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Abstract

The common assumption in probing the dynamical motion of molecules is that the
molecular electronic activity depends weakly on vibrational coordinates on electronic
excitation. Therefore, electron-vibration interaction, which is known as Vibronic Coupling
(VC), may be ignored. The Herzberg-Teller theory of Vibronic Coupling (HTVC) is a
breakdown of the Born-Oppenheimer Approximation (BOA) since nuclear and electronic
degrees of freedom can no longer be separated. The inclusion of a single quantum of a
non-totally symmetric vibrational mode changes the overall symmetry of the state and
permits the transition. Often, this assumption may be invalid, especially in carbonyl and
aromatic compounds. This thesis will use both quantum mechanics and electronic structure
theory of molecules to probe the breakdown of this assumption in carbonyls
(formaldehyde H.CO, acetaldehyde CH3CHO, and acetone CH3COCHS3) and aromatic
carbonyl compounds (benzaldehyde CsHsCHO and benzophenone CsHsCOCsHs). This
work will investigate the extent to which HTVC is significant by looking at nuclear
coordinates deformation and electronic density redistribution upon electronic excitation.
Non-totally symmetric vibrations are important to identify the coupled electronic states
whereby intensity is borrowed from nearby electronic states in case of forbidden electronic
transitions by symmetry in the FC region. This electronic density redistribution distortion
may be due to the Duschinsky Matrix (DM) and HTVC interaction renders information on
how the transition moment varies as the molecular geometry changes, giving rise to the
non-Condon regime. This coupling should be probed to see if it is caused by orbital
interaction and this interaction would give rise to non-adiabatic coupling. This molecular
geometry alteration is so important for probing and hence understanding vibration-electron

coupling in polyatomic molecules.

Keywords: Born Oppenheimer, Vibronic coupling, Duschinsky rotation and molecular,
Herzberg-Teller effect and molecular geometry.
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Chapter 1: Introduction

1.1 Overview

1.1.1 Overview of the Born-Oppenheimer Approximation and its Role in Separating
Nuclear and Electronic Degrees of Freedom

Born Oppenheimer Approximation (BOA) is a fundamental concept in molecular physics
that allows for the separation of nuclear and electronic motion in molecules [1]. This
approximation is based on the observation that the nuclei in a molecule are much more
massive than the electrons, resulting in the nuclei moving much more slowly compared to
the rapid motion of the electrons [2]. Therefore, the electrons can adjust rapidly to changes
in the nuclear configuration, allowing the electronic wavefunction to be treated
independently of the nuclear coordinates [3]. This separation simplifies the mathematical
treatment of the electronic structure problem by reducing the complexity of solving the
Schrodinger equation [3]. By neglecting the nuclear kinetic energy in the Hamiltonian, the
BOA allows the determination of the electronic energy levels and wavefunctions of
molecules [3]. In this approximation, electronic wavefunction explicitly depends on the
electronic coordinates, representing the positions of the electrons, while being
parametrically dependent on the nuclear coordinates, representing the positions of the
nuclei. This separation enables the electronic motion to be treated separately from the
nuclear motion. The electronic wavefunction adjusts instantaneously to changes in the
nuclear coordinates, resulting in an equilibrium state between the electronic and nuclear
motions. This approximation plays a crucial role in understanding the electronic structure
of molecules. By treating the electronic and nuclear degrees of freedom independently, it
becomes possible to calculate the electronic energy levels and wavefunctions for each
value of the nuclear position parameter. This approximation is highly effective and
accurate for describing the electronic structure and properties of most molecules. It has
been extensively validated by its successful application to a wide range of molecular
systems. The separation of nuclear and electronic motion simplifies the theoretical
treatment of the electronic structure problem, enabling the calculation of important
molecular properties such as electronic energies, wavefunctions, and spectroscopic

transitions. The BOA has been proven to be a powerful tool in understanding the electronic



structure and properties of molecules, providing valuable insights into chemical bonding,
reactivity, and spectroscopy. However, it is important to note that BOA has limitations. In
situations where the coupling between electronic and vibrational degrees of freedom
becomes significant, such as in systems with strong vibronic coupling, the approximation
breaks down [4].

1.1.2 Limitations of the Born-Oppenheimer Approximation and its Breakdown in the
Presence of Vibronic Coupling

This approximation provides a powerful framework for understanding the electronic
structure of molecules by separating the nuclear and electronic degrees of freedom.
However, it has inherent limitations that become particularly relevant in systems with
strong vibronic coupling, where the interaction between the electronic and vibrational
motion plays a significant role. The Franck-Condon (FC) principle is a fundamental
concept in molecular spectroscopy that describes how electronic transitions occur in
molecules. It states that the most likely electronic transitions are those in which the nuclei
do not change their positions [1, 2]. This is because electronic transitions happen much
faster than nuclear motion. The FC factors are mathematical entities that quantify the
probability of an electronic transition between two vibrational states [1, 2]. They are
important for understanding the vibrational structure of electronic spectra and for
designing lasers that emit light at specific wavelengths. One of the key limitations of the
FC principle is that it does not account for vibronic coupling [3]. Vibronic coupling is the
interaction between electronic and vibrational degrees of freedom in molecules. It can
modify the energy levels of electronic states, the transition probabilities between electronic

states, and the selection rules governing electronic transitions.

Vibronic coupling is particularly important in carbonyl compounds and aromatic rings [3].
These compounds exhibit characteristic electronic transitions associated with the
excitation or de-excitation of the 7 electrons. Vibronic coupling can alter the energy levels
of these electronic states, the transition probabilities between electronic states, and the
selection rules governing electronic transitions. This can lead to changes in the absorption
and emission spectra, the color and optical properties, and the reactivity of these

compounds.



1.1.3 The Concept of the Franck-Condon Principle

The FC principle assumes that the nuclei do not change their positions during an electronic
transition [1, 2] This is because electronic transitions happen much faster than nuclear
motion. As a result, the most likely electronic transitions are those in which the initial and
final vibrational states of the nuclei are the same. FC factors are calculated by integrating
the vibrational wavefunctions of the initial and final states [1, 2]. The larger the overlap
between the two wavefunctions, the more likely the transition is to occur. The FC principle
can be used to explain the vibrational structure of electronic spectra [1, 2]. For example,
the absorption spectrum of a molecule will show a series of peaks, each corresponding to
a different vibrational transition. The intensity of each peak is determined by the FC factor

for that transition.

1.1.4 The Concept of Vibronic Coupling

The Vibronic Coupling (VC) is the interaction between electronic and vibrational degrees
of freedom in molecules [3]. It can arise from several factors, such as the presence of
strong electric fields or the coupling of electronic and vibrational transitions. This concept
can modify the energy levels of electronic states, the transition probabilities between
electronic states, and the selection rules governing electronic transitions [1, 3]. For
example, vibronic coupling can allow electronic transitions that are forbidden by
symmetry rules to occur. Vibronic coupling is particularly important in carbonyl
compounds and aromatic rings [1, 3]. These compounds exhibit characteristic electronic
transitions associated with the excitation or de-excitation of the 7 electrons. Vibronic
coupling can alter the energy levels of these electronic states, the transition probabilities
between electronic states, and the selection rules governing electronic transitions. This can
lead to changes in the absorption and emission spectra, the color and optical properties,

and the reactivity of these compounds.

One example of VC is the Kasha rule [1]. The Kasha rule states that the lowest energy
electronic state of a molecule is the most fluorescent state. This is because the vibrational
relaxation of the molecule after electronic excitation is much faster than the fluorescence
process. As a result, the molecule is most likely to fluoresce from the lowest energy

vibrational state of the lowest energy electronic state. The FC principle stands as a



fundamental concept, shaping our understanding of electronic transitions [4]. Rooted in
quantum mechanics, this principle illuminates the likelihood of electronic transitions
occurring without simultaneous nuclear movement. Central to this principle are the FC
factors, mathematical entities that quantify the probability of such transitions [5]. In this
exploration, we delve into the depths of the FC principle, unraveling its theoretical
underpinnings and unveiling the pivotal role played by FC factors in molecular
spectroscopy. Vibronic transitions are simultaneous changes in the electronic and
vibrational energy levels of a molecule [1]. When an electronic transition occurs, the nuclei
in the molecule are subjected to a change in Coulombic force due to the redistribution of
electronic charge. This means that the molecular potential energy surface, which governs
the motion of the nuclei, changes. In response, the nuclei vibrate more vigorously, and the
absorption spectrum shows a structure that is characteristic of the vibrational energy levels

of the molecule.

1.2 Research Objectives

The Herzberg-Teller Vibronic Coupling (HTVC) and the Duschinsky Matrix (DM) are
two important ideas in vibronic spectroscopy. HTVC connects the electronic and
vibrational parts of molecules, causing the vibronic bands in molecular spectra to separate.
Meanwhile, the DM explains how the vibrational frequencies and strengths change
because of HTVC. This project aims to demonstrate the theoretical nature of electronic
spectra incorporating the effects of the DM and HTVC using software, primarily Gaussian.
We will investigate the evolution of nuclear geometry and subsequent changes in
symmetry, clarifying how these transformations lead to a new point group for the molecule
in its excited state over time. This scenario violates the FC principle due to the distortion
in molecular symmetry (point group), resulting in the initial state differing from the final
electronic state. Addressing this, both DM and HTVC must be considered. achieve this,
we will focus on the carbonyl structure and its potential enhancement of vibronic coupling.
Our primary compounds of interest encompass simple carbonyls: 1- Formaldehyde: CH>0O
2- acetaldehyde:CH3CHO 3- acetone CH3COCHzs 4- benzaldehyde: CsHsCHO and 5-

benzophenone: CeHsCOCsHs. Furthermore, this research aims to examine the application



of DM specifically in the first four compounds and will compare those effects with the

corresponding Non-Adiabatic Coupling (NAC) values.

1.3 Relevant Literature

The BOA simplifies the Schrédinger equation for molecules by assuming that the electrons
move much faster than the nuclei. This allows us to treat the electrons as if they were
stationary, while the nuclei move more slowly. The electronic wavefunction depends on
the nuclear positions, but it can instantly adjust to keep up with the nuclear motion. This
is known as the adiabatic approximation. The nuclear wavefunction, on the other hand,
depends on the electronic wavefunction, but not explicitly on the nuclear positions. This
is because the nuclei only see the averaged electron distribution. The BOA leads to a
Potential Energy Surface (PES) for the nuclei in each electronic state. The PES is different
for each electronic state because the interaction of the nuclei with the averaged electron
distribution is different for each state. This approximation breaks down when the kinetic
energy terms for the nuclear motion become comparable to the electronic terms. This can
happen in certain cases, such as when the molecule is excited to a high-energy electronic
state. However, the BOA is usually a good approximation and is an important tool in

molecular spectroscopy and energy transfer.

In simpler terms, BOA allows us to treat the electrons and nuclei in a molecule as if they
were moving on separate tracks. The electrons move much faster than the nuclei, so they
can instantly adjust to keep up with the nuclear motion. This allows us to calculate the
electronic energy levels and wavefunctions for the molecule without having to worry about
the nuclear motion. The nuclear motion, on the other hand, depends on the averaged
electron distribution. This averaged electron distribution creates a potential energy surface
for the nuclei, which is different for each electronic state. It allows us to understand how
molecules absorb and emit light, and how they transfer energy between different

vibrational states.

Intensity borrowing or stealing is a process by which a transition that is normally forbidden
can become allowed by borrowing intensity from a nearby allowed transition. This can

happen when two electronic states are coupled strongly.



Group theory can be used to predict which transitions are allowed and which are forbidden,
and it can also be used to calculate the amount of intensity borrowing that occurs. This

information can be used to understand and interpret electronic spectra.

1.4 Herzberg-Teller Concept

The Herzberg-Teller (HT) principle explains the vibronic coupling in the molecular
electronic spectra. It describes the coupling between electronic and nuclear motions in a
molecule during a spectroscopic transition. According to this concept, the intensity of a
vibrational transition in the electronic spectrum (like electronic absorption or emission)
can be influenced by the vibrational modes that change during the electronic transition and

how these changes affect the intensity of the electronic spectrum.

1.5 Intensity Borrowing

Intensity borrowing occurs when vibrational transitions that are nominally forbidden
become allowed due to vibrational-electronic (vibronic) coupling. These transitions are
termed "borrowed" because they gain intensity from the electronic transition, even though
they would typically be weak or forbidden based solely on selection rules for vibrational

transitions.

1.6 Relation between Intensity Borrowing and Herzberg-Teller Concept

The HT concept explains intensity borrowing by illustrating how certain vibrational modes
can couple with the electronic transition, causing changes in the selection rules and thus

allowing normally forbidden vibrational transitions to become observable.

When a molecular electronic transition occurs, it induces changes in the molecular
potential energy surfaces. These changes can lead to modifications in the vibrational
wavefunctions and their overlap between initial and final states. Vibrational modes that do
not change during the electronic transition (i.e., those exhibiting vibrational progressions
parallel to the excited electronic state) can interact with this electronic transition through

vibronic coupling, resulting in borrowed intensity.

In essence, the HT concept provides the theoretical framework to understand how vibronic

coupling influences the intensity of vibrational transitions in electronic spectra. It helps



elucidate why certain vibrational transitions, which would normally be forbidden based
on purely vibrational selection rules, become allowed or exhibit increased intensity due to

their interaction with the electronic transition.

Therefore, intensity borrowing can be conceptually related to the HT concept by
highlighting how vibronic coupling influences the selection rules governing the intensity

of vibrational transitions in molecular electronic spectra.

Here is an example of how intensity borrowing can occur:

1.7 Hlustrative Example

Consider a molecule that has two electronic states, the ground state, and an excited state.
The excited state is coupled strongly with a third state, which is also an excited state. The
third state is allowed to decay to the ground state, but the excited state is nominally
forbidden to decay to the ground state. However, because the excited state is coupled
strongly to the third state, the excited state can borrow intensity from the third state and
decay to the ground state. This is called intensity borrowing or stealing. Intensity
borrowing can be used to explain several phenomena in electronic spectroscopy, such as
the appearance of weak transitions in spectra that are normally forbidden. It can also be
used to study the coupling between electronic states. Molecular geometry may change
upon electronic excitation, in response to the exerting molecular forces, causing the dipole
moment to decrease or increase. (For example, upon electronic excitation, water molecular
geometry changes considerably, resulting in a dipole moment shift from 1.85 D to 0.0 D
by going from bent (ground state) to linear (excited state), and CH.O geometry Changes
from trigonal planar to a pyramidal configuration (excited state), thereby shifting its dipole
moment from 2.33 D to 1.6 D in the singlet state, vide infra for more details. This change
in dipole moment is ascribed to the relevant geometry change, and therefore point group
symmetry changes, upon electronic excitation/emission. This alteration of geometry
modifies the nuclear coordinates and, therefore, how the corresponding Molecular Orbitals
(MOs) depends on these coordinates. The change in the electronic dipole moment is
ascribed to coherence between the ground and excited states, thereby setting up the

transition dipole moment of the molecule. As such, the transition dipole moment dynamics



is an essential part of understanding spectroscopy, particularly HT coupling. Thus, excited

molecular spectroscopy may readily capture the corresponding geometry change.

While rigid molecules experience negligible molecular distortion upon electronic
excitation, [20] some molecules exhibit noticeable distortion, due to electron density
redistribution and molecular re-equilibration; hence adopting a different point group.
Others show strong deformation, which will not be discussed herein. While molecular
geometry change implies a change of bond length (linear displacement) and strength (force
constant), molecular distortion may very well involve HTVC and DM of normal modes

upon electronic excitation [20-27].

Because rigid molecules experience no symmetry change, and thus retain their ground
state molecular geometry (nuclear coordinates), upon electronic excitation, they can be
designated as FC molecules. Both DM and HTVC contribute insignificantly to FC
molecules on excitation. On the other hand, non-rigid molecules allow the vibrations to
interact appreciably with the electronic state, thereby leading to nuclear coordinates
rearrangement, or point group change, evoked by HTVC and DM [21]. As such, vibronic
coupling that caused by HTVC and DM leads to the evolution of the nuclear coordinates
upon electronic excitation as time elapses. The difference in nuclear configuration between
the initial and final electronic states is normally accompanied by electron density
redistribution and hence different electronic configurations. Anthracene is an example of
rigid molecules [27]. normally do not result in a molecular point group change upon

excitation, thereby retaining their symmetry, hence no distortion.



Chapter 2: Theoretical Background

2.1 Mathematical Representation of the Franck-Condon Principle

At its core, the FC principle posits that electronic transitions between molecular states
occur instantaneously, without any nuclear motion. This phenomenon is especially
pertinent during the absorption or emission of light, where electronic states change, but
the nuclear configuration remains fixed. Mathematically [10], this principle is expressed

as:
| < ¥R |W:(R) > |? o« (B — E)) (1)

Where Wi(R) and Wi(R) represent the final and initial nuclear wave functions, R denotes

nuclear coordinates, and Es and E; are the final and initial electronic energies, respectively.

FC factors, denoted as P(Av), quantify the transition probability between vibrational states
Av of different electronic states. These factors are pivotal in understanding the intensity
distribution of spectral bands. The FC factor for a transition involving a change of v

vibrational quanta is given by the overlap integral:
P(Av) = | [ ¥/ (R)¥I(R)dR |2 )

Here, 'Pvf (R) and ¥} (R) represent the final vibrational state and initial vibrational ground

state wave functions, respectively.

2.2 Vibronic Structure

Vibronic transitions are transitions between different vibrational levels of different
electronic states. These transitions are important because they can provide information
about the potential energy surfaces of different electronic states. Such transition is

represented as:

lPelec,illuvib,il _)lluelec,f lluvib,fF

Where electronic and vibrational wavefunctions are categorized based on both their

electronic state (i or f) and the quantum state of the vibrational oscillator (I or F) because



the potential energy surfaces vary for different electronic states, leading to distinct

vibrational wavefunctions. [10]

For clarification:

¥;:is the electronic wavefunction of electronic state i
¥, is the electronic wavefunction of electronic state f
Now:

W, . is the vibrational wavefunction for the quantum vibrational state | within the that

electronic state, i.

Yer :is the vibrational wavefunction for the quantum vibrational state F within the that

electronics state, f.
For a transition: i and | denote initial conditions, while f and F denote final conditions.

The probabilities of these transitions can be calculated using the Taylor series expansion

< l‘Uelec,fl‘uvib,fF | Uz | llyelec,i lluvib,il >=
ouir,z
f dRY *vib,fF (R) {Hif:Z(Ro) + Zj (6—1{]) (Rj - Rjo) + } Yoibir (R) (4)
of the electronic dipole moment matrix element equation:

Where: u, is the electronic dipole moment operator along the z direction, and R is the
vibrational coordinate. The presence of " j " in the equation denotes different terms in the
Taylor series expansion of the electronic dipole moment matrix element with respect to
the nuclear coordinates (R). Each " j " would correspond to a specific term in the
expansion, enabling a more detailed description of how the electronic dipole moment
varies concerning the nuclear geometry. Please note that the electronic matrix element
differs from a permanent dipole moment (which is the expected value of p in the electronic
state ;). Instead, it represents a transition dipole moment, which is the matrix element of

U between two distinct electronic states.

This expansion is useful because it can consider the changes in the electronic dipole

moment due to the vibration of the nuclei. This series expansion of the electronic dipole

10



moment matrix element is a powerful tool to understand and calculate the probabilities of
vibronic transitions in a variety of molecular systems. For example, it can be used to study
the absorption and emission of light, the reactions of molecules, and the transport of energy
in molecules. The electronic matrix element here is the transition dipole moment between
the two electronic states. This is not the same as the permanent dipole moment of a
molecule. The transition dipole moment can be nonzero even in a completely nonpolar
molecule. The vibrational coordinate is a measure of the displacement of the nuclei from

their equilibrium positions. It is a useful quantity for describing vibrational transitions.

Referring to Equation 4, and under the Condon approximation, the integral known as the

vibrational overlap integral, denoted as pj;(Ro) determine the strength of an electronic

transition as:
MiZf (Ro) = f dellI;ib,fF (R)¥ip,i (R) 5)

In the context of a vibrational infrared transition where ¥, r and ¥, ;; represent
vibrational levels within the same electronic state, the integral would equate to zero unless
I=F. However, in this scenario, ¥, ;; represents a vibrational eigenstate of the potential
energy surface for the ground electronic state, ¢(R), while ¥, - characterizes an
eigenstate of a distinct potential energy surface for the excited electronic state, ¢'(R). In
general, differences exist in both the equilibrium internuclear separation and curvature
between these surfaces, causing eigenstates characterized by distinct quantum numbers to
be non-orthogonal, Hence, there's no inherent reason for the p;((R,) term to be zero. The

term in p;(R,) is usually considerably larger than the one involving the derivatives, 0

The integral over vibrational coordinates, as denoted in Equation 5, is termed the
"vibrational overlap integral." The probability of the transition relies on the square of the
matrix element, |u%(Ry)|* | [ dRW,p, ir (R)Wyipir (R)|? . The second factor, the square
of the vibrational overlap integral, is termed the "Franck—Condon factor." This factor
determines the relative strengths of various vibrational sublevels within a given electronic
transition. The overall intensity of the transition is determined by the electronic

component, |uZ(Ro)|?.

11



The Franck—Condon factors follow a vibrational sum rule, where the sum across all

Franck—Condon factors originating from a particular initial vibrational state is considered.
ZF | < Yoiv,rrPoivir > |2 =

Yr < Woip rrWinir >< YoinfrWPoinir > = <WripitWoipi > =1 (6)

Before we go any further, we need to take a closer look at the nature of the vibrational
wave function for a polyatomic molecule. In the harmonic oscillator approximation, the
vibrational wavefunctions can be broken down into products of wavefunctions for each of

the individual normal modes, like this:

lptotal (R) = l‘le (Rl)qlvz (Rz)qjv?, (R3) e lpvn(Rn) (7)

vib
This means that the 3N—6-dimensional vibrational wavefunctions in Equation 5 can be
broken down into a product of one-dimensional wavefunctions. In other words, the
vibrational wavefunction of a molecule can be thought of as a product of the vibrational
wavefunctions of each of its normal modes. This is a very useful simplification because it
allows us to treat each normal mode independently. This assumes that the normal modes
of the ground and excited electronic states are the same, which may not be the case. In
general, the normal modes of the excited state are linear combinations of the normal modes
of the ground state. This introduces what is known as the Duschinsky Effect (DE) or
Duschinsky Matrix (DM) [2]. In the context of Equation 4, the subsequent term in the
expansion of the electronic transition moment, delves into potential energy surfaces and
vibrational wavefunctions associated with a non-totally symmetric vibrational coordinate.
When atoms shift in the positive or negative directions, creating structures that are
indistinguishable and possess identical energy, the potential surfaces must be even
functions of the coordinate. Consequently, the vibrational wavefunctions exhibit
symmetry: they are either all even (for even vibrational quantum numbers, v) or all odd

(for odd v ). Considering the Y.;(duf;/ dR;)R;term, where the summation encompasses all

normal modes R;with the definition R=0 at the equilibrium geometry, the matrix element

can be expressed as:
zZ — auff *
Hir —Zj OR; dellUvib,fF (RRY yip,ir (R) (8)
0
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When pie(Ro) is non-zero, its derivatives (OMit/OR;)o are typically much smaller, making
these "non-Condon" terms perturbation minorly on the electronic spectrum. However, if
it (Ro) IS zero due to the symmetry of electronic wavefunctions, the situation becomes
more intriguing. In linear molecules, altering bond lengths doesn't affect the point group.
Consequently, Hif(Ro) and (Opi/OR) share the same symmetry. Higher terms in the
transition moment's series expansion don't alter the symmetry selection rules; they only
influence the electronic transition moment's magnitude due to the electronic
wavefunction's dependence on internuclear separation. For linear molecules comprising
three or more atoms falling under D/ or C..v symmetry, non-Condon terms (Ot /OR;)o
can be non-zero even when s (Ro) is zero, provided represents a non-totally symmetric
vibrational coordinate. This phenomenon occurs because shifting nuclei along such a
coordinate alters the molecule's point group, enabling transitions that were previously
disallowed. The term (Opir /OR;)o can lead to an electric dipole-allowed transition if the
product of the electronic initial state Vi, the electronic final state, Wi, the dipole operator

w1, and the vibrational coordinate either is or contains the symmetric representation.

2.3 Hlustrative Example

For the orbitally forbidden transition between the ground state (X A1) and the first excited
state (A'Az) in CH0, it is forbidden because the two electronic states have different
symmetries. However, the transition can become allowed if it is coupled to a B> vibration.
The B: vibration has the same symmetry as the product of the X 'A; and A 'A: electronic
states, so the vibronic transition B> A 'A; is electric dipole allowed. The NAC vector
between the X 'A: and A 'A; electronic states is responsible for the coupling of the two
states to the B2 vibration. This coupling gives rise to the vibronically allowed transition B:
A 1A:. The NAC vector and VC can also be used to describe the effects of vibronic
coupling on the rate of non-adiabatic transitions. When the VC is strong, the
wavefunctions of the electronic states can mix, and this can make it easier for the electrons
to tunnel from one state to the other. This can lead to an increase in the rate of non-

adiabatic transitions.
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Top of Form

2.4 Nonadiabatic Coupling

Conical intersection, intersystem crossing and internal conversion are main examples of
the phenomenon NAC. When Conical intersections are degeneracies, they facilitate NAC
between excited states. As an example: both intersystem crossing and internal conversion
break down BOA. Again, In this scenario, lower case ('i', 'f') denote distinct electronic
states ¥; and ¥¢, while upper case ('I', 'F') represent vibrational states ¥; and ¥s. , and let
represent the their vibronic matrix Hamiltonian as :

_ <Hii(R) Hiy (R)>

~ \H;i(R) Hpr(R) ®)

in the basis of those two electronic states, ¥; and ¥, with R be the nuclear coordinate
and other (non-vibrational) degrees o freedom are integrated outside our assumption. Now,
by definition, and at some R, these states are considered as Born Oppenheimer (BO) states

if they diagonalize H at that selected R, and here two conditions are needed as below:
1) Hii(R) = Hff (R),

There are 3N-6 degrees of freedom. (assuming nonlinear molecule), where N here is the

number of atoms of that molecule). Now let us divide them:

[3N-6-2] are internal nuclear degrees of freedom composing what is called the seam
subspace and those are degenerate along that subspace. The remaining two. The other two
remaining degrees of freedom, known as the branching space, lose their degeneracy by
infinitesimal displacement generating what we mentioned above, a conical intersection.
And as the name suggests, if that was plotted in 3D, it seems like a double cone at the

intersection point. Let us focus on the branching space:

With two states (degrees of freedom), here the branching space is a span of a pair of two

vectors: let us denote them as g;r and hys.
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gir is the gradient vector of the two states as:

_ 0E; 6Ef
9if = 52~ an (10)
h;¢ here is the NAC vector:
JH

hie=<¥; | = [ W (11)

Another considerable vector is the NAC one, dj;:

a hi

dig=<¥; | o | W= (12)

The VC is derived from the BOA. In this approximation, the electronic and nuclear
motions are treated separately, while VC is the interaction between the electronic and
nuclear motions. The NAC is the change in the electronic wavefunction due to a change
in the nuclear coordinates. It can be expressed as a derivative of the electronic wave
function with respect to the nuclear coordinates. The DM is a unitary transformation that
diagonalizes the VC matrix. The nonadiabatic coupling matrix can be obtained from the

DM and the electronic wavefunctions.

2.5 Duschinsky Effect

Under the vibronic approximation, the normal coordinates of two electronic states of the
molecule can be linked through a linear transformation that rearranges and combines the
ground state normal modes with the excited state normal modes. This transformation
accounts for the differences in potential energy surfaces and nuclear displacements
between the two states.

R, = JR; + k (13)

This relationship, first formulated by Duschinsky, is now recognized as the Duschinsky
transformation [11, 28]. In Equation (15), R; denotes the coordinates of the normal modes
of the initial state, while R represents the coordinates of the normal modes of the excited
state. The matrix J symbolizes a rotation matrix, commonly referred to as the DM. It
characterizes the blending or mixing of normal modes between the two states. k indicates
potential energy surface displacements for both electronic states along the normal

coordinates.
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Chapter 3: Research Methods

3.1 Research Design and Theoretical Procedure

Our research questions include inquiries into whether there exists a correlation between
coordinate deformation (alterations in molecular geometry) and non-rigid molecules, and
if HTVC has a significant relationship with non-adiabatic coupling. Our research relies
heavily on advanced electronic structure theory and sophisticated mathematical software
tool: Gaussian. By utilizing these tools, we delve into the complexities of the Schrddinger
equation within a many-body system. Our approach combines Time-Dependent Density
Functional Theory (TDDFT) and ab initio techniques from many-body quantum theory.
These methods provide the framework for examining the breakdown of the FC principle
or BOA. We also analyze how the electronic transition dipole moment depends on the

variations in nuclear positions within the molecules under study.

Our goal is to uncover the intricate relationships between HTVC and coordinate
deformation in carbonyl compounds. Beginning with a fundamental molecule which is
CH20, we aim to establish links between HTVC, coordinate deformation, and the specific
molecular structure being investigated. As our research advances, we explore more
complex molecules including both CH3CHO and CH3COCHS3 as two simple carbonyl
compounds. Later we move to aromatic carbonyl compounds including CsHsCHO and
CsHsCOCeHs.

3.2 Data Collection
3.2.1 Simple Carbonyl Compound: CH.O

In Tables 1, 4, 7, 10 and 13, the best light polarization data was determined by applying
the symmetry rules taking into consideration the symmetry of normal modes. Those modes
with symmetry labels that add to the total symmetry of the transition were tested to see
what best light polarization will match the corresponding affecting transition dipole
moment including those normal modes. Each point group has its own symmetry labels and
direct product table, and for this we referred to Atkins’s symmetry appendix [2]. Figure 1

reveals the CH-O structure, while Figure 2 shows the vibronic spectrum of CH-O.
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Table 2 illustrates changes in positions due to non adiabatic coupling between state S and
S1in formaldehyde CH-O. It illustrates atomic movements in CH20 and their implications
for NAC. A considerable displacement of one of the hydrogen atoms by 0.320896 A along
the Y-axis significantly influences NAC, potentially altering electron interactions between
states (Table 3). Additionally, the opposing movements by the other hydrogen atom along
the Y-axis may complicate NAC, impacting electron transitions within the molecule. No

mentioned participation of the carbonyl group in NAC.

. .
@ ~

Figure 1: CH2O Structure

Table 1: Symmetry and Polarization of CH,O

Symmetry label | State/mode Best light polarization

AL Ground state So | Z-polarized light

B: Excited state S1 | X-polarized light or y-polarized light
A C=0 stretching | Z-polarized light

B:1 C-H stretching | X-polarized light or y-polarized light
B> H-C-H bending | X-polarized light or y-polarized light
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Table 2: Vibronic Transitions in CH20O

Transition | Initial state | Transition Oscillator Wavelengths
—Final state | energy (cm™) strength (nm)
1 0—0 27148.8199 0.0003827 368.25
2 0—1" 27636.3048 0.0003886 361.65
3 0— 12 28123.7898 6.44 x10-05 355.06
4 0— 3! 28420.1415 0.0006316 351.86
5 0—4 28522.4415 0.0001477 351.20
6 0— 31! 28907.6264 0.0006525 345.39
7 0— 41! 29009.9265 0.0001465 344.86
8 0— 312 29395.1114 0.0001129 340.02
9 0— 32 29691.463 0.0004448 29691.463
10 0— 413! 29793.7631 0.0002267 333.00
11 0 — 3211 30178.948 0.0004687 330.87
12 0— 431! 30281.248 0.0002288 330.56
13 0 — 3212 30666.4329 8.51 x 10M-05 | 326.01
14 0— 33 30962.7846 0.0001706 322.92
15 0 — 4132 31065.0847 0.0001461 322.62
16 0— 331! 31450.2695 0.0001842 319.64
17 0 — 413211 31552.5696 0.0001505 319.34
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Table 3: NAC in CH20

Atom symbol X (A) Y (A) Z (A
C 0 0 0
0] 0 0 0
H1 0 0.320896 0
H2 0 -0.320896 0

3.2.2 Simple Carbonyl Compound: CH3CHO

Table 5 illustrates changes in positions due to non-adiabatic coupling between state So and

S inacetaldehyde CH3CHO. Table 6 shows derivative couplings between CH3;CHO atoms

in X, Y, and Z directions. Atoms C; and O show negligible derivative couplings with

values close to 0 in all directions. Atoms H1 and H2 have non-zero values in the Y-direction

but close to 0 in other directions. That results suggest a weak participation of the carbonyl

group in NAC, while significant couplings primarily in the Y -direction for hydrogen atoms

H: and Ha, suggesting potential nonadiabatic effects or interactions in those directions,

especially concerning those hydrogen atoms. Figure 3 reveals the CH3CHO structure,

while Figure 4 shows the vibronic spectrum of CHsCHO.

Figure 3: CH3CHO Structure
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Table 4. Symmetry and Polarization of CHzCHO

Symmetry label | State/mode Best light polarization
Al Ground state So | Z-polarized light
Bl Excited state S1 | X-polarized light or y-polarized light
Al C-C stretching | Z-polarized light
B2 C-H stretching | X-polarized light or y-polarized light
Bl H-C-H bending | X-polarized light or y-polarized light
Table 5: Vibronic Transitions in CHzCHO
N Initial Transition energy | Oscillator Wavelengths
Transition \gtate »Final state |(cm™) strength (a.u.) [(nm)
1 0—0 77 0.1291 --
2 0— 12 306.0397 0.04473 3269.45
3 0—1¢ 612.0793 0.02325 1634.62
4 0—1¢ 918.119 0.01342 1089.36
6 0— 142 6201.6932 0.01979 161.25
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Table 6: NAC in CH3sCHO

Atom number | Atom symbol | X (A) Y (A) Z (A

1 Cl -0.000016 0.000025 0.013341
2 C2 0.000017 -0.000018 -0.317341
3 O 0.000008 -0.000012 -0.009217
4 H1 0.00002 0.000002 0.296322
5 H2 0.00001 -0.000001 -0.003616
6 H3 0.048374 -0.018821 0.010299
7 H4 -0.048416 0.018829 0.010282

3.2.3 Simple Carbonyl Compound: CH3COCH3

Table 10 illustrates changes in positions due to non-adiabatic coupling between state So

and S; in acetone CH3COCHzs. The computed derivative couplings between different

atoms in X, Y, and Z directions are as shown in Table 11. O atom shows negligible values,

close to 0. However, hydrogen atoms, Hi to He exhibit non-zero values in various

directions, implying significant interactions, particularly in the Y -direction. Yes, C and

Cs show considerable values along the Z axis, but they act opposite to each other with a

net less than 0.05, and hence the carbonyl is not efficiently participating in NAC between

the ground and first excited state. Figure 5 shows the CH3sCOCH?3 structure, while Figure 6

illustrates the vibronic spectrum of CH3COCH:s.

Figure 5: CH3COCHj3 Structure
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Table 7: Symmetry and Polarization in CH;COCH3

Symmetry label | State/mode Best light polarization

Al Ground state So | Z-polarized light

Bl Excited state S1 | X-polarized light or y-polarized light
Al C=0 stretching | Z-polarized light

B2 CH3 bending | X-polarized light or y-polarized light
Bl CH3 rocking X-polarized light or y-polarized light

Table 8: Vibronic Transitions in CH3COCHs3

Transition|Initial state — Transition energy | Oscillator Wavelengths
final state (cm™) strength (a.u.) | (nm)
1 0—-0 24715.6583 1.164x10-3 404.91
2 0—2! 24783.7865 1.158%10-3 403.81
3 0—2° 24851.9147 1.153%x10-3 402.71
4 0—23 24920.0429 1.148x10-3 401.62
S 0 — 43! 25994.8568 9.61x10—4 384.64
6 0 — 432! 26062.985 9.56x10—4 383.63
7 0 — 43122 26131.1132 9.52x10—4 382.62
0— 43'2° 26199.2414 9.48x10—4 381.61
9 0 — 432 27274.0553 7.10x10—4 366.90
10 0 — 4322! 27342.1835 7.06x10—4 366.24
11 0 — 46'4312! 27386.2766 6.98x10—4 365.97
12 0 — 43222 27410.3117 6.95x10—6 365.86

22




Vibronic OPA - Temperature 0 K

L 3,000~ - 5e-06
E  2500- -4.5¢06 o
v s
& 2,000~ fde06 o
A -3.5¢06 ©
3 I,ﬁﬂﬂ— =

i £ -3e06 I, ?

1,000 -2.5¢-06 3
: ] i
- ﬂ [ LA LALLM | o T LAALAN BALAR Ll Ill'II T 'J' T T : T B lm

260 270 280 290 300 310 320 330 340 350
Wavelength (nm)
Figure 6: Vibronic Spectrum of CH3:COCHjs
Table 9: NAC in CH3COCH3

Atom label Atom symbol | X (A) Y (A) Z (A
1 Ci 0 0 0.008379
2 Cz 0 0 0.264671
3 Cs 0 0 -0.309546
4 @) 0 0 0.028965
5 H: 0 0 -0.003452
6 Ho> -0.03004 | 0.014818 |-0.004579
7 Hs 0.03004 -0.014818 | -0.004579
8 Ha 0 0 -0.001388
9 Hs -0.044451 | -0.028676 | 0.011978
10 He 0.044451 | 0.028676 |0.011978

3.2.4 Aromatic Carbonyl Compound: CeHsCHO

Table 11 illustrates changes in positions due to non-adiabatic coupling between state So
and Si in benzaldehyde CeHsCHO. Atom Hi consistently displayed the highest values
specifically in the Z-direction across all calculations (Table 12). Negligible interactions
were observed between C and O atoms, with mostly values close to zero. In contrast,
hydrogen atoms (H1 to H6) display significant interactions in various directions, notably
in the Y-direction. This data highlights notable interactions among hydrogen atoms in the

molecule, primarily observed in the Y-direction between ground and excited electronic
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states. Whereas minimal interactions were noticed between carbon and oxygen atoms in
the computed states and hence the carbonyl group is not involved considerably in
nonadiabatic coupling. Figure 7 shows the CsHsCHO structure, whereas Figure 8

illustrates the vibronic spectrum of CéHsCHO.

Figure 7: C¢HsCHO Structure

Table 10: Symmetry and Polarization in CeHsCHO

Symmetry label |State/mode Best light polarization

A1 Ground state So Z-polarized light

Bi1 Excited state S; X-polarized light or y-polarized light
A1 v; :C=0 stretching | X-polarized light or y-polarized light
B. v, :CHs bending X-polarized light or y-polarized light
B1 v; : CHarocking X-polarized light or y-polarized light
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Table 11: Vibronic Transitions in CsgHsCHO

... (Initial to final Transition Oscillator strength |Wavelengthes
Transition energy
state } (a.u.) (nm)
(cm™)
1 0—0 0 1.82x 10% 393.20
2 0— 2! 25433.2713 |4.16 x 107 389.78
3 0— 5! 25684.7423 |2.82 x 107 379.13
4 0 — 20! 26371.792 |2.66 x 107 377.18
5 0— 23! 26492.736  |4.70 x 10°° 373.99
6 0 — 26! 26699.5593 [1.90 x 10 372.89
7 0 — 28! 26786.6682 |7.38 x 10 372.15
8 0 — 26'2! 26887.6153 |4.67 x 10%° 368.60
9 0 — 26'5! 27139.0862 |2.50 x 10°% 357.75
10 0 — 26'23! 27947.0799 |4.44 x 10 355.43
11 0— 26 28153.9033 |9.81 x 10 354.20
12 0 — 28126! 28241.0121 |7.87 x 107 353.57
13 0 — 2622! 28341.9592 |2.59 x 10°% 337.82
14 0—26° 29601.4472 |3.35x 107 336.91
15 0 — 281262 29695.356  |4.16 x 10°% 393.20
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Figure 8: Vibronic Spectrum of CeHsCHO
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Table 12: NAC in C¢HsCHO

Atom number | Atom symbol | X (A) [Y A) |ZA)

1 C1 0 0 -0.292204
2 Co 0 0 0.018402
3 Cs 0 0 0.024997
4 Cs 0 0 -0.002192
5 Cs 0 0 0.013227
6 Cs 0 0 0.019874
7 O 0 0 0.051463
8 Hi1 0 0 0.202525
9 H: 0 0 -0.032641
10 Hs 0 0 -0.002226
11 Ha 0 0 -0.001514
12 Hs 0 0 -0.002012
13 Hs 0 0 -0.001138
14 H- 0 0 0.005707

3.2.5 Aromatic Carbonyl Compound: CsHsCOCsHs

Table 14 illustrates changes in positions due to non adiabatic coupling between state So
and Sz in CsHsCOCsHs. The computed derivative couplings between different atoms in X,
Y, and Z directions are provided in Table 15. Atoms 1 to 24 display various non-zero
values in the X, Y, and Z directions, indicating interactions among these atoms. Notably,
atoms 3, 4,5, 6,9, 10, 13, 14, and 18 show comparatively higher absolute values in at least
one direction, suggesting significant interactions in those dimensions, suggesting their
potential role in nonadiabatic effects or transitions between the ground and excited
electronic states. Figure 9 shows the CsHsCOCsHs structure, while Figure 10 illustrates
the vibronic spectrum of CsHsCOCsHs. The Duschinsky Matrix for CH.O, CH;CHO,
CH3COCH3 and CsHsCHO are shown in Figures 11, 12, 13 and 14 respectively.
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Figure 9: CsHsCOCesHs Structure

Table 13: Symmetry and Polarization in CeHsCOCsHs

Symmetry label | State/mode Best light polarization
Aq Ground state So Z-polarized light
B1 Excited state S; X-polarized light or y-polarized light
A1 v; C=0 stretching | X-polarized light or y-polarized light
B. v, CHs bending X-polarized light or y-polarized light
Bl v; CH3 rocking X-polarized light or y-polarized light
A2 v, C-C wagging X-polarized light or y-polarized light
Al v, C-H wagging X-polarized light or y-polarized light
B2 v; C-H twisting X-polarized light or y-polarized light
Vibronic OPA - Temperature 0 K
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-rE 10,000 - 0.04 -s'
il -0.035 ®
8,000 |
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Figure 10: Vibronic Spectrum of CsHsCOCsHs
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Table 14: Vibronic Transitions in CsHsCOCesHs

Transition | Initial to final | Transition Oscillator wavelengths
state energy (cm™) strength (a.u.) | (nm)
1 0—0 24715.6583 1319 404.91
2 0 —-2! 24783.7865 1937 403.81
3 0 —22 24851.9147 1372 402.71
4 0 —23 24920.0429 622.3 401.62
5 0 —43! 25994.8568 1782 384.64
6 0 —4312! 26062.9850 2616 383.63
4 0 —23 24920.0429 622.3 401.62
5 0 —43! 25994.8568 1782 384.64
6 0 —4312! 26062.9850 2616 383.63
7 0 —43'22 26131.1132 1844 382.62
8 0 —43'23 26199.2414 836.1 381.61
9 0 —432 27274.0553 1118 366.90
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Table 15: NAC in CsHsCOCsHs

Atom label | Atom symbol | X (A) Y (A) Z (A

1 C1 -0.050608 0.000121 0.049829
2 Co 0.303741 -0.00012 -0.050228
3 Cs -0.177246 -0.1087 0.033145
4 Cs -0.177381 0.109003 0.033286
5 Cs -0.024449 -0.027777 -0.04476
6 Cs 0.087772 0.00082 0.016135
7 Cs -0.014091 0.09727 0.032131
8 Cs -0.11861 -0.07665 -0.039925
9 Co 0.116396 -0.079876 -0.004127
10 Cuo -0.024173 0.027728 -0.044723
11 Cu 0.087523 -0.001007 0.016203
12 Cr -0.014188 -0.096956 0.032031
13 Cs -0.118208 0.076536 -0.039931
14 O 0.116091 0.079611 -0.004016
15 Hi 0.002015 -0.004389 -0.00464
16 H> 0.000977 -0.002517 -0.000028
17 Hs -0.007531 0.005805 0.000842
18 Ha 0.00268 0.001328 -0.002026
19 Hs 0.005574 0.002822 0.01332
20 Hs 0.002027 0.004378 -0.004633
21 H7 0.000974 0.002515 -0.000027
22 Hs -0.007528 -0.005794 0.000839
23 Ho 0.002675 -0.001332 -0.00202
24 Haio 0.005568 -0.002819 0.013322
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Chapter 4: Results and Discussions

4.1 CH,O
4.1.1 Molecular Geometry Analysis in CH20

Table 16 shows the geometry changes in CH20. The C=0 bond length increases by 0.0877
A. The C-H bond length decreases by 0.0403 A. The O-C-H bond angle increases by 3.5°.
The molecular conformation becomes more planar. The point group becomes more
symmetric. These changes suggest that the molecule is becoming more polarized and more
planar in the excited state. The polarization of the molecule is due to the electron density
shifting towards the oxygen atom. The planarization of the molecule is likely due to the
methyl group rotating to minimize its steric interactions with the other atoms in the
molecule. The geometry change could have a significant impact on the vibrational
spectrum of the molecule. The vibrational frequencies are sensitive to the molecular
structure, so the changes in bond lengths and angles could cause the vibrational peaks to
shift. Additionally, the planarization of the molecule could lead to the appearance of new
vibrational peaks. CH.O ground state is more symmetrical than its first excited state. This
is because the geometry of the molecule changes when it is excited. The most intense
transition between the ground state and the first excited state is the 0 — 1" transition. It is
a z-polarized transition, which means that the electric field of the light should be aligned
along the z-axis of the molecule to allow the transition. Other interesting transitions
include the 0 — 3! and 0 — 4! transitions. These transitions are also z-polarized, but they
have significantly lower oscillator strengths than the 0 — 1! transition. The geometry
change of CH>0 from the ground state to the excited state could explain the difference in
symmetry between the two states and the polarization of the 0 — 1! transition. Another
interesting observation is that the 0 — 12 transition is x- or y-polarized. This suggests that
the excited state of CH20 has multiple electronic states that are close in energy and have
different symmetries. The fact that the 0 — 1! transition has the highest oscillator strength
suggests that it has the strongest nonadiabatic coupling between the ground state and the
first excited state. This is because the oscillator strength is a measure of the intensity of
the transition, and a higher oscillator strength indicates a stronger transition. The 0 — 1*

transition has an oscillator strength of 0.0003886, which is the most intense transition
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between the ground state and the first excited state. The 0 — 3! and 0 — 4! transitions
have oscillator strengths of 0.0006316 and 0.0001477, respectively, which are
significantly lower than the 0 — 1! transition. The 0 — 12 transition is x- Or y-polarized,
which suggests that the excited state of CH2>O has multiple electronic states that are close
in energy and have different symmetries. These numerical values highlight the strong
nonadiabatic coupling between the ground state and the first excited state of CH.O, as well
as the presence of multiple electronic states in the excited state. In the case of CH-O, the
vibrational modes of the C-H and C=0 bonds are mixed in the excited state. This mixing
of the vibrational modes can cause new vibrational bands to appear in the spectrum of the
excited state. Additionally, it can cause the intensity of the vibrational bands to change.
The mixing of the vibrational modes can also have an impact on the nonadiabatic coupling
between the ground state and the excited state. Nonadiabatic coupling is a measure of how
easily the molecule can transition from the ground state to the excited state. When the
vibrational modes are mixed, the nonadiabatic coupling can be increased. This can lead to

a set of consequences, such as an increase in the rate of intersystem crossing between the

two states.
Table 16: Geometry Changes in CH.O
Property Property | Ground state Excited state | Change
Bond length:(A)
C=0 1.2584 1.3461 0.0877
C-H 1.54 1.4997 -0.0403
Angle size:(°)
O-C-H 117.9 121.4 3.5
Molecular
conformation:
Planar, with a methyl Trigonal More
group, tilted out of plane | pyramidal planar
Point group: Cav Cs
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4.1.2 Duschinsky Effect in CH20

Table 17 shows the values of normal modes in CH2O transitioning from state So to the first
excited state Si. Referring to Figure 11, the most interesting aspect in DM of CH2O is the
4*4 mixing block between vz and v4. When the coupling ratio from vz to v4 is moderate J
value of 0.046, it's crucial to consider the context. Given v, exceptional as it is dominantly
self-coupling by 0.857, even a small influence from vz can be significant. This suggests a
potential for v to subtly shape certain aspects of v4's behavior. Alternatively, the coupling
ratio from v4 to vz by 0.010 might appear less impactful. However, considering vs
relatively lower self-coupling by 0.477, this influence could be more noticeable,
potentially modifying specific components of vs's internal dynamics. However, in general,
moving from its ground state So to the next higher-energy state S,, undergoes complex
vibrational shifts guided by the molecular dynamics. This matrix highlights important
vibration patterns vz to ve revealing significant mixing values that shape how the transition
happens. In particular, v1 shows strong interactions within its own vibration (-0.980986).
It moderately interacts with v, by 3.39309 x 10% and v3 by 0.0940741 and has subtler
connections with v4 by (0.0451018), vs by (0.15873), and v by (-5.87051 x 10°).
Similarly, v 2 has significant connections mainly within its own vibration by -0.993099)
and minor links with vz by 3.99216 x 10, v4 by 3.6637 x 10, and ve by 0.0286364. It
has weaker ties to 11y 8.63793 x 1077 and vs by -1.76993 x 10°%. Modes v3, v4, vs, and ve
display various but impactful mixing interactions among themselves and with other

modes.

Note: Negative values typically indicate a displacement in the opposite direction along a
particular normal mode coordinate. For example, a negative value in the x-coordinate of
the Duschinsky Matrix suggests that the normal mode shifts towards the negative x-

direction in the excited state relative to the ground state.
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Table 17: Normal Modes of Vibronic Transitions in CH.O

Mode number Ground state: Sp | Excited state: Sy
V1 1203.36 487.48

V2 1274.05 928.20

V3 1560.34 1271.32

V4 1748.23 1373.62

Us 3033.92 3088.67

(43 2962.61 3210.46

4.2 CHsCHO

4.2.1 Molecular Geometry Analysis in CH3;CHO

According to Table 18, a very significant change in the excited state geometry is the
increase in the O-C-C bond angle. The O-C-C bond angle increases by 3.5 degrees, which
indicates that the molecule is becoming more planar in the excited state. The methyl group,
which is tilted out of plane in the ground state, becomes more planar in the excited state.
These changes in geometry can be explained by the redistribution of electron density in
the excited state. In the ground state, the m-electrons are delocalized over the entire
molecule. However, in the excited state, the w-electrons are more localized on the terminal
carbon atoms. This leads to a weakening of the C-C bond and a lengthening of the C-C
bond distances. The O-C-C bond angle increases to compensate for this lengthening of the
C-C bond distances. The change in molecular conformation is also due to the redistribution
of electron density in the excited state. In the ground state, the methyl group is tilted out
of plane to avoid steric hindrance with the neighboring carbon atom. However, in the
excited state, the m-electrons are more localized on the terminal carbon atoms, which
reduces the steric hindrance. This allows the methyl group to become more planar in the
excited state. Changing the point group from Cav to Cs is a consequence of the changes in
molecular conformation and bond lengths. In the Cs point group, the molecule has one
plane of symmetry. However, in the Cov point group, the molecule has two planes of

symmetry. This is because the molecule becomes more planar in the excited state and the
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C-C bond lengths become more equal. The vibronic transition dipole moment strength
data are very interesting. It shows that the B1 < A1 transition in CH3CHO has a relatively
large vibronic transition dipole moment strength of 0.01136. This is significantly larger
than the vibronic transition dipole moment strengths of the other transitions in the data,
which range from 0.00074 to 0.00582.

Table 18: Geometry Changes in CH;CHO

Property Ground state | Excited state | Change
Bond length: (A)
C-0 1.232563 1.599661 0.367098
c-C 1.525484 1.446103 -0.079381
C-H 2.163700 2177993, 0.014293,
2152610 2.071258, -0.081352,
2.163639 2.117804 -0.045835
Angle size:(°)
C-O-H | 109.5 121.4 11.9
C-C-O | 1164 120.7 4.3
Molecular
conformation:
Planar Non-planar
Point group:
Cov Cs

The large vibronic transition dipole moment strength for the B1 < Aj transition is
consistent. The nonadiabatic coupling matrix for the transition between the ground state
and the first excited state of CH3sCHO shows that the strongest couplings are between the
ground state and the first excited states of the C=0 (0.140963) and C-C (0.007084) bonds.
This suggests that the nonadiabatic coupling between the ground state and the first excited
state of CH3CHO is likely to be strong and that this coupling could play an important role
in the photochemistry of CH3;CHO.
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4.2.2 Duschinsky Effect in CH:CHO

Table 19 shows the values of normal modes in CH3CHO transitioning from state So to the
first excited state Si, and during this transition certain vibrational modes exhibit significant
interactions. By investigating Figure 12, there are three key modes, vs, vs, and v 1, that
play crucial roles based on their mixing values (DM values). Mode vs, demonstrates
notable interactions with various excited state modes. Its substantial mixing suggests its
influence on the molecular behavior during the So-S: transition. Similarly, mode vs,
displays noteworthy interactions. Its involvement in mixing during the electronic
transition emphasizes its role in the molecular structure. Despite its lower frequency, mode
v1, related to C-H bending, exhibits noticeable interactions. Its contribution to the mixing
during the So-S; transition highlights its relevance in this electronic transformation. These
modes, particularly va, vs, and vi, stand out due to their substantial interactions and mixing
with other modes during the electronic transition. Understanding their prominence
provides insights into energy transfer and molecular dynamics in CH3CHO during

electronic excitation.

Table 19: Normal Modes of Vibronic Transitions in CH3CHO

Mode number Ground state: So | Excited state: Si
V1 153.02 189.21
V2 511.66 367.95
V3 807.09 495.08
V4 918.81 947.07
Us 1155.31 1033.98
Ve 1155.81 1064.15
V7 1433.42 1208.20
Usg 1447.66 1319.86
Vo 1504.29 1447.70
V10 1515.75 1503.20
v 1742.16 1531.40
V12 2954.5 2963.67
V13 3039.69 3073.31
V14 3100.85 3117.41
V15 3167.36 3147.77
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4.3 CH3;COCH;3
4.3.1 Molecular Geometry Analysis in CH3COCHjs

From Table 20, the bond C=0 bond is the strongest in the molecule, and the change in
bond length upon excitation is significant, (0.129 A). The largest change in distance is
between Csz and Cg, increasing from 1.446103 A in the ground state to 2.614555 A in the
excited state. This indicates that the n-bond between Cz and C4 is broken in the excited
state, leading to a more elongated and distorted structure. The second largest change in
distance is between Cs and Hio, increasing from 2.071258 A in the ground state to
2.516444 A in the excited state. This indicates that the C-H bond is weakened in the
excited state, as the electron density is shifted away from the hydrogen atom. Other notable
changes include a decrease in the C=0 bond distance and a slight increase in the C1-C»
and C»-Cs bond distances. These changes can be attributed to the redistribution of electron
density in the excited state. The ground state geometry of CH;COCHj3 is planar, with Cs
symmetry. The excited state geometry of CHzCOCH?3 is more distorted, with a non-planar
structure and Cs symmetry. The Cs-C4 bond is broken, leading to an elongated and diene-
like structure. The excited state geometry is more distorted than the ground state geometry.
This distortion is due to the redistribution of electron density in the excited state. The n-
electrons are delocalized over the entire molecule in the ground state, but they are more
localized on the terminal carbon atoms in the excited state. This leads to a weakening of
the Cs-C4 bond and a lengthening of the C-C bond distances. The electron density
distribution in the excited state of CH3sCOCH:; is different from the ground state electron
density distribution. In the ground state, the m-electrons are delocalized over the entire
molecule. However, in the excited state, the wt-electrons are more localized on the terminal
carbon atoms. This is due to the different electronic configurations of the excited state.
The excited state has a single electron in a higher energy orbital, which is more localized
on the carbon atoms. The transition from the ground state So to the first excited state S; in
CH3COCHj3is a weak transition, with a line intensity of 3.161 x 10°%. This is because the

transition is mostly orbitally forbidden, and this is known as vibronically allowed.
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Table 20: Geometry Changes in CH;COCH3s

Property Ground state | Excited state | Change

Bond length: (A)
C-O0 1.233 1.362 0.129
Ci-C2 1.525 1.501 0.024
Ci-H4 2.164 2.159 0.005
Ci-Hs 2.153 2.148 0.005
C2-Hs 2.164 2.159 0.005
C2-Cs 1.525 1.501 0.024
Cs-H7 2.164 2.159 0.005
Cs-Hs 2.164 2.159 0.005
Cs-Cs 1.446 2.618 -1.172
Ca-Ho 2.153 2.071 0.082
Cs-H1o 2.071 2.516 -0.445
Cs-C1 1.525 2.925 -1.4

Angle size: (°)
C-O-H 109.5 117.5 -8
C1-C2-O 116.4 119.1 -2.7
C1-C2-Cs 121.4 121.9 -0.5
C2-Cs-Hr 120.7 119.5 1.2

The electron density distribution of the ground state and excited state Molecular Orbitals
(MOs). The ground-state MOs are more tightly bound to the nuclei than the excited-state
MOs. This means that the electron density in the ground state MOs is more localized
around the nuclei. The electric dipole moment of a molecule is a measure of the separation
of positive and negative charge. For a transition to be electric-dipole allowed, the electron
density must be able to move between the ground state and excited state MOs. However,
because the electron density in the ground state MOs is more localized around the nuclei,
it is difficult for it to move to the excited state MOs. This is why the transition from the
ground state to the first excited state in CHsCOCHS3 is mostly electric dipole forbidden.
The Lowest Unoccupied Molecular Orbital (LUMO) in CH3COCHs is a ¢ antibonding
molecular orbital, MO that is localized on the carbon atoms of the carbonyl group. The
Highest Occupied Molecular Orbital (HOMO), in CH3COCHz3 is a ¢ bonding MO that is

localized on the carbon-oxygen bond of the carbonyl group. The transition from the ground
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state to the first excited state involves the promotion of an electron from the HOMO to the
LUMO. This results in a redistribution of electron density, with more electron density
being present on the oxygen atom of the carbonyl group in the excited state. The weak
intensity of the transition from the ground state to the first excited state in CHsCOCHj3 is
consistent with the fact that the transition is mostly electric-dipole forbidden. This
transition can be observed in the absorption spectrum of CH3COCHs3, but it is a very weak
peak. Overall, the transition from the ground state to the first excited state in CH3COCH3
is a weak transition that is mostly electric-dipole forbidden. This is because the electron
density in the ground state MOs is more localized around the nuclei than the excited state
MOs. The LUMO in CH3COCHEs is a ¢ antibonding MO that is localized on the carbon
atoms of the carbonyl group, and the HOMO in CH3COCHz3 is a o bonding MO that is
localized on the carbon-oxygen bond of the carbonyl group.

4.3.2 Duschinsky Effect in CH;COCHz3

Table 21 shows the values of normal modes in CH3COCH?3 transitioning from state So to
the first excited state S:. From Figure 13 we can see that each vibration in the normal state
mixes with some vibrations from the excited state. For instance, v: in the ground state
mixes a lot with itself in the excited state by 0.962, showing how similar they stay. There's
a little mix with v2 in the excited state by 0.000001, indicating they're quite different. v:
also mixes a bit with vs in the excited state by 0.009, meaning they slightly change when
the CH3COCH;3 gets excited. vs and vs in the excited state mix a bit with v: in of the
ground state by 0.001 and 0.026n respectively, showing some change in the vibrations.
When looking at vz in the normal state, it mixes a lot with itself in the excited state by
0.986. There's a bit of mixing with vs in the excited state by 0.002, implying some change
between these vibrations. vs in the normal state mixes a lot with itself in the excited state
by 0.546. It also mixes with v4 and vs in the excited state 0.445 and 0.0001 respectively,
showing considerable change in these vibrations when CH3COCHs gets excited. vis
exhibits strong self-coupling, with a ratio of 0.604, indicating a high degree of internal
coherence and self-interaction. Its most significant external coupling is with v1, with a
ratio of 0.187, suggesting a notable interaction between these two. It also displays

moderate mixing with vi4 (0.048), and vis (0.057), forming a quartet of interconnected
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partners. Both v7 and vg exhibit strong self-coupling, with ratios of 0.687 and 0.692
respectively. This indicates a high degree of internal coherence and self-interaction.
Interestingly, they share a significant coupling of 0.235 for vg with the corresponding vs
in the excited state and 0.225 for vg with v7. This suggests a captivating interplay between
the two, influencing each other's patterns. v7 also interacts moderately with modes 9
(0.234), 11 (0.0186), 19 (0.0075), 13 (0.0055), 5 (0.0049), and 17 (0.0089). All other
coupling ratios for both modes fall below 0.008, implying minimal engagement with the
remaining data points. We can see clearly that the modes 19-24 from the ground state mix
well those modes in the excited state each with notable block in the DM as the whole area

between these modes is considerably gray.

Table 21: Normal Modes of Vibronic Transitions in CHsCOCHz3

Mode number | Ground state: So | Excited state: S1
Vi 77.88 165.00
V2 153.17 185.30
U3 382.73 298.83
Va 507.18 345.45
Vs 510.76 346.88
Ve 758.78 755.50
1z 897.06 994.12
Vs 934.91 1005.88
Vo 1108.98 1012.29
Vio 1153.45 1124.00
Vi 1221.26 1125.68
Vi2 1425.63 1302.46
Vi3 1435.01 1439.93
Via 1520.09 1460.35
Vis 1524.27 1520.05
V16 1532.91 1531.28
V17 1556.57 1541.48
Vis 1757.61 1562.86
Vio 3047.82 2946.18
V20 3054.73 2953.82
123 3099.76 3079.87
V2 3108.21 3080.85
V23 3160.29 3128.50
V24 3161.38 3130.37
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4.3.3 Condon and Non-Condon Molecules

In addition to the vibronic nature in CH2O. It is originally a Condon molecule. The
distinction between Condon and non-Condon molecules lies in their behavior concerning
the FC principle. In molecules following the FC principle, such as CH20, the So-S:
transition can be done under primarily FC condition which forces the nuclei to maintain
same positions during the excitation. Gaussian software yielded a nice diagonalized DM
showing no significant changes in the molecular geometry during the excitation as in
Figure 12. This behavior aligns with the idealized Franck-Condon principle. Comparing
Figure 12 and Figure 11, we can see clearly that modes 3 and 4 are mixed in vibronic
nature in Figure 11, while in Figure 12 the matrix is more diagonalized. On the other hand,
the two compounds C>H4O and C3HeO could not yield any pure FC behavior (Figures 12
and 13). Gaussian software refuse running pure FC calculations on them. This depends on
the nature of the molecule themselves. Different molecules are unique, distinguishable and
each has its own nature. Being Condon or non-Condon is just one example of the beautiful

uniqueness in molecules chemistry.

4.4 CeHsCHO
4.4.1 Molecular Geometry Analysis for CsHsCHO

Table 23 reveals the values of normal modes before and after excitation in CeHsCHO,
while Table 22 shows the details in geometry changes associated with this excitation. The
main change in geometry in the transition of CeHsCHO is the elongation of the C=0 bond
by 0.366 A. This elongation is accompanied by a change in the C-C bond distance from
1.525 to 1.446 A and a change in the H-C-H bond angles from 109.5 to 121.4°. Leading
to a move from the Cav point group in the Sp state to the Cs point group in the S; state. v2s
breaks the symmetry of the molecule by elongating the C=0 bond. This changes the bond
length from 1.233 A in the S state to 1.599 A in the S; state. The CH3 bending and rocking
modes including v, and vs break the symmetry of the molecule by changing the H-C-H
bond angles. This changes the bond angles from 109.5° in the So state to 121.4° in the S;
state. By breaking the symmetry of the molecule in this manner, vibrational modes are
allowed to interact with the electronic transition. This interaction is responsible for the

vibronic nature as shown in the spectrum (Figure 14). These modes are all strongly coupled
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to the electronic transition, which is why they are responsible for the main features of the

vibronic spectrum.

Table 22: Geometry Changes in CsHsCHO

Property Ground state | Excited state | Change
Bond length: (A)
C-0 C-O |1.233 1.599 0.366

C-C 1.525 1.446 -0.079
Angle size: (°)

C-O-H | 109.5 1214 11.9

C-C-O | 1164 120.7 4.3
Molecular conformation:

Planar Non-planar

Point group: Cs Cov
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Table 23: Normal Modes of Vibronic Transitions in CeHsCHO

Mode number

Ground state: So

Excited state: S1

V1

140.85

146.05

V2 221.32 188.06
V3 258.17 275.76
Va 432.14 426.79
Vs 449.55 439.53
Ve 483.00 463.79
V7 656.97 596.24
Vs 677.19 649.80
Vo 732.07 691.85
V1o 783.34 702.38
Vi 847.29 769.48
Viz 883.32 815.91
(4E 962.59 823.10
V14 1022.81 883.39
Vis 1035.35 993.20
Vie 1045.84 1001.91
V17 1058.40 1012.96
Vis 1076.62 1034.59
V1o 1115.52 1110.79
V20 1216.42 1126.58
V21 1231.22 1210.65
V22 1243.95 1227.12
V23 1329.98 1247.52
V24 1377.65 1330.34
V25 1441.09 1386.89
V26 1511.06 1454.34
V27 1541.44 1488.53
V28 1613.93 1541.45
V29 1632.49 1559.10
V30 1717.52 1610.41
V31 2915.74 3019.93
V32 3181.55 3184.03
V33 3195.21 3191.74
V34 3206.05 3202.60
V35 3215.75 3212.94
V36 3223.78 146.05




CeHsCHO is not a rigid molecule. It has a relatively flexible structure, which allows the
vibrational modes to couple with the electronic transition. However, the point group of the
molecule remains C1. The electron density distribution around the carbonyl bond in the S;
state is more polarized than in the So state. This is due to the promotion of an electron from
the HOMO to the LUMO. The increased polarization of the carbonyl bond is responsible
for the elongation of the C=0 bond. The higher energy LUMO orbital has a more diffuse
distribution of electron density, which allows it to overlap more strongly with the carbonyl
© orbital. The promotion of an electron from the HOMO to the LUMO creates a hole in
the HOMO orbital. This hole can interact with the carbonyl z orbital, which further
increases the polarization of the bond. The change in geometry in the S; state, such as the
elongation of the C=0 bond and the change in the H-C-H bond angles, can also contribute
to the increased polarization of the carbonyl bond. The most interesting values are the
large changes in frequency of the C=0 stretching v, , CHs bending v, , and CHs rocking
v; modes. These modes are the most strongly coupled to the electronic transition, which
is why they are responsible for the main features of the vibronic spectrum. v, is the most
strongly coupled mode because it has the largest change in frequency and the largest
intensity in the vibronic spectrum. This is because v, breaks the symmetry of the molecule
and allows the electronic transition to interact with the vibrational mode. v, and v; are also
strongly coupled modes because they break the symmetry of the molecule and allow the
electronic transition to interact with the vibrational modes. However, they are not as
strongly coupled as the v, because they have smaller changes in frequency and intensity.
Here we mean breaking the symmetry that would prevent the electronic transition if

normal modes are not involved in the vibronic.

4.4.2 Duschinsky Effect in CeHsCHO

Referring to Figure 14, we can see that the most mixing modes are 30, 25, 18, 8 and 7.
Mode 25 exhibits its strongest mixing with mode 24, with a coupling ratio of 0.1352. It
also demonstrates significant mixing with modes 20, 21, 19, 26, 22, and 16, with ratios
ranging from 0.07261 to 0.24891. Additionally, it interacts with modes 7, 27, 12, 8, 5, 18,
23, 31, 30, 29, 2, and 36, with mixing ratios between 0.00058 and 0.02424. All other

mixing ratios are below 0. 0012. Mode 30 exhibits its strongest mixing with mode 26, with
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a coupling ratio of 0.3606. It also demonstrates significant mixing with modes 20, 27, 16,
28, 23, and 12, with ratios ranging from 0.07547 to 0.20876. Additionally, it interacts with
modes 7, 19, 21, 24, 29, 31, 18, 8, 6, 5, and 2, with mixing ratios between 0.00015 and
0.03395. All other mixing ratios are below 0. 00068. Mode 18 demonstrates strong mixing
primarily with modes 9, 10, and 11, and exhibits coupling ratios of 0.18, 0.35, and 0.25,
respectively. It also interacts with modes 14 and 17 with mixing ratios of 0.09 and 0.10.
Other modes, including 1, 3, 4, 6, and 15, display minimal mixing with mode 18, with
ratios below 0.0046. Mode 7 exhibits the strongest mixing with mode 8, with a coupling
ratio of 0.9726. It also demonstrates significant mixing with modes 5 and 19, with ratios
of 0.00077 and 0.00098, respectively. Additionally, it interacts with modes 2, 12, 16, 20,
21, and 27, with mixing ratios ranging from 0.00012 to 0.00049. All other mixing ratios
fall below 0.0005.

4.5 CsHsCOCsHs
4.5.1 Molecular Geometry Analysis of CsHsCOCsH's

According to Table 24, the significant change in geometry is the C=0 bond elongating.
This changes the bond length from 1.233 A in the So state to 1.599 A in the S; state.
Additionally, the H»-C1-Cs-Cse dihedral angle experiences a notable shift, as increasing by
0.29° from 178.88° to 179.17° between the two states. In the So state, the electron density
distribution around the carbonyl bond is relatively uniform. However, in the S; state, the
electron density distribution becomes more polarized. This is because the LUMO orbital
has a higher energy and a more diffuse distribution of electron density. The higher energy
LUMO orbital allows for a greater overlap with the carbonyl & orbital, which results in a
more polarized electron density distribution around the carbonyl bond. The increased
polarization of the carbonyl bond in the S; state leads to a few changes in geometry,
including elongation of the C=0 bond, decrease in the C-C bond distance, and change in
the H-C-H bond angles the elongation of the C=0 bond is the most significant change in
geometry. This is because the increased polarization of the carbonyl bond creates a
stronger electrostatic force between the carbon and oxygen atoms. This stronger
electrostatic force pulls the carbon and oxygen atoms apart, resulting in an elongation of

the C=0 bond. The decrease in the C-C bond distance could be also due to the increased
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polarization of the carbonyl bond. The polarized electron density distribution around the
carbonyl bond attracts the carbon atoms closer together. The change in the H-C-H bond
angles is due to the overall change in the geometry of the molecule. As the C=0 bond
elongates and the C-C bond distance decreases, the molecule becomes more distorted. This
distortion results in a change in the H-C-H bond angles. The C=0 stretching mode, v3o,
CHz bending mode, v14, and CHs rocking mode, vio are all strongly coupled to the
electronic transition in the transition of CéHsCHO. This is because these modes all break
the symmetry of the molecule. Modes v14 and v1o break the symmetry of the molecule by
changing the H-C-H bond angles. This changes the bond angles from 109.5° in the S state
to 121.4° in the S; state. By breaking the symmetry of the molecule, these modes are
eligible to interact with the electronic transition. This interaction is responsible for the
vibronic features in the spectrum. The increased polarization of the carbonyl bond in the
S1 state is due to several factors. The LUMO orbital of a carbonyl group has a more diffuse
distribution of electron density than the HOMO. This allows the LUMO to overlap more
strongly with the carbonyl & orbital, which polarizes the bond further. Additionally, the
promotion of an electron from the HOMO to the LUMO creates a hole in the HOMO
orbital. This hole can also interact with the carbonyl m orbital, further increasing the
polarization of the bond. Finally, the change in geometry in the S; state, such as the
elongation of the C=0 bond and the change in the H-C-H bond angles, can also contribute
to the increased polarization of the carbonyl bond. This increased polarization in S; state
further enhances the vibronic coupling, which is why the transition in CeHsCHO is such a

strong vibronically allowed transition.

47



Table 24: Geometry Changes in CsHsCOCsHs

Property Ground Second excited
state state Change
Bond length: (A)
Ci-C 1.3959 1.4066 0.0107
Cs-Cy4 1.4187 1.4146 0.0041
Cs-Cs 1.4403 1.4346 0.0057
C=0 1.4204 1.4196 0.0008
O-H 0.9640 0.9631 0.0009
Angle size: (°)
H1-C2-Hs 109.47 109.35 0.12
C4-Cs-Co 120.00 119.84 0.16
C:1-Cs-O 121.63 121.77 0.14
Dihedral size: (°)
H>-C1-Cs-Cs | 178.88 179.17 0.29
Point group:
Coh Coh
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Chapter 5: Conclusion

5.1 Work Reliability and Future Directions

| chose Gaussian for my vibronic and FC analysis of CH.0O, CH3CHO, CH3COCHs,
CeHsCHO, and CsHsCOCsHs because it is a quantum chemistry software package that is
well-suited for this type of analysis. Gaussian is known for its accuracy, flexibility, and
ease of use. Specifically, Gaussian includes a module for performing FC calculations, has
a large library of pre-computed vibrational frequencies, and is well-suited for performing
calculations on large molecules. This makes it ideal for studying the complex vibronic
structure of our five molecules. Although my current work is based on DFT with 3-21G
basis set, | am aware of the limitations of this method and plan to use more accurate
exchange-correlation functionals, larger basis sets, and more accurate methods in future
studies. | am also interested in extending my work to other molecules of interest, such as
larger aromatic molecules and molecules with more complex geometries. | am confident
that by continuing to work on this project, | can make significant contributions to the field

of computational spectroscopy.

5.2 Overall

In this thesis, the detailed analysis of molecular orbitals and their changes during the So-
S: transition is presented. This study conducted an in-depth analysis of the electronic
excitation of CH20, CH3CHO, CH3COCH3, CsHsCHO, and CsHsCOCsHs. The discussion
encompassed shifts in electron density, alterations in electronegativity, molecule
polarization, and the rigidity of these compounds. Furthermore, the study delved into the
impact of these changes on vibronic behavior, providing a comprehensive insight into the
electronic transitions in these molecules. Our exploration of CH.O, CH3CHO,
CH3COCH3, CeHsCHO, and CsHsCOCsHss has been a significant journey within the realm

of molecular dynamics.

CH20: During excitation, it undergoes significant geometric changes. The elongation of
the C=0 bond, the decrease in C-H bond length, and the increase in the O-C-H bond angle
signify the molecule's polarization and planarization. The w-electron density shifts towards

the oxygen atom. The symmetry changes indicate a more polarized and nonplanar excited
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state. The transition moment analysis suggests a strong z-polarized transition between the
ground and first excited states, indicating significant nonadiabatic coupling. The
planarization in the excited state was impacted by its vibrational spectrum. The rigidity of
the excited state affects vibrational frequencies, potentially causing shifts and introducing

new peaks in the spectrum due to altered bond lengths and angles.

CH3CHO: In the excited state, CHsCHO experiences planarization due to m-electron
localization. This localization weakens the C-C bond and alters the molecular
conformation. The change in the point group from Cav to Cs signifies decreased planarity
and symmetry. The vibrational transition strengths imply strong nonadiabatic coupling,

especially for C=0 and C-C bonds, highlighting their importance in photochemistry.

CH3COCHSs: The C=0 stretching mode is the most significant during the transition due to
its strong coupling to the electronic transition. Electron density redistribution causes
changes in bond distances and angles. The LUMO localized on the carbonyl carbon atoms
indicates the transition's involvement in C=0 stretching. The weak intensity of the
transition implies electric-dipole forbiddenness due to electron density localization in the

ground state MOs.

CsHsCHO: The elongation of the C=0 bond in the excited state affects the CHz modes'
stiffness. The HT effect causes mode splitting, prominent for strongly coupled modes. The
HOMO-LUMO transition redistributes electron density, affecting the behavior of
vibrational modes. The planarity in the excited state affects vibrational frequencies,
particularly the C=0O stretching mode. The electron density redistribution impacts the
behavior of this mode, contributing to the weak intensity due to the electric dipole
forbiddenness. The vibrational modes, especially the C=0O stretching mode, are
significantly affected due to geometric alterations and electron density redistributions. The
mode splitting caused by the HT effect highlights the complexity of vibronic behavior in

this molecule.

CsHsC(O)CsHs: In the excited state, CsHsC(O)CsHs undergoes complex changes in its
structure. The C=0 bond stretches, and the angles and lengths of bonds shift, indicating
significant polarization and flattening of the molecule. The redistribution of electron

density alters vibrational modes, especially the C=0 stretching mode, which is strongly
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linked to the electronic transition. However, this mode's intensity weakens due to electric
dipole forbidden caused by electron density concentrating in the ground state molecular
orbitals. The HT effect causes mode splitting, particularly in strongly coupled modes,

illustrating the molecule's intricate vibronic behavior.
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