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Abstract

Plasmonics is one of the most important features of nanopartiolésother materials.
Understanding plasmon interactions, plasamauced excitation energy transfer, and excited state
dynamics of molecular plasmons are goals of this thesis. Utilizing efficient-kigting
calculations, the absorption spectra of homwd and heterodimer nanoparticles are explored.
Then, plasmoiinduced excitation energy transfer is simulated with an attosecond time step up to
investigate processes occurring on the picosecond dynamics time scale. Third, the naphthalene
molecule, whichhas a molecular plasmon, is studied by simulated transient absorption
spectroscopy using retime timedependent density functional theory calculations. Finally,
nanoclusters Ats and Aws are also studied by ab initio transient absorption spectroscopy
cdculations. This dissertation represents the first time that atomically precise nanoclusters are
explored by simulated ultrafast spectroscopy.

In this thesis, we systematically study the nanoparticle homodimer and heterodimer
interaction and analyze thegk shifting observed in absorption spectroscopy. As the interparticle
distance decreases, the red shifting peaks originate from excitations with transition dipole moments
along the zaxis with nondegenerate features. Conversely, the blue shifting pesdsfram
excitations with transition dipole moments in the x and y direction with double degeneracy.

The energy transfer between two nanopatrticles has also been studied. Different energy
transfer patterns as a function of different interparticle distances are explored. At relatively long
distances, the energy transfer from one nanoparticle to anothendé®anore efficient as the
interparticle distance decreases. However, at short distanceirbasfers of energy are observed,
which reduces the dimerbés ability -ttamsferaalsoe pt

reduce energy transfer betwesanoparticle dimer.

e



Simulated transient absorption spectroscopy is performed to study naphthalene in order to
explore the electron dynamics that occur after the plasmon peak is excited. With the help of
electronic structure analysis, transient absompsignals below 3.5 eV are explored.

Finally, we present a study of excited state dynamics ofs And Aws by simulated
transient absorption spectroscopy. With the help of orbital symmetry from ground state
calculations, the electron and hole excitationshe simulated pumprobe experiment can be
distinguished. Because of the nancii@ shape of Aes, different energies and directions of the
pump laser are applied to Adto induce absorptions polarized in different directions. This work
provides aropportunity to compare isotropic nanoclusters such aswith anisotropic ones such

as Aus.
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Abstract

Plasmonicsis one of the most important features of nanoparticles and other materials.
Understanding plasmon interactions, plasamauced excitation energy transfer, and excited state
dynamics of molecular plasmons are goals of this thesis. Utilizing efficient-dighing
calculations, the absorption spectra of homodimer and heterodimer nanopatrticles are explored.
Then, plasmoiinduced excitation energy transfer is simulated with an attosecond time step up to
investigate processes occurring on the picosecond dgwdime scale. Third, the naphthalene
molecule, which has a molecular plasmon, is studied by simulated transient absorption
spectroscopy using retime timedependent density functional theory calculations. Finally,
nanoclusters Ats and Aws are also stdied by ab initio transient absorption spectroscopy
calculations. This dissertation represents the first time that atomically precise nanoclusters are
explored by simulated ultrafast spectroscopy.

In this thesis, we systematically study the nanopartieenodimer and heterodimer
interaction and analyze the peak shifting observed in absorption spectroscopy. As the interparticle
distance decreases, the red shifting peaks originate from excitations with transition dipole moments
along the zaxis with nondegeerate features. Conversely, the blue shifting peaks arise from
excitations with transition dipole moments in the x and y direction with double degeneracy.

The energy transfer between two nanopatrticles has also been studied. Different energy
transfer pattrns as a function of different interparticle distances are explored. At relatively long
distances, the energy transfer from one nanoparticle to another becomes more efficient as the
interparticle distance decreases. However, at short distanceirbaskrs of energy are observed,
which reduces the dimerbés ability -ttamsferaalsoe pt

reduce energy transfer between nanoparticle dimer.
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Simulated transient absorption spectroscopy is performed to study napéthateder to
explore the electron dynamics that occur after the plasmon peak is excited. With the help of
electronic structure analysis, transient absorption signals below 3.5 eV are explored.

Finally, we present a study of excited state dynamics ofs And Aws by simulated
transient absorption spectroscopy. With the help of orbital symmetry from ground state
calculations, the electron and hole excitations in the simulated -purbe experiment can be
distinguished. Because of the nancii@ shape oAuss, different energies and directions of the
pump laser are applied to Adto induce absorptions polarized in different directions. This work
provides an opportunity to compare isotropic nanoclusters suchpas/ifuanisotropic ones such

as Aus.
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Chapterl-1 nt roducti on

1.1 Plasmon resonance

The earliest plasmonic feature can be found in the Lycurgus cup which was created in the
4th centuryt The Lycurgus cup will show different cokunder different light sourse However,
the explanation fothis effect, which arises as a resultptE#smonic featuie was not recognized
t hen. I n 1908, Gustav Mie sol v eadd sddtherngy erdss 6 s e
section for spherical colloidal nanoparticte$he plasmons of spherical metallic nanopatrticles
ranging from 100 nm to 10 nmeawell described through Mie theorWith recentdevelopmers
in nanoparticle synthesis and separation, gnalzed (less than 2 nm) and differdyntshaped
nanoparticleshavebeensynthesized, and the properties of these systems are of great .fferest
However, the smabizes and complicated shapes cannot be calculated through Mie th&iryce
the plasmon resonance is an electronic effect, quantum mechanics negthbdsusedo fully

reveal its origin.

The surface plasmon resonance (SPR) has been one of the most important features of
nanopatrticles. Plasmorase defined as collective electronic oscillations under the external field,
as shown in Figuré.1.2 In optical absorption spectroscomstrong absorption peak can be found
that coresponds to the collective oscillation of electrons from one side of the nanopatrticle to the
other8 The plasmon in nanopatrticles is of great research interest for both fundamental science in

examining the collective electron eff@éf and for applications such as photocatalysis and

bioimaging4-1°



Figure 1.1 Plasmon resonance in spherical nanoparticlefRReprinted from Ref.8 with
permission from The Royal Society of Chemistry

1.2 Molecular plasmons

Graphene has been the first and the most studieditnensional material since vtas
isolated by Geim and Novoselé¥Due to its unique electronic structure, graphene has been used
in photodetectord’ optical modulatorsi® and photovoltaic devicé$S.Fully understanding the
graphene and light interaction is key to further exploring its application. The existence of surface
plasmons in graphene results in strong light confinement, which make it a great material for
plasmonic biosensofS. Polycyclic aromatic hydrocarbons (PAHS) are regarded as a building
block of graphené! The constructive interaction between two or more single particle trarssition

in PAHSs is known as a molecular plasnioi?.23

Naphthalene is the simplest raolle wit plasmodike character, which makes it an ideal
platform for understanding the origin of plasmon resonances. As shown in Eigutbe strong
b peak in the absorption spectrum of naphthalene corresponds to electron density moving from

one side to otheside?? This transition can be constructed by two sifgaeticle transitiong?



Transition densities

a-peak

B-peak

Figure1.2Tr ansi ti on d e aB tgedke of naphthalend. Reprinted with
permission from Ref. 22 Copyright 2013 American Chemical Society.

1.3 Nanoparticle dimers

Due to strong plasmonic coupling, the electronic structure and optical properties of
nanopatrticles are highly affected by the presence of neighboring nanopéftidésanoparticle
dimer is the simplest model to study nanopatrticle interactions, which can provide a model for the
systematic study of nanoparticle plasmonic interactions and can pave the way for further
understanding of hyhtized plasmor?g-3%-31in more complex systems. When the surface plasmons
are excited, the nanoparticle junctioan experience a large electromagnetic field enhanceéfent.
Studying the interaction of nanoparticles dimers can also provide more understanding regarding

the resulting electromagnetic field enhancemétts.

In this dissertation, the optical properties of faeatered cubic (FCC) Ag, Ago2, AQ116
and Agessare stidied through calculated absorption spectra. The absorption spectra peak shifting
is dependent on the polarization direction of the transition dipole moment. When the absorption

peak of the dimer is polarized in the z direction (i.e. the nanoparticledatitar axis), absorption



peakred shifting can be observed as the distance decreassisown in Figure 1.Zonversely,
while the absorption peak of the dimer is polarized in thyeplane (i.e. perpendicular to the

nanoparticle interaction axis), the algtion peakblue shifts as the distance decreaassshown

in Figure 1.4
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Figure 1.3 Plasmon interaction diagram that causes a reghift in the absorption peak upon
decreasing the distance between monomeReprinted from Ref. 32, with the permission of
AIP Publishing.
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Figure 1.4 Plasmon interaction diagram that causes a blushift in the absorption peak
upon decreasing the distance between monomers Reprinted from Ref.32, with the
permission of AIP Publishing.

1.4 Thiolate protected nanoparticles

In 2007, the ligangprotected noble metal nanoparticle community saw dramatic change

with the advent of atomically precise structural determination. The fistyXcrystal structure, of

the Awo2(p-MBA) a4 nanoparticle (Figurd.5), opened the door for exploring fully spaesolved

nanoclusters3



Figure 1.5 X-ray crystal structure determination of the Auipxp-MBA) 44 nanoparticle. From

Ref. 33. Reprinted with permission from AAAS.
By 2008, another nanocluster A(SR)s had been synthesized. With-rgy crystallographic
analysis and TDDFT calculations, the nanoclustersf8R) g had not only been resolved in space
with atomically precise structural determination (Figli®), but also fully resolved in the energy
regime with precise determination of the absorption peaks in its optical absorption spectra as
shown in Figurel.7.34 Up to date, Aps(SR)s has been the most extensively studied thiolate
protected nanoclustérThe role of ligand® 38effect of doping?¥ 4L luminescenc¥ 44and solvent

effect.4546has been studied.



Figure 1.6 Crystal structure of an Au,s5(SR);s cluster. (A) the icosahedralAu;3 core; (B) the
Au1s core plus the exterior 12 Au atoms; (C) the whol@u2s cluster protected by 18 thiolae
ligands. Reprinted with permission from Ref. 34. Copyright 2008 AmericarfChemical
Society.
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Au,s(SH)16' . (B) The theoretical absorption spectrum of Ads(SH)1g' . Reprinted with
permission from Ref. 34. Copyright 2008 American Chemical Society.
The structire of Aws(SR)s predicted theoretically by Zeng and Aikens grdug8 was
independenthgynthesized and verifiegkperimentallyby theJin group#?® As shown in Figurd..8,
Auzg(SR)4consists of a bicosahedral core surrounded by three short and six long motifs. The
elongated nanoredhaped Ags(SR)4has a unique electronic structure compared to a spherical

nanopatrticle. m Chapter 6, the simulated pufpmbe experiments are performed to study

Auzs(SR)Ys and Auws(SRe4. The nanoroegshaped Aes(SRY4will confine the dipole oscillation in



the pump direction, while spherical nanoclusten#£8R) s transfers the energy from the pump

direction to the other two directions.

Figure 1.8 (a) Auys core with the labeling of the surface Au atoms involved idletermining
the symmetry of the ligand layer. (b) ChiralDsar r angement of the AuT
(c)Czharrangement of the AuisSistribdtionnReprintgdavith Opt i ma
permission from Ref.47. Copyright 2010 American Chemical Society.



1.4.1 Ultrafast electron dynamics irthiolate-protected nanoparticles

Transient absorption spectroscopy is one kind of -teselved spectroscopy that is a
powerful tool for monitoring the excited state dynamiis! The first transient absorption
spectroscopy experiment on smaller nanoparticles (i.e., diamegsrthn 2 nm) was performed
in 2002, even before the structure the nanoparticle had been fully resolvetiln the study,
Auzs5(SGhg shows a biexponential decay with a fast -pidmsecond and a much slower
nanosecond dec&yOne year after the fully resolved coordinates ob#Auere achieved, Moran
and coworkers studied the ultrafast dynamics ofsdy exciting the Awscore in Aus. In the
pump-probe experiment, a sub 200 fs internal conversion process betweaultileeel electronic
structure was foundlhe experimentally observegrocessin the picosecond rangeas later
identified toarise from cordo-core transitions rather than from a ctoesemiring transitiory3>
In 2016, Knappenberger and coworkers performed the first femtosecondirheasional
spectroscopy experiments to studyAiln their experiment, a 200 £15 fstimescale of hot electron
relaxation was distinguished from the manifoldsuperatom D states from 290 £200 fs hot hole
relaxation with the superatom P stateghou and coworkers obs@&d a twestate relaxation in
both Aws isomers despite the significant differences in their geometrical strd€ture.
Knappenberger and coworkers performed both femtosecond transient absorption and two
dimensional electronic spectroscopy to study the electronic charge carrier relaxation dynamics of
Auzg(SCsH13)24. They found a rapid 120 +20 fs and a slower 905 +115 fs decay, and the off

diagonal cross peaks indicated a sub 100 fs-spegtate dynamics.’

Transient absorption spectroscopy is ohethe most powerful tools for characterizing and

probing the excited state dynamics in atomically precise nanoclusters. It can both provide physical

10



insight into the dynamics process and advance the application in energy harvesting. The details of
simulaed transient absorption spectroscopy are discussed in Chapter 2. Prior to the work described
in this dissertation, the ultrafast excited state dynamics of nanoparticles had been studied after the
excitation with femtosecond laser pulses, even before ébmetries of nanoparticles had been

fully determined. Tie atomically precise nanoclusté&szsand Awshad also been fully resolved

in space and in energyVith the help of theoretical transient absorpt&pectroscopyultrafast

electron dynamics iduzsand Awsare being resolvedith femtosecond timeesolutionthrough

ab initio calculations.

1.5 Objectives and Oulook

This thesis focuses on providing a systematic study of nanopardioteparticle
interactions and lighinatter interactions in nanopatrticles and related systems. Chapter 2 provides
the computational details used in this thesis, including densittitumal theory and the density
functional theory tighbinding approach. Chapter 3 describes the optical properties of silver
nanoparticle homodimers and heterodimers. Using the computational efficiency of the tight
binding formalism, different interparte distances in silver nanoparticle homodimers and
heterodimers were calculated and thoroughly analyzed. We found that the peak shifting is related
to the transition dipole moment direction. Chapter 4 presents a simulation of energy transfer
between nanoptcles. The total dipole moment increases as the interparticle distance decrease in
large distance. At a short distance, baeksfer effects were observed, which reduced the ability
of the dimer to accept energy from the incident electric field. Tasnmnrinduced excitation
energy transformations in silver nanoparticles also benefitted from thétighhg method. The

electron dynamics in ab initio calculation reaches the picosecond time regime with an attosecond

11



time step so that time scales vagiover six orders of magnitude were achieved. Then, the
plasmonic molecule, naphthalene, and atomically precise nanoclustersamdi Awgs, were

studied by simulated transient absorption spectroscopy. Chapter 5 provides the simulated transient
absorptionspectra of naphthalene. By selectively exciting the plasmon peak or single particle
transitions, we observed different transient absorption signals. Chapter 6 provides the work of

simulated transient absorption spectroscopy for atomically precise naeoglusys and Algs.

12
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Chapter2-Theor et i csal met hod

2.1 Fundamantals of Electronic Structure Theory

Electronic structure determines the chemical, optical and electrical properties of a
molecule. The electronic structure of a given molecule is obtained by solving the Schrdainger
Equation, which is the central goal afaptum chemistry'.3 The Schrdalinger Equation is a key
result and significant landmark in quantum mechahitfie mat general form is the timme

dependent Schrdalinger equatfon

"QT—b O = BO B §:)
- WO Y o e c&
i 9
Y B0 — C8)'
ca

where 6D is the wavefunction, which includes all the information about the particle. The wave
function depends on positiopand timeo. 9 is h / ,2whereh is the Planck constant. The

= includes a kinetic part and a potential part. For a bound system, gmipbénergy and kinetic
energy are timéndependent. The Hamiltonian operator that yields total enfengg stationary
stateshould also be tim@dependent.

-H = b Yo b c8

~.

= b BO O B C®

In this case, the wave function can bpasated as a phase factor multiplied by the spatial

wave function.

[39¢] pQ i)
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For the timeindependent case, the phase factor can be neglected. Thiadependent

Schrdalinger Equation is represented as:

=sa Csa <
P P &) P (X
= —n —n - — -
C cOD i i Y o
Y OY W W

Since the mass of the electron is far smaller thanuclearmass and the electron motion
is far faserthan nuclear motiorthe Born-Oppenheimer (BO) approximatibhis valid for most
cases in quantum chemistry calculasodnder the BO approximation, the kinetic energy of the
nuclei (Y) is neglected, and the nuclearclear potentialdd ) is held as a constant. The
electronic Hamiltonian is made of the kinetic energy of the elest(d¥), electronrnuclear
interacton energy © ), and electrotelectron interaction energyw( ).

In the electronic structure calculation, each molecular orbital (MO) can be expressed as a
linear combination of atomic orbitals (LCA®) The most used atomic basis functions in
electronic structure calculation are Slater Type Orbitals (STO) and Gaussian Type Orbitals
(GTO)1'3 Slater TypeOrbitalshave the forr

Gaussian Type Orbitals have the férm
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wherer is the distance of the electron from the atomic nucleyd; and m are the quantum
numbers.() is a normalization constant, adgg — is a sphericalfunction.—is an orbital
exponent.

The main difference between STO and GTO is the exponentiaQparandQ . The
Kat o 63%neachemsupeaisandtheexponential decay at long range are the main advaswhge
STO. The desired cusp is important for a good representation &f akdund nucle The
exponential decay also correctly describesetbetron far from the nuales In this thesis, ADF°
calculatiors use STO.

The main advantage of GTO itheir computational efficiency. Through optimal
contraction coefficient and exponents, the@&laype Orbitals can be approximated by a linear
combination of GTO, denoted as SNI5, where N is the number of primitive Gaussian functions.
STO and GTO are the commonly used atomic osbitadjuantum chemistry calculatian

One alternative to the atoc-orbitals basis set is using a grid to directly represent the field
in realspace. In 1989, Becke presented the first fully numerical;basisset molecular orbital
calculation on a polyatomic system using a radial grid around eacht&itm.uniform grid was
first introduced by Chelikowsky, Troullier and Sa&dhe KohnSham (KS) equations are solved

by pseido-potentials on a uniform grid space.

2.2 Density functional theory

The electronic wave function of N electrons in a molecule dependBl@paial and\
spin coordinates. In 1964, Hohenberg and Kohn proved that ground state energy, and all other

molecular electronic propertiesould be determined e ground state electron density, which
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is a function of three spatial variables (x, y, andamjl one sp variable'® According to
Hohenbergkohn theorems, the total energy is uniquely determined by electron density. iBue to
computational efficiency and rigorously edisted theorems, density functional theory (DFT),
which had been widely used in selithte physics, was gaining attention in the chemistry
community.

The popularity of DFT methods in computational chemistry was initiated with the
introduction of orbitaldy Kohn and Shari The key to KohrSham theory is calculating the non
interacting electromand adding the correctisrdueto the interactins of electrons. The energy
functional can be written as:

o Yo w " w " YT T3w 7T P p

where”Y " "I is the kinetic energy of the nenteracting electrap w " "I is nuclear
electron interaction energgy ” "l is electrorelectron interaction energg;’Y” "l is the
correctiondueto interacting nature of electron, ajd " "I is the correctiondueto all non

classical corrections to the electiefectron repulsion energy.

Within an orbital expression, the energy functional can be expressed as:

o P W
0" .. In _—
q sl s
P ¢
p " .
.. = - — 'Ql o "
¢ sl s

All the terms in functional have a known form except filoe exchangecorrelation functional

O " 7l . Therefore, the approximation @ " "l is key to the accuracy of DFT.
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In the Local Density Approximation (LDAY, the density can be treated asniform
electron gas locally. When electron density varies slowly with position, the LDA works well.

An improvemen over the LDA has to be considered for aoriform electron gas. The
Generalized Gradient Approximation (GGA)' considers not only the electron density but also
the density gradient. The transient absorption spectra afaka Awsin this thesis usthe PBE®

GGA functionaldue to previous good performance of GGA in absorption spectra calciaton.

2.3 Density functional tight binding

The density functional tighbinding (DFTB) methoé?! is an approximated density
functional theory (DFT) method by applying the tigimding (TB) formalism to parameterize full
DFT. In the DFTB formalism!20 the Hamiltonian is replaced by precomputed reference
Hamiltonian H, andparameterized matrix elements. The fluctuations of therelectensity| (r)
=Jo( r )} (r)+around a reference density(r), of neutral atomic speciese considered

The DFTB formalism origiates from the Kohrsham expression of total energy,
O I - W O O © ¢p o

wheree ar e t he Kohn® Sihthaextermalhntetactioi@ is the Hartree energy,

O is the exchandgeorrelation energy, an@® is the ioriion interaction energy.

The DFTB energy is parameterized in terms of a reference density and a sneali@o

Jo+ |} trom the KohnaSham total energy as

0O « O - g a3 O P
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The first term corresponds tiee Kohn-Sham Hamiltonian A which is evaluated at the reference
density J o(r), and approximated in the DFTB framework as
0 « Pao v 0 0 Haimns v

wheres forms a minimal Slatetype orbital basis centered on the atomic sitegs the reference
density of the neutral atom A, and is the effective KohhSham potential. In the DFTB
formalism, only twecenter Hamiltonian matrix elements and teenterelements of the overlap
matrix are explicitly calculated using analytical functions as LCAO formalism.

The precomputed matrix elements work as a function of the distance between atomic pairs,
which significantly improves computational efficiency. Them®l term irthetotal energy othe
DFTB formalism came from charge fluctuations. It is parameterized analytically as a function of
orbital charges and , which is a function of inteatomic separation and the Hubbard parameter
(U). The quantityyry =R T 1 is the difference between the charge of the isolated gtoamd
the charge) . 'O is the distancelependent diatomic repulsive potential and contains the core

electron effects, idrion repulsion terms, as well as some exchaogeelaton effectsO can

be considered a practical equivalent to afiurctional in DFT as it approximates the memydy
correlation interactions with simple functiopsis spherically symmetric; hence, theli@n
repulsion can be approximated to depenty on the elements and their distance. Contributions

of three and more centers are rather small and can be neglected. Thes&sepaapulsive
functions are obtained by fitting to DFT calculations using a suitable reference structure. With this
assumpbin of tightly bound electrons and a minimal local basis (only one radial function for each

angular momentum state), the DFTB Hamiltonian is given by
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where the Hamiltonian matrix elements and the overla@rimmelements are precalculated as
discussed above. Since the DFTB Hamiltonian depends explicitly on the atomic charge, a self
consistent charge (SCC) procedure is used in the-BETB approach to selfonsistently
solvethe DFTB Hamiltonian?® Once the initial electronic ground state is calculated using the

above proceduret is used as an initial input condition in the reaEle quantum dynamics

calculations.
2.4 Time-dependent density functional theory

Density functional theory is a greamalogy to wave function methods to calculate ground
state properties. The tintlependent density functional theory (TDDFi$ an extension of DFT.
The foundation of TDDFT orig@tes fromthe RungeGross theorer®? which stateshat there is
a oneto-one mapping betweethe time-dependent external potential atite time-dependent
electron density for any fixed initial matpody state.

LinearresponsgLR-TDDFT) andreattime (RT-TDDFT) are theTDDFT methods used

in this thesis to calculate tlexcitationenergiesand oscillator strenggh
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2.4.1 Linear response density functional theory

The most important application of TDDFT under a weak perturbation regime is the
calculation of excitatiomnergies3 The solution othe timedependent Kohi$ham equations in

linear responsbasbeen proposed by Mark Casiéfa:

0 6 ® p T ®
5 o ' m o p o P X
whered 1 1 - - NN w0

~

P Qg0 sQd
55 B0 G ob0 p O 0GB
wherei, j denote the occupied orbitals aadb denote the unoccupied orbitalsis the orbital
energy.® is theamount of Hartree Fock exchange included #ds the exchangeorrelation

functional] is the excitation energy. The oscillator strength can be calculated as

Q (—j} A I, X Py
2.4.2 Realtime density functional theory

In 1996, Bertsch and Yabana introduced the first use of-Re& Density Functional
Theory (RFTDDFT) for studying the dipole responses of atomic clugfe@ctopus is one of the
pioneer programs that combined the 4g@dce density functional theory with explicitly time
dependent electronic structure theory. Within theT®DFT framework26 the electron density is

calculated througtime propagatior?.
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Starting from the timelependent Schrdlinger equation (2.1), the orbiéakobtained from

aground state calculation.

O ™ ¢ w

The time evolution operator acting oritial orbitals will obtain the solution at time T:

Y YUY C& T

For a Hermitian Hamiltonian, the exact expressionthertimeevolution operator is

Y'Y "A@DPQ Qt® c& p

Under the timeeversal symmetry, propagating backward fiom Yo tod Yo7 is

equal to propagating forward froito 6  Yo7¢, which is also called enforced timeversal

symmetry (ETRSY with the expression
- . 30 30
Y o zo0d A® "QC—"O(‘J 30 A® "QC—"O(‘J & ¢

The approximated enforced timeversal symmetry (AETR%)is modification of ETRS.

AETRSIn this thesis performs a secendder polynomial extrapolation 866 30.

2.5 Timedependent density functional tight binding

The optical properties of a material calsobe calculated through Linear Response- TD
DFTB (LR-TDDFTB). LR-TDDFTB is a DFB analog of the linear response TDDFT. The
excitation energy is calculated throutie Casida equatic§-2°

0 6 p T D
vz mz o on . o
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LR-TDDFTB is derived fronthe LR-TDDFT formalism with a purdunctional without
Hartree Fock exchange, which means = 0 in equation (2.18)n the SCGDFTB, the coupling
matrix has been pameterized in advanéé.31Using Hubbard parameters of neutral atoms, the
coupling matrix carbeextracedfrom SCGDFTB.30-32Therefore, the LRIDDFTB can apply to
systems where ground state SCODFTB parameters are available.

For the quantum dynamics calculations, the -tead, timedependent DFTB (RT
TDDFTB) approach is utilized to propagate the one electron density matrix in the presence of
external timevarying electric fields to obtain the tirtlependentlectronic excitation transfer

(EET) response of the systei#i 3> The Hamiltonian irthedynamics processan be written gs

06 '0 0 ofi' o 8 T
whereO 0 is the applied electric fieldnd* © is the dipole moment operator. As we are directly
propagating the quantum system in the time domain, we can chibaseo have any time
dependent form. For example,0f 0 is a Dirac delta function, this corresponds to an optical
absorpion spectrum in the frequency domain (obtained after a Fourier transform of the time
evolving dipole moment). However, if we choo€e 0 to take the form of a sinusoidal
perturbation, it represents a continuous interaction of the system with monotbrigha in the

time domain. Both of these different choices give different but complementary viewpoints of

quantum dynamics. Upon application of either of these -tegendent fields, the density

matrix,” , will evolve according to the Liouvillevon Neumann equation of motion which, in the

nonorthogonaDFTB basis, is given by

ﬁ’ p
o @

Vioov v v v

Y 0" t* "t0

A
”
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\

whereOis the Hamiltonian matrix (which implicitly depends on the density matik),is the

inverse of the overlap matrigndo is Planck’'s constauntivided by 2p When the applied incident

fields are smaller than the internal fields within the matter, the system is found to be in the linear
response regime. Under these conditions, the time evolution of the dipole momenbrogen be
expressed as the convolution between the applied electric field perturbation and the response

function of the system

o 0 tOtAf & ¢

whereO 1 is the electric field used to induce a perturbation in the system Hamiltonian, @and

T is the polarizability tensor. Upon application of the convolution theorem, it can be expressed in

the frequen cdy o0 =% ) ‘Qldo. e imaginar part of the average polarizability,
U is an experimentally measurable quantity related to the photo absorption cross section by the
expressiorti( ¥ )" =fdm( U2wherecis the speed of light, and I)@s the imaginary part of the

average polarizability.
2.6 Transient absorption spectroscopy simulation

Transientabsorptionspectroscopy is a powerful tool for studying the electronic properties
of shortlived excited state¥ In the transient absorpticas shown in Figure 2.WvhenT < 0, the
peak in the absorption spectrum describes the ground state to a certain excited state transition,
which is similar to static state absorption amdireference in the transient absorption spectrum.

At T = 0, the pump pulse reaches the sample and makes certain excitation happens. In this case,
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the pump is exciting the population from ground state G to excited state A>AY, the probe

pulse reachethe sample. The transition from ground state G to excited state A is smaller compared
to the reference because the pump depleted the population in ground state, which is known as
ground state bleach (GSB). A new peak corresponding to the transitionebetwated state A

and excited state B can be detected, which is not observable in ground state abshrption.
observation of the excited state A to excited state B transition is called excited state absorption

(ESA) because of the population build ugektited state A by the pump pulse.

T<0 T=0 T>0
B
probe
A
probe pump
G
U Ground | Excited
A state |/ /A0 state
bleach ¢’ *’% x» absorption

Figure 2.1 Electronic transition of a transient absorption experiment

In the transient absorption simulati@s shown in Figure 2.2he pump is a Gaussian
envelope witlenergy tuned to excite certain transitions. Aftera time delay, the probe pulse reaches
the sample. lall projects inthis thesis, the probe is a delta kick, which can theoretically make alll
the dipole allowedexcitatiors happens. After the probe, theeiron dipole fluctuatiof 10 fs

propagations collected. At every time delay, one set of dipole fluctuation is collected to do the
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Fast Fourier Transform (FFT). By subtracting the reference absorption spectrum, the clthege of

absorption spectrum different time delays can be obtain&d.

Pump:

Gaussian

Electric field

Probe: Delta kick

Collect dipole
fluctuation

Time delay

FFT
E
— nergy/
Frequency
Diff time delay
time B
Energy/
Frequency

Figure 2.2 Simulation process of a transient absorption experiment
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Chapter3-TDDFTBt udy of Optical Prope.l

Nanoparticle Homodi mers and H

Repoduced with permission from:

Z. Liu, F. Alkan, and C. M. Aikens, J. Chem. Phys. 153(14), 144711 (2020).

3.1 Abstract

The absorption spectra for facentered cubic nanopatrticle dimers at various interparticle
distances are investigated using tidependat density functional tight binding (MDFTB). Both
homodimers and heterodimers are investigated in this work. By studying nanoparticles at various
interparticle distances and analyzing their vertical excitations, we found that as the interparticle
distarce decreases, a red shift arises from contributions of the transition dipole moment that are
aligned along the-axis with nondegenerate features; blue shifts occur for peaks that originate
from transition dipole moment components in the x and y directitis double degeneracy.

When the nanoparticles are similar in size, the features in the absorption spectra become more
sensitive to the interparticle distances. The hesturves from vertical excitation energy in the

form of ARPf 0 T redsHHE gBEeshiitvs. Rare determined. In this way, we determined the trends for
absorption peak shifts and how these depend on interparticle distance and found the agreement of

this trend with distance dependence of plasmon coupling

38



3.2 Introduction

Nanoparticles such as gold and silver have many applications in chemistry, physics, and
biology due to their optical properties and their high physical and chemical stibilitycalized
surface plasmon resonances (E&P'19are unique optical characteristics of nanopatrticles. The
LSPR originates from the collective oscillation of conduction electrons upon excitation with an
external electric field. Due to plasmonic coupling, the optical propertiesnafparticles are highly
affected by their neighboring particle’s16

A nanopatrticle dimer is the simplest model to study nanoparticle interactions. Dimers can
provide a system for the systematic study of nanopatrticle plasmonic interactions and can pave the
way for further understanding of hybridized plasmidr<:-18in more complex systems. When the
surface plasmons are excited, a large electromagnetic field enhancement can occur in a
nanoparticle junction. Studying nanoparticles not only provides physical insights about
nanoparticle interaction, but also provides renounderstanding regarding the resulting
electromagnetic field enhancemets.

Many previous theoretical studies have employed density functional tf@6,) and
time-dependent density functional theory (TIFT)'>1928 for describing quantum mechanical
effects on the optical properties of large systé##s.Density functional tight binding (DFTB333
and its timedependent formalism (TIDFTB)34%>are great potential candidates to improve the
computationbefficiency of these methods with a small decrease in accuracy. Sanchez-and co
workers have used FDFTB to investigate the relaxation dynamics of LSPRs in nanoclifters.
38Wong and caworkers used redlme TD-DFTB to study the elean dynamics of a plasmonic
antenna and showed the capabilities ofDBTB for the calculation of plasmonici#f'411n 2018,

Alkan et al. used the TDFTB formalism to study the optical properties and electronic structures
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of silver nanorods and nanorod dimé&t3heir results shows a good agreement betilézDFTB
and TDDFT in that the spectral shapes, energies, and intensity trends from thd=TD
calculations can be reproduced by-TIFTB.

Due to the high computational efficiency of DFTB and-DPTB, these methods can be
used on large systems. Moreovieecause DFTB and TDFTB allow for explicit treatment of
electronic structure, they can more accurately predict absorption spectra compared to classical
methods in the cases where quantum mechanical effects become important. Quantum mechanical
methods areequired to treat effects such as electron tunneling and charge transfer plasmons that
are especially evident when the interparticle distance between nanoparticles becomes small. In
this study, we employ the FDFTB method to examine how the optical peajees of homodimers
and heterodimers are tuned as the interparticle distance changes. The questions that we are going
to study is related to the polarization of the transition dipole moment. As the distance of the silver
nanopatrticle dimer decreases, fimel that the excitation energy will blue shift when it comes from
a dipole transition perpendicular to the dimer interaction axis (i.e. polarized in the x and y
directions) and shows up with a doubly degenerate feature. Furthermore, the excitatiowénergy
red shift when it comes from a dipole transition polarized along the dimer interaction axis (z
direction) and shows up with no degeneracy. Our study can answer three important questions
regarding dimer nanopatrticle systems:

(1) Why do new peaks showp upon decreasing the interparticle distance?

(2) When the distance between the nanoparticles in the dimer decreases, why does the
highest peak blue shift for some systems and red shift for other systems?

(3) When the distance decreases for one digses), why does the highest peak blue

shift for some distance range, but red shift for another range?
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3.3 Computational Details

All density functional tight binding (DFTB) calculations of facentered cubic (FCC)
silver nanoparticles are performed usinge tAmsterdam Density Functional (ADF) 2016
program33 35 Time-dependent density functional tight binding (FTB)*3 47 calculations are
performed using the setfonsistenicharge (SCC) formalism and the HQ2 parameter sef49
The SCC convergence threshold is defined by maxinchange between two succeeding SCC
cycles. In the calculation, we set the charge convergence toleranceli®® The linearresponse
TD-DFTB method allows for each excited state to be represented with multiple determinants, each
of which represents a gjle orbitalto-orbital transition. Prior to the linear response-DBTB
calculation, the single orbital transitions with an oscillator strength smaller thadQt* are
removed, and the rest are coupled into the excited state. The smoothed absorptianaspec
convoluted with Gaussian broadening with a full width at-hakimum (FWHM) of 0.05 eV.

The geometries of the monomers are created by a FCC coordinate generator using a lattice
spacing of 4.0853 A (from bulk silver) and choosing desired silveE Bgherical radius cutoffs
of4 A, 7 A, 8 Aand 8.5 A. The FCC silver nanoparticlesiAd\ge2, Agi16and Agesare generated:;
their coordinates are provided in the Supporting InformatioAppendix A We construct the
dimer structures by using different combinations of monomers at various interparticle distances (6
A 7A 8A 9A 10A 12A 15A 17 A 20 A25A, 30 A, 40 Aand 50 A). The distances are
measured by considering the distances between the two closest atoms from different nanoparticles
in the dimer structure along theaxis. No geometrical optimizations are performed for these

structures.
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Four omodimer systems are studied in this work (Fig81B): Agiadimer, Ag2dimer,
Agiisdimer and Agssdimer. Six heterodimer systems are also examined (FBdjeAgi4and

Ago2, Agis4 and Agies, Agis and Ages, Agoz and Agaie, Agez and Ages, and Agisand Agies.
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Figure 3.1 Structures for FCC homodimer nanoparticles.
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Dimer | Dimer J

Figure 3.2 Structures for FCC heterodimer nanoparticles.

The interaction between tlexcited states of two nanoparticles are sometimes treated as a
weak perturbation to the Hamiltonian and expressed as a dijpaie interactior#8:5°Then, both
Pledshita N dpuggwo ul d be pr &RPForwheorneale tios |tehje di pol e
state for the monomer and R is the distance between two digblesesfit curves in the form
of ARPf 0 rredsBHE Qeshiftvs.R are determinedin the equationR is the distance between the

two monomer nanoparticles addandbar e t he par amet erédshif @Eshitb € o0 pt |
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the energy diffenece between the energy of the absorption peak at a given vakiaraf the
energy of absorption at a long distance (50 A). For optimizeadb, t he®nina@Ed bl
from the best f i tredHaamd aeipmteTDRRTB talculative. oE

In this paper, we present two approaches to analyze the absorption spectra of nanopatrticle
dimers. In the first approach, we study the highest peak and the overall profile of the absorption
spectra and compare with experimental resultg. iext approach is to analyze individual vertical
excitation energies, which are also called
first approach by convolving the stick spectra with a Gaussian line shape of a given width. The
stick spetra are the source of the simulated absorption spectra. The highest peak in the overall
absorption spectrum may be formed from a single excited state with a very high intensity.
However, it may also be caused by several close excited states. Thus|pitusto employ both
approaches when analyzing absorption spectra.

Using the vertical excitation energy information, we can determine the transitions that are
responsible for the highest intensity peak and why the highest peak will blue shift at aneadist
range and red shift over another range. By using the vertical excitation energies, we can analyze a
specific excited state, which is critical for studying the absorption peak shifts in nanoparticle
dimers. In this paper, we use vertical excited stdtmation to analyze several high intensity
peaks. In the vertical excitation energy analysis, we found that the exponential function can be

fitted to the energies, whereas it is not feasible to do this for the broadened spectra.
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3.4 Result and Discssion
3.4.1Absorption spectra of monomers of FCGstructured silver nanoparticles

Absorption spectra for monomer nanoparticles with different sizes are shown in Egyure
For Agus, the strongest peak is located at 3.22 eV (Fi@.8a). For Ag2,two strong peaks at 2.87
eV and 2.99 eV are observed (Fig@:8b). Numerous lowntensity peaks are also present in this
system. Above 3.5 eV, the absorption spectra profile is governdte lhygh density of states. For
Agi1e,the highest peak is at 2.87 eV (Figl&8c). Similar to Ago, the absorption profile above
3.2 eV is determined by the density of states. FasAthe absorption spectra profile is determined
both by distinct peak at 2.89 eV and 2.96 eV and the high density of states (Rdd® The
solid-state features (i.e. that the absorption profile is governed by a high density of states instead

of a strong electronic state) become clearer farsAg
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Figure 3.3 Calculated absorption spectra for FCC silver nanoparticle monomers. (aAQia4,
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3.4.2Absorption spectra of silver nanoparticle homodimers

In this section, we investigate the alpgmn spectra of homodimers of FCC silver
nanoparticles (Agi, Age2, AQ116 AQ164) at different interparticle distances (6 A, 7 A, 8 A, 9 A, 10

A 12 A 15A,17 A 20A, 25 A, 30 A, 40 A, 50 A) (Figurd 4).
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Figure 3.4 Calculated absorption spectra for FCC silver nanoparticle dimers.
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For the Agadimer (Figure3.4a) at an interparticle separation of 50 A, we found the highest
intensity peak at 3.22 eV,lhich is the same excitation energy as thesagonomer. However, the
intensity is twice that of the Agmonomer due to the doubling of the number of electrons in the
system. As the interparticle distance decreases from 50 A to 15 A, the energies gifiist peaks
remain at 3.22 eV. However, from 15 A to 6 the intensity decreases and the highest peak energy
blue shifts from 3.22 eV to 3.24 eV. In addition, a new peak appears at 3.18 eV when the
interparticle distance decrease$ta.

For Age2 (Figure 3.4b), similar characteristics to the Agdimer are found. At large
interparticle distance (i.e. from 50 A to 15 A), the highest intensity peaks all occur at 2.99 eV,
similar to the monomer nanopatrticle. For this dimer system, the highest peak (av/2.Be
shifts as the interparticle distance decreases from 15 Ato 6 A. The second highest peak red shifts
from 2.82 eV to 2.81 eV.

For Agii6(Figure3.4c) at large interparticle distances, the absorption peaks occur at 2.87
eV, which is the same as tlasorption peak of monomer. From 50 A to 12 A, the highest
absorption peak blue shifts from 2.87 eV to 2.89 eV. From 12 Ato 6 A, the peak red shifts from
2.89 eV to 2.87 eV. To understand these shifts, it is not sufficient just to analyze the higkest pea
from the absorption spectrum because the highest peak blue shifts at longer range and red shift at
shorter range. However, these shifts can be explained by analyzing the origin of each excitation,
via the study of the specific excited states that com@ash strong peak.

For Agisa (Figure 3.4d), we found that the highest peak red shifts and the second highest
peak blue shifts as the distance decreases, which is exactly opposite to the trends for Ag

With the discussion above, three specific questnse: (1) Why does a new peak show

up at short distance for the Aglimer, or why does the peak split? (2) Why for thaAdimer,
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does the highest absorption peak blue shift at longer range and red shift at shorter range? (3) Why
does the Agsadimer display opposite trends compared temAgith decreasing interparticle
distance? All of these questions can be answered by studying the vertical excited states, which
correspond to the transitions between different electronic states.

The Aguesdimer is analyzed bgtudying the excited states that comprise its absorption
spectraln Figures3.5-3.8, the besfit curve is expressed in the more general forrARP, for the
cal culrashire d d gpdpkat the TBDFTB level of theoryor thissystemA similar detailed
study of the vertical excitatienof Agis, Age2 and Ages homodimers can be found in the
Supporting Information (Figures 32-S3.8) in Appendix A The besffit curve for vertical
excitation energies do not follow #&R3relatiorship, which is expected because the dighbjmle
interaction does not hold at short distance, due in part to the interaction and mixing of higher

multipolar oscillations of nanopatrticle diméfs>2The b value observe in our work is less than

2, which was the value observedSayed®°t he dAplasm
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For the Agisdimer, the vertical excitation energies are shown in Fig8res3.8 with
detailed data in Tables32-S3.4. As shown in Figur@5 and TableA.1, as the distance decreases

from 50 A to 6 A, the highest intensity peak red shifts from 2.90 eV to 2.87 le&/overall trend
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of the shifts agrees with distance dependence funaffrthat would be expected from a classical
dipole-dipole interaction. Figur8.6 and TableA .2 show the distanegependent shift in the second
highest intensity peak of the Ag dimer, which is doubly degenerate (arising from x and y
polarized excitations). The trend of the second highest peak agrees with a distance dependence
function AR®; however, it has positive sign &f which is the opposite compared to the highest
intensity p@k, which means that the peak blue shifts as the distance decreases3Higune
TableA.1 show a similar trend to the second highest peak with a doubly degenerate state that also
fits the distance dependence function; similarly, the peak blue shiftie asterparticle distance
decreases. As shown in FigilB& and TableA .4, the fourth highest intensity peak, which is also
doubly degenerate, shares similar trends as the second and third highest intensity states.

By analyzing the direction of the traition dipole moment, we found that the highest peak
arises from a transition dipole moment in the z direction in agreement with the nondegenerate
feature we found in the excitation energy. In contrast, the second, third and fourth highest peaks
come fromtransition dipole moments in the x and y directions, which agree with the doubly
degenerate features in the excitation energy.

For the three other homodimer systems, the relation between absorption peak shifting and
the direction of the transition dipoleament involved is the same as described forld@igures
S3.2-S3.23). All transition dipole moments in the z direction are nondegenerate; for these states,
as the distance between nanoparticles decrease, the absorption energy red shifts. Double
degenerdes are observed for all transition dipole moments in the x and y directions; with
decreasing interparticle distance, the absorption energies for these features blue shift.

All of the vertical excitation energies polarized along tfexis decrease in ergr as the

distance decreases (corresponding to a negatwadue) and all of the vertical excitation energies
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polarized in the % plane increase as the interparticle distance decreases (with a posaive).
When the highest peak is dominated by tBahtipole interaction polarized along thexis, the
highest peak in the absorption spectra red shifts as the nanopatrticles in the dimer become closer.
However, when the highest peak is dominated by digqele interaction that are polarized in the
x-y plane, the highest peak in the absorption spectra blue shifts as the interparticle distance
decreases.

When an overall peak in an absorption spectrum has significant contributions from vertical
excited states with different polarization, the highest meakblue shift over a certain range and
red shift at another range. As an example, in thee&gpmodimer, the highest peak blue shifts
when the nanoparticle distance decreases from 50 A to 20 A, and red shifts from 15 Ato 6 A
(Figure 3.4c). Moreover, bgomparing the intensities of the vertical excitations, we found that the
highest intensity excitation at 50 A arises fromyaotarized excitation with an intensity of 57.55,
the second highest intensity feature is doubly degenerate and polarized g ptene with an
intensity of 26.39. The peak near 2.89 eV in the broadened absorption spectra o8 Bigareses
primarily from a combination of the states presented in Fig8fe8.8, which means that as the
interparticle distance decreases from 54 A, one vertical excitation red shifts (Figué)
while three vertical excitations blue shift. All tifese individual shifts combined yields the overall
absorption peak shift for Age. In the case of Ags, the total intensity of contributions polarized
in the xy plane combined is close to that polarized along #w@z The reason why it is difficult
to see a consistent trend for highest energy peak is because the individual vertical excitation
energies are very close in energy. This provides an answer for the second question regarding why
Agiisexperiences a blue shift at intermediate distances sl shift at the shortest interparticle

distance.
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Using data from vertical excitation energies ofiAgve found the highest energy peak red
shift. And the energies with double degenerate blue shift. The new peak shows up at short distance
is correspondig to the energy that red shifts, explaining the reason why the new peaks show up
upon decreasing the interparticle distance. As interparticle distance decrease, the highest
absorption peak of Agis blue shift, due to the profile is dominated by verteeatitation from z
direction and vertical excitation from x and y direction is relative difficult to recognized. In short
interparticle distance, the vertical excitation in x and direction shift to lower energy and become
recognizable from the overall pr#i The opposite trend for Agx compared to Ag arises
because the highest peak fori8gs dominated by the dipciipole interaction in the-axis and
the highest peak for Agis dominated by the dipolgipole interaction polarized in theyxplane.

For Ao, the dipoledipole interaction in the -y plane increase as the interparticle distance
decrease, which shows a blue shift trend in absorption profile. On the contrary, 16ar thg
dipole-dipole interaction in saxis decrease as the interpadidistance decrease, which shows a
red shift trend in the absorption profile. The peak shifting is related to direction of polarized dipole
dipole interaction. In the case of Ag, the contributions polarized in theyxplane combined is
close to that palrized along the-axis so that it shows as blue shift in certain distance range and

red shift in another distance range in the absorption profile.
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3.4.3Absorption spectra of heterodimer FCC structure silver nanoparticles

Similar to the homodimer at lge interparticle distance, the intensity of the absorption
spectra of heterodimer is essentially the sum of the intensities of the two constituent monomer
nanoparticles, because of the lack of interaction at large interparticle distance. The absorption
spectra for heterodimer nanoparticles comprised of different monomer combinations Adyep,

Ag116, AQ164) at different distances are shown in Fig@®. For Agasinteracting with Agz, and
Agiisinteracting with Ages, only minor peak shifting in the abgtion profile is observed (Figure
3.9ac), which we attribute to the relatively small size ofiAgompared to the other three
nanoparticles. Due to the comparable size and similar absorption energies, @ gand Ages,

the peak shift and the intgity change at different interparticle distances (Fig.@d-3.9f) is more
obvious compared to heterodimer systems involvingsAigor Ag:interacting with Agisand

Agie64, the absorption peak shifts are relatively large compared to the case wihertégcts with
Agiisand Ages. Only a very small shift in the absorption peak occurs wheg iAtgracts with

Agi4 at different distances (Figurg9a). In contrast, the peak shift is much larger whes: Ag
interacts with Agie (Figure3.9d) at different inérparticle distances. We conclude that size is one

of the key features for understanding nanopatrticle heterodimer optical properties. When monomers
are similar in size, the distandependent sensitivity of various features in the overall profile of
the alsorption spectra also increases; for example, peak shifting is found to be greater when two
monomers are similar in size. In systems where the two sizes of nanoparticles are relatively
distinct, the distance dependent shifts observed in the absorptiomaspee relatively weak.
Considering the difference excitation energy ofiAand the other nanopatrticles, excitation energy

is another potential key factor that affects peak shifting in the absorption spectra.
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Figure 3.9 Calculated absorption spectra for FCC silver nanopatrticle heterodimers. (a)
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For a heteromner composed of Agsand Ages, only one absorption peak is observed at
large interparticle distance. When the distance between monomers decreases, the highest peak red
shifts and then blue shifts. From Figure8.28 1 S3.22, we can find the highest pefilom
absorption profile come from different polarization in similar energy ranges (2.89 eV, 2.91 eV and
2.85 eV). As distance between nanoparticles get closer, the red shift trend competes with the trend
of the blue shift. Thus, at large interparticle tdigces, the dipoldipole interaction in the z
direction is dominant, which appears as the red shift of the highest peak. At shorter distances, the
trend is dominated by the dipedgpole interaction between excitations polarized in Hyeplane;
the twodifferent interactions lead to peaks that begin to separate from each other. Starting from
interparticle distances of 8 A and shorter, during the red shifting process the second highest peak
becomes distinct from the peak with the highest oscillator dtreng

By analyzing the vertical excitation energies, we found that the origin of the absorption at
large interparticle distances arises from a combination of the interaction of dipole moments
polarized in the z direction and polarized in thRgplane. Aslte distance decreases, the interaction
of the dipole moment in the z direction is smaller and the interaction of the dipole moment

polarized in the % plane increases, which corresponds to the red shifts and blue shifts of the peak.
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3.5 Conclusim

In conclusion, we have investigated the optical properties of monomers and dimers of face
centered cubic (FCC) Ag nanopatrticles. By theoretically studying the absorption spectra, we can
find the origin of the red shifts and blue shifts of absorption pel2ke to the thredimensional
complexity of isotropic nanoparticles compared to-dimaensional nanowires and nanorods, the
transition dipole moments that arise in the FCC dimer system are more complex.

For homodimer nanoparticles with two strong peakg.(homodimer Agand homodimer
Agie4), one blue shift is observed with the distance decrease from 50 A to 6 A, while the other
peak red shifts as the dimer get closer. For homodimer nanoparticles with one peak (e.g.
homodimer Aga), the highest peak Idushifts as the distance decreases because the-dipole
interaction is polarized in the-x plane. For Agis, the dipoledipole interaction from both z
direction and xy plane are similar in energy so that the highest peak blue shifts 50 A to 20 A and
the highest peak red shifts from 15 A to 7 A. As the interparticle distance decreases, the red shift
of the highest peak comes from contributions to the transition dipole moment with components
along the zaxis. In contrast, the peak blue shift as intdrpla distance decreases mostly comes
from the contributions of the transition dipole moment in the x and y directions and shows up with
a doubly degenerate feature.

This provides a physically intuitive analysis for understanding why the highest peak blu
shifts and red shifts at certain distance ranges. The calculated transition energy between different
states from DFT methods can be reasonably well fit by a function of the foAR®by the
classical dipolalipole interaction analysis.

We also found the size dependence of absorption spectra for heterodimer systems and

analyzed them quantitatively. When the difference in the size of the two nanoparticles is large, the
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spectra are onlyveakly sensitive to the interparticle distance. However, when the size of two
nanoparticles in a heterodimer system is similar, the distdependent features become more
sensitive.

In conclusion, TBDFTB is an efficient method to study large plasmonjstems that
contain quantum mechanical characteristics. By studying the vertical excitation energies, we can

discover more profound physical meaning than by comparing broadened absorption spectra.
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Chapter4-Pl asmon i nduced excinsatvieorn

nanopadt meAree-al me TDDFTB i nvest.

Reproduced with permission from:
Zhen Liu, M. Belé Oviedo, Bryan M. Wong, and Christine M. Ailsed. Chem. Phys. 156,

154705 (2022)

4.1 Abstract

Using reattime quantum dynamics calculations, we perform theoretical investigations of light
induced interactions and electronic excitation transfer in a silver nanoparticle dimetinieeal
time-dependent density functional tighinding (RFTDDFTB) calculatims provide details of the
guantum dynamical processes at an electronic/atomistic level with attosecond resolution. The
computational efficiency of RTDDFTB allows us to examine electronic dynamics up to
picosecond time scales. With time scales varying sixeorders of magnitude, we provide insight

into interactions between the nanoparticle and laser and between nanopatrticles. Our results show
that the coupling between nanoparticle monomers is dependent on the separation distance between
the nanoparticled the dimerAs the interparticle distance is varjdtie dipoledipole interactions

and electronic excitation transfer mechanisms are markedly different. At large distances (from 50
to 20 A), the energy transfer from NP1 to NP2 becomes more efficiée aigterparticle distance
decreases. The total dipole moment of theisAganoparticle dimer increases linearly at an
interparticle distance of 2 nm and reaches its maximum after 1.2 ps. The electronic excitation
transfer is also the most efficient atrd.nAt short distances, batkansfer effects reduce the ability

of the dimer and NP1 to accept energy from the incident electric field. We attribute the distance
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dependent features of the nanoparticle dimer to the beating between the laser acting ath NP1 an

the back transfer from NP2 to NP1.

4.2 Introduction

The interaction between nolteetal nanoparticles and light have many applications in
chemistry, physics, and biologyDue to their high physical and chemical stabit§noblemetal
nanopaticles present a uniquapportunityfor exploring different properties and applications with
tremendous tunability. One of the unique properties of these systems is the appearance of localized
surface plasmon resonances (LSPRY)LSPRs originate from the collective oscillation of free
electrons of metal nanapticles when excited by an external field. LSPRs enable high electric
field intensities due to the plasmon resonance, high sensitivity to the environment, and strong
interparticle coupling. In addition to the tunability of individual nanoparticles, tistesce of

neighboring particles can also modulate the optical properties of nanoparticle systéms.

The simplest model to stugyasmonic coupling is the nanoparticle dimer. A systematic
study of nanopatrticle diers not only provides more insight about nanopatrticle interactions but
also paves the way for further study of hybridized plasmons in more complex systétis.
Beside hybridized plasmona Jarge electromagnetic field enhancement can occur in a nanoparticle
junction when the surface plasmon is excited. Studying nanoparticle scumeonly provides
physical insights about nanoparticle interactidmg also provides a deeper understanding of
electromagnetic field enhancemetihe coherent nature of the LSPR results in large dipole
moments, and eleéonic excitation transfer (EET) mechanisms can transfer energy to neighboring
nanoparticles via electrostatic coupling. In previous experiments, Maier amdrkers observed

EET from a localized source to a localized detectorin a plasmon wavégule et al. have
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used a noble nanocluster as an acceptor and reported EET with more thientloedtad itional
Faster range?® The longranged ature of plasmonic interactions in EET has been analyzed by
guantum dynamics calculations by llawe etldinvestigations of electronic excitation transfer
mechanisms in nanopatrticles at a quantum dynaieiall of detail can provide insightor future

applications in directing and controlling excitation energy in even more complex sydtéms.

Several previous theoretical studies have utildedsity functional theory (DFT) and time
dependent density functional theory (TDDF134 323 for describing quantum mechanical effects
on optical propertie? 36 Density functional tighbinding (DFTB¥”-38and itsreattime formalism
(RT-TDDFTB)?! are more computationally efficient for exploring large systems and longer time
scales. Within the RTDDFTB formalism, the onelectron density matrix is propagated in the
presence of an external electric field. The simulated optical piimorspectrum can be obtained
by a Fourier transform of the tim@volving dipole moment into the frequency (energy) domain.
Sanchez and eworkers have used RTDDFTB to investigate the relaxation dynamics of LSPRs
in nanoclusterd? 41 Wong and ceworkers used R-TDDFTB to study the electron dynamics of a
plasmonic antenna forunderstanding plasmonic efféctdn additionto RTTDDFTB, the linear
response (LR) formalism of DFTB has also been used to calculate optical absorption dpectra.
2018, Alkan et al. used the LRDDFTB formalism to study the optical properties and electronic
structures of silver nanorods and nanorod dirhiemeir results showed good agreement in the
spectral shapes, energies, and intensity trends between Hi®DRT and LRTDDFTB
calculations. Liu et al. observed different afpgion peak shifts in different sizes of homodimers

and heterodimers, which are related to the direction of the transition dipole nf8ment.

Due to the high computational efficiency of DFTB and-RIDFTB, these methods can

be used on simulations ofr¢gge systems and long time scales. Moreover, because DFTB and RT

70



TDDFTB allow for the explicit treatment of electronic structure in the presence of external fields,
they can more accurately predict electron dynamics effects compared to classical methods,
paticularly in cases where quantum mechanical effects become important. Quantum mechanical
methods are required to treat effects such as electron tunneling and charge transfer plasmons that
emerge when the interparticle distance between nanoparticles tsesomé. In this study, we

employ RFTDDFTB on a nanoparticle dimer system to examine each individual nanoparticle in
the presence of an external electric field and understand the resulting dynamics as the distance

between the nanoparticles is varied.

4.3 Computational Methods

The DFTB+ cod#®was used to calculate the grousidite Haniltonian, overlap matrix
elements, and theinitial singddectron density matrix within the selbnsistent density functional
tight-binding (SCCGDFTB) formalism. SQUIRRELS (Streamlined QUantum Interface for
Researching Redlime ELectronic Systems},a realtime implementation of DFTB, is used to
probe the nonequilibrium electron dynamics. This methodology has also been used by other
authors to compute the photoinjection dynamics in-shresitized TiO2 sal cells}* 46 excitation
energy transfer in photosynthetic molexzfl’48in noncovalently bonded molecular aggregédfes,
manybody interactions in solvated nanodropEtand excitation energy transfer dynamics in
plasmonic array3!-22.36.50.5|so, recently the implementation can be found inthe DFTB+ ebde.
250,000 electron dynamics steps were taken with a time step of 0.2 a.u. (4.8 attoseconds). Because
of the computational efficiency of RIDDFTB, our simulationgan be carried out to picoseconds
with an attosecond time step, whispais over six orders ofmagnitude of time. We used a

continuous wave field, which mimics a laser field polarized in the z direction, with an electric field
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strength of 0.0001 V/Angstrom. In our simulations, only the firstsAgnoparticle was excited
with a laser, which was tuned to the highest excitation peak of the monomer (3.22 eV). The induced
dipole moment in the second fgnanoparticle was due to stimulation from the firstiAg

nanoparticle.

For the quantum dynamics calations, RTTDDFTB propagates the one electron density
matrix in the presence of an external tivaying electric field. Théime-dependentHamiltonian

IS given by:
o6 O O ot o p

v

In equation (1);0 is the reference Hamiltonial@ © is theapplied electric field, and o is the
dipole moment operator. Because the quantum system propagates in the time ‘@omaian

be chosen to take any tirdependent form. To simulate an optical absorption speci@ung, can

be chosen as a Daalelta function and the absorption spectrum in the frequency domain can be
obtained by a Fourier transform of the th@eolving dipole moment. To simulate the system

interactng with monochromatic lightO 0 can take the form of a sinusoidal pertunat
Different choices of the applied electric field give different but complementary viewpoints of

quantum dynamics. According to the Liouvil®n Neumann equation, upon interaction with

time-dependent fields, the DFTB density matriwill evolve as?!

RP oy vor §r v§0 oy
0 S

where'Ois the Hamiltonian matrix (which implicitly depends on the density mattithe hyb

0-2 set of SlateKoster parameteté>4for the silver atoms was used.
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Two identical Agswere placed with different edge-edge interparticle distance (8, 9, 10,
12, 15, 20, 25, 30, 40, and 50 A) as shown in FiguteThese values correspond to the distances
between the two closest atoms from different nanopatrticles in the dimer structure aloaxithe z
Only the first nanopatrticle (donor) was excited with a laser (sinusoidal electric field perturbation)
with its freqguency equal to themonomerplasmonic energy (3.22 eV) and polarized along the
intermolecular axis. Strong dipole moments are induced in the second nanopatrticle (acceptor). The
incident field is small enough (0.0001 V/ A) so that the system remains iinéae response
regime. Based on previous work, we found an absorption peak of 3.2228 eV for kineohgmer
from LR-TDDFTB calculationg? which is resonant with a laser frequency of 3.22 eV used in our

current work.

Figure 4.1 Interparticle distances between two identical Agy clusters.
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4.4 Results and Discussion

4.4.1Short-time dynamics

In our RFTDDFTB study, initial excitation of NP1 in thedarection leads to an
increasing zZzomponent of the dipole moment for NP1 followed by an induced dipole moment
for NP2. The dipole moment componeintshe x and y direction are zero due to symmetry. In
the shortime dynamics, the peak of the NP2 dipole moment occurs approximately when the
NP1 dipole is zero, as shown in Figur2. A previously formulated analytical model based on a
two-level system(TLS)®% is also used to analyze the nanoparticle dimer. Because the size of the
Ag14 nanoparticles (facto-face distance of 4 A) is smaller than the interparticle distance (from 8
Ato 50 A), we use a dipole approximation, which approximates the coupling between the
nanoparticles as a point dipole interacting with another point dipotéel analytical TLS, the
dipole moment in NP2 is induced by the direct excitation of NP1. Based on linear response

theory® and an analytical TLS, the dipole moment in NP1 can be expressed as

. (6] e ¥
0 ?$ SOtAI710 01 o

whereEo is the applied electric field, is the transition dipole moment of NP1, = Qp/ is

the excitation energy, andis the direction of the transition dipole moment.
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Figure 4.2 Short-time electron dynamics in our RTTDDFTB simulation with an
interparticle distance of 25 A. The dipole moment of NP1 fluctuates under the external field,
and the induced dipole moment of NP2 arises from the excitation &fP1.

Because both nanoparticles are identical, the transition dipole moment is the same. The
induced dipole moment of NP2 in the homodimer system can be expressed as:

o S
‘ S OET o)
0 ol f00HlI ol T

wherel3 is the vacuum permittivity and is the distance between the nanoparticles.

4.4.2Long-time dynamics

From the TLS model, the peak of the dipole moment in NP1 increases linescuse of
continuous laser fieldwvhile the peak of the dipole moment in NP2 increaggadratically as a
function of time. These trends agree with shione dynamics models. However, for longer times,
we observe that the dipole moments of NP1 and NP2 deviate from this expectation. These
deviations from the analytical model indicates theplexity of longtime electron dynamics in

nanoparticles. To understand these effects, we now analyze each individual nanoparticle system

with different interparticle distances.
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The computational efficiency of RTDDFTB allows us to simulate electronic dymics
up to picosecond time scales. The simulation for the nanoparticle dimer with a 50 A sepsration
shown in Figure4.3. Because the main interaction is dipolar, the peak of the dipole moment of
NP1 increases linearlyntil 400 fs (Figure4.3(b)), andthe dipole moment of NP2 increases
quadratically (Figuré.3(c)), which agrees with the analytical TLS model for stiome dynamics.
For the first 700 fsthe dipole moment dhe overallnanoparticle dimer mostly comes from NP1.
Around 700 fs, the totalipole moment reaches its maximum, at which point NP2 contributes one
seventh of the dipole moment. After 700 fs, the contribution from NP1 decreases, while the
contribution from NP2 still increases, although at a slower rate than before. The explamttien
phenomenon is given by the fact that the system cannot absorb more energy so that it starts to
transfer to the field, because of the coupling betweenthem. It also shows the advantage of the real
time simulation which, in the long time dynamicsepvn LR regime, we can still observe the

nontlinear effect.

As theinterparticledistance of the dimer decreases to 40 A (Figu4®, the overall profile
of the dipole moment fluctuation is similar tive simulations with a 50 A separation. However,
the dipole moment intensity in NP2 is larger than that at the 50 A separation, which indicates that
EET from NP1 to NP2 becomes more efficient at 40 A than at 50hA. total dipole moment
reaches its maxiom at 800 fs. Approximately ortéird of its contribution comes from NP2,

which is larger than its contribution for an interparticle distancg0oh. The linear increase in the

dipole moment for NP1 deviates after 300 fs.
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Figure 4.3 (a) Total dipole moment, (b) dipole moment of NP1, and (c) induced dipole
moment of NP2 for a nanoparticle dimer with a 50 A interparticle separation.
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Figure 4.4 (a) Total dipole moment, (b) dipole moment of NP1, and (c) induced dipole
moment of NP2 for a nanoparticle dimer with a 40 A interparticle separation.
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For the nanoparticle withn interparticle separation 80 A, the linear increase in the
dipole moment for NP1 deviates after 200 fs. Around 1000 fs, the total dipole moment reaches its
maximum. At a 30 A separation, NP1 and NP2 have a nearly equal contribution to the total dipole
moment after 600 fs. CompagrFigure4.5(c) with Figure4.3(c) and Figuret.4(c), the induced
dipole moment in NPZor an interparticle distance &0 A is larger than the induced dipole
moments for 50 and 40 A. As shown in Fig4r&(c), the induced dipole moment is around-one
sevenh of the total dipole moment in the dimer as shown in Figu&). From Figurel.4(c) and
Figure 4.4(a), the contribution from NP2 is around eh&d of the total. However, at a 30 A
separation, NP1 and NP2 have a similar contribution. An interestieggmenon observed here
is the plasmon excitation of NP1. The plateau observed comes from the electronic system reaching
a quasstationary state after 400 fs of constant illumination due to the finite lifetime of the
plasmonic excitation. This means ba#iic that the whole electronic structure on the surface is
being excited from the electric field and the NP2 since the second NP can generate an electric field
that induces an excitation to the NP1. The EET to NP2 is more efficient at 30 A than it @s for 5
and 40 A separations. At a smaller separation of 25 A, the total dipole mdarettie dimer
(Figure 4.6(a)) is larger tharhe total dipole moment at longer distances of 50, 40, and 30 A
(Figures4.3(a), 4.4(a), and4.5(a), respectively), which indicatahat energy transfer from the
electric field to the dimer system is more efficient at an interparticle distance of 25 A than at longer
distances. Inthe range of interparticle separations freB02%, closer nanoparticles lead to more

efficient EET.
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Figure 4.5 (a) Total dipole moment, (b) dipole moment of NP1, and (c) induced dipole
moment of NP2 for a nanoparticle dimer with a 30 A interparticle separation.
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Figure 4.6 (a) Total dipole moment, (b) dipole moment of NP1, and (c) induced dipole
moment of NP2 for a nanoparticle dimer with a 25 A interparticle separation.

81



Ata2 0 i nterpart i cltheNBliamdtN®Ddipele momenis gap bee s 0
observed(Figure 4.7). However, the offset in phase between the two nanoparticles results in a
linear increase in the total dipole moment. The linear behavior is also the result from electric field
generated from NP2 to NPhé current induction since the only route for electron transport is the
coupling between the NP1 and NP2. The dipole moment intensities for NP1 and NP2 are similar.
Because the total dipole moment for the dimer is the largest out of all the differgoaititr
distances examined in this project, this dimer system is the most efficient at harvesting energy
from the electric field compared to longer distances such as 50 A, 40 A, 30 A, 25 A and shorter

distances, such as 15 A and below, which we discuss/be
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Figure 4.7 (a) Total dipole moment, (b) dipole moment of NP1, and (c) induced dipole
moment of NP2 for a nanoparticle dimer with a 20 A interparticle separation.
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At a 15 A separation distance, the total dipole moment is similar to that of 50 A (Figure
4.8(a)); however, its origin is different. Ata 50 A interparticle distance, EET transfer is inefficient.
The total dipole moment is mostly determined by the dipalenent of NP1. However, at a 15 A
interparticle distance, it is apparent that both NP1 and NP2 contribute substantially to the total
dipole moment (Figured.8(b) and4.8(c)). Examining the dipole moment profiles of NP1 and
NP2 after 300 fs, the fluctuation the magnitude of the dipole moment is out of phase for the two
nanoparticles: as the dipole moment in NP2 increases, the dipole moment in NP1 decreases, and
vice versa. The maximum of the total dipole moment occurs after 700 fs. The dipole moment
intensities of both NP1 and NP2 show a decreasing trend after 7afyfdP1, the induced dipole
moment from the electric field is less at larger interparticle distance, which indicates that back
transfef1->5from NP2 to NP1 occurs and has a negative affect for NP1 harvesting energy from the
electric field.From Equation (3and Equation (4), the sinusoidal electric field will induce a dipole
fluctuati ogt )wictohmpao nceasd) fluctudtioreof NPA will imduced a dipole
fluctuation in NP2 eikHoweverafroro loackgransefer from NBXt®MN i n (¥

we can e x giecomponant with the opposite sign.

The backtransfer component is proportional@ . At short distances, the dipole moment
fluctuates dramatically with minor changes in the interparticle distance.0 Taetor indicates

that the back transfer can also have a greater impact for longer time dynamics. Although this
analytical model is limited, it succinctly explains the underlying physics in th&d BOFTB

simulations.
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Figure 4.8 (a) Total dipole moment, (b) dipole moment of NP1, and (c) induced dipole
moment of NP2 for a nanoparticle dimer with a 15 A interparticle separation.
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For a slightly smaller interparticle distance of 12 A, one full cycle efdipole moment
fluctuation occurs near 600 fs (Figu4). The total dipole moment and dipole moment of NP1
approaches zero, which indicates the back transfer from NP2 to NP1 is shielding NP1 from the
electric field. However, the back transfer occurdierarFrom 0 to 100 fs, NP1 gains energy from
the electric field and NP2 accepts energy from NP1. From 100 to 200 fs, the excitation energy
transfer from NP1 to NP2 is larger than the energy transfer from the electric field to NP1, which
leads to a decreasn the dipole moment from 100 to 200 fs for NP1 as shown in Figa(e).

The back transfer reduces the ability of the dimer and NP1 to accept energy from the electric field.
The maximum dipole moment intensity of the dimer is about half compared tmaxsnum
intensity for the 15 A separation, indicating the ability to harvest energy from the electric field has
decreased. The dipole moment intensity of each individual nanoparticle is alsd ¢@iveared

to the respective energy for thé A dimer.

From 10 to 8 A (Figure€.10-4.12), theoveralldipole moment intensity ahedimer keeps
decreasing as the interparticle distance in the dimer decreases. Within this distance range, the
ability to harvest energy from the electric field also decreaseshdkt slistances, the dipole
moment of NP1 is smaller than NP2 due to back transfer from NP2 to NP1, reducing the energy
absorption from the electric field. The oscillations and beating between back transfer and the laser

acting on NP1 are even more pronocesh@s the interparticle distance decreases below 10 A.
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Figure 4.9 (a) Total dipole moment, (b) dipole moment of NP1, and (c) induced dipole
moment of NP2 for a nanoparticle dimer with a 12 Ainterparticle separation.
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Figure 4.10 (a) Total dipole moment, (b) dipole moment of NP1, and (c) induced dipole
moment of NP2 for a nanoparticle dimer with a 10 A interparticle separation.
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Figure 4.11 (a) Total dipole moment, (b) dipole moment of NP1, and (c) induced dipole
moment of NP2 for a nanoparticle dimer with a 9 A interparticle separation.
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Figure 4.12 (a) Total dipole moment, (b) dipole moment of NP1, and (c) induced dipole
moment of NP2 for a nanoparticle dimer with an 8 A interparticle separation.
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Based on these observations, we find that the dipole moment of the overall system has a
sinusoidal envelope as a function of time, and the period of the overall oscillation envelope varies
with interparticle distance. An exception occurs at 20 A, which appears to exhibit a linear behavior
for the total dipole moment. Based on the magnitudé@induced dipole moment for NP2, more
energy can be transferred from NP1 to NP2 as the interparticle distance decreases towards 20 A;
in contrast, for distances below 20 A, less energy transfers to NP2 since the induced dipole moment

is smaller for disinces smaller than 20. A

At 15 A and below, numerous oscillations can be found in the individual dipole moments
of NP1 and NP2. We observe that the period of
back transfer from NP2 to NP1 and the laser energy acting on NP1. Wiahfféhence is small,
the beating period is longer. For the 20 A interparticle distance, the difference is approximately
zero; as a result, the period of beating is approximately infinite, which can be seen as a linear

increase in the total dipole moment.

4.5 Conclusions

In summary, using RTDDFTB, we simulated interactions of the Aganopatrticle dimer
with an incident sinusoidal electric field and examined the interaction between the individual
nanoparticles and trends in the electronic excitation fieamath different distances. Due to the
computational efficiency of RTDDFTB, we are able to simulate electronic dynamics at the
picosecond time scale. Because of thetiea simulation formalism, the ndimear effect can be
observed in the long timgynamics, even in LR regime. By analyzing the dipole moments of the
dimer, as well as NP1 and NP2 individually, we found that all dipole moments exhibit a unique
dependence on the interparticle distance. At long interparticle distances, EET from NR2liso NP

not efficient. As this distance decreases, the dipole moment in NP2 changes significantly. The
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dipole moment of a dimer with a large interparticle distance arises mainly from NP1. At a 20 A
interparticle distance, the dipole moment of the dimer ise®dinearly due to the offset in phase
between NP1 and NP2. The efficiency of theiAdimer for gaining energy from the incident
electric field is optimal at this distance. For shorter interparticle distances, back transfer can be
observed, which has @&reng dependence on distance and time. The back transfer from the RT
TDDFTB simulations shows a reduction in the ability of the dimer and NP1 to accept energy from
the incident electric field when the interparticle distance is small. The dipole momengafians

in the Agi.a nanoparticle dimer (and both monomers) are affected by the laser acting on NP1, the
energy transfer from NP1to NP2, and the back transfer from NP2 to NP1. Our analyses and results
provide additional mechanistic insight for controllirergy transfer effects by modulating

interparticle distances and propagation times in these plasmonic systems.
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Chapter5-El ectronic Excited State Dyna

Studied by Simul ate@pécanesenpyAbs

Zhen Liu, Jannis Krumland, Caterina Cocdbhristine M. Aikens

5.1 Abstract

Naphthalene, a polycyclic aromatic hydrocarbon and the smallest oligoacene, exhibits
collective electronic effects. In this work, we simulate the first principlassient absorption
spectra of naphthalene in order to investigate how collectivity affects its electronic excited state
dynamics. In this study, the steady state absorption spectrum of naphthalene is calculated both by
reattime timedependent density ictional theory and by lineaesponse timelependent density
functional theory (LRTDDFT). The LRTDDFT data is used to resolve the specific transitions in
the dynamics process. In the transient absorption simulation, a Gaussian pump is used to excite
theplasmonicb peak. An instantaneous, broadband probe pulse is applied to monitor the electronic
dynamics. A beating pattern in the excited state absorption after excitation of the plasmestic
is found on the sub 100 fs time scale. On the contranfteelxstate absorption after an excitation

dominated by a single particle transition exhibits constant  intensity.

5.2 Introduction

Due toits strong light confinement and tunability, graphene is regarded as an ideal platform
for optoelectronics researéi.Grapheng&has been the first and the most studied-tiiensional
material for fundamental photonics research, and it is of interest in a variety of applications

including photodetectorspptical modulatofs and photovoltaic devicés.Understanding its
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interaction with light is vital ér further exploring these applications. The plasmon resonance
therein arises from a collective electron oscillation after interaction with light with a specific
frequency?' 8 The strong plasmon confinement is an important feature of graphene beside the high
electron mobility and high mechanical strengtfs? Previous research demonstratedt tha
graphene has two orders magnitude higher of light confinement than traditional plasmonic
metalst! The strong light confinement makes graphene a great material for -admghivity

plasmonic biosensdt.

Polycyclic aromatic hydrocarbons (PAHs) made of fused benzene rings are regarded as a
building block of graphen¥ Because of the constructive interaction between two or more single
particle transitions in acenes and other PAMYthese carboibased systems possess strong
excitations known as molecular plasméfid8 Naphthalene, the simplest molecule with plasmon
like character, is an ideal structure for understanding the origin of plasmon resonances. The strong
b peak in the absorption spectrum of naphthalene has been revealed to arise from constructive
interaction of two single particle transitioHsTo better understand its plasmonic dynamicghe
sub 100 fs time scale, 4titio transient absorption spectroscopy (TAS) simulations are performed
in this work. By utilizing the advantages of stagpecific results from lineeresponse time
dependent density functional theory (I®DFT) and theelectronic dynamics from reéime
time-dependent density functional theory @RDDFT), the excited state absorption in
naphthalene is analyzed in the energy and time domains. Beating on the sub 100 fs time scale is
discovered in the excited absorptionrgl from the plasmonic peak. The beating observed in
naphthalene may pave the way for understanding similar beating in other systems that experience
more complex collective electronic effect8e observe thahe beatingshowssome functional

dependent faares, whichdemands more accurate metbod calculation.
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5.3 Result and Discussion

The ground state absorption spectra of naphthalene calculated-BR DRT and by RT
TDDFT with & -kick excitation (see Computational Methods below) are shown in Figilire
The main spectral features of naphthalene can be observed. The most obvious plag®akic
located at 5.74 eV and polarized in the x direction is due to the constructive interaction of two
molecular orbital transitions (also called single partidesitions), HOMGL to LUMO and
HOMO to LUMO+1. Three p band peaks polarized in the y direction can be found at 4.10 eV
(arising primarily from the HOMO to LUMO transition), 5.94 eV (from HOMQo LUMO+1)
and 7.45 eV (from HOM& to LUMO+2). Other excite states calculated by LIRDDFT are

shown in TableB.1.
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Figure 5.1 (a) Ground state absorption spectrum of naphthalene calculated from LR
TDDFT and RT-TDDFT showing the plasmonich peak at 5.74 eV with polarization in the
x direction. (b) Orientation of naphthalene. (c) Electronic energy levels and the primary
orbital tra nsitions involved in the plasmonicb peak, as determined by LRTDDFT. Note
that all apparent degeneracies are accidental degeneracies; naphthalene belongs tolae
point group which has irreducible representations with dimension 1.
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Next, transient absption simulations are performed using-RDDFT. The initial
pump pulse chosen is a Gaussian envelope with a frequency centered at 5.74 eV and polarized in
the x direction to excite the plasmon peak. The probe is a delta kick, which can theoretically
makeall possible absorptions happen. For the transient absorption simulatiohs, Qlis
spectrum is used as a reference, which is the ground state absorption spectrum. After a given
time delay, the probe pulse produces a different spectrum. The diffeadastmaption spectrum
is obtained by subtracting the reference absorption spectrum. The calculation is repeated multiple
times, cycling the phase of the pump pulse in stefighfandfinally averaging them? The

energy transfer from the electric field to the system is shown as FBgite

From analysis of the LRDDFT ground state absorption spectrum, we know that the
first excitation peak is located at 4.10 eV, which corresponds to the HOMO to LUMO transition.
Any signal in the transient absorption spectrum below 4.10 eV must arise fodsdestate
absorption and can be easily distinguished from other peaks arising from differences in ground

state population (such as the ground state bleach).

After the excitation of the plasmon peak (excited states&: Tabld.1), electronic
population is initially present in this state, which can be expressed approximately by a sum of

two dominant singly excitedeterminants &82°

o P ~ P o
Y =8B B BB 8a =8B B BEB 8a
(8 g
This state haBsu symmetry and arises primarily from the HOM&)(A LUMO+1 (bsg)
and HOMQO1 (bwu) A LUMO (b2g) transitions. Then, excited state absorption signals in the
transient absorption spectrum can arise when electronic population in the LUMO and LUMO+1

orbitals are excited to higher energy orbitals. (We find that an orbital picture is sufficient to
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obtaininsights into the transient absorption process, although the full multideterminantal state
could also be considered. Note: The term LUMO will continue to be used throughout this text to
refer to the orbitals that were initially unoccupied in the grouatestlthough they gain some
population during the excitation process.) We initially consider states that can be accessed by an
x-polarized probe. In order to detect an allowed transition in the x direction by the probe, the
direct product between theftilly excited orbital and the orbital accessed after the probe should
beBsu. From theD2n point group representatiobzg  biu=Bsuandbsg au=Bau. (Note: We

use the standard notation in which orbital symmetries are represented by lowercasandtter
states are represented by capital letters.) Because the pump createdxiiee state with
occupation in the newly occupied LUMO wibthg symmetry and in LUMO+1 witlbsg

symmetry, the y»polarized probe will detect transitions into orbitals with anday symmetry.

Thus, electronic population in the LUM®§) could be excited into orbitals withuy symmetry,

which include LUMO+2 and LUMO+10 (Tab.2). Electronic population from the LUMO+1

(bsg) could be excited into an orbital with symmety, i.e., LUMO+9.

As shown in Figuré.2, the lowest excited state absorption in the TAS simulation is
found at 1.50 eV, which we assign to the LUMO to LUMO+2 transition, which has a difference
in orbital energy valuessdg of 1.53 eV (TableB.3). The diference in orbital energy values only
provides an approximation because this approach does not account for orbital relaxation effects
excited determinant coupling, etc. in excited staiasthe similarity of the values provides a
reasonable check on tkgcited state absorption assignments. The second electronic excited state
absorption located at 2.13 eV is assigned to the LUMO+1 to LUMO+9 transten 2.55 eV).
The third electronic excited state can be found at 3.24 eV, which is assigned to tli@ toJM

LUMO+10 transition &= 3.43 eV). Since the hole is created in HOMO and HOM@he
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excited state hole transition from HOMO and HOM®o other HOMOSs can be detected by the
probe pulse. As shown in Figuse2, the small bright signahdicated around 1.7 eV is assigned
to the HOMO to HOM@®2 hole transition, which has a difference in orbital energy valuesof
=1.71 eV (TableB.4). Another bright state hole transition arises from HOWM@ HOMO-5,

which hassee= 1.99 eV. Both excitedtate hole transitions are close to excited state electron

transitions in energy and may mix with them.

) g%
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Figure 5.2 Transient absorption spectrum of naphthalene with xpolarized probe after
excitation of the plasmonicb peak. Orbital transitions excited with the 5.74 eV pump are
shown in black; the orbital transitions determined to be responsible for the indicated
excited state absorptions are shown with blue dotted arrows. A transient absorption
spectrum avering the range of 0 to 5 eV is shown in FigurB5.2.

Next, we consider states that can be accessed ipplagzed probe. After the excitation
of the plasmoni® peak, the delta kick probe in the y direction can cause all of the transitions

from LUMO and LUMO+1 into higher energy orbitals. An allowed transition in the y direction
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should have a direct product Bfu symmetry as shown in Figute3. From theD2n point group
representationd)zg au = Bauandbzg biu = B2u. Starting from the LUMO withozg Symmetry,
the allowed transition will be from the LUMO to LUMO+9 withh symmetry, which has a
difference in orbital energy values &= 3.33 eV. Starting from LUMO+1 withzg symmetry,
the allowed transitions will be LMO+1 to LUMO+2 and LUMO+10 withbiy symmetry, which
haveasevalues of 0.75 eV and 2.66 eV, respectively (T&hl®. The probe can also detect
excited state hole transitions wilau symmetryfrom HOMO and HOMGL to other HOMOs.
The allowed transitions (TabB.4) are HOMO to HOMG5 with aee= 2.75 eVand HOMG1 to
HOMO-2 with aae= 0.94 eV In both transient absorption simulations discussed so far, a beating
pattern in the excited state absayptsignals can be observed (FiguBe3 and5.3). However,
minor fluctuations are observedth other functionals instead af clearbeating featurewhich

will be examined more in the future.
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Figure 5.3 Transient absorption spectrum of naphthalene with ypolarized probe after
excitation of the plasmonich peak. Orbital transitions excited with the 5.74 eV pump are
shown in black; the orbital transitions determined to be responsible for théendicated
excited state absorptions are shown with blue dotted arrows.

Overall, different features of plasmonic transitions and states dominated by a single

particle transition can be revealed by the presence or absence of beating in the excited state

absorption signal. As discussed above, the beating found in excitedbstatet®n involved in

plasmonicb peak; however, pumping a single particle transition such as the HOMO to LUMO

transition leads to a constant intensity in the excited state absorption as shown 5 Bigure
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Probe: delta kick in y direction
Bright state transition:
byy X @, = by,
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Figure 5.4 Transient absorption spectrum of naphthalene with ypolarized probe after
excitation of y-polarized pump at 4.1 eV. The orbitals shown are involved in the excited
state absorption polarized in the y direction. Orbital transitions excited withthe pump are
shown in black; the orbital transitions determined to be responsible for the indicated
excited state absorptions are shown with blue dotted arrows.

In a p band excitation using a pump polarized in the y direction with an energy of 4.10
eV, o beating exists (Figurg4). This pump excites the HOMO to LUMO transition, which is a
single particle transition. The excited state absorption signal at 2.44 eV can be detebed by

probe, which is attributed to the mixture of hole transition from HDtd HOMO-5 (aae= 2.75

eV, TableB.4) and electron transition from LUMO to LUMO+8%= 3.33 eV, Tabld.3).

To further examine the beating observed in Figgrdsand5.3, we also performed
Ehrenfest dynamics on naphthalene and observed similar bésdinges for both the fixed
nuclear coordinate and Ehrenfest dynamics simulations. The fact that the beating is observed in
the fixed nuclear simulations indicates that the beating arises because of electronic effects and

not because of vibrational effects
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Because the plasmon peak arises from the constructive interference of the different
excitations, we expect that this type of beating pattern can be seen in other molecules and
nanoparticles with plasmonic character. Because the energy difference itdsfonshe
beating is close to the energy of a phonon mode, it is possible that this will affect electron

phonon coupling in plasmonic systems.

Overall, the transient absorption simulations in this work show that naphthalene exhibits
interesting collective effects in its excited state absorption spectra. In particular, beating is
observedmnaybe a characteristic of these collective electronie@#, which may have important
implications for the plasmonics field. Although transient absorption using these high energy
pump pulses may be experimentally challenging, this work suggests that similar beating may be
observed with lower energy pumps ither systems that experience related collective electronic

effects, such as silver nanowires.

5.4 Computational Methods

All of the calculations were performed using the+®@ce Octopus codéThe LDA
(locakdensity approximatioR§-23with the PerdewZunger parameterization and nerm
conserving TroullieMartins pseudopotentidswere employed. The spacing in the rgighce
grid was set to 0.2 j. The radius of the sphe
calculations were performed on the optimized geometry of naphthalene. The FIRE aRorithm

was used in th geometry optimization to minimize the force lower than 0.05 eV/A.

A ground state calculation was performed to obtain ground state orbitals. The LR
TDDFT optical spectra was calculated with the Casida formuRtigith 200 extra states. The

orbitals involved in singl@article transitions were visualized by VESTAThe wellresolved
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transitions in the LRTDDFT optical spectrum can be used to choose peaks of interest for

electronic dynamics simulation by RIDDFT.

In the reattime simulation of the absorption spectrum, the approximate enforced time
reversal symmetA}? was used in propagation with a tinte of 2 as. After the kick in x, y and z
direction, the total propagation time was set to 10 fs in order to fully resolve the absorption peak

in the ground state absorption.

In the transient absorption spectroscopy (TAS) simul&fdahe pump pulse has a
Gaussian envelope function with a standard deviation of 3 fs. The pump is either polarized in the
x direction with a frequency of 5.74 eV, which is the plastii@ peak fomaphthalene, or
polarized in the y direction with a frequency of 4.10 eV, corresponding to a p band peak of
naphthalene. In the simulation, the time delays went frdfd@fs with a spacing of 1 fs. After a
given time delay, a delta kick probe is usedxoite all absorptions. To consider the interference
effect between two field, the phasgcling was adopted by performing the two simulations with
a phase difference 6f/2.1° The transient absorption spectra can then be obtained after Fourier
Transform of the dipole fluctuations that arise after each delta kick, after subtracting the

spectrum at O fs.
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6.1 Abstract

For many years, transient absorption experiments have been carried out to study the excited state
dynamicsof atomically precise gold nanoparticles such assand Aws. Different mechanisms

have been proposed to explain the excited state dynamics on various timescales, ranging from the
femtosecond to nanosecond time scale. Using simulated transient absspptionscopy (TAS),

we perform the ab initio calculations to investigate excited state dynamicsoardiAigs. This

is the first time that atomically precise nanoparticles have been studied by ab initio transient
absorption spectroscopy calculationdhieth enables statgpecific resolution. In this study, the

static absorption spectra of Awand Awsare calculated both by retaine timedependent density
functional theory (RITDDFT) and linearesponse timelependent density functional theory
(LR-TDDFT). The consistency of spectra from RDDFT and LRTDDFT is used to elucidate

the specific transitions involved in the dynamics process. In the transient absorption simulation, a
pump pulse with a Gaussian envelope was applied with a carrier frequerseyn dboselectively

excite certain transitions. The probe used is an instantaneous broadband electric field, which is
represented by a delta function. The transient absorption spectrum was simulated by repeating the
procedure with different time delays. FAuzs, the electron and hole excitations in the simulated
pumpprobe experiment can be distinguished with the information from electronic structure
calculations such as orbital energies and symmetries. Fgy éitferent energies and directions

of the punp laser are applied to Agito induce absorptions polarized in different directions.
Benefitting from electronic structure calculations, the the@olved information in the st0O0 fs

regime can be explored for gold nanoclusters.
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6.2 Introduction

The successful determination of atomically precise thiefatdected gold nanoclusters
plays an important role in the correlation of nanocluster structure with properties, such as quantized
optical absorption spectra, fluorescence, and catdlysighe crystallographic determination of
Auio2in 200713 represented the first time that a fully determined metal nanocluster structure had
been achieved. IA008, the crystal structure of another nanoclustees At was determined.

Using timedependent density functional theory calculati&hidie electronic structure and optical
absorption spectrum was fully resolved, which marked the first time lieatdrrelation of the

exact cluster structure and unigue optical properties had been achieved. Thusstiamécluster

has now been fully resolved in its spatial coordinates as well as in the energy regime, in order to
decipher the information in the ogal absorption spectroscopy. Later, in 2010, the structure,
electronic, and optical properties of &were explored by density functional theory anday

diffraction.l” The chirality and theole of ligand in the thiolatprotected gold nanocluster were

studied.The total structure determinationAtizswas done independdently by

In this work, we move beyond exploration in the spatial and gnegmes to examine
nanoclusters in the time regime by simulating transient absorption spectroscopy. Transient
absorption spectroscopy is a powerful tool for characterizing and probing the excited state
dynamicst¥ 21|t can provide both physical insights into phenomena occurring duendythamics
process as well as advance the applications of nanoclusters in energy harvesting. Ultrafast excited
state dynamics of nanoparticles had been studied using excitation with femtosecond laser pulses
even before the geometries of these nanoparticdseen fully determinet¥.Now, with the help
of simulated transient absorption spectroscopyzsand Augs are being resolved in the time

regime through ab initio calculations.

115



The first transient absorption spectroscopy experiment ons(8Grs showed a
biexponential decay with a fast sub picosecond and a much slower nanosecontf Hatzy.
Moran and coworkers performed a pupmebe experiment that excited the:Aoore in Auwsand
monitored the relaxation ofudter. They found a sub 200 fs internal conversion process between
the multilevel electronic structure and a 1.2 ps relaxation that they proposed was due to core to
semiring relaxatiod? Knappenberger and coworkers performed the first femtosecond two
dimensional spectroscopy experiments that distinguished the 200 £15 fs timescale of hot electron
relaxation within the manifold of superatom D states from the 290 +200 fs hot hole relaxation

within the superatom P stat¥s.

Zhou and coworkers observed tstate relaxations in two different Adisomers despite
significant differences in their geometrical structthnappenberger and coworkers performed
both femtosecond transient absorption and-tWwoensional electronic spectroscopy to study the
electronic charge carrier relaxatiaynamics of Aeg(SCsH13)24. They found a rapid 120 +20 fs
and a slower 905 £115 fs decay, and theaidgonal cross peaks indicated sub 100 fs dtate

state dynamic

In this work, smulated transient absorption spectroscopy is used to study the excited state
dynamics of Aus and Aws. The structure of Ais consists of a nearly icosahedral ;Acore
protected by sixS-Au-S-Au-S- dimeric semiring motifs. This nanocluster is essentialbtropic.

The core of Augs has aDs-symmetric cylindeiike shape, and exhibits characteristics of a
longitudinal axis and degenerate transverse axes. The structures@fohsists of a Azg bi-
icosahedral core surrounded by three sH&AuU-S- mononeric semirings and six long-Au-S-

Au-S- dimeric semirings. Because of the elongated nanshagbed gold core structure of &u

the orbitalsaround HOMO and LUMQ@an be expressedithZ, Y, and gmisfjommet ri

116



the orbitals of silvenanorod<.” The orbitals are labeled with uppercase Greek leers dd @

to represent the azimuthal quantum number. The orbitals with nodal planes perpendicular to the
long axis are assigned Borbitals. Thed orbitals have one nodal plane containing the long axis
and other nodal planes perpendicular to the long axis.@brbitals have two nodal planes

containing the long axis and other nodal planes perpendicular to the long axis.

After ground state excitation, the details of absorption can be analyzedrafsgent
absorptionsimulation excites a specific absorptipeak and then probes the electronic dynamics
of the system. The energy transfer in the atomically precise isotropicnAoocluster and the
anisotropic nanorotlke Auss system can then be observed throughttsudred femtosecond

dynamics.

6.3 Computational Methods

All real-time time dependent density functional theory {RJDFT) calculations were
performed using the reapace Octopus cod&We employed the PBE exchangerelation
functionaf® and normconserving TroullieMartins pseudopotentiat8. The pseudopotentials
includedarelativistic correction in the radial part. The spacing in thegpate grid was set to
0.18 . The radius of the sphere centered on
from Weerawarde’és howed t hat the spacing of 0.18 | an
to obtain the spectra converged to results with a large ${gterallelectron quadrupie

polarized (QZ4P) basis set.

At the beginning, Kohisham orbitals were obtained by a ground state calculation. Then,

the system was excited by a delta kick pulse, and-diependent Kohi$ham equations were
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propagated for 60 fs to obtain a good resolution of the absorption spechempproximate
enforced timeeversal symmetry (AETR&)was used in propagation with a time step of 2 as.
The absorption spectrum wa@opagationaspattmoutility byr o u g h

Fourier transformation of the tirgependent dipole moment.

In order to obtain detailed electronic structuim®rmation, linear response TDDFT (ER
TDDFT) calculations were performed using the Amsterdam Modeling Suite (AMS) 2021.102
software33 We employed the PBE functiod&hnd a triplezeta basis set with polarization
functions3# Scalar relativistic effects were incorporated using zeootter regular
approximation (ZORA¥>:36 |n the linear response calculatiotis}000 excited states are
included. The absorption spectra plotted with intensity (in arbitrary units) versus energy were fit
with a Lorentzian with a full width at hathaximum (FWHM) of 0.0%V. The orbitals involved

in singleparticle transitions were visualized by VESTA.

For the transient absorption spectroscopy (TAS) simuldfierell-resolved transitions in
the LR TDDFT optical spectrum were used to choose peaks of interest to pump in an electronic
dynamics simulation performed using HIDDFT. ForAuzs, the pump was tuned to have
energies of 1.40 eV, 1.92 eV, 2.06 emid2.40 eV. For Ags, different polarization directions of
the pump need to be considered because of itBk@dhape. To excite states in the longitudinal
direction of Aus, thepump was polarized in the z direction, with an energy of 1.04 eV, 1.62 eV,
and 1.93 eV. Fewer strong transverse peaks were noted in ti®DRT optical spectrum. Due
to the similarity of the x and y direction, only one pump energy of 1.37 eV polarizbd in
direction was considered. All pump pulses have a Gaussian envelope function with a standard

deviation of 3 fsThe peak amplitude of pump and probe are 3.3D'° W/cn?. To obtain more
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transient absorption information and save computing resoureggump center was moved 5 fs,

which did not affect the physical phenomena.

In the simulation, the probe time delays range fref®0 fs with a spacing of 1 fs. For
every time delay, a delta kick probe was used to excite all absorptions using the data obta
from the pulse calculations. The transient absorption spectra can then be obtained via Fourier
transformation of the dipole fluctuations that arise after each delta kick after subtracting the

spectrum at O fs.

6.4 Results and Discussion

6.4.1 Aws

In the electronic structure calculation of Auwe observe that the superatom P shell
AHOMOO c on s hearlydegepefate pbribitalss vehich are HOMO a5MHOMO-1 14%y
and HOMQ2 14&, (Figure6.1). The HOMO3 and HOMGQG4 (151ag, 15Q(g) arise from mixed
contributions of sulfur p orbitals and gold d orbitals. The HOM® HOMO-10 (144y, 146,
145, 14%y, 148y, 147ag) and HOMQO13, HOMO-14 (143w, 142a,) are mainly composed of
sulfur p orbitals irthe staple and of 5d atomic orbitals of gold in the stdje.HOMO 11,
HOMO-12 and HOMQG15 through HOM@®21 are not orbitals of interest in the current study.
The HOMO22 and HOMG23 (1434 and 14@yg) are made of d band orbitals of gold from both

staple ad core atoms.

The superatom D shell consists of the orbitals LUMO to LUMO+4 44,5053y, 154,

15584 and 158y), which have their main contribution from 6sp orbitals of gold. The higher
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energyLUMO+5, LUMO+6 and LUMO+7 (51ay, 1523, and 153u) are alsacomposed of gold

6sp orbitals.
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Figure 6.1 Kohni Sham energy level and orbital diagram forAuzs

The ground state absorption spectra opsaalculated by LRTDDFT and RTTDDFT
are shown in Figuré.2. The first excitation peak at 1.40 eV arises from a transition from
HOMO, HOMO-1 and HOMG2 to LUMO and LUMO+1. The next excitation located at 1.92
eV is from HOMG6 and HOMQ7 to LUMO and LUMO+1 The absorption peak at 2.06 eV
arises from HOMO and HOMQ to LUMO+4. The peak at 2.40 eV comes from HONI®and
HOMO-14 to LUMO and LUMO+1. These most notable absorption peaks are used as pump

energies in the transient absorption spectroscopy calaatio
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Figure 6.2 Ground state absorption ofAuzs from LR -TDDFT and RT-TDDFT

6.4.1.1 Pump energy of 1.40 eV

For all transient absorption simulations ofz8the only variable is the pump energy so
thatthe different excited state dynamics can be analyzed in detail. The first simulation is
performed with a pump energy of 1.40 eV, which induced the HONOMO-1, and HOMG2
to LUMO and LUMO+1 transition. Because no signal was found from 0 to 1 eV in the ground
state absorption, the bright state transition betweetl.0.8V in Figureés.3 is the first transient
absorption signal arising from excitations of the electronic jadion in LUMO and LUMO+1
to higher energy level(s) and hole population in HOMO, HGMénd HOMQ2 to lower

energy level(s).

Considering they, symmetry ofHOMO and HOMQL1 with nearly degenerate energies of
-2.73 eV and2.75 eV, the first allowed excitegtate hole transition will occur into orbitals with

ag symmetry, which are HOM@ and HOMQ4 with nearly degenerate energies381 eV and
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-3.32 eV. The dif f er e n)wllbaamund0.58ieV. &dnsidermgethgg y
symmetry of LUMD and LUMO+1 with nearly degenerate energieslofd7 eV and1.48 eV,

the first allowed excited state electronic transition will excite into orbitaés efymmetry, which
areLUMO+5, LUMO+6 and LUMO+7 with energsof -0.55,-0.52 eV and0.47 eV.The

dif f erence i n or b)iwtl belarond @6rey.yhus; thd fitstiepssitie signals
found in the excited state absorption betweerl(06eVcan be attributed tthe excited state

hole excitation (HOMO and HOMQ to HOMO-3 and HOMG4) and eletron excitation

(LUMO and LUMO+1 toLUMO+5, LUMO+6 and LUMO+7).
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Figure 6.3 Transient absorption spectrum of Au,s with pump energy of 1.40 eV

6.4.1.2 Pump energy of 1.92 eV and 2.06 eV
The second and third transient absorption simulations are performed with pump energies
of 1.92 eV and 2.06 eV as shown in Fig@ré. Because of the similarity of pump energy (within

0.14 eV) and use of Gaussian envelope pump with a standard deviatiés, thetwo pump
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pulses are exciting both peaks at the same time, which results in the similarity of the first

observed excited state absorption in Fighde(a) and Figuré .4 (b).

0.0 eV
- (a)
-0.5 152,153a, —— ——
LUMO4+6, LUMO+7
A0 1 0.0016
45 — —', 152,1533, 0.8 jj0-0014
LUMO, LUMO+1 0.0012
s
-2.0 Pump at 1.92 eV 206 £L00=
& 0.0008
25. E 0.4 0.0006
—H - 0.0004
=0 ’ 0.0002
~t- =i = o 4145, 146 3, 5 0
3.5 HOMO-6, HOMO-7 0 10 20 30 40 50 60 70 80 90
_;E.'_-' Time (fs)
-40 = H
LEdESR,
-45- S
deaEaedr
5.0 Sedegde
1 eV
0.0
05 152,153 3, i ( b)
LUMO+6, LUMO+7
LUMO+4
-10 1563,
15 1 0.0018
J0.0016
5% 0.8 0.0014
oy Pump at 2.06 eV = 0.0012
2.5 EO- 0.001
4l 150,149, go 2 g.ooos
-3.0 HOMO, HOMO-1 & 0.0004
151,1503, - = = = - 0.2 0.0002
-3.5| HOMO-3, HOMO-4 " " " 0
= -0.0002
P gt 0 30 40 50 60 70 80 90
v -+~ o
'jt: ._.,‘5“: Time (fs)
R
” s
[l 7 | B
h -
5.0 i

Figure 6.4 (a) Transient absorption spectrum of Aws with pump energy of 1.92 eV and (b)
Transient absorption spectrum of Aws with pump energy of 2.06 eV
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From analysis of ground state excitations usingTBDFT, we found that the peak at
1.92 eV corresponds to transitioinem HOMO-6 and HOMQG7 to LUMO and LUMO+1. The
peak at 2.06 eV originates from HOMBOMO-1, and HOMO2 to LUMO+4. Comparing to
the first excited state absorption signal in the transient absorption spectrum with pump energy of
1.40 eV (Figures.3), the fiist excited state absorption signal in both Figude(a) and Figuré.4
(b) are shifted to lower energ8imilarly, the lowest energy excited state absorptanarise
from excited state hole transition, such as HOMO and HGMO HOMO-3 and HOMG4 with
& ~ 0.58 eV. Due to the similarity of pump energy and complexity of transitions involved in

these two transient absorption spectra, the specific transitions cannot be fully assigned.

6.4.1.3 Pump energy of 2.40 eV

The fourth transient absorption simulation is performed with a pump energy of 2.40 eV
(Figure6.5). Compared to other pump energy simulations in this work, very obvious sub
hundred femtosecond dynamics can be observed in the transient absorption speettheS
pump excited the electron into LUMO and LUMO+1, the electron excited state transition should
be similar to the pump energy of 1.40 eV and 1.92 eV. Becaube af symmetry of LUMO
and LUMO+1, the excited electronic population must then be ekite orbitals ofay
symmetry, the first of which aleUMO+5, LUMO+6 and LUMO+7 as discussed in the analysis
of the transient absorption with a pump energy of 1.40Té&¢.positive signal around G @V is
attributed to the electronic transition fratdMO and LUMO+1 into LUMO+6 and LUMO+7
Because the pump energy of 2.40 eV involves excitation into the same unoccupied orbitals as the

1.40 and 1.92 eV pumps, but from different occupied orbitlaéssubhundred femtosecond
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dynamics around 0.4 eV observedHigure6.5 is attributed to the hole dynamics in Augreated

by the 2.40 eV pump
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Figure 6.5 Transient absorption spectrum of Aws with pump energy of 2.40 eV

From ground state absorptioalculated by LRTDDFT, we found that the peak at 2.40
eV arises from excitations out BFOMO-13and HOMO14 (142ay and 18au), composed of
atomic sulfur p orbitals and gold 5d orbitals, to LUMO and LUMO+1 §5253g). The gold
5d orbitalcontributions in HOMG13 and HOMG14 come both from core and staple atoms.
Because of thay symmetry ofHOMO-13and HOMG14 (142a, and 18ay), with energesof -
3.81 eV and3.82 eV, the allowed excited state hole transition @atur intoorbitals withag
symmetry The possible orbitals involveare HOMO15to HOMO-17 with energesrangng
from-3.96 eV t0-4.04 eV and HOMQO21 to HOMO23 with energies ranging from.15 eV to-

418eV. Therefore, the diff e)wdmnoge framD.10eVboiP2 al ene
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eV and 0.34 eV to 0.36 e\and thus are likely responsible ftve positivefeaturearound0.2-0.5
eV shown in Figuré.5. Since therbitals involvedare mainlyarisingfrom d electrosin gold,
the subhundred femtosecond halgnamics observed in Figués can be attributed to the d

electron from gold.

6.4.2 Als

We now examine the ground and excited state absorption of #anAwocluster. The
ground state absorption spectra ofsAcalculated by LRTDDFT and RTTDDFT is shown in
Figure 6.6 (a). Because of the cylindéke shape of Aeg, the absorption peaks have different
polarizations; RITDDFT spectra with different polaation directions are shown in Figuses
(b). The longitudinal z direction has the most contribution to the profile of the absorption
spectrum. The strongest leanergy peaks in the absorption spectrum are absorption peaks at
1.04 eV, 1.62 eV and 1.93 eXll three peaks are polarized in the z direction (longitudinal). The
transverse x and y polarization directions lead to spectra with identical shapes due to symmetry,
with the highest contribution to the peak at 1.37 eV and the shoulder peaks at 1.7DE86an

eV.
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Figure 6.6 (a) Ground state absorption of Ays from LR -TDDFT and RT-TDDFT, (b)
Calculated RT-TDDFT absorption spectrum of Ausg with contributions from x, y, and z
polarization directions
The first absorption peak at 1.04 eV is from the HOMO to LUMO+1 and HAAM®

LUMO transition @2t 0 3). Bccording to the character table for the point groupE E=A:
+ A2 + E, so this tansition accounts for the first four excited states. In this excitation, the
strongest one,sShas A symmetry, which is polarized in the longitudinal z direction and is
responsible for the peak observed at 1.04 eV. The second and third excited statds3S
arise from a degenerate excitation wilsymmetry, which is two orders smaller in oscillator
strength. The first excitation,Ss a dark state withA:1 symmetry, with oscillator strength that is

six orders of magnitude smaller than @ote: Because the symmetry of the cluster varies

| —RT-TDDFT

RT-x
RT-y
RT-z

slightly from perfectDs, the oscillator strength is not calculated to be exactly zero, although it is

close.)
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Figure 6.7 Kohni Sham energy levels and orbital diagram foAuss

The second absorption peak at 1.37 eV polarized in the x and y directions arises from
HOMO-4 to LUMO and LUMO+1 transition#z t 0 3). #ccording to the character table for the
point groupDs3, A1  E = E, where HOMGO4 isA1 and nearly degenerate LUMO and LUMO+1
areE. The crosgproductE representshe degeneracy of thepolarized and ypolarized
excitations for the 1.37 eV absorption peak as shown in F&6i@®). The third peak at 1.62 eV
arises from the HOM& to LUMO+2 transition# t 04). &ccording to the character table for
the point grop D3, A1 A2 = A2, where HOMGO4 isA1 and LUMO+2 isA2. The nondegenerate
bright transitionAz polarized in the longitudinal z direction is the absorption peak at 1.62 eV.
The first three absorptionpeakd (t o Y, E t)are fdatureaf mdlealgsanndo E
materias with cylindrical shaps. The fourth peak at 1.93 eV comes from HOM@nd HOMQ

9 to LUMO and LUMO+1, which represents a ligand to core excitation.
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6.4.2.1 Pump energy of 1.04 eV

Because the first absorption peak in the ground state absorption spectra sf I8cated
at 1.04 ¥/, the signals below 1.04 €V in the transient absorption spectra must be excited state
absorption signalsThe first transient absorption spectrum simulation in this work uses a pump
polarized in the z direction with an energy of 1.04 eV (Fig8e The HOMO/HOMO-1 to
LUMO/LUMO+1 transition g2t 0 3) Rkdppens after the pump. A hole is created in the
degenerate HOMO and HOMOorbitals and the electron is created in degenerate LUMO and
LUMO+1 orbitals, so that new signals show up in the transient absoggectrum because of
the newly created electron and hole. The very weak excited state absorption around 0.3 eV is
attributed to the hole excited state excitation from the degenerate HOMO and HQd/MDe
degenerate HOMQ and HOMG3 , wh i e-0.25®//gTable@6.1). The HOMO4 is not
involved in this transition because of the difference okthes y mme t r y-2 and HONMQ MO
3 and t he E s ydmaventhough tleir endidgi@d/eee close (and artifactually appear

degenerate in the figure).
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Figure 6.8 Transient absorption spectrum of Awgwith pump energy of 1.04 eV polarized in
the z direction

An important feature in Figur@8 (that also shows up after other pulses, as described
later) arises from excitation involving the newly created electronic population in
LUMO/LUMO+1. The excited state absorption around 0.8 eV should originate from the LUMO
and LUMO+1 to LUMO+5 and LUMO+6yhich is adst 0 4 trEhsition. As shown in table
C6.1, the energy difference between LUMO and LUMO+5 is 0.90 eV, which is close to the

excited state absorption signal observed betweet.0.@V.

6.4.2.2 Pump energy of 1.37 eV
For thetransient absorption spectrum with a pump polarized in the x direction with an

energy of 1.37 eV, the HOM@ to LUMO transition initially occursidz t 0 3). Bven though the
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excitation direction and energy are different, both the pump with energy of 1.pdla\zed in

the z direction and the pump with energy of 1.37 eV polarized in the x direction create excited
state electron population in LUMO and LUMO+1. A similar electron excited state absorption
around 0.85 eV can be obseniad-igure6.8 and Figures.9. The differences in Figuré.8 and
Figure6.9 can be attributed to the hole excited state absorption; as discussed above, the hole
excited state absorption around 0.25 eV in Figias due to the degenerate HOMO and
HOMO-1 to degeneratd OMO-2 and HOMQ3 (B2t 0 1) tkhnsition.According to symmetry of
the orbitals, lhe hole created at HOM® (¥s) created by pump energy of 1.37 eV polarized in
the x directiorcould excite toalower occupied orbital witlga symmetry However, the lower
ocapied F orbital was not found due to mixing with ligand contributidmsFigure6.9, the

most obvious signal around 0.8 eV is attributed to the excited state electronic trdrmitidhe

LUMO and LUMO+1 to LUMO+5 and LUMO+6, which istdsz t 0 4 transiion.
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Figure 6.9 Transient absorption spectrum ofAusgwith pump energy of 1.37 eV polarized in
the x direction

6.4.2.3 Pump energy of 1.62 eV

For the transient absorption spectrum with the ppoiprized in the z direction with an
energy of 1.62 eV, the pump excites the HOM@ LUMO+2 transition# t 04) (Fgure
6.10). Compared to Figuré.8, with the 1.04 eV pulse polarized in the z direction, the main
differences are the pump energy anddhstals involved in the transitions. The pump energy of
1.62 eV polarized in the z direction is the only transition that indugesda o E Theansi ti or
newly created electron in LUMO+&hd hole in HOM® will generate the signals in transient
absorptimm spectroscopy. The LUMO+2 with symmetry@fwill be excited todegenerate
LUMO+5 and LUMO+6with symmetry ofds. Under theDs symmetry expression, th& is Ax
and nearly degenerate LUMO+5 and LUMO+6 aréAccording toA1  E = E, the cross
productE represents bright state transition in x and y direction, which can be observed with a

probe that is polarized in the x direction (Fig6t&0). The bright signal around ®eV is
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assigned to the LUMO+2 to degenerate LUMO+5 and LUM®+#6a n s ittois)oddih ( E

energy differencee = 0.75 eV

-5.14
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Figure 6.10 Transient absorption spectrum of Aws with pump energy of 1.62 eV polarized

in the z direction and probe in x direction

6.4.2.4 Pump energy of 1.93 eV

As shown in Figuré.11, the pump polarized in the z direction with an energy of 1.93 eV

excites the HOME8 and HOMQ9 to LUMO and LUMO+1 transition, which mostly arises

from a ligand orbital to core transition. The newly created electronic population in LUMO and

LUMO+1 can agai be excited into LUMO+5 and LUMO+6, and thus the electron excited state

absorption between GI.0 eV is attributed to this excited state absorption (Fig®, which

is similar to results with the pump polarized in the z direction with an energ@4€Y. (Figure

6.8) and the pump polarized in the x direction with an energy of 1.37 eV (Fad))rerhe signal
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around 0.3 eV is attributed to the hole excitation from HOBIGnd HOMQS9 to deeper

occupied orbitals.
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Figure 6.11 Transient absorption spectrum of Awsg with pump energy of 1.93 eV polarized
in the z direction

6.4.3Comparison of Auzs and Ausg

For Aws andAuss, one important difference between the nanoclusters is the core shape,
with anicosahedral Aws core in Augsand a bicosahedral Agkscore in Ags. As shown in Figure
6.12, the dipole fluctuation is mostly in polarization direction of pump, which is x direction in our
calculation. Around 30 fs, the dipole fluctuation in y and zalioms can be observed. Around 90

fs, dipole fluctuation in X, y, and z directions are reaching the similar scale. The similar transfer
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pattern can be found in Figu@6.1-C6.3. On the other hand, the dipole fluctuation Aarss is

coming from the z dire@n, which is the polarization direction of pump. In dulndred
femtosecond time scale, only dipole fluctuation in z direction can be observed. For pump energy
of 1.37 eV and polarized in x direction, as shown in Figdés5, only dipole fluctuation in x
direction can be observedy comparing the dipole fluctuations in both nanopatrticles, the
spherical Adscan more easily transfer energy from the pump direction to the other two directions
(Figure 6.12 and FigureC6.1-C6.3), while excitation in the nanadoAuss confines the dipole in

the pump directionHigure 6.13 andFigure C6.4-C6.6). By performing transient absorptiavith
different pump energs and pumppolarizationdirectiors, this work shows that energy transfer
among differentlipole momentiredions aremoredependent on the structuretbé nanoparticle

rather than theump energy.

2
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Figure 6.12 Dipole fluctuation of Auzs with pump energy of 2.40 eV
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Figure 6.13 Dipole fluctuation of Ausg with pump energy of 1.93 eV polarized in z direction

6.5 Conclusions

In conclusion, we have presented the first simulated transient absorption spectroscopy
study of atomically precise nanoparticlé®r Aws, pump energies of 1.40 eV, 1.92 eV, 2.06 eV,
and 2.40 eV are applied to excite the nanocludédgr.analyzing the orbitals involved in the
simulated transient absorption spectroscopy, we found different kinds of signal &0kMith a
pump energy of 1.40 eV, the newly created electron can be found in the LUMO and LUMO+1 and
the newly created hole in the HOMO, HOMD and HOMQ2, which then generate the signals
in the transient absorption spectra due to excitations into higteegye LUMO+6 and LUMO+7
and lower energy HOM&@ and HOMGQ4. The pump energies of 1.92 eV and 2.06 eV create
similar transient absorption signals due to the similarity of pump energy and the complexity of
transitions involved. The pump energy of 2.40 eVheitses the most obvious dynamics process

in the subhundred femtosecond regime. By detailed analysis of the orbitals involved, we separated
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the contribution of electron excited state absorption and hole excited state absorption and attributed

the subhunded femtosecond dynamics to the transitions betwleelectron in gold

For Aus, different excitation pump eneaegand pump polarization directisiare used to
excite different transition A common feature in excited state absorptions can be foundawith
newly created electron in LUMO and LUMO#HAnsitioningto LUMO+5 and LUMO+6using
pump energs of 1.04 eV, 1.37 eV and 1.93 eV. By comparing the three transient absorption
spectrathe differencethat appeaoriginatefrom the hols created byeachpump. Due to the high
tunability of simulated lassr different kindsof transition can be studied in the same nanopatrticle,
includingt2t ozfreim thel.04 eV pump polarized ez d i r et baifrenmthe 1.7 eV
pump polarized ithex d i r et bsfrdnrihel.6 eV pump polarized ifez directionand
ligand to core excitation frorthe 1.93 eV pump polarized irthe z direction. Even though the
excitation direction and energy are different, bibapump energy of 1.04 eV polarized in the z
direction andthe pump energy of 1.37 eV polarized in the x direction create an excited state

electron in LUMO and LUMO+1Then, asimilar electron excited state absorption around 0.85

eV can be observed.

In this study, the energy transfeithin AuzsandAussis analyzed through the fluctuation
of dipole moment in different directiofror Auzs, the dipole fluctuation induced from pump in x
direction can be transferred to y and z directions due to the spherical struchure.dforAuss,
when pump palrized in z direction (longitudinal) excites the nanocluster, the dipole fluctuation
of Aussis confined in z direction (longitudinal). When the pump polarized in x direction
(transverse) excites the nanocluster, the dipole fluctuation will be confined dimection
(transverse)ln the subhundred femtosecond dynamics, #reergy transfer among different are

dependent on the structure of nanocluster rather than the pump.eésiangyod Ags confinesthe

137



induceddipolemomentin the pump direction, wéreaghe more isotropi@uzsis more easily able

to transfer the energy from the pump directionht®other two directions.
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Chapter7-Concl usi on

The major findingsfrom this work are pioneeing in several areas of research. First of all,
we find theorigins of the red shifts and blue shifts of absorption pealshaér homodimes and
heterodimes. We foundthatthepeak shifting is highly related to the direction of transition dipole
moment.As the interparticle distance decreases, the red shift of the highest peak comes from
contributions to the transition dipole moment with components alongnteeaction axis In
contrast, the blue shiftf the peakas interparticle distance decreases mostly comes from the
contributions of the transition dipole moment in the directperpendicular to the interaction axis
and shows up with a doubly degenerate feataranother project, we found differegiectronic
excitation transfepatterndor silver dimers at different interparticle distancat long interparticle
distance(from 50 to 20 A) electronic excitation transfer from one nanoparticleanother
nanoparticle will become more efficient as interpartidstance decrease3he electronic
excitation transfer is the most efficient at 204& short distances, badkansferwas observed,
which reducel the ability of the dimer anthe first nanoparticléo accept energy from the incident
electric field.

Thetransient absorption simulation$ naphthalene exhibit collective effects in its
excited state absorption spectra. Beating is observed may be a characteristic of these collective

electronic effects, which may have important implications for the plasséieid.

Ab initio transientabsorptionspectroscopgtudiesof atomically precise nanoclustehuzs
and Awsopen theloor for exploring théime resolutionof nanoclustes; which adds to previous
knowledge abouteir space resolution and energy resolutivith the help of electronic structure
and group theory, theansient absorption sigrsahave been analyzedThe most obvious sub

hundred femtosecond dynamics was observetdtransient absorption spectrumith a 2.40 eV

142



pump energy for Ags. The subhundred femtosecond dynamissattributedto the transitions
between d electron in golBy comparing the spheric&luzs and nanoroduss, different kinds of
energy transfewere observedIn the subhundred femtosecond dynamics, the energy transfer
among differentdipole moments in the nanoclusters depetihe structure of nanocluster rather
than the pump energy. Nanorod /Agonfines the induced dipole moment in the pump direction,
whereas the more isotropic Asis more easily able to transfer the energy from the pump direction

to the other two directions.
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Appendix A-Suppointfionrgmd oiM®BFTB Study of
Opti cal Properties of Silver Nan

Het erodi mer s

Table A.1 Calculated absorption spectra for FCC silver nanoparticle dimers at 50 A.

Distance (A) Energy (eV) Fitting Energy (eV)
50 2.89582 2.89480
40 2.89530 2.89432
30 2.89419 2.89335
25 2.89307 2.89243
20 2.89136 2.89083
17 2.88921 2.88921
15 2.88736 2.88761
12 2.88295 2.88373
10 2.87843 2.87924
9 2.87536 2.87592
8 2.87141 2.87141

2.86643 2.86505
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Table A.2 Comparison of Energy of Second Highest Peak (Peak 2) f&gi16, A = 0.0545, b
=1.3521

Distance (A) Energy (eV) Fitting Energy (eV)
50 2.85367 2.85395
40 2.85378 2.85404
30 2.85403 2.85422
25 2.85427 2.85437
20 2.85462 2.85462
17 2.85495 2.85485
15 2.85522 2.85507
12 2.85577 2.85557
10 2.85620 2.85610

2.85647 2.85647
8 2.85675 2.85695
7 2.85702 2.85760
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Table A.3 Comparison of Energy of Third Highest Peak (Peak 3) foAgi116 A = 0.0696, b =
1.5119

Distance (A) Energy (eV) Fitting Energy (eV)
50 2.86798 2.86806
40 2.86804 2.86813
30 2.86820 2.86828
25 2.86837 2.86841
20 2.86864 2.86862
17 2.86894 2.86883
15 2.86918 2.86903
12 2.86978 2.86950
10 2.87030 2.87001

2.87062 2.87038
8 2.87098 2.87087
7 2.87136 2.87154
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Table A.4 Comparison of Energy of Fourth Highest Peak (Peak 4) foAgi16 A = 0.1500, b
=1.8516

Distance (A) Energy (eV) Fitting Energy (eV)
50 2.88809 2.88798
40 2.88815 2.88803
30 2.88828 2.88815
25 2.88842 2.88826
20 2.88864 2.88845
17 2.88888 2.88866
15 2.88910 2.88887
12 2.88967 2.88938
10 2.89027 2.88998

2.89068 2.89043
8 2.89128 2.89106
7 2.89196 2.89195
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Figure A.1 Calculated absorption spectra for FCC silver nanoparticle dimers a0 A.
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Figure A.9 Energy of highest peak(Peak 1)for different interparticle distance of
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heterodimer Ago2 Ad116, A =-0.8416,b = 2.3968
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Figure A.21 Energy of highest peak(Peak 1)for different interparticle distance of
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Figure A.24 Plasmon interaction diagram that causes a reghift in the absorption peak
upon deceasing the distance between monomers.
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Figure A.25Plasmon interaction diagram that causes a blushift in the absorption peak
upon decreasing the distance between monomers.
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0.000000000000006.12794995307922
-4.08529996871948 -6.12794995307922
0.0000000000000066.12794995307922
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Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag

0.00000000000000
4.08529996871948
-4.08529996871948
-4.08529996871948
-4.08529996871948
0.00000000000000
0.00000000000000
0.0000000000000
4.08529996871948
4.08529996871948
4.08529996871948
-4.08529996871948
-4.08529996871948
-4.08529996871948
0.00000000000000
0.00000000000000
0.00000000000000
4.08529996871948
4.08529996871948
4.08529996871948
-4.08529996871948
0.00000000000000
0.00000000000000
0.00000000000000
4.08529996871948

4319996871948 -6.12794995307922
0.000000000000006.12794995307922
-4.08529996871948 -2.04264998435974
0.00000000000000-2.0426498435974
4.085299968719482.04264998435974
-4.08529996871948 -2.04264998435974
0.000000000000002.04264998435974
4.08529996871948 -2.04264998435974
-4.08529996871948 -2.04264998435974
0.000000000000062.04264998435974
4.08529996848 -2.04264998435974
-4.08529996871948 2.04264998435974
0.00000000000000 2.04264998435974
4.08529996871948 2.04264998435974
-4.08529996871948 2.04264998435974
0.00000000000000 2.04264998435974
4.08529996871948 2.04264998435974
-4.08529996871948 2.04264998435974
0.00000000000000 2.04264998435974
4.08529996871948 2.04264998435974
0.000000000000006.12794995307922
-4.08529996871948 6.12794995307922
0.00000000000000 6.12794995307922
4.08529996871948 6.12794995307922
0.00000000000000 6.12794995307922
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Coordinate of AQies

Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag

-6.1279499530792236
-6.1279499530792236
-6.1279499530792236
-6.1279499530792236
-2.042649983597412
-2.0426499843597412
-2.0426499843597412
-2.0426499843597412
-2.0426499843597412
-2.0426499843597412
-2.0426499843597412
-2.0426499843597412
-2.0426499843597412
-2.0426499843597412
-2.0426499843597412
-2.0426499843597412
2.0426499843597412
2.0426499843597412
2.0426499843597412
2.0426499843597412
2.0426499843597412
2.0426499843597412
2.0426499843597412
2.0426499843597412
2.0426499843597412
2.0426499843597412
2.0426499843597412
2.0426499843597412
6.1279499530792236

-2.0426499843597412 -2.0426499843597412
-2.0426499843597412 2.0426499843597412
2.04264998435974122.0426499843597412
2.0426499843597412
-6.1279499530792236 -2.0426499843597412
-6.1279499530792236 2.0426499843597412
-2.0426499843597412 -6.1279499530792236
-2.0426499843597412 -2.0426499843597412
-2.0426499843597412 2.0426499843597412
-2.0426499843597412 6.1279499530792236
22BU99843597412 -6.1279499530792236
2.04264998435974122.0426499843597412
2.0426499843597412
2.042649984B381» 6.1279499530792236
6.12794995307922362.0426499843597412
6.1279499530792236
-6.1279499530792236 -2.0426499843597412
-6.1279499530792236 2.0426499843597412
-2.0426499843597412 -6.1279499530792236
-2.0426499843597412 -2.042649843597412
-2.0426499843597412 2.0426499843597412
-2.0426499843597412 6.1279499530792236
2.04264998435974126.1279499530792236
2.04264998435974122.0426499843597412
2.0426499843597412
2.0426499843597412
6.12794995307922362.0426499843597412
6.1279499530792236
-2.0426499843597412 -2.0426499843597412
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Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag

6.1279499530792236
6.1279499530792236
6.1279499530792236
-6.1279499530792236
-6.1279499530792236
-6.127949953072236
-6.1279499530792236
-6.1279499530792236
-6.1279499530792236
-6.1279499530792236
-6.1279499530792236
-6.1279499530792236
-2.0426499843597412
-2.0426499843597412
-2.0426499843597412
-2.0426499843597412
-2.0426499843597412
-2.0426499843597412
-2.0426499843597412
-2.0426499843597412
-2.0426499843597412
-2.0426499843597412
-2.0426499843597412
-2.0426499843597412
-2.0426499843597412
2.0426499843597412
2.0426499843597412
2.0426499843597412
2.0426499843597412
2.0426499843597412
2.0826499843597412

-2.0426499843597412 2.0426499843597412
2.04264998435974122.0426499843597412
2.0426499843597412 2.0426499843597412
-4.0852999687194824 -4.0852999687194824
-4.0852999687194824 0.0000000000000000
-4.0852999687194824 4.0852999687194824
0.00000000000000064.0852999687194824
0.0000000000000000 0.0000000000000000
0.0000000000000000 4.0852999687194824
4.08529996871948244.0852999687194824

4.0852999687194824 0.0000000000000000

4.0852887194824 4.0852999687194824
-8.1705999374389648 0.0000000000000000
-4.0852999687194824 -4.0852999687194824
-4.0852999687194824 0.0000000000000000
-4.0852999687194824 4.0852999687194824

0.00000000000000068.1705999374389648
0.00000000000000064.0852999687194824

0.0000000000000000 0.0000000000000000
0.0000000000000000 4.0852999687194824
0.0000000000000000 8.1705B8848

4.08529996871948244.0852999687194824
4.0852999687194824 0.0000000000000000
4.0852999687194824 4.0852999687194824
8.1705999374389648 0.0000000000000000
-8.1705999374389648 0.0000000000000000
-4.0852999687194824 -4.0852999687194824
-4.0852999687194824 0.0000000000000000
-4.0852999687194824 4.0852999687194824
0.000000000000000€8.1705999374389648
0.00000000000000004.0852999687194824
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Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag

2.0426499843597412
2.0426499843597412
2.042649984358112
2.0426499843597412
2.0426499843597412
2.0426499843597412
2.0426499843597412
6.1279499530792236
6.1279499530792236
6.1279499530792236
6.1279499530792236
6.1279499530792236
6.1279499530792236
6.1279499530792236
6.1279499530792236
6.1279499530792236
-4.0852999687194824
0.0000000000000000
4.0852999687194824
-4.0852999687194824
0.0000000000000000
4.0852999687194824
-4.0852999687194824
0.0000000000000000
40852999687194824
0.0000000000000000
-4.0852999687194824
0.0000000000000000
4.0852999687194824
-8.170599934389648
-4.0852999687194824

0.0000000000000000
0.0000000000000000
0.0000000000000000

0.0000000000000000
4.0852999687194824

8.1705999374389648

4.08529996871948244.0852999687194824

4.0852999687194824

4.0852999687194824

8.1705999374389648

-4.0852999687194824
-4.085299687194824
-4.0852999687194824

0.0000000000000000

4.0852999687194824

0.0000000000000000
-4.0852999687194824

0.0000000000000000
4.0852999687194824

0.00000000000000064.0852999687194824
0.000000000000000.0000000000000000

0.0000000000000000

4.08529996871948244.0852999687194824
4.0852999687194824 0000000000000000

4.0852999687194824

-6.1279499530792236
-6.1279499530792236
-6.1279499530792236
-6.1279499530792236
-6.1279499530792236
-6.1279499530792236
-6.1279499530792236
-6.1279499530792236
-6.1279499530792236
-2.0426499843597412
-2.0426499843597412
-2.0426499843597412
-2.0426499843597412
-2.0426499843597412
-2.0426499843597412
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4.0852999687194824
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0.0000000000000000
0.0000000000000000
4.0852999687194824
4.0852999687194824
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-4.0852999687194824
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Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag

0.0000000000000000
4.0852999687194824
8.1705999374389648
-4.0852999687194824
0.0000000000000000
4.0852999687194824
0.0000000000000000
0.0000000000000000
-4.0852999687194824
0.0000000000000000
4.0852999687194824
-8.1705999374389648
-4.0852999687194824
0.0000000000000000
4.0852999687194824
8.1705999374389648
-4.0852999687194824
0.0000000000000000
4.0852999687194824
0.0000000000000000
-4.0852999687194824
0.0000000000000000
4.0852999687194824
-4.0852999687194824
0.0000000000000000
4.0852999687194824
-4.0852999687194824
0.0000000000000000
4.0852999687194824
-4.0852999687194824
-4.0852999687194824

-2.0426499843597412
-2.0426499843597412
-2.0426499843597412
-2.0426499843597412
-2.0426499843597412

-2.0426499843597412
-2.0426499843597412

2.042649984282

0.0000000000000000
0.0000000000000000
0.0000000000000000
4.0852999687194824
4.0852999687194824

4.0852999687194824
8.1705999374389648

-8.1705999374389648

-4.0852999687194824

2.04264998435974124.0852999687194824
2.04264998435974124.0852999687194824
2.04264998435974124.0852999687194824

2.0426499843597412
2.0426499843597412
2.0426499843597412
2.0426499843597412
2.0426499843597412
2.0426499843597412
2.0426499843597412
2.0426499843597412
2.0426499843597412

0.0000000000000000
0.0000000000000000
0.00000000000

0.0000000000000000
0.0000000000000000
4.0852999687194824
4.0852999687194824
4.0852999687194824
8.1705999374389648

6.12794995307922364.0852999687194824
6.12794995307922364.0852999687194824
6.12794995307922364.0852999687194824

6.1279499530792236
6.1279499530792236
6.1279499530792236
6.1279499530792236
6.1279499530792236
6.1279499530792236

0.0000000000000000
0.0000000000000000
0.0000000000000000
4.0852999687194824
4.0852999687194824
4.0852999687194824

-6.1279499530792236

0.00000000000000006.1279499530792236
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Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag
Ag

-4.0852999687194824
0.0000000000000000
0.0000000000000000
0.0000000000000000
4.0852999687194824
4.0852999687194824
4.0852999687194824

-8.1705999374389648

-4.0852999687194824

-4.0852999687194824

-4.0852999687194824
0.0000000000000000
0.0000000000000000
0.0000000000000000
0.0000000000000000
0.0000000000000000
4.0852999687194824
4.0852999687194824
4.0852999687194824
8.1705999374389648

-8.170599374389648

-4.0852999687194824

-4.0852999687194824

-4.0852999687194824
0.0000000000000000
0.000000000000000
0.0000000000000000
0.0000000000000000
0.0000000000000000
4.0852999687194824
4.0852999687194824

4.08529996871948246.1279499530792236
-4.082999687194824 -6.1279499530792236
0.00000000000000065.1279499530792236
4.08529996871948246.1279499530792236

-4.085299968714824

-6.1279499530792236

0.00000000000000066.1279499530792236
4.08529996871948246.1279499530792236
0.00000000000000002.0426499843597412

-4.0852999687194824

-2.0426499843597412

0.00000000000000002.0426499843597412
4.08529996871948242.042649843597412
-8.1705999374389648 -2.0426499843597412
-4.0852999687194824 -2.0426499843597412
0.000000000000000€2.0426499843597412
4.08529996871948242.0426499843597412
8.170599937438964&2.0426499843597412
-4.0852999687194824 -2.0426499843597412
0.00000000000000002.0426499843597412
4.08529996871948242.0426499843597412
0.000000000000000€2.0426499843597412

0.0000000000000000
-4.0852999687194824
0.0000000000000000
4.0852999687194824
-8.1705999374389648
-4.0852999687194824
0.0000000000000000
4.0852999687194824
8.1705999374389648
-4.0852999687194824
0.0000000000000000
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492999687194824
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-4.0852999687194824
0.000000000IHID
4.0852999687194824
-4.0852999687194824
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-4.0852999687194824
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Table B.5 The first ten excited states calculated by LRTDDFT

Excitation | Energy | Oscillator | Weight | Transitions
(eV) strength

1 4.14 4.36 x1¢> | 0.9602 | HOMOA LUMO

2 4.30 2.46 x16° | 0.7137 | HOMOA LUMO+1
0.6998 | HOMO-1A LUMO

3 5.05 3.59 x10'* | 0.6043 | HOMO-2A LUMO

5.45 1.09 x10'6 | 0.9998 | HOMOA LUMO+3

5.77 1.21 x10 0.6765 | HOMOA LUMO+1
0.6882 | HOMO-1A LUMO

6 5.79 9.33 x10'5 | 0.9998 | HOMOA LUMO+4
7 5.80 1.01 x10% | 0.9741 | HOMO-3A LUMO
8 5.86 1.92 x10%5 | 0.9746 | HOMOA LUMO+5
9 5.90 6.10 x10'* | 0.8215 | HOMO-

1A LUMO+2
10 6.01 1.46 x10* | 0.9445 | HOMO-

1A LUMO+1
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Table B.6 Frontier orbitals with their orbital energy and symmetry representation

Molecular Orbital Energy (eV) Symmetry
Representatio
LUMO+11 1.39 b2u
LUMO+10 1.13 b1u
LUMO+9 1.03 au
LUMO+8 0.90 g
LUMO+7 0.79 b1g
LUMO+6 0.73 ag
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LUMO+5 0.13 b2u
LUMO+4 0.06 bau
LUMO+3 -0.28 ag
LUMO+2 -0.77 b1u
LUMO+1 -1.53 b3g
LUMO -2.30 b2g
HOMO -5.73 au
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HOMO-1 -6.50 b1y

Table B.7 Possible excited state absorptions induced by the probe pulse due to electronic
excitation out of the newly occupied LUMO withbzg symmetry and LUMO+1 with bzg
symmetry. The states withBsu symmetry (x-polarized) would be bright state transitions
from LUMO and LUMO+1. The states with green font withB2u symmetry (green font) are
the y-polarized bright state transitions from LUMO and LUMO+1. The states with B1y
symmetry (blue font) are the bright state transitions from LUMO and LUMO+1 polarized
in the z direction.

LUMO LUMO+1
Energy (eV) symmetry Energy (eV) symmetry
Energy symmetry -2.30 b2g -1.53 by
(eV)

LUMO+2 -0.77 b1 153 Bau
LUMO+3 -0.28 ag 2.03 Beg 1.25 Bsg
LUMO+4 0.06 bau 2.36 Biu 159 Au
LUMO+5 0.13 bou 243 A 1.65 B
LUMO+6 0.73 &g 3.03 Bzg 2.26 Bsg
LUMO+7 0.79 bug 3.09 Bsg 2.32 Bg
LUMO+8 0.90 ag 3.20 Bog 243 Bsg
LUMO+9 1.03 au 2.56 Bsu
LUMO+10 113 b1 344 Bau
LUMO+11  1.39 bou 3.70 A 2.92 B
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Table B.8 Possible hole excited state absorptions induced by the probe that involve the
HOMO with a, symmetry and HOMO-1 with b1y Ssymmetry. TheBsy states (red font) are
the x-polarized bright state transitions from HOMO and HOMO-1. The green font with

B2u symmetry states (green font) are the polarized bright state transitions from HOMO

and HOMO-1. TheBuy states (blue font) are the zolarized bright state transitions from
HOMO and HOMO -1.

HOMO HOMO-1
Energy (eV) symmetry Energy (eV) symmetry
Energy symmetry -5.73 au -6.50 b1
(ev)
HOMO-2 -7.44 by 171 Bau
HOMO-3 -8.04 ag 231 A Buu
HOMO-4 -8.29 big 2.56 Buu 1.79 A
HOMO-5 -8.48 b2y 1.98 Bau
HOMO-6 -9.03 Psu 3.30 Bsg 253 Bog
HOMO-7 -9.71 b2y 3.98 Boy 321 Bsg
HOMO-8 -10.07 b1 4.34 Bug 357 Ay
HOMO-9 -10.25 big Buu 3.75 A
HOMO-10 -1042 bau 4.69 Bsy 392 By
HOMO-11  -10.88 b2y 515 Bog 4.38 By
-1683
-1683.2
-1683.4
5-1583_5
=
po
¢ -1683.8
-1684
-1684.2
-1684.4
0 10 20 30 40 50 60 70 80 90 100
Time (fs)

Figure B.26 Energy transfer from the electric field to the system Figure B.2. Transient
absorption spectrum of naphthalene with xpolarized probe after excitation of the
plasmonc b peak
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Figure B.27 Transient absorption spectrum of naphthalene with xpolarized probe after
excitation of the plasmonic b peak
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Table C.9 Frontier orbitals with their orbital energy and symmetry representation

Molecular Orbital Energy (eV) Orbitals

Number
LUMO+6 -2.40 524
LUMO+5 -2.40 523
LUMO+4 -2.96 522
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LUMO+3 -2.96 521
LUMO+2 -3.13 520
LUMO+1 -3.30 519
LUMO -3.30 518
HOMO -4.22 517
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HOMO-1 -4.22 516
HOMO-2 -4.57 515
HOMO-3 -4.58 514
HOMO-4 -4.58 513
HOMO-5 -4.97 512
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