Auys cluster with
more realistic ligands. Therefore, an analysis of the relaxation dynamics that occur when the
ligands are varied will provide better insight to the relaxation dynamics of the Auys cluster.
Herein, the main goal of this study is to investigate the electronic relaxation dynamics in
the thiolate-protected nanocluster series [Au25(SR)1g]'1 (R = CH;, C;Hs, CsH7, MPA) [MPA =
mercaptopropionic acid] to understand the ligand effects on relaxation dynamics compared to the
[Au,s(SH) 5] system. The ligands used in this study are closer to common experimentally used
ligands such as glutathione and phenylethylthiol. MPA-ligated gold clusters have been used in a
photocatalysis study with TiO,/gold nanocomposites because MPA has a carboxylic functional
group (-COOH) that can covalently bind to the TiO, surface.’” Studying the relaxation dynamics
of [Auas(SR) 5] with different R groups will be beneficial for understanding how the ligands
affect the dynamics, especially how the core and the higher excited state relaxations will differ
based on the ligand used. The findings of this investigation will provide better insights into the

photo-physics of the [Auas(SR);s]”" nanocluster, which is necessary for its useful applications.

4.3 Computational methodology

We have performed ab initio real-time nonadiabatic molecular dynamics (NA-MD)
simulations to study the electronic relaxation dynamics in the thiolate-protected nanocluster

series [AUzs(SR)lg]'1 (R = CHj3, C,Hs, CsH7, MPA). The NA-MD simulations were performed
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using the fewest switches surface hopping (FSSH)* algorithm with the classical path
approximation and a time-dependent Kohn—Sham description of electronic states (FSSH-
TDKS).** The overcoherent nature of the FSSH approach is corrected by the decoherence-
induced surface hopping (DISH)* scheme. The FSSH simulations are performed using the
PYXAID program.%'3 !

The computational methodology has several steps that are described briefly in this
section. A detailed explanation of the method employed is given elsewhere.’” ***” The relaxed
geometries of the thiol-protected nanoclusters were obtained by performing a geometry
optimization with the PBE**/TZP level of theory with the Amsterdam Density Functional
(ADF)* software package. The zero-order regular approximation (ZORA)*’ was used to treat the
scalar relativistic effects in gold. Linear response time-dependent density functional theory (TD-
DFT) calculations were performed using the same level of theory to get the electronic excitations
and the absorption spectra.

Secondly, the Vienna Ab initio Simulation Package (VASP)*' is used to perform
temperature ramping and molecular dynamics (MD) calculations. The 0K systems are
thermalized through a temperature ramping calculation performed at 300K. An MD trajectory of
5 ps in length was computed with a 1 fs integration time step. We used projector-augmented
wave'” pseudopotentials, a kinetic energy cutoff value of 402.4 ¢V for the temperature ramping
calculations and a kinetic energy cutoff value of 301.8 eV for the MD simulations and NA
coupling calculations (these values are the same as in the previous R=SH study), gamma points,
and the PBE functional in all of our VASP calculations. For R= CH3, C,Hs, and C3H7, a 24 A
simulation box size was used; for MPA, the simulation box size was set to 30 A due to its larger
size. This bigger box size for R=MPA will minimize the possible interactions between the
neighboring images due to the use of periodic boundary conditions.

In the third step, we calculated the nonadiabatic coupling elements following the same
approach described in our previous study on [Auys(SH)s]'. The NA-MD calculations were
performed considering 3.5 ps length sub-trajectories with 10 different starting geometries. For
each NA-MD trajectory, 1000 realizations of the stochastic FSSH/DISH state hopping
trajectories are considered.

The important electronic excited states contributing to the two main peaks in the optical

absorption spectrum of [Aups(SR);s]™" in the energy range of 0.00-2.20 eV were analyzed both
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with and without an energy correction to the calculated excited states. With the PBE level of
theory, the first excitation peak (S;-S¢ states) is underestimated by ~0.55 eV compared to the
experimental peak. The second peak has a smaller underestimation. Therefore, an excited state
energy correction of 0.55 eV was used for the S;-S¢ states and no correction was used for higher
states. The decay times of the excited states populations and the ground state population increase
times were calculated for all of the nanoclusters using the same equations and procedure

mentioned in our previous study.*

4.4 Results and discussion

The absorption spectra (Figure 4.1) calculated for [Au25(SR)lg]'1 (R = CHs;, C,Hs, C3H7,
MPA) at the PBE level of theory show strong peaks around similar energies compared to
[Au25(SH)1g]'1. [Au25(SCH3)lg]'1 exhibits strong peaks around 1.35 and 2.60 eV. Similarly, the
absorption spectra for [Auys(SR)is]” (R = C,Hs, C;H7, MPA) display strong peaks around [1.37,
2.60], [1.37, 2.60], and [1.30, 2.40] eV, respectively. The peak positions are shifted compared to
the three well-defined bands at 1.8, 2.75, and 3.1 eV observed in the [AU25(SR)18]'1
experimental'>"> UV—vis absorption spectrum. The first peak of [Auys(SR)is]”" with different
ligands is redshifted compared to that of [Au,s(SH)s]”". However, the assignment of the first
peak in all the clusters studied here is similar to the previous DFT calculations performed on the
related [AUzs(SH)lg]'1 cluster.'® ® The first peak arises from core-to-core transitions within the

Auy; core.
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Figure 4.1 Calculated optical absorption spectra for [Auzs(SR)lg]'1 (R = CH;, C;Hs, C3H7,
MPA).

4.4.1 Relaxation dynamics of the first excited state peak in [Auzs(SR)w]'1

To understand how electronic relaxation dynamics differ when [Auzs(SR)lg]'1 is
substituted with various ligands R (R = CHj3, C;Hs, C3H7, MPA), we have studied the first peak
in the spectrum that corresponds to the 1.8 eV experimental peak. The first excited state of the
clusters with ligands R = CHj3, C;Hs, CsH7, and MPA occurs around 1.35, 1.37, 1.37, and 1.30
eV, respectively. The first excited state peak in these three clusters can be attributed to an
intraband transition arising from HOMO — LUMO where the HOMO is nearly triply degenerate
and the LUMO is nearly doubly degenerate as in previously reported theoretical investigations.'
3% In this work, we discuss the approximately doubly degenerate LUMO as two separate orbitals
(LUMO and LUMO+1) and the triply degenerate HOMO as three separate orbitals (HOMO,
HOMO-1 and HOMO-2) because the degeneracy is lifted because of nuclear distortions in the x,
v, and z directions during the dynamics. The 1.35 eV peak is constructed from excited states 4, 5,
and 6, which have higher oscillator strengths compared to excited states 1 to 3. (see Appendix B,
Table B.1)

The table also shows the highest weighted single-particle excitations that contribute to the
first peak. The transitions going from the HOMO, HOMO-1 and HOMO-2 to the LUMO and
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LUMO-+1 are all core-to-core intraband transitions. The excitations involved in the other ligated
clusters are also in Table B.1. The first peak in all ligated clusters originates from similar core-
to-core based transitions. Therefore, we can define the same six excited states for the FSSH-
TDKS calculations of the first peak as were defined for the [Auys(SH)s]" case (Table 4.1).
These six excited states used in the FSSH-TDKS calculations (Table 4.1) are slightly different
from the first six excited states determined from the TDDFT calculations (Table B.1); the FSSH-
TDKS calculations use a single Slater determinant while the TDDFT calculations allow for
mixed states. In the FSSH-TDKS calculations, the states shown in Table 4.1 correspond to the
six transitions with the highest weights across the first six excited states in the TDDFT

calculation.

Table 4.1 The six excited states considered for the FSSH-TDKS calculations responsible for
the first absorption peak.

Excited state Transition
Si HOMO - LUMO
S, HOMO - LUMO+1
Ss HOMO-1 - LUMO
Sy HOMO-1 - LUMO+1
Ss HOMO-2 - LUMO
Se HOMO-2 - LUMO+1

Clusters with ligands R = CHs, C;Hs, and CsH; demonstrate near degeneracies of
LUMOs and HOMOSs similar to the [Auz5(SH)1g]'1 case. The variation of the orbital energies
with time during the MD simulations is shown in Figure 4.2 for R = CH; while R = C,Hs, CsH;
are shown in the SI in Appendix B, Figure B.1. The orbital energy variation during the MD run
for clusters with R = CHs C,Hs, CsH7 shows a similar behavior. The HOMO-2, HOMO-1 and
HOMO of those clusters are mainly constructed of core gold orbitals (mixed 6s and 6p
character), whereas the LUMO and LUMO+1 are also constructed of core gold atomic orbitals
(6s character). The lower lying HOMOs are mainly composed from ligand gold (5d character)
atoms and from a small amount of sulfur atomic orbitals (3p character). Compared to the other
ligated Au,s clusters, the electronic structure of the cluster with R=MPA started to indicate a
slight difference during the MD simulation (Figure 4.3). Initially (0400 fs), the electronic
structure exhibits an energy gap between the LUMO+1 and higher level LUMOs; after around

84



400fs, the energy gap between the LUMO+1 and LUMO+2 decreases. The triple degeneracy of
the HOMO, HOMO-1, HOMO-2 is preserved and there is a notable gap between the HOMO-2
and lower level HOMOs for the R=MPA cluster as shown in Figure 4.3. However, the LUMO
orbital energies are closer in energy to each other in the MPA-ligated cluster compared to the

other clusters.

Energy vs time at 300K for Au,5(SCH3)15
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Figure 4.2 Orbital energy variation with time during the MD simulation for
[Auzs(SCHa)is] ™
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Energy vs time at 300K for Auy5(MPA)1g”
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Figure 4.3 Orbital energy variation with time during the MD simulation for [Au,s(MPA);s]
1

4.4.1.1 Relaxation dynamics of S; to S states in [Auzs(SR)lg]'1

In this section, the electronic relaxation of the first six excited states, S; to Se¢, of
[Au25(SR)lg]'1 with different ligands are discussed. Similar to the [Auzs(SH)lg]'1 model system
studied earlier, all six excited states and the ground state (GS) are included in all the calculations
in this section. The overcoherent nature associated with the FSSH calculation was adjusted by
adding decoherence effects through the DISH algorithm implemented in the PYXAID program.
Inclusion of the decoherence correction in the calculations changes the decay time values
considerably, as shown previously in detail for [Auxs(SH)is]".>° Therefore, the decoherence
correction was added in all calculations discussed in this work. In addition, we also added an
energy correction of 0.55 eV to the HOMO-LUMO gap of the various clusters considered in the
calculations, to provide a better match with the corresponding experimental value. We used the
same 0.55 eV energy correction for the excited states in all the clusters due to the similar
HOMO-LUMO gaps obtained from the ADF geometry optimizations and to keep the comparison

between different clusters consistent. The relaxation dynamics were performed both “without”
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and “with” energy corrections to see the implications of this correction on the patterns in the
excited state relaxation dynamics in the different clusters. Both the excited state population

decays and the GS population increase times are determined in this work.
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Figure 4.4 Evolution of the populations of S;, S;, S3, S4 Ss, S¢ states (panels a—f,
respectively) for [Au25(SCH3)13]'1 without an energy correction.

The population dynamics computed for the [Auas(SCH3)s]™ cluster are shown in Figure
4.4. The relaxation patterns observed for the cluster with the methyl ligand demonstrated a
similar relaxation pattern for the S; to S¢ state relaxations for [Au25(SH)1g]'l. The relaxation
patterns obtained using a 0.55 eV energy correction to the excited states (Figure B.2) preserved a

similar pattern to those in Figure 4.4 regardless of whether the correction was added. The
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computed GS growth times for the [Au25(SCH3)1g]'1 cluster are shown in Table 4.2.

Table 4.2 Ground state population increase time constants after excitation into the six
excited states contributing to the 1.35 eV peak of [Au25(SCH3)18]'1.

GS growth time (ps) | GS growth time (ps)
Excited state without considering the with the energy
energy correction correction
Si 25 77
Sz 24 105
S3 43 168
S4 58 258
Ss 39 215
Se 62 477

The GS growth times are influenced by the presence of intermediate states. For example,
a small population of S; transfers to the S, and S; states before relaxing to the GS. The R=CHj;
cluster overall demonstrated shorter GS growth times (24-62 ps seconds) compared to the SH
ligand model GS growth times (73-158 ps without the energy correction). The trend in GS
growth time constants observed for the first six states follows a similar pattern as in the SH
ligand model: states S; and S, decay to the GS quickly while the other four higher energy states
require longer times for repopulation of the GS. Among the S; to S¢ states, the S4 (HOMO-1-
LUMO+1) state exhibits the slowest GS growth time when no energy correction is used, whereas
S¢ (HOMO-2-LUMO+1) is the slowest with the 0.55 eV energy correction. The times for
repopulation of the GS increase significantly with the addition of the correction, which is logical
because the energy gap between the LUMOs and HOMOs has increased; this was also observed
for the SH ligand model system.*® The results from the GS growth times again confirm that
higher initial excitations leads to slower repopulation to the GS due to the presence of a large
number of intermediate states and the higher initial excitation energy. Due to the involvement of
the intermediate states, the GS growth is non-exponential, and there is always uncertainty in
determining the exact relaxation time constants. However, the approach is useful to get an idea

about the relaxation pathways involved.
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Table 4.3 Decay times for the excited state population decrease of the six excited states
contributing to the 1.35 eV peak of [Auzs(SCH3)1s]'1.

. Decay tm.le (ps) without Decay time (ps) with the
Excited state | considering the energy .
. energy correction
correction
Sy 13 18
S, 5.9 7.4
S 6.9 7.8
S4 4.4 4.7
Ss 4.4 4.9
Se 3.7 3.8

The excited state depopulation time constants are also useful to evaluate as these
represent a different process than the GS growth times. [Au,s(SCHs)s]” yields very short decay
constants (<20 fs) for all six states both without and with an energy correction (Table 4.3).
Ultrafast decay time constants were also observed for the H ligand model.*® The GS growth time
after S; state excitation (24 ps) is twice as large as the decay time constant of the S; state (12 ps);
this occurs because population in the S; state can transfer to the S, and higher energy states in
addition to returning to the ground state. In the H ligand model, this effect was profound where
the GS growth time of S; was nearly five times larger than the S; state decay time. In Figure
4.4a, the S; state transfers a small population to S; and S; and a larger proportion to the GS.
When the energy correction is added, a similar degree of population is transferred to the S, and
S; but a slower population growth is observed for the GS. This could further support the idea that
S, and S; states play a vital role in S; relaxation.

After initial excitation to the S, state, S, transfers population to S; and a small amount of
electronic population is transferred to S4 (Figure 4.4b). In the H ligand model, the GS was
populated slowly when the S, state relaxes, whereas with R=CHj3 the GS is populated much
faster when the S; state relaxes. However, the GS population increase is slower when the energy
correction is added as shown in Figure B.2b. The excitation of the S¢ state will lead the
population to relax into the lower energy S;-Ss states. The populations of all six excited states
reach an average value of ~0.1 after the 3.5 ps trajectories, which is less than in the H ligand
model case.

Similar to the methyl ligand cluster calculations, relaxation dynamics were performed on
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ethyl-, propyl-, and MPA-stabilized clusters. The relaxation curves (“without” and “with” the
energy correction) for the clusters with R=C,Hs, C3H7 are shown in the SI (Figure B.3, B.4, B.5,
B.6) and have similar relaxation patterns as observed for R=CHj;. The curves for R=MPA
without the energy correction are shown in Figure 4.5.

The ethyl and propyl results show that both S, and S; could play a role in S; state
relaxation due to a small amount of population transfer to S, and S; (Figure B.3a, B.5a), similar
to the methyl ligand. However, in MPA, the S; state population primarily transfers to S; as
shown in Figure 4.5a and Figure B.7.

In ethyl and propyl ligated clusters, the S¢ state population relaxes mainly to the S, state.
Overall, the S;-Ss states populations reach an average value of ~0.15 for ethyl and propyl. In the
MPA case, initially the S¢ state relaxes to S4 and then population later transfers to S,, and the S;-

Ss states populations eventually reach an average of ~0.18.
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Figure 4.5 Evolution of the populations of the Si, Sz, S3, S4, Ss, S¢ states (panels a-f,
respectively) without the energy correction for [Auzs(MPA)ls]'l.

Compared to the other ligated clusters, the MPA S;-S¢ state relaxations show a “step-like
relaxation” behavior as shown in Figure 4.5. In the MPA S; state relaxation (Figure 4.5a), the S;
population relaxes to Ss; rapidly during the 1900-2400 fs time frame. To understand the
relaxation further, we ran separate FSSH calculations on the ten different initial conditions for
the S;-S¢ states. The ten initial conditions differ by an offset of 50 fs. All ten relaxations of the S;
state show a rapid population transfer from S; to S; at a time corresponding to the 2200-2300 fs
time frame of the initial MD run. During the 2200-2300 fs time frame, the HOMO, HOMO-1,
and HOMO-2 become close in energy (Figure 4.3). Moreover, the LUMO and LUMO+1 also
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become close in energy at the same time. This could facilitate the rapid S; state population
transfer to the S; state because the HOMO and HOMO-1 orbitals are degenerate at that time, so
the S; and S; states are similarly degenerate. A similar explanation can be suggested for the S;
and S, state step-like relaxations, as S;(HOMO-1-LUMO) relaxes to the S;(HOMO-LUMO) and
S4(HOMO-1-LUMO+1) relaxes to S;(HOMO-LUMO+1). In both cases, the relaxation occurs
during a similar time frame where one can notice the degenerate nature of the HOMO and
HOMO-1 orbitals. The degenerate orbitals make the population transfer easier among the states

involved.

4.4.1.2 Comparison of results for different ligands

It is important to note that the GS growth times computed for the ligands R= CHs, C,Hs,
CsH7, MPA are shorter than the corresponding GS growth times from the SH system (Table 4.4
and Table B.2). This could be due to the presence of the S-C bond and its lower vibrational
frequencies in the ligand systems instead of the S-H bond. Due to the complexity in determining
the exact relaxation time constants using the GS growth times, we mainly focus on the excited

state decay time constants.

Table 4.4 GS growth times calculated for ligated clusters “without” the energy correction.

Excited GS growth time (ps)
state H*° CH; C,H;s C:H; MPA
St 72 24 44 32 30
Sz 71 23 44 34 44
S3 81 43 50 48 39
S4 114 55 54 54 49
Ss 95 38 93 37 49
Se 162 44 83 75 67

Table 4.5 summarizes the excited state decay time constants obtained for all ligated
clusters including the H ligand.* It is important to note that the decay time constants obtained
for e.g. the R=MPA S-S states may not give the best values due to inherent error in fitting the
“step relaxation” populations to an exponential decay. Very short excited state decay times on

the picosecond time scale were observed for all ligated clusters; these excited state decay times
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are much smaller than the corresponding GS growth times. Interestingly, all the ligand clusters

including the H ligand model follow a similar trend of decay time constant variation with the six

states as shown in Figure 4.6. In ethyl and MPA, the S; state does not show an increase in time

constant compared to S,. The slowest S; state decay time constant is obtained for the ethyl

ligand. The decay time constants with the 0.55 eV correction are tabulated in Table B.3. The

decay times give similar trends both without and with the energy correction.

Table 4.5 Decay times calculated for the ligated clusters. No energy correction is employed.

Excited Decay time (ps)
state H*° CH; C,Hs C;H; MPA
Si 15 12 19 13 9.2
S 3.1 5.9 7.3 5.1 4.2
Ss3 3.0 7.6 4.3 4.5 2.8
S4 1.9 4.7 2.9 2.7 2.2
Ss 2.5 4.5 3.6 2.2 2.3
Sé 1.9 4.5 2.8 1.9 2.1
20 2 o H
18
16 ==methyl
14 tmethyl
12 si==propyl
wiemMPA

time constant (ps)
o

o N B O ®

states

Figure 4.6 The decay time constant variations for six excited states Sy (N=1-6) with

different ligands.

The ligated clusters studied in this section exhibit a first excited state peak around 1.30 —

1.41 eV in the calculated optical absorption spectra that falls near the energy range (~1.55 — 1.99
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eV) of the probe pulse applied in the experimental work.'' In the calculations in the current
work, the first excited state peak in these ligated clusters arises from core to core transitions
similar to the previous H ligand® model. This suggests that the time constants observed by
Moran and co-workers could originate from core-to-core transitions and not from core-to-
semiring transitions. The decay constants of the core states (S; to S¢) near the HOMO-LUMO
gap in the ligated clusters studied in this section are all on the picosecond time scale which

agrees well with the experimentally observed'' time constants.

4.4.2 Relaxation dynamics of higher excited states in [Aqu(SR)lsl-l

The relaxation dynamics of the higher excited states in the [Au25(SR)1g]'1 (R = CH;,
C,Hs, C3H7, MPA) nanoclusters are analyzed in this section. Initial excitations corresponding to
the peak around 2.20 eV were considered for all ligated clusters. We performed the analysis by
identifying the most probable transitions with the highest oscillator strengths and transition
dipole moments. The Auys cluster with ligands R = CHs, C,Hs, CsH; has HOMO-7 to LUMO+4
orbitals involved in the main transitions. The Auys cluster with the MPA ligand yielded HOMO-
9 to LUMO+6 orbitals that are involved in the main transitions.

All possible single particle transitions were considered for orbitals between HOMO-7 to
LUMO+4 for the clusters with ligands R = CH3, C,Hs, CsH7. Even though the R = MPA cluster
gave transitions involving HOMO-9 to LUMO+S8 orbitals we limited the transitions to transitions
involving HOMO-7 to LUMO+4 orbitals similar to the rest of the clusters for consistency.
Therefore, we could define the same excited states for all nanoclusters to be considered in the
FSSH calculations. These single particle transitions are shown in Table 4.6 while keeping the

same transitions for S;-S¢ in Table 4.1.

Table 4.6 Transitions considered for higher excited states.

E;‘g::d Transition E;‘g::d Transition
S, HOMO - LUMO+2 Sz4 HOMO-4 > LUMO+3
Ss HOMO - LUMO+3 S»s HOMO-4 > LUMO+4
S HOMO - LUMO+4 Sz HOMO-5 > LUMO
S1o HOMO-1 > LUMO+2 S27 HOMO-5 > LUMO+1
Sit HOMO-1 > LUMO+3 Sas HOMO-5 > LUMO+2
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Siz HOMO-1 - LUMO+4 S29 HOMO-5 - LUMO+3
Si3 HOMO-2 - LUMO+2 S30 HOMO-5 2 LUMO+4
Si4 HOMO-2 - LUMO+3 Sa1 HOMO-6 - LUMO

Sis HOMO-2 - LUMO+4 Saz HOMO-6 - LUMO+1
Si6 HOMO-3 - LUMO S33 HOMO-6 2 LUMO+2
Si7 HOMO-3 - LUMO+1 S34 HOMO-6 2 LUMO+3
Sis HOMO-3 2 LUMO+2 S3s HOMO-6 - LUMO+4
S19 HOMO-3 - LUMO+3 Sie HOMO-7 = LUMO

Sa0 HOMO-3 2 LUMO+4 S37 HOMO-7 2 LUMO+1
Sa HOMO-4 - LUMO S3s HOMO-7 2 LUMO+2
S22 HOMO-4 - LUMO+1 S39 HOMO-7 2 LUMO+3
Sa3 HOMO-4 - LUMO+2 S0 HOMO-7 2 LUMO+4

The population relaxation of states S; to S¢ is shown in the SI for the clusters with R =
CHs;, C,Hs, CsH; (Figures B.8, B.9, B.10). The population relaxations of states S; to S¢ preserve
similar relaxation patterns to those shown in Figures B.2, B.4, and B.6, respectively, with only
minor changes when additional higher states are included in the calculations.

Compared to the decay times from the simulation in which only the S;—S¢ states were
considered, these states have similar decay times when additional higher excited states are
considered for R = CH3, C;Hs, and CsH; (Table B.4). Similar to the H model, the S; state has a
distinctively long lifetime, comparable to that of the S; state for the R = CHs, C,Hs, CsH7;, MPA
cases. This likely arises because of a large energy gap between the S; and S¢ states, which makes
population transfer more difficult. Depopulation of the other higher states (Sg — S49) occurs much
faster than that of the S; state, on a time scale ranging from 0.4 to 4.1 ps (Table B.4).

However, the decay time constants of S;-S¢ are shorter for the R = MPA cluster compared
to the other clusters in the presence of higher excited states (Table B.4). With R = MPA, S, state
population transfers to S; which is different from clusters with R = CHj3, C,Hs, and Cs;Hs.
Furthermore, S, state population transfers to S; and then to S;. The involvement of the S; state in
S; and S, relaxations in the R = MPA cluster could be due to the change in the LUMO orbital
energies during the MD run around 400 fs as mentioned earlier. The LUMO orbital energies lie
much closer in energy for the MPA cluster compared to the other clusters. The S;(HOMO-
LUMO) population could transfer to S;(HOMO-LUMO+2) due to the fact that LUMO and

LUMO+2 become close in energy as shown by the orbital energy variation in Figure 4.3. In the
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presence of the higher excited states, the “step-like relaxation” behavior in the S;-Sg states is less
significant (Figure B.11). The S;-S¢ states become closer in energy to the higher states (S7-S;;)
with the addition of the excited state correction. For example, with only the S;-S¢ states present,
the S; state relaxes to S; through a step-like relaxation. In the presence of higher states, the S;
population transfers to S; instead of S;. However, the energy difference between S;-S; is larger
than S;-S;. Therefore, the population transfer S;=>S; occurs less rapidly than S;—=>S;, which
results in less “step-like” behavior. For R = MPA in the presence of higher excited states, the S;
state gives a relatively slow decay time constant of 8.6 ps whereas the S; state yields the slowest
decay of 10.7 ps.

Adding the energy correction to the first six states makes the S;-S¢ states shift more
towards the S;. However, in R=MPA the energy gap between the LUMO+1 and LUMO+2 is less
(Figure 4.3) compared to the other ligand systems considered here. Therefore, the shift in the S;-
Se states due to the correction is more sensitive in R=MPA than in the rest of the systems, and
the population relaxations reflect this. Thus, we see the S, state population transfers mostly to S;
when the correction is added. This could also be a reason why S has a relatively long decay time
constant with the correction. We also performed a relaxation calculation for R = MPA when no
correction is added to the first six states in the presence of the higher excited states. There, we
observed a similar trend of decay within the first six excited states. The S; decay constant is
observed to be 17.4 ps and S; now yields a shorter decay constant of 5.1 ps. In the S, relaxation,

the S; population is now mainly transferred to S, with only a very small amount transferred to S;.

4.4.3 Separate electron and hole relaxations in [Aqu(SCHg,)ls]-l

In this section we discuss separate electron and hole relaxation dynamics for the
[Au25(SCH3)1g]'1 nanocluster. The analysis was performed to understand how the electrons and
holes could relax independently of each other in [Augs(SCHg)lg]'l. In this calculation, we define
the excited states for the FSSH-TDKS calculations (Table B.5) in a different order than we
defined for the total relaxation dynamics performed in the previous section (Table 4.1, Table
4.6).

The S;-Ss states originate by exciting an electron from HOMO to the LUMO-LUMO+4
orbitals, leaving a hole in the HOMO. For clarity, a schematic diagram of orbital levels filled

with electrons for the GS and S; to S401s shown in Figure 4.7. We consider S;-Ss states as one set

96



of electron relaxations (with the same hole). Thus, the forty states (Table B.5) can be separated
into eight different sets of electron relaxations which are: S;-Ss, S¢-S10, S11-Si5, S16-S20, S21-Sos,
S26-S30, S31-S3s, and S36-Sa0. Similarly, the hole relaxations can be separated into five sets. The
first set consists of Si, Se, S11, S21, S26, S31, and Sse, in which the electron is excited into the same
orbital (LUMO) while leaving a hole in the HOMO, HOMO-1, HOMO-2, ..., and HOMO-7
orbitals, respectively. In the next four hole relaxation sets, the electron is excited into LUMO+1,
LUMO+2, LUMO+3, and LUMO+4, respectively. Separate relaxation calculations were

performed for the eight sets of electron relaxations and five sets of hole relaxations.
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Figure 4.7 A schematic diagram of orbital levels filled with electrons for GS and S; to S4
states considered during the separate electron and hole relaxations.
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Figure 4.8 Evolution of the population initially excited into (a)S; (b)S: (¢)S3 (d)S4 (e)Ss
during the first set of electron relaxations in [Auzs(SCH3)1s]'1.

The population relaxations of S;-Ss states in the first set of electron relaxation are shown
in the Figure 4.8. Relaxations of states where the electron is excited to the LUMO (S;, Se, Si1,
S16, Sa1, S26, S31, S36) while the hole is held constant follow similar population relaxation patterns
(Figure 4.8 and Figure B.12). Some of the initially excited S; population transfers into the higher
energy S, state (Figure 4.8a). The S, population mainly transfer back to the S; state (Figure 4.8b)
This can occur because the LUMO+1 and LUMO lie close in energy. Similar transfer of
population from LUMO to LUMO+1 can occur regardless of the hole energy level (Figure B.12).
One slight difference occurs with repopulation times for the GS. The S; state population relaxes

to the GS much faster than Si¢ relaxes to the GS, which is expected because the S; state
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population can easily transfer to the GS (the electron in the LUMO can fill the hole in the
HOMO) whereas it is hard for the Ss¢ population to transfer to the GS (the electron in the LUMO
would need to fill a hole in the HOMO-7) due to the absence of intermediate states between the
S;36 and GS in this electron-only relaxation. Similar explanations can be given for the remainder
of the electron relaxation simulations. Likewise, common population relaxation patterns were
observed for the relaxations in which the electron is excited into LUMO+1 through LUMO+4
separately (not shown). The calculated decay constants when the electron is excited into LUMO
through LUMO+4 for eight different simulations that differ based on the orbital where the hole is
created are plotted in Figure 4.9 and the values are given in Table B.6. All eight electron
relaxations follow similar relaxation trends regardless of where the hole is created. Decay
constants for states where the electron is initially excited into the LUMO+3 and LUMO+4
orbitals are essentially constant because population transfer from these states is dominated by
electron transfer into lower energy LUMOs (see Figure 4.8d, e). Their decay is faster (short time
constants) as they have electron transfer to their nearby intermediate states. The decay from
states where the electron is intially excited into LUMO+2 is also constant but with a slow decay
due to the population is being mainly transferred to the next higher state (Figure 4.8c). This
could be due to the large energy gap between the LUMO+1 and LUMO+2.

electron relaxations
25 =s=HOMO
=@=HOMO-1
HOMO-2
=+=HOMO-3

“*=HOMO-4
HOMO-5
HOMO-6
HOMO-7
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Orbital with initial electron excitation

Figure 4.9 The decay constant trend variation among the five states of each electron
relaxation. The legend gives the orbitals where the hole is created for each excitation; the
hole is kept constant during each simulation.
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The states initially excited into the LUMO is dominated by the energy difference between
the LUMO and the HOMO-n orbital. The S; state can relax to GS faster while [S¢, Si1, Si6, Sa1,
S»6, S31, Sie] cannot relax faster due to the absence of intermediate states in each electron
relaxation set. Thus, they have different time constants. Same applies to the states where the
electron is excited into LUMO+1. However, the time constants do not vary much to each other as
they have some intermediate states to relax. Therefore, the electron relaxation trend is mainly
decided based on their decay into other LUMOs as opposed to decay across the big HOMO(-n)-
LUMO gap.

A similar analysis was performed for the hole relaxations. The population relaxations of
states where the hole is created in the HOMO follow a similar population relaxation pattern
regardless of the orbital into which the electron is excited (Figure B.13). Some of the initially
excited S; population transfers into the higher energy S¢ state (Figure B.13). This can occur
because the HOMO-1 and HOMO lie close in energy. Similar transfer of population from
HOMO to HOMO-1 can occur regardless of the LUMO+n level occupied by the electron (Figure
B.13). Similarly, relaxations of states where the hole is created in the HOMO-1 through HOMO-
7 have similar relaxation patterns in their population transfer plots (not shown).

For repopulation of the ground state, S; and S; relax to the GS much faster than states Ss-
Ss. It is easier for S; to relax to the GS than it is for S;3-Ss to relax to the GS because an electron
in the LUMO has a smaller energy difference for recombination with the hole in the HOMO
during the S; decay to GS compared to an electron in the LUMO+2 to LUMO+4 recombining
with a hole in the HOMO during S;-Ss decay to GS.

Figure 4.10 and Table B.7 give the decay constants for the simulations in which the hole
is initially created in HOMO through HOMO-7; these simulations differ based on the orbital into
which the electron is excited. The five hole relaxation simulations follow the same trends

regardless of where the electron is excited into.
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Figure 4.10 Decay constant trend variation among the eight states for each hole relaxation
simulation. The legend gives the orbital where the electron is excited into; this excited
electron is kept constant throughout each simulation.

The states where the hole is created in HOMO-3 through HOMO-7 have the same time
constants regardless of the orbital into which the electron is excited. For the HOMO-3, the
population mainly relax into the HOMO-2, HOMO-1, HOMO and some population is also
transferred into the HOMO-4 and HOMO-5 as well. For HOMO-4 to HOMO-7, the main decay
pathway is the population transfer into the lower HOMOs as they are the nearby intermediate
states to relax. Due to this reason, the HOMO-3 decay time constants are slightly longer than
those for HOMO-4 to HOMO-7. Thus, the hole relaxation trend for orbitals below the HOMO is
decided by their decay into other HOMOs as opposed to decay across the big HOMO-
LUMO(+n) gap.

The time constants of states where the hole is created in HOMO are different to each
other. That is, S; and S, can relax to the GS faster while S3-Ss do not have intermediate states to
relax. The same applies to the time constants of states where the hole is created in HOMO-1 or
HOMO-2. However, their time constants do not vary much since all states have nearby
intermediate states to relax.

These calculations were repeated a second time and the decay constants and curves did
not change appreciably (Tables B.6 and B.7). The study confirms that all separate electron

relaxations follow a similar trend while separate hole relaxations also follow a common trend.
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It is evident that the hole relaxations when the hole is created in HOMO-3 through
HOMO-7 are faster than the electron relaxations when the electron is excited into LUMO+2
through LUMO-+4. This occurs because the HOMOs below HOMO-3 are more dense than the
LUMO+2, LUMO+3 and LUMO+4 (Figure 4.2). However, the electron relaxations when the
electron is excited into LUMO or LUMO+1 are comparable to or faster than the hole relaxations
when the hole is created in HOMO, HOMO-1 and HOMO-2.

In order to compare the overall dynamics (Table B.4) with the separate electron and hole
relaxations, we divided the overall dynamics into four sections based on the notable energy gaps
between the LUMO+1 and LUMO+2, HOMO-2 and HOMO-3 in electronic structure. First, the
HOMO-LUMO and HOMO-LUMO+1 overall relaxations are similar to the separate electron
relaxations. Also, the relaxations of excitations from HOMO-1 and HOMO-2 to LUMO and
LUMO+1 have shorter decay compared to the separate electron or hole relaxations. It suggests
that overall dynamics of these states can arise from a mix of electron and hole relaxations.
Secondly, relaxations of excitations out of HOMO-HOMO-2 to LUMO+2-LUMO+4 are similar
to the respective separate electron relaxations. Next, the relaxations of the excitations out of
HOMO-3-HOMO-7 to LUMO-LUMO+1 are similar to the respective separate hole relaxations.
Then, the relaxations of the excitations out of HOMO-3-HOMO-7 to LUMO+2-LUMO+4 have
shorter decay times compared to the separate electron or hole relaxations. This could be due to

the mixed electron hole relaxations for these states.

4.5 Conclusion

The electronic relaxation dynamics in the cluster series, [Augs(SR)lg]'1 (R = CHj3;, CyHs,
CsH7, MPA) [MPA = mercaptopropanoic acid] were investigated using FSSH-TDKS method to
understand the ligand effects on dynamics. During the MD simulation, electronic structure of
R=MPA showed a smaller energy gap between the LUMO+1 and LUMO+2 compared to the rest
of the systems including “SH” moldel. For the core states, the GS growth times of the ligand
systems are smaller compared to the “SH” model. All the ligand clusters including “SH” follow a
similar trend of decay times and the time constants are in range of 2-19 ps for the core states.
Relaxation dynamics on the ligand systems further confirm that the time constants observed

experimentally could originate from core-to-core transitions and not from core-to-semiring
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transitions. The observed time constants are in picosecond time scale which agree with the
experimental time scale.

In the presence of the higher excited states, ligand systems R= CHs, C,Hs and CsHy
demonstrate similar relaxations in core states (S;-S¢) compared to the case we only considered
core states. The overall relaxation trend of R= CH3, C,Hs, CsH7 systems is similar our minimal
“SH” model relaxations. In R=MPA, the relaxations of the core states showed slight differences
in the presence of the higher states. The shift in the S;-S¢ states by the energy correction could be
more sensitive to the relaxations in R= MPA than in the rest of the systems due to the smaller
LUMO+1-LUMO+2 gap in its electronic structure. This could be the reason for the involvement
of S; state in S; and S, state relaxations for the R=MPA. However, the S; state possess the
slowest decay (11-17 ps) while S; has a relatively longer decay (8-13 ps) in all ligated clusters.

In [Au25(SCH3)1g]'1, the separate electron relaxation trend is decided by their decay into
other LUMOs as opposed to decay across the big HOMO(-n)-LUMO gap whereas, separate hole
relaxation trend is decided by their decay into other HOMOs as opposed to decay across the big
HOMO-LUMO(+n) gap. The relaxations of excitations from lower HOMOs (HOMO-3 and
lower) to core orbitals (LUMO, LUMO+1) are dominated by hole relaxations and relaxations of
excitations from core orbitals (HOMO-HOMO-2) into higher LUMOs (LUMO+2 and above) are
dominated by electron relaxations. Rest of the state relaxations are a mix of both electron and

hole relaxations.
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Chapter S - Theoretical Investigation of Relaxation Dynamics in the

Au;3(SH) 4 Thiolate-protected Gold Nanocluster

5.1 Abstract

Experimental findings of Au;s(GSH)14 as a photosensitizer with the highest potential
compared to the several other glutathione-protected clusters (Auas, Aujs, Aujo.;2) demand
understanding the photo-physics and relaxation dynamics of the Au;g(SR);4 cluster. To this end,
we perform ab initio real-time nonadiabatic molecular dynamics (NA-MD) simulations on the
Aug(SH) 4 to investigate its relaxation dynamics compared to the well-studied [Auas(SR)g]”
relaxation dynamics. In this work, the important excitations covering up to ~ 2.6 eV in the
optical absorption spectrum are analyzed to understand the electronic relaxation process of the
Au;g(SH) 4 cluster. The GS growth time and decay time constants are not changed significantly
with the addition of the 0.3 eV energy correction to the excited states which is used to
compensate the underestimation of the DFT band gap. The GS growth times of the Au;3(SH)i4
are several orders of magnitude shorter than the growth times observed for the [ALIQs(SH)ug]il
nanocluster. The S;(HOMO—->LUMO) state gives the slowest decay time (~11 ps) among all the
states (S;-S3p) considered similar to Aups cluster. However, the S; state in Au;g(SH)4 is a
semiring to core charge transfer state whereas the S; in the Auys cluster is a core to core
transitions. Rest of the higher states have very short decay time constants less than 1.4 ps except
for S, which has the second slowest decay of 6.4 ps. The hole relaxations are faster than the
electron relaxations in Au;s(SH)4 cluster due to the closely packed HOMOs in the electronic

structure.

5.2 Introduction

Over the past decades, thiolate-protected gold nanoclusters have been of great interest
due their applications in chemical sensing,' catalysis’> and in bio applications.* Unlike larger
metal nanoclusters, smaller nanoclusters play an important role due to their size dependent
properties.*” Metal nanoclusters with smaller numbers of electrons, such as 2 or 4 free

electrons,®”’ can bridge the link between metal complexes and metal nanoclusters. During the
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past few year, various sizes of thiolate-protected gold nanoclusters with different core:ligand
ratios have been determined by X-ray crystallography.*” Among them, Auzs,m'12 Auss” and

14
Auy

are some of the small thiolate-protected gold nanoclusters that have been studied
extensively.

Among the smallest monolayer-protected nanoclusters, the Au;s(SR);3 and Aujg(SR)4
nanoclusters have been identified as the most stable clusters that have 2 and 4 valence electrons
respectively.ls'17 The Au;3(SR);4 nanocluster is the smallest stable member of the “isoelectronic”

4 electron family."® Many experimental'®** and theoretical'®

studies have been performed to
identify the Au;s(SR);4 nanostructure. Using density functional theory (DFT), Tlahuice and
Garzon theoretically predicted a Au;s(SR)i4 structure" with prolate bi-tetrahedral Aug core
protected by two dimer and two trimer [Au(SR)] semiring motifs. However, in 2015, the
experimental groups of Jin and Zhu independently crystallized the Au;s(SR)14 nanocluster.'™
Both experiments obtained a similar geometric structure. Their resolved geometry is a charge
neutral cluster that has a face-fused Aug bi-octahedral core where the core is protected by
semiring motifs consisting of one Au4(SR)s tetramer, one Auy(SR); dimer and three Au(SR),
monomers. This Au core has a +5 charge according to the superatom network model.** Here, the
core structure can be viewed as a network of tetrahedral Aus superatoms. The Auyg core is larger
than the Au; and Aug cores of Auyo(SR)is and Auza(SR)s0, respectively,l& 2 where Au,0(SR);6
and Au4(SR),¢ are other members of the “isoelectronic” 4e nanocluster family. In Au;g(SR);4,
strong interactions between the core and the rings (strong Aucore-AUsemiring bonds) have been
reported.'® Zhu and coworkers found that the ligand does not affect the geometric structure of
this cluster.'®

In addition to unique structures, thiolate-protected gold clusters also have size-dependent

11,15, 25-28

excited state properties; their optical properties such as absorption and emission vary for

each cluster. The number of the gold atoms in the core, metal atom-to-thiol ratio, and the

oxidation state of the metal core have significant effects on these optical properties.'’ %

Various thiolate-protected gold clusters have been studied for water splitting®” and solar cell*'
applications and these systems demonstrate different photocatalytic activity depending on the
size and stoichiometry of the clusters. In 2014, Kamat and coworkers performed ultrafast
femtosecond transient absorption spectroscopy and nanosecond transient absorption

spectroscopy to explore the excited state behavior of several glutathione-protected clusters.*
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They demonstrated an increasing photocatalytic reduction yield with decreasing cluster size in
the order of Auys(GSH);s < Au;s(GSH) 14 < Aus(GSH)13 < Aujo-12(GSH)10.12. According to their
investigation, Au;g(GSH)4 was found to be the photosensitizer with the highest potential based
on its good visible light absorption properties and the quantum yield of electron transfer (~4%).”
They probed the photoinduced electron transfer process using methyl viologen as the electron
acceptor. This observation has been further confirmed in a different study by Bang and co-
workers where they reported a power conversion efficiency of 3.8% for Au;s(GSH)4 in a gold
nanocluster-sensitized solar cell.**

Due to its potential applications, it is important to understand the photo-physics and
electronic relaxations of this Au;s(SR)i4 cluster. Comparing the relaxation dynamics of

Aus(SR) 14 with the well-studied [Au,s(SR);s]" relaxation dynamics,”” %>’

will provide insights
on how dynamics vary based on the nanocluster composition.

Herein, we have performed a systematic theoretical study to understand the
electron—nuclear dynamics of the Au;3(SR)14 nanoparticle, elucidate the physical principles
behind the dynamics, and give insights about the mechanism of electron relaxation in
comparison to the well-known [Auys(SR)s]" cluster. Eventually, the relaxation mechanisms of

different sized gold clusters will be well tuned for future photocatalytic and light harvesting

applications.

5.3 Computational methodology

We have performed ab initio real-time nonadiabatic molecular dynamics (NA-MD)
simulations to study the electronic relaxation dynamics in the Au;3(SR);4 nanocluster The NA-
MD simulations were performed using the fewest switches surface hopping (FSSH)*® algorithm
with the classical path approximation and a time-dependent Kohn—Sham description of
electronic states (FSSH-TDKS).*” The overcoherent nature of the FSSH approach is corrected by
the decoherence-induced surface hopping (DISH)* scheme. The FSSH-TDKS simulations are
performed using the PYXAID program.*'

The computational methodology has several steps, which are summarized briefly in this
section. Au;s(SR) 4 nanocluster geometry optimization was performed with the PBE*/TZP level

of theory in the Amsterdam Density Functional (ADF)* software package to obtain the relaxed

geometry at OK. The zero-order regular approximation (ZORA)* was used to treat the scalar
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relativistic effects in gold. Linear response time-dependent density functional theory (TD-DFT)
calculations were performed using the same level of theory to get the electronic excitations and
the relevant absorption spectra of Au;s(SH),4. The ADF GUI was used to plot the orbitals.

Then, the OK systems was thermalized through a temperature ramping calculation
performed at 300K in the Vienna Ab initio Simulation Package (VASP).* After the temperature
ramping, molecular dynamics (MD) simulations were performed. We used projector-augmented
wave'’ pseudopotentials, a kinetic energy cutoff value of 402.0 eV, a 24 A simulation box size,
gamma points, and the PBE functional in all of our VASP calculations. A MD trajectory of 5 ps
in length was computed with an integration time step of 1 fs.

The nonadiabatic coupling elements were calculated following the same approach we
used for the [Auys(SH) 5] system.’” The NA-MD calculations were performed considering 3.5
ps length sub-trajectories resulting in 10 different starting geometries. For each NA-MD
trajectory, 1000 realizations of the stochastic FSSH/DISH state hopping trajectories were
considered.

The important electronic excited states contributing to the optical absorption spectrum of
Au;g(SH)14 in the energy range of 0.00—-2.60 eV (visible range) were analyzed. An energy
correction was considered for several excited states in order to evaluate the impact of the energy
correction for the dynamics as opposed to “without” energy correction. These corrections are
used to compensate for underestimation/overestimation in the calculated DFT band gaps
compared to the experimental gaps. The decay times of the excited states populations and the
ground state population increase times were calculated for the Au;s(SR);4 nanocluster using the

same equations and procedure’’ mentioned in our previous study.

5.4 Results and discussion

The calculated absorption spectrum for the Au;3(SH);4 nanocluster at the PBE/TZP level
of theory is shown in Figure 5.1. The spectrum exhibits significant peaks around 1.82, 2.02, 2.16,
2.37, 2.73 and 3.50 eV in the energy range of 0-3.5 eV. The peak positions are redshifted
compared to the peaks observed in the experimental UV-vis absorption spectra of
Au;3(SCeHii)14 , which were reported to lie around 1.97, 2.18 and 2.76 eV by Jin and co-
workers™ and at 1.94, 2.14, 2.70 and 3.26 eV by Zhu and co-workers."® The first two PBE/TZP

peaks are redshifted by a value of ~0.16 eV compared to the experimental peaks. A similar
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redshift (0.22 eV) was also previously calculated at the BP86/double-C valence plus polarization
level of theory.” Related DFT calculations (PBE/TZP with ZORA level of theory) reported for
the R=CHj ligand qualitatively agree with these results, with a similar redshift calculated for the
second peak compared to the theoretical spectrum reported here.'® Overall, a good agreement in
the absorption spectrum is achieved for the theoretical calculations compared to experiment

considering the typical red-shifts.
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Figure 5.1 Calculated PBE/TZP optical absorption spectrum for Au;3(SH);4 cluster (in eV).
Inset: The absorption spectrum in wavelength (nm).

Table 5.1 Transitions with the highest weights for the prominent excited states arising from
the TDDFT calculation for Au;s(SH)4.

Excited | Energy | Oscillator Weicht Most weighted
State (eV) strength g transitions
1 180 0.0235 0.8338 HOMO - LUMO

0.1187 HOMO-1 2 LUMO
0.5042 HOMO-1 = LUMO
0.4045 HOMO-2 - LUMO

? L7 0028970 0425 HOMO > LUMO
0.0151 |  HOMO-3 > LUMO
0.5503 |  HOMO-2 > LUMO

3 > 02 00440 | 02698 | HOMO-1->LUMO

0.0677 HOMO-3 - LUMO
0.0476 HOMO - LUMO
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0.0269 HOMO-4 - LUMO
0.7262 HOMO-4 - LUMO
0.1243 HOMO-3 - LUMO
0.0534 HOMO > LUMO+1

5 2.16 0.0331 0.0364 HOMO-1 - LUMO
0.0142 HOMO-2 - LUMO
0.0129 HOMO - LUMO

0.0121 HOMO-5 - LUMO
0.7776 HOMO-5 = LUMO
0.1757 HOMO-6 - LUMO
7 2.37 0.0135 0.0121 HOMO-1 2 LUMO+1
0.0062 HOMO-1 - LUMO
0.0057 HOMO-11 - LUMO

8 2.38 0.0084 0.7948 HOMO - LUMO+2
0.6602 HOMO-6 - LUMO
9 2.40 0.0092 0.1488 HOMO-5 = LUMO

0.0877 HOMO > LUMO+2

0.418 HOMO-1 2 LUMO+1
0.2837 HOMO-2 - LUMO+1
0.3249 HOMO-3 - LUMO+1
0.2476 HOMO-1 2 LUMO+2
0.7765 HOMO-2 - LUMO+2
0.0763 HOMO-3 2 LUMO+2
21 2.73 0.0186 0.0338 HOMO-12 - LUMO
0.0163 HOMO-4 2 LUMO+2
0.0109 HOMO > LUMO+5

12 2.50 0.0075

15 2.60 0.0096

5.4.1 Relaxation dynamics of the excited state peaks up to ~ 2.6 eV

In this study, we analyze the excitations up to ~ 2.6 eV in the optical absorption spectrum
in order to understand the electronic relaxation processes occurring in the Au;g(SH)4 cluster.
The HOMO-6 to LUMO+2 orbitals are mainly involved in the most probable transitions for the
excitations covering the 0-2.6 eV energy range (Table 5.1).

The electronic structure of the Aujg(SH)4 is different from the well-studied
[Au25(SH)1g]71 cluster. In Aups, it has previously been shown that there is a nearly doubly
degenerate LUMO and a nearly triply degenerate HOMO orbital that are involved in the most
probable transitions responsible for the first peak (~ 1.52 eV) that appears in the absorption
spectrum. These HOMO->LUMO transitions were considered to be core-core transitions due to
the localization of the HOMO and LUMO orbitals primarily in the Au,;s core of [Auzs(SH)lg]fl.11
However, the Au;s(SH);4 cluster demonstrates non-degenerate HOMO or LUMO orbitals
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(Figure 5.2). The HOMO orbital extends over to the semiring of this cluster, whereas the LUMO
is localized on the three layers of the Auy core. In Au;g(SH)4, the single HOMO - LUMO
transition (Table 5.1) is the main transition responsible for the peak appearing around 1.82 eV
(~1.97 eV experimental peak) which was also observed in previous theoretical calculations.” As
shown in Figure 5.2, the (HOMO-3, HOMO-4) and (HOMO-8, HOMO-9) sets are nearly doubly
degenerate while the HOMO-5, HOMO-6, and HOMO-7 are nearly triply degenerate. The
excitations up to ~2.6 eV involve HOMO-6 to LUMO+2 orbitals, and we will consider excited
states involving HOMO-9 to LUMO+2 for a better picture of the electron relaxation dynamics.
Table 5.2 gives thirty excited states defined for the FSSH-TDKS calculations to deduce
the relaxation dynamics of the Au;3(SH) 4 cluster. It should be noted that the excited states from
the TDDFT calculation (Table 5.1) appear slightly different from the states that we define for use
in the FSSH-TDKS (Table 5.2). Single Slater determinants are considered for the FSSH-TDKS
calculations while TDDFT calculations provide a linear combination of transitions responsible

for each excited state.
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Figure 5.2 PBE/TZP orbitals near the HOMO-LUMO gap and their relative energies (in
eV) for the Au;3(SH)y4 cluster.
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Table 5.2 Excited states and corresponding transitions used in the FSSH-TDKS
calculations.

E;‘é:::d Transitions
S HOMO - LUMO
S HOMO - LUMO+1
S HOMO - LUMO+2
S4 HOMO-1 - LUMO
Ss HOMO-1 - LUMO+1
Se HOMO-1 - LUMO+2
S; HOMO-2 - LUMO
Ss HOMO-2 - LUMO+1
Sy HOMO-2 - LUMO+2
S1o0 HOMO-3 - LUMO
St HOMO-3 - LUMO+1
S12 HOMO-3 - LUMO+2
Si3 HOMO-4 - LUMO
Si4 HOMO-4 - LUMO+1
Sis HOMO-4 - LUMO+2
Si6 HOMO-5 - LUMO
S17 HOMO-5 - LUMO+1
Sis HOMO-5 - LUMO+2
S1o HOMO-6 > LUMO
S2o HOMO-6 > LUMO+1
Sy HOMO-6 > LUMO+2
S» HOMO-7 - LUMO
S2 HOMO-7 - LUMO+1
Sx4 HOMO-7 - LUMO+2
Sxs HOMO-8 - LUMO
Sz HOMO-8 - LUMO+1
S27 HOMO-8 - LUMO+2
Ss HOMO-9 - LUMO
S» HOMO-9 - LUMO+1
S3o0 HOMO-9 - LUMO+2

The HOMO-LUMO gap varies around 1.4 eV for the cluster during the MD simulation
(Figure 5.3). There is a relatively large gap between the LUMO and LUMO+1 that is also
evident in OK optimized structure (Figure 5.2). The HOMOs are closely packed in energy even
though near double and triple degeneracies are apparent. It is an interesting feature of Au;s(SH)4

compared to other thiolate-protected gold nanoclusters that the HOMO of Au;3(SH);4 is not
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solely localized on the Auo core, but is also extended over the semiring motifs.”® In this study,
the HOMO is extended to the Au,(SH); and to one of the Au(SH), semirings (Figure 5,2). Jin
and coworkers reported a similar observation where the HOMO is extended to the Au4(SR)s
semiring.” The slightly different observations could be due to the different level of theories and
the ligand used in the DFT calculations. The ligand R = C¢H;; has been used in the DFT study
by Jin and coworkers whereas our study uses the smallest model SH. Nonetheless, the LUMO is
localized over three layers of the Aug core (Figure 5.2) similar to the LUMO orbital reported
previously. The HOMO—->LUMO transition has been identified as a charge transfer from
semiring motifs to Aug by Jin and coworkers.” The HOMO, HOMO-1, HOMO-2, HOMO-3 and
HOMO-4 mainly consist of Aug core gold 6s orbitals as well as 5d gold and 3p sulfur orbitals on
the Auy(SH)3/Au(SH), semiring motifs. The HOMO-5, HOMO-6 and HOMO-7 are mainly
composed from 5d gold and 3p sulfur orbitals on the semiring motifs. The HOMO-8 and
HOMO-9 mainly consist of 6s and 5d orbitals of the semiring gold and 3p orbitals of sulfur
atoms coming from the Aus(SH)s/Au(SH), semiring motifs.
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Energy vs time at 300K for Au1g(SH)14
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Figure 5.3 Variation of the HOMO-9 to LUMO+2 orbital energies with time.

The 0.3 eV underestimation was obtained by taking the difference between the optical
band gap 1.7 eV> and the calculated DFT band gap value of 1.4 eV for the Aujg(SH)4 cluster
during the MD simulation. A detailed analysis carried out using an energy correction vs. without
an energy correction to the excited states of [Aus(SH);s]" showed that adding a correction
lengthens the ground state growth times, but with minor changes to the overall excited state
lifetimes.”” In the current study, a 0.3 eV correction was added to the S;-S, states only as a test
sample (See Appendix C, Figure C.1 and Table C.1). The ground state (GS) growth has
decreased with the addition of the correction in all four state relaxations, which is expected,
whereas decay time constants have not changed with the correction added. Overall, the GS
growth time and decay time constant trends for the S-S, states are not changed drastically with
the addition of the energy correction to the excited states.

To gain more insight on the overall dynamics, the GS growth times and decay constants

were calculated for all the thirty states which are tabulated in the Table 5.3. In the presence of
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higher states, the S; to S4 GS growth time and the decay time constants (Table 5.3) give similar

trend to the trends observed for the case where only had four states (Table C.1).

Table 5.3 The ground state population increase lifetimes and decay times of the excited
state population decrease of the S;-S3y excited states “without” the energy correction.

Excited GS growth time | Decay time
state (ps) (ps)
Si 16 11
S 51 6.4
S 54 1.4
S4 20 0.9
Ss 52 0.8
Se 52 0.6
S, 24 0.7
Ss 46 0.7
S 41 0.6
S1o 27 0.8
St 47 0.8
Si2 36 0.6
Si3 29 0.8
S14 43 0.7
Sis 37 0.6
S16 35 0.7
S17 43 0.6
Sis 36 0.5
S19 40 0.7
S20 45 0.6
Sa1 32 0.5
Sz, 39 0.6
Sa3 41 0.5
Sa4 34 0.5
Sas 38 0.6
Sz26 36 0.5
Sz 29 0.5
Sas 38 0.6
Sa9 31 0.5
S30 28 0.4

The GS growth times for the S;-S3 states vary between 16 - 54 ps. The growth times are
all shorter than the growth times (73-158 ps) observed for [Au25(SH)1g]71.37 For Au;3(SH)4, the

119



S; state gives the slowest decay time (10.9 ps) out of all the states; this state is a semiring to core
charge transfer state. However in [Auas(SH)s] ', the first peak (~ 1.52 eV) originated from core
to core transitions.'' S, also gives a slow decay time constant of 6.4 ps. The rest of the states
have ultrafast decay in the range of 0.4 - 1.4 ps. This suggests that there is a notable energy gap
between states S; and S, compared to the rest of the states (Figure 5.3).

The hole relaxations are faster than the electron relaxations in the Au;s(SH),4, which was
not observed in Auys. Figure 5.4 shows a schematic diagram of orbital levels filled with electrons
for GS and S; to Sy states. The S; population transfers to the GS (Figure C.2a) which is an
electron relaxation (Figure 5.4). The S, population initially transfers to the S; which is then
transferred to the S; (Figure C.2b). The S,>S;>S; is clearly an electron relaxation (Figure 5.4)
where we do not see the movement of the hole among those states. Similarly, the S; state
population transfers to the S, (Figure 5.4) which is also an electron transfer. The calculated
decay constants for S;, S, and S; states give slow decay constants of 11, 6.4 and 1.4 ps
respectively (Table 5.3). In contrast, the decay constants for the rest of the states are shorter (< 1

ps), which give faster relaxations.
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Figure 5.4 A schematic diagram of orbital levels filled with electrons for GS and S; to Sy
states.
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The S, state population rapidly transfers to the S; state (Figure C.2d). S4=>S; is a hole
relaxation (Figure 5.4) where only the hole has relaxed while the electron stays constant. This
nature is observed in other higher states as well. For example, Ss, S; and Sg states proceed
through hole relaxations while S¢ and Sy states proceed through a mix of hole and electron
relaxations (Figure C.3 and Figure 5.4). The faster hole relaxations in the Au;s(SH)4 cluster
could be due to the closely packed HOMOs (Figure 5.3) in the electronic structure compared to
the Au,s cluster. The decay time constants of states S¢ and So are even shorter than the pure hole

relaxations which suggest that mix of hole and electron relaxations leads to faster relaxations.

5.5 Conclusion

Understanding the photo-physics of the Au;s(SR)4 cluster is important as it has shown to
be a promising photosensitizer among glutathione-protected clusters. In this work, the
electron—nuclear dynamics of the Au;g(SH);4 nanoparticle has been investigated theoretically
using NA-MD simulations using the FSSH-TDKS method. The important excitations covering
up to ~2.6 eV in the optical absorption spectrum were analyzed to understand the electronic
relaxation processes in the Au;s(SH);4 cluster.

The addition of the 0.3 eV energy correction to the excited states slightly increased GS
growth times while there were no changes to the decay times. Overall, the GS growth time and
decay time constant trends are not changed drastically with the added correction.

The GS growth times obtained for the states covering 0.0-2.6 eV energy were in the
range of 16 - 54 ps. Despite the ~1.4 eV HOMO-LUMO gap in Au;3(SH) 4, the GS growth times
are several orders of magnitude shorter than the growth times observed for the [ALIQs(SH)Mg]il
nanocluster, which only had a ~1.09 eV HOMO-LUMO gap with the PBE level of theory.
Similar to the [AUZS(SH)13]71 nanocluster dynamics, the S; state gives the slowest decay time
(~11 ps) among all the states (S;-S;39) considered. However, the S; state in Au;s(SH)4 is a
semiring to core charge transfer state, whereas S; in the Auys cluster is a core to core transition.
S, has the second slowest decay time constant (~6.4 ps) while rest of the higher states have very
short decay time constants in the energy range of 0.4 - 1.4 ps. A slower decay time constant for
S, reflects the energy gap between LUMO and LUMO+1 orbitals. The hole relaxations are faster
than the electron relaxations in the Au;s(SH)4 unlike in Auys. The faster hole relaxations in the

Au;g(SH) 4 cluster are due to the closely packed HOMOs in the electronic structure.
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Chapter 6 - Theoretical Investigation of Relaxation Dynamics in

Auzg(SH),4 Thiolate-protected Gold Nanocluster

6.1 Abstract

A subtle change in the electronic structure of thiolate protected noble nanoparticles can
result in distinctive energy relaxation dynamics. Corresponding investigations on different sizes
and structures of thiolate-protected gold nanoclusters will reveal their physical and chemical
properties for further development of catalytic applications. In this work, we performed
nonradiative relaxation dynamics simulations of the Ausg(SH),4 nanocluster to describe electron-
vibrational energy exchange. The core and higher excited states involving semiring motifs lying
in the energy range of 0.00-2.01 eV are investigated using the time-dependent density functional
theory (TDDFT). The surface hopping method with decoherence correction, combined with
real-time TDDFT is used to assess the quantum dynamics. The Au,; core relaxations were found
to occur on a picosecond timescale in the range of 2.0 — 8.2 ps. The higher excited states that
consist of core- semiring mixed or semiring states gave ultra-fast decay time constants in the
range of 0.6 - 4.9 ps. Our calculations predict that the slowest individual state decay of S;; or the
slowest combined S;;-Si12, S;-S2-S¢-S7 and S4-Ss5-So-S1o decay involves intracore relaxations. The
analysis of the phonon spectral densities and the ground state vibrational frequencies suggest that
the low frequency (25 cm™) coherent phonon emission reported experimentally could be the
bending of the bi-icosahedral Au,s core or the “fan blade twisting” mode of two icosahedral units

occurring in a similar frequency range.

6.2 Introduction

Advances in synthesis and isolation of thiolate-protected gold nanoparticles have led to
developments in applications such as catalysis and photocatalysis.'® Investigations of energy
relaxation dynamics for different sizes and structures of thiolate-protected gold nanoclusters are
needed to enable elucidation of the physical and chemical properties underlying these
applications.”"® Quantum confinement effects become prominent for small gold nanoparticles

less than 2 nm in diameter. Thus, the geometric structure of the system plays a role in its
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14-16

electronic structure, and subtle changes in structure can lead to different electron dynamics.'*

17-18

Extensive experimental work has examined the electron relaxation dynamics of
nanoclusters such as [AUzs(SR)lg]'l, and distinct time scales and relaxation mechanisms have
been repor‘[ed.19'22 Recent theoretical electron nuclear relaxation studies on [Au25(SH)lg]'1
nanocluster provided insights into the experimentally proposed relaxation mechanisms.”?* The
study by Senanayake et al. showed that semiring or other states are not observed at an energy
lower than the core-based S; state. Moreover, it suggested that the experimentally observed time
constants in the several picoseconds range could arise from core-to-core transitions rather than
from a core-to-semiring transition. Recently, Jin and co-workers reported an ultrafast relaxation
dynamics of Auss(SC,H4Ph),4 nanoclusters and the effects of structural isomerism.? This study
found a correlation between the ultrafast relaxation dynamics and the geometric structures of two
isomers of thiolate-protected Auss(SC,H4Ph),4. In another study, Knappenberger and co-workers
reported low-frequency vibrations associated with the ligand shell of Au,s(SCsHo)s and
Aus3(SCi2Hzs)24 nanoclusters that mediate the nonradiative relaxation dynamics.26 The reported
modes include Au(I)-S stretching (200 cm ') and Au(0)—Au(I) stretching (90 cm ™) of the ligand
shell.”®

The Ausg(SR),4 nanocluster contains a face-fused bi-icosahedral Auy; core protected by
six -SR-Au-SR-Au-SR- dimeric units often called semirings and three -SR-Au-SR- monomeric
semirings, forming a core-shell-like structure.”’”’ This nanocluster has attracted significant
research interest in the areas of chirality, doping and catalysis.*® **** The electronic structure of
the lowest energy D; isomer of Ausg(SR),4 can be explained based on a particle-in-a-cylinder
(PIC) model due to its nanorod-shaped gold core structure.”® Thus, the occupied and unoccupied
orbitals near the HOMO-LUMO gap can be described by Z, IT, A symmetries. The orbitals can
be labeled as M;, where the azimuthal quantum number M = 0, 1, 2, ... corresponds to X, I1, A, ...
orbitals and / =1, 2, 3, ... corresponds to the axial quantum number.”® The core-shell structure of
the Ausg(SR)24 nanocluster can result in interesting optical properties, but careful assignment of
core and ligand contributions in optical properties is important. An ultrafast luminescence
investigation proposed that the electron dynamics of Ausg(SR),4 includes core-to-shell

relaxations.”” However, a recent theoretical investigation on the luminescence origin of
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Ausg(SR),4 suggested that the two lowest energy fluorescence bands arise predominantly due to a
HOMO — LUMO transition that involves core-based orbitals.”

The experimental examination of ultrafast relaxation dynamics performed on the
Ausg(SC,H4Ph),4 nanocluster suggests that the isomer with a bi-icosahedral Au,s inner core
shows rapid decay (1.5 ps) among excited states followed by nanosecond relaxation to the
ground state, and that a higher energy structural isomer exhibits similar relaxation processes.”
They performed the femtosecond experiments on the Ausg(SR),4 isomer pumped at 490 nm/1050
nm and probed at the visible range (0.0 - 2.3 eV). They proposed a two-state relaxation model”
similar to a mechanism proposed for the [Au,s(SR)1s] ", ® ?' The two-state model assigned to as
core-to-shell or electronic rearrangement within the metal core. The picosecond relaxations in
both isomers were assigned to core—shell charge transfer or to electronic rearrangement within
the metal core;* they suggested that the picosecond decay in Auss(SR)4 could be an electronic
rearrangement within the metal core based on previous experimental and theoretical work on
other thiolate-protected gold clusters.''* *® Assigning the relaxation mechanisms in such
complex nanoclusters may need extra caution. For the Ausg(SR),4 isomer with a bi-icosahedral
core, they also reported a coherent phonon emission at 25 cm” with pumping in the near IR
region.”

Overall, further experimental and theoretical work is required to fully understand the
nonradiative relaxation dynamics of the Ausg(SR)s4 nanocluster. Herein, the focus of this
theoretical study is to reveal the electron—nuclear dynamics and give insights into the relaxation
mechanism of the thiolate-protected Auss(SR).4 nanoparticle. In this study, we use the D; isomer

of the Auss(SH)24 nanocluster for the relaxation dynamics calculations.

6.3 Computational methodology

We have performed ab initio real-time nonadiabatic molecular dynamics (NA-MD)
simulations to study the nonadiabatic dynamics in the Ausg(SH),4 nanocluster. The fewest
switches surface hopping (FSSH)*’ algorithm with the classical path approximation and a time-
dependent Kohn—Sham description of electronic states (FSSH-TDKS)*® was used in our
calculations. The reported geometrical and electronic structural changes (~0.05 A) in the
Ausg(SH),4 nanocluster core® is less than the reported geometrical and electronic structural

changes (~0.33 A) in the [Aus(SR);s]" nanocluster upon photoexcitation.® Therefore, the
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classical path approximation in the NA-MD calculation approach is expected to be suitable to
describe the nonradiative relaxation dynamics of the Auss(SH),4 nanocluster. The decoherence-
induced surface hopping (DISH)*’ scheme is utilized to include decoherence effects. The FSSH
simulations in this work are performed using the PYXAID program.**!

The methodology used here is similar to our previous work on [Auss(SR);s]".>* The
Ausg(SH),4 nanocluster geometry optimization is performed at the PBE**/TZP (frozen core) level
of theory in the Amsterdam Density Functional (ADF)* software package to obtain the relaxed
geometry at OK. The zero-order regular approximation (ZORA)* is used to treat scalar
relativistic effects in gold. Linear response time-dependent density functional theory (TD-DFT)
calculations were performed using the same level of theory to compute the electronic excitations
and the relevant absorption spectrum of Ausg(SR)s. A ground state vibrational frequency
calculation was performed using ADF at the same level of theory to obtain the vibrational modes
of the cluster. The ADF GUI was used to plot the orbitals.

The OK system was thermalized through a temperature ramping calculation performed at
300K. After the temperature ramping, molecular dynamics (MD) simulations were performed
through density functional theory (DFT) calculations in the Vienna Ab initio Simulation Package
(VASP).* We used projector-augmented wave pseudopotentials,*® a kinetic energy cutoff value
of 402.0 eV for the temperature ramping calculation and 301.8 eV energy cutoff value for the
MD and NA coupling calculations, a 24 A simulation box size, gamma points, and the PBE
functional in all of our VASP calculations. A MD trajectory of 5 ps in length was computed with
a 1 fs integration time step. The nonadiabatic coupling elements were calculated following the
same approach we used for the [Auys(SH) 5] system.

The FSSH calculations employ 3.5 ps length sub-trajectories starting from 10 different
initial geometries. For each NA-MD trajectory, 1000 realizations of the stochastic FSSH/DISH
state hopping trajectories were considered. We used 100 realizations of the stochastic
FSSH/DISH state hopping trajectories for the largest calculation with ninety-eight excited states
to reduce the computational cost.

The important electronic excited states contributing to the optical absorption spectrum of
Ausg(SH),4 in the energy range of 0.00—2.01 eV (visible range) were analyzed. The excited state

population decay times and the ground state population increase times were calculated for the
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Ausg(SH),4 nanocluster using the same equations and procedure mentioned in our previous

study.?* The phonon spectral density plots were drawn with a resolution of 4.8 cm™.

6.4 Results and discussion

The experimental optical absorption spectrum for the Auss(SR).4 nanocluster displays
low energy peaks that lie around 0.9, 1.2, 1.7 and 2.0 eV.*” The Ausg(SH),4 spectrum calculated
with the PBE level of theory gives similar peaks at 0.99, 1.26, 1.74 and 2.01 eV as shown in
Figure 6.1, in good agreement with the experimental spectrum. The calculated spectral peak
positions are also in agreement with the PBE/DZ frozen core optical absorption spectrum of the

lowest energy D; isomer by Aikens and co-workers.*®
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Figure 6.1 Calculated PBE/TZP optical absorption spectrum for Auszs(SH)4. Inset: The
absorption spectrum in wavelength (nm).

6.4.1 Relaxation dynamics of the excited state peaks up to ~ 1.5 eV

The electronic relaxations for the excitations covering the peaks up to approximately 1.5
eV will be analyzed in this section. The calculated orbitals of the Auss(SH),4 cluster near the

HOMO-LUMO gap (Figure 6.2) can be described using Z, I1, and A symmetries according to the
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PIC model. In Auss(SH),4, the HOMO-4 to LUMO+4 orbitals arise primarily from gold sp
atomic orbitals in the bi-icosahedral core (Figure 6.2). The orbital character found in this study is

similar to the orbitals shown in the previous work by Aikens and co-workers.?®
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LUMO+3 -3.305¢eV LUMO+4 -3.305eV

HOMO-2 -5.002 eV

HOMO-5 -5.553 eV

Figure 6.2 PBE/TZP orbitals near the HOMO-LUMO gap and their relative energies (in
eV) for AU38(SH)24.
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The first peak (0.99 eV) arises primarily due to a IT, = II; transition that has the highest
oscillator strength and weight (Table 6.1), in agreement with previous results.”® In Figure 6.2, the
degenerate orbitals are labeled as two different orbitals. For example, HOMO and HOMO-1 are
exactly degenerate in the 0 K PBE/TZP optimized structure, but become nondegenerate as the
nanocluster vibrates and distorts from its equilibrium structure during the NA-MD calculations.
The labeling leads to two transitions that originate from HOMO and HOMO-1 to LUMO and
LUMO+1 for the 0.99 eV peak in Table 6.1. This labeling was used in order to define the excited
states that will be used in the FSSH-TDKS calculations.

Table 6.1 gives the excitations up to 1.5 eV with the highest oscillator strengths and
weights and their respective most probable transitions for the two allowed excited state
symmetries A; and E; for Auszg(SH),4. The excitations around 1.15-1.29 eV primarily arise from
transitions out of the HOMO-2 to LUMO/LUMO+1 (23 > II3) and transitions out of HOMO-
3/HOMO-4 to LUMO/LUMO+I1 (IT; - I13). However, for this peak the ¥; = Il; transition has a
small contribution to the oscillator strength and the II; - TII; transitions have higher
contributions to the oscillator strength due to their higher weights. The IT; - IT; transition would
be a forbidden transition for a perfectly cylindrical system. Similar observations have been made
by Aikens and co-workers.”® We find that HOMO-4 to LUMO+4 orbitals are involved in the
most probable transitions up to the 1.5 eV range (Table 6.1). Therefore, the twenty-five excited
states defined for the FSSH-TDKS calculations cover this range. The excited states defined in
Table 6.2 represent a single Slater determinant, whereas the TDDFT excitations listed in Table
6.1 are mixed (i.e., linear combinations of several Slater determinants); the Slater determinants

defined in Table 6.2 include the Slater determinants present in the TDDFT calculations.

133



Table 6.1 Transitions with the highest weights for the excited states covering up to 1.5 eV
from the TDDFT calculation.

Excitation | Energy | Oscillator

transitions | (eV) strength Weight Most weighted transitions

E; symmetry

1 0.89 0.0006 0.9927 HOMO/HOMO-1 - LUMO/LUMO+1

) 115 0.0045 0.9381 HOMO-2 - LUMO/LUMO+1
0.0452 | HOMO-3/HOMO-4 - LUMO/LUMO+1

3 129 0.0074 0.9348 | HOMO-3/HOMO-4 - LUMO/LUMO+1
0.0389 HOMO-2 - LUMO/LUMO+1

4 1.33 0.0001 0.9888 HOMO/HOMO-1 - LUMO+2

5 1.49 0.0006 0.9602 | HOMO/HOMO-1 - LUMO+3/LUMO+4

Aj symmetry

| 0.99 0.0491 0.934 HOMO/HOMO-1 - LUMO/LUMO+1
0.0427 HOMO-2 - LUMO+2

) 126 0.0033 0.9749 | HOMO-3/HOMO-4 - LUMO/LUMO+1
0.0097 HOMO-2 - LUMO+2

3 148 0.0024 0.9729 | HOMO/HOMO-1 - LUMO+3/LUMO+4
0.0085 HOMO-2 - LUMO+2

Table 6.2 Excited states and corresponding transitions (covering 0.00-1.50 eV energy
range) used in the FSSH-TDKS calculations.

E;‘é:::d Transitions
S HOMO - LUMO
S HOMO - LUMO+1
S HOMO - LUMO+2
S4 HOMO - LUMO+3
Ss HOMO - LUMO+4
Se HOMO-1 - LUMO
S; HOMO-1 - LUMO+1
Ss HOMO-1 - LUMO+2
Sy HOMO-1 - LUMO+3
S10 HOMO-1 - LUMO+4
St HOMO-2 - LUMO
S12 HOMO-2 - LUMO+1
Si3 HOMO-2 - LUMO+2
Si4 HOMO-2 - LUMO+3
Sis HOMO-2 - LUMO+4
Si6 HOMO-3 - LUMO
S17 HOMO-3 - LUMO+1
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Sis

HOMO-3 - LUMO+2

St9

HOMO-3 - LUMO+3

Sa0

HOMO-3 - LUMO+4

Sa1

HOMO-4 - LUMO

Sas

HOMO-4 - LUMO+1

Sa3

HOMO-4 - LUMO+2

Sa4

HOMO-4 - LUMO+3

Sas

HOMO-4 - LUMO+4

Figure 6.3 demonstrates the variation of the orbital energies with time for the Auszs(SH)24
cluster as obtained from the MD simulations. The orbital energy variation shows the near-
degenerate nature of several sets of the orbitals. For example, the HOMO and HOMO-1 as well
as the LUMO and LUMO-+1 are nearly degenerate. As mentioned above, the degeneracies of the
orbitals shown in Figure 6.2 were obtained by performing a single point calculation on the
relaxed geometry at OK. However, the MD simulation was performed at 300K. During the
dynamics, the Ausg(SH).4 cluster geometry can have distortions in the x, y and z directions that
break the perfect D; symmetry of the optimized Auss(SH),4 geometry. During the MD
simulation, the Ausg(SH)24 has a small HOMO-LUMO gap of approximately ~ 0.75 eV (Figure

6.3).
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Energy vs time at 300K for Auzg(SH)24
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Figure 6.3 Variation of the HOMO—-6 to LUMO+6 orbital energies with time.

First, we performed relaxation dynamics only on the S;, S,, Se, and S states as a test case
both with and without an energy correction to the excited states. The HOMO-LUMO gap for
Ausg(SH)4 is ~ 0.75 eV during the MD simulation, which is ~ 0.15 eV less than the
experimental optical gap of ~ 0.90 eV reported elsewhere.”> ** Therefore, a 0.15 eV energy
correction is added to the excited states to analyze how the relaxation dynamics will differ with
the additional energy correction. Adding an energy correction only lengthens the ground state
(GS) growth times (by 16-30%) while the decay time constants are less affected. Overall, the
time constants and the relaxation trends of these states do not change significantly with the added
correction (see Appendix D, Figure D.1 and Table D.1). Therefore, in this section, the excited
state population relaxation dynamics calculations for all twenty-five states (Table 6.2) will be
discussed without the correction added. The relaxation dynamics of these twenty-five states will

provide insights about the core state (~1.5 eV) relaxations in the Auss(SH),4 nanocluster.
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The GS growth times and decay times were then calculated for states S;-S,s (Table D.2).
In the presence of all twenty-five states, the population evolutions of the S;, S,, S¢, and S states
(Figure 6.4) follow similar relaxation patterns to the case in which only the S;, S,, S¢, and S

states were considered (Figure D.1).
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Figure 6.4 Evolution of excited state populations starting in a) S;, b) S, ¢) S¢, and d) S~
excited state.

The GS growth times for the S;-S;s states are in the range of 6.4 — 207 ps. The GS growth
times are relatively short except for states Sis, Sio, S0, S24 and Sys. The overall growth times are
shorter by 1-2 orders of magnitude compared to the growth times of [Auys(SH)is]™',** which
suggests that the identity of the thiolate-protected nanocluster is a critical factor for tuning the
lifetimes of the excited electrons.

The S;; state (HOMO-2->LUMO) gives the slowest decay time constant (~ 8.2 ps) when
its population is fit to an exponential. However, this S;; state population has a non-exponential
decay after 2000 fs due to population transfer to S;; (HOMO-2->LUMO+1) (Figure 6.5a). The
Si12 population mainly transfers back to the S;; state (Figure 6.5b). Due to this reason, fitting the
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non-exponential S;; population decay to an exponential may not result in an accurate decay
constant. At 3500 fs, the Sy, state retains 57% of its initial excited state population (Figure 6.5a).
Due to fast population exchange between S;; and Sy, fitting the total population of S;; and S;; to
one exponential could give a better idea about the decay (Figure 6.5c). The decay constant
calculated for the combined S;; and S, state population is 9.7 ps. At 3500 fs, the combined S;;

and S, states retain 67% of the initial excited state population of S;.
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Figure 6.5 (a) Evolution of excited state populations starting in S;;. (b) Evolution of excited
state populations starting in S;;. (¢) Evolution of the total population of the S;; and S;;
states when S;; is excited. Populations of other states up to S;s are not shown for clarity.

The fitting of the combined population of two or more states to an exponential is
expected to be reasonable because several states would be probed by the same pump/probe pulse
experimentally, and the observed decay will need to factor in more than one state. Therefore, we
calculated decay time constants for several other combined state populations. At this point, the

core states were grouped based on the orbitals involved and possible population transfers
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between the states. For example, Si, S,, S¢ and S; originate from the HOMO/HOMO-1 >
LUMO/LUMO+1 transitions where the HOMO and HOMO-1 as well as the LUMO and
LUMO-+1 are nearly degenerate. Thus, the population of S; can easily transfer its population to
S,, S¢ and Sy (Figure 6.4a). The total population of S;, S,, Se, and S; was fit to an exponential
when the S, S,, S¢ and S states were excited separately. Similarly, the other cores states were
grouped and their combined population decays were calculated (See Appendix D, Table D.3).
The Si, Sy, S¢, S7 total population when the Sg state was excited and the S4, Ss, So, Sio total
population when the Ss and Sy states were excited gave slower population decay compared to
their individual decay constants. The combined S;-S,-S¢-S7 state population decays are in the
range of 6.4-10.1 ps and the combined S4-Ss-So-Si state population decays are in the range of
4.1-10.7 ps. These decay time constants are similar to the combined S;;-S;, population decay
time of 9.7 ps.

At this point it is difficult to compare our decay time constants directly with the
experimentally observed time constants. The experimental time constants have been observed by
using two pump frequencies (490 nm/1050 nm) and a range of probe frequencies. In our
calculations, we look at each state relaxation separately rather than pumping the nanocluster
system with a specific frequency. The individual state decay constants calculated for Auss(SR)24
in our study are in the range of 2.0-8.2 ps, whereas the combined state population decay
constants are in the range of 2.0-10.7 ps. They agree with the picosecond time scale observed
experimentally. Our calculations show that the slowest decays (the individual decay of S;; or the
slowest combined Si;-Si2, S;-S5-S¢-S;  and  S4-Ss-So-Sjp  decays) involve HOMO-
2->LUMO/LUMO+1, HOMO/HOMO-1->LUMO/LUMO+1 and HOMO/HOMO-
1>LUMO+3/LUMO+4 transitions, which are intracore relaxations (Figure 6.2).

6.4.2 Relaxation dynamics of the higher excited states up to ~ 2.01 eV

Jin and co-workers have proposed that the faster 1.5 ps decay observed experimentally
could arise from a core-shell relaxation or an intracore relaxation in the lowest energy Auss
isomer.”” They used a probe pulse with the energy covering ~ 0.90-2.33 eV (530 -1300 nm) in
their experiments.” In this section we analyze the relaxation dynamics of the excited states lying
beyond the energy of 1.5 eV in the Auss(SH),4 nanocluster optical absorption spectrum (Figure

6.1). The relaxation dynamics of the excited states lying above 1.50 eV is potentially important
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in order to understand the involvement of the semiring states, because the 0.00-1.50 eV energy
range only covers the gold core states. Here, we have considered the significant excitations
appearing in the 0.00-2.01 eV energy range in Figure 6.1.

There are several notable excitations in the energy range of 1.70-2.01 eV (Table D.4).
Among them, the excitation around 1.74 eV has a relatively strong oscillator strength value
(0.0549) that mainly originates from excitations out of HOMO-6/HOMO-7 orbitals to
LUMO/LUMO+1 orbitals (semiring = IT3) and from the transition out of HOMO-2 to LUMO+2
(23 2 Z4). HOMO-6 and HOMO-7 are semiring orbitals whereas HOMO-2 and LUMO+2 are
gold core-based orbitals. The transition dipole moment components from the X3 = X4 transition
are large even though the weight of this transition is smaller than some of the others. Thus, the
1.74 eV peak is a combination of excitations involving both gold core and semirings where the
33 > 34 transition yields the main contribution due to its high transition dipole moment. The
notable excitations around 1.85-2.01 eV have mixed transitions from orbitals involving both gold
core and semirings. However, the strongest excitation at 2.01 eV (oscillator strength of 0.1021) is
mainly composed from the semiring (HOMO-12/HOMO-13) - LUMO transitions. Comparable
findings have been observed by Aikens and co-workers at the PBE/DZ level of theory for
Ausg(SR)p4. %

Therefore, we considered orbitals ranging from HOMO-13 to LUMO+6 to define the
single excitations for the FSSH-TDKS calculations (Table 6.2, Table D.5). The decay times of
the excited state population were calculated for all ninety-eight states (Table D.6). In the
presence of the higher excited states the relaxation trend of the S;-S,s states is preserved. The Sy;
population transfers its population into the S;, state although by a lesser amount (Figure D.2a).
Thus, fitting its population decrease to an exponential may suffer less significant error compared
to the case involving only twenty-five states. The S;, population primarily transfers back to the
Si; (Figure D.2b). Fitting the S;; (HOMO-2->LUMO) population to an exponential give a
slower decay time constant of 7.6 ps. At 3500 fs, the S;; state retains 58% of its initial excited
state population (Figure D.2a). Fitting the total population of the S;; and S;, states to an
exponential gives a time constant of 8.8 ps. At 3500 fs, the combined S;;-S;, state population
retains 66% of the initial S;; population (Figure D.2c). The combined state population decay for
the core states were calculated again in the presence of higher states. The S, S,, S¢, S7 total

population when Sg is excited and the S4, Ss, So, Sj¢ total population when Ss and S are excited
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gave slow population decay in the range of 9.7 -10.8 ps, which is similar to the case where only
the core states were present.

The higher energy states S,¢-S3s have decay time constants in the range of 1.4 - 4.9 ps.
The rest of the higher states (S36-Sog) have much shorter time constants in the range of 0.6 -1.7
ps. The S36-Sog states are mainly composed of transitions out of the semiring-based orbitals. In
general, the decay times of higher energy states are shorter due to the higher density of states at

these energies.

6.4.3 Electron—phonon interactions in the Au;g(SH),4 cluster

Vibrations in the Ausg(SH),4 nanocluster can lead to nonradiative relaxation of excited
states. Therefore, it is important to understand which nuclear vibrational motions couple most
strongly with electronic states to understand the dynamics of electronic relaxations in these
systems.

In this section we present the phonon spectral densities obtained for core states (Si-Sys)
that demonstrate the vibrational modes that are correlated with the nonradiative relaxations (i.e.,
relevant electron-phonon interactions). The phonon spectral density plots were obtained by
taking Fourier transforms of the normalized autocorrelation function of the energy gap
fluctuation for a pair of electronic excited states of interest. The pair of electronic excited states
could be the GS and an electronic excited state or two different electronic excited states. The
analysis of the phonon spectral densities showed intense peaks around 24.2, 33.9, 48.4 and 53.2
cm” for Auss(SR),4 when only the core states (up to ~1.5 eV) were considered in the relaxation
dynamics (Figure D.3). Among the prominent peaks, the peak around 24.4 cm™ was found to be
the highest in intensity. This peak at 24.4 cm™ was observed when the spectral densities are
plotted considering the energy gap fluctuation between the GS-S;s5, GS-S;5, and GS-S,3 (Figure
6.6). The S;s excited state arises from the transition out of HOMO-2 to LUMO-+4. The S;g and
S,3 states arise from the transitions out of HOMO-3 and HOMO-4 to LUMO+2 respectively.
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Figure 6.6 Fourier transforms of autocorrelation functions of the fluctuations of the energy
gaps (phonon spectral density spectra) between (a) GS-S;s (b) GS-Sis (¢) GS-S23 (d) GS-Sy4.

To correlate the observed vibrational frequencies to the Auszs(SR).4 cluster geometry, we
compared the phonon modes obtained by the NA-MD calculation to the ground state frequency
calculation performed with ADF. The ADF frequency calculation gave several interesting
vibrational modes arising from the gold core as well as from semiring motifs. A clear “bending
mode” of the bi-icosahedral Auys core at its interior 3-fold face was observed at a very low
frequency of 23.5 cm™ and a “fan blade twisting” of two icosahedral units was also observed at
25.9 cm™ (Figure 6.7). Several other core, semiring and mixed core-semiring vibrational modes
were observed in the low frequency range of 27.4 — 43.5 cm™. Gold core vibrations were noted
in the range of 43.5 — 49.2 cm™ including a core breathing mode around 45.1 cm™. Frequencies
in the range of 90.4 — 96.3 cm™ correspond to semiring bending vibrations. Other prominent gold
core vibrations are present at a higher frequency of 104.7 cm™ and in the range of 121.1 — 148.3
cm™. Vibrational modes found in the range of 219.5 — 293.6 cm™ are primarily the Au(core)-S

and Au(I)-S stretching modes.
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(b) (c) (d) (e)

Figure 6.7 (a) “Bending mode” of the bi-icosahedral Au;; core at its interior 3-fold face; (b)
side view of the Au3ss(SR),4 cluster, with R ligands not shown; (c) geometric model of three
Au,(SR)3 semirings: top view; (d) fan blade resemblance of the three Au(SR); semirings
(e) “fan blade twisting” mode. (core Au-gold, 3-fold face Au-orange, semiring Au-grey, S-
yellow).

It is possible that the intense frequency in the phonon spectral density that we observe
around 24.4 cm™ from NA-MD calculations is the bending of the bi-icosahedral Au,s core or the
“fan blade twisting” of two icosahedral units (Figure 6.7), which could largely lead to
nonradiative relaxation of the Ausg(SH),4 nanocluster. Similarly, the low frequency coherent
phonon emission reported at 25 cm™ by Jin and co-workers® could also be the bending of the bi-
icosahedral Auys core or the “fan blade twisting” mode of two icosahedral units. In addition,
there is a very small vibrational mode around 106.5 cm™ in Figure 6.6d which could be the gold

core breathing vibration appearing around 104.7 cm™ in the ADF frequency calculation.
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6.5 Conclusion

TDDFT and a time-dependent Kohn—Sham description of electron-vibrational dynamics
(FSSH-TDKS) have been used to understand the nonradiative relaxations in the Ausg(SH)4
nanocluster. The orbital energy variation during the MD simulation indicated a loss of exact
degeneracies in orbitals due to geometrical distortions in the cluster during the dynamics. The
Ausg(SH)z4 has a small HOMO-LUMO gap during the MD simulation which is ~ 0.75 eV. The
relaxation dynamics performed on the S;, S,, Se, and S; states both with and without an energy
correction of 0.15 eV showed that the correction lengthens the GS growth times only by 16-30%.

The GS growth times and excited state decay times were calculated for excited states up
to ~ 1.5 eV which covers the Auys core states (S1-Szs). The GS growth times of the S;-S;s states
were found to be in the range of 6.4 — 207 ps, which are 1-2 orders of magnitude shorter than the
growth times reported for the [Alhs(SH)]g]il nanocluster. The S;; state (HOMO-2->LUMO)
gives the slowest decay time constant (~ 8.2 ps). Population transfer was observed between S;;
and S;,. Fitting the total population of the S;; and S;, to an exponential resulted in a decay
constant of 9.7 ps. Initial excitations of the Ss, S¢ and S states gave slow population decay in
the range of 9.6 -10.7 ps, which is similar to that for the initially excited S;; state. The slowest
state decays involve intracore relaxations.

Relaxation dynamics of the higher excited states covering up to ~ 2.01 eV involve
relaxations coming from the core, mixed core-semiring, and semiring states (S;-So¢g). The
relaxation trends of the S;-S,s states were preserved in the presence of all ninety-eight states.
Fitting the S;; (HOMO-2->LUMO) population to an exponential gave a relatively slow decay
time constant of 7.6 ps. Fitting the total population of S;; and S, to an exponential gave a time
constant of 8.8 ps. The excitations of the Ss, S¢ and S states decay gave slow time constants in
the range of 9.7-10.8 ps. Higher excited states S,¢-S3s have decay time constants in the range of
1.4 - 4.9 ps. The S36-Sog states, which consist of transitions out of the semiring orbitals, have
shorter time constants in the range of 0.6 -1.7 ps.

Nonradiative relaxation of the Ausg(SH),4 excited states are driven by nanocluster
vibrations. The analysis of the phonon spectral densities showed peaks around 24.2, 33.9, 48.4
and 53.2 cm™ from the NA-MD calculations. The ADF ground state frequency calculation gave
several interesting vibrational modes arising from the gold core as well as from semiring motifs.

Among them, the low frequency “bending mode” of the bi-icosahedral Auy; core at 23.5 cm’™
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and the “fan blade twisting” mode of two icosahedral units observed at 25.9 cm™ were
prominent. One or both of these vibrational modes could be the origin of the low frequency

coherent phonon emission experimentally reported at 25 cm™.
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Chapter 7 - Relaxation Dynamics in the [Agzs(SR)lsl_l Thiolate-

protected Silver Nanocluster

7.1 Abstract

With the discovery of the “golden” silver nanoparticle [Ag,s(SR)15]”", evaluation of its
electron nuclear dynamics and relaxation mechanism compared to its well-known gold analog,
[Auss(SR)is]”', will be important for future photocatalytic, light harvesting and
photoluminescence applications of this system. Relaxation dynamics of the [Ags(SR)is]™"
thiolate-protected silver nanoparticle were investigated using time-dependent density functional
theory and surface hopping method with decoherence correction in a real-time DFT approach.
The GS recovery times of the S;-S¢ states in the first excited peak were found to be longer than
the corresponding GS recovery times of the Auys nanocluster. The decay time constants were in
the range of 2.0-20 ps for the S;—S¢ states. Both silver and gold clusters follow similar trends in
decay times among the first six states S;—Ss, which are involved in the first excitation peak in
their respective optical absorption spectra. In the presence of the higher excited states (with
energy up to ~2.30 eV), the S;—S¢ states had similar decay time constants. Among the higher
excited states, S; has the slowest decay time constant while S; decay is the slowest among all
states. Overall, [Agzs(SH)m]il and [AUZS(SH)H;TI both follow common decay time constant

trends and relaxation mechanisms due to the similarities in their electronic structures.

7.2 Introduction

Thiolate-protected metal cluster are of great importance due to their potential applications
in solar cells, light harvesting and photoluminescence.'"® Numerous experimental studies have
been performed on thiolate-protected gold nanoclusters to understand their nonradiative
relaxation mechanisms'>'" "% but fewer theoretical studies have been performed.**’

Gold and silver are similar in their atomic sizes, geometric structures, and in their bulk
lattices and lattice constants. Irrespective of their similarities in structure, they possess distinct
physical and chemical properties. Over the past years, a great number of atomically precise,

monolayer protected gold clusters have been characterized using X-ray crystallography,’
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whereas only a few silver clusters have been crystallized.”*™ After the discovery of the
[Au25(SR)1g]71 cluster (abbreviated as Aus in the text), Aikens described the electronic structure
of an identical Agys cluster using time dependent density functional method.***' In 2015, Bakr
and co-workers crystallized a thiolate-protected silver nanocluster [Ag,s(SR)15]”" that is an exact
analog of [Auxs(SR);s]”" in terms of size, superatom electronic configuration, charge and
composition. Thus, this allows researchers to perform direct comparison of properties of thiolate-
protected silver and gold nanoclusters. The [Agzs(SR)18]71 cluster consists of an Ag;; icosahedral
core protected by six V-shaped -S-Ag-S-Ag-S- motifs with an overall quasi-7j, symmetry similar
to its gold analog.**

Many experimental nonradiative relaxation dynamics investigations on thiolate-protected
noble metal nanoclusters have been performed on the [Au25(SR)1g]71 nanocluster. 17 1922
Different research groups have proposed several different mechanisms for the nonradiative
relaxation mechanism of [Auzs(SR)1s] """ '*? Transient spectroscopy experiments have been
done on a ligand-stabilized silver cluster, [Ags(SR)30]" to understand the time-dependent
optical properties. It has shown a rapid decay of ~1 ps and a slow decay of ~300 ns which has a
dependency on the polarity of the solvent used. Experimental work has also been done on a
luminescent rod-shaped, silver-doped AgyAuys x clusters to understand the ultrafast relaxation
dynamics.”* They report an ultrafast excited state relaxation (~0.58 ps), which is an internal
conversion and a subsequent nuclear relaxation (~20.7 ps) in AgxAu,s_x. They have observed a
faster nuclear relaxation in doped systems compared to that in undoped.

A recent theoretical study using ab initio real-time nonadiabatic molecular dynamics
(NA-MD) simulations was performed by our group to understand the electron relaxation
dynamics of the Aups cluster.”” There, we suggested that the time constants observed
experimentally'’ could arise from core-to-core transitions rather than from a core-to-semiring
transition; no semiring or other states were observed at lower energy than the core-based S;
state.”’

As of now, there are no reports of experimental or theoretical work performed to
understand the nonradiative relaxation dynamics of thiolate-protected silver nanoclusters which
is an exact analog of a thiolate-protected gold nanocluster. With the discovery of the “golden”
silver nanoparticle [Ags(SR)1s]”",* it will be important to assess the applicability of the

relaxation mechanism proposed for the [Au,s(SR);s] ' nanocluster to its silver analog. Herein, we
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perform electron nuclear dynamics to reveal the relaxation mechanism for excited electrons in

the “golden” silver nanoparticle [Ag,s(SR)1s] "

7.3 Computational methodology

We have performed ab initio real-time nonadiabatic molecular dynamics (NA-MD)
simulations to study the nonadiabatic dynamics in the [Agss(SR);3] " nanocluster. The procedure
used is similar to our previous study of [Au,s(SR);s]" relaxation dynamics.?’

The NA-MD simulations were performed using a fewest switches surface hopping
(FSSH)* algorithm with the classical path approximation and a time-dependent Kohn—Sham
description of electronic states (FSSH-TDKS).** The decoherence-induced surface hopping
(DISH)* scheme is utilized to include decoherence effects. The FSSH simulations are performed
using the PYXAID program.***’

The [Ags(SR)1s]' nanocluster geometry optimization was performed with the
PBE*"/TZP level of theory in the Amsterdam Density Functional (ADF)* software package to
obtain the relaxed geometry at OK. The zero-order regular approximation (ZORA)*® was used to
treat the scalar relativistic effects in silver. Linear response time-dependent density functional
theory (TD-DFT) calculations were performed using the same level of theory to calculate the
electronic excited states and the relevant absorption spectra of [Agys(SR)s] ™.

Then, the OK system was thermalized through a temperature ramping calculation
performed at 300K. After the temperature ramping, molecular dynamics (MD) simulations were
performed using density functional theory (DFT) calculations with the Vienna Ab initio
Simulation Package (VASP).”! We used projector-augmented wave (PAW)*? pseudopotentials, a
kinetic energy cutoff value of 402.0 eV for the temperature ramping calculation and 301.8 eV
energy cutoff value for the MD and NA coupling calculations, a 24 A simulation box size,
gamma points, and the PBE functional in our all VASP calculations. The MD trajectory of 5 ps
in length was computed with a 1 fs integration time step.

The nonadiabatic coupling elements were calculated following the same approach we
used for the [Aups(SH) 5] system.”” The NA-MD calculations were performed considering 3.5
ps length sub-trajectories resulting in 10 different starting geometries. For each NA-MD
trajectory, 1000 realizations of the stochastic FSSH/DISH state hopping trajectories were

considered.
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The important electronic excited states contributing to the optical absorption spectrum of
[Ags(SR)1s] " in the energy range of 0.00-2.30 eV (visible range) were analyzed. An energy
correction was considered for several excited states in order to evaluate impact of the energy
correction on the dynamics. These corrections are used to compensate for
underestimation/overestimation in the calculated DFT band gaps compared to the experimental
gaps. The decay times of the excited states populations and the ground state population increase
times were calculated for the [Agss(SR) 5] nanocluster using the same equations and procedure

mentioned in our previous study.

7.4 Results and discussion

The [Agys(SH)s]"' theoretical absorption spectrum (Figure 7.1) calculated at the
PBE/TZP level of theory gives strong peaks around 1.66, 2.25, 2.47 and 2.75 eV. The first peak
at 1.66 eV is blueshifted compared to the 1.41 eV peak of Au,s, whereas the second peak at 2.25
eV is redshifted compared to the 2.50 eV peak of Au,s at the same level of theory.”” This
behavior is also shown in experimental spectra.** The peak positions obtained in the current
study are similar to the peak positions obtained for [Agys(SH)is]™' using SAOP/TZP level of
theory by Aikens.”’ Also, the theoretical peak positions are redshifted compared to the
significant peaks 1.84, 2.53 and 3.18 observed experimentally.”” The redshifting of the
theoretical peaks compared to experiment has also been observed for the well-known Au,s
cluster.”® However, the redshifting of the first peak in the silver cluster is less than that of the
gold cluster. According to Aikens, the first peak of the [Agys(SH)s] ' originates from the
HOMO-> LUMO transition where the HOMO is nearly triply degenerate and LUMO is nearly
doubly degenerate similar to the Auys analog.41 The HOMO and LUMO of [Agzs(SH)13]71 are

both silver core based orbitals.*!
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Figure 7.1 Calculated PBE/TZP optical absorption spectrum for [Agzs(SH)ls]_l. Inset: The
absorption spectrum in wavelength (nm).

7.4.1 Relaxation dynamics of the first excited state peak

In the following sections, the electronic relaxations of the [Agzs(SH)m]ﬂ cluster are
analyzed. First, the 1.66 eV peak is examined in order to understand its relaxations. Table 7.1
shows the important excitations involved in the first peak at 1.66 eV based on their oscillator
strengths and weights. Because the [Agys(SH) 5] cluster has similar electronic structure to its
gold analog, similarities in their excitations can be noted. Three main excitations involving the
HOMO-2 to LUMO+1 orbitals in the most probable transitions give rise to the 1.66 eV peak

(Table 7.1), which was also the case for the Auys cluster.
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Table 7.1 TDDFT transitions with the highest weights for prominent excited states for
[Ag2s(SH) 5]
Excited Energy Oscillator Weight Most weighted
state (eV) strength transitions
0.3386 HOMO-2 - LUMO
0.2451 HOMO-2 > LUMO+I
0.145 HOMO - LUMO
0.1026 HOMO-1 - LUMO
0.2869 HOMO - LUMO+1
0.2217 HOMO-2 - LUMO
5 1.67 0.0372 0.1525 HOMO-2 - LUMO+1
0.1252 HOMO-1 - LUMO+1
0.1236 HOMO-1 - LUMO
0.5256 HOMO-1 - LUMO+1
0.2674 HOMO - LUMO+1
0.0624 HOMO-2 - LUMO
0.0611 HOMO-2 - LUMO+I

4 1.66 0.0389

6 1.68 0.0370

Even though the HOMO, HOMO-1, and HOMO-2 are nearly triply degenerate and the
LUMO and LUMO+1 are nearly doubly degenerate. Therefore, we can use the same FSSH-
TDKS defined excited states (S; - S¢) as in our previous Auys simulations.*® The HOMO-2 to
LUMO+1 orbitals are all silver core-based orbitals. The silver core-based orbitals are primarily
composed of the 5s orbitals of silver with some contribution from the silver 4d atomic orbitals.*'

The orbital energy variation in [Agrs(SH);s] ' obtained during the MD simulation is
shown in Figure 7.2. The near degeneracies of the HOMO, HOMO-1, HOMO-2 and LUMO,
LUMO-+1 are apparent, similar to the Auys analog. The HOMO-LUMO gap of the silver cluster
varies around 1.15 eV during the MD simulation. This gap is ~0.33 eV smaller than the optical
gap of ~1.48 eV (~840 nm) found from the experimental optical absorption spectrum reported
by Bakr and co-workers.** Therefore, it is important to add a correction to the excited states to
compensate for the underestimation in the calculated DFT optical band gap compared to the
experimental. Our previous relaxation dynamics calculations on the Auys analog showed that the
inclusion of the correction lengthens the ground state growth times, but had minor effects on the
overall excited state lifetimes.”’” In our current work, a 0.33 eV energy correction is employed in

our calculations on [Ag25(SH)1g]71.
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Energy vs time at 300K for Ag,5(SH)41g
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Figure 7.2 Variation of the HOMO—-6 to LUMO+6 orbital energies with time.

We performed two different calculation sets, one considering the original energy gaps
and another including the 0.33 eV energy correction on the S;-S¢ excited states.

Figure 7.3 shows the computed population dynamics for the S;-S¢ states. The population
dynamics performed with the energy correction are shown in Figure E.1 due to their similar
relaxation patterns. Both the excited state population decays and the GS population increase
times are determined for S;-S¢ states. The population relaxation curves for S;-Sg states show
“step relaxation” behavior where the population of a state transfers rapidly to another state. For
example, the S,(HOMO - LUMO+1) state quickly transfers its population to the S;(HOMO >
LUMO) state during the 2700-3200 fs time frame in Figure 7.3b. There are rapid population
transfers from Ss(HOMO - 2-LUMO) to S;(HOMO-1 - LUMO) (Figure 7.3¢) and S¢(HOMO-
2 > LUMO+1) to S4(HOMO-1 - LUMO+I1) (Figure 7.3f) during the 1000-2000 fs time
frames. A rapid population transfer could arise due to near-degeneracies that arise in the orbitals

that are involved in these states during the MD simulation. During the ~ 2600-3400 fs time frame
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from the MD simulations, near-degeneracy can be observed in the LUMO and LUMO+1
orbitals. During that time frame, the S, and S; states have close energies which promote a rapid
population transfer among these states. Similar explanations can be given to population transfers
between Ss to S; and Sg to S4. During the ~1100-2100 fs time frame, the HOMO-1 and HOMO-2
orbitals show degeneracies which will stimulate the Ss to S; and Sg to S4 population transfers.
The relaxation patterns of states S; and S, are similar to that of the Auys cluster whereas the
states S3-Sg demonstrate slight differences. For example, the Ss state rapidly transfers its
population to the Ss state (Figure 7.3e) and the S¢ state relaxes to S4 (Figure 7.3f), which are hole

relaxations.
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Figure 7.3 Evolution of the populations of S;, S;, S3, S4, S5, S¢ states. Panels a—f are
relaxations from S; to S¢, respectively, without the energy correction.

Even without considering the correction, the GS growth times (Table 7.2) of the
[Ags(SH) 5] are much longer than the corresponding growth times (73-158 ps)*’ of the Auas
cluster. A reason could be that the underestimation of the DFT HOMO-LUMO gap of silver is
smaller (0.33 eV) than the underestimation in the gold cluster (0.55 eV). Also, the LUMO and
LUMO+1, HOMO to HOMO-2 orbitals in Agys are closer in energy (Figure 7.2) than in Auys
cluster. Because of this, there can be rapid population transfers in-between the core states in Agys
than in Auys which makes the repopulation of the GS harder. For example, the S; state
population transfers into the S, and then the S, population is transferred back to the S; (Figure
7.3a,b) much faster than in Aups. During the MD simulation, the average HOMO-LUMO gap of
the Agys cluster is around ~1.19 eV, whereas the Au,s cluster had a slightly lower gap of ~1.09
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eV. This could be another reason to have longer growth times for Ags. There is a significant
increase in the growth times with the addition of the correction while retaining the growth time
decay pattern. Both the gold and silver cluster GS growth times have a similar trend except for
the S4 state. Generally, the higher initial excitation leads to slower repopulation of the ground
state due to the gap between that state and the GS and the relaxation friction caused by the
intermediate states. However, state S4 gives the slowest GS growth time for the silver cluster
while the S¢ state had the slowest growth time for the gold cluster. The S, transfer its population
to higher states S¢ and Ss before relaxing into lower states (Figure 7.3d), which could slow down
the repopulation of the GS. This is again due to the close energies of the core orbitals in silver
cluster as mentioned earlier. The S¢ has a faster growth time compared to S4 as Se relaxes into

lower states instead of going into higher states. In Auys, the S4 only relaxed into lower states.

Table 7.2 Ground state population increase lifetimes after excitation of the six excited states
contributing to the 1.66 eV peak.

. GS growth time (ps) GS growth time (ps)
E;‘t;l:zd without considering the with the energy
energy correction correction
S 251 447
S, 317 659
S; 334 751
S4 411 1926
Ss 270 890
Se 371 1405

The decay time constants of the first six states (Table 7.3) are ultrafast compared to the
GS growth times obtained. The added correction has no notable impact on the decay time
constants and their trend is preserved. The decay times calculated for the S;-S¢ may
underestimated or overestimated due to the error involved in fitting step relaxation curves to an

exponential.
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Table 7.3 Decay times of the excited state population decrease of the six excited states
contributing to the 1.66 eV peak.

Excited Deca?f tm-le (ps) without Decay time (ps) with the
considering the energy .
state . energy correction
correction
Si 18 20
S 6.1 6.0
Ss3 4.6 4.7
S4 2.8 2.8
Ss 2.2 2.2
Se 2.0 2.0

Figure 7.4 displays how the decay time constant trend varies among the first six states for
both silver and gold clusters. It is clear that [Agzs(SH)m]il and [Au25(SH)1g]71 follow a similar
trend among the first six states. However, the [Ag,s(SH)s]™' decay times are slightly slower than

the decay times of Auys.

Au25
*~Ag25

el

time constant (ps)

0

States

Figure 7.4 The decay time constant variations with six excited states (without the
corrections to the excited states) for [Ag,s(SH)1s] ' and [Au,s(SH)s]

The ground state repopulation time after excitation of the S; state is much larger than the
decay times of the S; state (251 ps vs. 18 ps). This nature is similar to what observed in the gold
cluster. Thus, the S, and S; states could play an important role in the S; state relaxation in sliver

as well.

161



7.4.2 Relaxation dynamics of higher excited state peaks up to ~2.30 eV

In this section, the relaxation dynamics of the higher excited states will be analyzed.
Forty-two higher excited states were included in the calculations which account for peaks up to
~2.30 eV in energy. According to the calculated theoretical absorption spectrum (Figure 7.1) no
significant peaks appear around the 1.70-2.20 eV range. The HOMO-6 to LUMO+S5 orbitals are
the orbitals involved in the most probable transitions based on their high oscillator strengths and
transition dipole moments (Table E.1). Hence, all possible single particle transitions were
considered for orbitals between HOMO—6 and LUMO+5 in the FSSH-TDKS calculations (Table
7.4). The S7-Sss transitions have the same definition as in Auys higher excited states to facilitate

comparison between Auys and Agys. S1—Sg have the same definitions as in our previous Auys and

Ags first peak relaxations (Table 7.4).

Table 7.4 Transitions considered for higher excited states.

E:tcal::d Transition E:tzl::d Transition

Si HOMO - LUMO S22 HOMO-4 - LUMO+1
S, HOMO - LUMO+1 S23 HOMO-4 > LUMO+2
S3 HOMO-1 - LUMO Sa4 HOMO - 4-LUMO+3
Sy HOMO-1 > LUMO+1 Sas HOMO-4 > LUMO+4
Ss HOMO-2 - LUMO S26 HOMO-5 - LUMO

Se HOMO-2 - LUMO+1 Sa7 HOMO-5 - LUMO+1
S; HOMO 2> LUMO+2 Sas HOMO-5 > LUMO+2
Ss HOMO - LUMO+3 S29 HOMO-5 > LUMO+3
So HOMO - LUMO+4 S30 HOMO-5 > LUMO+4
Sto HOMO-1 - LUMO+2 S31 HOMO-6 - LUMO

Su HOMO-1 - LUMO+3 S32 HOMO-6 > LUMO+1
Si2 HOMO-1 > LUMO+4 Ss3 HOMO-6 > LUMO+2
Si3 HOMO-2 - LUMO+2 S34 HOMO-6 > LUMO+3
S14 HOMO-2 - LUMO+3 S3s HOMO-6 > LUMO+4
Sis HOMO-2 - LUMO+4 S36 HOMO - LUMO+5

S16 HOMO-3 - LUMO S37 HOMO-1 > LUMO+5
S17 HOMO-3 - LUMO+1 S3s HOMO-2 - LUMO+5
Sis HOMO-3 - LUMO+2 S39 HOMO-3 > LUMO+5
S1o HOMO-3 - LUMO+3 S40 HOMO-4 > LUMO+5
Sa0 HOMO-3 > LUMO+4 Sa1 HOMO-5 - LUMO+5
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S21 HOMO-4 - LUMO S42 HOMO-6 - LUMO+5

The relaxation dynamics of the first peak showed no difference in decay time constants
compared to the constants calculated considering the correction. In Au,s cluster, with the PBE
level of theory, the first excitation peak was underestimated by around 0.55 eV compared to the
experimental first peak and the second peak had a smaller underestimation. Therefore, the 0.55
eV correction was only added to the S;-Sg states and not for the higher excited states. In Agys, the
underestimation of the gap (~0.33 eV) is less than that in Aups (0.55 eV). In order to have the
Agys relaxation calculations in consistent with the Auys, the 0.33 eV correction was only added
to the S;-S¢ states in Agps. We also performed a calculation without considering an energy
correction to the S;-S¢ states to see how relaxations can differ. The decoherence correction was
included in all calculations.

The S, state has the slowest decay time constant out of all the states considered in this
study. The S; decay was obtained as 17 ps, 18 ps for “without” correction, “with” correction
added in S;-S; states respectively (Table E.2). The S;-Sg¢ decay constant trend in the presence of
higher states (Figure E.2) is also similar to the decay constant trend observed when only the S;-
S¢ states considered (Table 7.3).

Among the higher excited states, S; has a longer decay time of 11 ps for both “with” and
“without” energy gap correction to the S;—S¢ states (Table E.2). The longer lifetimes in S
compared to the other higher states could be due to the large energy gap between the S; and Sg
states in Agys which makes the population transfer difficult. The gap between the LUMO+1 and
LUMO+2 orbitals in the Ag,s electronic structure results the energy gap between the S¢ and S.
This gap is smaller in Agys (Figure 7.2) compared to the Au,s. The S; decay for the Auys was 9.9
ps. However, in both the silver and gold clusters, the S; population transfers mainly to the Sg
state and at 3.5 ps the S7 state retains 75% of its initial population. Thus, the differences in the S;
decay time constant in silver and gold clusters could be due to the variations in the shape of the
population curves in fitting to the exponential. The HOMO-LUMO energy gap (~1.19 eV) of
Agys (Figure 7.2) is slightly larger than the HOMO-LUMO gap of Auys (~1.09 eV) in MD
simulations.

Faster decay times for S; may observed due to geometrical relaxations of S; that will
reduce the S¢-S7 gap.” The decay time constants calculated for the Agys are slightly slower than

the respective Auys time constants except for some higher states (Table E.2). This behavior was
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also observed in the relaxation dynamics in the first peak (S;-S¢ states only) in Agys. Overall, the
decay time constant trend in Agys is similar to Au,s. Similar electronic structures in both clusters
Agys and Auys result in similar relaxation dynamics. The previous work on [Alhs(SH)]g]il by our
group” % ** suggested that the first excited peak relaxations are due to gold core-to-core
transitions rather than a core-to-semiring transition that was proposed experimentally.'” Our
current study proposes an equivalent relaxation mechanism for [Ag,s(SH)s] ', where no

semiring or other states are observed at lower energy other than the core-based S; state.

7.5 Conclusion

The electron-nuclear dynamics of the [Ag,s(SR)15]”" thiolate-protected silver nanoparticle
have been investigated using TDDFT and FSSH-TDKS approach. The relaxation dynamics of
the [Ag>s(SR) 3] nanocluster have been compared with the relaxations of its exact gold analog,
the well-known [AUZS(SR)lgTI nanocluster. The time scales for the GS recovery were found to
be up to 2 orders of magnitude larger than the relaxation time scales of the S;—S¢ excited states,
which was also the case in [AU25(SR)18]71. The GS recovery times are slower for the S,-S¢ states
compared to S, suggesting recovery of the GS population is impeded by the effective “friction”
due to the presence of intermediate electronic states. State S4 gives the slowest GS growth time
for the silver cluster while the S¢ state had the slowest growth time for the gold cluster. The GS
recovery times of the S;-S¢ states were found to be longer than the corresponding GS recovery
times of Auys even without the energy gap correction. This could be due to several reasons such
as, smaller underestimation (0.33 eV) of the DFT HOMO-LUMO gap compared to the
experimental optical gap for the [Ag,s(SR)is] ' nanocluster, the core states of Agys which are
closer in energies than in Aups and the slightly larger HOMO-LUMO gap of Agys. The
[Auss(SR)1s]™" cluster had a 0.55 ¢V HOMO-LUMO gap underestimation compared to
experiment. The addition of the energy gap correction increased the GS growth times by a factor
of 1.8-4.7. Faster relaxation time constants in the range of 2.0-20 ps were observed for the S;—Sg
excited state population decay. Faster decay time constants are observed for the S;—S¢ states
because population can transfer to other excited states in addition to the GS. The calculated
decay times of Agys are slightly slower for S;-S4 states than the corresponding times of Auys.
Nevertheless, both silver and gold clusters conserve a similar trend in decay times among all the

states including the first six states.
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The relaxation dynamics of higher excited states with energy up to ~2.30 eV preserved
the relaxation trends observed for the S;—Ss states. Among the higher excited states, S; has a
comparatively longer 11 ps decay time both “with” and “without” the energy gap correction to
the S;—S¢ states. The energy gap between the S¢ and S; state may result in the longer S; decay,
which was also the case in Auys cluster. S; population relaxation is similar in both gold and silver
clusters. The S; state population demonstrates the slowest decay. Overall, the decay time
constant trends in Agps are similar to the Auys nanocluster. Therefore, [Ag25(SH)18]71 follows a
relaxation mechanism equivalent to the [Aqu(SR)m]il nanocluster where no semiring or other
states are observed at lower energy other than the core-based S; state. We hope the theoretical
insights given on [Agys(SH)1s]' nonradiative relaxations will serve as a model platform for
experimentalists to use [Agzs(SH)lg]ﬂ as a substitute for [Auzs(SH)m]il in future photocatalytic

applications.
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Chapter 8 - Real-time TDDFT Investigation of Optical Absorption

in Gold Nanowires

8.1 Abstract

Using a real-time TDDFT method, a set of linear gold nanowires Au,, (m = 4, 6, 8, 10,
12) is investigated to understand the plasmon-like behavior that results from resonant excitation
of a superposition of single-electron transitions. These characteristic excitations of gold
nanowires have been previously investigated via linear response TDDFT calculations, and the
results from these two approaches are compared; real-time TDDFT is shown to provide
complementary information about the excitations in these systems. This study also investigates
the relationship between the d-band transitions and the plasmon-like states in gold nanowires. In
this work, the longitudinal and transverse absorption peaks are studied after dipolar excitation,
and the effects of changing the length of the nanowire are examined. The time evolution of the
single particle transitions and the interplay between different transitions involved in the plasmon-
like excitations of model gold nanowires are also investigated. The longitudinal mode occurs
around 1-2 eV in the optical absorption spectra, and it redshifts with increasing nanowire length.
A splitting in the longitudinal peak is present due to the involvement of interband transitions.
The frequency of the transverse mode, which lies around 6-7 eV in the absorption spectra, tends
to stay constant as the nanowire length increases. The time-dependent occupation numbers and
their Fourier transformed spectra reveal that a dominant single particle transition (2, 2 X,+1) can
be identified in the longitudinal peaks which is coupled with less probable d-band transitions (d
- 2). In contrast, the transverse modes are constructed from a coupling of two or more single

particle transitions with X, = I, character.

8.2 Introduction

Noble metal nanoparticles composed of silver and gold are of interest due their important

114 energy conversion and energy storage.'™

12, 17

applications in sensing,'” catalysis,'® biomedicine,
' Gold nanorods and nanowires can be used in photothermal cancer therapy applications.
Noble metal nanoparticles in the size range of 10 — 100 nm give one or more strong absorption
peaks in the visible to near IR region which is an important characteristic of those nanoparticles

18-22

called the surface plasmon resonance (SPR). The SPR phenomenon in gold and silver
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23-26

nanoparticles has been widely studied experimentally and theoretically’’>* because their

applications rely on this property. The absorption peaks can be tuned by changing the size,”

3433 and the environment’® of the nanoparticles.

shape

Among the various shapes of nanoparticles available, nanorods and nanowires have
drawn significant attention due the high sensitivity of their optical properties to their aspect
ratios.”” *7>* The two main plasmon resonances present in alkali metal and noble metal
nanowires are the longitudinal and transverse modes.* ** ***** The longitudinal mode is obtained
by applying an electric field polarized along the main axis (z direction) of the nanowire. A
change in the nanowire length can result in a change in the energy and the intensity of the
longitudinal mode.” The transverse mode is obtained by applying the field in a direction
polarized perpendicular to the main axis such as the x direction. Previous investigations on
nanorods/nanowires have shown that the longitudinal peak in the optical absorption spectrum
tends to redshift in energy with increasing aspect ratio while the transverse mode does not
greatly change in energy with increasing aspect ratio.*® >+

Time dependent density functional theory (TDDFT) has been used to understand the
origin of the optical absorption spectra of these noble metal nanoparticles.”® *'! The absorption
spectra of small nanoclusters exhibit one or more intense peaks that are similar to the plasmon
resonance of larger nanoparticles.*® °* Linear response time dependent density functional theory
(LR-TDDFT) calculations demonstrate that dipolar plasmon modes in the noble metal
nanoclusters can be recognized through the concept of constructive addition of single electron
transitions. This is expected to be applicable for both large nanoparticles that are several hundred
nanometers in size and smaller nanoparticles with diameters less than 2 nm.** *®>-% A different
method for identifying single particle transitions and plasmons that relies on the different
behavior of plasmon and single particle transition energies upon scaling of the electron-electron
interactions has also been suggested by Jacob and coworkers.*’

The TDDFT method has been widely used to study model systems of noble metal
nanowires.” *! The plasmon excitations in small nanowires have often been investigated using
the frequency domain LR-TDDFT method.” Although extremely useful for calculating
absorption spectra and determining the transitions responsible, LR-TDDFT calculations do not

reveal the dynamical nature of the interplay between the electronic excited states which is vital to

understanding the plasmon modes present in nanoclusters. Therefore, the real time TDDFT (RT-
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TDDFT) method has recently attracted attention as a prominent method to understand the time
evolution of molecular systems in the presence of an external perturbation.

Real-time TDDFT (RT-TDDFT) has been used to study the end and central plasmon
modes in linear sodium and silver chains by Gao and coworkers.””™" Later, Luo et al.”!
investigated the size dependence of electronic excitations in copper, silver and gold chains up to
26 atoms. Recently, the coherent plasmonic behavior of silver nanowires Ag,, (m=4, 6, 8, 10, 12)
was studied by Li and coworkers® using a RT-TDDFT method. In the latter study, the interplay
between the time evolution of the superposition of the single particle transitions and the
plasmonic excitations was investigated. It was shown that the transverse transitions in silver
nanowires are collective in nature and oscillate in phase with respect to each other.

A LR-TDDFT investigation on silver nanowires showed that the longitudinal peak of the
silver nanowires corresponds to the HOMO - LUMO transition, which is a £ - X transition
(the delocalized frontier orbitals of nanowires can be referenced by the irreducible
representations of the D.; point group (Z, I, A, etc.) due to their approximate cylindrical
symmetry), whereas the transverse peak is a superposition of several single particle transitions (2
> 1) adding constructively.”’ This behavior was also observed in similar RT-TDDFT
calculations.”® Until now, there has been no RT-TDDFT investigation performed on the gold
nanowires to understand the dynamical nature of the superposition of single particle transitions
involved. Furthermore, the plasmon resonance in noble metal nanoparticles can be affected by
transitions from the d band. This effect is profound in gold nanoparticles due to relativistic
effects that lead to a smaller splitting between the d and sp bands compared to silver and alkali
metal nanoparticles.*”” ** 7 In this work, our aim is to understand how the plasmon-like
excitations in gold nanowires differ compared to those of silver nanowires using the RT-TDDFT
approach. We also aim to understand to what extent transitions out of the d band play a role in
determining the character of plasmon-like states in gold nanowires. Moreover, we show how the

RT-TDDFT method can provide complementary information to the LR-TDDFT approach.

8.3 Computational methodology

The current work uses the RT-TDDFT approach to study the interplay between the time

evolution of the superposition of the single particle transitions and the plasmonic excitations in
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the model gold nanowires Au,, (m= 4, 6, 8, 10, 12). A step function electric field®® is utilized as
the perturbation to probe the dipole response of the longitudinal and transverse modes upon
changing the nanowire length. The step function electric field can be described as follows.

E(t)y=Eyfort<0 (¢t=time)

E(t)=0fort>0
In practice this is done by preparing the initial electron density for the system with a self-
consistent field calculation performed in the presence of a static electric field Ey. Then, the field
is turned off and the electronic system is propagated using the RT-TDDFT approach.>® Similar to
the previous silver nanowire study by Li and coworkers,’® the nature of the plasmon excitation as
a superposition of single particle transitions is analyzed through the time evolution of the
molecular orbital occupation numbers. The collective oscillation of single particle orbital
occupations that are in-phase and coherent will help to identify the collective nature of the
plasmon resonance.

RT-TDDFT calculations were performed on a series of linear gold chains having 4, 6, 8,
10 and 12 atoms. A development version of the GAUSSIAN series of programs™ was used to
carry out the real time simulations. The RT-TDDFT calculations are described elsewhere.”® The
real time formalization utilizes an approach similar to a full time dependent Hartree-Fock
(TDHF) approach developed by Schlegel and coworkers.”” That method was previously used to
understand the effects of a time dependent electric field on the dipole moments, charge
distribution and the frontier orbital population in linear polyenes.®'**

In this work, the BP86%® exchange-correlation functional and the LanL2DZ®®
effective core potential basis set were used in all calculations. A simulation time of 120 fs was
performed for the longitudinal mode and 480 fs for the transverse mode with an integration step
size of 1.2 as. The longer simulation time for the transverse mode was performed to check
convergence; it was found that a good convergence in the optical absorption spectrum of the
system can be achieved with a simulation time of 120 fs. An external static field was used with a
strength of 0.001 au. A 150 au damping factor was used during Fourier transformation of the
time-dependent dipole moments to obtain the dipole strength function which is proportional to
the optical absorption spectrum. The damping factor is used to account for the experimental

broadening. The time-dependent dipole moment u(?) is calculated at each time step using the

equation,
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u(t) = Tr[DP(1)] (8.1)
In the orthonormal basis, the dipole matrix is given by D and the density matrix is given by P.

Then, the dipole strength function S(w) is given by,*®

4w Tr[Ima(w)] 8.2)

S(w) = 3c

where a(w) is the polarizability in the frequency domain, which can be obtained by the Fourier
transform of the dipole moment y; (w) and step electric field E; (w) relation as shown:
pi(w) = a;(w)Ei(w) 8.3)
where i indicates the x, y, z Cartesian coordinates.
Coordinates for the gold nanowires were obtained from an optimization at the BP86/TZP
level of theory with scalar relativistic effects treated by ZORA® using the ADF’® software. The
nanowires are positioned so that their coordinates lie along the z-axis. LR-TDDFT calculations

were performed on the same series of gold nanowires with the BP86/LanL.2DZ level of theory to

compare with the RT-TDDFT results.

8.4 Results and discussion

8.4.1 Dipole strength functions of the longitudinal and transverse modes

The dipole strength functions (optical absorption spectra) that result from applying a step
function electric field to five gold nanowires are shown in Figure 8.1. The electric field
perturbation is applied along the longitudinal (z direction) and transverse (x direction) directions.
Due to the symmetry of the system, results for an electric field in the y direction (not shown) are
the same as the x direction. The main peaks in the energy range of 0-8 eV are analyzed for both
longitudinal and transverse modes. Unlike in a similar series of silver nanowires™® where the
longitudinal mode appears as a single sharp peak in the energy range of 1-2 eV, several peaks in
the optical absorption plots for the gold nanowires indicate that several longitudinal excitations
are present. Despite some differences due to the level of theory used, most of the findings in this
RT-TDDFT study are consistent with the previous LR-TDDFT study on gold nanowires
performed by Guidez and Aikens.” For example, the LR-TDDFT spectra of gold nanowires

display a redshift and several longitudinal excitations at ~ 2 eV** comparable to that observed for
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the peaks in the energy range of 2-6 eV in Figure 8.1a - e. The Aus nanowire exhibits a small
peak around 2 eV that redshifts with the increasing number of atoms in the nanowire up to Au;.
The peak intensity grows and the peak displays a splitting with increasing length. In the energy
range of 3-7 eV, a few low intensity peaks and a high intensity peak are present for Aus which
also redshift for longer nanowires. The intensities of the peaks around 3 eV significantly increase
with length, while the peaks in the 4-7 eV range increase less dramatically in intensity for longer
systems. The splitting of the peaks in longer nanowires are due to the transitions originating from
the d band, which was shown in the previous LR-TDDFT study on gold nanowires.*> Redshifting
of the longitudinal peak has also been observed for silver nanowires.”® Similar to the silver
nanowire case,’® the energy of the transverse peak (6-7 eV) is essentially constant although a
small blueshift is apparent as the nanowire length increases. Unlike in silver, the gold nanowires
exhibit several transverse peaks as well as several longitudinal excitations. For both excitation
modes, the dipole strength increases as the nanowire length grows. This has also been observed

for other elongated systems such as pentagonal nanorods.*
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8.4.2 Longitudinal mode excitations

In gold, the 5d orbital energies are much closer to the energy of the 6s orbital compared
to the 4d-5s difference in silver. Therefore, developing an understanding of interband transitions
originating from the d band of the gold nanowires is crucial because of the coupling of these
transitions with intraband transitions and their combined effects on the longitudinal and
transverse mode frequencies and intensities.”” The longitudinal mode in our small gold
nanowires can be explained by a single particle transition as discussed in detail below.

As in the previous real-time study on related silver nanowires by Li and coworkers,’® the
time dependent occupation numbers of the relevant orbitals are obtained through analyzing the
evolution of the electron density by projecting to the ground state molecular orbital space. This
approach is useful to understand the nature of the interplay between the single particle transitions
involved in plasmon modes. This analysis is carried out for the longitudinal mode to recognize
the orbitals involved in the important transitions contributing to the longitudinal peak. The
respective orbital occupation number variations and their Fourier transformed spectra are shown
in Figure 8.2; we present pairs of orbitals that can be identified as strongly correlated transitions
for the given longitudinal mode. Less strongly correlated transitions are shown in the SI in
Appendix F. The constructive and destructive nature of the electronic transitions can be obtained
by the phase relationship between the time evolution of the orbital occupation numbers. If the
orbital occupation number variations are in phase with the same frequency, they can
constructively or destructively interact to give rise to several peaks in the optical absorption
spectrum. A similar approach has been utilized in analyzing silver nanowire transverse modes to
identity the orbitals responsible for the main peaks appearing in their optical absorption spectra.”
In the longitudinal mode of the current gold nanowire study, we observe a coupling of sp
delocalized orbital transitions (S, = S,+1; n is the axial quantum number) with the interband

transitions (d = S,1) as explained in more detail below.
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Figure 8.2 Variations in orbital occupation numbers with time and their Fourier
transformed spectra for strongly coupled orbital pairs in the longitudinal mode of Au,, (m
=4, 6) nanowires. For Auy, (a) shows the orbital occupation number variations for the two
orbitals most responsible for the longitudinal mode and (b) shows their Fourier
transformed spectra. Likewise, the ¢, d, e and f plots represent the orbital occupation
number variations and their Fourier transformed spectra and for Aus. The strongest
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occupied-to-unoccupied transition is d > X, in plots ¢ and d, and the e and f plots are for a
less probable transition (Z; 2> X,).

Table 8.1 Single particle transitions involved in the longitudinal mode of gold nanowires
determined by RT-TDDFT calculations.

Nanowire | Single particle transition Symmetries
Auy HOMO-2 > LUMO 323
Aug HOMO-2 - LUMO 33> 3y

HOMO-3 - LUMO d—> 3,
Aug HOMO-2 - LUMO d—>3s
HOMO-3 - LUMO 34235
Augg HOMO-3 - LUMO d—> 3
HOMO-4 - LUMO 35 > 3
HOMO-3 - LUMO d—> 3,
Auy, HOMO-4 - LUMO 362> 3,
HOMO-5 - LUMO d=> 3

In analyzing the real-time simulations of the longitudinal mode, this excitation is mainly
constructed by one dominant single particle transition with a small contribution from one or two
other single particle transitions as shown in Table 8.1. This was not the case for the longitudinal
mode obtained by the LR-TDDFT method using LB94/DZ, where it was dominated by the single
particle HOMO > LUMO transition.” Differences in the level of theory used and how the
relativistic effects have been treated in the LR and RT methods could be the reason for the
different results observed from the two approaches. The LR-TDDFT calculations were also
performed with the same level of theory as the RT-TDDFT calculations to compare the
excitations from the two methods directly. Both LR and RT calculations used the relativistic
effects incorporated into the LanL2DZ basis set in the Gaussian software. The absorption
spectra obtained by LR-TDDFT method are shown in the supporting information Figure F.1 in
Appendix. The excitations were calculated only up to 7 eV. The peak positions and the relative
intensities of the absorption spectra obtained by LR and RT match well with each other.

Even though the orbital numberings are different in the two studies, the symmetries of the
longitudinal mode are similar (i.e., £, 2 X,:;). The Kohn-Sham orbital energy diagram of the
Auy nanowire obtained using the BP86/LanL.2DZ level of theory is shown in Figure 8.3. At this
level of theory, the overlap of the d band with the sp-based X orbitals is clearly evident, which is

the case for gold systems.
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In the Auy nanowire, the HOMO-2 - LUMO transition corresponds to a X, 2> X
transition (Table 8.1). For the corresponding silver case, the strong excitation in Agy also arises
from a ¥, - Z; transition, although this corresponds to a HOMO - LUMO transition.”® As
shown in Figure 8.2a, the orbital occupation numbers of the HOMO-2 and LUMO vary in phase
and with the same frequency. They are strongly related and give rise to two intense peaks around
2 and 4 eV in the Fourier transformed spectrum that agree with the peaks arising in the same

energy range in the optical absorption spectrum. Therefore, it is evident that the HOMO-2 -
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LUMO transition (Z, = Z3) plays an important role in these two peaks of the longitudinal mode
in the Aug nanowire.

For comparison, the contributions of different single particle transitions can be
determined from the eigenvectors in the LR-TDDFT calculations that provide the weights of
each individual transition. Table 8.2 shows the LR-TDDFT excitation energies, oscillator
strengths, single particle transitions, and the weights of each transition for both longitudinal and
transverse modes for this nanowire. For the longitudinal mode, the HOMO-2 - LUMO
transition possesses a high weight in the peak around 1.98 eV, which agrees with our assessment
from the RT-TDDFT calculations. In the real time simulation of the Aus nanowire we observe
additional prominent peaks around 3.6, 4.4 and 5.2 eV in the longitudinal mode of the optical
absorption spectrum (Figure 8.1a-¢). The LR-TDDFT transitions in Table 8.2 indicate that there
are peaks around 3.67, 4.43, and 5.29 eV. The 3.67 eV, 4.43 eV and 5.29 eV peaks are
comparable with the real time simulation peaks around the same energies. The RT-TDDFT peak
positions differ slightly compared to the LR-TDDFT calculations due to error associated in
reading off the peak positions from the dipole strength function in the RT approach, whereas the
LR approach determines the excitation energies from eigenvalues of the Casida equation.

The peak at 5.2 eV has the highest intensity in the real time simulation of the Auy
longitudinal mode (Figure 8.1) which is also reflected in the LR-TDDFT calculation of a 5.29 eV
peak with a high oscillator strength (/=1.35) in Table 8.2. To understand the origin of this peak,
the transitions involved in the 5.29 eV peak (Table 8.2) were further analyzed from the Fourier
transformed spectra of the orbital occupation numbers in the RT-TDDFT calculations. The
respective Fourier transformed spectra of the orbital occupation numbers are shown in the
supporting information. As shown in Figure F.2, it is evident that the HOMO-12 - LUMO,
HOMO-7 - LUMO+1, HOMO-2 - LUMO+3, HOMO-1 -> LUMO+2, HOMO-1 -»>
LUMO+2 and HOMO - LUMO+3 transitions from the RT-TDDFT calculation are the single
particle transitions giving rise to the peak around 5.2 eV in the Fourier transformed spectra.
These are also the transitions that contribute to the peak around 5.29 eV according to the LR-
TDDFT calculations (Table 8.2). However, the magnitudes of the peaks around 5.2 eV are very
small compared to the magnitude of the ~1.9 eV peak (HOMO-12 - LUMO) in the Fourier

transformed spectra of the orbital occupation numbers (Figure F.2).
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Table 8.2 The LR-TDDFT excitation energies, oscillator strengths, single particle
transitions and weights of each transition for longitudinal (L) and transverse (T) modes of
Auy at the BP86/LanL.2DZ level of theory. The “-> /< * signs in the Transitions column
indicate the excitations/de-excitations.

Energy Oscillator

Peak V) strength Transitions Weight
HOMO-12 - LUMO -0.161
1.98 0.39 HOMO-2 - LUMO 0.712
HOMO-2 < LUMO -0.201
HOMO-12 - LUMO 0.623
167 023 HOMO-7 2> LUMO+I 0.27

HOMO-4 - LUMO+1 -0.136
HOMO-2 - LUMO 0.121
HOMO-12 - LUMO -0.214

HOMO-7 - LUMO+1 0.57

L 4.43 0.27 HOMO-4 - LUMO+1 -0.136

HOMO-1 - LUMO+2 0.228

HOMO-1 - LUMO+2 0.227
HOMO-12 - LUMO 0.177

HOMO-7 - LUMO+1 -0.217
HOMO-2 - LUMO 0.138

5.29 1.35 HOMO-2 - LUMO+3 0.136

HOMO-1 - LUMO+2 0.413

HOMO-1 - LUMO+2 0.413
HOMO - LUMO+3 0.194

HOMO-1 - LUMO+2 -0.115

5.49 0.24 HOMO-1 - LUMO+2 -0.115
HOMO - LUMO+3 0.675

HOMO-9 - LUMO +2 0.18
HOMO-9 - LUMO+2 -0.179
HOMO-8 - LUMO+5 -0.197
HOMO-8 - LUMO+4 0.197

T 62 0.25 HOMO-7 - LUMO+1 -0.124
HOMO-6 - LUMO+3 -0.259
HOMO-4 - LUMO+2 -0.217
HOMO-3 - LUMO+4 -0.13
HOMO-3 - LUMO+5 0.13
HOMO-2 - LUMO+4 0.389
6.38 0.22 HOMO-10 - LUMO+2 -0.134
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HOMO-10 - LUMO+2 -0.134
HOMO-6 - LUMO+4 0.473
HOMO-6 - LUMO+5 0.473
HOMO-11 - LUMO3 0.116
HOMO-8 - LUMO+4 0.415
HOMO-8 - LUMO+5 0.415
HOMO-6 - LUMO+3 0.109
HOMO-4 - LUMO+2 -0.114
HOMO-2 - LUMO+5 0.243

6.7 0.3

For Aug, the HOMO-3 is strongly correlated with the LUMO while the HOMO-2 is less
strongly correlated with the LUMO (Figure 8.2). The Fourier transformed spectrum of the orbital
occupation numbers of the HOMO-3 has peaks of similar magnitude to those of the LUMO,
whereas the HOMO-2 has peaks with a smaller magnitude although they fall in the same
frequency range of 1.5 — 4 eV. The orbital occupation number variation also shows that the
HOMO-3 orbital occupation numbers vary in a larger range than for the HOMO-2. Therefore,
the HOMO-3 - LUMO transition (d = X transition) appears to be the main transition involved
in the longitudinal mode of Aug, while HOMO-2 - LUMO (which has X, 2 X, character)
contributes to a lesser extent. LR-TDDFT calculations show that these two transitions can
constructively add together to give rise to a strong peak, and this constructive interaction is
identified by the hallmark of in-phase oscillations in the RT-TDDFT calculations.

The Aug, Auo, and Auj, nanowires have HOMO-3 - LUMO, HOMO-4 - LUMO, and
HOMO-4 - LUMO, respectively, as the most probable transitions. Each of these transitions has
3, 2 X, character. The d - X transitions are less probable transitions that contribute to the
longitudinal mode (Table 8.1). Real time dynamics illustrating the transitions contributing to the
longitudinal mode of Aus, Aujp and Au,; are shown in Figures F.3, F.4 and F.5 respectively in

Appendix F.

8.4.3 Transverse mode excitations

Figure 8.1f — j shows that the transverse modes of the gold nanowires display a band of
several peaks in the energy range of 6-7 eV, which was also observed in previous LR-TDDFT

calculations.” The transverse mode in the energy range of 6-7 eV displays two peaks where the
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peak closer to 6 eV grows in intensity significantly while the peak closer to the 7 eV grows in
intensity less noticeably as the nanowire length increases from Aus to Auj,. Overall, the
transverse peak intensity increases with the nanowire length.

In contrast to the longitudinal mode, the transverse modes in gold nanowires are
constructed from a coupling of two or more single particle transitions with X, = II, character
(Figure 8.4). The single particle transitions involved in the transverse mode of the gold
nanowires are shown in Table 8.3. The involvement of two or more X, = II, type single particle
transitions in the transverse modes has also been observed in real time simulations in similar
silver nanowires.’® In the silver nanowire case, the strong transverse peak has been identified as
arising from a superposition of X, - II, single particle transitions. Their orbital occupation
number variations are in phase with the same frequency and they constructively/destructively
interact to give rise to several peaks in the transverse mode, which is supported by a

configuration interaction (CI) picture arising from LR-TDDFT calculations.*®

Table 8.3 The single particle transitions involved in the transverse mode of gold nanowires
obtained by RT-TDDFT calculations.

Nanowire | Single particle transition | Symmetries
Aug HOMO-2 - LUMO+4 ¥ 21k
HOMO-4 > LUMO+2 ¥ =210,
HOMO-6 >LUMO+4 ¥ 2> 1h
HOMO-9 > LUMO+3 ¥ =210,
HOMO-4 - LUMO+8 32> 1
Aug HOMO-9 - LUMO+5 ¥ 2> 1h
HOMO-10 >LUMO+4 > 2> 10,
HOMO-9 - LUMO+9 32> 1
Auyg HOMO-13 - LUMO+7 ¥ 21k
HOMO-16 2> LUMO+6 ¥ =210,
HOMO-15 - LUMO+9 32> 1
Auy; HOMO-17 - LUMO+7 ¥ 21k
HOMO-19 - LUMO+5 > 2> 10,

Au6

Figure 8.4 shows the orbital occupation number variation and the respective Fourier
transformed spectra for the strongly correlated transitions for the transverse mode of Aus. The
data for Auy clearly indicates that the HOMO-2 - LUMO+4 and HOMO-4 - LUMO+2
transitions are the most probable due to the strong relationships between the respective orbital

occupation number variations as shown in Figures 8.4c and f. The two transitions have X, = Il
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and X; = II; symmetries. The HOMO-2 and LUMO+4 orbital occupation numbers vary in phase
and with the same frequency which is the same case as HOMO-4 and LUMO+2. As explained
for the longitudinal mode, the Fourier transformed spectra of the respective orbital occupation
numbers (Figure 8.4a, b, d and e) demonstrate peaks with a high magnitude around the 67 eV
energy range, which supports the idea that those transitions are responsible for the transverse

peak (two main peaks) that appear in the 67 eV range in the optical absorption spectrum of Aua.
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Figure 8.4 The orbital occupation number variation [a and c] and the respective Fourier
transformed spectra [b and d] for strongly correlated transitions responsible for the
transverse mode of Auy.
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Table 8.2 also collects the energies, oscillator strengths, transitions and weights of the
transitions involved in the Auy transverse mode from the LR-TDDFT calculations. It indicates
three main peaks around 5.49, 6.20, 6.38 and 6.70 eV which are comparable to the main peaks
around 5.4, 6.1 and 6.6 eV in the Auy optical absorption spectrum (Figure 8.1f). The two main
transitions HOMO-4 - LUMO+2 and HOMO-2 - LUMO+4 obtained from real time
simulations are also visible in the LR-TDDFT calculation as transitions with high oscillator
strength values. However, their weights are not as high as those of the other transitions. The
remaining transitions (Table 8.2) involved in the LR-TDDFT transverse mode are also visible
from the real time calculations, which is evident from the Fourier transformed spectra of their
orbital occupation numbers. However, the Fourier transformed spectrum of these orbital
occupations exhibit low magnitude peaks around the 6 — 7 eV energy range compared to the
peaks related to the primary orbitals mentioned above. This supports the idea that the transverse
mode of the gold nanowires is mainly constructed with X, = II, type transitions while other
transitions contribute to a lesser extent. Their orbital occupation numbers vary in phase with
same frequency which is evident from the real-time calculations.

Further analysis of the real-time simulation with excitation in the x direction reveals that
there is a relatively intense peak arising around the ~1.8 eV region in the orbital occupation
number Fourier transformed spectra of the HOMO-6 and LUMO orbitals as shown in Figure
8.5a and b. This could suggest a transition between HOMO-6 to LUMO which is a dIT 2 X
transition. The dIT orbital is an orbital with mixed Au d band and sp-based II character. It is
interesting to note that the longitudinal peak of Auy arises around 1.98 eV, which is close to the
same energy as the energy (~1.8 eV) of the peak arising from the HOMO-6 - LUMO (dIT - X)
transition. Therefore, it is a characteristic that is visible in the Fourier transformed spectra of the
orbitals when the system is excited in z direction but also visible in the Fourier transformed
spectra of orbitals when it is excited in x direction. However, the orbital occupation number
variation for those two orbitals is very small (Figure 8.5¢) and could be the reason that a peak is
not visible around 1.8 eV in the x-polarized optical absorption spectrum for Aus. This behavior

was not present in the silver nanowire case.
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Figure 8.5 The orbital occupation number variations and their Fourier transformed
spectra of two orbitals HOMO-6 and LUMO of Auy excited by excitation in the x direction.

Similar behavior can be observed in the rest of the nanowires which is also shown in
Table 8.3. Their orbital occupation number variations and the Fourier transformed spectra for the
strongly correlated transitions are shown in Figure F.6, F.7, F.8 and F.9 in Appendix F.

Overall, the RT-TDDFT calculations on gold nanowires using the Gaussian software
have reasonably produced similar plasmon like characteristics as in the LR-TDDFT calculations
performed on the similar gold nanowires using both ADF and Gaussian software. This study
further confirms that the RT-TDDFT method can reproduce results similar to the LR method for
the small gold systems (nanowires) in the weak perturbation regime which has been shown for
the silver systems previously. Therefore, the findings from this study will be an initiative to
investigate stronger field perturbations on the gold/silver systems to understand their plasmon
character. Modeling plasmons in a stronger field regime can provide insights for the

experimental observations.

8.5 Conclusion

A series of linear gold nanowires having 4, 6, 8, 10 and 12 atoms were investigated using
a RT-TDDFT method with a step function electric field perturbation. The dipolar response of the
longitudinal and transverse modes upon changing the nanowire length was probed. The aim of

this work is to understand the differences in the plasmon-like character in gold nanowires
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compared to silver nanowires using the RT-TDDFT method and to investigate how the d band
transitions play a role in determining the character of plasmon-like states in gold nanowires.
Therefore, we studied the time evolution of the single particle transitions and examined the
interplay between different transitions involved in the plasmonic excitations of model gold
nanowires Au,, (m=4, 6, 8, 10, 12).

The dipole strength functions (optical absorption spectra) were obtained for both
longitudinal and transverse modes of the nanowires. It was evident that the longitudinal mode
appears in the energy range of 1-2 eV and redshifts with increasing nanowire length similar to
previous LR-TDDFT calculations on gold nanowires as well as RT and LR calculations on silver
nanowires. A splitting is evident in the longitudinal peak with increasing nanowire length. The
transitions originating from the d band are the reason for the observed splitting in the
longitudinal mode in gold nanowires. The transverse mode is present around the 6-7 eV energy
range of the optical absorption spectrum, which is constant as the length of the nanowire
increases. In both modes, the dipole strength increases as the nanowire length increases from Auy
to Auys.

The time-dependent occupation numbers and their Fourier transformed spectra are used
to understand the nature of the interplay between the single particle transitions involved in both
of the plasmon modes. This analysis recognized the orbitals responsible for the important
transitions contributing to both the longitudinal and transverse modes. The single particle
transitions can constructively/destructively interact with each other, as observed through orbital
occupation number variations that are in phase with the same frequency. This will give rise to
several peaks in the optical absorption spectrum.

A dominant single particle transition (£, 2 Z,:1) can be identified in the longitudinal
mode of gold nanowires similar to the previous silver nanowire study. We also observe a
coupling of the dominant single particle transition with the less probable d-band transitions that
have d = X character. This behavior was true for all the gold nanowires considered in this study
except for the Aug nanowire which gives d 2 X as the most dominant single particle transition.

The transverse modes in gold nanowires are constructed from a coupling of two or more
single particle transitions with X, = TII, character, which was also seen in the previous silver
nanowire study. The analysis of the x-polarized transitions also revealed a relatively intense peak

with dIT = X character arising around the 1.8 eV region in the orbital occupation number Fourier
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transformed spectra; this is in the same energy range as the longitudinal peak. However, this
peak is not visible around 1.8 eV in the x-polarized optical absorption spectrum. This could be

due to the very small orbital occupation number variations in those two orbitals.
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Chapter 9 - Conclusions

Thiolate-protected noble metal nanoparticles in ~2 nm size regime are efficient solar
photon harvesters, due to their favorable absorption spectrum that spans throughout the visible
region. The traditional non-plasmonic noble metal clusters can also enhance photocatalytic yields
upon visible irradiation. Clear mechanistic insights and photo-physics of excited state dynamics
in thiolate-protected noble metal nanoclusters are important for developing photocatalytic
applications. Relaxation dynamics on different structures and sizes of thiolate-protected noble
metal nanoclusters reveal their physical and chemical properties for further development of light
harvesting, photocatalytic and photoluminescence applications. In our work, the core and higher
excited states lying in the visible range are investigated using TDDFT. We performed NA-MD
simulations using the fewest switches surface hopping method with decoherence correction with
a Kohn-Sham description of electronic states (FSSH-TDKS) to study the electronic relaxation
dynamics.

Experimental studies on the nonradiative relaxation dynamics of the [Au25(SR)1g]71
thiolate-protected gold nanocluster reported very distinct time constants which span from the
femtosecond to nanosecond scale. Our calculations on [Au25(SH)13]71 showed that population
transfer from the S;(HOMO -> LUMO) state to the ground state (GS) occurs on the several
hundred picoseconds time scale. Relaxation between excited states that arise from core-to-core
transitions occurs on a shorter time scale (2—18 ps). No semiring or other states were observed at
an energy lower than the core-based S; state. This observation suggested that the several
picosecond time constants observed by Moran and co-workers could arise from core-to-core
transitions rather than from a core-to-semiring transition. A relatively slow decay time was
observed for S;. The S; state population decrease is the slowest decay due to the large energy gap
to the ground state.

We investigated the electronic relaxation dynamics in the cluster series, [Auas(SR)15]" (R
= CHs;, C,Hs, CsH7, MPA) [MPA = mercaptopropanoic acid] to understand the ligand effects on
dynamics. The GS growth times of the ligand systems are smaller compared to the growth times
in the “SH” model. All the ligand clusters including the “SH” model follow a similar trend in
decay for the core states. The current study further confirms that the time constants observed by

Moran and co-workers could originate from core-to-core transitions and not from core-to-
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semiring transitions. The observed time constants are in the picosecond time scale (2-19 ps),
which agrees with the experimental time scale. In the presence of the higher excited states, R=H,
CHj;, C;Hs, and C3H; demonstrate similar relaxations trends whereas R=MPA shows a slightly
different relaxation of the core states due to the smaller LUMO-+1-LUMO+2 gap in its electronic
structure. However, the S;(HOMO - LUMO) state gave the slowest decay in all ligated clusters.
S; has a relatively long decay. Separate electron and hole relaxations were performed on the
[Au25(SCH3)1g]'1 nanocluster to understand how the independent electron and hole relaxations
contribute to the overall relaxation dynamics.

The thiolate-protected gold cluster Au;s(GSH);4 has been identified as a photosensitizer
with the highest potential compared to the several other glutathione-protected clusters (Auys,
Auys, Aujo.12). We investigated the relaxation dynamics of Au;s(SH);4 compared to the well-
studied [Au25(SR)1g]'1. The GS growth times of Au;3(SH);4 are several orders of magnitude
shorter than the growth times observed for the Auys nanocluster. The S; state gives the slowest
decay time (~11 ps) among all the states. The S; state in Au;s is a semiring-to-core charge
transfer state whereas the S; in the Auys cluster is a core-to-core transitions. The higher states
have short decay times (<1.4 ps). S, has the second slowest decay of 6.4 ps. The hole relaxations
are faster than the electron relaxations due to the closely packed HOMOs in the Au,s electronic
structure.

A subtle change in the electronic structure of thiolate-protected noble nanoparticles can
result in distinctive relaxation dynamics. We performed nonradiative relaxation dynamics of the
Ausg(SH),4 nanocluster to describe electron relaxation dynamics. The Auy; core relaxations are
on the picosecond timescale in the range of 2.0 — 9.7 ps. The higher excited states, including
core-semiring mixed or semiring states, gave ultrafast decay times in the range of 0.6 - 4.9 ps.
Our calculations predicted that the slowest decay, the decay of S;; or the combined S;;-Si2, Si-
S,-S¢-S7 and S4-Ss-So-S;p decay, involves intracore relaxations. The phonon spectral densities
and the ground state vibrational frequencies suggested that the low frequency (25 cm™) coherent
phonon emission reported experimentally could be the bending of the bi-icosahedral Au,s core or
the “fan blade twisting” mode of two icosahedral units.

The relaxation dynamics of the “golden” silver nanoparticle [Agys(SR)is] ", showed that
both silver and its exact gold analog follow a similar trend in decay times among the core states

(S1-S¢). The GS recovery times of the core states are longer than the corresponding GS recovery
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times of the Auys nanocluster. Among the higher excited states, S; has the slowest decay. The S;
decay is the slowest among all states. Overall, [Ag25(SH)1g]71 and [Au25(SH)13]71 follow a
common decay trend and a relaxation mechanism due to their similar electronic structures.

The real-time TDDFT method is gaining attention as a prominent method to understand
the time evolution of molecular systems in the presence of an external perturbation. We
performed a real-time TDDFT investigation on a set of linear gold nanowires Au,, (m = 4, 6, 8,
10, 12) to understand the plasmon-like behavior that results from resonant excitation of a
superposition of single-electron transitions. The longitudinal peak redshifts with increasing
nanowire length and splitting was observed due to the interband transitions involvement. The
transverse peak stays constant as the nanowire length increases. The time-dependent occupation
numbers and their Fourier transformed spectra revealed that a dominant single particle transition
(2, =2 Z,41) is responsible for the longitudinal peaks, which is coupled with less probable d-band
transitions (d = X). The transverse modes are constructed from a coupling of two or more single
particle transitions with X, = I, character.

As future work, the relaxation dynamics of the [Au,s(SR)is]” with an experimentally
used ligand (e.g. R=CH,CH,Ph) needs to be assessed to fully understand the importance of the
ligand effect on dynamics. Slight difference in the electronic structure of R=MPA compared to
the rest of the ligand systems considered in this thesis questions whether there are any notable
geometrical changes that occur during the dynamics. Therefore, the geometrical changes during
the dynamics can be evaluated in systems with R=MPA and CH,CH,Ph to understand the
differences in relaxation patterns. Experimental relaxation dynamics on Au,s(SR);s have shown
that the charge state and the dopants can give different relaxation mechanisms. Thus, charge and
dopant effects on dynamics can be evaluated based on the [Auys(SR)is]? (g=+1,0,-1) and
[MAu4(SR);s]' (M=Pt, Pd, Hg) systems. Furthermore, complex population relaxations in
thiolate-protected gold/silver nanoparticles demand a kinetic model to precisely calculate the
decay constants. A simple kinetic model developed for small number of states would offer a
better picture of the decay into intermediate states. Further, the possibilities of two exponential
fitting of the populations could be evaluated for the complex population decay. The FSSH-TDKS
method used in this thesis is constructed based on single Slater determinant approach which is

unable to capture the plasmonic type excitations. Hence, a theoretical method with multiple
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Slater determinants can be developed as opposed to the single Slater determinant approach to

capture the plasmonic excitations in the noble metal systems.
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Appendix A - Supporting Information for “Theoretical Investigation
of Electron and Nuclear Dynamics in the Au25(SH)18'1 Thiolate-
protected Gold Nanocluster”

Table A.1 The most probable transitions with highest oscillator strengths and their weights
that contribute to the peak around 2.20 eV.

Excitation | Energy | Oscillator Weight Most weighted
transitions | (eV) strength transitions
0.6354 HOMO - LUMO+2
0.2366 HOMO - LUMO+3
7 507 0.0044 0.0479 HOMO-2 > LUMO+3
0.0300 HOMO-1 > LUMO+3
0.0129 HOMO-2 > LUMO+4
0.0115 HOMO-6 > LUMO+1
0.4393 HOMO - LUMO+3
0.2957 HOMO-1 > LUMO+2
0.1222 HOMO - LUMO+2
8 2.10 0.0053 0.0345 HOMO-2 > LUMO+2
0.0330 HOMO-1 2 LUMO+4
0.0236 HOMO-6 > LUMO
0.0151 HOMO-5 > LUMO+1
0.5248 HOMO-1 2 LUMO+2
0.1450 HOMO - LUMO+3
0.0802 HOMO-5 > LUMO
0.0556 HOMO - LUMO+2
9 2.13 0.0019 0.0443 HOMO-1 > LUMO+3
0.0436 HOMO-2 > LUMO+3
0.0376 HOMO-6 > LUMO
0.0274 HOMO-2 > LUMO+2
0.0136 HOMO-6 > LUMO+1
0.5018 HOMO-1 > LUMO+3
10 215 0.0001 0.1977 HOMO-6 > LUMO
0.1977 HOMO-2 > LUMO+2
0.0814 HOMO-2 > LUMO+3
0.2332 HOMO-2 > LUMO+2
0.1915 HOMO-5 > LUMO
1 718 0.0002 0.1753 HOMO-5 > LUMO+1
0.1441 HOMO-2 > LUMO+3
0.1405 HOMO - LUMO+4
0.0435 HOMO-6 > LUMO+1
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0.0306 HOMO-1 - LUMO+2
0.0306 HOMO-1 - LUMO+3
0.3061 HOMO-5 - LUMO
0.2424 HOMO-6 - LUMO
0.1628 HOMO-2 - LUMO+2
12 218 0.0037 0.1171 HOMO-2 - LUMO+3
0.0841 HOMO-5 2 LUMO+1
0.0234 HOMO-1 - LUMO+3
0.0214 HOMO-1 - LUMO+2
0.0148 HOMO-6 2 LUMO+1
0.3455 HOMO-6 2 LUMO+1
0.2543 HOMO-5 2 LUMO+1
13 290 0.0020 0.1286 HOMO - LUMO+4
0.1237 HOMO-5 - LUMO
0.0790 HOMO-2 - LUMO+3
0.0250 HOMO-7 2 LUMO
0.2681 HOMO - LUMO+4
0.2423 HOMO-6 2 LUMO+1
0.1408 HOMO-6 - LUMO
0.0638 HOMO-2 - LUMO+3
0.0548 HOMO-7 - LUMO
14 299 0.0089 0.0501 HOMO-1 - LUMO+3
0.0498 HOMO-1 - LUMO+4
0.0360 HOMO-1 - LUMO+2
0.0236 HOMO-5 - LUMO
0.0167 HOMO-5 2 LUMO+1
0.0138 HOMO > LUMO+3
0.0136 HOMO-10 - LUMO
0.2869 HOMO-7 - LUMO
0.2162 HOMO-6 - LUMO
0.1253 HOMO-5 - LUMO
0.0633 HOMO - LUMO+4
0.0517 HOMO-1 - LUMO+3
15 293 0.0033 0.0508 HOMO-1 - LUMO+4
0.0503 HOMO-5 2 LUMO+1
0.0476 HOMO > LUMO+3
0.0237 HOMO-6 2 LUMO+1
0.0218 HOMO-1 - LUMO+2
0.0145 HOMO-2 - LUMO+3
0.0115 HOMO-7 2 LUMO+1
16 2.25 0.0028 0.4561 HOMO-7 - LUMO
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0.2036 HOMO-5 - LUMO+1
0.1296 HOMO-1 - LUMO+4
0.0716 HOMO-2 - LUMO+2
0.0593 HOMO-6 2 LUMO+1
0.0137 HOMO - LUMO+4
0.0112 HOMO > LUMO+3
0.0102 HOMO-5 - LUMO
0.0102 HOMO-6 - LUMO
0.8223 HOMO-7 2 LUMO+1
0.0465 HOMO-6 2 LUMO+1
0.0240 HOMO-1 - LUMO+3
17 296 0.0039 0.0198 HOMO-2 - LUMO+3
0.0170 HOMO > LUMO+5
0.0135 HOMO-2 - LUMO+4
0.0130 HOMO-2 - LUMO+4
0.0111 HOMO-5 - LUMO
0.3576 HOMO-2 - LUMO+4
0.1476 HOMO-2 - LUMO+3
0.0923 HOMO-6 2 LUMO+1
0.0868 HOMO > LUMO+5
0.0710 HOMO-1 - LUMO+3
13 798 0.0160 0.0555 HOMO-7 2 LUMO+1
0.0487 HOMO-5 - LUMO
0.0367 HOMO - LUMO+2
0.0280 HOMO-5 - LUMO+1
0.0159 HOMO-1 - LUMO+4
0.0152 HOMO-6 - LUMO
0.0113 HOMO-10 > LUMO+1
0.7619 HOMO > LUMO+5
0.1022 HOMO-2 - LUMO+4
19 735 0.0017 0.0398 HOMO-10 2 LUMO+1
0.0311 HOMO-1 - LUMO+4
0.0163 HOMO-1 - LUMO+3
0.0129 HOMO-7 2 LUMO+1
0.3433 HOMO-1 2 LUMO+5
0.1332 HOMO - LUMO+4
0.1313 HOMO-2 - LUMO+2
20 2.38 0.0218 0.1146 HOMO-1 - LUMO+4
0.0796 HOMO-5 - LUMO+1
0.0472 HOMO-2 - LUMO+3
0.0270 HOMO-7 - LUMO
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Figure A.1 Evolution of the populations of S;, Sz, S3, S4, Ss, S¢ states. Parts (a) to (f)
represent relaxations from S;-S¢, respectively, with energy correction.
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Figure A.2 Population relaxations of S;, Sz, S3, S4, Ss, S¢ states with the energy correction in

the presence of higher energy states. Parts (a) to (f) represent S;-S¢ respectively.

Table A.2 The decay times of the excited state population decrease of the six excited states
in the presence of higher excited states with the inclusion of the energy correction.

Excited | Decay time
state (ps)
Si 15
S) 33
S; 3.0
Sa 1.7
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Ss 1.8
Se 1.4

Table A.3 The decay times of the excited state population decrease of the S;-S3s higher
excited states with the inclusion of the energy correction.

Excited Decay
state time (ps)
S; 9.9
Sg 2.8
So 1.5
Sio 3.1
Si 1.6
Sin 1.2
Si3 2.3
Sia 1.5
Sis 1.2
Si6 2.9
Si7 1.7
Sis 2.8
Si9 1.5
S»0 1.0
N 1.8
S 1.2
So3 1.7
So4 1.1
Sys 0.9
Sa6 1.4
NY 1.0
Sos 1.3
Sa9 0.9
S30 0.7
Ss1 1.3
Ss, 0.9
S33 1.1
S34 0.9
S3s 0.8
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Figure A.3 Fourier transform of autocorrelation functions of the fluctuations of the energy
gaps (phonon spectral density spectra) between the GS-S3, GS-S4, GS-Ss, GS-Se.
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Figure A.4 Fourier transform of autocorrelation functions of the fluctuations of the energy
gaps (phonon spectral density spectra) between the S3-Sy4, S4-Ss, S5-S¢, S6-S7, S7-Ss.
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Appendix B - Supporting Information for “The Electronic
Relaxation Dynamics in [Auzs(SR)lg]'1 (R = CH;, C,Hs, CsH;, MPA)

[MPA = mercaptopropionic acid ligand] Thiolate-protected

Nanocluster Series: Ligand Effects and Separate Electron and Hole

Relaxation Dynamics in the [Auzs(SCH3)18]'1 Nanocluster”

Table B.1 The TDDFT excitations, energy, oscillator strength, weights and most weighted
transitions involved in the 1.35 eV peak of the [Auzs(SR)lg]'1 (R = CH;3;, C;Hs, C;H7, MPA)

clusters.
Excitation Oscillator
transitions for | Energy (eV) Weight Most weighted transitions
_ strength
R= CH;

0.5339 HOMO - LUMO+I
0.1832 HOMO-1 - LUMO

4 1.34 0.0217 0.1519 HOMO-2 - LUMO
0.0943 HOMO - LUMO
0.0122 HOMO-1 - LUMO+I
0.6838 HOMO-1 - LUMO
0.2163 HOMO - LUMO+I

5 1.35 0.0230
0.0418 HOMO-1 - LUMO+I
0.027 HOMO - LUMO
0.8776 HOMO-2 - LUMO+I
0.0544 HOMO - LUMO

6 1.37 0.0228
0.0251 HOMO-2 - LUMO
0.0101 HOMO - LUMO+I
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Excitation

transitions for | Energy (eV) Oscillator Weight Most weighted transitions
. strength
R= C,H;s
0.5041 HOMO - LUMO+1
0.2451 HOMO-2 - LUMO
4 1.36 0.0235 0.1611 HOMO - LUMO
0.0345 HOMO-1 - LUMO+I
0.0249 HOMO-1 - LUMO
0.4358 HOMO-1 - LUMO
0.2659 HOMO-2 - LUMO
5 1.37 0.0245 0.2327 HOMO - LUMO+1
0.0234 HOMO-1 - LUMO+1
0.0144 HOMO - LUMO
0.6122 HOMO-2 - LUMO+1
0.2615 HOMO-1 - LUMO+1
6 1.39 0.0252
0.0586 HOMO - LUMO
0.0329 HOMO-2 - LUMO
Excitation Oscillator
transitions for | Energy (eV) Weight Most weighted transitions
_ strength
R= C;H;
0.4485 HOMO - LUMO+I
4 1.35 0.0244
0.2191 HOMO - LUMO
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0.2174 HOMO-2 - LUMO
0.3531 HOMO-1 - LUMO
5 1.36 0.0261 0.3345 HOMO-2 - LUMO
0.2366 HOMO - LUMO+I
0.6256 HOMO-2 - LUMO+I
6 1.38 0.0269
0.2556 HOMO-1 - LUMO+I
Exc.it.ation Oscillator . . cps
traﬁztﬁzﬁ for | Energy (eV) strength Weight Most weighted transitions
0.8587 HOMO - LUMO
0.0699 HOMO - LUMO+I
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Energy vs time at 300K for Au,5(SC3H7)18"
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Figure B.1 Orbital energy variation with time during the MD simulation for [Auzs(SR)lg]'1
(R= C,Hs, C3H»).
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Figure B.7 Evolution of the populations of S;, S;, S3, S4, Ss, S¢ states. Panels a—f are
relaxations from S; to S¢, respectively, with the energy correction for the [Au25(MPA)13]'1.

Table B.2 GS growth times calculated for ligated clusters with the 0.55 eV energy
correction.

Excited GS growth times(ps) with correction
state H CH; C,H; Cs:H; MPA
Sy 313 77 129 102 99
S 365 105 136 139 175
S3 441 168 184 207 128
Sy 690 258 257 277 298
Ss 750 215 476 184 188
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S6 1429 477 | se6 | 473 395

Table B.3 Decay times calculated for ligated clusters with the 0.55 eV energy correction.

Excited Decay times (ps) with correction
state H CH; C;H; C:H; MPA
Sy 18 18 22 18 12
S, 3.3 7.4 7.0 5.9 4.5
S; 3.1 7.8 4.6 4.6 2.9
S4 1.9 4.7 3.2 2.7 2.2
Ss 2.6 4.9 3.5 2.3 2.4
Se 1.9 3.8 2.7 1.9 2.1
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Figure B.8 Evolution of the populations of states initially excited into Sy, S,, S3, S4, Ss, S¢ (a-
f, respectively) for [Au25(SCH3)18]'1 with the 0.55 eV energy correction in the presence of
higher excited states.
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Figure B.9 Evolution of the populations of states initially excited into Sy, S,, S3, S4, S5, S¢ (a-
f, respectively) for [Au25(SC2H5)18]'1 with the 0.55 eV energy correction in the presence of
higher excited states.
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Figure B.10 Evolution of the populations of states initially excited into S;, S;, S3, S4, Ss, S¢
(a-f, respectively) for [Auzs(SC_:,H7)18]'1 with the 0.55 eV energy correction in the presence of
higher excited states.

Table B.4 Decay time constants obtained for [Auzs(SR)lg]'1 (R = CH3;, C;Hs, C;H7, MPA)
nanoclusters for S;-S4 states.

Decay time (ps)
Excited | thyl | ethyl | propyl | MPA
state
Si 13.5 16.6 12.1 10.7
S, 5.6 4.6 4.2 2.8
Si 5.8 3.2 33 2.0
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S4 3.1 2.1 2.1 1.5
Ss 1.9 1.8 1.3 1.0
Se 1.6 1.4 1.1 0.9
S7 8.0 13.1 10.8 8.6
Ss 1.6 2.0 2.0 1.9
So 1.4 1.6 1.4 1.1
S1o 3.7 3.7 3.8 23
Sit 1.4 1.3 1.4 1.3
Siz 1.5 1.2 1.1 0.9
Si3 3.7 3.3 2.3 1.5
Si4 1.5 1.5 1.2 0.8
Sis 1.5 1.1 1.0 0.7
Si6 3.5 2.4 3.9 4.1
Si7 2.3 2.2 2.7 23
Sis 2.2 2.1 2.6 2.2
Si9 1.0 1.0 1.3 0.9
S20 1.1 0.9 1.0 0.7
S 1.8 1.3 1.6 1.4
Saz 1.3 1.3 1.3 1.2
Sa3 1.4 1.2 1.5 0.9
Sa4 0.7 0.6 0.8 0.6
S»s 0.8 0.6 0.6 0.5
Sa6 1.0 1.0 1.0 1.1
S»7 0.8 0.9 0.9 0.9
Sas 0.9 1.0 0.9 0.9
Sa9 0.6 0.6 0.6 0.6
S30 0.7 0.6 0.5 0.5
Sa1 0.9 1.0 0.8 0.9
Ssz 0.8 1.1 0.8 0.9
Ss3 0.8 1.0 0.8 0.7
S34 0.6 0.6 0.6 0.5
S3s 0.7 0.6 0.5 0.4
S36 1.2 1.0 1.0 0.7
S37 1.1 0.9 0.9 0.7
Sis 1.2 0.9 0.9 0.6
S39 0.8 0.6 0.7 0.4
Sao 0.9 0.6 0.6 0.4
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Figure B.11 Evolution of the populations of states initially excited into S;, S;, S3, S4, Ss, S¢

(a-f, respectively) for [Auzs(MPA)5]" with the 0.55 eV energy correction in the presence of
higher excited states.
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Table B.5 Excited states considered during separate electron and hole relaxations.

E:tcal::d Transition E:til:sd Transition

Si HOMO - LUMO Sx HOMO-4 - LUMO

S, HOMO - LUMO+1 S» HOMO-4 - LUMO+1
Ss HOMO - LUMO+2 S»3 HOMO-4 - LUMO+2
S4 HOMO - LUMO+3 Sx HOMO-4 - LUMO+3
Ss HOMO - LUMO+4 Sas HOMO-4 - LUMO+4
Se HOMO - 1-LUMO Sz HOMO-5 - LUMO

S, HOMO-1 - LUMO+1 S»7 HOMO-5 - LUMO+1
Ss HOMO-1 - LUMO+2 S»s HOMO-5 - LUMO+2
So HOMO-1 - LUMO+3 S HOMO-5 - LUMO+3
S10 HOMO-1 - LUMO+4 S3o HOMO-5 - LUMO+4
St HOMO-2 - LUMO S31 HOMO-6 > LUMO

S12 HOMO-2 - LUMO+1 S32 HOMO-6 > LUMO+1
Si3 HOMO-2 - LUMO+2 Si3 HOMO-6 > LUMO+2
Si4 HOMO-2 - LUMO+3 S HOMO-6 - LUMO+3
Sis HOMO-2 - LUMO+4 Sis HOMO-6 > LUMO+4
Si6 HOMO-3 - LUMO Si6 HOMO-7 - LUMO

S17 HOMO-3 - LUMO+1 S37 HOMO-7 - LUMO+1
Sis HOMO-3 - LUMO+2 Sis HOMO-7 - LUMO+2
S19 HOMO-3 - LUMO+3 S30 HOMO-7 - LUMO+3
S2o HOMO-3 - LUMO+4 S40 HOMO-7 - LUMO+4
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Figure B.12 Evolution of the populations of S¢, S11, S16, S21, S26, S31, S36 States from the set 2
to set 8 electron relaxations respectively in [Auzs(SCHg,)ls]'l.
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Table B.6 Calculated decay time constants for the eight electron relaxation sets.

Excited Transition Decay time Decay time
state (ps) -Trial 1 (ps) -Trial 2
set 1 (hole created in HOMO)
Si HOMO - LUMO 13.4 13.4
S HOMO - LUMO+1 6.9 7.1
S3 HOMO -> LUMO+2 6.9 6.7
S4 HOMO - LUMO+3 1.7 1.7
Ss HOMO - LUMO+4 1.8 1.8
set 2 (hole created in HOMO-1)
Se HOMO-1 - LUMO 16.9 17.0
S, HOMO-1 - LUMO+I 8.6 8.6
Ss HOMO-1 - LUMO+2 6.9 6.7
So HOMO-1 - LUMO+3 1.7 1.7
S1o HOMO-1 - LUMO+4 1.8 1.8
set 3 (hole created in HOMO-2)
St HOMO-2 - LUMO 15.6 16.2
Si2 HOMO-2 - LUMO+I 8.7 8.7
Si3 HOMO-2 - LUMO+2 6.9 6.9
S14 HOMO-2 - LUMO+3 1.7 1.7
Sis HOMO-2 - LUMO+4 1.8 1.8
set 4 (hole created in HOMO-3)
Si6 HOMO-3 - LUMO 10.9 11.4
S17 HOMO-3 - LUMO+I 7.9 7.7
Sis HOMO-3 - LUMO+2 6.7 6.8
S19 HOMO-3 - LUMO+3 1.7 1.7
S20 HOMO-3 - LUMO+4 1.7 1.7
set 5 (hole created in HOMO-4)
S HOMO-4 - LUMO 13.1 12.5
S HOMO-4 - LUMO+I 8.7 8.5
Sa3 HOMO-4 - LUMO+2 6.6 6.5
S24 HOMO-4 - LUMO+3 1.7 1.7
Sas HOMO-4 - LUMO+4 1.8 1.7
set 6 (hole created in HOMO-5)
S26 HOMO-5 - LUMO 15.9 15.8
S27 HOMO-5 - LUMO+I 9.2 9.5
Sas HOMO-5 > LUMO+2 6.4 6.6
S29 HOMO-5 - LUMO+3 1.7 1.7
S30 HOMO-5 - LUMO+4 1.7 1.7
set 7 (hole created in HOMO-6)
St HOMO-6 > LUMO 21.0 20.7
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S32 HOMO-6 > LUMO+1 9.5 9.6

Si3 HOMO-6 > LUMO+2 6.5 6.5

S HOMO-6 > LUMO+3 1.6 1.6

Sis HOMO-6 > LUMO+4 1.7 1.7

set 8 (hole created in HOMO-7)

Si6 HOMO-7 - LUMO 22.6 23.2

S37 HOMO-7 - LUMO+I 9.8 10.0

Sis HOMO-7 - LUMO+2 6.1 6.2

Sz HOMO-7 - LUMO+3 1.6 1.6

S40 HOMO-7 - LUMO+4 1.6 1.7

Set 1 Set 2
1 \\ GS —— 1 \ GS ——
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Figure B.13 Evolution of the populations of S;, S, S3, S4, S5 states from the set 1 to set 5
hole relaxations respectively in [Au25(SCH3)13]'1.

226



Table B.7 Calculated decay time constants for the five hole relaxation sets.

Excited Transition Decay time Decay time
state (ps)-Trial 1 (ps) -Trial 2
set 1 (electron excited into LUMO)
S HOMO - LUMO 18.2 19.8
Se HOMO-1 - LUMO 8.9 8.7
Sii HOMO-2 - LUMO 5.7 5.6
Sie HOMO-3 - LUMO 2.7 2.7
Soi HOMO-4 - LUMO 1.6 1.6
Sa6 HOMO-5 - LUMO 1.0 1.0
S3i HOMO-6 - LUMO 1.0 1.0
S36 HOMO-7 - LUMO 1.3 1.3
set 2 (electron excited into LUMO+1)
S, HOMO - LUMO+1 18.0 17.3
S; HOMO-1 - LUMO+I 9.5 9.4
Siz HOMO-2 - LUMO+I 6.3 6.1
Si7 HOMO-3 - LUMO+I 3.0 2.9
N HOMO-4 - LUMO+I 1.7 1.7
Sa7 HOMO-5 - LUMO+I 1.0 1.0
NEY) HOMO-6 > LUMO+1 1.0 1.0
S37 HOMO-7 - LUMO+I 1.3 1.3
set 3 (electron excited into LUMO+2)
S; HOMO - LUMO+2 45.5 44.5
Sg HOMO-1 - LUMO+2 10.8 10.5
Si3 HOMO-2 - LUMO+2 6.5 6.4
Sis HOMO-3 - LUMO+2 3.1 3.0
Sa3 HOMO-4 - LUMO+2 1.8 1.7
Sas HOMO-5 > LUMO+2 1.0 1.0
S33 HOMO-6 > LUMO+2 1.0 1.0
Sss HOMO-7 - LUMO+2 1.3 1.3
set 4 (electron excited into LUMO+3)
S4 HOMO - LUMO+3 44.1 42.2
Sg HOMO-1 - LUMO+3 10.3 10.8
Sia HOMO-2 - LUMO+3 6.7 6.6
Sis HOMO-3 - LUMO+3 3.0 3.0
Sa4 HOMO-4 - LUMO+3 1.7 1.7
Sas HOMO-5 - LUMO+3 1.0 1.0
S34 HOMO-6 > LUMO+3 1.0 0.9
Sss HOMO-7 - LUMO+3 1.2 1.3
set 5 (electron excited into LUMO+4)
Ss HOMO - LUMO+4 48.8 ‘ 47.7
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Sio HOMO-1 - LUMO+4 10.9 10.7
Sis HOMO-2 - LUMO+4 6.4 6.5
S20 HOMO-3 - LUMO+4 2.9 2.9
Sos HOMO-4 - LUMO+4 1.6 1.7
S30 HOMO-5 - LUMO+4 1.0 1.0
S35 HOMO-6 - LUMO+4 1.0 1.0
Sa0 HOMO-7 - LUMO+4 1.2 1.2
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Appendix C - Supporting Information for “Theoretical Investigation

of Relaxation Dynamics in the Au,3(SH),4 Thiolate-protected Gold

Nanocluster”
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Figure C.1. Evolution of the populations of S;, S, S3, S4 states. Panels a—d are relaxations
from S; to S4, respectively, without the energy correction. The decay with the correction
(0.30 eV) is not shown here, because these calculations exhibit similar relaxation trends
although with slightly increased GS growth times.
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Table C.1. Ground state population increase lifetimes and excited state population decay
times after excitation of the Sy, S,, S3, and Sy4 states. Lifetimes are presented both without
and with a 0.3 eV correction to the excited state energies.

. Without With 0.3
Excited
energy eV energy
state s .
correction | correction
GS growth times (ps)
St 9 27
S 80 80
S;3 90 73
S4 13 48
Decay times (ps)
St 7.2 15.6
S 6.0 5.9
S;3 1.6 1.5
S4 1.0 1.1
(a) 1 GSS —31 (b) 1 GSS —316
e — 11
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Figure C.2. Evolution of the populations of S;, S,, S3, S4 states in the presence of the higher
excited states. Panels a—d are relaxations from S; to S4, respectively, without the energy
correction.
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Figure C.3. Evolution of the populations of Ss, S¢, S7, Ss, So, S19 states in the presence of the
higher excited states. Panels a—f are relaxations from Ss to Sy9, respectively, without the
energy correction.
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Appendix D - Supporting Information for “Theoretical Investigation

of Relaxation Dynamics in Au;3(SH),4 Thiolate-protected Gold

Nanocluster”
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Figure D.1. Evolution of excited state populations starting in a) Sy, b) S,, ¢) S¢, and d) S~
excited state, without the energy correction. The decay with the correction is not shown
here, because these calculations exhibit similar relaxation trends although with slightly
increased GS growth times.
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Table D.1. Ground state population increase lifetimes and excited state population decay
times after excitation of the Sy, S,, S¢, and S states. Lifetimes are presented both without
and with a 0.15 eV correction to the excited state energies.

. Without With 0.15 eV
Excited energy energy
state s s
correction correction
GS growth times (ps)

Sy 6.2 7.2

S 7.6 9.1

Se 10.4 12.1

S, 8.9 11.4
Decay times (ps)

Sy 4.4 4.9

S 34 3.8

Se 3.9 4.1

S, 2.9 3.1

Table D.2. Ground state population increase lifetimes and excited state population decay
times of the S;-S;s excited states. No energy correction was employed.

Excited | GS growth time Decay time
state (ps) (ps)
Si 6.4 4.7
S, 8.8 3.7
S 17 3.2
S4 31 3.5
Ss 46 4.1
Se 10 4.0
S, 9.2 2.9
Ss 18 2.5
So 33 2.6
S1o 64 3.2
S 30 8.2
Si2 46 4.3
Si3 80 2.9
S14 93 33
Sis 152 33
S16 29 3.1
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S17 47 2.5
Sis 83 2.0
S1o 108 2.0
Sz 200 2.2
S21 19 3.0
S 43 2.6
Sx3 65 2.0
Sa4 107 2.1
Szs 207 2.4

Table D.3. Decay constants calculated for the combined state populations. The notation
Sa+Sp+S+Sq_fromS, denotes that the S,, Sy, S¢, Sq state populations are combined when the
S, state is excited.

Combined state group tizi:c?gs) Combined state group tillzlic?gs)
Si+S,+S6+S7 fromS; 64 S11+S1,_fromSy; 9.7
Si+S,+S6+S; fromS, 7.7 S11+S1,_fromS; 7.2
S1+S,+S6+S7 fromSe 10.1 S16+S17tS21+S2, fromS;¢ 3.9
Si1+S,+S6+S7 fromS, 7.8 S16+S17+S21+S2, fromS; 3.8

Si+S, fromS; 5.1 S16+S17+S21+S22 fromS;; 5.9
Si+S, fromS, 6.0 S16+S17+S21+S2, fromS;; 6.3
S¢+S7 fromSe 4.3 Si6tS17_fromSi 3.3
S¢+S7 fromS, 39 Si6tS17_fromS; 3.2
S4+Ss5+So+S1o_fromS,4 4.1 S21+S2; fromS;; 3.2
S4+Ss5+So+S1o_fromSs 9.6 S21+S2; fromS;; 34
S4+Ss5+So+S10_fromSo 4.2 Sis+Sy; fromS;g 2.1
S4+S5+So+S1_fromS; 10.7 Sis+S2; fromS;s3 2.7
S4+Ss_fromSy 3.6 S19+S20+tS24+S,s5 fromSg 2.2
S4+Ss_fromSs 64 S19+S20+tS24+S25 fromS, 3.3
So+S10_fromSo 2.7 S19+S20+tS24+S25 fromSy4 2.9
So+S10_fromS; 4.4 S19+S20tS24+S25 fromS,s 5.0
S;+Sg_fromS; 3.6 S19+Sy0_fromSio 2.0
S;+Sg_fromSg 3.6 S19+Sy0_fromS; 2.7
S14+S;s_fromS 4 34 S24+Sys fromSsy4 2.1
S14+S;s_fromS;s 4.6 S24+S,s fromS;s 3.1

234



Table D.4. Transitions involved in the TDDFT excited states from 1.50-2.01 eV

E’;g:;g:::; E?ee‘l;)gy (:ts:él;;(;lr Weight Most weighted transitions
E; symmetry
0.9317 HOMO-8/HOMO-9 - LUMO/LUMO+1
10 1.81 0.0013
0.0128 HOMO-10 > LUMO/LUMO+1
1 1.87 0.0021 0.6797 HOMO/HOMO-1 - LUMO+5/LUMO+6
0.2671 | HOMO-3/HOMO-4 - LUMO+3/LUMO+4
0.827 HOMO-10 > LUMO/LUMO+1
12 1.90 0.0026 0.0861 | HOMO-3/HOMO-4 - LUMO+3/LUMO+4
0.0559 HOMO/HOMO-1 - LUMO+5/LUMO+6
0.6507 | HOMO-12/HOMO-13 - LUMO/LUMO+1
0.2291 | HOMO-3/HOMO-4 - LUMO+3/LUMO+4
14 1.96 0.0019
0.0375 HOMO-10 > LUMO/LUMO+1
0.0291 HOMO/HOMO-1 - LUMO+5/LUMO+6
0.2945 | HOMO-12/HOMO-13 - LUMO/LUMO+1
0.2938 | HOMO-3/HOMO-4 - LUMO+3/LUMO+4
15 1.97 0.0281
0.0966 HOMO-10 > LUMO/LUMO+1
0.1415 HOMO/HOMO-1 - LUMO+5/LUMO+6
A, symmetry
0.3679 HOMO-2 - LUMO+2
4 1.70 0.0114 0.452 HOMO-6/HOMO-7 - LUMO/LUMO+1
0.1109 HOMO-8/HOMO-9 - LUMO/LUMO+1
0.27 HOMO-2 - LUMO+2
5 1.74 0.0549 0.5272 HOMO-6/HOMO-7 - LUMO/LUMO+1
0.0989 HOMO-8/HOMO-9 - LUMO/LUMO+1
0.4888 HOMO-8/HOMO-9 - LUMO/LUMO+1
6 1.85 0.0140 0.4278 HOMO/HOMO-1 - LUMO+5/LUMO+6
0.0195 HOMO-2 - LUMO+2
0.5885 | HOMO-3/HOMO-4 - LUMO+3/LUMO+4
7 1.86 0.0165 0.2584 HOMO/HOMO-1 - LUMO+5/LUMO+6
0.0935 HOMO-8/HOMO-9 - LUMO/LUMO+1
0.3569 | HOMO-12/HOMO-13 - LUMO/LUMO+1
0.3266 | HOMO-3/HOMO-4 - LUMO+3/LUMO+4
8 1.90 0.0277
0.1827 HOMO/HOMO-1 - LUMO+5/LUMO+6
0.0409 HOMO-2 - LUMO+2
0.4535 | HOMO-12/HOMO-13 - LUMO/LUMO+1
9 2.01 0.1021 0.2161 | HOMOO014/HOMO-15 > LUMO/LUMO+1
0.0935 HOMO-2 - LUMO+2
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Table D.5. Transitions considered for higher excited states up to 2.01 eV

E;(;l:zd Transition E:til:sd Transition

S HOMO - LUMO+5 Sé3 HOMO-8 - LUMO+6
S»7 HOMO-> LUMO+6 Se4 HOMO-9 - LUMO
Ss HOMO-1 - LUMO+5 Ses HOMO-9 - LUMO+1
S» HOMO-1 - LUMO+6 Se6 HOMO-9 - LUMO+2
S30 HOMO-2 - LUMO+5 Se7 HOMO-9 - LUMO+3
Sa1 HOMO-2 - LUMO+6 Ses HOMO-9 - LUMO+4
S32 HOMO-3 - LUMO+5 Seo HOMO-9 - LUMO+5
Si3 HOMO-3 2>LUMO+6 S+ HOMO-9 - LUMO+6
Si4 HOMO-4 - LUMO+5 S71 HOMO-10 - LUMO
Sis HOMO-4 - LUMO+6 S7 HOMO-10 - LUMO+I
Ss6 HOMO-5 - LUMO S73 HOMO-10 - LUMO+2
S37 HOMO-5 - LUMO+1 S74 HOMO-10 - LUMO+3
Sss HOMO-5 - LUMO+2 S+ HOMO-10 - LUMO+4
S39 HOMO-5 - LUMO+3 S76 HOMO-10 - LUMO+5
S40 HOMO-5 - LUMO+4 S HOMO-10 - LUMO+6
Sy HOMO-5 - LUMO+5 S+ HOMO-11 - LUMO
Ss HOMO-5 - LUMO+6 S79 HOMO-11 - LUMO+I
S43 HOMO-6 - LUMO Sso HOMO-11 - LUMO+2
Sus HOMO-6 > LUMO+1 Ss1 HOMO-11 - LUMO+3
S4s HOMO-6 > LUMO+2 Ss2 HOMO-11 - LUMO+4
S46 HOMO-6 > LUMO+3 Ss3 HOMO-11 - LUMO+5
S47 HOMO-6 > LUMO+4 Ss4 HOMO-11 - LUMO+6
Sus HOMO-6 > LUMO+5 Sss HOMO-12 - LUMO
S4 HOMO-6 > LUMO+6 Sse HOMO-12 - LUMO+I
Sso HOMO-7 - LUMO Ss7 HOMO-12 - LUMO+2
Ss; HOMO-7 - LUMO+1 Sss HOMO-12 - LUMO+3
Ss2 HOMO-7 - LUMO+2 Sso HOMO-12 - LUMO+4
Ss3 HOMO-7 - LUMO+3 Soo HOMO-12 - LUMO+5
Ssy4 HOMO-7 - LUMO+4 So1 HOMO-12 - LUMO+6
Sss HOMO-7 - LUMO+5 So2 HOMO-13 - LUMO
Sse HOMO-7 - LUMO+6 So3 HOMO-13 - LUMO+I
Ss7 HOMO-8 - LUMO So4 HOMO-13 - LUMO+2
Sss HOMO-8 - LUMO+1 Sos HOMO-13 - LUMO+3
Sso HOMO-8 - LUMO+2 So6 HOMO-13 - LUMO+4
S0 HOMO-8 - LUMO+3 So7 HOMO-13 - LUMO+5
Se1 HOMO-8 - LUMO+4 Sos HOMO-13 - LUMO+6
Se2 HOMO-8 - LUMO+5
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Table D.6. Decay times of the excited state population decrease for the S;-Sos states. No
energy correction is employed.

Excited | D¢ | Excited | P | Excited | D¢ | Excited | DY
state time state time state time state time
(ps) (ps) (ps) (ps)

Si 4.8 S16 4.9 Ss1 1.3 S76 0.9
S, 4.0 Sy 2.0 Ss 1.2 S 0.8
S; 3.5 Sas 2.5 Ss3 1.1 Ss 1.0
Ss 3.7 S 1.7 Ss4 1.1 S 0.9
Ss 4.1 S30 3.3 Sss 1.2 Ss0 0.9
Se 3.9 Sa1 2.0 Ss6 0.9 Ss1 0.8
S, 3.1 S 2.2 Ss7 1.0 Ss2 0.9
Ss 2.6 Si3 1.4 Sss 0.9 Ss3 0.9
So 2.5 Si4 1.8 Sso 0.9 Ss4 0.7
S1o 3.2 S35 1.4 Se0 0.8 Sss 1.1
Si1 7.6 Si6 1.5 Se1 0.8 Ss6 0.9
Si2 4.5 S37 1.5 Se2 0.9 Ss7 0.8
Si3 2.8 Sis 1.3 Se3 0.7 Sss 0.8
Si4 3.2 S39 1.3 Ses 1.0 Sso 0.8
Sis 3.5 S40 1.3 Ses 0.9 Soo 0.9
St6 3.0 Sa1 1.3 Se6 0.8 So1 0.7
S17 2.4 Sa 1.1 Se7 0.7 So; 0.7
Sis 2.0 Ss3 1.7 Ses 0.7 So3 0.7
S1o 1.9 S 1.6 Seo 0.8 Sos 0.7
S0 2.2 Sss 1.3 S70 0.7 Sos 0.6
Si 2.9 Sa6 1.3 S 1.1 So6 0.7
S» 2.4 S 1.4 S7 1.0 So7 0.6
S 1.9 Sus 1.4 S73 0.9 Sos 0.6
Sa4 1.9 S4o 1.0 S 0.9

Sis 2.2 Sso 1.5 S7s 0.9

237




(

Q
'

SH populations

(

O
~

SH populations

—
(3)
N’

SH populations

0.8
0.6
0.4
0.2

0

0.8
0.6
0.4
0.2

0.8
0.6
0.4
0.2

0

' %S 225 %50 275
8! 226 = 51 76
32 27 252 —9377 —_—
83 Q28 253 ]78
1 8 29 254 _79
25 30 255 280
g8 231 56 2 81
g7 232 857 282
8 233 58 283
i SSQ —R34 —%59 284
310 235 60 285
an —33 —61 §se e
812 —S3 —Sssz 287 ——
213 —38 63 —288
{81 ——S35 —64 289 —
815 —SS40 —Sses gso —
216 S 41 366 Q91—
817 —]42 867 Q92 =
818 243 Q68 293
1879 244 3§69 294
220 —45 270 295 =
21 §4s 7

S22 47 q72 Sgg
ﬁ %23 348 §73 _Sgs
e e 24 49 74

1000 2000 3000

time (fs)

0

1000 2000 3000

time (fs)

1000 2000 3000

time (fs)

238

Sy S26 Ss1 S76
S2 527 252 4377 —
83 Q28 253 ]78
4 8 Q29 254 ]79
35 330 255 380
86 ]31 356 81
g7 332 857 282
g8 33 58 283
180 —3334 —3359 284
210 35 60 285
g —33 —=61 %ss —_—
812 —37 —Sssz 87 —
213 —S38 63 Asss
{81 —3339 _8864 g89 ——
S S St o
317 —342 §s7 292 ——
g18 843 Q68 293
{81 44 g69 294
320 —9845 ]70 295 —
g2 246 _7 296
Q22 847 ]72 897
] 323 g48 373 98
{ O24 49 74—



Figure D.2. (a) Evolution of excited state populations starting in Sy;. (b) Evolution of
excited state populations starting in S;,. (¢) Evolution of the total population of the S;; and
Si2 states when Sy, is excited in the presence of higher excited states up to Sos. Populations
of other states up to S;s are not shown for clarity.
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Appendix E - Supporting Information for “Relaxation Dynamics in

the [Agzs(SR)lsl-l Thiolate-protected Silver Nanocluster”

Table E.1 The most probable transitions with highest oscillator strengths and their weights
that contribute to the peak around 2.30 eV.

Excitation | Energy | Oscillator Weisht Most weighted
transitions (eV) strength g transitions

0.5862 HOMO-3 - LUMO
0.1145 HOMO-5 - LUMO
0.1005 | HOMO-2 - LUMO+4
13 2.23 0.0153 0.0824 | HOMO-1 - LUMO+3
0.0259 | HOMO-2 - LUMO+2
0.0163 | HOMO-1 - LUMO+5
0.0117 HOMO > LUMO+4
0.2139 HOMO-4 - LUMO
0.1076 | HOMO-1 - LUMO+3
0.0845 | HOMO-4 - LUMO+1
0.0831 | HOMO-2 - LUMO+2
0.0825 | HOMO-2 - LUMO+4
0.0572 HOMO -> LUMO+3
14 2.24 0.0328 0.0492 HOMO-5 - LUMO
0.0462 HOMO > LUMO+2
0.0408 | HOMO-3 - LUMO+1
0.0393 | HOMO-2 - LUMO+3
0.0325 HOMO > LUMO+4
0.0304 | HOMO-1 - LUMO+5
0.0258 HOMO > LUMO+5
0.2997 HOMO > LUMO+4
0.1651 HOMO-4 - LUMO
0.1113 | HOMO-1 - LUMO+2
0.0487 | HOMO-6 - LUMO+1
15 2.25 0.0585 0.0472 | HOMO-2 - LUMO+4
0.0462 | HOMO-1 - LUMO+3
0.0415 | HOMO-2 - LUMO+5
0.0387 HOMO-6 - LUMO
0.0339 HOMO > LUMO+5
0.2067 | HOMO-2 - LUMO+4
0.186 HOMO-3 - LUMO
0.1672 HOMO-4 - LUMO
0.1036 HOMO-5 - LUMO

16 2.26 0.0361
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0.0709 HOMO > LUMO+5
0.0613 | HOMO-2 - LUMO+5
0.0535 HOMO -> LUMO+3
0.0379 | HOMO-2 - LUMO+3
0.3133 HOMO-4 - LUMO
0.1222 HOMO-3 - LUMO
0.1084 HOMO-6 - LUMO
0.0786 HOMO-5 - LUMO
17 227 0.0294 0.0774 | HOMO-1 - LUMO+3
0.0585 | HOMO-2 - LUMO+2
0.0458 HOMO > LUMO+4
0.035 HOMO-1 - LUMO+5
0.5026 HOMO-5 - LUMO
0.1204 | HOMO-1 - LUMO+3
0.0572 | HOMO-1 - LUMO+5
18 2.29 0.0289 0.0492 | HOMO-2 - LUMO+2
0.0461 | HOMO-3 - LUMO+1
0.0454 HOMO > LUMO+5
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Figure E.1 Evolution of the populations of S;, S;, S3, S4, Ss, S¢ states. Parts
represent relaxations from S;-S¢, respectively, with energy correction.
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Table E.2 The decay time constants obtained for [Agzs(SH)ls]_1 nanoclusters for the higher
excited states including the S;-S¢ states. The decay time constants are given when no
correction is added and when the 0.33 eV correction added to the S;-S¢ states. The decay

time constants obtained for [Auzs(SH)u;]_1 nanocluster! are also shown here.

Excited state

Decay time
(ps) without
the
correction to
the first six

Decay time
(ps) with the
0.33 eV
correction to
the first six

Decay time
(ps) with the
0.55 eV
correction to
the first six

states (Ag»s) states (Ag»s) state (Auys)
Si 17 18 15
S, 6.2 6.2 3.3
Ss 4.6 4.9 2.9
Sy 2.8 3.0 1.7

243



Ss 23 23 1.8
Se 2.0 2.0 1.4
S7 11 11 9.9
Ss 2.9 2.8 2.7
So 2.9 2.9 1.5
Sto 5.2 54 33
Sit 2.1 2.1 1.6
Siz 1.8 1.8 1.2
Si3 2.1 2.1 23
Si4 1.3 1.3 1.5
Sis 1.4 1.4 1.2
Si6 2.5 23 2.9
Si17 1.9 1.8 1.7
Sis 24 24 2.7
S19 1.6 1.5 1.4
S20 1.4 1.4 1.0
S 1.5 1.4 1.8
S 1.3 1.2 1.2
Sa3 1.4 1.4 1.7
Sa4 1.0 1.0 1.1
Sas 1.0 1.0 0.9
Sa6 1.0 0.9 1.5
Sa7 0.9 0.9 1.0
Sas 1.0 1.0 1.3
Sa9 0.7 0.7 0.9
S30 0.8 0.8 0.7
Si1 1.1 1.1 1.3
Ssz 1.0 1.0 1.0
Ss3 1.0 1.0 1.2
S34 0.8 0.8 0.9
S3s 0.8 0.8 0.8
S36 2.5 2.6 N/A
S37 1.9 1.9 N/A
Sis 1.4 1.4 N/A
S39 1.3 1.3 N/A
Sao 0.9 0.9 N/A
Sa1 0.7 0.7 N/A
S 0.8 0.8 N/A
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Appendix F - Supporting Information for “Real-time TDDFT

Investigation of Plasmon Resonance Analogs in Gold Nanowires”
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Figure F.1 The absorption spectra obtained by LR-TDDFT method using Gaussian
software. Gaussian fitting was used with a FWHM value of 0.125. The spectra for Au;; was
only calculated up to 5.7 eV due to the calculation resource limitations.
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= 12) nanowire. The a and b plots are shown for the most probable transition (S¢ 2 S;) in
Auy; while the ¢ and d, e and f plots are shown for the two less probable transitions (d 2>

S7).
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Figure F.7 The orbital occupation number variation [a, ¢ and e] and the respective Fourier
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