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INTRODUCTION

The function of many biological molecular systems is closely tied to the pro-
cess of energy relaxation in their electronic and/or vibrational manifolds. Un-
derstanding the pathways and rates of energy relaxation induced by photoexci-
tation is relevant across a range of molecular spatial scales. From the smallest,
on the level of energy states of a single molecule™ ™, to the intermediate-sized
molecular aggregates consisting of a few interacting molecules® ¥, and to the

largest photosynthetic complexes found in Nature” 13

, which involve physi-
cal processes of molecular energy relaxation, charge transfer, spatial energy
transfer and others in structures composed of tens or hundreds of molecules.

Analytical solution of all but the most primitive theoretical models of molec-
ular systems is intractable. For sufficiently complex models, due to a high num-
ber of interacting degrees of freedom involved, brute-force numerical simula-
tions of non-equilibrium dynamics in even the smallest systems are also chal-
lenging, because of the exponential numerical effort scaling.

The standard theoretical approach to proceed for molecular systems is to
treat it as an open quantum system 413 In this description, only those molec-
ular electronic and vibrational degrees of freedom that participate in a relax-
ation process of interest, constitute the observable system, while less relevant
degrees of freedom are treated as part of a larger than system thermal reser-
voir (the bath), which is fully characterized by a continuous fluctuation spec-
tral density function'®17, Generally, separation into the system and the bath is
only formal as the interaction between the two remains.

The prominent mathematical tool to simulate the time evolution of open
quantum systems is the reduced density operator, i.e., an outer product of wave-
functions. If the system-bath interaction strength is small, relative to the intra-
system coupling strength, comparably straightforward perturbative approaches
of the Redfield theory'®2! can be used with great success. When the opposite
is true, i.e., the system-bath coupling is stronger than the intra-system cou-
pling, perturbative theories of the Forster2224 become applicable. These meth-
ods solve coupled equations of motion of both the system and the bath with
an intent to average over the influence of the fluctuating bath on the system,



reducing the full system-bath dynamics to only the relevant dynamics of the
system. The accuracy of these methods heavily relies on the clear separation
between the system-bath and the intra-system coupling strengths. If strengths
are of a similar magnitude, energy relaxation dynamics must be modelled non-
perturbatively since the timescales of the system and bath dynamics essentially
become inseparable. This regime is the most challenging to simulate, yet, a
range of formally exact approaches, though, numerically expensive, have been
developed such as hierarchical equations of motion23, density matrix renormal-

2129 path integral formulations 3.

ization group2¢, chain-mapping approaches

These techniques are based on the reduced density operator description.
However, for the same purposes, one can also directly utilize the wave-
function itself using methods of, e.g., the multi-configuration time-dependent
Hartree®!32, surface hopping®?, quantum jumping®?, stochastic Schrédinger
equation®3, hierarchy of pure states®¢, thermofield dynamics3?3¥. The princi-
pal idea behind most wavefunction approaches is to expand states of the entire
system-bath model in a chosen state basis. Such approaches are well suited
for the non-perturbative parameter regime as they explicitly and on an equal
footing treat both the system and bath degrees of freedom. The accuracy de-
pends on how well the chosen state basis can approximate eigenstates of the
system-bath model or, at least, the eigenstates that participate in the relaxation
process of interest the most.

The family of trial wavefunctions (ansétze) considered in this work is named
after Alexander Davydov. It is based on an innovative mechanism®%#¢ for
vibrational energy transport and localization in a-helix proteins proposed by
Davydov in 1973, where the energy carrier quasiparticle was termed the Davy-

43,44

dov’s soliton***2 The main idea behind the Davydov’s ansitze is to ex-

pand the system-bath vibrational eigenstates in terms of the time-dependent

coherent states™> #7

with Gaussian wavepackets in their phase space. Dur-
ing time evolution of the system-bath model, which propagate according to
the equations derived by applying the time-dependent variational principle to
an ansatz, coherent states continuously adjust to align with the most relevant
eigenstates at any given moment. This adaptation aims to minimize the dis-
crepancy between the ansatz and the solution of the Schrédinger’s equation.
The simplest variant and backbone of the family of Davydov’s ansitze is
called the Dy ansatz# 23 It assigns a single coherent state to each vibrational
degree of freedom of the model, independent of the electronic state the sys-

tem is in. Various alterations have been proposed®4 to improve accuracy



of the Dy ansatz. The D; ansatz?3 2’ assigns a coherent state to each vibra-
tional degree of freedom per every electronic state. This expands the state
basis set in an attempt to uncouple movement of wavepackets in different elec-
tronic states. The D; 5 ansatz has an intermediate sophistication between the
two and is constructed for a specific case of initial conditions®®. Alternatively,
instead of packing more coherent states, modifications to the coherent states
themselves have been proposed. Suggestions of applying squeeze operators*’
to coherent states have been made in order to enhance the representation of
non-Gaussian eigenstates. It contracts Gaussian wavepackets along a direc-
tion in the coordinate-momentum phase space, while simultaneously expand-
ing wavepacket along the perpendicular direction. The resulting wavefunc-
tions are termed the squeezed-Davydov Dy and Dy ansitze>* 2. While these
alterations broaden the range of representable states, they also increase the nu-
merical effort and may introduce numerical instabilities. These ansitze have
been used to model relaxation dynamics and compute spectroscopic signals of
molecules and their aggregates in perturbative regimes with great success, how-
ever, they become insufficient in the non-perturbative parameter regime®3-54,
especially at low temperatures.

The idea that leads to further progress was to consider the trial wave-
function as a superposition of Dy ansétze, termed the multiple-Davydov D»

5363 In theory, by considering an infinite number of superposition

ansatz
terms, the multiple-Davydov Dy ansatz is an exact expansion of any system-
bath model’s eigenstates. However, in practice, due to the complicated struc-
ture of the resulting equations of motion, the number of terms is limited by the
scaling of numerical cost with respect to the number of vibrational degrees of
freedom 657, Still, due to the time-dependent adaptive basis set of the multiple-
Davydov Dy ansatz, the numerical effort scaling is reduced°®%° from exponen-
tial to polynomial with a power in the range of 2 — 3. Therefore, even when the
number of vibrational modes is large, it can match the results of other state-of-

63.64.10  quasiadiabatic

72,173,659

the-art methods such as hierarchical equations of motion
path integral”!, and multi-configuration time-dependent Hartree

While density operator approaches are able to account for the influence of an
infinitely-sized bath on the system by tracing over fluctuations of vibrational
modes, the variational approach is unable to do the same. Therefore, a finite-
sized bath has to be considered. Most often, the continuous spectral density
function of the bath is linearly or logarithmically” discretized along the fre-
quency domain in hopes to accurately mimic effects of the continuous function.



The resulting finite number of discretized frequencies and their correspond-
ing fluctuation magnitudes are then assigned to quantum harmonic oscillators,
which are modelled explicitly along the electronic states.

The wavefunction approach, involving a finite number of electronic states
and vibrational modes, is technically a closed quantum system rather than an
open one, in a sense that there is no external drain or source with which the
model could exchange energy and particles. To retain equivalence between the
open quantum systems of the reduced density operator and the closed quantum
systems of wavefunction-based methods, the discretized bath should behave as
a true thermostat, having a much larger heat capacity than the system. How-
ever, including enough quantum harmonic oscillators to represent a bath with
a sufficiently high heat capacity can be numerically expensive.

As the excitation energy relaxation takes place in the system-bath model,
the energy is primarily absorbed from the system by a few in-resonant bath
oscillators, leading to a divergence from the equilibrium. Therefore, the tem-
perature at which dynamics of the system-bath model occur no longer matches
the initial temperature, this process is called local heating”®. The bath most of-
ten is modelled as a collection of independent harmonic oscillators, therefore it
lacks any direct energy exchange mechanism between oscillators. This means
that the only pathway for the hot bath to dissipate thermal energy is to transfer
it back to the system, which violates assumption of the constant temperature
thermostat and introduces unwanted feedback to dynamics of the system.

The theoretical problem of bath heating resembles a process in Nature called

75,76

molecular local heating”>*®, where if a molecule quickly dissipates a large

amount of thermal energy to its immediate surroundings during, e.g., exciton-

1779

exciton annihilation or ultrafast molecular internal conversion®8¢, the

temperature of molecule’s nearest surrounding increases. Naturally, the sub-

8182 _ thermalization, occurs where the excess heat is

sequent colling process
dissipated away from the molecule’s immediate surrounding into deeper layers
of the environment.

The issues of bath heating persist throughout the entire family of Davydov’s
ansétze. While, for non-multiple ansétze, it is possible to explicitly model hun-
dreds or even thousands of bath oscillators, such that each oscillator absorbs a
negligible amount of energy from the system, this approach is unfeasible for

multiple-type ansétze. A more sophisticated solution is required.

10



Layout of the dissertation

The doctoral dissertation is based on 6 articles published in journals indexed
in the Clarivate Analytics Web of Science (CA WoS) database. The reader is
encouraged to read articles in full for more details, they are attached in Section
(B.2.3)). The articles are listed in the order of their appearance in the disserta-
tion.

The main body of the dissertation is structured as follows:

Chapter ([ll) provides the theoretical background on the system-bath model,
discusses various Davydov’s ansétze and other necessary topics.

Chapter (B) presents an overview of the main results of Articles [Afll], [AP],
[AB]], [AH], which focuses on comparing Davydov’s ansitze by modelling en-
ergy relaxation processes and spectra.

Chapter () summarizes results from Articles [AB] and [Al], which intro-
duce the thermalization algorithm and showcase its capabilities.

List of articles

Articles included in doctoral dissertation

[A1] M. Jakuéionis, 1. Gaizianas, J. Sulskus, D. Abramavi¢ius, Simulation
of Ab Initio Optical Absorption Spectrum of 5-Carotene with Fully Re-
solved SO and S2 Vibrational Normal Modes, The Journal of Physical
Chemistry A, 126, 180-189, 2022

[A2] M. Jakuclionis, T. Mancal, D. Abramavi¢ius, Modelling irreversible
molecular internal conversion using the time-dependent variational ap-
proach with sD2 ansatz, Physical Chemistry Chemical Physics, 22,
8952-8962, 2020

[A3] M. Jakulionis, A. Zukas, D. Abramavi¢ius, Modelling
Molecular J and H Aggregates wusing Multiple-Davydov
D2 Ansatz, Physical Chemistry Chemical Physics, 24,
17665-17672, 2022

[A4] M. Jakuéionis, A. Zukas, D. Abramavi¢ius, Inspecting molecular ag-
gregate quadratic vibronic coupling effects using squeezed coherent
states, Physical Chemistry Chemical Physics, 25, 1705-1716, 2023
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[A5] M. Jakufionis, D. Abramavicius, Temperature-controlled open-
quantum-system dynamics using a time-dependent variational method,
Physical Review A, 103, 032202, 2021

[A6] M. Jakucionis, D. Abramavicius, Thermalization of open quantum sys-
tems using the multiple-Davydov-D2, Physical Review A, 107, 062205,
2023

Articles not included in doctoral dissertation

[A7] M. Jakuéionis, V. Chorosajev, D. Abramavicius, Vibrational damping
effects on electronic energy relaxation in molecular aggregates, Chemi-
cal Physics, 515, 193-202, 2018

[A8] O. Rancova, M. Jaku€ionis, L. Valkiinas, D. Abramavicius, Origin of
non-Gaussian site energy disorder in molecular aggregates, Chemical
Physics Letters, 674, 120-124, 2017

Author’s contribution

The author has solely developed the numerical computation package Vari-
Davy®3, formulated and performed most! numerical simulations, derived most*
equations of motion for the considered Davydov’s ansitze.

T Prof. Dr. Juozas Sulskus and Ignas Gaizitinas performed quantum chem-
istry calculations of 3-carotene, whose results were then used for the simulation
of absorption spectra in Section (R2.1)).

1 Agnius Zukas co-derived the equations of motion of the squeezed-Davydov

D5 ansatz in Section ([1.3.2).

Goals of the dissertation

The goals of this research project are (1) to understand which Davydov’s
ansitze are suitable for different types of system-bath models and (2) to develop
theoretical and numerical methods for more efficient and accurate simulations
of relaxation dynamics and spectroscopic signals using Davydov’s ansétze.

To achieve the first (1) goal, the following tasks were set:

12



* Create a numerical computation package to simulate the time dynam-
ics and spectroscopic signals of system-bath models using the time-
dependent variational method with Davydov’s family of ansétze.

» Develop a theoretical description and investigate the applicability of the
D5 ansatz for modelling the dynamics of a system-bath model including
the mixing of normal modes of different electronic states.

* Investigate the applicability of representing excited states of quantum
harmonic oscillators with a superposition of coherent states.

» Examine the applicability and convergence of the multiple-Davydov D,
ansatz for simulating the absorption spectra of H and J-type molecular
aggregates.

» Compare the accuracy of the regular, squeezed and multiple-Davydov
D, ansitze for simulating the absorption and fluorescence spectra of a
system-bath model with the frequency shift of the quantum harmonic
oscillators upon the electronic excitation of the system.

To realize the second (2) goal, the tasks were:

* Develop a theoretical description and a numerical method to deduce the
ensemble of thermal equilibrium states of excited system-bath model.

» Develop and investigate effects of the Do ansatz thermalization algo-
rithm on the quantum harmonic oscillators and excitation relaxation dy-

namics.

» Extend the description of the Dy ansatz thermalization algorithm to be
used with the multiple-Davydov Dy ansatz.

» Examine the optimization and thermalization algorithms as the tools for

simulation of the spectroscopic signals.

Statements to be defended

1. The multiple-Davydov Dy ansatz is capable of accurately simulating ex-
citation relaxation dynamics and spectroscopic signals of molecular ag-
gregates, while the less sophisticated non-multiple ansétze can capture
only certain aspects of the aggregate’s model.

13



2. To simulate the energy exchange between quantum harmonic oscillators
induced by the non-linear coordinate coupling term o .’L’pl’g using Davy-
dov’s family ansétze, the eigenstates of quantum harmonic oscillator can
be represented by a superposition of coherent states.

3. The numerical thermalization algorithm for the regular and multiple Do
ansétze allow to reduce the required number of quantum harmonic oscil-
lators in the bath and, in turn, the numerical cost of simulations.

4. An ensemble of thermal steady states of the excited system-bath model
can be obtained using either the numerical optimization or thermalization
approach. The thermalization method is better suited for models with
many degrees of freedom.

14



List of abbreviations

SB System-bath

TDVP Time-dependent variational principle
EOM Equations of motion

DOF Degrees of freedom

CS Coherent state

QHO Quantum harmonic oscillator

PES Potential energy surface

HR Huang-Rhys

sDy Superposition-Davydov Da

sqDy Squeezed-Davydov Doy

mDs Multiple-Davydov Do

RHS Right-hand side

LHS Left-hand side

TF Thermalized fluorescence

TRF Time-resolved fluorescence

TTRF Thermalized time-resolved fluorescence

GMRES Generalized minimal residual method
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1 THEORY

This chapter presents a theoretical description of the standard system-bath (SB)
model and outlines the prerequisites for using the time-dependent variational
principle (TDVP) with the ansétze of the Davydov’s family. It is useful to have
a specific physical model in mind when speaking about the theory. Therefore,
we will present the SB model within the context of molecular aggregates. As
we will see later, by appropriately renaming theoretical variables of the SB
model formulated for molecular aggregates, it can be used to describe other
physical systems as well.

In Section ([L.1]), the standard SB model Hamiltonian is formulated as well as
the non-linear SB coupling term. Then, Section ([L.Z) introduces the TDVP and
how it is used to derive equations of motion (EOM) of an ansatz. Section ([.3))
presents and discusses various Davydov ansétze, which are used in this research
work, along with their respective EOMs. Section ([.4) discusses numerical
aspects of solving EOMs of Davydov’s ansitze. Then, Section ([.5) describe
how the temperature effects are included as well as the concept of the ensemble
of wavefunction trajectories. Lastly, Section ([.6.1]) formulates the response
functions of absorption and fluorescence spectroscopic signals.

1.1 Hamiltonian of the system-bath model

The SB model consists of a collection of electrostatically interacting molecules.
Each molecule can further be coupled to both: the vibrational modes origi-
nating from the molecules themselves (intramolecular), and vibrational modes
due to the motion in the surroundings of these molecules (intermolecular).
The intramolecular modes are typically high frequency, whereas intermolec-
ular modes are overdamped with low frequency and arise due to fluctuations in
the nearest environment of molecules, such as the motion of solvent molecules,
phonon modes of the molecular matrix, polymers.
The standard SB model Hamiltonian 8483517

H = Hg + Hg + Hsp. (1.1.1)

16



is made up of three terms: the system Hamiltonian Hg, the bath Hamiltonian
H B and a linear SB interaction Hamiltonian H S-B-

In this model, we consider the system as N coupled molecules, where each
n-th molecule is modelled as a bosonic two-electronic-level system with a
ground state |0,,) and an excited state |1,,). We construct the global electronic
ground state as a product of each molecule ground state, given by

10) = &) [0n). (1.1.2)

We take the global electronic ground state energy Eg as a reference point for

all energy values, hence we set Eg = 0 cm™!.

Using the Heitler-London approach 8634

, we construct the single electronic
excitation states as

n) = |Ln) @ 2, 10m), (1.1.3)

with ground-to-excited transition energy e,, where the n-th two-level system
is excited and all the rest of two-level systems are in their ground state. Tran-
sitions between the global ground state and excited system states are given by
action of bosonic creation &:rl and annihilation a,, operators:

110) =In), (1.1.4)
in|n) =(0). (1.1.5)

al

The Coulomb electrostatic interaction strength J,,,, between the n-th and m-
th molecule can be expressed as an integral of interaction between respective
molecules’ transition charge distributions p,, (,) given by

/ "
Tom = ke / / dr gy Lo (7)o (7). (1.1.6)

|7,/ _ ,r,//|

where k. is the Coulomb constant.

If the distance between molecules’ center of masses R, is larger than charge
distributions, then the double integral can be evaluated numerically to the de-
sired precision using the multipole expansion series. In the case of molecules
with an overall non-zero charge or those involving charge transfer states, the
Eq. ([.1.6) can be sufficiently approximated by the dipole-dipole expansion
terms

Indm dn (1, - Ro) — Gm (12, - R0)>
Jom = ke , 1.1.7
<|Rn_Rm| ’Rn—Rm‘Q ( )

17



where ¢, is the total charge, p,, is the transition dipole moment and Ry is
the unit vector. They account for the majority of the interaction strength; the
higher order expansion terms quickly decay with the distance and are of limited
importance. However, if the distance between molecules’ center of masses is
of similar order as the molecular size, then the multipole expansion is invalid
and Eq. ([l.1.6) must be computed in full.

The system Hamiltonian can be expressed as

n#Em

N
Hs =) enalin+ Y Jnmlim, (1.1.8)
n n,m

and is called the Frenkel exciton Hamiltonian®¢.

When the electronic coupling between molecules of the system is sufficiently
large, it is often convenient to analyze excitation dynamics of the SB model in
terms of the eigenstates 5 of the system Hamiltonian Hy with corresponding

€XC

eigenenergies €},

, which satisfy the time-independent Schrodinger equation

Hs®S° = E&°pe (1.1.9)

49 and

Quasiparticles of the system Hamiltonian are referred to as excitons®
they are system’s excitations delocalized over many molecules simultane-
ously®,

The vibrational normal modes of molecules and their surrounding medium
will be treated as a collection of quantum harmonic oscillators (QHO). Each
molecule is assigned its own collection of oscillators, to which we will refer as

local baths. The bath Hamiltonian is then given by

Hy =" w bl big. (1.1.10)
k.q

where we have set the reduced Planck’s constant to & = 1. Here wy q is the
frequency of the g-th oscillator in a k-th local bath, I;L ,and l;kq are bosonic QHO
creation and annihilation operators, respectively. Note that we do not include
QHO zero-point energy in Eq. ([L.1.10), as it would only shift the absolute
vibrational energy scale without affecting the dynamics of the SB model.
During an electronic transition from the ground to excited states of a sys-
tem, the potential energy surfaces (PES) of vibrational modes may change. To
account for these changes, we use the displaced oscillator model®?, which as-
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sumes that the potentials of vibrational modes become displaced along their
coordinate axes when the system transitions into an excited state. Displaced

oscillators leads to the linear SB coupling Hamiltonian
Hsp = - ahan > wydng (ELQ+EHQ), (1.1.11)
n q

which couples the excited electronic states of molecules to vibrational states
of local baths’ oscillators. Here g, is the dimensionless coupling strength of
the g-th oscillators coupled to the n-th molecule. In addition to the term in Eq.
(1.1.11), the displaced oscillator model introduces a static energy shift, known
as the reorganization energy, given by

An =) wig2, (1.1.12)
q

We assume that all excited electronic states have the same coupling strengths
9ng» Which causes all excited state energies to change by the same amount.
Therefore, for simplicity in our equations, we absorb the reorganization energy
shift into the definition of the ground-to-excited transition energy &,,.

The linear SB coupling term Hsp effectively modulate excitation energies
€n, by coordinates of oscillators

R ROV
By = 5 (Bl + o) - (1.1.13)
Molecular environment fluctuations are characterized by the spectral density

function® given by

Ol (W) =7 g2 (We)" (6 (W —wng) =0 (Wt wng) . (1.1.14)
q

In the SB model, fluctuations are modelled as the motion of bath oscillators
with the overall strength given by the reorganization energy in Eq. ([l.1.12).
The function C)! (w) is generally obtained from experiments and is assumed to
be known.

In the ground state, both the H s and H s-B terms vanish; therefore, the ground
state Hamiltonian is simply equivalent to the bath Hamiltonian

Hg = H. (1.1.15)
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1.1.1 Non-linear displaced oscillator model

The higher order SB couplings are derived from the displaced oscillator model
if the potential energy surfaces of QHOs in the molecular excited states are not
only shifted with respect to those in the molecular ground state, but also differ
by their frequencies and/or shape®3823 In Section (2.4), we will investigate
effects of QHO frequency shifts during the ground-to-excited state transition.
This assumption leads to the quadratic SB coupling Hamiltonian term

. 1 ... RN
Aype = 73 ahin y_ (why — wl) (b;q n bnq> : (1.1.16)
n q

which must be included along the linear SB coupling term in Eq. ([L.1.11). It
contributes only if the QHO frequencies in the electronic ground state wy, are
different from those in the excited state wy, .

The equations for computing time evolution of the SB model in Section ([.3)
will include terms, which result due to the quadratic SB coupling. However,
unless explicitly stated otherwise in the text, it will be assumed that oscillator
frequencies in both electronic manifolds are the same

Wy = Wiy = Wng, (1.1.17)

and the quadratic term does not contribute.

1.2 Time-dependent variational principle

Equations describing dynamics of the model are derived by applying the time-
dependent variational principle?®?3. The principal idea of variational approach
is to vary a parametrized trial wavefunction |¥ (£ (¢))), such that the action

functional .
f
s= [ v, (12.1)
ti
is stationary and maintained at an extremum
ty
0S(t) =10 dtL [V (&£(t))] =0, (1.2.2)

t;

where L is a Lagrangian, and 0.5 (¢) is a variation of action functional in terms
of wavefunction, obtained by varying parameters £ (¢). To achieve this, the
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parameters of the time-dependent wavefuction

()= (& (1),6(), .- &n), (1.2.3)
are propagated in time according to the Euler-Lagrange equations

d [ 0L (1) oL (t)
at (awtg:)) EGIO (124

where 0,¢; is the time derivative of ¢;, and the Lagrangian of the model is given
by

L(t) = % (L (£) [0 (£)) — (W (8) W (8))) — (T (1) [H|¥ (¢)). (1.2.5)
This procedure results in a system of time-dependent equations for parametriza-
tion parameters & (¢), which attempts to minimize the deviation of the ansatz
from the solution of the corresponding Schrodinger’s equation.

Time-dependent variational methods are intricately linked to the geometric
interpretation of quantum states within a Hilbert space. The family of states
spanned by the ¥ (£ (¢)) can be viewed as a manifold M within a Hilbert space.
Then the time evolution of € (¢) is determined by projecting the variation of the
state W (£ (¢)) onto the tangent space of M. A comprehensive review of this

geometric view can be found in the Refs.2627,

1.3 Davydov’s ansiitze

In this chapter, we will present four ansétze from the Davydov’s family. The
first three are the most common and will be presented in an order of increasing
complexity and, presumably, accuracy, while the last ansatz is of an interme-
diate complexity. In Section ([L.3.1)) we will describe the simplest variant, and
the backbone of the family, the Davydov D ansatz*1#2. In Section ([.3.2)
we will define the squeezed-Davydov Dy ansatz by maintaining the same Dy
ansatz structure, but including an additional degree of freedom (DOF) to the
states basis set. In Section ([1.3.3) we will formulate the numerically exact
ansatz of multiple-Davydov Dy by considering a superposition of D2 ansitze.
For each ansatz, we will derive the corresponding EOMs for the SB model
presented in Section ([I.1)). These are the principal Davydov ansitze, while
many more can be found in the literature, each tailored to the specific needs
of the model at hand and the physical processes that it is trying to capture.
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With that in mind, in Section ([.3.4) we will propose a modification of the
multiple-Davydov D5 for simulation of molecular internal conversion, termed
the superposition-Davydov Da.

1.3.1 Davydov D, ansatz

The Davydov Dy ansatz is defined as

N
T5,) = an (t) [n) ® A (1)) (1.3.1)

For the system states, it considers a superposition of excited molecular states
|n) with complex time-dependent amplitudes «, (). Meanwhile, bath QHO
states are represented by the time-dependent multi-dimensional coherent state
(CS) 47,908,909
K,Q
A(0) = B2 Mg (1), (132)

A single-dimensional CS |\, (t)) is an eigenstate of QHO annihilation op-
erator

Dol Mg (1)) = Mg () [ g (2)), (1.3.3)

with complex eigenvalue A4 (¢). It is generated by applying the translation
operator

D (kg (8)) = exp (Mg (1) B, = Ny (1) by ) (13.4)
to the vacuum, zero quanta, state of QHO

D (Mkq (8)) [0)rg = [Arq (£)). (13.5)

Therefore, we will regard Ay (¢) as a CS displacement parameter. By express-
ing it in the polar coordinate system

Mg (£) = [Akg (£)] €0 (1.3.6)

CS can be interpreted as being a Gaussian wavepacket displaced from the min-
ima of the QHO energy potential by |\x, (¢)| and rotated counterclockwise by
an angle ¢ in the coordinate-momentum phase space of QHO.

By applying the TDVP to the Davydov Dy ansatz with the SB Hamiltonian,
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Figure 1.3.1: Diagram plot of a CS and a squeezed CS wavepackets in
coordinate-momentum (z, p) phase space.

given by Eq. ([L.1.1]), we derive EOM for the free parameters of the ansatz:

n#m

. 1 )
O, (t) = —lay, <5n + 1 ;Awnq> —1 %: A dnm

: 1
Tlan Z <2wzqgane)‘”q - ; Z ‘am‘ 2anqgque)\mq>
q m

i, Y (Awnq (ReAng)? — ; S ] 2 A (Re)\mq)2> (1.3.7)

q m

for eachindexn =1,2,..., N, and
. i i
OiAig (1) = —iwf Mg + p || *why g — p lag| 2Awg,Redy,  (1.3.8)

for all index combinations (k, ¢), where k = 1,2,..., Kandg =1,2,...,Q.
We define the total wavefunction probability as p = Zf:[ o |2

Equations ([1.3.7), ([.3.8) constitute a system of explicitly coupled differen-
tial equations of size IV 4+ K (). The terms on the right-hand side (RHS) of Eq.
(1.3.7) in the first line describe dynamics of an isolated system, while terms on
the second and third lines are due to the bath’s influence on the system resulting
from linear and quadratic SB couplings, respectively. Similarly, the first term
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on the RHS of Eq. ([.3.§) describes the dynamics of an isolated QHO, while
the remaining terms are due to the SB couplings.

1.3.2 Squeezed-Davydov D- ansatz

To broaden the range of QHO states represented by the Do ansatz, additional
degrees of freedom must be unlocked. One possibility is to apply the squeeze
operator

8 0) = o (3 (6, W habia — s L) ). 039

with the complex squeeze parameter (j,(t), in addition to the translation op-
erator in Eq. ([1.3.4). This operator contracts and expands the CS Gaussian
wavepacket along its coordinate and momentum axes. By applying the dis-
placement and squeeze operators to the QHO vacuum state

D (Mg (1)) 5 (Chq (1)) 10) g = |Akq (1) Grq (1)), (1.3.10)

the multi-dimensional time-dependent squeezed CS is generated, given by

A1), ¢ (1) = @2 Akg (1) Cig (1)) (1.3.11)

The complex squeeze parameter (i,(t) can be expressed in the polar form
as

Cq(t) = Tiq ()€, (13.12)

where the real-valued squeeze amplitude is given by

Thq(t) = [Crq(t)] (1.3.13)

and the squeeze angle is denoted as 6,(t). The squeeze amplitude and an-
gle together describe how much, and along which direction, the wavepacket
become elongated, see Fig. ([L.3.1))

The squeezed-Davydov D ansatz (sqD,) is defined as

Wi, ( Zan Yn)y @ A (), ¢ (1)) (1.3.14)

Applying the TDVP leads to a system of explicitly coupled differential equa-
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tions for the free parameters of the sqD, ansatz:

m#n

. 1 )
Oy, (1) = —iay, <£n + 1 Zq: Awnq> —1i ; Amdnm

. 1
+ i, E <2w2qgane)\nq - E |ozm|2wfnqgque)\mq)
q m

1
—ian Y (Awnq (ReAng)” — ;Z |tm|? Awmg (Re)\mq)2>

q

i .
— 20n zq: Awpg (cosh (2ry,4) — sinh (27,,4) cos (0,4))

+ ian 3 Janl? Awgg sinh? (riy) (1 — coth (2r4g) cos (6g))  (1.3.15)
k.q

for each indexn =1,2,..., N, and

. i i
Ot Akg = —qu)\kq + ; |ak|2wzqgkq — ; |ozk|2 AwpgReArq, (1.3.16)

1 .
Org = % || Awgg sin (Bry) , (1.3.17)

1
Oibrq = —2wzq 5 |ag|? Awpg (1 — coth (27,) cos (Ory)) (1.3.18)

for all index combinations (k, q), where k = 1,2,..., Kandg=1,2,...,Q.
The number of equations is NV + 3K Q.

It has been postulated that sqD, ansatz better represents QHO states with
non-Gaussian wavepackets, which can be induced by the non-linear SB cou-
pling terms, e.g., the quadratic SB coupling of Eq. ([L.1.16). Upon inspecting
differential equations of squeeze operator parameters 7y, and 0, we find that

if the frequency shift Awy, is equal to zero, differential Eqs. ([1.3.17), ([1.3.18)
simplify and have solutions:

Oirkg =0 — The () = 71 (0) (1.3.19)
Orlq = —2w}, — Org (1) = —2w] t + O1q (0) . (1.3.20)
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Indeed, without quadratic SB coupling, squeeze amplitudes become time-
independent, while the squeeze angle changes at a constant rate. If the initial
CS is not squeezed (74 (0) = 0), the Gaussian wavepacket is symmetric with
respect to the rotation angle 6. Therefore, the non-squeezed CS will remain
non-squeezed indefinitely, i.e., it is the quadratic SB coupling that generates
squeezing of CS.

1.3.3 Multiple-Davydov D5 ansatz

The most general ansatz considered in this work is the multiple-Davydov D2
ansatz (mDs), which is given by®3

Wi, ( ZZan ) [n) @ | (1)), (1.3.21)

where the free parameters of ¢-th superposition terms (multiples) are complex
amplitudes «; ,, (t) and multi-dimensional CS

i (1)) = QIAZ kq (1)), (1.3.22)

with displacements )\; 1, (¢). Each i-th multiple corresponds to an excited state
associated with oscillator states.

By considering the mDy ansatz with depth M — the number of superposition
terms, the complexity and accuracy of the mD;, ansatz increase. The mDo
ansatz reduces to the regular Dy ansatz when depth is M = 1.

To illustrate principal idea of the mD, ansatz, in Fig. ([1.3.2) we show an
example of vibrational mode coordinate probability density P (z), computed
using the Dy ansatz and the mDy ansatz with depth M = 4. The wavepacket
of the Do ansatz always remains Gaussian, while the mDs ansatz represents
the wavepacket using a superposition of four Gaussians, resulting in a non-
Gaussian wavepacket. The importance of the circle to the overall representa-
tion of the ansatz is indicated by the color intensity of the circle.

Applying the TDVP to the mD» ansatz yields a system of implicitly coupled
differential equations, given by:

Z (Sijf)taj,n + aj,nSinij) =
J

- IZ Qj mSZJJnm IZ Qjn 2] (Az] + Bzy n+ Cz] n) ) (1.3.23)

Jm J
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Figure 1.3.2: An example of the vibrational mode coordinate probability den-
sity P (z) for (a) the Do ansatz, and (b) the mDs ansatz with depth of M =
4. Circles represent CSs of i-th multiples’ projection to a vibrational mode
coordinate-momentum phase space (z, p). Color intensities of circles are pro-
portional to the multiples’ contribution to the mDy wavefunction norm.
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for each pair of indices (i,n), and

D (F 0S8 kgOsim + GignnDej kg) =

j7n
—1 Z GijnmNjkgInm — iz GijnnAjkq (Aij + Bijn + Cijn)
j7n7m j,n
. . . .
— i) Gijnwiy Njkg +1) PijkGrawhg — 2 GijrAwng (Mg + Ajka) »
J,n J J

(1.3.24)

for all combinations of (4, k, ¢) indices. We additionaly defined the function

1 1
Kij=)_ << kg~ QAJ*‘,kq) Oe\jg — 2)‘j,kqat)‘;,kq> , (13.25)
kh

which contains time derivatives of CS displacements. Other definitions are

Gijnm = &5 ,0m Sij (1.3.26)
Aij = Wl A en Nk (1.3.27)
k,q
Bijn = =Y 9nahg (Nimg + Ajina) (13.28)
q
2
Cijn = 3 Ay (14 (Aing + Aina)*) . (13.29)
q

and the overlap of two CS is

N?Q

1
Sij = (AilAj) =exp ) <)\qu)‘j,kq ~3 (IAi,quQ + IAj,quQ)) (1.3.30)
k,q

1.3.4 Superposition-Davydov D, ansatz

While the D2 ansatz is the simplest and the mDy ansatz is the most sophisti-
cated, we have proposed an ansatz with intermediate complexity termed the
superposition-Davydov Dy (sD2) ansatz

N pmax M
1wk, (1) :Z/ dad, (1) [, @) @) 0o () [Aa (1)), (1.3.31)
n wmm a
system bath
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where f;,::x is a multi-dimensional integral over the coordinate space of in-
tramolecular vibrational modes. The sD5 ansatz is constructed as a product of
the system and the bath wavefunctions. The key conceptual difference from
the mDy ansatz is that instead of considering amplitudes ¢ y, (t) of the com-
bined electron-vibrational states, the sDy ansatz splits them into separate am-
plitudes for each sub-part: amplitudes for electron-vibrational states &, (x, t)
and amplitudes for bath vibrational states 6, (), i.e., the sDq ansatz applies the
Born-Oppenheimer approximation to the mDy ansatz.

The electronic states of the system and the intramolecular vibrational DOFs
are treated numerically exactly using the coordinate basis set representation

Tp|Tp) = Tp|Tp), (1.3.32)

where Z, is the p-th intramolecular vibrational mode coordinate operator.
These form system’s electron-vibrational states

with complex time-dependent amplitudes @,, (x, t). The eigenstates of the bath
QHOs are expanded in the superposition of multi-dimensional CSs

Ao (£) = @4 1% Aag (1)), (1.3.34)

with complex time-dependent amplitudes 6, (t).

This approach enables us to gradually improve the accuracy of the bath
wavefunction by adjusting the superposition depth M and to gauge bath repre-
sentation precision influence on the system dynamics, while keeping the system
wavefunction representation numerically exact and unchanged.

Because bath wavefunction is represented by a superposition of CSs, the re-
sulting EOMs of the sD» ansatz again constitute a system of implicitly coupled
differential equations, which require two-step numerical approach. The result-
ing EOMs can be found in the supplementary information of Article [AH].

1.4 Solving implicit EOM of the mD, ansatz

Equations of the Dy and sqD, ansitze can be straightforwardly solved using
most numerical libraries intended for finding solutions of explicit differential

equations'®. The Runge-Kutta method with appropriate accuracy parameters
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to ensure conservation of energy and the wavefunction norm, is a good choice.
It requires to know the initial state vector, made up of the free parameters of
the respective ansatz, defined as

xo = {a, (0) s Akg 0),... s Okq (0) y Thkq 0)}, (1.4.1)

and the time derivative of the state vector

0y (£) = {04ctn (1), OMg (1) s+, Oirg (8) , Dyrag ()}, (1.4.2)

which is constructed from the EOMs of ansétze. This is sufficient to propagate
the state vector « (¢) in time.

For the implicit equations of the mDs ansatz, the vector d;x (¢) is not
straightforwardly accessible and require an additional step to find it. We solved
EOMs of the mD, ansatz in terms of the real and imaginary parts of variables
Qi (1), Ai kg (t), which were ordered in the column state vector

Z (t> = {ain (t) 7a£,n (t) 7A£{,kq (t) 7)‘£,kq (t)} . (143)

Consideration of the real and imaginary parts, instead of the complex vari-
able form, removes consistency problems of having to treat derivatives of the
*

complex CS displacements 0;\; 14 () and their conjugates O\’

T kg (1) as two

separate variables.
The time derivative of the state vector is found by writing Eqgs. ([1.3.23),
(I..3.24) in a matrix form

M) 9z (t) = f (), (1.4.4)

where M (t) is a coefficient matrix of the time derivative terms, appropriately
formed from the left-hand sides (LHS) of Eqs. ([.3.23)), (1.3.24), while the
column vector, f (t), is constructed from the RHSs.

We solved for 0, (t) using the Generalized Minimal Residual Method (GM-
RES) with the Lower—Upper decomposition as a lower preconditioner. Sug-
gestions to solve for dyx (t) using the numerically less costly methods of the
Moore-Penrose pseudo-inverse or the Lower—Upper decomposition, in con-
junction with a small random noise applied to free variables, has been made.
However, we found GMRES method to have a better numerical stability and,
although each solve of GMRES is numerically more expensive, the resulting

solution is more accurate, which, in turn, allows the numerical solver to take
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larger time steps, reducing the overall numerical cost.

Now that the 0y (t) vector is known, a variety of ordinary differential equa-
tion solvers can be used to propagate « (t). We found that the adaptive-order
adaptive-time Adams-Moulton method™® provide just as accurate solution as
a typical Runge—Kutta fourth-order method, but with less computational effort
when used along the GMRES method. It evaluates the numerically expensive
step of finding d;x (t) fever times than Runge-Kutta methods, thus, is well-
suited for simulations of large SB models.

Another numerical aspect to consider when solving EOMs of the mD3 ansatz
is the fact that CSs of different multiples are never orthogonal

(Ni () [N (2)) # 0, (1.4.5)

they constitute an overcomplete set of states. This can lead to a situation, where
two or more CSs approach each other during time evolution of the mDs ansatz
and become highly overlapped. This results in an ill-conditioned coefficient
matrix M (t) with two or more equations becoming approximately linearly
dependent, and, therefore, Eq. ([L.4.4) no longer have a consistent solution for
O ().

To address this issue, we use the programmed removal of overlapping multi-
ples®”, which effectively connects two, or more, overlapping CS by imposing
condition

Ai(t)=A(t)+C, (1.4.6)

for t > tg, where C' = X; (tg) — Aj (to) and ¢ is the time when the distance
d; ; between CSs become less than dy, see Eq. ([L.6.11)). We found the critical
distance of dg = 0.05 to be ideal for avoiding both: the numerical instabilities
when d; ; is too small, and the unnecessary removal of multiples when d; ; is
too large.

While the CS displacements remain connected for the remaining time of
propagation t > ty, the amplitudes of corresponding multiples cv; , (£), o p, (t)
are still independent, therefore, the overall dynamics are impacted minimally
by the connection of \; (¢) and A; (¢). The value of the critical distance dy also
give hints for the appropriate placement of the initially unpopulated CSs during
the ground-to-excited state transition, as discussed in Section ([L.6.1]).

All numerical simulations presented in this dissertation were performed us-
ing a custom numerical package written during the project using the Julia pro-
gramming language. The package has been made public and is available on-
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line®3

1.5 Modelling thermal effects

Temperature of molecular aggregate is included by averaging over dynamical
trajectories with different initial conditions. Prior to excitation of molecular
aggregate via an external field, the aggregate is in its electronic ground state |0),
while vibrational modes are thermally excited. Thermal properties of QHOs in
the ground state are straightforward. All oscillators are uncoupled from the
system and each other, therefore, QHOs obey statistics of canonical ensemble.
In representation of CSs, QHO canonical ensemble is described by a diagonal
density operator given by the Glauber-Sudarshan distribution®3

Wkq
P (Akg) = 25, eXp (— Akgl? [ekBT E 1]) : (1.5.1)

where Z, is the partition function, kg is the Boltzmann constant and 7' is
the temperature. It is a Gaussian function with mean equal to 0 and variance
(exp [wrq/kBT] — 1)~ /2.

The ground state Hamiltonian of the SB model is equivalent to that of QHO,
as shown in Eq. ([.1.19). Therefore, it is adequate to use the Dy ansatz to
describe states of the SB model. We define the ground state variants of the D5
ansatz as

WS, () = 60 () [0) ® [ (1)), (1.5.2)

where 0 () is the ground state complex amplitude.

If the ground state of a system is obtained by considering the downward
electronic transitions, the resulting state may not necessarily be Gaussian, and
then representation may require a more accurate ansatz. Therefore, we define
the ground states of the sqD, and mD» ansétze as follows:

UG, () =90 £)10) @ [A (1), € (1)), (1.5.3)

Uip, ( Zezo )10) ® |Ai (1)) (1.5.4)

The approach to include temperature is the same for all considered ansétze.
The only difference lies in how the thermal initial condition, sampled from Eq.
(IL.5.1)), is represented by each ansatz.
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For the \1'82 ansatz, we draw an independent sample for each QHO from
the P (\q) distribution and set it as an initial CS displacement Ay, (0), which
unambiguously characterizes thermal state of the model before electronic exci-
tation. The ground state amplitude is set to 6y (0) = 1 for the wavefunction to
be normalized. For the \I/gi% ansatz, we also sample the P (\,) to deduce ini-
tial displacements Ay, (0). Squeeze amplitudes and angles for all QHOs are set
to 7,y = 1, 04 = 0, which correspond to non-squeezed Gaussian wavepackets.
The ground state amplitude is again set to 6y (0) = 1.

1.5.1 Observable of an operator

The observable X (¢) of an operator X is obtained by taking the average of the
ensemble of wavefunction trajectories

’1\»—‘

r
Z HLXIY0), = (PO Xe@), (1539

where each 7-th trajectory has an initial thermal condition ¥ (0) deduced in
the manner as described in Section ([.). T is the number of trajectories in
an ensemble, which must be increased until the observable in Eq. ([.5.5) con-
verge. To explicitly indicate that the observable of an operators X is ensemble-
averaged, we may surround the observable with brackets, (X (¢)).

1.6 Simulating absorption and fluorescence spectra

1.6.1 Transitions between electronic manifolds

Molecular aggregates undergo transitions between their ground and excited
states due to interactions with the external electric field E (¢). Within the
molecular dipole and the Frank-Condon approximations, molecules interact
with the electric field via their purely electronic transition dipole vectors u,,.
Then the system-field coupling Hamiltonian is given by

Hsp(t)=ju- E(t). (1.6.1)
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= fr, + fr_ is the vector transition dipole operator, and
N
foo =) pydh, (1.6.2)
n

N
foo =) Hnin, (1.6.3)
n

are the vector transition operators that increase f1, and decrease fi_ the number
of excitation quanta in the aggregate. In this work, we consider the electric field
in an impulsive limit

E(t) — Eyd(t—1), (1.6.4)

with the rotating wave approximation'%%, where 7 is the time at which system-
field interaction occur. As a result, transitions between the aggregate’s elec-
tronic manifolds occur instantaneously.

In general, state of the aggregate is a superposition of the ground state wave-
function UC and the excited state wavefunction ¥E. However, in the current
perturbative treatment of interaction with the optical field, the electronic state
of the aggregate will always adhere to either the ground or excited state mani-
fold. Therefore, it is sufficient to consider the evolution of these wavefunctions
independently.

Molecular aggregate’s transitions between its ground and excited state man-
ifolds are manifested via the action of the scalar transition operators

i = e fuy, (1.6.5)

on wavefunctions of the aggregate, such as

[+ ]08, (1) = |[Whp, (1)), (1.6.6)
L[ Whp, (1) = [T, (1) (1.6.7)

e is the electric field polarization vector.

Free parameters of the initial state of the ansatz are known, whereas param-
eters of the final state of the ansatz must be computed and/or set appropriately.
We will present description for the transitions using the mD» ansatz, however,
the same conceptial ideas apply to the D, sqD,, sD2 ansitze.

For the ground-to-excited state transition in Eq. ([.6.6), as already men-
tioned in Section ([L.9), it is sufficient to represent the initial ground state of
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the model by the Dy ansatz. Meanwhile, for the excited state the \IJEIDQ ansatz
must be used. It can be equivalently represented by a single multiple out of
the : = 1,2,..., M multiples of the mDy ansatz. For this reason, we choose
to populate the first (¢ = 1) multiple and label rest of the multiples (j # 1)
as the initially unpopulated. Then the newly created state U ,» given by Eq.

([1.3.21)), has amplitudes:

a1 () = (€ py) Jo (t), (1.6.8)
2. Mn () =0, (1.6.9)

and CS displacements of the populated multiple are equivalent to displacement
in the ground state

Mg () = Mg (£) . (1.6.10)

The unpopulated CS variables A2 s 14 (t) do not initially contribute to the
model dynamics. Their values are, in principle, arbitrary, however, during
the following evolution of \I/gD2 (t), the unpopulated multiples can become
populated and begin to influence model dynamics. It is known that the initial
distance

dij = \/Z Nikg (1) = Njrg ()17 (1.6.11)
kq

between the populated and the unpopulated CSs should not be too large. Oth-
erwise, they will not participate in the excited state dynamics, even at long
propagation times CSs will remain separated®>. On the other hand, setting all
CS in a close proximity to each other Aj1 g (t) = A g (t) lead to a highly

46,67

singular EOMs of the mD, ansatz, which are difficult to solve and were

already discussed in Section ([.4).

Therefore, although the exact arrangement of the unpopulated CSs is not crit-
ical, we chose to set them in a layered hexagonal pattern around the populated
CS?3, given by

A ‘ o (8114 L | B3
Nzt (8) = Mg () + 5 (14 [B()]) 270210 (16.12)

where A is the distance parameter, 3 (j) = (j — 2) /6 is the coordination func-
tion and |z | is the floor function of z. The distance parameter A should be
chosen to be sufficiently large to prevent significant overlap among the distri-
bution of CSs, yet not so large as to eliminate overlap entirely. We have found
A = 0.5 to be reasonable value that gives numerically stable, consistent, and
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convergent results.

For the excited-to-ground state transition in Eq. ([.6.7), the resulting ground
state wavefunction is represented by the mD, ansatz to preserve phase relations
between multiples of excited state wavefunction. The newly created state ‘III?ID2
has amplitudes

Di0 () =Y (€ ) i (1), (1.6.13)

n

and CS displacements \; j, () remain the same for all multiples.

1.6.2 Absorption and fluorescence response functions

Absorption and fluorescence spectra of a quantum system, in general, can be
written as a Fourier transforms

o0
Fi (w) = Re / dte™* Sy (t), (1.6.14)
0 |
Fis () = Re / dte! Sy, (1), (1.6.15)
0
of a time-domain absorption Sy (¢) and fluorescence Sy (¢) response func-
tions 102,

The absorption response function can be written as

Savs (£) = <<\PG (0) |-V (£) iy Vo (£) |26 (0)>> : (1.6.16)

where Vg and Vg are the excited and the ground state propagators, respectively,
with the following properties:

Va (1) [T (t2)) = [T* (11 + t2)), (1.6.17)

(Va (1) 1% (1)) = (0% (12) 9] (1) (1.6.18)

The fluorescence response function is a special case of the time-resolved

fluorescence (TRF) response function 02103

StrE (Teqst) = (W6 (0) |4V (7eq +1) 14 Vo () fi- Vi (7eq) fit|2C (0))
(1.6.19)

It is a function of two times. During the equilibration time 7¢y, the system
evolves in its excited state and relaxes due to its interaction with the environ-

ment until it reaches a steady state. After equilibration, during the coherence
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time ¢, spontaneous emission occurs. We take the equilibration time 7q to be
a model parameter, sufficiently long for the system to fully relax. Then we
define the fluorescence response function as

S () = ((WF (req) VL (1) s Vs (8) 1|9 (req))) (1.6.20)
For convenience, once the equilibrated state
[TF (7eq)) = VE (7eq) 1419 (0)), (1.6.21)

is obtained, we shift the time axis, such that the equilibrated state become the
starting point,
TUF (1oq) = TE(0), (1.6.22)

as it represent the initial state from which emission takes place, therefore, we

rewrite Eq. ([L.6.20) as

S (t) = ( (0 (0) VL (1) s Vi (£) - |9F (0)) ) (16.23)

37



2 EXCITATION RELAXATION USING DAVYDOV’S
ANSATZE

One of the goals of both experimental and theoretical investigations is to un-
derstand electronic and vibrational energy relaxation in molecules and their
aggregates. The revealed excitation pathways might be harnessed for interpre-
tation of experimental measurements and their functional applications.

In this chapter, we will utilize the ansétze of the Davydov’s family to sim-
ulate excitation relaxation dynamics, as well as absorption and fluorescence
spectra of SB models. Section (2.1)) presents findings of the Article [Alll], which
explores the connection between sets of vibrational modes in different elec-
tronic states of 5-carotene using the Do ansatz.

Then, in Section (2.2) the results of the Article [A] are discussed, which
investigate intramolecular energy relaxation dynamics induced by the internal
conversion process using the proposed sDs ansatz. Section (2.3) covers the
essential results of the Article [AB], which is concerned with the application
and convergence of the mDy ansatz for simulation of the absorption spectra of
H and J-type molecular aggregates. Lastly, in Section (R.4), the Article [AH] is
introduced, which compares the simulated absorption and fluorescence spectra
of molecular aggregates using the D2, sqD, and mD» ansitze.

2.1 Absorption spectrum of S-carotene with fully resolved vibrational
modes

Carotenoids form a unique class of pigments with a conjugated polyene chain,
responsible for light absorption in green-blue color region, over 700 carotenoid
molecules are found in Nature. In photosynthesis carotenoids are essen-
tial in solar energy harvesting and in photoprotection from oxygen damage.
Carotenoids demonstrate a complex structure of electronic excited states! 4103
with at least three electronic states necessary to fully capture excitation long-
time dynamics. Direct optical excitation induces electronic Sg — Sy transition,
where Sy is the electronic ground state and S» is the first optically accessible

bright electronic state, and the optically dark electronic state S; lies between
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So and Sy in energy.

Experimental absorption spectra of carotenoids exhibit a high intensity 1%
shoulder on a to a higher energy side, which is attributed to strong electronic-
vibrational coupling. This feature is often associated with two vibrational
modes: C-C symmetric and asymmetric stretching vibrations, which are known
to be active in Raman spectra and their frequencies scale linearly with the con-

jugation length in carotenoids %3

. To explain empirical data, the effective 2-
mode model has proposed 1010831091108 Tt attempts to fit the absorption spec-
tra with two QHOs, however, the resulting model does not capture the tail of
the high energy vibrational wing and it is not clear whether two modes are suf-
ficient to describe the more complex ultrafast internal conversion and energy
transfer processes.

We explore the approach of simulating S — So transition absorption spec-
tra of S-carotene using all 282 vibrational normal modes of the molecule. The
absorption spectra are simulate using the Do ansatz. The parameters of nor-
mal vibrational modes in the ground and excited states were obtained using the
Density functional theory with hybrid functional B3LYP with 6-311G(d,p) ba-
sis set. The GAMESS™! and Gaussian-16 codes'2 were used. The resulting
sets of normal modes are different and not orthogonal, they are related by the
Duschinsky transformation, which relates two sets of normal modes of differ-

ent electronic states13113,

2.1.1 Mixing of vibrational modes upon electronic excitation

The coordinates Q52 of normal modes in the excited electronic state S, are

So

expressed in terms of normal mode coordinates Q in the electronic ground

state Sg as
2= Q3 — 2.1.1)

The expansion coefficient of the k-th mode in terms of the j-th normal modes is
agj, and dj, is the QHO potential displacement in Sy with respect to its position
in the ground state Sy.

To understand the extent of normal mode mixing during the Sy — S, transi-
tion, we plot absolute values of expansion coefficients |ay;| in Fig. (.1.1)). The
largest amplitude expansion coefficients lay close the main diagonal, implying
that the majority of normal modes are mixed with similar frequency modes.
However, certain regions indicate mixing between modes with vastly differ-
ent frequencies. E.g., modes in a frequency region of 2500 cm~! are highly
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Figure 2.1.1: Absolute value of expansion coefficients |ay;| of the 5-carotene
normal modes. The k-th mode in the S5 state in expanded in terms of the mode
j-th in the state Sy.

mixed with numerous modes in a frequency range of 1500 — 2500 cm~!. The
strong mixing can also be clearly seen between modes in frequency regions of
0 — 250 cm™ !, 400 — 750 cm™', 1000 — 1500 cm™~'. In addition, expansion
coefficients along the diagonal axis of Fig. (2.1.1]) are not symmetric, not even
when their absolute values are compared |ay;| # |a;jx|. This demonstrates that
there is no one-to-one correspondence between normal modes of 5-carotene in
its electronic ground Sy and excited S5 state.

2.1.2 Absorption spectra of the S-carotene

The simulated absorption spectrum of (-carotene model with 282 normal
modes at different temperatures is shown in Fig. (2.1.2) along the experimental
B-carotene spectrum, measured in diethylamine at room temperature. The
absorption spectra have been normalized to their maximum value, as well as
aligned on the 0-0 transition band for easier comparison. We find the 282-
mode model spectrum to qualitatively reproduce position and amplitudes of
the first two absorption peaks, however, it greatly overestimates the amplitude
of vibrational peak progression at 300 K temperature.

The absorption of the high frequency modes displays non-trivial dependence
on the temperature, which is an effect of normal mode mixing. For major-
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Figure 2.1.2: Absorption spectra of the 3-carotene model at different temper-
atures. Experimental spectrum of S-carotene measured in diethylamine, as
well as the simulated spectrum of 2-mode model at room temperature are also
shown. All spectra are normalized to their maximum value and aligned on their
0-0 vibrational transition band.

ity of modes the average thermal energy is much smaller than the energy gap
between the vibrational mode energy levels kgT' < w, thus, for non-mixed
modes, dependence of absorption spectrum on temperature would be negligi-
ble. However, in Fig. (2.1.2) we observe strong dependence of absorption on
temperature. Thermally excited low frequency vibrational modes translate to
the excitation of the high frequency modes via normal mode mixing, which
results in a high intensity absorption shoulder at high energies.

For comparison, we also simulated absorption spectrum of the empirical 2-
mode (-carotene model at 300 K temperature. It includes only the C=C and
C-C stretching vibrational modes with no mixing between them with frequen-
cies 1522 ecm™1, 1157 ecm~! and displacements dc-c = 1.3, dc.c = 0.9, re-
spectively® As shown in Fig. (2.1.2), the 2-mode model fits first two peaks
well, but underestimates absorption intensities at higher frequencies.

To further compare the 282-mode and the 2-mode models, we look at their
stick absorption spectrum in Fig. (R.1.3) simulated at 0 K temperature. The
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Figure 2.1.3: Stick absorption spectra at 0 K temperature of the 282-mode and
the 2-mode models. Purely electronic transition energies are set to 0 cm~*. To
have finite width sticks, each spectrum have been convoluted with the Gaussian
function of 7 = 1 ps variance. The inset more closely shows low amplitude
sticks, they have been convoluted with 7 = 5 ps variance Gaussian.

inset more closely shows low amplitude sticks. The 2-mode model stick spec-
trum has a straightforward peak progression, the spectrum is a sum of each of
the two mode peak progressions. The 282-mode model spectrum has a more
complex structure. Even though each of the 282 modes have a small absorption
peak, the combined spectrum produces frequency regions with noticeable ab-
sorption intensity. These regions show clear overlap with the absorption peaks
of the 2-mode model at 1522 cm~! and 1157 cm™!, only this time, they are
due to the absorption of a large number of mixed normal modes.

Looking at smaller intensity peaks at higher energies in the inset of Fig.
(2.1.3), we find that the 282-mode model has absorption in the 3000 cm ™!,
4500 ecm~!, 6000 cm~! frequency regions as well, and they account for the
high frequency absorption tail seen in experiments. The 2-mode model has
stick peaks at these frequencies as well, and they visually look more intense
than the 282-mode model peaks. And yet, due to the normal mode mixing
when nonzero temperature is included, the absorption peaks in Fig. (2.1.2) at
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high frequencies become more intense. The strong absorption is produced by
the summation of a large number of weak intensity absorption peaks. Two har-
monic modes simply cannot account for absorption over a such a wide range
of frequencies.

2.1.3 Main outcomes of the Article [A[l]

We simulated and analysed the absorption spectra a [3-carotene molecule, ex-
plicitly considering all its 282 vibrational modes. To compute the vibrational
frequencies and amplitudes of normal modes in both the ground Sy and excited
So states, we employed the Density functional theory with the hybrid functional
B3LYP and the 6-311G(d,p) basis set. Subsequently, we used the D2 ansatz to
simulate the absorption spectra at various temperatures.

We found that there is no one-to-one correspondence between the ground and
excited state vibrational modes. The normal modes of different electronic states
are non-trivially mixed and should not be treated as being the same. Further-
more, we observed an strong dependence of the absorption intensity at higher
energies on model’s temperature, which can be explained by the mixing of nor-
mal modes.

Lastly, we observed that at 0 K temperature the strong absorption peaks of
the empirical 2-mode model qualitatively matches frequencies of the 282-mode
model. However, in the case of the 282-mode model, these peaks are the re-
sult of numerous weak transitions that accumulate to form a strong absorption
feature. While the presented 282-mode model qualitatively matches the ex-
perimental data, it overestimate the high frequency region. Nevertheless, it
provides substance ground for the origin of the empirical 2-mode model.
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Figure 2.2.1: PESs of internal conversion model.  Electron-vibrational
states |1,z) are coupled to the Morse potential Vi (x) =

(z+1.35) ) ) 2 . .
40 (1 — exp i )) while |2,z) states are coupled to harmonic

potential Vas () = % (z — 1.35)%. The coordinate space is discretized with
equidistant step-size of dz = 0.25 in the interval x € [—10,12]. Circular
and square markers denote the coordinate states |z) of the intramolecular
vibration mode. The chosen width of coordinate space is sufficient to include
all significant electron-vibrational wavepacket amplitudes during excitation
relaxation dynamics. Periodic boundary conditions for PESs are used.

2.2 Molecular internal conversion

We examine the molecular internal conversion process, specifically the relax-
ation of excitation from the high lying excited electronic state to the lower
energy excited electronic state of a single molecule. During the internal con-
version, the majority of the energy from the relaxed excited electronic state
is converted into the energy of intramolecular vibrational modes. This energy
should then redistribute among all vibrational DOFs within the model, includ-
ing both the intramolecular and the intermolecular modes of the immediate
molecular surrounding. To thoroughly capture the entire excitation relaxation
process, from start to finish, it is important to sufficiently accurately model
all the necessary DOFs. In our approach, mixing of molecular electronic and
intramolecular vibrational states are responsible for the internal conversion dy-
namics, while the intermolecular vibrational modes of the environment primar-
ily serve to absorb the generated thermal energy from intramolecular modes.
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2.2.1 Setup of the model

We consider a SB model, where each electronic state |n) is coupled to P
intramolecular vibrational modes. The vibrational modes p = 1,2,...,P
are described by their generalized P-dimensional PES V' (x), where * =
(x1,x2,...,xp) is a point in the P-dimensional coordinate space of in-
tramolecular vibrational modes. PESs can be different for each electronic state.
The surface associated with the state |n) will be labelled as an diagonal term
Vi (), while the non-diagonal terms V;,,,, () represent the nonadiabatic cou-
pling between two electronic states |n) and |m). It is well established that
the PESs V,,,, (z) of different molecular electronic states can get close to each
other in their energies (the avoided crossing region) or even cross each other
(the conical intersection)™¢, which permits non-radiative excitation relaxation
between different electronic states. Each intermolecular vibrational mode is
modelled as a QHO.

Internal conversion dynamics between two electron-vibrational states |1, z),
2, 2) with one-dimensional PES, as shown in Fig. (2.2.1) are investigated.
PESs of different electronic states are coupled by the linear nonadiabatic
electron-vibrational coupling Vi3 (z) = 1—103:. To facilitate vibrational energy
transfer from the intramolecular vibrational mode to the intermolecular modes,
we include the vibrational coupling Hamiltonian term

Hyye = ahan Y bnpgdpl, (2.2.1)
n p,q

where £, 1s a coupling strength parameter in units of energy. It couples coor-
dinates &}, of intramolecular vibrational mode to coordinates ig of intermolec-
ular modes. It is the lowest order coupling term for energy transfer, since the
bi-linear vibrational coupling term oc 2, would only redistribute oscillation
strengths, which could be equivalently represented by a new set of uncoupled
normal modes.

The model states will be represented by the sDy ansatz, which we formulated
in Section ([1.3.4). The excitation of the system is assumed to occur vertically,
i.e., the electron-vibrational system wavepacket is transfered from the ground
state potential surface into the excited state potential without undergoing any

changes. The initial excited electron-vibrational state amplitudes are then equal
x2
to @3 (x,0) = —=—e "2, &1 (2,0) = 0. The bath is assumed to be at 0 K

V2r
temperature, therefore, the bath amplitudes are 6; (0) = 1, 6237 (0) = 0, and
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CS displacements are set to \; ;4 (0) = 0.

2.2.2 Excitation energy relaxation dynamics

In order to track the processes of internal conversion and vibrational energy re-
distribution, we analyze dynamics of the total energy of electronic states ¢ (¢),
the total energy of intramolecular vibrational modes ey, (¢) and the energy of
intermolecular modes of the bath ey, (£), which are shown in Fig. (2.2.2).

In the case of an isolated system, we observe sporadic reversible mixing of
electronic and intramolecular vibrational energy, resulting solely from the free
evolution and mixing of electron-vibrational wavepackets on the potential en-
ergy surfaces V7 (x) and V. By including the bath and using the simplest CS
representation (M = 1), the energy mixing becomes harmonic, yet no energy
is transferred from the system to bath. The slight increase in the bath energy
is due to QHO reorganization in the excited states. When more superposition
terms are considered (M > 1), the internal conversion becomes irreversible,
i.e., the generated intramolecular vibrational mode energy is transferred to bath
QHOs without it being converted back into electronic energy. The dynamics
become converged when M = 5 terms are included.

When only a single CS is considered (M = 1), the total lack of energy ex-
change between the intramolecular and bath QHOs indicates that the necessary
eigenstates of QHOs are not able to be represented by the sD2 ansatz. We want
to highlight the fact that the energy of CS is not limited in any way and is
simply proportional to the displacement |)\\2. Therefore, the lack of energy
transfer is imposed strictly by the insufficient representation of the necessary
eigenstates. When the eigenstates become present, by considering state repre-
sentation by the superposition of several CS, energy absorption by the bath is
observed.

2.2.3 Wavepacket evolution

To investigate how representation of QHO states changes as the ansatz depth
increases, in Fig. (2.2.3) we display dynamics of a single QHO coordinate
and momentum variances, as well as their arithmetic average. In the case of
M = 1, both variances are expectedly equal to 0.5 and remain constant in time,
since the wavepacket is strictly Gaussian. For M > 1, we observe asymmetric
oscillations between the coordinate and momentum variances, and the average
variance surpasses that of the Gaussian. This suggests that the wavepacket
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Figure 2.2.3: Time dependence of frequency w = 0.5 QHO’S coordinate (792< (t)

momentum ag (t) variances and their arithmetic average E?c, , (t), computed

with the sDo ansatz of depth M.

broadens and is slightly squeezed along the momentum axis.

2.2.4 Main outcomes of the Article [A]

We employed the sD» ansatz to simulate the molecular internal conversion pro-
cess. Specifically, we focused on the relaxation of excitation from the high ly-
ing excited electronic state to the lower energy excited electronic state. In our
model, the internal conversion dynamics are induced by the mixing of molec-
ular electronic states and intramolecular vibrations, while the intermolecular
vibrational modes of the environment primarily serve to absorb thermal energy
from intramolecular modes.

By examining the time evolution of the electronic, intramolecular and in-
termolecular vibrational energies, we found that the proposed model captures
internal conversion relaxation process. The energy exchange, induced by the
non-linear coupling term Eq. (R.2.1)), between vibrational modes occur if the
eigenstates of the intermolecular modes are represented in terms of CS super-
position. The resulting wavepacket of intermolecular modes becomes broader
and asymmetrically squeezed compared to a Gaussian wavepacket.

The observed wavepacket features are impossible to represent using a single
CS, therefore, the most basic representation using the Dy ansatz is not suffi-
cient, a more sophisticated ansatz, such as the proposed sDs ansatz, is required,
otherwise, direct energy transfer from intramolecular to intermolecular vibra-
tional modes is suppressed.
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2.3 Excitation relaxation in molecular aggregates

Absorption spectrum and excitation relaxation dynamics of a linear molecular
aggregate are key quantities that may serve for establishing relation between
parameters of theoretical models and experiments. Molecular aggregate elec-
tronic properties significantly depend on the transition dipoles, whether the
dipoles are in the head-to-tail configuration, which are called J-type aggre-
gates, or in the side-to-side configuration, termed H-type aggregate 1712117,
In a J aggregate, excitation by an external electric field excites the lowest en-
ergy excitonic state, therefore, energy relaxation dynamics are minimal and the
absorption spectrum is dominated by the exchange narrowing effect!22-124_ [t
effectively reduces electron-vibrational coupling strength and the shape of the
spectrum become similar to that of a single molecule. Meanwhile, in an H ag-
gregate, external fields excite the highest energy excitonic state, thus, various
available electron-vibrational energy relaxation pathways make H aggregate
spectra more complicated than that of the J aggregate with non-trivial spectral
line shape 122124,

To simulate absorption spectra of H and J-type molecular aggregates, we use
the mD ansatz presented in Section ([1.3.3). The ability of ansatz to represent
complicated electron-vibrational eigenstates of molecular aggregates depends
on its depth M. When M = 1, the mDs ansatz reduces to the Do ansatz,
which has EOM that are considerably easier to solve. Therefore, it is crucial
to determine if the Do ansatz is sufficient to simulate molecular aggregates and
in what regimes of model parameters. If not, then it is necessary to understand

the appropriate minimal depth of the mD, ansatz.

2.3.1 Absorption spectra convergence using the mD, ansatz

We consider an aggregate composed of N = 10 identical molecules. The
nearest neighbour coupling between them is J, ,41 = J = £500 em™ L,
and the aggregate is in an open chain configuration with boundary conditions
Jni1 = Jiny = 0cm™l. A positive sign of J coupling result in an H-type
aggregate, while a negative sign yields an J-type aggregate.

Each molecule is coupled to one intramolecular vibrational mode with a fre-
quency wg, = w = 500 cm~! and Huang-Rhys (HR) factor S = g%g =1,
which defines the electron-vibrational coupling strength. The electronic transi-
tion dipole moment vectors of molecules are identical and set to pt,, = (1,0, 0).

The initial thermal energy of vibrational modes is kgT" = wy,/2, which corre-
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Figure 2.3.1: Absorption spectra of the H and J-type model aggregate simulated
using the mD» ansatz with depth M = 1...7. Purelly excitonic spectra are
obtained by excluding the bath. The spectra consists of a main absorption peak
at an energy ~ 2J and N — 1 additional peaks with lower amplitudes, which
are result of the aggregate being in an open chain configuration.

sponds to a temperature of 7" = 360 K.

The simulated absorption spectra for the H and J-type aggregates, including
their excitonic spectra, are presented in Fig. (2.3.1]). We observe that absorption
spectra of both aggregate types converge with a depth of M = 7 when using
the mDs ansatz. Spectra obtained with a higher depth, up to M = 11, yielded
quantitatively identical results. The vibrational side-peaks on the higher energy
side of excitonic peaks arise from the combined electron-vibrational transitions
from vibrational states of QHOs with 0 quanta to states with n > 0 quanta. On
the lower energy side of excitonic peaks, absorption intensities due to transi-
tion from the n to m < n quanta are present, which are populated due to the
nonzero temperature of the model. The absorption peak widths result from de-
phasing between electron-vibrational states induced by the coupling to the bath
fluctuations.

For the H-type aggregate, the spectrum of the M = 1 depth has absorption
peaks at frequencies similar to the converged spectrum (M = 5), however,
peak intensities are incorrect, and some are even negative. By increasing the
depth, already at M = 3, absorption peak intensities become strictly posi-
tive, and the overall absorption line shape qualitatively matches that of the
converged spectrum. For the J-type aggregate, by increasing the depth, the
whole absorption spectrum shifts to the lower energy side, while qualitatively
retaining the main peak shape and intensity. Changes of absorption peaks due
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Figure 2.3.2: The discrepancy metric D (M) as a function of the mDs ansatz
depth M of the H-type molecular aggregate model for a range of dimensionless
parameters J /w, kgT'/w.

to transitions to the higher energy excitonic are more pronounced. In addition,
unlike for the H-type aggregate spectrum, all absorption peaks are positive,
even when M = 1.

2.3.2 The mD; ansatz depth dependence on model parameters

Next we want to answer the question of whether the required depth of the mDy
ansatz, to obtain convergent absorption spectra, is dependent on the parameters
of the model. Although the absorption line shape is affected by all model pa-
rameters, we focus on investigating the influence of the nearest neighbour cou-
pling J, the thermal energy kg7, and the vibrational mode frequency w. To do
so, we considered the dimensionless frequency-normalized coupling .J /w and
the thermal energy kg7 /w. We did not account for the influence of the HR
factor of vibrational modes, but we keep it set to a high value of S = 1, to have
a challenging molecular aggregate model.

In order to quantify the convergence of absorption spectra, we use the dis-

crepancy metric, defined as

D (M) = ;[/dw\/(A (w, M) — A (), (2.3.1)

where A (w, M) is the absorption spectrum obtained using the mDs ansatz with
depth M and A (w) = A (w, M = 11) is the converged reference spectrum. N

51



1s the normalization factor, which ensures that 0 < D < 1.

We focus on the convergence of absorption spectra of the H-type molecular
aggregate because its peak frequencies remain mostly unchanged, allowing the
discrepancy metric to accurately capture intensity variations. Fig. (2.3.2)) dis-
plays D (M) for a range of depths. We find that the discrepancy significantly
depends on the model parameters for a given depth. When M = 1, the discrep-
ancy is always high regardless of the model parameters. When M = 2...5,
high-discrepancy regions are observed at low temperatures, irrespective of the
coupling strength, as well as at high temperatures with weak coupling.

The high discrepancy at high temperatures can be attributed to the fact that
more CS are needed to represent QHO eigenstates with n > 0 vibrational
quanta, which are excited by thermal energy. In the case of low temperatures,
equilibrium coordinates of vibrational modes become significantly displaced in
the excited state. The high displacement causes the wavepacket of an excited
aggregate to relax via a complicated energy surfaces of electron-vibrational
states. This results in changes to the wavepacket and/or splitting between
electron-vibrational surfaces, which require many CS to be represented accu-
rately. It is difficult to pinpoint a single reason for the increased discrepancy
in any specific case of model parameter because many aspects of eigenstate
representation are intertwined.

2.3.3 Main outcomes of the Article [AB]]

We used the numerically exact mDs ansatz to simulate absorption spectra of H
and J-type molecular aggregate made up of 10 identical monomers in order to
examine convergence of the ansatz over a wide range of temperatures and the
nearest neighbour coupling strengths.

We found that it is necessary to use the mDs ansatz with at least 7 superpo-
sition terms. The D9 ansatz, which reduces from the mD5 ansatz with 1 super-
positon term, but has less complex EOMs, is insufficient across all considered
model parameter regimes. Specifically, for H-type aggregates, it is necessary to
use the multiple-type ansatz to achieve a positive absorption line shape and ac-
curate peak intensities. For J-type aggregates, increasing the depth of the mD»
ansatz predominantly results in a redshift of the absorption spectrum, while the
overall line shape remains qualitatively unchanged.

It is difficult to pinpoint a single reason for the necessity to use the mDy
ansatz, however, it can be attributed to having to represent QHO eigenstates
with high quantum number at high temperatures, as well as to allow for decou-
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pled time evolution of excitation wavepacket on different electron-vibrational
states.
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2.4 Vibrational frequency shift

The standard SB model, introduced in Section ([L.1}), assumes that frequencies
of vibrational modes in the aggregate’s excited state are identical to those in the
ground state. However, experimental studies, as well as theoretical modelling,
suggest that these frequencies differ. In this section, we will explore effects and
modelling of the quadratic SB coupling term of Eq. ([[.1.16), which emerges
as a result of assuming that QHO frequencies in the excited state wy,, become
shifted with respect to frequencies wy q in the the ground state.

We will examine the impact of frequency shift on both absorption and fluo-
rescence spectra of molecular aggregates. While we have described the fluo-
rescence response function for simulating fluorescence spectra in Eq. (.6.23),
the initial state of the excited molecular aggregate ¥* (0) from which emission
takes place, has not yet been defined. Therefore, in the next Section (R.4.1)),
we propose an approach to generate thermal equilibrium states by solving a
numerical optimization problem. The results of this approach will be analysed

in Section (2.4.2).

2.4.1 Numerical optimization approach for simulating fluorescence
spectra

The energy of the SB model in a state ¥* (0) is given by
EE(0) = (UF (0) |H|TE (0)). (2.4.1)

In the case of temperature 7' = 0 K, vibrational mode thermal fluctuations
are absent. Therefore, fluorescence occurs from the lowest energy equilibrium
state of the aggregate

U, = UF(0) |70k, (2.4.2)
energy of which we denote as
Ey = E* (0) |r=ok- (2.4.3)

Then, following from Eq. ([.6.23)), the fluorescence response function at 7' =
0 K can be rewritten as

Su (1) 7ok = (U5, [V (t) i1 Vs (8) | TE,). (2.4.4)
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Notice that Eq. (2.4.4) no longer averages over the ensemble of wavefunction
trajectories. This is because the \II%O state is exclusively a function of the model
Hamiltonian and the free parameters of the ansatz, without any dependence on
statistical sampling of initial thermal state parameters.

The lowest energy state \II%O is deduced by solving the numerical problem of
minimizing the energy, given by Eq. (2.4.1)), of the excited aggregate in terms
of the chosen ansatz free parameters. We found the heuristic adaptive particle
swarm optimization algorithm 123126 to be well-suited for the problem.

In the case of a nonzero temperature (7' > 0 K), thermal fluctuations of
vibrational modes must be accounted for. Thus, by allowing molecular aggre-
gate to relax during the equilibration time 7., see Eq. ([L.6.19), the model will
eventually relax into one 7-th of many available equilibrium thermal states

Uy = 95 (0) 70k, (2.4.5)
with energies
Ery = B3 (0) 70 k- (2.4.6)

The average energy (E7) of the ensemble of equilibrium thermal states Er
is larger than Ey because of thermal fluctuation energy.

The fluorescence response function at a nonzero temperature (' > 0 K),
following from Eq. (2.4.4), can be expressed as

S () o k = (W, VL (1) i Vo (1) - 195,) ) (2.4.7)

and is obtained by averaging over an ensemble of equilibrium thermal states of
Eq. (24.9).

In order to generate \I/%T , states, we impose energy fluctuations of vibra-
tional modes to the equilibrium state \I/%O. Energy fluctuations are introduced
by applying perturbations 6\, to CS displacements of the \IJ%O state, while
keeping all other ansatz parameters fixed. Our objective is to find states U5,

Y
which have energies equal to

Er, ~ FEy+ 0E,, (2.4.8)
where the perturbation energy in terms of CS displacements is

0By =Y wig |0Mkql” (2.4.9)
k,q
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Necessary CS displacements are obtained by repeatedly sampling the Glauber-
Sudarshan distribution of Eq. ([L.5.1)) until the energy equality of Eq. (2.4.8)
is satisfied within precision of 0.1 cm~!. If the QHO frequency shift is as-
sumed, as discussed in Section ([L.1.1]), the frequencies in Eq. (2.4.9) should be
substituted with frequencies in the excited state wy, — wy, ”

2.4.2 Absorption and fluorescence spectra with frequency shifts

In this section we will investigate the ability of three ansitze with increasing
sophistication, namely the D9, sqD, and mDs, to account for the effects of
vibrational mode frequency shift upon excitation of a molecular aggregate.

Consider a single molecule (monomer) with an intramolecular vibrational
mode of frequency w? = 1000 cm~! in the ground state. In the excited state,
frequency becomes w® = w9 + Aw and HR factor S = 1. In Figs. (2.4.1a,
b) we present the simulated absorption spectra using the D, sqD, and mD»
ansitze with frequency shifts Aw equal to —250 cm~! and 0 cm 1.

When Aw = 0, all three ansatze produce identical spectra. However, when
Aw = —250 cm™1, spectra simulated using the Dy, sqD,, ansiitze have neg-
ative intensities at frequencies of ~ 2250 cm™!, indicating their inability to
fully capture the effects induced by the frequency shift. In contrast, the mD2
ansatz produce a strictly positive spectrum. By examining the absorption peak
progression intensities in Fig. (2.4.1ja), we find that frequency shift changes ab-
sorption peak frequencies (direction of change are indicated by arrows), which
effectively decreases the vibrational mode HR factor when Aw < 0 and in-
creases it when Aw > 0 (not shown).

In Figs. (2.4.1lc, d) we plot absorption spectra of a dimer consisting of two
monomers with an electronic coupling Ji2 = —500 cm™! between them.
When the frequency shift is Aw = 0, we find a mismatch between spectra
simulated using the D2, sqD, ansétze and the mD» ansatz. This indicates that
the former two ansétze are unable to accurately represent electron-vibrational
states induced solely by the electronic coupling. The mD» spectrum has an
absorption line shape dominated by the exchange narrowing effect!2! which
reduces HR factor compared to the monomer in Fig. (2.4.1b). The Dy, sqD,
ansdtze spectra reproduce the exchange narrowing effect, but have additional
secondary peaks not present in the mD» spectrum. Simillar observations can be
drawn by examining spectra with Aw = —250 cm~!. However, in this case,
the Dy and sqD, ansitze produce spectra without negative intensities.

Now, in Figs. (2.4.1le, f) we present fluorescence spectra of the dimer. When
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Figure 2.4.1: Absorption spectra of (a, b) a monomer, as well as (c, d) ab-
sorption and (e, f) fluorescence spectra of the dimer with frequency shifts Aw
simulated using the D, sqD, and mD, ansitze. For the mD; ansatz, the depth
is M = 5. Arrows indicate the direction of the peak frequency shift compared
to the case where Aw = 0.

57



Table 2.1: Energy Eqy of the equilibrium state \Il%o of the dimer model de-
duced using the numerical minimization approach with the D2, sqD, and mD2
ansitze. The depth of the mDy is M = 5. The values are in units of cm 1.

Aw Do sqDy mDs
—250 -9563 -959.9 -1119.2
0 -1125.0 -1125.0 -1284.7

Aw = 0, the Do and sqD, ansitze yield identical spectra, but differ from the
spectrum obtained with the mD5 ansatz in both the fluorescence peak intensities
and frequencies. We have already seen that the Dy and sqD, ansétze are un-
able to reproduce spectral features of absorption spectra of both the electronic
coupling and the quadratic electron-vibrational coupling. Additional discrep-
ancies are revealed by examining the lowest energy equilibrium state energy,
FEy, given in Table (R.1]), as described in Section (2.4.1)).

When frequency shifts are absent (Aw = 0), the D2 and sqD,, ansitze can
represent the equilibrium state with an energy of —1125.0 cm™!, while the
mD, ansatz represent a state with energy equal to —1284.7 cm~!. This equi-
librium state energy difference explains the observed shift in energies between
peaks simulated using the three ansitze in both the absorption and fluorescence
spectra. When Aw = —250 cm™!, the sqD, ansatz manages to represent a
slightly lower energy equilibrium state, compared to the Do ansatz, showing
that additional DOFs provided by squeezing of CSs can capture some aspects
of the quadratic electron-vibrational coupling. However, it still is unable to
adequately account for the electronic coupling between molecules.

2.4.3 Fluorescence spectra temperature dependence

In the previous section, we examined the effects of frequency shift on high
frequency intramolecular modes. In this section, we investigate its effects on
an overdamped phonon mode bath, which is described by the Drude spectral
density function, C}, (w) = w?/ (w? +~?) with the damping constant 7y =
100 cm™!. The electronic molecular coupling is J12 = —50 cm~!. Each
local bath QHO frequencies wiy, span from the 0.1 cm~! to 490.1 em~! with

a step-size of 10 cm™1.

Reorganization energies are A, = 100 cm™!. We
will compare the simulated absorption and fluorescence spectra in two cases:
when the QHO frequencies in the molecular excited state remain unchanged

(wy,, = wig) and when frequencies are reduced by 5% (wy,, = 0.95 - wijy).
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Figure 2.4.2: The simulated absorption and fluorescence spectra of a J-type
dimer coupled to the overdamped phonon bath with frequencies of vibrational
modes in molecular excited states, wy,,, being equal to (a, ¢) 0.95 - whq and (b,
d) wig. Spectra with various bath temperatures are shown. The mD5 ansatz is

used with depth of M = 5.
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As shown in the Article [AH], the simulated spectra of this model are qual-
itatively equivalent regardless of the ansatz used. This holds true for both the
absorption and fluorescence spectra. Therefore, we examine the absorption
and fluorescence spectra simulated only using the mD» ansatz shown in Fig.
(2.4.2). Spectra are simulated for both frequency shift cases and at various
temperatures. We observe effects of spectral broadening with increasing tem-

e
nq

shift which affects the whole spectrum by shifting it to lower energies, and a

perature, as well as two types of spectral shifts when w¢, = 0.95 - wy,: a static
temperature-dependent fluorescence peak shift. In addition to these, the fluo-
rescence peak also drifts to lower energies with increasing temperature, even
when the frequency shift is excluded (wg,, = why).

2.4.4 Main outcomes of the Article [AH]

We proposed a numerical optimization-based approach to determine equilib-
rium states of excited molecular systems, which are necessary for simulating
fluorescence spectra. Using the Do, sqD, and the mDs ansétze, we simulated
the absorption and fluorescence spectra of a J-type molecular dimer.

We found that neither the Dy ansatz nor the sqD,, ansatz can accurately repro-
duce the absorption and fluorescence spectra of the dimer with high frequency
intramolecular vibrational modes, not even when vibrational frequencies are
the same in the ground and excited states. For a J-type dimer coupled to an
overdamped phonon bath, the simulated absorption and fluorescence spectra
are qualitatively equivalent regardless of the ansatz used.

The energy gap observed between the peaks in the spectra simulated using
the D2, sqD, and the mDs can be explained by the ability of the mD5 ansatz
to represent the lowest energy equilibrium state of the model. While the sqD,
ansatz captures some changes in the equilibrium state induced by the quadratic
electron-vibrational coupling, both the sqD, and Dy fail to account for changes
due to the electronic coupling between molecules.
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3 THERMALIZATION OF SYSTEM-BATH MODEL

An important aspect of modelling a constant temperature thermostat as a collec-
tion of QHOs is its heat capacity. Ideally, the energy required to significantly
raise the temperature of the bath QHOs, which are in resonant with the system
states, should be much greater than the energy of the electronic and thermal ex-
citations in the system. Otherwise, the in-resonant QHOs can become highly

excited'??, which changes its temperature”?

. This, in turn, can result in ar-
tificially broadened spectra, changes to excitation relaxation rates and other
associated effects. This is particularly important for simulations at low tem-
perature because it takes relatively small amount of energy to rapidly increase
temperature of QHOs™. In Nature, the thermal energy from hot vibrational
modes redistributes among all DOFs of the physical system. However, in ma-
jority of SB models, QHOs of the bath are considered as independent normal
modes. Consequently, no direct energy exchange between vibrational modes
of the bath is possible. In most cases, the bath heating effects are undesirable
as the bath is supposed to represent a constant temperature thermostat.

Therefore, in this chapter we propose a numerical thermalization algorithm,
which address this shortcomings in Section (B.1]), we formulate a thermaliza-
tion algorithm for the D5 ansatz. Then in Section (B.1.1)) we examine its abil-
ity to dynamically control the temperature of a single QHO, while in Section
(B.1.2) we apply it to a molecular trimer model and investigate thermalization
effects on excitonic relaxation dynamics. The thermalization algorithm for the
D, ansatz is not straightforwardly applicable to the more accurate mDs, there-
fore, in Section (B.2) we extend the thermalization algorithm to be used with
the mDy ansatz. Thermalization effects on excitonic relaxation dynamics using
the mD, ansatz is examined in Section (B.2.1)). Lastly, in Section (B.2.2) we
demonstrate how the presented thermalization algorithms can be used to gener-
ate the equilibrium states of excited molecular aggregates, which are necessary
for simulation of fluorescence spectra.
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3.1 Thermalization algorithm for the D, ansatz

To thermalize the bath, we extend the standard SB model by introducing a sec-
ondary bath. We will refer to local baths as being primary baths. The secondary
bath is treated implicitly, meaning that its effective heat capacity is infinite,
therefore it maintains a constant temperature 7., which can be different from
the initial temperature of the primary bath. The primary baths interact with the
secondary bath through stochastic scattering events, or quantum jumps 128129,
which changes kinetic energies of vibrational modes of the primary baths.

The scattering statistics follows a Poisson distribution

1 —TscV,
Prq (0,75) = @(rscukq)ee eVka (3.1.1)

which describe the probability of observing € scattering events per time interval
Tsc With the individual scattering rate v/,,,4. Numerically, Poisson statistics are

130,131

realised by simulating Bernoulli processes in the limit of 7y, — 0, while

maintaining condition that v,,475c < 1. To simulate the scattering events, we
divide wavefunction propagation into equal time length 7. intervals

t; = (iTse, (i 4+ 1) 7e], i = 0,1, .... (3.1.2)

At the end of each interval, for every mode in the primary bath, we flip a biased
coin with the probability v,,,7 of landing heads. If the coin lands heads, we
change the momentum of the vibrational mode. Otherwise, no changes are
made.

The CS displacement can be defined in terms of the QHO’s average coordi-
nate xg, and momentum Dhq a8

Mg () = = (1 8) + i 1) (3.13)

Therefore, if the coin lands heads, we change momentum of the scattered mode

in Eq. (B.1.3) with
Prg (1) = (ALlBralAL,) = v2Im (AT, (1)) , (3.1.4)

where |)\fq> is a CS sampled from the Glauber-Sudarshan distribution of Eq.

(L5.1)), and .
L i ot “
Pkq = \/5 (bkq - bkq) 5 (315)
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is the momentum operator. Sampling the Glauber-Sudarshan distribution for a
vibrational mode state in the excited electronic state is an approximation since
the vibrational modes in the excited state are not independent. The actual ther-
mal equilibrium distribution should also take into account the coupling between
the system and the bath.

The converged thermalization statistics are obtained by applying the ther-
malization algorithm to every trajectory of the thermal ensemble. To prepare
for the simulation, a list of scattering times, at which the numerical simulation
must be paused to perform scatterings, can be precomputed prior to starting the
simulation by drawing probabilities for all time intervals ¢;.

3.1.1 Time evolution of the thermalized primary bath

To understand how the proposed thermalization algorithm changes the tem-
perature of the primary bath over time, we will first apply thermalization to
a monomer coupled to the bath. This will allow us to study dynamics of the
primary bath without complications resulting from excitation relaxation, which
will be examined in the next Section (B.1.2).

The primary bath consists of () = 750 vibrational modes with frequen-
cies, wgg = 0.01 + (¢ — 1) Aw, where step-size¢ Aw = 1 cm™!. The ini-
tial primary bath temperature is 7" (0) = 300 K and, demonstration purposes,
we set the constant temperature of the secondary bath below the temperature
of the primary bath, at 7., = 200 K. To characterize the bath fluctuations,
the super-Ohmic spectral density function C” (w) = w?/w, exp (—w/w) with

1

we = 100 cm™! is used. The reorganization energy is A, = 100 cm~!. We

consider scattering rates of all modes to be equal v/,,,, — v and set the scattering
step-size to Tgc = 0.01 ps—L.
The transient temperature of the primary bath can be estimated”® by com-

puting the average kinetic energy of QHOs, given by

(Fig (1)) = 1/0 @ (W (14 )[R+ ), G

over some time resolution interval, €, where py, is the momentum operator of
Eq. (8.1.3). The transient temperature of the primary bath is then equal to

Q
-t -1 Wk
Ty (t) = e §q Wiq In <1+ 3 R (7 6»). (3.1.7)
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Figure 3.1.1: (a) The average trajectory in the coordinate-momentum phase
space of QHO with a frequency of w = 100 cm™! and (b) the primary bath
temperature 7" (t) with various scattering rates v. The scattering step-size is
Tse = 0.01 ps, the transient temperature resolution is ¢ = 50 fs. The thermal
ensemble consisted of 5000 trajectories.



In Fig. (B.1.1)), we show the time evolution of the average trajectory of the
QHO with frequency w = 100 cm™~! in its coordinate-momentum phase space,
given by

(2 () ,p () = VZ((ReA (), (ImA (1)), (3.1.8)

as well as the average temperature of the entire primary bath 7' (¢). These
bath properties were simulated with various scattering rates, v. We find that
in the absence of thermalization, the QHO evolves along a closed trajectory
around the shifted potential minimum point, z™" ~ 0.09, and the temperature
of the primary bath remains unchanged. Once the thermalization algorithm is
applied, we find that the trajectory of QHO tends towards the stationary point in
the coordinate-momentum space. The average coordinate evolves towards the
potential minimum point, while the average momentum approaches zero. The
rate of relaxation can be adjusted by changing the scattering rate. The loss of
QHO’s kinetic energy is reflected in the decay of the primary bath temperature.
It gradually tends towards the temperature of the secondary bath 7)., = 200 K.

3.1.2 Thermalized excitation relaxation using the D, ansatz

Let us now examine the impact of the thermalization on electronic excitation
relaxation dynamics. We will consider the linear trimer model, which consists
of three coupled molecules with excited state energies 1.3 equal to 0, 250 and
500 cm ™! and the nearest neighbour couplings set to Jy 2 = Jo 3 = 100 cm!
with the boundary condition J3; = 0. This setup results in an energy fun-
nel configuration of excited electronic states. The molecular electronic dipole
moment vectors in the Cartesian coordinate system are p,, = (1,0,0), which
classifies the trimer as an H-type molecular aggregate'2!.

Each molecule interact with its own primary bath, described by the same
parameters as previous in the Section (B.1.1)); the only difference is the bath
discretization step size Aw. We consider three bath models: the dense bath
model, where the spectral density function C” (w) is discretized into Q = 75
oscillators per primary bath with step size of Aw = 10 cm™!; the sparse bath
model, where the number of modes is reduced to just ) = 15 per bath with
Aw = 50 cm™!; and the sparse bath with thermalization model, where the
C" (w) is discretized according to the sparse bath model, and thermalization is
used. The initial temperature of the primary baths now is T} (0) = 77 K.

In the absence of the bath, the system has three single-excitation station-

ary excitonic states with energies: £$° ~ —37.23 cm™!, ¢ = 250 cm™1,
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£5X¢ ~ 537.23 cm~ L. We denote the probability of finding aggregate in its n-th

€XC

excitonic state as pS

(t), also known as the population. In terms of the Do

ansatz free parameters, the excitonic state populations are given by

P () = (DTN ok (1) cu (1)) (), (3.1.9)

k.l

where ®7*¢ are the excitonic eigenstates, see Eq. (1.1.9). The initial exci-
tonic state populations correspond to the optically excited highest energy state:
§5° (0) = L, p55 (0) = 0.

Fig. (B.1.2) shows population dynamics of excitonic state and temperatures
of primary baths in the trimer consideredwith the three different bath models.
The fluctuations of QHOs in the primary baths induces dephasing between ex-

102,84

citonic states, which causes population relaxation to be irreversible . Con-

sequently, exciton populations sequentially relax to lower energy exciton states

1327134 Most of the excitation energy is

until reaching the lowest energy state
transferred to vibrational modes of primary baths.

In the case of the dense bath model, the excitation almost entirely relaxes
into the lowest energy excitonic state. Whereas, in the case of the sparse bath
model, the final population distribution is significantly different from that of
the dense bath model. The origin of this discrepancy is two-fold. Firstly, the
bath recursion time'3? ¢,.. = 27 /Aw for the sparse bath model is shorter than
the considered propagation time ¢ < 2 ps. At the time of ¢, QHOs of the
primary bath artificially synchronize into the initial state of the bath, which
negatively affect system dynamics. Secondly, the temperature of the primary
baths in the sparse bath model increases significantly more because heat ca-
pacity of the sparse bath is lower. The initial rapid rise in temperature can be
attributed to QHOs’ reorganization in the excited states of the trimer, while the
subsequent slow rise is caused by the energy transfer from the system to the
primary baths. Both of these problems are addressed in the model of the sparse
bath with thermalization of scattering rate v, = 1 ps L

By looking at Fig. (B.1.JE), we find that population dynamics of the ex-
citonic states and the population distribution of the equilibrium state at long
times become quantitatively comparable to the population distribution of the
dense bath model. Due to the stochastic nature of the QHOs dynamics when
thermalization is applied, the bath recursion time effectively becomes infinite
if the scattering rate is sufficiently high. Furthermore, the initial rise in bath
temperatures is now lower and continuously reduces.
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Figure 3.1.2: The trimer model exciton state populations pS*® (¢) and tempera-

tures T}, (¢) of the primary baths of (a, b) the dense bath model, (c, d) the sparse
bath model and of (e, f) the sparse bath model with thermalization.
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3.1.3 Main outcomes of the Article [AE]

We proposed a thermalization algorithm to be used in conjunction with the
D, ansatz. It performs stochastic scattering events during the time evolution
of the ansatz, which changes its free parameters. This approach enables us to
control the temperature of the model by dynamically steering vibrational modes
towards their canonical thermal equilibrium of the desired temperature.

We applied thermalization to the simulation of the excitation relaxation dy-
namics of the molecular trimer and demonstrated that we are able to signifi-
cantly reduce the required number of vibrational modes in the bath and resolve
the associated problems stemming from the usage of low number of vibrational
modes.
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3.2 Thermalization algorithm for the mD, ansatz

In our thermalization approach, we sample the new state of a scattered mode
from the Glauber-Sudarshan distribution in Eq. ([I.5.1}). The sampled states
have Gaussian wavepackets and can be exactly represented by a single CS. The
fact that the Do ansatz is only able to represent Gaussian wavepackets makes
changing states of QHOs straightforward.

Meanwhile, wavepackets of the mDs ansatz are not limited to Gaussians.
Therefore, it becomes almost impossible to represent the newly sampled Gaus-
sian state of the scattered mode without simultaneously altering the properties
of all the non-scattered modes. This is because any property of vibrational
mode is a complex function of all free parameters of the mD, ansatz, e.g., see
Eqgs. (B.2.9), (B.2.6) for the average coordinate and momentum of a QHO. To
adapt the thermalization algorithm of the Dy ansatz for the mDy ansatz, several
modifications are required.

Whenever a scatterings event occurs, we project the mDs ansatz into the
D, ansatz form and only then modify the states of the scattered modes. This

follows the concept of decoherence 3¢

, Where the macroscopic environment
interacts with the quantum system and causes the wavefunction to collapse into
a set of preferred states. In our case, the prefered states are defined by the D>
ansatz. Afterwards, the wavefunction is projected back into the mDy ansatz
form, and the time evolution of the model is continued.

The projection operation is defined as follows. Let us assume that the state of
the SB model at the time of a scattering event is given by the mDy ansatz with
amplitudes o ,, (t) and CS |; (¢)). The target projected Dy ansatz is defined

as

Zﬁn ) [n) @ X (t), (3.2.1)

where (3, are the projected complex amplitudes and |X (t)) is the projected
multi-dimensional CS.
The projected complex amplitudes are equal to

Z Qi () (X () [N (1)), (3.2.2)
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and the projected multi-dimensional CS is defined as
N7Q
X(0) =exp Y (Mg (OB, — Ny (1) beg ) 10)uie (3.2.3)
k.q
It is expressed in terms of complex CS displacements

Skg () = \2 (hg (£) + ipig (£)) (3.2.4)

where x, (t) and py, (t) are the coordinate and momentum averages of QHO:

M,M,N N,Q
1
Thg =—r O ninNIA) Y (A + Ajkg) (3.2.5)
\/§ ivjvn k,q
. M,MN N,Q
Pha =7 O ainNilA) D (Mg = Ajkg) - (3.2.6)
\/é i?j?" k‘,q

(Ai]A;) is the overlap of two CS and is given by Eq. ([L.3.30).
Once the projected state v (t) is determined, we modify the scattered QHOs
by setting their momenta in Eq. (3.2.4) to

prg (£) = v2Im (3F,) (3.2.7)

where |5\fq> is a CS sampled from the Glauber-Sudarshan distribution of Eq.
(L5.1)). The coordinates T4 of both the scattered and non-scattered modes
remain unchanged.

Now, we project the Dy ansatz back into the mD» ansatz form, given by
Eq. (1.3.21)). We do it by setting amplitudes and CS displacements of the first
(¢ = 1) populated multiple as:

a1 () = Bn (1), (3.2.8)

Alkg (1) = Akq (1), (3.2.9)
while amplitudes of the unpopulated multiples are set to
j=2,. Mn (t) = 0. (3.2.10)

The CS displacements of the unpopulated multiples (j = 2, ..., M) are posi-
tioned in a layered hexagonal pattern around the CS displacements of the pop-
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ulated multiple, given by Eq. ([1.6.12). Once the mD, ansatz is computed, the
scattering event is concluded, and the time evolution of the ansatz is continued
until the next scattering event.

A few comments are in order. The projection operation should not occur too
frequently because it takes time for the mD5 ansatz, after the scattering event,
to become once again correlated between its many multiples. If the projection
is performed too frequently, the initially unpopulated multiples (j = 2, ..., M)
will not have enough time to contribute to the dynamics of the model. In such
case, the mDs ansatz would essentially behave like the Dy ansatz, just with a
more complex definition. The average interval between projection operations
depends on the scattering rate, see Eq. (B.1.1)).

To reduce the rate of projections in the thermalization algorithm of the mD»
ansatz, we adopt a coarse scattering approximation. Instead of considering the
scattering probabilities of individual oscillators v, as was the case for the Do
ansatz, we now consider events where all QHOs of certain local baths are scat-
tered simultaneously. In other words, the scattering events become vibrational
mode independent, and the scattering rates now are v, — 1. This coarser
approach requires a single projection operation to scatter multiple oscillators
at once, enabling us to consider lower scattering rates and increase the time
to the next scattering even of the model. As we will see, this approximation
allows the mD» ansatz to continue utilizing all its multiples to maintain the su-
perior accuracy over the Do ansatz, while simultaneously to benefit from the
thermalization process.

While the projection from the mDy ansatz into the Dy ansatz may be con-
sidered crude, resulting in an oversimplified wavefunction, it is important to
note that this projection exactly preserves the values of average coordinates
and momenta of the QHOs, while affecting only the variance and higher-order
moments of canonical variables. However, the majority of SB models rely pri-
marily on the linear coupling between the system and the average coordinates
of QHOs, which are maintained exactly during the projection. As a result, the
expected discrepancy introduced by the infrequent projection on the dynamics
of the model should minimal. The higher-order couplings become necessary
when anharmonic vibrational modes or changes to their frequencies upon ex-

citation 2452,
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3.2.1 Thermalized excitation relaxation using the mD- ansatz

In this section, we will repeat examination of the thermalization algorithm
effects on the excitation dynamics of the trimer model presented in Section
(B.1.2). This time the mD ansatz with a depth of M = 5 will be used.

In Fig. (B.2.1)), we present the exciton state populations p¢* (¢) of the trimer
model along the average temperatures 7}, (¢) of the primary baths simulated for
all three bath models. The exciton state populations are expressed in terms of

the mDs ansatz free parameters as

P = > (BF)s (ot (8) aza (1) Sy (1) (B9),,,  (32.11)
k.5

where ®7*¢ are the excitonic eigenstates, see Eq. (1.1.9). The population dy-
namics of the dense bath model exhibit sequential relaxation, starting from the
highest energy excitonic state and progressing towards the the lowest energy
state via the intermediate energy state. Eventually, the population dynamics
reach an equilibrium state.

When comparing the population dynamics obtained using the Dy ansatz
(shown in Fig. (B.1.2))), we find that the more precise mD, ansatz yields faster
excitation relaxation. By examining the population and temperature dynamics
of the sparse bath model, we again find the same insufficiencies as we did with
the D5 ansatz when compared to the dynamics of the dense bath model. Specif-
ically, the population equilibrium at long propagation times become skewed,
and the temperatures of the primary baths increases noticeably more. Note, that
these shortcomings of the sparse bath model were not expected to be improved
by using the mD» ansatz because the mentioned problems are induced by the
insufficiently dense discretization of the bath spectral density function.

When the thermalization algorithm is applied to the simulation of the sparse
bath model with the scattering rate of v, = 1.25 ps~!, the population dynamics
are restored and qualitatively match those of the dense model. Although the
initial rise in temperatures of the primary baths surpasses those of the dense
bath model, the thermalization algorithm gradually steers temperatures towards
the initial values.

Simulating dynamics using the sparse bath model with thermalization offers
a significant speed advantage when compared to the dense bath model. On av-
erage, it took 166 minutes to simulate population dynamics using the dense bath
model, whereas only 1.3 minutes were required using the sparse bath model,
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Figure 3.2.1: The exciton state populations pS*°

n

(t) and the average tempera-

tures T}, (t) of local baths of the trimer with (a, b) the dense bath model, (c, d)
the sparse bath model and (e, f) the sparse bath model with thermalization.
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and 2 minutes using the sparse bath model with thermalization. Although we
see that there is a computational overhead associated with using thermaliza-
tion algorithm, it is small compared to the overall reduction in simulation time
when switching from the dense bath to the sparse bath model.

These significant simulation speed gains are the result of the sparse bath
model taking into account 5 times fewer QHOs in each primary bath compared
to the dense bath model. The reduction in the number of simulated QHOs is
even more critical for the mD» ansatz due to the rapid scaling of the numerical
cost with the increasing number of QHOs. This is because EOMs of the mD
ansatz constitute an implicit system of differential equations that require a more
66,67

involved and expensive two-step numerical approach to find a solution as

discussed in Section ([L.4).

3.2.2 Thermalized fluorescence spectra

In this section we will use the thermalization algorithm to find the initial ther-
mal states WE (0) of the excited SB model, which are required to simulate the
fluorescence spectrum. Additionally, we will compare the obtained fluores-
cence spectra with those simulated using the numerical optimization approach,
presented in Section (2.4.1]).

As a reminder, the fluorescence response function Sy (¢) is a special case of
a more general time-resolved fluorescence response function Strr (7eq, t). It
is a function of two times: the equilibration time 7.q and the coherence time t.
During the equilibration time, the system evolves in its excited state and, due
to the SB interaction, relaxes to an equilibrium state. Afterward, during the
coherence time, spontaneous emission occurs.

We will apply the thermalization during the equilibration time to encourage
excitation relaxation into the lowest energy equilibrium state by removing the
excess thermal energy from primary baths. We use QAE,7 to denote the excited
state propagator with thermalization, while Vg is still the propagator without
thermalization, seen in Section ([1.6.2). Following from the definition of the
TRF response function in Eq. ([.6.19), we define the thermalized TRF (TTRF)
response function as

r
~ 1 . . .
STRF (Teqv t) = T Z<\IIG (0) |7N—g];ry (Teq) (T; (t) iy
=1
X Vo () f1=Gk~ (Teq) fi+|¥a (0))- (3.2.12)
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By assuming that the equilibration time 74 is sufficiently long to reach the
equilibrium state of the SB model, we define the fluorescence response function
as

Sp(t) = lim Strr (7eq,t) (3.2.13)

Teq—+00
and the thermalized fluorescence (TF) response function as

Sq (t) = Te}{i;noo STRF (Teqs 1) - (3.2.14)

Note that this formulation of fluorescence and TF response functions is ap-
plicable to both the thermalization algorithms of the D, and mD, ansétze, as it
does not differentiate between the actual implementation of the thermalization.
To determine the necessary equilibration time interval for numerical simula-
tions, we incrementally increase 7¢q until the resulting fluorescence spectrum
converge.

In Fig. (B.2.2) we compare the TRF and TTRF spectra with increasing equi-
libration times 7¢q and scattering rate v, = 0.1 ps_l. When 7.4 = 0, both the
TRF and TTRF spectra are equivalent and exactly match the absorption spec-
trum, which consists of three peaks due to transition involving the combined
excitonic-vibrational states and cannot be regarded as purely excitonic. For
reference, the vertical dotted lines indicate energies E“*¢ of excitonic states.
These do not match the three peak energies exactly due to the system being
coupled to the environment.

By allowing equilibration to occur (7¢q > 0), both the TRF and TTRF spectra
exhibit a shift in peak intensity towards lower energies as the excitation relaxes
towards the equilibrium state. After equilibrating for 7.q = 2 ps, we find that
both spectra have converged and do not meaningfully change by considering
longer 7¢q. Therefore, the TRF and TTRF spectra with 7. = 2 ps can be
considered as the fluorescence and TF spectra of the trimer model, as defined
in Egs. (3.2.13)) and (B.2.14).

Both spectra exhibit the highest fluorescence intensities at the energies of

the lowest excitonic-vibrational states. However, the fluorescence spectrum
also shows significant intensities at energies corresponding to the intermediate
and highest excitonic-vibrational states. Surprisingly, the higher energy peak is
more intense than the intermediate peak, which indicat presence of excitation
trapping effects. Meanwhile, the TF spectrum intensities at these energies are
negligible, suggesting that thermalization allows the trimer to reach a lower
energy equilibrium state, which is no longer hindered by the excess thermal
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Figure 3.2.2: (a) The TRF and (b) TTRF spectra of the trimer with the dense
bath model, simulated with an increasing equilibration time 7. The absorp-
tion spectrum is also shown. Vertical dashed lines show energies E°*¢ of the
excitonic states.
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Figure 3.2.3: The fluorescence spectra comparison of the trimer with the dense
bath model obtained with and without thermalization, and using the optimiza-
tion approach. The absorption spectrum is also shown. Vertical dashed lines
show energies E*° of the excitonic states.

energy accumulation in the QHOs of primary baths.

In Fig. (B.2.3) we compare the fluorescence and TF spectra with the fluores-
cence spectrum simulated using a previously proposed numerical optimization
approach, described in Section (2.4.1)). We find that all three methods produce
a similar lowest energy excitonic-vibrational peak. However, the TF spectrum
has a higher intensity tail towards the low energy side, wtih almost no intensi-
ties present at energies of the intermediate and the highest excitonic-vibrational
states. Meanwhile, the fluorescence spectrum simulated using the optimization
approach show a small intensity at the energy of the intermediate excitonic-
vibrational states. The spectrum with the optimization approach more closely
resembles that of the TF rather than the fluorescence spectrum.

Regarding numerical efficiency of the approaches. It took an average of 79
minutes to compute a single trajectory of the TTRF response function in Eq.
(B.2.12) with an equilibration time of 7oq = 2 ps. The numerical optimiza-
tion method does not require explicit propagation of the model wavefunction
during equilibration time and the optimization must be performed only once.
However, it took 193 minutes to perform. Besides the fluorescence spectra dif-
ferences, we found that computation of TTRF is more reliable and numerically
stable. The optimization approach struggles to consistently find the lowest en-
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ergy excitonic state of the model due to its heuristic nature. It requires many
attempts at finding the solution and eventually having to choose the one with
the lowest energy. Numerical optimization becomes particularly difficult when
a wide range of QHO frequencies are considered.

For SB models without Hamiltonian parameter disorder, the optimization
approach can serve as a useful starting point for fluorescence spectra simula-
tion. However, a more accurate spectra most likely will always be obtained
using the TTRF approach. On the other hand, for models with Hamiltonian
disorder, such as excitation energy disorder3713% the optimization approach
would require finding the lowest energy excitonic state of the model for each
realization of the Hamiltonian. This would negate any advantage provided by
the numerical optimization approach.

3.2.3 Main outcomes of the Article [Al]

We extended the thermalization algorithm, originally developed for the Do
ansatz, to be used with the mD, ansatz. The improved algorithm relies on the
preferred state and the coarse scattering approximations. They allow the mDy
ansatz to maintain its superior accuracy over the Dy ansatz, while benefiting
from the thermalization process. The numerical cost of the mD» ansatz rapidly
scales with the number of vibrational modes.

Therefore, we used thermalization to simulate the excitation relaxation dy-
namics of the molecular trimer model. We demonstrated that thermalization
permits to reduce the required number of vibrational modes, which signifi-
cantly lowers numerical cost of the simulation. This development openss pos-
sibilities to investigate larger SB models than was previously feasible using the
mDs ansatz.

Furthermore, we demonstrated how the thermalization algorithm can be ap-
plied to generate equilibrium states of excited SB models, which are necessary
for simulating fluorescence spectra. Compared to the numerical optimization
approach, thermalization approach offers lower computation cost, improved
numerical stability and accuracy.
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SANTRAUKA

Ivadas

Daugelio biologiniy molekuliniy sistemy veikimas yra glaudziai susijgs su
energijos vyksmais jy elektroninése ir (arba) virpesinése biisenose. Svarbu
suprasti iSorinés spinduliuotés indukuotos energijos relaksacijos spartas ir ke-
lius jvairiose molekuliy dydziy skalése — nuo paciy maziausiy, susidedanciy
i§ vienos molekulés energetiniy lygmeny” ™, iki vidutinio dydZio molekuliniy
agregaty, sudaryty i§ keliy sgveikaujanéiy molekuliy®® ir didziausiy gam-
toje randamy fotosintezés kompleksy” 3, kuriuose be energijos relaksacijos,
taip pat vyksta erdviné kriivio ir energijos pernasa, ir jie gali biiti sudaryti i$
desim¢iy ar net Simty molekuliy.

Teoriniai modeliai, i§skyrus paciy primityviausiy molekuliniy sistemy, ne-
turi analitiniy sprendiniy. Net salyginai mazoms molekulinéms sistemoms,
dél didelio sgveikaujanciy laisvés laipsniy skaiciaus, primityvis skaitmeniniai
metodai néra pajégls iSspresti energijos relaksacijos uzdavinio. Standarti-
nis teorinis biidas spresti §ig problemg yra traktuoti molekuling sistema kaip
atvira kvantine sistema 13, Siame apragyme tik tie molekuliy elektroniniai ir
virpesiniai laisvés laipsniai, kurie dalyvauja dominanc¢iame relaksavimo pro-
cese, sudaro stebima sistema, o maziau svarbiis laisvés laipsniai yra laikomi,
didesnio nei sistema, termostato dalimi — aplinka. Aplinkos fliuktuacijy inten-
syvuma nusako tolydi spektrinio tankio funkcijal®L. Dazniausiai toks laisvés
laipsniy i§skyrimas j sistema ir aplinka yra tik formalus, kadangi Sios dvi dalys
sgveikauja tarpusavyje.

Jei sgveikos stipris tarp sistemos ir aplinkos yra mazas, lyginant su saveika
pacioje sistemoje, tuomet galima naudoti palyginti nesudétingus, trikdziy

1821 Egant atvirk$¢iai situaci-

2224

teorija besiremiancius, Redfildo metodus
jai, kai sistemos ir aplinkos sgveika yra stipri, galima taikyti Forsterio
trikdziy teorijos metodus. Sie metodai sprendzia jungtines sistemos ir aplinkos
judéjimo lygtis, galiausiai siekiant suvidurkinti aplinkos fliuktuacijy poveikj
sistemai. Taip gaunamos redukuotos, tik mus dominancios sistemos, dinam-
inés lygtys. Siy metody patikimumas priklauso nuo aiskios saveikos stipriy
atskirties. Jei minétieji sgveikos stipriai yra panasaus dydzio, sistemos ir
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aplinkos laikiné evoliucija nebegali biiti skai¢iuojama trikdziy teorijos meto-
dais, nes energijos relaksacijos sistemoje ir energijos mainy su aplinka procesy
laiko skalés tampa tapacios. Nors §j sgveikos rezima modeliuoti yra sudétinga,
buvo sukurta formaliai tiksliy, taciau skaitmeniskai brangiy, metody, pvz.,
taikant hierarchines judéjimo lygtis2, tankio matricos renormalizavimo gru-
pes28, grandininj aplinkos vaizdavima2?2?, trajektorijy integralo formulu-
otes?!.

Sie metodai naudoja redukuoto tankio operatoriaus apra$yma, ta¢iau tam
paciam tikslui galima tiesiogiai naudoti ir pacig banging funkcija, pvz., taikant

31,82 33

keliy konfigtiracijy nuo laiko priklausomg Hartree®*°<, pavirsiy Suoliavimo®2,

kvantiniy $uoliy®, stochastiniy Schrédingerio lyg¢iy®, grynyjy biiseny hi-

erarchijy®¢, termolauko dinamikos®%28

ir kt. metodus. Pagrindiné daugelio
bangine funkcija besiremianc¢iy metody idéja yra iSskleisti sistemos ir aplinkos
modelio biisenas pasirinktoje biiseny bazéje. Tokie metodai puikiai tinka
sgveiky stipriy rézimams, kai nebegalioja trikdziu teorija, kadangi banginé
funkcija iSreikstai ir lygiaverciai apraso tiek sistemos, tiek aplinkos laisvés
laipsniy biisenas. Siuo atveju, metodo tikslumas priklauso nuo to, kaip tiksliai
pasirinkta biiseny bazé gali atvaizduoti tikrines sistemos ir aplinkos modelio
biisenas, arba bent jau tas blisenas, kurios labiausiai dalyvauja mus dominanci-
ame fizikiniame procese.

Siame darbe nagrinéjama bandomyjy banginiy funkcijy (anzacy) $eima,
pavadinta Aleksandro Davydovo garbei. Ji remiasi 1973 m. Davydavo pasiii-

39,44

lytu apraSymu virpesinés energijos pernasai ir lokalizacijai « spiralés bal-

tymuose, kuriame energija perneSanti kvazidalelé¢ pavadinta Davydovo soli-

.42 43344 idéja yra isskleisti sistemos ir aplinkos vir-

tonu . Davydovo anzacy
pesiniy laisvés laipsniy tikrines biisenas nuo laiko priklausanc¢iomis koher-
entinémis biisenomis?>#/, kurios fazinéje erdvéje turi Gauso paketo forma.
Taikant judéjimo lygtis, gautas pasinaudojus nuo laiko priklausanciu variaciniu
principu, koherentinés biisenos nuolatos kei¢ia savo pozicija fazinéje erdvéje,
sickdamos, jog kuo tiksliau atvaizduoty tuo momentu svarbias tikrines mod-
elio buisenas. Taip sieckiama sumazinti neatitikimg tarp banginés funkcijos ir
Schrodingerio lygties sprendinio.

PaprascCiausias ir pagrindinis Davydovo Seimos anzacas yra Dy bang-
53

iné funkcija®® 3. Ji kiekvieng modelio virpesinj laisvés laipsnj vaizduoja

viena koherentine biisena, nepriklausomai nuo sistemos elektroninés biisenos.
Siekiant pagerinti Dy anzaco tiksluma, buvo pasiiilyti jvairiis pakeitimai®*$>4,

Pvz., D; anzacas® >’ kiekvienam virpesiniam laisvés laipsniui kiekvienoje
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elektroningje biisenoje priskiria nuosava koherenting biisena, o tai iSplecia gal-
imy atvaizduoti virpesiniy biiseny spektra, dalinai atsiejant banginiy pakety
judéjima skirtingose elektroninése biisenose. D1 5 anzacas, kurio strukttira yra
tarpinis variantas tarp anksc¢iau minétyjy, buvo pasitlytas specifiniam siste-
mos ir aplinkos modelio pradiniy salygy atvejui®d. Kaip alternatyva, vietoje
bandymo naudoti vis daugiau koherentiniy biiseny, buvo sugalvota modifikuoti
pacdias koherentines biisenas. Taikant suspaudimo operatorius®?, yra sickiama
pagerinti ne Gauso tikriniy biiseny vaizdavimg. Suspaudimo operatorius viena
kryptimi suspaudzia Gauso bangy paketa fazinéje erdvéje, tuo paciu metu is-
pleciant jj statmena kryptimi. Tokios banginés funkcijos vadinamos suspaus-
tais Davydavo Dy ir D; anzacais>* 2. Nors §ie pakeitimai i$ple¢ia galimy vaiz-
duoti biiseny diapazona, jie taip pat padidina skaitmeninio skai¢iavimo kastus
ir gali sukelti skaitmeninius nestabilumus.

Sie anzacai buvo sékmingai naudojami skai¢iuojant suzadinimy relaksaci-
jos dinamikas ir spektroskopinius molekuliy ir jy agregaty signalus trikdziy

teorijos rezimuose, tadiau jie néra pakankami uz jy riby 5354

, ypac esant Zemai
temperattirai. Idéja, kuri paskatino tolesne¢ Sio metodo pazangg, buvo uzrasyti
bandomajg bangine funkcijg kaip Do anzacy superpozicija, vadinama multi-
pletiniu Davydovo Dy anzacu® 3. Teoriskai, jtraukus begalinj superpozicijos
nariy skai¢iy, multipletinis Davydovo D anzacas yra tikslus bet kurio sistemos
ir aplinkos modelio tikriniy biiseny vaizdinys. Taciau praktikoje, dél sudétin-
gos judéjimo lygciy struktiiros, nariy skaiciy riboja spartus skaitiniy kasty augi-
mas, jtraukiant didelj virpesiy laisvés laipsniy skai¢iy2¢7, Nepaisant to, dél
laike kintanc¢iy koherentiniy biiseny bazés, multipletinis Davydovo Dy anzacas
gali atkartoti kity skaitmeniskai tiksliy metody rezultatus, pvz., hierarchiniy
judéjimo lyg¢iy®3549 kvazidiabatiniy trajektorijy integraly”! ir nuo keliy

konfigiiracijy priklausomo Hartree 23

, net kai jtraukiamas didelis skai¢ius
virpesiniy laisvés laipsniy.

Tankio operatoriumi besiremiantys metodai gali atsizvelgti j begalinio dy-
dzio termostato jtaka sistemai, iSbraukdami virpesiniy laisves laipsniy kin-
tamuosius i§ judéjimo lygCiy, variacinis metodas to padaryti negali, todél
reikia apsiriboti baigtinio dydZzio aplinka. Dazniausiai tolydi aplinkos spek-
trinio tankio funkcija yra tiesiskai arba logaritmiskai”’ diskretizuojama dazniy
aSyje, siekiant pakankamai tiksliai imituoti tolydinés funkcijos poveikj. Baig-
tinis skaicius diskretizuoty dazniy ir jas atitinkanciy svyravimy amplitudés yra
priskiriami kvantiniams harmoniniams osciliatoriams, kurie yra iSreik§tai mod-
eliuojami kartu su elektroninémis biisenomis.
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Kadangi banginiy funkcijy metodai apima ribota skaiciy elektroniniy ir vir-
pesiniy biiseny, techniskai tai sudaro uzdara kvantiné sistema, o ne atvirg. Kad
buty islaikytas lygiavertiSkumas tarp redukuoto tankio operatoriaus atviroms
kvantinéms sistemoms ir banginémis funkcijomis pagristy uzdary kvantiniy
sistemy, diskretizuota aplinka turi funkcionuoti kaip tikras termostatas — turéti
didesne Silumine talpa nei sistema. Taciau jtraukti pakankamai daug kvantiniy
harmoniniy osciliatoriy, kad aplinka turéty pakankamai didelg Siluming tampla,
reikalauja dideliy skaitmeniniy kasty.

Vykstant suzadinimo relaksacijai, energija i§ sistemos pirmiausia yra sug-
eriama keliy aplinkos osciliatoriy, esan¢iy rezonanse su sistemos biisenomis.
Sie osciliatoriai stipriai nukrypsta nuo pusiausvyros, o to pasekoje, temper-
atiira, kurioje vyksta sistemos ir aplinkos modelio dinamika, nebeatitinka prad-
inés temperatiiros, $is procesas vadinamas lokaliu aplinkos kaitimu”. Kadangi
aplinka dazniausiai modeliuojama kaip nepriklausomy harmoniniy osciliatoriy
rinkinys, nevyksta tiesioginiai energijos mainai tarp osciliatoriy. Tai lemia,
jog vienintelis kelias jkaitusiai aplinkai atsikratyti pertekline Silumine energija
yra grazinti jg atgal | sistema, o tai paneigia pastovios temperatiiros termostato
prielaida ir turi nepageidaujama grjztamajj rysj sistemos dinamikai.

Si teoriné aplinkos §ilimo problema primena procesa gamtoje, vadi-
namg molekuliniu lokaliu kaitymu”>’¢ kuomet, molekulei staiga issklaidzius
didelj kiekj Siluminés energijos | aplinka, pvz., eksitony anihiliacijos pro-

7779 4,80
b

ceso metu arba vykstant itin sparciai molekulinei vidinei konversijai

pakyla molekulés aplinkos temperatiira. Natiiralu, jog toliau vykstant artimiau-

sios aplinkos vésimui®!-52

— termalizacijai, $iluminés energijos perteklius yra
i$sklaidomas i§ artimiausios molekulés aplinkos i tolimesnius aplinkos sluok-
snius.

Teorinés aplinkos $ilimo problemos yra aktualios visiems Davydovo $eimos
anzacams. Naudojant ne multipletinius anzacus, galima isreikStai modeliuoti
Simtus ar net tiikstan¢ius aplinkos osciliatoriy, kad kiekvienas osciliatorius i$
sistemos sugerty tik po nedidelj kiekj energijos, taip minimaliai pakei¢iant
jo prading temperatiirg. Taciau Sis tiesmukas metodas, dél reikalingy dideliy
skaitmeniniy resursy, néra pritaikomas multipletiniams anzacams, kurie nau-
dojami siekiant didziausio tikslumo. Reikalingas naujas pazangus $ios proble-

mos sprendimas.
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Disertacijos tikslai ir uZduotys

Sio tiriamojo darbo tikslai yra (1) iSsiaiskinti, kurie Davydovo anzacai yra
taikytini jvairiems sistemos ir aplinkos modeliams, ir (2) plétoti teorinius ir
skaitmeninius metodus naSesniems ir tikslesniems suzadinimo relaksacijos ir

spektroskopijos signaly skai¢iavimams, taikant Davydovo anzacus.
Norint jgyvendinti pirmaji (1) tiksla, buvo iskeltos Sios uzduotys:

 Sukurti skaitmeniniy skai¢iavimy paketa, kuris leisty skaiciuoti sistemos
ir aplinkos modeliy laiking evoliucijg ir spektroskopijos signalus, naudo-
jant nuo laiko priklausantj variacinj metoda su Davydovo anzacais.

» Teoriskai aprasyti ir iStirti Do anzaco taikyma, skaiCiuojant sistemos
ir aplinkos modeliy laiking dinamikg su normaliyjy virpesiniy mody

maiSymusi skirtingose elektroninése biisenose.

« [IStirti suzadinty kvantiniy harmoniniy osciliatoriy biiseny vaizdavima,

naudojant koherentiniy bliseny superpozicija.

* ISnagrinéti multipletinio Dy anzaco taikyma ir konvergavima H ir J tipo

molekuliniy agregaty sugerties spektry skaic¢iavimams.

» Palyginti jprasto, suspausto ir multipletinio D2 anzacy tikslumg, modeli-
uojant sistemos ir aplinkos modelio sugerties ir fluorescencijos spektrus,
kai sistemos suzadinimo metu pasikeicia virpesiniy mody dazniai.

Norint jgyvendinti antrajj (2) tiksla, uzduotys buvo Sios:

» Sukurti teorinj apraSyma ir skaitmeninj metoda, leidziant] nustatyti
suzadinto sistemos ir aplinkos modelio Siluminiy pusiausvyros biiseny

ansamblj.

* Sukurti ir i8tirti Do anzaco termalizacijos algoritmo poveikj kvantiniams
harmoniniams osciliatoriams bei sistemos suzadinimo relaksacijai.

* ISplésti Dy anzaco termalizacijos algoritmo apraS§yma multipletiniam Do

anzacul.

* ISplétoti skaitmeninius algoritmus spektroskopijos signaly skaiciavi-
mam.
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Ginamieji teiginiai

1. Multipletinis Dy anzacas leidzia tiksliai skai¢iuoti molekuliniy agregaty
suzadinimo relaksacijos dinamikg ir spektroskopijos signalus, tuo tarpu
maziau sofistikuoti nemultipletiniai anzacai atkuria tik specifinius agre-
gaty modelio aspektus.

2. Norint modeliuoti netiesinio koordinaciy sgveikos nario o xpxg sukel-
tus energijos mainus tarp kvantiniy harmoniniy osciliatoriy, naudojant
Davydavo anzacus, jy tikrinés biisenos turéty biiti vaizduojamos koher-

entiniy bliseny superpozicija.

3. Skaitmeninis termalizacijos algoritmas jprastam ir multipletiniam D an-
zacui leidZia sumazinti reikalinga aplinkos kvantiniy harmoniniy oscil-
iatoriy skaiCiy, ko pasekoje, sumazéja skai¢iavimy kastai.

4. Suzadintos sistemos ir aplinkos modelio nuostoviyjy biiseny Silumj
ansamblj galima rasti, naudojant tiek skaitmeninio optimizavimo, tiek
termalizacijos metodus. Termalizacijos metodas yra labiau tinkamas

modeliams su daug virpesiniy laisvés laipsniy.

Pagrindiniy rezultaty apzvalga

Straipsnio [Afll] rezultatai

Modeliuoti ir lyginti 5-karoteno suskaiCiuoti ir eksperimentiniai spektrai, j
teorinj apraSyma jtraukus visas 282 normaligsias virpesines modas. Normaliy
mody dazniai ir amplitudes tiek pagrindinéje Sy, tiek suzadintoje So elektron-
inéje biisenoje buvo skaiciuoti, naudojant tankio funkcionalo teorijg su B3LYP
hibridiniu funkcionalu ir 6-311G(d,p) baziniy funkcijy rinkiniu. Vaizduojant (-
karoteno biisenas D anzacu ir remiantis nustatytais normaliyjy mody parame-
trais, buvo suskaiciuoti sugerties spektrai esant jvairioms aplinkos temper-
aturoms.

Nustatyta, jog virpesinés normalinés modos elektroninéje pagrindinéje Sy ir
suzadintoje So biisenoje néra tapacios. Priklausomybé tarp virpesiniy mody
skirtingose elektroninése blisenose yra netriviali, todél jos neturéty bati trak-
tuojamos, kaip vienodos modos. Toks mody maiSymasis paaiskina ir pastebéta
stiprig sugerties spektro intensyvumo aukstose energijose priklausomybg¢ nuo
temperattiros, kuri néra paaiskinta empirinio 2 mody modelio.
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Taip pat pademonstruota, jog esant 0 K temperatiirai, 2 mody modelio didelio
intensyvumo sugerties smailés kokybiskai atitinka 282 mody modelio daznius.
Taciau, 282 mody modelio atveju, Sios smailés atsiranda dél daugybés silpny
So — S sugerties Suoliy, kuriy intensyvumai sumuojasi ir sudaro stiprig suger-
ties smaile. Pateiktas 282 mody modelis kokybiskai atitinka eksperimentinius
duomenis ir paaiSkinima empirinio 2 mody modelio smailiy prigimtj, taciau
pervertina auks$to daznio sugerties intensyvuma.

Straipsnio [A2] rezultatai

Taikant pasiiilyta sD2 anzaca, skaiciuota vidinés konversijos molekuléje pro-
ceso dinamika. Démesys skirtas suzadinimo relaksavimimo procesui i§ auks-
tos energijos suzadintos elektroninés biisenos | maZesnés energijos suzadintg
elektroning biiseng.

Modelyje vidinés konversija sukelia molekuliniy elektroniniy biiseny ir vi-
diniy virpesiy biiseny maiSymasis. Virpesinés modos aplinkoje pirmiausia
yra skirtos sugerti Siluming¢ energijg i§ molekulés virpesiniy mody, jau jvykus
vidinei konversijai.

Nagrinétos molekulés elektroninés ir virpesinés energijos, bei aplinkos vir-
pesinés energijos, laikinés priklausomybés. Nustatyta, jog pateiktas teorinis
apraSymas leidzia vykti vidinei konversijai. Energijos mainai tarp molekulés
ir aplinkos virpesiniy mody, kuriuos sukelia netiesinis sgveikos narys lygtyje
(.2.1)), vyksta, jei aplinkos osciliatoriy biisenos yra vaizduojamos koheren-
tiniy biiseny superpozicija. Siy mody banginés funkcijos paketas yra platesnis
ir asimetriskai suspaustas, lyginant su su Gausiniu bangy paketu.

Siy banginés funkcijos savybiy nejmanoma atvaizduoti naudojant vieng ko-
herenting biisena, todél nepakanka taikyti vaizdavimo Do anzacu, o reikalingas
sudétingesnis vaizdavimas, pvz., siilomu sDy anzacu. Kitu atveju, tiesioginis
energijos perdavimas i§ molekulés j aplinkos virpesines modas yra draudzia-
mas.

Straipsnio [AB]] rezultatai

Taikytas formaliai tikslus mD5 anzaca skaiciuojant H ir J tipo molekuliniy agre-
gaty, sudaryty i$ 10 identisky molekuliy, sugerties spektrus. Siekta nustatyti,
kaip priklauso mDs anzaco konvergavimas nuo modelio temperatiiros ir tarp-
molekulinés saveikos stiprio.
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Nustatyta, jog Siems molekuliniams agregatams pakanka naudoti mDs an-
szaca sudaryta i§ 7 superpozicijos nariy. Dy anzacas, kuris atitinka mDy an-
zacg su | superpozicijos nariu, bet kurio laikiné evoliucija yra paprastesnémis
judéjimo lygtimis, yra netinkamas visuose nagrinétuose modelio parametry
rezimuose. Konkreciai, H tipo agregatams reikia naudoti multipletinj anzaca,
kad bty uztikrintas sugerties spektro teigiamumas ir tiksliis sugerties smailiy
intensyvumai. mDs anzaco naudojimas J tipo agregatams sukelia sugerties
spektro poslinkj j Zemesniy energijy puse, o bendra sugerties linijos forma
iSlieka kokybiskai nepakitusi.

Reikalingumas molekuliniy agregaty modelio biisenas vaizduoti mDs an-
zacu yra siejamas su tuo, jog aukStoje temperatiiroje dalyvauja suzadintos
kvantiniy harmoniniy osciliatoriy tikrinés biisenos. mDy anzacas taip pat lei-
dzia atsieti banginiy pakety laiking evoliucija skirtinguose elektroniniy ir vir-
pesiniy biiseny energetiniuose pavirSiuose.

Straipsnio [A@] rezultatai

Pasiiilytas skaitmenins optimizavimo metodas, skirtas rasti suzadinty
molekuliniy sistemy terminés nuostoviosioms biisenoms, kurios yra reikalin-
gos fluorescencijos spektrams skaidiuoti. Sis metodas taikytas Do, sqD,
ir mDy anzacams, skaiCiuojant J tipo molekulinio dimero sugerties ir flu-
orescencijos spektrus, atsizvelgiant ] molekuliniy virpesiy dazniy pokycius
suzadintoje biisenoje.

Nustatyta, kad nei Do, nei sqD, anzacas negali tiksliai atkurti dimero, su
auksto daznio virpesinémis modomis, sugerties ir fluorescencijos spektry, net
jei virpesiniai dazniai pagrindinéje ir suZzadintoje biisenoje yra vienodi. Taciau
J tipo dimerui, sgveikaujan¢iam su Zemo daznio fononais, suskaiciuoti sug-
erties ir fluorescencijos spektrai su D2, sqD, ir mD9 anzacais yra kokybiskai
lygiaverciai.

Stebéti energijos skirtumai tarp smailiy spektruose, taikant skirtingus anza-
cus, gali biiti paaisSkinti mDy anzaco geb¢jimo atvaizduoti maziausios energi-
Jjos terminés nuostoviasias blisenas. Nors sqD, anzacas sugeba atvaizduoti kai
kuriuos nuostoviyjiy biiseny pokycius, atsiradusius dél kvadratinés saveikos
nario tarp elektroniniy ir virpesiniy laisves laipsniy, tiek sqD,, tiek D9 anzacas
neatkuria spektriniy pokyc¢iy dél tarpmolekulinés saveikos.
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Straipsnio [AE] rezultatai

Pasitilytas skaitmeninis termalizacijos algoritmas, skirtag naudoti kartu su Do
anzacu. Jis postuluoja antrinio termostato egzistavima, kuris néra modeliuo-
jamas iSreikstai, o atsizvelgiama tik j jo termodinamines sgvybes. Antrinis
termostatas sgveikauja su sistemos ir aplinkos modeliu stochastiniais sklai-
dos jvykiais, kurie modeliuojami diskretaus laiko Bernulio procesais su sklai-
dos tikimybémis aprasSytomis Puasono skirstiniu. Sklaidos metu stochastiskai
pasikeicia aplinkos osciliatoriy judésio kiekio momentai, kuriy skirstinj nusako
Glauberio ir Sudar$ano funkcija, zr. ([.5.1)) lygtj.

Sis termalizacijos metodas leidZia valdyti aplinkos temperatiira, kvantinius
harmoninius osciliatorius dinamiskai vedant j siekiamos temperatiiros Silu-
minés pusiausvyros biisenas. Galimybé kontroliuoti aplinkos temperatiirg lei-
dzia uzkirsti kelig nepageidaujamam aplinkos kaitimo efektui. Skaiciuojant
molekulinio trimero suzadinimo relaksacijos dinamikg su D anzacu, parodyta,
kad didelio skai¢iaus aplinkos osciliatoriy poveikj sistemai galima lygiaverciai
modeliuoti mazesniu osciliatoriy skai¢iumi, kartu taikant termalizacijos algo-
ritma.

Straipsnio [Al]] rezultatai

ISpléstas Do anzacui skirtas termalizacijos algoritmas, jj pritaikant mDy an-
zacui, pasinaudojant pageidaujamy biiseny ir grubios sklaidos aproksimacijas.
Tai leidzia mDy anzacui i$laikyti geresnj tiksluma, lyginant su D9 anzacu, ir
tuo paciu naudotis termalizacijos suteikiamais privalumais.

Skaic¢iuojant molekulinio trimero suzadinimo relaksacijos dinamika su mD»
anzacu, parodyta, jog iSpléstas termalizacijos algoritmas leidzia sumazinti
reikiamg aplinkos osciliatoriy skaiéiy, kokybiskai nepakeiciant dinamikos
savybiy. Tai Zenkliai sumazina skai¢iavimo kastus. mDy anzacui skirtas ter-
malizacijos algoritmas atveria galimybes skaitmeniskai tirti dideliy sistemos ir
aplinkos modeliy dinamika ir spektrus.

Taip pat pademonstruota, kaip termalizacija gali buti pritaikyta ieSkant
suzadintos sistemos ir aplinkos modelio terminiy nuostoviyjy buseny. Lygi-
nant su anks¢iau pasiulytu skaitmeninio optimizavimo metodu, termalizacijos
metodas reikalauja mazesniy skai¢iavimo kasty, turi geresnj skaitmeninj sta-
bilumga ir tiksluma, ypa¢ modeliams su daug laisvés laipsniy.
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ABSTRACT: The electronic absorption spectrum of f-carotene (f-Car) - o o
is studied using quantum chemistry and quantum dynamics simulations. ~*1

Vibrational normal modes were computed in optimized geometries of the - .J ":’1 IR
electronic ground state Sy and the optically bright excited S, state using XN

the time-dependent density functional theory. By expressing the S,-state :
normal modes in terms of the ground-state modes, we find that no one-to-
one correspondence between the ground- and excited-state vibrational
modes exists. Using the ab initio results, we simulated the p-Car
absorption spectrum with all 282 vibrational modes in a model solvent at
300 K using the time-dependent Dirac—Frenkel variational principle and
are able to qualitatively reproduce the full absorption line shape. By
comparing the 282-mode model with the prominent 2-mode model,
widely used to interpret carotenoid experiments, we find that the full 282-
mode model better describes the high-frequency progression of
carotenoid absorption spectra; hence, vibrational modes become highly mixed during the S, — S, optical excitation. The obtained
results suggest that electronic energy dissipation is mediated by numerous vibrational modes.
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Bl INTRODUCTION

Pigment molecules in nature form the basis of life on earth by
enabling organisms to utilize the solar energy. Carotenoids
form a unique class of pigments with a conjugated polyene

and vibration-mediated relaxation processes in carotenoids,
necessary for understanding the fundamental physical
processes involved in their functioning, is possible by
performing time-resolved optical spectroscopy experiments. It

chain, responsible for light absorption in a green-blue color
region. Over 700 carotenoid molecules are found in nature.
They primarily play a role as coloring materials, which underlie
a vital and complex signaling process.”” In photosynthesis,
carotenoids are essential in solar energy harvesting and in
photoprotection from oxygen damage. The latter emerge on
the microscopic level, when light illumination is high, by the
formation of energy trapping states.”* This trapping has been
related to quenching of the chlorophyll excited states by the
carotenoid singlet state™® or by the excitonic interaction
between chlorophyll and the carotenoid, which is controlled by
carotenoid conformations.”® Carotenoids become thus re-
sponsible for the regulation of excitation energy fluxes in
photosynthesis in volatile conditions of daylight irradiation.
One of the possible mechanisms of such behavior involves a
limited conformational rearrangement of the protein scaffold
that could act as a molecular switch to activate or deactivate
the quenching mechanism.” A strong correlation between
carotenoid and local environment deformations is necessary
for such mechanism to exist.

However, the primary deformations leading to carotenoid
flexibility are the molecular vibrations. They are usually
induced during photon absorption (and emission) and
following excitation relaxation processes. Probing excitation

© XXXX The Authors. Published by
American Chemical Society

VACS Publications

is well established that carotenoids demonstrate a complex
structure of electronic excited states'”'! with at least three
electronic states necessary to fully capture the excitation
longtime dynamics. Direct optical excitation induces electronic
So = S, transition, where S is the electronic ground state and
S, is the first optically accessible (bright) electronic state, and
the optically dark electronic state S; lies between S, and S,.
Additional intramolecular charge-transfer (CT) states have
been proposed in peridinin in agreement with the experimental
results.'”"® Quantum chemical calculations using the time-
dependent density functional theory with the Tamm—Dancoff
approximation'*~'® demonstrate the presence of the CT state
in the same energy range. The energy of the CT state has been
shown to decrease dramatically in solvents of increasing
polarity, while the energy of the dark S, state remains
comparatively constant.'” Several other types of electronic
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excited states have been suggested; however, their existence
and involvement in the relaxation process are still debatable.'®
Specific spectral features have been assigned to S, and CT
states, and these may play an important role in de-excitation
processes.”' '

Vibrational heating and cooling are involved in the
relaxation process via electronic-vibrational (vibronic) cou-
pling.”” Indeed, strong vibronic coupling is rooted in broad
electronic absorption spectra, more specifically, in a strong
vibronic shoulder for a range of different carotenoids as
observed experimentally.”' This feature is often associated with
two vibrational modes: C—C symmetric and asymmetric
stretching vibrations with the cumulative Huang—Rhys factor
larger than 1. These modes are known to be active in Raman
spectra, and their frequencies scale linearly with the
conjugation length in carotenoids."’ While molecular vibra-
tions affect the symmetry properties of the molecules, they do
not affect the oscillator strength of the dark state.”> Such
empirical effective 2-mode model has been extensively used for
spectroscopy simulations.””**"*” However, the two vibrational
modes do not capture the high-energy vibrational wing, and it
is not clear whether the two modes are sufficient to accurately
describe the more complex ultrafast internal conversion and
energy-transfer processes.

In this paper, we present quantum chemistry and quantum
dynamics description of vibrational manifold of #-Car in its
electronic states Sy and S,. We find that numerous vibrational
modes become highly mixed during the S, — S, optical
excitation, resulting in a complex S, state wave packet. We are
able to reveal the full absorption spectrum, including the high-
energy vibrational shoulder. Simulations thus suggest that
pathways responsible for the ultrafast electronic excitation
relaxation and internal conversion are mediated by numerous
vibrational modes, resulting in a rapid and efficient electronic
energy dissipation.

B THEORETICAL METHODS

Quantum chemical analysis starts from the complete molecular
Hamiltonian including both electronic and vibrational degrees
of freedom (DOFs).”*** Using the Born—Oppenheimer
approximation, the full Schrédinger equation is split into
separate equations for electronic and nuclear DOFs. The
stationary Schrodinger equation for electrons then parametri-
cally depends on the nuclear coordinates

Hy(R)®,(R) = E,(R)®,(R) (6]

where Hc] includes the electron kinetic energy, electronic
interaction with nuclei, electron—electron interactions, and
internuclear interaction energy, R = R, R,,... labels nuclei
coordinates. The eigenvalues E, (R) and the corresponding
eigenstates ®,,(R), which parametrically depend on nuclei
configuration, characterize the electronic system.

Electronic energy minimum of the electronic ground state
denotes the reference point—the equilibrium molecular
structure. If the nuclear configuration deviates from the
minimum, the electronic energy is increased; hence, the
electronic energy can be treated as the potential energy for
nuclei DOFs. For small deviations from the energy minimum,
we use the harmonic approximation, where the potential
energy operator is expanded up to quadratic terms. Therefore,
the potential energy for nuclei displacements in the electronic

state n can be written as (using Einstein summation
convention for repeating indices)

~ Lagg o
Uy(u) ~ 57'{,, Uit )

where we introduce mass-weighted Cartesian coordinates
u; = M, (Ri—Ri((;‘)), as the shifts of nuclei from their
equilibrium positions, and

2
a1 IE®)
¥

MM; ORoR; | 3
is the Hessian matrix with derivatives taken at the global
minimum of the state n. The Schrodinger equation for the
nuclear wave functions with respect to the specific electronic
state n is

(T + G, () = €0, () 0

where a is the vibrational quantum-state index with energy ¢,
and wave function y,,. The vibrational Schrodinger equation
splits into an independent set of equations in the normal
coordinate representation; we denote these coordinates by Q.
Normal modes are obtained by diagonalizing the Hessian
matrix for each electronic state n. Solving the eigenstate
equation

HYLP = o, ©

yields normal mode frequencies u)n%, where k labels normal
modes. The Hessian eigenvectors Ly relate the normal modes
k and nuclei displacements u;. Placing eigenvectors in columns,
we form the matrix L, whose rank is M = 3N — 6 (six of the
modes are physically irrelevant as three of them correspond to
the uniform translation of the whole molecule along the
Cartesian axes, while the other three are uniform rotations
about these axes, they are excluded), and it is used to transform
mass-weighted Cartesian internal coordinates u; into normal
coordinates Q" = (L)i'u.

Complete description of the vibronic molecular states, when
the electronic and vibrational states are known, is given by the
state vectors Ina,), where @, = (a,;, @ - Q) is the M-
dimensional vector denoting the vibrational states of all
vibrational modes in the electronic state n. As the normal
modes are harmonic, the vibrational Hamiltonian in the
electronic state n is given by

H(»x) - lz ((f)k(n))z + ("nkz(Qk(n))2)|">("|
24 (6)

The absorption spectrum of a vibronic system involves all
possible optical transitions from the vibronic ground state Ig#)
to the excited states lea). Starting from the linear response
theory, the absorption spectrum is given by the Fourier
transform of the linear response function

o e
S(w) = —R dr “'F(t
@) =2 / UE(E)

™)

where 7 is the refraction index and ¢ is the speed of light,”**"
and

F(t) = (galeiﬁ»“'f’ef'ﬁ'!f’lga> (8)

is the dipole operator correlation function. In the Born
approximation, the polarization operator P acts only on

https://doi.org/10.1021/acs.jpca. 106115
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electronic DOFs; hence, P = ﬂeg(d)(le)(gl + Ig)(el) and ﬂ(d
the electronic transition dipole. The matrix elements of the
polarization operator are given by

(calPlgh) = ) f du [T (i, (w) o
ik 9

The multi-dimensional integral corresponds to the vibra-
tional overlaps between the vibrational wave function in
different electronic states. The integral computation is not
trivial because the sets of normal modes in different electronic
states are not orthogonal, and transformation of one set of
normal modes into another is necessary.””

Differences of the set of normal modes in different electronic
states are characterized as follows. In the electronic state n, the
deviation of atomic Cartesian coordinates R; from the
equilibrium position RY) may be expressed via the normal
modes via the relation

M, (R, — RY) = L,E")Q,(") (10)
and allows us to relate the relative mass-weighted atom shifts
D™ = M, (RE™ — R{Y) between the equilibrium positions
in electronic states m and n as

(m) ey (m)
L"Q; )

then the normal mode coordinates in state m can be expressed
in terms of state #n normal mode coordinates as

(m) _ (mn) 5 (n) (mn)
Q" =a"Q" — d; (12)

where the expansion coefficient of the ith normal mode in the
mth state in terms of jth mode in the nth state is

(mn) _ 1 (n) (1)
D™ = LM ~

o = WL )

and the ith normal mode potential displacement in the mth
state, with respect to the position in the nth state, is

di(mn) = (L(m));lD)Emn) (14)

These are the two quantities that relate the normal modes in
different electronic states. Likewise, the normal mode
momentum is also expanded in terms of the aieﬁ) coefficients
(and zero displacement)

P = aémn)P/(n) as)

Further on, we consider two electronic states: the ground
state lg) and the electronic excited state le). Instead of
evaluating propagators in eq 8 by computing the multi-
dimensional vibrational overlaps in eq 9, we choose to specify a
vibronic state basis using the coherent-state representation and
propagate it following the time-dependent Dirac—Frenkel
variational principle.

We begin with writing dimensionless Hamiltonian by
introducing the dimensionless momentum p(") = \/_ k(n)

and coordinate § AW [@, Qk

After inserting them in eq 6, the electronic ground-state
Hamiltonian is

P GO + E

k (16)

operators for states n = g, e

and the electronic excited-state le) Hamiltonian is
. @,
a9 = e + A% + 2 E(BOP + @O [ley

= Y 0, d 05 e, (el
k (17)

where z?,fe'g) = Joy d(Eg) is the dimensionless displacement and

A‘"b = 7Zk C,((d(g))z is the total vibrational reorganization
energy. The resulting operators in eqs 16 and 17 read

8= Qk,,“lifng)‘i;(g) (18)

5 = g=1_(1g)5(g)
Py =ﬂnk1ak/ngp)(g (19)

where ﬂnk’) = /o,/wy. Equations 18 and 19 describe the

dimensionless coordinate and momentum of the kth normal
mode about its equilibrium point in the nth electronic state.
Terms f,; appear due to the normal mode mixing and
different vibrational frequencies in states g and e. We also add
£, as the purely electronic excitation energy and set & = 0
cm™. The total system Hamiltonian is the sum over all
electronlc state terms Hg = A® 4 [,

Solvent effects will be simulated by considering energy
fluctuations of the molecular environment. Thermal fluctua-
tions are induced by a set of quantum harmonic oscillators of a
given temperature, and we will refer to this subsystem as the
phonon bath. The phonon bath Hamiltonian is

N w,
Hy = Z zp(ﬁpz +)?p2)

» (20)
where w, is the frequency of the pth phonon mode, while p,
and %, are the momentum and the coordinate operators,
respectively. The interaction between the system electronic
states and the phonon bath is included using the displaced
oscillator model,” with the system—bath interaction Hamil-
tonian

Agp=-Y, wf 7, le)(e
I3 (21)

where f,, is the electron—phonon coupling strength of the pth
phonon mode to the electronic state e. The electronic ground
state is taken as the reference point, so it is not affected by bath
fluctuations fy, = 0. Notice that the system—bath coupling has
the same form as the last term in eq 17. The electronic state
energy modulation by the intramolecular and intermolecular
vibrations is treated equivalently. Likewise, we get additional

,Z ;fcp .
Usually, all excited electronic states are described as having the
same coupling strength to the bath, thus changing all states’
energies by the same amount. For simplicity, we absorb AE"
into the definition of the excited-state energy ¢,; however, APt
is still used to define the electron—phonon coupling strengths
fep The full model Hamiltonian is the sum of terms

contribution to the reorganization energy /\"h

A= ﬁs + I:IB + I:IS,B (22)

The fluctuation characteristics of the phonon bath can be
represented by the spectral density function

https://doi.org/10.1021/acs.jpca. 106115
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Clw) = —Zf w18(w — w,) — 8(e + w,)]
(23)

where §(w) is the Dirac delta function. Integration of eq 23
over the complete frequency range defines the phonon bath
reorganization energy in the nth electronic state

C(w)
AP = ;f,, Z wf,’

Many theories have been proposed to evaluate the linear
response function and the necessary polarization operator
matrix elements (eqs 8 and 9), notably, the foundational
theory by Yan and Mukamel,** Franck—Condon ap-
proaches,® " and the theories that include non-Condon
effects. ™!

We chose to compute the linear response function by
propagating the Davydov D, trial wave function originating
from the molecular chain soliton theory.*”** For N electronic
states, we can write an arbitrary state of the system as a
superposition—the Davydov D, wave function is

W(0) = 3 a, (D)) X 14y(8), Ly(0), -y Aic(1))

n molecule state

X (), 2a(t), -0 2(0))

solvent phonon state (25)

(24)

It utilizes the coherent-state representation for all vibrational
modes. For the shifted harmonic oscillator model, the coherent
states result in an exact dynamics.** @,(t) is the amplitude of
electronic state In), in our case n = g e. Vibrational and phonon
bath modes are represented using coherent states IA(t)) =
exp(ﬂ(t)h — A*()b)|0), defined with respect to the electronic
ground-state vibrational modes, where A(t) is the coherent-
state parameter and |0) is the vacuum state of a quantum
harmonic oscillator. b} and b; are the corresponding bosonic
creation and annihilation operators. Only the electronic
ground-state normal modes are represented by the coherent
states, and modes of the excited state are expanded in terms of
the ground-state coherent states. Davydov-type wave functions
have been extensively used to model a single molecule, as well
as their a§gregate dynamics,”™*’ linear and nonlinear
spectra.”’ ™"

Time evolution of the Davydov D, wave function is obtained
by applying the Euler—Lagrange equation

i[ OL(t)}_ o0L(t) _
at\ (1) ) an(e) (26)

to each of the time-dependent parameter 7; = a",}»k,ﬂp, where

i d d A

L(t) 2((‘{’Idt‘l‘> (dt‘l‘lll’)} (YIHIY) @)
is the Lagrangian of the model given in terms of the
Hamiltonian H. For convenience, we omit explicitly writing
time dependence. The Euler—Lagrange equation_yields a
system of coupled differential equations for the a,, 4;, and 4,
parameters of the Davydov D, wave function, see the
Supporting Information for the full derivation. Equations
describing model dynamics while the system is in the excited
state le) are

2 2
d ) W+
Eae = —iafe + A;"b + Z - g (a,Sf‘“))Z

k,j g

4.
+ ia) 2 wkd(q") © 4 Zw \/iRel
k (28)

d; : e: 2D (4 _ g0 4 O

Z=- (6 — d#9) 4 jple

ar* 12 T3P (7 = 4+ ) 29)
]

d, f
ah” _lwq[lq 2 ] (30)

where xlg”) =/, ak/g)\/_Rei and pk —ﬂ ]a(Eg)«/—Im/l are

the expectation values of operators in eqs 18 and 19. The
resulting system of equations for the ground state Ig) dynamics
can be solved analytically: ag(t) = ag(O)exp(—ézk wgkt),
() = Zk(O)exp(—iwgkt), iq(t) = iq(O)exp(—iwqt). Separation
of equations into the ground- and excited-state manifold is
convenient for the computation of the optical observables
using the response function theory. Terms due to the mixing of
normal modes remain present in eqs 28 and 29. In the latter,
evolution of the kth mode is influenced by the motion of all
other jth modes. Equations 28—30 were solved numerically
using the adaptive step size Runge—Kutta algorithm.

The temperature of the normal vibrational modes, as well as
the phonon modes, is included by performing the Monte Carlo
simulation to generate the thermal ensemble of the Davydov
D, wave function trajectories. At the zero time, before optical
excitation, in each trajectory, the initial coherent-state
displacements /1,1(0) and ip(g) are sampled from the
Glauber—Sudarshan distribution™

P(1) = Z™ exp(-UP(e”™" - 1)) 61

where Z is the partition function of a single coherent state 1)
with the corresponding frequency ®, kg is the Boltzmann
constant, and T is the model temperature. Observables
averaged over the thermal ensemble will be denotes as (...).
We found S00 trajectories to be sufficient to obtain the
converged ensemble for the model of #-Car as described in the
next section.

B SIMULATION RESULTS

Normal Modes of g-Car in S, and S, Electronic States.
We consider a model of #-Car in thermal equilibrium with a
solvent at 300 K. For the photon absorption process, f-Car is
described by the electronic ground state IS;) = lg) and the
excited state IS,) = le). The optically dark excited state IS,)
does not directly participate in the electronic absorption
process and is excluded.

The electronic Schrodinger equation of the f-Car molecule
was solved using the density functional theory (DFT) method
for the ground electronic state S, and the time-dependent
DFT (TD-DFT) method for the electronic excited state S,,
from which atom equilibrium positions R§, Rj are acquired.
The GAMESS®® and Gaussian-16 codes®” were used.

The calculation methods were based on the experience from
previous calculations of resonance RAMAN spectra of
carotenoids, investigation of dependence between the position
of the S, — S, transition and the frequency of the 1 Raman

https://doi.org/10.1021/acs jpca.1c06115
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Figure 1. Structure and atom numeration of the C2v symmetry carotene.
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band.**** The most RAMAN intense band, v1, located at
around 1500 cm™!, arises from the stretching of the C=C
bonds. Previous calculations of the v1 Raman bands in the
ground electronic state S, were performed for another
carotenoid, lycopene, using the DFT method with B3LYP/6-
31G, B3LYP/TZVP, B3LYP/6-31G(2dfp), BP86/6-31G(d),
BPW91/6-31G(d), B3P86/6-31G(d), B3PW91/6-31G(d),
and SVWN/6-31G(d) potentials.60 It was shown that all
methods based on DFT are able to perform calculation of
vibrational frequencies with an overall root-mean-square error
of 34—48 cm™.%" Also, it was shown that the dependence of
the Raman peak frequency shift, compared between that
computed under vacuum and experimental, is linear over the
whole spectra,”® using the B3LYP/6-311G(d,p) method, and a
scaling factor of 0.9613 has to be used.”*®" On the other hand,
the energy of f-Car corresponding to the first optically allowed
transition in the gas phase was reported to be between 2.85
and 2.93 eV.*” This value is 0.62 eV higher than the excitation
energy calculated using TD-DFT at the B3LYP/6-311G(d,p)
level (2224 V).*® Other methods give similar results:
Tamm-—Dancoff approximation (TDA) blyp/6-31G(d)—
2.15 eV, TD b3lyp/cc-pvdz—2.19 eV, and TD b3lyp/cc-
pvtz—2.21 eV.

Equilibrium structures of excited states, optimized using the
TDA®® and TD-DFT®*** with the BLYP functional, and the
DZP basis set, in contrast to B3LYP, yields correct energetic
order of the two lowest f-Car excited states, and it has been
shown to reach an accuracy of 0.2 eV for the S, excitation
energy in carotenoids.” However, later this has been explained
by a fortuitous cancellation of errors caused by the neglect of
double excitations in the ground and excited states.*®

We performed geometry optimization using various methods
with TD-SCF, TDA-SCF basis sets and b3lyp/6-311G(d,p),
blyp/6-31G(d), b3lyp/cc-pvdz, and b3lyp/cc-pvtz potentials.
The Car molecule equilibrium structure and enumeration of
atoms are shown in Figure 1, and the changes of the C—C
bond lengths along the Car polyene chain in both electronic
states calculated using the TD-SCF B3LYP/6-311G(d,p)
method are shown in Figure 2. All the tested methods give
similar alternation of the C—C bond lengths in the S, state,
close to that shown in Figure 2. For the S, state, the situation is
different—methods using the TDA-SCF basis set give
alternation similar to the Sy-state case. The largest alternation
of the S, state polyene bond lengths was achieved using the
TDA blyp/6-31G(d) method. All TD-SCF calculations
provide almost 10 times smaller alternation of C—C bond
lengths in the middle of the polyene chain, as compared to the
TDA-DTF calculations, again, similar to the results shown in
Figure 2.

< 14757 el g1 55
~ 1.450
s
S 1.425 -
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£ 1.400
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Figure 2. Polyene chain C—C bond lengths in the electronic ground
state Sy and the excited state S, calculated using the TD-SCF B3LYP/
6-311G(d,p) method.

In order to evaluate the influence of the chosen method to
the vibrational mode frequencies and their bands, we
performed the calculation of vibrational spectra using TD-
SCF and TDA-SCF methods with different basis sets and
potentials (b3lyp/6-311G(d,p), blyp/6-31G(d), b3lyp/cc-
pvdz, and b3lyp/cc-pvtz). In the S, state, the valence
vibrational frequencies of the C—C bonds of the polyene
chain scale equally and agree to within the range of 20 cm™.
The same vibrational frequencies in the S, state also scale
equally, with the exception of the TDA blyp/6-31G(d)
method, as shown in Figure 3. All the tested methods agree

a

1

—e— TD - b3lyp/6 - 331G(d, p)

£1650 —y— TD - b3lyp/cc — pvdz
g —=— TD - b3lyp/cc — pvtz
g 1600 TDA - blyp/6 — 31G(d)
€

3

$ 1550

3

=

Mode number

Figure 3. Polyene backbone C—C valence vibrational mode
frequencies in the excited state S, calculated using various quantum
chemistry methods.

on the C—C bond vibrational frequencies in the S, state within
a range of 46 cm™". Previous v1 Raman band evaluation and
correlation with S, — S, excitation in the gas phase were
performed under vacuum using the TD-SCF B3LYP/6-
311G(d,p) method, and the results are in agreement with
the experimental observations.”**” Based on this knowledge,
all further presented quantum chemistry calculations were
performed under vacuum using the B3LYP/6-311G(d,p)
method as in ref 59 and the scaling factor was not applied.

https://doi.org/10.1021/acs.jpca. 106115
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The changes in polyene chain geometry during S, = S,
electronic excitation causes changes in molecular electronic
structure, normal mode frequencies, and vibrational mode
coordinates. The C—H valence bond vibrations in all $-Car
parts are in the region of 2970—3170 cm™" for the ground state
and in the region of 2960—3168 cm™" for the excited state. The
lower frequency region is characterized by the change of C=C
bond lengths in polyene chain. Here, the S, normal mode
frequencies lay in the region of 1558—1674 cm™ and the
corresponding region for the S, state is 1533—1636 cm™.
Transition Sy — S, mainly induces differences in the polyene
chain bond lengths between carbon atoms in both electronic
states. As a consequence, the vibrational frequencies in the S,
state become lower by 40—50 cm™.

Expressing normal mode coordinates in the electronic state
S, by the normal coordinates of the ground electronic state S,
according to eq 12, allows us to investigate normal mode
mixing upon S, — S, electronic transition. In Figure 4, we plot

8e-1

de-1
T

E 2e-1
3

- le-l
3
g
3

s 5e-2
&

2e-2

500 1000 1500 2000 2500 3000

Frequency, wex (cm™?)

Figure 4. Expansion coefficient absolute value Iagg)l of the p-Car
normal modes. The kth mode in the S, state is expanded in terms of
the mode jth in the state S, calculated using the TD-SCF B3LYP/6-
311G(d,p) method.

the expansion coefficient absolute value Ia,(;g)l, that is, the kth
mode in the S, state is expanded in terms of the mode jth in
the state S,. The largest expansion coefficients lay close to the
main diagonal, implying that the majority of normal modes are
non-negligibly mixed with similar frequency modes. However,
certain modes show mixing with modes that has vastly different
frequencies; for example, modes in a frequency region of
%2500 cm™" are highly mixed with modes in a frequency range
of 1500—2500 cm ™. Strong mixing can also be clearly seen
between modes in frequency regions of 0—250 cm™", 400—750
cm™', and 1000—1500 cm™". Such a broad frequency mixing
range signifies a wide range of available vibrational relaxation
pathways. At a first glance, expansion coefficients along the w,;
= wy; diagonal may look symmetric; however, they are not,
even when absolute values are considered |a£f3)| # Iaﬁfg)l. This
demonstrates that there is no one-to-one correspondence
between the f-Car normal modes in the electronic S, and S,
states.

Additionally, we found that during transitions between S,
and S, electronic states, the transition dipole weakly depends
on the nuclear configuration. For transition S, — S,, the
transition moment components are g, = (8.35,0.71,0.0) in a.u.

(21.28 Debye), while for the S, — S, it is equal to pyy =
(9.45,0.57,0.0) in a.u. (24.06 Debye). The difference between
the two transitions is minimal; thus, the non-Condon effects
can be reasonably excluded from the calculations. The
transition dipole moment is oriented with the z component
being perpendicular to the plane of the polyene chain, while
the x component is directed along the polyene chain.

Absorption Spectrum of the -Carotene Model. The
quantum chemistry results of the f-Car are now used to
compute the absorption spectrum given by eq 7. Fourier
transformation is performed on the linear response function
averaged over the thermal ensemble, (F(t)), and the single
trajectory of the ensemble linear response is defined in eq 8
and is equal to

F(t) = P> B (0)a(t)

x ep X (040 - LU0
k
+ |Zk(t)|2)] X exp Y (e""?tl;‘(o)/lp(t)
r

1 2 2
- E(Iﬂp(o)l + MP(t)I )) (32)

_ It is expressed in terms of the dynamical parameters a,(t),
A(t), and /Ip(t); therefore, it is enough to propagate the
excited-state dynamics.

For the solvent, the phonon bath modes are defined by
uniformly discretizing the spectral density function C;(w) in
the frequency domain in the range [Wy, = 0.1, wy,, = 1250]
cm™" with discretization step size A, = 10 cm™". Then, the
frequency of the pth bath mode is given by w, = wyy, + (p —
1)A,,. Form of the spectral density function was chosen to be
the overdamped Brownian oscillator function C/(w) =
2A"wy/(0* + 7*). The damping parameter y = 200 cm™"
(167 fs) has been chosen based on the previous modeling of
the f-Car®” spectra. The amplitude of the spectral density
function is set by normalizing the f,, values according to the
reorganization energy definition by eq 24. The bath
reorganization energy of AE" = 100 cm™" has been chosen to
qualitatively match the line widths of the experimental data.

The simulated absorption spectrum of the -Car model with
282 normal modes at different temperatures is shown in Figure
5 along the experimental f-Car spectrum in diethylamine
solvent at room temperature.”” The absorption spectra have
been normalized to their maximum value, as well as aligned on
the 0—0 transition band for easier comparison. We find the
282-mode model spectrum to qualitatively reproduce the
position and amplitudes of the first two absorption peaks;
however, it greatly overestimates the amplitude of vibrational
peak progression at 300 K temperature. Also, absorption of the
high-frequency modes displays non-trivial dependence on the
temperature. For majority of modes, the average thermal
energy is much smaller than the energy gap between the
vibrational mode energy levels, k3T << ; thus, for non-mixed
modes, dependence of absorption spectrum on temperature
would be negligible. However, in Figure 5, we observe strong
dependence of absorption on temperature due to the mode
mixing; that is, thermally excited low-frequency vibrational
modes contribute to the excitation of the high-frequency
modes, which result in a wide high-frequency absorption
shoulder.
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Figure S. Absorption spectra of the f-Car model, based on the
B3LYP/6-311G(d,p) method, at different temperatures along the
experimental f-Car spectrum in diethylamine solvent at room
temperature (shown as contoured green). The widely used two-
mode model at 300 K temperature is also shown for comparison, and
the model parameters are taken from ref 23. All spectra are
normalized to their maximum value and aligned on their 0—0
transition band.

For comparison, we also computed the absorption spectrum
of a widely used empirical two-mode f-Car model at 300 K
temperature, which includes only the C=C and C-C
stretching vibrational modes with no mixing between them.
Typical model frequencies @, c—c = 1522 cm™! and Wecoc =
1157 cm™ and displacements d(g(gic = 1.3 and d% = 0.9 are
taken from ref 23. To have correct line widths, the bath
reorganization energy is now set to a much larger APh = 800
cm ™! to account for the lack of the rest f-Car modes. As shown
in Figure S, the two-mode model fits the first two peaks well
but underestimates the amplitude of the higher frequency
progression.

To further compare the 282-mode and the 2-mode models,
we look at their stick absorption spectrum in Figure 6. The
purely electronic transition energy is set to 0 cm™" for both
spectra. For visibility, the spectra have been convoluted with
the 7 = 1 ps variance Gaussian function, and 7 = S ps is used for
the spectra in the inset. The 2-mode model stick spectrum has
a straightforward peak progression; that is, the spectrum is a
sum of each of the two-mode peak progressions. The 282-
mode model spectrum has a more complex structure. Even
though each of the 282 modes has a small absorption peak, the
combined spectrum produces frequency regions with non-
negligible absorption intensity. These regions show a clear
overlap with the absorption peaks of the two-mode model. The
two-mode spectrum has peaks at 1522 and 1157 cm™
frequencies, produced by the C=C and C—C stretching
vibrational modes. The 282-mode spectrum has similar
frequency regions, only this time, they are due to the
absorption of a large number of mixed normal modes. These
modes are responsible for the first two peaks seen in the Figure
S spectra.

Looking further on in Figure 6, the 282-mode model has
absorption in the 3000, 4500, and 6000 cm™' frequency
regions. These account for the high-frequency absorption tail
seen in experiments. Due to the C=C and C—C mode

Wavenumber (x10% cm™1)

Figure 6. Stick absorption spectrum of the 282-mode model,
computed using the B3LYP/6-311G(d,p) method, and the empirical
2-mode model. Purely electronic transition energy is set to 0 cm™ for
both spectra. For visibility, each spectrum has been convoluted with
the 7 = 1 ps variance Gaussian function. The inset more closely shows
low-amplitude sticks, and these have been convoluted with the 7= 5
ps variance Gaussian function.

progression, the two-mode model has a peak at these
frequencies as well; however, even though visually they look
more intense than the 282-mode model peaks, Figure $
simulations show it being the opposite. Again, the strong
absorption is produced by the summation of a large number of
weak intensity absorption peaks. Two harmonic modes simply
cannot accurately describe absorption over such a wide range
of frequencies; therefore, the high-frequency absorption of the
two-mode model is lacking.

H DISCUSSION

The vibrational modes of carotenoids have been extensively
studied by Raman spectroscopy.®®® The frequency of the
most Raman-active vibration in the S, state is 1642.3 cm™,
which changes to a week Raman vibration of frequency
1584.08 cm™ in the S, state. The C—C valence bond
frequencies in the S, state lay in the region of 1018—1353
cm™, while it is in the region of 1156—1370 cm™" for the S,
state. These frequencies are strongly mixed with the polyene
chain C—H bond in-plane vibrations and the C—C valence
vibrations of peripheral rings. The strongest Raman-active
vibration in this region, for the S, state, is 1187.22 cm™', while
the mode with the most similar vibrational form in the S, state
has a frequency of 1219 cm™. The vibrations of lower
frequencies are associated with the C—H vibrations outside of
the polyene chain, deformations of the peripheral rings,
changes of the polyene chain valence angles, dihedral angles,
and the deformations of the whole molecule by twisting and
waving. The frequencies of these vibrations change by no more
than 10 cm™ after the S, — S, transition. The differences in
the vibrational forms are not as strong for these modes as were
in the case of the polyene chain C—C and C=C valence bond
vibrations.

Recently, BaleviCius Jr. and co-workers™ have presented an
in-depth excitation energy relaxation model in carotenoids by
considering four relaxation processes. Simply put, the event of
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photoexcitation instantaneously promotes the carotenoid
molecules to a non-equilibrium state and launches the internal
vibrational redistribution (IVR) cascade within the high-
frequency optically active modes, resulting into a transient
thermally “hot” state. Generally, it is assumed that the
thermally hot carotenoid subsequently transfers the vibrational
energy to the solvent molecules; that is, vibrational cooling
(VC) takes place. The authors demonstrated how modeling
the IVR and VC concurrently, and not subsequently, naturally
explains the presence of the highly discussed transient
absorption S* signal’® in terms of the vibrationally hot
ground-state S,. The two-mode model was used; that is, only
the C—C and C=C intramolecular modes were coupled to the
thermal bath—their coupling strength remains speculative.
Both the IVC and VC relaxation were modeled implicitly by
prescribing process timescales. We have shown that the two-
mode (not mixed) model is not sufficient in describing the
photon absorption spectrum. In fact, upon photoexcitation,
many vibrational modes become excited. No two distinctive
modes could be isolated in the relevant frequency region. We
observe grouping of vibrational modes in the 1000 and 1500
cm™ frequency regions, as shown in Figure 6. The two-mode
model yields progression of peaks with few strong features at
2700 and 4000—6000 cm™" frequencies. Meanwhile, the 282-
mode model has a large number of weak absorption features at
these frequencies; however, it is the cumulative effect that
combines them into the observed “progression”. This entropic
factor actually simplifies the overall electronic excitation
relaxation picture since each mode is weakly coupled to the
electronic transition; therefore, the weak coupling regime
could be used in the theoretical models of relaxation dynamics.
Consequently, the two- or multiple-quanta vibrational
excitations become improbable. Hence, only the entropic
factor as a cumulative effect of all modes would have decisive
impact on both the IVR and VC process timescales.

In nature, carotenoids participate in the energy conversion
process together with other types of pigments. Carotenoids
play an important role in light-harvesting complexes by
transferring their excitation to chlorophylls on a femtosecond
timescale. It is especially evident in the peridinin—chlor-
ophyll—protein, in which the dominant energy transfer occurs
from the peridinin S, to chlorophyll Q, state via an ultrafast
coherent mechanism. The coherent superposition of the two
states functions in a way as to drive the population to the final
acceptor state,”' providing an important piece of evidence in
the quest of connecting coherent phenomena and biological
functions.”> This process is highly sensitive to structural
perturbations of the peridinin polyene backbone, which has a
profound effect on the overall lifetime of the complex.”” We
have found that B-Car also undergoes polyene backbone
changes, mainly in its C—C bond lengths.

Also, it has been suggested that the ultrafast population
transfer from the carotenoid state S, to the bacteriochlorophyll
(BChl) state Q, occurs due to the vibronic coupling of the
carotenoid electron-vibrational DOFs to the BChL’™* The
energy flow pathway opened up by the resonance of the energy
gap between the carotenoid vibrational levels, and the BChl |
2scn — 1Q,) transition is the primary reason for its ultrafast
nature. We, hence, suggest that by going beyond the two-mode
model and taking into account more carotenoid vibrational
modes, in turn, more vibrational levels, the probability of
resonance between the carotenoid and BChl would greatly
increase, changing the overall population-transfer rate.

In conclusion, we have presented a f-Car model with a fully
explicit treatment of all its 282 vibrational normal modes,
which were computed using the quantum chemical methods.
Additionally, we described how to treat the f-Car excited-state
dynamics when in contact with solvent at finite temperature.
We found f-Car to change the bond lengths between the
polyene chain atoms during the S, — S, electronic transition
and that there is no one-to-one correspondence between the
ground- and excited-state vibrational modes; that is, modes on
different electronic states are highly mixed and should not be
treated as being the same. The model absorption spectrum
qualitatively matches the experimental data, and it better
describes the high-frequency progression of the carotenoid
spectrum than the typical two-mode carotenoid model.
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Effects of non-linear coupling between the system and the bath vibrational modes on the system
internal conversion dynamics are investigated using the Dirac—Frenkel variational approach with a newly
defined sD, ansatz. It explicitly accounts for the entangled system electron-vibrational states, while the
bath quantum harmonic oscillator states are expanded in a superposition of quantum coherent states. Using
a non-adiabatically coupled three-level model, we show that efficient irreversible internal conversion due to
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nance with the vibrational levels of a lower energy electronic state, also, a non-Gaussian bath wavepacket
representation is required. The quadratic system-bath couplings result in broadened and asymmetrically
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I. Introduction

Function of many biological molecular systems is tightly connected
to the process of energy relaxation in their electronic or vibrational
(or both) manifolds. The problem of unraveling photo-excitation
energy relaxation pathways is relevant on a wide range of molecular
spatial scales: from the smallest molecular aggregates, consisting of
just a couple of molecules,"™ to photosynthetic complexes involving
tens or hundreds of pigments.”” Generally, due to a high number
of degrees of freedom (DOF) involved, brute-force numerical
simulations of non-equilibrium dynamics in even the smallest
systems are challenging. The standard approach to overcome
this challenge is to apply the reduced (density operator) description
within the theory of open quantum systems.*° In this description
the most relevant electronic and vibrational DOFs of the problem
constitute the observable system, while all the rest of the DOFs are
treated as a part of the fluctuating thermal reservoir - the bath.
When such a distinction is associated with a small parameter
characterizing the interaction strength between the system and
the bath, relatively simple perturbative approaches are sufficient
to describe energy relaxation phenomena. In a more general case,
division into the system and its bath is only formal, as electronic
states may be strongly coupled to both the vibrational states of the
system and those of the bath. As a result, excitation energy exchange
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® Faculty of Mathematics and Physics, Charles University, Ke Karlovu 5,
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squeezed bath quantum harmonic oscillator wavepackets in the coordinate-momentum phase space.

mechanisms between different states have to be modeled non-
perturbatively since the system and the bath become essentially
inseparable.

Dynamics of open quantum systems can be obtained using a
broad range of techniques. In recent years, a formally exact, but
relatively expensive, approach of the Hierarchical equations of
motion'' ™ has gained popularity. Among the perturbative
methods, various forms of the Redfield theory'>'® of the weak
system-bath coupling, and the Férster type of methods'”™° for
the weak resonance coupling limit, still play an essential role in
understanding biologically relevant energy transfer and relaxation
processes. Among the phenomenological approaches, the Lindblad
equations'®*" with their convenient formal properties provide the
basis for cheap and reliable modelling. All the above-mentioned
techniques are based on the density operator description, however,
for the same purposes one can also directly treat the wavefunction
itself, i.e., to expand electronic and vibrational states of the model in
a chosen electron-vibrational state basis. One family of formally
exact wavefunction approaches is based on the multi-configuration
time-dependent Hartree method (MCTDH)**** and include its
multi-layer,”*> Gaussian-based**?” extensions. Additionally,
methods of coupled coherent states,”*’ its generalization to
non-adiabatic dynamics - multiconfigurational Ehrenfest,***"
variational multiconfigurational Gaussians,**** and iterative
real-time path integral®*** are also available.

A wavefunction technique utilizing the time-dependent Dirac—
Frenkel variational principle with a trial wavefunction (ansatz)
based on the Davydov D, ansatz for the molecular chain soliton
theory®®*” is also being developed. It models dynamics of both
the system and the bath vibrational DOFs approximately by
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representing vibrational states using coherent states (CSs). Accuracy
of the technique has been shown to improve by considering variants
of the Davydov ansitze, i.e., the D, ansatz**?° or by using the
intermediately complex D, 5 ansatz.*° Still, the greatest improve-
ment came by considering a trial wavefunction made of a linear
superposition of the Davydov D, ansatz (multi-D,) and its more
complex multi-D, variant,**™** where electronic and vibrational
DOFs become mixed beyond Born-Oppenheimer approximation
(BOA). Simulations of exciton and polaron dynamics and the
non-linear optical spectra of molecular aggregates,®** light
harvesting complexes,”® also, dynamics of a simplified pyrazine
excitation relaxation through conical intersection,*® have proven
the technique to be a potent and flexible tool for simulating open
quantum system excitation energy relaxation dynamics and both
the linear and non-linear spectra. However, laborious numerical
calculations are required since the approaches result in a huge
number of coupled nonlinear differential equations.

In the present work, we extend this approach by considering
non-linear system-bath coupling terms to allow for vibrational
energy exchange between the system and the bath vibrational
DOFs within the normal mode description, using the modified
multi-D, ansatz within BOA. Entangled system electron-vibrational
states were included formally exactly using a coordinate repre-
sentation, while the bath vibrational states were represented by
a superposition of coherent states. We show that efficient
irreversible internal conversion can be achieved within BOA
and suggest resonance conditions between the electronic state
energy gap and system vibrational mode frequency, in addition
to the highly non-Gaussian bath wavepacket representation.

The rest of the paper is organized as follows: in Section II we
specify a general interacting system-bath model and give a brief
overview of the Dirac-Frenkel variational principle, while the deriva-
tions of the model equations of motion are presented in ESL{ In
Section III we present dynamics of a simulated excitation relaxation
between a non-adiabatically coupled three-level model with anhar-
monic potential energy surfaces (PESs) and non-linear vibrational-
bath coupling. Results, relevance and a general applicability of our
approach are also discussed. Conclusions are provided in Section
IV. In Appendix A we present investigation of the initially non-
degenerate CS representation on dynamics convergence.

Il. Theory

We consider a simple quantum system consisting of electronic
and vibrational DOFs. Electronic states and specific internal
vibrational DOFs (e.g. anharmonic molecular vibrations) constitute
the observable system (a molecule). This vibronic system is coupled
to a fluctuating bath, composed of many external vibrational DOFs
of a molecular environment, e.g., vibrations of a polymeric matrix,
proteins, solvent molecules, etc. Here, and throughout the
paper, for the internal and external vibrational manifold we will
use dimensionless coordinates x, y and momenta p, p, respectively,
and set the reduced Planck constant equal to one (7 = 1).

The Hamiltonian operator A of the described quantum
system as usual can be written as a sum of the system operator

This journal is © the Owner Societies 2020
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Hs, the bath operator Hy, electronic-bath interaction operator
Hy_p and internal vibrational-bath interaction operator Hyp

H=Hs+Hy+ Hy p + Hyp. (1)

The system consists of N electronic states |n) (n = 0,1,...,N), with &,
representing the ground-excited state transition (|0) — |n)) energies.
Each electronic state |n) is attached to Q internal vibrational modes.
Vibrational modes g = 1,2,...,Q are characterized by the generalized
Q-dimensional PES V(x), where x = (x1,X,,. . .,Xg) is a Q-dimensional
space point. PESs attached to different electronic states may differ,
thus, the surface associated with the state |n) will be labelled as a
diagonal term V,,,(x).

To represent quantum states of a system vibrational mode g,
we use the coordinate representation for which the action of
coordinate operator ¥, on coordinate state |x,) has the eigenvalue
Xg: Xg|Xg) = Xg|xg). For each mode g we consider coordinate states
with eigenvalues from the interval x, € [x"", x"®] with equidistant
spacing dx, between the states. States |x,) form a Q-dimensional
space states |x) = |x;) |x,) ... |xo) with orthonormality condition
(xq|Xg) = dq,q0(xg — x4), Where J,, and d(c) are Kronecker and Dirac
delta functions, respectively. We will refer to the generalized system
electronic-vibrational states

[nx) = [n)[x1)]x2). . |xq), @

as vibronic states.

1t is well established that the PESs V,,,(x) of different molecular
electronic states can get close to each other in their energies (the
avoided crossing region) or even cross each other (the conical
intersection),"” allowing for non-radiative excitation relaxation
between different electronic states. Such a transition is called the
internal conversion. During the internal conversion, the molecule
traverses to the lower energy electronic state |n) — |m < n) with
the excess energy ¢, — ¢, > 0 being converted into the molecular
vibrational energy (reverse transition is also possible). Such a
process is facilitated by the non-adiabatic interaction between
PESs of electronic state |n) and |m), ie., by Q-dimensional
off-diagonal PES term V,,,(x) = Vi(%).

Therefore, the complete Hamiltonian of the system is defined
as

N Dy .. o >
Hs = aalm)nl+ 3555+ D V(@) (ml, (3)
n q

nm

. L0 .
where p, = —i-— is the system-related momentum operator.
g

0.

The Hamiltonian operator of the bath is simply that

of quantum harmonic oscillators (QHOs). In the unit-mass
representation we can write

N Wolia .

Hy = pr(pﬁ + 7

P

)

We assume that before an external excitation, the system is
in its electronic ground state |0) and both the system and bath
vibrational DOFs are in a state of thermodynamic equilibrium.
All system-bath coupling terms will be defined with respect to
this pre-excitation equilibrium state, therefore, the system in its
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ground state is stationary (i.e. it is effectively not influenced by
the bath DOFs in any way).

System-bath interactions will be modelled via two mechanisms.
First, the excited electronic state energies are to be modulated by
the bath fluctuations. This will be modeled using the shifted PES
model,'® ie., surfaces V,,(x) are shifted along the bath oscillator
reaction coordinates y, by s, relative to the minimum of the
Voo(x). For convenience, we choose displacements to be directed in
the positive y, axis. In the regime of linear electronic-bath inter-
action, the coupling is described by the Hamiltonian operator

R 1, .
Hep=Y w, (53”,,“ - s",;x,,> [}

np

()

where the first term represents a shift of the electronic state |n)
excitation energy, while the second term induces dynamical electro-
nic state |n) energy modulation via fluctuating bath coordinate y,,.
This additional excitation energy shift of the |n) state is usually
termed the bath reorganization energy 45", and it is often merged
with the ¢,. We keep them separate in this work. Second, to allow
vibrational energy relaxation in the system (vibrational energy
exchange between the system and the bath), we include interaction
terms between vibrational system coordinates and the bath modes
up to a second order. Then the corresponding vibrational-bath
interaction Hamiltonian reads as

yw =3 (kg + K%, + k302, ) i)l (6)

ng.p

where matrices k{,qp : k{,l,,; : kﬁ,zq}, define interaction strengths between
vibrational mode g and p when the system is in the electronic state
|n) for different order coupling terms, indicated by the superscript.
The first term includes a single-quantum dissipative transitions,
while the last two terms allows the double-quanta emission events.

Statistical properties of the bath can be defined for a single
specific system-bath coupling term. For example, according to
eqn (5), the excited electronic state |n) energy modulation by
the bath fluctuations can be characterized by the spectral
density function C,"(w),**° which can be defined in terms of
Von(x) displacements s, as

Cy =3 g an ”p

Here v is the parameter of the spectral density function —c0 <
v < oo, while w, > 0 denotes the frequency of the bath
oscillators. Note that this form leads to C,"(v) = —C,"(-v).
The corresponding bath reorganization energy is then given by

y dvC, v
A,‘?“h = L. 223,,,, Wp. (8)

T V
The constant m comes from normalization of the involved
Fourier transform. Combining eqn (7) and (8), the bath oscil-
lator displacement absolute values |s,,| can be expressed as

(v=wp) = (v +w,)). (7)

[sup| = W 9)

where dv is the discretization step size.
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To define other system-bath coupling matrices, we further
assume for simplicity that both electronic and vibrational DOFs
of the system interact with the same DOFs of the bath (the
same external vibrational modes), and the interaction strength
matrix kﬁ{f)p elements, with f = {1,1},{1,2},{2,1}, will then be
expressed in terms of displacements s, (see ref. 48)

{«,

KB — ) wpls
ngp = 7 il

(10)

for all ¢, where y¥) is a dimensionless vibrational-bath interaction
strength scaling factor. This implies that all intramolecular
vibrational modes will have the same capacity for relaxation.

Equations of the model dynamics are obtained by applying
the time-dependent Dirac-Frenkel variational method.*® The
main idea behind Dirac-Frenkel variational method is that a
parametrized trial wavefunction |¥(&(¢))) is varied so that the
model Lagrangian £(7) is maintained at an extremum. For this
purpose, the time evolution of every free parameter &(¢) is
deduced using the Euler-Lagrange equation®®

dfoL(n )\ oL —0
di\oéry) 050

where ¢&; is the time derivative of ¢ and the Lagrangian £(1) of
the model is given by

a1

£(0) = 5(PEOIFE) ~ (EDIPED))

— (PE)IHP(E(0).

(12)

The procedure results in a system of time-dependent equations
for parameters &(¢), which minimize the deviation of |¥(&(t)))
from the solution of the corresponding Schrédinger equation.

For this work, we define a Davydov D, ansatz superposition
(sD,) wavefunction

N pypmax

o) =3[

n

P
dxd,(x,1)[n, x) ZG )HM%/)(’))
»

(13)

The first product term of sD, defines all possible vibronic states
of the system with complex amplitudes @,(x,t). The sum over
index n represents a superposition of electronic states, while
the Q-dimensional integral represents the coordinate basis
states of internal vibrational modes. Representation of the
internal vibronic states spans the whole space of the system
states, and it can be used to calculate dynamics of the system to
an arbitrary precision. The second product term defines possible
states of the bath QHO modes. Each mode p of the bath is
represented by a superposition of M coherent states |4,(t)) (x =
1,2,...,M) with CS displacements /,,(t), while each superposition
term « is parameterized by a complex amplitude 0,(¢). In general, a
single CS is an eigenstate of QHO annihilation operator @|A(t)) =
()| A(t)), whose displacement (f) uniquely defines the properties
of the oscillator wavepacket.”" Interpretation of CS displacement is
especially straightforward in the coordinate and momentum
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(x, p) phase space with respective operator expectation values
being equal to

7(t) = V2 Re A(1), (14)

pt) = V2Im A(1). (15)

Per definition, the single CS wavepacket has the Gaussian shape
and is centred in the (j(¢),p(¢)) phase space point at time ¢, thus,
it follows trajectory defined solely by A(¢). By considering the
superposition of CSs, we allow for the wavepacket of each mode
p to be composed of M interfering Gaussian wavepackets. As such,
the superposition can represent non-Gaussian wavefunctions of
the excited QHO states. For the superposition length of M = 1,
representation of the bath vibrational mode states by the sD,
wavefunction is reduced to the standard D, ansatz - single CS
wavepacket representation. The sD, parameter M allows to incre-
mentally increase the accuracy of the bath modeling. Alternatively,
combining the amplitudes of the system and the bath into a single
amplitude, ®,(x,t) x 0,(t) > Y,(x,t) would remove BOA, giving the
most general and, presumably, the most accurate ansatz at a cost
of significantly increased computational effort.****

With the superposition given by the sD, wavefunction (13),
normalization of the wavefunction (¥sp,(¢)| ¥sp2(¢)) = 1 imposes

3 deqﬁn* (x, )@, (x,1) = 1, (16)

n

S0 (0)0p(0)S,p(1) = 1, (17)

Py
conditions, where S,z(1) = [] (4 (1)|4p (1)) is an overlap of o
3

and f CS product superposition terms.

Applying the Dirac-Frenkel variational method to sD, wave-
function (13) with the Hamiltonian operator (1), we derived
model equations of motion in the form of a system of implicit
differential equations, see the ESIt for details.

Ill. Results and discussion

In this section, the approach described above is used to
investigate excitation energy relaxation dynamics between two
excited electronic states |1), |2) attached to the PES with an
avoided crossing along a vibrational coordinate. The electronic
ground state |0) is included solely to account for the system
before an external excitation. The electronic states are attached
to a single internal vibrational mode Q = 1 (therefore, we drop
index g) with Morse PES V;;(x) for |1) and harmonic PESs Vy(x)
and V,,(x) for |0) and |2) states, respectively

w
Voo(x) = éxz: (18)

=)\ 2

Vi(x) = Do 1—¢ V2P

(19

Var(x) = %(x —b), (20)
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with dissociation energy D, and frequency . The PES equilibrium

points are displaced by d; = —1.35 and d, = 1.35. Excited state PESs

are coupled by a linear non-adiabatic coupling V>(x) = %

referred to as a vibronic coupling. Throughout the paper we will

x, often

use dimensionless energy units by normalizing energies to ®. On
this scale, we set electronic state energies to &, = 0, &, = 5, PES Vy(x)
and V,,(x) frequencies to o = 1, and dissociation energy to D, = 40.
In the limit of D, - <0, Vi(x) approaches harmonic PES shape
with frequency w = 1. The coordinate x space was discretized in the
interval from x™™ = —10 to x™ = 12 with an equidistant step size
of dx = 0.25. The selected width of x space is large enough to
include all significant electron-vibrational wavepacket amplitudes
during its time evolution.

We base these parameters on the typical energy scales found
in organic pigments present in Nature. Setting internal mode
frequency to an approximate frequency of carbon C=C bond
vibration @ = 1500 em ', the |2) — |1) internal conversion
transition energy gap is then Agyy = & — & = 5w, which
corresponds to an optical gap. The internal conversion energy
gap varies widely between molecular pigments, e.g., the
chlorophyll-a Q,-Q, energy gap is 1.3, while the S,-5; energy
gap in carotenoids ranges from 1w to 5w depending on the
carotenoid length.”* The rest of the model parameters are kept
quite arbitrary, since concrete parametrization of both the
chlorophyll and the carotenoid PESs is lacking. Note that the
ground electronic state does not couple to excited state manifold
via vibronic coupling and, thus, will be left out of the analysis.
The resulting PES avoided crossing is shown in Fig. 1.

The statistical properties of the bath fluctuations are represented
by the Ohmic spectral density function

K}
" il

G (w) = 2 exp(—w/we),

21
wi @)
with parameter s = 3, cutoff frequency w. = 0.1 and the bath
reorganization energy A5*™ = 0.2 for each n. The frequency range of
the bath vibrational modes w e [0.05,2] was uniformly covered by
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Fig. 1 Avoided crossing of the first and second excited electronic states
|1), 12) attached to Morse Vi(x) and harmonic V,(x) potential energy
surfaces, respectively. The ground state potential surface is not shown, it is
centred at zero. Circle and square markers indicate considered coordinate
states |x) of the intramolecular vibrations. Optical excitation from the
ground state |0) to electronic state |2) results in a Gaussian vibrational
wavepacket centred at x = 0.
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40 modes with a discretization step size of dw = 0.05. This setup is
sufficiently dense to produce the convergent dynamics and the
interval of frequencies is wide enough to cover all relevant reso-
nances of the system-bath interactions.

The system and the bath interact via electronic-bath coupling
(eqn (5)) and one vibrational-bath coupling term k(nl(};) tyip” (see
eqn (6)), i.e., for simplicity we set scaling factors to y'? = 1 and
5@ = 4D = o, Condition y') = 0 guarantees that the bath
vibrational modes are retained as the normal modes, while
7@ = 0 implies that the double vibrational quanta absorption
by the system is not included.

The initial conditions of the system and the bath are taken to
correspond to the lowest energy states. Assuming that transition
|0) —|1) is either optically forbidden or is off-resonant, the
optical excitation by an external field is modeled using the
Franck-Condon ground |0) to excited |2) state electronic transition.
This corresponds to the projection of the system ground state
wavepacket into the 2nd excited state potential surface, thus,

s

. 1
setting @, (x,0) = Ee
bath are Gaussian and they can be exactly represented by a
single CS. Correspondingly, we choose to set initial amplitudes
to 0,(0) = 1, 0,.. A(0) = 0 and CS displacements to 2,,(0) = 0 for
every combination of o and p indices. At ¢t = 0 there are M
degenerate CSs, while only the first o = 1 CS amplitude is non-
zero, and all QHO wavepackets are centred in their respective
coordinate-momentum phase space (y, = 0,0, = 0). Note that
when M > 1, the lowest energy bath state preparation in terms of
Cs amplitudes and displacements is not unique, see Appendix A.

and @,(x,0) = 0. Wavepackets of the

A Following excitation energy and its dissipation

To track excitation energy relaxation within the system itself
and energy exchange between the system and the bath, we look
at dynamics of electronic, vibrational energies ee(t), &vibr(t), and
of the bath vibrational energy &pan(t), defined as

salt) = 3 euPar), 22)
, -
i) = 3 de@;(x, 1) <V,m(x) - % ng) @,(x, 1)
”n#m (23)
£y [dxas;(x, Vo ()P, 1)
eban(t) = Y 05" ()05(2) ™ () gy (1) Sop (1), (24)

xfp

with P,(t) = [dx|®,(x,7)] being the nth electronic state
population. For consistency with the system Hamiltonian
(eqn (3)), we include non-adiabatic coupling V,,,(x) energy in
the definition of &y,(¢), also, for simplicity, we exclude QHO
zero-point energy from the bath energy &pqm(t)-

In Fig. 2 we present the time dependence of the system, bath
energies and initially occupied electronic state |2) population
P, calculated with ansatz superposition length M = 1,...,6.
For reference we also plot a system energy dynamics of an
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1...6.

isolated system. Note that, because excitation energy of the
state |1) is & = 0, the total electronic energy is a function of just
|2) electronic state population, &e(t) = &:P,(t).

In the case of an isolated system, nontrivial oscillations
between the system electronic and vibrational energy are observed
(internal conversion due to non-adiabiatic PES coupling V;,(x)),
however, only about 25% of the electronic state |2) population P,
transfers to the |1) state and a large amount of the transferred
population from the state |1) is then repeatedly transferred back to
the |2) state, ie., internal conversion is reversible.

Now let us also include the bath and couple it to the system.
In the case of the bath wavefunction representation by M = 1
superposition terms, the character of the system energy oscillations
changes. It now displays harmonic, reversible behaviour with a
period of 7;¢ & 15 (in the units of wt). Additionally, &, and &, are
also modulated with a period of 1y &~ 1, yet, with a smaller
modulation amplitude. However, no appreciable vibrational energy
exchange between the system and bath modes is observed. The
slight increase in the bath energy is solely due to the electron-bath
coupling induced bath reorganization. By increasing superposition
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length to M =2, system electronic and vibrational energies no longer
simply oscillate, but some of the electronic energy is now
irreversibly converted into the system vibrational energy. Still,
no significant energy dissipation to the bath occurs. Taking
M = 3, non-negligible energy exchange between the system and
the bath vibrational modes finally takes place. Considering even
more superposition terms, irreversible internal conversion and
dissipation effects become further pronounced and converge at
M = 5. The convergent irreversible internal conversion occurs on
a time scale of ;¢ with 60% of the initially occupied |2) state
population relaxed to the |1) state, which is followed by the
system vibrational energy dissipation to the bath.

The drastic change in the behaviour of the & and é&yipy
energies, when the system becomes coupled to the bath, is
induced by the bath vibrational mode action on the evolution of
the system electron-vibrational wavepacket due to the vibrational-
bath coupling term oc kﬁ,lq';’aéquz. For an isolated system, internal
conversion dynamics are decided solely by the free evolution and
mixing of the electron-vibration wavepackets on Vy;(x) and V,,(x)
PES. By coupling the system to the bath, electron-vibrational
wavepacket evolution becomes influenced by the motion of the
bath vibrational modes. By looking at the visualization of the
electron-vibrational wavepacket evolution, presented in the ESL
we found that vibrational-bath coupling effectively reduces the
oscillation amplitude of the electron-vibrational wavepacket on
V,5(x), making it harder to reach the avoided crossing area (x ~ 4)
between the V;4(x) and Vp,(x), however, on each oscillation of the
Vas(x) PES electron-vibrational wavepacket with a period of 7y, a
small amount of wavepacket is still transferred to V;4(x). In the

e -

case of M = 1, for the first % after excitation, we observe a

gradual population transfer from the |2) state to the |1) state with
. LT

the reversed process occurring for the followmg% time interval.

In the convergent case of M = 5, for roughly the full period of 1;c,
we observe analogous population transfer from the |2) state to
|1), however, now the generated system vibrational energy is
irreversibly dissipated to the bath, instead of being converted
back into the electronic |2) state energy.

The total lack of vibrational energy exchange between the
system and the bath vibrational modes at M = 1 suggests that
the simple D, ansatz is incapable of representing any QHO
states necessary to absorb vibrational energy due to the quad-
ratic vibrational-bath coupling term oc k(nltiz)fqif. Meanwhile,
superposition of CSs allows for the formation of QHO non-zero
vibrational energy state wavepackets and for absorbing vibra-
tional energy from the system.

B Characteristics of the bath QHO wavepackets

To evaluate the characteristics of the bath wavepackets, we
have computed the coordinate, momentum variances and their
arithmetic average for a selected set of bath vibrational modes

75,7 (1) = 2,2 (0) = %, (1%, (25)

75, 7(1) = (1) = p, (1), (26)
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1

(40,2 ) (0 =5(0,2(0) +3,2(0)). 27)

where O, (1) = <'I/5n2 (x, r)\(f),,\ ¥sp, (X, t)> is an expectation value
of operator O,. We have chosen to look at two modes with

. . [0}
frequencies close to half of the electronic energy gap, w, ~ EL

as it is the frequency of the expected resonance band created by
the quadratic vibrational-bath coupling. Time dependence of
frequency w, = 0.5 and w,, = 0.6 bath vibrational mode variances
calculated with M = 1,...,6 are shown in Fig. 3.

In the case of M = 1, both coordinate and momentum
variances are equal to 0.5 and, as expected, they do not change
in time, because the wavepacket of each mode remains strictly
Gaussian. Taking M = 2, the coordinate and momentum variances
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of the mode with wj, = 0.5 oscillate almost harmonically, indicating
that the wavepacket remains almost Gaussian, but it is successively
squeezed along y, and p, axes (behaviour characteristics of the
squeezed coherent states), no significant variance change for
w, = 0.6 is observed. Considering M = 3, variance oscillations of
the mode with w, = 0.5 are no longer harmonic, i.e., oscillation
amplitude maximum of 7, > exceeds that of 7, *, implying that
the Gaussian wavepacket is asymmetrically squeezed. Variance
oscillations of the mode with w, = 0.6 are now also observed. By
including more superposition terms, the pattern of the variance
oscillations continues to change, and, in accordance with
energy dynamics, superposition of M = 5 provides convergent
dynamics with both modes displaying anharmonic variance
oscillations.

Variance oscillation amplitudes of the w, = 0.6 mode are
about 5 times greater than that of the w, = 0.5 mode, suggesting
that the former mode must lie in an effective resonance band
for considered vibrational-bath coupling and it is responsible
for absorbing the major part of vibrational energy dissipated
from the system to the bath. The latter mode is off-resonant
and contributes less to the vibrational energy absorption, rest
of the bath modes are also off-resonant. Also, the variance
oscillation pattern of the w, = 0.6 mode closely resembles that
of &pqen(t) in Fig. 2, further providing evidence that this mode is
the main absorber of the system vibrational energy.

Additionally, the variance averages (c,,,?) of both modes are
not static and exceed variance average of the initially prepared
Gaussian wavepacket, implying that wavepackets broaden. This
is in accordance with the analytical solution of the uncoupled
1+ 2k

2

QHO variance, which states that (g,,%) = is linearly

proportional to QHO eigenstate occupation number k. In our
case, bath QHO high occupation number states are accessed by
absorbing vibrational energy from the system.

C Resonance conditions for the quadratic coupling induced
internal conversion

In the previous section we have investigated the internal conversion
dynamics of PESs in an avoided crossing region. To gain more
insight into the underlying excitation energy relaxation pathway,
now we will look at dynamics in the crossing PESs and large-gap
PES avoided crossings. Keeping the same model parameters as in
the previous Section IIIA, and setting ansatz superposition length to
M=5,nowwe vary |2) — |1) transition energy gap A¢,; by changing
electronic state |2) excitation energy é,.

In Fig. 4 we present the time dependence of the electronic
state |2) population P, calculated with various transition energy
gaps. Gaps of Ae,; < 5 represent crossing PESs (on the left), while
Aéey; > 5 produce a large-gap PES avoided crossings (on the
right). First looking at the crossing PESs, a clear distinction can
be made between two types of population dynamics: some of the
dynamics display an internal conversion with an oscillatory
behaviour dependent on the energy gap, while other dynamics
display only the small amplitude population oscillations about
an initial population value. Dynamics of the large-gap PES
avoided crossings display a similar tendency, however, internal
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Fig. 4 Time dependence of the electronic state |2) population P, calculated
with different [2) — [1) transition energy gaps A,y dynamics of the crossing
PESs and a large-gap PES avoided crossings are shown on the left and right,
respectively. The rest of the model parameters are kept the same as in Section
IIA, the ansatz superposition length of M = 5 is used.

conversion now occurs on a much longer time scale as com-
pared to crossing PESs.

We conclude that the internal conversion is induced when
the initially populated ground vibrational level (with zero
vibrational quanta) energy of V,,(x) PES is in resonance with
vibrational level energies of the V;,(x) PES. In the case of our
model, with PESs of the same fundamental frequency w, we
expect the internal conversion to occur when the transition
energy gap Ag,, is equal to the integer multiple of the lower PES
(in our case Vi4(x)) fundamental frequency o, ie., Agyy = ko
with k being a positive integer number. Note that the prescribed
resonance conditions ought to have uncertainties as PES anharmo-
nicities displace PES vibrational level energies and the electronic-
bath coupling (eqn (5)) redistributes vibrational level populations.

To examine such a condition validity, in Fig. 5 we present
time dependence of the electronic state |2) population P, calculated
with a slight variation in the electronic state |2) excitation
energy about the resonance conditions &, = ko + 8¢, for k = 3,
4,5 and |8¢,| « . Looking at the k =5 case first, we find ¢, = 5w
to be the optimal energy gap for internal conversion and even a
slight shift in the excitation energy |ds,| < 0.2w breaks the
resonance condition and, in turn, the internal conversion.
Meanwhile, in the cases of k = 4 and k = 3, the energy gaps of
& = 4w — 0.08w and &, = 3w — 0.20, respectively, are optimal.
Again, a slight variation in the optimal energy gaps |3¢,| < 0.2w
breaks the resonance condition. This shows that the resonance
condition Agy; & ko, k = 1,2,... between the transition energy
gap Ae,, and the fundamental vibrational frequency  allows
qualitatively predicting the onset of the internal conversion due
to the quadratic vibrational-bath coupling term.

D Discussion

To model vibrational energy exchange between the system (g)
and the bath (p) vibrational modes, we have included quadratic
vibrational-bath coupling term Hy_ g oc %47, It is the simplest
coupling term that still maintains vibrational modes as normal
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Fig. 5 Time dependence of the electronic state |2) population P, calculated
with a slight variation in the electronic state |2) excitation energy about the
resonance conditions ¢, = ka + 8¢, for k = 3, 4, 5 and [8¢,] « o, the rest of the
parameters are kept the same as in Section IlIA, ansatz superposition length of
M =5 s used.

modes. Bilinear coupling term Ay oc %7, would only redistribute
oscillation amplitudes among vibrational modes. Performing a
unitary transformation, we would again obtain uncoupled normal
modes. The linear term is still included in deriving the equations of
motion and could be used, however, the non-linear coupling term
leads to irreversible dynamics.

Effects
Hyg oc 7:},2 on time-resolved fluorescence of a single absorber
have been investigated by Chorosajev et al.”* They represented
bath QHO states by a single squeezed coherent state (SCS) and

of quadratic electronic-phonon coupling term

This journal is © the Owner Societies 2020

View Article Online

PCCP

were able to account for spectral signatures of absorption from
the hot ground state, and the breaking of the absorption and
relaxed fluorescence mirror symmetry, i.e., the effects lacking
in CS representation. The SCS approach was also applied to
model Morse vibrational modes and was shown to lead to
wavepacket reorganization due to PES anharmonicity.”® The
ability of a single SCS to represent QHO wavepackets is greater
than a single CS, as it allows modelling symmetric ¢, and ¢,
variance oscillations, yet, it is still limited to just Gaussian-like
wavepackets. Our more general approach revealed that quad-
ratic vibrational-bath coupling not only induces asymmetric
QHO variance oscillations, but also broadens wavepacket in the
(%,Pp) Phase space. Correct representation of both effects using
a single SCS is inherently impossible. We believe that these
effects would also be present in models with a quadratic
electronic-phonon coupling term. Interestingly, superposition
of M =2 terms produced rather symmetric ¢, and ¢,” variance
oscillations and could perhaps be an alternative to using SCS
for other applications. Additionally, we found that the solely
linear electron-bath coupling model does not induce bath
vibrational mode wavepacket variance changes, thus, the bath
state representation by a single CS within BOA is then essentially
sufficient (not shown).

Regarding the form of the wavefunction, the multi-D, ansatz
does not use BOA and represents both system and bath vibrational
mode states using CSs. By increasing the superposition length of
multi-D,, representation accuracy (and numerical effort) of both
the system and the bath vibrational states increases equally.
Chen et al. have simulated pyrazine electron-vibrational wave-
packet relaxation through conical intersection using the multi-
D, ansatz*® by considering a two-level system with 4 internal
vibrational modes, 20 bath modes were linearly coupled to
electronic states®® and found that dynamics obtained by includ-
ing more than 40 multi-D, superposition terms agreed well with
those obtained using the state-of-the-art MCTDH method. It is
well known that modeling of internal conversion requires non-
BOA representation of the entangled system electron-vibrational
wavepacket, for which multi-D, is well suited, however, question
remains of whether one can apply BOA to separate system and
bath wavefunctions, and have irreversible internal conversion,
and whether representation of the separated bath wavefunction
needs to be more complex than just of a single CS.

The newly defined sD, ansatz is of BOA structure, however, the
most important DOFs for internal conversion, i.e., entangled system
electronic states and internal vibrational modes, are treated formally
exactly. Using the sD, ansatz, we found that it is capable of
modeling irreversible internal conversion with an avoided crossing
along a vibrational coordinate and that internal conversion induced
dynamics of the system electron-vibrational wavepacket is highly
dependent on the complexity of the bath wavefunction representa-
tion. The simplest approach of the D, ansatz with CS (M = 1), or
even SCS (similar to M = 2), is not sufficient, because of its limited
ability in representing the complex QHO wavepackets. To obtain
convergent dynamics we had to include the superposition of at least
M =5 CS terms. Irreversibility is induced by the system vibrational
energy dissipation to the bath vibrational modes.
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The full ab initio model of pyrazine®” suggests an alternative
excitation relaxation pathway via conical intersection between
the optically dark A,(nm*) state and the pyrazine ground state, PESs
of which require treatment of quadratic and higher order vibronic
coupling in the form investigated in this paper. We looked at the
effect of the quadratic vibronic coupling term, however, extension of
the presented model to the higher order terms is straightforward by
including them in the eqn (6) definition.

IV. Conclusion

In summary, the presented model allows investigating irreversible
molecular internal conversion dynamics with simultaneous system
thermal energy dissipation to a bath. We defined sD, ansatz,
which represents the most essential states for internal conversion,
ie., entangled electron-vibrational wavepacket states, formally
exactly, while bath quantum harmonic oscillator states were
expanded in a superposition of coherent states.

To have thermal energy dissipation to the bath, we included
quadratic coupling term Hy._g oc £,7,” between the system and the
bath vibrational modes. Using a non-adiabatically coupled three-
site model, we showed that the irreversible internal conversion due
to quadratic vibrational-bath coupling occurs when the initially
populated system vibrational level is in resonance with an empty
vibrational level of a lower energy electronic state. Hence, specific
sharp resonances have to be met to observe fast and efficient
internal energy conversion processes. Also, a highly non-Gaussian
bath wavepacket representation is required. This results in
broadened and asymmetrically squeezed bath vibrational mode
wavepackets. We argue that these effects are, per definition, not
possible with the simple Davydov D, ansatz, while squeezed
coherent state representation is insufficient.

Also, we found that a linear coupling term in terms of bath
vibrational mode coordinate A oc 7p does not induce wavepacket
changes, thus, bath state representation by a single coherent state
is sufficient. Additionally, we compared model dynamics and
convergence with degenerate and non-degenerate initial coherent
states and found that the degenerate case provided the same
convergent results as the non-degenerate situation, however,
required less computational effort. The presented approach is
general in its formulation and could be used to model similar
non-linear system-bath coupling effects.
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Appendix A: lifting initial coherent state
degeneracy

Although the considered CSs are dynamical, i.e., CS displacements
J4p(0) evolve in time, choosing more appropriate CSs could

perhaps better accommodate the QHO wavepacket at early times,
leading to faster convergence and less computational effort.
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In Section IIIA the initial bath state, corresponding to the
lowest energy QHO state, was represented by degenerate CSs,
i.e., all vibrational mode p CS displacements were equivalent
Jap(t = 0) = 0. However, because we choose to set only the
first superposition term amplitude to be non-zero 0,(0) = 1,
0,,._m(0) = 0 initial displacement /,~ 5 ,(0) values can be chosen
arbitrarily without modifying the initial bath state. Therefore,
now we investigate the effects of setting 1,>5,(0) # Zu=1,5(0),
which will lift initial CS degeneracy, on the model dynamics
and convergence.

With our choice of the initial amplitudes 6,(0), displacement
Ja=1,5(0) defines the pth vibrational mode Gaussian wavepacket
initial position in the coordinate-momentum phase space
(4pPp), see eqn (14) and (15), while displacements 7,5 ,(0)
define additional Gaussian wavepacket states of the pth vibra-
tional mode, though, they carry zero amplitudes initially.
Ideally, we would like to cover as much of phase space as
possible with additional states, yet, keep them close enough to
each other for their wavepackets to overlap, and centred around
the initially populated state o = 1. Therefore, we chose to
arrange initial CS displacements 4,,(0) in a cross-like pattern,
see Fig. 6, while keeping 4, - 1,(0) = 0 centred in phase space.
The displacement pattern is reproduced by an expression

T

where |O] is a floor function of O, and the parameter 81
determines the separation between the nearest Gaussian wave-
packet states o, allowing controlling their overlap. Separation of
3/ = 0 reproduces the initial bath state basis used in
Section IIIA.

In Fig. 7 we display the time dependence of the system
electronic energy ¢(t) calculated with superposition length M =
1,...,6 and separation 81 = 0,...,1. In the case of M = 2, state
separations in the range of 84 = 0.25,...,0.75 provide identical
and already semi-convergent results, as compared to the M =5
case, while the degenerate state 54 = 0 case only slightly differs
from the M = 1 case. Large separation of 54 = 1 performs the
worst and does not differ from the M = 1 case at all, suggesting,

2op(0) =

8 6
[ ] [ ]
4 2
[ ] [ ]
Sg o 6N, 1
o 3 5
[ ] [ ]
7 9
[ ] [ ]
0
R(Agp)

Fig. 6 Scheme of CS displacement A,(t = 0) arrangement of « = 1,...,9
states for all p. Free parameter 84 determines separation between the
nearest Gaussian wavepacket states o.
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Fig. 7 Time dependence of the system electronic energy zq(t) calculated
with superposition length M = 1,...,6 and separation 84 = 0....,1 between
the nearest coherent states

that the CS wavepackets no longer sufficiently overlap to allow
the formation of necessary QHO state wavepackets. By further
increasing the number of superposition terms M, the dynamics
calculated with 34 = 0.25,...,0.75 separations provide similar
results (with the same M), suggesting that a small initial state
separation does not drastically change long term dynamics.
Eventually, by considering M = 6 terms, dynamics with no 84 =0
and small 8/ = 0.25,...,0.75 separations provide identical con-
vergent results. On the other hand, if separation is too large
84 = 1, dynamics do not converge at all, independent of a
number of M terms considered.

We found that the small and medium separations 8. =
0,...,0.75 between the nearest states provided semi-converged
dynamics at superposition of just M = 2 terms, however,
M =5 terms were required to obtain a fully convergent result,
independent of the separation. Interestingly, if initial separation
is too large 6/ = 1. As for the computational effort, while keeping
the same M, zero separation case 64 = 0 required the least
computational effort and increasing separation only slowed
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down calculations (not shown). In other words, the initially
degenerate CSs used in Section III provide a convergent and
efficient basis for computation.
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The linear absorption spectrum of J and H molecular aggregates is studied using the time-dependent
Dirac—Frenkel variational principle (TDVP) with the multi-Davydov D, (mD5) trial wavefunction (Ansatz).
Both the electronic and vibrational molecular degrees of freedom (DOF) are considered. By inspecting
and comparing the absorption spectrum of both open and closed chain aggregates over a range of
electrostatic nearest neighbor coupling and temperature values, we find that the mD, Ansatz is
necessary for obtaining an accurate aggregate absorption spectrum in all parameter regimes considered,
while the regular Davydov D, Ansatz is not sufficient. Establishing a relationship between the model
parameters and the depth of the mD, Ansatz is the main focus of this study. Molecular aggregate
wavepacket dynamics, during excitation by an external field, is also studied. We find the wavepacket to
exhibit an out-of-phase oscillatory behavior along the coordinate and momentum axes and an overall
wavepacket broadening, implying the electron-vibrational (vibronic) eigenstates of an aggregate to
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| Introduction

Molecular aggregate excitation dynamics can be computed
using the wavefunction-based TDVP by postulating an Ansatz,
which ought to be complex enough to represent the necessary
vibronic states of the aggregate. The Davydov D, Ansatz, which
was originally developed for the molecular chain soliton
theory,"” represents quantum states of molecular vibrational
modes using Gaussian wavepackets, also known as coherent
states (CS). It has been widely applied to study excitation
relaxation processes in both isolated molecules and molecular
aggregates,”® as well as to compute their linear and nonlinear
spectra.” "

While the TDVP method is based on propagating pure
wavefunctions, its stochastic extension can be used to describe
non-zero temperature by averaging over the initial equilibrium
thermal state.’* However, it still does not properly account for
the energy dissipation effect in the vibronic system. This can be
achieved using the thermalization approach, by implicitly
modeling vibrational energy exchange with an extended
environment."?

The D, Ansatz is not sufficient to allow for accurate modeling
of molecular aggregates."® Accuracy can be greatly improved by
considering a superposition of multiple copies of the D, Ansatz,
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reside on non-parabolic energy surfaces.

termed the multi-Davydov D, Ansatz. The mD, Ansatz and,
its more complex variant, mD; Ansatz'* have been applied to
study polaron dynamics in Holstein molecular crystals,"® the
spin-boson models'® and for nonadiabatic dynamics of single
molecules,*"® as well as to simulate nonlinear response function
of molecular aggregates”'® and others."”* A more in-depth
overview of the various types of Davydov Ansatze and
their applications can be found in a recent review article by
Zhao et al.*'

However, a well-defined strategy to determine the required
number of multiples in mD, Ansatz (or the depth) needed to
obtain the converged result is lacking. The absorption spectrum
and excitation relaxation dynamics of a linear molecular aggre-
gate are key quantities that may serve for establishing the
relationship between model parameters and the parameters of
the Ansatz. Optical electronic properties significantly depend on
the transition dipoles, whether the dipoles are in the “head-to-tail”
(J aggregate) or “side-to-side” (H aggregate) configurations.”> >’ In a
] aggregate, excitation by an external electric field produces an
initially excited lowest energy excitonic state, therefore, the
energy relaxation effect is minimal and the absorption spec-
trum is dominated by the exchange narrowing effect.?®™" It
effectively reduces the electron-vibrational coupling strength
and the shape of the spectrum is similar to that of a single
molecule, rescaled due to exchange narrowing. Meanwhile, in
an H aggregate, external fields excite the highest energy exci-
tonic state, thus various available vibronic energy relaxation
pathways make the H aggregate spectra more complicated than
that of the J aggregate, with a non-trivial spectral lineshape.***°
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The rest of the paper is organized in the following way. First,
in Section 2 we describe the vibronic molecular aggregate
model and the theory of linear absorption using the mD,
Ansatz. Secondly, in Section 3 we analyze a range of J and H
molecular aggregate absorption spectra and quantify their
convergence in terms of mD, Ansatz depth. Lastly, in Section 4,
we discuss our findings, relate the mD, Ansatz vibrational wave-
packet evolution to the previously proposed sD, Ansatz and
present the conclusions.

Il Theory and its
numerical implementation

We consider a vibronic molecular aggregate model, where both
the electronic and the vibrational DOF are included. Each
molecule (site) in the aggregate is modeled as a two
electronic-level system, where ¢, is the nth site excited electronic
state energy. Electrostatic interaction between excited electronic
states of sites is given in terms of the resonant dipole-dipole
interaction with strengths J,,,,. Intramolecular vibrational modes
of sites are modeled as harmonic vibrational modes. Mode g of
the kth site is characterized by a frequency wy, and the electron-
vibrational coupling strength fi,.

Vibronic aggregate model Hamiltonian # is given as a sum
of the following Hamiltonians.*** The electronic site Hamil-
tonian

n#m
Hs =Y eudhan+ > Junilhim, ]
7 ot
describes an electronic excitation delocalized over the whole
aggregate (exciton), where d/ (4,) are the nth site Paulionic
excitation creation (annihilation) operators. The intramolecular
vibrational mode Hamiltonian (with the reduced Planck’s
constant set to h = 1) is that of quantum harmonic
oscillators (QHO)

Hy = Z w;\qé;\qék,,. (2)
kq

with an excluded zero-quanta energy constant shift, where c; "
(Cxq) are oscillator bosonic creation (annihilation) operators of
the gth intramolecular mode, coupled to the kth site, which
account for molecular vibrations. The electronic-vibrational
interaction is included using the shifted oscillator model, i.e.,
the vibrational mode potential becomes displaced along the
coordinate axis in the excited electronic state. The electron-
vibrational coupling Hamiltonian is then given by

Hsoy ==Y aan Y wuh(Sy+éu)-  ©)

Molecular aggregate sites also interact with an external
electric field E(t) = eE(t)exp(—iwgeiat), where e is the optical
polarization vector, E(¢) is the time-dependent field envelope
and ogeq is the field frequency. In the dipole and Frank-
Condon approximations, sites interact with the optical electric
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field via their purely electronic transition dipole vectors pu,, there-
fore, the site-field coupling Hamiltonian is given as Hs (t) = i-E(¢)
with ji = fi, + i_ being the transition dipole operator and

B = 3 hudl, @

n
o= Zﬂ/rd/fﬁ )
"

are the transition operators that increase (decrease) the number of
excitation quanta in the aggregate. We consider an electric field
in an impulsive limit with rotating wave approximation,®
E(t) —» Eoo(t — 1), where 7 is the interaction time, and therefore
transitions between aggregate states with a different number of
excitations occur instantaneously.

Using the Heitler-London approac! we construct the
electronic states of the aggregate as products of molecular
excitations: the molecular aggregate electronic ground state
|0) = ®,]0,) (global ground state of all sites) is taken as a
reference state, thus, in the ground state, inter-site coupling
and electron-vibrational coupling are absent, and we also have
the electronic ground state energies equal to zero. Then the
aggregate ground state Hamiltonian is purely vibrational A = Hy.

Time propagation of various states is computed using TDVP
applied to the Davydov Ansatze.>>"? Since the ground electro-
nic state (g) corresponds to independent molecular vibrations,
it is sufficient to describe it by the simplest D, Ansatz

¥80) = 810} @ 12(1), ©)

31,36
h,

where 9(¢) is the ground state amplitude. The vibrational state
is represented in terms of the multi-dimensional CS,
[A(0)) = ®k,(,\).k4(r)>. Single-dimensional CS |/(t)) is created
by applying a translation operator

Diaqt)) = exp ()il — 21 (03, ) @)

with complex displacement parameter /i(t), to the QHO
vacuum state: D(/,(£))|0)xg = |/kq(£)). For the time propagation
of the aggregate’s electronic excited state (e), mD, Ansatz will
be used,"* given by

M

i
(c
WS, (1) = 33 sa(0ln) @ 120, ®)
T

where |n) = |1,) ®@u-n|0,) is an electronic state of amplitude
;,q(t), which defines a singly excited nth site. The aggregate’s
vibrational state is now |4;(r)) = ®j.4|2ixe(¢)). Each multiple i
corresponds to an excitonic state associated with an aggregate
vibrational state. By considering more multiples, the complex-
ity and, in principle, the accuracy of the 'Pl[?m is increased.
The 9’:{3‘ Ansatz with M = 1 reduces to the regular Davydov 'sz
Ansatz.

While, in general, the state of the aggregate is the super-
position of the ground ‘I’fi) and the excited ‘I’ff,:)z state wave-
functions, in the perturbative treatment of the interaction with
the optical field, the aggregate’s electronic state will always

This journal is © the Owner Societies 2022
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adhere to either 'Pg) or 'I/f,ﬂ)z,

therefore it is sufficient to
consider evolution of these wavefunctions independently.

For the ground state, the TDVP procedure results in a system
of explicit differential equations of motion (EOM) for variables
9(t), Axg(t), which yield an analytical solution: 9(¢) = 8(0), Az, () =
exp(— iwggt), while for the electronic excited state, the resulting
EOM constitute a system of implicit differential equations for
%in (t), Aikg (t) variables, which can be solved numerically.
Details on the mD, Ansatz EOM, their solution and numerical
implementation, can be found in Appendix 5.

Using the response function theory,®”® the linear absorp-
tion spectrum is given by a half-Fourier transform,

({,}),ReJ dreo-s (), ©)

of the linear response function % (¢), given by

5O = (PR | vE ), (10)

where we defined a scalar dipole operator fi. = e-fi.. We also
include a phenomenological dephasing rate of y = 100 cm™* to
account for the decay of optical coherence due to the environ-
mental fluctuations, explicitly unaccounted by our approach.

Numerical computation of % (¢) can be greatly streamlined
by deriving expressions that relate variables of the ground state
9 (t), 4xq (¢) and the excited state a;, (¢), Aixq (), when upward
transition operators /. act on the ground state ll‘gj, such that
we can define

] @) = [#5h,0), (11)
and, from eqn (4) and (5), it also follows that
(P8l = (1] #8h,@)) " (12)

Notice that, in general, even though at the time of inter-
action 7, the initial state ‘I’%} is normalized, and the resulting
excited state 'I’(mg)Dﬁ is not necessarily normalized. This does not
introduce difficulties, since in the derivation of EOM, no
assumptions of Ansatze normalization have been made. Alter-
natively, the resulting wavefunctions from eqn (11) and (12) can
be manually normalized, however, this would require keeping
track of excitation amplitudes separately.

During the ground to the excited state transition in eqn (11),
the ground state wavefunction ‘I/&) can be equivalently repre-
sented by an arbitrary single CS out of the i = 1,2,..., M

multiples of the ‘I’g-,z

Ansatz. For this reason, we choose to
“populate” the i = 1 multiple after excitation, and call the rest of
the multiples j # 7 as initially “unpopulated”. Then the newly
created state ll’f:)D given by eqn (11), has amplitudes oy , (1) =
a9 (), % (7) = 0, where p, =
(%) = Jaq (0)-
Unpopulated CS variables 4;, (7) initially do not contribute
to the dynamics, therefore, their position, in principle, is
arbitrary. However, during the following excited state evolution,

e, and CS displacements ;-1 xq

This journal is © the Owner Societies 2022
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unpopulated multiples become populated and begin to influence
model dynamics. It is known that the initial distance between the
populated and unpopulated CS 0 = |41 44 (t) — 4;q (7)| should not
be too large, otherwise, they will not participate in the excited state
dynamics (even at large propagation times CS will remain
separated).® On the other hand, setting all CS in close proximity
to each other 4z, (1) X Aiixq (7), leads to a highly singular
EOM.””*® We chose to set unpopulated CS in a layered hexagonal
pattern around the populated CS given by the equation

1
ion | pr=—1p]
a®) = Frenig() + Asin(Z) 1+ g))e ( 2m ) 13)

where A is a distance parameter, f(j, m) = (j — 2)/m is a
coordination function with m = 6 being the number of CS in each
layer and | x| is the floor function of x. A should be large enough
not to have significant overlap among the initial distribution of
CS; we found A = 0.5 to give numerically well behaved, consistent
and convergent results.

After independently propagating bra (L) and ket (R) states of
eqn (10), their overlap is given by

s = (i, 0], \W.,,D, >R
- S A A .
where the CS overlap is given by
ORI —explz(,h, AR0)
xepo( A |) (15)

X exp Z <——

*(R)
kg ( :

The temperature of the molecular aggregate is included by
implementing the Monte Carlo ensemble averaging scheme.
Before excitation of the molecular aggregate via an external
field, vibrational modes reside in the ground state and obey
the canonical ensemble statistics with density operator in the
P-representation given by the probability function®***°

(16)

P(2g(0)) = Z;,} exp (7)@,,(0))2 [eﬁ - 1D

where Zj, is the partition function, kg is the Boltzmann
constant and T is the temperature. By sampling vibrational
mode initial conditions 2, (0) from eqn (16), and averaging
over the linear response functions S(¢), we obtain the ther-
mally averaged linear response function (S%(¢));, which now
depends on the temperature. We found 360 samples to result in
the converged absorption spectrum presented in the next
section.

Phys. Chem. Chem. Phys., 2022, 24,17665-17672 | 17667
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Il Results

We consider the absorption spectra of the H and J aggregates.
The model aggregate consists of N = 10 sites, each of which can
be resonantly excited by an external electric field, thus we set
single site excitation energies to &, = wgeiq With the nearest
neighbor couplings J, .1 =/ = £500 cm ™" for H and ] aggre-
gates, respectively. For each aggregate type, we consider two
types of boundary conditions: open chain (OC) with Jy; = Ji n =
0 em™, and the closed chain (CC) with Ji,; = /1 n =J. The purely
excitonic absorption spectrum of this CC aggregate consists
of a single peak due to the super-radiant excitonic state with
&, + 2] energy. The OC aggregate, besides having the main peak
at xg, + 2/, also has many lower amplitude peaks.

Next, we include one intramolecular vibrational mode per
site with frequency wy, = 500 cm ™! and Huang-Rhys (HR) factor
S :fqu = 1, which defines the electron-vibrational coupling
strength. Site electronic transition dipole moment vectors are
identical and set to g, = (1,0,0). The vibrational mode initial
thermal energy is set to kgT = wy,/2, which corresponds to the
temperature of 7 = 360 K. Note, that rescaling all energy
parameters by a constant would give exactly the same spectrum.

Absorption spectra of the model H aggregate, computed
with an increasing mD, Ansatz depth M, both in OC and CC
arrangement, are shown in Fig. 1. In both cases, the absorption
spectrum converges with M = 7 multiples, and higher multiplicity
spectra have been computed and are identical up to M = 11.
Absorption of the M = 1 case, which is equivalent to using the
Davydov D, Ansatz, has peaks in the same frequencies as the
converged spectrum, however, their intensities are incorrect, and
some are even negative. By increasing the number of multiples
considered, peak amplitudes become strictly positive. The 0-0
electronic peak can be clearly identified. Vibrational side-peaks to
the higher energy side are due to 0-n vibronic transitions, while
on the lower energy side reside the n-0 transition peaks, per-
mitted by the non-zero temperature. Finite vibronic peak widths
originate from vibrational dephasing, due to finite temperature
and aggregate environment fluctuations. Both the OC and CC
aggregates have similar line-shapes, and a slightly finer vibronic
structure can be observed in the CC system, due to the greater
amount of symmetry and, therefore, effectively lower broadening.

1.00

oc !
=3
075 =5
—M=7
— Excitonic

°
g

&

Absorption, arb. units

0.00

0 500 1000 1500 0
W — Wy, cm

00 1000 1500
w— wgyg, om!

Fig. 1 Absorption spectrum of the model H aggregate in (A) OC and
(B) CC configurations, computed with mD, Ansatz depth M. The purely
excitonic spectra are also shown.
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Fig. 2 Absorption spectrum of the model J aggregate in (A) OC and
(B) CC configurations, computed with mD, Ansatz depth M. The purely
excitonic spectra are also shown.

The absorption spectrum of the model J aggregate is shown
in Fig. 2. In the CC aggregate, the visible side-peak, on the
higher energy side of the strong 0-0 transition, is the first term
of vibrational progression. The effective HR factor is thus
significantly reduced (hence, the exchange narrowing) due to
intermolecular couplings. It is observed to be independent of
Ansatz depth considered in both OC and CC arrangements. By
increasing M, the absorption spectrum redshifts to lower energies,
while qualitatively maintaining the same shape, however, slight
differences emerge. For the OC aggregate, peak intensities change,
while for the CC aggregate, mostly only the main peak intensity
changes. Apparent energy splitting between electronic transitions
is considerably reduced, implying that vibronic states do not
maintain excitonic intraband gaps due to the strong intra-
molecular vibrational coupling. In contrast to the H aggregate,
all absorption peaks are positive, even with M = 1 multiplicity.

In order to quantify the convergence of the H aggregate
absorption spectrum with increasing mD, Ansatz depth, we
calculate the normalized discrepancy®*

1

D(M) = 7

o/ a0~ a7
where A (w, M) is the absorption spectrum with multiplicity M,
where A(w) = A (w, M = 11) is the converged reference
spectra and

A = max [dw (A(w, M) — A(0)), (18)

overM
is the normalization factor. In Fig. 3 we show D(M) for the H
aggregate for various values of the nearest neighbor coupling /,
vibrational mode thermal energy kT, and Ansatz depth
M=1,. ..8.

We observe that for CC and OC H aggregates, the discre-
pancy significantly depends on J and kg7, even at the same
depth M. We observe, that in the case of M = 1, independent of
model parameters and site arrangement, spectrum discrepancy
is always high. By increasing the depth to just M = 2, for some
parameters, the discrepancy is reduced significantly. By
inspecting higher depths (M = 2-4), a general observation can
be made. Mainly, the CC H aggregate requires a larger depth at
higher temperatures, while for the OC H aggregate, two
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Fig. 3 Normalized discrepancy D(M) of the H aggregate in CC and OC
configurations for a range of J and kgT values, computed with mD, Ansatz
depth M.

parameter regions of high discrepancy can be discerned: at low
temperatures, independent of the coupling strength, and at
high temperatures at weak coupling. The high temperature
cases can be rationalized as needing more CS to represent
thermally excited QHO eigenstates with quantum numbers
n > 0, which are more probable at higher temperatures. The
reasoning for the low temperature case is more subtle. Aggre-
gate excitation via an external field shifts oscillators away from
their equilibrium considerably (HR factor S = 1), then the
molecular wavepacket relaxes via vibronic state energy surfaces,
which induce wavepacket shape changes and/or wavepacket
splitting between vibronic surfaces. Either of these two effects
would necessitate the molecular aggregate wavepacket to be
represented by the mD, Ansatz with depth M > 1.

As seen in Fig. 2, by considering a larger depth, the J
aggregate absorption spectrum line-shape redshifts with minimal
changes to the overall shape of the spectrum, therefore, the use of
discrepancy estimate in eqn (17) is not necessary. By visually
inspecting the spectrum of the J aggregate with various nearest
neighbor couplings and temperatures (shown in the ESI}), we
find a depth of M = 7 to again give a well converged result.

IV Discussion

The total energy of a single QHO, represented by the D, Ansatz,
is proportional to the CS displacement A from the origin,

This journal is © the Owner Societies 2022
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ES o |32, and the wavepacket shape is that of the lowest
energy QHO eigenstate with quantum number n = 0, ie., a
simple Gaussian. On the other hand, using the representation
of the mD, Ansatz, the oscillator energy is proportional to the
sum of products of CS displacements, Emo;i o Y A2, and the

1]

wavepacket now is not necessarily a Gaussian due to the
interference of multiple CS. This allows mD, Ansatz to repre-
sent more complicated QHO eigenstate wavepackets with quan-
tum numbers n > 0. It should be noted, that CS can be used to
represent an arbitrary wavepacket using the unity operator
expression

~
Il

ol ”dRe/l dmAlA) (), (19)
and consequently, mD, Ansatz with an infinite depth would
allow for a complete and exact description of a quantum
system. It thus becomes important to obtain the lower limit
at which the vibronic dynamics is properly described for e.g.
absorption spectroscopy.

Using either of the D, or mD, representations, oscillators

5 = B,

packet shape must not be equlvalent‘ It is therefore interesting
to look at the vibrational mode wavepacket transition from
being represented by the D, to a more complex mD, Ansatz.
This transition occurs naturally in eqn (10), for the computa-
tion of the linear response function, when an upward transition
dipole operator acts on the aggregate ground state, as given by

can have an equal energy, Ej, however, their wave-

eqn (11). One way to track wavepacket changes is to consider its
coordinate and momentum variances, given by

o ()= & ©) - &) (20)
o ()= <132 ®) - 6O (1)

where (O(1)) = <'1’|(‘:D2 mD,( )> is an expectation value of

operator O, and their average variance

1) =300 + 070). 2)

For an independent QHO, the average variance is o, ,> =
1 . . .
n +§, where n is the QHO occupation number. In Fig. 4 we

display coordinate, momentum and their average variances of
vibrations coupled to the 1st and 6th sites of the J aggregate in
both OC and CC configurations with depth M = 10. In the OC
configuration, the 1st site is the outermost and the 6th site is in
the middle of the aggregate, while in the CC, these modes are
translationally invariant and represent two modes with the
largest separation.

In both configurations, we observe coordinate and momen-
tum variance oscillations in an out-of-phase manner, while at
the same time, the average variance also increases, slightly
more in a CC. Instead of considering the superposition of CS to
capture such oscillatory behavior, squeezed coherent states
(SCS) could be used,*”** which are able to produce similar
variance oscillations intrinsically. The downside of using SCS
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Fig. 4 Coordinate, momentum and their average variances of a 1st and
6th site vibrational mode of a J aggregate in ring and chain configurations
with multiplicity M = 11.

would be the need to additionally propagate variables describ-
ing squeezing amplitude and phase for each vibrational mode.
In the Davydov D, type Ansatz with SCS, the overall increase of
variance would not be captured, yet, for low temperatures, this
might serve as a sufficient approximation. For high tempera-
tures, multi-Davydov D, type Ansatz with SCS would be
required.

In a CC configuration, due to the 10-fold symmetry of
the aggregate, no difference between variance changes of
vibrational modes is to be expected, while slight differences
are observed due to the finite size of the thermal ensemble
considered. Meanwhile, in the OC, the difference between
variances of the outer and inner modes can be seen. The outer
vibrational mode, again, shows increasing, but oscillatory
dynamics, while the inner mode coordinate and momentum
variance values differ, i.e., wavepacket becomes permanently
more stretched along the momentum axis as compared to the
coordinate axis.

We see that vibrational mode variance changes without any
explicit coupling term between the vibrational DOF. Previously
we have proposed a simplified version of the mD, Ansatz,
termed sD,,° by considering the multiplicity only of vibrational
mode states. We have observed that the energy transfer
between vibrational modes required the inclusion of quadratic
or higher order Hamiltonian coupling terms between oscilla-
tors, which deformed the initially quadratic oscillator potential
energy surfaces. Energy transfer between vibrational modes
manifested itself as an increase of vibrational mode variance.
In the presented case of the mD, Ansatz, the vibrational mode
variance increased without introducing any explicit Hamilto-
nian coupling terms, implying that the multiplicity of the
vibronic states implicitly changes the parabolic potential energy
surfaces into non-parabolic. This can be understood by solving
for vibronic energy surfaces the eigenstates E (x,. . ., xo). E.g., for
a dimer aggregate, the vibronic aggregate Hamiltonian A
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characteristic polynomial equation is equal to

0= (::1 + (ufz —xjof + %)(xlz + xzz) - E(x|,x2))

X (nz +of? — xof + %(Xlz + xzz) - E(xl,xz)) —J2,
(23)

the solution of which, E (x;,x,), is not a quadratic function of
vibrational mode coordinates x; and x,.

In conclusion, by inspecting the absorption spectrum of a
wide range of ] and H molecular aggregates, in both CC and OC
site configurations, with various nearest neighbor coupling
strength and temperature values, we find the mD, Ansatz with
a depth of M =7 to be required for accurate aggregate absorption
spectra simulation, while the regular Davydov D, Ansatz is not
sufficient. For H aggregates, multiplicity is required to obtain
absorption lineshape positivity and correct peak intensities. For J
aggregates, increasing the number of mD, Ansatz depth, mostly
redshifts the absorption spectrum, keeping the overall lineshape
qualitatively the same, especially in the CC aggregate. However,
the very exchange narrowing effect is captured by the simple
Davydov D, Ansatz. Due to the vibronic energy level structure of
an aggregate, we find the molecular wavefunction to exhibit an
out-of-phase oscillatory behavior along the coordinate and
momentum axes and an overall broadening, which again is
not captured by the Davydov D, Ansatz.
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Appendix A: Multi-Davydov D,
equations of motion and numerical
implementation

Following the TDVP procedure, we derived vibronic molecular
aggregate EOMs, given by

Z (%S + %18y Ky) = =0, (A1)
J
for each pair of indices {i, n}, and
Z (‘“T,u‘i/.ust,i,,u, + Pi/'.n/:h/,kh)
T
+ Z Pij il Kij = —iQ; g, (A2)

jn

for pair of {i, k, h} indices. These constitute a system of
equations needed to solve to propagate the mD, Ansatz, shown
in eqn (8). Dot notation is used, where & is the time derivative of x.
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The right-hand side terms of the given EOMs are

Oin=> %mSiSum+ Y %nSyy (c,,_,,,, +>° A,,_m,> . (43)
h k

m 7

PR SN o ,,af.k,,z(c,-,_,,‘,@A,,-.,q)
f

janm jn q

(A4)

+ZP,/.AfAh(Ukh*iZP,/.nUJk/J,.kh,

J Jn
where auxiliary definitions are
Gijnm = %™ n%j,mSijs (A5)
Pyjn = Gijnny (a6)
Ajjin = Orni* jndy ks (A7)
Cijn = ~fan@n(3i i + Znn)s (a8)
; 1 1. Is,
Ky = A (/“i.m/r - izmzh) = 2 b (a9)
h mh

We solved the presented system of EOMs in terms of
variable o;,, /;, real and imaginary parts, which are ordered
in a column state vector, x = {afn,a}'ml?kh,i,',kh}. This doubles the
amount of variables, however, it removes consistency problems
regarding the treatment of complex variables )'.j,,,,h, /:E/,mir

Numerical propagation of the mD, Ansatz is a two-step
process. First, the time derivative of a state vector, ¥, is found
by writing eqn (A1) and (A2) in a matrix form

Mx=f (A10)

and solving for x using the Generalized Minimal Residual
Method (GMRES) with Lower-Upper (LU) decomposition as a
preconditioner. We found the GMRES method to provide a
more accurate and stable solution than using the Moore-
Penrose pseudo inverse or the solely LU decomposition
method. Second, the state vector now can be propagated using
a variety of ordinary differential equation solvers.*® We found
an adaptive-order adaptive-time Adams-Moulton method
(VCABM)" to provide just as accurate solution as a typical
Runge-Kutta fourth-order method, however, with less compu-
tational effort.

During time evolution of the mD, Ansatz, two or more
multiplicity wavepackets can approach each other and highly
overlap, which results in an ill-conditioned coefficient matrix,
M, with no consistent solution of eqn (A10). To remedy this, we
have implemented a programmed removal (apoptosis) of over-
lapping multiples of the mD, Ansatz, with the minimal dis-
tance for apoptosis to occur d = 0.05, as defined in ref. 38.

Establishing the scaling factor of the numerical effort
required to propagate mD, Ansatz with the increasing model
size is not straightforward. The total number of complex
variables, V, describing mD, Ansatz is easy to find, V = M:(N + K-Q),
however, due to first having to compute the time derivative of a
state vector, X, which involves non-linear and/or iterative meth-
ods, the actual numerical effort is difficult to quantify.
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Empirical estimation, which would compare scaling factors of
several computation approaches, is an interesting future
research avenue.
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We present a systematic comparison of three quantum mechanical approaches describing excitation
dynamics in molecular complexes using the time-dependent variational principle (TDVP) with increasing
sophistication trial wavefunctions (ansatze): Davydov D,, squeezed D, (sqD,) and a numerically exact
multiple D, (mD,) ansatz in order to characterize validity of the sqD, ansatz. Numerical simulations of
molecular aggregate absorption and fluorescence spectra with intra- and intermolecular vibrational
modes, including quadratic electronic—vibrational (vibronic) coupling term, which is due to vibrational
frequency shift upon pigment excitation are presented. Simulated absorption and fluorescence spectra
of a J type molecular dimer with high frequency intramolecular vibrational modes obtained with D, and
sqD, ansatze match the spectra of mD, ansatz only in the single pigment model without quadratic
vibronic coupling. In general, the use of mD, ansatz is required to model an accurate dimer and larger
aggregate’s spectra. For a J dimer aggregate coupled to a low frequency intermolecular phonon bath,
absorption and fluorescence spectra are qualitatively similar using all three ansatze. The quadratic vibro-
nic coupling term in both absorption and fluorescence spectra manifests itself as a lineshape peak
amplitude redistribution, static frequency shift and an additional shift, which is temperature dependent.
Overall the squeezed D, model does not result in a considerable improvement of the simulation results
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| Introduction

A fundamental aspect of the physics of optically excited molecules
and their complexes is the transport of excitation energy.
Electronic and vibronic couplings are two aspects that are crucial
to this process." Complex quantum dynamics of electronic and
vibrational excitations are produced as a result of intermolecular
interactions right after optical excitation. Their interplay is essen-
tial for effective photosynthetic machinery in a natural setting
where energy transfer, relaxation, and charge transfer play a
crucial role in the initial stages of solar energy conversion.>’

The wavefunction-based TDVP method can be used to
simulate molecular aggregate excitation dynamics as well as
their optical spectra with respect to an ansatz (or parameteriza-
tion form), which should be sufficiently sophisticated to
describe the aggregate’s essential vibronic features. One family
of wavefunctions is called Davydov’s ansatze,"® which utilize
Gaussian wavepackets, also known as coherent states (CS), to
represent vibronic states of molecular aggregates. It has been
extensively used to compute spectra of molecules as well as to
examine excitation relaxation dynamics in single molecules
and their molecular aggregates.”

Institute of Chemical Physics, Vilnius University, Sauletekio Ave. 9-IIl, LT-10222,
Vilnius, Lithuania. E-mail: darius.abramavicius@ff.vu.lt
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compared to the simplest Davydov D, approach.

The trial wavefunction’s selection greatly influences how
accurate the method is. It has been shown that in some cases
for precise modeling of molecular aggregates, the D, ansatz
falls short,"> however, the accuracy of vibrational mode repre-
sentation can be improved by expanding the available para-
meter space. The most potent approach is to consider a
superposition of multiple D, ansatze, known as the multi-
Davydov D, ansatz. It considerably increases the accuracy,
making TDVP with mD, a numerically exact method. Spin-
boson models,'® nonadiabatic molecular dynamics,'*'” and
linear and nonlinear spectra of molecular aggregates"'®'®
have all been investigated using TDVP with mD,.

Instead of considering the superposition of ansatze, which
is equivalent to complete quantum treatment, one can expand
the available state space of the D, ansatz incrementally. One
approach is to replace the CS with squeezed coherent states
(sqCS), which have additional degrees of freeedom (DOFs)
which allow the wavepacket to contract and expand along the
coordinate and momentum axes in its phase space. Presumably
this should allow sqCS to better represent the complicated
structure of realistic vibrational mode wavepackets, which
become non-Gaussian due to both electronic'® and quadratic
vibronic'®***® couplings.

In this work, we aim to compare the accuracy of TDVP with
three increasing sophistication ansatze: the regular Davydov

Phys. Chem. Chem. Phys.
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D,, sqD, with sqCS and an exact mD, ansatz by analysing the
simulated absorption and fluorescence spectra of a J-type dimer
couped to high frequency (intra-) and low fregency intermole-
cular vibrational modes. In addition, we also consider the
quadratic vibronic coupling term, which induces wavepacket
non-Gaussianity.

The rest of the paper is organized as follows: in Section II A
we describe the quadratic vibronic molecular aggregate model,
considered ansatze and shortly mention an approach to include
finite temperature into the model. In Section II B we present
theory of the absorption and fluorescence spectra using the
TDVP approach. In Section III we analyze and compare J
aggregate absorption and fluorescence spectra in three vibra-
tional mode regimes. Results are discussed and conclusions are
given in Section IV.

Il Theory
A Electron-vibrational molecular aggregate model theory

The generic model system is a molecular aggregate made of N
chromophores with a resonant interaction between them. Each
chromophore corresponds to a single pigment molecule (site)
which is a two-level electronic quantum system with ground
and excited states. Moreover, each pigment is coupled to a set
of vibrational degrees of freedom (DOF) corresponding to either
intra- or intermolecular vibrational modes. Vibrations are
explicitly modeled by quantum harmonic oscillators (QHO).
The total system Hamiltonian can then be written as"*2*2!

H=Hs+Hy+ Hg_y + Hs_v2

@

where Hg represents site Hamiltonian, Hy is a vibrational
Hamiltonian, Hg v is a first-order interaction term between
sites and vibrational modes, and Hs_\? is the quadratic site-
vibration coupling term. All of the above are explicitly
expressed as

n#Fm

Hs = Zr” ata, + Z | (2)

N Ao
Ay =" of by big, (3)

kg
Hs v ==Y alan S (bl + i) ¢)
o 7
Hg 2 = —Zu ay Z((“:;l/ - mﬁq) (hm/ + b,,q) R (5)
q

where ¢, denotes the nth site electronic excitation energy,
which includes molecular reorganization energy, equal to
A=3, (u;;qfn%/. Where summation index g runs over vibra-
tional modes. V,,,, is the resonant coupling between the nth
and mth site, @} (@,) are the creation (annihilation) operators
of chromophore electronic excitation, brw(};’“’) are creation

(annihilation) operators of vibrational excitations. The linear
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vibronic coupling strength is given by dimensionless amplitude
fng- The quadratic vibronic coupling term, Hs_yz, becomes
relevant once the vibrational mode frequencies in the electro-
nic ground state, wﬁq, are different from the ones in the excited
state, wf,q, otherwise this term does not contribute,'®13:22-26
To obtain linear absorption and fluorescence spectrum of
the presented vibronic model, we will be using the TDVP
method, which will be applied to three parameterized wave-
function ansatze with increasing sophistication. All of them are
based on the Davydov D, ansatz. First, the least sophisticated
ansatz we will be testing is the Davydov D, ansatz. It considers a
superposition of singly excited aggregate configurations
|ny =|1), TT |0),"* with time-dependent amplitudes o,(t),
m#n

while vibrational QHO states are expanded in terms of CS.

These are obtained by applying the translation operator

D(xy(1) = exp(2ay()by, — hic) ®)

with complex time-dependent displacement parameters, g, to
the QHO vacuum state denoted by |0), . Then the D, ansatz is
defined as

kg*

S )l TT g (0)-

kaq

|#p, (1)) = ]

In order to increase the complexity of ansatz to better
represent complicated vibronic model states, in addition to
the translation operator, we can additionally apply the squeeze
operator

S(r N

$(0) =en(3(E@00 -ne)) ©
with complex-valued squeeze parameter (,(t), which squeezes
the Gaussian wavepacket and only then shifts the resulting
squeezed state along the coordinate and momentum axes. The
resulting state

la(lkq(f))s(lm,( 0)[0);,= g (£). Cig(1)) ©)]

is called an sqCS. For convenience, we express complex squeeze
parameter (g,(¢) in its polar form (p () = re(t)e ei%49 where
squeeze amplitude r;,(t) and squeeze angle 0,(t) are now real
time-dependent parameters. Then the squeezed sqD, ansatz is

defined as
|¥aap, (1)) Za,, )|m) ]‘[wr Gig(0)- (10)

An even more general approach for constructing the ansatz
is to consider a superposition of multiple copies of D, ansatz.
It has been termed by the multiple Davydov D,, mD, ansatz,
and is defined as

[P, (1)

Z(Z in(0)lm) [T Fisa®) ) (1)

[

where each ith multiple corresponds to a superposition of
electronic state excitations accompanied by the vibrational
state of an aggregate. By increasing the number of multiples

This journal is © the Owner Societies 2022
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considered, M, the ansatz state space is expanded accordingly.
Note, that the mD, ansatz with M = 1 simplifies to the D,
ansatz, while an arbitrary wavefunction can be expressed when
M — oo, making the approach exact.

Time evolutions of the considered ansatze are obtained by
solving their respective equations of motion (EOM), which are
given in Appendix A. A more in-depth discussion of mD, ansatz
EOM numerical implementation can be found in ref. 18 and 28.

The inclusion of additional statistical physics concepts is
required in order to simulate finite temperature of the model.
The thermal ensemble will be constructed by considering indepen-
dent wavefunction trajectories 7, each with different initial condi-
tions, and thus energies. Note that the time propagation of the
wavefunction fully conserves the total energy of each trajectory.

Considering the excitation process, prior to molecular aggregate
excitation via an external field, the aggregate is in its electronic
ground state |0), while vibrational DOFs are thermally excited. Thus
QHO modes follow statistics of the canonical ensemble with
respect to the aggregate ground electronic state. Characterization
of the vibrational manifold is straightfoward because all oscillators
in the electronic ground state are uncoupled. The diagonal density
operator of a single QHO can be written on the basis of CS with
quasiprobability distribution function®***

e
#-0)
where Z is the partition function of QHO, kg is the Boltzmann
constant and T is the temperature. By sampling the P(®) distribu-
tion, ground state vibrational mode initial displacements A(0) are
obtained. Then, by taking the average of observable A over ensem-
ble of trajectories 7, one obtains thermally averaged observable.
In the case of D, ansatz, distributions P® fully describe CS
initial displacements without ambiguity. For the sqD, ansatz,

PE() =2 exp (_ (12)

we again sample P® to deduce displacements /,(0) and set the
squeeze parameters to r¢, = 1, 0, = 0 (no squeezing). This is still
the complete description of the thermal equilibrium state due
to eqn (12). Finally, in the case of the mD, ansatz, we have M
equivalent ways to set Z;,(0) values. Therefore, we chose to
initially populate the first multiple, 7 = 1, according to values

sampled from P®, and set the rest, i # 1, terms to 4;.;(0) =0."®

B Absorption and fluorescence spectra theory using TDVP

Two spectroscopic signals, the linear absorption and fluores-
cence are the most widely employed spectroscopy tools used to
infer information on molecular systems. Assuming that the
lifetime of the excited state is longer than the excited state
thermal equilibration, it is well known"** that the absorption/
fluorescence spectrum can be obtained by taking Fourier trans-
form of the corresponding time domain response function

-
Au) = Re i sty (0. (13)

0

In the rotating wave and instantaneous aggregate-field inter-
action approximations,'®** the absorption-related response

This journal is © the Owner Societies 2022
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function is given by linear response

1< i
S((‘Li(t):FZ<‘I’(E)(())‘”;L€'H’N+5 Hat (14)

ple) (0)>

where the ground state Hamiltonian is equal to Hg = Hy.
Sum over y trajectories describes ensemble averaging over
the incoherent ensemble of electronic ground states |¥(0)).
(for all ansatze) before excitation via the external field, where
each trajectory has different initial bath conditions, as described
previously in Section (II A). I' is the total number of trajectories
of thermal ensemble.

f=> (e pal,

n

o= Z(" * )i,

n

(15)

(16)

are the aggregate excitation and deexcitation operators, e is
the external field polarization vector, u, is the nth molecule
electronic transition dipole vector. In eqn (13) we include the
phenomenological dephasing rate, yqep, to account for the decay
of coherence due to explicitly unaccounted dephasing effects.

To describe fluorescence response function Shﬂ,(t), a more
general, third-order, time-resolved fluorescence (TRF) response
function®>

1< .

S () = £ D (PO e
y=1 !

« E—iH(;/ﬂ gﬂHr[l} ‘lp(g)(0>>>

(17)

must be used. Initially, first two aggregate-field interactions
create the nonequilibrium density matrix configuration among
electronic excited states. Then the aggregate evolves for waiting
time, 7, after which, deexcitation transition takes place by
spontaneous emission from the excited to the ground electro-
nic state, defined by delay time interval, .

We assume spontaneous emission to occur only from the
lowest energy excited aggregate vibronic state. After initial
excitation by an external field, due to non-radiative relaxation
processes and interaction with an environment, during the
sufficiently long waiting time, © — oo, aggregate relaxes
towards the minimal energy Ef) excited aggregate vibronic
state, |lI’(h°“)(r)>. From the TRF response function in eqn (17)

now follows that the fluorescence response function can be
written as

Shor(t) = (7£)(0) (18)

e e |w(0)),

where, for convenience, we set the long waiting time to 7 = 0.
Note, that eqn (18) does not contain summation over thermal
ensemble trajectories 7, as the minimal energy E§ and initial

state |ll‘(E°U)(O)> does not depend on initial vibrational condi-

tions (temperature), but is solely a function of Hamiltonian and
chosen ansatz.
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The lowest energy state “PE-?(O)> is obtained by numerical
optimization of the excited state energy. That is obtained using
heuristic adaptive particle swarm optimization algorithm?®*3*
by minimizing the total aggregate energy E = (¥|H|¥), as a
function of respective ansatz free parameters. For a given
model of interest, optimization has to be performed once and
can be reused afterwards.

At finite temperature T, due to thermal energy fluctuations,
the resulting thermal ensemble in the excited aggregate state
has larger average energy (Ef)); > E§). Therefore, after waiting
time 7 the aggregate can be in any one of the thermal ensemble
states. Now fluorescence response function Sa(¢) is obtained
by averaging over an ensemble of thermal excited states

‘¢§2(0)> , where 7 is a trajectory number.

In order to find ‘¢§1(0>> states, we cannot use the same
algorithm as for the electronic ground state since all vibrational
modes in the electronic excited state are now indirectly
coupled. Additionally, their frequencies are shifted if the quad-
ratic vibronic coupling contributes.

For each trajectory y, thermal excited states ||/15§3(0)> is
obtained by perturbing ‘x[/%-eo) (0)> free parameters in such a way
as to increase its total energy by the energy fluctuation

<112 -,
OE, = ZM w,(ﬁ,) )fw)‘ , where )Lq) are sampled from the excited

state P(©) distribution in eqn (12). In order to find free parameters
that correspond to energy E, = © + JE,, we perturb CS displace-
ments /,,(t) for D, and sqD, ansatze and ;u(t) for the mD,
ansatz, until the new state energy Ef‘ = <‘PE§; (0)| I:I)Q’S;(O)>

matches E, with 0.1 em™" precision. The fluorescence response

function at finite temperature is then equal to

e~Hat |9 (0)),.

1 _iH~
Shor() = () O)e iy
1

(19)

1 I

Il Results
A Model parameters

In this section we investigate the effects of intermolecular
coupling and vibrational mode frequency shifts in eqn (5), on
absorption and fluorescence spectroscopy. We consider three
models. First model, M;, contains a single pigment coupled
to one high frequency intramolecular mode. Second, M, is a
J-type dimer of two coupled chromophores, where excitations
are coupled to a single high frequency intramolecular
vibrational mode (one per pigment). Third, M;, is again a
two chromophore system, but here electronic excitations are
coupled to an overdamped phonon bath.

The J-type dimers in models M, and M3 consist of two
pigments, each of which can be resonantly excited by an
external electric field, thus we assume that single pigment
excitation energies are resonant with the optical field, ¢, =
Wfield, Where ogeq is an external field frequency. Electronic
transition dipole moment vectors of the chromophores are

Phys. Chem. Chem. Phys.
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identical, u, = (1, 0, 0), in the Cartesian coordinate system.
For the M| model, intramolecular vibrational mode frequency
in the electronic ground state is w{, = 1000 cm~ " and Huang-
Rhys (HR) factor is § = f;,> = 1. For the M, model, the
resonance coupling is J;, = —500 em ™, while vibrational mode
frequencies of the chromophores are o, = %, = 1000 cm ™"
with HR factors S = f,,> = f,,> = 1. For the M3 model, the
resonance coupling is /i, = =50 cm ™" and vibrational phonon
mode frequencies o, ; span from 0.1 em™* to 490.1 cm ™' with a
step-size of 10 ecm ™" for each pigment 7 to represent an over-
damped phonon bath with a given spectral density. Here, the
fng distribution is defined in terms of a discretized quasi-
continuos spectral density function

Cl@) =1 [ 0,6 — ), (20)
q

where C!/(w) = o/ (w? +7?) is the Drude function with damping
7 =100 cm™". Magnitudes of f,, are then normalized so that the
total reorganization energy A, = 100 cm " for each pigment 7.

Models M, and M), are typically found in synthetic pigment
aggregates,”®® while the M3 model more closely corresponds
to chlorophyll aggregates found in nature.?

When plotting the simulated absorption and fluorescence
response functions according to eqn (13), we will include a
phenomenological dephasing rate of yq4ep = 50 fs for models
M, M; and a rate of y4ep = 250 fs for model M;. These are to
account for additional dephasing stemming from explicitly not
included phonons (for models M;, M) and chromophore
vibrational modes (for model M3).

B Absorption spectra

In all models, we vary vibrational mode frequencies in the excited
state oy, by shifting them from frequencies in the ground state
w‘ﬁq, thus we define the difference of frequencies as Aw,, = wf,q—
wf,. First, we start by investigating the absorption spectrum of
model. In Fig. (1) we present the absorption spectrum of the
monomer at 300 K temperature with frequency shifts of Aw,; =
Aw = —250, 0, +250 cm ™.

When Aw = 0, we observe the absorption spectrum with
vibrational peak progression representing jumps from the
ground to an arbitrary vibrational excited state. All three
ansatze produce identical spectra since there is no electronic
coupling and the nonlinear effects, due to quadratic vibronic
coupling, are also absent. Now, when vibrational mode fre-
quency in the excited state is higher than the ground state
(Aw = 250 em "), nonlinear effects become evident together
with non-physical features in spectra of some ansatze. Absorp-
tion spectra of D, and sqD, ansatze have a negative peak at
~2000 cm™ ' suggesting that they are unable to fully capture
the nonlinear effects, ie., they are not exact solutions of the
Schrodinger equation. Meanwhile, the mD, ansatz with M = 5
superposition terms produce strictly positive absorption
spectra and thus will be considered to be the reference spectra
for further comparisons. To check the validity of this claim, we
compared mD, spectra simulated with M = 1-10 terms and
found M > 5 spectra to be quantitatively exact (not shown).
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Fig. 1 Absorption spectrum of a monomer (M; model) at a temperature of 300 K with Awy; equal to (a) —250 cm™, (b) 0 cm™, and (c) +250 cm™

W Wigygy O

L L i | L L L
0 1500 3000-3000 —1500 0 3000

.
15010
W Wield»

cm

1

simulated using D5, sqD> and mD, ansatze. Arrows indicate the peak frequency shift direction when compared to the Aw = 0 case.

Besides the negative peaks, neither D, nor sqD, is able to
reproduce vibrational peak progression amplitudes of the
mD, ansatz.

By comparing mD, absorption spectra peak amplitude pro-
gression in all three Aw cases, we find that progression peak
amplitudes either increase or are reduced as compared to the
Aw = 0 spectrum, we will refer to these qualitative changes as
models having an increased or decreased effective HR factor.
Therefore, effective HR is reduced when Aw is positive, and is
increased when Aw is negative. In addition, Aw also changes
progression peak frequencies, however, not in a monotonic
fashion. The direction of frequency change of each peak is
indicated by an arrow, when compared to the Aw = 0 case.
Absolute frequency of some peaks increase, while for others it
decreases. This can also be interpreted as relative energy gap
between progression peaks becoming larger when Aw is posi-
tive, and gap is reduced when Aw is negative.

Next, we look at the absorption spectrum of model M. In
Fig. (2) we present the absorption spectrum of the J dimer at a
temperature of 300 K with shifts Awq,; = Aw, ; = Aw = —250, 0,
250 cm ™', Now, even in the Aw = 0 case, when nonlinear effects
are still absent, we find the mismatch between the absorption

Aw= —250cm”

Aw=0cm”"

spectrum simulated using the D, and sqD, ansatze and mD,.
This is purely due to electronic coupling between vibronic
states of sites, which was lacking in model M. Also, note that
the spectra of D, and sqD, ansatze are identical, since according
to equations sqD, becomes different from D, only when quad-
ratic vibronic coupling is present, i.e. Aw # 0. The exact mD,
spectrum has a familiar ] dimer absorption lineshape dominated
by the exchange narrowing effect,*® which effectively reduces the
HR factor as compared to the monomer shown in Fig. (1).
Absorption spectra of D, and sqD, ansatze reproduce the
exchange narrowing effect, however, their spectra has additional
secondary peaks not seen in the mD, spectrum. Their spectra
also have slightly higher energy 0-0 quanta transitions peak (and
0-1, 0-2, etc.) as compared to the mD, spectrum, which implies
that mD, is able to better represent the lower energy excited
aggregate state.

When the quadratic vibronic coupling effects are present
(Aw = —250, 250 cm '), again, in both cases, we find D, and
sqD, spectra to differ from mD, spectra. Very slight differences
can also be seen between D, and sqD, ansatze, however, without
any obvious improvement from sqD,. In both cases, mD, spectra
again show a ] dimer exchange narrowing type lineshape with

Aw=250em

— ]:)2
—sqD,
—mD,

L

T L L e L
—3000 —-1500 0 1500 3000-3000 —1500

— -1
W= Whegy O

Fig. 2 Absorption spectrum of a J-type dimer (M, model) at 300 K temperature with Awy; = Ams1, equal to (a) —250 cm ™%, (b) 0 cm

simulated using D, sqD, and mD, ansatze.
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changes to peak amplitudes similar to those seen in Fig. (1) -
relative energy gap between peaks become larger when Aw is
positive, and is reduced when Aw is negative. The spectrum
with Aw = 250 em™* has a more pronounced fine structure to
its absorption progression peaks than those spectra with Aw =
—250 ecm " and = 0.

These findings suggest that neither D, nor a more compli-
cated sqD, is able to fully capture the absorption spectrum of J
dimers with high frequency intramolecular vibrational modes,
not even in the simplest case (Aw = 0 em™") when the quadratic
vibronic coupling is excluded.

Next, let’s look at the absorption spectra of the M3 model.
In this case phonon modes become thermally excited so we
additionally present temperature-dependent spectra. In Fig. (3)
we present absorption spectra of a J dimer coupled to the
phonon bath at various temperatures. Now each chromophore
couples to 50 low frequency vibrational modes, therefore, to
investigate the quadratic vibronic coupling effect, we will look

Wy = 0.95- why
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at cases when all mode frequencies, wf,q, in an excited aggregate
are equal to frequencies in a ground aggregate state, w5, scaled
by a factor of y = 0.95, 1, 1.05.

When y = 1, all methods produce qualitatively identical
absorption spectra over a broad range of temperatures. At low
temperatures, the spectra consist of a single absorption peak.
With increasing temperature, spectra broaden and slightly shift
(on average) due to thermal excitation of vibrational modes in
the electronic ground state and due to finite discretization at
low frequencies.

Now, when phonon mode frequencies in the aggregate
excited state are higher (y = 1.05), in addition to the previously
seen thermal spectra broadening, we also observe two types of
spectral shifts: a static shift - the whole absorption spectra
shifts to the higher energies, as compared to the y =1 case, and
a temperature dependent absorption peak shift to higher
energies. Spectrum simulated with all ansatze when y = 1.05
are also qualitatively similar, however, the spectrum of mD, in

Wiy = W

Wi, =105 Wk,

0.00

n

L L L L
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, , . ,
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Wrielgy M

Fig. 3 Absorption spectrum of a J dimer (M3 model) coupled to the phonon bath at various temperatures with vibrational mode frequencies in
aggregate excited states wf, equal to a) 0.95 wfgq, b) @, and c) 1.05 wf, simulated using D, (Ist row), sqD; (2nd row) and mD (3rd row) ansatze.
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Fig. (3i) has a less straightforward temperature dependent peak
shift dependence. Peak frequency changes are not as linear
with temperature as in spectra simulated with D, and sqD,
ansatze in Fig. (3c and f). Similarly, when phonon mode
frequencies in the aggregate excited state are lower (y = 0.95),
we find all the same spectral shift effects, only now to the lower
energy side. Spectra simulated with different ansatze appear
qualitatively the same, therefore we conclude that to simulate
absorption spectra of a J dimer coupled to low frequency
phonon modes, even with quadratic vibronic coupling, it is
sufficient to use the simplest D, ansatz fluorescence spectra.
In order to compute the fluorescence spectrum, for each
considered ansatze, we first have to find the lowest energy

EE,“J excited aggregate state "1";] (0)> in terms of the ansatz free

parameter by minimizing the total aggregate energy E =
(|A|¥), as explained in Section (II B). The resulting energies
EY) for models are given in Table (1).

We see that for model M, when vibrational nonlinearities
are absent, all ansatze give exactly the same energy, however, by
including the quadratic vibronic coupling (Aw # 0 cases), both
sqD, and mD, find lower energy states than the D, ansatz. The
mbD, ansatz further outperforms the sqD, ansatz, when Aw is
negative. Consequently, the sqD, model outperforms the D,
ansatz when searching for excited state energy minimum when
quadratic coupling is included.

In model M,, when Aw = 0, we see that D, and sqD, again
find equivalent energy state, however, now mD, ansatz man-
ages to represent a significantly lower energy state, which is not
accessed by any of the non-multiple ansatze and is created
purely due to electronic coupling between pigments. When
nonlinearities are included, the sqD, ansatz again outperforms
D,, especially when Aw is positive, yet mD, further improves in
sqD, states.

In model M3, we try to find the minimum point in 1020-
dimensional space for mD,, 204-dimensional for D,, and 404-
dimensional for sqD,, which is a difficult problem to solve. To
have a fair comparison of ansatze for model M3, we limited the

Table 1 Energy E§’ of aggregate excited state ‘I'Lgu (0) ) for models using
D5, sqD, and mD; ansatze. mD, ansatz consist of M = 5 superposition
terms. Values are in units of cm™*

M, Aw D, sqD, mD,
—250 —812.5 —812.5 —816.9
0 —1000.0 —1000.0 —1000.0
250 —1187.5 —1190.9 —1190.9

M, Aw D, sqD, mbD,
—250 —956.3 —959.9 —-1119.2
0 —1125.0 —~1125.0 —1284.7
250 —1131.9 —1302.0 —1460.9

M; g D, sqD, mD,
0.95 oy —265.09 —265.1 —265.0
1.0 vy —112.5 —112.2 —111.7
1.05 wfyg 411 40.4 411
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search for the

‘I’}i (0)> state in terms of the sqD, ansatz to its

sqCS displacement parameters, Aiq, and set squeezing para-
meters to y, = 1, Ok, = 0 (no squeezing). For the mD, ansatz, we
limited the search to just one of its multiples. With these limits
set, essentially both sqD, and mD, ansatze behave as D,, thus
all three ansatze relax to the same excited aggregate state with
energies equivalent to those under the D, column. This is
confirmed by numerical results where all ansatze managed to
represent states with very similar energies. The obtained numbers
are also likely within the margin of error and require an improved
approach for finding the actual lowest energy states.

Now, let’s look at the fluorescence spectra of the same
models. In Fig. (4) we display fluorescence spectra of a mono-
mer coupled to high frequency vibration (M; model) at a
temperature of 300 K with frequency shifts of AAw,; = Aw =
—250, 0, +250 cm ™. When Aw = 0, we find all three ansatze to
produce identical fluorescence spectra, which, as expected, has
mirror symmetry with the M; model absorption spectrum in
Fig. (1b). The fluorescence spectrum consists of progression of
energeticaly downward transition peaks.

When the quadratic vibronic coupling term is included
(Aw = —250, +250 cm '), simulated fluorescence spectra of
the considered ansatze are different. In both cases, the fluores-
cence spectrum of D, qualitatively matches the mD, ansatz
spectrum peak amplitudes and frequencies, while the inter-
mediate complexity sqD, consistently overestimates the peak
amplitudes and shows additional peaks that are not present in
the mD, ansatz spectrum. Here, we see an example, where
additional, but not sufficient, DOF (squeezing) of sqD, ansatz
actually produces a visually worse quality spectrum than the
smaller state space D, ansatz. This is in contrast to absorption
spectra of the M; model, where both D, and sqD, ansatze
showed equivalent errors when compared to mD, spectra.

By comparing mD, fluorescence spectra with quadratic
vibronic coupling to that without it, we find that fluorescence
progression peak amplitudes change - effective HR factor
increases when Aw is positive, and decreases when Aw is
negative. Also, quadratic vibronic coupling shifts the whole
spectra to the lower energy side when Aw is positive, and to the
higher side when Aw is negative. In contrast to the absorption
spectra in Fig. (1), energy gaps between progression peaks
remain unchanged, Also, by comparing quadratic vibronic
coupling absorption and fluoresnce spectra of the M; model
of the mD, ansatz, we see that quadratic vibronic coupling
breaks the mirror symmetry between the two.

Now, lets move on to the M, model. In Fig. (5) we show its
fluorescence spectrum simulated at 300 K temperature with
Aw, 3 = Aw, ; = Ao equal to —250 em ™', 0em ™!, and 250 cm .

When nonlinearities are absent (Aw = 0), we again see that D,
and sqD, ansatze yeld identical fluorescence spectra, which differ
from the spectrum of the mD, ansatz in fluorescence peak
amplitudes and frequencies. The discrepancy between spectra is
again a result of D, and sqD, ansatze not being able to appro-
priately represent vibronic states created by electronic coupling
between J dimer pigments. The lineshape of the mD, fluorescence
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Fig. 4 Fluorescence spectrum of a monomer (M; model) at 300 K temperature with Amy; equal to (a) —250 cm™, (b) 0 cm™, and (c) +250 cm™~
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simulated using D5, sqD, and mD; ansatze. Arrows indicate the peak frequency shift direction when compared to the Aw = 0 case

spectrum is dominated by the exchange narrowing effect and does
not have mirror symmetry with the absorption spectrum.

From the fluorescence spectra of the M, model with the
quadratic vibronic coupling term (A = —250, +250 cm ™), we
draw the same conclusions as in the M| model: the D, spectrum
matches mD, spectrum better than does sqD,; effective HR
factor increases when Aw is positive, and decreases when Aw
is negative; quadratic vibronic coupling shift the spectra to the
lower energy side when Aw is positive, and to the higher side
when Aw is negative; energy gaps between progression peaks
remain unchanged from the Aw = 0 spectrum.

Overall, the fluorescence spectrum of the J dimer coupled to
the high frequency vibrational modes is accurately captured
only by the mD, ansatz, while sqD, yields a visually slightly
worse quality spectrum than the D, ansatz, however, neither is
a match to mD, accuracy.

Next, lets look at the fluorescence spectra of the Mj model.
In Fig. (6) we show the fluorescence spectra of a J dimer coupled to
low frequency phonon bath modes at various temperatures. We see
that all ansatze produce qualitatively simillar fluorescence spectra
with all vibrational mode scaling factors y = 0.95, 1, and 1.05. As in
the absorption spectra of the Mj; model in Fig. (3), we find

temperature, as well as two type of spectral shifts: a static shift -
the whole spectrum shifts to the higher energies when 7 is positive,
and to the lower energies when 7 is negative, as compared to the
7 =1 case, and an additional temperature dependent fluorescence
peak shift to the higher energy side when y is positive, and to the
lower side when 7 is negative. In addition to these, we now observe
fluorescence peak drift to the lower energies with increasing
temperature when the frequency scale factor is y = 1, regardless of
the ansatze used.

All in all, spectra simulated with considered ansatze appear
qualitatively equivalent, thus we conclude that to simulate
fluorescence spectra of the J dimer coupled to low frequency
phonon modes, even with quadratic vibronic coupling, it is
sufficient to use the simplest D, ansatz.

IV Discussion

Natural progression in constructing more and more sophisticated
Davydov type ansatze, would be to write down ansatz as a super-
position of sqD, ansatze - the multi-sqD, ansatz. This was recently
done by Zeng et al.,"® where they used it to simulate dynamics and

analogous effects of spectral broadening with increasing absorption spectra of pyrazine and the 2-pyridone dimer aggregate,
Aw— —250cm | Aw=0om Aw=250em |
1.00fF F
_p, al _p, b ¢
—sqD, —sqD,
—mD, — D,

0.00

4500 -3000 -1500 0
W Wiglgy €M

Fig. 5 Fluorescence spectrum of a J dimer (M, model) at 300 K temperature with Am; ;1 = Aw, 1, equal to (@) —250 cm ™, (b) 0 cm ™, and (c) 250 cm

simulated using D,, sqD, and mD; ansatze.
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Fig. 6 Fluorescence spectrum of a J dimer (M3 model) coupled to the bath at various temperatures with vibrational mode frequencies in aggregate
excited states wf4 equal to (a) 0.95 wfg, (b) wiq, () 1.05 wf, simulated using D, (st row), sqD; (2nd row) and mD; (3rd row) ansatze.

and found a great match with the state-of-the-art multi-configuration
time-dependent Hartree (MCTDH) method results. In fact, the
presented approach of using Davydov type ansatze is closely related
to the Gaussian-MCTDH with frozen Gaussians functions for D,,
mD, ansatze, and sqD, with thawed Gaussian functions.®**™*

Our analysis presented in Section (III), shows that using
sqCS, instead of regular CS, does not provide any significant
improvement in the simulated absorption and fluorescence
spectra of ] dimers, even when the quadratic vibronic coupling
is used. Therefore one has to wonder if an additional numerical
effort needed to propagate multi-sqD, ansatz is worth, since
any arbitrary wavefunction can be already exactly expanded
using the mD, ansatz using the unity operator expression

i= n’IHdReidIm).\/l)(},\. (21)

It would be interesting to see if the multi-sqD, ansatz would
require less terms in its superposition than the mD, ansatz to obtain
equivalent spectra. However, this is outside the topic of this paper.

This journal is © the Owner Societies 2022

We looked at the quadratic vibronic coupling effects for low
and high frequency modes. For the high frequency modes, we
looked at large nonlinearities by increasing and decreasing the
mode frequency by 25%, which is much larger than what is
observed in molecules.'” This was chosen to investigate the limits
of all ansatze, however, for smaller nonlinearities we expect the
same conclusion, ie., that multiple-type ansatze are required to
simulate aggregate spectra. This is because we considered strong
electronic coupling between pigments, which eventually splits the
wavepacket into several discrete packets and move quasi-
independent along seperate vibronic state energy surfaces, while
the quadratic vibronic coupling introduces only the secondary
effects, which were not captured by non-multiple ansatze.

For the low frequency modes, we considered small nonlinearities
by changing frequencies by 5%, more in line with what is observed,
with small electronic coupling between pigments, and found all
considered ansatze to produce qualitatively identical spectra. This
implies that even when quadratic vibronic coupling is the main
source of nonlinearity, for realistic frequency shifts, sqCS does not

Phys. Chem. Chem. Phys.



Paper

provide any significant improvement. However, it is worth mention-
ing that the sqD, model outperforms the D, ansatz when searching
for excited state energy minimum when quadratic coupling is
included. This improvement may be important for other types of
processes such as charge separation and internal conversion.

In conclusion, we compared the absorption and fluorescence
spectra of the vibronic J dimer model with quadratic vibronic
coupling simulated using three increasing sophistication wave-
function ansatze: D,, sqD, and mD,. We found that it is
necessary to use the mD, ansatz whenever molecular aggregate
electronic DOFs are coupled to higher frequency intramolecular
vibrational modes. If they are coupled to low frequency phonon
bath modes, all three ansatze produce qualitatively the same
spectra. The quadratic vibronic coupling term manifests itself in
both absorption and fluorescence spectra as a lineshape peak
amplitude redistribution, static frequency shift and an addi-
tional shift, which is dependent on the temperature.
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Appendix
A Time-dependent variational principle

Will be using time-dependent Dirac-Frenkel variational principle
to obtain a set of equations of motion of the D,, sqD, and mD,
ansatze free parameters: I'p, = {2,(t), Zxg(®)}, 'sqp, = {%alt)y kg8,
Tig(®)} and I'mp, = {24(t), 2ikg(t)}- Solution of the set of equations
will result in ansatze time evolution, such that the deviation from
an exact solution of the Schrodinger equation will be minimized.
As a first step, we write down model Lagrangian in the form of

L(1) = i(<’1’(f)\?"(f)> —(POP(1)) — (PP ()

3 (A1)

where x(t) is the time derivative of x(t). For the sqD, ansatz,
Lagrangian can be expressed as (hereafter, we omit explicitly
writing parameter time dependence)

i i
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and for mD,, Lagrangian reads
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(45)

Now, for each Lagrangian Lz, where f# = sqD,, mD,, we apply
the Euler-Lagrange equation

d(oLg) oL
Aoy ) "oy

to each free parameter y; € I'y of the ansatz in order to obtain
the equation of motion.

For the sqD, ansatz, this procedure results in a system of
differential equations:

(A6)

) 1 -
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for each index n, and

5 e, i . i .

= —i0f A+ ;|ock 008 fen — 4;\aA|ZAmA/, Reiw,  (A8)
. 20 .
Fy = ;\M Awyg sin(Ox,), (a9)
Jewe[*

Oy = =208, — %A(uk/,(] — coth(2rg) cos(0kn)),  (A10)

for each pair of {k,i} indices.

We denote p = Z,,\ac,,\z as the total population. Only the last
two terms 1y, and 0, which make up the complex squeezing
parameter { = ren€%, depend on Aw. Now, if we look back at
Hamiltonian terms eqn (2)-(5), we see straightaway that only
the quadratic vibronic term depends on Aw, thus squeezing is
generated only by this term. Otherwise, if Aw = 0, squeezing
amplitude ry, becomes time independent, while squeezing
angle 0y, changes at a constant rate of —2w#y.

For the mD, ansatz, variational principle yields a system of
implicit differential equations:

Z (8705 + 2.0 Sii Kif)
J

=—i g % mSijTum

- (A11)
o
- iz %jnSis (Alj + Bjn + Ct/.r1)~
j
for each pair of indices {i, n}, and
Z(ME,,d/,nS//X/.A»/: + Pyudijn + P//'.n;“/,th/'/')
jn
=i Z Gij i kS um
Jjam
- iz Pijutyin (A + B+ Cijn) (A12)

jn

) . ) .
=0 Py i + 1Y Py,

Jn J
=24 Py, (A,fk,, + /l/,l;h)»
]

for a pair of {i, k, i} indices, which we additionally defined

Gijom = @} ,ajmSiy (A13)
Pijn = Gijny (a14)
Ay = Z s (A15)
kq

Bjjn = — Zﬁ’/l{’)ﬁh ()‘;,uh + ;L/v”/l)ﬂ (a16)

h

2
Cipn =) Aoy, (1 + (A,ﬁn,, + /1,-."/,) ) . (a17)
h

For the D, ansatz, we can once again explicitly compute
equations of motions following TDVP, however, we do not have

This journal is © the Owner Societies 2022
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to, since the D, ansatz is a simplified version of the mD, ansatz,
when multiplicity number is set to M = 1.

Calculation of linear response functions S&},me requires
evaluation of two distinct coherent states. In the case of D,
and mD, ansatze, the overlap between two distinct @ and b
coherent state are given by

. A T
(Zal2p) = exp (/,u/vh - §(|/m|' + |/,/7\')>. (A18)

Meanwhile, overlap of two squeezed coherent states, as used

in the sqD, ansatz, is given by expression®

L exp a1
Vi 2

(Zas Cal by Gp) = —=e
* %2
X exp (l“)’h 4 La

S
l 2
where
Nap = €, cos A(r,)sin h(r) —e %, cos h(ry) sin A(r,), (A20)

Cap = €08 h(rg) cos h(ry) —'©,~0,) sin h(r,)sin A(r;)  (A21)
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The Dirac-Frenkel variational method with Davydov D, trial wavefunction is extended by introducing a
thermalization algorithm and applied to simulate dynamics of a general open quantum system. The algorithm
allows to control temperature variations of a harmonic finite-size bath when in contact with the quantum
system. Thermalization of the bath vibrational modes is realized via stochastic scatterings, implemented as
a discrete-time Bernoulli process with Poisson statistics. It controls bath temperature by steering vibrational
modes’ evolution towards their canonical thermal equilibrium. Numerical analysis of the exciton relaxation
dynamics in a small molecular cluster reveals that thermalization additionally provides significant calculation
speedup due to the reduced number of vibrational modes needed to obtain the convergence.

DOI: 10.1103/PhysRevA.103.032202

L. INTRODUCTION

Obtaining dynamics of open quantum systems, i.e., quan-
tum systems that are identified as separate from their
environment yet remain in thermal contact with it, is one of
the most general non-equilibrium statistical physics problem.
Its applicability ranges from excited state relaxation in opti-
cal response [1,2], energy transport in molecular aggregates
[3-8], photosynthetic complexes [9-12], to others [13-17].
Prevalent theoretical description is given in terms of a system-
bath model in constant-temperature bath conditions [18,19],
where the system degrees of freedom are coupled to the bath-
induced thermal fluctuations representing the environment,
e.g., phonons or vibrational motion of surrounding molecules.
Fluctuations are modeled by an infinite number of quantum
harmonic oscillators constituting the quantum bath at thermal
equilibrium.

These conditions can be fulfilled using the reduced den-
sity matrix approach [2,7]. Second order perturbation theory,
with respect to the system-bath coupling, leads to the reduced
equations of motion of the system-only variables, while the
bath is averaged out. Then the system variables indirectly
depend on the bath degrees of freedom via fluctuation corre-
lation functions, which are well-behaved analytical functions.
At the second perturbation order [7,18], equations of motion
are reminiscent of the Pauli master equation with relaxation
coefficients calculated with respect to the thermal equilibrium.
However, now the resulting equations can lead to unphysical
results, e.g., negative probabilities [20]. The more compli-
cated fourth-order equations of motion include divergent
parameters and are often avoided [21]. A nonperturbative, nu-
merically exact approach of hierarchical equations of motion
for the exponential fluctuation correlation functions is avail-
able to obtain the exact dynamics [22-24], and chain-mapping
techniques together with the time-dependent density matrix
renormalization group are alternatively possible for struc-

2469-9926/2021/103(3)/032202(6)
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tured environments [25,26]. However, computational costs
limit these methods to models with just few degrees of
freedom. A well-known method of stochastic Schrodinger
equation requires averaging over many entangled trajectories
to obtain dynamics at finite temperature [27-32]. Its hier-
archical realization [33] improves convergence; meanwhile,
the thermofield dynamics approach tries to directly compute
thermally averaged dynamics by mapping the initial thermal
density matrix onto a fictitious bath vacuum state and then
coupling the system to it [34-37]. Alternatively, dissipative
dynamics can be obtained by straightforward addition of a
linear friction coefficient to the model Hamiltonian [38]; how-
ever, it only applies at zero temperature. Yet, in all these
cases, the thermal state of the nearest surrounding is not under
control.

An important aspect of the bath, or more explicitly of the
finite number of bath oscillators, is its heat capacity. For a
single quantum harmonic oscillator the heat capacity in the
limit of weak system-bath coupling is given by

exp(Bw)

-1\ _ 2
(B =) By — TP

M

where throughout the paper /i = 1, 8 = (kgT )™ is an inverse
temperature, and o is the oscillator frequency. When the sys-
tem exchanges energy with a bath made of such oscillators,
its temperature may be affected. If the system-bath energy
exchange is excessively large, the thermal energy can accumu-
late in the bath oscillators and this will effectively change the
thermostat temperature [39]. In most cases, the bath heating
effect is undesirable as, in the system-bath models, the bath is
generally supposed to represent a constant-temperature ther-
mostat.

On the other hand, the bath heating effect could be re-
lated to the natural phenomenon of molecular local heating
[40,41]; i.e., if a molecule quickly dissipates a large amount

©2021 American Physical Society
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of thermal energy to its environment, e.g., due to exciton-
exciton annihilation [42-44] or ultrafast molecular internal
conversion [45,46], the local heating of the molecule nearest
the surrounding takes place and the further cooling process,
the quantum thermalization [47,48], becomes an important
ingredient to consider when describing the corresponding ex-
periments.

In this work, we introduce the thermalization algorithm
to the time-dependent variational theory that allows explicit
control over the bath temperature. By varying the bath size
and the thermalization rate, both the degree of bath heating
and the cooling time can be adjusted. These properties allow
to mimic realistic physical conditions, making the presented
approach superior to the density-operator-based approaches,
where the bath heating is excluded, and to the explicit bath
models, where the bath temperature is not controlled.

II. FLUCTUATING EXCITON MODEL

We consider a molecular aggregate made of N coupled
chromophores at specific sites. In the simplest case, the sites
represent distinct molecules that can be electronically excited
by, e.g., laser or sunlight irradiation in the visible spectral
region. Vibrational normal modes of molecules and of the
surrounding medium will be treated as the baths of harmonic
oscillators. Each chromophore is directly affected only by
its own intramolecular vibrations and of its closest environ-
ment; therefore, a separate and uncorrelated (local) manifold
of vibrational modes g = 1, 2, ..., Q is associated with each
chromophore. Such a model is characterized by a Hamiltonian
A= ﬁs +ﬁg +HSB, with system, bath, and system-bath-
coupling terms being

n#m

Hs =) e} + ) Jundym, @

Hy =Y wugh bug, 3)
ng

Asg ==Y aan Y ng8ng(Bly + bug). )
. p

Here ¢, denotes the nth chromophore electronic excitation
energy, Ju, is the resonant coupling between nth and mth
chromophores, and &/ and &, are the corresponding electronic
excitation creation and annihilation bosonic operators. The
frequency of the gth vibrational mode in the nth bath is w,q,
the electron-vibrational coupling is characterized by g,,, and
[7:‘,4 and l;,lq are the creation and annihilation bosonic operators
of the gth mode in the nth bath.

In the following we consider only a single electronic
excitation in the aggregate. The time evolution of a nonequi-
librium state is described by the Davydov D, wavefunction
[49,50]

N N.Q
[Wp,) = 3" 0|0yt [ ] Irmg (). 5)

n mq
where «, (1) is the electronic excitation amplitude, and |0)¢ =
[T, 10, is the global ground state, when all sites are in their
electronic ground states. |,,(?)) is the coherent state of the

gth mode in the mth bath [51,52]. It is fully described by
the time-dependent complex displacements, A, (t). The time-
dependent Dirac-Frenkel variational method allows to obtain
equations of motion for parameters a,, and A, [3,6,53,54]:

metn
9D ey - DTS
Hien®) Y gy — hReCg 1)), (6)
q
Prll) ity Gng©) — 0 ™

Here /,(t) = 3 gigla;(1)|* is the site population-weighted
electron-vibrational coupling strength. The first line in Eq. (6)
describes the dynamics of an isolated system. Accordingly,
the first term on the right-hand side of Eq. (7) describes
isolated oscillator. Other terms are due to the system-bath
interaction.

Description of the model at a given temperature 7' requires
creation of a statistical ensemble. This is achieved by Monte
Carlo sampling over a statistical thermal ensemble, i.e., over
initial bath oscillator displacements 1,,,(0), sampled from the
Glauber-Sudarshan probability distribution [55]

P(hig) = 27" exp(—|hmgl [P — 11). ®

The ensemble describes canonical statistics of quantum har-
monic oscillators, which applies to our model prior to external
perturbations. The ensemble-averaged quantities will be de-
noted by (- - - )y,. The ensemble of exciton trajectories allows
to describe irreversible excitation energy relaxation. While
the initial thermal state before excitation can be properly
defined, the bath accepts energy during exciton relaxation
and the state of the bath after relaxation steers away from
equilibrium. Equations of motion guarantee energy conser-
vation; hence the combined system-bath cannot thermalize.
In order to thermalize the bath, we extend the original model
by introducing the secondary bath (we will refer to the local
baths as the primary baths). The effective heat capacity of the
secondary bath is infinite; hence, the bath can be characterized
by a constant temperature 7. The secondary bath will not be
treated explicitly: modes of the primary baths interact with the
secondary bath via stochastic scattering events, or quantum
Jjumps [56,57], which affect the kinetic energy of primary bath
modes.

The scattering statistics follows the Poisson distribution
P8, 1) = %(rvmq)"e’“’”“/, which defines the probability of
observing 6 scattering events per time interval ¢ with individ-
ual event scattering rate v,,,. Poisson statistics is obtained by
simulating a discrete-time Bernoulli process [58,59] in a limit
of T — 0 and v,,t < 1. This is realized in simulations by
dividing the total evolution time f, into equidistant length
T intervals. At the end of each interval, for each mode in the
primary bath, we flip a biased coin with probability v,,,t of
landing “heads.” If the coin lands heads, we shift the momen-
tum of the mode p,,(kt) = ﬁlmk,,,q(kt) to a value drawn
from the Glauber-Sudarshan distribution [see Eq. (8)], while
the coordinate remains unchanged. Otherwise, if coin lands
“tails,” no changes are done. To obtain converged statistics,

0322072-2.
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FIG. 1. Phase-space trajectory of one specific bath mode w, =
100 cm~" for a single excited chromophore calculated with various
scattering rates v. The initial temperature of the primary bath is
71(0) = 300 K and the secondary bath is at a constant temperature
Tw = 200 K. The scattering step size is T = 0.01 ps. Wiggles in dy-
namics are due to finite-size ensemble averaging (5000 trajectories).

we apply the thermalization algorithm to every trajectory of
the thermal ensemble.

II1I. SIMULATION RESULTS

We first demonstrate control of the primary bath tem-
perature of the simplest possible system, a single, N =1,
chromophore unit. For demonstration we set up artificial con-
ditions: the initial primary bath temperature is 7;(0) = 300 K,
and the secondary bath is at T, = 200 K. The primary bath
consists of Q = 750 vibrational modes with frequencies w, =
o + (¢ — 1)Aw. An offset by wy = 0.01 cm™" is introduced
for stability and a step size Aw =1 cm~!. The coupling
parameters g,, follow the super-Ohmic spectral density func-
tion C"(w) = w* exp (—w/w,) withs = 2 and w, = 100 cm™!
[3,60]. The number of modes and discretization parameters
are sufficient to obtain convergent model dynamics. For ther-
malization, we consider scattering rates of all modes to be
equal, v,, — v, and the scattering step size is T = 0.01 ps’].
The thermal ensemble consists of 5000 trajectories.

In Fig. 1 the coordinate (xi4), = fRe)L]q)h and mo-
mentum (pig)y = (ﬁlmk,,,q)[h phase-space trajectory of a
single 100 cm™" frequency vibrational mode, calculated with
various scattering rates v, is presented. The oscillator, in the
absence of thermalization, evolves along a closed trajectory
around x““" fg,,, Applying the thermalization proce-
dure, a d1551pal1ve type trajectory is observed. The coordinate
(x14)y, equilibrates to x']“‘" (equilibrium is shifted from zero
due to coupling with the system), while momentum (pi4),,
approaches zero. The thermalization time can be adjusted
by changing the scattering rate, v. Both weakly damped and
overdamped regimes become available.

The transient temperature of the primary bath can be
estimated [39] by computing the average kinetic energy
(King(t, €)),, over the time interval €. The parameter € then
implies the resolution. For the whole primary bath the tran-

300 0 ps
< 280
~
N 1ps!
g 260 5 pe-1
g P
$ 240 4 ps~t
Q
5
~

N
N
o

N
(=3
o

| T N n N T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Time, t (ps)

FIG. 2. The primary bath temperature 77 (¢) calculated with vari-
ous scattering rates v. The initial temperature of the primary bath is
T:(0) = 300 K and the secondary bath is at a constant temperature
T = 200 K. The scattering step size is 7 = 0.01 ps.

sient temperature is then given by

T, m(1 T
m(l)—kQZﬂ)mqn( +m) -0

g=1

In Fig. 2 we present the primary bath temperature calculated
with € = 50 fs and various scattering rates, v. In the absence
of thermalization, the primary bath temperature remains at the
initial value of 7(0) = 300 K. Meanwhile, thermalization in-
troduces cooling of the primary bath down to the temperature
of the secondary bath. The scattering rate, v, allows to control
the thermalization time.

The temperature control and stability considerably af-
fect the electronic excitation dynamics. To demonstrate the
sensitivity of the excitation evolution to the thermaliza-
tion, we consider a linear N = 3 chromophore aggregate,
with chromophore transition energies 0, 250, and 500
cm™!, and nearest-neighbor coupling J = 100 cm~'. Ex-
cited states of such chromophore aggregate are excitons
[7,61]. They represent electronic excitations delocalized
over several sites with time-dependent delocalization length
[62]. Hence, we switch to the eigenstate basis (exciton
representation, defined by Hsy(™®) = gy ©9); plexo(r) =
3 N (@ (ot (1)), ¥\, The initial electronic state
corresponds to the optically excited highest-energy exciton
eigenstate. The parameters of the primary baths of chro-
mophores are the same as above; however, now the initial
primary bath temperature and the secondary bath temperature
are the same: 7,,(0) = T, = 77 K. The thermal ensemble
consists of 240 trajectories. In Fig. 3 we present exciton
state populations pg*°(¢) and the primary bath temperatures
T,u(t) calculated in (i) the dense primary bath discretization
regime without thermalization (the bath discretization step
size is Aw =1 ecm™!, Q = 750 vibrational modes per site),
(ii) the sparse discretization regime without thermalization
(Aw = 50cm™!, Q = 15), and (iii) the sparse discretized bath
with thermalization (v = 2.5 ps™!).

Consider the excitation dynamics without thermalization.
In models (i) and (ii) exciton populations sequentially relax
to lower-energy exciton states, eventually reaching the low-
est energy state [63—65]. The final population distribution in

03722073
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FIG. 3. Multisite bath model exciton state populations p5*(r)
and local bath temperatures 7,,(t) calculated in model (i), the dense
primary bath discretization regime without thermalization, in model
(ii), the sparse discretization regime without thermalization, and in
model (iii), the sparsely discretized bath with thermalization (v =
2.5ps7!).

the sparse regime, model (ii), significantly differs from the
dense case. The origin of the discrepancy is twofold: the bath
recursion time f.. = 27 /Aw for model (ii) is shorter than
the calculation time frec < fiora1, and the sparse primary bath
shows significant growth of the bath temperature [compare
Figs. 3(b) and 3(d)]. Both of these drawbacks are addressed
by introducing the bath thermalization in model (iii). Looking
at Fig. 3(e), we see that the exciton population dynamics
and steady-state values for model (iii) become quantitatively
comparable to the case of model (i).

IV. DISCUSSION

A single quantum harmonic oscillator is characterized by
a specific heat ¢(8~') < kg, which depends on temperature
as given by Eq. (1). For a given set of bath oscillators the
specific heat at a given temperature can be estimated; however,
the harmonic oscillators of the bath as defined by Eq. (3) do
not exchange energy. Accordingly, as the system relaxes, only
a few in-resonant oscillators accept the energy and diverge

away from equilibrium [66]. Hence, the temperature at which
excitation dynamics occurs no longer matches the initial bath
temperature; local heating takes place.

A straightforward approach to avoid heating is to increase
the bath density of states until the dynamics of interest
converges (in our model, this is achieved by increasing
the number of bath oscillators). However, this is accept-
able only for small systems, since computation effort scales
quadratically with both number of sites and bath oscillators.
Thermalization can be utilized to steer the bath to the re-
quired temperature. An additional merit of thermalization is
the significant reduction of the number of vibrational modes
needed per bath. Our simulations show convergence with just
15 modes per bath while maintaining comparable exciton
relaxation dynamics (Fig. 3).

In an effort to reduce the computational effort, Wang ez al.
[67] used a logarithmic bath discretization. However, high-
frequency representation of the continuous spectral density
becomes poor. Our model is in line with the explicit surrogate
Hamiltonian [68] and its stochastic realization [69-71]; while
our approach does not require the explicit modeling of the
secondary bath, it still maintains proper quantum dynamics
in the system.

The time-dependent variational approach with the Davy-
dov D, Ansatz can be improved by considering more complex
Davydov Ansdtze family members, e.g., multitude of D
Ansatz (multi-D;) and multi-D, [53,67,72,73] or its Born-
Oppenheimer approximated variant [74], sD,. Either way,
they all suffer from finite bath heating capacity, in most cases,
even stronger than the D, Ansatz, because of the significantly
increased computational effort needed to propagate numerous
bath oscillators. Work is in progress on adapting the presented
thermalization algorithm to these more intricate Ansditze.

In conclusion, we present a system-bath model with
stochastic bath thermalization using the time-dependent vari-
ational approach with Davydov D, Ansatz. Thermalization
allows to steer the bath vibrational mode evolution towards
an equilibrium thermal state of selected temperature in a
controlled way, and at the same time for the bath to still
maintain an aspect of being coupled to the system. In addition,
by analyzing exciton relaxation dynamics of a chromophore
aggregate with thermalization, we found the exciton dynamics
to converge with a much smaller number of bath modes,
significantly speeding up numerical computation.
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Numerical implementation of an explicit phonon bath requires a large number of oscillator modes in order to
maintain oscillators at the initial temperature when modeling energy relaxation processes. An additional ther-
malization algorithm may be useful in controlling the local temperature. In this paper we extend our previously
proposed thermalization algorithm [M. Jakucionis and D. Abramavicius, Phys. Rev. A 103, 032202 (2021)] to be
used with the numerically exact multiple-Davydov-D; trial wave function for simulation of relaxation dynamics
and spectroscopic signals of open quantum systems using the time-dependent Dirac-Frenkel variational principle.
By applying it to the molecular aggregate model, we demonstrate how the thermalization approach significantly
reduces the numerical cost of simulations by decreasing the number of oscillators needed to explicitly simulate
the aggregate’s environment fluctuations while maintaining correspondence to the exact population relaxation
dynamics. Additionally, we show how the thermalization can be used to find the equilibrium state of the excited
molecular aggregate, which is necessary for simulation of the fluorescence and other spectroscopic signals. The
thermalization algorithm we present offers the possibility to investigate larger system-bath models than was
previously possible using the multiple-Davydov-D, trial wave function and local heating effects in molecular

complexes.

DOI: 10.1103/PhysRevA.107.062205

I. INTRODUCTION

Open-quantum-system models are widely used to de-
scribe properties of molecular aggregates [1,2]. The system
usually consists of molecular electronic states. Intramolec-
ular vibrational degrees of freedom (DOFs), which play a
major role in the relaxation process of the systems of in-
terest, can also be included in the quantum-system model.
The rest of the DOFs are treated as an environment of
a constant temperature: the bath. The bath is modeled as
a collection of quantum harmonic oscillators (QHOs) and
is characterized by a continuous-fluctuation spectral density
function [2-5]. Separation into the system and the bath parts
is mostly a formality as the system-bath coupling has to
be included to account for molecular environment-induced
decoherence and temperature effects; hence the quantum dy-
namics penetrates into the bath and the bath also changes its
state.

When using wave-function-based simulation approaches,
it can be challenging to maintain a precise representation
of the bath as a constant temperature thermostat, because
energy exchange between the system and the bath can alter
thermal properties of the bath. Generally, a large number
of explicitly modeled QHO modes have to be included to
minimize the negative effects of thermal energy accumulation
in the bath, but this is numerically expensive. Therefore, one
always has to balance between the size of the model, the
accuracy of the chosen numerical method, and the method’s
numerical cost. Alternatively, one could numerically change
the wave-function variables during its time evolution in a way
so as to prevent accumulation of the thermal energy in the
bath and to maintain it at a desired temperature, i.e., perform
thermalization.

2469-9926/2023/107(6)/062205(8)
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It is challenging to accurately simulate the dynamics of
quantum systems that exchange energy and (quasi)particles
with their surroundings, i.e., of the open quantum systems
[6,7], because the numerical cost needed to propagate the
corresponding dynamical equations in time increases ex-
ponentially with the number of DOFs. The wave-function
approach based on the multiple-Davydov-D, trial wave func-
tion (multiple-Davydov-D, Ansatz) [8-12], along with the
time-dependent variational principle, has been shown to be
an excellent tool for accurately simulating the dynamics
of system-bath models [8,13—19] and spectroscopic signals
[10,18-21]. Despite relying on an adaptive time-dependent
state basis set, the problem of rapidly growing numerical costs
remains.

In a previous study we proposed the thermalization algo-
rithm [22] to be used with the Davydov-D, Ansatz [13,23—
28], which restricts QHOs to their lowest uncertainty states:
coherent states [29,30] with Gaussian wave packets in their
coordinate-momentum phase space. We demonstrated how
the thermalization algorithm regulates the temperature of the
environment and enables the electronically excited molec-
ular system to relax into its equilibrium state at a given
temperature [31-33] even when using a reduced number
of bath oscillators, which greatly reduces numerical costs.
The characteristics of the resulting equilibrium state are
essential for modeling fluorescence, excited-state emission,
excited-state absorption, and other spectroscopic signals [1].
However, the Davydov-D, Ansatz is a crude approximation
of the actual system-bath model eigenstates and thus is un-
able to completely capture electronic population relaxation
dynamics [10].

Meanwhile, the system-bath dynamics obtained using the
multiple-Davydov Ansitze is consistent with the results from

©2023 American Physical Society
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other state-of-the-art methods, such as hierarchical equa-
tions of motion [9-11], the quasiadiabatic path integral [14],
and the multiconfiguration time-dependent Hartree method
[15,34], even when the number of bath oscillators is large.
Due to the more complicated wave-function structure of the
multiple-Davydov-D, ansatz, straightforward application of
the D, Ansatz thermalization algorithm is not possible. In
this work we extend the thermalization algorithm for the
multiple-Davydov-D, Ansatz by introducing an additional
state projection algorithm and adopting the coarse-grained
scattering approximation.

In Sec. IT we describe the thermalization algorithm for
the multiple-Davydov-D, Ansatz. In Sec. III we provide a
theoretical description of its application to simulating the flu-
orescence spectra. In Sec. IV we demonstrate its capabilities
by simulating the excitation relaxation dynamics of an H-type
molecular aggregate and its fluorescence spectrum. In Sec. V
we discuss changes made to adapt the thermalization algo-
rithm of the D, Ansatz for the multiple-Davydov-D, Ansatz.

II. THERMALIZATION OF THE
MULTIPLE-DAVYDOV-D, ANSATZ

We consider a molecular aggregate model, where each
molecule n =1,2, ..., N couples to its own local reservoir
k=1,2,...,N, each of which consists of g =1,2,...,0
QHO modes The model is given by the Hamiltonian H =
Hs + Hg + Hsg with the system, the bath, and the system-
bath coupling terms defined as

n#m
Hs = Z&xa an + Z‘Inma Qs (1)
m
N.Q
As =Y wigb] biy. 2
k.q
N Q
Asp ==Y alan Y ug8ug(bly + bug), [©)
n q

with the reduced Planck’s constant set to /i = 1. Here ¢, is
the nth molecule electronic excitation energy, J,, denotes
the resonant coupling between the nth and mth molecules,
wy, denotes the frequency of the gth QHO in the kth local
reservoir, and g,, is the coupling strength between the gth
oscillator in the nth local reservoir and the nth molecule. The
operators @] and &, represent the creation and annihilation op-
erators for electronic excitations, respectively, while EL, and
[7,!4 represent the creation and annihilation bosonic operators
for QHOs.

In addition, we implicitly couple the system-bath model
to the secondary bath characterized by a fixed temperature 7'.
The coupling between the secondary and primary baths occurs
via the scattering events that allow the system-bath model to
exchange energy with the secondary bath and thermalize local
reservoirs, as is described below.

The state of the system-bath model is given by the
multiple-Davydov-D, wave function

M.N

=Y aaln) ® N0, )

in

[W(@))

where ; ,(t) is the ith multiple complex amplitude associated
with a singly excited electronic state |n) localized on the nth
molecule, |1n) = a}|0)q. Here |0) is the electronic ground
state. The complexity and accuracy of the multiple-Davydov-
D, Ansatz can be adjusted by varying the multiplicity number
M. The states of the QHO modes are represented by multidi-
mensional coherent states

N.Q
(1)) = exp Y _[hikg(bl, — 114y (b1 0)iv,  (5)
k.q

where A;,(¢) is the ith multiple complex displacement
parameter and [0)yi, = ®4,4]0)x,, is the global vibrational
ground state of all QHOs.

The multiple-Davydov-D, wave function describes a state
of the system-bath model as a superposition of M multidi-
mensional coherent state terms, which allows it to represent
a wide range of system-bath model states beyond the
Born-Oppenheimer and Gaussian approximations. The ther-
malization algorithm for the multiple-Davydov-D, Ansatz is
realized by stochastic scattering events [35,36] during time
evolution of the wave function. These events change the mo-
menta py, of all the gth QHO modes of the kth local reservoir
at once. We assume that the scattering probability P, (6, ts)
of 6 scattering events occurring per time interval 7, with a
scattering rate vy is given by a Poisson distribution

1
PO, Tse) = a(zscvk)"e*’*"‘*. ©)

Numerically, Poisson statistics are realized by simulating
Bernoulli processes [37,38] in the limit of 7, — 0 while
maintaining the condition that v, < 1. To simulate the
scattering events, we divide wave-function propagation into
equal time length 7, intervals

ti = (ite, i+ D], i=0,1,.... (@)

At the end of each interval, for each local reservoir, we flip
a biased coin with the probability vz, of landing heads for
all local reservoirs. If the kth coin lands heads, we change
the momenta of all oscillator modes of that kth reservoir;
otherwise, no changes are made. A list of scattering moments
at which the numerical simulation is paused to perform the
scatterings can be precomputed prior to starting the simulation
by drawing probabilities for all local reservoir and all time
intervals #; from Eq. (6).

We assume that during the scattering event the local
bath, which experiences the scattering, acquires thermal-
equilibrium kinetic energy. Such a state is given by a single
coherent state for one specific QHO. In order to set the new
momentum values of the scattered reservoir oscillator modes,
we first project the multiple-Davydov-D, wave function of
Eq. (4) to its single-multiple Davydov-D, form

N
W @) =Y Ba()ln) @ 1X(0)). ®

n
where B, are the projected complex electronic amplitudes
and |X(t)) is the projected multidimensional coherent state,
which is defined later. This follows the decoherence idea [39],
where the macroscopic environment performs a collapse of
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the wave function into a set of preferred states, in our case,
the electronic-vibrational states |n) @ |A(¢)). The projected
complex electronic amplitudes are equal to

M
Bu®) =Y rnOEDA). ©)

while the projected multidimensional coherent state

N.Q
X)) = exp ) Dug(b], — 5, (0bigll0Vis  (10)
k.q

is defined in terms of the complex displacements
1
2

where x;,(¢) and py,(t) are QHO coordinate and momentum
expectation values

Tig(t) = —=[xeq () + iprg )], (1

M.M.N N.Q
=75 D @ alhilA ) Y Oy F Aikg) (12)
ij.n k.q
i M.M.N N,Q
P =" 3 etk D Ay — Ak (13)
2 ijon k.q

calculated from the multiple-Davydov-D, Ansatz, where
(Xi|A;) is the overlap of two coherent states

N0
1
(XilAj) = exp E I:)»,-',kq)n/:kq - E(l}‘i‘kq‘z + \)»/:kq\z):|< (14)
kg

This completes the projection operation of the multiple-
Davydov-D; state, given by Eq. (4), into its simplified D,
form in Eq. (8).

Once the projected wave function is deduced, we mod-
ify the momenta of the scattered oscillators by sampling the
QHO diagonal density operator distribution in the coherent
state representation at temperature 7', known as the Glauber-
Sudarshan distribution [14,40-42]

Plug) = 25} expl—Idig P/ — D1 (15)

For scattered modes, we set the momentum values in
Eq. (11)to

Prg(t) = V2Im(1]), 16)

where Af7 is a sample drawn from the Glauber-Sudarshan

distribution. In addition, Z,;Il and wy, are partition func-
tions and frequencies of the QHO, respectively, and kg is
the Boltzmann constant. During the scattering events, coordi-
nates Xy, of both the scattered and nonscattered modes remain
unchanged. Notice that the local baths, which do not experi-
ence scattering, remain unaffected by the scattering of other
modes.

Now that the wave function of the system-bath model
after scattering is known [given by Eq. (8)] we rewrite it in
the multiple-Davydov-D, wave-function form of Eq. (4) by
populating amplitudes and displacements of the first multiple

i=1las
o1 (t) = Bul0), an

Mg (1) = Dag (1) (13)

The amplitudes of the unpopulated multiples are set to
s, mna(t) =0, while the unpopulated displacements are
positioned in a layered hexagonal pattern around the popu-
lated coherent state [18]

Aj=2... . Mkq(t) =h1xq(T)
+ JT[I + Lﬂ(j)]]eiznlﬁ(jH—(I/IZ)W(/)”» (19)

where B(j) = (j — 2)/6 is the coordination function and |x|
is the floor function. The exact arrangement of displacements
of the unpopulated multiples is not critical as long as the
distance in the phase space to the populated multiple coherent
state is not too large; otherwise, the initially unpopulated
multiples will not contribute to further dynamics [16,43].

Once the scattered multiple-Davydov-D, wave function
is determined and the scattering event is finalized, fur-
ther simulation of multiple-Davydov-D, dynamics according
to equations of motion (EOMs) proceeds. This procedure
generates a stochastic wave-function trajectory, where the
system-bath model at each time moment is described by a
pure state, which is a single member of a statistical ensem-
ble [14,41]. The thermalized model dynamics is obtained by
averaging observables over an ensemble of wave-function
trajectories y, which differ by their initial amplitudes «; ,(0),
initial coherent state displacements A;,(0), and a sequence
of scattering events. Ensemble averaging is performed in a
parallelized Monte Carlo scheme.

III. THERMALIZED FLUORESCENCE SPECTRA

‘Wave-function trajectories allow calculation of an arbitrary
observable. Calculation of the equilibrium fluorescence spec-
trum requires us to know the thermally equilibrated state of
the excited model. The presented thermalization procedure
allows us to obtain such a state and calculate the fluorescence
spectrum.

In general, the frequency-domain spectrum of a quantum
system can be written as a Fourier transform

F(w) = Re_/ dt ' S(t) (20)
0

of the corresponding time-domain response function S(t).
The fluorescence response function Sg(¢) is a specific case of
the more general time-resolved fluorescence (TRF) response
function [1,44]

r
1 - )
Stre(Teq 1) = 1 lec,(onyufvlf;(req +0hs
=

x Vi Ve(te)ty W6(0)),, (1)

where Vg and Vg are the excited- and ground-state system-
bath propagators

Va@)IWa@)) = [Wa(h + 1)), (22
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iy = ZnN(e p,)al and o = Zf:](e - k,)a, are the excita-
tion creation and annihilation operators of the system [18],
respectively, u, is the electronic transition dipole moment
vector, e is the external field polarization vector, and [Wg(0)),
is a model ground state with an initial condition of the yth
trajectory. The EOMs for propagating the multiple-Davydov-
D, wave function, as well as the approach to solving them, are
described in detail in Refs. [18,43].

Here Strr(Teq,?) is a function of two times: the equi-
libration time 7., and the coherence time f. During the
equilibration time, the system evolves in its excited state and,
due to the system-bath interaction, relaxes to an equilibrium
state. After this, during the coherence time, spontaneous emis-
sion occurs.

We will apply thermalization during the equilibration time
to facilitate the relaxation of the system-bath model into
the lowest-energy equilibrium state by removing excess ther-
mal energy from local reservoirs. We denote by QAE,V the
excited-state propagator Ve but with thermalization. Then the
thermalized TRF (TTRF) response function can be written as

. 1 <
Strr(req, 1) =1 D (WOl -Gf, (7eq) VGOl

y=1
x Vo®p-Ge., (teg) 1+ W6 (0))y.  (23)

By considering the equilibration time to be long enough to
reach the equilibrium state of the system-bath model, we
define the fluorescence response function as

Si(t) = lim_Stre(teq, 1) 24)

and the thermalized fluorescence (TF) response function as

Sa(t) = Jim StRE(Teq 1)- (25)

The spectra obtained using the fluorescence response function
without and with thermalization will be compared in the next
section. For the numerical simulation, the required equilibra-
tion time interval has to be deduced by increasing 7eq until the
resulting fluorescence spectra converge.

IV. RESULTS

To investigate the thermalization algorithm for the
multiple-Davydov-D, Ansatz, we will analyze the linear
trimer model, which we previously used to study
thermalization of the Davydov-D, Ansatz [22]. The model
consists of N =3 coupled molecules, with excited-state
energies &, being equal to 0, 250, and 500 cm™', forming
an energy funnel. The nearest-neighbor couplings are set to
Jip=Jr3 =100 cm~! and Js5; = 0. The electronic dipole
moment vectors of molecules are u, = (1,0,0) in the
Cartesian coordinate system. This classifies the trimer as the
H-type molecular aggregate [45].

The QHOs of local molecular reservoirs are characterized
by the super-Ohmic [46] spectral density function
C"(w) = w(w/w.)* " exp(—w/w,) with an order parameter
s=2 and a cutoff frequency w. = 100 cm~'. The QHO
frequencies are wy, = wo + (¢ — 1)Aw, where the frequency
offset is wy=0.01 cm~!. The reorganization energy of

each local reservoir is Ak:qukqg—zq:IOO cm™!,

The scattering time step size is set to tc = 0.01 ps. Finally, the
ensemble consists of 900 wave-functions trajectories, which
we found to be sufficient to obtain the converged model
dynamics. The multiple-Davydov-D, Ansatz multiplicity
M =35 is used as the results with a higher multiplicity
quantitatively match the M = 5 case.

We will be considering three bath models: the dense bath
model, where the spectral density function C”’(w) is dis-
cretized into Q = 75 oscillators per local reservoir with a step
size of Aw =10 cm™'; the sparse bath model, where the
number of modes is reduced by a factor of 5 to just Q = 15
oscillators per local reservoir with Aw = 50 cm™; and the
sparse bath with thermalization model, where C”(w) is dis-
cretized according to the sparse bath model and thermalization
is used.

In the absence of the bath, the system has three single-
excitation stationary exciton states with energies E7* ~
—37.23 cm™!, E$*° =250 cm™!, and E{* ~ 537.23 cm™!,
satisfying the time-independent Schrédinger equation

Hs P = EZ° 0, (26)

with the system Hamiltonian given by Eq. (1). The exciton
eigenstates [2,4] ®¢*° have their excitations delocalized over
multiple molecules [41]. Therefore, it is convenient to analyze
molecular aggregate excitation relaxation dynamics in terms
of excitons as they are natural quasiparticles of the aggregate.
We define the probability of finding the aggregate in its nth
excitonic state as the population, given by

P2 = Y () g (e (S jO)en (95),. 27
klij

where (---)g is the averaging over an ensemble of wave-
function trajectories. Using the multiple-Davydov-D, Ansatz,
we proceed with the following analysis.

First, we study the electronic excitation dynamics. The
initial excitonic-state populations correspond to the optically
excited highest-energy states p5* =1 and p{j = 0, while
the initial QHO displacements 1, ,(0) are sampled from the
Glauber-Sudarshan distribution in Eq. (15) to account for the
initial temperatures of 7 = 77 K.

In Fig. 1 we display the trimer model exciton-state pop-
ulations p;*(t) and average temperatures [47] T;(¢) of local
reservoirs for all three bath models. The aggregate en-
vironment causes dephasing between excitonic states and
induces irreversible population relaxation [1,2]. The popula-
tion dynamics of the dense bath models exhibits a sequential
relaxation from the initially populated highest-energy exci-
tonic state to the lowest-energy state via the intermediate state.
Eventually, the population distribution reaches the equilib-
rium state. The majority of the excitation energy is transferred
to oscillators of local reservoirs. We observe an increase of
temperatures [47—49] due to the finite number of oscillators in
local reservoirs. An infinite number of oscillators would have
to be included to maintain a constant temperature at the initial
value. The initial rapid rise in temperature is due to oscillator
reorganization in the aggregate’s electronic excited-state man-
ifold, while the following slow rise is due to energy transfer
from the system to local reservoirs.
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FIG. 1. Exciton-state populations p¢*°(¢) and the average temper-
atures 7;(¢) of local reservoirs of the trimer in (a) and (b) the dense
bath model, (c) and (d) the sparse bath model, and (e) and (f) the
sparse bath model with thermalization.

In the sparse bath model, we observe that if the number
of vibrational modes is reduced, the population dynamics
become skewed due to an insufficiently dense representation
of the spectral density function. Furthermore, the temperature
increase is higher than that for the dense bath model, which
further changes the characteristics of the resulting equilibrium
state.

When the thermalization algorithm is applied to the sparse
bath model with a scattering rate v; = 1.25 ps~!, the pop-
ulation dynamics is restored and qualitatively matches that
of the dense model. Although the initial temperatures of the
local reservoirs exceed those of the dense bath model, they
gradually decrease due to thermalization, and this rate can be
adjusted by changing the scattering rate.

Next we turn our attention to simulating the fluorescence
spectrum of the linear trimer with the dense bath model with
scattering rate v, = 1 ps~'. The initial excitonic-state popula-
tion distribution is now calculated in terms of the system-field
interaction, as described in Ref. [18].
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FIG. 2. The (a) TRF and (b) TTRF spectra of the trimer in the
dense bath model, simulated with increasing equilibration time .
The absorption spectrum is also shown. Vertical dashed lines show
energies £ of the excitonic states.

In Fig. 2 we compare the TRF and TTRF spectra with
increasing equilibration times 7q. When 7.q = 0, both the
TRF and TTRF spectra are equivalent and exactly match
the absorption spectrum, which consists of three peaks due
to a transition involving the combined excitonic-vibrational
(vibronic) states and cannot be regarded as purely exci-
tonic. For reference, vertical dotted lines indicate energies
E®¢ of excitonic states. These do not match the three peak
energies exactly due to the system being coupled to the
environment.

By allowing equilibration to occur, Teq > 0, both the TRF
and TTREF spectra show a peak intensity shift towards lower
energies as excitation relaxes towards the equilibrated state
during the equilibration time. After equilibrating for teq =
2 ps, we find that both spectra have converged and do not
change with longer 7eq. Therefore, the TRF and TTRF spectra
at T,q = 2 ps can be considered as the fluorescence and TF
spectra of the trimer model as defined in Eqs. (24) and (25).

Both spectra exhibit their highest intensities at the ener-
gies of the lowest vibronic states. However, the fluorescence
spectrum also has considerable intensities at energies of the
intermediate and highest vibronic states. Surprisingly, the
higher-energy peak is more intense than the intermediate
peak. The TF spectrum intensities at these energies are negli-
gible, which indicates that the thermalization allows the trimer
model to reach a lower-energy equilibrium state, which is no
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FIG. 3. Comparison of the fluorescence spectra of the trimer with
the dense bath model obtained without thermalization, with thermal-
ization, and using the optimization approach. The equilibration time
is Toq = 2 ps. The absorption spectrum is also shown. Vertical dashed
lines show energies E** of the excitonic states.

longer hindered by the excess thermal energy accumulation in
QHOs of local reservoirs.

In Fig. 3 we also compare the obtained fluorescence and
TF spectra with the fluorescence spectrum simulated using
a previously proposed excited-state numerical optimization
approach [19,50,51]. It relies on finding the model’s lowest-
energy excitonic state in terms of the multiple-Davydov-D,
Ansatz parameters and then applying thermal fluctuations to
effectively generate the model in a lowest-energy equilibrium
state at a temperature of 77 K. We see that all three methods
produce a similar lowest vibronic peak, but the TF spectrum
has a higher-intensity tail towards the low-energy side and
almost no intensities at energies of the intermediate and the
highest vibronic states, while the fluorescence spectrum sim-
ulated using the optimization approach has a low intensity at
the energy of the intermediate vibronic states. The optimiza-
tion approach spectrum more closely resembles that of the
thermalized model than the nonthermalized spectrum.

V. DISCUSSION

Starting from an arbitrary nonequilibrium initial condition,
a closed quantum system will not equilibrate due to energy
conservation. The thermalization procedure is necessary to
guarantee proper thermal equilibrium in the long run for all
bath oscillators. This requires introducing the concept of
primary and secondary baths. In our model the primary bath
is a part of explicit quantum DOFs, while the secondary bath
is a thermal reservoir with infinite thermal capacity, i.e., it
maintains a constant temperature in any energy exchange
process. In this case, the secondary bath cannot be described
by mechanical equations; only statistical or thermodynamical
concepts apply. Our statistical algorithm performs energy
exchange between the primary and secondary baths using the
statistical scattering idea: The primary bath state is reset to
the thermally equilibrated state, thus giving up excess energy
to or drawing additional energy from the secondary bath. This
is a major extension of the explicit quantum time-dependent

variational principle (TDVP) theory: The extended model
covers a broader range of phenomena, i.e., local heating and
cooling, as well as bath oscillator dynamic localization, which
are not available in the standard TDVP theory.

In order to adapt the Davydov-D, Ansatz thermalization
algorithm for the multiple-Davydov-D, Ansatz, several exten-
sions were made. During the time evolution of the system-bath
model, the multiple-Davydov-D, Ansatz multiples become
correlated, leading to a non-Gaussian bath wave function. It
becomes impossible to represent a new Gaussian wave func-
tion of scattered QHO modes, sampled from Eq. (15), without
changing the wave function of the rest of the nonscattered
oscillators at the same time. Therefore, we chose to project
the multiple-Davydov-D, Ansatz into the Davydov-D, Ansatz
whenever scattering occurred, allowing us to correctly repre-
sent the newly sampled Gaussian wave function of scattered
oscillators. This idea requires consideration of a few aspects.

The projected Davydov-D, wave function accurately
maintains average coordinates and momenta of the
multiple-Davydov-D, Ansatz QHO states, while variances
and higher-order moments are affected. This causes variation
of excitation relaxation dynamics compared to the standard
multiple-Davydov-D, Ansatz. However, system-bath models
mostly rely only on the linear coupling between the system
and average coordinates of QHO modes; therefore, as seen
in Fig. 1, the discrepancy is minimal. The higher-order
couplings become necessary when anharmonic vibrational
modes or changes to their frequencies upon excitation are
considered [19,52].

To maintain the close correspondence to the standard
multiple-Davydov-D; Ansatz, the projection should not occur
too often. This is because, after scattering, it takes time for
the wave function to again become correlated between its
many multiples, i.e., to take advantage of the unpopulated
multiple-Davydov-D, Ansatz multiples after projection. If the
repopulation time is shorter than the time between projection
operations, the model population dynamics becomes similar
to that of the Davydov-D, Ansatz, even though the multiple-
Davydov-D, Ansatz is being used. The average time interval
between projection operations is determined by the scattering
rate v, a property of the physical system, while the scattering
time 7y is a parameter of the model and must be as small as
necessary to ensure the Bernoulli-to-Poisson statistics transi-
tion condition vy ts. <K 1.

To increase the average time between projection op-
erations, we adopt a coarser scattering approach for the
multiple-Davydov-D, Ansatz compared to the Davydov-D,
Ansatz. Instead of considering scattering events of individual
oscillators, we consider events where all oscillators of certain
local reservoirs are scattered at once, requiring only a single
projection operation to scatter many oscillators at once. This
approach allows the multiple-Davydov-D, Ansatz to continue
utilizing all its multiples for the improved accuracy over the
Davydov-D, Ansatz while reducing the number of explicitly
modeled oscillators needed to maintain the local reservoirs’
temperatures close to initial values, thereby reducing the nu-
merical cost.

Using the multiple-Davydov-D, Ansatz to simulate the
population dynamics of the trimer model, it took an average
of 166 min per trajectory using the dense bath model, but
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only 1.3 min using the sparse bath model and 2 min using
the sparse bath model with thermalization. The computational
overhead of thermalization is small compared to the overall
time savings when switching from using the dense bath to
the sparse bath. The numerical cost reduction is also greater
for the multiple-Davydov-D, Ansatz than for the Davydov-D,
Ansatz in Ref. [22], because the multiple-Davydov-D, Ansatz
EOMs constitute an implicit system of differential equations,
which require a more involved two-step numerical approach
to find a solution [18,43]. By considering fewer oscillators in
each local reservoir, simulations of the dynamics and spec-
troscopic signals of aggregates made up of more molecules
become possible.

Computing a single trajectory of the TTRF response func-
tion in Eq. (23) with an equilibration time of 7.q = 2 ps took
an average of 79 min. The previously proposed optimization
method [19] for simulating fluorescence spectra does not re-
quire propagation during the equilibration time interval of the
TRF response function and has to be computed only once, but
it takes 193 min. In general, we find that the computation of
TTRF is more reliable and numerically stable. The optimiza-
tion approach struggles to consistently find the lowest-energy
excitonic state of the model due to its heuristic nature, requir-
ing many attempts to find the solution and eventually having
to choose the lowest-energy one. This is particularly apparent
when a wide range of oscillator frequencies are included.

For elementary system-bath models without Hamiltonian
parameter disorder, the optimization approach can be a

good starting point for fluorescence spectra simulation.
However, a more accurate spectrum most likely will
be obtained using the TTRF approach. For models with
Hamiltonian disorder, e.g., static molecule excitation energy
disorder [53-55], the optimization approach would require
finding the model’s lowest-energy excitonic state for each
realization of the Hamiltonian, negating its advantage
of having to perform the optimization procedure only
once.

In conclusion, the thermalization algorithm presented for
the numerically exact multiple-Davydov-D, Ansatz allows us
to reduce the numerical cost of system-bath model simula-
tions by having to explicitly include fewer bath oscillators
while maintaining a correspondence with the exact relaxation
dynamics. The thermalization algorithm efficiently controls
molecular heating effects due to the reduced number of os-
cillators. Furthermore, the application of thermalization to
the simulation of fluorescence spectra demonstrates a lower
computation time, greater numerically stability, and higher
accuracy compared to the numerical optimization approach.
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