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Chapter 1

Introduction

“Theoretical studies of multi-state and multi-mode nonadiabatic dynamics of iso-electronic
molecular systems”is a topic of current interest, encompassing essential aspects of mod-
ern theoretical chemistry. It is crucial to provide the reader with an introduction that

precisely outlines the discussion goals of this thesis.

The primary focus of this thesis is a theoretical investigation of the interactions between
electronic and nuclear degrees of freedom (DOF') and their effects on chemical dynamics.
It is widely recognized that the adiabatic approximation [1] fails in accounting for nuclear
dynamics in polyatomic molecular systems. Vibronic coupling (VC), or the coupling of
electronic and nuclear motion, is observed in all polyatomic molecules. As a consequence
of this coupling, the Born-Oppenheimer (BO) approximation [1] breaks down when
an electronic transition occurs during nuclear motion. In the presence of VC, conical
intersections (CIs) of potential energy surfaces (PESs) are common [2-10]. The hallmark
of Cls is often reflected in the molecular electronic spectrum and is characterized by the
absence of radiative emission from excited molecular states. Due to their widespread
use as a model for understanding the mechanics underlying photochemical reactions, Cls
are also referred to as molecular funnels or diabolic points. This is due to their crucial
role in the non-radiative de-excitation transitions of molecules from excited electronic
states to their ground electronic states [11-18]. Cls are essential for understanding the
mechanisms involved in photochemistry and photobiology. For example, Cls contribute
to DNA stability concerning UV radiation [13, 14] through radiationless relaxation (DNA
photo-stability). In an excited state, processes such as excited-state electron transfer
(DNA photo-repair) [15, 16], excited-state energy transfer used in optoelectronics [19],
photoisomerization of retinal in the rhodopsin protein (visual response) [17, 18], and

proton transfer (green fluorescent protein) [20-22] can occur. A better understanding
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of dynamics on various surfaces and new methodological innovations are required to

explore these complex systems.

1.1 Potential Energy Surfaces

Within the framework of the Born-Oppenheimer approximation [1], the quantum dy-
namics is dictated by the configuration of the PESs in both the ground and excited
electronic states, the inter-state couplings, and the nuclear masses. In classical me-
chanics, the study of photochemical reactions in polyatomic molecules often involves
envisioning the motion of “billiard balls”along these PESs, particularly near the Franck-
Condon (FC) region, and tracing their trajectories toward different reaction channels.
These PESs play a pivotal role in comprehending molecular processes, characterized by
intricate topographies including wells, barriers, avoided crossings, and conical intersec-
tions. Such complexities are challenging to predict or parameterize straightforwardly,
necessitating the use of ab initio methods to compute PESs and couplings point by point.
Typically, a decent number of grid points per coordinate are needed to adequately sam-
ple the relevant portion of the PES for a given reaction coordinate (of interest) [23] and
it’s schematic piture is shown in Fig. 1.1. Subsequently, all computed points on the
PES must be fitted to an analytical function for practical use in dynamic simulations.
However, the dearth of high-quality complete PESs and couplings remains a bottleneck
for realistic calculations, a situation that is unlikely to change significantly in the near

future.

EQ) —

Q—

FIGURE 1.1: Schematic representation of potential energy curves
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1.2 Current State of Research

Understanding the astrochemical evolution of celestial objects relies heavily on eluci-
dating the organic content within vast molecular clouds and the chemical processes re-
sponsible for their production, such as those occurring in proto-planetary disks, comets,
and asteroids [24]. In the present thesis, we primarily focus on three key molecular sys-
tems: acetaldehyde, oxirane, and aziridine, and their significance in both astrochemistry
and the interstellar medium. While these molecules share an isoelectronic nature, they
possess distinct molecular arrangements. Specifically, acetaldehyde (CH3CHO) and oxi-
rane/ethylene oxide (c-CoH4O/(CH3)20) are structural isomers of CoH4O. Aziridine, on
the other hand, can be synthesized by replacing the “oxygen-atom” with an NH group in
the c-CoH40 ring. Theoretical investigations into the photoelectron spectra of acetalde-
hyde, oxirane, and aziridine are essential for understanding their electronic structures,
photochemical reactivity, and potential applications in areas such as photochemistry and
atmospheric chemistry. Additionally, vibronic coupling plays a crucial role and largely
governs the mechanistic details of the spectroscopy and dynamics of the electronically

excited states of these molecules.

Many complex organic molecules (COMs) were reported in stellar environments [25].
In interstellar conditions, COMs are ionized either via charge transfer reactions or
an exposure to the cosmic radiation [26]. Ultra violet (UV) and vacuum ultra violet
(VUV) radiations emitted by stars have the ability to rapidly ionize and dissociate these
molecules [27]. One such COM that is predicted to have signature in the interstellar
space is, acetaldehyde radical cation CH3COHT. In a variety of interstellar conditions,
its neutral counterpart has been discovered [28-32]. Therefore, the photochemistry and
photophysics of CH3COH'* are of fundamental interest and of potential astrochemical

relevance.

Walsh et al.[33] through Rydberg series analysis of recorded absorption spectrum found
the lowest adiabatic ionization potential of CH3COH to be ~82,50545 cm~! (10.2293+0.0007
eV). A value of ~10.2295+0.0007 eV of the same was reported by Knowles et al. [34].
The photoelectron spectra of acetaldehyde were recorded using He I and He II radiations
[35-47]. Photoionization mass spectrometry [48-50] and electron impact mass spectrom-
etry [51] experiments have been carried out. Along with this, photoelectron-photoion
coincidence studies [45, 52, 53] were reported. Yencha et al.[54] have recently reported
threshold photoelectron (TPE) spectrum and total photoion yield (TPIY) spectrum of
acetaldehyde. Velocity-map ion imaging experiment characterizing the wavelength de-

pendent photo-fragmentation dynamics of the CH3COH't was reported in a most recent
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work of Kapnas et al. [49]. From all these observations mentioned above, we could only
find the limited information about the vibrational band structures and the electronic
states involved in the spectrum. In addition to this, acetaldehyde belongs to the point
group of low symmetry [55-57]. It governs the electronic states of this molecule will have
the same spatial symmetry. Therefore, a detailed systematic theoretical investigation of
the vibronic coupling between the electronic states considered here to understand the

photoelectron spectroscopy of acetaldehyde (see Chapter 3).

Oxirane (ethylene oxide, dimethylene oxide, ¢-CoH4O/(CHz2)20) is a three-membered
cyclic ring, with each carbon being fully hydrogenated. This is the smallest cyclic ether
and it is related to cyclopropane (C3Hg) through a replacement of one of the methylene
(CHz) groups of the alkane with an isoelectronic oxygen atom. The oxirane is noted
for its reactivity making it (and its derivatives) key reagents in the synthesis of many
products of industrial and biological significance [58-61] and it has been serving as a
model for photochemistry from a long time [62-67]. The molecular reactivity has been
ascribed largely to ring strain as happens in cyclopropane and interest in its electronic
structure has a long history. Acetaldehyde [CH3CHO (Cs)], oxirane [c-CoH4O (Cay))]
and vinyl alcohol [HoCCHOH (Cs)] are the three stable isomers (i.e., molecules with
the same chemical formula but with different connections of the atoms) of CoH40 [68].
Oxirane is a higher energy isomer of the molecules acetaldehyde and vinyl alcohol, only
acetaldehyde has been first identified organic molecules in the interstellar medium (ISM)
[69], although vinyl alcohol has been attempted to identify in cold dark clouds [70, 71],
latter researches found the oxirane has been detected in the interstellar medium es-
pecially in the star-forming regions [61, 61, 72-76], these studies proved the existence
of oxirane in ISM and it is confirmed by Dickens et al. [77]. Also, Coll et al. have
suggested that oxirane molecule could be present in the Titan atmosphere [78]. To un-
derstand the formation of these three isomers of CoH4O particular pertinence to test the
astrochemical evolution of the interstellar medium, since these molecules also play a key
role in astrobiology [58, 59, 61, 69, 71]. Acetaldehyde and oxirane have been implicated
in the formation of amino acids [59], underscoring their significance as complex organic
molecules (COMs) [68]. Oxirane and acetaldehyde isomers are particularly noteworthy
due to their potential contributions to amino acid synthesis [68]. The presence of oxi-
rane in hot cores implies the existence of ring-shaped molecules with more than three
carbon atoms, such as furan (c-C4H40), which is closely associated with the sugars ri-
bose and deoxyribose, the structural backbones of RNA and DNA, respectively [61, 74].
Observations by Occhiogrosso et al. [79] have revealed gaseous abundances of oxirane
and acetaldehyde in high-mass star-forming regions. Their findings suggest that oxirane

might be prevalent in the outer and cooler regions of hot cores where its isomer has been
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previously detected, providing valuable insights compared to earlier studies that focused

solely on oxirane formation [76, 80-82].

Heterocyclic complex organic molecules, incorporating heavier elements alongside car-
bon in their ring structures, hold significance in various fields, particularly in the study
of the ISM [72-77]. Oxygen-bearing species within this category are of particular in-
terest due to their implications for the presence of life [58-60]. Ribose, for instance,
is intricately linked to the molecular architecture of DNA [59, 60]. Exploring simpler
heterocyclic molecules than ribose leads us to oxirane [58-61]. Oxirane represents the
smallest cyclic species containing oxygen, bonded to two carbon atoms. Conversely,
acetaldehyde, a non-cyclic isomer of CoH4O, serves as a significant evolutionary tracer
in various astronomical contexts [83]. Initially detected in the ISM by Gottlieb in 1973,
oxirane has since been observed in diverse astrochemical environments, particularly no-
table is its presence in regions of star formation [76, 77, 81, 82]. The relatively higher
abundance of acetaldehyde compared to oxirane aligns with the reported ratios between
the two isomers, ranging from 1 to 9 according to Ikeda et al. [76]. A gas-grain chemi-
cal model was developed to explore the chemistry of oxirane in high-mass star-forming
regions, successfully reproducing its observed abundances in such environments [79)].
Despite their distinct chemical structures, the chemistry of oxirane appears intertwined
with that of acetaldehyde, suggesting the potential utility of acetaldehyde as a tracer

for oxirane in cold cores [80].

The He I and He II photoelectronc spectra of oxirane are studied experimentally and
theoretically [46, 47, 84-91] in the past decades. However, there are so far no literature
available on the multi-state and multi-mode dynamics of oxirane radical cation. But
a couple of theoretical calculations on the electronic structure and vertical ionization
energies of oxirane are available [85, 89, 91, 92]. Due to the limited information on the
electronic spectrum of this molecule, we carried out a detailed theoretical calculations
and quantum dynamical simulations of nuclear motion to understand the theoretical

photoelectron spectrum of oxirane (see Chapter 4).

Three-membered cyclic molecules are geometrically strained and the atoms present on
those molecules shows some interesting properties in molecular spectroscopy [93]. So the
electronic and geometrical structural studies of strained molecules have lots of impor-
tance both in experimental as well as in theoretical studies. A large number of organic
molecules are found in the Interstellar medium (ISM) [25]. Aziridine, CH,NHCH,,

also called ethylenimine is a three-membered heterocycle having an amine group. The



Chapter 1. Our goal and outline of my thesis 6

CHsNHCHs is a feasible interstellar molecular candidate since it contains a number small
nitrogen compounds and epoxides have been discovered in the ISM [77] and as well as
in the atmosphere of Titan since many small nitrogen derivates are already found [94].
The CHoNHCHy3 is of potential astronomical importance because it may be a constituent
of so-called hot cores, star-forming areas with relatively large abundances of complex
organic compounds [95, 96]. Myers et al. reported on the search for interstellar pyrrole
in 1980 [97]. They assumed, in some ways, that because of their favorable partition
characteristics, oxirane and aziridine were ideal candidates for astronomical detection.
The structure of aziridine can be simply deduced by replacing the oxygen atom by NH
in ¢-CoHyO ring. We put forward aziridine to be a promising candidate for interstellar
chemistry due to its abundant nitrogen and multi-faceted interstellar chemistry. There-
fore, the study of photochemistry and photophysics of CHoNHCH; has fundamental

importance (see Chapter 5).

1.3 Our goal and outline of my thesis

The primary objective of this thesis is to examine the vibronic interactions in the photo-
induced dynamics of polyatomic isoelectronic molecular systems, with a particular fo-
cus on acetaldehyde, oxirane/ethylene oxide, and aziridine/ethylene imine. Quantum
dynamical approaches are employed for this investigation. Acetaldehyde and aziridine
possess equilibrium geometries belonging to the Cs symmetry point group, while oxirane
exhibits Cy, point group symmetry. The optimized equilibrium geometries of acetalde-

hyde, oxirane, and aziridine are illustrated in Fig. 1.2.

I
(a) Acetaldehyde (b) Oxirane (c¢) Aziridine

FIGURE 1.2: Schematic representation of the equilibrium minimum structure of the
electronic ground state of acetaldehyde (a), oxirane (b) and aziridine (c¢) molecules.

The study investigates the multi-state and multi-mode vibronic coupling effects in the
photo-ionization spectroscopy of acetaldehyde, oxirane, and aziridine. Ab initio elec-
tronic structure calculations are employed to understand complex vibronic spectra and

ultrafast nonradiative decay dynamics through Cls, with nuclear motion for coupled



Chapter 1. Our goal and outline of my thesis 7

electronic states simulated using quantum dynamical calculations. The investigation
delves into the intricate vibronic spectra, identifying prominent vibrational progres-
sions in each electronic state, examining population transfer processes at Cls, analyzing
nonradiative decay rates, and addressing spectrum broadening due to strong vibronic
coupling. Theoretical conclusions are compared with available experimental data. A
diabatic electronic representation is constructed and applied to manage PES crossings
and mitigate the singularity in the adiabatic electronic representation of the nuclear
kinetic coupling term. This framework constructs a model vibronic Hamiltonian us-
ing simple symmetry selection techniques, with essential coupling parameters derived
from ab initio electronic structure data. A four-fold diabatization scheme is utilized to
compute adiabatic and diabatic PESs and their coupling parameters. Vibronic bands
are computed by solving both time-independent and time-dependent Schrédinger equa-

tions using the multi-configuration time-dependent Hartree (MCTDH) program module.

Chapter 2 furnishes a comprehensive theoretical foundation for the ongoing investiga-
tions. Specifically, it offers an overview of the BO approximation and underscores the
necessity for a diabatic electronic basis. Furthermore, it delves into the basic linear
vibronic coupling (LVC) method, supplemented by diagonal quadratic terms. Symme-
try selection rules play a crucial role in determining the matrix elements, while the
pertinent coupling parameters of the Hamiltonian are derived from ab initio electronic
structure calculations. Additionally, this chapter elaborates on the quantum dynam-
ics calculations, encompassing both time-independent and time-dependent approaches,
which entail solving the quantum eigenvalue equation to compute vibronic spectra. The

methodologies discussed herein utilize the MCTDH program module.

In Chapter 3, the multi-state and multi-mode vibronic dynamics in the seven energeti-
cally low-lying (X 24/, A 24”7, B 24/, C 24/, D 2A”  E 24’ and F 2A") electronic states
of acetaldehyde radical cation is investigated [98]. Adiabatic energies of these electronic
states are calculated by ab initio quantum chemistry methods. A VC model of seven
electronic states is constructed in a diabatic electronic basis to carry out the first princi-
ples nuclear dynamics study. The vibronic spectrum is calculated and compared with the
experimental findings reported in the literature. The progressions of vibrational modes
found in the spectrum are assigned. The findings reveal that, the X 24’ and F 24’
electronic states are energetically well separated from the other electronic states and the
remaining states (K 2A" to B 24/ ) are energetically very close or even quasi-degenerate
at the equilibrium geometry of the reference electronic ground state of acetaldehyde.
The energetic proximity of A 2A” to E 2A’ electronic states results into multiple multi-

state conical intersections. The impact of electronic nonadiabatic interactions due to
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conical intersections on the vibronic structure of photoionization band and nonradiative

internal conversion dynamics is discussed.

Chapter 4 explores the photoelectron spectrum of oxirane molecule and considering the
first six low-lying X ’By, A 2A4, B 2B, C 2A,, D 2A; and E 2B, electronic states
of c-CoH4OF. The standard VC theory is used to study the interactions between the
electronic states and using the symmetry selection rules a model 6 x6 diabatic electronic
Hamiltonian is constructed. The parameters of the diabatic Hamiltonian are estimated
by performing extensive ab initio electronic structure calculations, using the EOMIP-
CCSD method. The nuclear dynamics calculations are performed to diabatic electronic
states using both time-independent and time-dependent methods using the MCTDH
framework. The calculated vibronic structures of the six diabatic electronic states are
found to be in excellent agreement with the available experimental findings. The pro-
gressions are assigned in terms of vibrational modes. It is found that, extremely strong
vibronic interactions among the X QBI—K 2Aq, B 2B2—6 2A,5 and D 2A1—E 2B, electronic
states results into a highly overlapping vibronic bands and multiple multi-state conical
intersections are formed among them. The impact of associated nonadiabatic effects on
the vibronic structure and dynamics of these electronic states are examined at length.
Also, interesting comparison is made with the results of the isomeric acetaldehyde rad-

ical cation.

Chapter 5 deals with the theoretical photoionization spectroscopy of the aziridine molecule.
To start with, we have optimized the geometry of this molecule at the neutral (CHoNHCHj)
electronic ground state at the DFT /aug-cc-pVTZ level of theory using the G09 program.
The electronic structure calculations were restricted to the first six low-lying electronic
states to account for the complete experimental photoelectron spectrum of the aziri-
dine molecule. The first six low-lying electronic states (jv( 24’ A 2A', B 24", C 24",
D 24, and E 2A") of the PESs are calculated by both EOMIP-CCSD and MCQDPT
ab initio quantum chemistry methods along the dimensionless normal displacement co-
ordinates in which multiple conical intersections were observed between the electronic
states. A (6 x 6) model vibronic Hamiltonian is constructed on a diabatic electronic
basis, using the symmetry selection rules and Taylor series expansion. The Cj sym-
metry point group of the aziridine molecule enables the electronic states symmetry of
either A" or A” and these states are close in energy, due to which, the same symmetry
electronic states avoid each other. To get a smooth diabatic PESs, a four-fold diabati-
zation scheme was used, which is implemented in the GAMESS suite of programs. All

the elements used in the diabatic VC model Hamiltonian are calculated in terms of the
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normal modes of vibrational coordinates. Finally, the vibronic model Hamiltonian con-
structed for the coupled six electronic states was used to solve both time-independent
and time-dependent Schrodinger equations using the MCTDH program module to get
the dynamical observables. The theoretical vibronic band structure is found to be in
good agreement with the available experimental results. At the end, we compared this

results with Chapters 3 and 4 isoelectronic molecules.

Chapter 6 summarises the theoretical efforts, in my PhD (Jan. 2018 - May 2024),
towards the understanding of the photo-induced dynamics of isoelectronic molecular
systems. Additionally, it provides a summary of potential research topics and the future

directions.






Chapter 2

Theoretical methodology

2.1 The Born-Oppenheimer approximation and Adiabatic

electronic picture

The fundamental theoretical underpinnings of the current work are discussed in this
chapter. The Born-Oppenheimer (BO) approximation [1] plays a crucial role in describ-
ing molecular chemistry. The division of electronic and nuclear motions is a fundamental
tenet of this approximation. Considering that an electron’s mass is significantly less (ap-
proximately 1836 times) than that of a nucleus, and electrons move swiftly, changes in
nuclear locations can be regarded as unimportant when computing electronic wave func-
tions. As a result, the BO approximation allows molecular processes to be calculated
in two steps. The electronic problem is addressed in the first stage while the nuclei
remain stationary. For each constant nuclear position, electronic energies are estimated
using quantum chemistry methods, leading to the derivation of potential energy surfaces
(PESs). The second stage involves performing nuclear dynamics on one or more prede-
fined PESs.

In the entire molecular Hamiltonian, encompassing electronic ¢ and nuclear () coordi-

nates, the time-independent molecular Schrodinger equation can be stated as:

H(q.Q)¥(q,Q) = E¥(q,Q), (2.1)

where ¥(q, Q) is an energy eigenfunction, F is the associated energy eigenvalue, and

H(q, Q) is the molecular Hamiltonian, defined at the non-relativistic level of theory
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Here, a and B refer to nuclei, and ¢ and j refer to electrons. The first and second terms
in Eq. 2.2 represent the operators for the kinetic energy of the nuclei and electrons,
respectively. The third term accounts for the potential energy (PE) resulting from
repulsions between the nuclei, denoted as r,g, the distance between nuclei o and S,
each with atomic numbers Z, and Zg. The fourth term represents the PE arising from
attractions between the electrons and the nuclei, with r;, being the distance between
electron ¢ and nucleus a. The last term corresponds to the PE resulting from repulsions
between the electrons, with 7;; representing the distance between electrons 7 and j. In

abbreviated form, the above equation can be represented as follows:

H=Tx+T.+ Viy + Ven + Vee (2.3)

The following ansatz can be employed to expand the molecular wave function ¥;

N
Ui(q,Q) =) Pilg, Q)xi(Q). (2.4)

i=1
Where ®;(q, Q) represents the electronic wave function and y;(Q) is the nuclear wave
function, the ansatz given in Eq. 2.4 is exact for a complete set of eigenstates (i.e.,
N — o0). In many chemistry applications, IV is constrained to a small number of closely
related electronic states, and the impact of other electronic states is neglected. While
nuclear wave functions are determined solely by the nuclear coordinate @), electronic
wave functions are influenced by both the electronic (¢) and nuclear (Q) coordinates.
The electron-nuclear interaction term Viy (cf., Eq. 2.3) in the molecular Hamiltonian
presents the primary obstacle to fully separating the electronic and nuclear wave func-
tions. The electronic wave function, abbreviated as ®;(¢q, @), in the BO approximation
depends parametrically on the nuclear coordinates, denoted as ®;(q; Q). The fixed-nuclei
electronic Schrodinger equation has been resolved by ab initio electronic structure pro-

cesses in the BO approximation.

H.®:(¢; Q) = Vi(Q)®i(q; Q), (2.5)

The electronic Hamiltonian, denoted as H, = T. + Vixy + V.., features Vi(Q) as the
potential energy calculated by solving the eigenvalue equation 2.5, necessitating the nu-
clei to be in a fixed location. Parametrically altering the nuclear positions allows the

acquisition of the PES, and solving Eq. 2.5 is performed for each case.
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The coupled nuclear differential equation [1, 2] can be derived from the basis defined in

Eq. 2.4 and the solution of the electronic Schrodinger equation 2.5.
o0
TN+ V5(Q) = B x;(Q) = 3 Ayxi(@). (2.6)
i=1

In the preceding equation, the identity matrix is denoted as I. The quantity f\ij is

defined as the components of the nonadiabatic coupling operator.
Aij=— / drd} [Ty, ®,] (2.7)

where [A, B] = AB — BA represents the commutator of operators A and B. Utilizing
the nuclear kinetic energy operator (KEO) in its generic form as a differential operator
[99], the nonadiabatic operator Aij in @-space [2, 100] decomposes into a differential

operator and a constant number.

M

Az‘j - Z E(jn)v - Gij, (2:8)
n=1
with
FY = (@,]V]@)); Gy = (0] V2| ;) (2.9)

From Eq. 2.9, it is evident that the electronic states ¢ and j are linked through deriva-
tive operators reflecting nuclear motion. The elements Fi(;) and Gj;; represent vector
and scalar coupling, respectively. The presence of the nonadiabatic operator (A;;) adds
complexity to the solution of the nuclear Schrédinger equation, especially for polyatomic
molecules with multiple nuclear coordinates. The neglect of nonadiabatic operators
(f\ij:O) corresponds to the adiabatic approximation. This approximation is grounded
on the assumption that the KEO of the nuclei can be treated as a perturbation to elec-
tronic motion. A more practical approximation, the Born-Huang approximation [101],
is derived by exclusively ignoring the off-diagonal terms of the nonadiabatic operators

f\ij. Employing the Hellmann-Feynman theorem [102-105], the vector coupling term is

denoted as [2]:
F(”) _ <(I)i(Q§ Q) |vnHe(q; Q) |(I)j(q; Q)>
Y Vi(@) = V;(Q)

In many instances, the adiabatic approximation proves inadequate, particularly when

(2.10)

multiple electronic states are closely spaced in energy. The failure of the adiabatic ap-
proximation becomes pronounced when two electronic states are degenerate at the point
of conical intersection (CI) (i = j). In such cases, the derivative coupling terms for the
electronic wave function (Fi(]n) in Eq. 2.9) become divergent, causing the breakdown of
the adiabatic approximation near the CI. As a consequence of this singularity, electronic
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states and their energies cease to be analytical functions of nuclear coordinates, leading
to alterations in their electronic characteristics. A degeneracy cusp becomes evident on

their energy surfaces [106].

Numerically solving the nuclear Schrédinger equation using the adiabatic electronic basis
is impeded by the singularity of the aforementioned derivative coupling. To circumvent
this issue, a diabatic electronic basis is introduced, involving a proper unitary trans-
formation that converts the divergent kinetic coupling of the adiabatic electronic basis
into a smoother potential coupling [2, 107-109]. Consequently, the nuclear Schrodinger

equation is formulated on the diabatic electronic basis, as expressed in Eq. 2.6:

TNI+T5Q) ~ E| i@ = Y Us(Q@il@Q), (2.11)
i=1(i#])
with
Ui (Q) = (¢i(a; Q)| He(q: Q)9 (¢; Q))- (2.12)

The electronic wave function for a diabatic system is expressed as |¢;(q;Q)), where
integral operations are performed on electronic coordinates gq. The divergent kinetic
coupling presented in Eq. 2.6 is transformed into a smoother potential coupling in Uij,
marking the primary distinction between Eqs. 2.6 and 2.11. On a diabatic basis, the
divergent kinetic coupling can ideally be completely eliminated as a function of the Q
basis, enabling the wave function and energy to recover analytic continuation. The dia-
batic electronic states are characterized by the diagonal elements Uj(Q) of the U matrix,
while the coupling between them is defined by the off-diagonal elements UZJ(Q) As are-
sult of analytical continuation, the states become smooth throughout the entire nuclear
coordinate space, preserving the electronic nature of the states in this representation.
The preceding discussion highlighted that, despite its greater realism, the adiabatic elec-
tronic representation is unsuitable for investigating dynamics. Consequently, albeit not
entirely novel, the diabatic electronic representation is reinstated for all pertinent appli-

cations, ranging from atom-to-atom collisions to molecular spectroscopy [2, 108, 110].

2.2 Diabatic electronic representation

Consider the following diabatic electronic Hamiltonina featuring two states:

HI(Q) = (2.13)

U21(Q) Uxa(Q)

U11(Q) Ulz(Q)] .
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In this context, the diabatic PESs are denoted by Uy1(Q) and Us(Q), while the cou-
pling surface is described by Ui2(Q)=Us1(Q). All matrix elements depend on the set
of nuclear coordinates (). Employing a similarity transformation [2, 107-113] through
an appropriate unitary matrix S, it becomes feasible to obtain the adiabatic electronic

Hamiltonian

Q) = STHI(Q)S. (2.14)

It is yielded by the transformation matrix and it is responsible for adiabatic-to-diabatic

conversion.

_ ( cos0(Q) sinH(Q)) . (2.15)

—sinf(Q) cosh(Q)

where 6(Q), denoting the adiabatic-to-diabatic transfermation angle, is defined as [2],

0(Q) = = tan*

5 (2.16)

2012(Q) ]
U (Q) — U11(Q) |

and &4 = STpd, (t denotes the adjoint). The expression for the adiabatic PESs is given
by

Vi2(Q) = % [(Un +Ux) + \/(Un — Us)? + (2012)2] : (2.17)

This equation indicates the potential for their intersection. The difference between the

potentials (V1 and V2) is determined by

AV = Vi — Vs = /(01 — On)? + (2015)2 (2.18)

The degeneracy (crossing) of the two adiabatic curves occurs when the square root of
the two terms in the argument in Eq. 2.18 independently disappears, leading to the

conditions

U1(Q) = Uxn(Q) (2.19)
012(62) = 0. (2:20)

To satisfy two equations simultaneously, only one independent parameter is possible,
typically the inter-nuclear distance, denoted as (). There is usually no compelling rea-
son for a single variable to fulfill two distinct equations. Consequently, in one dimension,
the potentials cannot cross, adhering to the “non-crossing rule”. This principle is par-
ticularly pronounced for diatomics with a single degree of freedom (DOF), where two
adiabatic curves related to the same symmetry of electronic states rarely intersect but

exhibit avoided crossings [114].
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In contrast, for molecules with three or more atoms (polyatomic systems), there are
sufficient independent DOFs adaptable to meeting the conditions described in Egs. 2.19
and 2.20. Consequently, degeneracies or surface crossings are expected to be common
in polyatomic systems [4]. These crossings often manifest as isolated regions where the
PESs can touch in two-dimensional space, referred to as “conical intersections” (CIs).
Eq. 2.17 illustrates the double cone topography formed by the intersection of the two
adiabatic PESs (V; and V) at the vertex [4, 5, 115].

In cases where there are more than two dimensions (IN), the space housing all the
intersections that constitute Cls is an (/N-2)-dimensional space, with Egs. 2.19 and 2.20

serving as two constraints.

2.3 The diabatic model Hamiltonian

2.3.1 Vibronic model Hamiltonian

This approach serves as the foundation for all theoretical investigations presented in this
thesis. We assume the existence of a pre-established diabatic basis. In this configuration,
the nuclear KEO resides in the diagonal elements of the matrix, while the off-diagonal
components of the PE operator in the matrix delineate the coupling between electronic
states. Unlike the adiabatic basis, where PESs exhibit non-crossing and discontinuity
(singularity) at avoided crossings, in the diabatic basis, the PESs remain smooth when
intersecting curves. The establishment of a suitable coordinate system is crucial before
expressing components of the diabatic Hamiltonian. While an internal coordinate sys-
tem, encompassing bond length and bond angle, is ideal for describing PESs, it becomes
impractical for larger molecular systems. This choice leads to a highly complex repre-

sentation of the nuclear KEO, challenging to analyze numerically for extensive systems.

Recognizing the need for a more efficient approach, especially for small amplitude nu-
clear motion, we adopt the normal coordinate representation of nuclear vibrations. In
these coordinates, the nuclear KEO assumes a more straightforward form. Consequently,
the electronic ground state of the associated neutral species is utilized to construct the
vibronic Hamiltonian for the final states of the ionized species. Henceforth, electronic
states and vibrational modes are denoted by m, m, and i, j, respectively. Diagonal-
izing the force field produces the mass-weighted normal coordinate (g;), which is then

transformed into dimensionless form [99] by

Qi = (wi/h)?qi. (2.21)
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In this context, w; represents the harmonic frequency of the ith vibrational mode. For
the convenience of this thesis, we adopt the convention = 1 (in atomic units). These
vibrational frequencies delineate the normal displacement coordinates of the equilibrium
geometry mentioned earlier at Q = 0. The vibronic Hamiltonian, elucidating the photo-

induced molecular process, can be articulated as follows expressed as [2]
H = Hyl, + AH. (2.22)

In the presented equation, Hy = Ty + Vp signifies the unperturbed Hamiltonian for the
electronic ground state at equilibrium geometry. Expressed in terms of the dimensionless
normal displacement coordinates of the vibrational modes, the KE and PE operators

for the reference Hamiltonian Hy, within the harmonic approximation, are provided by

Tn = L & 2.23
N = _22%[&62?}’ ( )

1 2
Vo = 52“1’@1- (2.24)

i

The term 1, in Eq. 2.22 represents the nxn diagonal unit matrix, where the value
of n corresponds to the number of electronic states considered in the investigation of
nuclear dynamics, and it can vary. The quantity AH denotes the change in electronic
energy upon ionization from the reference Hamiltonian (Hp). The components of this
electronic Hamiltonian (AH) elucidate the diabatic PESs (Upy) and their coupling PESs
(Unm) with neighboring electronic states. The elements of Upim play a crucial role in
introducing nonadiabatic effects in molecules. All these factors are expanded in terms

of Q; in a Taylor series expansion.

. " 1 n
O = But D w"Qi+ 5> 15700+ (2.25)
i Y
G = SAQ4 - n i m) (2.20
with
PO (2.27)
5 ) |0,
ymm) [ OUnm (2.28)
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In a molecular system, the vertical ionization energies (VIEs) are denoted by E,,, rep-
resenting the vertical energy difference between the ground electronic state energy and
the energy of the nth electronically interacting framework at @Q = 0. The lign), illustrat-
ing the forces acting in an electronic state (n) and defining the structural modification
relative to the potential of the ground state along the ith vibrational mode, and 'yz-(ﬂ),
accountable for the frequency variation between the excited and ground states, are the
linear and quadratic intra-state coupling constants for the nth electronic state, contribut-

ing to the Duschinsky rotation. For the coupling between the nth and mth electronic

states, the linear inter-state coupling constant is denoted by )\Enm) Symmetry con-
siderations eliminate numerous variables in Eqs. 2.25 and 2.26, particularly for highly
symmetric molecules. To adhere to the symmetry selection criteria for non-vanishing

linear terms, the condition is expressed as:
', ® FQi QI D4, (2.30)

where I', and I, are irreducible representations (IRREPs) of the nth electronic state

and the ith vibrational mode. Similarly, non-vanishing quadratic terms satisfy
I'volg, ®g, ® 'y, D Ia. (2.31)

Similarly, these conditions extend to higher-order terms.

2.4 Four-fold way diabatization scheme

In this section, we will emphasize the diabatization based on electronic wavefunctions
(i.e., properties of adiabatic wavefunctions) [116]. Other than this, there two more com-
monly employed diabatization methods are available in the literature. The first one
is, diabatization based on derivative couplings (quasi-diabatization) and it is originally
proposed by Simah and by Baer [112, 117]. The second method is based on the potet-
ntial energies and it is a simpler approach compared to the other two methods, which
is inherently more appropriate and relies only on PESs themselves [2, 118-120]. Among
the three methods, the diabatization based on electronic wavefunctions (i.e., four-fold
diabatization) method offers several advantages as follows; (1). It captures higher-order
effects beyond linear couplings between the electronic states and nuclear motion. (2). It
provides a more accurate description of nonadiabatic effects, such as avioded crossings
and conical intersections. (3). It can be applied to a wide range of molecular systems,
including large and complex molecules (i.e., when the molecules are having same spatial

symmetry couplings). A schematic representation of the adiabatic and diabatic (after
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four-fold diabatization) potential energy cuts are shown in Fig. 2.1.

Originally, the Nakamura and Truhlar proposed the fourfold-way diabatization scheme
in unique path and they are briefly discussed in Refs. [116, 121-124]. The fourfold-way
has several significant advantages main advantage is we can calculate the diabatic poten-
tials and couplings at a particular geometry those are independent of any path leading
to that geometry, and ability to create IV diabatic electronic states that span the same
space as N selected adiabatic states (for example, the N lowest) is a key characteristic of
fourfold-way diabatization. In short, the main theme of this method is discussed below.
The density matrix acts as the foundation for the fourfold-way method [116], it was
first proposed to diabatize complete-active-space (CAS) self-consistent-field (CASSCF)
wave functions. However, CASSCF is not quantitatively correct since it contains only a
small portion of the dynamical correlation. To add dynamical correlation the approach
was improved for the diabatization of multi-configuration quasi-degenerate per-turbation
theory (MC-QDPT) [125-127]. In order to obtain diabatic states the multi-electron wave
functions are defined in terms of diabatic molecular orbitals (DMOs) rather than the
more common canonical molecular orbitals (CMOs) because the DMOs change smoothly
with geometry. In contrast, continuous nuclear-coordinate pathways along CMOs are
not required to be smooth. In the initial algorithms used DMOs derived from the
CASSCF wave function to express the CASSCF diabatic states, and the eigenvectors of
the MC-QDPT effective Hamiltonian were used to create a density matrix, from which
the MC-QDPT diabatic states were derived in terms of DMOs.

In this thesis we have used the fourfold-way diabatization to calculate the VC between
the electronic states of the same spatial symmetry, at the level of the multi-configuration
quasi-degenerate perturbation theory (MCQDPT) [125-127], GAMESS program module
[128] is used for this purpose. This kind of VC typically happens in molecules that belong
to the equilibrium point group of low symmetry [55-57]. The fourfold method generates
diabatic molecular orbitals (DMOs) that vary gradually. Normal configuration state
functions (CSFs) written in terms of canonical (adiabatic) MOs are transformed into
orthogonal diabatic CSFs (CSFs written in terms of DMOs), which is a novel process. So,
we firstly derived CASSCF DMOs and then represented the adiabatic MCQDPT wave
functions in terms of the CASSCF DMOs, and latter using the direct diabatization we
can derive the energy of diabatic states and diabatic couplings. The following represents

the way inter-state couplings occur when using this specific approach.

1
W= g Y ONTQ g Y QS (2.32)
iea iea
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FIGURE 2.1: Schematic representation of adiabatic and diabatic potential energy
curves.

where u(™ is the calculated electronic couplings of the diabatic electronic states taken
into account by the model at the ground state reference geometry (Q=0). The uf™ is
a constant at a distorted geometry for the coupled PESs, and the a’ defines the totally
symmetric vibrational mode (in the case of Cs symmetry point group). That is, the

same spatial symmetry states couples through the totally symmetric vibrational mode.

2.5 Nuclear dynamics and electronic spectrum modelling

The nuclear dynamics of molecular systems are significantly influenced by the VC. Some
approaches, like the surface hoping method [129], incorporate VC effects in a traditional
treatment of dynamics. However, the goal of the present study is to provide a com-
prehensive quantum consideration of nuclear motion. The nuclear Schrédinger equation
must be solved in order to do complete quantum dynamics simulations. This is eas-
ily accomplished in both time-independent and time-dependent techniques. A simple
way is to build the total wave function from time-independent basis functions with time-
dependent coefficients. Due to exponential escalation in computational time and memory
requirements, this approach is only practical for a limited set of DOFs. The MCTDH
method, developed by Meyer, Manthe, and Cederbaum in 1990 [130], is one approach
to overcoming this issue. The time-dependent Schrédinger equation can be solved using

this effective approach, which is based on a multi-configurational wave function ansatz.

A time-independent and time-dependent quantum mechanical approach is used to con-
duct a first-principles investigation of nuclear dynamics. The vibronic spectrum is de-

termined via Fermi’s golden rule (spectral intensity equation) in the time-independent
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technique [2, 131]
i 2 i
P(E) =) [WITIU)| 6(E - E] + Ej). (2.33)

In the above equation, the quantity T denotes the transition dipole matrix correspond-
ing to the photoionization mechanism, while F represents the energy of the external
radiation. The initial and final vibronic states are denoted by |¥}) and |\Iff ) with re-
spective energies 50 and 51, Within a diabatic electronic framework, the initial state is
expressed as

wh) = |9h) b, (2.34)

where, |®}) and |x}) denoting the diabatic electronic and nuclear components of the
initial wavefunction, respectively, the nuclear segment of the wave function takes the
form of a direct product of the eigenfunctions of the reference Hamiltonian, Hg. As a

result, the final vibronic state of can be expressed as follows:
) =D 1™ X (2.35)

The variables m and v in the aforementioned equation denote electronic states and
vibrational modes, respectively. The spectral intensity described by Eq. 2.33 can now

be expressed as
Z|T ™|xo)|?0(E — Ef + EY), (2.36)

where,

= (&™|T8°), (2.37)

represent the elements of the transition dipole matrix. When Eq. 2.36 is restructured,
these elements are perceived as a weakly fluctuating function of nuclear coordinates.
Within the framework of the generalized Condon approximation in a diabatic electronic

basis, these elements remain constant throughout the current investigation [132].

2.5.1 Time-independent approach

The Hamiltonian (cf., Eq. (2.22)) is represented in the direct product HO basis of
the reference state to solve the time-independent Schrédinger equation of vibronically

coupled states. On this approach, the vibrational wave function, |x"), is given by

) = D A g ) In2) ). (2.38)

n1,Mn2,...,Nk

In the above equation, quantum number n; that corresponds to the [th vibrational mode

is given, and the total number of such modes is given by the variable k. The summing
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covers all possible quantum number and diabatic state combinations. Depending on
the excitation strength of each vibrational mode, the vibrational basis is appropriately
truncated, (/@2 / 2w2) and ()\2 / 2w2) for the totally symmetric and non-totally symmet-
ric vibrational modes, respectively. When the Hamiltonian matrix is stated in a direct
product HO basis, it develops a sparse structure. This sparse matrix is tridiagonal-
ized using the Lanczos technique [133], before being diagonalized. The location of the
vibronic energy levels is determined by this matrix eigenvalues, and the intensity is de-
termined by squaring the first element of the eigenvector matrix [134]. The vibronic
eigenvalue spectrum produced using the above-described prescription is convolved with
a line shape function to produce the spectral envelope, making it easier to compare with
the experiment.

Pr(E)=P(E)®Lr(E) (2.39)

For example, the Lr(F) can be taken as Lorentzian function with full width at the half

maximum (FWHM) T
1 T2

AR Ve

(2.40)

2.5.2 Time-dependent approach

In a time-dependent context, the expression for P(FE) as defined in Eq. 2.33 undergoes
transformation into the Fourier transform of the time autocorrelation function of the

wavepacket propagating on the final electronic states

N 00 .
P(E) =~ 2R62/0 e P ot ez x o) dt, (2.41)
m=1
N oo
~ 2Re) / e Bhem (¢ dt, (2.42)
m=1"0

where, C™ = (¥™(0)|¥™(t)), represents the time autocorrelation function of the WP
initially prepared on the mth electronic state. Finally, the composite spectrum is com-
puted by averaging the component spectra acquired by applying WP to each electronic

state.

2.6 The Multi-configuration time-dependent Hartree method

Despite the straightforward implementation and good numerical precision, the tradi-
tional approach, which is the straightforward numerical solution of the time-dependent
Schrodinger equation (TDSE), the computing effort grows exponentially with the num-
ber of electronic and nuclear DOFs. The time-dependent Hartree (TDH) technique,
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which describes the wave function as a Hartree product of time-dependent single-particle-
functions (SPFs), is an alternative to the traditional method, or the Dirac-Frenkel vari-
ational principle [135, 136] is used to solve the TDSE in order to derive the orbitals and

the time-dependent expansion coefficients.
(60 |H —i 0 o) (2.43)
—i—| ¥). .
ot

The TDH, is a single reference approach, frequently performs badly and misses a ma-
jor portion of the correlation between distinct DOFs [137]. The numerically accurate
approach correctness and the TDH method effectiveness have been traded off in the
development of the MCTDH method [130, 138, 139]. The ability of MCTDH to cover a
whole range of approximations between TDH (single reference) and numerically precise
(similar to the entire CI treatment in electronic structure theory) is made possible by the
flexibility in the number of DOF's and in selecting the number of SPFs. Importantly, the
variational aspect means that small sets of SPFs are frequently enough to produce effec-
tive results in many situations, which makes the MCTDH technique desirable, especially

when the number of DOFs are more.

The following ansatz defines the MCTDH wave function [130, 138, 139], which permits

the combination of several DOFs in its multi-set formulation:

\P(Qlquu"‘quvt) = \Ij(ql7q27"‘7t) (244-)
e
= ZZZAJTJP(@H%Z% (g, t)|lm),  (2.45)
m =1 jp=1 k=1
_ (m) g (m)
= > > AT m). (2.46)
mJ

The electronic state indices in the aforementioned equation are m, f, and p, the number
of vibrational DOFs, and MCTDH particles count, respectively. The DOFs are com-

bined to create the particles. The particle coordinate, for instance, can be specified

as, ¢x=[Q1, @2, ...]. The qﬁg.zl’k) are the nj time-dependent expansion functions (SPFs)
for each DOF k connected to the electronic state m, and the Agjn) i stands for the

MCTDH expansion coefficients. The latter is the multidimensional function of the set
of particle coordinates. Since p < f, the computational overhead for systems with many
degrees of freedom has been dramatically decreased. The coordinates of a particle in
one- or multi-dimensions are used to define the variables for the p sets of SPFs. The

SPFs indicated by the composite index J=(ji, ..., jp) are combined to form @Sm), which
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is a f-dimensional Hartree product. In order to represent the SPFs practically, a time-

independent primitive basis set must be used as the foundation.

Ny,
¢§~Zl’k) (qr:t) =) cl(f,f 6)x" () (2.47)
=1

A discrete variable representation (DVR) grid is commonly used in place of the prim-
itive basis functions. Omnly in the case when n; < Ni(k = 1,..., f) does MCTDH
outperform the numerically accurate technique. The approach evaluates the WP on
the grid using DVR, the rapid Fourier transform algorithm, and robust integrators.
Readers are directed to the URL for more technical information https://www.pci.uni-
heidelberg.de/cms/mctdh.html.

We give a quick description of the memory required for the MCTDH calculations here
because memory consumption is frequently the limiting factor in quantum dynamical
calculations. In comparison to the N/ numbers needed to describe the traditional ap-

proach, the MCTDH wave functions necessitate
memory ~ fnN +n’, (2.48)

Here, f, n, and N represent the total number of DOFs, SPFs, and total number of
grid points or primitive basis functions, respectively. The first part in the sum (fnN)
accounts for the space needed to store the SPFs, and the second term (n/), accounts for
the storage of the coefficient vector [140]. The base can be further lowered by putting
DOFs together in combined modes or logical coordinates [140]. The number of effective
DOFs, d, is reduced (i.e., d DOFs are combined). There are therefore p = f/d particles;
the grid size grows to N = N¢, and the number of combined SPFs grows to 7 = dn.
The amount of RAM required shifts to

memory ~ piaN =nP (2.49)
~ fnN®+af/d, (2.50)

It results in significant memory savings when the problem’s dimension is high [140, 141].
The readers are advised to consult the original research articles for further information
on this method and algorithm [130, 138, 139, 142]. All of the quantum dynamical
calculations in this thesis will be performed using the Heidelberg MCTDH software
package [142].
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Chapter 3

Multi-state and multi-mode
vibronic coupling effects in the
photo-ionization spectroscopy of

acetaldehyde

This chapter focuses on the photo-ionization spectroscopy of the acetaldehyde molecular
system. The analysis encompasses the examination of the first seven low-lying electronic
states of CH3COH' T, and the construction of potential energy surfaces (PESs) along
dimensionless normal displacement coordinates. A vibronic coupling model is then de-
veloped on a diabatic basis, and the photoelectron spectrum of CH3COH is calculated
and studied. Before delving into the specifics, a brief introduction is provided, eluci-
dating the motivation behind this chapter’s work. It is noted that numerous complex
organic molecules (COMs) have been identified in stellar environments [25], where they
undergo ionization through charge transfer reactions or exposure to cosmic radiation
[26]. Ultraviolet (UV) and vacuum ultraviolet (VUV) radiations emitted by stars can
effectively ionize and dissociate these molecules [27]. One such COM speculated to
leave a signature in interstellar space is the acetaldehyde radical cation, CH3COH ™.
Its neutral counterpart has been detected under various interstellar conditions [28-32].
Consequently, understanding the photochemistry and photophysics of CH3COH' ™ holds

fundamental interest and potential astrochemical significance.

The analysis of Rydberg series in the recorded absorption spectrum indicated that the
lowest adiabatic ionization potential of CH3COH is approximately ~82,505+5 cm™!
(equivalent to 10.2293+0.0007 eV), as reported by Walsh et al. [33]. A similar value of

25
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~10.2295+0.0007 eV was reported by Knowles et al. [34]. Various experimental tech-
niques have been employed to study the photoelectron spectra of acetaldehyde, including
experiments using He I and He II radiations [35-47], photoionization mass spectrometry
[48-50], and electron impact mass spectrometry [51]. Additionally, studies involving
photoelectron-photoion coincidence have been documented [45, 52, 53]. Yencha et al.
[54] recently reported the threshold photoelectron (TPE) spectrum and total photoion
yield (TPIY) spectrum of acetaldehyde. In a recent study, Kapnas et al. [49] conducted
a velocity-map ion imaging experiment to characterize the wavelength-dependent photo-

fragmentation dynamics of CH3COH'T.

Among the experiments mentioned above, He I, He II and TPE spectra of acetaldehyde
show a strong 0-0 component near 10.29 eV in the first band [35-47, 54]. This is
attributed to originate from a non-bonding type of parent orbital, which can be assigned
to the oxygen “lone pair” [no (10a’)] orbital. Excitation of three ionic vibrational modes
at 1260 cm~! (C-H rocking/CHjs deformation), 1100 em~! (C-C stretching) and 700
cm~! (CHj rocking) was reported in this band [37]. A few diffuse bands corresponding
to the higher excited states of the cation were also observed at higher vertical ionization
energy (VIE). The second (A) band at ~13.10 eV showed two vibrational structures,
with progressions of CO stretching (v4, ~1270 cm™!) and CCO bend/deformation (v1,
~460 cm~!) vibrational modes. The A state originates from ionization of an electron
from the mc—o (2a”) bonding molecular orbital of CH3COH. No vibrational structure
was observed in the third, fourth, fifth and seventh band originating from the E, 5,
D and F electronic states, respectively. On the other hand, vibrational progression of
~1200 cm~! due to CO stretching mode was reported in the sixth electronic band due
to E electronic state occurring at a VIE of ~16.32 eV. The latter state is formed from
an ionization of a o-type of CO orbital. Among the six electronic bands, the first and
the last bands are energetically well separated from the other bands and the remaining
bands are very close in energy. Therefore, in case of the latter bands vibronic coupling of
the electronic states is anticipated to play an important role to shape up their observed
structure. In addition to this, the E, C and E electronic states of CH3COH'T possess
the same spatial symmetry, A’. The electronic structure data presented later in the text
reveal avoided crossings among them. Therefore, although not strictly governed by the
selection rule, coupling among them is expected to have impact on the dynamics. Such
couplings are rare and treated in different ways by various practitioners in the literature
[65-57, 116, 121-124, 143]. Generally, this type of vibronic coupling often occurs in
molecules belonging to equilibrium point group of low symmetry [55-57]. The vibronic
coupling between the electronic states of same spatial symmetry in the present case is

calculated by applying the fourfold-way diabatization scheme proposed by Truhlar et al.
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[116, 121-124] at the level of multi-configuration quasi-degenerate perturbation theory
(MCQDPT) [125-127].

To the best of our knowledge, a study of the multi-state and multi-mode quantum
dynamics of CH3COH ™ has not been reported till date. However, some theoretical cal-
culations on the electronic structure and spectroscopic data of CH3COH were reported
[37, 144-149]. Also, while dealing with the ionized species as a reference molecule there
are some challenges and difficulties to consider in the theoretical calculations. That is,
spin and spin-contamination, relativistic effect, and spin-orbit coupling. Therefore, the
main goal of the present work is to study the nuclear dynamics in the mentioned seven
electronic states of CH3COH'* from first principles by constructing a theoretical model
through rigorous ab initio quantum chemistry calculations. A vibronic coupling model is
developed in a diabatic electronic basis with the aid of the adiabatic electronic energies
calculated ab initio. The latter calculations are carried out by the equation of mo-
tion ionization potential coupled cluster singles and doubles (EOMIP-CCSD) method
[150, 151]. Time-independent and time-dependent quantum mechanical methods are
employed to carry out nuclear dynamics calculations. A matrix diagonalization method
using the Lanczos algorithm [133] is employed for the time-independent calculations.
For the time-dependent calculations wave packet (WP) propagations are carried out.
The multi-configuration time-dependent Hartree (MCTDH) method developed at Hei-
delberg is employed for the purpose [139, 152-154]. A comparison is made between the

theoretical and experimental results and discussed in detail.

FIGURE 3.1: Schematic representation of the optimized equilibrium structure of
CH3COH in its electronic ground state.
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3.1 Ab wnitio calculations

The reference electronic ground state geometry of CH3COH molecule is optimized at the
density functional theory (DFT) level with Becke 3-parameter, Lee-Yang-Parr (B3LYP)
functional employing the 6-3114++g(d,p) basis set. Gaussian-09 program module is
used for the calculation [155]. The optimized equilibrium geometry belongs to the Cj
symmetry point group and 'A; ground electronic term. The optimized equilibrium
geometry of CH3COH is plotted in Fig. 3.1 and the corresponding geometry parameters
are given in Table 3.1.

TABLE 3.1: Geometry parameters (distances in Angstroms, angles in degrees) of the
equilibrium structure of the electronic ground state of CH3COH.

parameters This work | Experiment [156]
R(C1-02) 1.206 1.216
R(C1-H3) 1.112 1.114
R(C1-C4) 1.504 1.501
R(C4-H5,C4-H6,C4-H7) 1.090
/(02-C1-H3) 120.07
/(02-C1-C4) 124.79 123.92
Z(H3-C1-C4) 115.13 117.47
Z(C1-C4-H5,C1-C4-H7) 109.47
/(C1-C4-H6) 110.93

Harmonic frequency (w;) of the vibrational modes at the equilibrium geometry is calcu-
lated at the same level of theory by diagonalizing both kinematic (G) and ab initio force
constant (F) matrix [99]. The resulting eigenvectors yield the mass-weighted normal
coordinates of the vibrational modes. The latter are transformed to their dimensionless
form @Q; by multiplying with /w; (in atomic units, i=1). The normal modes, their
symmetry labels and the harmonic vibrational frequencies are given in Table 3.2. The
vibrational frequencies and the optimized parameters (cf., Table 3.1) are in good agree-

ment with the available literature data [144, 156-159).

The potential energy surfaces of the electronic states of CH3COH ™ are constructed
along the dimensionless normal displacement coordinates (Q) of the reference electronic
ground state of the neutral CH3COH for the nuclear dynamics study. The adiabatic ener-
gies of these electronic states of CH3COH' are calculated by the EOMIP-CCSD method
using the 6-311++g(d,p) basis set. The calculations are carried out with CFOUR  suite
of programs [160]. The VIEs are calculated along the dimensionless normal displace-
ment coordinate of each vibrational mode at the reference equilibrium geometry (Qo)
by various methods [viz., outer valence Green’s function (OVGF) [161], EOMIP-CCSD,
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and complete active space self-consistent field multi-reference configuration interaction
(CASSCF-MRCI) [162-165]] are given in Table 3.3 . The available literature data are
also given in the table for comparison. It can be seen from the table that our theoret-
ical results compare well with the available experimental data. The data given in the
Table 3.3 show that both X and F states are energetically far apart from the other
electronic states. The remaining (ﬁ to E) electronic states are vertically very close in
energy. Among the latter electronic states, the C and D states are quasi-degenerate
at the Franck-Condon region. Due to the energetic proximity of g, §, 5, D and E

electronic states, nonadiabatic interactions among them appear to be crucial to govern

the mechanistic details of the nuclear dynamics.

TABLE 3.2: The vibrational modes of the electronic ground state of the CH3COH are
designated by their symmetry and their harmonic frequency (in cm™1).

modes | This work | Theory | Experiment | Experiment | Experiment Nature of mode
[144] [157] [158] [159]
7
2 3134 3118 3005 3014 3138 CHs d-str.
Vo 3020 3035 2917 2923 3056 CHj s-str.
V3 2870 2868 2822 2716 2841 CH str.
vy 1807 1812 1743 1743 1774 CO str.
Vs 1460 1483 1441 1433 1457 CHj d-deformation
Vg 1420 1426 1390 1395 1411 CH bend
vy 1377 1377 1352 1352 1400 CHs s-deformation
Vs 1127 1138 1113 1114 1145 CC str.
2 885 879 877 867 906 CHjs rock
V10 510 507 509 509 521 CCO deformation
a
V11 3074 3106 2967 2964 3072 CHj d-str.
V12 1469 1461 1420 1448 1469 CH3 d-deformation
V13 1132 1125 1107 1111 1129 CHj; rock
V14 776 776 763 764 780 CH bend
V15 152 140 150 150 186 CHs torsion

TABLE 3.3: Seven lowest VIEs (in eV) of the CH3COH'* at various level of theory.

State | OVGF | EOMIP-CCSD | CASSCF-MRCI | Experiment[54] | Experiment[166]
[14,11] active space

X2A" | 10.37 10.03 10.23 10.228 10.3(10.20)
A24" | 13.31 13.26 13.38 13.093 13.2(12.61)

B 24’ | 14.39 14.36 14.51 13.93 14.2

24" | 15.39 15.29 15.57 15.20 15.4
D2A” | 15.56 15.70 15.90 15.5 15.4
E?A" | 16.66 16.59 16.79 16.37 16.5

F24 19.81 20.13 19.4 19.4
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3.2 Multi-state and multi-mode vibronic Hamiltonian

In this section, a coupled states vibronic Hamiltonian is constructed to study the nu-
clear dynamics in the first seven electronic states of CH3COH . The Hamiltonian is
constructed in a diabatic electronic basis and in terms of the dimensionless normal dis-
placement coordinates (@) of the vibrational modes employing the symmetry selection
rule. The equilibrium geometry of CH3COH has Cs point group symmetry and the
states belong to either A" or A” electronic term. Symmetry allowed coupling between
A" and A” symmetry states is caused by five o vibrational modes (A/ x A" xd" > A/)
in first-order. Although not governed by symmetry rule, the vibrational modes of a
symmetry act both as tuning and coupling modes among the states of same symmetry.
The fifteen vibrational modes of the reference CH3COH molecule belong to the following

symmetry species of the Cs symmetry point group
Ly = 10d + 5a . (3.1)

The vibronic model Hamiltonian of the X , g, E, 5, 5, E and F electronic states of
CH3COH'* can be symbolically written as [167]

H =Hol7 + AH. (3.2)

In the above equation, Hy = Ty + Vo, is the unperturbed Hamiltonian of the reference
electronic ground state of CH3COH. Within the harmonic approximation its elements

are given by

1 02
N = —5 Z wi@y (3-3)

. ! 1
i€a ,a

Vo = %Z wiQ2. (3.4)

- ’ "
i€a ,a

The quantity 17 in Eq. 3.2 is a 7 x 7 diagonal unit matrix. The quantity AH represents
the change in electronic energy upon ionization. In a diabatic electronic basis it is given
by

XX XA 0 0 uXD 0 0
Ay A L AB L AC 0 JAB JAF
B B BC BD BB 0
AH = eC 4yl 4CD uCE 0 .(3.5)
b b DE DF
h.c Eruf 0
sﬁ + ulE
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The diagonal elements of the matrix in Eq. 3.5 represent the diabatic energies of the
electronic states of CH3COH'™ and the off-diagonal elements represent the coupling
between various electronic states. We note that, in Eq. 3.5 some of the coupling (off-
diagonal) terms are approximated to zero between the same symmetry electronic states.
This is primarily because a large energy gap between these states and the absence of
avoided crossings among them (see later in the text). The quantity £” is the VIE of the
nth electronic state. The elements u™ and u™™ are expanded in a Taylor series in @) in

the following way,

1 1 1 S =
u" = ZE?Qi + a1 Z Vi QiQj + 52/)?@? + 1 Z &Qf; neX—F, (3.6)
iea ' ! ' iea’ ' iea”

. . ’ /.
i,jea ,a

W= ONTQi 4+ Y BTQE 4D QY myme X — F. (3.7)
iea” ica” ica”

In Eq. 3.6 the linear, quadratic, cubic, and quartic intrastate coupling parameters are
defined by r7', 75, pi's and &', respectively, for the nth electronic state along the ith
vibrational mode. The quantity ™" denotes the diabatic coupling between the n and

m electronic states via the vibrational modes of " symmetry. Quantities A7™, 5" and

nm

U
tively. The higher-order coupling parameters (£, n/"™) describe the anharmonicity of

represent the linear, cubic and fifth order inter-state coupling parameters, respec-

the potentials. It is noted that the potentials along the ¢ and a” symmetry vibrational
modes are expanded up to third and fourth-order, respectively. That is, third-order
expansion is enough to represent the ab initio points well along the a’ modes and to
account the anharmonicity of the ab initio potentials along the a’ (v12 and v15) modes
the fourth-order expansion is required along these modes. The adiabatic form of the
diabatic electronic Hamiltonian of Eq. 3.5 is fit to the ab initio calculated adiabatic
electronic energies by a non-linear least squares method to derive the coupling parame-
ters introduced above. Also, the parameters which are involved in Eq. 3.7 are evaluated
from a separate two-state model calculations. Tables A1l to A3 of the Appendix A pro-

vide the estimated entire set of parameters.

As we can see from the Fig. 3.2 that the electronic states of same spatial A" symme-
try (viz., B-C, B-F and C-E states) clearly show an avoided crossing between them.
The same spatial symmetry states can also be coupled through totally symmetric (a/)
vibrational modes. That is, the coupling modes simultaneously modulate the energy
gap between the uncoupled electronic states. Especially for these states the vibrionic
coupling mechanism operates only by virtue of strong electron correlation effects [55].
This is a rare situation encountered in the vibronic coupling literature with polyatomic

molecules belonging to low symmetry point groups [55-57]. The coupling parameters
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between the above mentioned same spatial symmetry electronic states (E—é , B-E and
5—5) were obtained from the corresponding adiabatic electronic states using the dia-
batization method of Truhlar and coworkers [116, 121-124]. The adiabatic electronic
states were calculated using the MCQDPT [125-127] method, a 6-311++g(d,p) basis
set and employing five roots with equal weights (A/) in the state averaged-CASSCF
(SA-CASSCF) calculation as a reference. An active space of 17 electrons in 13 orbitals
[i.e., (17,13)] was used. To account for the effect of intruder states in the energies of the
states, an intruder state avoidance shift [168] of 0.02 was used. All these calculations

are carried out using GAMESS program package [128].

In particular, for the electronic couplings between the states of same spatial symmetry,
we used the fourfold-way diabatization scheme [116, 121-124] at the MCQDPT level
of theory. The fourfold-way produces smoothly varying diabatic MOs (DMOs). The
transformation of the usual configuration state functions (CSFs) written in terms of
canonical (adiabatic) MOs into orthogonal diabatic CSFs (CSFs written in terms of
DMOs) is unique. That is, we first obtained CASSCF DMOs, then the adiabatic MC-
QDPT wave functions were expressed in terms of the CASSCF DMOs and the latter
are used for direct diabatization to obtain the energies of diabatic states and diabatic
couplings. Using the above ansatz, for the E—é, B-E and C-F inter-state couplings Eq.
3.7 takes the following form:

1 ~ o~ ~ o~ ~ ~
u" = g™ + Y AT, + 527{””@% . nmeB—-C,B—E, andC—E, (3.8)
ica’ 'ieal

rea

where ug™ is a electronic couplings of the diabatic electronic states considered in the
model and calculated at the ground state reference geometry (Q=0). The ug™ is a
constant at a distorted geometry for the B-C (~ 0.04 ¢V), B-E (~ 0.02 V) and C-E
(~ 0.05 €V) coupled surfaces.

The diagonal bilinear (v;; in Eq. 3.6) coupling parameters along six totally symmetric
(va, vs, V7, V8, V9 and vyg) vibrational modes are also calculated. For this purpose a
two-dimensional fit of the ab initio calculated adiabatic electronic energies is carried out
by using the Levenberg Marquardt algorithm [169]. The estimated diagonal bilinear
coupling parameters are given in Table A4 of the Appendix A.
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3.3 Potential energy surfaces

In Fig. 3.2, we show one dimensional cuts of the adiabatic PESs of )?, g, é, 5, IND, E,
and F electronic states of the CHsCOH*+ along the dimensionless normal displacement
coordinates (Q) of the totally symmetric (a') vibrational modes (v1-10). In each panel,
the computed ab initio adiabatic electronic energies are shown by points and those ob-
tained from the vibronic model of Sec. 3.2 are shown by solid lines. The ab initio
electronic energies are in good agreement with those determined from the model (cf.,

Eq. 3.6). The vibrational modes of a symmetry tune the electronic energy minimum
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FIGURE 3.2:  One dimensional cut of the adiabatic PESs of the lowest electronic
state X, A, B, C, D, E and F of CH3COH * plotted along the normal displacement
coordinate of the @ vibrational modes, v1-v1g9. The solid lines were obtained from the
theoretical model of Eq. 3.2 and the calculated ab initio potential energies are shown
by the asterisks.

away from the reference geometry of the electronic ground state of CH3COH (at Q=0),
and therefore, modify the energy gap between the electronic states. As can be seen from
Fig. 3.2 as well as from the data given in Table 3.3 that the X and F states are ver-
tically far apart in energy from the remaining electronic states. The data presented in
Table A1 of the Appendix A indicate the existence of both strong and weak intra-state

couplings in the first seven electronic states of CH3COH ™. The excitation strength of
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FIGURE 3.2: Continued.

the condon active ¢’ vibrational modes is estimated from the Huang-Rhys parameter,
ki /2w;?. The positional and directional shift of the energy minimum of an electronic
state relative to the reference electronic configuration is determined by this parameter.
The amount of shift of the minimum of an electronic state increases with an increasing
value of this parameter and the direction of the shift is determined by the sign of “k;”.
Due to a shift of the energetic minimum of the electronic states, they undergo curve
crossings along suitable vibrational modes (cf., Fig. 3.2). These curve crossings acquire
the topography of CIs of PESs in higher dimensional nuclear coordinate space. Also, in
the above mentioned seven electronic states (X to F), the A" symmetry states (B, C
and E) exhibit strong avoided crossings (cf., Fig. 3.2). As discussed in Sec. 3.2 that, the
four-fold diabatization scheme is used to remove the avoided crossings between the states
of same spatial symmetry. The resulting diabatic potential energy curves are plotted
along the normal displacement coordinate of vibrational modes, v4-v9 and are shown in
Fig. Al of the Appendix A. It can be seen from this figure that the avoided crossings of
the adiabatic representation (cf., Fig. 3.2) are removed using this diabatization scheme.
Along with these ¢’ vibrational modes, in Fig. A2 we also show the one-dimensional
adiabatic potential energy cuts of the X to F states along the a’ symmetry vibrational

modes. It can be seen from this figure that, along 15 and vy5 vibrational modes the
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electronic states strongly repel each other. This leads to the double-minimum potentials

at the distorted nuclear geometries (cf., panels (b) and (e) of Fig. A2).

In order to understand the nuclear dynamics in coupled electronic states, we examined
the static aspects of the electronic PESs within a second-order vibronic coupling model.
The equilibrium minimum of states and minimum energy on the seam of Cls of different
electronic states are calculated. For this, a constrained optimization procedure based on
the Lagrange multiplier is used and numerical tools available in MATHEMATICA [170]

are employed for the purpose. The results are given in Table 3.4.

TABLE 3.4: Estimated the diagonal entries represent the equilibrium minimum of
the given state and off-diagonal entries represent the minimum of various Cls of the
electronic states of the CH3COH' T within a second-order model. All quantities are
given in eV.

X A B C D E F

9.98 12.92 - - 16.85 - -
- 12,51 13.49 16.34 - 22.53 25.21
- - 12.92 1499 1487 45.29 -
- - - 14.94 15.16 16.69 -
- - - - 14.77 16.22 2041
- - - - - 16.21 -

M O OB e

It can be seen from the table that the minimum of the X and F states are energetically
well separated from all other states and their intersection minimum with other states
is also very high in energy (cf., Table 3.4). The equilibrium minimum of the A and B
states occurs at ~12.51 eV and ~12.92 eV, respectively. These two states are very close
in energy, the A-B (1 located ~0.98 eV and ~0.57 eV above the minimum of the A and
B electronic states, respectively. The intersection between A state with higher electronic
states occurs at very high energies. The B-C intersection minimum occurs ~2.07 ev,
~0.05 eV above the minimum of the B and C electronic states, respectively. The C
state minimum is very close to the B-C intersection minimum. Also, B-D intersection
minimum is lower in energy than the B-C intersection minimum. The B-D intersection
minimum is ~1.95 eV and ~0.1 eV higher in energy than the minimum of the B and D
electronic states, respectively. The C-D CI is about ~0.22 eV higher in energy than the
minimum of the C state and the minimum of the D state is ~0.39 eV lower in energy
than the minimum of the C-D intersection seam. The energetic minimum of C and D
electronic states occurs at ~14.94 eV and ~14.77 eV, respectively. The minimum of the

D state is slightly below to that of the C electronic state. This is because of strong
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vibrionic coupling between them and it causes a shift of the minimum of the D24A" state
at a distorted geometry. The minimum energy of D-E intersection seam is ~1.45 eV

and ~0.01 eV higher than the minimum of the Dand F states, respectively.

The coupling of A and D states with all other states is reasonably strong along the vy5
vibrational mode of @ symmetry and it is mild along v41-v14 modes of same symmetry
(cf., Table A3 of the Appendix A). Along with these, the coupling of B-C, B-E and C-E
states coupling is also strong along vg-10 vibrational modes of ¢ symmetry (cf., Table
A3 of the Appendix A). The A-B , B-C , C-D and D-E electronic states are energetically
very close. The equilibrium minimum of these states is closer to the minimum of various
CIs (cf., Table 3.4). Therefore, nonadiabatic coupling among them is expected to play

a major role in the nuclear dynamics on these states.

3.4 Results and discussion

The vibronic band structure of the cationic ground X , and excited electronic states
/T, E, 6’, lN), E and F of acetaldehyde calculated with the aid of the diabatic model
Hamiltonian (cf., Eq. 3.2) constructed in Sec. 3.2 is discussed in this section. For
a better assessment of nonadiabatic coupling effects, these calculations were performed
both in absence and presence of coupling among the electronic states as mentioned above.
From the coupled states dynamics, time-dependence of diabatic electronic population,
the decay rate of electronic states and internal conversion processes are also studied.
Theoretical results are discussed and compared with the available experimental [47]

photoelectron spectroscopy results.

3.4.1 Vibronic structure of the electronic states of CH;COH'*
3.4.1.1 Uncoupled states calculations

In this section, we discuss the vibrational energy level spectrum of the uncoupled X , g,
B , C , l~?, E and F electronic states of CH3COH' T calculated by the matrix diagonaliza-
tion method [167]. These calculations are performed with eight relevant o vibrational
modes (v3-v19) and the diabatic vibronic model Hamiltonian of Eq. 3.2 constructed in
Sec. 3.2 using the parameters of Tables A1l and A2 of the Appendix A. The results ob-
tained are shown in Fig. 3.3. The HO basis functions used along each vibrational mode
are given in Table A5 of the Appendix A. For each electronic state, the Hamiltonian
is diagonalized using 10,000 Lanczos iterations to generate the corresponding vibronic
spectrum and these spectral bands are shown in Fig. 3.3. In this figure, the spectral
envelopes were obtained by convoluting the stick line spectrum with a Lorentzian func-

tion of 40 meV full width at the half maximum. The energy eigenvalue of the low-lying
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FIGURE 3.3: The )?, E, E, 5’, ZND, FE and F photoionization bands of CH3COH calcu-
lated with the a vibrational modes and the time-independent matrix diagonalization
method (see text for details). The relative intensity is plotted as a function of the
energy of the vibronic levels.

vibronic levels of the uncoupled X , g, B , C , 15, E and F states are given in Table A6
of Appendix A along with their assignments. These assignments are done by examining
the nodal pattern of their wave functions calculated with a block-improved relaxation
method using the MCTDH program modules [140, 152, 171, 172]. The results in the
Table A6 of Appendix A demonstrate that, the fundamental of a  vibrational modes
(v3-v19) is excited in each of the given electronic state of CH3COH . Along with this,
excitation of several overtones and combination energy levels can also be found. The
first ionization band due to the X electronic state of CH3COH'" is shown in Fig. 3.3.
The dominant progression in this band is formed by 14, v7 and vg vibrational modes, and
the corresponding vibrational progressions are observed at ~1135 cm™!, ~1360 cm ™!
and ~1034 cm ™!, respectively. The vibrational mode vg (~861 cm™!) is weakly excited
in this state. It can be seen from Table A6 of Appendix A that progressions of totally
symmetric vibrational modes obtained in the uncoupled state situation compare quite

well with the available experimental findings in the literature [37].

Owing to energetic proximity, the second and third vibronic bands due to A and B

electronic states of CH3COH'T are highly overlapping. It can be seen from Fig. 3.3 that
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the low-lying vibronic levels of the B state mix with the high-lying vibronic levels of
the A state. The vibronic band structure of the A state reveals dominant excitation of
vy, Vs, Vg vibrational modes, and moderate excitation of v7, 19 modes (cf., Table A6).
Peaks are ~1837 cm™!, ~1123 cm™!, ~760 cm™! and ~1074 cm™!, ~357 cm~! spaced
in that order, respectively. In case of the B state vs, v7 and vg vibrational modes form
extended progression with line spacing of ~1268 cm™', ~1075 cm™! and ~668 cm™!,

respectively.

The fourth vibronic band result from the C' and D electronic states of CH3;COH ™. It
can be seen from Fig. 3.3 that the vibronic band structures of the C and D states are
highly overlapping because of their energetic proximity. The individual vibronic band
structures of C and D states reveal dominant excitation of v7, vg and vig ; and vs, vy, Vg
and vg vibrational modes, respectively. The peaks are spaced ~1380 cm™!, ~955 cm ™1,
~468 cm~! and ~1486 cm™!, ~1350 cm ™!, ~1087 cm ™! and ~847 cm ™!, respectively,

corresponding to the frequency of the vibrational modes mentioned above.

The fifth vibrionic band resulting from the E state of CH3COH* reveals dominant
excitation of vs, vg and v1g vibrational modes, respectively. The sixth vibronic band
solely originates from the F electronic state as it is energetically well separated from the
other states. The dominant vibrational progressions in this band are formed by v, v7
and v1g vibrational modes and the peaks are ~3117 cm™!, ~1436 cm ™! and ~488 cm ™!
spaced in energy, respectively. In addition to the fundamental vibrational progressions
as discussed above, overtones and numerous combination levels are also excited in each

band (cf., Table A6 of Appendix A).

The nodal pattern of the vibrational wave functions is examined further to confirm their
assignments. In Fig. A3 (a-i) of the Appendix A a few vibrational wave functions of the
X state are shown. The probability density of the wave function is plotted in this figure
along suitable dimensionless normal displacement coordinates. In panels (a-c), the wave
functions of the fundamental of v7, vg and vg are shown, respectively. The wave function
acquires a node along the relevant normal coordinate, as can be seen from these figures.
The wave functions for the initial overtone (two nodes along the respective modes) peaks
of the excited vibrational modes are shown in panels (d-f). Along with this some of the
combination peaks are also shown in Fig. A3 (g-i) of the Appendix A. Similarly, for the

other states vibrational wave functions are shown in Figs. A3-A9 of the Appendix A.
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3.4.1.2 Coupled two-states dynamics

Several coupled two-states calculations are performed and discussed in this section to
assess the impact of nonadiabatic coupling on the vibronic structure of an individual
state. Despite its relatively strong coupling with the Aand D states, the spectrum of
the X state remains unchanged in the coupled states situation. This is because the X
state is vertically well apart from the other electronic states (cf., Table 3.4), and the
minimum of the seam of crossings with them is significantly higher in energy than its
equilibrium minimum (cf., Table 3.4). As a result, very little electronic population flows
to the A state (cf., Fig. A10 (a)) when the dynamics is started on the X state. On the
other hand, a large fraction of population is transferred to the X state when the WP is
initially prepared on the A state (cf., Fig. A10 (b)). This is because the A state min-
imum is closer to the minimum of X-A intersection seam (cf., Table 3.4). This results

into a broad and structureless vibronic spectrum of the A state.

In contrast, the coupling between Z—E, E—é, 5—5, and D-E states has significant im-
pact on their individual vibronic structures. When the WP is initially prepared on the
A state in the A-B coupled states situation minimal population flows to the B state
(cf., Fig. A10 (c)). Because the minimum energy of the A-B intersection seam occurs
at ~13.49 eV, which is ~0.98 eV and ~0.57 eV above the minimum of the A and B
electronic states (cf., Table 3.4), respectively. On the other hand, nonadiabatic coupling
between A-B states (cf., Table A3) has strong impact on the vibronic band structure of
the B state and its electronic population dynamics. A large fraction of the population
(~50%) is transferred to the A state (within ~25 fs) when the WP is initially prepared
on the B state (cf., Fig. A10 (d)).

The population dynamics of the coupled B-C states is shown in panels (e) and (f) of
Fig. A10 of the Appendix A. When the WP is excited to the B state, very little amount
of the population flows to the C state (cf., Fig. A10 (e)). On the other hand, for an
initial excitation to the C state a large fraction of population moves to the B state (cf.,
Fig. A10 (f)). This is because the B-C intersection minimum is ~2.07 €V and ~0.05
eV above the minimum of the B and C states, respectively (cf., Table 3.4). Also, these
states are strongly coupled through the vibrational modes of a’ symmetry (cf., Table

A3). Due to this the energy spectrum of the C state is broad and structureless.

The spectra of C and D states are highly overlapping and form a single broad band
(cf., Fig. 3.3). Strong nonadiabatic coupling between these states leads to an inter-

change of the energetic minimum of C and D states. The energetic minimum of C and



Chapter 3. Coupled states dynamics 40

D states occurs at ~14.94 eV and ~14.77 eV, respectively (cf., Table 3.4). Also, their
intersection minimum located ~0.22 eV and ~0.39 eV above the equilibrium minimum
of the C and D electronic states (cf., Table 3.4), respectively. As a result, a significant
amount of population exchange takes place between them. For illustration, panels (g)
and (h) of Fig. A10 of the Appendix A, respectively, show the time-dependence of the
diabatic electronic population for an initial excitation to the C and D states in the C-D
coupled states situation. Panels (g) and (h) of Fig. A10 show a considerable portion of
the population flows into both the electronic states. Within ~50 fs, a sharp population

depletion occurs, followed by the population moving back and forth between these states.

The population dynamics of the coupled D-F states is quite similar to the coupled A-
B states. When the WP is initially excited to the D state, a minimal population is
transferred to the E state (cf., Fig. A10 (i)). However, a significant fraction of the
population (~90%, within the ~22 fs time) is transferred to the D state in case of initial
excitation to the E state (cf., Fig. A10 (j)). This is because of strong coupling between
D and FE states and the D2A"-E2 A’ intersection minimum is only ~0.01 eV above the

minimum of the E state (cf., Table 3.4).

3.4.1.3 Coupled X-A-B-C-D-E-F states calculations

In this section the vibronic structure of the photoionization band of CH3COH in the
energy range between ~10-22 eV is examined. Seven coupled electronic states ()Z' to F )
are considered and the dynamical calculations are carried out with the model Hamil-
tonian (Eq. 3.2) described in Sec. 3.2 including twelve vibrational DOFs (eight v3-1v1q
of @ symmetry and four v1a-v15 of @’ symmetry) using the MCTDH program module
[139, 152]. The TDSE is solved for the purpose. The initial WP for each of the seven
electronic states ()Z' to ﬁ) is prepared separately in these calculations. The vibrational
mode combinations and the size of the basis functions sizes are given in Table B7 of
Appendix A. In each calculation, the WP is propagated for 200 fs. The photoionization
band of each electronic state is generated by Fourier transformation of the autocorre-
lation function C(t) of the WP evolving on that state. The autocorrelation function
is multiplied by an exponential damping factor, e~/ (with 7,,=33 fs) prior to Fourier
transformation. The composite theoretical band is obtained by combining the results
of seven calculations with equal weightage. The results are shown in panel (b) of Fig.
3.4 and compared with the experimental spectrum of Bieri et al. [47] (shown in Fig.
3.4(a)). In panel (c) of Fig. 4 the uncoupled state spectrum is presented again to reveal
the impact of nonadiabatic coupling on the composite vibronic spectrum given in panel
(b). It can be seen from the figure that the first band due to the X state is far apart

from the other bands. The second and third bands due to A and B electronic states are
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FIGURE 3.4: Comparison of the experimental [47] (shown in panel (a)) and theoretical
coupled states (shown in panel (b)) and uncoupled states (shown in panel (c¢)) photo-
ionization spectrum of CH3COH, respectively. The theoretical spectrum (cf., panel
(b)) is obtained with seven coupled electronic states and twelve vibrational modes and
calculated by propagating wave packets using the MCTDH program modules (see text
for details).

close to each other. The highly overlapping C and D electronic states form the fourth
band, and the fifth band is due to the E electronic state. The F electronic state forms
the sixth band, and it is well separated from the other bands. We note that the vibronic
band structures are unaffected upon inclusion of the bilinear coupling parameters given
in Table A4 of the Appendix A. So, to save space and for brevity we do not show the

corresponding spectrum in Fig. 3.4.
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3.4.2 Diabatic electronic population

The diabatic electronic populations of X , ﬁ, E, 5, l~), E and F electronic states of
CH3COH'* recorded in the coupled states dynamics discussed in Sec. 3.4.1.3 are shown
in Fig. 3.5. Panels (a-g) of Fig. 3.5 show the results obtained by populating the X, A,
B , 5, ﬁ, E, and F electronic states, respectively. Panel (a) shows the results obtained
when the WP is prepared on the X state initially. It can be seen that a small amount
(~20%) of it is transferred to the A state. This is because of their intersection minimum
is situated ~2.94 eV above the X state minimum. A minimal amount of population

moves to the other excited states. Contrary to the above, a large fraction population
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FiGURE 3.5: Electronic population dynamics in the coupled seven X-A-B-C-D-E-F
electronic states of the CHsCOH'*. The population diagrams obtained by locating the
initial (at t = 0) WP separately on each of the X, A, B, C, D, E and F electronic
states are shown in the panels (a)-(g), respectively.

is transferred to the X state, when the WP is initially prepared on the A state (cf.,
Fig. 3.5(b)). The population curve of the A state yields a decay rate of ~50 fs of this
state. The minimum of the A state is closer to the minimum of X-A intersection seam
(cf., Table 3.4). In addition to this, the X-A states are strongly coupled through the

vibrational modes of a” symmetry (cf., Table 3.4), which causes the fast decay of the
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population of the A state.

The population dynamics of the B state shown in Fig. 3.5(c), reveals a ~50% decreases
on a time scale of ~25 fs. Afterwards, the population decreases up to ~40% within ~50
fs, and it remains constant thereafter. In this case about ~20% population flows to the
A electronic state and ~10% population flows to the X24" and A%2A” states within ~24
fs. The energetic minimum of the X2A"-B2A" and A2A"-B 2A’ intersection seams occur
at ~12.94 eV and ~13.49 eV, respectively. The A-B intersection seam is located ~0.98
eV and ~0.57 eV above the minimum of the A and B electronic states, respectively. The
minimum of the A2A”-B 2 A’ intersections is closer to the B state minimum as compared
to the minimum of X2A4'-B 2A’ intersections. Furthermore, the coupling between the X
and A is reasonably strong. Because of this, somewhat more population flows to the X
state as compared to the A state after ~100 fs through A24" B2A" and X2A'-A%24" Cls.

The initial excitation to the C electronic state (Fig. 3.5(d)) results more population flow
to the B state. After ~13 fs, the population of these two states becomes equal (~40%).
After ~50 fs, the C state population goes down to ~20%. In contrast, the B state is
nearly ~60% populated and the remaining population is transferred to the A24" and
D2A" states (cf., Fig. 3.5(d)). The B-C intersection minimum is ~0.05 eV above the C
state minimum and strong inter-state coupling between them plays a crucial role in the
population dynamics. Moreover, the C and D states are quasi-degenerate and coupling
between them leads to the population transfer to the D state. A decay rate of ~23 fs

can be estimated from the initial population decay of the C state.

Panels (e) and (f) of Fig. 3.5 show electron population dynamics when the WP is ini-
tially prepared on the D and E electronic states, respectively. As can be seen from
these panels that the population dynamics of these electronic states is more complex
and involved. Due to the strong nonadiabatic coupling among the Z, B , CN’, D and E
electronic states (cf., Table A3), most of the population flows to the B and C electronic
states in the former case (cf., Fig. 3.5(e)), and to the E, 5, and D electronic states,
in the latter case (cf., Fig. 3.5(f)). As a result of the energetic proximity of the states,
the minimum energy of various intersection seams (cf., Table 3.4) and vibronic coupling
between them leads to a substantial population transfer. Decay rate of 13 fs and 19
fs of the D?A” and E2A’ states, respectively, follows from the initial fast decay of the

corresponding populations.
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In Fig. 3.5(g) the population dynamics for an initial transition of the WP to the F is
presented. It can be seen that, except D state, virtually no population flows to other
electronic states in this case. Only a minimal amount of population flows to the D state.
Since the F state energetically far apart from all other states, the CIs of the F state
with all other states occur at high energies and thus can not be accessed by the WP

while it is evolving on the F state.

3.5 Summary

A theoretical account of multi-state and multi-mode vibrionic coupling in the photo-
ionization spectroscopy of CH3COH is presented in this chapter. A standard vibronic
coupling model Hamiltonian is developed with seven energetically low-lying electronic
states of CH3COH'* in a diabatic electronic basis and in terms of dimensionless nor-
mal displacement coordinates of the electronic ground state of CH3COH. The electronic
ground state of CH3COH is optimized at the DFT level with B3LYP functional em-
ploying 6-311++g(d,p) basis set. Extensive ab initio quantum chemistry calculations of
adiabatic electronic energy are performed with EOMIP-CCSD method to parameterize
the vibronic Hamiltonian. From the electronic structure results, it is found that both X
and F states are far apart in energy from the other states at the Franck-Condon zone.
The remaining (11 to E') electronic states are vertically very close in energy. Among
these electronic states C and D states are quasi-degenerate. Due to the energetic prox-
imity of the A, B , C , D and FE electronic states vibronic coupling among them plays the
key role to govern the details of the nuclear dynamics. The standard vibronic coupling
theory and elementary symmetry selection rules are used to assess the coupling among
seven ()Z' to F ) electronic states. Coupling between electronic states of same spatial

symmetry, (E—C~Y ) B-E and 5—@) via a vibrational modes is also treated in this chapter.

The nuclear dynamical calculations are carried out by both time-independent and time-
dependent quantum mechanical methods. Individual vibronic bands are systematically
analyzed. The results are compared with the available experimental findings. It is
observed that, the first and sixth vibronic bands due to X and F electronic states are
well separated from the other bands. The fundamental vibrational progression formed
by v7 (~1360 cm™!), vg (~1034 cm™1) and vg (~861 cm™1!) vibrational modes in the first
()N( ) band compares well with the available experimental findings. Due to the energetic
proximity, A and B electronic states form highly overlapping second and third bands
of CHsCOH*. The latter also holds for the vibronic band structures of the C and

D electronic states. The fifth vibrionic band is due to the E electronic state and it
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overlaps with the high-lying vibronic levels of D state. The assignment of the peaks
is also confirmed by utilizing block-improved relaxation method to examine the nodal
pattern of the vibrational wave functions. The final theoretical results are found to be

in good agreement with the experimental data.






Chapter 4

Vibronic coupling effects in the
six low-lying electronic states of
oxirane radical cation:
Theoretical photoelectron

spectrum of oxirane

In this chapter, the theoretical photoelectron spectrum of oxirane molecule is presented.
Oxirane (ethylene oxide, dimethylene oxide, ¢-CoH4O/(CH)20) is a three-membered
cyclic ring, with each carbon being fully hydrogenated. This is the smallest cyclic ether
and it is related to cyclopropane (C3Hg) through a replacement of one of the methylene
(CHz) groups of the alkane with an isoelectronic oxygen atom. The oxirane is noted
for its reactivity making it (and its derivatives) key reagents in the synthesis of many
products of industrial and biological significance [58-61] and it has been serving as a
model for photochemistry from a long time [62—67]. The molecular reactivity has been
ascribed largely to ring strain as happens in cyclopropane and interest in its electronic
structure has a long history. Acetaldehyde [CH3CHO (C5)], oxirane [c-CoH4O (Cav))]
and vinyl alcohol [HoCCHOH (Cj)] are the three stable isomers (i.e., molecules with
the same chemical formula but with different connections of the atoms) of CoH40O [68].
Oxirane is a higher energy isomer of the molecules acetaldehyde and vinyl alcohol. Only
acetaldehyde has been first identified organic molecules in the interstellar medium (ISM)
[69], although vinyl alcohol have been attempted to identify in cold dark clouds [70, 71].
Latter researches found the oxirane has been detected in the interstellar medium espe-

cially in the star-forming regions [61, 61, 72-76]. These studies proved the existence

47
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of oxirane in ISM and it is confirmed by Dickens et al. [77]. Also, Coll et al. have
suggested that oxirane molecule could be present in the Titan atmosphere [78]. To un-
derstand the formation of these three isomers of CoH4O in particular relevant to test the
astrochemical evolution of the interstellar medium, since these molecules also play a key
role in astrobiology [58, 59, 61, 69, 71]. Acetaldehyde and oxirane have been implicated
in the formation of amino acids [59], underscoring their significance as complex organic
molecules (COMs) [68]. Oxirane and acetaldehyde isomers are particularly noteworthy
due to their potential contributions to amino acid synthesis [68]. The presence of oxi-
rane in hot cores implies the existence of ring-shaped molecules with more than three
carbon atoms, such as furan (c-C4H40), which is closely associated with the sugars ri-
bose and deoxyribose, the structural backbones of RNA and DNA, respectively [61, 74].
Observations by Occhiogrosso et al. [79] have revealed gaseous abundances of oxirane
and acetaldehyde in high-mass star-forming regions. Their findings suggest that oxirane
might be prevalent in the outer and cooler regions of hot cores where its isomer has been
previously detected, providing valuable insights compared to earlier studies that focused

solely on oxirane formation [76, 80-82].

Heterocyclic complex organic molecules, incorporating heavier elements alongside car-
bon in their ring structures, hold significance in various fields, particularly in the study
of the ISM [72-77]. Oxygen-bearing species within this category are of particular in-
terest due to their implications for the presence of life [58-60]. Ribose, for instance,
is intricately linked to the molecular architecture of DNA [59, 60]. Exploring simpler
heterocyclic molecules than ribose leads us to oxirane [58-61]. Oxirane represents the
smallest cyclic species containing oxygen, bonded to two carbon atoms. Conversely,
acetaldehyde, a non-cyclic isomer of CoH40, serves as a significant evolutionary tracer
in various astronomical contexts [83]. Initially detected in the ISM by Gottlieb in 1973,
oxirane has since been observed in diverse astrochemical environments, particularly no-
table is its presence in regions of star formation [76, 77, 81, 82]. The relatively higher
abundance of acetaldehyde compared to oxirane aligns with the reported ratios between
the two isomers, ranging from 1 to 9 according to Ikeda et al. [76]. A gas-grain chemi-
cal model was developed to explore the chemistry of oxirane in high-mass star-forming
regions, successfully reproducing its observed abundances in such environments [79].
Despite their distinct chemical structures, the chemistry of oxirane appears intertwined
with that of acetaldehyde, suggesting the potential utility of acetaldehyde as a tracer

for oxirane in cold cores [80].
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Tonization and excitation energies of a series of saturated three-membered rings, in-
cluding cyclopropane, ethylenimine, and oxirane, are computed using the novel semi-
empirical approach HAM/3. The obtained results are meticulously compared with ex-
perimental data, predominantly electron spectra. Notably, peculiar intensity relation-
ships were identified within the electron impact energy loss spectrum of oxirane [84]. Ad-
ditionally, a comprehensive ab initio examination is conducted to analyze the geometries,
force constants, and vibrational frequencies across various saturated three-membered-
ring compounds. These investigations are carried out utilizing minimal, split-valence,

and split-valence-polarized basis sets [85].

The He I and He II photoelectron spectra of oxirane are reported previously experi-
mentally and some theoretical studies are reported [46, 47, 84-91]. The photoelectron
spectrum, ionization potentials computed in different ways presented and correlation cor-
rections are in good agreement with the photo-electron spectrum of oxirane [86]. The
spectra obtained for several oxygen and nitrogen-containing molecules using filtered 30.4
nm radiation have been meticulously recorded. Notably, the 58.4 nm spectra have been
effectively eliminated from consideration in all instances. To enhance the signal for high
ionization potential species, photoelectrons were pre-accelerated by an average of 6 V
prior to analysis, as detailed by Potts et al. [46]. In the case of oxirane, the relative
band intensities in the He I and He II photoelectron spectra are elucidated through a
theoretical framework. However, for oxirane, there exists a discrepancy between the
assignment of the two bands in the 15-18 eV range based on intensity considerations
and the sequence of the corresponding ab initio eigenvalues, as noted by Schweig et
al. [87]. Various experimental techniques, including time-resolved photoionization mass
spectrometry (PIMS), ion cyclotron resonance spectroscopy (ICR), and photoelectron
spectroscopy, have been employed to investigate the formation of the oxirane molecu-
lar ion and its subsequent ion—molecule reactions leading to the products CoH;O" and
C3H;07", as described by Corderman et al. [88]. Proton affinities and photoelectron
spectra have been measured for oxirane, the photoelectron spectra assigned by using ab
initio STO-431G calculations and structural correlation with some three-membered-ring
heterocycles [89]. He I and He II photoelectron spectra of some fundamental organic
molecules are reported by Kimura et al. and Bieri et al. [47, 90]. For oxirane verti-

cal ionization potentials are reported by using many-body Green’s function method [91].

In this study, the molecular orientation is established with the Cs axis aligned along
the z-axis, while the molecule is positioned within the zz-plane. It is worth noting that

previous studies have sometimes defined the molecular plane as yz and xz, resulting in
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the interchange of state symmetry labels b; and by. With this consideration, our find-
ings regarding molecular orbital (MO) configurations and state symmetries align with
those of Aue et al. [89] and Kimura et al. [90]. To date, there is a dearth of literature
addressing the multi-state and multi-mode quantum dynamics of c-CoH,O . However,
several theoretical investigations have delved into the electronic structure and vertical
ionization energies (VIEs) of ¢-CoH4O [85, 89, 91, 92]. Consequently, our primary ob-
jective is to address these gaps in the existing knowledge by conducting comprehensive

electronic structure calculations and quantum dynamical simulations of nuclear motion.

Bieri et al. [47] reported the photoelectron spectrum 9 to 22 eV energy range with six
vibronic bands. Among the six electronic bands first two bands are from the X 2B; and
A 2A; electronic states, the B 2B, and C 2A, states combine and will form third band,
remaining D 2A; and F 2B states are very close in energy, they together form fourth
band. The overlapping electronic band structure observed in these bands motivates us to
investigate vibronic coupling within the energetically low-lying six electronic states and
nuclear dynamics in c-CoH4OF. In the subsequent analysis, vibronic coupling within
the lowest six electronic states of c-CoH4O' is explored. These six states originate from
ionization of the last occupied valence MOs of neutral c-CoH4O. The configuration of
these six MOs is as follows: (core) (1b1)?(5a1)?(6a2)?(3b2)?(6a1)?(2b1)2. Tonization from
the highest occupied MO and the inner orbitals results in the formation of the X 2By,
A2Ay, B 2By, C 2As, D 2A; and E 2B, electronic states of c-CoH,OF.

The diabatic vibronic coupling model is employed to study the nuclear dynamics of the
aforementioned six electronic states. The electronic PESs are computed ab initio using
the EOMIP-CCSD [150, 151] method. The coupling strengths of all vibrational modes
across the six electronic states are calculated, and all vibrational modes are included in
the study based on their coupling strength. Initially, the nuclear dynamics study is con-
ducted using both time-independent and time-dependent quantum mechanical methods.
Time-independent calculations are performed via a matrix diagonalization method [167].
This approach enables us to pinpoint the specific locations of the vibronic energy levels
and assign their progressions accordingly. Subsequently, time-dependent calculations
are carried out through WP propagation employing the MCTDH method developed at
Heidelberg [139, 152-154]. This effort enables the computation of broad-band electronic
spectra and facilitates the study of mechanistic details regarding radiative and nonra-
diative decay processes of excited electronic states. These results are good agreement

with the available experimental findings.
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In addition to this, we have compared the present results with our recent results of
acetaldehyde isomer [98]. Oxirane and acetaldehyde have Cy, and Cs symmetry point
groups, respectively. So, their electronic state characters are different. However, for
both the isomers of photoelectron spectrum are reported between 9 to 20 eV energy
range. But, within this energy range six and seven low-lying ionic states are found in

oxirane and acetaldehyde, respectively, and discussed in this chapter in detail.

4.1 Electronic structure calculations

The electronic ground state equilibrium geometry optimization, harmonic vibrational
frequencies (w;), and mass-weighted normal mode coordinates (g;) of the reference c-
CoH4O molecule is calculated at the second-order Mpller-Plesset (MP2) perturbation
method employing the augmented correlation consistent polarized valence triple zeta
(aug-cc-pVTZ) basis set of Dunning [173] using the Gaussian-09 program [155]. The
equilibrium geometry of c-CoH4O possesses Cg, point group symmetry and the electronic
ground term symbol is 'A;. Fig. 4.1 shows the schematic representation of optimized
equilibrium geometry of c-CoH4O with atom numbering and its corresponding optimized

parameters are given in Table 4.1.

FIGURE 4.1: Optimized equilibrium geometry of the reference c-CoH4O molecule.

TABLE 4.1: Optimized geometry parameters (distances in Angstrom, angles in degrees)
of the equilibrium structure of the electronic ground state of c-CoH,4O.

parameters | This work | Expt. [174]
R(C1-03) 1.436 1.436
R(C1-C2) 1.462 1.472
R(C1-H4) 1.082 1.082
/(C1-03-C2) | 61.2 61.7
/(H1-C2-H3) |  116.4 116.7
/(H3-C1-03) | 1147 -
/(H1-C1-C2) | 119.3 -

The mass-weighted normal coordinates (¢;) of the vibrational modes are transformed

to the dimensionless form (Q;) by, Qi = wi/h ¢ [99]. Where w; is the harmonic
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vibrational frequency of the ith normal mode and A=1 (in atomic units). The harmonic
frequencies of the vibrational modes and their symmetry are given in Table 4.2 along
with the available literature data [174-176].

TABLE 4.2: Symmetry of vibrational modes, their designation and harmonic frequen-
cies (in cm™!) of the ground electronic state of the c-CoH,O.

Symmetry | modes | This work | Expt. | Expt. | Nature of mode
[175] | [176]
a1 121 3157 2983 | 3018 CHy s-str.
V9 1549 1505 | 1498 CH,; scissors
V3 1308 1273 | 1270 ring stretch
vy 1150 1093 | 1148 CHs wag
Vs 901 888 877 | ring deformation
b1 Vg 3261 3096 | 3065 CHjy s-str.
vy 1169 1156 | 1142 CHs wag
Vg 823 805 821 | ring deformation
by vy 3150 3011 3006 CHs a-str.
10 1515 1468 | 1472 CH,;, scissors
V11 1164 1169 | 1151 CHjy twist
V12 846 827 840 CHs rock
as V13 3247 3078 - CHj a-str.
V14 1179 1168 - CH2 twist
V15 1052 1014 - CHj rock

It can be seen from the Tables 4.1 and 4.2 that, the theoretical results are in good accord

with the available literature data.

To study the nuclear dynamics, the PESs of the six states are calculated along the
dimensionless normal displacement coordinates (@) of the reference electronic ground
state. The potential energies of these electronic states of c-CoH4O" are calculated by
EOMIP-CCSD method using the aug-cc-pVTZ basis set. The EOMIP-CCSD calcula-
tions are performed using CFOUR suite of program [160]. The PESs are calculated along
the dimensionless normal coordinate of each vibrational mode. The VIEs calculated by
EOMIP-CCSD and OVGF [177] methods at the equilibrium geometry of the reference

state are given in Table 4.3 along with the available literature data for comparison.
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TABLE 4.3: VIEs of ¢-CoH4O " (in eV) calculated the energetically lowest X 2By,
AZ2A,, B?B,y, C %Ay, D 2A; and E 2B, electronic states of the reference equilibrium
geometry and compared with the available experimental data.

State OVGF EOMIP-CCSD | Expt. | Expt. | Expt.
symmetry | This work This work [89] [86] [47]
X 2B, 11.12 10.60 10.56 | 10.57 | 10.57
A2A, 11.85 11.83 11.85 | 11.7 | 11.85
B 2B, 14.09 13.99 13.73 | 13.7 | 14.0
C 2A, 14.22 14.14 14.16 | 14.2 | 14.0
D 2A, 16.63 16.60 16.52 | 16.6 | 16.6
E 2B, 17.64 17.70 17.20 | 174 | 174

It can be seen from the Table 4.3 that, our theoretical results are in very good agreement
with the available experimental data. From these data one can see that at the verti-
cal configuration, () = 0, among the six electronic states, X 2Bl—g 2Aq, B 2B2—5 2A,
and D 2A;-F 2B, states are close in energy (cf., Table 4.3) in pair wise manner. The
energetic closeness of these states results into a strong vibronic coupling and multiple
multi-state CIs among them (cf., Fig. 4.2). Therefore, the vibronic coupling appears to

be an important mechanism for the detailed nuclear dynamics on these states.

4.2 The Vibronic model Hamiltonian

Using the standard vibronic coupling theory [167] and symmetry selection rules a coupled
six (X 2By to E 2By) electronic states of cationic oxirane (c-CoH4O'") vibronic model
6 x 6 matrix Hamiltonian is developed in a diabatic electronic basis [167] in terms of Q;
of the reference electronic ground state of neutral c-CoH4O molecule. The equilibrium
geometry of c-CoH40 belongs to the Co, symmetry point group, the symmetry of the
electronic states is Ay, By, By and As. According to the symmetry selection rules, the
coupling modes are of b1, by and ao symmetry. The fifteen vibrational modes transform

to the following irreducible representations

Lyip = Daq + 3by + 4bs + 3as. (4.1)
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The c-CoH4O T vibronic model Hamiltonian of the six low-lying X ’By, A 2A4, B ’B,,
C 2A5, D 2A; and F 2B states can be symbolically written as [167],

Us Uzi Usp Uge Uszp O
Uz Uzp Use O Uzg
Us Uss Uss Usgz
H = Hole + BB BD " BE (4.2)
Us Usp Usg
h.c. Us Upg
Ug

In the above equation, 1¢ denotes the 6 x 6 unit matrix, and g denotes the Hamiltonian
of the reference ground electronic state of c-CoH4O, within the harmonic approximation,
the latter reads
=1 Y Ll Yy e (4.3)
2 0Q? 2 !

ieat,b1,b2,a2 iea1,b1,b2,a2
In Eq. 4.2, the second term (in RHS side) represents the electronic potential matrix in a
diabatic electronic basis. The diagonal elements (U,, where, n=X ?B; to E 2By) of this
matrix describe the diabatic potential energies of the electronic states and off-diagonal
elements (Up,,) represent the coupling between them. These elements (diagonal and
off-diagonal) are expanded in a standard Taylor series around the reference equilibrium

geometry of the c-CoH4O at Q=0 in the following way

1 1 1
Un=E+) miQi+g >, WA+ mQ+y Y ol

iea1 i6a1,b1,b2,a2 i6a1 ieal,bl,bg,az

1 1 o (4.4)
o DL Qg ) GQ neX B,
ieb1,b2,a2 ieby
Um= > MN™Qi; nmeX—E. (4.5)
ieby,ba,a2

In the above equations E refers to the VIEs of the electronic state (n= X 2By, A 2A4,
B ’B,, C 2A,, D 2Aq, E 2B;) and Q; represent the dimensionless normal displacement
coordinate of the electronic ground state of neutral c-CoH4O molecule. The specific
form of the various coupling terms, i.e., diagonal (U,) and off-diagonal (Up,,) matrix
elements, is dictated by symmetry selection rules. In these expansions (cf., Egs. 4.4 and
4.5), the terms £ (linear-), Vis (quadratic-), pI* (cubic-), 6 (quartic-), of* (sixth-order),
and £ (eighth-order) denotes the intrastate coupling parameters of the nth electronic
state along the ith vibrational mode. We noticed that up to a fourth-order Taylor series

expansion is enough for the totally symmetric vibrational modes, and the sixth- and
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eighth-order expansion is used only for the asymmetric modes. The quantity A} de-
notes the linear inter-state coupling constants between the n and m electronic states.
Due to anharmonicity of the potential energy curves along the coupling coordinates
(i.e., by, by and az) higher-order expansions are used. Especially, B 2By and C 2A,
electronic states strongly repel to each other along the b; symmetry vibrational modes.
This coupling leads to the B 2By-state as double-minimum potential at the distorted
geometry, this is known as pseudo-Jahn-Teller (PJT) effect in the literature [178]. So,
to reproduce the ab initio points well for B 2B, and C 2A, electronic states along the
b1 symmetry vibrational modes eighth-order expansion is necessary. Along with the lin-
ear inter-state (A]"") coupling parameters, we also estimated the higher-order coupling
parameters along the suitable coupling vibrational modes. But the magnitude of these
parameters are of the order of 107> or less. Therefore, we restricted the linear expansion
in Eq. 4.5. The coefficients of the Taylor series expansions were evaluated by non-linear
least squares fitting of the 6 x 6 diabatic potential energy matrix to the ab initio energies.
The estimated complete set of parameters are given in Table 4.5 and Tables B1 to B4
of the Appendix B.

4.3 Potential energy curves

One-dimensional potential energy cuts of c-CoH4O T along the dimensionless normal
displacement coordinates of five totally symmetric (a1) vibrational modes, v1, v, V3, 14
and vs, of the X 2By, A 2Aq, B 2B, C 2A,, D 2A; and E 2B electronic states are shown
in Fig. 4.2. In each panel of Fig. 4.2, the points represent the ab initio electronic struc-
ture data and the solid lines represent the results obtained from present vibronic model
defined in section 4.2. It can be seen from the Fig. 4.2 that the calculated ab initio points
are well reproduced by the present theoretical vibronic coupling model. The calculated
parameters derived from the fittings are tabulated in Table 4.5 and Tables B1 to B4 of
Appendix B. To fit the totally symmetric and coupled vibrational modes (b1, be and as
symmetry), up to a fourth-order and higher-order (sixth and eighth) Taylor series ex-
pansion of the Hamiltonian is used to represent the ab initio points extremely well. The
totally symmetric vibrational modes tune the energy gap between the electronic states
by tuning the electronic energy minimum and form the intersections between them. It is
noticed that all six electronic states strongly interact with each other (cf., Fig. 4.2) and
B 2By-C 2A, states are quasi-degenerate at the Franck-Condon geometry (cf., Table
4.3). Also, the existence of strong to weak intra-state coupling of the six ()~( ’B; to
E 2B1) electronic states of c-CoH4O " can be seen from the data given in Table 4.5.

Poisson Parameter or excitation strength (k;?/2w;?) of the intra-state coupling of the

ay vibrational modes (11 to v5) are estimated and are included in the Table 4.5. From
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FIGURE 4.2: One dimensional viewgraph of the multi-dimensional potential energy
surfaces of the lowest six X, A, B, C, D and FE electronic state of c-CoH,O 't plotted
along the dimensionless normal coordinate (Q;) of the totally symmetric vibrational
modes, v1-v5. The potential energies obtained from the theoretical model and calculated
ab initio are shown as solid lines and points, respectively.

these parameters, one can measure the directional and positional shift of the energetic
minimum of a particular electronic state with respect to the reference neutral ground
electronic configuration of c-CoH40O. With an increase in the value of these parameters
leads to the shifting of the minimum of the electronic state in the opposite direction of
the sign of “k”. It can be seen from the Fig. 4.2 that all the six electronic states are
interacting with each other and due to the shifting of the minimum of electronic states
they undergo curve crossings (cf., Fig. 4.2). These curve crossing evolves into Cls in a

multi-dimensional space and play crucial role in the nuclear dynamics.

The static points (i.e., energetic minima and minimum of the seam of CIs) are calculated
using a QVC model and utilizing the model Hamiltonian parameters given in the Tables
4.2- 4.5, with the help of a minimization algorithm employing Lagrange multipliers.
The numerical tools available in MATHEMATICA [170] are used for this purpose. The

results are given in a matrix array in Table 4.4.
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TABLE 4.4: Estimated equilibrium minimum (diagonal entries) and minimum of the
seam of various conical intersections (off-diagonal entries) of the electronic states of
c-CoH4OF within a quadratic coupling model. All quantities are given in eV.

X 2By | A2A, | B2By, | C2A, | D2A, | E 2B,
X 2B, | 1044 | 1114 | 13.02 | 13.38 | 3525 | 20.77
A2A, - 11.05 | 1279 | 13.31 | 22.79 | 17.95
B 2B, - - 12.46 | 13.68 | 17.22 | 18.04
C 2A, . - - 13.29 | 16.07 | 30.77
D 2A, . . . . 15.96 | 16.99
E 2B, . . . . . 16.94

In this table the diagonal elements represent the energetic minimum of electronic states

and the off-diagonal elements represents the minimum of the seam of Cls.

For example, it can be seen from Table 4.5 that, among the five totally symmetric modes

vy is the strong Condon active mode in the X state with a positive k value. As a re-

TABLE 4.5: Ab initio calculated linear (k;) and quadratic (y;) coupling parameters
for the X 2By, A 2A;, B 2B,, C 2A,, D 2A; and E 2B; electronic states of c-CoH4O .
All quantities are in eV and the dimensionless Poisson parameters (/if / 2wi2) are given
in the parentheses.

X A B
Sym. Mode Ky Yi Ky Ys K Yi
ay vy 0.0256 (0.0021) 0.0034 -0.0195(0.0012) 0.0068 0.0509 (0.0084) -0.0018
vo 0.0488 (0.0323) -0.0268 0.1885(0.4818) 0.0069 0.2499 (0.8469) -0.0011
vs3 0.0335 (0.0213) -0.0039 -0.2571(1.2570) 0.0150 0.0632 (0.0759) -0.0144
vy 0.1991 (0.9756) -0.0011 -0.2021(1.0052) -0.0155 0.4414 (4.7952) 0.0008
vs -0.0258 (0.0267) -0.0109 0.2593(2.6946) -0.0164 -0.4002 (6.4187) 0.0056
c D E
Sym.  Mode Ki Vi Ki Vi Ki Vi
a1 1 0.4244 (0.5878)  0.0260 0.0930 (0.0282)  -0.0076 0.2904 (0.2752)  0.0279
o -0.3556 (1.7148)  -0.0867 0.4264 (2.4655)  -0.0072 -0.1990 (0.5370)  -0.0205
v3 0.0238 (0.0108) -0.0306 -0.1806 (0.6203) -0.0005 -0.3402 (2.2009) 0.0100
V4 -0.0437 (0.0470) -0.0941 0.0395 (0.0384) 0.0256 0.1671 (0.6872) -0.0725
Vs -0.0609 (0.1486) -0.0058 -0.0875 (0.3068) 0.0259 -0.0210 (0.0177) 0.0313

sult, the shift of the energetic minimum of the ground state of the ¢-CoH4O" along
this normal mode is in the negative direction (cf., panel (d) of Fig. 4.2). Similarly, the
largest shift of the energy minima of A to E states can be found along vy, vo, V3, 1y
and vs vibrational modes (cf., Fig. 4.2), respectively, and these electronic states can
undergo curve crossings along these normal coordinates. The latter result into Cls in
multi-dimension and play a crucial role in shaping up the electronic spectrum and inter-
nal conversion dynamics. It can be seen from Table 4.4 that, the equilibrium minimum
of the X 2B1—ﬁ 2Aq, B 2B2—5 2A5 and D 2A1-E 2B, states are relatively close in energy,
the X 2B1—ﬁ 2A; intersection minimum occurs ~0.7 ¢V and ~0.09 eV above the mini-
mum of the X 2By and A ?A; electronic states, respectively. Therefore, the A 2A, state

minimum is close to the X 2Bj-A 2A; intersection minimum. The intersection between
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X 2B, state with B 2B,- E 2B, electronic states are high in energy. The A 2A;-B 2B2
intersection minimum occurs ~1.74 eV and ~0.33 eV above the minimum of the A 2A,
and B 2B, electronic states, respectively. Also the B 2B2—5 2 A5 intersection minimum
occurs ~1.22 eV, ~0.39 eV above the minimum of the B 2By and c 2A5 electronic
states, respectively. The C 2A2—5 2A; intersection minimum occurs ~2.78 eV above
the minimum of the C 2A5 state and the minimum of D 2A; state is ~0.11 eV above
the C 2A2 D 2A; intersection minimum. The D 2A1 state minimum is close to the
C 2A9-D 2A1 intersection minimum. The D 2A-E 2B1 intersection minimum occurs
~1.03 eV and ~0.05 eV above the minimum of the D 2A; and E 2B, states, respectively.
The F ’B; state minimum is very close to the D 2A1—E 2B, intersection minimum. The
strong interactions between the six electronic states are expected to have strong impact

on the nuclear dynamics study.

The linear inter-state couplings (coupling between the two different electronic states) of
X 2B, to E 2B; states are fairly strong along the vibrational modes of by, by and as
symmetry (cf., Table B4 of the Appendix B). The v7 and vg modes of b; symmetry have
strong inter-state coupling and the v has moderate coupling, between X 2B;-A 2A4,
X 2B1—l~) 2A; and B 2B2—5 2A, electronic states, respectively. Also the coupling is
small between A 2A-E 2B1 and D 2A-F 2B1 states along by symmetry vibrational
mode. Along the by symmetry modes, the inter-state coupling between X 2B;- C 2A,
and A 2A;-B 2B2 states is coupled by only 15 vibrational mode. The B 2By-D 2A1
and C 2A,-F 2B; states coupling is strong along g, v19 and 1 vibrational modes of by
symmetry. In case of as symmetry, the X 2B1-B 2B, coupling is large along both vq3
and 115 vibrational modes, and A 2A1—5 2A, coupling is large along the v15 vibrational
mode. The C 2A5-D 2A; coupling is strong along the v13 and vy4 vibrational modes
(cf., Table B4 of the Appendix B).

The vibrational modes of b, symmetry couples the X 2B;- A 2A1, X 2B1 2A1, A 2A;-
E 2By, B 2B,- C 2A5 and D 2A-E 2B1 states. Among these B 2B,- C 2A5 states are
quasi-degenerate (cf., Table 4.3) and they strongly couple each other (cf., Table B4 of the
Appendix B). Because of this strong nonadiabatic (or inter-state) coupling, the B 2B,
and C 2A, states strongly repel to each other along the b; symmetry coupling vibrational
mode. The topography of these coupling surfaces are shown in Fig. 4.3. It can be seen
from this figure that the lower adiabatic potential energy surfaces exhibit a symmet-
ric double-well along the 7 mode with two symmetric minimum at distorted geometry
compared to the Franck-Condon Cy, geometry, at @Q=0. This symmetry breaking effect
[179], known as PJT effect [178], occurs due to strong nonadiabatic coupling through b;
symmetry vibrational modes (cf., Table B4 of the Appendix B) between the energetically
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close-lying B 2B, and C 2A, electronic states. Therefore, the vibronic coupling through
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FIGURE 4.3: One dimensional viewgraph of the multi-dimensional potential energy
surfaces of the lowest B and C electronic states of c-CoH4O T plotted along the dimen-
sionless normal coordinate (Q;) of the asymmetric vibrational mode of b; symmetry,
vg-vs. The potential energies obtained from the theoretical model and calculated ab
initio are shown as solid lines and points, respectively.

b, symmetry vibrational modes stabilizes the c-CoH4O' " in its B 2B, state at various

distorted geometries (cf., Fig. 4.3 (b)).

As discussed in the introduction, oxirane and acetaldehyde molecules are more stable
isomers of CoH4O and their point group of symmetries are Cy, and Cj, respectively.
The topography of PES of both oxirane and acetaldehyde radical cations are different.
According to the low-symmetry point group (Cj) of acetaldehyde, several electronic
states have same symmetry. Because of this, in acetaldehyde the same symmetry states
strongly repel each other (cf., Fig. 2 of Ref. [98]). These states are diabatized using
four-fold way diabatization scheme proposed by Truhlar and co-workers [116, 121-124]
at the level of multi-configuration quasi-degenerate perturbation theory (MCQDPT)
citeNakano1993,Nakano1993mcscf,Granovsky2011. In case of acetaldehyde, among the
seven ()Z' 2By, ZgAl, B ’B,, c 2A,, D2A; and E 2By) electronic states A2A; to E 2B,
states are very close to each other (see Fig. 2 of Ref. [98]) and these states exhibit strong
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vibronic coupling between them.

4.4 Results and discussion

In the following, vibronic band structures of the X ’By, A 2A4, B 2B, C 2A,, D 2A; and
E 2B; electronic states of c-CoH4Ot are calculated by both in absence and presence of
coupling with their neighboring electronic states, and compared with the available exper-
imental photoelectron spectroscopy results of c-CoH4O [47, 86]. The decay rates of six
electronic states and internal conversion dynamics are calculated in terms of change of
electronic population in time. The vibronic energy level structure of the uncoupled and
coupled electronic states reveal nonadiabatic coupling effect on the energy level band
structures. To find specific location of the energy levels of the uncoupled electronic
states, we have used the time-independent matrix diagonalization method. Finally, the
effect of electronic state coupling on the vibronic structure and relaxation dynamics is
examined by time-dependent quantum mechanical method. For all these calculations we
used the MCTDH program package developed at the Heidelberg University [139, 152—
154].

4.4.1 The uncoupled electronic states spectrum of c-CoH,O "

The vibrational energy level spectrum of the uncoupled X 2By, A 2A4, B ’B,, C 2A,
D 2A; and E 2By electronic states is calculated by including five totally symmetric vi-
brational modes (v1—v5) by a matrix diagonalization approach [167] using the Lanczos
algorithm [133] and are shown in Fig. 4.4. For this purpose, we used the vibronic model
Hamiltonian discussed in Sec. 4.2 and the parameters from the Tables 4.5 and B1 to B4
of Appendix B. The Appendix B provides the HO basis functions utilized for each mode
in these computations, as detailed in Table B5. Following this, the Hamiltonian of each
state, represented in the HO basis, undergoes diagonalization through 10,000 Lanczos
iterations. The resulting theoretical stick spectrum, derived from the diagonalization of
the Hamiltonian matrix, is then convolved with a Lorentzian line shape function possess-
ing a full width at half maximum (FWHM) of 40 meV. This convolution process yields
the spectral envelopes depicted in Fig. 4.4. The low energy vibronic levels of uncoupled
X 2By, A 2A4, B 2B, C 2A,, D 2A; and E 2B, states are given in Table B6 of the
Appendix B along with their assignments. The time-independent calculations performed
to understand the vibronic energy level spectrum of c-CoH4O' T, and it helps to identify
the dominant progressions of various vibrational modes and to interpret the vibrational
modes contributions in the spectral broadening measured in the experiment. Thereafter,

the nodal pattern of the respective vibronic wave functions is examined by calculating



Chapter 4. Uncoupled states calculations 61

bl

Intensity (arb. units)

19 18 17 16 15 14 13 12 11 10
Energy (eV)

FIGURE 4.4: The stick vibronic spectrum and the convoluted envelope of the X 2By,
A2A,, B?By, C 2A,, D 2A, and F 2B, electronic states of c-CoH4Ot calculated with
the ay vibrational modes. The intensity in arbitrary units is plotted as a function of
the energy of the vibronic levels.

them using block-improved relaxation method as implemented in the MCTDH program
module [139, 152].

It can be seen from the data given in Table B6 of Appendix B that, fundamental of totally
symmetric vibrational modes (v1—v5), are excited in each of the given electronic state of
the c-CoH4O . In each electronic state, the vibrational modes excitation/progressions
depend on their coupling strength (k;?/2w;?). Along with this, several overtones and
combination energy levels of respective strongly excited modes are also found. The first
vibronic band originates from the X 2B electronic state. The dominant progressions in
this band are formed by v, v4 and v5 vibrational modes, and the peaks are ~1446 cm™!,
~1172 em™! and ~856 cm ™! spaced in energy, respectively. The vibrational mode v
(~3170 em~!) is weakly excited in this state. These uncoupled-state vibrational pro-
gressions (cf., Table B6 of the Appendix B) are compared with the available literature
data of the totally symmetric modes [86]. One can see from the present results that our
results are in well agreement with the available experimental findings in the literature
[86]. The second vibronic band is formed by the A 2A; electronic state and it is close
to X 2B, electronic state (cf., Fig. 4.4). The dominant progressions in this band are
formed by vs3, v4 and vs vibrational modes, moderate excitation along the v; and s

modes are found (cf., Table 4.5). Peaks are spaced ~1366 cm~!, ~1136 cm™!, ~832

cm™!, ~3184 cm™! and ~1576 cm ™! in that order, respectively.
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The third vibronic band is formed by the strongly overlapping of B 2By and C 2A5 elec-
tronic states. This is because of the quasi-degeneracy of the B 2By and C 2 A, electronic
states, which leads to a strong mixing of vibronic energy levels of B 2B, and C %A,
states. The B 2B, state vibronic band structure reveals dominant excitation of s, v4
and v ; moderate excitation of 1 and vs vibrational modes (cf., Table 4.5). Peaks
are spaced ~1620 cm™!, ~1152 cm™! and ~923 cm™'; ~3149 cm™! and ~1248 cm ™!,
respectively, in that order. In case of C %A, state, extended progressions of v1, o and
vs vibrational modes with line spacing of ~3260 cm™!, ~1267 cm™' and ~877 cm™!,

respectively, are found.

The fourth and fifth vibronic bands are formed by the D 2A; and E 2B, electronic
states (cf., Fig. 4.4). At the equilibrium configuration both D 2A; and E 2B states
are energetically close (cf., Tables 4.3 and 4.4). Due to this, the individual vibronic
bands (vibronic energy levels) of D 2A; and F ?B; states strongly overlap and forms the
fourth vibronic band in the experimental spectrum (this will be discussed in more detail
in next section). The individual vibronic band structures of D 2A; and E 2B, states
reveals the dominant excitation of 1o, v3, 5 and v, V3, vy, respectively. Peak spacing of
~1590 cm™!, ~1305 cm™!, ~1000 cm ™! and ~1524 cm™!, ~1347 cm™!, ~1006 cm~! in
that order, respectively, is found. For all vibrational band structures we have mentioned
only the dominant progressions of fundamentals. Apart from the fundamentals, their
overtones and several combination levels are also excited in each band and are given in

Table B6 of the Appendix B.

In addition to determining the energetic positions and analyzing the excitation strengths,
the assignment of peaks is further validated by scrutinizing the nodal patterns of the
vibrational wave functions. These wave functions are computed using a block improved-
relaxation method, as implemented in the MCTDH program module [140, 171, 172]. In
Fig. Bl (a)-(i) in Appendix B, specifically, depict several vibrational eigenfunctions of
the X 2B, state. This figure illustrates the probability density of the wave function
plotted in a suitable reduced dimensional of normal coordinate space. The panels (a)-
(c) display the wave functions corresponding to the fundamental vibrations of vy, vy
and v, respectively. These plots reveal the wave function emergence of a node along
each respective normal coordinate. In panels (d)-(f) shown the wave functions for the
overtone peaks of the excited vibrational modes. Additionally, panels (g)-(i) of Fig.
B1 of Appendix B display some combination peaks. Similarly, for all the states of the

vibrational wave functions are shown in Figs. B2-B6 of Appendix B.
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Subsequently, the calculations for coupled-state nuclear dynamics are conducted employ-
ing the coupled-state Hamiltonian outlined in Sec. 4.2. The time-dependent quantum
mechanical method is employed for this endeavor. Finally, the theoretical outcomes are
compared with the existing experimental photoelectron spectrum data of the c-CoH40

molecule.

4.4.2 Vibronic structure of the coupled two-electronic states dynamics
of C'CQH40.+

To explore the influence of nonadiabatic coupling on the vibronic characteristics of indi-
vidual states, we conducted several coupled two-state calculations, focusing on neighbor-
ing states, as detailed in this section. The outcomes are depicted in Fig. B7 of Appendix
B. Despite the significant coupling with the A 2A; state (as indicated in Table B4), the
overall nature of the X 2B state spectrum remains unchanged (cf., panel (a) of Fig. BS).
This is attributed to the substantial vertical separation of the X 2B state from others
(as illustrated in Table 4.4), with the minima of the intersection seams lying notably
above its equilibrium minimum (as shown in Table 4.4, i.e., the energetic minimum of
the intersection seam occurs ~0.7 eV and ~0.09 eV above the minimum of the X ’B;
and A 2A; states, respectively). Consequently, the WP initially prepared on the X ’B,
state does not venture into the vicinity of the X ?B-A 2A4 crossing seam, resulting
in minimal electronic population flow to the A 2A; state (cf., panel (a) of Fig. BS).
In contrast, for the A 2A, state, the WP accesses the X 2Bl—fT 2A; intersection seam,
leading to over ~80% of electronic population transferring to the X ’B; state within
~25 fs (see panel (b) of Fig. B8). This substantial population exchange contributes to
a significant increase in spectral line density and broadening of the vibronic spectrum

of the A 2A; state (see panel (b) of Fig. B7).

In contrast to the aforementioned scenario, the coupling between the A 2A,-B 2By,
B 2B2—C~7 2A,, C 2A2—l~) 2A; and D 2A1—E’ 2B, states significantly influences their re-
spective vibronic structures. When considering the coupled states A2A;-B 2By, minimal
electronic population flows from the A 2A; to the B 2B, state when the WP is initially
localized on the A 2A; state (cf., panel (c) of Fig. B8). The energetic minimum of
the intersection seam occurs ~1.74 eV and ~0.33 eV above the minimum of the A 2A
and B 2B, electronic states, respectively (see Table 4.4). While no coupling effect is
observed in the A 2A; band (cf., panel (c) of Fig. B7), the impact of coupling on the
B 2B, state is substantial. This coupling effect is evident in both the vibronic structure

and electronic population dynamics of the B 2By state (cf., panel (d) of Fig. B7). When
the WP is initially prepared on the B 2B, state, it accesses the A 2Al—g 2B, intersection
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seam, resulting in ~45% of the electronic population transferring to the A 2A; state (see
panel (g) of Fig. B8).

In the case of the B 2B2—5 2A, coupled states, they exhibit quasi-degeneracy in terms
of energy (cf., Table 4.4). When the WP is initially localized on the B 2B, state, only a
small amount of electronic population transfers to the C' 2A, state (see panel (e) of Fig.
B8). The energetic minimum of the intersection seam is ~1.22 eV and 0.39 eV above
the minimum of the B 2By and C' 2A, electronic states, respectively (cf., Table 4.4),
and the corresponding band structure is depicted in panel (e) of Fig. B7. The impact of
coupling is notable in the dynamics of the C 2A, state. Both the vibronic structure and
electronic population dynamics of the C 2A, state reflect this coupling effect (cf., panel
(f) of Fig. B7). When the WP is initially prepared on the C 2A, state, it accesses the
B 2B2—6' 2A, intersection seam, resulting in ~60% of the electronic population trans-

ferring to the B 2By state within ~20 fs (see panel (f) of Fig. BS).

In the scenario involving the C 2Ay-D 2A, coupled states, the intersection seam energetic
minimum is ~2.78 eV and ~0.11 eV above the estimated equilibrium minimum of the
C 2A, and D 2A; states, respectively (cf., Table 4.4). The coupling strength between
these states is also notably strong (see Table B4 in Appendix B). Consequently, there
is a substantial exchange of population between them. To illustrate the time-dependent
behavior of the diabatic electronic population when transitioning to the C 2A, and
D 2A; states in the C 2A5-D 2A; coupled state scenario, panels (g) and (h) of Fig. B8
in Appendix B depict this situation, respectively. It is evident from these panels that a
lesser amount of population is transferred to the D 2A, state, with a significant fraction
flowing to the C 2A, electronic state. This disparity arises because the equilibrium min-
imum of the D 2A; states is energetically very close to the minimum of the C 2A5-D 2A4
CIs (see Table 4.4). A rapid decay of population occurs within ~15 fs. The vibronic
band structures of the coupled C' 2A,-D 2A; states are illustrated in panels (g) and (h)
of Fig. B7 in Appendix B.

In the scenario involving coupled D 2A;-E 2B, states, the intersection seams energetic
minimum occurs ~1.03 eV and ~0.05 eV above the estimated equilibrium minimum of
the D 2A; and F 2B, states, respectively (cf., Table 4.4). Consequently, there is min-
imal population transfer to the E 2B state when the WP is initially launched on the
D 2A; state (cf., panel (i) of Fig. B8), and the corresponding vibronic band structure
is depicted in panel (i) of Fig. B7 in Appendix B. Due to the fairly strong vibronic

coupling between the D 2A; and E 2B, states, and their intersection seams proximity
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to the minimum of the E 2By state (cf., Table 4.4), there is a notable impact on the
dynamics of the E 2B, state. Within a short time frame of ~25 fs, the population of the
E 2B, state sharply decreases to around ~0.3, while that of the D 2A; state increases to
about ~0.7 (cf., panel (j) of Fig. B8) when the WP is initially located on the E 2B state.

4.4.3 Coupled six-state dynamics of c-C,H,O*

The vibronic coupling between the six X 2B1—Z 2A1—§ 2B2—6 2A2—15 2A1—E 2B, elec-
tronic states are included in the coupled state spectrum calculations. From the latter
one can understand the features identified in the recorded broad band vibronic spectrum
of c-CoH,O T and is discussed in this section. The vibronic spectrum of the six coupled

electronic states of c-CoH4Ot is shown in Fig. 4.5. The dynamics calculations are
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FIGURE 4.5: Vibronic band structure of the coupled X 2B1—ﬁ 2A1—§ 2B2—5 2A,-
D 2A;-E 2B, electronic states of c-CoH,O . Relative intensity (in arbitrary units)
is plotted as a function of the energy of the vibronic states of c-CoH4Ot. Available
experimental spectrum reproduced from Refs. [47] and [86] are shown in panel (a) and

(b), respectively. The present theoretical result is shown in panel (c).

carried out by propagating the WPs on the coupled electronic states using the Heidel-
berg MCTDH suite of program modules [139, 152]. The totally symmetric vibrational

modes, v1-v5 and non-totally symmetric vibrational modes, v4-115 are included in these
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calculations. That is, all fifteen DOFs are considered. Six WP calculations are con-
ducted, with each initial excitation of the WP performed separately for each of the six
electronic states. The specifics of the vibrational mode combinations and the sizes of
the basis functions are outlined in Table B7 of Appendix B. In each calculation, the WP
is propagated for a duration of 200 fs. The time autocorrelation function is damped
using an exponential function with a relaxation time of 33 fs, after which it is Fourier
transformed to obtain the spectrum. The results obtained from the calculations for the
six electronic states are then combined with equal weightage to generate the composite
theoretical bands. The results are shown in panel (c¢) of Fig. 4.5 along with the avail-
able two different experimental [47, 86] band structures shown in panels (a) and (b) of
Fig. 4.5. It can be seen from the figure that the vibronic spectrum of the first and
second bands originate solely from the X 2B; and A 2A; electronic states. The third
band is very broad and structureless (cf., Fig. 4.5) and it originates from the strongly
overlapping B ’By and C 2A; electronic states. The energetic minimum of B 2B, and
C 2A, states is quasi-degenerate (cf. Table 4.3), and have strong nonadiabatic coupling
between them leads to this vibronic band structure. This is already discussed more elab-
orately in Sec. 4.4.2. The fourth band is formed by combination of D 2A; and F 2B,
electronic states. The composite theoretical band structures (cf., Fig. 4.5 (c)) and the
available experimental results are given in Fig. 4.5 (a and b). It can be seen from this
figure that the theoretical results are in good accord with the available experimental
findings [47, 86].

From this coupled-state dynamical calculations of the oxirane isomer we note that, the
photoelectron band structures of both oxirane and acetaldehyde isomers of CoH4O are
different. That is, in case of oxirane isomer the first and second bands are from by the
X 2B; and A 2A; states separately (cf., Fig. 4.5). The remaining third and fourth
bands are formed from the B 2Bo-C 2A, and D 2A;-E 2B, states, respectively (cf., Fig.
4.5). In case of acetaldehyde isomer, first and last bands are well separated from the
other bands and are formed from the solely X24" and F2A electronic states (cf., Fig.
4 of Ref. [98]). Interestingly, the A to E states are energetically close to each other in
the latter isomer and all these states combinely forms the four vibronic bands (cf., Fig.
4 of Ref. [98]). Because these two isomers having different molecular arrangements and

different molecular symmetry.
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4.5 Coupled states diabatic electronic population dynam-
ics

Time-dependent diabatic electronic populations of the X ’By, A 2A4, B 2B, C 2A,,

D 2A; and E 2B, electronic states of ¢-CoH4O' " in the coupled states dynamics are

presented and discussed in this section. This is to understand and unravel the effect of

vibronic coupling on the dynamics of a given state. Diabatic electronic populations of

the X ’By, A 2Aq, B ’B,, C 2A,, D 2A; and E 2B electronic states are shown in panels
(a—f) of Fig. 4.6. Diabatic electronic population for an initial excitation of the WP to
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FIGURE 4.6: Time-dependence of diabatic electronic populations in the coupled X 2B;-

A ?A-B ?By-C 2A,-D %2A,-F 2B, state nuclear dynamics of c-CoH4O+. The initial
wave packet is located on each of the six electronic states separately and the population
results are shown in panels (a) to (f).

the X 2B, state is shown in panel (a) of Fig. 4.6. It can be seen from this figure that,
a very small amount of population flows to the other higher energy excited electronic
states, this is due to the minimum of the seam of CI the X 2B state with all other states
are higher in energy and the WP can not access these states. At the same time, a quite
large amount of population flows to the X 2B, state, when the WP is initially prepared
on the A 2A; state (cf., panel (b) of Fig. 4.6). It can be seen that these population
profiles that reveals strong vibronic coupling between X 2B; and A 2A; states. A decay
rate of ~41 fs is estimated from the A 2A; state population. The energetic minimum of

the X 2B1—E 2A; CIs occurs ~0.7 €V and ~0.09 eV above the minimum of the X ’B,;
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and A 2A; states, respectively. Therefore, the location of the energetic minimum of the
A 2A, state is relatively close to the minimum of the X QBl—g 2A; CIs and drives the
population dynamics to the X 2B, state as shown in the panel (b) of Fig. 4.6.

It can be seen from the panels (c-f) of Fig. 4.6 that, the time-dependent diabatic elec-
tronic population of the A 2Aq, B 2Bo, C 2A,, D 2A; and E 2B, electronic states of
c-CoH4O" seems to be more interesting to understand the nonadiabatic dynamics in
the current scenario. The population for an initial excitation of the WP to the B 2B,
state is shown in Fig. 4.6 (c), and most of the population flows to the X 2By, A 2A4,
C 2A5 and D 2A, states. This is due to the minimum of the A 2A1—§ 2B, CIs located
~1.74 eV, ~0.33 eV, above the minimum of the A 2A; and B ?B, states, respectively.
The minimum of the X QBl—E 2B, ClIs located ~2.58 €V above the minimum of the
X 2B, state and ~0.58 eV above the minimum of the B 2Bj state (cf., Table 4.4). The
coupling between X 2B, state with A 2Aq, B ’B,, C 2A, and D 2A; states is strong
(cf., Table B4 of Appendix B). Because of the strong vibronic coupling, when the WP is
initially prepared on the B 2B, state most of the population is transferred to the X 2By,
A 2Aq, C 2A5 and D 2A; electronic states. And there is a strong vibronic coupling
between X 2B, and B 2B, states along the v13 and v14 115 modes of ag symmetry (cf.,
Table B4). So, the population flows to the X 2B; state slowly increases at longer time

scale and the decay rate of B 2B, state is estimated to be ~6 fs.

When the WP is initially prepared on the C 2A, state and the corresponding population
profile is shown in the Fig. 4.6 (d). In this case, the major portion of the population
flows to the B 2B, state via the energetically low-lying B 2By-C 2A, Cls minimum.
The minimum of the B 2B, and C 2A5 CIs located ~1.22 eV and ~0.39 eV above the
minimum of the B 2By and C 2A, states, respectively (cf., Table 4.4). Also, there is
a strong nonadiabatic coupling between the B 2By-C 2A, states along the vg, v7 and
vg vibrational modes of b; symmetry (cf., Table B4 of the Appendix B). However, the
coupling between X 2B1—5 2A,, A 2A1—6 2A5 and C 2A2—l~) 2A, states are also rela-
tively strong enough (cf., Table B4 of the Appendix B) to drive the population to the
X 2By, A 2A; and D 2A; states as well. A decay rate of ~12 fs is estimated from the
C 2A,-state population.

The population for an initial excitation of the WP to the D 2A; state is shown in Fig.
4.6 (e). Surprisingly in this case most of the population flows to the higher excited E 2B,
state and the decay rate of ~11 fs for the D 2A; state. This is mainly because of the
minimum of the D 2A1—E 2B, Cls is located ~1.03 eV and ~0.05 eV above the minimum
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of the D 2A; and E 2B states, respectively (cf., Table 4.4). It can be seen from panel
(e) of Fig. 4.6 that, in addition to the E 2B, state the population is transferred to the
E 2B, and X 2B; electronic states. This is because of strong nonadiabatic coupling of

2A1 2B1, X 2B1—l~) 2A; and B 2B2—5 2A1 electronic states (cf., Table B4 of the
Appendix B).

The electron population dynamics becomes more complex and involved when the WP
is initially prepared on the E 2By electronic state and it is shown in the panel (f) of
Fig. 4.6. Most of the population flows to the C 2A, electronic state and a small amount
of population is transferred to the B 2B, and D 2A; electronic states. This is because
of strong vibronic coupling between C 2A2—~ D 2A;, C 2A2—~ ’B; and D 2A1—~ ’B,;
electronic states. Among these, C 2A5-D %A, coupling is relatively stronger than the
C 2A5-F 2By and D 2A;-E 2B, states (cf., Table B4 of Appendix B). So, due to this
C 2A, state acquires more population. A decay rate of ~54 fs is estimated from the

decay of population of E 2B, state.

4.6 Summary

In summary, a detailed theoretical study of the vibronic coupling in the photo-ionization
spectroscopy of ¢-CoHyO is discussed in this chapter. The multi-state multi-mode vi-
bronic coupling in the first six energetically low-lying electronic states of this c-CoH4OF
is considered in this study. We calculated the electronic PESs using the extensive ab
initio quantum chemistry calculations with EOMIP-CCSD method. The PESs of the
X ’By, A 2A,, B 2B2, C 2A,, D 2A; and E 2B, electronic states of c-CoH4O radical
cation are plotted along the dimensionless normal displacement coordinates. A vibronic
model Hamiltonian of the coupled manifold of X 2By, A 2A4, B 2Bo, C 2A,, D 2A,
and E 2B, electronic states is constructed in a diabatic electronic basis. The stan-
dard vibronic coupling theory and the elementary symmetry selection rules are used
for this purpose. The nuclear dynamics calculations are treated with the developed
Hamiltonian parameters using both time-independent matrix diagonalization and time-
dependent WP propagation methods. To treat the nuclear dynamics in full dimension
we have included all the fifteen (5a1 + 3b1 + 4by + 3ag) vibrational modes. The vibronic
band structures of X ’By, A ’A4, B 2B2, C 2A,, D 2A, and E 2B, electronic states are
discussed and assigned. Vibrational modes responsible for a particular band structure is
identified. It is found that, the impact of nonadiabatic coupling between X 2B;-A 2A4,
B 2B,- C 2A5 and D 2A-FE 2B1 states is stronger as compared to other pos&ble elec-
tronic states combination. The decay rates of X ’By, A ’Aq, B 2B2, C 2Ay, D 2A1 and
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E 2B, states are also calculated. The X 2B1—/T 2Aq, B 2B2—6' 2A5 and D 2A1—E ’B,;
coupling has a significant effect on the vibronic structure of the second, third and fourth

vibronic bands and are shown in the Fig. 4.5.

It is found that, B 2B, and C 2A, electronic states undergo the PJT effect along the
b1 symmetry vibrational mode. This leads to a symmetric double well potential topog-
raphy and the minimum at a distorted geometry as compared to the FC geometry (at
@=0) of the adiabatic B 2By state. Among the three b; symmetry vibrational modes
(v, v7, 1), v7 mode has strong coupling between the B 2By and C 2A, states, along
v and g modes and coupling is moderate. Finally it is concluded that, X 2B;-A 2A4,
B 2By-C 2A, and D 2A;-F 2B electronic states are energetically close, they have strong
nonadiabatic coupling between them and all of these couplings played a major role in
the nuclear dynamics. The calculated theoretical results are shown to be in good accord
with the available experimental results. In addition to this, the interesting c-CoH4O

results are compared with that of acetaldehyde isomer [98].



Chapter 5

Photoionization of Aziridine:
Nonadiabatic Dynamics of the
first six low-lying electronic states

of the Aziridine radical cation

In this chapter, the nonadiabatic dynamics of the first six low-lying electronic states
of the aziridine radical cation is investigated using the vibronic coupling theory. A
brief introduction and the motivation behind this chapter is discussed in the following.
Three-membered cyclic molecules are geometrically strained and the atoms present in
these molecules show some interesting properties in molecular spectroscopy [93]. So the
electronic and geometrical structural studies of strained molecules have lots of impor-
tance both in experimental as well as in theoretical studies. A large number of organic
molecules are found in the Interstellar medium (ISM) [25]. The aziridine (CHoNHCHy),
also called ethylene imine is a three-membered heterocycle having an amine group. The
CH3NHCH; is a feasible interstellar molecular candidate since it contains a number of
small nitrogen compounds and epoxides have been discovered in the ISM [77] as well as
in the atmosphere of Titan since many small nitrogen derivates are already found [94].
The CH,NHCHj5 is of potential astronomical importance because it may be a constituent
of so-called hot cores, star-forming areas with relatively large abundances of complex
organic compounds [95, 96]. Myers et al. reported on the fruitless search for interstel-
lar pyrrole in 1980 [97]. They assumed, in some ways, that because of their favorable
partition characteristics, oxirane and aziridine were ideal candidates for astronomical
detection. The structure of aziridine can be simply deduced by replacing the oxygen

atom by NH in ¢-CoH40 ring. We put forward aziridine to be a promising candidate

71
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for interstellar chemistry due to its abundant nitrogen and multi-faceted interstellar
chemistry. Therefore, the study of photochemistry and photophysics of CHoNHCH> has

fundamental importance.

High-resolution photoelectron (PE) spectrum of CHoNHCH; was recorded by Basch et
al. [86] in 1969. The objective of their work was to comprehend the electronic structures
and electronic spectra of small molecules. They employed computations of contracted
Gaussian-type orbitals (GTO), gas-phase optical spectroscopy, and condensed-phase op-
tical spectroscopy. In this study, the gaseous molecule was exposed to monochromatic
light with an energy of 21.22 eV to obtain the PE spectrum. The ejected electrons kinetic
energy was examined using the 1270 electron velocity analyzer described by Turner [180].
Rademacher et al. [181] utilized quantum mechanical calculations and ultraviolet He (I)
photoelectron spectroscopy to examine the electronic structure of substituted aziridines.
They analyzed the experimental data through ab initio calculations, performed with
3-21G and 6-31G* basis sets in GAUSSIAN 82. The initial vibrational mode studies of
aziridine were conducted by Potts et al. [182] and Mitchell et al. [183]. Subsequently,
Coulombeau et al. [184] recorded neutron inelastic scattering spectra, particularly iden-
tifying the A” ring deformation at 820 cm~!. Nagom et al. [185] recorded high-resolution
Fourier transformation spectra of aziridine, reassigning all fundamental bands using ex-
perimental data and findings from ab initio calculations. Theoretical calculations on
electronic structure, vertical ionization energies (VIEs), and infrared spectrum were also
reported [186-189]. Bieri et al. [47] captured the CHoNHCHy PE spectrum using He
I and II ionization sources, attributing the four bands in the 8-18 eV energy range to
the ionization of six valence molecular orbitals (MOs) of CHoNHCH,. However, the
above-mentioned studies are done at a very preliminary level of computation, and there
remains many aspects to explore on these to understand the photoelectron spectroscopy
of CHoNHCHj5 molecule. Also, multi-state and multi-mode dynamics of this molecule is
still missing in the literature. So, we took up this problem trying to understand the mi-
croscopic details of the photoelectron spectrum of CHo,NHCH, molecule using vibronic

coupling theory [167].

The main goal of our present work is to study the photoelectron spectrum of the
CH3NHCHj3 molecule using the vibronic coupling theory. Going beyond the BO- approx-
imation, we develop the vibronic coupling model Hamiltonian for the six energetically
low-lying electronic states (i.e., X 2A’, A 24', B 24", C 2A"D 2A’, and E 2A") of
CHQNHCHQ+ , to investigate nonadiabatic nuclear dynamics. The ab initio electronic
structure calculations are performed using EOMIP-CCSD and MCQDPT methods in
CFOUR [150][151] and GAMESS [116, 121-124] program packages, respectively. The
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vibronic coupling model Hamiltonian is developed within a diabatic electronic basis. We
employ a four-fold diabatization scheme for evaluating the model Hamiltonian param-
eters between the same symmetry electronic states. The diabatic electronic matrix is
expanded in terms of dimensionless normal displacement coordinates and basic symme-
try selection rules using a Taylor series expansion. Quantum dynamical calculations are
performed using the MCTDH approach [130, 138, 152, 190], developed at Heidelberg
university, in both time-independent and time-dependent frameworks. Finally, the cal-
culated vibronic band structures are interpreted and analyzed. The results are in good

accord with available experimental recordings [47].

5.1 Computational details

5.1.1 Ab initio calculations

The equilibrium geometry of the reference electronic ground state of CHoNHCH; is op-
timized using the density functional theory (DFT) with Becke 3-parameter, Lee, Yang,
and Parr (B3LYP) functionals employing the augmented correlation-consistent polar-
ized valence triple zeta (aug-cc-pVTZ) basis set of Dunning [191], implemented in the
Gaussian-09 program module [155]. The resulting optimized equilibrium geometry ex-
hibits Cs point group symmetry, as depicted in Fig. 5.1, which includes atom numbering

and atomic labels. The optimized equilibrium geometry parameters are presented in Ta-

FIGURE 5.1: Schematic diagram of the optimized equilibrium ground electronic geom-
etry of CHoNHCHs,.

ble 5.1. Comparison with available experimental results and previous theoretical data
from the literature demonstrates good agreement with our calculated theoretical geom-

etry parameters [187, 192].
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TABLE 5.1: The optimized equilibrium geometry parameters of the electronic ground
state of CHoNHCH; are presented, including the bond length (R) and bond angle (£)
measured in Angstroms (ﬁzA”) and degrees (°), respectively. Both theoretical data
and experimental results reported in the literature are provided for comparison.

Parameters This work | Theoretical[187] | Experimental [192]
R (CL-N7, C2-N7) 1.47 1.47 147
R (C1-C4) 1.48 1.48 1.48
R (C1-H3,C4-H5) 1.08 1.09 1.08
R (C1-H2,C4-H6) 1.08 1.08 1.08
R (N7-H) 1.01 1.02 1.01
/ (CIN7C4) 60.4 60.3 60.3
Z (H3C1IN7, H5C4NT) 118.6 118.9 118.3
Z (H2C1N7, H6C4NT) 114.7 114.5 114.3
Z (H2C1C4, H6C4C1) 119.8 119.9 119.3
/ (H3C1C4, H5C4C1) 118 118 117.8
Z (H3C1H2, H5C4H6) 114.8 114.7 115.7
¢ 69.6 67.4 67.5

% Angle between N-H bond and plane of the molecular ring.

The aziridine molecule is a three-membered heterocyclic ring with an amine group,
having the molecular formula CoH4NH and comprising eighteen vibrational degrees of
freedom (DOF). Harmonic vibrational frequencies (w;) of this molecule are calculated
using the Gaussian-09 program module [155] at the same level of theory. The vibra-
tional frequencies are transformed from mass-weighted normal displacement coordinates
to dimensionless normal displacement coordinates @); by multiplying with \/(,T/h (with
h in atomic units). The harmonic vibrational frequencies of the eighteen modes, their
symmetry, and mode designations are presented in Table 5.2, along with available liter-
ature data [182, 185, 185] for comparison. The data in Table 5.2 show good agreement
between our calculated theoretical harmonic frequencies and the existing literature data

[182, 185, 185].

The vertical ionization energies (VIEs) of the equilibrium geometry of the reference elec-
tronic ground state are computed using OVGE, EOMIP-CCSD, and MCQDPT methods
employing the aug-cc-pV'TZ basis set. The calculated VIEs are listed in Table 5.3, along
with available theoretical and experimental results [47, 181, 193, 194]. Our theoretical
VIEs reveal good agreement with the literature data [47, 181, 193, 194]. Table 5.3 also
highlights that, at the Frank-Condon configuration, the energies of electronic states are
in close agreement with the available literature data, and pairwise states exhibit the
same symmetry. This suggests that vibronic coupling between these electronic states

may play a significant role in driving the nuclear dynamics within these electronic states.
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TABLE 5.2: The designation of vibrational modes, their harmonic frequencies (in
cm™!) and symmetry, of the ground electronic state of CHoNHCH,.
Symm. | modes | This work | Theory[185] Expt.[182] | Expt.[185] Assignment
vy 3504.99 | 3514.1/3527.4 | 3338 (3346)" 33374 N — H str.
2 3194.2 3194.2/3231.2 3079 3079.6 C'H, asymmetric-str.
V3 3110.48 3108.1/3157.2 3015 3002.8 CHs symmetric-str.
vy 1524.37 1526.7/1543.9 | 1481 (1483)b 1482.9 C'H,, scissor.
A Vs 1295.39 1294.4/1315 1210 1266.7 Ring str.
Vg 1237.25 1239.1/1253.3 | 1131 (1096)b 1210.2 CH, twist.
vy 1114.43 1116.6/1125.9 1090 1089.4 CH> wagging.
Vg 1006.29 1006/1018.6 998 997.1592 N — H bending.
Vg 868.39 870.3/889.8 856 855.94 Ring deformation.
V10 778.95 778.7/784.3 773 772.3571 CH> rocking.
V11 3181.46 3180.9/3217.4 3079 3083.73 C H; asymmetric-str .
Vig 3105.61 | 3103.1/3148.8 | 3015 (3003)® 3015.6 C'Hy symmetric-str.
V13 1497.55 1499.8/1511.9 1462 1462.2 CH> scissor
A" V14 1267.29 | 1237.4/1276.8 1268 1237 CH, twist
V15 1154.98 1154.8/1165 1237 1130.4 N — H bending
Vig 1123.46 1124.7/1123.4 | 1095 (1131)b 1130.4 CH, wagging
iy 918.56 919.4/920.5 904 904.0429 C'H, rocking
V18 851.94 857.3/865.8 817 - Ring deformation

b See reference [183]

TABLE 5.3: The VIEs (in eV) of the energetically lowest six electronic states of the
CHQNHCH;_ calculated at the reference equilibrium geometry of CHoNHCHs.

Electronic | OVGE | EOMIP-CCSD | GAMESS(13,08) | Theory[193, 194] | Expt.[181] | Expt.[47]

States

X 24/ 9.961 9.14 9.68 9.84 9.86
AzA 12.249 12.26 11.52 12.05 11.94 11.9
B24” | 12.450 12.43 12.10 12.22 12.72 12.7
C24" | 13.648 13.63 13.21 13.37 13.53 13.6
D 24/ 16.136 16.21 15.39 15.87 15.90 16.0
Ez2A 17.635 17.69 16.84 17.49 17.35 17.5

The PESs of the first six low-lying electronic states ()N( 24" A2A, B2A", C2A"D 24,

and E 24’ ) of CHoNHCH; are computed along the dimensionless normal displacement

coordinates of the reference electronic ground state of CHyNHCH5. Diabatic and adia-
batic energies are determined using the EOMIP-CCSD and MCQDPT methods with the
aug-cc-pV'TZ basis set, utilizing the CFOUR and GAMESS suite of programs, respec-

tively. Additionally, VIEs are calculated along the dimensionless normal displacement

coordinates of individual vibrational modes for nuclear geometries, ranging from Q; =
+0.10, £0.25 to +5.0 with a spacing of 0.25.
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5.1.2 Vibronic coupling model Hamiltonian

The vibronic coupling model Hamiltonian of the coupled X 24", A24, B2A", C2A"D2A,
and E 2A’ electronic states of CHQNHCHQ+ is developed here in a diabatic electronic basis
following standard vibronic coupling theory [167]. Dimensionless normal displacement
coordinates of vibrational modes, and elementary symmetry selection rules are employed
in the construction [99]. The electronic reference geometry of CHaNHCH; has Cy point
group symmetry, and hence the electronic states of this molecule belongs to A’ and A”
electronic terms. Irreducible representation (IRREP) of the eighteen vibrational modes
of CHyNHCH,; reads as

Ly = 10a + 8a”. (5.1)

Coupling between the states n and m by the vibrational mode @ is governed by the
following selection rule
I'n@Ig®Iy DIa. (5.2)

In the above equation I3, and I3, represents the IRREP of n and m electronic states,
respectively, and I'g represent the IRREP of the Qth vibrational mode. The Eq.(5.2)
states that, the direct product of the above-mentioned IRREPs should transform into
a totally symmetric representation which is shown as I'4. Therefore, the symmetry al-

lowed coupling occur between the A’ and A” symmetry states with a” vibrational modes
(A@d" @ A" > A).

The total Hamiltonian for the first six coupled X 2A’, A 24’, B 24", C 2A”, D 24’ and
E 24’ electronic states of CHgNHCHSr can be symbolically written as
H=Hole + AH (5.3)

In the above equation, Hg is the unperturbed Hamiltonian of the reference electronic
ground state of the CHo,NHCH,. Its elements within the harmonic approximation are

given below

Ho = T + Vo (5.4)
where, 2
Tn = —;i egja”wi;@ (5.5)
Vo = ! > wiQ? (5.6)
2

iea,a
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In the above Eq.(5.4), Ty and V) represents the kinetic energy and potential energy of
the reference CH,NHCH, molecule, respectively. In Eq.(5.3), the quantity 1¢ represents
a (6 x 6) diagonal unit matrix and the quantity AH defines the change in electronic
energy upon ionization from CH2NHCH> to CHQNHCH;r electronic states. It can be
defined in the following way

pX oWk wXi kB X6 b pfE
pAiowA WA wAe oAb b
oy pPewE  wiC wED wEE |
= W owe  wop  oyer |O0)
hc. EP 4+ wP  wDE
EF + WP

In the above matrix, the diagonal elements represent the diabatic electronic energies of
CHQNHCH; , and the off-diagonal elements represent the coupling between the various
excited electronic states. The quantity £™ defines the VIEs of the nth electronic state
(where n(m):)? ,A, B,C,D,and E‘) The elements of both W™ and W™ are expanded
in a Taylor series expansion around the equilibrium geometry of the reference electronic

ground state at @@ = 0 in the following way

-0ty 3 a0t 5oty 3 ol 5 el

/ " . / "
,]ea a ica ,a

(5.8)
6 7 v n
i Z G+ 7.25"62 S,Z# PineXtok,
ied’ ,a

Z)\(l)Qz 3'ZA(3)Q3 S,ZA QP + 7|Z)\ T, nymeX toE.
(5.9)

T, ¢, B and pft are the linear, quadratic,

In Eq.(5.8), the quantities ', Vigs ity Ofs @
cubic, quartic, fifth, sixth, seventh and elghth order intra-state coupling parameters,
respectively, of the nth electronic state along the ith vibrational mode. In Eq.(5.9), the
(n)

elements \; " defines the inter-state coupling parameters of nth-order.

In particular, for the electronic couplings between the states of same spatial symme-
try (i.e., A" or A”), we used the fourfold-way diabatization scheme [116, 121-124] at
the MCQDPT level of theory using the GAMESS suite of program. The fourfold-way
produces smoothly varying diabatic molecular orbitals (DMOs). The transformation of
the usual configuration state functions (CSFs) written in terms of canonical (adiabatic)

MOs into orthogonal diabatic CSFs (CSF's written in terms of DMOs) is unique. That
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is, we first obtained CASSCF DMOs, then the adiabatic MCQDPT wave functions were
expressed in terms of the CASSCF DMOs and the latter are used for direct diabati-
zation to obtain the energies of diabatic states and the couplings between them. The
following equation is used to evaluate the inter-state couplings between the same spatial

symmetry electronic states.
2 3) - =
™= ugy +Z)\ QZ Z'Z)\( )QQ 3'2)\( 73 nomeXtoE. (5.10)

Where ug™ is a electronic couplings of the diabatic electronic states considered in the

model and calculated at the ground state reference geometry (Q=0). The ug™ is a con-

stant at a distorted geometry for the X 24’-A 24" (~ -0.027 eV), X 24’-D 24’ (~ -0.021

eV) X 2A-E 24’ (~ -0.013 eV), A 24’-D 24’ (~ -0.08 eV), A 24"-E 24’ (~ -0.032 eV),
B 2A"-C 24" (~ -0.04 eV) and D 24’-E 24’ (~ -0.042 eV) coupled surfaces.

The Hamiltonian parameters of the Eqs. (5.8)-(5.9) are given in Tables 5.4-5.5 and C1-
C6 of the Appendix C. The same spatial symmetry couplings are mentioned in Table
C7 of Appendix C. The diagonal bilinear (;; in Eq.(5.8) coupling parameters along the
six totally symmetric (v4, vs, vg, V7, V9 and vyg) vibrational modes are also calculated
with the EOMIP-CCSD method. For this purpose, a two-dimensional fit of the ab initio
calculated adiabatic electronic energies is carried out by using the Levenberg Marquardt

algorithm [169]. The estimated diagonal bilinear coupling parameters are given in Table
C8 of Appendix C.

5.2 Results and discussion

In this section, we present the results of our theoretical calculations. We begin with
a comprehensive analysis of the PESs of the first six low-lying electronic states of
CH2NHCHJ . Subsequently, we focus into the vibronic band structures of the X 24/ ,
AZ2A, B2A" C2A" D24 and E 24’ electronic states, computed using the diabatic
model Hamiltonian (cf., Eq. 5.3) developed in Sec. 5.1.2. These calculations are carried
out both with and without electronic state couplings to gain deeper insights into nona-
diabatic effects. Moreover, we analyze the decay rates of electronic states and internal
conversion processes, examining the dynamics of coupled states and the time evolution of
diabatic electronic populations. Finally, we discuss and compare our theoretical findings

with available experimental results [47].
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5.2.1 Potential energy surfaces

One-dimensional potential energy cuts of the X 24/, A 24/, B 24", C 24", D 2A’, and
E 2A’ electronic states of the CHQNHCH; are computed using both the EOMIP-CCSD
and MCQDPT methods along the dimensionless normal displacement coordinates (Q)
of the totally symmetric, a’ vibrational modes (v; — v19). These plots are presented in

Figs. 5.2 and 5.3, respectively. Corresponding coupling parameters are provided in
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FIGURE 5.2: One-dimensional cuts of the multi-dimensional adiabatic PESs of six low-
lying electronic states X 2A4’, A 24’ B 24", C 24", D 2A’, and E 2A’ are plotted
along the dimensionless normal displacement coordinate of the totally symmetric a
vibrational modes, v; — vy, for the CHQNHCH; ion. The asterisk points represent the
ab initio calculated result using the EOMIP-CCSD method, while the solid lines depict
the electronic energies obtained from the vibronic model.

Tables 5.4-5.5 and C1-C7 of Appendix C. For brevity, only the PESs (computed using
the EOMIP-CCSD method) along the non-totally symmetric (a”) vibrational modes
(v13 — 115 and vgg) are shown in Fig. 5.4. In each panel of Figs. 5.2-5.4, data points
represent the ab initio electronic energies, while solid lines represent the Hamiltonian
model defined in Section 5.1.2. These comparisons demonstrate the accuracy of our
model Hamiltonian in reproducing the ab initio electronic structure data. Notably, we
find that up to eighth- and seventh-order Taylor expansions of the electronic Hamilto-
nian along both ¢’ and a” vibrational modes are necessary to accurately represent the

ab initio points.
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FIGURE 5.2: continued

The symmetric and asymmetric modes serve as tuning and coupling modes, respectively.
Symmetric modes adjust the electronic energy minimum of CHoNHCH states relative
to the equilibrium minimum of the electronic ground state of CHoNHCHy (Q=0), thus
modifying the vertical energy gap between electronic states. The electronic states, de-
picted in Figs. 5.2-5.4 and detailed in Table 5.3, demonstrate that the X 2A’ state is
slightly separated in energy from the other five excited electronic states. Conversely, the
A2A", B2A” and C 2A” states exhibit close energetic proximity to each other (cf., Table
5.3). This proximity can result in multiple CIs in multi-dimensional space, as seen in
Figs. 5.2 and 5.3 along the vibrational modes of v4, vg, V7, 19, and vg. At the Frank-
Condon geometry, both D 24’ and E 24’ electronic states are well-separated, and these
two states are energetically distant from their lower electronic states (cf., Table 5.3).
However, D 24’ and E 24’ states intersect at longer distortion points along the vs, vy,
and v5 vibrational modes (cf., Figs. 5.2 and 5.3). Using a second-order coupling model
and parameters from Tables 5.2-5.5, the energies of various stationary points, including
state minima and the energetic minimum of the seam of CIs, are calculated employing a
minimization algorithm with Lagrange multipliers. MATHEMATICA software [170] is
utilized for this purpose. The results are tabulated in a matrix array in Table 5.6, where
diagonal entries correspond to specific electronic state minima, and off-diagonal entries

indicate intersections with neighboring electronic states (i.e., minima of the intersection
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FIGURE 5.3: One-dimensional cuts of the multi-dimensional PESs of six low-lying
electronic states X 24", A 2A’, B2A"”, C2A", D 24/, and E ?A’ are plotted along the
dimensionless normal displacement coordinate of the totally symmetric a’ vibrational
modes, v, — 110, for the CHoNHCHZ ion. The asterisk points represent the ab initio
calculated result using the MCQDPT method, while the solid lines depict the electronic
energies obtained from the vibronic model.

It can be seen from the Table 5.6 that, the minimum of the X 24’ state is separated from
all other excited electronic states (i.e., A 2A’-E 24’). The intersection of the X 2A’ state
with the latter states occur at high energies. Using the EOMIP-CCSD (MCQDPT)
electronic structure data the X 2A’-A 24’ intersection minimum is found at ~11.10 eV
(9.99 V) and the minimum of the A 2A’ state appears at ~11.10 eV (9.98 V), and it
is almost near degenerate with the X 2A’-A 24/ intersection minimum (cf., Table 5.6).
The B 2A4” state minimum is found at ~10.79 eV (10.37 ¢V), with the EOMIP-CCSD
electronic structure data this state energy is lower than the A 24’ state minimum. This
is due to at larger distortion points (away from the FC geometry) both A 24’ and B 2A”
states minimum interchange, and also there is a strong vibronic coupling between them
(cf., Table C5-C6 of Appendix C). On the other hand, in the case of MCQDPT electronic
structure data and the corresponding static energies of A 24’, B 24” and C 2A” elec-
tronic excited states, we have discarded the vg vibrational mode due to large negative

value (it is greater than its corresponding frequency value). The energies of these three
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FIGURE 5.3: continued

states are in increasing order, which is inconsistent with the static energies derived from
the EOMIP-CCSD data (cf., Table 5.6). However, the minimum energy values and their
corresponding CI minimum points are close to each other in energy. The D 24’ and
E 24’ electronic states exhibit well-separated minimum energies compared to the other
electronic states. However, the intersection minimum between the D 2A’ and E 24/
states is nearly degenerate with the minimum energy of the E 2A’ state (cf., Table 5.6).
Additionally, the A 24’-B 2A”-C 2 A” states demonstrate similar energy levels, with their
intersection minima also closely situated. These observations indicate that these three

states may significantly influence the nuclear dynamics.

The results presented above, along with the potential energy curves shown in Figs. 5.2
and 5.3, indicate that the X 24’, D 24’ and E 2A’ electronic states are energetically
well separated from the other electronic states. Notably, the A 24’, B 24” and C 24"
electronic states exhibit close energy levels, with their respective equilibrium minima
situated closer to various intersection minima (cf., Table 5.6). Moreover, these three
states intersect each other, leading to the formation of several conical intersections in
multidimensional space (cf., panels (d)-(j) of Figs. 5.2 and 5.3 |]. The low symmetry
(Cs) point group of the CHoNHCH; molecule results in the generation of low-lying elec-

tronic states with the same symmetry terms simultaneously (cf., Table 5.3). In the
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FIGURE 5.4: One-dimensional cuts of the multi-dimensional PESs of six low-lying elec-
tronic states X 24/, A 24’ B 2A”, C 2A”, D 24/, and E 24’ are plotted along the
dimensionless normal displacement coordinate of the a vibrational modes, V13 — V15,
and vy for the CHoNHCHS ion. The asterisk points represent the ab initio calculated
result using the EOMIP-CCSD method, while the solid lines depict the electronic en-
ergies obtained from the vibronic model.

adiabatic picture, these states would typically avoid each other (cf., Fig. 5.2). Initially,
we computed the PESs using the EOMIP-CCSD method and observed avoided crossings
between electronic states with the same spatial symmetry (cf., Fig. 5.2). As detailed
in Sec. 5.1.2, we employed a four-fold diabatization scheme to eliminate these avoided
crossings among states with the same spatial symmetry. For this purpose, we utilized
the MCQDPT level of theory within the GAMESS suite of programs. The resulting
diabatic PESs are plotted along the dimensionless normal displacement coordinates of
totally symmetric, o’ vibrational modes (v1-v19) and are depicted in Fig. 5.3. Notably,
these diabatized PESs effectively remove the avoided crossings observed in the adiabatic

representation (cf., Fig. 5.2).

Based on the aforementioned findings and the potential energy curves presented in Figs.
5.2-5.4, it is evident that the X 24’, D 24’ and E 24’ electronic states exhibit clear
energetic separation from the other electronic states. Conversely, the A24 , B 24" and
C 2A” states demonstrate close energy levels, resulting in the formation of multiple ClIs

in higher-dimensional space. Additionally, the coupling between these states is notably
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strong (cf., Tables C5-C6 of Appendix C). Furthermore, strong couplings are observed
between states sharing the same spatial symmetry (B 2A4” and C 2A4”) (cf., Table C7
of Appendix C). Moreover, one-dimensional adiabatic potential energy curves of the
X 24’ to E 2A’ states along the a” symmetry vibrational modes are depicted. Notably,
along the vibrational modes v13-v15 and v1g, the A 24, B 24" and C 2A” electronic
states exhibit strong repulsion, with the lower A 24’ state forming double-minimum
potentials at distorted geometries. This phenomenon is known as pseudo-Jahn-Teller
type potentials [167, 178]. Therefore, nonadiabatic coupling among all these states is

expected to play a significant role in the nuclear dynamics.

5.2.2 Vibronic structure of the CH,NHCH;
5.2.2.1 Uncoupled states calculations

In this section, we discuss the vibrational energy levels spectrum of X 2A’, A 24/,
B 24", C 24", D 24’ and E 24’ electronic states of CH2NHCHS, and are calculated
using the matrix diagonalization method [167], which is implemented in the MCTDH
[140, 152, 171, 172] program module. Here, we focus on the individual (X 24’ to E 24’)
electronic state spectra without considering the interactions between them. These cal-
culations are based on the strength of each a’ vibrational mode coupling within a state
and a diabatic vibronic model Hamiltonian (Eq. 5.3) constructed in Sec. 5.1.2. We
used both EOMIP-CCSD and MCQDPT electronic structure data parameters for these
calculations, and the associated results are presented in panels (a) and (b) of Fig. 5.5,
respectively. The HO basis functions in each state used along each required (i.e., based
on the couplling strength) mode are given in Table C9 of Appendix C. For each X 24/ ,
A2A, B2A" C2A" D24 and E 24’ electronic states, the Hamiltonian is diagonal-
ized using 10,000 Lanczos iterations to generate the corresponding spectral bands and
vibronic band structures (lines) they are shown in Fig. 5.5. Spectral envelopes in the
Fig. 5.5 are created by convoluting the spectra with Lorentzian functions of 40 meV full

width at the half maximum.

The energy eigenvalues of the uncoupled X 24/, A 24/, B 24", C 24", D 24’ and
E 24’ electronic states are calculated using both EOMIP-CCSD and MCQDPT Hamil-
tonian parameters. The low-lying vibronic levels for each state, along with their as-
signments, are provided in Tables C10 and C11 of Appendix C. Peak assignments are
determined by analyzing the nodal patterns of the wave functions, calculated using a
block-improved relaxation method, and it is implemented in MCTDH program mod-
ules [140, 152, 171, 172]. The results presented in Tables C10 and C11 of Appendix

C illustrate that the excitation of fundamental ¢’ vibrational modes (v1-v1) depends
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TABLE 5.4: The linear (k;) and quadratic (c;) coupling parameters for the X 24/,
A 24’ B 247, C 24”7, D 24, and E 24’ electronic states of the CH,NHCH] are
calculated using the EOMIP-CCSD method. All values are provided in eV, with di-
mensionless Poisson parameters (mQ / Qwiz) given in parentheses.

)~( 2A K 2 A B 24"
Symm. Modes Ki Y5 Ki i Ki Yi
a ” 0.0412 (0.0045 )  0.0096 0.1447 (0.0554)  -0.0036 0.0332 (0.0029)  0.0087
Vo 0.0042 (0.00006)  0.0080 0.0223 (0.0016)  0.0064 -0.0225 (0.0016)  -0.0258
vs  -0.0047 (0.00007)  0.0047 -0.0179 (0.0011)  0.0018 -0.0430 (0.0062)  -0.0010
V4 0.0642 (0.0577 )  -0.0109 0.1194 (0.1995)  -0.0203 0.2320 (0.7534)  0.0004
s 0.2556 (1.2663 )  -0.0144 -0.0595 (0.0686) -0.0421 0.0797 (0.1231)  -0.0647
Ve 0.1220 (0.3162 )  -0.0342 -0.2497 (1.3248)  0.0454 0.0728 (0.1126)  -0.0237
vy -0.0230 (0.0138 )  -0.0247 -0.1238 (0.4014)  0.0067 0.4019 (4.2303)  -0.0149
Vs 0.0978 (0.3072 )  -0.0132 0.0648 (0.1349)  -0.0420 -0.0395 (0.0501)  -0.0552
vy -0.2462 (2.6145 ) -0.0129 -0.1114 (0.5353)  0.0006 0.3341 (4.8146)  0.0131
V1o 0.0190 (0.0193 )  0.0150 -0.3713 (7.3904)  -0.0087 0.2079 (2.3170)  -0.0267
a’ Vi1 - 0.0060 - -0.0302 - 0.0365
V1o - 0.0028 - -0.0297 - 0.0179
V13 - -0.0103 - -0.0792 - 0.0519
Via - -0.0456 - -0.3453 - 0.2805
vis - -0.0182 - -0.3057 - 0.1151
Vig - 0.0068 - -0.0467 - 0.0273
V17 - -0.0236 - -0.0790 - 0.0385
vis - -0.0222 - -0.4310 - 0.4482
6 2A// ]5 2A/ E 2A/
Symm. Modes K i K Yi Ki Yi
a yl 0.0213 (0.0012)  0.0067 0.1123 (0.0334)  -0.0096 0.1428 (0.0540)  0.0034
vo -0.0161 (0.0008)  0.0087 -0.2673 (0.2277)  0.0271 0.2175 (0.1507)  -0.0167
3 -0.4089 (0.5621)  0.0189 -0.1821 (0.1115)  -0.0025 -0.2259 (0.1716)  0.0193
V4 -0.3783 (2.0032)  -0.0854 0.0786 (0.0865)  -0.1078 0.0494 (0.0341)  0.0751
s 0.0567 (0.0623)  0.0377 -0.0519 (0.0522) -0.0448 0.2151 (0.8968)  0.0143
Ve 0.0541 (0.0621)  -0.0182 -0.2685 (1.5318)  -0.0019 -0.1888 (0.7574) -0.0191
Ve -0.0781 (0.1597)  -0.0743 0.0507 (0.0673)  -0.0441 0.1287 (0.4338)  -0.0022
vs 0.0705 (0.1596)  -0.0024 -0.0622 (0.1243) -0.0189 -0.0269 (0.0232) -0.0273
vy 0.0741 (0.2368)  -0.0397 -0.0316 (0.0431)  -0.0020 0.0503 (0.1091)  0.0045
V10 -0.0139 (0.0103)  -0.0819 0.1526 (1.2483)  -0.0248 0.0555 (0.1651)  -0.0347
a’ v - -0.0438 - 0.0374 - -0.0085
Vis - -0.0207 - 0.0348 - 0.0225
V13 . -0.1821 - 0.0189 - 0.0066
Via - -0.0443 - 0.0015 - -0.0353
vis - 0.1179 - -0.0441 - -0.0205
vig - -0.0980 - -0.0253 - -0.0598
V17 - -0.0478 - -0.0407 - -0.0407

V18 - 0.0386 - -0.0022 - 0.0188
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TABLE 5.5: The linear (k;) and quadratic (c;) coupling parameters for the X 24/,
A24', B2A", C2A”,D2A’, and E 2A’ clectronic states of the CH,NHCHS are calcu-
lated using the MCQDPT method. All values are provided in eV, with dimensionless
Poisson parameters (Kiz / 2wi2) given in parentheses.

)AZ 2A K 2 A B2A”
Symm. Modes Ki Yi Ki Ys Ki i
a ” 0.0305 (0.0025 )  0.0015 0.1428 (0.0540)  0.0052 0.0209 (0.0011)  0.0025
vy -0.1019 (0.0331) -0.0125 -0.0922 (0.0271) -0.0121 -0.1230 (0.0482 )  0.0007
s 0.0477 (0.0076 )  0.0104 0.0328 (0.0036)  0.0108 -0.0014 (0.000006)  0.0036
V4 0.1501 (0.3154 )  -0.0334 0.1859 (0.4837)  -0.0354 0.2910 (1.1853)  -0.0344
s 0.2394 (1.1109 )  -0.0293 0.0116 (0.0026)  -0.0528 0.1211 (0.2843)  -0.0467
Ve 0.0201 (0.0086 )  -0.0093 -0.2482 (1.3089)  -0.0272 0.0409 (0.0355)  -0.0454
ve  -0.0643 (0.1083 ) -0.0099 -0.0823 (0.1774)  -0.0053 0.3617 (3.4263)  -0.0090
vs 0.0606 (0.1180 )  0.0108 0.0874 (0.2454)  -0.0608 -0.0697 (0.1560)  -0.0212
vy -0.2813 (3.4131) -0.0329 -0.1195 (0.6159)  -0.0305 0.2984 (3.8406)  -0.0498
vie  -0.0193 (0.0200 ) 0.0125 -0.3931 (8.2837) -0.0165 0.1526 (1.2483)  -0.0378
a’ Vi1 - 0.0161 - -0.0128 - 0.0390
V1o - 0.0088 - -0.0181 - 0.0220
vis - -0.0195 - -0.0725 - 0.0489
Via - -0.0576 - -0.2610 - 0.2381
vis - -0.0370 - -0.2817 - 0.0712
V16 - -0.0079 - -0.0554 - 0.0057
V17 - -0.0293 - -0.0749 - 0.0318
vig - 0.0049 - -0.4073 - 0.4210
6 2 A1 ]'5 2 0/ E 2 0/
Symm. Modes K Yi Ki Y K Yi
a i 0.0226 (0.0013)  0.0007 0.1668 (0.0737)  -0.0112 0.0840 (0.0187)  -0.0116
vo -0.1383 (0.0609)  -0.0665 -0.3607 (0.4146) -0.0118 0.0770 (0.0189)  -0.0292
3 -0.3463 (0.4032)  0.0259 -0.1119 (0.0421)  0.0024 -0.1834 (0.1131)  0.0091
V4 -0.2990 (1.2514)  -0.1216 0.2514 (0.8847)  -0.0558 0.0039 (0.0002)  -0.0640
s 0.0668 (0.0865)  -0.0567 -0.0884 (0.1515)  -0.0691 0.2773 (1.4905)  -0.0359
Vg -0.0167 (0.0059)  -0.0736 -0.3233 (2.2209)  -0.0340 -0.2781 (1.6433)  -0.0461
Ve -0.0169 (0.0075)  -0.1139 0.0488 (0.0624)  -0.0773 0.1270 (0.4224)  -0.0398
vs 0.0718 (0.1656)  -0.0860 -0.0887 (0.2527) -0.0712 -0.0029 (0.0003)  -0.0783
vy 0.0703 (0.2132)  -0.0750 -0.0078 (0.0026) -0.0262 -0.0153 (0.0101)  -0.0546
vig  -0.0408 (0.0892) -0.1232 0.1240 (0.8242)  -0.0539 -0.0148 (0.0117)  -0.0854
a’ v - -0.0289 - 0.0294 - 0.0126
Vis - -0.0028 - 0.0595 - 0.0189
V13 . -0.2015 - 0.0225 - -0.0053
Via - -0.0416 - -0.0147 - -0.0457
vis - 0.1295 - -0.0501 - -0.0271
vig - -0.1023 - -0.0398 - -0.0686
V17 - -0.0493 - -0.0467 - -0.0501

vig - 0.0617 - -0.0170 - -0.0073
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on the excitation strength within each X 2A', A 24, B24", C 24", D 24’ and E 24’
electronic state of CH2NHCH§r . Additionally, the excitation of several overtones and
combinations of energy levels is observed. Specifically, in the initial X 24’ electronic
state of CHQNHCHQ+ spectral bands are formed in Fig. 5.5, around ~1288 cm ™!, ~1127
cm ™! and ~815 em ™! (~1341 em ™!, ~1174 ecm ™! and ~820 cm™!) due to the excitation
of vs, vg and vy (14, v5 and vy) vibrational modes, respectively, with the EOMIP-CCSD
(MCQDPT) methods. Weak excitation of vibrational modes 14 and v, (v; and vg) in
the X 2A’ state is also observed, as indicated in Table 5.4 (5.5).

TABLE 5.6: The diagonal elements of the following table represent the minimum equi-
librium energy (in V) of each electronic state, while the off-diagonal elements represent
the minimum energy (in eV) of the intersection seam formed with its neighboring elec-
tronic state of the CH,NHCHZ . These energies are calculated within the Second-order
coupling model and using the adiabatic (diabatic) electronic energies determined via
the EOMIP-CCSD(MCQDPT) method.

)ZQA/ ;‘;214/ 1§2A// cz2a 152A/ E2A/

X 24’ | 9.16 (8.27) | 11.10 (9.99) | 10.91 (10.53) | 12.63 (12.20) | 17.80 (14.60) | 25.90 (
AL - 11.10 (9.98) | 12.05 (11.32) | 12.69 (12.37) | 16.03 (14.24) | 18.69 (
B 24" - - 10.79 (10.37) | 12.82 (12.41) | 16.81 (14.56) | 22.19 (
C 24" - - - 12.60 (12.20) | 17.57 (14.36) | 33.43 (
D 24/ - - - - 15.58 (14.18) | 17.58 (
E 24 - - - - - 17.17 (

16.89
16.38
16.33
19.29
16.03
16.02

~_— D N T

Due to the close energy levels of the A 24’, B 24", and C 24" electronic states (cf.,
Tables 5.3 and 5.6), the second, third, and fourth vibronic bands in CHQNHCH;_ exhibit
strong overlap. In Fig. 5.5, it is evident that the vibronic levels of A 24/, B 24", and
C 24" states intertwine, with the low-lying vibronic levels of A 24" and B 24” combining
with the higher levels of C 24”. The primary excitation in the vibronic band structure
of the A 2A’ state arises from the Vg, Vg, V19 vibrational modes in both methods (cf.,
Tables C10 and C11). The peak spacings are approximately ~1450 cm™!, ~871 cm™!
and ~1098 cm ™! (~1161 cm™!, ~758 cm ™! and ~948 cm™!) in the respective order. In
the case of the B 24" state, v7, v9 and vy vibrational modes contribute to an extended
progression in both the EOMIP-CCSD and MCQDPT methods, with line spacings of
~1048 cm~!, ~900 cm~! and ~720 cm™! (~1203 cm~!, ~504 cm~! and ~698 cm™1),
respectively. Similarly, the emergence of the C 2A” state vibronic band is associated with
the vy, v7 and vy (13, v4 and vg) vibrational modes, with line widths of ~1289 cm™!,
~1035 ecm~! and ~721 em ™! (~3199 cm™!, ~1252 em~! and ~600 cm~1), respectively.
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FIGURE 5.5: The photoionization bands of the X2A, A2A', B2A", C24", D24, and
E 2A’ states of the CH,NHCH, are calculated using the a vibrational modes and the
time-independent matrix diagonalization method (details provided in the text). The
relative intensity is plotted as a function of the energy of the vibronic levels.

The fifth and sixth vibronic bands arise from the D 24’ and E 24’ electronic states of
the CHQNHCH;_. In Fig. 5.5, it’s evident that the vibronic band structures of the D24/
and E 24’ states are slightly separated in energy from each other and also distinctly
separated from the other bands (of X 24/, A 24’, B 24”, and C 2A"), as shown in Fig.
5.5. The fifth vibronic band, attributed to the D 24’ state, predominantly originates
(contributes) from the vg, vg, 119, and vy, vg, vig vibrational modes of both EOMIP-
CCSD and MCQDPT methods, respectively. The peaks corresponding to these modes
are approximately ~1080 cm ™!, ~1236 cm™!, and ~756 cm™! (~1152 cm™!, ~771 cm ™!,
and ~722 cm™!) in energy, respectively. The sixth vibronic band is attributed to the
E 24’ electronic states of CH,NHCH, with the dominant excitation of vs, vg, and vr
vibrational modes in both the EOMIP-CCSD and MCQDPT methods. The correspond-
ing peaks for these modes are spaced at approximately ~1339 cm™!, ~1157 cm™!, and
~1094 cm™! (~1166 cm ™!, ~1127 cm ™!, and ~974 cm™!) in energy, respectively. Tables
C10 and C11 of Appendix C provide further details, indicating that in addition to the
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fundamental vibrational progressions discussed above, overtones and numerous combi-

nation levels are also excited in the X 2A’, A 24/, B2A4”, C 24", D 2A’, and E 24’ bands.

The nodal patterns of the vibrational wave functions are further investigated to validate
their excitation in the spectrum. These patterns are computed using a block improved-
relaxation method implemented in the MCTDH program module [140, 152, 171, 172].
In Figs. C1 and C2 (a-i) of Appendix C, a couple of X 24’ state vibrational eigen-
functions are displayed. In these figures, the probability density of the wave function
is represented using appropriate dimensionless normal displacement coordinates. The
results obtained from EOMIP-CCSD are shown in Fig. C1 panels (a—c), depicting the
wave functions corresponding to the fundamental modes of v, 15, and vy, respectively.
The MCQDPT data results shown in Fig. C2 panels (a—) of Appendix C display the
fundamental wave functions of v4, v5, and vy. These figures demonstrate that the wave
function acquires a node along the relevant normal coordinate. The wave functions for
the initial overtone peaks of the excited vibrational modes (with two nodes along the re-
spective modes) are shown in panels (d—f). Additionally, some of the combination peaks
are depicted in Figs. C1 and C2 (g-i) of Appendix C. The vibrational wave functions
for the other states (K 24", B24", C 24", D 2A’, and E 2A") are similarly displayed in
Figs. C3-C12 of Appendix C, utilizing both the EOMIP-CCSD and MCQDPT methods.

5.2.2.2 Coupled two-states dynamics

In this section, various coupled two-states calculations are carried out to assess the
influence of nonadiabatic coupling on the vibronic structure of individual states. The
coupling between X 24’-A 24", A2A-B24" B2A"-C2A", C2A"-D2A’, and D 24"-E 24/
states significantly impacts their vibronic structures. Despite the relatively substantial
coupling between the X 2A’ state and the A 2A’, B 24”7, C 24", D 2A’, and E 24’
electronic states, the spectrum of the X 24’ state remains unaffected in the coupled
states scenario (cf., Figs. C13-C14 (a) of Appendix C). This is primarily because the
X 24’ state is mostly isolated from the other electronic states, except for the A 24’ state
(cf., Table 5.3). Compared to the equilibrium minimum, the minimum energy of the
intersection seam with them is higher in enrgy (cf., Table 5.6). Consequently, the WP
generated on the X 24’ state fails to reach the X 24’-A 24’ crossing seam, resulting
in only modest electronic population migration to the A 24’ state (cf., Figs. C15 and
C16 (a) of Appendix C). The minimum energy of the intersection seam experiences ap-
proximately ~1.94 (~1.72) eV and ~0.00 (~0.01) eV higher than the minimum of the
X 24" and A 24’ states, respectively (cf., Table 5.6). The energies given in the with and
without paranthesis are from the both MCQDPT and EOMIP-CCSD ab initio data in
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the throughout the text. A significant portion of the population is transferred to the
X 2A’ state when the WP is initially prepared on the AzA state, as the minimum of
the A 24’ state is closer to the X 2A’-A 2A’ intersection seam (cf., Table 5.6). Approx-
imately ~70% of the population is transferred to the A 24’ state within about ~25 fs.
Due to this a significant amount of population is transferred to the X 24/ state, the
vibronic spectrum of the A 2A’ state becomes broad and structureless due to a consid-

erable increase in spectral line density (cf., Figs. C13-C14 (b) of Appendix C).

In the case of the A 24’-B 24” and B 2A”-C 2A” (A 2A’-B 24”-C 24”) coupled two-
states, the equilibrium minimum energies of these states are close in energy compared to
other electronic states (cf., Table 5.3). Additionally, the coupling between these (K 24l
B 24"-C 2A4") states is quite strong (cf., Tables C5-C7 of Appendix C). When the WP is
initially prepared on the A 24’ state, in the A 2A’-B 2A” coupled states scenario, only a
minimal amount of population migrates to the B 24” state (cf., Figs. C15 and C16 (c)
of Appendix C). This is due to the fact that the minimum energy of the A 24’-B 2A”
intersection seam occur at approximately ~0.95 (~1.34) eV and ~1.26 (~0.95) eV above
the minima of the A 24’ and B 2A4” electronic states, respectively (cf., Table 5.6). The
band structure of the A 24’ state in the A 2A’-B 2A” coupled states scenario is depicted
in Figs. C13-C14 (c) of Appendix C. However, despite the significant nonadiabatic in-
teraction between the A 2A’-B 24" states (cf., Tables C5-C6 of Appendix C), it affects
the electronic population dynamics (cf., Figs. C15 and C16 (d) of Appendix C) and
the vibronic band structure of the B 2A” state (cf., Figs. C13-C14 (d) of Appendix
C). When the WP is initially prepared on the B 24" state, approximately ~60% of the
population is transferred to the A 24’ state within about ~20 fs (cf., Figs. C15 and C16
(d) of Appendix C).

In the B 24”-C 24" coupled states case, the minimum energies of these two states are
little far apart from each other (cf., Table 5.6). However, the coupling between them is
moderate (cf., Table C7 of Appendix C), resulting in a broad spectrum band for these
states (cf., Figs. C13-C14 (e) and (f) of Appendix C). When WP is initially generated
on the B 2A” state, approximately ~20% of the population is transferred to the C 24"
state within about ~3 fs (cf., Figs. C15 and C16 (e) of Appendix C). Conversely, a
large portion of the population (approximately ~70%) is transferred to the B 24" state
within the same timeframe when the WP is initially prepared on the C 24" state (cf.,
Figs. C15 and C16 (f) of Appendix C).
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In the coupled C 24”-D 24’ and D 2A’-E 24’ states, the population dynamics are in-
fluenced by the strength of coupling and the energy separation between the states. The
coupling between the C2A"-D 2 A’ states is strong along the v13, 114, and v15 vibrational
modes (cf., Tables C5-C6 of Appendix C). However, due to the larger minimum energy
separation between these states, when the WP is initially prepared on the C 24" state,
there is minimal population transfer to the D 24’ state (cf., Figs. C15 and C16 (g) of
Appendix C). Conversely, when the WP is generated on the D 2A’ state, a substantial
portion of the population (approximately ~90%) is transferred to the C 2 A" state within
about ~15 fs (cf., Figs. C15 and C16 (h) of Appendix C). Regarding the D 24'-E 24’
coupled states situation, these two states are having the same symmetry terms, and
the coupling between them is minimal (cf., Tables C7 of Appendix C). However, they
are slightly close in energy at the FC geometry (cf., Table 5.3), which affects the vi-
bronic band structure of the D 2A’-E 24/ coupled states spectrum (cf., Figs. C13-C14
(g) and (h) of Appendix C). When the WP is initially prepared on the D 24’ state,
only approximately ~10% of the population is transferred to the E 24’ electronic state.
Conversely, when the WP is initially prepared on the E 24 state, approximately ~50%
of the population flows to the D 24’ state within a timescale of about ~20 fs and these
states populations are almost constant (cf., Figs. C15 and C16 (i) and (j) of Appendix
C) at the longer times.

5.2.2.3 Coupled X 2A-E 24’ states dynamics and photoelectron spectrum
of CH,NHCH,

The dynamical calculations for the coupled six-electronic states (X 2A-A 24'-B 2A"-
C 2A"-D 2A'-E 24’ ), inclusive of eighteen vibrational DOFs (ten with ¢ symmetry,
v1-v19, and eight with a’ symmetry, v11-v1g), were conducted using the model Hamilto-
nian (Eq. 5.3) as described in Sec. 5.1.2. The MCTDH program module [139, 152] is
used for this purpose using the both EOMIP-CCSD and MCQDPT methods ab initio
electronic structure data, for the determination of Hamiltonian parameters in the cou-
pled state spectrum calculations. The analysis focused on calculating and examining
the vibronic structure of the CHoNHCH; photoelectron band. The TDSE was solved
for the intended purpose, where the initial WP was independently generated for each
of the six electronic states. Details regarding the combinations of vibrational modes
and dimensions (sizes) of the basis functions can be found in Table C12 of Appendix
C. In each electronic state calculation, the WP was propagated up to 200 fs. The pho-
toionization band for all six electronic states (X 24/, A 24’, B 24", C 24", D 24/, and
E 2A’) was generated via Fourier transformation of the time autocorrelation function,

C(t), using a dephasing time of 33 fs. The composite theoretical band was created by
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combining the results of six electronic states with equal weighting. The coupled state
spectrum obtained from both EOMIP-CCSD and MCQDPT methods are illustrated in
panels (b) and (c) of Fig. 5.6, respectively, with comparisons made to the experimental
spectrum of Bieri et al.[47] (cf., Fig. 5.6(a)). The vibronic spectrum of CHosNHCHZ
(cf., Fig. 5.6) reveals that the first band originates from the X 24’ electronic state,
while the second, third, and fourth bands are formed collectively by A2A" B2A” and
C 2A" electronic states, owing to their proximity in energy as indicated in Tables 5.3
and moderate coupling between them (cf., Tables C5-C7 of Appendix C). The remaining
D 24’ and E 24’ electronic states, being relatively close in energy, contribute to the last
two vibrionic bands (fifth and sixth). These computational findings, as depicted in Fig.
5.6, demonstrate good agreement between our computed photoelectron spectrum and

the available experimental results.

(@) Experiment

(b) EOMIP-CCSD

MCQDPT

Relative intensity (arb. units)

20lll8lll6lll4lll2lll0. 8
Energy (eV)

FIGURE 5.6: A comparison between the experimental [47] photo-ionization spectrum
of the CH,NHCH,;, shown in panel (a), and the theoretical spectra depicted in panels
(b) and (c). The theoretical spectrum is obtained using six (X 2A’-A 2A"-B 24"-C 24"-
D 2A'-E 24’ ) coupled electronic states and eighteen vibrational modes, calculated by
propagating wave packets using the MCTDH program modules (details provided in the

text).
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Additionally, we also calculated the spectral bands by incorporating bilinear coupling
parameters (cf., Tables C8 of Appendix C) of both EOMIP-CCSD and MCQDPT meth-
ods. The resulting spectrum is illustrated in Fig. C17 of Appendix C. In panel (b), we
present the results from the EOMIP-CCSD method, while in panel (c), those from the
MCQDPT method are depicted. Output results are compared with an experiment in
panel (a). From this figure, it is evident that the inclusion of bilinear coupling parame-

ters does not significantly alter the photoelectron spectrum of CHoNHCHs.

5.3 Diabatic electronic population

To gain further insights into the photophysical characteristics of CHoNHCH,, we exam-
ined the time-dependent evolution of diabatic electronic populations of the coupled six
electronic states ()2 2A'E 24/ ) of CHoNHCH3 . The results obtained using both the
EOMIP-CCSD and MCQDPT methods are illustrated in panels (a-f) of Figs. 5.7 and
5.8, respectively. The X 2A’, A 24/, B 2A”, C 24", D 2A’, and E 2A’ states population
evolution is represented by distinct color lines (in online). In panel (a), it is observed that
upon initially placing the WP on the X 2A’ state, approximately ~30% of the population
transitions to the A 24’ electronic state. The reason for this is the strong nonadiabatic
coupling between the X 24" and A 2A’ states (cf., Table C7 of Appendix C). A small
fraction of the population also disperses to other excited states (cf., Figs. 5.7 and 5.8
(a)) due to the coupling of X 2A’ state with other excited states. The decay rate for the
X 24’ state is approximately ~29 fs (~23 fs). In contrast, a significant portion of the
population transfers to the X 2A’ state when the WP is initially localized on the A2A
state (cf., panel (b) of Figs. 5.7 and 5.8). Analyzing the population curve of the A 24’
state reveals an estimated decay rate of approximately ~32 fs (~61 fs). The proximity of
the A 2A’ state minimum to the X 24’-A 24’ intersection seam further contributes to this
behavior (cf., Table 5.6). Additionally, moderate coupling between the X 24" and A 24’
states, particularly through the vibrational modes of a symmetry, with strong coupling

along the v vibrational mode (cf., Table C7 of Appendix C), enhances this phenomenon.

In the diabatic electronic populations of the B 24" state depicted in panel (c) of Figs. 5.7
and 5.8, it is evident that approximately ~40% of the population transitions to the X 24/
state, while approximately ~20% and ~10% of the population transfer to the A 24 and
B 2A” states, respectively, with a rapid decay rate of around ~20 fs. This phenomenon
arises due to the strong coupling between the X 2A’-B 2A” and A 2A’-B 2A” states in
the EOMIP-CCSD method (cf., Table C6). Conversely, in the case of the MCQDPT

method, a different scenario unfolds, where around ~40% of the population transfers
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FIGURE 5.7: The electronic population dynamics within the coupled X 2A"-A 24~
B2A"-C2A"-D 2A’-E 2 A’ states of the CH,NHCHJ is calculated using EOMIP-CCSD
data. Population diagrams are obtained by initially locating the WP separately on each

of the X 24", A 24’, B 2A”, C 24", D 2A’ and E 2A’ electronic states at t = 0, as
depicted in panels (a)-(g) respectively.

to the A 24’ state, while approximately ~20% and ~10% of the population transition
to the X 24" and C 2A” states, respectively, within the same timescale. This variation
occur because of the strong coupling between the X 24’-B 24" and A 2A4'-B 2A” states
(cf., Table C6), as well as the proximity of the B 2A” state minimum to the X 2A’-B 24"
and A 2A4’-B 2A” intersection seams (cf., Table 5.6). Additionally, the electronic states

A 24, B2A", and C 24" are close in energy, further contributing to this phenomenon.

Upon initial excitation to the C 24" state, the diabatic electronic populations depicted
in Figs. 5.7 and 5.8 (d) reveal that approximately ~30% and ~20% of the populations
transition to each of the B 24” and A 2A’ electronic states, respectively. Furthermore,
around ~10% of the population populates the X 24’ electronic state within a timescale
of approximately ~15 fs. This population transfer occur because the minimum of the

C 2A" state is close to the A 2A’ and B 2A” electronic states, and the three intersection



Chapter 5. Time-dependence of the diabatic electronic population 95

seams of X 2A4/-C 2A”, A 2A'-C 24", and B 2A”-C 2A" states are also in close prox-
imity to the C 24" state minimum (cf., Table 5.6). Moreover, strong coupling exists

between these three (A 24’-B 2A4"-C 2A") electronic states, as indicated in Tables C5-C6.
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FIGURE 5.8: The electronic population dynamics within the coupled X 2A-A 24-

B 2A"-C 2A"-D 2A'-E 2A’ states of the CH,NHCHS is calculated using MCQDPT
data. Population diagrams are obtained by initially locating the WP separately on
each of the X 24’, A 2A’, B2A"”, C 24", D 2A’, and E 24’ electronic states at t = 0,
as depicted in panels (a)-(g) respectively.

In Figs. 5.7 and 5.8, panels (e) and (f) illustrate the electron population dynamics of
the D 2A’ and E 24’ electronic states, respectively, when the WP is initially prepared on
these electronic states. When the WP is initially generated on the D24/ state, approx-
imately ~50% and ~10% of the population migrate to the C 2A” and A 24’ electronic
states, respectively. This population transfer occur due to the strong coupling between
the C-D states along o’ symmetry vibrational modes (cf., Tables C5-C6). Additionally,
for @' symmetry vibrational modes, the A-D coupling is also strong, thereby influencing
the population dynamics of the D 24’ electronic state (cf., Table C7). In the case of the

E 2A’ electronic state, a larger proportion of the population (~60%) is transferred to
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the D 24’ state, while a minimal amount (~10%) moves to the C 2A” electronic state.
This phenomenon arises because the minimum of the E 24’ electronic state is close to
the minimum of the D 2A’ state, and the D 24’-E 2A’ CI minimum is close to the E 24/
state. Consequently, population leakage to the D 2A’ state occur through this CI, and
coupling between these states is also strong (cf., Table C7). Furthermore, the C 2A"-
E 24’ states coupling is strongly influenced by the vibrational modes of @’ symmetry
(cf., Tables C5-C6), which explains why some population is transferred to the C 24"

electronic state.

Finally, we compared the present theoretical results with its isomer of both Acetalde-
hyde (CH3CHO, Cs) and Oxirane (c-CoH4O (C2v)) molecules. That is, CHoNHCHg,
CH3CHO, and ¢-CoH40O are having the same number of electrons with different types
of atoms, so their molecular geometries are also different from each other. Due to this,
each of these isomers exhibit different number of DOFs. For example, both CH3CHO
and c-CoH4O are having the fifteen vibrational DOF's denoted as I, = 10a’ + 5a” and
Iyip = Bay + 3by + 4by + 3ag, respectively. The aziridine, CHoNHCH, encompasses a
total of eighteen DOFs, outlined as I,;; = 10a’ + 8a”. Recently, we have studied the
photoelectron spectroscopy of both CH3CHO [98] and ¢-CoH4O [195]. According to
our theoretical calculations of all the three isomers, we concluded some of the major
outcomes based on the topography of their PESs, coupling mechanism, and the corre-

sponding nonadiabatic dynamics.

In the case of CH3CHO isomer, it has Cs symmetry point group, and the electronic states
are of both A” and A” symmetry. The photoelectron spectrum has been computed using
the first seven low-lying electronic states ()Z'QA/, /TQA”, EQA/, 6’2A/, l~?2AH, EQA/, and
F 2Al). Among them, we observed that both X and electronic states are well separated
from the other electronic states at the FC geometry. Conversely, the remaining A24"
to E2A" states are very close in energy, and 24" and D2A” states appearing as quasi-
degenerate. These close energy states are strongly overlap and played major role in the
nuclear dynamics and form the four vibronic broad band structures (cf., Fig. 4 of Ref.
[98]). The time-dependence of the diabatic population of the coupled seven electronic
states is very complex due to strong nonadiabatic couplings between them (cf., Fig. 5
of Ref. [98]). In addition to this, we have estimated the couplings between the same
spatial symmetry states. On the other hand, the second isomer c-CoH4O has Co, sym-
metry point group. The photoelectron spectrum of this isomer is calculated from the six
low-lying electronic states (cf., Fig. 5 of Ref. [195]). Among the six electronic states,
X 2B1-A 2Aq, B 2By-C 2A,, and D 2A;-E 2B; states exhibit close energy proximity and

significant nonadiabatic couplings between them. Due to these strong couplings, third
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and fourth vibronic bands are contributed from the B 2B2—5' 2A5 and D 2Al—E ’B,;
electronic states, respectively. Also, due to the strong nonadibatic coupling between the
B 2B, and C 2A5 states, B 2B, state strongly repel from the C 2A, state and resulting
to form a symmetric double-well potential topography (cf., Fig. 3 of Ref. [195]), this is
called the PJT coupling in the literature. All together, in the present chapter we sys-
tematically studied the photoelectron spectrum of CHoNHCH2 molecule and compared
with our previous theoretical results of both CH3CHO, and ¢-CoH4O isomers. Based on
these findings, we may conclude that these three isoelectronic molecules have diffrent
molecular configurations and molecular symmetry, which affects their electronic state

character, PES topography, and vibronic band structures.

5.4 Summary

This chapter presents a theoretical investigation into the photo-ionization spectroscopy
of CHoNHCHs, focusing on multi-state and multi-mode vibrionic coupling and the roles
played by the X 24/, A 24’, B 24", C 24", D 24/, and E 2A’ electronic states. We con-
struct potential energy surfaces for these six (}~( 24’ A 24, B24", C 24", D 24/, and
E 24’ ) states and their potential couplings are calculated using the ab initio EOMIP-
CCSD and MCQDPT methods. A standard vibronic coupling model Hamiltonian is
developed for the six energetically low-lying electronic states of CHQNHCH;, based on
a diabatic electronic basis and in terms of dimensionless normal displacement coordi-
nates of the electronic ground state of CHoNHCH, vibrational modes. We conduct
nuclear dynamics calculations using time-independent matrix diagonalization and WP
propagation methods. Finally, we compared our theoretical results with the available
experimental results. Our theoretical results are in good agreement with the experimen-

tal results.

The electronic ground state of CHoNHCHs was optimized using DFT with the B3LYP
functional and the aug-cc-pVTZ basis set. Analysis of the electronic structure revealed
that the X 24/, D 24/, and E 2A’ electronic states are energetically distant from the
other A 24/, B 24", and C 2A4” electronic states. However, these three (A 2AB 2A"-
C 2A") states are closely situated in the Franck-Condon region, indicating strong vi-
bronic coupling among them, which significantly influences the nuclear dynamics. The
coupling between the X 24’ to E 24’ electronic states was evaluated using basic vi-
bronic coupling theory and symmetry selection rules. Nuclear dynamical calculations
were performed to get the precise eigenvalue locations from the time-independent matrix

diagonalization method and from the time-dependent approach we achieved the diabatic
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electronic populations for coupled ()N( 2A"A 2A"-B 2A"-C 2A"-D 2A'-E 24’ ) electronic
states. Additionally, the nodal pattern of vibrational wave functions was examined using
the block-improved relaxation method for further confirm of the peak assignments. The
theoretical results were found to be in good agreement with experimental data, with
thorough examination of the vibronic band structures of X 24’, A 2A’, B 24", C 24",
D 24/, and E 2A’ electronic states conducted in this study. These findings were com-
pared with previous experimental results, showing excellent agreement. Notably, due
to their energetic proximity of A 24’, B 24", and C 2A4” electronic states collectively
contribute to the overlapping second, third, and fourth vibronic bands of CHQNHCH;,
while X 24’, D 24/, and E 24’ electronic states form the first, fifth, and sixth separate
vibronic bands. At the end, we compared these results with its isoelectronic molecules

(i.e., Acetaldehyde and Oxirane) of photoelectron spectroscopy studies.



Chapter 6

Summary and outlook

This thesis presents theoretical explorations into the multi-state and multi-mode nonadi-
abatic dynamics of isoelectronic molecular systems. Specifically, we delve into the analy-
sis of photoelectron spectra for molecules such as CH3CHO, ¢-CoH4O and CHysNHCHo,
employing advanced quantum dynamical methods and state-of-the-art ab initio initio
quantum chemistry calculations. Our investigation demonstrated that vibronic coupling
plays a significant role in controlling the dynamics of the low-lying electronic states.
Theoretical vibronic band structures were calculated and compared with available ex-
perimental data, showing good agreement between theoretical predictions and experi-
mental evidence. Additionally, we examined dominant vibrational progressions in each
electronic state, electronic population transfer processes at conical intersections (Cls),

and nonradiative decay rates in detail.

To address challenges posed by PESs crossings and avoid the singularity of the nuclear
kinetic coupling term in the adiabatic electronic representation, we developed and imple-
ment a diabatic electronic representation. For electronic couplings between states of the
same spatial symmetry, we utilized the fourfold-way diabatization scheme [116, 121-124]
at the level of MCQDPT theory. The model vibronic Hamiltonian was constructed in
this basis using elementary symmetry selection techniques, and crucial coupling param-

eters were extracted from ab initio initio electronic structure data.

Using the MCTDH program module, we solved both the time-independent and time-
dependent Schrodinger equations to determine the vibronic bands. In the following

subsection, we summarize the main conclusions of this thesis chapter by chapter.

Chapter 3:
(a) This chapter contain a theoretical exploration of multi-state and multi-mode vibri-

onic coupling in the photo-ionization spectroscopy of CH3CHO.

99
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(b) We develop a standard vibronic coupling model Hamiltonian, encompassing seven
energetically low-lying electronic states of CH3CHO T, represented in a diabatic elec-
tronic basis and using dimensionless normal displacement coordinates of the electronic
ground state of CH3CHO.

(c) Optimization of the electronic ground state of CH3CHO is conducted at the DFT level
using the B3LYP functional and a 6-311++g(d,p) basis set. Extensive ab initio quantum
chemistry calculations are performed with the EOMIP-CCSD method to parameterize

the vibronic Hamiltonian.

(d) Analysis of the electronic structure reveals significant energy separation of the X
and F states from the other states within the Franck-Condon zone. Conversely, the
remaining (ﬁ to E) electronic states are closely situated in energy, with C and D states
appearing quasi-degenerate. This underscores the pivotal role of vibronic coupling in

governing the nuclear dynamics.

(e) Theoretical evaluation of the coupling among the seven ()Af to 15) electronic states is
conducted using standard vibronic coupling theory and elementary symmetry selection
rules. Additionally, coupling between electronic states of the same spatial symmetry
(B-C, B-E, and C-E) via a’ vibrational modes is addressed.

(f) Nuclear dynamical calculations are performed using both time-independent and time-
dependent quantum mechanical methods. Each vibronic band is meticulously analyzed,
and the results are compared with available experimental findings. Notably, the theo-
retical results exhibit good agreement with experimental data, confirming the accuracy

of the theoretical model.

Chapter 4:
In this chapter, we delve into a comprehensive theoretical examination of vibrionic cou-

pling in the photo-ionization spectroscopy of c-CoH4O. Here are the key points discussed:

(a) The study investigates multi-state multi-mode vibrionic coupling within the first six

energetically low- lying electronic states of c-CoH4O T,

(b) Electronic potential energy surfaces (PESs) are computed using extensive ab initio
quantum chemistry calculations employing the EOMIP-CCSD method. The PESs for
the X 2By, A 2A4, B 2B, C 2A,, D 2A4, and E 2B, electronic states of c-CoH4O are

plotted along dimensionless normal displacement coordinates.

(¢) A vibronic model Hamiltonian is constructed for the coupled manifold of X 2By,
A 2Aq, B 2B, C 2A,, D 2A4, and E 2B electronic states in a diabatic electronic basis,

employing standard vibronic coupling theory and elementary symmetry selection rules.
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(d) Nuclear dynamics calculations are performed using the developed Hamiltonian pa-
rameters through both time-independent matrix diagonalization and time-dependent
WP propagation quantum mechanical methods. All fifteen vibrational modes (5a; +

3b1 + 4by + 3ag) are included in the nuclear dynamics calculations.

(e) The vibronic band structures of X ’By, A 2Aq, B ’Bs, C 2A,, D 2A1, and E 2B, elec-
tronic states are thoroughly examined and assigned. The vibrational modes responsible

for specific band structures are identified.

(f) The impact of nonadiabatic coupling between X 2B;-A 2A;, B 2By-C 2A,, and
D 2A;-E 2B states is found to be significantly stronger compared to other possible

electronic state combinations.

(g) Decay rates of the X ’By, A 2A4, B ’B,, C 2A,, D 2A1, and E 2B, states are

calculated, providing insights into their dynamical behavior.

(h) Notably, the coupling between X 2B;-A 2Aq, B 2B,-C 2A9, and D 2A,-E 2By states
exerts a significant influence on the vibronic structure of the second, third, and fourth

vibronic bands, as depicted in Fig. 3.4.

(i) It is observed that the B 2B, and C %A, electronic states experience the pseudo-
Jahn-Teller (PJT) effect along the b; symmetry vibrational mode. This results in the
lower adiabatic B 2B, state exhibiting a symmetric double-well potential landscape, with

its minimum at a distorted geometry compared to the Franck-Condon (FC) geometry

Q=0).

(j) Among the three bj-symmetry vibrational modes (vg, v7, vg), the v; mode demon-
strates strong coupling between the B 2B, and C 2A, states, while coupling along the

v and vg modes is moderate.

(k) In summary, the X 2Bi-A 2A4, B 2By-C 2A5, and D 2A;-F 2B electronic states
exhibit close energy proximity and significant nonadiabatic coupling among them, play-
ing pivotal roles in the nuclear dynamics. The theoretical calculations align well with
available experimental results. Additionally, intriguing findings regarding c¢-CoH4O are

compared with acetaldehyde isomer as necessary.

Chapter 5:

To illuminate the photo-ionization spectroscopy of CHsNHCHs, this chapter focuses into
a theoretical exploration of multi-state and multi-mode vibrionic coupling involving the
XQA,, AZA/, ]~32A", CQA”, DZA,, and E2A’ electronic states. Here’s a breakdown of the

key points discussed:
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(a) PESs for the six electronic states of CHoNHCHjy are meticulously constructed, and
their possible couplings are computed using ab initio methods such as EOMIP-CCSD and
MCQDPT. Vibronic coupling model Hamiltonians are established for these six electronic
states in a diabatic electronic basis, accounting for dimensionless normal displacement

coordinates of the electronic ground state’s vibrational modes.

(b) The electronic ground state of CHoNHCHj is optimized via DFT with the BSLYP
functional and the aug-cc-pV'TZ basis set. Analysis of the electronic structure reveals
that X24', D24, and E2A’ electronic states exhibit slight energy separation from A2A’,
B2A", and C2A" states. However, the latter trio is closely situated within the Franck-
Condon zone, indicating strong vibronic coupling among them, which significantly in-
fluences the nuclear dynamics. The coupling between X2A4' to E2A’ electronic states is

evaluated using basic vibronic coupling theory and symmetry selection rules.

(¢) Nuclear dynamical calculations, encompassing both time-independent matrix di-
agonalization and time-dependent WP propagation methods, reveal precise eigenvalue
locations and diabatic electronic populations for coupled states. Thorough examination
of the vibronic band structures for each electronic state is conducted and compared
with previous experimental findings. Remarkably, the theoretical results align remark-
ably well with recent experimental recordings. The vibronic bands formed by A2A’,
B2A4", and C2A” electronic states overlap, while those originating from X24', D2A’, and
E2A’ states remain distinct. Peaks’ assignment is further confirmed through the block-
improved relaxation method, validating the theoretical findings against experimental

data.

Future challenges:
The expertise gained from my PhD work has inspired me to broaden my research scope.
Building on my background in electronic structure and nonadiabatic quantum dynamics,

I plan to address the following challenges in my future research:

(1) While my previous focus has primarily been on small organic molecules and their
photoelectron spectroscopy properties, I aim to expand my research to encompass larger

molecular systems and highly symmetric metal complexes and organic materials.

(2) In recent years, there has been growing interest in understanding organic photo-
voltaics and optoelectronics due to their potential to enhance the efficiency of solar
cells and other photonic devices. Exploring projects related to Singlet-Fission processes,

where one singlet exciton splits into two triplet excitons, will provide valuable insights
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into practical applications.

(3) Additionally, I am keen on investigating Polaritonic Chemistry, which involves ma-
nipulating chemistry using hybrid light-matter states known as Polaritons. This emerg-

ing field offers exciting opportunities to explore novel chemical reactions and phenomena.
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FI1GURE A1l: The diabatic PESs of the first seven low-lying X2A" to F2A' electronic
states of the CH3COH'* plotted along the dimensionless normal displacement coordi-
nates of the a’ vibrational modes, v4-vg.
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TABLE Al: Ab initio calculated linear (m) and quadratic (y;) coupling parameters for
the X2A A2A” BgA CQA D2A" E2A and F2A" electronic states of CH;COH .
All quantltles are in eV and the dlmensmnless Poisson parameters (K;f /2w; ) are given
in the parentheses.
X224 AA” B2A
Mode Ki Yi Ki i K Yi
o
1 0.0083 (0.0002)  0.0052  0.0611(0.0123)  0.0013 -0.2349 (0.1826) -0.0634
12 -0.0061 (0.0001) 0.0031  0.1375(0.0674) -0.0177 0.2288 (0.1866) -0.0163
Vs -0.0306 (0.0037) -0.0057  0.0565(0.0126)  0.0168 -0.0811 (0.0259) -0.0113
V4 0.0139 (0.0019) -0.0521 -0.3905(1.5168) -0.0515 -0.0912 (0.0827) -0.0526
Vs -0.0074 (0.0008) -0.0106  0.1877(0.5371) -0.0592 -0.3205 (1.5660) -0.1182
Vg -0.0534 (0.0460) -0.0608 -0.0446(0.0321) -0.0017 0.0626 (0.0632) -0.0391
vy -0.1029 (0.1815) -0.0084  0.0974(0.1626) -0.0586 0.1253 (0.2691) -0.0799
Vg -0.0279 (0.0199) -0.0221 -0.0298(0.0227) -0.0259 0.1461 (0.5461) -0.0923
) -0.0134 (0.0074) -0.0056 -0.1062(0.4677) -0.0272 0.0385 (0.0615) -0.0642
V10 0.0039 (0.0019) -0.0175 -0.0291(0.1057) -0.0327 -0.0602 (0.4522) -0.0429
'
V11 - 0.0058 - -0.0418 - -0.0058
V12 - -0.0072 - -0.1678 - -0.1183
V13 - -0.0212 - -0.0514 - -0.0235
V14 - -0.0048 - -0.0417 - -0.0877
V15 - 0.0026 - -0.1642 - -0.2171
A D24"
Mode K Vi Ki Vi
1 -0.1061(0.0372)  0.0439  0.1453 (0.0699)  0.0173
Vs 0.0561(0.0112)  0.0047  0.3098 (0.3421)  0.0475
Vs 0.0431(0.0073)  0.0211  0.0587 (0.0136) 0.0118
vy -0.1314(0.1717)  0.0795 -0.0075 (0.0005) 0.1025
Vs 0.1078(0.1772)  0.0063  0.3254 (1.6142) -0.0383
Vg 0.1043(0.1754)  0.0045 -0.0484 (0.0378) 0.0041
vy -0.1892(0.6135) -0.0163  0.2112 (0.7645) -0.0336
Vg -0.0224(0.0128)  0.0089 -0.1823 (0.8502) -0.0098
) 0.1228(0.6254)  0.0089  0.1527 (0.9670) -0.0024
V10 -0.0696(0.6045) -0.0221  0.0028 (0.0010) -0.0337
V11 -0.0025 - -0.0099
V12 - -0.0629 - 0.1671
V13 - -0.0242 - -0.0084
V14 - -0.0137 - 0.0063
V15 - -0.1087 - -0.1524
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FIGURE_A2: The adiabatic PESs of the lowest electronic state XZA/, ;1214//, §2Al,
C24A", D2A", E2A" and F?A" of CH;COH* plotted along the normal displacement
coordinate of the a  vibrational modes, v11-v15. The solid lines are obtained from
the theoretical model and the calculated ab initio potential energies are shown by the
asterisks.
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TABLE Al: Continued

E2A F2A

Sym. Mode Ki Yi Ki Yi

da v 0.0197 (0.0013)  0.0035 -0.0689(0.0157)  0.0392
vy 0.1444 (0.0743)  0.0221 0.1504(0.0806)  -0.0065
vs  -0.0367 (0.0053) -0.0075 -0.5248(1.0866)  0.0636
vy -0.1327 (0.1752)  0.0463 0.1006(0.1007)  -0.0059
vs  -0.2001 (0.6104) 0.0519 0.0325(0.0161)  -0.0109
vs  0.1287 (0.2670)  0.0168 -0.0603(0.0586) -0.0808
vy -0.1215 (0.2530)  0.0021 -0.1714(0.5035)  0.0082
vg  -0.1456 (0.5423) 0.0255 0.0436(0.0486)  -0.0095
vy 0.0877 (0.3190)  0.0067 -0.0383(0.0608)  -0.0162
vip  0.0681 (0.5787) -0.0099 0.0476(0.2827)  -0.0054

a’ Vi1 - 0.0748 - 0.0381
V1o - -0.0133 - -0.0057
Vi3 - 0.0009 - -0.0846
Vi - -0.0336 - -0.0821
V15 - -0.1246 - -0.1706
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TABLE A2: Ab initio calculated cubic (p;) and quartic (&;) coupling parameters (in
eV) for the X2A", A2A", B2A', C?A’, D2A", E?A’, and F2A" clectronic states of
CH3COH‘+.

XA A2A" B2A
Sym. Mode pi & Pi & pi &
al 141 - - - - - -
9 - - - - - -
%53 - - - - - -
vy 0.0076 - 0.0314 - -0.0062 -
Us -0.0022 - 0.0092 - 0.0204 -
Vg -0.0056 - 0.0015 - 0.0047 -
vy 0.0067 - 0.0097 - -0.0108 -
vs - - - - - -
vy -0.0021 - -0.0014 - -0.0023 -
vio  -0.0073 - -0.0004 - -0.0032 -
a” 1451 - - - - - -
V12 - -0.0007 - 0.0113 - 0.0337
V13 - - - - - -
Vi4 - - - - - -
V15 - -0.0006 - 0.0165 - 0.0197
A D2A"
Sym. Mode pi &i pi &i
CL/ 141 - - - -
1] - - - -
1783} - - - -
vy 0.0031 - -0.0393 -
U5 -0.0119 - -0.0233 -
Vg -0.0025 - -0.0005 -
vy 0.0151 - -0.0199 -
vg - - - -
Vg -0.0093 - 0.0047 -
V10 0.0087 - -0.0002 -
CLN V1 - - - -
V12 - 0.0162 - -0.0615
V13 - - - -
V14 - - - -
V15 - 0.0038 - 0.0277
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TABLE A2: Continued.

Sym. Mode

E2A

/

F2A

Pi

&i

Pi

&i

/
a

V1
Vv
V3
vy
Vs
Ve
V7
Vs
V9
V10

V11
V12
V13
Vig
V15

-0.0095
0.0096
-0.0064
0.0053

0.0024
-0.0033

-0.0074
-0.0034
0.0112
0.0072

-0.0002
0.0038




Supplementary material for Chapter 3

111

TABLE A3:

Linear (A™), quadratic (y[™), cubic (8P™) and fifth (n™) order

inter-state coupling constants (in eV) between the n and m electronic states of the
CH3COH* (Eq. 3.2) estimated from the ab initio electronic structure results (see the
text for details). Dimensionless Poisson parameters ()\i2 / Qwiz) are given in the paren-

theses.
X-A X-D
Mode i Bi Ai Bi Ub
a//
V1 0.2084(0.1493 )  -0.0009 0.2811(0.2717) -0.0097 0.0002
V12 0.3405(1.7468 ) -0.0022 0.7188(7.7818) -0.0351 0.0009
V13 0.1672(0.7080 ) 0.0007 - - -
V14 0.1522(1.2508 ) 0.0006 0.2569(3.5667 ) -0.0119 0.0003
V15 0.3686(192.2656 ) -0.0036 0.1204(20.5202) -0.0122 0.0005
A-B A-C
Mode Ai Bi i Bi i
a//
V11 0.0995(0.0340 )  -0.0004 0.1443(0.0716 ) 0.0002 -
V12 0.1454(0.3184 )  -0.0216 0.1025(0.1584 ) 0.0161 -0.0004
V13 0.1115(0.3147 ) 0.0007 0.1108(0.3113 ) -0.0005 -
V14 0.1337(0.9655 )  -0.0016 0.0478(0.1235 ) 0.0034 -
V15 0.1501(31.8601)  -0.0344 0.1824(47.0574) -0.0022 -
A-E A-F
Mode Ai Bi ni by B;
a//
V11 0.3864 (0.5135 ) -0.0019 - 0.3641 (0.4559) -0.00059
V1o 0.3387 (1.7279 )  0.0028 - 0.5062 (3.8597)  -0.00002
Vi3 0.2519 (1.6080 )  -0.0015 - - -
V14 0.0564 (0.1718 )  -0.0021 0.00014 0.3475 (6.5255 ) -0.00423
V15 0.2234 (70.5830) -0.0035 0.00013 0.1968 (54.7865) 0.00138
B-D C-D
Mode Ai Bi N i B;
a//
V11 0.1107(0.0422) -0.0053  0.0001 0.0644 (0.0143 )  -0.0029
V19 0.4501(3.0508) -0.0134  0.0002 0.2724 (1.1172 )  -0.0074
V13 - - - 0.0211 (0.0112 )  0.0021
V14 0.2151(2.5003) -0.0003 - 0.0918 (0.4556 )  -0.0025
V15 - - - 0.1204 (20.5202) -0.0122
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TABLE A3: Continued
D-E D-F
Mode i Bi ni Ai Bi ni
a//
V11 0.2065 (0.1467 ) -0.0015 - 0.2925 (0.2942 )  0.0066 -0.00013
V12 0.2933 (1.2953 ) -0.0301  0.0015 0.5943 (5.3197 )  -0.0331  0.00091
V13 0.1031 (0.2693 ) -0.0024 - 0.2567 (1.6689 )  -0.0004 -
V14 0.1221 (0.8048 ) -0.0027 0.00004 0.3691 (7.3575 ) -0.0038 -
V15 0.1855 (48.6780) -0.0157  0.0006 0.3345 (158.2742) -0.0326  0.00061
B-C B-E C-E
Mode Ai i Yi i i
a/
V3 0.0413 (0.0067) 0.0846 (0.0282)  0.0339 0.0060 (0.0001) -0.0105
vy -0.1281 (0.1632) 0.2002 (0.3987) - -0.0531 (0.0280) -
Us -0.1146 (0.2002) -0.3428 (1.7915) - 0.0066 (0.0007) -0.0037
Vg -0.1231 (0.2443) 0.0603 (0.0586)  0.0251 0.1625 (0.4257) -
vy -0.0695 (0.0828) 0.0767 (0.1008) -0.0308 -0.1106 (0.2096) -
Vg -0.1810 (0.8381) -0.1421 (0.5166) - -0.0729 (0.1359) -
vy -0.1167 (0.5648) 0.0757 (0.2377)  -0.0075 -0.0211 (0.0185) 0.0121
V10 0.0731 (0.6668) 0.0086 (0.0092)  0.0100 0.0385 (0.1850)  0.0291

TABLE A4: Diagonal bilinear 7}; parameters (in eV) along the totally symmetric vi-
brational modes vy, vs, v7, vg, Vg and vy of the lowest seven electronic states of

CH3COH*.
v XA A2AT B?AT C?A0 DPAT E?AT F?A
v5  -0.0016 -0.0881 0.0189 0.0132 0.0689 -0.053 -0.0010
vz 0.0229  -0.0806 -0.0588 0.0653 0.0701 -0.0325 -0.0227
vz -0.0069 0.0627 -0.0344 0.0497 -0.0586 -0.0442 0.0043
vi9  -0.0216 -0.0285 -0.0858 0.0611 0.0071  0.0202  0.0119
va0 -0.0185 0.0179  0.0527 -0.0323 -0.0108 0.0081 -0.0209
Y57 -0.0198 -0.0702 0.1035 0.0027 0.0038 -0.0312 -0.0082
Y53 0.0040  0.0693 -0.1266 -0.0102 0.0275 0.0936 -0.0111
Y59 0.0059  0.0268 -0.0605 0.0297 0.0407 -0.0017 0.0113
Y510 -0.0182 -0.0135 0.0839 -0.0111 -0.0416 0.0068  0.0039
vrs -0.0308 -0.0027 0.0229  0.0650 -0.0546 -0.0169  0.0270
vr9  0.0249  -0.0272  0.0009 0.0591 -0.0442 -0.0335 0.0245
vri0 0.0044  0.0488 -0.0431 -0.0256 0.0501 -0.0336 0.0019
Y89 0.0065 -0.0132 -0.0825 0.0467 -0.0513 -0.0202 -0.0181
Y10 -0.0609 -0.0018 0.1199 -0.0243 0.0362 -0.0238 0.0283
Yo10 -0.0239  0.0247  0.0962 -0.0141 0.0521 -0.0092 0.0344
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TABLE A5: The number of harmonic oscillator (HO) basis functions along the totally
symmetric vibrational modes and the dimension of the secular matrix used in the calcu-
lation of the stick vibrational spectrum of the uncoupled electronic states of CH3COH+

shown in Fig. 3.3.

Electronic state | Normal modes | Primitive basis | Dimension of secular matrix

X2A U3, V4, Us, Vg (6,6,4,10) 4980580
vr, Vs, V9, V10 (127876a6)

A2A" V3, Va, Us, Vg (6,14,12,6) 43545600
vr, Us, Vg, V10 (10,6,12,10)

B2A V3, U4, Us (6,10,16) 27648000
Vg, V7, Vg, Vg (10,12,20,12)

C2A vs, va, vs, v | (6,14,14,14) 674365440
vr, Vg, V9, V10 (16710716716)

D2A" U3, Vs, Us, Vg (8,4,12,8) 22120000
vr, Vs, Vg, V10 (10,10,12,6)

E2A V3, Va, Us, Vg (4,6,8,6) 2654208
vr, Vg, V9, V10 (658)678)

F2A V3, Va, Us, Vg (12,8,6,6) 12440000
vr, Vg, V9, V10 (107676710)
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TABLE A6: Energetically low-lying vibrational levels (in cm™!) of the X, A, B, C, D,
E and F electronic states of CH3COH T obtained from the uncoupled state calculations.
The assignment of the levels carried out by examining the nodal pattern of the wave
functions is included in the table.

x2A Expt. [37] AzA" B2A’ c2A
Energy Assignment Energy Energy Assignment | Energy Assignment | Assignment Energy
0 03 0 09 0 09 0 09
434 viog 357 vi0p 582 Vo 468 vioh
861 Vg(l] 700 729 141 0(2) 668 l/g(l) 934 141 Og
869 V103 760 Voo 1076 vy 955 vo
1034 s 1100 1017 vsg 1164 vol 1162 vsg
1135 6 1074 v 1242 veg 1380 v
1295 vod+r108 1117 vobtrioy | 1250 vsh+troy | 1397 Viog
1309 V108 1117 s 1268 s 1424 vos+vi0b
1360 v 1260 1375 vsgt+viog | 1372 sl 1444 V6
1416 s 1415 veg 1566 vag 1511 s
1468 vsp+Hriog 1432 viptrioy | 1658 vigtroy | 1849 vib+ri0h
1569 Vegtriog 1489 vsgtrioy | 1744 vigtrsy | 1889 vog+r103
1580 vag 1525 Vol 1749 vog 1909 vol
1722 vyl 1772 vegtrioy | 1824 veptrog | 1912 Veg+ri04
1730 vogtriod 1777 vshtrod | 1832 vsp+rod | 1980 Usp+r10h
1794 vidtviog 1834 vidtuod | 1850 vsgtrog | 2109 vag
1851 vso+Hriog 1837 vag 1910 vsgtroy | 2314 vib+vi0g
1896 vsg+rod 1883 vsgtrog | 1936 vsotusy | 2335 vigtrod
1996 veg+vop 2036 s} 1954 s} 2352 vos+108
2015 vag+riod 2092 vigtrsy | 2148 vahtroy | 2378 Vod+v10g
2069 gl 2135 vid 2149 vrd 2378 Veo+ri03
2169 veh+sh 2144 vsotrsy | 2234 vaptrsy | 2399 e +vog
2221 vrg+vo 2175 veptroy | 2417 vigtrsd | 2466 vso+eh
2270 62 2192 vso+rrg | 2536 53 2578 va+ri0h
2278 vsh+reh 2192 vad+viod 2758 v
2394 vih+ush 2255 vsg 2777 v +rioh
2442 vag+vop 2432 veotvsh 2824 vest+vrh
2451 vsh+ush 2489 veh+r7h 2843 Vog+103
2495 v+ 2532 Vsotreg 2862 voi
2552 vsh+eh 2597 va+oh 2888 63
2585 vyl 2627 Vsotrod 2891 vss+vrd
2615 vah+ush 2829 V63 2955 vad+sh
2719 v 2855 vaptusg 3021 sl
2552 vsh+urh 2911 ua+rrh
2837 sl 2938 vsp
2848 s
2940 vag+vr
2997 vad+ush
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TABLE A6: Continued

D E F
Energy Assignment | Energy Assignment | Energy Assignment
0 09 0 09 0 09
349 1/1()(1) 470 I/l()(l) 488 1/10(1)
707 vigd 905 vos 817 vog
846 vop 952 V103 976 V103
1087 vsg 1226 Vs 1082 veg
1196 vogt+viog | 1375 vod+vio | 1088 vsg
1350 v 1400 v 1305 vog+ri0h
1436 vep 1479 viog 1418 s
1436 vsotrioy | 1502 veo 1436 v
1486 s 1684 s 1464 viog
1553 Voot viod | 1696 vsd+ vioh | 1570 Veh+r10g
1693 vol 1816 o} 1576 Vsg+ri0h
1693 vigtrioy | 1857 vog+ri03 | 1636 Vo3
1786 Veotrioy | 1870 vigt+vioy | 1793 Vo104
1794 vsg+viog | 1870 viog 1797 vag
1836 V5(1]+l/1()(1) 1972 llﬁ(l)Jrl/lo(l) 1905 V8(1J+l/9(1)
1934 vsgt+vey | 2131 vs§t+reg | 1906 vsg+ viog
2057 V7(1]+V10% 2155 V5(1)+V10(1) 1924 1/7(1]+ 1/10(1]
2143 Veotriod | 2178 vsg+r03 | 1955 viog
2177 l/g% 2305 I/7(1)+Dg(l) 2059 l/(;é#‘l/m%
2187 vap 2353 vig+viod | 2065 vsgt+vi0d
2196 V7(1]+V9(1) 2353 1/10(5) 2171 V6(1J+1/8(1)
2283 vegt+vey | 2407 vegt+veg | 2177 Vg3
2332 vsgtves | 2452 vegt+viod | 2235 vsgt+vop
2523 vagtviog | 2452 s} 2253 vrg+ro
2523 l/(;é-l-l/gé 2590 D56+Dg(l) 2286 1/46—}—1/106
2573 vsgtusy | 2626 vibtusy | 2395 vsgtri03
2695 1/7(2) 2637 1/5(1)+1/10% 2412 1/7(1)+V10(2)
2786 vegtvry | 2728 vegt+rsy | 2457 vop
2836 vset+vry | 2801 v 2501 vsgt+ves
2872 V63 2873 Vs 2507 Vsh+sh
2918 1/36 2911 V56+V8(1) 2518 V7(1)+I/gé
2968 vsi 3343 vsdtviog | 2524 vest+vre
3034 V4(1)+l/9(1) 2615 1/46+1/9(1)
3261 vagtvsd 2774 vagt+viod
3272 v3g+rioh 2837 Vs
2854 1/56—}—1/7(2)
2872 vrd
3117 V3

TABLE A7: Normal mode combination, sizes of the primitive and single particle func-
tions (SPFs) used in the coupled states dynamics calculations of CH3COH'* using
MCTDH suite of programmes. ® The primitive basis is the number of Harmonic oscil-
lator DVR functions for the relevant mode. The primitive basis for each particle is the
product of the one-dimensional bases. * The SPF basis is the number of single-particle
functions used. The vibronic spectrum of the coupled electronic states of CH;COH T
is shown in Fig. 3.4 see in the text.

Electronic state Normal modes Primitive basis® SPF basis?
V3 (10) 8,8,8,8,8,8,8]
v4, Vs, Vg, V7, V12 | (12,14,8,10,12) | [10,10,8,10,8,8,8]
X-A-B-C-D-E-F vy, V14 (12,12) 8,8,8,10,10,10,8]
vg, V13 (12,10) [8,8,10,8,10,10,8]
10, Y15 (8,14) [8,8,10,10,6,10,8]
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(a) 1360 cm~1!

Density

(c) 1034 cm™1! (d) 2719 cm~1!

Density
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(e) 2270 cm ™! (f) 2069 cm™!

Density

(g) 2495 cm—1

FicURE A3: Probability density of vibronic wave functions of the X2A" electronic
state of CH3COH'* as a function of nuclear coordinate. Panels a, b and ¢ represent
the fundamentals v3, ve} and vg} and panels d, e and f represent the first overtone
v72, 3 and vg?, respectively. The wave functions in panels g, h and i represent the
combination peaks vgd+v78, vri+rsh and veg+vs], respectively.
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(e) 2136 cm™! (f) 1519 cm™!
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Density

(i) 2638 cm~1!

FicURE A4: Probability density of vibronic wave functions of the A2A" electronic
state of CH3COH' " as a function of nuclear coordinate. Panels a, b and ¢ represent
the fundamentals v48, vs{ and v} and panels d, e and f represent the first overtone
vs2, v73 and vo?, respectively. The wave functions in panels g, h and i represent the
combination peaks vs§+vg, vag+red and vog+us, respectively.
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FicURE A5: Probability density of vibronic wave functions of the B2A" electronic
state of CH3COH'* as a function of nuclear coordinate. Panels a, b and ¢ represent
the fundamentals vsd, v7{ and vg} and panels d, e and f represent the first overtone
vs2, v73 and vg?, respectively. The wave functions in panels g, h and i represent the
combination peaks vs$+vs, v7i+vsh and vog+vsd, respectively.
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FiGURE A6: Probability density of vibronic wave functions of the C2A" electronic
state of CH3COH' ™ as a function of nuclear coordinate. Panels a, b and ¢ represent
the fundamentals V7é7 ug[l) and Vlo(l) and panels d, e and f represent the first overtone
v7d, g2 and o2, respectively. The wave functions in panels g, h and i represent the
combination peaks v7§+ved, vri+vi0d and vog+1104, respectively.
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FicUrReE A7: Probability density of vibronic wave functions of the D2A” electronic
state of CH3COH' ™ as a function of nuclear coordinate. Panels a, b and ¢ represent
the fundamentals vsd, vg} and v} and panels d, e and f represent the first overtone
vs2, vg3 and vo?, respectively. The wave functions in panels g, h and i represent the
combination peaks vs$+vs, vsg+vep and vog+vs], respectively.



Supplementary material for Chapter 3 121

(b) 1226 cm™!
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FicURE AS8: Probability density of vibronic wave functions of the E2A" electronic
state of CH3COH' ™ as a function of nuclear coordinate. Panels a, b and ¢ represent
the fundamentals V5$7 Vg(l) and Vlo(l) and panels d, e and f represent the first overtone
vg, v103+vsy and vi03, respectively. The wave function in panels g, h and i represent
the combination peaks vsj+vs, vsh+riog and vsi+r1oh, respectively.
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FicUrRE A9: Probability density of vibronic wave functions of the F2A" electronic
state of CH3COH' ™ as a function of nuclear coordinate. Panels a, b and ¢ represent
the fundamentals Vgtl), V7(1) and Vlo(lJ and panels d, e and f represent the first, second
and third overtones of v19 mode. The wave functions in panels g, h and i represent the
overtones, combination peaks v72, v4g+v10¢ and vay+r103, respectively.
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FIGURE A10: Time-dependence of diabatic electronic populations obtained in the

coupled two states, X-A, A-B, B-C, C-D and D-E dynamics are shown in the panels
(a)—(j), respectively (see text for details).
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TABLE B1l: Ab initio calculated cubic (p;) and quartic (J;) coupling parameters for
the X 2By, A 2A,, B ?B,, C 2A5, D 2A; and E 2B, electronic states of ¢-CoH4O .
All quantities are in eV.

X A B
Sym. Mode pi pi pi
141 - - -
a va  -0.0078 - -0.0028
V3 - - -
vs  -0.0050 0.0082 -0.0131
Vs - - -
C D E
Sym. Mode pi pi pi d;
%1} - - - -
ar va  0.0077 -0.0080 0.0134 -
V3 - - - -
va  0.0002 - 0.0036  0.0224
Vs - - - -
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TABLE B2: ab initio calculated quadratic (v;) and quartic (J;) coupling parameters
for the X 2B, A 2A;, B 2By, C Ay, D ?A; and E 2B, electronic states of c-CoH,O .

All quantities are in eV.

X 2B, AZA, B 2B,

Sym. Mode i 0; Vi 0; Vi 0;
b1 Vg 0.0062 -0.0003 0.0115 - -0.1990 0.1815
vy -0.0446  0.0031 0.0101  -0.0023 -0.3737 0.3331
vg -0.0764 0.0198 0.0840 -0.0146 -0.1017 -0.0055

ba Vg -0.0040 - 0.0053 - -0.0023 -

0 -0.0297 - -0.0034 - -0.0212 -
vi1 -0.0101 -0.0019 0.0075 -0.0008 -0.0097 -0.0014
V19 -0.0301 0.0005 -0.0994 0.0158 0.1266 -0.0308
as 13 0.0041 - 0.0036 - 0.0123 -0.0003
V14 -0.0083 -0.0002 -0.0805 -0.0023 -0.0034 -0.0003
V15 -0.0339 0.0009 -0.0765 0.0077 0.0029 -0.0003

C 2A, D 2A, E 2B,

Sym. Mode Vi i Yi i Vi i
b1 Vg 0.1820 -0.1791 -0.0548 0.0087 0.0541 -0.0079
U7 0.2885 -0.3310 -0.0165 0.0010 -0.0372  0.0022
Vg -0.0536 0.0211 -0.0299 0.0053 -0.0319 -0.0018

by vy -0.0353 0.0046 -0.0096 - 0.0888 -
vip  -0.1635 0.0200 -0.0063 - 0.0299 -0.0103
V11 -0.1021  0.0078 -0.0130 - -0.0656 0.0051
V19 0.0350 -0.0006 0.0053  0.0006 0.0069  0.0009
as i3 -0.0580 0.0086 0.0887 -0.0096 -0.0519 0.0072
V14 -0.0927  0.0322 0.0388 -0.0115 -0.0321 0.0021
Uis -0.0119 -0.0045 -0.0300 0.0022 -0.0466 0.0021
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TABLE B3: Ab initio calculated sixth (¢;) and eighth (&;) coupling parameters for the
B 2B, and C 2A, electronic states of c-CoH4O . All quantities are in eV.

B 2B, C %A,

Sym. Mode o; & o; &
by Vg -0.2457  0.2283 0.2435 -0.2255
vy -0.4585  0.4292 0.4591 -0.4303

vg - - -0.0119 -

bo Vg - - - -

10 - - - -

V11 - - - -

V19 0.0126 - -0.0003 -

as V13 - - - -

v1a  -0.00008 - -0.0127 -

V15 - - - -

TABLE B4: Linear inter-state coupling parameter and the corresponding excitation
strength (in eV) (3 (

Anm

Wi

2
) ) (given in the parentheses) between the n and m states

(A"™) of ¢-CoH4O" molecule.

Symmetry  Mode Anm AT Amm
X-A X-D A-FE
by Ve 0.2139(0.1400) - 0.2431(0.2431)
vy 0.0981(0.2289) 0.6137(8.9588) -
Vg 0.1628(1.2722) 0.2106(2.1290) -
B-C D-E
b1 Vg 0.1953(0.1167) 0.1770(0.0958)
vy 0.3437(2.8099) -
Vs 0.0622(0.1857) -
X-C A-B B-D
by vy - - 0.2979(0.2910)
10 - - 0.3369(1.6075)
V11 - - 1.7871(76.6764)
19 0.1732(1.3635) 0.2509(2.8613) -
C-E
bo Vg 0.2248(0.1657)
10 0.2821(1.1271)
11 0.0825(0.1634)
V12 -
X-B A-C C-D
as Vi3 0.3569(0.3930) - 0.4916(0.7457)
V14 0.0401(0.0376) - 0.4908(5.6379)
V15 0.0891(0.2332) 0.1415(0.5882) -
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TABLE B5: The number of harmonic oscillator (HO) basis functions along the totally
symmetric vibrational modes and the dimension of the secular matrix used in the cal-
culation of the stick vibrational spectra of the uncoupled electronic states of c-CoH,O T
is shown in Fig. 4.4

Electronic state | Normal modes | Primitive basis | Dimension of secular matrix

X 2B, Vi, Vs (16,26) 6709248
Vs, U4, Vs (24,28,24)

A2A, Vi, Us (16,24) 8945664
V3, V4, Vs (26,32,28)

B B, Vi, v (16,28) 8870400
V3, V4, Vs (22,30,30)

C 2A, Vi, v (26,28) 7571200
V3, V4, Us (20,20,26)

D 2A4 vy, Vs (22,30) 10570560
V3, U4, Vs (28,22,26)

E 2B, Vi, U (22,24) 6589440
V3, V4, Vs (26,24,20)
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TABLE B6: A few vibrational energy levels (in cm™!) of the X 2By, A 2A;, B %B,,

C 2A5, D 2A; and F 2B, electronic states of c-CoH,Ot obtained from the uncoupled

state calculations. The assignment of the levels carried out by examining the nodal

pattern of the wavefunctions are included in the table.

X 2B1 EXpt. [86} g 2A1 E 2B2 6’ 2A2
Energy Assignment Energy Energy Assignment | Energy Assignment | Energy Assignment
0 09 0 09 0 09 0 09
856 sy 700-800 | 832 sy 923 Vs 671 vad
1172 vag 1136 vag 1152 vag 877 s
1292 vad 1120 1366 vsd 1248 v3d 1177 vad
1446 vag 1576 vag 1620 vag 1267 vag
1712 Vs 1664 Vst 1846 Vs 1342 o
2028 Vag+vs 1968 vadtvsy | 2076 vad+vsy | 1548 Vag+vsg
2147 V36+V5(1] 2199 V3(1)+1/5(1) 2171 1/3(1]+1/5(1) 1754 V5g
2301 Vo sy 2271 va} 2305 vad 1849 vsdtvad
2344 Va3 2408 vabtusd | 2400 vabtrad | 1938 vab+vag
2464 vadtvad 2496 vsd 2496 32 2013 vad
2567 vsg 2503 vsgtray | 2544 vostusy | 2054 vag+vsg
2583 Vs 2712 vadtvad | 2770 s 2144 vag+vsg
2618 V2(1)+V4(1] 2733 1/3% 2773 1/2(1]+1/4(1) 2355 Vgg
2737 vodtvsd 2943 vobtrsy | 2868 vsgtiad | 2425 vadvsd
2891 Vol 3152 Vol 3149 Vi 2532 Vol
3170 vig 3184 vig 3239 ol 2631 s
3439 vag 3240 vag 3458 Vsl 3021 vag+st
3875 s 4016 vig+ush | 3696 vsa 3260 Vi
4026 vigt+vsg 4100 s 3744 vsg 3533 s
4335 vad 4288 vigtvad | 4073 vig+usy | 3931 vigtvad
4343 vigtvag 4551 vigtvsd | 4302 vigtvay | 4137 vigtvsh
4462 vig+usd 4760 g+l | 4397 vigtusd
4476 vigtiag
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TABLE B6: Continued
D 2A, E ?B;

Energy Assignment | Energy Assignment

0 03 0 07

1000 vsh 1006 vad

1248 vag 1019 Vs

1305 vad 1347 v3d

1590 vag 1524 vag

2000 Vs 2015 I

2248 vadtvsh | 2025 vag+vs

2305 vagtvsh | 2039 Vs

2496 vyl 2353 vsdtvad

2554 vadtrad | 2366 vag+vsg

2590 vodtvsy | 2530 vah+rad

2611 Vsl 2544 vod+ush

2837 vobtvad | 2694 Vs

2895 vod+ush 2871 vagtvsd

3000 vsd 3032 vl

3126 vid 3047 2

3179 Vol 3058 s

3745 V48 3267 ulé

3916 Va3 4041 Vsl

4126 vigtvsh | 4273 vigtva

4374 1/1(1)—5—1/4[1) 4287 1/1(1)—|—1/5(1)

4431 vigtvsh | 4614 vigtvsd

4715 vigtad | 4792 vigtrad
TABLE B7: Normal mode combination, sizes of the primitive and single particle func-
tions (SPFs) used in the coupled states dynamics calculations of c-CoH4O" using the
MCTDH suite of programs. ¢ The primitive basis is the number of Harmonic oscil-
lator DVR functions for the relevant mode. The primitive basis for each particle is
the product of the one-dimensional bases. ® The SPF basis is the number of single-
particle functions used. The vibronic spectrum of the coupled electronic states of the
c-CoH4O' T is shown in Fig. 4.5.

Electronic state Normal modes Primitive basis® SPF basis®
v, Vg, V9, V13 (10,10,10,10) [8,8,8,10,10,10]
X ?B1-A ?A1-B *B, v, U3, V10 (16,18,12) [10,10,8,10,10,10]
-C 2A5-D 2A4-FE ?By | vy, v, v11, V14, v15 | (18,10,12,10,10) | [8,8,8,12,12,10]
Vs, Vg, V12 (18,14,10) 8,8,10,10,12,10]
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Density
Density

(a) 1446 cm™1

Density
Density

(d) 2891 cm™1!

Density

Density

(e) 2344 cm™! (f) 1712 cm ™!

Density
Density

(g) 2618 cm™1

Density

(i) 2028 cm 1!

FiGure B1: Probability density of vibronic wave functions of the X 2B; electronic
state of c-CoH4O' as a function of nuclear coordinate. Panels a, b and c represent
the fundamental of vo}, 14§ and v} and first overtone of 193, v43 and vs3 modes, the
wavefunction in panels g, h and i represent the combination peak of v4{+vad, vsi+rap

and 1/5(%4—1/45.



Supplementary material for Chapter /

132

Density

(a) 1366 cm~1!

Density

(e) 2271 cm™!

Density

(g) 2503 cm™1!

Density

Ficure B2: Probability density of vibronic wave functions of the A 2A; electronic
state of c-CoH4O' as a function of nuclear coordinate. Panels a, b and c represent
the fundamental of v3}, 14§ and v} and first overtone of v33, v43 and vs3 modes, the
wavefunction in panels g, h and i represent the combination peak of v4{+vsd, vsi+vsp

and 1/5(%4—1/45.

Density

(b) 1136 cm~!

Density

(d) 2733 cm™!

Density

(f) 1664 cm™!

Density

(i) 1968 cm~1!
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Density
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(a) 1620 cm™1 (b) 1152 cm™!
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Density

(d) 3239 cm™1!

Density
Density

(e) 2305 cm™! (f) 1846 cm™!

Density
Density

(g) 2773 cm™1

Density

Ficure B3: Probability density of vibronic wave functions of the B 2B, electronic
state of c-CoH4O' " as a function of nuclear coordinate. Panels a, b and c represent
the fundamental of vo}, 14§ and v} and first overtone of 193, v43 and vs3 modes, the
wavefunction in panels g, h and i represent the combination peak of v4{+vad, vsi+rap

and 1/5(%4—1/4%.
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Density
Density

(a) 3260 cm~1! (b) 1267 cm™!

Density
Density

(d) 2533 cm™!

Density
Density

(e) 1548 cm™! (f) 2631 cm™!

Density
Density

(g) 4137 cm™1!

Density

(i) 3021 cm~1!

Ficure B4: Probability density of vibronic wave functions of the C 2A, electronic
state of c-CoH4O' as a function of nuclear coordinate. Panels a, b and c represent
the fundamental of v}, 1o} and vs} and first overtone and second overtone of o2, v53
and v53 modes, the wavefunction in panels g, h and i represent the combination peak

of vsg+11d, vsg+red and vsi+ind.
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Density
Density

(a) 1590 cm~1! (b) 1305 cm™!

Density

(c) 1000 cm™1! (d) 3179 cm™1!

Density
Density

(e) 2611 cm™! (f) 2000 cm™!

Density
Density

(g) 2895 cm™1!

Density

(i) 2305 cm~1!

FiGure B5: Probability density of vibronic wave functions of the D 2A; electronic
state of c-CoH4O' as a function of nuclear coordinate. Panels a, b and c represent
the fundamental of o}, 135 and v} and first overtone of 193, v33 and vs3 modes, the
wavefunction in panels g, h and i represent the combination peak of v3+vad, vsi+rap
and 1/5(%4—1/3%.
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z 2
(a) 1524 cm™1 (b) 1347 cm™!
a a
(c) 1006 cm™! (d) 3047 cm~1!
z 2z
(e) 2694 cm™! (f) 2015 cm ™!
ol z
a a

(g) 2871 cm™1

Density

Ficure B6: Probability density of vibronic wave functions of the E 2B, electronic
state of c-CoH4O' " as a function of nuclear coordinate. Panels a, b and c represent
the fundamental of o}, 135 and v, and first overtone of 193, v33 and v43 modes, the
wavefunction in panels g, h and i represent the combination peak of v3+vad, vad+rad

and 1/4(%4—1/3%.
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FIGURE B7: Composite vibronic band structure of the coupled X 2B;-A 2A;, A 2A;-

B 2B,, B 2By-C 2A,, C 2A5-D 2A; and D 2A;-E 2B, states of c-CoH,OF are shown
in the panels (a)—(j), respectively.
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Ficure B7: Continued
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FIGURE B8: Time-dependence of the diabatic electronic populations in the coupled
X 2B1—A 2A1, A 2A1—B 2B2, B 2BQ—C’ 2A2, C 2A2—D 2A1 and D 2A1—E 2B1 states
dynamics obtained by locating an initial WP on each electronic state separately is

shown in the panels (a)—(j), respectively (see text for details).
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TABLE C1: The ab initio calculated cubic (7;) and quartic (y;) coupling parameters for
the X 247, A 2A’ B2A" C2A" D2A’ and E 2A’ electronic states of the CH,NHCH
are determined using the EOMIP-CCSD method. These parameters are given in eV.

X 24/ A2y B 24"
Symm. Modes i 0; 7 0; i 0;
a vy -0.0017 - - - -0.0016 -
vy -0.0001 - - - -0.0009 -
vs  -0.0004 - -0.0008 - 0.0103 0.0068
va  -0.0067 -0.0014 -0.0029 - -0.0038 -
vs  -0.0076 - -0.0051 - -0.0056  0.0061
ve  -0.0086 - 0.0098 - 0.0047 -
vy 0.0002 - 0.0099 - -0.0865  -0.0798
vs  -0.0028 - -0.0139 - 0.0057 -
o - - - - 0.0030  -0.0126
v -0.0176 -0.0066 0.0297  0.0069 -0.0211  -0.0117
a’ v - - - 0.0135 - -0.0165
V19 - - - 0.0038 - -0.0091
V13 - -0.0019 - 0.0237 - -0.0580
V14 - - - 0.3455 - -0.3574
V15 - -0.0023 - 0.2275 - -0.2765
vig - -0.0009 - 0.0035 - -0.0303
vi7 - - - 0.0192 - -0.0171
V18 - - - 0.4473 - -0.4805
6 2 A f) 2 4 E 2 4!
Symm. Modes i 0; 7 0; i 0;
a v -0.0007 - -0.0018 - -0.0076 -
vy 0.0016 - -0.0158 -0.0494 0.0137  0.0495
3 0.0071  0.0074 - - - -
V4 0.0100 - 0.0015  0.0213 0.0067  -0.0166
s 0.0054 -0.0057 0.0120  0.0063 0.0027 -
ve  -0.0026 - 0.0009 - -0.0000131 -
vy 0.0814  0.0820 -0.0007  0.0028 0.0030 -
vs  -0.0032 - 0.0030 - 0.0104 -
vg  -0.0027 0.0117 0.0031 - -0.0076 -
vio 0.0202  0.0123 -0.0105 - -0.0005 -
a’ V11 - 0.0125 - -0.0231 - 0.0229
V1o - 0.0065 - -0.0114 - 0.0084
Vi3 - 0.0694 - -0.0172 - -0.0042
Vis - 0.0320 - -0.0024 - 0.0020
vis - -0.0551 - 0.0032 - 6.5115
V16 - 0.0111 - -0.0002 - 0.0063
V17 - 0.0020 - 0.0019 - 0.0016
vig - 0.0099 - 0.0002 - -0.0004
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TABLE C2: The ab initio calculated cubic (;) and quartic (d;) coupling parameters for
the X 247, A 2A’ B2A" C2A" D2A’ and E 2A’ electronic states of the CH,NHCH

are determined using the MCQDPT method. These parameters are given in eV.

X 24 Az B 24"
Symm. Modes 7 0; M 0; i 0;
d vy 0.0004 - -0.0019 - 0.00004 -
vy 0.0327  0.0389 0.0327  0.0386 0.0327  0.0366
V3 -0.0065  0.0002 -0.0046 -0.0001 -0.0053  -0.0004
V4 0.0093 - 0.0091 - 0.0084 -
s -0.0084 - -0.0004 - -0.0007  0.0062
v6 -0.0050  0.0042 -0.0002  0.0044 -0.0027  0.0078
vy 0.0046  0.0053 0.0029  0.0049 -0.0115  0.0010
s -0.0048  0.00005 -0.0053  0.0069 0.0150  0.0044
vy 0.0076 - 0.0065 -0.0034 0.0034 -
V10 0.0026  0.0096 0.0181 - 0.0047  0.0100
a’ Vi1 - -0.0011 - 0.0055 - -0.0145
V19 . -0.0004 - 0.0022 - -0.0080
Vi3 - 0.0031 - 0.0085 - -0.0736
V14 - 0.0009 - 0.1439 - -0.3135
vis - 0.0145 - 0.1310 - -0.1441
V16 - 0.0028 - 0.0022 - -0.0080
Vit - -0.0007 - 0.0065 - -0.0214
V18 . -0.0416 . 0.4014 . -0.4724
6 2 A f) 2 4! E 2 4!
Symm. Modes 7 0; i 0; i 0;
a v 0.00107 - -0.0026 - 0.0020 -
vy 0.03369  0.0419 0.0554  0.0376 0.0467  0.0381
vs  -0.00426  0.0001 -0.0044 -0.0003 -0.0039  0.0005
V4 0.01996 - 0.0082 - 0.0147 -
s 0.00010  0.0088 0.0014  -0.0002 0.0023  0.0020
ve  -0.00164 0.0105 -0.0014  0.0047 -0.0035  0.0063
vy 0.00210  0.0088 0.0039  0.0103 0.0034  0.0069
s 0.01351  0.0086 0.0143  0.0061 0.0070  0.0109
vy 0.01210  -0.0047 0.0030 -0.0049 0.0011 -0.0015
vio 0.00976  0.0111 -0.0091  0.0109 0.0019  0.0129
a’ V11 - 0.0125 - -0.0191 - 0.0177
V12 - 0.0012 - -0.0207 - 0.0078
V13 . 0.1058 - -0.0192 - -0.0006
Vis - 0.0387 - 0.0011 - 0.0023
V15 - -0.0682 - 0.0024 - -0.0030
V16 - 0.0127 - 0.0009 - 0.0054
Vit - 0.0013 - 0.0019 - 0.0011
V1s - 0.0019 - 0.0198 - 0.0917
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TABLE C3: The ab initio calculated fifth (o), sixth (¢;), seventh (5;), and eighth (u;)

coupling parameters (in eV) for the X 2A, A 2A B 2A", C 2A", D 24’ and E 24’
electronic states of CHoNHCHZ with using EOMIP-CCSD method.

AzA ]§ Ly C 24"
Symm. Mode Gi i Q; Gi i Q; Gi
a V3 . . -0.0156 -0.0166 . - -
vy - - 0.0299  0.0619 . -0.0320 -0.0607
vo - - -0.0125 - - 0.0127 .
a’ v -0.0076 . . 0.0067 - - -0.0024
Via - - . 0.0043 . . -0.0019
s -0.0185 . . 0.0264 . . -0.0184
via 04714 0.4431 - 0.4695 -0.4274 - -0.0157
vis  -0.2801  0.2660 - 0.6897 -1.4798 - 0.0255
V16 . . - 0.0376  -0.0370 . .
vz -0.0102 - - 0.0089 . . 0.0003
s -0.6179  0.5786 . 0.6318 -0.5711 . .
D2A E 24
Sym. Mode «; G B; o G B;
a vo  0.0879 0.0254 -0.0955 -0.0873 -0.0264 0.0946
a’ v - 0.0098 - - -0.0100 -

V13 - 0.0084 - - - -
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TABLE C4: The ab initio calculated fifth (o), sixth ((;) and eighth (u;) coupling
parameters (in eV) for the X 24, A 24’ B 2A”, C 24", D 2A’ and E 2A’ electronic
states of CHoNHCHY with using MCQDPT method.

X 2 A K 2 4 E 2 A1
Symm. Mode %) Gi a; Gi i a; Gi 1223
a vy 0.0132 - 0.0131 - - - - -
V3 0.0012 - 0.0009 - - 0.0132 - -
Vg - - - - - -0.0064 - -
a’ vt - - - -0.0030 - - 0.0053 -
V12 - - - - - - 0.0037 -
13 - -0.0043 - -0.0093 - - 0.0416 -
V14 - - - -0.0813 - - 0.3911 -0.3397
V15 - -0.0154 - -0.0768 - - 0.2402 -0.2629
V16 - -0.0019 - - - - -0.0005 -
V17 - - - - - - 0.0239  -0.0000005
18 - 0.0673 - -0.5350 0.4917 - 0.6317 -0.5777
6 2 A1 ]5 2 A E 2 g/
Symm. Mode «; G o G G
da vy 0.0131 - - - -
Vg -0.0067 - -0.0074 - -
a’ V11 - -0.0027 - 0.0091 -0.0088
V12 - 0.0008 - 0.0064 -
V13 - -0.0456 - 0.0087 -0.0015
Via - -0.0222 - -0.0014 -
V15 - 0.0345 - - -
V16 - - - - -
Vit - - - - -
s . . - -0.0446 -0.2564
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TABLE C5: Linear (/\El)), cubic ()\53)), fifth ()\55)) and seventh (>‘z(‘7)) order inter-state
coupling constants (in eV) between the n and m electronic states of the CH,NHCH
with using EOMIP-CCSD method (Eq. 5.9) are estimated from the ab initio electronic
structure results (see the text for details). Dimensionless Poisson parameters ()\f / Qwig)

are given in the parentheses.

X QA/_]§ 2 A1 X QA/—G 2 A"
Mode Al AD e\ Al A® AP
a//
vii 0.1434(0.0661 ) -0.0218 0.0038 - - -
vig  0.1042(0.0366 ) -0.0202 0.0058 - - -
vig  0.2256(0.7382 ) -0.0967 0.1186 -0.1877 - -
via 0.5481(6.0842 ) -0.2236 0.2151 -0.1613 0.0507(0.0520)  0.0707 -0.0279
vis  0.3242(2.5628 ) -0.1814  0.1944 -0.1458 0.3560(3.0902) -0.0211
vig  0.1057(0.2879) -0.0271 -0.0080 - - -
vir  02076(1.6614 ) -0.0169 0.0073 - - -
vig  0.6763(20.4976) -0.2617  0.2642  -0.2004 0.2255(2.2789)  0.0174
K 2A’—]§ 2 A1 X 2A/_6 2 A1
Mode AW AB e Al A® AP A
v 0.0592(0.0113) -0.0022 - - - - -
vie  0.0496(0.0083) - - 0.0632(0.0135) - - -
vis  0.0885(0.1137)  -0.0018 -0.0049 - - - -
vig 0.2828(1.6197) -0.0260 - 0.3986(3.2178) -0.1577 0.1765 -0.1393
vis  0.1810(0.798) - - 0.3997(3.8954) -0.0172 - -
vig 0.0649(0.1085) - - - - - -
viz  0.0843(0.2739)  0.0061 - 0.1220(0.5738) -0.0379 0.0356  -0.0254
vig  0.3856(6.6634) -0.0179 - 0.5048(11.420) -0.1737 0.2108  -0.1702
6 2A//_]'5 2 4/ 6 ZA//_E 2 0/
Mode A AP AP D A AP
y
v 0.2290(0.1685) -0.0217 - - 0.1960(0.1234)  0.0059
vy 0.1985(0.1329) -0.0183 - - 0.2022(0.1379)  0.0077
vig  0.3662(1.9450) -0.0327 - - 0.4388(2.7926) -0.0376
vie  0.1567(0.4973) -0.0107 -0.0296 0.0230 - -
vig  0.2193(1.2393) -0.0072 - - 0.1929(0.9589)  -0.0047
viz  0.0619(0.1477)  0.0009 - - 0.0842(0.2733) -0.0015
B2A"-D 24’
Mode A PY
y
vie  0.1343(0.0608) -0.0078 -0.0062
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TABLE C6: Linear ()\gl)), cubic ()\53)), fifth ()\55)) and seventh ()\1(-7)) order inter-state
coupling constants (in eV) between the n and m electronic states of the CH,NHCH
with using MCQDPT method (Eq. 5.9) are estimated from the ab initio electronic
structure results (see the text for details). Dimensionless Poisson parameters (/\¢2 /2w;%)

are given in the parentheses.

)'“( 2A'—]§ 2p1 )'“( QAI_G 2 A1

Mode A A APl A AP
y )
vii 0.1206 ( 0.0467) -0.0162 - - - - -
vy 0.1055 (0.0375) -0.0226 0.0079 - - - -
viz 0.2349 (0.8000) -0.1281 0.2038 -0.3986 - - -
vig 05121 (5.3123) -0.1898 0.1645 -0.1172 0.1484(0.4462)  0.0361 -0.0117
vis  0.3109 (2.3573) -0.1707 0.1927 -0.1586 0.3976(3.8550) -0.0471  0.0152
vig  0.1040 (0.2790) -0.0283 0.0133 -0.0513 - - -
viz - 0.2032 (1.5922) -0.0127 0.0054 - - - -
vis 05315 (12.6605) -0.1302 0.0875 -0.0478 0.3119(4.3598) -0.0067 -

A2A-B 24" A2A-C24”

Mode Al A® AP Al AP AP A
y
vii 0.0601(0.0116) -0.0023 - - - - -
vy 0.0519(0.0091) - - 0.0707(0.0168) -0.0003 - -
vz 0.1040(0.1568)  -0.0154  0.0056 - - - -
vig  0.2819(1.6099)  -0.0361 0.0057 0.3193(2.0647) -0.0523 0.0243 -
vis  0.2021(0.9959) -0.0035 - 0.3922(3.7510) -0.0147 - -
vig  0.0720(0.1338)  -0.0002 - - - - -
viz 0.0944(0.3435)  0.0054 - 0.1170(0.5276) -0.0356 0.0362  -0.0277
vis  0.3756(6.3229) -0.0184 - 0.5298(12.5805) -0.2039 0.2510  -0.2090

6 2A//_5 2 4/ é 2A/1_E 2 4/

Mode A A® AP A AP AP M
y
vii 0.1985(0.1266)  -0.0252 - 0.2158(0.1496) - - -
vis  0.2033(0.1393)  -0.0158 - 0.1427(0.0687) 0.0126 - -
v 0.3835(2.1332)  -0.0422 - 0.4393(2.7985) -0.0487 - -
vie  0.0841(0.1432)  0.0471 -0.1638 - - - -
V15 - - - - - - -
vig  0.1917(0.9474)  0.0033  -0.0079 0.1689(0.7356) 0.0045 -0.0096 -
viz  0.0527(0.1069)  0.00003 - 0.0245(0.0232) -0.0127 0.0318  -0.0989
V18 - - - - - - -

B2A”-D 24’

Mode A A®
a/l
vy 0.1836(0.1137)  -0.0148
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TABLE C7: Linear (/\;(1)), quadratic ()\;(2)) and cubic (/\;(3)) order intra-state coupling
constants (in eV) between the n and m electronic states of same symmetry of the
CH,NHCHS with using MCQDPT method (Eq. 5.10) are estimated from the ab initio
electronic structure results (see the text for details). Dimensionless Poisson parameters

11y 2
()\i(l) /2w12> are given in the parentheses.

X-A X-D X-E
Mode NEY NE) N NS NS NE) NEY NG N
/
a
vi -0.0017 (0.000008)  -0.0002  0.0014 0.0181 (0.0009)  0.0033 -0.0093 (0.00022)  0.0042
va 0.0125 (0.0005)  -0.0005 - -0.0832 (0.0220)  -0.0014 0.0109 (0.00047)  -0.0073
vs -0.0208 (0.0014) - -0.0752 (0.0190) - -0.0594 (0.01196)  0.0040
va -0.0513 (0.0368)  -0.0111 -0.0316 (0.0140)  -0.0107 -0.1076 (0.16216)  -0.0178 -
vs 0.1845 (0.6598) - 0.0239 (0.0111)  -0.0073 -0.0171 (0.00576)  -0.0085  -0.0020
v6 0.2796 (1.6611)  -0.0126 0.0517 (0.0568)  -0.0141 - 0.0108 (0.00257)  -0.0070 -
vr 0.1879 (0.9247)  -0.0071 - -0.1132 (0.3356)  -0.0213  0.0068 -0.0820 (0.17610)  -0.0132  0.0045
vg 0.1119 (0.4022)  -0.0193  -0.0124 0.2387 (1.8302)  -0.0416  -0.0161 -0.2781 (2.48425)  -0.0111  0.0113
vy 0.0543 (0.1272)  0.0052 - -0.1437 (0.8907)  -0.0111 - -0.1681 (1.21883)  -0.0070 -
v -0.0811 (0.3526)  -0.0296 _ 0.0072 0.0288 (0.0445)  -0.0067 0.1251 (0.83894)  -0.0069  -0.0093
A-D A-E B-C
Mode MO OO e NE) NE)J NS NG NE)
/
a
v 0.1671 (0.0739) -0.0082 (0.0255)  0.0204 0.0130 (0.0004)  -0.0007
vo -0.0525 (0.0088)  -0.0037 0.0914 (0.0266)  -0.0045 -0.1569 (0.0784)  -0.0017
vs -0.0198 (0.0013)  0.0052 -0.1310 (0.0577) - 0.00003 (0.0000)  0.0009
va -0.1906 (0.5085)  -0.0096 -0.0709 (0.0704)  -0.0232 -0.0255 (0.0091) -
vs -0.2192 (0.9313)  -0.0436 - -0.1181 (0.2703)  0.0110 - -0.1936 (0.7265)  -0.0084 -
v6 -0.0030 (0.0002)  -0.0056  -0.0005 -0.0530 (0.0597)  -0.0110  0.0034 -0.0894 (0.1698)  0.0120  -0.0068
vr 0.2314 (1.4023)  -0.0111  -0.0105 -0.0864 (0.1955)  -0.0221 - 0.1396 (0.5104)  -0.0257 -
vg 01311 (0.5521)  -0.0403 - 0.0237 (0.0180)  0.0057 - 0.1837 (1.0839)  0.0121 -
vo -0.0103 (0.0046)  -0.0227  -0.0019 0.0313 (0.0422)  0.0137  -0.0031 0.0067 (0.0019)  -0.0049  -0.0015
V1o -0.0464 (0.1154)  -0.0283 - -0.2310 (2.8605)  -0.0142  0.0138 -0.1050 (0.5910)  0.0109 _ 0.0109
D-E
Mode A AP A®
/
a
v -0.1114 (0.0328)  0.0209
va -0.0853 (0.0232)  -0.0212
vs -0.0675 (0.0153)  0.0134
va -0.2828 (1.1195)  -0.0111
vs 0.1026 (0.2040)  0.0201
ve -0.0233 (0.0115)  0.0156 -
vy -0.0024 (0.0001)  -0.0252  0.0020
vs 0.0466 (0.0697)  0.0169  -0.0086
vy -0.1208 (0.6294) - -
vio -0.0442 (0.1047)  -0.0008 _ -0.0059

TaBLE C8: Diagonal bilinear coupling (7;;) parameters (in eV) along the totally sym-
metric vibrational modes vy, vs, vg, V7, V9 and v of the lowest seven electronic states

of CHoNHCHS calculated using EOMIP-CCSD method.

v X2AL A2AT B2AT 0?4 DAY EPA
vi5  0.0124  -0.0696 -0.0346 0.0636  0.1820 -0.1280
v46  0.0108 -0.0569 -0.0312 0.0074 0.0055 -0.0426
yaz - 0.0044  0.0187 -0.0697 0.1086 -0.0655 0.0291
y19  -0.0022 -0.0200 -0.0221 0.0634 -0.0402 0.0597
Y410 -0.0003  0.0044 -0.0613 0.0838 -0.0827 0.0804
Y56 -0.0394 0.0193 -0.0398 0.0398 -0.0198 -0.0578
Y57 -0.0473  0.0634  0.0861 -0.0508 -0.0066 -0.0063
Y59 -0.0479 0.0383 -0.0037 0.0143  0.0321 -0.0164
Y510 0.0140 -0.0161 -0.0621 0.0528  0.0499 -0.0123
Yor -0.0495 0.0864 0.0360 -0.0772 -0.0352 -0.0278
Y69 -0.0189 0.0643 -0.0176 -0.0015 -0.0108 0.0469
Ye10 0.0418 -0.0233 -0.0384 0.0181  0.0493 -0.0245
Y79 -0.0530 0.0502 -0.0041 0.0552 -0.0021 0.0241
Y70 0.0519  -0.0650 0.0295 -0.0302 0.0624 -0.0306
Y910 0.0235 -0.0730 0.0083 0.0885 0.0206  0.0251
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TABLE C9: The number of the harmonic oscillator (HO) basis functions along the
totally symmetric vibrational modes and the dimension of the secular matrix used in
the calculation of the stick vibrational spectra of the uncoupled electronic states of

CH,NHCHJ is shown in Fig. 5.5.

EOMIP-CCSD
Electronic state | Normal modes | Primitive basis | Dimension of secular matrix | Figure(s)
X V4, Us, Vg, Ut (4,14,12,4) 2064384 Fig. 5.5 (a)
Vs, Vg, V10 (12,16,4)
A va, Us, Vg, V7 (12,4,12,10) 9676800 Fig. 5.5 (a)
Vg, Vg, V10 (12710,14)
B V4, Us, Vg, U (14,10,10,16) 43904000 Fig. 5.5 (a)
Vg, Vg, V10 (10714,14)
C Vs, va, s, V6, vr | (12,14,4,4,10) 12902400 Fig. 5.5 (a)
Vg, Vg, V10 (10,12,4)
D Vo, U3, Ua (12,10,8) 15052800 Fig. 5.5 (a)
Ve, V7, Vs, V1o (14,8,10,14)
E V1, U3, Vs (10,10,14) 18816000 Fig. 5.5 (a)
Ve, V7, V9, V1o (14,12,8,10)
MCQDPT
X Vo, Vs, Vs, U7 (10,16,10,10) 28800000 Fig. 5.5 (b)
Vg, Vg, V10 (10718710)
A V1, Vo, Vi, Vg (8,8,10,6) 46080000 Fig. 5.5 (b)
V7, Vg, Vg, V10 (10,10,10,12)
B Ve, V4, Vs, Vg (6,10,8,6) 33177600 Fig. 5.5 (b)
V7, Vg, Vg, V10 (12,8,12,10)
C Va, U3, Vs, Vs (10,12,14,10) 32928000 Fig. 5.5 (b)
Vg, Vg, V10 (14714,10)
D V1, Va, Vs, Vs (8.10,10,10) 76800000 Fig. 5.5 (b)
Ve, V7, Vg, V10 (12,8,10,10)
E Vi, U, V3, Us (8,8,10,12) 73728000 Fig. 5.5 (b)
Ve, V7, V9, V10 (12,10,8,10)
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TABLE C10: A few vibrational energy levels (in cm~!) of the X, A, B, C, D and E
electronic states of CH,NHCH calculated with using EOMIP-CCSD method obtained
from the uncoupled state calculations. The assignment of the levels carried out by
examining the nodal pattern of the wavefunctions are included in the table.

X Expt. [36] A B C

Energy Assignment Energy Energy Assignment | Energy Assignment | Energy Assignment
0 09 0 09 0 09 0 09
815 vos 800-650 | 864 Vs 720 viog 341 viog
839 V10 871 Voo 767 vss 661 vigl
962 Vs 1098 vi0h 900 vog 721 vog
1012 v 1100 s 1041 s 1004 Vs
1127 veg 1172 v 1048 v 1018 viog
1288 s 1449 v} 1125 ep 1035 v
1488 vag 1450 Ve 1424 vig 1063 vogt+ri0h
1636 Vol 1724 vg? 1487 vsd+rioy | 1166 Voo
1655 vos+rioh 1735 vsd+roy | 1533 vg? 1289 vap
1667 1/10% 1742 1/9% 1544 1/4(1) 1346 Vg(l)-i-l/loé
1777 vsgt+vop 1963 vsg+rioy | 1620 vost+viog | 1377 vi§+riog
1801 vsd+viog 1964 vsgtvsy | 1667 vsgtrog | 1382 vog+1103
1827 vrb+rod 1969 vod+riog | 1761 vsdtriop | 1428 Vs
1852 vrb o8 1971 vshtrey | 1767 vrbtriog | 1441 vyl
1923 gl 2037 vigtvsy | 1807 vsst+usy | 1507 ve4+r10f
1943 veg+vop 2190 V103 1816 vis+vsg | 1631 vag+viod
1967 veg+v108 2198 vsg+rioy | 1818 vyl 1665 vi§+viog
1974 vistuss 2199 Vs 1846 veg+viog | 1696 vag 08
2051 v 2271 vidtviog | 1893 vegt+vsy | 1725 vsg+rog
2089 vedtrsh 2272 vshtury | 1941 vsi+roy | 1756 vrb+uod
2103 vse+rod 2313 gty | 1948 vidtrey | 1769 vsh+ri0g
2127 vs§t+viog 2314 vegt+vsy | 2025 vest+reg | 1783 vod+vi08
2140 vegt+vre 2320 v+l | 2090 Vs 1827 veh+r10g
2250 vsg+vs 2321 vegt+ro | 2091 vsgtvrg | 1887 veg+rog
2254 6} 2344 v 2114 viog 1950 s}
2300 Vst 2547 vad+viod | 2167 vsgt+vep | 2018 v
2303 vag+vop 2548 vegt+viog | 2174 vegtvry | 2022 vag+vi0
2327 vad+riod 2549 vsetred | 2182 vid 2067 vsg+1103
2415 vss+ves 2550 vadt+vsg | 2191 vs§+viod | 2089 vag+vop
2450 vag+vs 2595 vsg 2251 V63 2149 V5§t
2500 v+ 2606 vsg+rod | 2253 vsd+vioy | 2160 vop
2575 Vs 2613 Vol 2264 vag+viod | 2170 Veotvs
2615 vadt+veh 2621 vadt+vrg | 2298 sl 2201 vegt+vrh
2676 vist+viod 2622 vegtvrg | 2312 vad+vsg | 2293 vag+vsd
2792 Vo102 2822 ved+viop | 2433 vgd+uh | 2421 vs+ush
2867 vid+iioh 2824 vsgtvsd | 2444 v+l | 2445 Vg3
2885 s} 2896 vigtvsd | 2465 vsgtviod | 2455 vag+e)
2934 vrgtvst 2897 vadtveh | 2472 vistviod | 2462 Vst
2955 vss+r103 2898 V62 2536 vod+uioy | 2582 Vs
2979 val 2899 val 2549 veg+viod | 2586 val
3051 vep+rsl 2914 vidtred | 2576 vso+vsd | 2593 vsh+eh
3069 veg+rop 3054 vsg+ri03 | 2585 Vs s
3148 vt 3062 vog+ri03 | 2586 vgg+ol
3155 vag+ii0d 3064 vsd+ug) | 2593 vrgtvag
3212 vse+vsl 3070 vsi+vel | 2659 ve§+sg

3173 va§+vgd | 2670 vag+ved

3174 veg+vst | 2709 vss+vop

3191 vag+rod | 2810 vsg+vi0

3192 vegt+rod | 2857 vsg+us

3208 vsd+v7d | 2857 vsd+193

3215 vid+ued | 2866 v+l

3290 l/5(1)-|—l/103 2902 1173-1—1/106

3297 st 2943 Veg+ol

3362 vig+riod | 2957 vig+us

3372 vsitvry | 2968 vag+r103
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TABLE C10: Continued

D E
Energy Assignment | Energy Assignment
0 09 0 09
756 vi0d 626 vi0d
927 vid 899 vod
935 vsd 1094 vid
1080 vad 1157 ved
1236 Ve 1252 V103
1510 V103 1339 vss
1683 1/7(1)+V10(1) 1525 1/9(1)+V10(1)
1691 vsd+rioy | 1720 vid+riod
1836 l/4é+l/10(1) 1783 Vﬁé-l—l/lo(l)
1859 vid 1797 vod
1862 vistvsh 1878 vios
1869 Vgl 1964 vso+viog
1992 1/6(1)+V10(1) 1993 1/7(1)+V9(1)
2007 vad+vry | 2057 veot+vod
2015 vad+vgg | 2151 vog 10
2163 vest+vrg | 2188 v
2171 vest+vsy | 2238 vss+vep
2193 T 2251 veot+vrd
2261 1/108 2315 1/63
2316 vadtveh | 2346 vid+viod
2437 1/7(%4—1/10% 2409 1/6(%4—1/10%
2444 vstriod | 2423 vod+v10
2471 Vel 2432 vsst+vre
2590 vag+viod | 2496 vsot+ved
2615 1/73+V106 2590 1/5(1)+V103
2625 1/8(2)+V10(1) 2677 1/5(2)
2746 l/()'é-f—l/lo% 2941 l/()'%-f—l/lo(l)
2752 v 3136 vsg+rod
2794 st 3187 Vs
2795 V7%+V8(1) 3214 V63+V9(1)
2797 vid+usd | 3303 vsi+vio8
2939 vad+vrg | 3409 vedtvrh
2949 vad+vsl | 3526 vsh+vrg
2949 vad+vioy | 3529 Vi
3100 vap 3576 vsg+vo
3239 vag 3771 Vgt
3813 vsd 10
3840 vsg+e)
4086 va+rod
4155 1/1(1)+l/]0(1)
4281 vss+vrd
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TABLE C11: A few vibrational energy levels (in cm™!) of the X, A, B, C, D and F
electronic states of CHoNHCHS calculated using MCQDPT method obtained from the
uncoupled state calculations. The assignment of the levels carried out by examining
the nodal pattern of the wavefunctions are included in the table.

X Expt. [86] A B C

Energy Assignment  Energy | Energy Assignment | Energy Assignment | Energy Assignment
0 09 0 09 0 09 0 09
820 vog 800-650 | 758 vog 504 vog 600 Vs
838 vioh 791 Vs 698 vioh 607 vi0h
1058 vsg 948 viog 958 vsg 939 s
1088 v 1109 vy 1013 vyl 1112 V103
1174 s 1161 Ve 1056 veo 1206 vsg+raoh
1341 vag 1321 va 1118 s 1231 gl
1639 vyl 1512 vyl 1202 vost+viog | 1252 va
1659 vos+v108 1550 vs§t+reg | 1203 v 1480 vsh+sh
1685 vigd 1588 s} 1307 vag 1539 vsh+riof
1878 v+l 1706 vod+viod | 1401 V103 1711 vso 10
1897 vsd+ri08 1739 vsdtriop | 1462 vshtroy | 1837 vs3+v108
1908 vig+vod 1867 vistrey | 1545 vop 1851 vag+vs
1926 vist+viod 1893 V103 1560 vegt+reg | 1858 vag+viod
1995 vss+rod 1900 vidtsd | 1622 vsot+red | 1891 st
2013 vsg+0h 1919 veg+rog | 1657 vsg+rioy | 2064 vsg+1103
2116 g} 1952 veo+rsy | 1707 vigtrey | 2175 vsgtsk
2146 vrgtvs 2057 vidtvioy | 1712 vod+vio | 2191 vag+vsg
2161 vag+vo 2079 g+l | 1754 vestrioy | 2363 vag+r10d
2180 vag+viod 2109 veg+vio | 1811 vadtvep | 2482 vag+vsd
2181 vr3 2112 vad+ush 1817 vsd+riop | 2512 v4d
2232 vsg+vs 2222 vid 1901 vig+rioy | 3089 vag+vad
2262 Vst 2268 vegtrry | 1905 vog+riod | 3199 Vs
2350 53 2269 vop 1914 vg? 3798 v3gtvs
2399 vagtvsh 2304 vsgtreg | 1972 vstred | 4448 vag+vad
2429 vagtvrd 2325 Vel 2006 vag+rroy | 6398 Vsl
2459 vyl 2347 vsd+ueg | 2014 veg+vsy
2478 vod+u10h 2429 vag+vel | 2069 veg+od
2505 vog+1103 2481 vod+vioy | 2076 vsgtvsh
2515 vag+vsg 2621 vidt+red | 2109 V108
2680 va} 2640 vad 2122 Vel
2728 vistved 2697 vistvsd | 2132 vsgtved
2746 vs+vi02 2749 vegt+vst | 2161 vistvsh
2773 vig+viog 2833 vagtved | 2174 Vsh+veg
2814 Vsgt+vel 2848 vi0g 2216 vrgtvel
2860 vse+r103 2909 vad+vsd | 2244 Vs
2980 vag ol 3028 vy 2258 Vet
3026 vag+vi0d 3340 v 2259 vad+vsh
3170 st 3495 veg 2265 vsg+1103
3268 vig 2320 v+
3280 vog 2321 vag+vel
3354 viog 2363 vag+eh
3522 ] 2405 v

2457 116(1)4—1/10%

2519 1/5(1)+l/1()g

2604 7/7(1)+V1()g

2708 vag+viod

2820 Vl()g

2872 s}

3165 veg

3355 vsg
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TABLE C11: Continued

D E
Energy Assignment | Energy Assignment
0 09 0 09
722 viop 360 viop
763 vis 606 vos
771 V8(1) 757 1/103
984 1/5(1) 967 1/9(1)+V10(1)
1152 ved 974 vid
1199 vag 1127 V6
1437 vios 1166 vsh
1485 vigtroy | 1189 viog
1493 Vg(l)Jrl/l()é 1210 Vgg
1529 1/83 1364 1/9(1)+V103
1533 vistvsh | 1526 vso+viog
1706 vsstviog | 1581 vist+ved
1747 vsstvrg | 1732 vig+viod
1755 vsgtusg | 1733 vegtrog
1874 veot+vioy | 1772 vso+vog
1915 Vﬁ(l)Jrl/nl) 1810 I/gg
1921 vadt+vioy | 1884 veot+v108
1923 veot+vsy | 1923 Vso+vi08
1961 vag+ud 1956 vid
1968 Vs 1967 Vo240
1969 vag+vgy | 2101 veot+vrd
2136 V5(1)+V6(1) 2140 1/5(1)+V7(1)
2147 1/108 2259 V6(2)
2208 vsdt+viod | 2316 vsot+ved
2307 ved 2333 vsd
2316 vid+ush | 2399 vod+viop
2348 vadt+vey | 2409 vog
2390 Y
2421 1/5(1)+V10(2)
2513 vsd+urd
2589 Vs 1102
2636 vag+vi0
2682 V6(1)+V7g
2728 vag+vd
2858 vsg+r10)
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TABLE C12: The normal mode combination and sizes of the primitive and single-
particle functions (SPFs) utilized in the coupled states dynamics calculations of the
CHQNHCH;_ using the MCTDH suite of programs are presented. * The primitive basis
denotes the number of Harmonic oscillator DVR functions for the relevant mode, with
the primitive basis for each particle being the product of the one-dimensional bases. °
The SPF basis represents the number of single-particle functions used. The vibronic
spectrum of the coupled electronic states of the CH,NHCH; is depicted in Fig. 5.6.

Electronic state Normal modes Primitive basis® SPF basis® method

V1, Vo, V3, V11, V12 (8,10,12,8,8) [8,10,10,10,8,8]
V4, V13 (16,12) [8,10,10,10,8,8]

X-A-B Vs, Vg, V14 (14,14,16) [8,10,10,10,8,8] | EOMIP-CCSD
-C-D-E V7, Vg, V15, V16 (8,10,16,10) [8,10,10,10,8,8]
Vg, V10, V17, V18 (18,20,10,20) [8,10,10,10,8,8]
vy, V2, V3, V11, V12 (8,10,10,8,8) [8,10,10,10,8,8]
vy, V13 (12,14) [8,10,10,10,8,8]

X-A-B Vs, Vg, V14 (14,16,16) [8,10,10,10,8,8] MCQDPT

-C-D-E vr, Vs, V15, V16 (10,12,12,10) [8,10,10,10,8,8]
Vg, V10, V17, V18 (16,16,16,16) [8,10,10,10,8,8]
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Ficure C1: Probability density of vibronic wave functions of the X electronic state
of CHoNHCH; with using EOMIP-CCSD data as a function of nuclear coordinate.
Panels a, b and c represent the fundamental of vs}, vsh and vof and first overtone of
vs, 63 and vg3 modes, the wavefunction in panels g, h and i represent the combination

peak of vsi+ved, vsp+rog and ve+vod.
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Ficure C2: Probability density of vibronic wave functions of the X electronic state
of CHoNHCH; with using MCQDPT data as a function of nuclear coordinate. Panels
a, b and c represent the fundamental of v4}, vs} and vo$ and first overtone of v42, vs3
and v93 modes, the wavefunction in panels g, h and i represent the combination peak
of vag+vsd, vag+red and vsd+ugd.



Supplementary material for Chapter 5 157
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FiGure C3: Probability density of vibronic wave functions of the A electronic state of
CH2NHCHJ with using EOMIP-CCSD data as a function of nuclear coordinate. Panels
a, b and ¢ represent the fundamental of vg3, vof and viof and first overtone of v, vo3
and v1p2 modes, the wavefunction in panels g, h and i represent the combination peak

1 11 1 1 1
of vs5+v9y, Veg+riog and vog+viog-
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FiGure C4: Probability density of vibronic wave functions of the A electronic state
of CHoNHCH; with using MCQDPT data as a function of nuclear coordinate. Panels
a, b and ¢ represent the fundamental of vgg, vof and v1of and first overtone of 52, vo3
and v1p2 modes, the wavefunction in panels g, h and i represent the combination peak

1 11 1 1 1
of vg5+v9y, Veg+riog and vog+viog-
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Ficure C5: Probability density of vibronic wave functions of the B electronic state of
CH2NHCHJ with using EOMIP-CCSD data as a function of nuclear coordinate. Panels
a, b and ¢ represent the fundamental of v7{, v} and v10f and first overtone of 172, vo3
and v1p2 modes, the wavefunction in panels g, h and i represent the combination peak
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FiGure C6: Probability density of vibronic wave functions of the B electronic state
of CHoNHCH; with using MCQDPT data as a function of nuclear coordinate. Panels
a, b and ¢ represent the fundamental of v7{, vo} and vi0f and first overtone of 172, vo3
and v1p2 modes, the wavefunction in panels g, h and i represent the combination peak
of veg+ved, vri+riod and vog+r10g-
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Ficure C7: Probability density of vibronic wave functions of the C electronic state of
CH2NHCHJ with using EOMIP-CCSD data as a function of nuclear coordinate. Panels
a, b and ¢ represent the fundamental of 14}, v7$ and v} and first overtone and second
overtone of 143, v7% and v modes, the wavefunction in panels g, h and i represent the
combination peak of vyd+v7d, vad+vel and vrl+uep.
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Ficure C8: Probability density of vibronic wave functions of the C electronic state
of CHoNHCH; with using MCQDPT data as a function of nuclear coordinate. Panels
a, b and ¢ represent the fundamental of v}, v4¢ and g} and first overtone and second
overtone of 133, 142 and v modes, the wavefunction in panels g, h and i represent the
combination peak of v3d+v4, vai+vsh and vad+ush.
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Ficure C9: Probability density of vibronic wave functions of the D electronic state of
CH2NHCHJ with using EOMIP-CCSD data as a function of nuclear coordinate. Panels
a, b and ¢ represent the fundamental of vg3, vg$ and vi0f and first overtone of 52, Vg3
and v1p2 modes, the wavefunction in panels g, h and i represent the combination peak
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of vs5+vsy, Veg+riog and vsg+riog-
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Ficure C10: Probability density of vibronic wave functions of the D electronic state
of CHoNHCH; with using MCQDPT data as a function of nuclear coordinate. Panels
a, b and c represent the fundamental of vgg, v4f and viof and first overtone of vg2, v43
and v1p2 modes, the wavefunction in panels g, h and i represent the combination peak
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Ficure C11: Probability density of vibronic wave functions of the E electronic state
of CHoNHCH; with using EOMIP-CCSD data as a function of nuclear coordinate.
Panels a, b and c represent the fundamental of vs}, vs} and v7$ and first overtone of
vs, 63 and v73 modes, the wavefunction in panels g, h and i represent the combination
peak of vs+ved, vsp+rrg and ve+vrd.
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Ficure C12: Probability density of vibronic wave functions of the E electronic state
of CHoNHCH; with using MCQDPT data as a function of nuclear coordinate. Panels
a, b and c represent the fundamental of vs}, ve} and 7§ and first overtone of vs2, vg3
and v73 modes, the wavefunction in panels g, h and i represent the combination peak
of vs§+ved, vsg+vrh and ved+urd.
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FIGURE_C14: The composite vibronic band structure of the coupled X—g, X—E, B-
C and D-FE states of CH,NHCH are depicted in panels (a)-(h), respectively. These
band structures are calculated utilizing the Hamiltonian parameters derived from the
MCQDPT energy data.
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C-D and D-E states of the CH,NHCH calculated with using EOMIP-CCSD data are
shown in the panels (a)—(j), respectively.
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shown in the panels (a)—(j), respectively.
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