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ABSTRACT

Light or photons can excite electrons in a molecule, leading to creation of electronically
excited states. Such processes are ubiquitous in nature, such as, vision, photo-protection of
DNA/RNA nucleobases, light harvesting, energy and charger transfer etc. This photoexci-
tation induces nuclear motion on the excited states, leading the excess energy to dissipate
either non-radiatively via internal conversion back down to the ground state, isomerization,
and dissociation, or radiatively via fluorescence and phosphorescence. In this dissertation,
we investigate the non-radiative processes in organic chromophores that ensue in an ultra-
fast manner, mediated via conical intersections (Coln). Description of such excited state
processes generally require multi-reference treatment because of quasi-degeneracy near
Colns. Hence, most insight about these processes is typically gained by constructing poten-
tial energy surface (PES) using multi-reference electronic structure methods along impor-
tant reaction coordinates. Nonetheless, the aforementioned static treatment fails to provide
any dynamical information, such as, excited state lifetime, state populations, branching
ratio, quantum yield etc. In this dissertation, we have gone beyond the static treatment
by undertaking computationally expensive non-adiabatic excited state molecular dynam-
ics simulations employing trajectory surface hopping (TSH) methodology on PESs created
on-the-fly using multi-reference electronic structure methods. This allows us to compare
theoretical results to experimental observables, when possible, strengthening the explana-
tions underlying those processes.

Our goal is to examine the effect of structure, and of electronic structure methods on



the excited state dynamics. We have examined the non-adiabatic excited state dynamics of
cis,cis-1,3-cyclooctadiene (cc-COD), a cyclic diene, in an effort to systematically compare
and contrast the dynamics of cc-COD to that of other well studied conjugated molecules.
Such exploration is very significant, since the majority of the molecules involved in natu-
ral photoexcited processes, include an ethylenic double bond or alternating double bonds
creating conjugation. Our calculations have revealed ultrafast sub-ps decay for cc-COD,
and have illustrated that the internal conversion dynamics is facilitated by Colns, domi-
nated by twisting of one of the double bonds and pyramidalization of one of the carbons of
that double bond, similar to trans-1,3-butadiene and unlike 1,3-cyclohexadiene (CHD). Our
high-level electronic structure calculations have also explained the features in the experi-
mental time-resolved photoelectron spectrum of cc-COD. Another molecule of biological
importance, uracil, was also investigated using TSH simulations, by systematically increas-
ing dynamical correlation. We have found that the inclusion of dynamical correlation for
uracil leads to an almost barrierless PES on S;, leading to a faster decay and no population
trap on this state. Uracil also contains a double bond and the simulations have revealed that
the ultrafast relaxation is dominated by an ethylenic twist and pyramidalization of a carbon
of that bond, increasing importance of such nuclear motion in photoexcited molecular dy-
namics. A comparison of the molecules studied have illustrated that the rigid molecules,
such as uracil, CHD, have a very local Coln seam space, whereas cc-COD, which is flexi-
ble having many low frequency degrees of freedom, has a non-local or extended Coln seam
space. Overall, the work performed in this dissertation, elucidates the significance of struc-
ture and conjugation, in the photoinduced coupled electron-nuclear dynamics in organic

molecules.
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CHAPTER 1

INTRODUCTION



1.1 Overview

Ultrafast photoexcited molecular dynamics is of great importance to a myriad of fun-
damental processes in nature, such as, vision,[1, 2] photostability of DNA/RNA nucle-
obases,[3, 4, 5] light harvesting[6, 7, 8, 9], energy conservation.[10] Such processes have
at least one primary photoinitiation step. The ensuing molecular dynamics can involve
multiple excited electronic states and lead to internal conversion,[11, 12, 13, 14] isomer-
ization[15, 16, 17, 18, 19] and dissociation[20, 21, 22, 23, 24] in the gas phase. The
Born-Oppenheimer approximation which states that the electronic and nuclear degrees of
freedom can be separated, breaks down as two electronic states come into close proximity
of each other. As a consequence, strong intestate couplings become important and they
drive ultrafast non-adiabatic transitions between these electronic statesnical inter-
sections.[25, 26]

As an example of a natural process that has been studied extensively, we can imagine
the primary photochemical step in vision that involvesssatransphotoisomerization of 11-
cis-retinal protonated Schiff base in rhodopsin protein.[1, 2] Once photoexcited by light,
the aforementioned molecule undergoes a local nuclear motion that comprises of a twist
surrounding a C=C bond and a H out-of-plane wagging motion of that C=C double bond,
on the excited state that carries the moleau#ea conical intersection to the ground state
of the twisted alltrans version of the molecule, in a sub-ps timescale. Consequently, the
shape of the molecule changes as the photoisomerization straightens the polyene chain
which activates rhodopsin, initiating vision.

In order to investigate the details of such processes, the involved excited state potential
energy surfaces are required to be constructed along the crucial reaction coordinates, at the
very least. In practice, high-level multi-reference electronic structure methods, which will

be discussed in chapter 2, are used to generate excited potential energy surfaces, as they



have a theoretical advantage over single-reference methods, when it comes to describing
excited states, especially near conical intersections. Such typical treatment provides us with
signi cant amount of insights on how a molecule would behave once it has been excited,
based on the shape and topology of the potential energy surfaces (PES). Nonetheless, such
static treatment does not take into consideration the vibrational or nuclear motion and the
subsequent dynamics of the phenomenon being studied. A theoretical investigation of the
photoexcited nuclear dynamics can provide observables such as excited state lifetime, elec-
tronic state populations, energy and charge transfer rates, branching ratios, quantum yields,
etc., which cannot be obtained from the static treatment mentioned above. Furthermore,
full dimensional nuclear dynamics, such as the studies undertaken in this dissertation, can
bring to light additional pathways that might have not been considered in a reduced dimen-
sional dynamical or static treatment. From the experimental perspective, several different
time-resolved spectroscopic approaches have been developed in order to follow molecular
dynamics in real time. Although the dream of time-resolved measurements is to create
molecular movies in real time, in practice, it is quite rare and also hard to obtain time-
resolved molecular structures or wavefunction amplitudes. Instead, time-resolved exper-
imental observables are typically compared to the observables obtained from theoretical
dynamics simulations, which allows for con rming the validity of both theoretical calcu-
lations and experimental techniques. Thereafter, a time-resolved molecular movie can also
be generated from the dynamics simulations.

A combination of theory and experiment, in a manner portrayed above, constitute sig-
ni cant strides towards a detail understanding, and eventually, precise control over pho-
toinduced chemical processes. However, excited state molecular dynamics can be, rather,
complicated and challenging to follow, both theoretically and experimentally, especially,
for larger molecules having many degrees of freedom. Fortunately, an abundance of the

large molecules involved in the natural processes mentioned before, generally, contain



one or more unsaturated double bonds i.e. they consist of smaller building blocks, such
as, ethylene, linear and cylic dienes, etc. Presence of more than one double bond in a
molecule, generally, leads taconjugation, which may have additional effects on the dy-
namics. Hence, itis paramount that we rst unravel the excited state molecular dynamics of
these building blocks, compare and contrast their dynamics, and then extrapolate to larger
molecules. Such smaller building blocks are also easier for dynamics simulations, since
they are less complicated in terms of the available number of degrees of freedom and are
also computationally tractable. Systematic studies of these small organic chromophores,
thus, can be extremely conducive in elucidating fundamental features in their dynamics
and obtain a profound understanding of the connection between structure and dynamics.
Overall, from a broader perspective, we aim to address a few questions, such as, what
is the effect of the structure of conjugated systems on their excited state dynamics, what
is the in uence of the position of double bonds and the remaining system on the isomer-
ization products and the lifetimes of excited states? We also try to answer if the excited
state dynamics are localized on individual double bonds or delocalized along more than one
double bonds, and if there are any effects of dynamical electron correlation on the dynam-
ics. Such questions are very important to investigate for molecules with single or double
bonds. In this dissertation, we have selected one such conjugated molgsdis,1,3-
cyclooctadiene (cc-COD), and investigated its excited state dynamics, both theoretically
and experimentally, which allowed us to compare and contrast its dynamics with that of
other linear and cyclic dienes, that have been studied extensively before, and answer some
of the questions that we are interested in. The other molecule, whose excited state dynam-
ics have been investigated in this dissertation, is uracil, which is an RNA nucleobase. The
ultrafast relaxation of the canonical nucleobases, such as uracil, is of signi cant interest in
order to understand how nature has ensured their photostability. Although we mainly focus

to answer the in uence of dynamical electron correlation for the relaxation of uracil, this



molecule also contains a C=C double bond, that allows for an overall systematic compar-
ison to the conjugated molecules. The following section summarizes the research carried

out in this dissertation.

1.2  Chapter Summaries

1.2.1 Chapter 2

In this chapter, we, rst, discuss the theoretical and conceptual background that is re-
quired for investigation of photoexcited processes, in great detail. Next, the fundamentals
of ab initio electronic structure methods have been explained, along with a brief discussion
of the multi-reference electronic structure methods which have been used in this disserta-
tion to construct on-the- y PESs. Finally, the trajectory surface hopping (TSH) method-
ology for simulating non-adiabatic excited state molecular dynamics has been explained,
along with the equations of motions. Several other issues pertinent to TSH dynamics, such
as, sampling of initial conditions, decoherence correction, momentum rescaling, frustrated

hops, have also been described at a considerable length.

1.2.2 Chapter 3

In this chapter, we investigated the non-adiabatic excited state dynanussa$1,3-
cyclooctadiene (cc-COD), for the rst time, employing TSH methodology on PES created
on-the- y using complete active space self-consistent eld (CASSCF) theory.[27] Simi-
lar to other conjugated dienes that have already been studied extensively, such as, 1,3-
cyclohexadiene and butadiene, photoexcitation of this molecule also involves an excitation
of the same chromophoric unit (-C=C-C=C-) wih state being the bright state. Our cal-
culations have revealed ultrafast decay to the ground state after photoexcitegiostabe,

facilitated by conical intersections involving distortions around the double bonds. The



main distortions have been found to be localized on one double bond, involving twisting
and pyramidalization of one of the carbons of that double bond (similar to ethylene and bu-
tadiene, but unlike 1,3-cyclohexadiene), while a limited number of trajectories have been
found to decayia delocalized (non-local) twisting of both double bonds. The interplay
between local and non-local distortions is crucial in our understanding of photoisomeriza-
tion in conjugated systems. The calculations have illustrated a broad range of the conical
intersection seam space is accessed during the non-adiabatic events for cc-COD, possibly
because of the exibility of the molecule and the presence of a lot of low frequency de-
grees of freedom. Several isomerization products, includisgrans1,3-cyclooctadiene,

formed on the ground state have also been observed.

1.2.3 Chapter 4

In this chapter, we, rst, presented UV pump and VUV probe time-resolved photoelec-
tron spectroscopy (TRPES) measurements (carried out by our experimental collaborators
at the Stony Brook University) of the excited state dynamics of cc-COD.[28] A 4.75 eV
UV pump pulse has been used to launch a vibrational wave packet on the rst electroni-
cally excited state, and the ensuing dynamics have been puidashization using a 7.92
eV probe pulse. Employing high-level extended multi-state complete active space second
order perturbation (XMS-CASPT2) theory to calculate neutral and cationic states along
the most crucial reaction coordinates, described in chapter 3, and also calculating Dyson
norms along those coordinates using CASSCF theory, we have been able to interpret the
features in the measured photoelectron spectrum in terms of ionization to several states
of the molecular cation and variation of both neutral and cationic states along the impor-
tant reaction coordinates. Time-dependent Dyson norms have also been calculated based
on the trajectories from our previous TSH simulation (described in chapter 3), to simulate

the TRPES spectrum, which have also shown similar features as the experimental TRPES



spectrum. Another TSH simulation based on XMS-CASPT?2 level of theory have also been
performed for this molecule to validate our previous TSH simulation at CASSCF level of

theory.

1.2.4 Chapter 5

In this chapter, we have investigated the effect of dynamical electron correlation on the
excited state dynamics of uracil, which is a nucleobase found in RNA. [29] In order to do
that, we have performed non-adiabatic excited state dynamics simulations of uracil using
TSH methodology on PESs calculated on-the-y at different electronic structure theory
levels. Our simulations have revealed that the dynamics of uracil are very sensitive to the
underlying electronic structure theory, with the multi-reference theory levels that include
the treatment of dynamical correlation predicting that there is no trapping on the absorbing
S, state. This is completely in contrast with predictions from lower level electronic struc-
ture results but corroborates very well to experimental decay lifetimes. This study suggests
that the dynamics of uracil is governed by ultrafast decay to the ground state or trapping on

the darkS; state.

1.2.5 Chapter 6

We conclude this dissertation by answering some the broad questions that we have
asked by presenting a systematic comparison of the dynamics of all the molecules that

have been studied in this work.



CHAPTER 2

THEORETICAL BACKGROUND



This chapter presents the theoretical background and concepts necessary to under-
stand how to investigate photoinitiated processes and also presents the electronic structure
methods and non-adiabatic dynamics technique that were employed to tackle excited state

molecular dynamics in this dissertation.

2.1  Time-dependent Schrodinger Equation

We start with the time-dependent Schrddinger equation (TDSE) which in its general
form is given by,

i~@@t( xt) = B ( xt): (2.1)

Here,~ is Planck's constanty) divided by2 , % is the coordinatet is time, andH is the

following Hamiltonian operator for a single particle.

A = o 2+ ¥ (2.2)

The potentiaM can depend on both coordinates and time, but here, we will congider
be independent of time. For simplicity, in this section, we will work with a one-dimensional
form of the TDSE that leads t& ! x andr 2! %. The function ( x;t) satis es the
TDSE and is called the wavefunction. According to Copenhagen interpretation of quantum
mechanics, if we assumg x; t) to be normalized, ( x;t)j?dx gives us the probability of
nding the particle in question betweenmandx+ dx, andj ( x;t)j? is called the probability
density of nding the particle at position and timet.

The TDSE can be solved by separation of the spatial and temporal coordinates[30] by

assuming a a product form of the solution

(xt)="(f (1); (2.3)



where (x) is the spatial part anfl(t) is the temporal part. Substituting this trial form of
the solution into equation 2.1, and dividing both sides(bx)f (t) leads to the following

equation.

) B (x)
f(t) ()

As the left-hand side of the above equation only dependsamd the right-hand side only

(2.4)

depends orx, both sides must equal to a constant (€ayfor energy). This leads to the
following two separate differential equations, one for the temporal part and the other for
the spatial part.

i~f(t) = Ef (1) (2.5)
B (x)= E (x) (2.6)
The temporal equation 2.5 could be solved yielding

f(t)=foe = ; 2.7)
whereas the spatial equation 2.6 represents the time-independent Schrodinger equation
(TISE), also called an eigenvalue equation, vétlioeing the eigenvalue and spatial wave-
function (x) being the eigenfunction. TISE speci cally depends on the potet{al).

The solutions to the TISE,(x) are called stationary states as they have no-dependence on
time.

The solution to the TDSE can be written as
iEt

(xt)= (X)foe (2.8)

Here,f( is just a constant and can be absorbed infw) such that( x;t) is normalized,

10



which, without loss of generality, leads to the following form of the TDSE solution.

iEt

(xt)= (X)e ~: (2.9)
Equation 2.9 is called a particular solution of the TDSE, since the probability density
j ( x;1)j? has no dependence brand thus, cannot describe any kind of time-evolution. In
general, any linear combination of particular solutions, each with its own time-dependent
phase factor, can also form a solution of the TDSE and is called a general solution of the
TDSE. The general solutions of the TDSE, then, can be written as
iE

% ,
(xt)= & (x)e —; (2.10)

n=1

wherec,'s are the coef cients corresponding tq,(x)'s. Here, the probability density
i ( x;1)j? will always have an interference term that is time-dependent. Hence, for time-
dependence in the TDSE, we always require a superposition of stationary states (i.e. a
wavepacket). Therefore, to get time-dependence of any observable, one must superpose
the solutions of TISE, with the corresponding time-dependent phase factors.

For a molecule with electronic coordinateand nuclear coordinaté®, we can write

i~@@t( £Rt) = H ( 5R;1); (2.11)
* iE nt
(£Rt)= & o(KER)e - (2.12)
n=1
B W(£R)= En n(£R); (2.13)

where equations 2.11, 2.12, and 2.13 represent the TDSE, the general solutions of the

TDSE, and the TISE, respectively.

In practice, solutions to the TISE can give us the stationary states, their energies and

11



other molecular properties, from which we can gain a great amount of information about
any reaction. The TISE is much cheaper to solve than propagating wavepacket dynamics
using the TDSE, and hence, is used quite a lot to investigate mechanistic details about
reactions. From here on, rst, we will discuss the background and types of calculations
that have been employed in this dissertation to deal with the solutions of TISE. We will

later discuss how time-evolution of the wavepacket has been approached in this work.

2.2  Born-Oppenheimer Approximation

After separating the time-dependence, we are only left with the spatial part of the
Schrédinger equation, i.e. the TISE. Solving the TISE is still not trivial as the wavefunc-
tion depends on both electronie) @nd nuclear coordinateR], for a molecular problem.

This means that the motion of electrons and nuclei are coupled, thereby, making the prob-
lem very complicated for even small molecules. Born and Oppenheimer, in their seminal
paper, proposed that the motion of electrons and nuclei can be separated.[31] Since nuclei
are much heavier (at least 1836 times) than electrons, they move more slowly compared
to electrons. Hence, to a good approximation, the electrons can be considered to be mov-
ing in a xed eld of the nuclei, allowing for the solution of the electronic part of TISE

with parametrized nuclear coordinates. This is called the Born-Oppenheimer approxima-
tion (BOA). It is central to quantum chemistry since it allows for suf ciently describing a
wide range of chemical phenomena.

The molecular Hamiltonian for any system can be expressed as the sum of the kinetic

and the potential energies for all particles as

H="1T+V; (2.14)

whereT and¥ are the kinetic energy and the potential energy operators, respecfively.
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can be expressed as sum of all the kinetic energy term¥ arah be expressed as the sum

of all the potential energy terms as

T="1+"T (2.15)

V= Ve + Voot Vi (2.16)

Here T,, and T, are the nuclear kinetic energy and electronic kinetic energy operator
terms, respectively, wheredg,., V.. andV,,, are the operators for potential energy due

to electron-nuclear attraction, electron-electron repulsion and nuclear-nuclear repulsion,
respectively. Thus, the molecular Hamiltonian, can be written as a sum of all the above
terms as

B=T+ Tt Vet Voot U (2.17)
It can also be written explicitly foN electrons and/ nuclei in atomic units as

X X!
A= 1r,§ !

A 2mp

) >N>MZA+>(“>N£+>M>M ZaZg

(2.18)

i 2Me i a liA i >1Mi A Bsa 'nB

wherei andj are electronic indicesA andB are nuclear indicesn, andm, are the
nuclear and electronic mass, andZg are the atomic charge on nuckeiandB, rj is the
distance between electrongandj, ris is the distance between electroand nucleus\,
andr 5g Is the distance between nuclei A and B. The Laplacian operator is de ned as

.. @,0,0
@k @y @2

r (2.19)

which means 2 andr % involve partial differentiation with respect to the coordinates of
electroni and nucleus\.

Assuming that nuclei are moving much slower than electrons, the molecular Hamilto-
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nian can be separated into nuclear pHiitYand electronic part{.) as

B = A, + A (2.20)

such that,
B, = Th; (2.21)
Be= Tot Ve + Voo + Vi (2.22)

Since electrons are treated under xed eld of nuclei, that means only the electrons are
moving and the nuclei are frozen. Hence, the repulsion between nuclei can be considered

a constant and added later. Thus, the electronic Hamiltonian can be reduced to

Be=Tor Vo + Voo (2.23)

As the Hamiltonian can be written as a sum of non-interacting electronic and nuclear
part, the total wavefunction can also be separated as a product of the electronic and nuclear
wavefunctions.

(FR)= (rR) (R); (2.24)

where ¢(¥; R) is the electronic wavefunction andR) is the nuclear wavefunction.(R)
only depends on the nuclear coordinates, whereds; R) depends explicitly on the elec-
tronic coordinates and parametrically on the nuclear coordinates. This allows for solution

of the electronic Hamiltonian

He o(£;R) = Ee(R) (¥ R): (2.25)
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Hence the total potential energy is given by

ZpaZg

X
Epot(R) = Ee(R) +

: (2.26)
A B>A [AB

Once the electronic Hamiltonian is solved, the nuclear Hamiltonian can be solved under

the same assumptions and also by reintroducing the nuclear kinetic energy term as
To+ Epat(R)  n(R) = Ewnt n(R): (2.27)

Solution to the nuclear Schrédinger equation describes the vibration, rotation and trans-

lation of a molecule.

2.3  Potential Energy Surfaces

Solving the electronic part of the TISE (equation 2.25) as a function of xed nuclear
coordinates generates the potential energy surface (PES) of a molecule. When we plot
Epot(R) at a particular nuclear con guration we get a single point on the PES. If the nuclear
con guration is varied along any particular coordinate and tBgg(R) is calculated at
all those xed con gurations, we generate the PES of the molecule along that particular
coordinate. The potential energy of a non-linear (linear) molecule haviregoms is a
function of its(3N  6) [(BN  5) for linear] nuclear coordinates. The 3 (2 for linear)
rotational and 3 translational degrees of freedom do not change the potential energy and
are, therefore, subtracted from total number of degrees of free@8dm {Thus, the nuclei
in BOA can be thought of as propagating on a PES by solving the instantaneous electronic
structure problem. Figure 2.1 shows a schematic of a slice of the multi-dimensional PES
along one such nuclear coordinate. Nuclear motion on a PES can be predicted if the shape

of the PES is known along nuclear coordinates relevant to a chemical problem. This leads
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to signi cant insights about the reactivity of a chemical reaction. The electronic TISE can
also be solved for more than one electronic state, giving rise to ground and electronic states

of a molecular system.

Figure 2.1. A cartoon illustrating the potential energy surface of a molecule as a function of a
nuclear coordinate.

There are several nuclear arrangements along a PES that are quite relevant in deciding
the reactivity of a chemical reaction. The point where the potential energy of the system
is the lowest along a coordinate is termed the local minimum on that PES. A minimum is
located by setting the gradient to zero i.e. each of(@8& 6) rst partial derivatives of
the potential energy is set to zero. Any point on the PES where the gradient is zero is also
termed as a stationary point, which could be a minimum, a maximum or a saddle point on
the PES. The second partial derivatives of the potential energy is required to characterize
the aforementioned stationary points. These second partial derivatives when arranged in a
matrix form constitute the Hessian matrix or the force-constant matrix. The Hessian matrix
can then be used to calculate the frequencies df3Ne 6) vibrational normal modes. For
a true minimum, al{3N  6) frequencies have to be real, whereas, if only one frequency

is imaginary, then it is a transition state or a rst-order saddle point, which is a maximum
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along that coordinate and minimum along all other coordinates.

Figure 2.2. A one-dimensional cartoon illustrating all the processes that can ensue once a
molecule is photoexcited. In reality, these processes occur on a multi-dimensional surface requiring
more coordinates. Hence, this is an oversimpli ed version. In this cartoon, upon photoexcitation
(blue arrow), the ground stat&{) population is promoted to the rst excited staf® ). A vibra-

tional relaxation brings the excited population to 8xeminimum, where a part of the population

will get trapped and uoresce (green arrow), while the rest of the population evolves & the-

face and reaches a crossing (intersystem crossing) with a {fiptate which leads to a population
splitting. Population transfer can also occur due to vibrational motion as an avoided crossing exists
betweenS, andS; state, but the probability is very low here. Population onTheatate will relax
vibrationally to the minimum, get trapped there and phosphoresce (purple arrow), while population
on theS; state evolves to reach a conical intersection withShstate, thereby, leading to another
population spitting on th&y state towards reactant and product.

When a molecule absorbs a photon, generally, electrons get excited from some occupied
molecular orbital (preferably valence orbitals) to an unoccupied one leading to formation
of excited electronic states. The excited state that absorbs the photon has the same energy
as the photon. Once excited, the molecule can relax radiatnelyiorescence and phos-
phorescene, or non-radiativehia internal conversion and intersystem crossing. The shape
of the several excited PESs and stationary points on those PESs, will decide on which path-

way the excited population will evolve and how it will decay. The Figure 2.2 illustrates

a cartoon of all the processes that could ensue once a molecule is photoexcited. All the
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different decay pathways compete against each other. If there are minima on the singlet or
triplet excited states with barrier surrounding the potential well, that can create population
traps and subsequently photons will be emitteal uorescence or phosphorescence with
timescale in the nanosecond or microsecond regime, respectively. Conical intersections,
which have been discussed later in detail, are a set of points on the PES where electronic
states can become degenerate, which allows for population transfer, in a process called
internal conversion, in a sub-picosecond timescale, which is much faster thanvi@cay
radiative processes. If the excited state PES is barrierless and the excited population can
directly access a conical intersection, that will lead to a radiationless decay where the ex-
cess energy at the conical intersection will be dissipated asvfeeabrational relaxation.

In this dissertation, we have focused on this type of ultrafast non-radiative processes that
occurvia internal conversion. Since the molecules we investigate do not poses any heavy
atoms, intersystem crossing will be negligible in such systems, and has not been included

in our work.

2.4 Adiabatic Transitions

We rst brie y discuss the adiabatic transitions. When electronic states are well sep-
arated, the coupling between them can be neglected according to BOA. That's why, these
states are also called adiabatic states. Transitions between these adiabatic states are impor-
tant in the event of photon absorption (excitation) or emission ( uorescence and phospho-
rescence). The intensities of vibronic (electronic-vibrational) transitions, or the absorption
or emission of a photon is described using the Franck-Condon (FC) principle.[32, 33] This
principle states that when an electronic transition occurs in a molecule, there is no substan-
tial change in the nuclear con guration of the molecule i.e. this transition is instantaneous

(also called vertical) with respect to the nuclear con guration. This follows from the as-
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sumptions of BOA that as nuclei are at least 1836 times more massive than electrons,
electrons are much faster that the nuclei. Hence, electronic transition can occur on a much
shorter timescale than nuclear motion and the probability of a vibronic transition can be
calculated at xed nuclear con gurations. This is the classical Condon approximation. Af-
ter the electronic transition, the nuclei rearrange with the new electronic con gundation

vibrational relaxation.

Figure 2.3. A Cartoon illustrating the Franck-Condon principle. Absorption of a photon neces-
sitates an electronic transition which is very fast compared to nuclear motion. Hence, there is no
nuclear reorganization during such an instantaneous (or vertical) electronic transition. Higher vi-
brational states of the nal electronic state are generally populated which correspond to negligible
change in nuclear coordinates and the probability of transition depends on the square of the vibra-
tional overlap between the initial and nal vibrational states. In this gure, the strongest absorption
is from the vibrational level O of the initial electronic state to the vibrational level 2 of the nal
excited electronic state, given by the blue arrow. Reused from ref.[34].

Figure 2.3 depicts an energy level diagram for the FC principle and shows the absorp-
tion as a vertical transition (blue) to a higher energy state and uorescence as a vertical

transition (green) to a lower energy state. The intensities of vibronic transition proba-
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bilities can be explained by using the overlap of vibrational/nuclear wavefunctions. The

probability of a vibronic transition is given by,

Pij/ih ijny i3 (2.28)

wherej ;i andj ji are the total wavefunctions of electronic stataadj respectively” is
the transition dipole moment operator. Since FC principle follows from BOA, it allows for
the separation of the total wavefunction into the electronfg &nd nuclear wavefunctions
( i), such that,
Pij/jh £ in T ii* (2.29)

The transition dipole moment only depends on the electronic component, and thus, the

transition moment integral can be separated between electronic and nuclear parts such that,
P /ih Fi% fiigheg g% (2.30)

whereh fj?j Ji is the electronic transition moment integral andj ;i is the overlap
integral between vibrational or nuclear wavefunctions of the initial and the nal electronic
state.h ;j ;i is also called the FC overlap and its squared term in 2.30 is called the FC
factor, which determines the probability of a vibrational transition. When the FC overlap is
zero, the total probability for a vibronic transition is zero. The FC factor term thus acts as
a weight in equation 2.30 and determines when a transition between different vibrational
levels of two electronic states will be intense or weak.

In order to predict the transition intensity between only the electronic or adiabatic states,
we only need the electronic transition dipole moment integral from equation 2.30. Using
the oscillator strength model, for an atom or molecule, which can absorb a photon and tran-

sition from a stat¢ fi toj fi, its oscillator strengthf( ), which determines the intensity
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of the transition, is given by,

. 2mg

fy = 35 (B E)ih {7 i (2.31)

whereE; andE; are the electronic energies of the stgtefs and i, respectivelyme is

the mass of an electron, artchas the following form.
N=e § (2.32)

The oscillator strength for a particular electronic or adiabatic transition, thus, depends not
only on the square of the electronic transition moment integral, it also depends on the
energy difference between the two electronic states. The quality of the calculated oscillator
strength, thus, depends on the quality of both the calculated energies and wavefunctions.
If the oscillator strength for a transition is large, the nal state of the transition is called a
bright state, whereas, if the oscillator strength is small or very close to zero, the nal state

is called a dark state.

2.5 Non-adiabatic Transitions

Non-adiabatic transitions occur between electronic or adiabatic states when they are
not well separated. The BOA fails, when two electronic states are in close proximity, since
vibrational motions of the nuclei couple very strongly to the electronic motion, driving
non-radiative transition from one state to the other. To understand how such transitions
occur, we will again start from the TISE.

As discussed before, the TISE is given by
B (£R)= E (£R); (2.33)
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where ¥ and R are the electronic and nuclear coordinates, respectively and the non-

relativistic molecular Hamiltonian is given by
A (£ R) = To(R) + He(£R): (2.34)

The electronic wavefunctions can be obtained by solving the electronic Schrédinger equa-
tion

He 8(f;R) = EXR) S(¥;R); (2.35)

where 7(+; R) are the electronic wavefunctions ahds the state index. The eigenfunc-
tions ofH . actually form a complete set and hence the total time-independent nonrelativis-
tic wavefunction can also be expanded as a linear combination of individual excited states
as

(5R) = X (5 R) 1(R) (2.36)
|

where | (R) are the expansion coef cients. This is called the Born-Huang expansion.[35]

Substituting this Ansatz into the TISE, we get the following expression.

, |
£+ EPR) ((R) . “u(R) 3(R)= Ew 1(R) (2.37)
J

Here, ; depends on two term&;; andK ;. These two terms couple the two electronic
statesl andJ. Nuclear kinetic energy operator acting on the electronic wavefunctions

generate these two terms and they are given by

D E
Fu(R)=  F(ER)Ir S(BR) ; (2.38)

X D E
Ky (R) = e R)jr 2 S(#R) ; (2.39)
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where the bra-ket notation indicates integration over electronic coordirratesfers to
calculating gradient over nuclear coordinates, andrefers to calculating gradient over
nuclear coordinat® . F; (R) is the non-adiabatic (NA) or derivative coupling vector be-
tween state$ andJ and it has a dimension equal to the number of nuclear coordinates,
whereas, the diagonal terris, represent non-adiabatic corrections to the corresponding
single PES and are called Born-Oppenheimer (BO) Correction. The NA coupling vector
measures the change in electronic wavefunction with respect to change in nuclear coordi-
nates and depends on the energy difference between ki@teld , and can also be written

as, D E
Fu(R)= ——g——=o— (2.40)

for exact electronic eigenfunctions.

The NA coupling determines the ef ciency of radiationless transitions between states
| andJ. From equation 2.40, it can be easily seen that as the difference in energy be-
tween state$ andJ decreases, the magnitude of NA coupling increases and vice versa.
In BOA, the NA coupling between states is neglected, since it is assumed that the nuclear
and electronic motion are not coupled because of the large energy difference between the
states. This approximation, thus, breaks down, when states approach each other closely.
At conical intersection, which will be discussed in the next section, the energy difference
is zero which makes the NA coupling in nity. This paves the way for the most ef cient

radiationless transitions.

2.6 Conical Intersections

Conical intersections (Coln) are a set of geometries on the PES where two or more elec-
tronic states can become degenerate. Colns can allow for non-radiative and radiationless

transitions between electronic states that are much faster than radiative transitions. Such
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non-radiative transitiongia Colns can occur in sub-ps timescale if barrierless pathways to
Colns are accessible and can, thus, explain many natural phenomena, such as, the photo-
stability of DNA/RNA nucleobases. Hence, it is important to think about the existence of

Colns and locate them. For that, we can consider a two-state diabatic Hamiltonian, given

by,[36] 0 1

H11(R) H12(R)
= : (2.41)
H21(R) H2x(R)
D E
Here, the matrix elements atd;; = ijlqej i »where ; and ; are diabatic wavefunc-

tions. To obtain the eigenvaluesldf, a rotational matrixQ can be considered where

0 1

% cos( (R)=2) sin( (R)=2)
; (2.42)

sin( (R)=2) cos( (R)=2)

and an orthogal tranformatid@YH ¢Q needs to done, which will rotate the wavefunctions
and the NA coupling in the con guration space. The diabatic to adiabatic state trans-
formation is de ned through the rotation angle The eigenvalueg&., are obtained by

diagonalizing the matrix.

I B —
Ei,=H H2+ Hfz (2.43)
where
—  Hu+ Hx
= : 2.44
2 1 ( )
and
Hi H
H = %22: (2.45)
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The rotation angle is de ned by

I I (2.46)

and

COS = gq—-———: (2.47)
H2+ HP

For the existence of a Coln between the two states, the eigenvalues of equation 2.43 have

to be degenerate. That can only happen if the following two conditions are satis ed.

Hip H22=0; (2.48)

and

Hi2 =0: (2.49)

Hence, for the existence of two-state Colns in a molecule With number of inter-
nal degrees of freedom, the above two conditions are satis ed in a subsp@dg;of 2)
dimensions. This is called the seam space. According to the non-crossing rule, discussed
by von Neumann and Wigner, Colns are not isolated points on the PES, but they are, actu-
ally, an in nite number of connected points that form the seam space.[37] Since diatomic
molecules have only one nuclear degree of freedom, Colns between two electronic states
of same symmetry do not exist in them. Polyatomic molecules, on the other hand, have
more than two nuclear degrees of freedom, leading to degeneracy of two electronic states.

The space that is orthogonal to the seam space is two-dimensional and is called the
branching og h space. The topography of the Coln can be described using perturbation
theory by using nuclear displacements in the branching space. This space consists of the
two vectorsg andh, along which the electronic degeneracy is lifted lineasily nuclear

displacements in a rst-order approximation. A displacement among any other direction
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Figure 2.4. A cartoon illustrating the double cone shape of a Coln which forms when energy of
the states is plotted along the branching space vectors.

preserves the degeneracy. Hpand theh vectors are also called the tuning (energy dif-

ference gradient) and the coupling (coupling gradient) coordinate, respectively. They are

given by,
d H
= ; 2.50
9% R (2.50)
n= dHe. (2.51)
drR

Using rst order approximation for expanding the energy at the Coln, the Hamiltonian
in equation 2.41 becomes
0 1

gxy hx;
H =(six1 + Sox2) | + : (2.52)
hx,  gx

Here,x; andx, are displacements along tigandh, respectively, where,

no.o. .
X% = = idil = gijihjj = h: (2.53)

X = h

Q [

s; ands, are the projections of andh on the branching plane, andis a2 2 identity
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matrix. Setting the energy at Coln as zero, the eigenvalues become

q
E12 (X1;X2) = S1X1 + SpXo (9X1)2 +( hX2)23 (2.54)

When the energy of the two involved states are plotted around the Coln along the two
aforementioned coordinates, it forms the double cone shape of Coln shown in Figure 2.4.
The slope of the cone is given by the parametgemdh along the directiong; andxs,
respectively, whereas ands, indicate the tilt of the cone. If bots, ands, are zero, the

Coln will be vertical or peaked. On the other hand, if one of them or both are non-zero,
the Coln will be sloped. The Coln topography will be symmetric if the slapesidh

are equal, whist it will be asymmetric when the slopes are unequal. This is really crucial,
since the topography of the PESs of both states around the Coln will in uence the ensuing
dynamics.[36, 38, 39] In an adiabatic representation, whilst traversing around the Coln,
a real wavefunction changes sign, which is known as the Berry phase or the geometric

phase.[40, 41, 42, 43] The presence of this property is signature of a true Coln.

2.7 Electronic Structure Methods

In this section, we discuss trab initio electronic structure methods, that have been
used in this work, to calculate excited states, and their properties, such as, energies, oscilla-
tor strengths, gradients, NA couplings etc. for absorption spectra calculation and dynamics
propagation. Static PESs using linearly interpolated paths have also been constructed, in
this work, using such electronic structure methods. The electronic structure methods can
either be based on the variational principle or the perturbation theory. Thus, we have rst
reviewed both variational principle and perturbation theory. Next, the Hartree-Fock (HF)
approximation, which is the cornerstone of quantum chemistry and is the rst step towards

better approximations, is discussed in detail. Finally, we conclude this section with a brief
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review of the different electronic structure methods, especially, the multi-reference meth-

ods, that have been employed in this dissertation for excited state calculations.

2.7.1 Variational Principle

Let us consider the non-relativistic time-independent HamiltoKiaof a system and a
trial wavefunction that is a normalized function of the same coordinates as the solution

to the Schrodinger equation. The expectation value,afan, then, be calculated as

(2.55)

Ewia Is also the average value of the Hamiltonian and a functional.ofn general, in
guantum mechanics, the expectation value of an operator is the average value calculated
by taking an integral of the operator acting on a wavefunction. Every observable physi-
cal property has an operator corresponding to it and this is how the expectation value is
calculated for any operator.

The variational principle states th&tyia Eo, whereEy is the true ground-state
energy (i.e. the lowest eigenvaluetj of the system i.e. the true ground-state energy will
always be a lower bound to the energy calculated by using an approximate wavefunction.
Ewiaa = Eo, only when the trial wavefunction is exactly equal to the true ground-state
wavefunction.

To prove that, lets start with the exact solution of the Schrodinger equation

B i=E ;i=0;L201 (2.56)

where ; are the eigenfunctions #t. Here,Ep and correspond to the true ground-state

energy and wavefunction. Even though the exact form of the eigenfunctions are not known,
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they do form a complete orthonormal set i.e.

hij ji= j; (2.57)

where

(2.58)

Hence, any trial wavefunction,, can be expanded as a linear combination of the eigen-

functions of this set as

ps
= a (2.59)
i=0
Since is normalized,
D S R prs
1=hji= aghij ji= a4 i = &y (2.60)
i=0 j=0 i=0 j=0 i=0
i.e.
N
Jajc=1 (2.61)

i=0
Using this expanded form of the normalized trial wavefunction into the next equation, we
get
xR b, E
Evia Eo= ag jHj; Eo (2.62)
i=0 j=0
which can be simpli ed to the following expressions because of the orthogonality of eigen-

functions and the normalization condition.

Etrial Eo:_ jaj’E;  Eqo; (2.63)

)% . .2 )q- - .2 . 2
Eviwm Eo= Jjaj°Ei Eol= jajE; Eo ja&j% (2.64)
i=0 i=0 i=0
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o
Eva Eo= Jjaj’(Ei Eo) O (2.65)
i=0
Hence Eyial Eo. Only when = g (i.e. true ground state wave function), théf, =
Eo. This concludes the proof of the variational principle.
In practice, while solving TISE, we start with a trial form of the wavefunction and then
try to nd the parameters that will give us the lowest energy. This is performed by rst

expanding the trial wavefunction in a basis and then optimizing the coef cients of the basis

functions so as to minimize the energy of the system.

2.7.2 Perturbation Theory

We can again start from the TISE which we want to solve.
A i=E ;i=0:12::1 (2.66)
Using perturbational approach we can write the Hamiltonian as
H=H+AO, (2.67)

whereH © is the unperturbed or zeroth-order Hamiltonian, #h@ is the Hamiltonian
that introduces a very small perturbation. We assume that the eigenvalues and eigen-
functions of the unperturbed Hamiltonian are already known by solving the unperturbed

Schrddinger Equation

RO © - g0 O (2.68)

Since we are only dealing with Hermitian operatorécf) form a complete set. We are

interested to see what would happen t@fter introducing the weak perturbation. We will
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also require that the perturbed wavefunction follows intermediate normalization i.e.
h @ i=1: (2.69)

This condition makes corrections to the perturbed wavefunction orthogonal to the unper-

turbed wavefunction.

We rst introduce a parameter, to scale the perturbed Hamiltonian such that
#H=H9+ AO; (2.70)

where can change between 0 and 1. At 0, we have an unperturbed system and at
1, we have full perturbation. Thisis inserted to help relate the unperturbed and perturbed
wavefuntions and is set ultimately to 1 for a system with full perturbation, eliminating it

from the expressions. But, rst we want to solve the TISE for &lbetween 0 and 1.

H() i()=E() () (2.71)

We can expand both the energy and the wavefunction in a power seriepaivided the

perturbation is weak.

E()=EQ+ E®+ 2P+ 4+ KN+ (2.72)
()= @+ W4 2@ gy k04 (2.73)
where
1 d®E;
(k) — i
EN = ad ] (2.74)
1d<
(k) — i
' kid K (2.75)
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It can be easily seen from equations 2.72 and 2.73 thatif O, the energy and the
wavefunction equal to the unperturbed eigenvalﬁﬁ’? and eigenfunction, i(o). For, k
=1,23,...E! and ® are calleck-th-order corrections to the energy and the wavefunc-
tion. Substituting the power series expansiorEef ) and ;( ) into equation 2.71, we

get

(AO+ RO O+ Pe 2 1oy =(E0+ E P+ EPvay O O+ 2 P
(2.76)

As this equation has to satisfy for anybetween 0 and 1, the coef cients of the same

powers of on both sides of the equation have to be equal to each other. This condition

will generate the an in nite number of perturbational equations with unknE\f\m and

%) For example, for @,

RO © - O ©. 2.77)

for @,
B © i(l) + B® i(0) - Ei(O) i(1) + Ei(l) i(O); (2.78)

for @,
B © i(2) + B® i(1) - Ei(O) i(2) + Ei(l) i(l) + Ei(Z) i(O); (2.79)

and more. The equation 2.77 is just the unperturbed Schrédinger equation. The equations
for higher values ok than 0, could be solved consecutively, using the intermediate nor-
malization condition, allowing for the calculations of the corrections to the energy and the
wavefunction for largek's. In general, as we move to higher valuekothe value of the
corrections diminishes. This allows us to truncate the energy and the wavefunction expan-
sions. In practice, we only consider the rst and second-order corrections to energy and

only the rst-order correction to the wavefunction. An elaborate solution can be found in
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ref.[44]. The rst-order correction to the energy is given by,
EY = h PjRO} i (2.80)

which is an averaging of the perturbatii® on the unperturbed wavefunctions. Setting,

=1, the approximate energy with the rst-order correction becomes
Ei=EQ+EY=g%+n 2R Oi: (2.81)

The rst-order correction to the wavefunction is given by

O @; O
w_ X hPIRO] i g

i - (2.82)
" T e EQ EO
Again, setting =1, we get the perturbed wavefunction as
X h Qjpo; O
= Oy j 0. (2.83)
i i 6l Ei(0) Ej(0) J
The second-order correction to the energy is given by
X ih Oig@j @2
Ei(Z) — n -l )i (2.84)

0 0
i6i Ei() Ej()

Setting =1 and including the rst and second-order corrections, the approximate energy

of the perturbed state is given by

X jh @jAmj ©Oj2
si EO EO

Ei= E®+h QjR®] O+ (2.85)

33



2.7.3 Hartree-Fock Approximation

Exact solution to the non-relativistic electronic TISE is only available for one-electron
systems such as H. For many electron systems, we need to resort to approximate solutions
to the TISE. Herein comes the Hartree-Fock (HF) approximation, which is fundamental to
solving many electron problems in quantum chemistry. This approximation is usually the
rst step in nding approximate solutions to the TISE and is also the basis of more accurate
approximations. In order to understand the HF approximation, rst, we have to understand
how to describe electrons not only using spatial coordinates, but also using spin. Electrons
can have two types of spins: u@(and down ( %), and hence we can introduce two spin

functions and corresponding to those spins, respectively, such that,

hji=hji=1; (2.86)

and

hji=hji=0: (2.87)

Hence the wavefunction of an electron can be expressed as a spin ofbjtedombination

of spatial and spin parts), given by,

(1) =

8
% (1) (1)
s (2.88)

1) @)

This shows that for every spatial orbital there will be twice as many spin orbitals. In
this way, the Pauli exclusion principle enters the picture. For every spatial orbital, one spin
orbital that includes spin will be denoted by ; and the other spin orbital that includes

spin will be denoted by .

We can consider B -electron system of non-interacting electrons having a Hamiltonian
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of the form

R’ = _W fiG); (2.89)

i=1
where,ﬁ(i) is a one-electron operator that includes the kinetic energy and potential energy
of electroni. The one electron operators acting on a set of spin orbitg)sall generate
eigenfunctions;. Hence, the eigenfunction of the total Hamiltonian (which is a sum of
one-electron Hamiltonians) could be written as a product of all the spin orbitals, which is

also called a Hartree product (HP), such that,
P2 N) = (@) (@) k(N): (2.90)

However, electrons are fermions and any wavefunction describing a fermionic system have
to follow the antisymmetry principle i.e. the wavefunction has to change sign with respect
to the exchange of the spatial and spin coordinates of two electrons. The HP does not
satisfy the antisymmetry principle. Hence, the wavefunction is constructed in a single

Slater determinant form that satis es the antisymmetry principle.

i) 5@ o k(@)

2 @ = «(?)

1:;2:::;N)= p= (2.91)

1
N!
i(N)  (N) oo k(N)

Here, the factop% ensures the normalization. The Slater determinant\hagectrons in
N spin orbitals. The rows of the Slater determinant correspond to the electrons, whereas,
the columns correspond to the spin orbitals. If we exchange the coordinates of two elec-

trons, two rows of the determinant will be exchanged, which will change the sign of the

35



determinant, satisfying the antisymmetry principle. Also, two electrons can't occupy the
same spin orbital. If they were, then two columns of the Slater determinant would be
same, making the determinant zero. The Slater determinant can also be written in a short
form (that already includes normalization) by only showing the diagonal elements of the
determinant.

1;2::5N)=]3@1) @) (N (2.92)

We assumeg i is the best approximation to the true ground state energy dil tekectron
system (which has the Slater determinant form) acted on by the electronic Hamilkbnian
The best set of spin orbitals are obtained, using variational principle, by minimizing the
energy of this system, which is

Eo= h oHj o (2.93)

To do that, we use the Fock operat'dll), which is a one electron operator and has the
following form.

(1) = i) + viF (1) (2.94)

Here, (1) includes the kinetic energy of the electron and the potential energy due to at-

traction to nucleug\, as explained before.

A = }rf X Za (2.95)

2 a=1 M1A

vHF (1) is the average eld experienced by the electron 1, due to all other electrons in the
system. It can also be written as the combination of two operators, the Coul)raind

the exchange ) operators, such that,

viF (1) = X JF@) K@): (2.96)
b
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The Coulomb and exchange operators take into account the two-electron terms. The
Coulomb operator corresponds to the average potential because of the electronic repulsion

due to all other electrons acting on electron 1 jil1).

Z
Jo@) = dxoj p(2)j%r.t (2.97)

The exchange operator arises from the antisymmetric nature of the Slater determinant and
does not have a simple classical interpretation like the Coulomb term. Its effect can be seen
when acting on a spin orbital,(1), such that, the electrons to the leftrgf have been
exchanged. .

Ko(1) a)=  dxz p(riss a(2) s(1) (2.98)
Here,r, is the distance between the electrons. Using these operators, the HF eigenvalue

eqguation can be written as,

2 3
B+ RO RD5 a@)= a @) (2.99)
b6 a b6 a
i.e.
fa a1 = a a1) (2.100)

such that, the Fock operator acting on a spin orbita(X)) provides the energy of the
electron in that orbital ).

In practice, expanding the spin orbitals in the basis of atomic orbitals, one can construct
and solve the Roothaan equations[45] iteratively. These equations can be written as the
following single matrix equation.

FC = SC (2.101)

Here, F is the Fock matrix,C is the matrix containing the expansion coef cients that
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are used to expand the spin orbitals using atomic orbi&ls, the overlap matrix of the
atomic orbitals, and is the diagonal matrix of orbital energies. After solving the Roothaan

equations iteratively, the total HF energy is given by

X 1N
Enr = | hi + > ij [Ji  Kjl+ Vin; (2.102)

which includes the nuclear repulsion enerndy,. Here,i and; indices represent molecular
spinorbitals, ; and ;, andJ andK terms include the Coulomb and exchange contribu-
tions.

If larger and more complete sets of basis functions can be used, that will eventually lead
to more exibility in the expansion of the spin orbitals, lowering the ground state energy.
The HF ground state energy can reach a minimum, for a complete set of basis functions,

and that energy is called the HF limit. In practice, however, only a nite number of basis

functions can be used which will produce an energy higher than the HF limit.

2.7.4 Post Hartree-Fock Methods

HF approximation is the rst step in solving the non-relativistic TISE. Although it is
successful in many cases, it has limitations. Since, in HF, the wavefunction is described
using a single Slater determinant, it does not include any treatment of static electronic cor-
relation. This can be very signi cant while describing excited state processes near Colns,
bond dissociation/forming events etc. In those situations, multiple Slater determinants are
required to describe the wavefunction of the system to achieve a qualitatively correct picture
of the processes. Additionally, HF approximation also does not include dynamic correla-
tion because the electronic repulsion is evaluated using an average eld of all the electrons,
when in reality, there exists an instantaneous repulsion between the electrons. Hence, there

is always a difference between the exact non-relativistic energy of a syktgga: ) and
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the one obtained with HF approximation. This difference is called the correlation energy

(Ecorr ), if the HF energy E g ) is obtained in the limit of a complete basis set.
Ecorr = Eexact EHF (2.103)

The correlation energy is always negative, since the HF energy is the upper bound to the
exact non-relativistic energy. In the next few sections, we will present a brief review of the

post HF methods, that have been employed in this dissertation, to recover the correct static
and dynamic correlation, for excited state calculations. A more detailed discussion of these

methods can be found in ref.[46, 47, 48].

2.7.4.1 Con guration Interaction

For aN -electron system, in con guration interaction (Cl) method, the exact wave-
function of the system can be represented as a linear combination Nf-tiectron trial
functions. Then, the linear variational method is used to minimize the energy. The general

Cl wavefunction expansion can be represented as

ozl ot G L+ dy B+l S+ (2109)
a;r a<b;r<s a<b<c;r<s<t

In this expression, i is the reference zeroth-order wavefunction. The reference wave-
function is generally taken as the closed shell HF reference and all other terms are rep-
resented as excitations from the reference. Hepcg, j i andj [t represent the
single excitation (excitation of an electron from orbigado r of | i), double excitation
(excitation of electrons from orbita to r and orbitalbto s of j (i) and triple excitation
(excitation of electrons from orbitalto r, orbitalbto s and orbitalctot of j i), respec-

tively. Figure 2.5 illustrates these expansion terms with respect to a HF reference. In this

way, the whole space is spanned uptauply excited determinants or con gurations. The
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name of the Cl method arises from con gurations or con guration state functions (CSF).
A con guration is a linear combination of Slater determinants and is an eigenfunction of
the spin operators. The many electron functions in the ClI expansion are constructed from
molecular orbitals (generally optimized at HF level) either by means of individual Slater
determinants or as CSFs. The coef cients represent the contribution from the correspond-
ing con gurations. The restriction on the summation of the excited con gurations ensures

that any particular con guration is not included more than once in the summation.

Figure 2.5. Anillustration of the excited con gurations (up to triple excitation) generated from

a closed shell HF reference, which are used to construct the Cl wavefunction. The excitations are
taken from the doubly occupied orbitals of the HF reference to the unoccupied or virtual orbitals.
The core orbitals, which are not shown here, can be kept frozen.

The expression in equation 2.104 can be used to minimize the energy using linear varia-
tional method. For this, the matrix representation of the Hamiltonian is formed in the basis
of 2.104 and the matrix is diagonalized and the eigenvalues are calculated. The matrix is
called a full CI matrix and the method is called full CI (FCI) method, since all possible
con gurations are included. In principle, FCI can provide the exact non-relativistic energy
of a system. Nonetheless, in practice, one can only perform FCI for a nite numidér of
electron trial functions. Hence, using FCI treatment with a nite one electron basis set, one

can get the eigenvalues of the FCI matrix where the lowest eigenvalue provides an upper
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bound to the ground state energy and the higher eigenvalues provide upper bounds to the
excited state energies of the system. However, even for a small sized system with a mod-
erate one electron basis set, the numbe eflectron con gurations is really humongous.
Since, the FCI calculations depend on the numbét adlectron con gurations used in the
expansion, it is, then, restricted to a few small systems and basis sets. For larger systems,
the ClI expansion is generally truncated at some excitation level. If only con gurations up
to single excitationsj( }i) are included and everything else is neglected, then the method

is called con guration interaction singles (CIS). Con guration interaction singles and dou-
bles (CISD), on the other hand, includes the reference, and the single and douil® (

excitations from the reference.

2.7.4.2 Multi-con gurational Self-consistent Field

In this dissertation, we, speci cally, investigated excited state processes. Static corre-
lation is extremely important in describing excited states near conical intersections, bond
breaking or forming, etc., since more than one reference is required to construct the proper
wavefunction describing the system, in such cases. HF only employs a single reference,
and all other methods which uses HF as a reference, such as ClI, are also called single ref-
erence methods, since all the excited con gurations are generated from a single reference.
Thus, these methods are not adequate when multiple references are required. In addition
to that, the molecular orbitals used in Cl are xed from HF calculation, and only coef -
cients of the con gurations are varied. The molecular orbitals optimized at the HF level
are not appropriate for a description of the aforementioned processes. As a rst step to de-
scribe systems where static correlation is important, HF is extended to multiple references
in multi-con gurational self-consistent eld (MCSCF) method. For the MCSCF method,
we need a wavefunction with multiple references, where the CSFs are constructed from

molecular orbitals that are not xed like in CI method but are variationally optimized so as
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to achieve the lowest energy of the system, along with optimization of the coef cients.

The wavefunction in MCSCF method can be written as a truncated Cl expansion, given

by
- - X - -
J mcscrl = G) It (2.105)
|

Here, both coef cientsq ) and molecular orbitals containedjin,i are optimized. In the
limiting case of MCSCF, for a closed shell system, if only one con guration is used in
the aforementioned expansion, the MCSCF method reduces to the HF method. In prac-
tice, we rst construct the MCSCF wavefunction, calculate the coef cients corresponding
to the con gurations by xing the orbitals, vary the linear combination of atomic orbital
coef cients at the previously calculated xed expansion coef cients to calculate the best
possible molecular orbitals, return back to the wavefunction, and iterate this process until
self-consistency has been achieved.

A special case of MCSCF method is the complete active space self-consistent eld
(CASSCF) method.[49] In CASSCF method, an active space of orbitals is employed to
generate the all the con gurations for the wavefunction expansion. The active space com-
prises of a given set of orbitals (along with a given number of electrons) pertinent to the
chemical process to be investigated, and is denoted as (m,n) where m is the number of
electrons and n is the number of orbitals. In CASSCF method, an FCI is performed within
the orbitals of the active space while all other orbitals are kept inactive. Since all possible
con gurations inside the active space are taken into account for the wavefunction construc-
tion, the active space is called a complete active space (CAS) and this is where the method
gets its name from. Figure 2.6 shows a (2,3) active space for an arbitrary system. All pos-
sible occupations of 2 electrons in those 3 active orbitals are considered for constructing
the CASSCF reference wavefunction.

The cost of CASSCF calculations depends on the number of CSFs that can be generated
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Figure 2.6. A pictorial illustration of a (2,3) active space (2 electrons in 3 orbitals) for any arbitrary
system. In the CASSCF method, a linear combination of all con gurations within this active space
are employed to represent the reference wavefunction.

from the active space. Using a (m,n) active space, for singlet states, this number comes out

to be
n!(n + 1)! ]
(T +D(n (n T+

N = (2.106)

Due to the factorial increase of number of CSFs with the size of the active space, ac-
tive spaces which generate more than 1 million CSF's are computationally intractable
and generally not employed. Several different methods such as, restricted active space
self-consistent eld (RASSCF)[50], quasi-complete active space self-consistent led
(QCASSCF)[51] and generalized active space self-consistent eld (GASSCF),[52] have
been developed to systematically reduce the number of con gurations in the active space
to make calculations more tractable. However, these methods increase complexity in se-
lecting con gurations, and hence, CASSCEF is generally the popular choice for calculation
of excited states.

Selecting a proper active space is critical to the results of this type of calculations. For
excited state calculations of organic chromophorexbitals are generally the ones higher

in energy, and thus, are generally included in the active space along with the antibonding
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orbitals. If lone-pairs are required for the description of the excited states, then they are
also included in the active space. If a chemical process involves bond breaking/formation
event,the and orbitals corresponding to that particular bond needs to be included in the
active space. In general, when its harder to select orbitals for active space, natural orbital
(NO) occupation numbers of unrestricted HF calculations can be used. Orbitals with NO
occupation numbers that lie between 0.02 and 1.98 are recommended for inclusion in the

active space. [53]

2.7.4.3 Multi-reference Con guration Interaction

We have already discussed the single reference ClI method where the wavefunction can
be expressed as a linear combination of the zeroth-order wavefunction along with terms
represented as excitations from that wavefunction, in equation 2.104. Usually the zeroth
order wavefunction is the HF reference and it dominates the expansion, when HF is a good
starting point, for example in ground state processes. However, as explained before, for
the description of many excited state processes, especially near Colns and bond breaking
or forming situations, we can hageiasidegenerate orbitals with non-integer occupations,
and a single reference is unable to describe the wavefunction. In those situations, multiple
references need to be considered for static correlation as has been discussed for MCSCF
method. In multi-reference con guration interaction (MRCI) method, the wavefunction
is created by considering multiple references and then, introducing excitations into virtual
orbitals with respect to each of those references, individually, which includes dynamical
correlation. Figure 2.7 shows the difference of schemes used for single reference and multi-
reference Cl expansion. The doubly occupied and active space, together, are also called the

internal space. The MRCI wavefunction expansion can be represented as

. XX X A . .
j Mreri = qj i+ Cgj it ) pi+ ¢ty T+ (2.107)
Sir "

| D;r;s T;rs;t
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Here,j i represents the multiple references or internal con gurations, whejegs,

j Bi,j Ti,.. represents all the single excitations, double excitations and triple excita-
tions, and so on, respectively, to the virtual orbitals from the internal space. If all possible
excitations can be considered using an in nite basis, MRCI method should be able to re-
cover all the dynamical correlation, since all possible con gurations of electrons in orbitals
will be taken into account. However, that is computationally intractable as it will create

an enormous number of con gurations. Thus, only excitations up to singles or doubles
are generally considered in the MRCI expansion, in practice. Truncating the MRCI ex-
pansion at single and double excitations gives rise to MRCIS and MRCISD expansions,
respectively.

There can be situations when different excitations from different references give rise to
the same con gurations, leading to linear dependency in the expansion space, which needs
to be removed. They can be avoided using the unitary group approach[54] or using the
symmetry group.[55]

In this dissertation, we have used the MRCIS method by using single excitations only
from the CAS to the virtual orbitals and have frozen all the doubly occupied orbitals. This
was necessary since dynamics simulations on MRCIS PESs can be computationally ex-

tremely expensive.

2.7.4.4 Complete Active Space Second-Order Perturbation

Multi-reference problems can also be approached using many body perturbation the-
ory (MBPT), where correlation is recovered by applying a perturbation to the zeroth-
order Hamiltionian. Non-degenerate MBPT, which has been employed successfully for
the ground state, has been extended to multi-reference problems using quite a few differ-
ent variants. Here, we brie y discuss one of the most popular variants, named complete

active space second-order perturbation (CASPT2) theory,[56, 57] which has been used in
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Figure 2.7. An illustration of orbital scheme for (a) single reference Cl wavefunction construc-
tion, and (b) multi-reference Cl wavefunction construction. We can always freeze the core orbitals
since they are not involved when we haygastdegeneracy of orbitals. In case of single reference

Cl, the excitations are allowed from the doubly occupied orbitals to the virtual space. However, for
multi-reference CI, we have a new space called the active space. The active space and the doubly
occupied space are, together, called the internal space. Multiple references are constructed by al-
lowing excitations inside the active space. Then, excitations are considered from the internal space
to the virtual space for constructing the MRCI expansion.

the work described in this dissertation. In CASPT2 theory, the zeroth-order Hamiltonian
(F©) is a monoelectronic Fock-like Hamiltonian. As the reference wavefunction in multi-
reference situation is not an eigenfunction of the Fock oper&thria CASPT2 method,

R © is de ned in such as way so as to satisfy that particular condition, whegea pro-

jection operator to the reference function ads the orthogonal complemert ( P) of

P.
RO = BFP + OFO (2.108)
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The zeroth-order reference wavefunction is the CASSCF wavefungtigngscr i 1.€.
i @i=] casscri: (2.109)

This theory also requires that the zeroth-order Hamiltonian should be de ned in such a way
that in case of a closed shell reference wavefunction, it should be equivalent to the Mgller-
Plesset Hamiltonian used for the ground state. The rst-order wavefunction for CASPT2
can be generated by applying excitation operators on the zeroth-order wavefunction. The
con guration space for CASPT2 is rst divided into the following 4 subspacés: V,

Vsp, andVrq. HereV, is a space spanned Py cassce i, Vi is a space spanned by the
orthogonal complement §o casscr i, Vsp IS a space spanned by all the single and dou-
ble excitations generated from thecassce i, andVrq is the space spanned by all other
higher order excitations. The con guration space here in internally contracted, which is
different than the completely uncontracted con guration space discussed previously for ClI
and MRCI methods. The functions that form the subspa&esndVrq, do not interact

with the zeroth-order wavefunctiona the perturbed HamiltoniaA . Hence Vsp consti-

tutes the rst order interacting space, and the rst order wavefunction can be expressed as

linear combinations of the functiofs PPi that sparVsp as

X
i @i= Gj J-S‘Di: (2.110)
i
Here,c are the expansion coef cients, given by solving the following large set of linear

equations, iteratively,

X
Gh FPjRO  EQ@j SPi= h PFPjRj casscri; (2.111)
j
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Where, andHB © are the perturbed and unperturbed zeroth-order Hamiltonian, respec-
tively. E© is the zeroth-order enerdy casscr jH @] casscr i, and the second-order
energy isE@ = h casscr Jﬁj Wi,

The internally contracted subspace used in CASPT2 can be advantageous when large
active spaces need to be used. However, the formulation needed for matrix elements be-
comes much more involved, requiring higher order density matrices in the active space.
Along with that, since the con gurations created by double excitations from the zeroth-
order wavefunction is larger than the subsp&gg, linear dependencies ensue. These
redundancies are removed by diagonalizing the large overlap matrices. Treating both of
these issues add to the computational cost substantially. The internally contracted subspace
also increases the energy as it restricts the exibility of the wavefunction. However, the
benchmark calculations carried out on small systems illustrate the error is very small.[58]

While calculating excited states with CASPT2 method, an intruder state problem can
ensue. These are con gurations that are weakly coupled to the state of interest and can
have energies very similar to that of the zeroth-order wavefunction. In such situations,
(H®  E@) in equation 2.111 vanishes, and the second-order energy diverges. The
problematic con gurations can be included jincasscri to solve the issue. But, that
increases the computational cost and may also generate other intruder states. Hence, small
energy shifts have been incorporated in the CASPT2 scheme to remove any singularities
created by too small energy differences. Since the original real level shift formalism[59]
cannot ensure a suitable value of shift for removal of singularities from all states, a modi ed
formalism has been developed that employs an imaginary shift in the energy denominators,
thereby, effectively replacing all singularities by some small distortion of the PES.[60]

The CASPT2 method discussed here is the state specic or single state version of
CASPT2 method where the zeroth-order wavefunction is rst formed by diagonalizing

the Hamiltonian over the CASSCF reference space, and then applying perturbation. This
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formalism can cause major problems when perturbation can mix two states, for exam-
ple, near avoided crossing or conical intersections where relative weights of the involved
con gurations can change signi cantly. To deal with this issue, a multi-state version of
CASPT2 (MS-CASPT2) method has been developed, where the wavefunctions of differ-
ent states are allowed to mix. In this approach, the energies of, and couplings between,
the perturbed states are rst calculated, followed by the diagonalization of the effective
Hamiltonian matrix.[61] However, in MS-CASPT2 approach, to ensure that the CASSCF
reference wavefunction is the eigenfunction of the zeroth-order Hamiltonian, the rstterm
in # @ only includes the diagonal elements, which may lead to irregularity in PESs around
avoided crossings and conical intersections[62]. It has also been shown that the zeroth-
order Hamiltonian is invariant with respect to rotated reference functions.[62] Thus, an
extended version of MS-CASPT2 (XMS-CASPT2) has been formulated,[63] where the
off-diagonal elements have been included by using rotated reference functions, and then
proceeding with the rest of the problem similar to MS-CASPT2. XMS-CASPT2 is able to
improve on the shortcomings of MS-CASPT2 and removes any irregularities on the PESs.

This is the multi-reference MBPT that we have employed in this work.

2.8  Non-adiabatic Dynamics

In this section, we switch gear from the electronic structure problem to nuclear dynam-
ics simulations. Since we are interested in electronically excited state processes in this
work, we discuss the technique that we have employed to propagate non-adiabatic (NA)
excited state dynamics. The best method to simulate NA dynamics consists of perform-
ing exact quantum dynamics, by numerically solving the total time-dependent Schrodinger
equation. Quantum dynamics requires the construction of multidimensional PESs in ad-

vance on which the nuclear wavepacket is propagated. First of all, the construction of the
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multi-dimentional PES is very expensive. In addition, simulating the nuclear dynamics has
an exponential scaling. For nuclear dynamics, one needs to include a particular number of
grid points (sayNy) for every nuclear degree of freedom. To solve the Schrodinger equa-
tion for a system oN, nuclear degrees of freedom evolving on a PES, scalbiS$gahere

N = NQ‘P). Hence, the whole process is very expensive and limited to a very few nuclear
degrees of freedom. Alternatively, there are also trajectory descriptions of exact quantum
dynamics that can be evaluated using Feynman path integral and Bohmian quantum poten-

tial. However, both of these methods are numerically unstable.[64]

2.8.1 Trajectory Surface Hopping Dynamics

One of the most popular methods to deal with NA dynamics is to use the trajectory
surface hopping (TSH) technique, where the electronic degrees of freedom are treated
guantum mechanically, and the nuclear degrees of freedom are treated classically. In
this method, the time evolution of a wavepacket is approximated as a swarm of indepen-
dent classical nuclear trajectories each of which samples different regions of the multi-
dimensional PES. For each classical trajectory, energies, gradients/forces and NA couplings
are calculated at every time step for the nuclear geometry during the dynamics on-the- vy,
along with transition probabilities of hopping from one electronic state to another. The
classical trajectories are propagated on the PESs, generated on-the-y, using Newton's
equation of motion. In this way, construction of the multi-dimensional PES a priori can be
completely avoided, which is a huge advantage with respect to quantum dynamics. Also,
in TSH, trajectories can be propagated using all nuclear degrees of freedom unlike quan-
tum dynamics. Each trajectory, at any time, is only propagated on one BO electronic state.
The branching of population to other states due to NA effects is simulated by a stochastic
algorithm which allows for hopping between electronic states. Fig 2.8 shows a cartoon of

this process.
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Figure 2.8. (a) Wave packet propagation, and (b) Trajectory surface hopping on adiabatic (solid)
and diabatic (dashed) PESs for the ground and rst excited states along the reaction coordinate of a
hypothetical molecule, with an avoided crossing. Reused from ref. [65] with permission from John
Wiley & Sons.

Here, we discuss the equations of motion for TSH.[65, 66] The time-dependent elec-
tronic wavefunction is de ned ag( *; R;t)i, wheret collects the electronic coordinates

andR collects the nuclear coordinates. The time-dependent electronic wavefunction is

expanded in an electronic bagfs gjh | i, = ) as
X
j( R = c ()] (FR;b)i: (2.112)

This ansatz is substituted in the time-dependent electronic Schrodinger equation where
o is essentially the molecular Hamiltonian which includes the nuclear repulsion, the
electron-nucleus attraction, the electronic repulsion, and the electronic kinetic energy.

i~ gt Reit j( £R;1)i =0; (2.113)
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This leads to the following set of differential equation for coef cieat$t).

@qt) _ X

i .
at “H +K c(t); (2.114)

whereH are the matrix elements jHej i andK  represent the coupling due to
change of electronic basis with time between stataed . K can also be represented

as the NA coupling (variation of the basis with respect to nuclear coordinates) times the
velocity, ¥(t).

K =h jg{ i =h gl M) (2.115)

Equation 2.114 is also called the semi-classical TDSE.
For driving nuclear motion, Newton's equations are solved on a single BO electronic

state. For an atomm with massM , the equation is given by,

d’Rin (1) fm

=0; 2.116
dt2 Mm ( )

where the forcd , is proportional to the gradient of the potential energy of the electronic
state, .

fm= 1 g H : (2.117)

Assuming that the classical trajectory is propagating on a single potential of state
Tully's fewest switches surface hopping (FSSH) method[67] is employed to determine hops
between electronic states due to NA effects. In this method, the number of hopping in every
time-step ( t) is minimized. The transition probability?( ) for such a hop from stateto
state is calculated using the time-dependent coef cients of the electronic wavefunctions,

such that, o

_ 2Renc e () tH +K

P c (H)c (b)

t (2.118)
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Using this formula, a transition probability is calculated at every time-step along the tra-
jectories, and a stochastic algorithm is, then, invoked to decide hopping and the state on
which the trajectory will propagate. A transition from a statéo a state is allowed to

take place in time, if a uniformly drawn random numbey between [0,1] follows

X1 X
P, (t)<r, P, (1): (2.119)

=1 =1

and the total energy is conserved.

Although, the intuitive formalism, on-the-y PES generation and the full nuclear di-
mensional treatment makes TSH more practical and less computationally costly compared
to quantum dynamics or wavepacket propagation, there are some issues that appear due to
the approximations involved in the formalism. Due to the local character of the method,
tunneling cannot be treated with TSH. Coherence between the states is generally wrong,
which is why decoherence corrections are included which will be discussed later. The com-
putational costs are often quite high when on-the-y PESs are constructedhlvithitio
electronic structure methods, to achieve proper statistical convergence in the number of
trajectories. For the same reason, currently, trajectory propagation in TSH is only compu-
tationally tractable up to a few picoseconds. Nonetheless, recently, there has been progress
in predicting on-the- y PESs for trajectory propagation using machine learning, which is
promising as it holds the key for propagating more trajectories for longer timescale simu-

lations.[68, 69, 70]

2.8.2 Initial Conditions

The rst step in propagating dynamics is to generate the initial conditions which re ect
the initial state of the system. For photochemical and photophysical problems, the nuclear

position (or coordinate) and momentum (or velocity) distributions created by the pulse laser
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constitute the initial conditions of the system. The idea is to prepare the initial conditions
on the ground state of the molecule and suddenly promote them to one or more excited

states.

2.8.2.1 Sampling

There are two ways to perform the initial condition sampling. In the rst case, a long
ground-state trajectory is propagated and the initial conditions are selected as statistically
independent snapshots of this trajectory. The dynamics for sampling can be performed in
the canonical or micro-canonical ensemble corresponding to classical thermal energy. The
trajectory is usually thermalized at 300 K. There are some issues with this sampling tech-
nique which are often neglected. First of all, this method cannot sample from classically
forbidden regions of the phase space. Along with that, it completely ignores the quantum
zero-point energy effects. At 300 K, the classical thermal energy of the molecule is much
below the quantum zero-point energy of the molecule. This can lead to an initial classi-
cal distribution of the phase space which might be very narrow compared to the quantum
nature of the nuclei.

The second way is to sample from a quantum quasi-probability distribution. Assum-
ing the nuclear distribution on the ground state is harmonic, the classical phase space
can be obtained by sampling from a Wigner distribution for a harmonic oscillator.[71]
This distribution ultimately tries to mimic the quantum nature of the nuclei or the nuclear
wavepacket prepared on the ground state from a linear combination of the normal modes
of the molecule. Alternatively, sampling can also be performed based on a different quan-
tum distribution named the Husimi distribution.[72, 73] Using the Wigner distribution,
sampling of the coordinates and the momenta can be performed in two ways.[74] In the
correlated way of sampling, only the nuclear coordinates are sampled. The momenta are

selected with random directions such that the energy of the normal mode matches the quan-
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tum value exactly. In the uncorrelated way, a distribution of vibrational energies is obtained
by sampling both coordinates and momenta independently of each other. The normalized

Wigner distribution of a harmonic oscillator for nite temperature is given by[71]

v o o ,
ST I 3

i=1 =1

; (2.120)

where the product runs ovét normal modesg is the coordinatep; is the momentum,

i is the reduced mass ahgis the harmonic frequency of theh mode. The factor; is
given bytanh (~! j=2kg T) wherekg is the Boltzmann constant afidis the temperature.
The quantum based quasi-probability distributions are the preferred choice for sampling to
investigate photoexcitation of small to medium sized molecules when it is computationally
less expensive to calculate the optimized ground state geometry and normal modes than
to propagate a long ground state trajectory. In addition, they can sample from classically
forbidden regions of the phase space, and being a quantum distribution for a harmonic os-
cillator, they already include the zero-point energy. However, quantum based sampling may
not be ideal for larger molecular systems having many low-frequency degrees of freedom,
since it does not take into account anharmonic effects. On the other hand, the classical tra-
jectory based thermal sampling naturally accounts for anharmonic effects, and is generally

the preferred choice when larger molecular systems or condensed phase is involved.[75]

2.8.2.2 Absorption Spectrum Simulation

Once the initial distribution of geometries and velocities is obtained, these geome-
tries are suddenly promoted to one or more excited states, according to the photochemical
problem at hand. This basically means that the vertical excitation energies and oscillator

strengths of all the nuclear geometries are calculated and the photoabsorption cross section
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( (E)) is computed according to the following equation.

eZ,_ %f 1%9

(E) = m ) I\Tp | Eon () fon () 9(E Eon (865 )) (2.121)

Here, Ejg, isthe excitation energy of theth statef o, is the oscillator strength of the
n-th state N, is the number of nuclear geometrigs, is the total number of states consid-
ered for excitation, and is a normalized line shape such as a Gaussian or a Lorentzian,
with a width . Along with that,E is the photon energy of radiatioty is the permittivity
of vacuumc s the speed of light, anelandm are the electronic charge and mass.

The simulated absorption spectrum can be compared to the theoretical absorption spec-
trum. If one is interested in the photophysics or photochemistry of a molecule, trajectories
can be propagated from the bright state (or the state of interest) for all trajectories. Alter-
natively, one may be interested to compare the results of trajectory simulation to a time-
resolved pump-probe spectroscopy experiment where a femtosecond laser pulse is used to
excite the molecules. In pump-probe experiments, the pump pulse bandwidth is typically
much narrower than the absorption spectrum of the molecule. In that case, one can also
select only the initial conditions corresponding to the energy of the femtosecond pulse, for

trajectory propagation from the bright excited state.

2.8.3 Decoherence Correction

Decoherence becomes important to understand when a system which is governed by
the laws of quantum mechanics is treated classically.[76, 77] A quantum wavepacket can
split into multiple components when it goes through a strong NA coupling region and
these components can travel on their respective electronic states. These newly spawned
wavepackets are coupled to each other (or have an overlap with each other), initially, in

the strong coupling region. Nonetheless, as they move away from the strong coupling
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region, following different gradients on each of those electronic surfaces, the overlap of
the wavepackets decreases, and they end up propagating independently once they reach
distant regions of the phase space. This is called decoherence or loss of coherence, and itis
practically irreversible for multi-dimensional systems. This can be demonstrated by using

the electronic density matrix,.

cC cC
= % E (2.122)

Here, the diagonal elements ofrepresent the populations of the two electronic states

and , assuming, a wavepacket has split into these two electronic states. The off-diagonal
elements, ,representthe overlap of the two wavepackets. If the two wavepackets seper-
ate in their phase space of positions and momenta, we should nd thdt O i.e. there

is no single moment of separation between the wavepackets. Rather, there is a progressive
rate of decoherence. However, the standard FSSH algorithm does not decay of the off-
diagonal elements of the electronic density matrix. According to the semiclassical TDSE
in equation 2.114, TSH propagates the electronic wavefunctions in a fully coherent manner.
Figure 2.9 illustrates decoherence in the context of TSH. Various decoherence corrections
have been developed to deal with this issue.[78, 79, 80, 81, 64] Here, we will discuss two

such corrections.

2.8.3.1 Non-linear Decay of Mixing

Truhler and co-workers developed an empirical parameter based decoherence correc-
tion scheme in the framework of mean eld methods.[78, 79] This approach, called the

non-linear decay of mixing (NLDM) approach was adopted by Granucci and Persico,[80]
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Figure 2.9. An illustration of an electronic wavepacket propagating on two coupled PESs, show-
ing the need for decoherence correction in TSH. We consider an electronic wavepacket that splits
into two coupled PESs (shown by solid green and orange lines), and then propagates on the two
surfaces with different gradients. The solid red circles on both PESs represent the correct behavior
of the system i.e. the part of the wavepacket on the lower (orange) surface propagates faster than
that on the upper (green) surface due to the gradient difference, leading to loss of coherence between
them. However, in TSH, only one branch of the wavepacket, the one which is on the active state
(for example, the upper surface here), is propagated explicitly for each trajectory, while the other
branch is arti cially xed (shown by empty squares) to match the position of the rst branch on the
inactive state, creating the totally coherent propagation. Reprinted (adapted) with permission from
ref.[82]. Copyright (2019) American Chemical Society.

in TSH. In this approach, a decoherence time is de ned as

~ C
= — 1+
IE  E| Exin

(2.123)

whereE andE are the energies of the current stategnd any other (inactive) state,

Ein is the nuclear kinetic energy, ai@@lis an empirical parameter with a recommended
value of 0.1 Hartree.[78] is used in the next equation to continuously damp all the
electronic coef cients of the inactive states ) at every time-step, t. This leads to the

new inactive state coef cient®, which is then used to rescale the current state electronic
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coef cient (c ), by making sure it's phase is kept and the total population of all states is 1

as shown in equations 2.124 and 2.125,

0

c=cexp( t= )8 6 (2.124)

" #1=
oo L e
jc 7

(2.125)

The new coef cients® andc® are then used to continue the propagation of the semiclas-
sical TDSE. This method is also called an energy based decoherence correction scheme,
since it only uses the information about energies of the electronic states and the kinetic
energy at the current time-step. If we consider the expression for the decoherence time,
keepingEi, xed for the moment, we can see that at a strong coupling region, when the
energy differenc¢e E j on the denominator is small, will have a high value, lead-
ing to almost insigni cant or no damping of the inactive state coef cient. This is what is
expected at a strong coupling region. Far away from the strong coupling region in the phase
space, where the electronic states sepajte, E j will be high, forcing  to have a
small value, comparatively, leading to signi cant damping of the inactive state coef cient.
This way of correcting for decoherence is very popular in photoexcited dynamics sim-
ulations. Although this method does not take into account the gradients of the electronic
states, and depends on an empirical parameter, once incorporated into FSSH, it is able to
keep the internal consistency of the system i.e. to approximately equate the nuclear occu-
pation and the electronic population at every time-step. Along with that, this method is also
cheap since it does not require any extra variables to be propagated at every time-step. Due

to these reasons, the NLDM method was used to incorporate decoherence in this work.
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2.8.3.2 Augmented Fewest Switches Surface Hopping

Subotnik and co-workers [83, 64] have introduced augmented fewest switches surface
hopping (AFSSH) formalism, which is a much more elaborate technique to correct for
decoherence, starting from the quantum classical Liouville equation (QCLE). In simple
FSSH, there are four variables that are essentially propagated for every trajectory at every
time-step. They are the nuclear coordinates/positions, momenta/velocities, electronic am-
plitudes and the active state of the trajectory. In AFSSH, two additional variable arrays are
also explicitly calculated for every independent trajectory at every time-step. These are the
position moments and the momentum moments of the total nuclear-electron wavefunction
projected onto each adiabatic electronic state. The aforementioned extra variables are prop-
agated along every trajectory so as to approximately measure how far these wavepackets
are located in the phase space. Along with this, the difference in the forces of each states
can be integrated for every time-step to approximately capture some of the wavepacket
bifurcation. The complete derivation can be obtained in ref.[83]. However, for simpli ca-
tion, one can make a few assumptions and approximation, to arrive at a lower bound of the

decoherence rate which is given By

0 1
1 X _F" F" (R
* @ (R, (2.126)
d n 2~

Here, R" andF" representthe position moment and the force for the inactive state,

, WhereasF" represents the force on the active stateandn is the number of nuclear
degrees of freedom. In AFSSH, this decoherence rate is employed to damp the inactive state
electronic coef cients. A criterion is also invoked to stochastically collapse the inactive
state electronic coef cients when a random number drawn between 0 and 1 is less than

(). Intuitively, t:(1) will be larger when F"  F" and R" are larger too,
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indicating substantial separation of the wavepackets in the phase space. In that case, there
will be a higher chance of drawing a random number less thlahid), leading to a higher
chance of a stochastic collapse of the inactive state coef cient.

AFSSH has been claimed to perform better in incorporating decoherence into
FSSH,[64] since it includes the forces (or gradients) of the states and the position of the
wavepackets in the phase space and has no parametric dependence. However, the original
AFSSH formalism is 2-4 times more expensive than FSSH,[83] since it includes propagat-
ing the extra variables at every time-step. An updated version of AFSSH has been pub-
lished in 2016,[81] to speci cally treat larger and multi-dimensional systems. Nonetheless,

a recent benchmark study compared both NDLM and AFSSH methods for inclusion of
decoherence and could not make a proper conclusion about which method performs bet-

ter.[82]

2.8.4 Momentum Rescaling

One of the important issues to be taken care of in TSH is the exchange of energy be-
tween nuclear and electronic degrees of freedom at the surface hops. In practice, this is
solved by rescaling the momentum at the surface hops. There have been different tech-
niques to deal with this issue.[84, 85, 86] For simplicity, the different momentum rescaling
techniques can be, overall, separated into 4 categories, depending on the quantities that are
conserved at the surface hops.[82] Table 2.1 shows the categories that are conserved and
direction along which the momentum is rescaled.

If the total energy ) is conserved, then the full momentum vector is rescaled without
changing its direction. Alternatively, the momeng ¢f all the nuclei can be conserved, in
which case, no rescaling is performed. Beyond this, both of these two quantities can also
be conserved. In that case, the momenta can be allowed to change only along one degree of

freedom. Inthé,, case, rescaling is performed along the NA coupling vector, whilstin the
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Table 2.1. Strategies for momentum rescaling

Conserved Quantity Direction of Rescaling
Energy E) momentum
Momentum §) -
Energy and momentunt(, ) NA coupling
Energy and momentunte, ) gradient difference

E,, case, itis performed along the gradient difference vector. Note that, the NA coupling
and the gradient difference vectors are also the ones along which degeneracy is lifted at
a conical intersection. Hence, intuitively,, andE,, schemes are expected to perform
better than the other two strategies. In fact, according to formal arguments,[67, 87, 88]
numerical results on model systems,[89, 90] and a benchmark study on a transition metal
complex,[82] it has been concluded tHa}, is the most accurate scheme for rescaling,
followed byE, . If these two vectors are not available in a TSH simulation, theithad

the pscheme can be employed. In this work, we have employe# thecheme whenever

possible.

2.8.5 Frustrated Hops

Situations where a surface hop should occur according to the electronic TDSE and the
stochastic criterion, but there is not enough kinetic energy in the system, or momentum
rescaling is not possible, are termed frustrated hops or classically forbidden hops.[82, 64,
65] Frustrated hops only ensue during transitions from a lower to an upper state. They
do not exist in thep scheme, since there is no redistribution of energy. InBhecheme,
frustrated hops can occur when there is not enough kinetic energy in the system for the
hop to take place. In case of tlig, schemes, not only the energy is conserved, but the
momentum vector of all the nuclei is also conserved other than a single degree of freedom

along which the rescaling is performed. This results into two types of frustrated hops for
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theE, schemes. The rst one is same as the onk ischeme, where frustrated hops occur
because there is not enough kinetic energy in the system, and they can be termed energy-
forbidden hops. The second type are called the linear-momentum forbidden hops where
there is enough overall kinetic energy in the system for the hops to occur, but not along
the degree of freedom along which the rescaling is performed. At a frustrated hop, the
momentum can either be left unaltered, which is the default choice, or be re ected.

This concludes our discussion of the theoretical background for calculating electronic
excited states and simulating NA excited state dynamics. In the next three chapters, we will
discuss the research carried out in this dissertation, using the theoretical methods described

in this chapter.
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CHAPTER 3

EXCITED STATE DYNAMICS OF
CIS,CIS-1,3-CYCLOOCTADIENE: NON-ADIABATIC
TRAJECTORY SURFACE HOPPING

Reproduced from “Chakraborty, P., Liu, Y., Weinacht, T., Matsika, S. (2020). Excited
state dynamics of cis,cis-1,3-cyclooctadiene: Non-adiabatic trajectory surface hopping.
The Journal of Chemical Physics, 152(17), 174302. doi:10.1063/5.0005558", with the

permission of AIP Publishing.

64



3.1 Abstract

We have performed trajectory surface hopping dynamics for cis,cis-1,3-cyclooctadiene
to investigate the photochemical pathways involved after being excited & state. Our
calculations reveal ultrafast decay to the ground state, facilitated by conical intersections
involving distortions around the double bonds. The main distortions are localized on one
double bond, involving twisting and pyramidalization of one of the carbons of that double
bond (similar to ethylene), while a limited number of trajectories degaydelocalized
(non-local) twisting of both double bonds. The interplay between local and non-local dis-
tortions are important in our understanding of photoisomerization in conjugated systems.
The calculations show that a broad range of the conical intersection seam space is accessed
during the non-adiabatic events. Several products formed on the ground state have also

been observed.
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3.2 Introduction

Light-induced isomerization plays a key role in a myriad of fundamental natural pro-
cesses.[2] Such isomerization can also be used in molecular switches and to create molec-
ular machines, where light can aid in conversion between two different stable forms or
con gurations of a molecule.[15, 91] The simplest and the most basic unit to gain insight
into photoisomerization is ethylene, an unsaturated hydrocarbon having a single double
bond. Hence, ethylene's dynamics after photo-excitation are well understood as a result of
both experimental and theoretical studies.[92, 93, 94, 18, 95, 96] In order to gain further
insight into the excited state dynamics of extended conjugated systems, a multitude of stud-
ies have been performed on linear and cyclic dienes, such as butadiene (BD)[97, 98, 99,
100, 101, 102, 103, 104] and 1,3-cyclohexadiene (CHD).[105, 106, 107, 108, 109, 17, 110,
111, 112, 113, 114] Although the vertical excitation character for both molecules is similar,
the nuclear dynamiogda conical intersections (Coln) and the photochemistry are different.
UV excitation of BD leads to a competition between cis-trans isomerization, electrocyclic
ring closure to cyclobutene, and other products. On the other hand, photoexcitation of CHD
leads to opening of the ring to form 1,3,5-hexatriene (HT). The excited state dynamics is
also driven by whether the excitation is localized on one double bond resembling ethylene,
which is the case in BD, versus delocalized on both double bonds, as seen in CHD.

One of the broader questions that we aim to address with this work is how the struc-
ture of conjugated systems affects their excited state dynamics. How does the number and
position of double bonds, and the remaining system affect the isomerization products, and
the lifetimes of excited states? How does the structure affect the excess kinetic energy
released after the return to the electronic ground state? Are the excited state dynamics
localized on individual double bonds, or delocalized on both bonds? This last question

has been discussed for BD and CHD in previous studies. The effect of localized vs de-
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localized dynamics has been examined in more detail as well by Sehalk by com-
paring CHD to 1,4-cyclohexadiene (1,4-CHD) and cyclohexene, leading them to coin the
term “dynamophore".[115] 1,4-CHD shows very similar dynamics and Colns to ethylene,
cyclohexene and BD.[115] Cis,cis-1,3-cyclooctadiene (cc-COD) is a cyetionjugated
diene, similar to CHD, but larger and more exible. We wanted to compare the dynam-
ics of cc-COD to those of CHD and BD. The structure of the three molecules is shown in
Figure 3.1. There are two alternating double bonds in all systems. Nevertheless, the larger
size of the cc-COD cyclic system compared to CHD may have important implications for
its dynamics. In BD, it was found that large amplitude motion allows the localization of
dynamics on one double bond rather than two (opposite of CHD). We investigate whether
localization is possible in cc-COD, which is more exible than CHD, but more constrained
than BD. The general similarities with some distinctions in the electronic structure of the
three systems allows for an important comparison of their dynamics.

Unlike CHD and BD, there has not been much work on the excited state dynamics of
cc-COD. FulRet al. have performed UV-IR femtosecond pump-probe measurements on
cc-COD and predicted vyields for possible photochemical products.[116] These products
are cis,trans-1,3-cyclooctadiene (ct-COD) that can feiara cis-trans photoisomerization,
and cis-bicyclo[4.2.0]oct-7-ene (BCO) that can forima photochemical electrocyclic ring
closure. They also predicted the quantum yields to be 0.28 and 0.01, respectively. Nanosec-
ond UV laser irradiation of cc-COD has also been performed to drive selective cyclization
to BCO.[117] Although these studies suggested certain photochemical mechanisms, there
has been no theoretical work to explain the ndings. A simulation of the non-adiabatic
excited state dynamics can help evaluate these suggested mechanisms. To the best of our
knowledge, there has only been one theoretical study related to cc-COD, which predated
the experimental work and considered conical intersections of a methylated cc-COD.[118]

In earlier work, we performed UV pump (4.77 eV) and VUV probe (7.94 eV) measure-
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ments of internal conversion of CHD and cc-COD, and demonstrated that CHD shows sub-
stantial “hot" ground state ionization after internal conversion to the ground state, whereas
cc-COD does not show below-threshold ionization.[110] In that work, we located Colns
for cc-COD and CHD and connected them to the Franck-Condon (FC) georSgtmyirg-

imum) and to the products using linear interpolations in order to demonstrate the presence
of ultrafast excited state dynamics in both cc-COD and CHD. The detailed dynamics of
cc-COD were not examined, nor compared to the dynamics in CHD. In this work we report
excited state dynamics simulations of cc-COD using trajectory surface hopping methodol-
ogy, in order to understand the non-adiabatic dynamics facilitated by Colns, and compare

and contrast its dynamics with similar linear and cyclic dienes.

3.3  Computational Methods

3.3.1 Electronic Structure Calculations

cc-COD is substantially more exible compared to CHD because of the presence of
a -C-C-C-C- skeleton, which guarantees the presence of several conformers. Initial con-
formers were obtained using a conformational search using molecular mechanics, as imple-
mented in Spartan.[119] These conformers were then optimized at the Density Functional
Theory (DFT)[120, 121] level using the B3LYP[122, 123, 124, 125] functional and 6-
31G(d)[126] basis set. Single point (SP) energy calculations at the CCSD(T)[127, 128]/cc-
pVDZ[129] level of theory were performed to achieve more accurate energies of the con-
formers to calculate their Boltzmann distribution at room temperature (298.15 K). Two
conformers were found to populate the ground state with probabilities of 66% and 34%.
The optimizations and SP calculations were performed using the Gaussian09 package.[130]

The FC geometry of the lowest energy conformer was selected for the investigation

of the excited states in cc-COD. Vertical excitation energies and oscillator strengths were
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calculated at the complete active space self-consistent eld (CASSCF)[49] and extended
multi-state complete active space with second order perturbation (XMS-CASPT2) the-
ory[61, 62, 63] levels with the cc-pVDZ basis set. Multi-con gurational self-consistent
eld (MCSCF), of which CASSCF is a speci ¢ type, combines Hartree-Fock or SCF the-
ory with con guration interaction method.[131] In CASSCF, a subset of orbitals important
to the problem at hand are selected. These orbitals are called the active space and all pos-
sible combinations of them are considered for optimizing the orbitals and coef cients. In
doing so, CASSCF (and MCSCF) ensures a correct description of the static correlation of
the electrons. However, this method cannot treat the dynamic correlation which involves
excitation of electrons from these con gurations to virtual orbitals. We considered the
multi-state version (speci cally the “extended" version) of CASPT2 method which takes
into account the dynamic correlation using second order perturbation between the involved
electronic states. The extended version (XMS-CASPT2) improves on the drawbacks of
the MS-CASPT2 version when strongly mixed states are present.[63] We have performed
CASSCF and XMS-CASPT2 calculations, using the same cc-pVDZ basis set, but chang-
ing the active space in order to evaluate the proper state ordering in the FC region. Three
states were averaged in each case. The XMS-CASPT?2 calculations were performed using
the corresponding CASSCF reference wavefunction with an imaginary shift of 0.2 au. The
single-state single-reference (SS-SR)[132] contraction scheme was employed for these cal-
culations. Several different active spaces have been used. These are shown in Table 3.2 in
a format (e,0) where e and o represent the number of electrons and orbitals in the active
space, respectively. The CASSCF and XMS-CASPT2 calculations were performed with
the Columbus 7.0[133, 134, 135] and Bagel[136, 137] packages, respectively.

The dynamics were calculated at the SA3-CASSCF(4,3)/cc-pVDZ level and details
about the dynamics will be described in the following section. However, once the dynam-

ics were over, several Coln optimizations were started 88, hop geometries collected
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from different trajectories. These calculations were all performed at SA3-CASSCF(4,3)/cc-
pVDZ level of theory using Columbus 7.0. Conical intersection searches betyemm

S,, as well as, minimizations 08, were done using SA3-CASSCF(4,3)/cc-pVDZ as well.

We also performed linear interpolations in internal coordinates (LIIC) to some of the im-
portant Colns at CASSCF(4,3)/cc-pVDZ and XMS-CASPT2/CAS(6,6)/cc-pVDZ level of
theory to show the presence of pathways from the FC geometry to the Colns, after excita-
tion to theS; state. LIICs were also performed from the Colns to most of the products using
SA3-CASSCF(4,3)/cc-pVDZ level, which exhibits the presence of monotonic ground state
pathways to the products. For some products the CASSCF may not be the most appropriate
method to describe them and hence we used DFT/B3LYP/6-31G(d) level of theory for the
LIIC paths to con rm the dynamics. All products were optimized at the B3LYP/6-31G(d)

level.

3.3.2 Trajectory Surface Hopping Dynamics

The ground state of all conformers of cc-COD was optimized at the DFT level using the
B3LYP functional and 6-31G(d) basis set using the Gaussian09 package. The frequencies
and normal modes were calculated at the same level of theory. Sampling was performed
using a harmonic oscillator Wigner distribution in Newton-X [138, 139] to generate initial
conditions (nuclear coordinates and velocities) based on the optimized geometry and the
normal modes from the previous calculation. 200 initial conditions were generated for each
of the conformers of cc-COD at 298 K. Vertical excitation energies and oscillator strengths
were calculated for all initial conditions at the CASSCF level using cc-pVDZ basis set.
An active space of 4 electrons in 3 orbitals was employed and three states were averaged.
Excitation energies and oscillator strengths of the initial conditions were used to calculate
the absorption cross section and simulate the rstabsorption band of cc-COD. A Lorentzian

line shape, temperature of 298 K and a phenomenological broadeniagle of 0.2 eV
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were employed.

We performed non-adiabatic excited state dynamics simulations using trajectory sur-
face hopping (TSH) in Newton-X on CASSCF(4,3)/cc-pVDZ full-dimensional potential
energy surfaces[140, 141, 142, 143, 144] (PES) calculated on-the-y using the Colum-
bus 7.0 package. The trajectories were propagated starting fro8 state which is the
brighter of the two statess{ andS,) in the FC region with the active space chosen for this
study. The fewest switches surface hopping (FSSH)[67] algorithm was employed to take
into account non-adiabatic coupling between#eS;, andS, states. The velocity Verlet
algorithm was used to integrate Newton's equations of motion with a time step of 0.5 fs.
The semiclassical Schrodinger equation was integrated using the fth-order Butcher's al-
gorithm with a time step of 0.005 fs. The simulations for both conformers were performed
for 500 fs using XSEDE's computational resources.[145]

There are some issues in TSH that have to be addressed in order to properly run and
interpret the trajectories. Some of the basic issues and how we dealt with them are out-
lined here. When a wavepacket splits between two different potential energy surfaces, the
different branches move away in space leading to loss of coherence. This is not correctly
described in TSH, however, since the propagation of every trajectory occurs on one PES.
Hence, various decoherence corrections have been developed.[78, 80, 81, 64] Here, the
approach of non-linear decay of mixing by Granuetial,[80] has been used. In this

approach, a decoherence time is de ned as

kL = ———=— 1+

- - 3.1
JEk  ELj Exin (3-1)

whereE, andEk are the energies of the current state, L and any other (inactive) state, K,
Ein IS the nuclear kinetic energy, andis an empirical parameter with a recommended

value of 0.1 Hartree (which is the value used here).[%8]is used in equation (2) to damp
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all the electronic coef cients of the inactive stat€() at every time-step, t. This leads
to the new inactive state coef cier@?, which is then used to rescale the current state

electronic coef cient C. ), as shown in equation (3),

Cl=Ckexp( t=¢ )8K 6L (3.2)
" P . .2#1—2
1 jCRj
cl=C KL K 3.3
L L jCLj2 ( )

The new coef cient<C? andC? are then used to propagate the semiclassical Schrodinger
equation.

Another obvious issue is that after a hop electronic energy has to convert to nuclear
kinetic energy conserving the total energy and/or momentum. The approaches that have
been developed to address this involve rescaling of the momentum vector of all nuclei in
order to conserve energy. An approach that was shown to perform better involves rescaling
the momentum only along the derivative coupling vector[87, 88, 89, 90] and it has been
chosen here. Another problem occurs when a hop is predicted, but there is not enough
kinetic energy in the system for it to occur. This is called a frustrated hop, since it is
classically not allowed. To deal with this, the momentum direction could be left unaltered
or be re ected at the frustrated hop. Here, we kept the momentum unaltered in its direction.
The dynamics is affected by how each one of the above issues are addressed, and it is
not always clear which is the best approach. A comprehensive study on these issues was
published recently.[82] The Wigner distribution used to obtain the initial conditions also
has some issues, since it cannot treat anharmonicities and a distribution over many local
minima with similar energies. The latter problem has been treated here by doing separate

distributions and dynamics for the two conformers (local minima) of cc-COD.
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34 Results and Discussion

3.4.1 Conformers

cc-COD has 54 vibrational degrees of freedom. Due to the exible nature of the -C-
C-C-C- sub-unit in cc-COD, rotations around thag8 carbons are possible, which lead
to more than one conformer in the ground state. Using Spartan, we were able to nd 3
conformers, the most stable of which Késsymmetry. These conformers were optimized
at the DFT/B3LYP/6-31G(d) level and those optimized geometries were used to calculate
better and more accurate energies at the CCSD(T)/cc-pVDZ level and calculate their Boltz-
mann distributions in the ground state at room temperature.

Table 3.1. Energies at the CCSD(T)/cc-pVDZ level and Boltzmann distribution of conformers of
cc-COD in the ground state at 298.15 K

Conformers | Relative Energy/eV| Boltzmann Distribution %

1 0.00 66.056
2 0.02 33.942
3 0.27 0.002

Table 3.1 shows that conformers 1 and 2 are both populated in the ground state of cc-
COD at room temperature. Figure 3.2 shows the structure of the two conformers. As both
are populated in the ground state, we decided to use both conformers for generating the

initial conditions and subsequently, running dynamics simulations.

3.4.2 Vertical Excitation Energies and Oscillator Strengths

The energetic ordering of excited states in the FC region for linear and cyclic polyenes
has been a contentious topic for a long time. Figure 3.1 shows an orbital energy diagram
describing the basic characteristics of the rst two excited states in dienes (such as cc-COD,

BD, and CHD). The main excited state is a singly excited (1B) bright state corresponding
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toa ! excitation with B symmetry (usin@, point group). A second excited state
exists as well with similar energy which is multi-con gurational and has signi cant doubly
excited character (A symmetry), and is expected to be dark. The energetic ordering of these
states, as well as their gap, is dif cult to obtain both theoretically and experimentally. The
dark state cannot be detected in absorption, making its experimental determination dif cult.

Consequently, the gap between these two states is uncertain.

Figure 3.1. (@) Structures of dienes: BD, CHD and cc-COD (from left to right) (b) Main con gura-
tions describing the ground and excited states in cc-COD. For dynamics simulations, the HOMO-1,
HOMO and LUMO orbitals have been incorporated in the (4,3) active space. The active space at
the CASSCF(4,3)/cc-pVDZ level is shown on the right side of panel (b).

We have used the FC geometry of the lowest energy conformer to decide the correct
energetic ordering in cc-COD. Determining the correct energetic ordering is very important

for the dynamics. In BD and CHD it has been determined that the ordering is as shown
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in Figure 3.1 §;(B) andS,(A)), and high level calculations for cc-COD show the same
ordering. Table 3.2 shows the results for vertical excitation energies and oscillator strengths
at all the different levels of theory that have been employed for the FC geometry of the
lowest energy conformer of cc-COD. XMS-CASPT2 calculations showShatthe bright
state, whileS, has a smaller oscillator strength and has mostly doubly excited character.
All XMS-CASPT2 expansions yield similar results, with the best energy for the bright
state (5.82 eV) being at the XMS-CASPT2 level using CAS(4,4) which is still 0.38 eV
blue shifted from the experimental maxima at 5.44 eV (228 nm).[117] Nonetheless, the
experimental spectrum is in solution phase, and it is not clear what the solvation effects
are. CASSCF/cc-pVDZ calculations with all the active spaces other than (4,3) predict the
wrong ordering of states. CASSCF/cc-pVDZ with CAS(4,3) gives the correct ordering
and an energy gap betwe8nandS, similar to XMS-CASPT2(4,4)/cc-pVDZ. It predicts
different ratios of oscillator strengths, but we expect this to have a smaller effect on the
dynamics. In addition to switching state characters, CASSCF with CAS(4,4) and CAS(6,6)
gives an energy difference of over 1 eV between the two states. Increasing the active space
reduces the energy separation of the two states, but does not give the correct state character.
Also, the extra orbitals to be used in these larger active spaces can be very ambiguous.
More information about the orbitals in each case is given in the supporting information
(SI). Similar problems with switching of the state ordering have also been seen in CHD
and BD.[146, 108, 102, 103]

Table 3.2 also compares the magnitude of the gradients foBtend S, surfaces as
well as the non-adiabatic coupling vectors. The components of these vectors are given
by: ga(S)) = r ah |jHj i for the gradients, antNACA (S S;) = h jr o i
for the non-adiabatic (derivative) vector, where is the wavefunction ot state, and
r a is the derivative with respect to nuclear coordinAateCASSCF predicts a steep8s

surface compared to XMS-CASPT2 which predicts more pargileindS, surfaces. The
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Table 3.2. Vertical excitation energies in eV, oscillator strengths (f), magnitude of gradient vectors
for S; andS; states in Hartrebohr 1, and non-adiabatic coupling (NAC) betwe8n andS; in

bohr 1, for FC geometry for lowest energy conformer of cc-COD. The cc-pVDZ basis set was used
in all cases. The experimental value is taken from Ref.[117] The methods that predict the correct
ordering §; state having B symmetry ar8 having A symmetry) are highlighted with boldface.

Method E(Sy) () E(S) () |9(S1) | 9(S2) | NAC(S:-Sy)
SA3-CASSCF(4.3) | 7.51(0.69) | 8.19(0.29) 0.18| 0.29|  3.47
SA3-CASSCF(4,4) | 7.11i(4e 2)| 8.39(0.56) | 0.37 0.1 0.47
SA3-CASSCF(6,6) | 6.8%(7e 3)| 8.09(051)| 035 016 050
SA3-CASSCF(8,8) | 7.13%(8e 3)| 8.00 (0.46)

SA3-CASSCF(10,10) | 7.1B@e 3)| 7.94 (0.44)
XMS-CASPT2/CAS(4,3) 5.96 (0.35) 6.67 (0.16) 0.21| 0.24 1.33
XMS-CASPT2/CAS(4,4) 5.82(0.27) | 6.722.4e-3 | 0.22 | 0.30 0.79
XMS-CASPT2/CAS(6,6] 5.91(0.27) | 6.722.8e3| 0.22| 029]  0.79
XMS-CASPT2/CAS(8,8) 6.02 (0.28) | 6.665.56-3
| Expt. \ 5.44 | \ \ \ |

CASSCF method also gives the highest magnitude for the derivative coupling, indicating a
very fastS; S, transition. These values provide some evidence for differences between
CASSCF and XMS-CASPT2, although we do not know exactly how these would manifest
themselves in the dynamics.

Considering all of these factors, it becomes quite clear that a study at the XMS-CASPT2
level with CAS(4,4) or CAS(6,6) can provide the most accurate description of the dynam-
ics. However, a TSH dynamics simulation for a molecule with 54 nuclear degrees of free-
dom at the XMS-CASPT2 level of theory with a signi cant number of trajectories is com-
putationally extremely expensive. Hence, we selected the SA3-CASSCF(4,3)/cc-pVDZ
level of theory for our TSH simulation, since it can reproduce the correct state ordering
in the FC region and is computationally tractable with TSH. A comparison has been made

previously for BD dynamics where both CASSCF(4,3) and MS-CASPT2 were used, and

it was found that the dynamics were qualitatively correct at the CASSCF(4,3) level.[102,
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103]

Figure 3.2. Absorption spectrum calculated at the SA3-CASSCF(4,3)/cc-pVDZ level using 200
geometries for each conformer, and a Lorentzian line shape with.2 eV. The spectra from each
conformer were combined using their relative populations. The structure of the two conformers are
also shown here. Conformer 1 is also shown with atom numbering which will be used throughout
this paper (also provided in the Sl).

3.4.3 Absorption Spectrum

Excitation energies and oscillator strengths were calculated for all initial conditions for
both conformers as mentioned before in order to calculate the rst absorption band. The
results from both conformers were combined keeping in mind their Boltzmann distributions
in the ground state. Figure 3.2 shows the normalized absorption spectrum of cc-COD. The
theoretical absorption peak is at 7.02 eV, 1.58 eV higher than the experimental absorption
peak at 5.44 eV.[117] This is very typical of CASSCEF, as it always overestimates excited

state energies in the FC region, since it lacks any treatment of dynamic correlation. It can
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also be seen from Table 3.2 that the briglerstate has an energy of 7.51 eV at the FC
geometry at the same level of theory, which is also 0.49 eV higher than the theoretical
maximum. This suggests that the experimental absorption maximum may not correspond

to the vertical excitation energy because of FC factors.

3.4.4 Dynamics

Figure 3.3 shows the population of the three states for cc-COD for 500 fs. The pop-
ulation plot is a weighted average of the results from the two conformers for all valid
trajectories. An important problem in TSH using multireference methods is that sometimes
(especially after hopping to tH&, state) trajectories fail because the active space does not
converge. This can happen if the proper antibonding orbitals are not present in the active
space or if the molecule distorts signi cantly. This can engender a change in the orbitals
in the active space leading to energy conservation failure for a particular trajectory. Tra-
jectories typically fail more often when an unbalanced active space is employed. Since we
are working with a very exible molecule and have employed a (4,3) active space which
does not have an antibonding orbital corresponding to its bondingorbital, a portion
of the trajectories failed before the end of the calculation (500 fs), mostly after reaching
Sp. Itis crucial to deal with this issue since the fraction of trajectories in each state de-
pends sensitively on the fraction of trajectories that crash in each state. The default choice
is that trajectories are excluded from the counting once they fail. However, in this case,
when a signi cant portion of trajectories on the ground state fail, the excited state decay
will appear to be slower than it is. Furthermore, after hopping t&Sstate, the potential
energy surfaceS; andS, typically separate in energy by a substantial amount, rendering
the probability of a back-hop low. So, it is reasonable to expect that a failed trajectory will
remain onSy and include it in the population count as such. This is the approach we used in

Figure 3.3. A small percentage of trajectories also failed while propagatigg (andS,)
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due to failure of energy conservation. Since it is not possible to establish with con dence

the fate of these trajectories, we exclude them from the population count after their failure.

Figure 3.3. Calculated population dynamics &, S; and Sy states of cc-COD at the SA3-
CASSCF(4,3)/cc-pVDZ level for a simulation window of 500 fs. The populations from the two
conformers were combined using the weighted average of their Boltzmann probabilities.

In the TSH simulations, all trajectories were initiated on 8iestate. For all initial
conditions, the two excited states are in close proximity to each other, so there is a rapid
decay of the population 08, and increase in the population 8§ within the rst 14
fs because of non-adiabatic transitionsto The population transfers back 8 rather
quickly leading to some increase in its population. Eventually, decey,tdominates
leading to a roughly exponential decay i to Sy after about 50 fs. The half-life of the
excited state is 96fs, and the populations don't change much after 300 fs - with only 6%
left in the excited states by this time.

Figure 3.4 gives more detailed information about the initial vibrational motion driving
the dynamics. Figure 3.4(a) shows the gradient vectors oB8itiserface at the FC geom-
etry. The gradient involves mainly a symmetric stretching of the two C=C double bonds.

Figure 3.4(b) shows the bond alternation coordinate averaged over all trajectories as a func-
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tion of time. There is large amplitude motion for the rst 50 fs, con rming that this motion
plays a signi cant role in the dynamics. Similar behavior has also been observed in BD in
both resonance Raman spectra[147] and calculated dynamics.[102] The gure also shows
the derivative coupling vector betwe&n andS; in the FC region. This vector involves an
asymmetric vibration of the two double bonds and is perpendicular to the gradient. Since
the initial geometry ha€, symmetry and the two states have A and B symmetry, it is ex-
pected that the coupling vibration should have B symmetry and will be perpendicular to
the totally symmetric gradient. This means that the initial motion drives the two states to-
gether along the bond alternation coordinate, but an asymmetric stretch vibration is needed
to couple them. It is obvious from the ultrafast transition in the dynamics that this occurs

very rapidly.

Figure 3.4. (a) (Left) Gradient of theés; state and (right) non-adiabatic coupling vector between
S; and S; at the FC geometry. The magnitude of the vectors is scaled in order to clearly show
the direction. (b) Bond alternation coordinate (de ned ag{R-s - Rcs c7 + Rc7=ce¢)) averaged

over all trajectories as a function of time.

3.4.5 Conical Intersections and Non-adiabatic Transitions

We now focus on the non-adiabatic transitions. As expected, Colns play a crucial role
in the fast dynamics we observe. A Coln betw&randS; was found which preserves

C, symmetry. Its energy is at 6.51 eV, about 1 eV below the vertical excitation energy. The
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structure is given in the Sl. Because of the exibility of the molecule, several local minima
ontheS; S; seam have been found. The details of these structures can be found in the
SlI, and we discuss them further in relation to the hopping geometries below. The lowest
energy Coln has an energy of 4.68 eV aboveS3heninimum, while the others are within

1 eV of that energy.

Since there are two double bonds, 8¢S, Colns involve either only one double bond
(local) twisting, or both double bonds twisting at the same time. Most of the Colns located
involve a local twisting of one double bond, while only one was found with both double
bonds twisted. This is also re ected in the hopping geometries, as shown in Figure 3.5.
This gure shows a correlation plot between the two dihedral angles around the double
bonds. The cross pattern shows that most hops agawr localized twist where one bond
twists while the other double bond has a dihedral value close to zero, rather than a concerted
motion with both double bonds twisting at the same time. Using the absolute values of the
dihedral angles with a threshold of 30ve can estimate that 16% of the non-adiabatic
transitions occur through a delocalized distortion. In BD, it was found that this distortion
was responsible for 23% of the non-adiabatic transitions, higher than the value we see
here.[103] It was also shown that the participation of this delocalized distortion is directly
related to theés; S, gap. The smaller the gap is the larger the participation. Since the gap
here is larger than in BD, we expect to see a smaller contribution.

Figure 3.5 establishes that in most of the hops the twisting is local, but it also indicates
that there is a wide spread of twisting values. The variation is highlighted even more in
Figure 3.6 which shows a bar graph of the values of the twisting angle at the hop geometries,
for either double bond. Using the thresholds<of30 as no twisting, 30-90as small
twisting, and> 90 as large twisting we see that roughly half of the hops twist a particular
double bond with 30% having small twist values and 20% large values. Thus, a smaller

twist is more likely than a larger one. Both double bonds give the same picture, as one
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Figure 3.5. Correlation between the two dihedral angles de ning twisting around the double bonds
at all theS; > S hopping geometries. Twist 1 and twist 2 are de ned as the dihedral angles
H12-C1=C8-H11 and H10-C7=C6-H9, respectively. The pattern indicates that in most cases only
one double bond twists. Only 16% of the hops have both dihedrals twisted, using a threshold of
30.

would expect given the symmetry of the system.

As we have learned from ethylene, twisting alone is not enough to make the ground
state degenerate with. Pyramidalization of one of the carbons is also involved as a result
of charge transfer along the double bond. In this case, either the inner carbon (C8 or C7) or
the outer one (C1 or C6) pyramidalizes. This has also been seen in BD with inner de ned
as M€ and outer as Me.[102, 103] Both of these types of Colns are found here. Colns
with outer C pyramidalization have higher energy compared to the ones with inner. Figure
3.7 shows bar graphs of the dihedral angles describing pyramidalization around each of
the four carbons. The top panels (a) and (b) show pyramidalization of the outer carbons

while the bottom panels (c) and (d) show pyramidalization of the inner carbons. In general,
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Figure 3.6. Bar graphs of the twist of two double bonds (a) C1=C8 and (b) C7=C6. Twist 1 is
de ned as the dihedral angle H12-C1=C8-H11, whereas twist 2 is de ned as the dihedral angle
H10-C7=C6-H9. The two twists are also shown in panel (a). For the geometi@&s at> Sy

hops for twist 1: no twist - 47.5%<( 30 ), small twist - 32.5% (30-90Q, large twist - 20%% 90 ).

For the geometries &; > S hops for twist 2: no twist - 46.2%<( 30 ), small twist - 34.4%
(30-90), large twist - 19.4%% 90 ). Absolute values of the dihedral angles have been used to
simplify the plots.

there are more hops where the inner carbons are pyramidalized ifiV&D). About 40-

50% of the hopping geometries have an inner carbon pyramidalized, while 27-29% have
an outer carbon. This is consistent with the fact that the lowest energy Coln has the inner
carbon pyramidalized. It is, however, different from what was seen in BD, where many
more trajectories showed the outer carbon (Mpyramidalized. This can be rationalized

if we consider the very different constraints of the outer carbons in cc-COD, which limit
the exibility of these carbons.

The above discussion shows that the non-adiabatic transitions occur over a wide distri-
bution of internal distortions, and the molecule accesses a wide part 8f thes, seam.
Figure 3.8 shows the energetic spread of the hops as well. The hops occur with relaxation
energies that spread over 5 eV, as shown in Figure 3.8(a), while they are still near a seam
as shown in the values of ti®2 Sy energy gap shown in Figure 3.8(b).

Since we are not able to do the dynamics at the XMS-CASPT2 level, we compare LIICs

between the FC region and Colns to see if we can learn anything more about the accuracy
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Figure 3.7. Bar graphs of pyramidalization angles (a) pyr out 1, (b) pyr out 2, (¢) pyrin 1, and (d)
pyr in 2. Outer pyramidalization angles pyr out 1 (pyramidalization at C1) and pyr out 2 (pyrami-
dalization at C6) have been de ned in terms of dihedral angles C2-C1-H12-C8 and C7-C6-H9-C5,
respectively. Inner pyramidalization angles pyr in 1 (pyramidalization at C8) and pyr in 2 (pyrami-
dalization at C7) have been de ned in terms of dihedral angles C1-C8-H11-C7 and C8-C7-H10-C6,
respectively. Panel (a) also shows the position of all the pyramidalization. For the geometries at
S1 > Sy hops for outer C pyramidalization, we found 71% of the geometries non-pyramidalized
at C1 (panel (a)) and 73% non-pyramidalized at C6 (panel(b)). For the geometfigs at>

So hops for inner C pyramidalization, we found 60% non-pyramidalized at C8 (panel ¢) and 49%
non-pyramidalized at C7 (panel (d)). An angular range of 150 - 1845 used to classify hops as
non-pyramidalized.

of the dynamics. Figure 3.9 shows two LIICs at both the CASSCF and XMS-CASPT2
levels: one between the FC region and a local Coln, and one between FC and the non-local
Coln. LIICs to other Colns have also been constructed (shown in SlI) and they show similar
behavior. The curves show that initially the two excited states stay close in energy, and this

facilitates transitions back and fourth between them, as is seen in the dynamics. After that
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Figure 3.8. (a) Initial excitation energy of trajectories correlated with the relaxation energy at the
hopping geometry. (b) Histogram of the energy &Sy at the hopping geometries.

initial behavior thes, state stabilizes rapidly, leading to the Colns with the ground state and
rapid radiationless decay. In the local Coln, the overall pathway is barrierless, while the
pathway to the non-local Coln has a barrier on$hsurface. The LIICs only give an upper
bound to any barrier, and this upper bound is 0.38 eV at the CASSCF level and 0.62 eV at
the XMS-CASPT2 level. The LIICs provide a simple explanation for the ultrafast decay
to the ground state observed in the dynamics, as well as the fact that the local Colns are
dominant. Furthermore, the comparison between the two methods in the gure highlights

that the overall shape of the curves is qualitatively similar for the two methods.

3.4.6 Product Distributions

Figure 3.10 shows all of the products observed after internal conversion to the ground
state. The yields are derived using dynamics from both conformers taking into account
their Boltzmann distribution. Our simulation shows that after internal conversion to the
ground state, 38% of the population reverts back to the original cc-COD, whereas another
38% undergoes cis-trans isomerization to form ct-COD and 1% undergoes a disrotatory
Woodward-Hoffmann type electrocyclic ring closure to form BCO. The yield of BCO is

the same as that predicted by Feif3al[116], but the yield of ct-COD is slightly higher
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Figure 3.9. Energies of the rst three excited states along a linear interpolation path connect-
ing the FC geometry to: (a,b) a local Coln with inner C pyramidalization (Coln10 3) at (a)
CASSCF(4,3)/cc-pVDZ, and (b) XMS-CASPT2/CAS(6,6)/cc-pVDZ level, and to: (c,d) the non-
local Coln (Coln10 10) at (c) CASSCF(4,3)/cc-pVDZ, and (d) XMS-CASPT2/CAS(6,6)/cc-pVDZ
level. The x-axis is dimensionless in all the plots. Refer to the Sl for the structures of the Colns.
than their prediction. However, we found more products where biradicals form due to
[1,2] H-shift[115] and [1,3] C-shift.[148] H-migration i.e. [1,2] H-shift can take place
from one C at one end of a double bond to the other end forming an ethylidene type of
biradical. On the other hand, [1,3] C-shift can break the C-C single bond between the
double bonds to form a biradical with a 7-member ring, which can serve as an intermediate
to form 3-methylenecycloheptene (3-MCH). All products are shown in Figure 3.10. Linear

interpolations connecting the Colns to the products are given in the SI.

Figure 3.11 presents the internal coordinates which serve to determine the branching
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Figure 3.10. Photochemical products: cc-COD and ct-C®ia cis-trans isomerization, biradi-

cals via [1,2] H-shift, biradical via [1,3] C-shift and 3-MCH, and BGAa disrotatory Woodward-
Hoffmann ring closure. Yields are given below the arrows. The energies of the products (calculated
at DFT/B3LYP/6-31G(d) level) relative to the lowest energy FC geometry (reactant) of conformer
1 are shown in the SI.

into all of the different products discussed in the previous paragraph. These plots are pro-
vided only for trajectories starting from conformer 1 for simplicity. The biradical that
forms after [1,3] C-shift can be recognized by plotting the time-evolution of the C7-C8
single bond separating the two double bonds, as this bond breaks to form a C6-C8 bond
(or C1-C7 bond) which creates a 7-membered ring. Figure 3.11(a) shows that all of the
trajectories start very close to 1.47 A, close to the C7-C8 single bond distance S the
minimum. However, afteB; > Sq hops, the C7-C8 bond breaks in a few trajectories

and the bond distance increases to around 2.5 A. The bond distance vibrates around 1.5 A
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(@) (b)

(c)
Figure 3.11. (a) Formation of a biradical and subsequently, 3-M@#l[1,3] C-shift is demon-
strated using C7-C8 bond breaking, (b) Formation of a biradical following [1,2] H-shift is shown for
C1-H12 bond breaking where H12 migrates to C8 from C1, (c) Formation of ct-@@®&is-trans
isomerization is shown using H10-C7-C6-H9 dihedral angle.
for the rest of the trajectories for the whole simulation window. The ensemble averages of
the two separate branch of trajectories show that the averages separate5ites.

Figure 3.11(b) shows the time-evolution of [1,2] H-shift for one of the C-H bonds (C1-
H12) corresponding to a double bond. Here the H12 migrates from C1 to C8, forming a
biradical. Similarly, H11 can also migrate to C1 from C8 (not shown here). The same
phenomenon can happen at the other double bond too. Very interestingly, the formation of
these products starts at later times, after approximately 100 fs.

As the yield was very low for BCO, no internal coordinates were plotted in this case.

Once we separate the trajectories which go through [1,2] H-shift, [1,3] C-shift and elec-

trocyclic ring closure, we are left with the trajectories that either revert back to cc-COD or
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form ct-CODvia cis-trans isomerization. Figure 3.11(c) shows the time-evolution of cis or
trans position of H's with respect to each other at the C7=C6 double bond. If they are cis to
each other, then the dihedral angle H10-C7-C6-H9 will be close,teBereas when they
are trans to each other, the same angle will be close to d@8aL80. It can be seen that
all the trajectories start initially close to (out they start to move towards higher value of
the angle between 20 - 150 fs. However, aft8f > S, hops, this angle decreases to
vibrate around Ofor a set of trajectories (cis), whilst for the other set of trajectories (trans)
the same angle increases to vibrate around 80180 . The same is true for the dihedral
angle H12-C1-C8-H11 (which is not shown here) too. By adding the number of trajectories
that ended up in the trans branch for both dihedral angles, we can calculate the number of
trajectories that formed ct-COD after the cis-trans isomerization, while the rest constitutes
the trajectories that reverted back to cc-COD.

There were also some trajectories which failed right afterShe > S, hop (failed
while still in the S,/Sy seam) and hence no decision could be taken regarding the product
for these trajectories. Similarly, no decision could be taken about the trajectories that failed
in S; andS;. Hence, they are excluded from calculation of yields. This could be a reason

why our calculated yield for ct-COD is higher than that predicted by bydtd#t[116]

35 Conclusion

In this study, we have performed trajectory surface hopping dynamics for cc-COD to
investigate the photochemical pathways involved after being excited @, tsi@ate, which
we found to be the bright state in the FC region at higher level of theory. Ultrafast decay
to the ground state has been found, facilitated by Colns involving distortions around the
double bonds. We have examined whether the non-adiabatic transitions to the ground state

involve twisting along one double bond or both of them. The dynamics show that the main
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distortions are twisting of one double bond at a time (local) followed by pyramidalization

of a carbon belonging to that double bond (similar to ethylene). Among the local twisting
distortions, inner carbon pyramidalization was found to be more prevalent. Only about
16% of transitions occur through a non-local or delocalized twisting of both double bonds.
Several products formed on the ground state have also been observed.

Our calculations and analysis demonstrate that the internal conversion dynamics for
photo-excited cc-COD are highly non-local, with trajectories exploring many different ge-
ometries at which non-adiabatic coupling drives hopping between electronic states. We
looked for and were not able to nd groups of trajectories that follow similar pathways.
We suspect that this is related to the exibility of the molecule, and the relatively at po-
tential energy surface along many low frequency modes, where different initial conditions
can lead to trajectories exploring quite different geometries and nding their way down to
the ground stateia very different points on an extended Coln seam, rather than through a
minimum energy pathway in which the non-adiabatic coupling and hopping is concentrated
around a particular Coln.

The results of this work provide insight about both the effect of conjugation on dy-
namics as well as the effect of additional low frequency degrees of freedom. The same
chromophoric unit (two conjugated double bonds in this case) does not always result in
the same excited state dynamics, i.e. CHD and cc-COD behave differently while cc-COD
and BD are much more similar. In addition, the low frequency degrees of freedom can
also have an important effect on the dynamics by providing exibility to the system. These
observations can be useful as we try to expand our understanding of excited state dynamics
and nd relations between structure and dynamics.

In the next chapter, we will analyze time-resolved photoelectron spectroscopy measure-

ments in light of these calculations.
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CHAPTER 4

EXCITED STATE DYNAMICS OF
CIS,CIS-1,3-CYCLOOCTADIENE: UV PUMP VUV PROBE TIME
RESOLVED PHOTOELECTRON SPECTROSCOPY

Reproduced (adapted) from "Liu, Y., Chakraborty, P., Matsika, S., Weinacht, T.
(2020). Excited state dynamics of cis,cis-1,3-cyclooctadiene: UV pump VUV probe time-
resolved photoelectron spectroscopy. The Journal of Chemical Physics, 153(7), 074301.
doi:10.1063/5.0006920", with the permission of AIP Publishing.
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41 Abstract

We present UV pump, VUV probe time resolved photoelectron spectroscopy measure-
ments of the excited state dynamics @$,cisl,3-cyclooctadiene. A 4.75 eV deep UV
pump pulse launches a vibrational wavepacket on the rst electronically excited state,
and the ensuing dynamics are probed ionization using a 7.92 eV probe pulse. The
experimental results indicate that the wavepacket undergoes rapid internal conversion to
the ground state in under 100 fs. Comparing the measurements with high-level electronic
structure and Dyson norm calculations and trajectory surface hopping dynamics simula-
tions, we are able to interpret the features in the measured photoelectron spectra in terms

of ionization to several states of the molecular cation.
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4.2 Introduction

Understanding the dynamics of photoexcited molecules is of great importance to many
areas of chemistry, physics and biology, including light harvesting,[6, 8, 7, 9] energy con-
version[10] and the photoprotection of DNA.[3, 4, 5] The coupled electron nuclear dy-
namics initiated by photoabsorption can lead to internal conversion,[11, 12, 13, 149, 14]
isomerization[15, 19, 18, 16, 17] and dissociation.[20, 21, 22, 23, 24] While these dynam-
ics can be quite complicated and dif cult to follow, particularly for larger molecules with
many degrees of freedom, systematic studies of similar molecules can be very helpful in
elucidating essential features in the dynamics and a deeper understanding of the connection
between structure and dynamics.

Here we extend earlier work on simple organic molecules, in an effort to understand
isomerization and internal conversion in systems with a few C-C double bonds. The most
basic unit to examine photoisomerization is the smallest molecule with a single double
bond: ethylene, which has been studied extensively.[150, 92, 94, 95, 151, 96] Beyond
ethylene, many biological chromophores however, such as retinal, include a more extended
linear or circular conjugated system with several double bonds.[2]

Several measurements and calculations have extended our understanding of the iso-
merization dynamics in small conjugated organic molecules. However, these studies have
focused on relatively small molecules. Two such systems which have drawn consider-
able interest in past decades &ians-1,3-butadiene (BD, £Hg),[101, 102, 152, 153, 104,

103] and 1,3-cyclohexadiene (CHDgld3).[154, 17, 108, 155, 156, 157, 158]. We aim to
extend our understanding to larger, more exible systems, where we might expect quali-
tative differences in the internal conversion and isomerization dynamics. A natural choice
which extends the previous studiescis,cis1,3-cyclooctadiene (cc-COD,gl,), which

is similar to CHD, but larger and more exible. In both CHD and cc-COD there are two
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alternating double bonds, but the remaining cyclic system imposes different constraints on
the dynamics. In CHD, the dynamics are controlled by conical intersections (Colns) with
the ground state that can lead to either relaxation, or photochemistry to produce 1,3,5-
hexatriene, which has been studied extensively with both time-resolved spectroscopies and
diffraction measurements.[159, 158, 160] In cc-COD on the other hand, there can be cis-
trans isomerization, as well as photochemistry to other products.[116, 117, 110]

Compared with CHD, the isomerization dynamics of cc-COD have not been well stud-
ied by either spectroscopic or structural probes. &ufd. performed UV pump - IR probe
ionization measurements on cc-COD and established basic timescales for the dynamics
and possible photochemical products but did not provide a detailed picture of the dynam-
ics.[116]

In this work, we present time-resolved photoelectron spectroscopy (TRPES) [161, 162,
163, 164, 165, 166] measurements of cc-COD, taken by our collaborators at the Stony
Brook University. We interpret the experimental results together with high-level electronic
structure calculations for the TRPES signal and trajectory surface hopping (TSH) [65, 167]
calculations reported in the previous chapter. We found that the photoelectron spectra of
cc-COD as a function of pump probe delay can be interpreted in terms of ionization to
multiple states of the molecular cation that behave differently along the reaction coordinate

associated with the neutral excited state dynamics.

4.3  Experiment

Our experimental collaborators at the Stony Brook University make use of light from
an ampli ed Ti:Sapphire laser system, which produces 30 fs, 1 mJ pulses at a central wave-
length around 780 nm and a repetition rate of 1 kHz. UV 261nm,~! = 4.75eV) and

VUV ( 156 nm~! =7.92eV) pulses are generated 5y Barmonic generation in crystals
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and non-collinear-four-wave-mixing {3+ 3! -! =5!') in argon respectively.[168, 169,

170] The pump-probe scheme has been described in detail elsewhere.[171, 110, 172] Fig-
ure 4.1 shows their UV pump pulse spectrum together with our calculated absorption spec-
trum of cc-COD. Details about the setup of the experimental apparatus and analysis of the

experimental data can be found in ref[28].

Figure 4.1. Calculated cc-COD absorption spectrum in the deep UV. The spectrum of the pump

pulse is shown together with the absorption spectrum of the molecule. A cartoon of cc-GBR)C

is shown next to the spectrum. The calculated spectrum is obtained at the XMS-CASPT2(4,4)/cc-
pVDZ level of theory, and agrees well with the measured absorption spectrum as reported in
Ref. [117] The details about the calculation of the absorption spectrum are provided in section
4.4.4,

4.4  Computational Methods

In order to interpret the experimental spectra, we calculated the TRPES using informa-
tion from our trajectory surface hopping calculations of the previous chapter. For a more in

depth understanding of which states are involved in the TRPES, and how they in uence the
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dynamics, we have also performed calculations along linear interpolation paths. Details on

these calculations are provided here.

4.4.1 Time-resolved Photoelectron Spectrum

Using trajectories from non-adiabatic dynamics simulations, the photoelectron signal
S for each trajectory and time steg can be calculated assuming that the transition is
vertical, i.e. the nuclear wave functions of the initial and nal states are identical. The
photoelectron spectrum at each delay is then given by:

ionytates 4 2k~!

Si(t; «) = c

lesz (~! ViF k) (4.1)
F

Vie = V&V is the difference of the adiabatic electronic energies of the initial neutral
statel and nal ionic stateg=, and  is the kinetic energy of the ejected electrdnis
the momentum of the ejected electreh, is the probe photon energy, and the speed of

light. D¢ is the photoelectron dipole matrix element, which is given by:

Dir = h IdFj uj Ei (4.2)

Here u is the scalar product of the dipole operator and the unit vector along the laser
polarization axis. & is the Dyson orbital (discussed in the following section), de ned

as the overlap between the initial neutral electronic state and the nal state of the cation
after ejection of the electron (assuming the photoelectron ejection is fast, the state of the
cation does not interact with the outgoing electron). In the current work we ignore the
wavefunction of the ejected electron, and approxin@ig j> with the square of the Dyson
norm. This approximation has been used very often in the literature and several studies
have shown that it has a small effect on the photoelectron spectrum.[149, 173, 174]

In order to calculate the photoelectron spectrum, we selected 23 trajectories at the
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lower edge of the absorption spectrum from our previously reported TSH calculations using
CASSCF wavefunctions[27] (corresponding to the 4.75 eV pump pulse). Time-dependent
Dyson norms were calculated for each trajectory with a time-step of 10 fs. We employed
the same level of theory (SA3-CASSCF(4,3)/cc-pVD2Z) to calculate the neutral wavefunc-
tions as we used in the original TSH simulations, and SA5-CASSCF(3,3)/cc-pVDZ level
to calculate the cationic wavefunctions. For calculating the electron kinetic energies (KE),
speci c shifts were introduced to the KE of electrons fr@yp, D, andD,, since CASSCF
overestimates the neutral excited state energies and underestimates the cationic state en-
ergies near the FC region. Shifts of 3.0 eV, 2.8 eV and 2.3 eV were introduced to the
KE due to photoelectrons coming from ionizationg, D; andD,, respectively. These

shifts were based on a comparison of the nelBradnergy to the experimental absorption
peak and the cationic state energies to those calculated at the XMS-CASPT2(5,6)/cc-pVDZ
level. D3 andD, are quite high in energy at the CASSCF(3,3) level, and hence are not ac-
cessible by the probe and were neglected for the calculation of photoelectron spectrum.
The energies of the photoelectrons at each delay step for each trajectory were convoluted
with a Gaussian function having a 0.5 eV width in order to account for the nite energy
resolution of the measurements. Along the pump-probe delay axis, the calculated spectra

were also convoluted with the IRF from the experimental measurements.

4.4.2 Dyson Orbitals

Dyson Orbital ( &) is a one electron quantity that represents the overlap between an

N -electron wavefunction and arfl  1)-electron wavefunction, given by[175]

d =" N  N@::ion) N Y2;:n)d2:::dn: (4.3)
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Here, theN -electron wavefunction, I, refers to the initial ground or electronically ex-
cited state of the system, whereas (hNe  1)-electron wavefunction, } * refers to the

nal cationic state of the system. The integral is ogdr 1) electrons leaving one for

the Dyson orbital. For ionization from the ground state, the Dyson orbitals are similar
to the corresponding Hartree-Fock molecular orbitals from which the ionization occurs.
But, for ionization from electronically excited states, the shapes of the Dyson orbitals are
much more complicated, since they include contributions from more than one molecular
orbital. Here, we have calculated the norms of Dyson orbitals, since they correspond to the

probability of one-photon ionization.

4.4.3 Linear Interpolation Paths

In order to explain the features of the measured photoelectron spectra, we delved deeper
and calculated energies and Dyson norms along pathways leading to Colns b&ween
andS. The structures of Colns are obtained from our previous theoretical study on cc-
COD in chapter 3. Using three important Coln geometries (as described below), we con-
structed linear interpolations in internal coordinates (LIIC) from the Franck-Condon (FC)
geometry to the Colns using the extended multi-state complete active space with second
order perturbation (XMS-CASPT2) method[61, 62, 63] and the cc-pVDZ basis set.[129]
For neutral states, a (6,6) active space was used whilst a (5,6) active space was used for
cationic states. The XMS-CASPT2 calculations were performed using the corresponding
CASSCF[49] reference wavefunction with an imaginary shift of 0.2 au and the single-state
single-reference (SS-SR)[132] contraction scheme. The energies of three states for the
neutral and ve states for the cation were calculated. The XMS-CASPT2 calculations were
performed using the Bagel package.[136, 137]

We calculated the Dyson norms frdgpnandS, states to all of the 5 cationic states along

the aforementioned LIICs at the CASSCF/cc-pVDZ level[103] using MOLPRO 2015.[176,
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177] The same active spaces were used in the Dyson calculations as in the energy calcula-
tions. Care was taken to ensure the calculation of correct Dyson norms for each point of the

LIICs as the neutral excited states switch character near the FC region at the CASSCF(6,6)
level.

Note that, since a smaller active space was used to calculate the time-resolved TRPES
described in section 4.4.1 compared to that in the LIICsPthstate at that level of theory
(SA5-CASSCF(3,3)/cc-pVDZ) has the same character aBthstate for the LIICs at the
FC point at the XMS-CASPT2/CAS(5,6)/cc-pVDZ level.

4.4.4 Trajectory Surface Hopping Dynamics

In order to check the validity of the CASSCF TSH dynamics on which we base the
calculation of the TRPES, we also carried out TSH simulation of cc-COD at the XMS-
CASPT2/CAS(4,4)/cc-pVDZ level to investigate if the level of theory is responsible for the
discrepancy between the measured ionization yield and the calculated excited state popu-
lation (and ionization yield). The same initial conditions (those used in the CASSCF TSH
calculations) were used to simulate the absorption spectrum (with a Lorentzian line shape
and a phenomenological broadening of 0.3 eV) and propagate the dynamics from the bright
S, state. The XMS-CASPT2 absorption spectrum was plotted using an in-house code SAr-
CASM,[178] whilst the dynamics was performed using Newton-X [179]. On-the-y en-
ergies, gradients and non-adiabatic couplings were generated using the Bagel package for
XMS-CASPT?2 level.[180, 181, 182] Since both conformers showed similar dynamics and
similar timescales at the CASSCF level, TSH at the XMS-CASPT2 level was performed for
only the lowest energy conformer of cc-COD. The trajectories at the XMS-CASPT2 level
were propagated starting from tBe state as it is the bright state at the FC region with the
active space chosen for this study.[27] The fewest switches surface hopping (FSSH)[67]

algorithm was employed to take into account non-adiabatic coupling betwe&s,tBe,
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and Sy states. Decoherence corrections were taken into account using the approach of
non-linear decay of mixing by Granucci and Persico[80] with the recommended value of
the empirical parameter, = 0.1 Hartree.[78] The velocity Verlet algorithm was used to
integrate Newton's equations of motion with a time step of 0.5 fs. The semiclassical time-
dependent Schrodinger equation was integrated using fth-order Butcher's algorithm with
a time step of 0.005 fs. The simulation was performed for 400 fs using XSEDE's compu-

tational resources.[145]

45 Results

In Figure 4.2, we show both the measured and calculated time-resolved photoelec-
tron spectra for cc-COD. As the measurements contained contributions from both UV and
VUV driven dynamics near zero time delay given the nite pulse durations, our collabo-
rators performed a global 2D tting analysis and subtracted off the portion of the signal
due to VUV driven dynamics. For the calculated photoelectron spectrum, we calculated
the time-dependent Dyson norms for ionic states probed by our photon energy. We also
calculated Dyson norms along important LIICs to investigate the features of the measured
photoelectron spectra. More details about the Dyson norm calculations are included in the
supporting information (SI).

Panel A of Figure 4.2 shows the TRPES as a function of pump-probe delay and kinetic
energy (KE). As one can see, the TRPES shows two main peaks near time-zero. One broad
peak has high KE between 1.2 and 4 eV, and a narrower peak has lower KE below
eV. As discussed in more detail below, these two peaks can be interpreted in terms of
ionization to two different states of the cation. In order to follow the shifts of the two
peaks, our collaborators extracted the peak positions for each delay and plotted these in

panel B. It is clear that the higher energy peak shifts systematically from about 2.5 eV to
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Figure 4.2. TRPES of cc-COD with UV-pump and VUV probe. Panels (A) and (C) show the
measured and calculated TRPES respectively. The low and high KE peak regions of panel (A) are
labeled as 1 and ,. Panel (B) shows the peak locations as a function of pump probe delay. The
low and high KE regions are highlighted by different background colors. The yellow and green
shading in panel (B) indicate the uncertainty in the peak locations obtained from a bootstrapping
analysis. Panel (D) shows the state populations, the calculated ionization yield, and the experimental
ionization yield (energy integrated TRPES measurement).

about 1.7 eV with increasing pump-probe delay. This is in contrast with the lower energy
peak, which does not shift signi cantly with pump-probe delay, staying around 0.7 eV.

In panel C of Figure 4.2, we plot the calculated TRPES for each pump-probe delay.
Panel D shows the total ionization yield (energy integrated TRPES) for both the measure-
ments and the calculations as a function of pump-probe delay, as well as the g8gund (
and excited state$( + S,) populations. We interpret the measured and calculated spectra
with the theoretical calculations in the following section.

In order to validate the statistical signi cance of features in the experimental measure-
ments, a standard bootstrapping analysis was employed to estimate the uncertainties. One
standard deviation (STD) is treated as an error bar and this is indicated by the green and

yellow shading around the data points in panel B. According to this analysis, the shift in

the position of the high energy peak is about three times the standard deviation.
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4.6 Discussion

Our electronic structure and trajectory surface hopping calculations, discussed in Chap-
ter 3, have found that the ultrafast decay of the excited state in cc-COD occurs through
radiationless transitions to the ground state facilitated by Colns. In general, there are three
types of Colns between the ground and excited states, characterized by structural deforma-
tions around the two double bonds. Twisting and pyramidalization of a single double bond
leads to two types of Colns, depending on whether the carbon adjacent to the other dou-
ble bond or the carbon adjacent to the single bonds is pyramidalized. A third type of Coln
involves twisting of both double bonds. The role of these Colns has been discussed in the
previous chapter. Here we discuss how the Dyson norms along pathways connecting them
to the initial FC point vary, as they determine the photoelectron yield as the wave packet

evolves on the excited state.

4.6.1 Neutral and Cationic State Characters at the Franck-Condon Region

Figure 4.3 shows which ionic states are produced when ionization$aocurs based
on Koopmans' theoremby andD3. These two states have a large Dyson norm \8ith
which can be explained by the fact that removing a single electron from either the HOMO
or LUMO orbital leads to the dominant con guration in these two states. As also shown in
the gure, ionization tdD; andDy is energetically allowed, and thus, one expects ionization
from S, to lead to bottD; andD,, at least near the FC point. In order to see how the energies
of photoelectrons associated with ionization to these Dyson correlated states proceeds as
the wave packet evolves &), we calculated the energies of the neutral and ionic states

between the FC point and the three different groups of Colns noted above.
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Figure 4.3. A cartoon depiction of low lying neutral and cationic states, electron orbital occupan-
cies, and Koopmans' correlations in the pump-probe measurements. 3 neutral and 4 cationic states
are included, and the state con gurations are shown in the Figure 4 important Sia®&s Do, and

D3 are highlighted with black colored lines, while the other 3, less relevant s&ié€¥,, andD», are

plotted with gray colored lines. The UV pump pulse excites the molecule to a singly excited bright
state,$;(B), corresponding to a ! transition, in which an electron in the highest occupied
molecular orbital (HOMO) is promoted to the lowest unoccupied molecular orbital (LUMO). The
state characters are based on XMS-CASPT2(6,5/6)/cc-pVDZ calculations. lonization to the two
cationic states favored by Koopmans' correlatiobg @nd Do) is illustrated by the pink arrow,
producing photoelectrons with energigsand », respectively.

4.6.2 Linear Interpolation Paths

Figure 4.4 shows the calculated electronic energies of the lowest lying neutral and
ionic states at several points interpolated between the FC point and the three different
Colns. Three important states are highlighted - the optically bright rst excited state of
the neutralS, (red), the ground cationic stal®, (green) and the third excited state of the
cation at FC D3 (cyan). We note that sind@; crosses a number of ionic states en route

to the third Coln, it is of mixed character and is therefore labdllgq . In Figure 4.4, the
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Figure 4.4. Energies along paths to different Colns with cartoon diagrams illustrating the associ-
ated geometry changes. The top three panels show the neutral and cationic electronic states calcu-
lated from the FC region to different Colns. (A): Neutral and cation states from FC to the local Coln
with inner carbon pyramidalization. (B): Neutral and cation states from FC to the local Coln with
outer carbon pyramidalization. (C): Neutral and cation states from FC to a non-local Coln (both
double bonds twisted). Neutral states are plotted in dashed lines and cation states are plotted in solid
lines. Four important states, includifg, S, Do, andD3, are shown in black, while the other states

are plotted in gray. Three thick colored lines highlight the states involved in the dynamics. The red,
green and cyan highlights indica®g, Dg andDix , respectively. Panels (D), (E), and (F) illustrate

the structural changes corresponding to paths shown in panels (A), (B), and (C), respectively. In ad-
dition, a cartoon depiction of the molecule in the Franck-Condon geometry is shown in panel (G).

x-axis is the fraction from FC to the Coln region.
It is clear from the gure that while the cyan and red lines are roughly parallel for all
three panels as one moves away from the FC point, the green and red lines diverge. This

means that one expects the low energy peak to remain roughly in the same place, while
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the high energy peak should shift to lower energies as the wave packet moves away from
the FC point. This is consistent with our observation of a shifting high energy peak and a

steady low energy peak in the photoelectron spectrum.

4.6.3 Dyson Norms along Linear Interpolation Paths

Figure 4.5 shows calculated photoelectron spectra along the LIICs by evaluating the
Dyson norms between the neutral st&eand cation states along the paths to different
Colns as shown in Figure 4.4. In the calculation, the photoelectron kinetic energy is ob-
tained by subtracting the energy difference betwBgfD; and S, from the VUV probe
photon energy in the experiment, which is 7.92 eV. The yield as a function of energy is
then given by the norm of the Dyson orbital calculated by projecting each ionic state onto
the neutral. In Figure 4.5, one can see the calculated photoelectron spectrum shows two
bands from the FC point towards to all three Colns, with the higher energy band decreas-
ing in KE as a function of the fraction from FC to Coln. In contrast, the lower KE band
maintains a relatively constant energy around 1 eV. The behavior of these two bands with
position along the LIIC is consistent with the calculated and measured time evolution of
our photoelectron spectrum, showing two main peaks - one at higher energy which shifts
with position/delay, and one at lower energy which does not shift with position/delay.

The calculated energy for ionization By, differs from the measured peak in the pho-
toelectron spectrum for two main reasons. One is the error/uncertainty in the calculations,
which is about 0.5 eV. The other is the fact that in the experiment, the pump laser excites
the molecules on the red side of the absorption spectrum, meaning that the excitation is
from the edges or tail of the ground state vibrational wave functioBgpto lower vibra-
tional levels or5;. SinceS; andD  diverge as one moves away from FC, the photoelectron
spectrum is shifted to lower energies than one would calculate at FC. This leads to a lower

measured photoelectron energy for ionizatioDthan the calculations, although we note
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that the high energy shoulder of the measured high energy peak extends to roughly 5 eV
(the calculated value), as one would expect based upon the explanation given above. Also,
we note that the measurements and calculations roughly agree on the location of the low
energy peak (for ionization tD 3), consistent with the fact th&l; is roughly parallel t&;
near the FC point, in contrast to the divergenc®gfandS;. A more detailed discussion
on the calculated Dyson norms and what they reveal about the electronic structure of the
neutral and cationic states is given in the SI.

The fact that the positions of the two peaks in the photoelectron spectrum vary dif-
ferently with time delay, while the amplitudes of the peaks vary similarly with delay is
consistent with the fact that they both arise from lifting #a@ne neutralvave packet 0%,

to different cationic states

Figure 4.5. Calculated photoelectron spectra by evaluating Dyson norms between the Sgutral
state and low lying cationic states along paths connecting FC to different types of Colns. The panels
in the gure are correlated to the panels in Figure 4.4. (A): Dyson norms along the path between
FC to the Coln with inner carbon pyramidalization. (B): Dyson norms along the path between FC
to the Coln with outer carbon pyramidalization. (C): Dyson norms along the path between FC to a
non-local Coln.
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