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GA Genetic Algorithm

CG Conjugate Gradient

SO Split-Operator
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FCS Fluorescence Correlation Spectroscopy
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OCT Optimal Control Theory

IVR Intramolecular Vibrational Redistribution
MCTDH Multi-Configuration Time-Dependent Hartree
MRCI Multireference Configuration Interaction

CASSCF Complete Active Space Self-Consistent Field
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(E1,E2,E3,E4)), and values of cost functional [J], in addition, the total
dissociative flux [F] at each generation (panels (F1,F2,F3,F4)) are depicted.

Adiabatic potential energy surfaces in (R,¢) space. They are designated as
Sp(blue), Si(green), So(red). . . . . . . ...
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CHAPTER 1

Introduction

Quantum mechanics has revolutionized our understanding of the physical world, enabling
the development of groundbreaking technologies such as quantum computing, quantum
communication, and precision sensing. Beyond these technological applications, it has also
transformed the way we understand and manipulate chemical reactions at the molecular
level. A key aspect of utilizing quantum principles in chemistry lies in the ability to precisely
control the behavior of quantum systems that govern reaction dynamics.

Quantum control in the context of chemical reactions focuses on steering reaction
pathways and influencing outcomes by manipulating molecular interactions with external
fields, such as lasers or electromagnetic fields. This control enables chemists to selectively
break and form bonds, optimize reaction yields, and explore reaction mechanisms that are
otherwise inaccessible. However, the complexity of molecular quantum states, coupled with
challenges such as decoherence and the sensitivity of quantum systems to environmental
noise, makes achieving precise control a formidable task. The ability to control chemical
reactions has far-reaching implications, including the development of energy-efficient cat-
alytic processes, novel materials, and even the manipulation of biomolecular systems for

therapeutic applications. This thesis explores laser-driven control of molecular reactions,



addressing the theoretical and experimental challenges of designing robust control strategies
to achieve desired reaction outcomes.

The discovery of the laser in 1960 marked a pivotal moment in science, opening up
a new era in molecular spectroscopy and revolutionizing our understanding of molecular
systems. Its precision and versatility have led to groundbreaking advancements, particularly
in Raman spectroscopy, fluorescence correlation spectroscopy (FCS), and the study of
molecular dynamics. Techniques such as optical trapping have enabled the manipulation
of individual molecules or atoms, providing unprecedented insights into their behavior.
Beyond its contributions to spectroscopy and molecular dynamics, the laser has emerged as
a powerful tool for controlling chemical reactions. By tailoring laser pulses to selectively
excite molecular vibrations or manipulate electronic states, scientists can steer reaction
pathways with remarkable precision. This has profound implications for fields ranging
from material synthesis to biological processes, allowing for the design of reactions that are
energy-efficient, selective, and scalable.

Quantum control of chemical reactions can be simply described as the selective breaking
of a specific chemical bond using an optical laser pulse, even in the presence of competing
bonds that could also break. According to experimental findings by Crim et. al., exciting the
4vop (third O-H stretching overtone) of HOD and subsequently photolysis with 239.5 or
266 nm photon generates at least 15 times more OD than OH product and the bimolecular
reaction, H+HOD — OD + H,, becomes two times more efficient when the same excitation
of HOD is applied [1, 2]. The limitation of this simple method stems from intramolecular
vibrational redistribution (IVR), where energy disperses among various vibrational modes,
resulting in a loss of selectivity [3, 4, 5, 6]. This occurs because the degrees of freedom in a
polyatomic molecule are interdependent. As a result, the local vibrational mode is not an
eigenstate of the system’s Hamiltonian but is instead coupled to other bonds. Consequently,
exciting this mode generates a diffused wave packet (WP) that spreads across these coupled

modes, leading to IVR.



The quantum mechanical processes are inherently wave phenomena, subject to construc-
tive and destructive interferences. Utilizing this interference phenomena the quantum state
can be precisely manipulated, which is commonly referred to as coherent control. Laser
pulses serve as an indispensable tool for implementing coherent control. By regulating
parameters such as intensity, frequency, phase, polarization, spectral content, and time
profile, it is possible to actively shape the interference patterns of quantum states, which is
often termed as active control[7]. Mathematically, this translates into the optimization of
the laser pulse properties with a motivation of achieving a target state guided by the time
dependent Schrodinger equation (TDSE) and it is known as optimal control theory (OCT).

In the 1980s, the introduction of femtosecond laser pulses and the subsequent devel-
opment of programmable laser pulse technologies [8, 9] enabled the proposal of many
control schemes to manipulate molecular dynamics through the coherent properties of lasers.
Brumer and Shapiro theoretically demonstrated that coherent control could be achieved
by simultaneously exciting molecules through one- and three-photon processes, creating
constructive and destructive interference between reaction pathways. This interference could
be regulated by adjusting the relative phases of the laser pulses [10, 11, 12]. This theoretical
framework was experimentally validated by Chen et al. and Park et al. in 1990 and 1991,
respectively [13, 14]. Around the same time, Tannor et al. proposed that coherent control
could also be achieved through a pump-dump pulse scheme, which they demonstrated
theoretically [15, 16]. Advances in laser technologies subsequently enabled the experimen-
tal realization of this scheme by several groups [17, 18, 19, 20]. These two schemes are
relatively simple where only one parameter, such as the relative phases of the multiple pulses
or the time delay between the pump-dump pulses are optimized. However, for more complex
systems where the modes of vibration are interdependent this one parameter optimization
is not sufficient to achieve the target product or state. Thus, the design of the laser pulse
is critical: the amplitudes of the different interfering vibrational modes must add up in

a particular bond at a specific time after photoabsorption to cause its breakage[21]. To



determine this kind of laser pulses by the optimization of multiple parameters OCT has been
used [22, 23, 24].

A general paradigm for employing theory to design an optimal laser pulse involves three
steps
(1) Construction of the molecular Hamiltonian: The system Hamiltonian is composed of
two components kinetic energy and potential energy. The kinetic energy is straightforward
to calculate based on the system’s geometry, while the potential energy is derived from
electronic structure calculations. Additional molecular properties, such as dipole moment
and polarizability, are required to determine the interaction energy between the laser and the
molecule.

(2) Performing an appropriate calculation to achieve the desired target using TDSE as the
governing dynamical constraint enabling the design of the optimal laser pulse.

(3) The optimal laser pulse design is then sent to the laboratory for implementation on the
actual sample.

Although, in principle, the OCT can be applied on any kind of complex systems to
shape up the optimal design of laser pulse, the computational cost becomes extremely high
as the complexity of the system increases. Therefore, nowadays in experimental optimal
control this paradigm is not followed, rather the closed-loop laboratory learning control is
generally employed [25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37] which circumvents
the theoretical calculations [38]. The close-loop quantum control is itself a generic method
[39] which is also a suitable protocol to control the physical properties of larger systems
such as biomolecules [40] and photodrugs [41].

What is the significance of OCT? Looking toward its future role, a key factor is the
advancement of experimental capabilities in optimal control, particularly for conducting
high-duty-cycle experiments. The primary challenge in experimental performance stems
from the nature of the cost function that guides the learning algorithm.[42, 43, 44] This is

because the experimental cost function has to be comprised of directly observable quantities.



1.1. Thesis overview 5

It should provide adequate information to steer the experiments toward the target. At the
same time, it must account for and manage competing processes that could pose obstacles
to achieving the desired outcome. Therefore, optimal control calculations can give a proper
cost function considering all possible physical processes during the dynamics. Theoretical
calculations can offer valuable insights and justification for the mechanisms during the

progression toward the target.

1.1 Thesis overview

In Chapter 3, a genetic algorithm (GA)-based quantum control study has been conducted
on the N-H photodissociation of the pyridynyl radical. To investigate this, we used a three-
state model (ground, 77*, and wo™* states) with three modes: N-H stretching, out-of-plane
bending of the H atom (b;), and the ()9 (a3) normal mode. The quantum dynamics in this
model were controlled by determining the optimal laser pulse to maximize the photodisso-
ciation yield, using the TDSE as the dynamic constraint. For the N-H photodissociation,
the mo™* asymptote is found to be the only active channel after nonadiabatic transition at
nr*/mo* conical intersection (CI) when the optimal laser pulse excites the molecules to
¥ state.

In Chapter 4, a quantum control study on the methyl photodissociation of thioanisole is
performed. This study employed a three-state model (ground, 7o *, and no™ states) with two
vibrational modes: S-CHj stretching and methyl group rotation around the S-Ph bond. Using
a GA-based optimal control protocol, an optimal laser pulse was designed to maximize the
photodissociation yield. The approach prioritized promoting the nonadiabatic transition
through the 77* /no* CI along the S-CHj stretching coordinate over the transition via the
rotational coordinate, which would otherwise lead to dissociation along the ground-state
asymptote or relaxation to the ground-state equilibrium.

The Chapter 5 extends the work od chapter 3, employing a linearly chirped laser pulse
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to control the N-H photodissociation dynamics. In this approach, the lifetime of the 77*
state is maximized while minimizing dissociation through the wo* state. The cost functional
is designed with two components: the first ensures the maximization of the overlap between
the m7* WP and a target vibrational wave function, while the second minimizes the flux
associated with dissociation. Using a GA-based optimal control protocol, the optimal
laser pulse was determined to be a downwardly chirped pulse, which effectively creates a

"reflectron” state in the m7* potential, prolonging its lifetime during the dynamics.



CHAPTER 2

Theory and Methodology

2.1 Theory of molecular electronic structure

First of all, let us define a molecule which consists of some electrons of mass m and some
atomic nuclei of mass M;. The charge of each electron is e and the atomic number of i-th
nucleus is Z;. Considering the center of mass of the system as the origin, all the electronic
coordinates are settobe r (i.e. r = r.;,% = 1,2, 3....) and all the nuclear coordinates are set
tobeRGe. R=R,;,i=1,23..).

Let us consider a bound, continuous, appropriately differentiable, and quadratically-
integrable function of the dynamical variables r and R, ¥(r, R), which is the eigenfunction
of the molecular Hamiltonian, H(r,R). If the corresponding eigenvalue is F, then the

eigenvalue equation can be expressed as follows
H(r,R)¥(r,R) = E¥(r,R), (2.1)

where the eigenvalue, I, represents the total energy of the molecule and it is also function

of rand R, i.e. £ = FE(r,R). The above equation is the so-called time independent
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Schrodinger equation (TISE).

The full molecular Hamiltonian reads as,

H(r,R) =T, + Vo(r) + T, + Vo (R) + Vo, (r,R), (2.2)

where, the five terms namely are, electron kinetic energy (KE), electron-electron potential

energy (PE), nuclear KE, nuclear-nuclear PE and electron-nuclear PE.

2.1.1 Adiabatic approximation

Adiabatic approximation[45] states that, since mass of the nucleus is much higher than
the electron, the motion of nucleus is very slower compared to electron and, consequently,
the electrons instantaneously readjust themselves to small change in the nuclear position. In
other words, the electronic state remains nearly unchanged due to infinitesimal change in
nuclear position. Imposing this approximation, the basis of the TISE (Eq. 2.1), ¥(r, R), can
be characterized as:

(1) A full set of orthonormal electronic functions, denoted as {|¢,(r;R))}, exists.
Each of these functions is well-behaved, meaning it is bound, appropriately differentiable,
quadratically-integrable, and continuous. They depend on both the dynamical electronic co-
ordinates r and, parametrically, on the nuclear coordinates R (the semicolon in ) specifically
indicates this parametric dependence).

(2) There exists another distinct complete set of orthonormal nuclear functions, {|xax(R))}
for each of the aforementioned electronic function [, (r; R)). These nuclear functions are
also bound, appropriately differentiable, quadratically-integrable, and continuous function
of the dynamical nuclear coordinates R.

(3) The adiabatic approximation is characterized by using the complete set of orthonor-
mal functions denoted as { |1, (r; R)xax(R))}.

These conditions are the basic requirements for a ’physically admissible’ quantum
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mechanical wave function. To ensure the quadratic integrability of the wave functions few

additional conditions has to be imposed:

{H%(l‘; R)Xak<R)>’} < 00, {I‘}, {R} € {rvab}a
{IVeltba(r; R)xak(R)) [} < o0, {r},{R} € {r,,R,}, (2.3)

{|Vn’¢a<r; R)Xak(R)H} < 00, {I'}, {R} < {rvab}a

and otherwise zero. Here, {r,, R, } are the boundaries of the dynamical variables r and

R. Now the total wave function ¥(r, R) can be written as a linear combination of 1, (r; R)

Z|Xo¢k ¢a r, R)> (24)

Now the total Hamiltonian can be rewritten in terms of such adiabatic basis as fol-

lows (coordinate dependencies henceforth being left implicit to facilitate typographical

compactness)
Z |Xﬂj¢ﬁ><Xﬁjwﬂ|H’Xo¢k¢a><X&k¢a| = Z |Xﬂj¢ﬁ>
a,B8,5,k a,B,4,k (25)
X <Xﬁjwﬁ‘ [He + Tn] ‘Xakwa><Xakwa’7
where

HEH(I’R) T+‘/;e+‘/;n+vnn
h2v2

:_Z 2mez Z\r“—r

(2.6)

ZZe
Z‘Tez_R Z‘R — R,

e,j n]|

is the electronic Hamiltonian which is dependent on the nuclear coordinates, R, paramet-

rically. The first term is the total KE of all the electrons at a certain nuclear configuration.
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The other three terms represents the electron-electron repulsion, electron-nucleus attraction,
and nucleus-nucleus repulsion energies, respectively. The term 7}, in Eq. 2.5 represents the
KE contribution from the nuclear motion and it is expressed as
h2v2 )
T, =— — 2.7
" Z oM 2.7)
where M; is the mass of the i'" nucleus. The electronic functions {|t/,(r;R))} are the

eigen functions of H,(r; R) with eigenvalues U2} (r; R). Imposing "AA" notation for the

"adiabatic approximation" to the Eq. 2.5

I A HAM It e e = > I
a,B,5,k a,B.,k (2.8)

x (g [HAA T b et

In the L.H.S.
< |HAA| AA> Ef;f5aﬁ5jk~ 2.9)

In the R.H.S.
(WA H MWL = UM 6as, (2.10)

the eigenvalues U4 are the so-called adiabatic electronic energy eigenvalues which depen-
dent on the nuclear coordinates parametrically. The electronic adiabatic potential energy
surfaces (PESs) are these eigenvalues at different nuclear configurations. To satisfy Eq. 2.9,

these eigenvalues has to obey the following relation
<X§]A|T" + U£A|Xo¢k:> E 5jk’7 (211)

which is the TISE to obtain the vibrational eigenvalues and eigenfunctions associated with

the adiabatic PESs of electronic states.
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Born-Oppenheimer approximation

Born-Oppenheimer (BO) approximation[46, 47] states that the mass of the proton and
essentially the nuclei are several times heavier than the electrons, therefore, the nuclei
move so slowly compared to the electrons that the nuclei remain almost static with respect
to electrons. Consequently, the contribution of the nuclear KE in the electronic energy
adiabatic energy will be zero. Under this approximation the Eq. 2.10 can be rewritten as

follows

(VFOH | 5C) = U, (2.12)

the eigenvalue UP© being the nuclear coordinate dependent electronic energy, the BO

nuclear energy eigenfunctions can be determined as
(e 1T+ U3 Xan) = B dji. 2.13)

EBO represents the total adiabatic energies of the molecular system in the BO approximation.
So, considering Eq. 2.13 and 2.12, the total adiabatic molecular TISE can be expressed
as

<¢§’0 BO|H + To|2O\EY = EBO6,56. (2.14)

After substituting the momentum operator in the coordinate representation in the Eq. 2.7 the

v

nuclear KE, T, = — ZZ 5 M” . The Eq. 2.14 is simplified as follows (see APPENDIX-A)

(WEOXEC [He|EOXED) + Sas(XE | TnlXE0)

(2.15)
0|Z—dﬂ“-vn,i|x§,?> 0|22M IXER) = BEC basi
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where, the derivative coupling, df “, and scalar coupling, Df “ is defined as

4" = (WEO|V,. [y EO)

D = (pFO|V2 [ 50).

(2.16)

According to the BO approximation the last two terms in Eq. 2.15 are so small compared to
the adiabatic total electronic energy that it can be neglected. A qualitative justification can

be given by choosing a small parameter £, which is defined as

=

¢ = (me/M)3. 2.17)

where M being a typical nuclear mass and m, being the mass of electron, which is taken
to be unity. For a general molecular systems, for instance, a diatomic molecule which is

vibrating near minimum, the internuclear separation is expressed as
R = Ry + &u, (2.18)

where the reduced distance w is of the order of unity i.e. same as R.[48] With these facts, it
can be shown that the derivative and scalar coupling terms of Eq. 2.15 are proportional to &3
and &%, If we consider mass of nucleus M is of the order of 10*m,, then £ will be of the order
of 0.1. The electronic energy correction from the scalar coupling term, d;*“, will be of the
order of 10%, which is also of the order of rotational energy (rotational energy oc MLR(Q) ox &Y.
The off-diagonal terms of the derivative and scalar coupling represents the mixing of two
electronic states, o and 3. Mixing of two electronic states are proportional to the squares of
the two terms, i.e. £% and &8, respectively. So the correction from the derivative and scalar
coupling terms to the electronic energy (or more specifically electronic PES) is so small in
general that it can be neglected without loosing any substantial information except some

special cases like, construction of a PES for the quantum dynamics calculation of reactive
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scattering in the ultra-cold region where the diatomic rotation plays an important role [49],

a region of PES where it gets energetically very close another excited state [S0], so on.

2.1.2 Nonadiabatic effects

Nonadiabatic effects are incorporated in the electronic energy calculation or more
specifically electronic PES construction by the aforementioned two terms which is neglected
in the BO approximation. Those two terms are referred to as nonadiabatic coupling terms
(NACTs) which are essentially associated with multiple electronic states. In other words
the NACTs couple multiple electronic states through nuclear motions. This effect of the
electronic states on the other electronic states despite of no apparent interactions, i.e. no
energetically closeness, between them is purely a quantum phenomenon. In order to reckon

this fact, let us rewrite the Eq. 2.15

—h?
BO BO BO\ __ Ba Ba BO
{us +n—EM}wM>——%X§jML@¢-vm+fn)Hmw, (2.19)
where the right hand side of the equation represents a summation over all the electronic
states which indicates that all the electronic states are dependent on all other states through
nonadiabatic coupling. The term, U comes from the first term, (V5 x5°|H [ FOxEP)
in Eq. 2.15.

Since the right hand side of Eq. 2.19 is a small quantity, it can be considered as

perturbation to the following eigenvalue equation[51]

{Es+ T IxGe) = BoGe), (2.20)

Here, E¢ = UBO is the adiabatic PE of o' electronic state and it is defined by equation:
H, |B9) = E¢|wBO). The terms E°, and |x°,), represent the eigenenergy and eigen-

function, respectively, of k" vibrational level associated with the corresponding adiabatic
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potential of the o' electronic state.

2.1.3 Diabatic representation

There are some basic difficulties to perform any quantum dynamical calculation within
adiabatic representation due to the presence of the two derivative coupling terms in the
Hamiltonian. Let us apply the Hellmann-Feynman theorem to the derivative coupling term
presented in Eq. 2.16

(d)ﬁolvn He[pEO)

d% = ’ . 221

The equation indicates that the derivative coupling diverges to infinity when electronic
states become degenerate in configuration space. Consequently, the wave function also
exhibits singularity at the point of degeneracy, violating fundamental postulates of quantum
mechanics. Moreover, adiabatic PES can not be expressed by analytical function because
of the presence of singularity and changing character of electronic state at the point of
degeneracy.

The total wave function in the diabatic representation is written as
TP4(r R) Z‘X R)¥24(r; Ry)), (2.22)

where R represents the reference nuclear geometry and ¢/24(r; Ry) is the electronic wave
function at the reference geometry. Now the electronic Schrodinger equation in the diabatic
basis can be expressed as

(5 (r;Ro) [ He (15 Ro) [0 (r; Ro)) = UL (r; Ro)dag, (2.23)

where UY" (r; Rg) is the diabatic electronic energy at the reference geometry. In the
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diabatic representation the equation 2.14 reads as

(W5 XE N He + Talp2 x50 = BNt 0asdjn.

This equation is simplified into
Haﬁéij + <Xﬁj’Tn|oni>5aﬂ = Eo[z)A(Saﬁéij

where

Hap = (5 (r;Ro) | He(r; R) [0 (r; Ro))..

Considering the Eq. 2.17 and 2.18 the Hamiltonian H,(r; R) can be written as

H.(r;R) = H.(r;Ry) + AH.

(2.24)

(2.25)

(2.26)

(2.27)

The quantity AH is a function of ¢ which is it self a very small quantity, consequently,

AH is also a small quantity. Therefore, AH can be considered as small perturbation to the

H.(r;Ry). Then, the Eq. 2.26 recasts into

Hop = UPA(r;Ry) + AH,p.

(2.28)

In the diabatic representation of electronic Hamiltonian U4 appears as the diagonal

elements, which is the so-called diabatic PES, and AH,, is the inter-state diabatic coupling

term which are function of coordinates. The major advantages of the diabatic representation

are the KE operator remain no longer off-diagonal and the electronic Hamiltonian is no more

involved with the derivative coupling elements which was the bottleneck in the adiabatic

representation (see Eq. 2.15).
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2.1.4 Adiabatic to diabatic transformation

The transformation of adiabatic electronic basis to diabatic basis should be executed by
an unitary transformation so that physical significance of the two electronic basis do not
change. Following this philosophy we can build up a relation between the two representations

as follows: the total wave function is

le Y4 (r;R)) (2.29)

Z|X ¥ (r;Ro))
(2.30)
= I (R)ag5(R)ans (R)IA (15 R)).
a,k
Therefore, the diabatic and adiabatic electronic wavefunctions are related by the follow-

ing equation (in matrix formalism)
d)DA _ A¢AA, & XDA — ATXAA (231)

where A is the unitary matrix which is known as adiabatic to diabatic transformation (ADT)
matrix and its elements are a,g. In order to minimize the nonadiabatic terms present in the
adiabatic representation, the ADT matrix has to satisfy the following two conditions (see
APPENDIX-B)

> ViA+dA =0, (2.32)

and

S V2A+2,V, A+ DA =0, (2.33)

where the elements of the operators d; and D; are defined in Eq. 2.16. Implementing these



2.1. Theory of molecular electronic structure 17

two conditions, the nuclear TISE in diabatic representation can be simplified into

2
> - 27;‘% V2 x4+ (UPA —EPYHx P4 = (2.34)

)

The diabatic PE matrix U”4 is related to the adiabatic PE matrix by the following equation
UP4 = ATUAA. (2.35)

The necessary condition to solve Eq. 2.32 is the so-called "curl condition" [52, 53, 54]

D Vaix Y dA=0. (2.36)

The calculation of ADT matrix A utilizing this equation is very tedious because of large size
of matrix A specifically for polyatomic molecules. To avoid the computational struggle for
diabatization by this method a computationally inexpensive but effective scheme is generally
used where a model diabatic Hamiltonian is constructed using a prescribed method and then
the adiabatic Hamiltonian is obtained by the diagonalization of the diabatic Hamiltonian.
Now the unknown coefficients present in the adiabatic Hamiltonian is determined by fitting
it with the adiabatic energies calculated from the electronic TISE at different geometries.
In this formalism of adiabatic to diabatic transformation one has to calculate the ADT
matrix, A implementing the condition described in Eq. 2.32. Therefore, calculation of
the nonadiabtic coupling matrix, d;, is the crucial part in this formalism. There are plenty
of software (MOLPRO, GAMESS) available for the calculation of nonadiabatic coupling
matrix at some level of theory (MRCI, CASSCF). Then the mathematical formula of ADT
matrix is assumed to be (considering a two state system and without loosing any generality

of the ADT matrix which should be an unitary matrix)
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A cos(©) —sin(O) 2.37)
sin(®)  cos(O)

where the angle O is the mixing angle. Now, the mixing angles are calculated from
the Eq. 2.32 and the matrix A is obtained and from Eq. 2.35 the diabatic PE calculate. In
principle this rigorous formalism can be implemented all the molecular systems but this
becomes very tedious for polyatomic systems containing more than 3 atoms because the
accurate calculation of nonadiabatic coupling matrix becomes very challenging and time
consuming. Therefore, to avoid the calculation of ab initio nonadiabatic coupling matrix a
quasi-diabatization scheme was proposed.

The UD4 and AH, 5 in Eq. 2.28 can be expanded using Taylor series as

1 1
Ui =Boa+ 3 Ki"Qut 5 3 Qi+ 5 ) wiQit 3 sy QmQu
' ' ¢ mm’ (2.38)
AHas =) NPQ., o # B

C

The x7“ represent the PE gradients at the reference geometry for « electronic state. The
term (), are the tuning modes which tunes energy gap between the electronic states [55, 56].
The quantity A\%? represents the first-order inter-state vibronic coupling constant for a-3
states and the associated modes (). are called coupling modes [55, 56]. The terms vfnf“m, are
the intra-state bilinear coupling constants.[55, 56, 57]

The eigenvalues of H, matrix are (cf. Eq. 2.28)

1 1
Ei = i(UaDaA—I—UﬁDﬂA)j:5\/(U£A_U[%A>2+4’AHaﬁ‘2 (239)

where E. are the adiabatic energies. The inter-state coupling constant \>* is calculated by
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the following relation [58]

aff 1 82 2 :
2= |50 B B (QO . (2.40)

So in this formalism the inter-state coupling can be calculated by Eq. 2.40 directly from

the adiabatic energies and the diabatic PES are obtained by the Eq. 2.39. The mixing angle

in Eq. 2.37 is related to the diabatic energies UP4, U [%A, and diabatic coupling, AH 3, by

following equation

@than (UgBA—UDA

[e70%

1 M—Haﬁ)] (2.41)

The quasi-diabatization also has drawbacks. The equation which calculates the inter-state
coupling, \%? (Eq. 2.40), is formulated within the limit of linear vibronic coupling (LVC)
approximation. The accuracy of this formalism is limited to cases where the molecular
Hamiltonian is represented in mass-weighted normal modes and where the displacement
from equilibrium is not substantial enough to induce molecular fragmentation, such as
in scattering of atom-molecule systems. Thus, it is well-suited for the calculation of the
vibronic coupling Hamiltonian. Yet, this formalism is incapable of diabatizing between
states of the same symmetry in vibronic coupling Hamiltonian. For the diabatization of
same symmetry states four-fold diabatization scheme is generally used developed by Truhlar
and coworkers[59, 60, 61, 62, 63, 64]. To study the potodissociation or scattering processes

the Hamiltonian has to be represented in Jacobi or internal coordinates.

2.1.5 Conical intersection

To begin the discussion of CI, let us start with the rules and regulations for crossing
two PE curves. In 1927 Hund proposed a qualitative characterization of the conditions for
crossing two PE curves which was further mathematically proved in 1929 by Neumann and
Wigner.[65, 66]

To establish the conditions for crossing two PE curves mathematically, we adopted the
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formulation given by E. Teller in Ref. [67]. For a given system, if all the electronic wave
functions are known to us except the two whose corresponding curves cross each other, then

the wave functions of those two states can be expressed as

) = c1¢1 + 09, (2.42)

where ¢; and ¢, are the two arbitrary wave functions which are orthogonal two each other
as well as the other known electronic wave functions. Now the characteristic equation will

determine the PESs as follows

Hll_E H12

=0, (2.43)
Hy, Hy—E
and the coefficients c; and ¢, are determined by
Hy, - FE His &1
= 0. 2.44)

Hoyy Hyy — E C2

If in our problem the spin-orbit coupling is negligible, then the off-diagonal elements H,

and f,; are real valued. The eigenvalues of Eq. 2.43 are

_ Hyy+Hyp 1

E. : + 5\/(HH — Hyy)? + 4|Hpo % (2.45)

These two eigenvalues E represents the two adiabatic PE curves which cross each other.

Now, consider the separation between these two potentials

AH = +/(Hy — Hap)? + 4| Hyp% (2.46)

At the intersection of the two energy curves AH = 0 and the necessary and sufficient
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conditions are

H11 - H22 & H12 - 0 (247)

These two conditions represent two independent equations which can only be satisfied
simultaneously if and only if Hy;/Hsy and H; depend on two independent variables or
coordinates, respectively. In the case of diatomic molecules only one independent coordinate
is possible therefore the two conditions can not be satisfies and two PE curves never cross
each other and this is the so-called "non-crossing rule". On the other hand, for polyatomic
molecules there are enough independent variable are available which can satisfy the two
conditions simultaneously. Therefore, surface crossings or degeneracies are quite typical.
Suppose for a polyatomic molecule the two independent variables are x and y, and the
origin is at the point where the surface intersect. Then the first order Taylor series expansion

of the Hamiltonian leads to

H() -+ hlfﬁ —F ly
— 0, (2.48)
ly H() + hQZL’ —F
and the eigenvalues are
Ey = Hy + max £ v/ k222 + 1292, (2.49)
where m = 1 (hy + hs) and k = £(hy — h). In this (x,y) coordinate space, the gap between

the two eigenvalues (adiabatic PESs) is

E, — E_ =2\/k?z? + [?y? (2.50)

A CI is what we call this surface crossing, as this mathematical expression reveals that the
PESs form a double cone with its vertex at the origin.[56, 68]. We call the (x,y) coordinate

space the branching space, with its (N-2)-dimensional complement forming the CI seam.
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2.1.6 Geometrical phase factor

The adiabatic electronic wave function is expressed by, ¥4 = ATpP4, where A is
defined by Eq. 2.37 and the mixing angle, O, is defined by Eq. 2.41. This general expression

of O recasts in the branching space (x,y) (as mentioned in the previous section) as

1 k
O = - tan"! [ﬁ} where =~ 2.51)
2 x l
On the other hand, the geometric angle in the branching space (x,y) reads as
6 = tan! M (2.52)
x

therefore, when the electronic wave function encircles around the CI by a circular path the
geometric angle completes a 27 rotation whereas the mixing angle completes a rotation of 7

only. Now the status of ADT matrix A at © = 7 is

cos(m) —sin(7) -1 0
AO=n7)= = =—A(©=0). (2.53)

sin(m)  cos(m) 0 -1
Thus, a key result of CIs is the occurrence of very fast nonadiabatic transitions between
electronic states, alongside the geometric phase (GP) effect.[69, 70] Expanding on the
idea of the GP effect, this implies that when an adiabatic electronic wavefunction traces
a 27 loop around a CI, it undergoes a phase shift of w. This sign change makes the
electronic wavefunction "non-single-valued" in that coordinate space (cf. Eq. 2.53).[71, 72]
In essence, to ensure the total molecular wavefunction remains single-valued despite the
GP effect, the nuclear wavefunction must also acquire a 7 phase shift when encircling a
CI. The transformation to a diabatic basis is a well-suited approach to handle this inherent

discontinuity, as it provides a representation where the electronic states and their couplings
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are smooth functions of the nuclear coordinates. This circumvents the complexities arising
from the non-single-valued nature of adiabatic electronic wavefunctions in the vicinity of a
CI. This means that when we analyze the molecular dynamics using a diabatic representation,
the GP effect is inherently accounted for. This is because the diabatic approach naturally
satisfies the correct boundary conditions when the system effectively "circles" a CI. Within
this representation, the GP effect reveals itself clearly through a distinct change in the nodal
pattern of the nuclear wavefunction along a coupling coordinate, particularly when a diabatic
transfer occurs in the presence of a CI.[73] This observation stems from the nature of the
diabatic coupling element within the diabatic PE matrix. Specifically, this coupling element
is an odd function of the coupling coordinate (in a first-order approximation). This odd
symmetry of the coupling is what mathematically enforces the phase change in the nuclear
wavefunction, leading to the observed alteration in the nodal pattern when encircling a CI

during diabatic transfer (see Chap. 3 and Chap. 4).

2.2 Optimal control theory

The OCT is a branch of mathematics where optimization of a target function or functional
is optimized using some optimization tools like conjugate-gradient method, GA etc. When
these mathematical frameworks are applied on the quantum systems, like atom or molecule,
to control its internal dynamics which is governed by a time evolution operator following
the basic principles of quantum mechanics, it is generally termed as quantum control (herein
after the term ’OCT’ and ’quantum control’ will be used for the same purpose). The
major goal in OCT is the determination of best or optimal values of external parameters on
which the dynamics of the quantum system explicitly depends. The most suitable external
parameters are selected by judging the corresponding cost functional values. The functional
depends on the control variables and some physical observables whose fate is determined by

time dependent external control.
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This work applies OCT to determine the optimal shape of laser pulse(s). These precisely
sculpted pulses guide a molecular system from its initial state to a specific target state. The
underlying principle is simple: the electric field of the optimal laser pulse interacts with the
molecule’s permanent dipole moment, steering it toward the desired final configuration. The

TDSE in presence of laser field can be written as follows

(e t) = (= T2 ()l 1) (2.54)

where H represents the system Hamiltonian, ﬁ and € are the dipole moment of the
system and electric field of the laser pulse, respectively. Hence, the OCT is a fusion of
the TDSE within dipole moment approximation and mathematical tools which modulates
the spectral and temporal profiles of laser during the dynamics to explore all the possible
pathways encompassing the electronic or vibronic excitations and their time evolutions.
Ultimately, the quantum mechanical interferences among these numerous pathways become
crucial in successfully steering the system towards its desired target state. The constructive
interferences lead to the desired target whereas destructive interference, not. A detail

mathematical formulation of OCT is given below.

2.2.1 Formulation

The major aim of OCT is to come up with the best combination of laser-parameter
values, which decides its spectral and temporal profile, to maximize the expectation values
of specific physically observable operators, O, within a desired target state, ¢(T"), or along
a particular reaction channel. This optimal laser pulse design is achieved by formulating the

problem in terms of a "cost functional," J[e(t)]. It consists of three parts,

Jle®)] = J, + J, + J.. (2.55)

The first term, .J,, is the expectation of physical observable which is known as objective
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term. Generally, it is expressed as }<¢(T)‘O|¢(T )>} The second term, J,, contains the
mathematical expression of the laser field and a Lagrangian multiplier which is termed as
penalty factor and is independent of laser parameters. This penalty factor is crucial; it helps
prevent the occurrence of undesirable physical processes. The third term, .J., ensures the
system’s evolution adheres to the TDSE, acting as a dynamic constraint throughout the
controlled process.

The formulation of objective term depends of the given problem. The objective terms can
be categorized into two types, time-dependent and time-independent. The time-dependent
objective term should be constructed in a way such that the expectation value of the operator,
O, has to be optimized at each of the time steps during the dynamics. For instance, this could
involve maximizing the outgoing dissociative flux across a dividing line at each discrete
time interval. On the other hand, the time-independent objective has to be optimized at the
target state, ¢)(7"), at time T from its initial state ¢)(0) = ¢,. For instance, maximization of
the projection of the wave function with predefined vibrational state. The specific objective
function chosen is always tailored to the precise nature of the problem being tackled.
Therefore, within this thesis, the detailed descriptions of the particular objective functions
selected for their suitability in each scenario, presented in the relevant working chapters.

The second term, J,,, represents the electric field which is employed externally to the

system of interest. The mathematical form of it is

T
Jp = —ag/ dt|e(t)]”. (2.56)
0

This formulation represents the fluence of the laser pulse. The penalty factor, ay, is a
crucial positive scalar. It’s what precisely determines the weight of the fluence term within
the functional, thereby controlling its influence on the overall optimization process. The
negative sign in this term assures that, if the cost functional gets maximized, this penalty

term gets minimized.
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The third term, J., represents the dynamical constraint. Therefore, the evolution of the
system has to endure the TDSE in Eq. 2.54.

At this stage, we can write the cost functional explicitly [74, 75] as follows

Je(®) = i [(HD)O[AT)] a0 [ dlelt)
0 (2.57)

~2Re [/0 () i)

Here, x(t) serves as a Lagrange multiplier. This mathematical tool is introduced specif-
ically to incorporate the system’s dynamic constraints directly into the cost functional,
ensuring that the optimized evolution strictly adheres to the governing equations of motion.

In order to find out the working equations for the calculation of the optimal laser pulse
shape, the first order derivative of the cost functional with respect to ¢(t), x(¢) and €(t) is

derived

o =0 =) = (0.0 = 0) = w(0),
% 0 ;»iai;—ff) — (), (T) = Ou(T), (2:58)
9

5o = 0 =0 = o0l — (WOl ()

These three equations are solved iteratively in the OCT calculations. There are vari-
ous methods available for the numerical evaluations of these three equations. However,
a common challenge with these methods is their generally slow convergence towards an
optimal (though often local) solution, which also entails significant computational com-
plexity. To avoid these complexity the optimization protocols, such as conjugate gradient
(CG) method [76, 77, 78, 79] and GA, are generally employed in OCT. The CG method is

a gradient-based search algorithm that centers its optimization around the gradient of the
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cost functional with respect to the laser field whereas the GA method based on biological
evolution strategies where the optimal value of cost functional is reached by judging the
fitness function iteratively. The GA is often favored in optimization due to its flexibility
and ability to explore large solution spaces efficiently, especially in complex, non-linear, or
multi-modal problems where traditional methods may struggle. Compared to CG, GAs are
less prone to getting trapped in local minima and are particularly useful when the problem
space isn’t smooth or differentiable, which may impact CG’s performance. Therefore, the
GA is chosen as the optimization tool for all the projects in the present thesis due to its

effective approach to finding optimal solutions and its improved accuracy compared to CG.

Genetic algorithm

In GA, the laser pulse is implemented by the following general expression

€ga(t) = €4(t) + €.-(1). (2.59)

In this thesis work, €, (%) is set to zero, but generally, it is a light wave which represents
a constant laser pulse or a initial lase pulse. The term ¢, (¢) is represented as a product of

envelop function, S(t¢) and sinusoidal wave function with frequency, w, as shown below
&(t) =Y Eysin(w't)S(t), (2.60)
i=1

where Ej is the amplitude of the laser pulse. For a multi-frequency calculation n is greater
than 1, so E; and w; are the amplitude and frequency, respectively, of i:-th component of
electromagnetic wave.[80] Most of the works in the present thesis is done considering single
frequency laser pulse only. The amplitude, FEj, is determined by the pulse area theorem.[81]
The frequency w is utilized as the frequency for the transition between the states. The
envelope function, S(¢), is a mathematical tool that shapes a laser pulse. It needs to start at

zero, gradually increase to a peak, and then smoothly return to zero. Various mathematical
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Figure 2.1: An outline of GA.

expressions can be used for S(t) depending on the specific problem, and the forms used in
this thesis are detailed in the working chapters.

Using GA, diverse combinations of frequency (w), time parameters, and amplitude
(E) are explored with the goal of identifying the best values of these parameters among
all possible permutations. Each set of these parameters is referred to as an "individual"
in GA. To find the optimal solution, a population of individuals is initially generated by
randomly drawing parameter sets from the parameter space. Each parameter set is encoded
as a "chromosome" in binary format. These randomly chosen individuals are then subjected
to optimization to pinpoint the best solution that maximizes the cost functional. The overall

optimization process is depicted in Fig. 2.1.

2.2.2 Time evolution

It is well understood that any quantum mechanical system can be fully described by
the wave function, ¢ (z, t), where = and ¢ represent the spatial and temporal coordinates,

respectively. The governing equation of it is the TDSE
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0
’lha

U(x,t) = H(w) (1), (2.61)

with the initial condition given by ¢(z,t = 0) = 1), representing the wave function at
time ¢ = 0. As the Hamiltonian is time independent, the general solution of the TDSE is
iHt

W(x,t) = exp [ . T} b(z, 0). (2.62)

If we are concerned with the state of the system after an infinitesimal time increment, dt,
from ¢ = 0, such that the Hamiltonian H (x) remains approximately constant, then Eq. 2.62
transforms into
1Hdt

h

b, dt) ~ exp [— ]¢(x,o). (2.63)

The total time tt can be represented as a sum of increments dt, such that ¢ = Ndt. Likewise,
the time ¢ + dt can be written as ¢t + dt = (N + 1)dt. So the wave function at ¢ and ¢ + dt

can be written as

iHNdt
Vi t) mexp | - = v(a,0)
JH(N +1)dt (264
Y(x,t+ dt) =exp [ - %} Y(z,0).
This two equations leads to
W@t + dt) ~ exp [ - ’Z_Ldt} b, ). (2.65)

iHdt
h

The the quantity, exp [ — ] , 1s acting as the time propagation operator. The accuracy
of the propagation depends on the size of the time interval dt; as dt becomes smaller, the

accuracy increases.
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The time propagation operator is an unitary operator. Its generally defined as U (¢)

U(dt) = exp [— Zf;dt]
iT + V]dt (260
o] 5

where 7" and V are the KE and PE operator, respectively. At this stage, it is important to
note the distinct characteristics of the two operators, T and V. In coordinate space, T is
non-local, while V is local. However, in momentum space, this relationship is reversed: T
becomes local, and V becomes non-local. As a result, the operators do not commute, mean-
ing [T, V] # 0. Consequently, we have exp [— W} =+ exp [— %] exp [— #}

Instead, we can expand it using Baker-Campbell-Hausdorff (BCH) formula [82] as

LT = ZV]dt] o [_ ﬂ;dt} exp [_ iZdt} exp [W] (2.67)
exp [_ Z[T’ [Tv VH + [V, [V, T]]dt] :
12h

To get rid of the commutator of T and V, we can utilize Trotter-Suzuki decomposition

technique

[T+ V]dt 1 dt V1)
exp [— u} = lim [ exp [— ! } exp [— ! } : (2.68)
h nh nh
It is the first order decomposition and for finite n, this is an approximation with an error
that decreases as n increases. To improve the accuracy second or higher Trotter-Suzuki
decomposition technique can be implemented. In this thesis, the second-order expansion

is applied, which is sufficiently accurate for the type of work presented across all projects.
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The second-order expansion is given by

2h h 2h
or (2.69)
o[- Gt e[ e [ -

The accuracy limit of these two decomposition methods is O({[T, V]dt}?). Between the
two, the first decomposition is comparatively faster than the second. The reason for this will
become clearer as the discussion progresses.

If we consider the given Hamiltonian is in diabatic representation, then the KE operator T
and PE operator V are diagonal and off-diagonal square matrix, respectively. The operators
we get after the decompositions will act on the wave function ¢ (z,t) following some
mathematical prescriptions. Let us consider a system of two electronic states, then the wave

function of it is expressed as (in one dimensional space)

P(z,t) = (e 8) , (2.70)

¢2 (x7 t)
and the diabatic molecular Hamiltonian is expressed as

~ A ‘/11 ‘/12
H=11,+ . 2.71)

Vor Vao

The PE part of the split-operator (SO) exp [ — %] can act on 1) following these steps:
(1) Diagonalize the PE matrix: Begin by diagonalizing the PE matrix V to obtain the

transformation matrix S such that

V = S'V,44,S, (2.72)
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where V4,4 1s a diagonal matrix containing the eigenvalues of V. Here, V 4,4 represents the
adiabatic PE matrix, and S is the diabatic-to-adiabatic transformation matrix.

(2) Rewrite the PE operator: The PE operator can then be expressed as

th} ; [ B inzagdt] S, (2.73)

= S'exp o

(3) Simplify the operator in the diagonal basis: The operator sandwiched between the

two S matrices simplifies to

[ 2\7 dz'agdt:| exp [_ iV;;idt} 0
exp| — ———| =

o 0 oo - 2.74)

Although the KE operator Tisa diagonal matrix in diabatic representation, the KE

part of the SO, exp [ — iédt} , cannot act directly on 1) in the coordinate space like the PE

operator dose, because T is non-local in coordinate space. However, since T is local in
momentum space, this operator can be applied by following these steps:

(1) Fourier transformation of wave function: At first, Fourier transform the wave function,
1 (x, 1), to its momentum space representation, v (k, t), using fast Fourier transformation
(FFT). Then, multiply it by the KE component of the SO in its momentum space, i.e.

exp [ _ %%} at each grid point:

*+21.2
ZZ n’j % « FFT{3(k, 1)}, (2.75)

exp [—

(2) Inverse Fourier transformation: Then, Fourier transform this quantity back from
momentum space to coordinate space to obtain the updated wave function in coordinate

space:
ih?k* dt

2m ﬁ] X FFTW(k,t)}} (2.76)

FFT‘l{ exp [ _

The Fourier transformation using the FFT method becomes computationally expensive as the
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dimensionality of the coordinate space increases. Therefore, among the two decompositions
shown in Eq. 2.69, the first one performs the FFT operation only two times per time step,
whereas the second requires four FFT operations. To reduce computational load and save
time, this thesis adopts the first type of decomposition.

The SO method is well-suited for propagating wavefunctions through time, especially
when they evolve across multiple electronic states. This is because the SO method inher-
ently preserves the unitary nature of the evolution operator. The coupling between these
electronic states can stem from two main sources: nonadiabatic interactions, which are
time-independent, or interactions with light through the transition dipole moment (TDM),

which are time-dependent.



CHAPTER 3

Optimal Control of N-H Photodissociation

of Pyridinyl

3.1 Introduction

Quantum control of chemical processes like photodissociation, photoinduced intramolec-
ular H-transfer, cis-trans photoisomerisation etc. by tailored laser pulse has been pursued
over a long time.[83] The evolution of the molecular system towards a desired target state
can be monitored by modulating the parameters associated with the laser field viz. frequency,
amplitude, phase, shape and delay time between pump-dump pulses etc. There are several
algorithms by which one can determine the optimal parameters of the laser pulse. The GA
is one of them and emerged as one of the useful stochastic optimization algorithm. Within a
given parameter range the GA efficiently drives the process to the optimal outcome.

There are many different ways to choose the parameters for a specific desired objective
to be controlled for different processes depending upon the topography of the PESs of the
system. For example, for a PES where two exit channels are degenerate, one can modulate

the phases of the pump-dump pulses in a way that the product branching ratios can be

34
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controlled by constructive or destructive interferences of the wave functions.[10, 11, 84, 85]
Tannor and Rice[16], and Tannor, Kosloff and Rice[21] have shown that the delay time
between pump-dump pulses can be tuned to manipulate the product formation in the ground
electronic state. Serrano-Jiménez et al. [86] have suggested a pump-dump scheme to
coherent control product branching ratios of CH;3l photodissociation in the weak field
regime. It is also possible to monitor the photodissociation product branching ratio using a
single ultrashort laser pulse, regulating the frequency, amplitude, and shape within the OCT
framework.[80, 87, 88]

Pyridinyl (PyH") radical is one of the simplest hypervalent aromatic radical which
appears as an intermediate in the reaction of water splitting where pyridine acts as a
photocatalyst.[89] Pyridine is not a good chromophore itself in this solar water splitting,
it absorbs rather in the far UV region, whereas PyH' absorbs in the UV region. The 77*
excitation (~4.8 eV) of Py-H,O complex leads to the production of PyH' and -OH.[90]
PyH' is an intermediate which dissociates into Py and H- following electronic excitation by
visible light (~600 nm, ~2 eV).[91]

Ehrmaier er al.[92] have carried out detailed electronic structure calculations and also
studied field free dynamics on the mo* electronic state of PyH . The ground-state equilibrium
geometry of pyridinyl radical was calculated at the unrestricted Mgller-Plesset second-
order perturbation (UMP2) theory level using correlation consistent double-( basis set
(cc-pVDZ) of Dunning.[93] It was found from the CASSCEF calculation that the highest
occupied molecular orbital (HOMO) is 3b; which is singly occupied. The lowest unoccupied
molecular orbital (LUMO) and LUMO+1 are o* and 7* orbitals of 12a; and 2a, symmetry,
respectively. However, CASPT?2 calculation revealed that the 7* orbital is energetically
lower than the o* orbital [see Table I in ref. 14]. The first (D) and second (D) excited
adiabatic electronic states are dominated by the configurations of singly occupied 2a, and
12a; MOs, respectively. The PESs of the ground and the two low-lying excited states (w7 *

and mo*) were calculated using CASSCF/CASPT?2 methods employing aug-cc-pVDZ basis
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set. The active space for the CASSCEF calculation includes the o(a;) and o*(a,) orbitals
of the N-H bond and three ring-centered 7 (two b; and one as) and 7* (one b; and two as)
orbitals. The interstate coupling parameters along the coupling vibrational normal modes
at the two ClIs revealed that the ()7(b;), Qs(b1) and (Qg9(asy) are the most relevant coupling
modes (see Table II and III of ref. 14).

Field free nonadiabatic quantum dynamics has been investigated on coupled three dimen-
sional PESs using the multi-configuration time-dependent Hartree (MCTDH) method.[92]
An explicit dependence of the N-H dissociation yield on the initial vibrational excitation
along N-H stretching and coupling coordinates was found from these calculations. The
initial excitation along the N-H stretching coordinate facilitate the hydrogen abstraction.
The photodissociation is also sensitive to the initial vibrational excitation along the coupling
coordinates.

In the present work, the photoinduced N-H bond photodissociation dynamics is investi-
gated within the mathematical framework of OCT employing the GA as an optimization
tool where maximization of N-H dissociation yield is the target. A single UV laser pulse of
a few femtosecond time period is optimized in terms of frequency, amplitude and the shape
of the pulse as parameter. The considered laser pulses are in the strong field regime which
is suitable for the present PES model, where the energy difference between the ground
state and excited state in the asymptotic region is large and there is very low probability of

dissociation through the excited state.

3.2 Theory and methodology

A three-states and three-modes model Hamiltonian is constructed in the present quantum
dynamics investigation of the N-H photodissociation of pyridinyl molecule. In this model
Hamiltonian, the distance between the center-of-mass of pyridine residue and the H-atom

i.e. referred as the Jacobi distance, R (a; symmetry) [cf., Fig. 3.1(a)] is the reaction
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coordinate. The out-of-plane bending coordinate, represented by jacobi angle of H-atom, ©
(b; symmetry) [cf., Fig. 3.1(a)] and the normal vibrational coordinate, 0y (a2 symmetry)
[cf., Fig. 3.1(b)] are taken as the two coupling coordinates. Three electronic states in a
diabatic representation are designated as ground state (3b1), 77* (2a2) and wo* (12a,). In
the adiabatic representation they are designated as Dy, Dy and Dy. Dy/D; and D1/D, Cls
due to crossing of 12a,-3b; and 12a;-2a,, are located at R = 5.37 a.u. and R = 5.03 a.u.,
respectively [cf., Fig. 3.2]. Coordinates © and ()9 are the most important ones to couple the

Dy-D; and D+-D electronic states, respectively.

(a) (b)

Figure 3.1: (a)Jacobi coordinates R and ©. M is the center of mass of the pyridine residue.
(b) Nuclear displacement vectors for ()9 vibrational mode.

Quantum dynamics calculations are carried out by solving the TDSE on the nonadiabati-

cally coupled three electronic states. In a diabatic electronic representation the Hamiltonian

(a) (b)

Figure 3.2: (a) and (b) are diabatic and adiabatic energy curves of the three energetically
lowest electronic states of pyridinyl along the Jacobi coordinate R, respectively.
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reads

H=TyI;+V, (3.1)
where I3 is a 3 x 3 diagonal unit matrix and KE operator Ty reads (in atomic units)

191 9 1

Ty = —— o — —gms — — 2
NTTou0r? T 29002 T 21002 -2)

Here ;. and [ are the reduced mass along reaction coordinate and moment-of-inertia
along © coordinate, respectively [cf., eq. 8-11 in Ref. 15]. wy is the harmonic frequency of
the ()9 normal mode.

The diabatic potential matrix is given by

Voo Vor Voo
V=1V Vii Vio|: (3.3)
Voo Viz Voo

The diagonal terms of V are the diabatic potential energies of the three electronic states
which are functions of R, © and ()y. The off-diagonal terms define the diabatic coupling
potential. The mo* (12a;) state is coupled to the 77* (2a5) and ground state (3b;) therefore,
V2 and V4 are non-zero, whereas Vj; is zero. The PE matrix is constructed from the fitted
equations given in APPENDIX A of Ref. 15. It is worthwhile to mention here that there
is a typo in Eq. (A8) where the exponential function should be e(~2(f=F5)) instead of

e(—12(R—R5)?)

which is unfortunately overlooked by the authors. The diagonal (Vy, Vi1, Va2)
and off-diagonal (V2 and Vj5) elements of the diabatic PES matrix are presented in Fig.
3.3. The interaction potential for m7* excitation from the ground state by the continuous
laser pulse is, — 1. £(t). The latter is added to the diabatic coupling potentials introduced
above. The quantity /i, is the TDM between ground and 77* electronic state, and E/(t)

is the time dependent electric field of the laser pulse. The wo* state is optically dark and,
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Table 3.1: Energy eigenvalues [in cm™!] of the vibrational wave functions
of the electronic ground state of pyridinyl.

IR, NE, NQ,) Eigenvalue previous results[92]
0,0,0) 2467 2376
0,0,1) 2912 2811
0,1, 0) 3357 3241
0,1, 1) 3804 3676

it is unlikely that it is directly populated by light absorption from the electronic ground
state.[92] Therefore, the TDM, g2, is taken as zero. The only optically bright excited
electronic state present in this system is the 77* state and the corresponding transition
moment, /i1, iS taken constant (unity). This constant dipole moment approximation is a
valid approximation in a diabatic electronic basis as the electronic character of the states
remains unchanged throughout the nuclear coordinate space in this basis.[94] This is also
verified in our recent studies on the photodissociation of pyrrole and photoinduced H-transfer

in malonaldehyde.[87, 95, 96]

energy [eV]
energy [eV]

R [a.u.]

(a) V()(),VH,VQQ inR and © Space. (b) V()(),Vn,VQQ in R and Qg Space.

energy [eV]

(c) Vo (d) Vi2

Figure 3.3: Diabatic PESs and the coupling potential energies (c and d) as function of R, ©
and ()9 coordinates.

The photoinduced dissociation of N-H bond of pyridinyl molecule is investigated by
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numerically solving the TDSE using the model Hamiltonian [cf., Eq.(3.1-3.3)] within
a semi-classical dipole approximation [97, 98] on a three dimensional grid points with
3.5 < R <12.0 (bohr), —1.5 < © < 1.5 (rad.) and —20.0 < ()9 < 20.0 (in dimensionless
unit). For the propagation of the WP in time a second order SO method is employed[99, 100]
to three coupled electronic states.[101, 102] The vibronic wave functions of the diabatic
ground electronic state are considered as the initial condition to solve the TDSE. These
wave functions are calculated by a pseudospectral method (see APPENDIX D) and they
are designated as |ng, ne, ng,) where ng, ng and ng, are the number of nodes of the wave
function along these coordinates. Some of the wave functions are shown in Fig. 3.4. A few
energy eigenvalues of the ground electronic state are given in Table 3.1. The initial WP
prepared on the ground electronic state is gradually pumped to the excited w7* electronic
state by a time-dependent laser pulse.

The TDSE of the coupled manifold three electronic states reads (in atomic units)

; |40) |40)
Za |¢1> =H Wl) ) (3.4)
|12) |h2)

To avoid reflection of the WP components from the grid boundary it is multiplied with a
sine type of damping function in the asymptotic region of the reaction coordinate[103]. The
damping function reads

™ (Rmask + A]%mask - Rz)

f(Rz) = sin E AR . y Rz > Rmask:a (35)

here R = R4k 1S the point where damping is activated and its value is 1.0 up to this
point. It gradually decreases to zero at the grid edge. The dissociation yield is calculated
as the time accumulated flux on a dividing surface located at R = Ry, in the asymptotic

region of the product channels. The time accumulated flux on the i-th electronic state in
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Figure 3.4: The probability density of |0,0,0), |0,0,1), |0,1,0) and |0, 1, 1) vibrational
wave functions of the electronic ground state calculated by the pseudo spectral method. The
wave function probability densities are plotted in R — © and R — )y space.

diabatic(d)/adiabatic(a) representation is given by (in atomic units)

¢ d/a
o= [ [ [ n.0.qymy B2 0T

R dr.

0 dQ,

R:Rflua:

(3.6)

and the total flux for the dissociation on the three electronic states is

3
ol =3 "9, (3.7)
i=1
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The diabatic and adiabatic electronic populations of a given state are calculated by, [104]

‘Pzd(t) = /// (ﬂjzd(R7 @7 Q97 t))*w;i(R7 6) Q97 t) dR d© dQ97Z. = 07 17 2
v (3.8)

Po(t) = / / /V (62(R, ©, Q0. 1)) 02 (R, ©, Qo 1) dR O dQ, i = 0, 1,2

A laser field dependent cost functional, J[E(t)], is constructed which includes the total
flux ®? as the target and time-integrated intensity of the pulse (i.e. energy associated with
the laser pulse). The target is the maximization of the total time accumulated flux with a
simultaneous minimization of energy associated with the pulse. The cost functional for a

laser pulse of duration 7 is given by

JIE)] = & — ag /U T[E(t)]2dt. (3.9)

In the above equation o is a Lagrange multiplier which is independent of all laser
parameters, designated as a penalty factor. For the present application, it is fixed at 0.001
a.u.. The functional in Eq.(3.9) is maximized using the GA (in particular micro-GA)
subjected to the systems dynamics to follow the TDSE. [38, 105]

The mathematical construction of the laser pulse considered in this work is given by

E(t) = {Epsinwt}.S(t), (3.10)
where
(
sin?[3 (£4))] to<t<t
St)=9 1.0 th<t<t (3.11)
\ sin?[3 (£50))] ty<t<ty=T.

In Eq. 3.10 Ey and w are the amplitude and frequency of the pulse. The envelope
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function S(t) [cf., Eq. 4.13] determines the shape of the pulse by modulating t¢, ¢;, t2
and T, where tp = 0 < t; < ty < t3 = T. The time period from %, to ¢, is the rise time
of the pulse, ¢, to t3, is the switch off period and in the intermediate section, ¢; to t,, the
envelop takes the value of unity giving rise to a plateau. The total time duration, 7', of 30000
a.u. is considered. The optimal pulse shape is calculated using the GA based optimization
method which gives the best combination of the four laser parameters i.e., £y, w and two
time parameters ¢, and ¢, to maximize J[E(t)]. We fixed a search space or parameter range

[cf., Table 3.2] within which the GA finds the best solution.

Table 3.2: Laser parameter ranges for the optimization

of the pulse by the GA.
Laser parameter Parameter range [a.u.]
Amplitude, E 0.0-0.07
Frequency, w 0.0536-0.1236
tl 02xT-T
t2 T—-08xT

GA is an adaptive heuristic search method for optimization of a function using the
phenomenon of natural selection and principles of genetics. [105] In each of the generation
in GA, a certain number, N, of individuals (a set of values of the parameters, here it is E,
w, t1 and ) are randomly selected within the given parameter space [cf., Table 3.2]. The
evaluation of these individuals are performed by calculating the cost functional J[E(?)], the
corresponding individual of the best value survives for the next generation. The elements
of the natural selection process such as inheritance, mutation, selection, and crossover are
included in the algorithm for the preparation of the individuals in the next generation. The
values of the individuals are generated in binary numbers i.e. a string of Os and 1s of a
particular length (in our case 10) represents a possible value of a parameter set. A string of
this binary numbers of all parameters is called a chromosome. In our work a chromosome is
made up of length 40 with the 4 parameters stated above. The chromosome can have 2*°

possible permutations of laser parameters.[80] GA finds out the best solution among these
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possibilities.

3.3 RESULTS and DISCUSSION

3.3.1 Quantum dynamics within OCT framework

The vibrational wave function |0, 0, 0) of the diabatic ground electronic state is taken
as the initial condition. It is excited to the w7* state by applying continuous pulse [cf.,
Fig. 3.5(a)] . The optimized frequency of the pulse determined from the GA is 17183
cm™! (0.07829 a.u.) [cf., Fig. 3.5(b)]. The N-H dissociation process starts followed by
the gradual 77* excitation and aided by the nonadiabatic transition through the two CIs
(Do/D; and D1/ D). Figs. 3.5(c) and 3.5(d) portray the time-dependence of diabatic and
adiabatic electronic populations on the three electronic states during the action of the optimal
pulse. Also the time accumulated fluxes at the asymptotes of three electronic states are
calculated which show that almost entire dissociation occurs via the repulsive mo* state [cf.,
Fig. 3.5(e)].

The |0, 0,0) WP is gradually excited to the w7* state in the Franck-Condon (FC) region.
It can be seen from fig. 3.5(c) that diabatic electronic population on the electronic ground
state starts decreasing with an increase of the laser pulse amplitude [cf. fig. 3.5(a)]. Within
~430 fs almost 90% of the ground state population is transferred to the wo* state. The mw7*
state population increases up to ~150 fs but due to the presence of D, /D, CI, population
flows to the mo* state, and therefore, the population of the w7 * state decreases. In case of
adiabatic population [cf. fig. 3.5(d)], ~40% of the ground state population initially (within
150 fs) transferred to the excited state but after ~200 fs all the populations comes back to
the asymptotic region of the adiabatic ground state via nonadiabatic passage of the WP
through two successive Cls. It can be seen from the time accumulated flux plotted in fig.
3.5(e) that at the end of the optimal pulse duration ~92% of the population arrives at the

analysis surface in the asymptotic region of the wo* state. The other dissociation channels
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Figure 3.5: (0,0,0) initial condition: (a) to (f) are optimized pulse, frequency spectrum,
adiabatic population dynamics, diabatic population dynamics, time-integrated flux and the
convergence behaviour of cost functional (/) and total flux (F), respectively.

i.e. ground state and 77* state asymptotes remain inaccessible due to large energy difference
in the asymptotic region of the PESs [cf., Fig. 3.2]. The frequency of the optimal pulse [cf.,

Fig. 3.5(b)] is 17183.0 cm™! (2.13 eV) which is close to the To* excitation energy in the

FC region.

The results of similar OCT calculations with three vibrationally excited WPs, |0, 0, 1),
|0,1,0), |0,1,1) [cf., Fig. 3.4] as initial condition in the light driven dynamics are shown
in Fig. 3.6. The diabatic populations of |0,0, 1) WP show a similar time-dependence as
10,0, 0) [cf., Fig. 3.6]. However, the ground state population decreases at somewhat faster
rate than the latter case. This is because the initial WP has extra one quantum of energy

along ()9 mode, which assists the internal conversion (IC) between the 77* and wo* state.

A similar population dynamics is observed in case of |0, 1, 1) initial WP. Initial excitation
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0,0, 1) 10,1,0) 10,1,1)

Figure 3.6: (A1,B1,C1) is the optimal laser pulse shape in time domain and (A2,B2,C2) is the
carrier frequency of the pulse. (A3,B3,C3) and (A4,B4,C4) are the time dependent diabatic
and adiabatic population dynamics on the ground, 77* and wo* electronic states. (AS5,B5,C5)
is the dissociation yields through the three electronic state asymptotes. (A6,B6,C6) is the
convergence behavior of the cost functional (J) and total-flux (F).
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along the out-of-plane bending coordinate has an adverse effect in the dynamics. The ground
state gets depopulated at a slower rate than in the |0, 0, 0) case and also gain in the mo*
state population is relatively smaller in the initial duration of the pulse. It seems that the
out-of-plane bending motion of the H-atom, which has b; symmetry, does not assist the IC
between the 77* (2as) and mo* (12a,) states because ay ® by ® a1(2 a;) does not satisfy
the symmetry selection rule.[92] The optimal pulses are quite different for different initial
conditions. These pulses are obtained starting from the same shape of pulse as the initial
guess in the GA. From the frequency spectrum [cf. (A2,B2,C2) in Fig. 3.6] it is clear that
all pulses have a well defined frequency. For all initial conditions the dissociation yields
through the three channels are almost similar to |0, 0, 0) condition. In all cases only wo*
dissociation channel gets activated. This is because in the asymptotic region, the energy
difference between mo* asymptote and the other excited state asymptotes is larger than the
energy associated with the pulses. Therefore, the branching ratios are almost the same in
each case. However, there is a difference in the dissociation yield during the early time
(< 250.0 fs) of the pulses. For the |0,0, 1) and |0, 1, 1) initial conditions the dissociation
starts somewhat earlier than the |0, 1, 0) case.

The three panels (A6,B6,C6) of fig. 3.6, represents the convergence behavior of the cost
functional (J) and the total dissociation yield (F) with respect to the number of generations.
In all cases the J and F increases with the number of generations passed in the GA until
it converges to the maximum value. For all initial conditions the maximum value of these
quantities is almost same and the achieved dissociation yields are more than 90%. In all
cases the GA gives a good convergence behavior.

OCT calculations are also performed with a 200 fs pulse. Fig. 3.7 portrays the results
of the OCT calculations using the GA where (0,0,0) vibrational wave function of ground
electronic state was used as the initial condition to solve the TDSE. The diabatic electronic
population dynamics in panel (c) shows that ground electronic state population decreases

more rapidly than in the previous case [cf. Fig., 3.5]. In this case the ground electronic state
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Figure 3.7: (0,0,0) initial condition : (a) to (f) are diabatic population dynamics, adiabatic
population dynamics, optimal laser pulse, frequency spectrum and time-integrated flux and
the convergence behaviour of cost functional (/) and total flux (F), respectively.

population decreases by 80% within ~40 fs. The 77* state population initially increases but
after reaching a maximum it starts decreasing. From 40 to 200 fs the diabatic populations of
the ground and 77 * electronic state remain same. The wo* state population monotonically
increases starting from ~20 fs. The adiabatic electronic populations shown in panel (d)
reveals that the D state population decreases initially as in the diabatic case but after 45 fs
it starts regaining the population in the asymptotic region. The D, and D, state population
reveals a similar trend as the 77* and wo* state population in the diabatic picture [cf., Fig.
(c)]. However, after 45 fs it starts decreasing gradually. This implies that after crossing the
two Cls the population is accumulated in the adiabatic asymptote of the ground state i.e. the
asymptotic region of the diabatic mo* state only. Therefore, it appears that the wo* channel
is the only active channel for dissociation [cf., Fig. 3.7(e)].

In fig. 3.8, the outcomes of optimal control of the N-H photodissociation using different
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10,0, 1) 0,1,0) 0,1,1)

Figure 3.8: (A1,B1,C1) are the optimized pulse shape in the time domain. (A2,B2,C2)
are the corresponding carrier frequency of the optimal pulse. (A3,B3,C3) and (A4,B4,C4)
are the diabatic and adiabatic population dynamics w.r.t. time on the ground, 77 and mo*
states. (A5,B5,C5) are the dissociation yields through the three channels. (A6,B6,C6) are
the convergence behavior of the cost functional (/) and total-flux (F).
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vibrational wave functions as the initial condition for the TDSE are shown. Each column of
this figure portrays the results for a given initial condition mentioned on the top of the column.
The (A1,B1,C1) panel represents the optimal pulses obtained from the OCT calculations with
the respective initial conditions and (A2,B2,C2) panel shows the corresponding frequency
spectrum of those pulses. From the diabatic population plots (A3,B3,C3), it is clear that the
quantum dynamics on the three states are not similar to the dynamics in the case of pulses
of long duration and also the effect of initial vibrational excitation is recognizable. For the
|0, 0, 1) initial condition the diabatic population of the ground state decreases at a slower
rate than the |0, 0, 0) case whereas, for |0, 1,0) and |0, 1, 1) case it is quite similar. The 77*
state population initially increases in all the cases, but in the |0, 1, 0) case it increases rapidly,
then decreases gradually. The wo* state population increases to a value greater than 80%
for 0,0, 1) and |0, 1, 1) initial conditions but not in the case for |0, 1, 0). Here again we get
the signature of IC between 77* and mo* state and its effect is more prominent than the
dynamics with the long time pulse and the excitation along out-of-plane bending coordinate
quenches the IC. In the adiabatic population [cf., Figs. (A4,B4,C4)] the ground adiabatic
state loses population because of FC excitation in the initial time but in the asymptotic
region it is regained through quantum tunneling and nonadiabatic transitions through two
CIs. The consequences are reflected in the flux profile [cf., Figs. (A5,B5,C5)], where it is
clear that for the |0, 1, 0) initial condition the time accumulated flux at 200 fs through the
wo* asymptote (~58%) is quite smaller than the other cases (~81% and ~73% for |0, 0, 1)
and |0, 1, 1) cases, respectively). It seems that the initial excitation along out-of-plane
bending mode inhibits the dissociation process. The similar effect was also observed in the
quantum dynamics study without laser field.[92] Finally, the effect of initial condition on

the dissociation yields is more prominent in case of 200 fs laser pulse than the 726 fs one.
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3.3.2 Time-dependent probability densities

In order to get more detailed insights of the pulse driven dynamics we examined the
snapshots of the nuclear WP components on the three diabatic PESs at different times shown
in Figs. 3.9 and 3.10. The ground, 77* and mo* components of the WP are projected
from the 3-dimensional picture to the reduced dimension using the following equations,

respectively,

Proy (R, Qy) = / B(R.0, Qo) $(R. O, Q) dO,
(3.12)

Pro(R.0) = [ 0(R.6,Qu)0(R. 0. Q) dQs.

Fig. 3.9 depicts the WP snapshots in R — ()9 space. The optimal laser pulse takes the
ground state WP to the 77* state and to the mo™* state [cf., Al in Fig. 3.6]. The initial WP
has one node along the ()9 mode which is retained for ground and 77* state components of
WP but in the mo* state the nodal line disappears [see Fig. 3.9 c(2) -c(4)]. At 36.5 fs almost
all the WP density is accumulated in the FC region of the ground state. After ~73 fs the w7*
and mo* state starts gaining population. As time progresses the wo* state acquires more
population due to the action of the plateau region (highest amplitude region) of the pulse.
The mo* WP rapidly extends to large NH distances owing to strongly repulsive nature of
the mo* PES [cf., Fig. 3.9 c(3)]. The snapshot at ~146 fs shows an interesting phenomena
that a node appears in the 77* and wo* components of the WP along R. This is because
of the vibrational excitation in the FC region of the w7* state component of the WP. This
vibrationally excited WP can access the wo* state via IC through Cls.

In Fig. 3.10 the same probability densities as discussed above are plotted in the R — ©
plane. It can be seen that the diabatic ground state WP has zero excitation along © and
R coordinates. The 77* and wo* state components of the WP acquires larger amplitudes
from the ground state due to continuous excitation by the optimal pulse in time. Similarly

at ~ 146 fs a nodal pattern in the 77* and mo* components of the WP along R coordinate
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appears because of vibrational excitation. Subsequently, the IC promotes it to the mo* state.
Similarly, the mo* component of the WP reaches the dissociation limit rapidly due to the
repulsive nature of the wo* PES.

The energy of the optimal pulse [cf., (A2,B2,C2) in Fig. 3.6] is not enough for the system
to cross the barrier energy in the mo* state (~0.2 eV). Thus after excitation, the WP reaches
the asymptote due to quantum tunneling, [106] this is evident from the snapshots C(1) to
C(4) of Fig. 3.9 and 3.10. The two CIs are located in the barrier region of mo* PES (cf.,,
Fig. 3.2), therefore the nonadiabatic transition through these two CIs occurs because of the
tunneling process.[107] WP dynamics on the wo* state without the external electromagnetic
field leads to a considerable amount of nonadiabatic transition through two CIs.[92] But in
the presence of the optimal pulse nonadiabatic transitions seldom occurs which indicates
that the pulse promotes the tunneling process rather than the nonadiabatic transitions so that
it achieves the maximum amount of photodissociated product in the ground state. From 73
to 146 fs, mo* component of the WP oscillates in the upper cone of the Dy /D, CI [cf., Fig.
3.9 ¢(2)-c(4), 3.10 c(2)-c(4)]. Each time it passes the region of the CI, a fraction comes back
to the ground adiabatic surface and dissociates to the ground state of pyridine. This explains

the recovery of adiabatic population of ground state after 200 fs (see (A3) in Fig. 3.6).

3.3.3 Probability densities for |0, 0, 0) condition with 200 fs pulse

Figures 3.11 and 3.12 display the snapshots of the probability densities in R — © and
R — Q9 space at each ~ 40 fs time interval for |0, 0, 0) initial WP, respectively. The ground
and 77* WP components predominantly remain in the FC region in the early period of
evolution. In the wo* state the WP rapidly extends to the asymptotic region. Unlike the
previous 726.0 fs pulse driven dynamics, with an increase of time multiple nodes along
R coordinate appears in the ground and 77* WPs and extends to the CIs. In other words,
this short time UV pulse excites the components of lower electronic energy to their higher

vibrational levels, reflecting the large excess energy in the NH stretching motion. This
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ground state ¥ mo*

Figure 3.9: Snapshots of the probability density of the WP components on the diabatic
ground state, 77* and wo* states in R — (g plane at different times in the pulse driven
dynamics of the |0, 0, 1) initial condition.
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ground state ¥ mo*

Figure 3.10: Snapshots of the probability density of the WP components on the diabatic
ground state, 77* and wo* states in R — © space at different times in the pulse driven
dynamics of |0, 0, 1) initial condition.
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ground state Tk mo*

Figure 3.11: Snapshots of the probability density of the WP components on the diabatic
ground state, 77* and wo* states in R — © space at different times in the pulse driven
dynamics of |0, 0, 0) initial condition.
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ground state Tk mo*

Figure 3.12: Snapshots of the probability density of the WP components on the diabatic
ground state, 77* and wo* states in R — ()9 space at different times in the pulse driven
dynamics of |0, 0, 0) initial condition.
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indicates that the molecule in a highly vibrationally excited quasistationary state in the
ground and 77* PESs is accessing the CIs which eventually leads to the IC to the wo* state.
[108] The plots of the probability densities on the mo* state in R — ()9 space exhibit an
interesting feature of the nonadiabatic WP dynamics. In all the snapshots, there is a nodal
line at ()9=0. This appears due the fact that the diabatic coupling term is an odd function of

the coupling coordinate (0y.[73, 109, 110]

3.4 Summarizing Remarks

In summary, optimal laser pulses are constructed to control the N-H photodissociation

0,0,1),

dynamics of the pyridinyl radical. The |0, 0, 0), 0,1,0) and |0, 1, 1) vibrational
wave functions of the ground electronic state were considered as the initial conditions in
the OCT calculations to study the effect of vibrational pre-excitation along the coupling
coordinates on the dissociation yield or the branching ratios. For all the initial conditions,
the N-H dissociation yield in the mo* asymptote is greater than 95%. It is due to the fact
that the energy range considered for the optimization of the UV laser pulse using GA is
lower than the the energy difference between the ground state and the two excited states
in the dissociation limit. The initial WP is excited from ground state to some vibrational
state of wm* state in FC region by the laser pulses created in each of the generation of
the present optimization scheme. Once the vibrational state of energy greater or equal
to the Dy /D, CI is achieved, almost all the population leads to the dissociation product
through the mo* asymptote owing to the topography of the PESs as depicted in Fig. 2
and 3. Moreover, different vibrational wave functions of the ground state is subjected to
same initial guess laser fields generated by the GA and converged to different optimal laser
pulses. This study gives us a detail information about the N-H photodissociation mechanism

through two successive Cls present in wo* state. As those initial wave functions are of

different parity (even or odd with respect to the three coordinates)[cf., Fig. 3.4], it reveals
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the behavior of the WP near the two Cls and its impact on the photodissociation. In case
of 726 fs laser pulse the dependence of time-integrated flux on the initial vibrational state
is observed within the propagation time < 250.0 fs. The 6 and ()9 excitation hinders the
nonadiabatic transition through D,/ D, and D,/ D; Cls, respectively, and reflects back to
the equilibrium region of the 77* state. This reflected part of the population eventually
reaches to the dissociation generally by two processes, viz., (1) the re-excitation by the laser
pulse followed by nonadiabatic transition and (2) IVR to avoid the CI [95]. In case of 726 fs
dynamics, the system gets enough time to go through these two processes and at the end
almost all excited population leads to the dissociation. Whereas, in 200 fs dynamics it is not
possible. Therefore, the total dissociation yield for 726 fs dynamics is almost unaffected due
to initial vibrational state of the WP however in the case of 200 fs the effect is noteworthy
[cf., table 3.3].

We have designed the optimal pulse shape with a motivation to maximize the dissociation
yield. To achieve the goal we adopted a sophisticated and stochastic search optimization
algorithm, the GA. The frequencies obtained from the optimization calculations are almost
near the resonance energy for the mo* excitation. The frequency spectrum of the optimal
pulses show sharp peaks at a particular frequency for 726 and 967.55 fs pulse duration but
for 200 fs pulse the peaks are quiet broader. The amplitude of the 200 fs pulse is much
larger than the others.

The optimal laser pulses are computed for different duration like 200, 726 and 967.55
fs. It is observed that the dissociation yields are dependent on the duration of the laser
pulse for all the initial conditions. Therefore, the total time of the laser pulse can be one of
the parameters to be optimized beside the frequency, amplitude and shape. Because of the
two ClIs situated very near to the FC region and large energy difference in the asymptotic
region, a laser pulse with time-dependent frequency, viz. chirped pulse, can be a possible
alternative of a single frequency laser pulse. [111, 112] A laser pulse consisting of multiple

components of different frequencies and relative phase differences can also be an extension
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Table 3.3: The results of the OCT calculations with
|0,0,0),1]0,0,1),|0,1,0),]0,1,1) initial conditions for pulse dura-
tion of 250.0, 726.0 and 967.55 fs.

Initial condition Cost functional(J) Total flux(F) Eros
[a.u.]

Pulse duration: 250 fs
10,0, 0) 0.79 0.80 6.02970 x 102
10,0,1) 0.83 0.83 3.75681 x 1072
0, 1,0) 0.60 0.60 5.4322 x 1072
0,1, 1) 0.76 0.77 3.75681 x 1072

Pulse duration: 726 fs
10,0,0) 0.96 0.97 3.75681 x 10~
10,0, 1) 0.95 0.97 4.61935 x 1072
0, 1,0) 0.96 1.0 2.42598 x 1072
0,1, 1) 0.96 0.97 4.57441 x 1072

Pulse duration: 967.55 fs

0,0, 0) 0.94 0.96 4.26249 x 1072
10,0, 1) 0.97 0.98 4.02926 x 1072
0,1, 0) 0.96 0.98 3.78218 x 1072
10,1, 1) 0.95 0.97 4.46835 x 1072

of this work. For further development, the other coupling coordinates can be added to better

understand the IC mechanism at the two Cls.



CHAPTER 4

Control of optically dark no* state mediated

photodissociation of thioanisole

4.1 Introduction

The photochemistry of bio-active aromatic molecules is important because these molecules
are an ideal model system for investigating the photobiological and photochemical reac-
tions in nature. Thioanisole molecule contains an aromatic ring and a hetero atom, S. The
photoexcitation of thianisole molecule at 289.8 nm wavelength leads to photodisssociation
of S-CHj3 bond following m7* excitation [113]. This process occurs on the repulsive no*
state which conically intersects with the 77* state and the ground electronic state[64]. Due
to the nonadiabatic transitions through two successive Cls the molecule can access the
optically dark no* state. The energy splitting between the ground and first excited state after
the Sy/S; CJ, i.e., in the asymptotic region is very small (~ 300 cm~1)[114]. Therefore,
thioanisole can dissociate by these two channels and can produce two types of products
(1) ground doublet states of both radicals, PhS[Dy] + CH3[ D], (2) excited thiophenoxyl
radical and ground-state methyl radical, PhS[D;] + CH3[ D] [115]. In the S-CH3 bond

60
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dissociation dynamics of thioanisole molecule a passage through CIs plays a significant
role.[116] This nonadiabatic photoinduced dissociation of thioanisole is investigated here
by the time-dependent WP method.

Lim et. al. have investigated the methyl photodissociation of thioaniole in the gas
phase.[115] They have monitored the dissociation yield as a function of photoexcitation
energy to give the photofragment excitation (PHOFEX) spectrum. Moreover, in this experi-
mental work the S; /S, CI was probed and the no* mediated photodissociation mechanism
was proposed. An interesting result observed in this experimental work was that the presence
of dynamic resonances in the photodissociation of thoanisole. This reveals that the branching
ratio of the two different channels change dramatically for the internal energy of ~722
cm~!. Roberts et. al. have investigated experimentally more exotic phenomena involved
in no* mediated dynamics of thioanisole photodisssociation.[113] From this experimental
study it was found that the nonadiabatic photochemistry through ClIs can be manipulated
with ’vibration-specific control’. Moreover, the mechanism of the S-CH3 bond fission
via no* following excitation to the m7* state is also established. The nuclear framework
evolves to the larger ¢ (torsional angle) range where the barrier associated with the S /S5
CI is smaller than the planer geometry, i.e., at ¢ = 0. The photodissociation dynamics of
thioanisole was further studied by Woo et. al. where nonadiabtic bifurcation dynamics at Cls
between ground and no* states is observed and also it was established that the adiabatic and
nonadiabatic dissociation pathways can coexist in the vicinity of CIs.[117, 118] The S;/S
CI was further characterized for deuterated thioanisole (CgH5S-CD3) in multi-dimensional
space of normal modes.[119, 120, 121] The experimental results revealed that the branching
ratio is not only enhanced by the excitation of 7a mode (the C—S—CHj3 asymmetric stretching
mode), there are another three modes like S—-CD3 symmetric stretching, CD3 bending, and a
defined mixed mode is also responsible for the enhancement of the branching ratio for the
deuterated thioanisole molecule.

The analytic full-dimensional potential energy surfaces and the interstate couplings of
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the three lowest singlet states were reported by Li and Truhlar, where an improved anchor
points reactive potential (APRP) method was employed to construct the diabatic potential
energy matrix.[64] The ab initio energies were calculated by extended multi-configurational
quasi-degenerate perturbation theory (XMC-QDPT) followed by the fourfold way and
model space diabatization, with a mixed, minimally augmented basis set of 6-311+G(d)
for carbon and hydrogen and MG3S for sulfur. The potential energy matrix was further
improved by Shu and Truhlar.[122] Li et. al. have investigated theoretically the nonadiabatic
dynamics of methyl dissociation of the thioanisole molecule in a three dimensional space.
Their findings suggest that the photodissociation of low-lying S; vibronic levels are not
merely nonadiabatic but also the heavy atom tunneling plays a very important role in the
dissociation dynamics.[116]

In the past decades there is a keen interest to develop in the OCT framework to deal with
the chemical processes like, photodissociation, photoinduced intramolecular H-transfer, and
cis-trans photoisomerisation, by trained laser pulse(s).[10, 11, 16, 21, 83, 84, 85, 86] Due to
coherent character of the laser, it became a promising external controller of photoinduced
chemical processes. The evolution of the molecular system towards a desired target state
can be achieved by obtaining the best combination of the laser parameters viz., frequency,
amplitude, shape, duration of the pulse, and delay time between pump-dump pulses. [80,
87, 88]

In the present study, the nonadiabatic dynamics of the photodissociation is carried out
within the mathematical framework of OCT where the optimization is done using the GA.
The calculations are performed with a target for the maximization of the photodissociation
yield through two channels (i.e. the no* and ground state in diabatic representation) in
accordance with the TDSE with different initial conditions. In the OCT calculations a
monochromatic laser pulse is employed as the external controller of the present photodis-
sociation dynamics. The parameter space is comprised of amplitude, carrier frequency

and two shape parameters of the laser pulse. The cost functional for the optimization is
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Figure 4.1: Schematic diagram of the reaction coordinate, [?, and the coupling coordinate,
¢ of thioanisole.
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Figure 4.2: Diabatic potential energy is plotted along the S-C stretching coordinate, R.

constructed in such a way that the GA maximizes the dissociation yield but at the cost of
minimum fluence associated with the laser pulse. These attributes of the cost functional
lead to the maximization of the nonadiabatic transition through Cls. To justify the results of
the OCT calculations, the initial WPs were prepared in the FC region of w7 state by delta
excitation and allowed to evolve for a duration of 40000 a.u. A comparison between the
photodissociation dynamics in presence and in absence of optimal laser pulse is elaborately

discussed in the rest of the article.
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4.2 Theory and Methodology

4.2.1 Model Hamiltonian

In this work, a three-states and two-modes model Hamiltonian is employed. From the
findings of the experimental work performed by Lim et. al. and Roberts et. al. it is found
that among the all 42 internal modes only two modes, the S-CHj stretching coordinate and
CCSC dihedral angle, are the most important coordinates[113, 115] and they are employed
in the present study [see Ref. 64]. For the calculation of diabatic potential energy surface,
single-point energy calculation was performed along these two coordinates. This indicates
that the methyl group is moved along these coordinates without any change of C-H bond
lengths or the relative angles associated with the methyl group. Hence, for the sake of
simplicity of molecular Hamiltonian the methyl group is considered as a composite atom
whose total mass is centered at the center-of-mass. The distance between the S-atom and
the composite atom is considered as the reaction coordinate and it is denoted as R. The
relation between R and the S-CHj bond length, rg¢, is given by R = rg¢ + 0.14 a.u. (cf.
Fig. 4.1) where the extra 0.14 a.u. is the distance between the C-atom of methyl group and
its center-of-mass along S-CHj bond. The antisymmetric coordinate CCSC dihedral angle
is taken as the coupling coordinate which is defined as ¢ (cf. Fig. 4.1). The three electronic
states are labeled as 77 (ground state), 77* and no* in diabatic electronic representation (cf.
Fig. 4.2) and S, S and S in the adiabatic electronic representation.

To study the CH3 photodissociation of thioanisole molecule a 2D model Hamiltonian in

the three-states diabatic electronic basis is considered. The Hamiltonian reads as

1 00 Voo Vol V02
H=T+V=Tx 01 0]+ Vie Vii Via | - (41)

0 0 1 Vog Vo1 Voo
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Vi1, Voo and V33 are the PESs of the diabatic 77, m7* and no* states, respectively (see panel
(a) in Fig. 4.3). The off-diagonal elements represent the electronic couplings between the
respective diabatic states (see panel (b,c,d) in Fig. 4.3). The diabatic potential energy matrix
is given in Ref. 64 and its improved versions is available in Ref. 122. In the present work
the version III of the diabatic potential energy matrix of Ref. 122 is employed. The key
advantage of this potential energy model is that the predicted geometry of the S; /Sy CI
aligns well with experimental observations.[117] In contrast, other versions of the potential
energy matrix, presented in Ref. 122, were generated by manually adjusting a single
parameter (Ds) in the no* surface to shift the position of the S; /S, CIL. Although the surface
hopping calculation with these modified potential surfaces predict 77* state lifetimes close
to the experimental results,[113, 117] the predicted S; /.S CI geometry from these modified
potential surfaces deviates from the geometry found from experiment considerably.[115]
The S5;/Ss CI geometry obtained from potential energy surface constructed by Li et. al. also
agrees with the version III of potential energy matrix.[116] Xu et. al. revisited this problem
implementing a neural network based complex scaling (NN-SC) method to determine the
two dimensional potential energy surface for the calculation of resonance eigenvalues and
their work suggests that the lifetimes of the vibronic resonances are in good agreement
with the experimental results.[123] Therefore, it can be concluded that the lifetime of the
m* state of thioanisole is quite sensitive to the S; /Sy CI barrier as well as involvement of
some other mode like C-S-CHj3 angle. Moreover, thioanisole molecule is a geometrically
analogous to phenol and to account the O-H photodissociation of phenol a two dimensional
model (the two modes are O-H bond distance and CCOH dihedral angle) is found to be quite
sufficient as implemented in the work of Lan et. al.[73] The validity of the two dimensional
model for phenol was further confirmed by Xie et. al. where they found the O-H vibrational
and the CCOH torsional modes have the largest overlaps with the g and h vectors, the
energy gradient and coupling gradient vectors, at the minimum energy CI.[106] Hence, in

the present study, the two dimensional model Hamiltonian is considered and it is found to
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Figure 4.3: (a) Diabatic potential energy surfaces in (R?,¢) space where Vi, V11, and
V5o represents the ground, m7*, and no* state, respectively, (b,c,d) the inter-state diabatic
coupling surfaces.

be quite efficient to get a primary insight of the methyl photodissociation mechanism of
thioanisole. Although, the two dimensional model does not reproduce the lifetimes, the
dissociation dynamics remains invariant in presence of optimal pulse.

In Eq. 4.1, Ty represents the kinetic-energy operator. The KE operator in the two

dimensional space (R, ¢) in atomic units reads (A = 1)

1 02 1 02

Ty = — - — 4.2
Y Qg O 2067 *:2
where pi5(cm;) 1s the reduced mass of the S-atom and the composite atom (CH3),
MsM(CH;)
MS(CH3) = ——————
mg + McHs) (4.3)

mMcHz) = Mc + 3mH.
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The moment of inertia about the molecular axis can be written as
4.4)
with

Il - ﬂS(C’H:s)(RSin Oé)Qa (4 5)

T\ 12 T\ 12
I, = 4m¢ |:T‘CC sin (5)] +4dmpy [(ch + rop) sin <§>} )
my, Mg, and m¢ are the rest masses of the hydrogen, sulphur and carbon atom, respec-
tively. 7c¢ and rop are the CC and CH bond distances of the phenyl moiety, respectively and

« is the angle between S-CH3 and SC bond at the ground-state (Sy) equilibrium geometry.

4.2.2 Wave-packet propagation

The photoinduced dynamics of thioanisole system is investigated by numerically solving
the TDSE on a two dimensional grid in (R, ¢) space. The time evolution of the system is

calculated by (h=1)

) |11(2)) |1 (1))
Za |¢2<t)> =H Wz(t» : (4.6)
|¢3(t)> W?)(t))

|4);(t)) is the wave function at time ¢ of the i'" state and the vibrational eigen functions of
adiabatic ground state represents the initial wave function i.e. |¢);(t = 0)). These vibrational
eigen functions of the ground adiabatic state are excited to the w7* state in the FC region
for the preparation of the initial WP. To determine the time evolution of wave function at
time ¢, the exponential operator, i.e. exp [—z’H At} , at each time step is approximated by the

SO method[99]:
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Table 4.1: Numerical grid parameters

Parameters

Ngr/Ng 265/128 Number of grid points

Ronin/ Rimaz(ao) 2.5/15.07087 Extension of grid along R

GOmin/ Omaz(tad.) -7/ Extension of grid along ¢

R f1uz(ap) 9.3665 Location of the analysis plane

Rinask(ag) 10.9933 Starting point of the damping function
T'(a.u.) 40000.00 Total propagation time

AT(au.) 0.61036 Length of the time step used in the propa-

gation

—iVAt —iVAt

exp {—z’HAt} = exp { ] exp [—z’TAt] exp { 1 +0O [(At)S] ) 4.7

The action of the KE operator on the wave function is carried out in the momentum
space and then transformed back to the coordinate space by fast Fourier transform (FFT)
method.

To avoid reflection of the WP components from the grid boundary a sine type of
damping function is implemented in the asymptotic region of 2.[73] The damping function
is expressed as
7T (Rmask + A-Rmask - Rz)

Ri Z Rmaska (48)

here R = R4 1s the point where damping function is activated and its value is unity
up to this point then it gradually decreases to zero at the grid edge. The dissociation yield is

defined as the time-accumulated flux through dividing surface located at R = Ry,

1 t
dR(t) = —/ Im
K Ji=0

The time-dependent diabatic and adiabatic electronic population of the three coupled elec-

dr. 4.9)

R:Rflua:

<\1,(R’ ¢’T)‘w>]

OR

tronic states are calculated as expectation values of the respective projection operators.[104]
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The diabatic/adiabatic population of i" electronic state is defined as (¥ (¢)[¢¢ / Y (! /a |W(t)),
7 =0,1 or 2, where @/}f /a is the it" WP component. The adiabatic WP components, v, are

calculated by the following operation
of = [0, j=0,1,2 (4.10)

where Uj; is ji'" element of diabatic-to-adiabatic transformation matrix i.e. U. The matrix
U is constructed from the eigen functions of diabatic potential energy matrix and it is defined

by the following equation

Ve =Uviy, 4.11)

where V¢ is the adiabatic potential energy matrix.[124, 125] The adiabatic potential
energy surface of the three states for the present molecule is plotted in Fig. E.3 in APPENDIX
E.

4.2.3 Mathematical framework of optimal control theory

In this present work, the optimization problem is mathematically formulated by the

construction of a cost functional.[126, 127, 128] It is defined by

J[e(t)] = OH(T) — ay /OT le(t)]? dt, (4.12)

where ®(T') is the total time integrated dissociation yield at time 7" (see Table. I) through
the three adiabatic (Sy, S1, and Ss) asymptotes which is described in Eq. 4.9. This quantity
serves as an objective and maximization of it is the aim of the present study. In the second
part of Eq. 10, oy, designated as a penalty factor is chosen as oy = 0.001 a.u. in this study.
The negative sign in this part assures that maximization of J leads to the minimization of

the second term i.e. to lower the fluence of the laser pulse with an electric field €(t) to
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avoid the undesirable physical processes (e.g., ionization) caused by high field strength. The
primary goal of the present work is to maximize the cost functional J[e(¢)] using the GA.
[38, 83, 129]

In order to quantify the time dependent laser field, a simple time-dependent sinusoidal
function is taken into consideration which is multiplied with envelop function, €(t) =
€osin (wt) - s(t), where €y and w are amplitude and the frequency of the pulse, respectively.
The envelop function, s(t), is a smooth function which describes the amplitude of the pulse

at time ¢. In this work, this function is formulated as

sin’[ 3 (£=2)] to<t<t
s()=4 1.0 t<t<ty (4.13)
\ sin’[ 5 (255)] ty<t<ty=T,

where, the initial time ¢; and ¢3 are set to O and 7, respectively. The other two time
parameters, t; and -, controls the shape of the pulse. The GA is employed to search for the
best possible combination of the four laser parameters Ey, w, t; and ¢, to obtain the maximum
value of the cost functional .J (cf., Eq. 5.3).[80] GA works within a predefined parameter
range, which is defined as 0.0 < ¢y < 0.5, 0.0425 < w < 0.1865, 0.0 < ¢t; < 32000.0, and
0.0 <ty <40000.0 a.u.

The GA follows the rules of Darwinian evolution such as survival of the fittest, crossover,
mutation, etc. to find the best combination of parameters. The possible values of the
parameters are randomly selected in binary number and a string of these binary numbers
are introduced as "chromosome" in GA. In this case, each of the four laser parameters
mentioned above are mapped onto a string of binary numbers of length 10 in a "chromosome".
Therefore, for the four parameters the chromosome is composed of 40 binary digits or bits.
Consequently, the number of possible sets of these four laser parameters is 2,

At the initial step or first generation of GA, a random selection of parameter set is

performed among the possible parameter space. The number of selected parameter sets
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or chromosomes in a generation is called total population and it is kept fixed at 10 for
all the generations. By analogy with the biological evolution process, each chromosome
corresponds to a trial laser field concomitantly a particular value of cost functional (Eq.
5.3) which is considered as the fitness value associated with that chromosome. Then a
tournament selection of the chromosomes is performed where fitter chromosome from a
randomly selected pair is allowed to mate to produce child. The operations like crossover,
mutation, etc., are also applied on the initial population with a certain predefined probabilities
(Peross = 0.5, Putation = 0.02). This processes are repeated iteratively and the best set
of parameters is determined for each of the generation. When the fitness value of the best
parameter set fulfills the convergence criteria, then the parameter set is considered as the

best solution within the defined parameter space.

4.3 RESULTS and DISCUSSION

The equilibrium molecular structure of thioanisole in the ground electronic state is
analogous to phenol except oxygen and H-atom is replaced by sulphur and methyl group,
respectively. Therefore, the potential energy surface of thioanisole is topologically similar

to phenol but the 77 and w7* state are shallower than the latter.

4.3.1 Vibrational wave functions of ground state

The vibrational energy eigen values of the adiabatic ground state PES is calculated using
pseudospectral method (see APPENDIX D). The sixteen lowest energy eigen values and
their assignments in terms of two quantum numbers (ng,n,) are given in Table II. The
quantum number n and n, represents the number of nodes of the corresponding vibrational
eigen function along coordinates R and ¢, respectively.[130] The calculated fundamental

1

frequencies of the stretching and coupling mode are 718 and 320 cm ™", respectively. The

experimental values of the fundamental frequency of the stretching mode is 735 cm™'.[131]
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Table 4.2: Eigenvalues, E,(cm™), and assignments (ng,n,) of the pseudospectral peaks of
adiabatic ground state

E, (ngr,ng) E, (ngr,ng) By, (ngr,ng) B, (nRr,ng)
448.34 (0,0) 1166.24 (1,0) 1874.87 (2,0) 2573.0 (3,0)
768.12 (0,1) 1483.12(1,1) 2189.42(2,1) 2887.52(3,1)
1086.0 (0,2) 1802.12(1,2) 2504.22(2,2) 3200.82(3,2)
1404.42 (0,3) 2116.62(1,3) 2820.12(2,3) 3512.12(3,3)

Figure 4.4: Diabatic electronic populations plotted with respect to time for sixteen initial
conditions (the initial conditions are marked in the individual panels).

4.3.2 Electronic population dynamics

In order to investigate how the initial vibrational excitation influences the methyl pho-
todissociation of thioanisole molecule, different initial wave functions are propagated on two
dimensional coupled potential surfaces of lowest three electronic states. The initial wave
functions are prepared by placing the sixteen vibrational eigen functions of the electronic

ground state vertically into the w7* state.

Dynamics with np = 0 initial condition

The diabatic population dynamics of initial conditions where S-CHj stretching mode is

in vibrational ground state like (0,0), (0,1), (0,2) and (0,3) shows an increment in population
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Figure 4.5: Adiabatic electronic population dynamics on the three electronic states for
different initial vibrational states when they are vertically excited to w7* state in absence of
laser pulse.

transfer between m7* and no* states as the quantum number n increases (cf., Fig. 4.4).
This phenomenon can be understood by the inspection of S; /S, CI. The lower cone of
S1/S2 CI has a barrier of 0.23 eV with respect to the minimum of S; PES. Therefore,
increase in quantum number ngy that is, increase in vibrational energy along ¢ mode helps
the WPs to overcome the barrier. The energies associated with this vibrational WPs are
less than the S;/S; CI barrier. This implies that the tunneling plays a very important
role in the 7w7* to no* transition for (0,0), (0,1), (0,2) and (0,3) initial conditions. This is
further supported by the adiabatic population dynamics (see Fig. 4.5), which shows that the
electronic population remains predominantly in the S; state throughout the dynamics for
(0,0), (0,1), (0,2) and (0,3) initial conditions, with minimal transfer to Sy (< 10%) and over
90% of the population retained in S;. The s state gains the small amount of population by
the nonadiabatic transition at Sy/S; CI and moves towards the dissociation into the methyl
and phenyl fragments in their ground states (cf. Fig. E.1). Similarly, the population in the
m* state undergoes dissociation into the two fragments in their excited states (cf. Fig. E.1),

with the dissociation yield increasing as the n, quantum number rises.
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Dynamics with np > 1 initial condition

The initial conditions where S-CHj stretching mode is vibrationally excited by one
quantum of energy that is, (1,0), (1,1), (1,2) and (1,3) vibrational wave functions of ground
state contains energy comparable to the S; /S CI barrier. Therefore, a very fast population
transfer from 77* to no* state is observed (cf., Fig. 4.4). It should be noted that the diabatic
population of no* state shows a very sharp rise in the initial duration of the dynamics, within
~50 fs. The reason behind is that in the early stages of the dynamics a part of the population
pass through the S; /55 CI and due to a very repulsive nature of no* state the WP moves
quickly to hit the next CI (Sy/S1). The WP splits into two parts here and move towards 77
and no* channels. Figure 4.4 reveals that there is a noticeable impact of the initial excitation
of the coupling mode on the lifetime of the w7 * state. The interesting odd-even effect can be
observed with respect to the occupation number of the coupling mode. For initial conditions
with an odd number of quanta into the coupling mode [(1,1) and (1,3)], the decay rate of
m* state is higher than with an even number of quanta of the coupling mode [(1,0) and
(1,2)]. From Figure E.1, it is apparent that in the long propagation time range there is no
odd-even effects in the time accumulated dissociation yields for different initial conditions
but a close inspection reveals that the odd-even effect is present in the short time range.

The initial conditions with two quanta of S-CHj stretching vibrational energy, that is,
(2,0), (2,1), (2,2) and (2,3) WPs, show the similar fast decay of the 77* state population
(see Fig. 4.4). The odd-even effect is still present in these cases because the vibrational
energies embedded in these WPs are not much higher than the barrier created by the S /S5
CI. Consequently, the corresponding time accumulated dissociation yields also show the
odd-even effect like in the previous case. The odd-even effect is not so prominent in
the electronic population dynamics for (3,0), (3,1), (3,2) and (3,3) as the previous initial
conditions (cf. Fig. 4.4) because the vibrational energies are higher than the barrier created

by the Sl/SQ CIL.
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The time-dependent adiabatic population dynamics for the initial conditions (1,0), (1,1),
(1,2), and (1,3) reveal that as the quantum number n4 increases, the population transfer from
the S state to the S state decreases (see Fig. 4.5). Adding one quantum of energy to the R
mode provides the 77* WP component sufficient energy to overcome the S; /S, CI barrier.
As aresult, a significant portion of the population undergoes nonadiabatic transitions at both
the 51 /S5 and Sy/.S; Cls, leading to a substantial accumulation of population in the S state
at its asymptote.

The adiabatic population dynamics for the (2,0), (2,1), (2,2), and (2,3) initial conditions
follows the similar trend but the population transfer from S; to Sy state is much more higher
than than the previous case because of the presence of two quantum of vibrational energy
along R mode. For the same reason the population transfer from S to .Sy state is increased
for (3,0), (3,1), (3,2), and (3,3) initial conditions (see Fig. 4.5).

It appears that the survival probability of the w7* state is extremely sensitive to the initial
vibrational excitation of the S-CHj stretching mode. The initial excitation of the torsional
mode leads to a recognizable phenomenon the *odd-even’ effect on the decay rates and
branching ratios. A similar effect was also reported by Baer et. al.[132] and Lan et. al.[73].
The initial conditions np = 2 and np = 3 does not enhance the nonadiabatic decay rate
significantly. In 1987, Sobolewski predicted a similar scenario in which the nonadiabatic
decay (i.e., radiationless decay) rate becomes saturated with increasing initial vibrational

excitation within statistical limits employing a two states model with weak coupling.[133]

4.3.3 Dynamics with optimal pulse

OCT with ny = 0 initial conditions

The vibrational wave functions of nr = 0 ((0,0), (0,1), (0,2), and (0,3)) are excited to
the w7* state using continuous laser pulse within the GA based optimal control formalism

as described in section II.C. The corresponding time-dependent optimal pulses are depicted
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in panels (A1,A2,A3,A4) of Fig. 4.6. The frequency spectra of these optimal pulses are
also calculated by Fourier transformation from the time domain to the frequency domain.
The central frequencies for the (0,0), (0,1), (0,2), and (0,3) initial conditions are 40615
cm~!, 40578 cm™*, 39991 cm !, and 40133 cm ™!, respectively, which are extracted from
the corresponding frequency spectra (cf., panels (B1,B2,B3,B4) in Fig. 4.6).

In order to understand the optimal pulse driven methyl photodissociation mechanism
on three coupled potential energy surfaces, the time-dependent diabatic and adiabatic
populations are plotted in panels (C1,C2,C3,C4) and (D1,D2,D3,D4) in Fig. 4.6, respectively.
The initial WP prepared in the ground electronic state which is gradually excited to the m7*
state in the FC region by the optimal pulse. Consequently, the 77* state acquires population
in the initial time (~ 200 fs) of dynamics. However, the 77* population starts decreasing
after touching a maximum, because of the nonadiabatic population transfer to the no* state.
The vibrationally excited component of the WP predominantly populates the no* state in
the FC region. The population of no* state increases and it converges to 65.6%, 60.8%,
45%, and 39.5% for (0,0), (0,1), (0,2), and (0,3) initial conditions, respectively. In contrary,
the population of ground state decreases and converges to 32.8%, 37.4%, 51.4%, and 57.4%,
respectively. The "odd-even" effect has not been observed. The population acquired by no*
state decreases monotonically with the initial excitation along ¢. The increase in n, i.e.
initial excitation along the coupling mode ¢, leads to an increases in the vibrational energy
along ¢ mode. Therefore, when the WP hits the Sy/S; CI, the higher energy asymptote
becomes more accessible for WPs with higher n,,. As a consequence, the ground state gains
more population at the expense of no* state population for higher ny. For all these initial
conditions, the adiabatic population of S; state increases initially (up to ~ 200 fs) and then
converges to the population of daibatic ground state population. Similarly, the ground state
population decreases initially like the diabatic ground state and converges to population
of diabatic no* state. The S, state initially acquires some population because of intensity

borrowing effect [134] in the FC region. Thereafter, the population decreases because of
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nonadiabatic population transfer to the S; state.

When the initial wave function is prepared in the FC region of 77 state by the vertical
excitation of (0,0), (0,1), (0,2), and (0,3) vibrational eigen functions of ground state, the
time integrated dissociation flux is substantially low in the no* channel. The flux is not
very high for ground state channel with (0,0) initial condition but it increases significantly
with the increase of n, quantum number (see Fig. E.1). Whereas, in presence of the
optimal pulse the fluxes through the no* channel is enhanced substantially and there is
a dependence of the branching ratio of dissociation yields through the no* and ground
state asymptotes on the quantum number 7, (cf. Fig. 4.6). The energy content within the
initial WPs increases with n4. Consequently, the accessibility of the diabatic ground state
asymptote through energetically higher dissociative channel increases with the expense
of yield through energetically lowest, no*, channel when the initial vibrational quantum
number ny, increases.

In all the initial conditions with nz = 0 the maximum flux (F’) and the cost functional
(J) increases progressively and converges to their maximum value (see panels (F1,F2,F3,F4)

in Fig. 4.6).

The OCT with np = 1 initial condition

Fig. 4.7 represents the results of the optimal control calculations with the initial condi-
tions (1,0), (1,1), (1,2), and (1,3). The panels (A1,A2,A3,A4) shows the temporal profile
of the optimal pulse shape calculated by the GA based optimal control scheme for those
initial conditions, respectively. The corresponding central frequencies of these laser pulses
are 38752 cm™!, 37495 cm™!, 38168 cm™!, and 38585 cm™!, respectively (see panels
(B1,B2,B3,B4)). The diabatic electronic population dynamics for these initial conditions
are also similar to the previous case (i.e. ng = 0 initial conditions), where the laser pulse
predominantly populates the no* state in the FC region. The no* population increases

gradually for all these initial conditions and converges to 68.8%, 53.0%, 56.7%, and 44.0%
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Figure 4.6: Results of OCT calculations using (0,0), (0,1), (0,2) and (0,3) initial conditions.
The temporal profile of optimal pulse (panels (A1,A2,A3,A4)), the frequency spectrum of
these pulses (panels (B1,B2,B3,B4)), diabatic population dynamics (panels (C1,C2,C3,C4)),
adiabatic population dynamics (panels (D1,D2,D3,D4)), time-integrated flux with respect
to time (panels (E1,E2,E3,E4)), and values of cost functional [.J], in addition, the total
dissociative flux [ F'] at each generation (panels (F1,F2,F3,F4)) are plotted.

of the total population. The 77* state gets populated in the initial ~160 fs, ~220 fs, ~200
fs, and ~290 fs for (1,0), (1,1), (1,2), and (1,3) initial conditions, respectively, then the popu-
lation decreases monotonously up to almost zero (see panels (C1,C2,C3,C4)). The adiabatic
population dynamics with respect to time has been plotted in the panels (D1,D2,D3,D4).
The population of S state increases up to ~200 fs and then converges to diabatic population
of the ground state after almost 600 fs. Similarly, up to initial 200 fs, because of 7w7*

excitation in the FC region, the ground state population increases but then converges to the
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Figure 4.7: Results of OCT calculations using (1,0), (1,1), (1,2) and (1,3) initial conditions.
The temporal profile of optimal pulse (panels (A1,A2,A3,A4)), the frequency spectrum of
these pulses (panels (B1,B2,B3,B4)), diabatic population dynamics (panels (C1,C2,C3,C4)),
adiabatic population dynamics (panels (D1,D2,D3,D4)), time-integrated flux with respect
to time (panels (E1,E2,E3,E4)), and values of cost functional [J], in addition, the total
dissociative flux [ F'] at each generation (panels (F1,F2,F3,F4)) are shown.

diabatic no* state population after 600 fs. Although, the adiabatic population plots suggest
that the Sy state gains populaton to some extent (below 20%) up to ~400 fs because of
intensity borrowing effects[134], it starts loosing population due to nonadiabatic transition
through S; /S5 CI. Then it converges to almost zero at the end of the dynamics. In presence
of the optimal pulses the system starts dissociating at ~200 fs mainly through the no* and
ground state asymptotes. In this case, the "odd-even" effect is not observed, i.e. initial
conditions with odd quantum number of n, does not enhances the dissociation towards the

no* channel.[132]
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For all the initial conditions with nrp = 1 the maximum flux (F’) and the cost functional
(J) increases progressively and converges to their maximum value (see panels (F1,F2,F3,F4)

of Fig. 4.7).

The OCT with np = 2 initial condition

In an analogous way, optimal control calculations have also been performed for the
initial conditions (2,0), (2,1), (2,2), and (2,3). The corresponding results are presented
in Fig. E.2. The shape of the optimal pulses calculated from the GA using these initial
conditions are plotted in the panels (A1,A2,A3,A4). The corresponding central frequencies
of these pulses are extracted from the frequency spectra and they are 37648 cm™!, 37805
cm~ !, 37618 cm™!, and 37202 cm ™!, respectively (cf., panels (B1,B2,B3,B4)). In this case
also, the laser primarily populates the no* state and the population rises until it converges
to a certain value. For (2,0) initial condition the no* population converges to 75% of
the population, with an increase in quantum number n4 this converged population value
decreases i.e., for (2,1), (2,2), and (2,3) initial conditions the no* population converges to
67.8%, 52.2%, and 34.6% of the total population, respectively. The 7w7* state gets populated
in the early duration of the dynamics until ~200 fs, ~160 fs, ~200 fs, and ~90 fs for
(2,0), (2,1), (2,2), and (2,3) initial conditions, respectively, due to the action of optimal
pulses. Subsequently, the population decreases unless it converges to almost zero (cf.,
panels (C1,C2,C3,C4)). When the laser pulse excites the WP from S to S; state in the FC
region, the Sy state acquires very small amount of population probability (below 10%) via
the so-called intensity borrowing effects.[134] The S population increases in the initial
period of the dynamics then it decreases after arriving at a maximum for (2,0) and (2,1)
initial condition. However, the S; population almost gets converged to the maximum for
(2,2) and (2,3) initial conditions. The associated energy with the WP (2,2) and (2,3) are so
high that it can promptly reach the two adiabatic S, and S; asymptotes. Consequently, the

S, population increases rapidly and converges for these two initial conditions. The time
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integrated dissociation fluxes towards the three asymptotes are plotted with respect to time in
panels (E1,E2,E3,E4). It has been observed that with the increase in n4 the total integrated
flux towards no* asymptote decreases and it increases towards 77* state asymptote.

For all the initial conditions with nyp = 2 the maximum flux (F’) and the cost functional
(J) increases progressively and converges to their maximum value (see panels (F1,F2,F3,F4)

in Fig. E.2).

4.3.4 Time-dependent wave packets

In this section, a comparison between the nuclear WPs is carried out at different times
in the no*, 77*, and diabatic ground states which evolve by the continuous excitation in
presence of optimal field and after vertical excitation (i.e. in absence of field) to w7* state
(cf., Figs. 4.8, 4.9, and 4.10). The dotted lines in all the plots represent the linear geometries
and the small pink circles on this line represent the positions of the CI. In other words the
molecular geometry of the two Cls are planer. For all the initial conditions, most of the
WP densities remains near to the dotted line, that is, propagate along 2 coordinate keeping

geometries almost near to planer.

The (0,0) initial condition

The (0,0) wave function of ground state is vertically excited to the w7* state in the FC
region. The panel (A1) of Fig. 4.9 represents the probability density of the diabatic w7*
component of WP at time 182.48 fs. It is observed that the shape of the WP has been little
stretched along ¢ which implies energy is redistributed along ¢ mode. At 364.96 fs, an
interference pattern along ¢ appears in the probability density plot of 77* component. Also
the amplitude of probability density on the ¢ = O line is almost double of the previous
snapshot (cf., panel (A2) of Fig. 4.9). Since the diabatic coupling is non-zero at the FC
region, a portion of the 77* WP component gets transferred to the no* state and also gets

transferred back in time to the w7* state, leading to the interference pattern and enhancement
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in the probability amplitude. A nodal pattern is observed along the line at ¢ = 0 in the w7*
WP density which is generated by the CI between no* and ground state (see panels (A1)
and (A2) in Fig. 4.8). Similarly, the no* component of the WP also appears with a nodal
line at ¢ = 0 and it is generated by the CI between m7* and no* states (see panels (A1) and
(A2) in Fig. 4.10). These nodal lines are the result of GP effect. [71, 73, 88] The ground and
no* state components of the WP are extended up to their corresponding asymptotes which
reveals that both the ground state and no* state are the active photodissociation channels.
In the quantum dynamics calculations with optimal laser pulse the initial WP is prepared
with the (0,0) vibrational eigen function of the ground state potential energy surface. The
panels (B1) and (B2) of Fig. 4.8 represents the probability densities of ground state
component of WP, which is evolved in presence of optimal pulse generated by the GA based
optimal control scheme, at 182.48 fs and 364.96 fs, respectively. The optimal pulse gradually
excites the WP to the n7* state in the FC region. Consequently, the 77* component of
the WP is mainly localized in FC region and its pattern exactly mimics the ground state
component in the FC region (see (B1) and (B2) of Fig. 4.9). The probability density of the
WP in the m7* state is delocalized along ¢ mode that is because the potential energy surface
of mm* state is very much shallow along the ¢ mode in comparison to the ground state.
Therefore, after reaching to the 7w7* state the WP easily gets delocalized along ¢ coordinate.
The no* potential energy surface crosses the 77* and ground state along ¢ coordinate at
~0.5 rad. and ~1.0 rad., respectively. As a consequence, a portion of WP component of
m* state moves to the ground state in time and produces the interference pattern in the
delocalized part of the WP density of the FC region in the ground state. Similarly, a few
vibrationally excited component of the 77* state WP move to the no* state and comes back
to the w7 state which creates the interference pattern in the m7* state. The nodal pattern
of the 77* WP density along ¢ coordinate bears the evidence of the vibrational excitation
along R mode. So, the optimal laser pulse excites the WP to suitable vibrational state of

w7 state to access the no* state. Then, due to repulsive nature of the no* state, the WP
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reaches the Sy/S; Cl rapidly. At Sy/S; CI, the WP splits into two parts due to nonadiabatic
transition. One of them follows the diabatic no* asymptote which leads to the dissociated
fragments (PhS and CH3) in their ground electronic states and another part climbs to the
diabatic ground state asymptote which leads to the fragments (PhS[D;] and CH;3[Dy]) in the
excited state. The energy difference between the no* and ground state asymptotes is very
low (cf., Fig. 4.3(a)), therefore a portion from each of the density component moves back
and forth between the two PESs and produces an interference pattern in their asymptotic
regions (cf., panel (B2) of Fig. 4.8 and 4.10). From the WP probability density plots of no*
state (cf., panels (B1) and (B2) in Fig. 4.10), it can be seen that the WP bifurcates along
coordinate R from S;/S; CI. The same phenomenon is also observed in ground state WP
density. This is the consequence of the GP effect.

An interesting fact is that when the (0,0) vibrational wave function is vertically excited to
the mm* state, the WP propagates along the reaction coordinate, 1, following adiabatic path
on w7 and no* state (cf., Fig. 4.8 and 4.10). In other words, the WP spreads out along I?
at a large torsional angle, ¢ on these states. The barrier created by the S; /S5 CI along R at
¢ =0 (planner geometry) is higher than the vibrational energy associated with the (0,0) WP.
Therefore, the WP prefers to move along the reaction coordinate at large ¢ where this barrier
is less and appears as a hump instead of CI. Consequently, the dissociation yield on diabatic
ground state asymptote is higher than the energetically lower, no*, asymptote (see Fig. E.1).
On the other hand, when the (0,0) WP is excited to the w7 * state then the WP propagates
along R following the noadiabatic path on 77* and no* state (cf., Fig. 4.8 and 4.10). In
other words, the WP spreads out along R remaining close to ¢ =0, i.e. planner geometry.
Since, the two Cls are present along R at ¢ = 0, the WP participates in the nonadiabatic
transitions and finally the dissociation yield in the no* asymptote increases (see panel (E1)

of Fig. 4.6).
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Figure 4.8: Snapshots of the WP probability density in the diabatic ground state for the (0,0)
initial condition. The panels (A1) and (A2) are the snapshots at 182.48 fs and 364.96 fs for
vertical excitation, respectively. The (B1) and (B2) are the snapshots at 182.48 fs and 364.96
fs for excitation by optimal pulse, respectively. The pink circle represents the position of the
CL

The (1,1) initial condition

Figures 4.11, 4.12, 4.13 show the WP probability densities on the ground, 77*, and no*
diabatic potential energy surfaces, respectively, at different time for the aforementioned
two types of excitation where initial vibational WP is (1,1) eigen function of the ground
electronic state. In the case of vertical excitation to the w7 state the probability density of
m* WP component remains localized in the FC region (see panels (A1) and (A2) of Fig.
4.12). The m7* WP component preserves the initial nodal patterns of (1,1) eigen function up
to ~195 fs. Then, the nodal pattern along R eventually disappears, as it can be seen in the
snapshot at 304.14 fs, and the WP component moves to the no* state through nonadiabatic

transition at the S; /Sy CI. The m7* WP density is delocalized along the ¢ mode because it
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Figure 4.9: Snapshots of the WP probability density in the diabatic 77* state for the (0,0)
initial condition. The panels (A1) and (A2) are the snapshots at 182.48 fs and 364.96 fs for
vertical excitation, respectively. The (B1) and (B2) are the snapshots at 182.48 fs and 364.96

fs for excitation by optimal pulse, respectively. The pink circle represents the position of the
CL

contains extra one quantum of vibrational energy along ¢ mode. Since, the WP is initially
excited by one quantum along each of the modes, the WP can access the no* state in the
FC region and also gets enough energy to overcome the barrier of S; /S5 CI. This is how,
the no* state borrows the WP density from 7w7* state and leads to the photodissociation
followed by another nonadiabatic transition through the CI between the ground and no*
state. While the initial WP prepared in the 77* state was an antisymmetric function of ¢,
we have a symmetric wave function in the no* state. The ground state also acquires WP
density due to the nonadiabatic transition through CI between ground and no* state and
instantly reaches the dissociation limit. Therefore, the peak of the probability density is
observed near or in the asymptotic region of diabatic ground state (see panels (A1) and (A2)

in Fig. 4.11). It is revealed that the nodal line along S-C stretching coordinate is present in
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Figure 4.10: Snapshots of the WP probability density in the diabatic no* state for the (0,0)
initial condition. The panels (A1) and (A2) are the snapshots at 182.48 fs and 364.96 fs
for vertical excitation, respectively. The (B1) and (B2) are the snapshots at 182.48 fs and
364.96 fs for excitation by optimal pulse, respectively. The two pink circles represent the
positions of the two Cls.

the ground state wave function.

In the other case, the (1,1) vibrational eigen function of the ground state is excited to
m* state in the FC region by the optimal pulse which is calculated by the GA based optimal
control scheme. The two snapshots of probability densities of the ground state wave function
component at time 194.65 fs and 304.14 fs are shown in the panels (B1) and (B2) panels
of Fig. 4.11, respectively. The ground state wave function remains localized mainly in the
FC region in the initial duration of dynamics (cf., (B1) panel in Fig. 4.11) without loosing
its two nodes. Then slowly the density in the FC region on the ground state decreases
because of the continuous excitation to the excited states by the optimal laser pulse. The
two nodes are also preserved in the probability density at 304.14 fs in the FC region (cf.,

(B2) panel in Fig. 4.11). The optimal laser pulse excites the WP to the 7w7* state gradually
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Figure 4.11: Snapshots of the wave packet probability density in the diabatic ground state
for the (1,1) initial condition. The panels (A1) and (A2) are the snapshots at 194.65 fs and
304.14 fs for vertical excitation, respectively. The (B1) and (B2) are the snapshots at 194.65
fs and 304.14 fs for excitation by optimal pulse, respectively. The pink circle represents the
position of the CI.

from the ground state in FC region. Therefore, the probability density on the w7* surface is
localized in the region of well and almost exactly mimics the ground state component in
the FC region. The no* component of the WP also persists the nodal line along the ¢ mode
in the FC region (cf., (B1) and (B2) panels in Fig. 4.13). Since, the nonadibatic coupling
between m7* and no* state in nonzero in the FC region, no* state acquires probability
density because of nonadibatic transition in this region. The nonadiabatic coupling is an odd
function of ¢, therefore, we have a symmetric wave function with respect to ¢ mode, which
was antisymmetric in the ground state and in the no* state. In other words, the nodal line
along the S-C stretching direction disappears after nonadiabatic transition through the S; /S,
CI. An interference pattern is observed in the asymptotic region of the no* state which is the

result of very small energy gap between diabatic ground and no* state in their asymptotic
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Figure 4.12: Snapshots of the WP probability density in the diabatic 77* state for the (1,1)
initial condition. The panels (A1) and (A2) are the snapshots at 194.65 fs and 304.14 fs for
vertical excitation, respectively. The (B1) and (B2) are the snapshots at 194.65 fs and 304.14

fs for excitation by optimal pulse, respectively. The pink circle represents the position of the
CL

region.

When the (1,1) wave function is excited to the 7w7* state, both the adiabatic and diabatic
paths become active (cf. Fig. 4.11 and 4.13). The (1,1) vibrational WP contains enough
energy to overcome the barrier created by the S; /Sy CIL. Therefore, the no* state can acquire
population from the 77* state by nonadiabatic transition. At the CI between ground and
no* state the WP transits nonadiabatically to the lower energy asymptote because of having
extra vibrational energy by one quantum along ¢ mode. The ground state component of
the WP follows the adiabatic path and leads to dissociation into the excited state of the
photofragments. Although the nonadiabatic transition is enhanced compared to the (0,0)
initial condition, the dissociation yield of no* state is less than the ground state. On the other

hand, the excitation of WP by the optimal laser pulse promotes the nonadiabatic transition
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Figure 4.13: Snapshots of the WP probability density in the diabatic no* state for the (1,1)
initial condition. The panels (A1) and (A2) are the snapshots at 194.65 fs and 304.14 fs
for vertical excitation, respectively. The (B1) and (B2) are the snapshots at 194.65 fs and
304.14 fs for excitation by optimal pulse, respectively. The two pink circles represent the
positions of the two Cls.

and lead to the enhancement of the no* state population dramatically. As a consequence, in
the case laser pulse excitation the WP density intend to keep proximity with the line along

R at a planner geometry.

4.4 Summarizing remarks

In summary, it has been observed that the methyl photodissociation of thioanisole
molecule can follow two paths (1) adiabatic path where the molecule dissociates along S-C
stretching coordinate loosing planarity for torsional angle nonzero, (2) nonadiabatic path
where the molecule dissociates along S-C stretching coordinate keeping the planarity of

the molecule. The optimal pulse enforces the WP to prefer the nonadiabatic path for the
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methyl dissociation of thioanisole while the vertical excitation promotes the adiabatic path.
Consequently, the dissociation yield in the no* state asymptote is enhanced in presence of
the optimal pulse but the vertical excitation leads to the enhancement in the ground state
asymptote. An explicit dependence of the branching ratio on the initial vibrational excitation
of the WP has been found in both types of excitation techniques. Initial excitation along
the ¢ coordinate leads to an increase in the diabatic ground state asymptote but excitation
along R mode promotes the nonadiabatic path to increase the dissociation through the no*
asymptote. The optimal pulse vibrationally excites the m7* component of the WP along the
S-C stretching coordinate to promote the nonadiabatic transition at S1 /S, and Sy/.S; CIs so
that the the system dissociates to the energetically lowest asymptote. Moreover, this satisfies
the motivation of constructing the cost functional for obtaining the maximum yield with an
expense of fluence of laser pulse as low as possible.

The two-dimensional potential energy surfaces considered in this study are well-suited
for an initial investigation of methyl dissociation in thioanisole using a fully quantum
mechanical approach. While this model Hamiltonian does not accurately reproduce the
experimental lifetime of the w7* state, it serves as a minimal model that effectively captures
the dissociation process in accord with experimental findings regarding the photodissociation
pathway. Additionally, incorporating other vibrational modes could provide further insights
into the methyl photodissociation of thioanisole. Specifically, a comparative study between
this two-dimensional model and higher-dimensional models would help in identifying the
vibrational mode responsible for the sluggishness of methyl photodissociation. Such an

excercise is presently being undertaken.



CHAPTER 5

Suppression of N-H photodissociation of
pyridinyl radical implementing frequency
chirping: Utilization of coherent superpo-
sition principle

5.1 Introduction

The aspiration to control quantum mechanical phenomena has been alive since the
inception of quantum mechanics. The discovery of the laser in the 1960s sparked hope for
turning this aspiration into reality.[1, 2] Theoretical developments have since suggested that
target states or desired outcomes can be achieved by optimizing laser pulses, an idea that
continues to attract significant attention in contemporary research.[135, 136, 137] Among
these advancements, OCT has emerged as the most effective theoretical framework for
designing laser pulses to achieve specific photophysical objectives.[137, 138] In OCT, the
frequency, amplitude, phase, and pulse shape are usually optimized to determine the optimal
pulse.

Coherent control of photofragmentation using laser pulses leverages the superposition
principle in its purest form, a phenomenon that cannot be achieved within the first-order

perturbation limit.[139] In other words, controlling the state distribution of photofragments

91
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is not feasible using continuous wave (cw) excitation in the weak-field limit.[12, 140,
141] However, it is noteworthy that the form of the WP can still be controlled using
cw excitation.[142, 143] Although, when photodissociation is mediated via nonadiabtic
transition, the momentum distribution or dissociation probability can be manipulated by
phase-only shaped laser pulses implementing frequency chirping.[144, 145] Moreover,
the nonadiabatic transition at the CI can also be tuned using cw laser pulse with either
multi-frequency or single frequency component.[95]

Processes such as photosynthesis[146], vision[147], and light harvesting[148] rely on
photochemical reactions. However, photochemical reactions also have adverse effects,
including DNA damage[149] and degradation of solar cells.[150] Hence, the quantum
control techniques must be designed for both the acceleration as well as suppression of the
photochemical reaction, depending on the specific requirements of the application. The
photochemical reactions can be manipulated using classical laser field[7, 137, 151, 152] or
employing the photon-cavity.[153, 154]

Theoretical and experimental investigation of photodissociation dynamics of pyridinyl
radical is very important because it plays an important role as the intermediate in photoin-
duced water splitting reaction where pyridine act as the photocatalysis.[89, 90, 91] Pyridinyl
radical also can act as reducing agent for CO, in electrochemical catalysis.[155, 156, 157,
158, 159] The electronic structure and 7o -mediated N-H photodissociation dynamics were
studied by Ehrmaier et al.[92], whose findings indicate that a three-mode, three-electronic-
state model Hamiltonian is sufficient to describe the photodissociation process. The three
modes include the N-H stretching coordinate (1?), the out-of-plane bending of the H-atom
6, and the wagging mode (()9) and the three electronic states include the ground, 77, and
mo* state. Here, R serves as the reaction coordinate, § acts as the coupling coordinate for
the nonadiabatic interaction between the ground and 77 states, and (g is the coupling
coordinate for the nonadiabatic interaction between the 77* and wo* states.

In our previous work, we have shown that the N-H photodissociation of pyridinyl radical
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can be maximized by monochromatic laser pulse. Using a GA based OCT framework the
amplitude, frequency, and shape of the monochromatic laser pulse has been optimized. More
than 90% of the population was found to be dissociated via the o™ state in presence of
optimal pulse. In this work, the objective of the OCT calculation is quite the opposite of the
previous case. Here, the focus is on controlling the lifetime of the 77* state by maximizing
the overlap of the 77" WP component with the ground vibrational eigenfunction of 77*

state.

5.2 Theory and methodology

The Hamiltonian in the dipole moment approximation is expressed as:

~

H(t) = Hy— - E (1), (5.1)

where H, o 1s the molecular Hamiltonian in the diabatic representation. This Hamiltonian,
H,, comprises the sum of the kinetic, T, and potential, v, energy operators. The symbols fu
and E(t) denote the molecular dipole moment and the external electric field from a laser,

respectively. The system’s time evolution is governed by the TDSE:

ig%ﬁzﬂwwm Y(t = 0) = ¢. (52)

In this equation, the initial WP ¢, is calculated using the pseudospectral method and
represents the ground vibrational wave function of the system’s ground state.

The goal is to determine the electric field Ez(t) that can drive the system from its initial

state ¢, to a final state 1(t = T') that closely approximates a desired target state ¢ - This

involves optimizing the time-dependent field to achieve a high degree of overlap between

¥(t =T) and ¢, effectively steering the system’s evolution to the target state. The optimal

control can be formulated as the maximization of an electric field dependent cost functional,
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J [ﬁ(t)] which is defined as
JB®)] = J. — ag /OT ot E )] (5.3)

In this work, the model Hamiltonian for the N-H photodissociation of the pyridinyl radical
consists of three electronic states and three vibrational modes. The electronic states included
are the ground state, the 77" state, and the mo™ state. The three vibrational modes considered
are the N-H bond stretching coordinate R, which acts as the reaction coordinate; the out-of-
plane bending coordinate of the hydrogen atom, ¢ and the normal mode ()9, as detailed in

Ref. 92. Accordingly, the total WP, 1) (), is represented as:

Yo(t)
P(t)=[vi(t) | (5.4)
Vo(t)

where (%), 11(t), and 15(t) correspond to the WPs associated with the ground, 77*, and

mo* electronic states, respectively. The molecular Hamiltonian is represented as

Voo Vo Ve
Hy=TxL+ | Vi, Viy Vio |, (5.5)
Voo Vo1 Voo

where Ty is the nuclear KE operator, and /3 is the 3 x 3 identity matrix, representing that the
KE acts equally on each electronic state. Here, Vi, V11, and V5, are the diabatic potentials
of the ground, 77", and wo™ states, respectively, while the off-diagonal terms V;; (for i # 7)
represent the inter-state diabatic couplings. Detailed description of the KE, T, and diabatic
potential energy surfaces for the N-H photodissociation of pyridinyl radical has been given
in the Ref. 92 and 160.

In the present work the molecule is excited to the only optically bright 77* state by an
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external laser pulse therefore the molecular dipole moment matrix, f, in Eq. 5.1 can be

expressed as

0 por O
p=1po 0 0F, (5.6)
0O 0 O

where the term piy; is the TDM for the ground and 77* state which is considered as a
constant (unity). It is valid approximation in a diabatic electronic basis, as the electronic
character of the states remains consistent across the entire nuclear coordinate space within
this framework.[94] The validation of this approximation was also further confirmed in our
recent works on pyrrole and malonaldehyde.[87, 95, 96]

In this work, our objective is to design an optimal laser pulse that maximizes the
lifetime of the m7* electronic state. Specifically, this optimal pulse should work to minimize
nonadiabatic transitions between the w7* and wo* states, as well as reduce the dissociation
flux through the wo™* state. To achieve this target, the J; term in Eq. 5.3 will be composed of
two components. The first component will measure the overlap between ¢/(7"), the WP at the
final time 7', and the target wave function ¢, which represents the ground vibrational state
of the wr* state. The second component will incorporate the time-accumulated flux for all
three states, which inversely contributes to the cost functional. Together, these components
guide the optimization process, favoring a laser pulse that maintains the system in the 77*
state and minimizes both nonadiabatic transitions and unwanted dissociation. So, the term

J, can be written as
1078

T 5.7

T, = [((D)|Olgs)|” +

where
2

21t Y,
=Y a1 = ZO p /t:o Im|(i| 55 ) | ar. (5.8)

=0 R:Rfluz
Here, 1 denotes the reduced mass along the R coordinate, which is associated with the N-H

bond stretching mode, serving as the reaction coordinate for the dissociation process. The
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Figure 5.1: Temporal profile of laser pulses and corresponding frequency: (a) frequency
variation over time, (b) and (c) laser pulse shapes with standard deviations of 7 = 7'/5.0
and T'/7.5, respectively.

parameter 2y, specifies the position along the R coordinate at which the flux analysis is
conducted, effectively marking the point beyond which dissociation is considered to occur.

The operator O, is defined as a step function that acts as a boundary indicator for the
m* — mo* CIL Its value is set to unity up to the location of the CI and becomes zero beyond

this point. Mathematically, it can be expressed as:

1, for R < Reg
O.(R) = (5.9)

0, for R > Rey
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where R is the coordinate value at the CI. This operator helps to distinguish regions within
the potential energy surface, ensuring that the overlap is selectively maximized within the
equilibrium region of the 77* state, while inhibiting nonadiabatic transitions through the
m* — wo* ClL.[144, 145]

The laser field considered in the present work is a linearly chirped pulse with a gaussian

envelop, defined as,

E(t) = EO exp —% —i(t — t0)<w0 +Xt —2750)}’ (5.10)

where:

ﬁo is the amplitude of the electric field,

to is the central time of the pulse,

* 7 represents the standard deviation of the pulse shape (related to the Gaussian envelope

width),

wy 1s the central frequency of the pulse,

X/2 is the chirp rate, determining the rate of frequency change over time.

This form of the electric field represents a Gaussian-modulated pulse with a time-dependent
frequency, allowing for control over the frequency sweep of the pulse. If x is negative,
the frequency of the pulse decreases over time, creating what is known as a downwardly
chirped pulse. Conversely, if x is positive, the frequency increases with time, and the pulse
is referred to as an upwardly chirped pulse. This chirping allows for selective control over
the interaction dynamics by adjusting the frequency sweep direction in the laser field.

The GA has been employed to determine the optimal pulse which maximizes the cost
functional, J. The parameters in the Eq. 5.10 namely, the amplitude ﬁo, the central
frequency wy, chirping rate , and width of the pulse, 7 are varied within a predefined range

of values [see Table 5.1]. Through iterative exploration, the GA efficiently navigates this
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Figure 5.2: Spectral profile of the six laser pulses with varying chirp rates, x, and standard
deviation of the gaussian envelope, 7, as mentioned in panels (a-f).

parameter space to identify the pulse configuration that achieves the desired optimization

objectives, thereby maximizing the cost functional. The parameter ¢ is set to a constant

Table 5.1: Parameters used in the optimization of the laser pulse.

Parameter Description Value[a.u.]
ﬁo Amplitude of electric field 0.0151-0.0755
Wo Central frequency 0.0236-0.059
X Chirping rate 3x1077-3%x1077
T Width of pulse 16655.16 - 27758.6

value of 7'/2, where T" = 138793.0 a.u. represents the total duration of the laser pulse.
Consequently, ¢, defines the central time of the pulse as the midpoint of the total duration,

occurring at 7'/2.
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5.3 Results

Dynamics of the Pyridinyl photodissociation with chirped pulse

In a test, the N-H photodissociation dynamics are investigated using six laser pulses,
each with different chirping rates and pulse envelope widths [cf. Table 5.2]. The central
frequency is set to 11775.7 cm™*,corresponding to the 1.46 eV energy gap between the 77
and ground state. The amplitude is fixed at 0.0377 a.u., placing it in the weak field region
to prevent unnecessary photoionization or other non-physical processes [cf. Fig. 5.1]. The
spectral profiles of the six laser pulses are depicted in Fig. 5.2. For non-zero chirp rate Y,
the spectra are broad in frequency space, encompassing continuously varying frequency
components whereas for y = 0, the spectrum displays a sharp peak at the central frequency
which corresponds to a monochromatic laser pulse. The total duration, 7', of these laser

pulses is 4000 fs.

Table 5.2: Parameters of laser pulses used for the N-H photodissociation dynamics test.

Pulse Number | Chirping Rate () | Pulse Width (7)
1 2x1077 T/5.0
2 2x1077 T/5.0
3 0.0 T/5.0
4 2x1077 T/7.5
5 2x1077 T/7.5
6 0.0 TI7.5

The diabatic electronic populations of the three electronic states are shown over time
under the influence of six laser pulses (see Fig. 5.3). The population dynamics exhibit
significant variation with different chirp rates, y. When y = 2 x 1077, corresponding
to a linear increase in pulse frequency over time, the ground state population decreases
gradually. In contrast, for y = —2 x 1077, the population decreases more rapidly, with the
fastest decline observed at y = 0.0. Similarly, there is a remarkable impact of the chirping

rate on the dynamics of 77 state. For positively chirped pulse the 77 state population
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Figure 5.3: The diabatic electronic population dynamics of the ground, 77*, and mo™ states
are shown over time in the presence of six laser pulses with different chirp rates, , and the
standard deviation of the Gaussian envelope, 7, as depicted in panels (a-f).
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increases up to ~3000 fs whereas, for the negatively chirped and monochromatic laser
pulses, the population does not sustain growth for such an extended duration. The 77*
state population increases up to only ~1200 fs for negatively laser pulse while it starts
decreasing rapidly after an instant increase in presence of monochromatic laser pulse. The
implementation of the linear chirp in the laser pulse has most significantly influenced the
nonadiabatic transition occurring at the 77* /o™ CI (CI-1) and, consequently, it is reflected
in the wo* state dynamics also. The nonadiabatic transition through the CI-1 occurs more
slowly in the presence of positively chirped laser pulse compared to negatively chirped and
monochromatic pulses. Therefore, the WP gets excited to the 77" state in portions with
time and is not immediately transferred to the repulsive mo* potential energy surface by
nonadiabtic transition through CI-1 for y = 2 x 10~7. Consequently, the population on
the wo™* state remains below 10% until 3000 fs. This indicates that the positively chirped
pulse directs the WP components to move towards the equilibrium rather than propelling
them toward dissociation. On the other hand the negatively chirped and monochromatic
laser pulse does not hinders the nonadiabatic transition at CI-1. For y = —2 x 1077 the
population of mo* population increases steadily until ~2000 fs, after which the growth rate
slows down considerably. In the case of xy = 0.0 the mo™ population increases rapidly from
the onset, and by the end of the dynamics, nearly 88% of the population is transferred to the
mo* state. The effect of the chirped rate follows the same trend for both the values of 7 (see
Fig. (a-f)).

Fig. 5.4 represents the time accumulated flux through the ground, 77*, and mo™* asymp-
tote with respect to time. Panel (a) illustrates the flux profile for y = 2 x 10~7, showing that
the dissociation flux through the wo* state remains below 5% up to 2000 fs. After that, it
begins to increase slowly and, by the end of the laser pulse duration, it reaches nearly 39%.
As discussed previously, the positively chirped laser pulse induces a sluggish nonadiabatic
transition, preventing the WP from efficiently accessing the wo* state, thereby reducing

the dissociation yield. For y = —2 x 1077 laser pulse, the dissociation yield via the mo*
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Figure 5.4: The dissociation flux through the ground, 77*, and mo™* asymptotes are shown
over time in the presence of six laser pulses with different chirp rates, y, and the standard
deviation of the Gaussian envelope, 7, as depicted in panels (a-f).
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Figure 5.5: Temporal and frequency profiles of the optimal laser pulses obtained using the
GA. Panels (A1) and (A2) show the temporal profiles of Type-1 and Type-2 laser pulses,
respectively, while panels (B1) and (B2) display their corresponding frequency profiles.

state is comparatively high and ~67% of the population gets dissociated by the end of the
pulse duration. The dissociation yield for monochromatic laser pulse is illustrated in panel
(c), where ~86% of the population dissociates via wo™ state. Additionally, a small fraction
(~5%) dissociates through the excited state, w7*, dissociation channel. The other three
panels (d-f) present the flux profiles for the laser pulse envelope with a standard deviation
of 7 = T'/7.5, corresponding to the same chirp rates: y = 2 X 1077, =2 x 1077, and 0.0
au. The effect of the chirping rate is similar to that observed for 7 = 7'/5.0, where the
dissociation yields via the o™ state are approximately 14%, 60%, and 74%, respectively.
However, the total yields are slightly lower than those for the corresponding x values with
7 = T/5.0. This reduction can be attributed to the slower rise in the pulse amplitude
during the leading edge and the narrower full-width-half-maximum (FWHM) of the pulses

compared to those with 7 = 7'/5.0.



5.3. Results 104

Figure 5.6: The diabatic electronic population dynamics and time-accumulated flux over
time under optimized laser pulses. Panels (A1) and (A2) are the time-dependent diabatic
population dynamics driven by Type-1 and Type-2 optimal laser pulse, respectively, while
panels (B1) and (B2) display the time-accumulated flux obtained by the action of these two
pulses, respectively.

OCT calculation to maximize the life time of 77™* state

Two types of quantum control calculations have been performed with a motivation of the
maximization of the lifetime on the 77 state simultaneously minimizing the dissociation
flux through the mo* state. To account this problem the cost functional (see Eq. 5.3) has
been maximized using GA within the parameter ranges given in Table 5.1. In the Type-1
calculation, the optimal pulse is determined by optimizing the amplitude, E(t), central
frequency, wy, and chirping rate, x for fixed width of the pulse, 7 = 27758.6 a.u. (see panel
(A1) in Fig. 5.5). In the Type-2 calculation, an additional parameter, the pulse width 7, was
also optimized (see panel (A2) in Fig. 5.5). The values of the optimized parameters of these
two types of calculations are summarized in Table 5.3.

The diabatic population of the three electronic states in the presence of the two optimal
pulses is shown in Fig. 5.6. The Type-1 laser pulse excites the ground vibrational WP
gradually from the ground electronic state to the w7* state in the FC region (see panel (Al)).

This pulse excites the WP components more slowly than the monochromatic laser pulse
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Table 5.3: Optimized parameters obtained from the GA.

Optimized values of parameters obtained from Type-1 calculation

Amplitude, E (¢) 2.7788565x 102 a.u.

Central frequency, wy 5.3307845x 1072 a.u.

Chirping rate, y -1.8915x107" a.u.

Optimized values of parameters obtained from Type-2 calculation
Amplitude, E (t) 1.65137x1072 a.u.

Central frequency, wy 4.8877x1072 a.u.

Chirping rate, -1.352x 1077 a.u.

Width of the pulse, 7 27758.6 a.u.

because of the frequency chirping effect[160]. At the end of the pulse duration, ~70% of
the ground state populations are excited to the excited states. The plot illustrates an increase
in the w7* population up to 1000 fs, during which the mo* state population remains below
4%. This indicates that within this timeframe, the portion of the wave packet excited from
the ground state to the m7* state does not undergo a nonadiabatic transition to the wo™* state
at CI-1. Instead, it accumulates in the FC region of the w7 state. This behavior is a direct
consequence of frequency chirping employed in the laser pulse. Beyond this initial period,
the population of the 77* state continues to increase, although comparatively more slowly,
to ~ 2500 fs. In this interval, the nonadiabatic transition at CI-1 occurs comparatively at
faster rate and consequently, the wo* state starts acquiring some population. Afterwards,
the population of o™ state is increased and 77 state population decreases. The time
accumulated flux through the three asymptotes is plotted in panel (B1). The dissociation
flux via mo* state remains nearly zero up to ~200 fs and then starts increasing very slowly
and at the end of the pulse duration it reaches ~12% only which is significantly lower than
the dissociation flux observed with a monochromatic laser pulse. No dissociation flux has
been obtained through the ground state and the 77* channels. Therefore, the objective of
maximizing the lifetime of the m7* state while minimizing the dissociation of N-H bond has
been successfully achieved.

The diabatic population of the three states in the presence of Type-2 laser pulse is shown



5.3. Results 106

Figure 5.7: Snapshots of probability densities for the ground state WP component in R — Qg
space at different times during the field driven dynamics.

in panel (A2) in Fig. 5.6. Similar to the Type-1 case, the ground state population decreases
gradually with time up to approximately 2634.3 fs and by this time ~85% of the population
has been transferred to the excited states. Subsequently, the 77* population exhibits a
slight oscillatory growth before decreasing to approximately 7%. This indicates that the
Type-2 optimal pulse excites the WP more efficiently than the Type-1 pulse. The w7* state
population increases gradually with time up to ~1000 fs and continues to increase up to
~2634.3 fs almost in the same rate unlike the Type-1 case. Within this period, the mo*
population grows very slowly and reaches ~8% only at ~2634.3 fs. This suggests that,
in the presence of the Type-2 laser pulse, the 77* WP component accumulates in the FC
region of the corresponding state more effectively than it does under the influence of the
Type-1 laser. The time-accumulated flux plot demonstrates that the flux via the o™ state is
suppressed more effectively by the Type-2 laser pulse compared to the Type-1 pulse. The
total dissociation yield on the wo* state asymptote is ~7.7% only which is remarkably lower

than the dissociation yield observed with monochromatic laser[160] and even lower than
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the dissociation yield for Type-1 pulse.

5.3.1 Time dependent probability densities

In order to get an insight of the mechanism of the dynamics under the influence of the
optimal laser pulses the snapshots of the probability densities of the ground, 77, and wo*
state WP components at different times are represented in Figs. 5.7-5.12. The snapshots
of the probability densities are taken at 422.14, 844.28, 1266.42, and 1941.84 fs for all the
three states in the two dimensional reduced spaces, R — ()9 and R — . The probability

densities in the two dimensional space are calculated by the following formulas

HwJRA%%=/wﬂi&Qﬁ%Ui&de&
(5.11)

BMR@z/wﬁﬁQWMR&%M%-

The probability densities of the ground electronic states represent that it remains con-
centrated in the FC region only and the density decreases gradually with time (see Fig. 5.7
and 5.10). It is also noticeable that no nodal pattern has been appeared over time within
the probability density plots neither along reaction coordinate, R, nor along the coupling
coordinates, Q9 and 6, for both R — Q9 and R — 6 space. Additionally, the probability
density of the ground state shrinks over time rather than diffusing (cf. panels (A1,A1,A3,A4)
in Fig. 5.7 and 5.10) On the other hand, when the monochromatic laser, i.e. 374 and 6
pulse in table 5.2, is applied the probability density gets diffused and nodal pattern along
the coupling coordinate, ()y, emerges with time. The ground state WP component was also
found to be diffuse, and nodal pattern was also present, when an optimal laser pulse with a
single frequency was applied, as demonstrated in our previous work.[160]

Figures 5.8 and 5.11 represent the snapshots of probability densities of 77* WP compo-
nent in R — Qg and R — 6 spaces, respectively. Initially, the 77* WP component remains

diffused along the (9 coordinate with multiple nodal lines along the coordinate, R (cf. panel



5.3. Results 108

Figure 5.8: Snapshots of probability densities for the 77* state WP component in R — Qg
space at different times during the field driven dynamics.

(B1) of Fig. 5.8). The probability density is observed to be symmetric about the ()9 = 0
line, extending up to Q)9 ~ 413 a.u. The probability density is highest at the Q9 = 0
and it decreases gradually towards the larger +-()9 values. This pattern of WP probability
distribution along the ()9 coordinate persists during the dynamics (see panel (B2) of Fig.
5.8) while the diffuseness decreases, and the wavepacket becomes increasingly concentrated
in the FC region (cf. panel (B2,B3,B4) in Fig. 5.8). Also in the R — 6 space the wavepacket
remains in the FC region initially and the amplitude increases with time because of gradual
excitation of ground state wavpacket to the m7* state by the optimal pulse. It is a common
phenomenon that when Cls are located near the equilibrium region, the excited WP tends
to undergo nonadiabatic transitions, provided there are no significant energy barriers in
the way.[73, 92, 160] Interestingly, in both reduced-dimensional representations, the 7w7*
WP component does not cross CI-1. This observation suggests that the optimal chirped
frequency laser pulse effectively suppresses the nonadiabatic transition.

Figures 5.9 and 5.12 illustrate the mo* WP probability densities is the two dimensional
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Figure 5.9: Snapshots of probability densities for the mo* state WP component in R — Qg
space at different times during the field driven dynamics.

spaces. In presence of the optimal chirped laser pulse, the 7o* WP probability densities also
follows the same trend. Initially, it displays a diffused nature along the ()9 coordinate, with
multiple nodal patterns along R (see panel C1 of Fig. 5.9). It is observed that the probability
density is symmetric with respect to the ()9 = 0 line and extended up to ()9 ~ +13 a.u.
The probability density is highest in the larger )y and it decreases gradually towards the
Q9 = 0 line. Subsequently, this distribution along the ()9 coordinate changes, eventually
reversing its pattern while maintaining symmetry with respect to the ()9 = 0 line (see panel
(C2) of Fig. 5.12). Over time, the diffuseness decreases and the mo* WP density becomes
increasingly concentrated in FC region (cf. panels (C3) and (C4) in Fig. 5.12). In the
R — 0 space, the WP density remains localized in the FC region and the probability density
amplitude increases with time because of gradual excitation of ground state WP to the w7*
state by the optimal pulse (cf. panels (C1)-(C4) of Fig. 5.12). The mo* WP component also
cannot undergo the nonadiabatic transition at the nearest CI, CI-1, due to frequency chirping

implemented in the optimal pulse.
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Figure 5.10: Snapshots of probability densities for the ground state wavepacket component
in R — 0 space at different times during the field driven dynamics.

In order to analyze the effect of the frequency chirping in the photodissociation dynamics
of pyridinyl we can consider the analytical formulation of the WP dynamics of the three
states within the framework of first order perturbation theory (see APPENDIX-C). The
Eq. C.6 represents the time evolution of the three WP components with time in presence
of an electromagnetic (e.m.) field. The 77 state WP component, i,e. 1;(t), consists of
two parts where first part indicates the excitation of the ground state WP by the e.m. field
the second part indicates the portion of the mo* WP component undergoes nonadibatic
transition between the m7* and mo™ state. Since our target in the quantum control studies is
the maximization of the overlap of 1), (¢) with the ground vibrational eigenfunction of w7*
state, the excitation by the e.m. field will primarily be considered to illustrate the chirping
effect in the present work. Without loosing any generality, the target vibrational state on the

mr* electronic state can be considered as a superposition of the vibrational eigenstates, (; .,
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and it can be written as[161]

Sp(T) =Y ane My, (5.12)

n

After separating the preparation stage from the subsequent dynamics this equation recasts as

$p(T) = ape onT/he=0n¢y (5.13)

n

If the optimal laser pulse excites a coherent superposition of eigen states of 77* state at time

t, then the WP component of the corresponding electronic state can be expressed as

Pi(t) =) cpem G, (5.14)

n

In order to determine the coefficient c,,, let us multiply the ¢, (¢) in Eq. C.6 by ((; .

; t ) )
<C1,n|¢1(t)> = _%/ <C1,n|€7%H11t(—M01E)67%H00t’C0,0>dt
0 (5.15)

Cn = E(wLn - W0,0)<C1,n|,u01|C0,0>

where E (wW1n — woo) and (Cipnlp01/Co0) are the Fourier component of the field at the
frequency, w; ,, — wy o, and FC factor, respectively. At the end of the pulse duration, 1.e. at

time 7', we will have ¢ (T") = ¢¢(T"). From this condition we can finalize that

ane*ﬁﬁn :E(wLn — w070)<C1,n|N01K0,0>
(5.16)

_id)n
. ane
E(wi, —wop) =—-+
(1 00) (Cinlpo1Co0)

and the target state

¢f(T) = Z E(wl,n - w0,0)<C1,n\M01’Co,o>€7€1’”T/hC1,n- (5.17)
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Figure 5.11: Snapshots of probability densities for the 77 state WP component in R — 0
space at different times during the field driven dynamics.

For a general potential energy surface the period of vibration becomes longer for higher
energy components. Therefore, to focus entire WP in the FC region at the same time on
the m7* potential energy surface, the higher energy components have to be excited before
the lower energy components.[162, 163] To meet this requirements, Eq. 5.17 suggests that
the optimal pulse has to be designed is such a way so that the frequency should be swiped
from higher to lower, i.e. the pulse should have downwardly chirped or negatively chirped
frequency. From the GA base quantum control calculation also we obtained negatively
chirped pulse (cf. Table 5.3). It is also observed that the laser pulse excited the higher
energy component along the ()9 mode at first then with time the WP relaxed to the ground
vibrational state at the same time to get focused in the FC region (see Fig. 5.8 and 5.9).
The oscillatory nature of the time-dependent diabatic population of ground and 77*
state (cf. Fig. 5.6) can be attributed to the second terms of the 14(t), 11 (¢), and both the
terms of 1)5(¢) in Eq. C.6. This behavior arises from the nonadiabatic coupling, V3, in

the FC region, which causes a portion of the WP component to oscillate between the 77*
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Figure 5.12: Snapshots of probability densities for the mo™* state WP component in R — 0
space at different times during the field driven dynamics..

and mo* states. Similarly, due to the nonadiabatic coupling V[, another portion of the
WP component oscillates between the mo* and ground states. The oscillatory nature is
more prominent in the present study than out previous works where monochromatic laser
pulse had been implemented.[87, 88, 95, 160] The optimal laser pulse excites the initial WP
coherently to a larger number vibrational eigenstates of the w7* state, facilitated by the broad
frequency range of the pulse (cf. (B1) and (B2) in Fig. 5.5). Due to frequency chirping,
the excited vibrational WP components interfere constructively, causing them to relax to
the ground vibrational level of the 7w7* state and remain confined in the FC region. As a
result, the WP spends an extended time in the FC region, leading to pronounced oscillations
between the 77* and mo* states due to the nonadiabatic coupling, V3-. In contrast, under a
monochromatic laser pulse, the lack of coherent superposition among the excited vibrational
WP components prevents the WP from remaining in the FC region of the w7* state. Instead,
the WP becomes diffused along the R mode and undergoes nonadiabatic transitions at

CI-1.[164]
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5.4 Summarizing remarks

In summary, the mo*-mediated N-H photodissociation of the pyridinyl radical can be
effectively suppressed by implementing linear frequency chirping in the design of the
optimal laser pulse. A frequency-chirped laser pulse incorporates a broad range of frequency
components, enabling coherent excitation of the vibrational WP from the ground state to
multiple vibrational levels of the optically bright 77* state. The GA based OCT calculation
designs the optimal laser pulse where frequency is downwardly chirped. So, the optimal
pulse starts with higher frequency component and with time it decreases linearly to lower
frequency components. Consequently, the higher vibrational energy components with
higher vibrational period is excited first and with time gradually the component with lower
vibrational period gets excited coherently to m7* state in the FC region. This coherent
superposition of vibrational WP components creates a pseudo-stationary vibrational state,
effectively trapping the WP.

The initial test calculations using six laser parameter sets provided a preliminary un-
derstanding of addressing the current problem. The results from the quantum dynamics
calculation in presence of that six laser pulses suggest that incorporation of frequency
chirping can effect the nonadiabtic transition at CI-1 and consequently, the dissociation
yield.[144, 145] Based on these insights, the parameters of the pulse and their ranges were
defined for the OCT calculations to maximizing the life time of the w7* state. The opti-
mal laser pulse, comprised of downwardly chirped frequency, trapped vibrational WP in
the FC region utilizing the interference between the excited WP components by coherent

superposition in the w7* state.



CHAPTER 6

Summary and outlook

In this thesis, we have discussed that how OCT can be implemented to manipulate the
chemical dynamics. The continuous laser pulse are employed as the external controller. In
all these works the ultimate goal is to obtain an optimal laser pulse which will give us the
maximum outcome at the end of chemical dynamics. In OCT, the formulation of a laser field
dependent cost functional is the center of attraction. The cost functional is mainly comprised
of three major parts, the target part, the fluence of laser, and the dynamical constraint. The
target part is mainly dissociation flux through an analysis line placed at a certain distance
along the reaction coordinate, the projection operator or both of them. The fluence of
laser part is added to the cost functional to assure that the optimization of cost functional
leads to a reasonable laser pulse shape which will not promote unnecessary processes, like
ionization. The TDSE is employed as the dynamical constraint which is attached with the
cost functional through a time dependent Lagrange multiplier. The optimization of cost
functional is performed using GA.

This thesis reports mainly the quantum control calculations for the photodissociation of
two molecules, N-H photodissociation of pyridinyl radical and methyl photodissociation

of thioanisole. Pyridinyl radical is a radical which appears as a intermediate for pyridine
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catalyzed water splitting reaction in presence of UV light. In this this reaction N-H photodis-
sociation is an important step where pyridinyl absorbs light in the visible region of light.
Moreover, pyridinyl can act as a reducible agent for CO, in presence of light. On the other
hand, thioanisole is an important precursor molecule for drug development and it is one of
the most studied sulphur containing model system.

To account the N-H photodissociation of pyridinyl a three state and three mode model
Hamiltonian has been employed. The OCT calculation of N-H photodissociation has been
performed for different initial vibrationally excited WPs to get an insight of the dissociation
mechanism. For all the initial conditions, the N-H photodissociation occurs via mo* state
and yields are more than 95% with all these initial conditions for pulse durations 726 fs and
967.55 fs. There is no dependence of the the yields on the initial conditions has been found
for these two long pulse durations, but for 250 fs pulse there is an explicit dependence on the
initial conditions. One interesting fact is that initial excitation of out-of-plane bending mode
of H-atom hinders the dissociation of N-H bond, therefore excitation of the same leads to
lowest dissociation yield for 250 fs pulse and dissociation starts little late (~ 10-12 fs) with
726 fs and 967.55 fs pulses.

Similarly, for the methyl photodissociations of thioanisole a three state and two mode
model Hamiltonian has been considered. To make the KE operator simple the methyl
group has been considered as a composite particle where the total mass of the methyl group
is considered to be embedded at its center-of-mass. To get a preliminary details of the
dissociation mechanism the quantum dynamics for delta excitation to the 77* state and
continuous excitation by an optimal laser pulse of duration 4000 a.u. are compared. It
has been observed that methyl photodissociation can follow two paths, either adiabatic
path where molecule dissociates along S-C stretching coordinate loosing planarity, or
nonadiabatic path where keeping the planarity. In presence of optimal pulse it prefers the
nonadiabatic path and in field-free case it follows the adiabatic path.

The quantum control of N-H photodissociation process is further extended with a
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different target than the previous work, where suppression of the N-H photodissociation is
the goal of the OCT work. In other words, maximization of the lifetime of the w7* state is
the objective. In this work frequency chirping in the laser pulse has been included. In the
GA optimization four parameters of the gaussian shaped laser pulse, like central frequency,
width of the pulse, chirping rate, and amplitude are tuned to get a suitable pulse which will
lead to the maximum 77* state lifetime. To reach the goal, two simultaneous objectives are
included in the cost functional. They are the overlap integral of the 77* WP component
with the ground vibrational eigen function of 7w7* state and other one is the inverse of flux
through the asymptotes to suppress the dissociation yield. The optimal laser pulse obtained
from the GA optimization is negatively chirped pulse. In presence of negative chirped
pulse a coherent WP is formed in the FC region of the w7* state and it remains there for a
longer time compared to the 77* WP component formed due to the monochromatic laser
pulse. Moreover, the dissociation yield at the wo* asymptote is effectively suppressed by
the frequency chirping effect incorporated in the pulse.

All the laser pulses calculated by GA based optimal control scheme are experimentally
feasible. The optimal pulse shapes and the associated frequencies are quite reasonable.
In the first two works, the designed optimal pulses are monochromatic in nature and the
frequencies are within the visible and UV ranges. On the other hand, in the third work
linearly chirped laser pulse is implemented and the pulse scans a broad rang of frequency,
from near IR to visible regime, with time. As the optimal pulse is negatively chirped
pulse, it starts with higher frequency and proceeds towards lower frequency range with
time. The amplitudes of all the laser pulses are in the order of ~0.01 a.u. which falls in the
regime where the probability of multi-photon ionization process is considerably less but
tunneling ionization may take place. To the best of our understanding, these laser pulses are

experimentally feasible given the present state of technology.
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Outlook:

(1) The two dimensional model Hamiltonian considered for the methyl dissociation has a
major demerit that it did not predict the lifetime of the w7 * state. Therefore, this problem can
be revisited with a model Hamiltonian incorporating few more modes to improve the lifetime
of the w7 * state to better align with the experimental results. A quantum control calculation
with the higher dimensional Hamiltonian can also be performed using OCT-MCTDH.

(2) Similarly, to understand mechanism of the N-H photodissociation of pyridinyl radical
in more details few more coupling coordinates can be included in the model Hamiltonian.

(3) In this thesis all the quantum control calculation has been performed for only
photodissociation processes. So, this work can also be extended for reactive scattering
problems. Using pump-probe scheme the final vibrational or rotational state distribution of
products can be controlled in the case state-to-state dynamics of triatomic systems.

(4) Molecular orientation prior to collision significantly influences reactive scattering
in the ultra-cold regime. Therefore, controlling the orientation (or rotational state) of the
molecule (if it has permanent dipole moment) can lead to some interesting results. The
quantum control scheme presented in the present thesis can be implemented to design an
optimal pulse in the micro-wave region which can control the orientation of the molecule.

(5) One of the unique capabilities of chirped laser pulses is their ability to mitigate
quantum state dephasing and also it can create "reflectron" state where molecule move
towards the FC region from the dissociation state. Hence, with the aid of chirped laser pulse
and the quantum control schemes a scattering state can be transformed into a bound state. In

other words, molecular association can achieved using chirped laser pulse.
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APPENDIX A

Derivation of adiabatic TISE

The adiabatic molecular energy within BO approximation is expressed as [see Eq. 2.14]
<¢§O O|H + 1, + VnnW)Boxgl?) Efkoéaﬁ(sjk' (A.1)

The kinetic energy operator

(A2)

Implementing the kinetic energy operator into Eq. A.3

<w,6]’30 BOlH + Z it VnnWBOXak )= Eka(Saﬁéjk

2M

i.e.(YEONEO|H, + Vi [EONEL) + (05O BO|Z EOXEOY = BBO5,501

QM

(A.3)

The second term of the L.H.S can be rewritten as
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OIS s i)
@ZJEO BO|22M 8 < nZW)BO |X >+|¢BO>( nz|X >)>
w,go BO‘ZQM ('¢BO>V iXar >+VM|¢BO> n,ilxgko>

+ VoilhB9) -V, IxBO) + V2, |¢Boxf;?>>

=(05°x BO|22M (WBOW Xek) + 2Vl Z0) - Voalx) + Vi |¢Boxf§>>

(A4)

If we replace the second term of L.H.S. of Eq. A.3 then we arrive at the Eq. 2.15.



APPENDIX B

Derivation of the two conditions for ADT

matrix

Let us revisit the Eq. 2.19

—h? o o
{U£O+Vnn+Tn_Efko}|ngO>:_Z{Z 2M <2dzﬁ vn’z—i_DZB >}|ngo>
3 7

i

(B.1)

The derivative coupling and scalar coupling terms present in the R.H.S. is expressed as (see

Eq. 2.16)

d)* = (YFO|V,.:5O)
D = (YFO|V2 |50) (B.2)

- <¢go|v7L,i : Vn,iw)fo>
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Now let us consider the gradient of the derivative coupling term i.e.

vn,i . diﬁa - Vn,i . <¢go|vn,z|¢fo>
= (Vi [Vaild?) + (W5 Vi Vil )
As |1/Jfo), v=0,1,..., N, forms a complete Hilbert space,

ZW? ) Wf ©|= 1 and we can insert this in the first term.
v

= WEOIVE( SoIEO) WEO) Vo) + (W51 Vs - Vi) (B

~

As V,,; is a anti-Hermitian operator VL = -V,

== (WFOVuilfO) - (EOIV il EO) + (5O Vi - Vil ZO)
.

=—> d”-d" + D}

o

Therefore,
D}* = d] - d)* + V- d” (B.4)
Y

So, the Eq. B.1 can be rewritten as

—R?
{Ufo + Vnn + Tn - Efko}|kaO> - - Z{Z IM. (2dzﬁa ' Vn,i
3 i

%

(B.5)
4 Zd’ffy A"+ Vi dfa> }‘XﬁBkO>-

~

In the matrix form this equation can be rewritten as

—h2
2M;
—_h2
2M;

{UP0 4Vl 37 oo (Vo 4 200 Vi -V, d) = BT X =0

2
{UBO + VnnI + Z (vn,z + dl) - EglfOI}XBO =0.

(B.6)
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The diabatic and adiabatic electronic wavefunctions are related by the following equation

(in matrix formalism)

PPt = Ay, (B.7)

where A is the unitary matrix which is known as adiabatic to diabatic transformation (ADT)

matrix and its elements are a,g. On the other hand, the nuclear wave function transforms as

XDA — ATXBO (BS)

Now if we replace this xZ© into Eq. B.14 we get

{UBO + Vil ) I (vm + di)2 — ESEI}AXDA = 0. (B.9)

Let us solve first the third term

Z —h? <Vm- N di> 2AXDA

- 2M;
_h? DA
= 4 ). , A
Zi a7, (Voo ) (Vi t di)Ax
_h2 DA DA DA
=2 g7 (Vs ) - (AVux™" o+ (Vo)™ + dia ™) (B.10)

—h?
=250 {2<Vn,z~A> VX AV XD 4 (V2 A)x P

+ (Vi) AP + 2d,(V,.:A) x P4 4 2d,A(V, i x P2 + d?AxDA}

after rearranging the terms

—h?
Z 2M; {Aviﬂ'XDA + Z(VMA + diA) ) vn»iXDA + {(dz + Vn,i) ’ (vn,iA + diA) }XDA

B.11)
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Now if the transformation matrix A satisfies the following

VA +d;A =0, forall i,

then

Z —h’ (v '+d->2A DA _ Z _h2AV2 DA
2M; mt ‘ X n 2M; n,iX

7 %

Substituting Eq. B.13 into Eq. B.14

—h?
YAV XD {UBO + VD — EBOI}AXDA ~0.

2M;

%

Multiplying Eq. B.14 by A"

Z 2_—5Vi,¢XDA 4 {UDA _ EBOI}XDA -0

%

(B.12)

(B.13)

(B.14)

(B.15)

where U4 is defined by UP“ = ATUP®A + V,,, I and it is the potential energy in diabatic

representation. The transformation matrix A is calculated by condition defined in Eq. B.12.



APPENDIX C

Analytical formulation of the wave packet

dynamics on the three states

Within the first order perturbation theory we have

; t ) )
P(t) = —% / e~ ity e~ 7Hota)y (0)dt (C.1)
0

where Hj, and V; are defined as[92, 160]

T + Voo 0 0 Ho 0 0
Hj = 0 Tn + Vi 0 =10 Hn 0 (C.2)
0 0 T + Vs 0 0  Ha
and
0 —porE Vo2
Vi=|—pnE 0 Vig | » (C.3)
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respectively. Since the unperturbed Hamiltonian, Hj, is a diagonal matrix, the exponential

term in Eq. C.1 boils down into

e~ Hoot 0 0
e~ Mot — 0 e-iHut . (C.4)
0 0 e~ Haat

Now the Eq. C.1 can be rewritten in matrix form as

Gl)) (e (o E)e It 0)dt — § e K Ve 0)

()| = | -+ 06_’Hut( o1 E)e™ io0ty (0 —1fle Nt e~ ity (0)dt

dalt) ety ”%memdt—gj‘enﬂmwa bttty (0)dt
(C.5)

So the Eq. C.5 leads to three coupled equations which corresponds to the dynamics on the

three electronic states under the influence of optimal laser pulse,

—%/ e~ wHotyr e w22t (0)dt
0
.
i i
wnlt) == 5 [ e H (o B)e 0 0
o (C.6)
_ﬁ/ e~ wtnty e w2ty (0)dt
0
. t ]
o(t) = — %/ e~ rH22ty o hHootw (0)dt
0
[
0



APPENDIX D

Pseudospectral method

The spectral quantization technique is employed for the calculation of vibrational energy
eigenvalues and the corresponding eigenfunctions of an electronic state.[130] An initial
gaussian wave packet is propagated for a certain amount of time on a PES. To obtain the
eigenvalue spectrum, the time dependent autocorrelation function C'(¢) is calculated at each

time steps which is then Fourier transformed to generate the spectrum
I(E) = /0 h C(t)e'F! dt. (D.1)
The vibrational eigenfunctions of those corresponding eigenenergies are given by
U, (F) = /0 h U (t)ent dt. (D.2)

No damping function is implemented in the calculation. For instance, a two dimensional

initial guess wave packet considered is defined as

U(t=0)= N x exp (—M)) X exp (—M> , (D.3)

20% 2033
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where N is an normalization constant. The positions of the center of the gaussian function
along the two coordinates are chosen such that the guess wave packet is initially shifted
(ro = 4.0 a.u. and 6y = 0.2 rad.) from the equilibrium position of ground state. The full

width at half maximum are is chosen at o = 0.3 a.u. and o4 = 0.15 a.u.



APPENDIX E

Supplementary material for Chapter 4

This supplementary material provides the dissociation yields through the three channels
(Fig. E.1) with respect to time on the three coupled potential energy surfaces for different
initial vibrational states when they are vertically excited to the 77* state. The Fig. (E.2)
represents the results for the OCT calculation with the initial condition, ny = 3. The Fig.

(E.3) represents the potential energy surface in adiabatic representation.

Figure E.1: Dissociation yields through three asymptotes for different initial vibrational
state after the vertical transition to the m7* state in absence of laser pulse.
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12,0) 2,1) 12,2) 12,3)

Figure E.2: Results of OCT calculations using (2,0), (2,1), (2,2) and (2,3) initial conditions.
The temporal profile of optimal pulse (panels (A1,A2,A3,A4)), the frequency spectrum of
these pulses (panels (B1,B2,B3,B4)), diabatic population dynamics (panels (C1,C2,C3,C4)),
adiabatic population dynamics (panels (D1,D2,D3,D4)), time-integrated flux with respect
to time (panels (E1,E2,E3,E4)), and values of cost functional [J], in addition, the total
dissociative flux [ F'] at each generation (panels (F1,F2,F3,F4)) are depicted.

Energy(a.u.)

0.5
¢(rad.)

Figure E.3: Adiabatic potential energy surfaces in (R,¢) space. They are designated as
Sp(blue), Si(green), Sy(red).
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