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Abstract

The interaction of light with living and non-living systems is a complex phenomenon
that converges the branches of chemistry, physics, and biology. Over the past few
decades, quantum mechanics has helped in understanding the photochemical panorama
that goes beyond the Born-Oppenheimer approximation to account for the strong
nonadiabatic couplings between the electronic states. These optically active entities
undergo photoreactions via either adiabatic or nonadiabatic pathways. Based on
the quantum-mechanical and quantum-classical methods, we have investigated the
photophysical and photochemical behaviour of the Green Fluorescent Protein (GFP)
chromophore and its derivatives upon absorption of a photon. The combined ap-
proach of quantum mechanical and quantum-classical dynamics enabled a detailed
understanding of the structure and dynamics of GFP chromophore derivatives, as well
as the factors affecting their photochemical mechanisms. Our studies demonstrate
how the steric and electronic environments significantly influence the photophysics
of GFP chromophore derivatives, resulting in different phenomena such as excited-
state inter and intramolecular proton transfer (ESIPT), cis-trans isomerization, etc.,
thereby modulating their fluorescent behaviours. Thus, the thesis aims to provide a
comprehensive perspective on leveraging light-matter interactions to biological and

organic chromophores and control molecular events.
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Chapter 1

Introduction

Photochemistry is an intriguing branch of chemistry that deals with the interactions

between light and molecules. It focuses on the chemical reactions and various physic-
ochemical phenomena induced by the absorption of light, resulting in notable chem-
ical transformations. Upon photon absorption, a molecule undergoes an electronic
state transition, exciting it to a higher energy state, without necessarily resulting
in its chemical transformation. The concept of photochemistry was formulated by
Grotthuss in 1917, followed by Draper in 1842, forming the Grotthuss-Draper law,
which states that a molecule must absorb light for a photochemical reaction to occur.
Later, with the advancement of quantum theory, Stark and Einstein reformulated
the concept, leading to the Stark-Einstein law, which states that the photochemical
or photophysical reaction in a molecule is triggered by the absorption of one photon
of light. The simulation of a light-induced phenomenon holds a significant impor-
tance, as evidenced by its diverse applications in fields such as molecular biology,[1-
3] medicine, and material science.[4-6]

When a photon of energy hv interacts with a molecule, its electrons are excited
from the electronic ground state to higher energy electronic states, generating a wave
packet that evolves in time. The electronic ground state of a molecule usually exists
as a singlet state; however, its multiplicity can vary to doublet, triplet, or even higher,
depending on the number of electrons and their pairing configurations. On consid-
ering that the absorption of light occurs in the singlet ground state, the molecule
will be excited to a higher energy singlet electronic state, with the excitation energy
governed by the energy of the absorbed photon. This led the molecule towards a
different geometry in the excited state, which eventually relaxes to a new minimum,
depending on the topography of its potential energy surface, thereby generating a
long-lived excited state. The molecule in the excited state then decays back to the

ground state through various radiative and nonradiative processes.[7, 8] The energetic
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2 Chapter 1. Introduction

relationships between the electronic states, summarizing the various photophysical
and photochemical phenomena that occur after photoexcitation of a molecule, can
be represented by the Jablonski diagrams, as illustrated in Figure 1.1. In the pho-
tochemical mechanism, the nomenclature used to designate the electronic states is
based on their spin multiplicity, with S,, representing singlets and T,, for triplets, the
two key spin manifolds for most photoactive molecules. The suffix 'n’ denotes the
number of electronic states, such as 0 for the electronic ground state, 1 for the first

excited state, and so on, according to the ordering of their energy.

S S;
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Figure 1.1: Jablonski diagram with potential energy surfaces illustrating various photo-
physical and photochemical processes that occur after the absorption of light hw.

Photochemical mechanisms are typically described in terms of several potential
energy surfaces (PESs) that a molecule can access following light-induced excitation,
with each PES corresponding to a distinct electronic state which often undergoes
changes in its electronic character and may cross in various ways. Depending on
whether light emission involves a transition between the electronic states of the same
multiplicity, such as from the singlet S; to Sy state, or involves a spin change, from the
triplet T to the singlet Sy state, as illustrated in Figure 1, the radiative processes are
categorized as fluorescence (F) and phosphorescence (P). In fluorescence, the molecule
relaxes from its excited state to the ground state of the same multiplicity by emitting

energy in the form of light. The emitted photon typically has lower energy than
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the absorbed photon, and the difference in energy between them is referred to as
the Stokes shift. However, if the radiative emission occurs during the relaxation of
the molecule from its excited state to its ground state with different multiplicity, the
phenomenon is termed as phosphorescence.

The nonradiative transition includes both the bright states, defined by excitation
wavelength, and the dark states, which do not have a significant oscillator strength
but are populated through the bright states. The nonradiative transition occurring
between the electronic states of the same multiplicity is referred to as internal con-
version (IC), such as from singlet Sy to S or from triplet Ty to T;. The IC processes
are mediated via crossing points termed as conical intersections,[9, 10] because of
their characteristic double-cone topography at the degeneracy point. In contrast, the
crossing points responsible for the transitions between the electronic states of differ-
ent multiplicity, for example, from singlet S; to triplet T, are termed as intersystem
crossing (ISC), provided that spin-orbit coupling (SOC) is not negligible. Thus, the
ISC mediated by the spin-orbit coupling is another form of vibronic or non-adiabatic
coupling between the electronic states.

The probability of population transfer is greater when the energy gap between
the electronic states is smaller. As a result, the surface crossing like, conical inter-
section (CI) or hyperfine line, is the most favorable topology for population transfer
since both electronic states have the same spatial and spin symmetry. While for
ISC, the probability of population transfer is largest in the widest region of the PES,
as the factors, the smallest energy gap and the largest spin-orbit couplings, have to
be balanced. These crossing points, where the commonly referred to “nonadiabatic
coupling” between the PESs occurs, inducing the population transfer from one elec-
tronic level to another, mark the breakdown of the Born-Oppenheimer approximation
(BOA). At this point, electronic and nuclear motion becomes coupled. This leads to
a radiationless return to the ground state, resulting in the formation of either the re-
actant or new photoproducts. These non-adiabatic couplings between the PES serve
a crucial role in photochemistry in determining which states and geometrical confor-
mations are populated following the excitation. If the molecule, after going through
different PESs, adopts a new geometrical configuration distinct from its initial config-
uration, the process is referred to as photochemical reaction. However, if it restores
the original electronic ground state of the reactant, it is termed as photophysics.

Thus, a thorough knowledge of PES is essential to understand the underlying
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processes following excitation. The PESs representing the electronic energy levels of
a molecule are extended across 3N-6 dimensions, where N is the number of atoms.
As a result, characterizing the PES becomes increasingly complicated for polyatomic
molecules because of higher dimensionality and electronic complexity.[8, 11] Also, it is
important to comprehend how the characteristics of a molecule evolve along the PESs
corresponding to these electronic states after excitation. To address these challenges
and provide a clearer insight into the excited state phenomena, two approaches in the-
oretical and computational chemistry, i.e., static approach and dynamics approach,
have been developed based on the key electronic time-independent Schrodinger equa-
tion and the time-dependent Schrodinger equation. The static approach identifies
the key geometries, such as minima, transition states, or crossing points, to get the
photochemical pathway. However, it does not provide information about the time
scales required during the processes and the quantum yield. In contrast, the dynam-
ics approach directly captures the critical geometries formed after photoexcitation,
revealing the decay channels through simulations of the evolution of electrons and
nuclei. Also, it offers insights into the timescales of the excited state phenomena
as well as the quantum yields. Both approaches have evolved significantly over the
past few decades, giving rise to numerous methods that have common objectives. In
the dynamics approach, a large number of consecutive quantum calculations for the
propagation of electrons are required to study under the influence of the surround-
ing classical nuclear motions, allowing the nonadiabatic transitions between different
PESs.[8, 11-13] Thus, this approach deals with the coupled electron-nuclear dynam-
ics of a system considering a manifold of the electronic states and full configurational
space, beyond the BO approximation. Over the years, numerous dynamics simulation
methods have been developed to simulated the excited state dynamics, some of the
most well-known are Multiconfigurational Time-Dependent Hartree (MCTDH) and
its variants,[14-17] Trajectory Surface Hopping (TSH),[18-22] multiconfigurational
Ehrenfest (MCE),[23] mean-field Ehrenfest (MFE),[24] ab initio multiple spawning
(AIMS),[25, 26] mixed quantum-classical Liouville equation (QCLE),[27, 28] and ex-
act factorization of the electron-nuclear wave function methods.[29, 30] Thus, the
nonadiabatic dynamics simulations have emerged as a key area for modelling the ul-
trafast photochemical and photophysical phenomena in a system.[8, 11, 31-36]
Experimental techniques such as pump-probe experiments, transient absorption

spectroscopy, time-resolved fluorescence spectroscopy, time-resolved photoelectron
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spectroscopy, etc, have been used to study the photoinduced chemical reactions and
measure the excited state dynamics in photochemical processes.[37-43] Such tech-
niques are highly advanced and tailored to capture the ultrafast processes, transient
species, and relaxation pathways; however, the mechanistic details underlying many
of these experimental observations has not been clearly provided. Theoretical studies
have the potential to provide valuable insights into the unresolved aspects of light-
induced reactions.[11] Theoretical simulations aid in identifying the relevant states
responsible for the photoinduced molecular reactions [44-49]; enable the exploration
of high-dimensional PESs accessible upon light absorption and locate the structures
associated with the relaxation pathways.[13, 50-54] It also provides insight into the
probabilities of various reaction channels for a photochemical reaction.[13] Thus, ex-
perimental observations in combination with the theoretical studies provide a com-
prehensive framework for better understanding photoinduced molecular reactions and
their photostability.[8, 11, 12, 55, 56]

Whether in photochemistry or photophysics, light-induced reactions prevail ev-
erywhere around us. The most well-known example of a light-induced reaction is
the photosynthesis process, one of the fundamental natural processes that converts
carbon dioxide into glucose and oxygen.[57-59] The ability to synthesize Vitamin D
in human skin on adequate exposure to sunlight is another example of photochemical
process. Few other examples includes the bioluminescence phenomena observed in or-
ganisms ranging from marine vertebrates and invertebrates to terrestrial arthropods;
photodynamic therapy in which tumor cells are being destroyed on the application
of light in the presence of photosensitized and reactive oxygen; photoisomerization
reaction of the chromophore retinal of rhodopsin in eye that enable us to see;[60-64]
the photochemical reaction that causes the photostability of amino acids contributing
to the diverse photochemistry of proteins and peptides;[65-67] photocatalysis[68] and
photovoltaic devices.[69, 70] Despite their diversity, all the above-mentioned photo-
chemical reactions have a common characteristic, i.e., they are governed by a mani-
fold of excited states, which are accessible after providing a certain amount of energy.
Thus, the key requirement of any photo-induced reactions is the ability of a molecule
to absorb light and excited to higher energy electronic states. Also, to understand the
fundamental concept of nature and life, it is very crucial to have knowledge about the
photochemical and photophysical processes occurring within the biological systems

and the close environment.
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Light-induced processes in the field of bioluminescence and bioimaging have gath-
ered significant attention in recent years.[71-75] A wide range of fluorescent proteins
(FPs), responsible for these phenomena, have been discovered and revolutionized with
color spanning nearly the entire visible spectrum. The first and most widely used FP
is the Green Fluorescent Protein (GFP), extracted from the body of a jellyfish called
Aequorea Victoria in 1962. Green Fluorescent Protein and its structural analogues,
such as red fluorescent protein (RFP), blue fluorescent protein (BFP), yellow fluo-
rescent protein (YFP), etc., have emerged as a unique fluorescent biological marker.
Their amazing ability to generate a highly visible and efficiently emitting fluorophore
has led to their evolution into an important platform in cell biology and biotech-
nology.[76-78] In 1955, Davenport and Nicol first reported the fluorescent nature of
Aequorea Victoria jellyfish when irradiated with ultraviolet light.[79] However, it was
Osamu Shimomura who was the first to identify that a protein was responsible for its
green fluorescence.[80] Two proteins, aequorin (a calcium-binding protein) and green
fluorescent protein, were found to be involved in the bioluminescence phenomenon in
Aequorea. The protein aequorin, which contains coelenterazine, interacts with three
calcium ions, resulting in the oxidation of coelenterazine with a protein-bound oxy-
gen. This process forms a Cag-apo-aequorin-coelenteramide complex that gives off
blue light in vitro.[77, 81, 82] However, in jellyfish, radiationless (Forster-type) en-
ergy transfer occurs from aequorin to green fluorescent protein, which subsequently
emits green fluorescence,[83-85] see Figure 1.2. In 1971, Shimomura uncovers the
structure of the GFP chromophore as a 4-(p-hydroxybenzylidene)-5-imidazolidinone
moiety,[86] as shown in Figure 1.2. The structure of the chromophore was later con-

firmed by many studies.[87, 88|
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Figure 1.2: (a) Light-generating reactions in Aequorea victoria, (b) Structural repre-
sentation of Green Fluorescent Protein (GFP), and (c) Structure of GFP chromophore,
4-(p-hydroxybenzylidene)-5-imidazolidinone or p-HBDI.[77]

Green Fluorescent Protein consists of 238 amino acids and has a unique 11-
stranded [-barrel-like structure which forms nearly a perfect cylinder referred as
“B-can” with a diameter of about 24 A and height of 42 A, with an a-helix that runs
diagonally through the cylinder.[76, 88, 89] The chromophore is located at the center
of the p-can covalently bonded to the a-helix, as shown in Figure 1.2. The GFP
chromophore (p-hydroxybenzylideneimidazolinone) is formed by an intramolecular
autocatalytic post-translational modification (see Scheme 1.1) of three amino acid
sequence, Ser65-Tyr66-Gly67.[90, 91] This characteristic is responsible for restricting
the motion of the chromophore and protects it from the surrounding water solvent,
which would otherwise quench its fluorescence. Thus, the $-can structure shields the
chromophore and is responsible for the stability of the GFP. Several polar groups and
water molecules were observed to be located adjacent to the chromophore, forming

hydrogen-bonding interactions and appear to play an important role in the photo-

physics of GFP.[77, 92]
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Scheme 1.1: Mechanistic overview of the proposed mechanism for chromophore formation
in wild-type Green Fluorescent Protein (wt-GFP).[90, 91]

Substantial attention has been directed towards unraveling the photophysics of
the embedded chromophore, driven by the importance of GFP as a bioimaging tool,
with a particular focus on understanding the structural transformations and the dy-
namics triggered by photoexcitation. Under ambient conditions, the wild-type (wt)
GFP has been widely recognized to exist in two forms—the neutral (A) and anionic
(B) forms, as shown in Figure 1.3, related by the deprotonation of the chromophore
via a proton shuttle mechanism that predominantly stabilizes the neutral form in
vivo. Due to the existence of these two interconvertible forms of the chromophore,
the wt-GFP exhibits a major absorption band at 398 nm and a minor absorption
at 475 nm.[84, 90, 93] The absorption band at 398 nm is attributed to the neutral
form, while the band at 475 nm is due to the anionic form of the chromophore.[93]
Excitation at either band leads to the generation of highly efficient green fluorescence

with a peak at around 508 nm.[90]

Neutral form : ~398 nm Anionic form: ~475 nm

Figure 1.3: Neutral (A) and anionic (B) forms of the wt-GFP chromophore.
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Various spectroscopic techniques and theoretical models have been implemented
to study the excited-state dynamics of wt-GFP.[77, 78, 90, 91, 94-97] In 1996, Chat-
toraj et al. reported that the time-resolved fluorescence of wt-GFP and concluded
that photoinduced conversion of the neutral form (A) of the chromophore to its an-
ionic form (B) occurs via an excited-state proton transfer (ESPT) process, passing
through intermediate form (I).[94] In proceeding from A to B-form in the excited
state, initially a Tyr66 phenolic proton is transferred through a hydrogen bonding
network to the carboxylate oxygen of Glu222, followed by a subsequent conforma-
tional change of Thr203 on going from I to A-form, as demonstrated in Figure 1.4.
Creemer and his coworkers characterized A, I, and B photoinduced forms of the chro-
mophore and revealed that they have distinct photophysical properties.[98] Several
experimental techniques have demonstrated that the ground-state conversion from
the A-form to I-form occurs very slowly, with the ground-state I-form higher in en-
ergy than the ground-state A- and B-forms.[94, 98] However, the barrier between A*
and I* forms is significantly lower in the excited state, resulting in rapid excited-state
proton transfer due to the increased in acidity of the Tyr66 phenol moiety. Hence,
the conversion of A* to I* form is efficient, whereas the conversion of I* to B* form

is comparatively slower as it requires the rotation of Thr203.
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Figure 1.4: Mechanistic pathway proposed by Brejc et. al for the photoisomerization
process in wt-GFP, based on structural and spectroscopic data.[89] The neutral species is
depicted as A-form, intermediate as I-form, and anionic species as B-form.
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Figure 1.5: Schematic representation of the interconversion between A, I, and B states in
its ground and excited state of wt-GFP, a three-state model.[94, 95]

The occurrence of the ESPT process can be explained by the increase in absorp-
tion at 475 nm following excitation at 398 nm. Also, fluorescence at 508 nm was
observed to increase in a similar picosecond timescale as the non-single exponential
decay of A* state.[94, 95, 98] Thus, GFP can be summarized as: irradiation of neu-
tral chromophore (A-form) at 398 nm generates the excited state A* form, which
subsequently undergoes proton transfer process to form an intermediate excited state
I*. The I* form then returns to the ground state I-intermediate by emitting a photon
at around 508 nm, or less frequently, undergoes the nonradiative conversion to the
B* excited state, as depicted in Figure 1.5. The resemblance in the emission maxima
for I* — I (508 nm) and B* — B (503 nm) transitions can be attributed to the fact
that intermediate I* is electronically (chromophore in anionic state) similar to B*
forms in the excited states.[94, 95, 98] However, I* is environmentally similar to the
ground and excited state of A form. The population of the anionic B-form of the
ground state increases very slowly, even though the decay of the A* form occurs very
fast upon irradiation. This observation indicates that the primary pathway of the
deprotonated excited state involves fluorescence through I*—I transition, followed
by reprotonation to regenerate the ground state A-form. If the decay of A* had
proceeded through the pathway leading to the B* state, then a rapid increase in the
population of B-form would have been observed. Based on these findings, Chattoraj
et al. have proposed a model as illustrated in Figure 1.5.[94] The ultrafast pump-

dump-probe spectroscopy and spectral hole burning measurements further support
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the proton transfer dynamics during [+ A transition in the ground state, the energies
of all the electronic states, and the interconversion between them.[89, 98-100]

The wt-GFP exhibits a fluorescence quantum yield (®) of 0.8,[84] whereas the
quantum yield of the isolated chromophore in solution was measured to be 1073.[93]
Time-resolved spectroscopy studies revealed that it has an excited state lifetime in
the order of nanosecond timescale.[94, 101]

Quantum mechanical calculations have been performed for the ground (Sy) and
excited (S;) states of different protonated forms (neutral, cationic, anionic, and zwit-
terionic) of the chromophore.[102, 103] The electronic excitation from Sy to S; was
observed to alter the conformation of the chromophore. The studies revealed that
for the neutral, anionic, and cationic forms of the chromophore, the perpendicular
conformations formed by the rotation of exocyclic bonds result in maximum energy
at the Sy state and minimum energy at S; state, resulting in avoided crossing. Based
on these findings, the author proposed that fluorescence quenching occurs due to
internal conversion facilitated by the small energy gap between the Sy and S; po-
tential energy surfaces at the perpendicular orientation of the isolated chromophore.
However, the cis-trans photoisomerization cannot occur in the protein environment
by rotating the dihedral angles to 180°.[103]

Following these studies, Weber et al.[104] developed a model, an extension of the
previous three-state model (see Figure 1.6), that explains the photophysical phenom-
ena occurring in bare GFP chromophore based on the quantum mechanical calcu-
lations. It also explains the existence of short and long-lived dark states and the
associated excited-state decay pathways in the GFP chromophore. In certain forms,
the potential energy surface of the Sy and S; states come very close to each other,
enabling the nonadiabatic crossing (NAC) between them, which results in the ra-
diationless decay through NAC. These NAC between Sy and S; states result from
cis-trans isomerization due to ®; and ®p dihedral angle rotations. These findings
support the experimentally observed blinking and switching phenomena of single
GFP mutants on different timescales. Molecular mechanics calculations support the

photoisomerization mechanism in the GFP chromophore.[103]
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Several studies have reported arguing about how the proton moves, the existence
of intermediate (I), cationic, and zwitterionic forms and the validity of proposed
models.[94, 105-111] For the past few years, significant theoretical studies including
the electronic structure calculations, mixed quantum mechanics/molecular mechan-
ics calculations, and molecular dynamics simulations, have also been performed on
GFP to explain the photophysical and photochemical phenomena.[104, 111-117] The
tunable chromophore located at the center of GFP governs the light emission, and its
photophysical properties can be profoundly altered through mutations. Depending on
the surrounding environment, the chromophore exhibits photoisomerization,[118-126]
excited state proton transfer,[94, 127-129] photochromism,[130-132] intermolecular
photochemical reactions,[133-135] and electron transfer.[136] This intriguing photo-
physics and diversity of GFP has thus inspired extensive experimental and theoretical
investigations,[77, 95-97, 119, 124, 137-146] and has been established as one of the
most important tools in a wide range of applications beyond bioimaging depending
on the chromophore and its environment.

To get a detailed understanding of the steric and electronic environment of the
chromophore, Kojima et al.[147] first synthesized para-hydroxybenzylidene-2,3-dimet—
hylimidazolinone (p-HBDI), which serves as a model of GFP chromophore for fur-
ther studies. The anionic form of p-HBDI (i.e., p-HBDI™) effectively mimics the
deprotonated form of the chromophore that is responsible for fluorescence.[94, 148]
Though the GFP has a very high quantum yield (0.8), the p-HBDI~ experiences in-

ternal conversion in vacuum and solution at ambient temperature. The synthesized
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p-HBDI™ chromophore has been used to predict the photophysics of GFP, causing the
ultrafast radiationless decay due to photoisomerization and the net effect of various
residues acting on the chromophore. Quantum chemical calculations indicate that
the excited-state decay proceeds via two distinct pathways, involving the rotation of
exocyclic methine bridge bonds, i.e., either the imidazolinone (I) or phenolate (P)
bond.[124, 125, 146, 149-151] These I- and P- bonds exhibit the double and single
bond characteristics, respectively. The I- or P- bond rotations are accompanied by
the twisted intermolecular charge transfer (TICT) across the bridge in opposite di-
rections.[124, 126] Twisting around these bridging bonds in an isolated chromophore
leads to ultrafast deactivation through internal conversion via conical intersection
(CI), thereby decreasing the fluorescence quantum yield.[93, 152] Previous studies
have demonstrated that the direction of charge transfer (CT) in the excited state is
influenced by the dihedral angle (®; and ®p) rotations occurring along the I- or P-
bonds.[124, 126] The rotation of ®; facilitates the CT from the I- (or imidazolinone)
ring to the P- (or phenolate) ring, whereas the rotation of ®p induces the CT in
the reverse direction, from P- ring to I- ring. Internal conversion occurring through
[-twisted CI results in the formation of the E-isomer, whereas P- bonds rotation re-
stores the original ground state Z-isomer.

In line with this, Carrascosa et al.[153] provided experimental evidence that pho-
toexcitation of the isolated p-HBDI™ chromophore successfully induces isomerization,
resulting in the formation of E-isomer photoproducts. On excitation of Sy — S; tran-
sition in the gas phase, the chromophore undergoes interconversion between Z and E
isomers, provoking both Z — E and E — Z photoisomerization processes. However,
the experiments could not ascertain whether the photoisomerization occurs through a
direct pathway via internal conversion or indirectly involving torsional barrier crossing
on the hot ground state. Also, in solution at ambient temperature, the isolated p-
HBDI~ chromophore exhibits weak fluorescence due to internal conversion via conical
intersections, which involve twisted structures corresponding to either ®; or ®p dihe-
dral rotations.[154] However, as the temperature is lowered,[148, 155] the fluorescence
quantum yield increases, attributed to solvent-induced frictional inhibition of twisting
on the first excited state. This restriction of molecular motions suggests a dependence
on solvent viscosity, with the fluorescence traced back to an intrinsic property of the
chromophore via excited-state trapping. Further, the volume-conserving “Hula-twist”

deactivation mechanism has also been suggested to be responsible for the minimal
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dependence of the excited-state lifetime of the chromophore on solvent viscosity.[104,
156, 157] However, several higher-level studies such as trajectory surface-hopping dy-
namics,[121, 123] ab initio multiple spawning (AIMS),[126, 158, 159] and quantum
mechanics/molecular mechanics (QM/MM) simulations[122, 125, 160-163] method
using complete active space self-consistent field (CASSCF), multi-state multiconfig-
urational second-order perturbation theory (CASPT2), the extended multireference
second-order perturbation theory (XMS-CASPT?2), spin-flip time-dependent density
functional theory (SF-TDDFT), and floating occupation molecular orbital (FOMO),
further confirmed that significant tortional motion around one the methine bridge
bonds is responsible for the ultrafast deactivation in GFP chromophore. These stud-
ies examine the competition between the I- and P- deactivation pathways, and ob-
served that the decay predominantly proceeds through the I-twisted channel.

GFP chromophore (p-HBDI) shows a Z/E photoisomerization quantum yield of
~50% in aprotic solvent, which decreases to ~10 - 20% in protic solvent.[118, 163]
This significant reduction in Z/E photoisomerization in protic solvents is attributed
to the competing excited-state proton transfer process. Torsion around the ®; co-
ordinate leads to the formation of the E-isomer, whereas torsion around the ®p
regenerates the Z-isomer, indistinguishable from the initial ground state reactant due
to the symmetry of the phenolic ring. Therefore, to design a fluorophore based on the
GFP chromophore with an enhanced fluorescence quantum yield, it is very crucial
to minimize the photoisomerization process by restricting the tortional rotation as a
result of the methine bridge I- and P- bonds.

These observations have prompted efforts to control the torsional motion along
the I- and P- bridging bonds and improve the fluorescence quantum yield. Numerous
efforts have been made over the past half-century in modeling and synthesizing the
GFP chromophore, according to its various applications corresponding to its differ-
ent photophysical and photochemical properties. The photophysics of the GFP chro-
mophore is dominated by ultrafast radiationless deactivation and photoisomerization.
Various approaches have been employed to enhance the fluorescence quantum yield,
which includes, introduction of bulkier substituents to restrict the tortional motions,
formation of the intramolecular hydrogen bonding cyclization between the imida-
zolinone and phenolic groups,[164, 165] incorporation of metals and other groups to
form metal-complexes,[166, 167] formation of the intermolecular hydrogen binding

interaction resulting in excited-state proton transfer (ESPT), and the incorporation
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of solvent effects. Restricting the torsional rotation around the I- and P- bridging
bonds resulted in rigid chromophore with significantly enhanced fluorescence quan-
tum yield even at room temperature.

Figure 1.7 demonstrates the molecular structure of a set of GFP chromophore
derivatives that have been designed and synthesized over the past few decades, each
exhibiting distinct photophysical properties. While some derivatives in Figure 1.7
display nonfluorescent behaviour, others demonstrate significantly enhanced fluores-

cent properties.
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Figure 1.7: Molecular geometries of all GFP chromophore derivatives synthesized and
reported previously. The chromophore highlighted within the boxes indicates the molecular
systems considered for our investigation.
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Aim of the thesis: In this thesis, we focused on various photophysical and pho-
tochemical processes occurring in Green Fluorescent Protein (GFP) chromophore
derivatives, with the implementation of electronic structure methods coupled with
mixed quantum-classical dynamics simulation for understanding the phenomena upon
photoabsorption of light. These efforts aim to advance the theoretical and compu-
tational studies, and more generally, provide insights for designing and synthesizing
GFP chromophore derivatives with enhanced photophysical properties based on their
applications. The work on this thesis is structured as follows.

Chapter 1 of the thesis provides a brief discussion on the photochemistry, beyond
the Born-Oppenheimer approximation, and the impact of light-induced processes in
the field of biology, material science, and medicine. This chapter includes the mech-
anistic details of the photoinduced reaction, with the description of various radiative
and nonradiative processes, and the electronic states involved. It further discusses
examples of a few photochemical processes taking place in our environment and our
body, followed by a detailed description of the renowned and widely used fluorescent
protein called Green Fluorescent Protein (GFP), highlighting its significance and the
motivation behind its application. Chapter 2 presents the theoretical background
for various quantum mechanical calculations and mixed quantum-classical trajectory
surface hopping dynamics simulation. The chapter begins with an overview of the
approximations to solve the molecular Schrodinger equation, followed by a detailed
explanation of the hierarchy of approximations that constitute the backbone of pho-
tochemistry. Additionally, this chapter emphasizes the key characteristics defining
the trajectory surface hopping dynamics.

In Chapter 3, we have primarily focused on the unusual dual emissive behaviour
of the GFP chromophore analogue, namely para-sulfonamide (p-TsABDI) analogue,
and investigated how the structural and solvent factors affect the photophysical pro-
cesses upon photoabsorption of light. To unravel the excited-state phenomena and
the reason behind this peculiar behaviour in the GFP chromophore analogue, we
implemented the electronic structure methods, followed by the on-the-fly molecular
dynamics simulation studies.

Chapter 4 aims to investigate the reversible photoswitching property between the
cis and trans form of a GFP chromophore derivative, and illustrates the photochem-
ical pathways involved after being excited to the S; state, by means of nonadiabatic

dynamics simulations based on Tully’s fewest switches surface hopping method. The

TH-3768_186122008



18 Chapter 1. Introduction

theoretical investigation presented herein provides valuable insight into the ultrafast
cis-trans photoisomerization mechanisms and reveals that the decay to the ground
state is facilitated by S;/Sp conical intersection involving the tortional rotation of
imidazolinone and phenolate methine bridge bonds. In chapter 5, we examine the
photodynamical response of the GFP chromophore derivative upon dimerization,
characterized by weak m-7 stacking interactions. The photophysics of high-energy
(hot) excitons generated in the GFP chromophore derivative dimer upon photoexci-
tation to higher-energy excited states have been investigated, and the time-evolution
and relaxation mechanism provide an insight into the nonadiabatic dynamics of the
dimer. Chapter 6 explores the photoexcited dynamics of an ortho-substituted ana-
logue of GFP chromophore, which undergoes an ultrafast excited-state intramolecular
proton transfer (ESIPT) leading to the formation of a seven-membered ring interme-
diate. This excited state proton transfer behaviour shows a competitive pathway with
the dominant cis-trans photoisomerization phenomena of bare GFP chromophore in
gas and solvent phase. Further, this ESIPT also mimics the intrinsic proton transfer
reaction of the native GFP chromophore, p-HBDI, within its protein environment.
Finally, we summarize the works presented in this thesis and draw conclusions
about the photophysical and photochemical phenomena of the Green Fluorescent
Protein (GFP) chromophore, its derivatives, and the impact of the interaction of

light on its structure and dynamics.
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Chapter 2

Methodology

This chapter discusses the theoretical background and mathematical formulation of
all the methods employed in quantum chemical calculations and dynamics simu-
lations to investigate the photoinduced mechanism. The explanation begins with
the fundamental concept of the Schrodinger equation, followed by the introduction
of the Born-Huang and Born-Oppenheimer approximation, which forms the basis
of electronic structure theory. This is followed by a detailed discussion of meth-
ods such as Hartree-Fock (HF), Density Functional Theory (DFT), Time-dependent
Density Functional Theory (TDDFT), Multi-Configurational Self-Consistent Field
(MCSCF), and Post-Hartree-Fock Theories, i.e., Algebraic diagrammatic construc-
tion (ADC). Finally, to describe nonadiabatic dynamics simulation, we explain the
most commonly used mixed quantum-classical approach, the Trajectory Surface Hop-
ping (TSH) method, to capture the dynamics and time evolution of photophysical

processes.

2.1 Time-dependent Schrodinger Equation

The primary objective of quantum chemistry is to provide an accurate description of
the behaviour of a molecular system. This behaviour can be described by a multi-
dimensional molecular wavefunction ¥(r, R, t), a mathematical function that com-
pletely describes the quantum state of all particles in a molecular system, i.e., elec-
trons and nuclei. The wavefunction ¥(r, R, t) explicitly depends on time t, electronic
coordinates r, and nuclear coordinates R and encapsulates all information about the
molecular system.

The complete time evolution of a wavefunction and its properties relative to its

surroundings is described by a time-dependent Schrodinger equation (TDSE),[168,
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169] which can be written as

0T (r, R, t)
ot

Where A(r, R) is the molecular Hamiltonian that considers kinetic and potential

ifi = H(r, R)U(r,R, 1) (2.1)

energy terms to calculate the total energy of a system. For n electrons and m nuclei,

H(r, R) can be defined as

. o p2 % T o Sl
H(r’R):_ZQMZV Z2M 47T€0a 12231 Ra_rl 477—607,2:1;“‘@_
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In atomic units, explicitly including A, the molecular Hamiltonian becomes

n h2 m h2
H =-Y —V?-
R o ey
1= «@ ) a= 1=1 3>t
" (2.3)
A
= T,(R) + H,(r,R) (2.4)
Where T,,(R) = — %7 5 ](4 V2 represents the operator for the kinetic energy of

nuclei and ]:In(r, R) is defined as the electronic Hamiltonian which includes operator
for the kinetic energy of electrons, the Coulomb attraction between electrons and
nuclei, and the repulsion between electrons and between nuclei, respectively. The 7
and j are denoted as electrons, whereas a and [ are denoted as nuclei. M, is the
mass of nucleus and Z, is the atomic number of a!* nucleus. The Laplacian operator
V? and V? signifies the differentiation with respect to the coordinates of i’ electrons
and o' nucleus. By inserting equation 2.3 in equation 2.1 results in the detailed
explanation for the time-dependent Schrodinger equation (TDSE).

When the nuclei are fixed i.e., Tm(R) =0, and the electronic Hamiltonian H, 2(ry R)
can be evaluated at each fixed nuclear configuration R. This yields the eigen function

referred to as adiabatic states ®;(r; R) and their corresponding eigen values fulfill
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the solution to the time-independent Schrodinger equation (TISE) at fixed nuclear
position, also known as the clamped nuclei approzimation.

H,(r,R)®;(r; R) = E}(R)®,(r; R) (2.5)

J

This concept of adiabatic states serves as a basis for expressing the total wave-

function ¥(r, R, ) in the Born-Huang expansion.

2.2 Born-Huang Approximation

The Born-Huang approximation (BHA)[170] explains the total molecular wavefunc-

tion ¥(r,R,t) as

(R 1) = 300, (5R)y (R, 2.6)

In this expansion, time and nuclear position dependent coefficients x;(R, t) encode
the time-dependence and can be defined as the time-dependent nuclear wave function.

On substituting ¥(r, R, ) of equation 2.1 by equation 2.6 we obtains,

m 2

w i{XJ R,t)®;(r;R)E"(R)— Z 2?4 X (R, )V2®;(r; R)

Zh Z q)] (I',
J
2 m 2

il i 2?/[01 (I‘ R)VQX](R t) Z oM. —2V,®; (r;R)Van(R’ t)} (2_7)

The equation 2.7 is multiplied from the left by ®(r;R) and integrated over the

electronic coordinates, and the following equation is obtained.

ih ot %:QMa

V2 + E'R)| (R, 1) ch (R (28)

The coefficients Cj; represent the nonadiabatic coupling (NAC) matrix elements

that cause coupling between adiabatic states, which read
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m 2 m 2
Ci;(R L /(ID;‘(I“; R)VZ(I)j (r;R)dr + Z ]hw/ QI (r;R)V,P;(r;R)dr - V,,
i (2.9)
m h2 m h2
Ci;(R) = Z o, Do ®) + Z L R) - Ve (2.10)

where Dj(R) = [ ®;(r; R)V2®;(r; R)dr are the second-order nonadiabatic cou-
pling element and df;(R) = [ ®;(r; R)V,®,(r; R)dr are the first-order nonadiabatic
coupling vector. The NACs provide details of how the electronic wavefunction varies
in response to the nuclear coordinates. The interactions are categorized as inter-state
coupling (i # j) and intra-state coupling (i=j). For intra-state coupling, the first-order

coupling term becomes zero.

2.3 Born-Oppenheimer Approximation

The Born-Oppenheimer approximation (BOA) introduced by Born and Oppenheimer
in 1927 is one of the most important approximations in quantum chemistry.[171] The
BOA is based on the fact that electrons in a molecule move much faster than the
nuclei due to the heavier mass of the nuclei. Thus, the electrons can be considered
to be moving in the field of fixed nuclei. In this framework, the large difference
in mass between electrons and nuclei of a molecule enables the separation of the
motions. Consequently, the Hamiltonian is partitioned into electronic and nuclear
terms, allowing the molecular wavefunction ¥(r, R,t) to be expressed as a product

of corresponding electronic and nuclear wavefunctions.

U(r, R, 1) = ;(R,1)®;(r; R) (2.11)

Where y;(R,t) and ®;(r; R) denotes the nuclear and electronic wavefunctions. A
key point to note is that the electronic wavefunction depends explicitly on the elec-
tronic coordinates but parametrically depends on the nuclear coordinates. Equation
2.8 illustrates that intra-state coupling enables the population transfer between two
different adiabatic states. However, within the BOA approximation, such coupling
terms are neglected, thereby preventing the nuclear population transfer between two

different adiabatic states. So, equation 2.8 becomes
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iR, t) [ & B, n U .l 2 (1
== > oL V2 +EMR) — g m/q)i (r; R)VZ0,(r;R)dr| x;(R, 1)

i (2.12)

th

This equation governing the nuclear motions assumes the form of the time-dependent
Schrodiger equation, in which x; (R, ) serves as the nuclear motion. Again in BOA,
second-order NAC terms of Equation 2.12 break down near the crossing of two or
more adiabatic states. Hence, the NAC terms are typically excluded, leading to the
Born-Oppenheimer approximation being regarded as the adiabatic approximation,
which reads as

- Oxi(R, 1) R?

__ - - 2 n \
ih ot F ; 2Ma va + Ez (R) XZ(R7 t) (213)

The potential energy surface (PES) obtained from this approximation is referred

to as adiabatic.

2.4 Hartree-Fock Theory

The description of the approximate solution of the Schrédinger equation for a many-
body quantum system is impossible due to its complexity. In response, the Hartree-
Fock (HF) approximation was introduced as a central method for simplifying such
problems. Hartree-Fock theory forms the cornerstone of modern electronic structure
methods and constitutes the first step towards the other, more accurate approxi-
mations. It solves the electronic Schrodinger equation that emerges from the time-

independent Schrodinger equation, which reads as (in atomic units)

1 g nooq m 77
3V Y e Y Y 2% g R) = EN(R)P(r; R)
2 i=La=1"Tai =15 Yij  a=1p>a Ras
(2.14)
or
[T.(r) + Vow (1; R) + Viow (R) + Voo (1)] @5(r; R) = EJ(R)2;(r; R) (2.15)

which describes the electronic motion in the field of nuclei.
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The electronic problem can be solved exactly for the simplest atom, hydrogen.
However, when an additional electron is introduced to obtain H ™, it seems reasonable,
as a starting point, to assume that the electrons do not react with each other, i.e.,
V..=0. Under this assumption, the Hamiltonian becomes separable, and the total
electronic wavefunction ®.(ry,ra) describing the motion of the two electrons would
be a product of two hydrogen orbitals ¢g(r1)dm(ra).

Thus, in order to solve the many-body problem, the n-electron wavefunction can

be written as a product of one-electron orbitals as

% (ry,ra...,Tn) = ¢1(r1)P2(rs)...0n(ry) (2.16)

This is known as Hartree products.

However, it only depends on the spatial coordinates and fails to fulfill the anti-
symmetry principle, which asserts that the total electronic wavefunction must be an-
tisymmetric under the exchange of the spatial and spin coordinates. So to completely
describe an electron, two spin functions «(w) and f(w) were introduced, correspond-
ing to the spin-up and spin-down, respectively. Thus, in this formalism, an electron
is described by a set of spatial r and spin coordinates w, denoted as x = {r,w}. The
orbital is expressed as x(x), representing a spin orbital instead of a spatial orbital

¢(r). The Hartree product becomes,

@el(xl,xz, ey Xn) = X1(X1)x2(x2)..-X1(Xn) (2.17)
where,
. p(r)a(w) (2.18)
¢(r)B(w)

This wavefunction, equation 2.17, doesn’t satisfy the antisymmetric principle, but
can be obtained an antisymmetric wavefunction by considering the linear combination
of Hartree products. Thus, for an n-electron system, the generalized wavefunction

satisfying the antisymmetric principle can be written as

xi(x1) Xa(x1) - xa(xa)

xi1(x2) xa(x2) - xa(x2)

D% (x1,Xg..., Xp) = (2.19)

1
NG

X1(Xn) X2(Xn) -+ Xn(Xn)
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The determinant of spin orbitals is called the Slater determinant. Here, % is

a normalization factor. The approximation that the wavefunction can be described
by a Slater determinant is equivalent to the assumption that each electron moves
independently, experiencing the Coulomb repulsion due to the average positions of all
electrons. Hence, the Hartree-Fock theory is also referred to as mean-field theory.[172]

Now, in an n-electron system Slater determinant can be expressed as

D%y, Xa.., Xn) = |Xi(21)X5(T2) .- Xk (T0)) (2.20)

or

<I>6Z(X1,x2...,xn) = |XiXj--Xk) (2.21)

Thus, the simplest antisymmetric wavefunction representing the ground state of

an n-electron system is given by a single Slater determinant.

“I)o> = ‘X1X2---Xn> (2.22)

According to the variation principle, the optimal wavefunction of this functional

form is the one that minimizes the total energy of the system.

Ep = (®o| Ao

D) (2.23)

Where I:fel is denoted as the full electronic Hamiltonian. An equation derived
by minimizing the total energy FE, with respect to the spin orbitals is referred to as
the Hartree-Fock equation. The Hartree-Fock equation is an eigenvalue equation and

determines the optimal spin orbitals, which reads as

J)x(xi) = ex(xs) (2.24)

Where f(7) is an effective one-electron operator, known as the Fock operator, which

can be expressed as

f(i) = —;Vi — f: rZ“ + vHE(4) (2.25)
a=1 "1

Here i=1,2,..,n and v"% (i) is the average potential experienced by the " electron
due to the presence of other electrons. Thus, the Hartree-Fock approximation solves
the many-body problem by an effective one-electron problem, where the electron-
electron repulsion is treated in a mean-field manner, and the procedure to solve the

Hartree-Fock equation is known as the self-consistent field (SCF) method.
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2.5 Density Functional Theory

As the wavefunction of an n-electron system depends on 4n variables, the three spa-
tial and one spin coordinates for each electron, resulting in the wavefunction being
significantly complex for many-body systems. Thus, an alternative approach has
been introduced to reduce the complexity of many-body problems by substituting
the full interactive wavefunction with electron density as the primary variable. Thus,
the objective of DFT is to reformulate the quantum properties of many-body elec-
tron systems based on the electronic density function p(r), which depends only on
the three spatial coordinates r = (r,7,,7,). This stands in contrast to the many-
electron wavefunction ®¢(rq,rs,..,ry) that depends on the position (rq,ra,..,ry,) of
each electron. Hence, the degree of freedom for spatial coordinates in DFT has been
reduced from 3N to 3. The electron density for an n-electron system is defined as the
square of the wavefunction, integrated over n-1 electron coordinates, with each spin
depending only on three spatial coordinates.

DFT was formulated by Hohenberg and Kohn in 1964 with their two Hohenberg-
Kohn theorems,[173] which were further advanced through the Kohn-Sham theorem
in 1965[174] by Kohn and Sham.

The Hamiltonian for n-electrons in the presence of clamped nuclei, which causes

an external potential due to coulombic interaction (V.y=V), can be written as

H=T.4+V,+ V.. (2.26)
Where
~ 17
b — —§Zv§ (2.27)
AR CAl (2.28)
& I — Ryl

(2.29)

The wavefunction ®;, is the eigenstate of the Hamiltonian, with energy eigenvalue

of Fj, which can be expressed as

ﬁ@k(rlfﬁ, rz09, ..., rnUn) = Ek(Pk(rlo'la rz09, ..., rnUn) (2-30)
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Where k labels a set of many-electron quantum numbers and o; denotes the spin
of electron 7. Since the solution of the wavefunction can be antisymmetric when

expressed in terms of a Slater determinant from sets of one-electron orbitals ¢y, ..., ¢,

¢1(I'101) €Z52(I‘101) ¢n(P101)

O (r101,r209, ..., Th0,) = \/15 ¢1(r‘202) gbg(ré(h) qbn(r‘zw) (2.31)
¢1(Ta0n)  G2(rnon) -+ Gn(raon)
The electron density for n electron system can be defined as,
p(r) = n/ ’é[)(rl,rz, s rn)‘2d3r2, .., d°r, (2.32)

Since the main goal of DFT is to replace the many-body problem by electron
density, p(r)=p+(r) + py(r). Now it is possible to determine the ground-state wave-
function ®g(rq,ra,..,ry) from the ground state density po(r), or in other words, ® is

a unique functional of py(r), so

Do = lpo(r)] (2.33)

As a result, the ground-state expectation value of any operator, for example,

ground-state energy (Ep), is also a functional of py(r), so

Ey = Elpo(r)] = (®[po(0)||T. + Vi + Veel @[po(r)]) (2.34)

Thereafter, to determine the correct ground-state energy and electron density, the
energy functional should be minimized by the variational method. The limitation of
this approach is that the exact form of this energy functional is not known. So, Kohn
and Sham proposed a solution using an auxiliary ideal system of non-interacting
electrons. Since the system consists of non-interacting electrons, its wavefunction can
be represented by a Slater determinant, and with orbitals must satisfy a Schrodinger

equation form as,

= SV V)] i) = Bilp(r), xlg = cilr) (23
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Where @;(r) are the Kohn-Sham eigenfunctions for non-interacting electron sys-
tems, and are referred to as Kohn-Sham orbitals. ¢; are the Kohn-Sham energy levels.
The orbital ¢;(r) reproduces the electron density p(r) of the real many-body system

as

n

p(r) =7

7

2

pi(r) (2.36)

The effective potential or Kohn-Sham potential, Vy(r), can be represented in the

form as,

Vi(r) = V() + / Md%’ + Vi [n(r)] (2.37)

As the Hartree and exchange-correlation terms depend on p(r), which is deter-
mined from ¢;, and these further are solutions to V, hence the Kohn-Sham equation
has to be solved in a self-consistent approach (i.e., iterative method), until conver-
gence is reached.

Where V,(r) is the external potential, the second term is the potential due to
Coulomb repulsion, also known as the Hartree potential, and the third term, V.,
is the exchange-correlation potential, which takes into account all the many-particle
interactions omitted in other terms. The exchange correlation potential V,. can be
deduced by considering a functional derivative of the exchange and correlation energy

functional E,. with respect to the density, which reads as below,

_ 0B [p(r)]
Ve S ()

DFT can provide the molecular energies while accounting for electron correlation

(2.38)

effects at a computational cost similar to the HF method. However, a key issue
associated with this method lies in the exchange-correlation functional approxima-
tion, which lacks an exact form, leading to the development of a large number of

functionals, and consequently a wide range of DF'T methods.

2.6 Time-dependent Density Functional Theory

Time-dependent Density Functional Theory (TDDFT) extends the framework of
the ground-state DFT to describe the electronic excited states and capture time-

dependent phenomena. To solve the time-dependent n-electron systems, one must
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solve the time-dependent Schédinger equation, which can be expressed as,

’ihaatq)(rlUl, - pOn, t) = I:ICD(rlal, - pOn, t) (239)

The TDDFT is fundamentally based on the Runge-Gross (RG) theorem,[175]
which is an analogue of the Hohenberg—Kohn theorem. This RG theorem states that
there is an occurrence of a unique mapping (i.e, one-to-one correspondence) between
the time-dependent external potential and the one-electron density for a many-body
system from an initial wavefunction. This one-to-one correspondence in TDDFT
allows us to work with a fictitious non-interacting system of electrons, whose density
is equivalent to the time-dependent density of the real one. Then the corresponding

time-dependent Kohn-Sham equation becomes

iaat(bi(r, t) = [—% + / ﬁ(iﬂ Br' + V,(r, 1) + Vielr, t)} ®,(x, 1) (2.40)
z'a%q)i(r, t) :[ - % + Vies|p)(r, t)] ®;(r, 1) (2.41)
= Hyg(r,t)®;(r, 1) (2.42)

in which the density p(r,t) is defined to be identical to that of the real system,

which reads as n

(2.43)

Owing to the one-to-one correspondence as mentioned previously, the potential gen-
erating this density is unique and thus, the exchange-correlation potential can be

defined via,

Vis(r,t) = Vi(r, t) + Vi (r,t) + Vie(r, t) (2.44)

where the first term V. (r,t) is the external potential, the second term is denoted

as the Hartree potential and has the form, in terms of time-dependent density, as

n(r',t
|r(_ r,)| d*r' (2.45)

Vig(r,t) = /
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And the last term includes all the non-trivial many-body effects, which must be
approximate. In a particular approach, the V. is approximated in TDDFT using the
local spin density approximation (LSDA) approach for the adiabatic version, which
presumes that the change of exchange-correlation potential in time is adiabatic, and
the approach is referred to as adiabatic local density approximation (ALDA), which

takes into account one density function per time step.

Vaelp(r, 1)) = V.32 [pi(r)] (2.46)

Where V.S9[p;(r)] is the ground-state DFT exchange-correlation potential.
Among several variants of the TDDFT formalism, the Casida approach is one of

the most widely used.

2.7 Multiconfigurational Methods

The electron configuration interaction based on the HF reference serves as an ap-
proach to generate an excited-state electronic wavefunction and is categorized as a
single-reference (SR) method, as it constructs the correlated wavefunctions from the
orbitals of a single Slater determinant. Thus, the method fails to describe the sys-
tems exhibiting multi-reference character, such as metal complexes, organic radicals,
bond-breaking or forming processes, dihedral rotation processes, etc. To address the
multiconfigurational problem, an approach was introduced where the configuration
interaction calculations are performed with simultaneous variational optimization of
orbitals and the coefficients of electronic configurations. The approach is known as
the multiconfigurational self-consistent field (MCSCF) method.[176-179]

The MCSCF wavefunctions ’\Il Mcoscr) can be expressed as a linear expansion of
a set of many-electron configurations |®;), j=L1....N¢y as[179]

Ner

Wnosor) = Y ¢ @) (2.47)

j=1

Here, ¢; are the coefficients, and many electron configurations can be constructed
from molecular orbitals, either as individual determinants or as configuration state
functions (CSFs). Among all multiconfigurational methods, complete active space
self-consistent field (CASSCF)[180-182] is the most widely used MCSCF approach,

in which the orbitals are classified into a set of active, inactive, and secondary orbitals
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to construct CSFs. Within the CASSCF wavefunctions, the configuration included
in CI expansions is generated by all doubly occupied inactive orbitals, electrons in
active orbitals with any occupancy, and unoccupied secondary orbitals. A CASSCF
calculation involving an active space of IN electrons distributed over M orbitals is
denoted as CAS(N,M) methods, signifying that all the possible configurations of the
electrons within the specified orbitals are considered in constructing the wavefunc-
tions. Selecting a suitable active space requires prior knowledge of the excited states
properties and chemical intuition, which is not a trivial task. However, the CASSCF
method cannot capture the dynamic correlation arising from a large number of con-
figurations.

This limitation of CASSCF methods has been addressed by treating the CASSCF
wavefunction as a zero-order reference, upon which the dynamic correlation can be in-
corporated via configuration interaction theory, like multiconfiguration configuration
interaction (MRCI), or perturbation approaches like complete active state second-
order perturbation (CASPT2), multi-state complete active state second-order pertur-
bation (MS-CASPT2), and extended multi-state complete active space second-order
perturbation theory (XMS-CASPT2). In the CASPT2 approach,[183, 184] since the

CASSCF wavefunction serves as the reference wavefunction, so

WO = [C49) (2.48)

Subsequently, the first-order interacting wavefunction can be obtained by applying

(I)CAS>

the excitation operator to | . The configuration space within this framework is

categorized into four subspaces[179, 183, 184] : (i) Vo, the subspace defined by |®¢45),
(ii)Vk, the subspace consisting of configurations that are orthogonal to |®#°4%) within
the restricted full CI space, (iii) Vsp, the subspace due to all the single and double
excitations from |®94%) and (iv) Vpg., the subspace as a result of all other higher
excitations. As the functions in the subspaces Vi and Vpg do not interact with
the zeroth-order wavefunction, the first-order perturbed wavefunction |¥™) can be

expressed as

(W) =32 CyletP) (2.49)
J

The set of linear equations then represents the expansion coefficients as,
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> Ci{@fP | Hy — EO|05P )= — (7P| H|2) (2.50)

J
Here Hj is denoted as zeroth-order Hamiltonian, Ej is zeroth-order energy, where
E0) — <(I)CAS|[:[0|(I)1CAS>.

Then the second-order energy can be expressed as
E® = (@49 | wW) (2.51)

By introducing a generalized Fock operator F', equation 2.50 can re reformulated

as,

(F — E,S)C = -V (2.52)

In equation 2.52, F;;=(®5P|F|®5P), S;;=(7P|5P), and V;=(®FP|H|DFAS).

The perturbation theory originally formulated was defined as single-state CASPT2
(SS-CASPT2) and follows a “diagonalize the perturb” approach. In this approach,
diagonalization of the Hamiltonian over the reference space results in the zeroth-
order wavefunction, which is subsequently followed by perturbation expansion over
this zeroth-order wavefunction. This procedure results in a serious issue when the
perturbation (considering the full two-electron interactions) induces mixing of two
states, such as valence and Rydberg or covalent or ionic states. Further, the contri-
bution of each state depends on the corresponding molecular geometry, e.g., at the
crossing region, leading to a difference in wavefunction character in multireference
treatment. This issue has been addressed by introducing the multistate formalism in
CASPT2 method, referred as MS-CASPT2 method,[185] in which the energies of the
perturbed states and the coupling between them are first obtained, followed by the
diagonalization of the resulting Hamiltonian. A notable advantage of this approach is
that it results in conical shape topology when an interaction occurs between the states
of the same multiplicity, unlike in SS-CASPT2 method. The MS-CASPT2 approach
has been further reformulated to its extended variants, referred to as extended multi-
state complete active space second- order perturbation theory (XMS-CASPT?2),[186,
187] which results in an improved potential near the conical intersections and avoided

crossing regions.
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2.8 Post-Hatree-Fock Theory

Although Hartree-Fock approximation offers a solution to the many-body electron
problems, it fails to account for the electron correlation effect, which results in the de-
viation of energy. To overcome the limitations of the Hartree-Fock method, a large set
of approximations has been introduced by incorporating the electron correlation ef-
fects more accurately, which are commonly referred to as Post-Hartree-Fock methods.
Notable methods under this framework include Mgller—Plesset perturbation (MP2)
theory, Coupled Cluster (CC) theory, Multi-configuration time-dependent Hartree
(MCTDH), Algebraic Diagrammatic Construction (ADC), etc. The Post-Hartree-
Fock methods utilized in this thesis are described in greater detail in the following

sections.

2.8.1 Algebraic diagrammatic construction

The algebraic diagrammatic construction (ADC) is a formalism of the polarization
propagator for the electronically excited state based on the many-body Green Func-
tion theory.[188-190] In the ADC procedure, a Hermitian secular matrix is diagonal-
ized, which combines with the Rayleigh-Schrodinger perturbation theory to evaluate
the matrix elements. The ADC approximation was originally developed based on
the diagrammatic perturbation theory applied to the polarized propagator, which
has confusing properties like excitation energies and spectral ground-to-excited state
transitions. This has further been reformulated in terms of intermediate state rep-
resentation (ISR),[190-193] where the Hamiltonian is expressed with respect to the
basis set of explicitly correlated states, referred to as intermediate states (IS). The
intermediate state enables the explicit representation of the excited state wavefunc-
tions, thereby providing a direct approach to compute the excited state properties
along with the transition moment between different excited states. Now, let us con-
sider an n-electron system with Hamiltonian H, and a non-degenerate ground-state
|Wo) and the energy Fy. The polarized propagator can be defined in general algebraic
form as

M (w) = ff(w—M)"'f (2.53)

Where w is the excitation energy and can be expressed as w = E, — Ey. M is

the ADC secular matrix, which can be defined as the representation of the shifted
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Hamiltonian (H — E,), w.r.t. the intermediate state (U], as
M, = (U,|H — Eo|T,) (2.54)

and f is defined as the matrix of effective transition amplitudes, which reads as

fJ,rs = <@J|Cics“i0> (255)

The intermediate state mentioned here is expressed in detail below. Again, the

vertical excitation energies, which are denoted as
Q,=FE,— Ey (2.56)
are obtained from the eigenvalues of M, which can be expressed as
MX = XQ, X' X=1 (2.57)

In equation 2.57, {2 and X represent the diagonal eigenvalue matrix and the matrix
of eigen vector X™ . The excited state can be represented in terms of eigenvector

components and intermediate states as

|0,) = EJ: Xn| V) (2.58)

so the transition moment is given by

T, = (U,,|D|W,) (2.59)

Also, it can be expressed in terms of the scalar product of X L and a vector F as
Ty = XIF (2.60)
Here, F' is called the effective transition moment and has the form

Fy = (U] D|W,) = Zdrstrs (2.61)

Where D=3 d,sclc, and is referred to as dipole moment operator, d,., = <g0r|cz| ©s) are

denoted as one-particle matrix elements, and f;,s given by equation 2.54 are called
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effective transition amplitudes.
In the original ADC formalism, the matrix M and f can be expressed in the form

of a perturbation expansion without the use of intermediate states as below,
M=MO +M® 4 . (2.62)

f=fO 4 f0 4 (2.63)

This procedure enables the determination of successively higher-order contribu-
tions to M and f, thereby generating a hierarchy of consistent nth-order approxima-
tions known as ADC(n) approximations. As the ADC formalism is based on the MP
reference via intermediate state representation, its accuracy is highly sensitive to the
quality of the MP reference and fails to describe the character near the degenerated
region. Hence, ADC formalism is a single-reference approximation and is not suitable

for exhibiting multi-reference character.

2.9 Nonadiabatic Molecular Dynamics

The nonadiabatic dynamics offers mechanistic insights into the photochemical phe-
nomena that take place after the photoabsorption of light, and thus plays a pivotal
role in understanding the processes of our environment. During a photochemical re-
action, the motion of the electrons is instantaneous to the nuclear motion, and thus
the details of the electronic dynamics can often be neglected. In such cases, the
Born-Oppenheimer approximation enables decoupling of the electronic and motions,
resulting in the on-the-fly evaluation of the potential energy surface at the molecular
geometries encountered during the dynamics. However, there occurs the breakdown
of the Born-Oppenheimer approximation when the dynamics is initiated from the ex-
cited electronic states due to nonadiabatic transitions, and thus requires a quantum
mechanical treatment of both the nuclei and the electrons. Numerous theoretical and
computational approaches have been proposed over the past few decades to address
the challenge of simulating the dynamics beyond the Born-Oppenheimer approxi-
mation. Among the most commonly used are multiconfiguration time-dependent
Hartree (MCTDH),[14, 15] ab initio multiple spawning (AIMS),[25, 26] trajectory
surface hopping (TSH),[18-20] mean-field Ehrenfest (MFE),[24] multiconfigurational
Ehrenfest (MCE),[23] etc. In this thesis, TSH dynamics have been implemented over
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the other alternative approaches primarily due to the significantly higher computa-
tional cost for our systems. Further, TSH has been observed to provide accurate

results for the photochemical processes in similar chromophores.

2.9.1 Trajectory Surface Hopping

In the trajectory surface hopping (TSH) approach, by Tully,[18, 19, 194] the nuclei
were assumed to propagate along a trajectory, R (t), which is treated classically. The

electronic wavefunction can then be expressed in terms of the electronic basis as,

D(r,R7 1) = 3 ()65 (1 RE(1)) (2.64)

J
Where r is the electronic coordinate and the superscript ¢ denotes that the observ-
ables are treated at fixed nuclei R°(t). Now, substituting this in the time-dependent
electronic Schrodinger equation shown below
0

(ifg, — H)®(r, R, 1) = 0 (2.65)

generates a set of differential equations for coefficient ¢ () as shown below

acl

. 0c
o

+ > (—Hj; + ihF,;.v)e; = 0 (2.66)
J
Here, Hy; corresponds to the matrix element of the electronic Hamiltonian (¢x| H.|¢,),

and Fy; denotes the nonadiabatic coupling vector between states k and j, and v¢ is

the nuclear velocity vector. And,

0

ot (I)j>7’ (2'67)

R Vo= (P

Equation 2.66 is referred to as the semiclassical time-dependent Schrodinger equa-
tion (SC-TDSE). Within the TSH approach, the nuclear motion evolves according
to Newton’s equation, which propagates in a trajectory of a single electronic state.
Thus, for a nucleus of coordinate m having mass M, it can be expressed as

R, f¢

——— =0 2.68
dt? M,, (2.68)

Where the force £¢ is proportional to the gradient of potential energy
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£ =—Vg, Hj (2.69)

Further, during the propagation of the dynamics, there is a probability of a trajectory
for hopping between the different electronic states. And, among the several methods
TSH approaches to compute the transition probabilities, the most commonly used is
the fewest-switch approach by Tully.[19] According to this approach, the number of
hopping events is minimized within a time-step At and the transition probabilities

of a trajectory from one electronic state m to another state 1 are computed as

population increment in [ due to flux from m during At
P, = , (2.70)
population of m

The population of each electronic state 1 can be represented by the diagonal terms

of the density matrix, which depend on the coefficients ¢;(¢) and are defined as

Pmi(t) = ey (2.71)

Hence, equation 2.66 can be expressed as

2At
P, = max lO, — (h_lfx(plm)anl — Re(pim) F5,, - VC)] (2.72)
pmm
According to the fewest-switch method, there is an instantaneous probability of
a nonadiabatic event at each time step along the trajectory propagation. However, a
hopping from surface m to 1 at time t was considered to be successful only under the

following two conditions; Firstly, a random number r; in the [0,1] must satisfy,

-1

S Pranlt) <10 € 32 Pt 273)

n=1

And secondly, the energy gap between the final and initial state must satisfy

2
Nat <,C c,T
(Zx ¢ Vg Flm>

ViI(RA(t)) — Vi (RE(2)) < 2
25 M- (Fiy)

(2.74)

The situation when only the first condition is satisfied is referred to as a frustrated

hop. And according to the second condition, the total energy after hopping should
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not increase, and there should be conservation of energy.

Since the SC-TDSE in TSH propagates along a single trajectory R¢ governed by
the gradients of a particular electronic state, the decoherence issue arises. However,
during this propagation, the amplitudes ¢; of all other electronic states are artificially
constrained to evolve along R¢ of the same trajectory, despite the fact that the
gradients of these states would lead them to evolve along different paths. To provide
a solution to the decoherence issue, Granucci et al. [195] modified the time-dependent

coefficient in the electronic state [ and m at every time step as below

—At
= clexp<7_l)‘v’l iy (2.75)
1—Ylc
e, cm{ |le|7;1 l} (2.76)
h o)
o | 2.77
: ’Wl - me’ { * Ekln:| ( )

Here, E4;, is defined as nuclear kinetic energy, At is the integration time set, and
« is the empirical parameter whose value is recommended to be 0.1 hartree. The

discussion on TSH is drawn from a review by Babartti.[20, 196]
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Chapter 3

Mechanistic Insight into the Dual Fluores-
cence Behaviour in GFP Chromophore Ana-
logue

(The work of this Chapter is published in J. Phys. Chem. B 2022, 126, 9930-9944.)

This article has appeared as a Cover Feature of the Journal.

3.1 Introduction

Dual fluorescence has gathered significant interest in research over the past few
decades. It is one of the most intriguing and rare photophysical phenomena ob-
served in a certain group of fluorophores that exhibits two fluorescence bands as
a consequence of the involvement of two pronounced electronic excited-state min-
ima.[197] The phenomenon of dual fluorescence was initially reported in azulene
derivatives,[198] and later it was observed in many chemical systems.[199, 200] For the
most part, the origin of dual fluorescence was ascribed to an electronic and/or confor-
mational rearrangement of the fluorophore in the excited state, resulting in two elec-
tronic excited states.[201, 202] This anomalous photophysical phenomenon appears in
compounds that have an electron-donating and accepting moiety, which participates
in an excited-state intramolecular charge transfer (ICT) process,[203, 204] twisted
intramolecular charge transfer (TICT) process,[201, 205] or in the fluorophores hav-
ing both a hydrogen donor-acceptor pair in close proximity, where excited-state
intramolecular/intermolecular proton transfer (ESIPT) can occur.[206-208] Com-
pounds that exhibit dual fluorescence could have a variety of uses in chemistry and
biology such as a ratiometric DNA detector,[209] white organic-light emitting devices
(OLED:s),[209] ratiometric fluorescence probes for chemo/biosensing and bioimag-

ing,[210] fluorescence ion and pH indicators,[211, 212] multicolor cell-imaging,[213]
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etc.

In recent years, a number of chromophores based on the Green Fluorescent Protein
(GFP) chromophore, i.e., p-hydroxybenzylideneimidazolidinone (p-HBDI), has been
modeled, synthesized, and reported by various researchers.[214-219] Under certain
conditions, some exhibit dual fluorescence,[214, 215] and some emit simply a single
emission[216-218] while some have a nonfluorescent property.[219]

Green fluorescent protein (GFP) and its structural analogues have been exploited
ubiquitously in cellular biology, biotechnology, and medical research as a unique
genetically encoded fluorescent marker.[76, 77, 220, 221] GFP is a bioluminescent
polypeptide isolated from the body of a jellyfish called Aequorea Victoria and dis-
plays a green color when exposed to light.[76, 220] It is made up of an 11-stranded-
B-barrel-like structure with a-helices at either end to form a cylinder threaded with
a diameter of 24 A and height of about 42 A generating a “S-can” structure with the
chromophore encapsulated within it.[88, 89] GFP is composed of 238 amino acids,
from which autocatalytic cyclization of Ser65, Tyr66, and Gly67 amino acid residues
generates a visible green fluorescent light-emitting structure. The GFP chromophore
is structurally locked by some covalent and hydrogen bonds, preventing it from ro-
tating around the exocyclic ®p- and ®;-bond and shielding it from other amino acid
residues and water molecules that would quench its fluorescence.[222]

Wild-type Green Fluorescent Protein (wt-GFP) displays two electronic excitation
bands at 398 nm (major) and 475 nm (minor), which correspond to the neutral and
anionic chromophores.[88, 89, 222] Upon photoexcitation, the neutral protonated
form of the chromophore (p-HBDI) significantly exhibits a fast excited-state pro-
ton transfer (ESPT) process, emitting green light at 508 nm with 80% fluorescence
quantum yield.[94] This ESPT phenomenon is caused by proton relay between the
active sites of the chromophore through the neighboring residues and internal wa-
ter molecules via a multiple proton transfer mechanism, which is not present in the
solvents for the bare chromophore.[223-225] Moreover, the existence of the ESPT
phenomenon in GFP is validated by GFP double mutant T203V /S205V, which emits
blue lights as a result of non-ESPT-related photophysics.[226, 227] However, the
ESPT-related photophysical phenomenon of the GFP chromophore is still arguable
and has yet to be resolved. Consequently, various experimental as well as theoret-
ical strategies have been implemented to elucidate the ESPT-related photophysical
properties of the GFP chromophore in greater detail, but failed to reproduce to a
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greater extent since the excited state of the GFP chromophore exhibits ultrafast
radiationless transitions.[154] Furthermore, rotation about a single and/or double
exocyclic bridging bond (i.e., ®p and ®; twist, Chart 3.1) has been demonstrated to
have a tremendous impact on the photophysical properties of the analogues of GFP
chromophore, leading the isolated GFP chromophore to be nonfluorescent due to
the occurrence of easy isomerization.[228-230] Thus, while designing the fluorophore
based on p-HBDI, the photoisomerization process should be minimized; i.e., rotation

of the ®p/P; bond should be hindered.[229, 230]

Chart 3.1. Molecular structures of the GFP chromophore, p-TsABDI chromophore

analogue, and model clusters.

o 0
N
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H CH;
p-TsABDI-(H:0)a p-TsABDI-(CHsOH)=

Sung and co-workers have synthesized a para-sulfonamide (p-TsABDI) analogue
of the GFP chromophore to mimic its structure and properties for the further study
of the ESPT related photophysical phenomenon of GFP.[231] The synthesized para-
sulfonamide (p-TsABDI) analogue of the GFP chromophore was found to display the
ESPT phenomenon, qualifying as a model compound for further research into the
ESPT related photophysical phenomenon of GFP. These authors have also illustrated
the effects of solvent on the photophysical phenomena of the p-TsABDI analogue;
however, they did not show the mechanistic pathways underlying its dual fluorescence
nature.[231]

Thus, there is a strong quest to unveil the origin of dual fluorescence and its mech-
anistic pathway, along with its effect in various types of solvents for the p-TsABDI
analogue of GFP. So, to have a better insight into the ESPT-related photophysics of
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the GFP chromophore, the experimentally synthesized parasulfonamide (p-TsABDI)
compound has been considered for further investigation since it comprises both the
acidic and basic moieties; i.e., both the proton donating and accepting groups are

present.

3.2 Computational Details

3.2.1 Static Calculations

All the calculations have been performed in the Gaussian 16 program.[232] The struc-
ture of the compound was first constructed using the X-ray crystallographic struc-
ture of the green fluorescent protein (GFP) (PDB code: 1GFL, resolutions 1.90
A)[233] extracted from the Protein Data Bank (PDB). All the amino acid residues
and the water molecules were omitted, and models were generated based on the
synthesized para-sulfonamide analogue (p-TSABDI) of GFP. The ground (Sy) and
excited (Sp) state geometries were optimized employing density functional theory
(DFT)[234] and time-dependent DFT (TDDFT)[235] combined with Becke’s three-
parameter with Lee-Yang-Parr hybrid exchange correlation functional (B3LYP)[236]
and a range-separated Coulomb-attenuated hybrid exchange corrected correlation
functional (CAM-B3LYP)[237]. The hybrid meta-functional M06[238] was also im-
plemented during the computations to ensure the accuracy of the results. The 6-
31G(d,p)[239, 240] and TZVP|[241] basis sets were employed throughout. Harmonic
frequency calculations were carried out for all the stationary points at the same level
of computational method to confirm that the optimized Syp- and S;-states geometries
were real minima. Moreover, vertical electronic transition energies at the Franck-
Condon points were also computed for Sg and S; optimized geometries to compute
the electronic excitation and emission spectra. Solvent effects were considered by
implementing the integral equation formalism variant of the polarizable continuum
model (IEFPCM)[242, 243] in various solvents with a wide range of polarity. Both the
linear response (LR)[244] and state-specific (SS)[245, 246] solvation models have been
implemented to calculate electronic absorption and emission energies for p-TsABDI
analogue.

Furthermore, to investigate the ESPT process in the compound, the Sy and S; po-

tential energy curves (PECs) for compound p-TsABDI (with protic solvents) involving
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the PT coordinates were constructed by fixing the N1-H1 bond distance (Figure3.1)
at different values with a step of 0.05 A.
The RDG function[247, 248] has been used to predict various types of noncovalent

interactions and their strengths. The concerned equation can be defined as

L [Vp(r)]
2(3%)5 p(r)s

RDG(r) = (3.1)

where RDG(r) is the reduced density gradient of the exchange contribution and
p(r) is the total electron density. The nature of noncovalent interactions can be
determined by plotting the reduced density gradient with respect to electron density.
The spikes appearing in the RDG scattered maps are correlated with the interaction
of critical points (ICP), which can be visualized in a 3D isosurface with the location
of noncovalent interactions. Moreover, the Laplacian of electron density, VZp = A1
+ A2 + A3, in which the second eigenvalue of the electron density Hessian matrix
A2 represents whether the interactions are attractive (A2 <0) or repulsive (A2 >0) in
nature. The results are calculated and plotted using the Multiwfn[249] program and
VMD[250] software.

3.2.2 Dynamics Simulation

To explain the excited-state intermolecular proton transfer (ESIPT) phenomenon
in the p-TsABDI analogue in solvent clusters, on-the-fly dynamics simulations were
performed on the first excited-state (S;) surface. For each complex, a set of 100 tra-
jectories has been generated for the initial condition for each trajectory employing a
Wigner distribution of the ground-state vibrational quantum harmonic oscillator[251]
of the ground-state minimum, as implemented in the NEWTON-X program[252] in-
terfaced with the Gaussian 16 program package.[232] Thereafter, S; dynamics sim-
ulations were carried out in the NEWTON-X program in the solvent phase with a
microcanonical ensemble using Born-Oppenheimer energies and gradients provided by
the TDDFT/CAM-B3LYP/6-31G(d,p) theoretical level with 0.5 fs integration time
step and a maximum time of 300 fs. This approach has previously been employed and
was found to be suitable in dynamics simulation studies.[253-256] The nuclear mo-
tions of all the atoms at each step of the dynamics simulations were computed using
numerical integration of Newton’s equation by the Velocity-Verlet algorithm.[257]

The trajectories for each complex were analyzed and classified into two categories
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based on the results obtained from the on-the-fly dynamics simulations: (a) ESIPT,
where the intermolecular proton transfer occurs in the excited-state during the given
simulation time via solvent molecules, and (b) NO PT, where there occurs no PT
within the simulation time. The PT time is defined as the time at which the breaking
bonds and forming bonds intersect, implemented in previous investigations.[253, 255,
256] Moreover, the details of the PT time, PT probability, and PT mechanism along
the H-bonded chain and relative energy difference were obtained by the statistical

analysis of all the active PT trajectories.

3.3 Results & Discussion

3.3.1 Calculated Electronic Properties and their Structural
Parameters
The ground (Sp)- and excited (S;)-state optimized geometries of the GFP chro-

mophore analogue para-sulfonamide (p-TsABDI) with the polar solvents (i.e., water

and methanol) are depicted in Figure 3.1.

o g

p-TsABDI-(H:0)s p-TsABDI-(CH:OH)s
(a) (b)

Figure 3.1: Molecular geometries of the p-TsABDI analogue for Sg and S; minimum in
(a) HoO and (b) CH30H solvents, optimized using CAM-B3LYP/TZVP /IEFPCM level of
theoretical accuracy.
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All geometric structures were optimized using the CAM-B3LYP/TZVP/IEFPCM
method to gain a better understanding of the effect of surrounding active solvent
molecules on the hydrogen bonding interactions of the complex. Subsequently, vi-
brational frequency analyses were performed to ascertain that optimized structures
were real minima.

The spectral behavior of p-TsABDI has been investigated computationally in sol-
vents having a wider polarity range, as presented in Figure 3.2 employing TDDFT /CAM-
B3LYP/TZVP level of theory. As demonstrated in Figure 3.2 and Table 3.1, p-
TsABDI exhibits one prominent absorption band and two emission bands in all the
polar solvents. From the Table 3.1 it has been noted that, in polar solvents such
as acetonitrile (CH3CN), dimethylsulfoxide (DMSO), chloroform (CHCl;), methanol
(CH30H), and water (H20), p-TsABDI exhibits an absorption peak, which is compa-
rable with the previously reported experimentally observed values.[231] The emission
spectra of p-TsABDI, in contrast to the absorption spectra, are significantly reliant
on the solvents (Figure 3.2 and Table 3.1). According to the spectral analyses (Figure
3.2 and Table 3.1), it has been observed that for CH3CN and DMSO the predominant
emission peak is located at 427 and 423 nm, while the weak fluorescence is centered at
547 and 543 nm, respectively, results that are comparable with the experimental re-
sults at this wavelength. Further, the major emission peaks for polar solvents CHCls;,
CH30H, and H,O appeared at 429, 448, and 424 nm, whereas the minor peaks are
observed at 544 nm (CHCIl;3), 552 nm (CH30H), and 581 nm (H20O), respectively.
Thus, the agreement between the experimental and simulated excitation and emis-
sion results suggests that the TDDFT approach, along with the long-range corrected
exchange-correlation hybrid functionals CAM-B3LYP using the TZVP basis set and
IEFPCM solvation model, provides an accurate explanation of the optical properties
of chromophores during electronic excitations.

Moreover, in recent years, TDDF'T has become an effective framework for describ-
ing the optical spectra of the organic chromophores, and it has been demonstrated to
be specifically effective at describing the electronic excitation of the systems contain-
ing transition metals, first and second row elements.[258, 259] Also, to describe the
long-range charge-transfer states, we considered CAM-B3LYP functional[260] since
other functionals (B3LYP, mPW1PW91, wB97XD, etc.) fail to describe it and con-
siderably overestimate the excitation energies of the complex with much deviation.

Further evidence for the TDDFT calculations comes from the detailed comparison
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of the experimental[145, 261, 262] and computational excitation energies of the GFP
chromophore (p-HBDI) in its neutral, anionic, and cationic forms, as presented in Ta-
ble A1l and Figure A1 of Appendix A. These calculated A.s and \.,;s results are in
reasonable agreement with the previously reported experimental data.[145, 261, 262]
As a result, this approach was believed to be a promising tool to treat the biological
processes in their excited-state in different environments, and hence, are suitable for

further investigations of p-TsABDI in various polar solvents.

— acetonitrile
— dmso

—
1

chloroform
methanol
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=]
o
]
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400
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Figure 3.2: Simulated absorption (solid) and emission (dotted) spectra of p-TsABDI in
polar solvents acetonitrile (blue), dimethylsulfoxide (green), chloroform (purple), methanol
(red), and water (orange) computed at the TDDFT/CAM-B3LYP/TZVP theoretical level
using the IEFPCM model.
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Table 3.1: Vertical excitation energy (nm), emission energy (nm), and the corresponding
oscillator strength (f) for transitions of p-TSABDI chromophore analogue in polar solvents
computed at the TDDFT/CAM-B3LYP/TZVP level of theory using the IEFPCM model.
The value in brackets indicates the dielectric constant of the corresponding solvent.

)\maxabs (nm) )\m,wﬂ“ (nm)
Solvent
Calc. Expt.[231] f Calc. Expt.[231] f
CH;CN 427 437 0.83
s 376 372 0.91
(e=35.7) 547 512 0.15
DMSO 423 425 0.86
378 378 0.92
(e=46.9) 543 520 0.13
CHCI. 429 0.80
) . 0.94 ==
(e=4.8) 544 0.14
CH;0H 448 0.83
4 376 B 0.90 B,
(6232.6) 552 0.10
H,0 424 0.85
. 375 - 0.90 L
(6278.4) 581 0.13

¢ Experimental data not available

In an effort to define the dual fluorescence in the p-TsABDI analogue in the polar
media and the reason behind this interesting phenomenon, we tried to explore several
aspects playing significant roles. The possible reason for the compound showing the
dual emission behavior could be the polarity of the solvents. So, to have an insight
into this intriguing dual fluorescence phenomenon and a better representation of the
solvent effects, we designated the p-TsSABDI analogue as its neutral and anionic forms,
respectively, and used microsolvation hydration models to explicitly include hydro-
gen bond effects in quantum chemical calculations. An implicit solvent model poorly
describes the electronic characteristics of the hydrogen bonding interactions between
the solute and solvents by demonstrating the solvents as a polarizable medium with
a specific dielectric constant. Also, explicit models are always size-limited and fail to
adequately take into consideration the long-range (or bulk) effects. However, for the
most part, a quantum mechanics/molecular mechanics (QM/MM) level is considered
to account for bulk solvation on the proton shuttle mechanism in the chromophore,
[263, 264] thus providing a reliable description of the solvent effects; but it requires
an expensive computation. So, we implemented distinct quantum mechanical (QM)

microsolvation augmented with a continuum approach,[265, 266] which enhances the
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description of solute-solvent interactions that are cost-effective and represents a good
approximation of the solvent effects.[255, 256] Hence, a combined microsolvation con-
tinuum model was employed to systematically investigate and improve the description
of specific solute-solvent interactions coupled to the bulk effects.

In the present work, we have explicitly included three, four, and five solvent
molecules which may significantly interact with the p-TsABDI chromophore, with an
emphasis on trends of electron affinities influenced by microsolvation. In order to
elucidate the mechanistic aspect of the proton transfer pathway, we computed the
energy barriers incorporating the hydrogen bond interactions between the p-TsABDI
analogue and solvent molecules, considering three, four, and five solvent molecules,
following the same strategy as by Smith et al.[267] In each case, the benzylidene
group of the chromophore acts as the proton donor while the imidazolinone moiety
acts as a proton acceptor during the process. Figure 3.3 illustrates the energy pro-
files obtained from the converged stationary points for the neutral states, transition
states, and anionic structures computed for three, four, and five solvent models. The
proton transfer energy barrier is plotted relative to the optimized energy of the neu-
tral form, and in each case, a single barrier has been observed. It is apparent from
Figure 3.3 that for p-TsABDI analogue in water solvent the three-solvent model has
a lower energy barrier of 18.75 kcal /mol and a faster process than the four and five
solvent models with PT energy barrier of 20.75 kcal/mol and 21.20 kcal/mol, re-
spectively. Similarly, the PT process is comparatively more feasible for three-solvent
model in methanol solvent. Therefore, in this work, the results of the three-solvent
model have been considered for further investigation to explain the ESIPT mecha-
nism of p-TsSABDI in solvent molecules. Again, since the entire structural studies
of the p-TsABDI analogue in various polar solvents are far too costly at both the
quantum mechanical level and dynamic simulation studies, therefore, we considered
the structures in the polar solvents water and methanol to understand the influence

of surrounding solvent molecules.
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Figure 3.3: Potential energy profiles for three (a), four (b), and five (c) solvent model of
p-TsABDI in (i) water and (ii) methanol solvent.

The chromophore forms an intermolecular H-bonding with the solvent molecules,
as depicted by dotted lines in Figure 3.1 to form p-TsABDI-(solvent); complexes
with the labeled numbered atoms involved in the proton transfer (PT) mechanism.
Figure 3.1 also illustrates the covalent and intermolecular hydrogen bond distances of
p-TsABDI-(H,0); and p-TsSABDI-(CH30H); complexes. It has been observed that
the benzylidene ring of the chromophore behaves as a proton donor in the complexes,
whereas the imidazolinone ring behaves as a proton acceptor. The important struc-
tural parameters for the complexes p-TsABDI-(H;0)3 and p-TsABDI-(CH3O0H)3 in
So and S; states involved during the PT activities are summarized in Table 3.2 and
Table 3.3. From Figure 3.1 and Table 3.2, the optimized geometries of p-TsABDI-
(H20)3 and p-TsABDI-(CH30H); complexes show the existence of intermolecular
H-bonds R1 (H1---O1), R2 (H2---O2), R3 (H3:--03), and R4 (H4---O4) with the bond
distances of 1.82, 1.79, 1.85, and 1.94 A in S, state and 1.79, 1.78, 1.84, and 1.93 A in
S; state for p-TsABDI-(H50)3, respectively. Moreover, in the p-TsABDI-(CH3;0H);
complex, the bond distances of the four intermolecular hydrogen bonds are 1.86, 1.77,

1.79, and 1.98 A in the Sy state and 1.84, 1.75, 1.78, and 1.88 A in the S; state.
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Table 3.2: Calculated Bond Distances (A) involved in intermolecular hydrogen bonding of
p-TsABDI-(H20)3 and p-TsABDI-(CH30H)3 complexes before and after PT processes ob-
tained with DFT/B3LYP and TDDFT/CAM-B3LYP/TZVP levels using IEFPCM model
in Sg and S; states, respectively.

Complexes States N1-H1 R1° O1-H2 R2’ 02-H3 R3¢ 03-H4 R4¢
Before PT

So 1.03 182 098 1.79 098 185 098 1.94

Sy 1.04 179 099 1.78 099 1.84 099 1.93

So 1.03 18 098 177 098 1.79 098 1.98

S1 1.04 184 099 1.75 099 1.78 0.99 1.88
After PT

So 1.7¢ 099 174 099 171 099 174 1.04

S1 1.84 098 1.75 098 1.72 098 1.78 1.03

So 1.80 099 1.71 099 169 099 1.71 1.04

S1 1.85 098 1.73 098 1.71 098 1.76 1.03

“R1 = H;---Oy, "R2 = Hy---O9, °R3 = H3--O3, and ‘R4 = H,---N,

p-TSABDI— (Hg 0)3

p-TsABDI-(CH;0H);

p-TSABDI- (HQ 0)3

p-TsABDI-(CH;0H);

The calculated bond distances as shown in Table 3.2 demonstrate that N1-H1
bond in both the complexes p-TsABDI-(H50)3 and p-TsABDI-(CH30H)3 marginally
increases from 1.03 A (Sg) to 1.04 A (S;). Furthermore, the other covalent bonds O1-
H2, 02-H3, and O3-H4 in the complex p-TsABDI-(H50); show an increase in bond
distance value from 0.98 A (Sp) to 0.99 A (S;). Similarly, in p-TsABDI-(CHsOH)s
complexes, the corresponding bond distances shows similar changes. The hydrogen
bond distances R1, R2, R3, and R4 , on the other hand, decrease from 1.82 A (S;) to
1.79 A (S1), 1.79 A (Sp) to 1.78 A (Sy), 1.85 A (Sp) to 1.84 A (S;), and 1.94 A (Sy) to
1.93 A (S,), respectively, in p-TsABDI-(H,0)3 complexes. Likewise, in p-TsABDI-
(CH30H)3 complexes, the intermolecular H-bonds R1, R2, R3, and R4 decrease from
1.86 A (Sp) to 1.84 A (Sy), 1.77 A (Sp) to 1.75 A (Sy), 1.79 A (Sp) to 1.78 A (S;), and
1.98 A (Sy) to 1.88 A (S,), respectively. Although there are no major and prominent
changes in bond distances from the Sy to the S; states, the tendency of increasing or
decreasing bond distance is noted.

Simultaneously, the conjugated bonds of the chromophore of p-TsABDI analogue
in polar solvents undergo a change in the electronic excited-state upon photoexci-
tation. Table 3.3 compiles the computed structural changes in the bond distances

of the chromophore of p-TsABDI from the Sy-state to the Si-state. The computed
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central C4-C7 and C7-C8 bond distances were observed to be 1.46 and 1.36 A for p-
TsABDI-(H,0)s, and 1.45 and 1.36 A for p-TsABDI-(CH3;OH); complex in Sy state,
indicating that the typical single and double bond characters. However, upon pho-
toexcitation, the corresponding C4-C7 (single) bond distance decreases to 1.41 A and
C7-C8 (double) bond distance increases to 1.43 A for both p-TsABDI-(H,0)s and
p-TsABDI-(CH30H)3 complexes, respectively. In additions, the substantial shorten-
ing of the C1-N1 bond distance from 1.43 A in the Sy-state to 1.39 A in the S;-state
for p-TsABDI-(H,0)s complex and from 1.42 A in the Sp-state to 1.39 A in the S,-
state for p-TSABDI-(CH30H); complex are the most notable change in the electronic
structure. Moreover, the increase and decrease of the conjugated bond distances of
the benzylidene and imidazolinone ring of the chromophore, as shown in Table A2
of Appendix A, suggest that the chromophore experiences a dramatic change upon
photoexcitation. Thus, in the S; state, the shortening of intermolecular H-bonds (R1,
R2, R3, and R4) strengthened it, with the simultaneous increase and decrease of the
conjugated bonds in the chromophore, implying the involvement of ESIPT process
relative to the Sy state.

Table 3.3: Calculated conjugated bond distances (A) of the chromophore for p-TsABDI-
(H,0)3 and p-TsABDI-(CH30H); complexes in Sy and S states, respectively, involved

during the photoexcitation obtained with DFT/B3LYP and TDDFT/CAM-B3LYP/TZVP
theoretical accuracies using IEFPCM solvation model.

Bond Lengths (A) States p-TsABDI-(H,0); p-TsABDI-(CH3;0H);

So 1.46 1.45
C4-C7

S1 1.41 1.41

So 1.36 1.36
C7-C8

S1 1.43 1.43

So 1.43 1.42
C1-N1

St 1.39 1.39

Furthermore, after PT, the hydrogen bond distances R1, R2, R3, and R4 in the
p-TsABDI-(H,0)s complex subsequently decrease from 0.99A (S,) to 0.98 A (S,),
0.99 A (Sp) t0 0.98 A (S;), 0.99 A (Sg) to 0.98 A (S;), and 1.04 A (Sg) to 1.03 A (S,),
respectively, as demonstrate in Table 3.2. Similarly, the corresponding bond distances
(i.e.,, R1, R2, R3, and R4) in the p-TsABDI-(CH30H)3 complex shows similar trend.

This reveals that upon photoexcitation, the PT process may occur more efficiently
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in the S; state,[268-273] along the hydrogen bond N1-H1:--O1 than in the Sy state.
Thus, the PT processes of p-TsABDI analogue in polar solvents are initiated by the
intermolecular H-bonding wire formation in Sy with three solvent molecules, followed
by the generation of an excited-state complex upon photoexcitation. Proton trans-
fer proceeds via hydrogen bonding N1-H1:--O1 with low-potential energy barrier in
Sy state, resulting in the formation of p-TsABDI-(solvent)s-PT complexes. Finally,
the p-TsSABDI-(solvent)s-PT complex returns to its Sy state via radiative emission.
As demonstrated by the data explained above, we can conclude that photoexcita-
tion induces the lengthening of the covalent bonds in the electronic excited state,
subsequently strengthening the intermolecular H-bonds. Consequently, the conju-
gated bonds of the p-TsABDI chromophore, as demonstrated in Figure 3.1 and Table
3.3, experiences a change in the electronic structure in the excited state (S;) upon
photoexcitation. Thus, the above explanation represents the strong evidence for the
occurrence of excited state intermolecular proton transfer (ESIPT) phenomena in the
compound.

The weakening or strengthening of covalent and intermolecular hydrogen bonds
in Sg and S; states are furthermore evaluated by vibrational frequency analysis of
the optimized complexes. Figure 3.4 and Table 3.4 represents the N1-H1 and O3-H4
stretching vibrational frequencies for p-TsABDI-(H50)s and p-TsABDI-(CH30H);
complexes in Sy and S states. The computed N1-H1 stretching vibration in Sy and
S, states for p-TsABDI-(H50)3 complex occurs at 3162 and 3093 cm ™!, respectively,
whereas O3-H4 stretching modes in the Sp-state and S;-state are located at 3435
and 3427 cm™!, respectively. This small red-shift in vibrational frequencies for N1-
H1 and O3-H4 stretching modes (Figure 3.4 and Table 3.4) supports the weakening
of N1-H1 and O3-H4 bonds with the simultaneous strengthening of intermolecular
hydrogen bonds (i.e., H1---O1 and H4:--N2) in S; state. Similarly, for p-TsABDI-
(CH30H)3 complex, the N1-H1 stretching vibrational modes are observed at 3230
and 3195 cm~! in Sy and S; states with a smaller red-shift of 35 cm~!. Moreover, the
O3-H4 vibrational modes in Sg and S; states for p-TsABDI-(CH3OH)3 complex are
observed at 3443 and 3360 cm ™, respectively, with a red-shift of 83 cm™!, indicating
the strengthening of intermolecular H-bonds (i.e., H1---O1 and H4---N2) in the S;
states. As a result of the above discussion, it has been observed that, in the S; state,
the IR spectra of p-TsABDI with protic solvent shifts to lower frequencies than in
the Sy state, thereby strengthening the intermolecular H-bonds.
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Figure 3.4: Simulated IR spectra of (a) p-TsABDI-(H20)3 and (b) p-TsABDI-(CH30H)3
complexes for N1-H1 and O3-H4 stretching modes in Sy (black) and S; (red) states.
The stretching vibrational frequencies were calculated at DFT and TDDFT/CAM-
B3LYP/TZVP level using IEFPCM model and N1-H1 and O3-H4 stretching bands are
labeled in black and green arrows, respectively.

Table 3.4: Vibrational frequencies (cm ') of of N1-H1 and O3-H4 stretching modes for
p-TsABDI-(H20)3 and p-TsABDI-(CH30H)3 complexes involving PT process in Sp and Sy

states
Vibrational Wavenumber(cm™!)
Frequencies States p-TsABDI-(CH3;0H); p-TsABDI-(CH3;0H);
N1-H1 So 3162 3230
Stretching S1 3093 3195
AV 69 35
03-H4 So 3435 3443
Stretching = Sy 3427 3360
AV 8 83

A comprehensive analysis of the electron distributions over the compound has
been carried out to reveal an insight into the ESIPT phenomenon caused by pho-
toexcitation with significant changes in the electron density from proton donating
to proton accepting groups. Therefore, the frontier molecular orbitals (FMOs) of
the compound in polar solvents have been calculated and illustrated in Figure 3.5
to explain the characteristics of electron distribution over the atoms in an electronic
excited-state. As illustrated in Figure 3.5, during the electronic transitions, the elec-

tron cloud is entirely delocalized on the chromophore in both the highest occupied
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molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO),
which is attributed to the 7 — 7* electronic transitions with 7 character of HOMO
and 7* character of LUMO. On the other hand, no electron density is distributed
around the adjacent solvent molecules. This 7 — 7* electronic transition results in
the PT process in the complex. However, the electron density distribution on N1-
atom from benzylidene group of the chromophore decreases due to electronic tran-
sition from HOMO to LUMO, whereas around N2-atom of the imidazolinone group
of the chromophore, the electron density distribution increases significantly causing
more acidity to the N1-atom and basicity to the N2-atom of the chromophore, re-
spectively. Furthermore, minor transitions with very low oscillator strength (f) less
than 0.001 might also occur from the lower level of HOMO to LUMO during the
ESIPT process, which corresponds to the n — 7* character. Thus, FMO analysis
suggests that photoexcitation causes the redistribution of electron density over the

atoms, which results in the PT process by strengthening the intermolecular H-bonds.

(a) C

- — -
#o ¢°
HOMO
(b) P

HOMO

Figure 3.5: Frontier molecular orbital (FMOs) showing HOMO and LUMO for (a) p-
TsABDI-(H20)3 and (b) p-TsABDI-(CH30H)3 complexes that has the major contribution
of the wavefunction in the S; state. The FMOs were computed at CAM-B3LYP/TZVP
level using IEFPCM model.

3.3.2 Potential Energy Profiles

To assess the occurrence of the ESIPT phenomena of the p-TsABDI analogue in

the presence of polar solvents, we computed the potential energy curves (PECs) for
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the PT pathways from the benzylidene moiety of the chromophore to its imidazolidi-
none moiety employing DFT and TDDFT approaches with the CAM-B3LYP/TZVP/
IEFPCM level of theoretical accuracy in ground- and excited states. Despite the fact
that the TDDFT/CAM-B3LYP computed level is unlikely to be precise enough to
overcome the correct ordering of the closely spaced excited-states, a majority of the
prior research had shown that the method is usually dependable while analyzing the
reaction pathways as well as the potential barriers in ESIPT processes.[274] Figure
3.6 depicts the PECs that determine the PT pathway coordinates of Sy and S; for
p-TsABDI in water and methanol solvents, and Table 3.5 summarizes the value of
relative PT energy barriers (AV) and relative reaction energies (AE) in Sy and S;
states, respectively. The PT barrier (AV) of the complexes is obtained from the
difference in the energy of the highest point relative to the energy of the lowest point
on PECs [AV = E (highest point on PECs) - E (lowest point on PEC)] for Sy and S,
states, whereas the reaction energy (AE) of the complexes is provided by computing

the zero-point energy differences (ZPE) of the optimized complexes before and after

the PT process [AE = ZPE (after PT) -

(8)  12.68 keal/mol I —a§, (b) 991 keal/mol 1l —a8,
1004 poois 1004 4= -osaas
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Figure 3.6: Potential energy profiles of (a) p-TsABDI-(H30)3 and (b) p-TsABDI-

ZPE (before PT)].

(CH30H)3 complexes in Sp and S; states along the PT coordinate were calculated with
CAM-B3LYP/TZVP level of theoretical accuracy using IEFPCM model.
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Table 3.5: Summary of the PT energy barrier (AV) and Reaction Energies (AE) on Sy
and S; states for each complexes, respectively.

AV (kcal/mol) AE (kcal/mol)
Complex
So S So S1
p-TsABDI-(H,0); 18.8 12.7 11.2 1.1
p-TsABDI-(CH;0H); 18.9 9.9 11.6 1.0

Figure 3.6 and Table 3.5 reveal that the PT barriers of p-TsABDI-(H50)3 and p-
TsABDI-(CH30H)3 complexes are high, i.e., 18.8 and 18.9 kcal /mol, respectively, in
the Sy-state, and are more endothermic (i.e., AE are 11.2 kcal/mol and 11.6 kcal/mol,
respectively) to enable the proton transfer process. While upon photoexcitation, the
PT energy barrier for both p-TsABDI-(H20); and p-TsABDI-(CH30H)3 complexes
reduces to 12.7 and 9.9 kcal/mol, respectively, in the S;-state. Moroever, for both
p-TsADBI-(H,0)3 and p-TsSADBI-(CH30H)3 complexes the reaction energy is reduce
from 11.2 kcal/mol (Sp) to 1.1 keal/mol (S;), and 11.6 kcal/mol (Sp) to 1.0 kcal/mol
(S1), respectively, resulting in the S;-state being less endothermic than the Sy-state.
As a result, the PT process is expected to take place in the S;-state with a relatively
smaller PT energy barrier and reaction energy as compared to the Syp-state of the
complexes. In Figure 3.6, the potential energy curves (PECs) of p-TsSABDI-(H,0)3
and p-TsABDI-(CH30H); complexes were scanned by adjusting the N1-H1 bond
distance, which is observed to follow a stepwise mechanism.[255] However, considering
the detailed PECs alone, it is hard to ascertain whether the ESIPT process occurs in
a concerted or sequential manner. Hence, the dynamics simulation in the subsequent

section will reveal the ESIPT mechanism.

3.3.3 Reduced Density Gradient (RDG) Analysis

The reduced density gradient (RDG) analysis has been implemented to ensure and
support the intermolecular H-bonding interactions that are observed to exist between
p-TsABDI analogue and the surrounding solvent molecules, as noted in the previous
sections. The gradient isosurface plot of the reduced density gradient (RDG) verses
sign (A2)p(r), as defined by Equation 3.1, in which sign (A2)p(r) signifies the product
between the sign of the second Hessian eigenvalues (A2) and total electron density
p(r), depicts the existence of H-bonding interactions and various non-covalent in-

teractions. The scattering map and RDG isosurface of the p-TsSADBI-(H,0); and
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p-TsADBI-(CH30H)3 complexes were generated by implementing the DF'T approach
along with CAM-B3LYP/TZVP method. The 2D and 3D RDG isosurfaces are pro-
vided with a coloured surface that signifies the strength of non-covalent interactions

based on associated sign(A2)p(r) values.
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Figure 3.7: 2D-RDG scatter plots (left) and NCI isosurfaces (isovalue=0.5) (right) for
the p-TSABDI compound corresponding to various type of interactions in polar solvent
(a) water and (b) methanol. Sign(A2)p(r) (au) values ranges from -0.05 to 0.05 au, and
the isosurfaces are coloured accordingly. Blue color indicates the H-bonding interactions,
whereas green and red color denotes van der Waals and steric interactions.

The RDG scattered plot represents the attractive interactions like H-bonding,
dipole-dipole, halogen-bonds, and so on when the values of sign(A2)p(r) is large and
negative (p>0, \2<0), corresponding to the blue region of the 2D gradient isosurfaces.
Whereas the interactions is steric if the value of sign(A2)p(r) is large and positive
(p>0, A\2>0) depicted by the red region of the 2D gradient isosurfaces. van der
Waals (vdW) interactions always have values near to zero (p &0, A\2~0) depicted
by the green region of the RDG isosurface. Thus, to reveal the type of interactions

and to ensure the existence of attractive interactions in between the chromophore
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and solvent molecules, we employed the color scheme shown below to depict these
functions and plotted on gradient isosurfaces. Figure 3.7 demonstrate the 2D reduced
density scatter plots of the complexes p-TsABDI-(H;0)3 and p-TsADBI-(CH3O0H)3
along with the 3D isosurfaces. Since Figure 3.7 displays spikes lying in between -0.02
t0 -0.05 au of sign(A2)p(r) indicates attracti H-bonding which arises due to N—H --- O,
O-H--0, and O-H--- N bonding interactions between the chomophore and solvent
molecules. Conversely, there is also a spike lying at the positive values of the gradient
map, ranging from 0.01 to 0.05 au, indicative of strong repulsive interactions (steric
effect). The vdW interactions occur in the range of -0.01 to 0.01 au.

Subsequently, the color-filled 3D RDG isosurfaces (Figure 3.7, right) signify the
type of interactions that exist in the complex. From Figure 3.7 (right, a and b), the
four blue elliptical slabs are shown in between hydrogen and oxygen atoms, and in
between hydrogen and nitrogen atoms in both the complexes the hydrogen bond-
ing interactions are shown prevailing between the p-TsABDI analogue and solvent
molecules. Moreover, the interaction regions marked by red and green circles in the
isosurface can be identified as the existence of a steric effect within the rings and van

der Waals interactions between the atoms of the molecules.

3.3.4 Schematic Representation for ESIPT

From the above static calculation analysis, we can conclude a mechanistic representa-
tion for the ESIPT process in the p-TsABDI analogue as shown in Figure 3.8. Figure
3.8 depicts the basic ESIPT process in the p-TsABDI analogue, which begins with
photoexcitation of the ground-state neutral form E(Sg) of the chromophore analogue
resulting in the generation of an undissociated electronic excited-state E*(S;). Sub-
sequently, the undissociated excited-state E*(S;) of p-TsABDI undergoes structural
rearrangement as a consequence of the excited-state intermolecular proton transfer
(ESIPT) phenomena, leading to a dissociated excited-state K*(S;). Eventually, the
undissociated excited-state E*(S;) also returns to its ground-state E(Sy) by releas-
ing energy as luminescence. The dissociated excited-state K*(S;) then relaxes to
its ground-state K(Sy) emitting its energy through radiative and nonradiative tran-
sitions. As a consequence, as demonstrated in Figure 3.8, the anionic form of the

analogue reverted to its neutral form via a reverse proton transfer process.
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Figure 3.8: Schematic illustration for the mechanistic pathway for excited state inter-
molecular proton transfer (ESIPT) phenomenon of p-TsSABDI in polar solvents.

3.3.5 Excited-State Dynamics Simulation

The dynamics calculations of the compound in polar solvents, water and methanol,
i.e., p-TsSABDI-(H50)3 and p-TsSABDI-(CH30H)3, were performed at the TDDFT /CAM-
B3LYP/6-31G(d,p) methods to investigate the PT mechanism. For each complex,
100 trajectories with different initial conditions of on-the-fly dynamics simulations
were computed with simulation times of 300 fs to uncover the entire mechanism of
PT processes and PT probability. The PT time can be defined as the point at which
the breaking and forming of bond distances intersect within the given simulation
time, averaged based on all active ESIPT trajectories.[254, 255] Depending on the
time lag between two successive transfers of protons, the PT mechanism has been
categorized as either a concerted or stepwise process.[275] The simulated trajectories
for each complex p-TsABDI-(H50); and p-TsABDI-(CH30H)3 in the S;-state were
analyzed and categorized into (a) ESIPT and (b) NO PT. The ratio of the number
of active ESIPT trajectories to the total trajectories has been used to determine the

PT probability.
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Table 3.6: Summary for the excited state intermolecular proton transfer (ESIPT) dynam-
ics simulations of p-TsABDI chromophore analogue in the polar solvent computed at the
TDDFT/CAM-B3LYP/6-31G(d,p) method: number of trajectories showing the PT process
or NO PT, PT probability, and PT time, respectively.

Reaction PT PT time (fs)
Complex
ESIPT NO PT probability(%) PT1 PT2 PT3 PT4
p-TsABDI-(H20); 23 7 23 64.3 117.5 139.5 183.8
p-TsABDI-(CH3;0H)3 28 72 28 74.3 104.7 196 2074

For p-TsADBI-(H50)3 complexes, out of 100 trajectories, 23 trajectories under-
went the ESIPT process through three water molecules, while 77 trajectories show no
PT reactions during 300 fs of the simulation time (Table 3.6). Thus, the probability
of PT in p-TsSABDI-(H50)3 is 23%, with 77% of trajectories exhibiting no PT pro-
cess during the given simulation period. This probability of non-PT can be correlated
with a considerable PT barrier of 12.68 kcal/mol for the p-TsABDI-(H20)s complex
in its excited-state, as well as owing to the fact that these reactions are moderately
endothermic in the S;-state (Table 3.5 and Figure 3.6).

Figure 3.9(a) illustrates the details of snapshots showing the structural changes
along the ESIPT process whereas Figures 3.9(b) and 3.9(c) represent typical tra-
jectories generated for p-TSABDI-(H;0)3; complexes in accordance with the atom
numbering scheme of Figure 3.1. Figure 3.9(b) represents the PT processes of the
H1 and H2, whereas Figure 3.9(c) denotes the PT processes of H3 and H4 in the
p-TsABDI-(H50)3 complex. In additon, Figure 3.9(d) represents the time evolution
of Sy and S; relative energies, with no crossing between the states owing to the oc-

currence of the ESIPT mechanism.
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Figure 3.9: For the p-TSABDI-(H30)3 complex in S; dynamics (a) snapshots along the
ESIPT dynamics simulations at corresponding PT time, (b) time evolutions of average
breaking (N1-H1 and O1-H2) and forming (H1-O1 and H2-O2) bond distances, (c) time
evolutions of average breaking (O2-H3 and O3-H4) and forming (H3-O3 and H4-N2) bond
distances, and (d) average relative energies of the Sp, S1, and the relative energy difference
(S1-Sp) between them.

The following steps can be used to characterize the time evolution for the average
bond-breaking and bond-forming process along the PT pathway, as demonstrated in
3.9(a). As represented in Figures 3.9(a)-(c), the first proton H1 (PT1) shifts from
the N1-atom of the p-TSABDI analogue to the Ol-atom (first water molecule) at 64.3
fs, followed by the transfer of the second proton H2 (PT2) from the Ol-atom (first
water molecule) to the O2-atom (second water molecule) in the complex at 117.5 fs.
The third and fourth proton (H3 and H4) depart from the O2-atom (second water
molecule) to the O3- atom (third water molecule), and the O3-atom (third water
molecule) to the N2-atom of the p-TsABDI analogue at 139.5 and 183.8 fs, respec-
tively, demonstrating the stepwise nature of the PT mechanism in the complex. If
the time difference between the two consecutive PTs is shorter than the fluctuation
period of 10-15 fs corresponding to the vibrational stretching modes of N-H and O-H
hydrogen bonds, the PT occurs in a concerted manner, whereas the PT mechanism
is stepwise if the time difference of two consecutive PTs is greater than the fluctua-
tion period. Thus, the ESIPT mechanism can be considered to occur in a stepwise
manner from the benzylidene moiety of the chromophore to its imidazolinone moiety

in accordance with the time lag between all the PT processes. Additionally, Figure
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3.9(d) shows that, as the simulation proceeds, the average difference in relative en-
ergy between Si- and Sp-states begins to decrease. However, the energy still remains
above 2 eV at the end of the PT process, indicating that there exists no crossing be-
tween the Sp- and Si-states as a result of the ESIPT phenomenon and the structure
of p-TsADBI-(H50)3 tends to be planar approximately throughout the mechanism.
Again, Figures A2(a)-(c) of Appendix A depicts a similar event; i.e., all PT occurs
in a stepwise manner. As a result, it confirms that PT processes occur in a stepwise
manner from the benzylidene moiety of the chromophore to its imidazolinone moi-
ety. Also, the average S1-Sg energy gap gradually decreases but remains above 2 eV
after fluctuating substantially, as represented in Figure A2(d), indicating the planar
structure of the complex p-TsABDI-(H50)3 throughout the given simulation time.
Moreover, Figures 3.10(a)-(d) displays the typical trajectories that exhibits no PT

during the simulation period.
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Figure 3.10: Time evolution of the breaking bond (N1-H1, O1-H2, O2-H3 and O3-H4)
and forming bond (H1-O1, H2-O2, H3-O3 and H4-N2) in the S; state dynamics for the
non-PT characteristics trajectories of the p-TsABDI-(H20)3 complex at TDDFT/CAM-
B3LYP/6-31G(d,p) level.
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Similarly, for p-TSADBI-(CH30H);3 complex, total of 28 (28%) trajectories show
the occurrence of the ESIPT reaction via the methanol molecules in the inner shell,
while the other 72 (72%) trajectories exhibit no ESIPT reaction during the simulation
time of 300 fs. Figure 3.11(a) demonstrates the snapshots of the representative tra-
jectory of proton transfer dynamics for the ESIPT process in p-TsABDI-(CH3;0H)s3,
whereas Figure 3.11(b,c) displays the trajectories exhibiting the PT process. Figure
3.11d shows the time evolutions of the Sy- and S;-state relative energies, demonstrat-

ing that ESIPT phenomena prevent them from crossing.
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Figure 3.11: For the p-TsSABDI-(CH30H)3 complex in S; dynamics (a) snapshots along
the ESIPT dynamics simulations at corresponding PT time, (b) time evolutions of average
breaking (N1-H1 and O1-H2) and forming (H1-O1 and H2-O2) bond distances, (c) time
evolutions of average breaking (02-H3 and O3-H4) and forming (H3-O3 and H4-N2) bond
distances, and (d) average relative energies of Sp, Si, and the relative energy difference
(S1-So) between them.

From Figures 3.11(a)-(c), it has been observed that the first proton H1 (PT1)
leaves from the benzylidene part of the chromophore, moving toward the Ol-atom
(first methanol molecule) at 74.3 fs, eventually followed by the movement of H2
(PT2) from the O2-atom (second methanol molecule) to the O3-atom (third methanol
molecule) at 104.7 fs. The PT3 occurs at a time of 196 fs as the third proton H3
(PT3) transfers to the O4-atom (third methanol molecule). Finally, the H4-atom
(PT4) transfers from the O4-atom (third methanol molecule) to the N2-atom of the
imidazolinone part of the chromophore at 207.4 fs. Thus, there is a considerable

time lag of 30.4 fs between PT1 and PT2, 91.3 fs between PT2 and PT3, and 11.4 fs
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between PT3 and PT4, thus implying the stepwise nature of the ESIPT mechanism

of the complex in the polar solvents.
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Figure 3.12: Time evolution of the breaking bond (N1-H1, O1-H2, O2-H3 and O3-H4)
and forming bond (H1-O1, H2-O2, H3-O3 and H4-N2) in the S; state dynamics for the
non-PT characteristics trajectories of the p-TsABDI-(CH2OH)3 complex at TDDFT/CAM-
B3LYP/6-31G(d,p) level.

Furthermore, as the simulation proceeds, the average relative energy difference
(S1-So) gradually declines as shown in Figure 3.11(d), but remains above 2 eV after
the completion of PT process, implying the occurrence of no crossings between Sy and
S; states and p-TsADBI-(CH30H)3 complex structure tends to be planar throughout
the process. Similarly, Figure A3 (Appendix A) characterizes the stepwise nature of
the PT process for the p-TsABDI-(CH30H)3 complex, while Figure 3.12 illustrates
the typical trajectories that do not exhibit any PT transfer during the simulation

time.
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3.4 Conclusions

Photophysics of the para-sulfonamide (p-TsADBI) analogue of GFP chromophore
that exhibits the unusual dual emissive characteristics in polar solvents have been
investigated and probed by combination of quantum and dynamics simulation com-
putational studies. To better understand the origin of this remarkable behavior, we
have computed the p-TsABDI chromophore analogue in various polar solvents by em-
ploying DFT and TDDFT approaches along with the CAM-B3LYP/TZVP/IEFPCM
level. The static calculations demonstrated that the p-TsABDI analogue under-
goes structural rearrangement in the S;-state upon photoexcitation, leading to the
strengthening of intermolecular H-bonds (i.e., H1:--O1, H2.--O2, H3.:--O3, H4---O2
bonds) that occur. This induces an ultrafast excited-state intermolecular proton
transfer (ESIPT) phenomenon in the complexes mediated by solvent molecules. The
red-shift of N1-H1 and O3-H4 bond vibrational modes after the photoexcitation fur-
ther supports the strengthening of H-bonds in the Si-state. According to the PECs,
the PT process is unfavorable in the Sy-state, whereas it proceeds in the S;-state
owing to the comparatively low PT energy barrier and endothermic reactions, sig-
nifying the existence of the ESIPT process. Moreover, the strength of hydrogen
bonds as well as the occurrence of the ESIPT mechanism in the S;-state is fur-
ther substantiated by the excited-state dynamics simulation results performed at the
TDDFT/CAM-B3LYP/6-31G(d,p) theoretical level. The analysis of the dynamics
simulations provides an insight into the PT pathway in the S;-state, as well as gives
details on whether the PT mechanism occurs in a concerted or stepwise manner, as
measured by their respective time constants. The results thus obtained from the
excited-state investigations reveal that the ESIPT reactions are ultrafast, occurring
in a stepwise manner in less than 300 fs via three solvent molecules forming a proton-
wire pathway. Hence, we hope that the obtained information acquired from both
the static calculations in conjunction with the dynamics simulations will pave a way
for designing and synthesizing knowledge-based GFP chromophores with improved
photophysical properties.
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Chapter 4

Excited-State Relaxation Mechanisms via

Z /E Isomerization in Para-Amino Substi-

tuted GFP Chromophore

(The work of this Chapter is published in J. Chem. Phys. 2025, 163, 054305.)

4.1 Introduction

The photoswitchable cis-trans behavior of the Green Fluorescent Protein (GFP) chro-
mophore and its derivatives plays a pivotal role in the study of photochemical dy-
namics and paves the way for the engineering and development of photoreactive
compounds.[118, 276-278| These cis-trans photoisomerization behaviors of GFP lead
to the reversible switching between two distinct stable molecular configurations and
are of high interest across various disciplines, with applications ranging from biology
to materials science.[76, 119, 278, 279] Aside from this application, the photoswitch-
ing behavior of GFP and its derivatives has emerged as a promising technique for
optical marking. [280, 281] Such efficient photoisomerization has also been suggested
as a key mechanism in the photoswitching of some other photoactivatable fluorescent
probes.[282-290] Recently, several investigations have been reported on the reversible
photoswitching of GFP-like proteins at the single-molecule level, providing an excit-
ing opportunity in optoelectronics and biological imaging, enabling the development
of molecular-scale devices and the detection of rapid protein dynamics within liv-
ing cells.[291-294] These exceptional light-controlled switching behaviors of GFP-like
fluorescent proteins, toggling between a fluorescent “on-state” and nonfluorescent
“off-state” or from one color to another, are driven by the rotation of exocyclic single
and double bonds within the chromophore.[141, 280, 295] Studies have revealed that

cis-trans photoisomerization in the chromophore precedes deprotonation and takes
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place on the picosecond timescale.[155, 296] Consequently, this cis-trans photoisomer-
ization of the neutral chromophore is vital for photoactivation and photoswitching
processes of GFP-like chromophores.

Green Fluorescent Protein (GFP) from the jellyfish Aequorea victoria has proved
to be one of the significant breakthroughs in scientific research fields.[76, 77, 80, 86,
297] Structural studies have identified that GFP adopts an 11-stranded [-barrel-
like structure, enclosing the chromophore named p-hydroxybenzylideneimidazolinone
(p-HBDI) at its core, with a-helices at both ends.[88, 233] This chromophore is re-
sponsible for fluorescence in GFP.[88, 233] Fluorescence is emitted from both the
neutral and anionic forms of the chromophore, p-HBDI, with the anionic form being
generated via excited-state intramolecular proton transfer from the neutral form.[89,
94] Time-resolved spectroscopic investigations have demonstrated the excited-state
lifetime of GFP lies in the order of nanoseconds, with a fluorescent quantum yield
of 0.8.[76, 77, 89, 94, 101, 298] Nevertheless, fluorescence is quenched when the pro-
tein undergoes denaturation or when the chromophore is removed from its protein
environment and the quantum yield decreases from 0.8 to 1072 (for isolated chro-
mophore).[93] Further, extensive investigation into the photophysical properties of
most of the synthetic models GFP chromophore derivatives have been observed to be
weakly fluorescent in solution and gas phases.[122-126, 144, 154, 155, 163, 218, 262,
299, 300] Several experimental and theoretical studies have revealed that the ultrafast
fluorescence quenching mechanism in p-HBDI and its derivatives is associated with
the excited state twisting process that leads to internal conversion.[122, 123, 125,
158, 159] The excited state twisting mechanism has been observed to proceed via two
primary reaction pathways responsible for the decay mechanism in the p-HBDI chro-
mophore, which involves the significant torsional motions of the exocyclic methine
bridge bonds, i.e., either C-C (P) and/or the C=C (I) bond.[93, 158, 159] To achieve
a high fluorescence quantum yield (®) and prevent the nonfluorescent nature, it is
important to effectively limit the torsional rotation of the P- and I- bonds in the
chromophore.

The simultaneous rotation of the two methine bridge P- and I- bonds, referred to
as the hula-twist,[157, 301] was initially considered the preferred deactivation path-
way due to the limited sensitivity of the excited-state lifetime of the anionic form.

However, several quantum-chemical and dynamics simulation studies highlighted that
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the imidazolinone-bridged bond channel (I) is the dominant nonadiabatic decay path-
way, while the phenol-bridged bond channel (P) contributes to about ~30% of the
total deactivation process.[121-123, 158, 302] It has also been noted that the chro-
mophore (p-HBDI) experiences twisted intramolecular charge transfer between imi-
dazolinone (I) and phenolate (P) moieties when the torsional rotations become more
pronounced.[124, 126] The torsional dihedral rotation along the I- and P- bonds,
denoted as ®; and ®p, regulates the direction of the charge transfer process in
the excited-state. While the rotation of the I-bonds facilitates the charge transfer
from the imidazolinone group to the phenolate group, the rotation of the P-bonds
induces charge transfer from the phenolate to the imidazolinone group.[158, 159]
Furthermore, on-the-fly surface-hopping dynamics simulations in both the gas and
condensed phases using extended multistate multireference second-order perturbation
theory (XMS-CASPT2)[122] and high-level quantum mechanics/molecular mechan-
ics (QM/MM) simulations implementing spin-flip time-dependent density functional
theory,[160] have further provided strong evidence for this behavior. Martinez and
co-workers further corroborate the findings that the excited-state ultrafast internal
conversion predominantly proceeds via the I-twisted pathway, with a minor contri-
bution from the competing P-twisted pathway.[158, 159] Over the years, extensive
research has led to the synthesis and characterization of several derivatives of p-HBDI,
exhibiting diverse photophysical properties such as spectral range, fluorescence quan-
tum yield, and photoswitchable behavior.[163, 164, 216-219, 303-306] Notably, the
para-amino derivative (p-ABDI or NHo-HBDI) of the GFP chromophore was observed
to be entirely nonfluorescent.[163, 219, 306]

A para-substituent N-phenyl-amino group has been observed to enhance the fluo-
rescent quantum yield of GFP-like chromophores, which is attributed to “amino con-
jugation effects,” and elevate the Z/E photoisomerization barriers.[219, 306] In con-
trast, the para-amino group (p-NH,) in p-ABDI derivative was observed to increase
the radiationless decay, thereby decreasing the fluorescence quantum yield.[219, 306]
Chen and coworkers[219, 306] found that the p-NH, group engages in a “coherent
photoinduced intramolecular charge transfer (ICT) effect” along with “amino con-
jugation effects” during the Z/E-photoisomerization process in p-ABDI. Although
amino conjugation effects enhance excited-state stabilization and raise the Z/E pho-

toisomerization barriers, the coherent photoinduced ICT effects pull down the Z/E
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photoisomerization barriers[219, 306] in the p-ABDI derivative. Thus, the “coher-
ent photoinduced ICT” effect outweighs the “amino conjugation effect” in the para-
substituted amino group in the GFP-like chromophore, facilitating photoisomeriza-
tion phenomena and consequently S;/Sy deactivation. The p-NHy group is likely to
exhibit the same effect on other fluorophores. However, the effect of para-substituent
amino groups on ®;- and P p- torsional rotations, along with associated competing
phenomena in GFP chromophore derivatives, remains poorly understood, and limited
studies have been performed on dynamics simulations of the Z/E photoisomerization
process. Hence, to address this and characterize the fluorescence-quenching effect,
we investigated the photodynamics of the para-amino substituent of the GFP-like

chromophore while monitoring key geometric and electronic properties of the system.
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XN N
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o NH;
cis NH,-HBDI trans NH,-HBDI cis NH,-HBDI

Figure 4.1: Cis-trans isomerization of green fluorescent protein (GFP) chromophore (p-
HBDI) and its para-amino derivative (NHa-HBDI).

4.2 Computational Details

4.2.1 Electronic Structure Methods

The geometry of the ground-state (Sy) and excited-state (S;) minima of NHy-HBDI
was obtained using state-average complete active space self-consistent field (SA-
CASSCF)[181, 307] and extended multistate complete active space second-order per-
turbation (XMS-CASPT2) methods[184, 185, 187]. The different active space com-
binations of 4 electrons in 4 orbitals, 6 electrons in 6 orbitals, and 10 electrons in 9
orbitals were considered, and basis sets 6-31G and cc-pVDZ were employed through-

out the calculations. The nature of the active orbitals is represented in Figure 4.2.
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The state-averaging procedure considered three singlet states with equal weights. The
XMS-CASPT?2 calculations utilized the single-state single-reference (SS-SR) contrac-
tion scheme, with a real vertical shift of 0.3 a.u. to avoid intruder state problems. In
addition, density fitting and frozen core approximations were employed. A frequency
calculation on the Sy and S; minima structure revealed no imaginary frequencies,
confirming it as a true minimum. The obtained S; /Sy minimum energy conical inter-
sections (MECIs) were also optimized at the same levels of theory. Vertical excitation
energies of NHyo-HBDI were calculated at CASSCF and XMSCASPT?2 levels based on
the optimized geometry using various active spaces and compared with experimental
results to determine the optimal configuration for nonadiabatic dynamics simula-
tions. All the electronic structure calculations were performed using the BAGEL
package.[308] Linear interpolation in internal coordinates (LIICs)[309] pathways con-
necting Franck-Condon (FC), S; /Sy MECIs, and Sy minimum critical geometries were
generated employing CASSCF and XMS-CASPT?2 level of theories with the active
spaces of (6e,60) and (4e,40), respectively, in order to investigate the potential en-
ergy surface. LIIC interpolates geometries between two key points in configurational
space based on internal coordinates, with single-point energy calculations performed

at each geometry.

4.2.2 Trajectory Surface Hopping Dynamics

The photodynamics of NHo-HBDI were performed using fewest-switches surface hop-
ping (FSSH) methods by Tully[18, 19, 194] combined with the SA-CASSCF(4,4)/cc-
pVDZ electronic structure approach. Similar strategies and combinations of methods
have been able to demonstrate accurately the mechanisms of photochemical reaction
dynamics involving conical intersections.[282] The optimized ground state geometry
and the normal modes were considered to sample the initial conditions (nuclear coor-
dinates and velocities) using a harmonic oscillator Wigner distribution,[310] as imple-
mented in the Newton-X program.[311] A total of 150 initial conditions were gener-
ated at 298 K for the nonadiabatic dynamics simulations. The excitation energies and
the corresponding oscillator strengths were computed for all initial conditions at the
CASSCF(4,4) /cc-pVDZ level and subsequently used to simulate the photoabsorption
cross-section of NHy-HBDI. The nuclear ensemble approach (NEA), convoluted by
the Lorentzian line shape, and a phenomenological broadening (4) value of 0.1 eV was

employed to construct the photoabsorption cross-section.[310] The initial conditions
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were considered without energy restrictions to prevent the inadvertent concentration
on an incorrect spectral region. Upon excitation, all the trajectories were propagated
starting from the bright S; state in the FC region using the CASSCF(4,4) /cc-pVDZ
level. The trajectories were propagated on-the-fly, where the potential energies, en-
ergy gradients, and nonadiabatic couplings were calculated at each time step. The
FSSH algorithm takes into account the nonadiabatic coupling (NAC) among Sy, Sy,
and Sy states, and the Velocity Verlet algorithm was employed to integrate Newton’s
equations of motion with a time step of 0.5 fs. All the trajectories were integrated
up to 500 fs. For the correction of the coherence effect in the FSSH dynamics, the
energy-based decoherence approach of non-linear decay of mixing by Granucci and
Persico was applied, implementing the recommended value of 0.1 au.[195] For the
TSH dynamics simulation, we used the Newton-X molecular dynamics simulation

program,[252, 311] interfaced with the BAGEL electronic structure package.[308]
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Figure 4.2: CASSCF/cc-pVDZ computed natural orbitals utilized in the calculations

of NHy-HBDI geometries, with active spaces of (a) CAS(4,4), (b) CAS(6,6), and (c)
CAS(10,9). All orbitals are of 7 type.
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4.3 Results & Discussion

4.3.1 Structural and Electronic Properties

The photoisomerization of the NHy,-HBDI chromophore occurs due to the twisting of
two dihedral angles, labeled as ®; and ®p, caused by the exocyclic methine bridge
bonds, i.e., phenylamine (P) and imidazolinone (I) bonds, as illustrated in Figure
4.1. The photoisomerization results in the formation of four stereoisomers of the
NH,-HBDI chromophore in either “cis” or “trans” forms. The resulting four cis and
trans stereoisomers are denoted as So-CS1, So-CS2, So-TS1, and Sp-TS2 in Sy state
and S;-CS1, S;-CS2, S;-TS1, and S;-TS2 in S; state, as shown in Figure 4.3.

[ \
®i=0.0° So-CS1 ©
@e= 0.0°
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Figure 4.3: Molecular geometries of ground (Sp) and excited (S;) state minima of all iso-
mers computed at the XMS-CASPT2(6,6)/cc-pVDZ level. The two cis isomers are denoted
by Sp-CS1 and Syp-CS2 in the Sg state, and S;-CS1 and S;1-CS2 in the S; state. Similarly,
two trans isomers are labeled as Sp-TS1 and Sp-TS2 in the Sy state and S1-TS1 and S1-TS2
in the S; state. MECIs are CI1, CI2, CI3, and CI4. Bond distances are in angstrom (A)
and dihedral angles in degrees (°).
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Figure 4.3 illustrates the optimized geometries of all the cis and trans isomers in
So and S; states, along with the atom numbering scheme. The ®; and ®p dihedral
angles are defined by the N5-C4-C3-C2 and C1-C2-C3-C4 atoms of the chromophore,
respectively. All the stereoisomers exhibit planar geometries in both Sy and S; states,
as observed in the case of the GFP chromophore.[121, 123] Despite their geometrical
similarities, the two cis and two trans isomers are distinguished based on the orien-
tation of the hydrogen atom attached to the amino group and the resulting ®p and
®; dihedral angles. The two cis (CS1 and CS2) isomers are characterized by dihedral
angles of ®; = + 0° and ®p = + 0° or £180°, while the trans (TS1 and TS2) isomers
has dihedral angles of ®; = 4+ 180° and ®p = £ 0° or + 180°. A comprehensive
summary of key geometrical parameters of the minimum energy structures for Sy-
min and S;-min of all four stereoisomers of the NHo,-HBDI chromophore, optimized
at different levels, is provided in Figure 4.3 and Table B1 (Appendix B).

The two methine bridge phenylamine (C2-C3 or P-) and imidazolinone (C4-C3
or I-) bonds possess different bond characters in the Sy and S; state minima. Upon
excitation, the C2-C3 bond distance decreases, whereas the bond distance between
C3 and C4 elongates in the Sy state (see Figure 4.4 and Table B1). This change in
bond distances demonstrates that the C4-C3 bond exhibits a single bond character
in the S; state as compared to the Sy state, which facilitates the imidazolinone bond
to twist more significantly, leading to the formation of the cis and trans isomers.
In contrast, the shortening of the C2-C3 bond distance in the S; state compared
to the Sy state minima suggests that the torsional motion around the phenylamine
bond may be reduced during the excited state mechanism. The observed increase
and decrease in bond distances of imidazolinone and phenylamine bonds in the S,
state may be attributed to the enhanced electron-donating nature of the amino group
(-NHs;), which increases conjugation. This, in turn, facilitates the electron transfer

from the phenylamine to the imidazolinone moieties and vice versa in the S; state.
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Figure 4.4: Phenylamine (C2-C3 or P) and imidazolinone (C4-C3 or I) bond distances
of cis (CS1 and CS2) and trans (TS1 and TS2) isomers at Sp and S; states of NHy-HBDI
chromophore. (a) CASSCF and (b) XMS-CASPT2 methods were implemented using the
cc-pVDZ basis set.

4.3.2 Relative and Vertical Excitation Energies

A summary of the relative energies of the low-lying excited states at the equilibrium
geometry is demonstrated in Table 4.1, with reference to the most stable cis isomer
(So-CS1). Table 4.1 shows that the energy levels of the two trans isomers (So-TS1
and Sp-TS2) are observed to be 0.166-0.185 eV at the CASSCF /cc-pVDZ level and
0.116-0.123 eV at the XMS-CASPT2/cc-pVDZ level, respectively, higher than that of
the Sg-CS1 isomer. Similarly, the Sp-CS2 isomer exhibits a negligible higher energy
level compared to the Sy-CS1 isomer, as demonstrated in Table 4.1. Therefore, the
two cis isomers exhibit similar energy levels, as do the two trans isomers, due to

structural similarity, with So-CS1 being the most stable structure.
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Table 4.1: Relative energies (eV) of all isomers CS1, CS2, TS1, and TS2 in Sy and S;
states computed at CASSCF and XMS-CASPT?2 levels of theory. Active spaces of (4e,40),
(6e,60), and (10e,90) were implemented.

Methods Se-CS1 So-CS2 So-TS1  Sp-TS2 S;-CS1 S4-CS2 S;-TS1 S;-TS2
CASSCF(4,4)* 0 6.562x107%  0.166  0.166  4.659  4.659  4.639  4.639
XMS-CASPT2(4,4)* 0 3.533x107% 0.123  0.123  3.345  3.345  3.322  3.322
CASSCF(6,6)* 0 2.479x1077  0.185  0.184  4.333 4333 4510  4.510
XMS-CASPT2(6,6)* 0 1.626x107¢ 0.117  0.116  3.414 3414 3.366  3.366
0
0

Erel

CASSCF(10,9)* 1.950x107%  0.178 0.178  4.258  4.217  4.375 4.376
XMS-CASPT2(10,9)* 2.835x1076  0.119 0.119  3.918 3.592 3.355 3.355

%cc-pVDZ basis set

Moreover, Table 4.2 represents the vertical excitation energies and the correspond-
ing oscillator strengths of the Franck-Condon geometry of the lowest energy isomer of
NH,-HBDI at CASSCF /cc-pVDZ and XMS-CASPT2/cc-pVDZ levels of theory with
different active spaces. All the excited states were characterized by m — 7* transi-
tions. The vertical excitation energies for two cis isomers for the singlet excited states
are observed to be 4.43-5.39 €V for the S; state and 5.167-5.925 eV for the S, state at
the CASSCF /cc-pVDZ level. At the XMS-CASPT2/cc-pVDZ level, these energies
are slightly lower, ranging from 3.518 to 4.131 eV for the S; state and 4.011-4.913 eV
for the Sy state. Similarly, for trans isomers, the excitation energies were observed to
be located at 4.490-5.274 eV (S;) and 5.142-5.873 eV (S;) at the CASSCF /cc-pVDZ
level, with corresponding XMS-CASPT2/cc-pVDZ energies of 3.679-4.046 eV for S,
and 4.268-4.889 eV for S, state. Furthermore, excitation energies in TD-wB97XD/cc-
pVDZ were observed at 3.739 eV (S;) and 4.137 eV (S;) for cis isomers and 3.661 eV
(S1) and 4.162 (S,) for trans isomers.

The XMS-CASPT2 calculations with different active spaces yield a comparable
result, with the most accurate energy (experimental ~300 nm) for the bright state
(3.518 €V) obtained at the XMS-CASPT2/cc-pVDZ level using CAS (4,4) (see Ta-
ble 4.2). Table 4.2 shows that XMS-CASPT2 results indicate that S; is the bright
state corresponding to a m — 7* excitation, whereas the second excited state, Ss,
has a smaller oscillator strength and exhibits a dark character. However, it has
been observed that the CASSCF /cc-pVDZ methods predict the incorrect ordering of
states except when using the (4e,40) active space, thus resulting in switching of the
state character and the variation of energy gaps between S; and S, in the case of

CASSCF(6,6)/cc-pVDZ and CASSCF(10,9)/cc-pVDZ methods.
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Table 4.2: Vertical excitation energies (eV) for the first two singlet excited states computed
at CASSCF and XMS-CASPT?2 levels of theory. Active spaces of (4e,4o), (6e,60), and

(10e,90) were implemented. "f" is the oscillator strength. “cc-pVDZ basis set.

Methods S1 f So f
CASSCF(4,4)! 5.287 1.285 5.862 0.027
XMS-CASPT2(4,4)¢ 3.518 1.036 4.582 0.007
CASSCF(6,6)® 4.509 0.003 5.734 0.777
XMS-CASPT2(6,6)® 3.719 0.809 4.080 0.024
CASSCF(10,9)® 4.477 0.013 5.167 0.887
CS1 XMS-CASPT2(10,9)® 3.649 0.796 4.011 0.071
TD-wB97XD4 3.739 0.864 4.137 0.001
3.243
Expt.? 3.124
3.15°
CASSCF/6-31G(d)° 4.13
CASSCF (4,4) 5.390 1.285 5.925 0.037
XMS-CASPT2(4,4)¢ 3.736 1.071 4.913 0.010
CASSCF(6,6) 4.536 0.004 5.862 0.727
CS2 XMS-CASPT2(6,6)? 4.131 0.601 4.314 0.131
CASSCF(10,9)® 4.430 0.008 5.235 0.326
XMS-CASPT2(10,9)® 4.098 0.173 4.323 0.194
TD-wB97XD¢ 3.739 0.864 4.137 0.001
CASSCF (4,4) 5.274 1.237 5.873 0.028
XMS-CASPT2(4,4)¢ 3.679 1.017 4.889 0.009
CASSCF(6,6)® 4.532 0.002 5.742 0.765
TS1 XMS-CASPT2(6,6)¢ 4.037 0.706 4.286 0.042
CASSCF(10,9)® 4.490 0.010 5.142 0.807
XMS-CASPT2(10,9)¢ 3.724 0.816 4.268 0.018
TD-wB97XD4 3.661 0.725 4.162 0.001
CASSCF(4,4)® 5.274 1.237 5.873 0.028
XMS-CASPT2(4,4)® 3.678 1.017 4.889 0.01
S CASSCF(6,6)® 4.535 0.002 5.753 0.761
XMS-CASPT2(6,6)® 4.046 0.701 4.289 0.044
CASSCF(10,9)® 4.491 0.010 5.143 0.806
XMS-CASPT2(10,9)¢ 3.725 0.815 4.269 0.019
TD-wB97XD¢ 3.661 0.725 4.162 0.001
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The CASSCF/ce-pVDZ with (4e,40) provides the correct state ordering and is
consistent with the XMS-CASPT2 and TD-wB97xD results, with an overestimation
of energies. Similar types of issues in switching of state ordering in CASSCF meth-
ods have also been observed by Chakraborty et al.[282] in the ring opening reaction
mechanism of 1,3-cyclooctadiene isomers and various other groups in studies of CHD
and BD.[287, 289, 312] These factors have led to the conclusion that studies at the
CASSCF(4,4), XMS-CASPT2, and TD-wB97XD levels provide the most accurate de-
scription of the NHo-HBDI chromophore. However, nonadiabatic trajectory surface
hopping dynamics simulation for the NHo-HBDI chromophore at the XMS-CASPT?2
method with the cc-pVDZ basis set and considering a substantial number of tra-
jectories is computationally very expensive. In addition, the TD-wB97XD approach
cannot compute the nonadiabatic couplings between the excited and ground states
and has limitations in accurately describing electronic states near the crossing region.
Hence, we opt for the CASSCF(4,4)/cc-pVDZ level of theory for our nonadiabatic
dynamics simulation, as it accurately describes the state ordering in the FC region

and is comparatively less computationally expensive.

4.3.3 Minimum Energy Conical Intersections (MECIs)

Two distinct relaxation pathways, through ®; and ®p dihedral angle rotations, seem
to be possible to reach the Sy state after the relaxation from the Franck-Condon
region toward the S; minima, and minimum energy conical intersections (MECIs)
are observed to be involved during the photoisomerization mechanism. Multiple
conical intersections (Cls) occur between the S; and Sy states along the dihedral angle
rotations. After passing through Cls, the chromophore will decay to the Sy state.
To further understand the reaction mechanism, we optimized the MECIs using the
XMS-CASPT2(6,6)/cc-pVDZ level of theory, as illustrated in Figure 4.3 and Table
B2. Four notable S;(*77*)/Sy CIs have been identified, as shown in Figure 4.3 and
Table B2, with respect to ®; and ®p dihedral rotations. These four MECIs are
denoted as CI1, CI2, CI3, and CI4. In addition, we have also located the occurrence
of four Cls at the CASSCF(4,4), CASSCF(6,6), and XMS-CASPT2(4,4) levels of
theory using the cc-pVDZ basis set (see Table S2). Polyakov et al.[146] and Gao et
al.[121] reported similar Sy/S; MECIs for the p-HBDI GFP chromophore.

It has been noted that CI1 and CI2 are nearly mirror images of each other,

as are CI3 and CI4, which is attributed to the rotation of two bridging P- and I-
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bonds. These MECIs exhibit a compression of the C2-C3 bond and an elongation
of the C4-C3 bond relative to the Sy state. For the first two MECIs, i.e., CI1 and
CI2, the ®; dihedral angles are observed in the range of +102° to £105°, while the
®p dihedral angles are around +5° to £7°, at the XMS-CASPT2/cc-pVDZ level of
theory, as shown in Figure 4.3 and Table B2. This indicates that torsion around
the imidazolinone bridge bond (I) plays a crucial role in the excited-state decay
process (see Figure 4.3). Similarly, the other two MECIs, CI3 and CI4, display ®;
dihedral angles ranging from £102° to £126° and a ®p dihedral angle close to £175°
at the same level of theory. Figure 4.3 and Table B2 demonstrate that the two
bridging bonds, I- and P-, in the MECIs exhibit covalent characteristics comparable
to those of the S;-state minima. Gao et al.[121] reported that the ®; and ®p dihedral
angles for the CIs of the neutral HBDI chromophore are approximately 4+85° and
+18°, respectively. These four Cls geometries are then used to obtain the reaction
pathway from the FC region by interpolating structures using linear interpolation in
internal coordinates (LIICs). During the photoisomerization process, these pathways
will be further validated through our excited-state nonadiabatic molecular dynamics

simulations described in section 4.3.6.

4.3.4 Relaxation Pathways through Linear Interpolation in

Internal Coordinates

To outline the energy profile along the reaction path of NHo-HBDI in the excited state
during the deactivation process, linear interpolation in internal coordinates (LIICs)
was performed between the geometries at the Franck—Condon point and MECISs,
as illustrated in Figure 4.5. These pathways are computed at the CASSCF and
XMS-CASPT?2 levels (see Fig. 4.5), considering Sy and S; singlet electronic states.
According to both CASSCF and XMS-CASPT2 methods, upon excitation of the
chromophore to the S; state, it decays to the Sy state via S;(*n7*/Sy) MECIs as a
result of ®; and ®p dihedral angle rotations. Here, the rotation of the dihedral angles
of NHo-HBDI in the S; state is induced by the delocalization of electrons between
the imidazolinone (I) and phenylamine (P) moieties, resulting in changes in the two
methine bridge (C4-C3 and C2-C3) bond characters, as detailed in Table B1. Figure
4.5 illustrates that the decay pathways from the FC structure to the CI1 and CI2
are nearly barrierless (0.078 - 0.167 ¢V) in the CASSCF(6,6)/cc-pVDZ level, and a
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small barrier of ~0.3 eV is observed at the XMS-CASPT2(6,6)/cc-pVDZ level. How-
ever, another pathway leading to CI3 and CI4 proceeds with a comparatively higher
energy barrier of 1.186 eV - 2.036 eV in both CASSCF(6,6)/cc-pVDZ and XMS-
CASPT2(6,6)/cc-pVDZ levels. In addition, all MECIs possess lower energy than the
S; Franck-Condon point (see Figure 4.5), indicating that excited-state relaxation via
pathways through these Cls is energetically feasible. As a result, following excita-
tion to the Franck-Condon region in the S; state, population transfer to the Sy state
via nonradiative relaxation through conical intersections is favorable. Furthermore,
Figure 4.5 demonstrates an excellent agreement between the CASSCF and XMS-
CASPT?2 levels of theory, with only minor differences observed in the estimated bar-
rier height. Additional LIICs pathways connecting the Franck—Condon geometry and
Si(*r7*) /Sy MECIs for CASSCF(4,4)/cc-pVDZ and XMS-CASPT2(4,4)/cc-pVDZ
levels of theory are illustrated in Appendix B (see Figure B1), further supporting the

evaluation.
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Figure 4.5: Linear interpolation in internal coordinates (LIICs) pathways connect-
ing the cis (Sp-CS1) minimum and S;(w7*)/So MECI geometries computed at (a)
CASSCF(6,6)/cc-pVDZ and (b) XMS-CASPT2(6,6)/cc-pVDZ levels. The top structures
display the molecular geometries of the critical points S1 (}77*)/Sg MECIs along with the di-
hedral angle rotations at (a) CASSCF(6,6)/cc-pVDZ and (b) XMS-CASPT2(6,6)/cc-pVDZ
levels of theory.

TH-3768_186122008



Chapter 4. Excited-State Relaxation Mechanisms via Z/E Isomerization in

Para-Amino Substituted GFP Chromophore

81

4.3.5 Photoabsorption Cross-Section Spectra

Based on the excitation energies and their corresponding oscillator strengths (see Ta-
ble 4.2), we opted for the CASSCF(4,4) method for the further nonadiabatic dynamics
simulation of NHo-HBDI chromophore. Accordingly, we generated 150 single-point
geometries to sample the initial conditions for NH,-HBDI chromophore in order to
simulate the absorption spectrum upon excitation to its first excited (S;) state us-
ing the nuclear ensemble approach. The Sy — S; excitation of NHo-HBDI involves
m—m* transitions corresponding to the bright state. Figure 4.6 represents the sim-
ulated photoabsorption cross-section of NHo-HBDI chromophore, computed at the
CASSCF(4,4) method using ce-pVDZ basis set and compared with the experimental

absorption spectrum (see Table 4.2).
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Figure 4.6: Simulated photoabsorption cross-section spectra of NHo-HBDI computed
at CASSCF(4,4) methods using Wigner distribution, sampling 150 geometries and a
Lorentzian line shape with § = 0.1 eV. The orbitals corresponding to the transition are
shown in the inset. 6-31G and cc-pVDZ basis sets are used.

The simulated absorption peak is located at ~5.03 eV, which is ~1.7-1.9 eV (Table
4.2) higher than the experimental absorption peak at ~3.2 eV. This difference in
absorption values is typical of CASSCF, as it tends to overestimate excited-state
energies in the Franck-Condon region due to the absence of dynamic correlation.
Further, this is also consistent with the overestimation of the excitation energy from

electronic structure calculation at CASSCF methods (as shown in Table 4.2) with
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the brighter S; state, which has an overestimated excitation energy of ~5.287 eV
compared to the XMS-CASPT2 energies and experimental absorption maximum by
~ 1.7 - 2.0 eV. A simulated absorption spectrum at the CASSCF(4,4) level using
a 6-31G basis set has been computed to compare with the CASSCF(4,4)/cc-pVDZ

result.

4.3.6 Nonadiabatic Molecular Dynamics Simulations

To investigate the photodynamics of the NHyo-HBDI chromophore, we have considered
the cis isomer for the nonadiabatic simulation of cis-trans photoisomerization dynam-
ics upon photoexcitation to the Franck-Condon region. The nonadiabatic dynamics
simulations were carried out employing Tully’s Fewest Switches Surface Hopping
(FSSH) approach in combination with the CASSCF electronic structure method. A
total of 150 trajectories were initiated on the S; state for nonadiabatic trajectory sur-
face hopping dynamics of NHo-HBDI, considering a state average of three electronic
states, and propagated for 500 fs. We have carefully examined the trajectories to
gain a comprehensive understanding of the photoinduced cis-trans isomerization pro-
cess and the subsequent chemical reaction dynamics of the NHo-HBDI chromophore.
As the simulation proceeded, a significant number of trajectories were terminated
if the total energy exhibited a change of 0.5 eV or more. This termination of the
trajectories resulted from the total energy change is due to convergence instabilities
related to structural changes between the two consecutive timescales or orbital ro-
tations between subspaces.[20] Hence, only a limited number of trajectories reached
a maximum simulation time of 500 fs. However, we have chosen the TSH/FSSH
method over alternative approaches, such as AIMS, MCTDH, etc., which would have
avoided the energy drift issue during the simulation due to their significantly higher
computational cost compared to TSH in our current limited resources. In addition,
similar strategies and combinations of the FSSH approach have been observed to ac-
curately describe the mechanism of photochemical dynamics involving the relaxation
mechanism through conical intersections.[282, 290, 313] Therefore, for our relatively
large chromophore, the TSH/FSSH method was chosen as an optimal method be-
tween accuracy and computational feasibility and was therefore considered for our
investigation.

The relaxation mechanism in the NHo-HBDI chromophore, responsible for the

radiationless decay from the S; to Sy electronic states, can be elucidated by analyzing
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a few key parameters such as populations, dihedral angles, and bond lengths, along
with the trajectory propagation and their behavior at the hopping events. Upon
excitation of the chromophore to the S; singlet excited state in the Franck-Condon
region, changes in the imidazolinone (I) and phenylamine (P) bond distances were
observed, which in turn led to twisting of the corresponding ®; and ®p dihedral
angles as a function of time in several trajectories during the simulation. Therefore,
based on the analysis of all these key geometric parameters, the trajectories were
categorized as “reactive” and “unreactive.” As the simulation proceeds, a “reactive”
trajectory shows decreases in the energy gap between S; and Sy states (~0.5 eV), an
increased in ®; or ®p dihedral angles (~ +90°), and increases and decreases of I-
and P- bond distances, all occurring within the maximum simulation time of 500 fs
or until the trajectory terminates. In contrast, “unreactive” trajectories exhibit no
significant changes in population of the electronic states, dihedral angle rotations, and
bond distances during the maximum simulation time of 500 fs or until the trajectory
terminates.

Since a significant number of trajectories terminated before reaching the maxi-
mum simulation time of 500 fs, we did not represent the average population of the
electronic states to avoid misinterpretation of the population decay of NHo-HBDI
during the dynamics simulation of the photoisomerization process. Therefore, we
have demonstrated the population of the electronic state by a single representative
trajectory each for reactive and unreactive pathways, as shown in Figure B2 of the
supplementary material. Figures B2(a) and B2(b) demonstrate the time evolution
dynamics of the populations for Sy, S;, and Sy electronic states of a representative
“reactive” and “unreactive” trajectory. From Figure B2(a), it can be seen that the
molecule fluctuates in the S; state and the energy gap between S; and Sy decreases
as the simulation proceeds. However, the trajectories terminate when a drift in total
energy of more than 0.5 eV occurs at 332.5 fs, and the energy gap between S; and
So reduces nearly to 0.5 eV. Therefore, we identified this region as the occurrence of
degeneracy between S; and Sy states, leading to an S; /Sy crossing [as shown in Figure
B2(a)]. On the other hand, Figure B2(b) shows that the molecules remain in the S;
state until the maximum duration of 500 fs of our simulations, indicating that no pho-
toisomerization reaction is taking place. This suggests that there is still potential for
the reaction to occur at longer time scales. Figure B3 illustrates a histogram showing

the distribution of termination times of all the reactive and unreactive trajectories
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terminated within the simulation time of 500 fs. The histogram time-window depicts
that a substantial number of trajectories terminate within the first 150 fs, while only
8 out of 150 trajectories reached a maximum simulation of 500 fs. Moreover, the
reactive trajectories predominantly terminate within the range of ~280-460 fs

To gain more insight into the behavior of the photoinduced mechanism, we an-
alyzed the imidazolinone (C4-C3) and phenylamine (C2-C3) bridged bonds and the
corresponding dihedral motions, characterized by N5-C4-C3-C2 (or ®;) and C1-C2-
C3-C4 (or ®p), respectively, of the representative reactive trajectory initiated from
the Sp-cis isomer as a function of time. These bond distances and the dihedral motion
of the representative trajectory are depicted in Figure 4.7. Figure 4.7(a) demonstrates
that the C4-C3 bond initially has a double bond character with a bond length of 1.32
A, while C2-C3 exhibits a single bond character with a bond length of 1.45 A. As the
simulation proceeds, the C4-C3 bond elongates and acquires the single bond char-
acter, whereas the C2-C3 bond is compressed and tends to adopt the double bond
character. This change in the C4-C3 and C2-C3 bond characters facilitates the twist-

ing of the ®; dihedral angle rotation in the S; state upon photoexcitation.
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Figure 4.7: Time evolution of (a) imidazolinone-bridged C4-C3 (blue) and phenylamine-
bridged C2-C3 (green) bond distances, and (b) imidazolinone N5-C4-C3-C2 (blue) and
phenylamine C1-C2-C3-C4 (green) dihedral angles, for a representative reactive trajectory
at CASSCF(4,4)/cc-pVDZ level of theory. The bond distances are in angstrom (A), and
dihedral angles are in degrees (o). The inset displays the molecular geometries at the initial
of the simulation (0 fs) and end of the simulation (332.5 fs).

Moreover, the torsional rotation as a result of the changes in C4-C3 and C2-C3
bond distances is depicted in Figure 4.7(b). Figure 4.7(b) shows that both the &,

and ®p dihedral angles remain nearly planar till several femtoseconds, after which
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the ®; dihedral begins to rotate, simultaneously reducing the energy gap between the
S; and Sy states (Figure B2(a)) as the ®; dihedral torsional angle increases. When
the ®; dihedral angle reaches 100° at 332.5 fs, corresponding to a perpendicular
orientation of imidazolinone with respect to phenylamine moieties, the S; and Sy
energy gap reduces to 0.5 eV, suggesting the formation of S;/Sy crossing, which is
also been observed previously in the time evolution of the population. However, the
®p dihedral angle shows fluctuation throughout the simulation and remains around
30° by the end, indicating that ®p torsion does not change much in the cis-trans
isomerization process or requires more simulation time to rotate. Thus, the rotation
of the imidazolinone-bridge ®; dihedral angle is the dominant one and is facilitated by
the elongation of the C4-C3 bond and compression of the C2-C3 bond, resulting in the
internal conversion of the excited state species via MECIs. In addition, the dihedral
angle values of the S;/Sy crossing structure at 332.5 fs obtained from the dynamics
simulation are closely aligned with those of the MECI obtained in the electronic
structure calculation as shown in Figure 4.3 and Table B2. This indicates that the
molecule undergoes nonradiative decay to the Sy state through the S;/Sy crossing at
this point. This aligns with the findings obtained by Chen and coworkers[219] and
Huang and coworkers[314], who reported that the nonradiative decay in the para-
amino analogue of GFP chromophore occurs within a time-scale of 0.3-1 ps. Thus,
the ultrafast decay to the Sy state in NHo-HBDI chromophore has been facilitated
by the MECIs, which are governed by the torsional motion around C4-C3 and C2-C3
bonds.

Moreover, the ®p dihedral angle may also be an important pathway on a longer
timescale, within 2-5 ps, similar to the effect of ®p torsion in GFP chromophore
reported by Martinez and coworkers.[158, 159] In their study, they concluded that the
majority of the population decays to the Sy state through the relaxation mechanism
via ®;-twisted MECIs, whereas ~34% proceeds via ®p-twisted MECIs.[158] The
potential insight into the role of ®; and ®p dihedral angle rotations and the reason
behind the dominant nature of ®; dihedral rotation can also be explained by the
LIIC pathways leading to MECIs corresponding to ®; and ®p dihedral rotations,
as shown in Figure 4.5 and Figure B1. The interpolated pathways reveal that the
energy barriers leading to CI1 and CI2, corresponding to the prevailing ®; rotation,
are lower than those leading to CI3 and CI4, in which ®p rotation is also significant

(see Figure 4.3, Figure 4.5, and Figure B1). This indicates that the ®; dihedral
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rotation proceeds with a low energy barrier in the S; state compared to ®p dihedral
rotations in both CASSCF and XMS-CASPT2 methods. Therefore, a significant
energy barrier associated with ®p rotation compared to ®; rotation causes the slower
decay to the Sy states via ®p. Besides, due to the higher computational cost in our
limited resources, our current study focused on the primary pathways leading to the
deactivation to the Sy state, considering a maximum timescale of 500 fs.

To further aid our understanding of the reaction dynamics and the twisting mo-
tion of ®; and ®p dihedral angles, we tracked the dihedral angles and bond lengths
of all the reactive and unreactive trajectories as a function of time, as illustrated
in Figures 4.8 and 4.9. Figure 4.8 depicts the time-dependent evolution of dihedral
angles for all the trajectories of the NHo-HBDI chromophore, which includes both
the reactive and unreactive pathways. The blue trajectories represent the reactive
one in which the key photoinduced event, cis-trans isomerization, occurs, whereas the
unreactive trajectories are represented by green ones. Four MECI species should be
generated with respect to the ®; and ®p dihedral angles during the reaction mech-
anism according to electronic structure calculations. Figure 4.8 demonstrated that
upon photoexcitation, the ®; dihedral angle undergoes torsional motions in both the
clockwise and anticlockwise directions, resulting in MECIs located within the range
of &£ 90 - 100°. This confirms the occurrence of MECIs with both the positive and
negative ®; and ®p values. However, the competitive torsional ®p rotation remains
largely unchanged due to the higher energy barrier as compared to the ®; rotation, as
shown in Figures 4.5 and B1. Hence, the ®p dihedral angle remains planar through-
out the simulations. Furthermore, for another set of unreactive trajectories, indicated
by green, both ®; and ®p dihedral angles oscillate between + 30° throughout the
simulation, suggesting that the molecule remains planar and no cis-trans isomeriza-
tion takes place until the maximum simulation time of 500 fs. This provides a deeper
insight into the molecular behavior and potential for photoisomerization.

Similarly, the time evolution of the imidazolinone and phenylamine-bridged bonds
during the photoinduced cis-trans isomerization for both the reactive and unreactive
trajectories is shown in Figure 4.9. Figure 4.9 shows that the C4-C3 average bond
distance fluctuates as the reaction proceeds and tends to increase at the end of the
simulation. In contrast, the C2-C3 average bond distances also fluctuate but tend to

decrease at the end of the simulation. This trend facilitates isomerization, suggesting
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that both imidazolinone and phenylamine bonds play crucial roles in the photoiso-

merization reaction of the NHy,-HBDI chromophore analogue.
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Figure 4.8: Time evolution of dihedral angles (a) imidazolinone (®; or N5-C4-C3-C2),
(b) phenylamine (®p or C1-C2-C3-C4) for both the reactive (blue) and unreactive (green)
trajectories at CASSCF(4,4)/cc-pVDZ level of theory. Bold blue indicates representative

reactive trajectory and bold green is for for representative unreactive trajectory. The dihe-
dral angles are in degrees.
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Figure 4.9: Time evolution of bond distances (a) imidazolinone ( I or C4-C3) and (b)
phenylamine ( P or C2-C3) bridged bonds for both the reactive (blue), unreactive (green),
and an average of all (red) trajectories at CASSCF (4,4) /cc-pVDZ level. Bond distances are
in angstrom (A).

4.4 Conclusions

In this study, we employed electronic structure calculations, subsequently followed by
the CASSCF trajectory surface hopping nonadiabatic simulations, to investigate the
photoswitchable cis-trans isomerization process of the NH,-HBDI analogue of green
fluorescent protein (GFP) chromophore after being excited to S; state. The electronic
structure calculations have suggested that radiationless decay from the excited (S;)
state to the ground (Sp) state is facilitated by the occurrence of multiple S;(177*) /Sy
MECIs involving the distortion of the imidazolinone (®;-) and phenylamine (®p-)
bridged dihedral angles. The torsional rotation of the ®;- and ®p- dihedral angles
of NH,-HBDI in the S; state is caused by the changes in the bond distances of the
imidazolinone and phenylamine bridged bonds, i.e., C4-C3 and C2-C3, induced by
the delocalization of electrons between the imidazolinone and phenylamine moieties
upon photoexcitation. The nonadiabatic dynamics simulation further supports that
the radiationless decay of the photoexcited NHy-HBDI chromophore from the S; ex-
cited state to Sy state occurs via Sy /Sy internal conversion, with trajectories exploring
many MECIs geometries as a result of torsional rotations with the ®; angle having
a major impact. However, due to the energy conservation issue associated with the
TSH/FSSH dynamics in combination with CASSCF methods, we were unable to

obtain a clear picture of the population decay through the nonadiabatic dynamics
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simulation. To accurately capture both the ®; and ®p rotations and the popula-
tion decay, a more efficient alternative approach with lower computational cost is
required. Therefore, nonadiabatic dynamics simulation using a more robust method
are currently underway, which is expected to provide deeper insight into nonadiabatic
decay.

Hence, our investigation provides insight into the role of conjugation in facilitating
the torsional rotation around the imidazolinone and phenylamine bridged bonds in
the para-amino derivative of GFP chromophore. These observations contribute to an
understanding of the excited-state dynamics of photoexcited chromophores and help

to establish a connection between the molecular structure and dynamical behavior.
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Chapter 5

Ultrafast Hot Exciton Nonadiabatic Excited-
State Dynamics in GFP Chromophore Ana-

logue

(The work of this Chapter is published in J. Phys. Chem. B. 2024, 128, 6786-6796.)

5.1 Introduction

Ultrafast excited-state dynamics govern energy transfer and charge formation in some
organic and inorganic materials resulting in the generation of excitons. Excitons
are predominantly formed as a result of interactions between light and matter, and
play a crucial role in numerous fields such as organic and inorganic materials, in-
cluding optoelectronics, photocatalysis, and nanotechnology.[315-318] The ultrafast
excitons diffuse through the material, leading to the charge generation mechanisms in
organic m-electron conjugated donor-acceptor (D-A) interfaces.[319-322] The relax-
ation processes of excitons were studied at the femtosecond timescale using nonadi-
abatic excited-state dynamics in m-conjugated molecules.[323] Over the past decade,
a considerable number of efforts have been focused on investigating the dynamics of
photoinduced interfacial excitons in various types of organic, inorganic, and hybrid
materials that possess donor-acceptor interfaces.[324-329] This has led to significant
progress in our comprehension of ultrafast phenomena that governs exciton dynamics
and charge generation mechanisms in these materials.[330-333] Nonetheless, certain
aspects of the high-energy (hot) exciton and charge generation dynamics at the molec-
ular level remain ambiguous.[334-338] The uncertainty lies in whether hot excitons
would facilitate electron-hole charge separation, resulting in enhanced overall charge
generation efficiency, or would increase the nonradiative decay through the internal

relaxation process to the lower-energy states.

TH-3768_186122008



Chapter 5. Ultrafast Hot Exciton Nonadiabatic Excited-State Dynamics in GFP
Chromophore Analogue

In the past few years, many insightful studies have been reported by Gelinas et
al.,[339] Najafov et al.,[340] Tamura et al.,[326, 341] Nelson et al.,[333, 342] Rossky et
al.,[343, 344] and Barbatti et al.[323, 329, 345] that explored the nonadiabatic excited-
state dynamics and ultrafast exciton relaxation of medium 7w-conjugated complexes
using various approximations. Despite numerous experimental and theoretical stud-
ies on ultrafast exciton relaxation, there has been limited thorough investigation into
the accurate description and modeling of the ultrafast exciton and hot charge transfer
phenomenon in organic chromophores.[346-348| Inspired by these issues, the present
work focuses on the nonadiabatic dynamics of green fluorescent protein (GFP) chro-
mophore based molecular aggregates and explores its excited-state properties and
ultrafast exciton dynamics.

Green fluorescent protein (GFP) has ascended as a monarch of fluorescent proteins
and remains at the forefront of scientific exploration due to its remarkable adaptabil-
ity and usefulness.[76, 88, 220, 281, 349-351] It contains a modifiable chromophore,
i.e., p-hydroxybenzylideneimidazolidinone (p-HBDI) at its core, responsible for emit-
ting light.[86-88] Mutation of the chromophore environment results in a remarkable
diversity of photophysical properties among GFP chromophore analogues, leading
to variations in spectral range, fluorescence quantum yield, and photostability.[78,
291, 352-355] At room temperature outside the protein environment, the GFP chro-
mophore becomes predominantly non-fluorescent due to ultrafast radiationless decay;,
resulting in its quenching.[93]

Experimental and theoretical investigations revealed that the excited-state ul-
trafast deactivation occurs through two distinct pathways, which involve rotation
around one of the methine bridge bonds i.e., either imidazolinone (I) or phenolate (P)
bonds.[124, 126, 152, 302] This ultrafast deactivation coincides with the twisted in-
tramolecular charge transfer (TICT) across the bridge, decreasing fluorescence quan-
tum yield. Significantly, the two torsional pathways mediated by ®;-twisted and
® p-twisted bonds exhibit intramolecular CT in opposite directions.[124, 126] Inter-
nal conversion via ®;-twisted conical intersection (CI) seam is the dominant decay
pathway leading to the direct formation of the E-stereoisomer, while rotation around
® p-twisted channel generates the initial ground-state, potentially restoring the iden-
tical ®p-flipped configuration.[158, 159] The ®;- and ®p- dihedral rotations are il-
lustrated in Figure C1 of Appendix C. Thus, when designing a fluorophore derived

from p-HBDI, it is crucial to minimize the photoisomerization process by restricting
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the rotation along the ®;-twisted and ® p-twisted channels.

Over recent years, several researchers have reported a range of chromophores in-
spired by the p-HBDI that demonstrate diverse photophysical properties.[214-219,
304] Many approaches towards considerable improvement in the fluorescence quan-
tum yield have been attained for structurally constrained derivatives of p-HBDI by
inhibiting the ®;- and ®p- torsions simultaneously.[158, 159, 214-219, 304] Yang
and coworkers have synthesized the derivative of p-HBDI chromophore, i.e., benzyli-
denedimethylimidazolinone (BDI) analogue.[356] In contrast to naturally occurring
p-HBDI chromophore which exhibits a high fluorescence quantum yield (®;=0.8)
88], the BDI analogue displayed no fluorescence (®; < 0.001)[356] and attempted to
restore fluorescence by imposing structural constraints on the chromophore, simulta-
neously restricting ®;- and ®p- torsions.

The primary objective of this investigation is to explore the nature of the ex-
cited states in GFP chromophore analogues, i.e., a BDI chromophore, and control
the nonradiative decay using first-principles calculations. To gain insights into the
generation of high-energy (hot) excitons and its ultrafast relaxation dynamics at an
atomistic and time-dependent level, we have carried out nonadiabatic excited-state
dynamics simulations using linear-response time-dependent density functional theory

(TDDFT)[357, 358] on the BDI-dimer.

5.2 Methods

5.2.1 Static Calculations

Ground-state and excited-states geometry optimizations for both BDI monomer and
dimer were performed with density functional theory (DFT)[234] and time-dependent
density functional theory (TDDFT)[235] at long-range dispersion corrected functional
wBI7XD[359] level using 6-31G(d), cc-PVTZ, and TZVP basis sets. Earlier studies
have demonstrated that this approach, which includes long-range interactions and dis-
persion effects, has been able to produce reasonably accurate results for this type of
system.[360] The vertical excitation energies were computed with the excited-state ap-
proaches: linear response time-dependent DFT (TDDFT) employing wB97XD func-
tional with 6-31G(d) and TZVP basis sets, and second-order algebraic diagrammatic
construction [ADC(2)][361, 362] with SV(P), cc-PVTZ, and TZVP basis sets. All the
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static calculations were carried out in Gaussian 16[232] and Molpro 2022[363, 364]
electronic structure program packages. TheoDore 3.0[365] package by Felix Plasser
has been implemented to compute the particle-hole analysis based on a one-electron

transition density matrix (1TDM).

5.2.2 Dynamics Simulations

The simulation of the absorption cross-section was performed with the nuclear en-
semble method based on harmonic-oscillator Wigner distributions,[310] considering a
total of 100 points. The wB97XD density functional and 6-31G(d) basis set were im-
plemented during these spectrum generations. The nonadiabatic dynamics of excited
states were performed employing the fewest-switching surface hopping (FSSH)[19]
method using TDDFT as implemented in the NEWTON-X program package[252,
311] interfaced with Gaussian 16[232]. A microcanonical ensemble was used to per-
form the dynamics at the TD-wB97XD/6-31G(d) level of theory. The classical equa-
tions were integrated with a time step of 0.5 fs, while the quantum equations were
integrated using interpolated properties between classical steps with 0.025 fs steps.
Decoherence effects were accounted for by correcting the time-dependent coefficients
based on the approach outlined in the reference.[195] Due to the occurrence of numer-
ous trivial crossings between the weakly interacting or non-interacting states in the
dimer, the conventional FSSH approach for nonadiabatic couplings between the ex-
cited states becomes computationally expensive requiring very small time-steps.[366,
367] To address this issue, nonadiabatic couplings based on FSSH using the local di-
abatization approximation,[368, 369] have been employed to determine the diabatic
nature of these crossings. In this study, the nonadiabatic couplings between excited
states were calculated using time-dependent wave function overlap integrals proposed
by Hammes-Schiffer and Tully.[194] This method has been widely implemented to cal-
culate nonadiabatic couplings in dynamics simulations and has been demonstrated
to be suitable while encountering trivial crossings.[329, 345, 369] Nonadiabatic cou-
plings between excited and ground states were not computed since the linear-response
TDDFT and Kohn-Sham DFT approaches had limitations in providing an accurate
description of the electronic states near the crossing region. The trajectories were
simulated for a maximum duration of 500 fs or until it reached the S;/Sy crossing
i.e., if the energy gap AE(S;-Sg) becomes less than 0.15 eV. In these cases, the final

time-step was considered to signify the internal conversion to the Sy state. Based on
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this presumption, the occupation of the Sy state at each time step has been calcu-

lated, and the S; occupation was corrected as outlined in reference.[323]

BDI-H Dimer BDI-H Dimer unit B
(front view) (side view)

Figure 5.1: Optimized ground state (Sg) molecular geometries of the BDI-CH3 monomer,
BDI-H monomer and BDI-H van der Waals (vdW) dimer at TDDFT (wB97XD/6-31G(d))
method with the illustration of important geometric parameters.

5.3 Results & Discussion

The optimized geometries of the BDI chromophores are illustrated in Figure 5.1. The
BDI dimer is composed of weak m—7 stacking van der Waals (vdW) interactions and
serves as a model for various organic w-conjugated fluorescent chromophores. To ini-
tiate the investigation, TDDFT|[235] vertical excitations and emission energies for the
BDI chromophore analogues with -CHs and -H groups i.e., BDI-CH3 and BDI-H, as
shown in Figure 5.1, were computed using wB97XD|[359] functional and 6-31G(d)[370]
and TZVP[241] basis sets. The computed TDDFT excitation and emission energies of
BDI-CHj3; (in ethanol) quantitatively reproduce experimental results as demonstrated
in Table 5.1. Considering the significant computational cost associated with the dy-
namics simulation of the BDI chromophore, we opted to investigate the analogue of
-H instead of -CHgs, as both exhibit comparable excitation and emission energies (see
Table 5.1). To further validate, the vertical excitation energies and absorption cross-
section for BDI-CH3 and BDI-H have been computed, and it was observed that both

chromophores yield comparable results as represented in Table C1 (see Appendix C)
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and Figure 5.2. Hence, the BDI chromophore containing the -H group (BDI-H) has
been considered for further studies of higher-energy excited-state dynamics in the

vdW dimer.

Table 5.1: Vertical excitation (Anq:?*) and emission (Apq"*) energies (eV) and the
corresponding oscillator strength (f) for transitions of BDI-CH3 and BDI-H chromophore
(monomer) in dielectric medium (ethanol, e=24.3) computed at the TD-wB97XD/6-31G(d)
and TD-wB97XD/TZVP methods using IEFPCM model. Experimental results[356, 371]
(eV) in ethanol (solvent) were given for comparison.

A2bs - (Calc.) Aabs Aemis (Cale.) Jemis

max max max max

6-31G(d) f TZVP f (Bxpt) 6-31G(d) f TZVP f  (Expt)

Complex

BDI-CHj; 3.77 0.84 373 083 3.56 2.83 0.98 266 091 2.64
BDI-H 3.87 0.74 382 0.74 £ 2.92 0.88 2.82 0.89 &
aExperimental results not available

1.2
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Figure 5.2: Absorption cross-sections (A2 molecule™) of BDI-CH3 monomer (purple)
and BDI-H monomer (green) computed using nuclear ensemble approach at TD-wB97XD/6-
31G(d) level of theory. Purple and green vertical bars indicate the most significant oscillator
strength for BDI-CH3 and BDI-H monomer.
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Figure 5.3: (a) Absorption cross-sections (A% molecule™!) of BDI-H dimer (orange) and
monomer (purple) computed using a nuclear ensemble approach. Orange and purple ver-
tical bars indicate the most significant oscillator strength for BDI-H dimer and monomer
and (b) Upper panel: Schematic representation of vertical transition energies for BDI-H
dimer and monomer where Sy and Sy™ indicate the electronic states for the dimer and
monomer molecule, NRD and IC denote nonradiative deactivation and internal conversion.
Lower panel: Optimized molecular geometries of the BDI-H monomer and dimer. TDDFT
(wB97XD/6-31G(d)) method was implemented.

Figure 5.3(a) illustrates the absorption cross-sections of the BDI-H monomer and
vdW BDI-H dimer computed using the nuclear ensemble method based on harmonic-
oscillator Wigner distributions,[310] whereas Tables C1 and C2 of Appendix C rep-
resent the vertical excitation energies and corresponding oscillator strengths. The
cross-section derived from the nuclear ensemble simulation was based on 100 points
with excitations computed using the TD-wB97XD/6-31G(d) method (0, = 0.05 eV
and eps= 0.005 eV for all electronic states). The vertical excitation energies were cal-
culated at the TDDFT /wB97XD and ADC(2),[361, 362] methods and 6-31G(d),[370]
TZVP,[241] pVTZ,[372] and SV(P),[373] basis sets as detailed in Table C2 of Ap-
pendix C. Figure 5.3(a) and Table C2 demonstrate that the absorption cross-section
of the BDI-H dimer computed at the TD-wB97XD/6-31G(d) method exhibits two
distinct bands: lower-energy band (LE band, ~ 3.9 €V) and higher-energy band (HE
band, ~ 5.7 €V). The HE band is composed of a manifold set of excited states,
in which the S;5” excited-state possesses a notable oscillator strength (f = 0.018),
whereas the LE band arises due to low-lying excited states S;” and S,” as depicted
in Figure 5.3(b) and Table C2. Due to the asymmetrical ground-state (Sy) structure

of the BDI-dimer, similar to other noncovalent organic dimers,[329, 374] the low-lying

TH-3768_186122008



. Chapter 5. Ultrafast Hot Exciton Nonadiabatic Excited-State Dynamics in GFP
Chromophore Analogue

excited state is split into S;” state and Sy” state as shown in Figure 5.3(b). However,
for monomer, the HE and LE bands are observed at ~3.9 and ~6.1 eV, respectively,
with S¢™ excited-state exhibiting a notable oscillator strength of 0.113 (see Figure
5.3a and Table C1). Figure 5.3(b) illustrates a schematic representation of the mech-
anistic pathway of the nonradiative deactivation process in the BDI-H dimer and
monomer chromophore after photoabsorption to higher-energy excited states.

Nonadiabatic excited-state dynamics of the BDI-H dimer employing the FSSH[19,
194] approach with the TDDFT method was initiated in the higher-energy (HE)
excitation window (5.7 £ 0.5 e¢V) as depicted in Figure 5.3a. FSSH approach by
Tully and coworkers,[18, 194] have been widely implemented for the photoinduced
ultrafast excited-state nonadiabatic dynamics simulations of biological, organic, and
material complexes.[319, 323, 329, 375-377] To simulate the higher-energy excitation
of the BDI-H dimer with the FSSH/TDDFT method, a total of 15 excited states were
considered, which makes it computationally very expensive. Hence, the simulations
were limited to only a few trajectories (i.e., Ny,q; = 22). A total of 22 trajectories were
run from the Sy5 excited states for a maximum of 500 fs or until reaching a Sy/S; gap
of 0.15 eV. Three (3) trajectories reached the Sy/S; crossing during the simulation,
whereas 19 trajectories still had a significant S /S; energy gap and remained in excited
states at 500 fs.

Figure 5.4 illustrates the occupations of the higher-energy excited states (S3-Sis,
HE band) and lower-energy excited states (S;-Se, LE band), along Sy occupation
as a function of time. Due to the involvement of more excited states, Figure 5.4
is split into two parts (Figure 5.4, top: Sp-Sg and bottom: S¢-Si5). The ultrafast
deactivation of the higher-energy excited states is initiated at 16 fs and begins to
decay with the subsequent transfer of population to the lower-energy excited states
through nonadiabatic transitions. After 100 fs, the occupation of the lower-energy
excited states (S; and Sy) increases, with the occupation of S; reaching ~45% and
S, reaching about ~30% within 250 fs. After 300 fs, the occupation of the excited
states further oscillates between the LE and HE states and remains nearly constant
after 400 fs. Subsequently, the Sy state starts to populate after 125 fs and contains
a fraction of ~13% of the total occupations within 265 fs and remains constant until
the end of the simulation. This indicates that nearly 13% of the total population is

transferred to the Sy state.
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Figure 5.4: Occupation of each electronic state of the BDI-H dimer for 500 fs from the
nonadiabatic excited-state dynamics at the TD-wB97XD/6-31G(d) level of theory. Higher-
energy states (HE band) comprise excited states from S3 to Si5, while the lower-energy
states (LE band) include S; and Sy excited states. Excited-state dynamics were initiated
by populating higher-energy states (HE band) after 5.7 £ 0.5 eV excitation.

To acquire a deeper insight into the photophysics and nonadiabatic excited-state
dynamics within the BDI-H dimer, Figure 5.5 displays two representative trajectories
(TrX and TrY) from the FSSH/TD-wB97XD dynamics simulation. In Figure 5.5a,
TrX represents the trajectories that stopped at Sy/S; crossing, i.e., AE(S;—Sy) <
0.15 eV whereas the TrY (Figure 5.5b) represents those that reached the maximum

simulation time of 500 fs without reaching the Sy state.
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For TrX, at t=0 fs as shown in Figure 5.51a, the dimer is asymmetrically linear
and lies one above another. As time proceeds, the photoexcited dimer gradually
decays from the HE state (S3-S15) to the LE state (S;-S2). At t = 32.5 fs, the dimer
experiences an initial relaxation from the HE state to the LE state, accompanied
by a slight distortion of the complex. However, at t = 52 fs, it reverts to the HE
state and remains in this state until t = 118 fs. Furthermore, at t=118 fs, the dimer
relaxes back to the LE state, and this behavior continues until t = 265 fs, when
the energy difference between S; and Sy diminishes to less than 0.15 €V, resulting
in S;/Sp intersection, as illustrated in Figure 5.5la. As a result, the BDI-H dimer
undergoes deformation as shown in Figure 5.5Ia (top), involving the minor rotation
of ®;- and @ p-dihedral angles of the monomer units of the BDI-H dimer accompanied
by the transfer of a proton from unit A to unit B. Subsequently, the dimer undergoes
radiationless deactivation to the Sy state. This radiationless deactivation process to
the Sg-state resembles the hula-twist ultrafast internal conversion decay that proceeds
through ®;-twisted and ® p-twisted rotation for the GFP chromophore monomer as
reported in several studies.[156, 158, 159, 217]

However, the photoexcited dimer for TrY oscillates between the HE and LE states
for a duration ranging from 33.5 to 228.5 fs after which it remains localized in the
LE region and does not reach the Sy state with no dihedral angle rotation or proton
transfer (PT) process as shown in Figure 5.51b.

The time evolution of the hot exciton dynamics is thus primarily influenced by
ultrafast nuclear oscillation, specifically, the rotation of the ®;- and ®p- dihedral
angles of each monomer unit within the BDI-H dimer. These torsional dihedral angle
rotations are the major nuclear oscillations that lead to nonadiabatic relaxation. To
better understand the significance of ultrafast nuclear oscillations in the hot exciton
dynamics, we discuss the impact of ;- and ®p- dihedral rotations of each monomer

unit within the BDI-H dimer as demonstrated in Figure 5.511 and 5.5I11.
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Figure 5.5: (I) Time evolution of ground (Sp) and excited states (S;-Si5) energies for two
representative trajectories (a) TrX and (b) TrY, computed at the TD-wB97XD/6-31G(d)
level. The dotted purple color signifies the current state. Top: Snapshots of the molecular
geometries at the major time steps. PT: proton transfer, NO PT: no-proton transfer. (II)
Time evolution of dihedral angle rotations ®;- (a & c¢) and ®p- (b & d) within BDI-H dimer.
For unit A: (a) & (b), and for unit B: (c) & (d). Blue and orange color indicates trajectories
type TrX and TrY, respectively. (III) Time evolutions of average bond distances (N1-H1
and H1-02) showing (a) PT and (b) No PT process.

In Figure 5.511, the ®;- and ®p- dihedral rotations have been illustrated for all
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trajectories for the monomer unit A (Figures 5.5I1a and 5.51Ib) and unit B (Figure
5.51Ic and 5.5I1d) of the BDI-H dimer. Figure 5.5II shows two distinct behaviors
observed for two different types of trajectories. The blue color indicates trajectories of
type TrX, while orange is for type TrY, with two bold dihedral angles (representative
trajectories for types TrX and TrY). The ®;- and ®p- dihedral angles are defined
by the bridged-bond of the BDI-H chromophore, as illustrated in the middle column
of Figure 5.511. Figures 5.511 (a-d) illustrate that for TrX, upon photoexcitation,
the chromophore remains planar for several hundreds of femtoseconds, subsequently
followed by the transfer of excitons from the HE to LE states after 118 fs. This causes
an increase in the degree of oscillations for both ®;- and ® p-dihedral angles (for unit
A and unit B), as indicated by the blue bold representative TrX. The increase in the
degree of oscillations leads to the twisting of the ®;- and ®p- dihedral angles with the
simultaneous transfer of a proton from unit A to unit B, as illustrated in Figure 5.51a
(top, molecular geometries) and Figure 5.5I11(a). Upon PT, the oscillation of ®;-
and ®p- dihedral angles decreases, and the chromophore retains its planar geometry.
This phenomenon resulted in exciton localization and subsequent radiationless decay
via crossing between S; and Sy states at t = 265 fs.

On the other hand, for trajectory TrY, the chromophore remains planar for the
initial few femtoseconds similar to TrX, as the exciton fluctuates between the HE
to LE regions until 228.5 fs. After 228.5 fs, the exciton remains localized in the LE
region, and the degree of oscillations for dihedral angles increases but the complex
remains planar until the end of the simulation without distorting the structure and no
PT between the monomer units occurs, as shown by the orange (bold) plot of Figures
5.5Ib (top, molecular geometries), 5.511, and 5.511Ib. This observation indicates that
the planarity in TrY reduces the probability of radiationless deactivation in the BDI-
H dimer complex.

To gain a profound comprehension of the photophysics and the nature of the
exciton dynamics, we have computed the electron-hole analysis of the BDI-H dimer
for all the excited states and plotted the natural transition orbitals (NTOs) along
with the Q-plots (or electron-hole correlation plot) for the corresponding times of
the simulations as represented in the Figure 5.6. Also, Tables 5.2(a-b) and Table C3
represent the summaries of various parameters of exciton properties for 15 singlet
excited states of the BDI-H dimer for two representative trajectories, TrX and TrY,

at three corresponding times.
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Figure 5.6: Natural transition orbitals (NTOs) of the running excited state of the exciton
of BDI-H van der Waals (vdW) dimer for the two representative trajectories (a) TrX and
(b) TrY, computed at the TD-wB97XD/6-31G(d) level of theory. Isosurface value of 0.03
was considered. €2 column: Plot of the 2 matrix (or electron-hole correlation plot).

For electron-hole analysis, the complex is divided into two fragments and labeled
as unit A (fragment 1) and unit B (fragment 2), and the NTOs for the cases of two
representative trajectories (TrX and TrY) at different simulation times are shown in
Figure 5.6. For the trajectory TrX, initially at t = 0 fs, there are three transitions
with amplitude \; = 0.644, Ay = 0.180, and A3 = 0.129, whereas, TrY exhibits two
transitions with amplitude A; = 0.629 and Ay = 0.299, \; being the dominant one in
both cases as depicted in Figure 5.6. For both trajectories, at the initial simulations
(t = 0 fs) the excitation (both hole and electron) may be entirely localized on the
same fragment i.e., a Frenkel exciton[365, 378] as demonstrated by the NTOs of the
S15 (running) state and - plot as shown in Figure 5.6. The pure Frenkel exciton

character at t = 0 fs is further proved by the CT character (wer) and coherence
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length (weom) values of 0.12(~ 0) and 1.14 for TrX, and 0.14(~ 0) and 1.19 for
TrY, respectively, as characterized in Table C3. However, for TrX at t = 118 fs (see
Figure 5.6a), the NTOs and Q-plots suggest the delocalization of the exciton within
units A and B with amplitude of transitions A;= 0.985 (S3) and A;=0.983 (S,). This
is further validated by CT character (wep, S3=0.67 and S»=0.30) and coherence
length (weom, S3=1.30 and S,=1.28) as shown in Table C3 of the Appendix C,
signifying an even mixture between Frenkel and CT character.[379] In contrast, for
TrY at t=228.5 fs (see Figure 5.6b), both the electron and hole in the S; state are
localized in either unit A or B (wor = 0.07 and weon = 1.10, Table C3) with a major
contribution of \;=0.877, indicating the Frenkel nature of exciton. Meanwhile, the
S state (A\1=0.995) exhibits a mixture of Frenkel and CT characters (wer = 0.38 and
weon = 1.61, Table C3) with both the electron and hole delocalized in unit A and
B.[379] Thus, there are significant qualitative differences in wavefunction character
between the two trajectories (i.e., TrX and TrY) while going from HE to LE region.
At time t=118 fs (TrX) and t=228.5 fs (TrY), we considered the excitonic properties
in Sy and Sy states, as the exciton is transferred from S; state (HE state) to S, state
(LE state).

Subsequently, the S; — Sy nonadiabatic deactivation occurs at t = 264 fs for TrX,
resulting in the localization of electron in unit B and hole in unit A, indicating the CT
character which is further supported by the Q-plot and excitonic properties (wer=
0.947 ~ 1 and wecon = 1.06), as demonstrated in Figure 5.6a and Table 5.2a. On the
other hand, for TrY at t=500 fs, the electron density is delocalized between units A
and B with hole intensity in unit A, suggesting the existence of a Frenkel-type exci-
tonic resonance state (wor = 0.38 ~ 0 and weor = 1.54) (see Figure 5.6b and Table
5.2b). Thus, this discussion concludes that at the end of simulation, in TrX, there is
S1 — So nonadiabatic deactivation due to the CT nature of the exciton, whereas for
TrY, the electron and hole density is delocalized leading to the localization of exciton
within the LE states. Further, the change in wavefunction character for TrX and
TrY is also reflected through the exciton size (cim) i.e., the averaged distance be-
tween the electron and hole quasiparticles. An exciton size with values higher than 4
A is indicative of CT contribution while below or equal reflects pure local excitation.
Thus, Table 5.2a and Table C3(I) demonstrates that TrX exhibits d~ech values of 3.17
at t=0 fs, 3.82 (S2) and 4.28 (S3) at t=118 fs, and 4.26 at t=264 fs, indicating the
CT character during the S; — Sy nonadiabatic deactivation. For TrY, dm is 3.87 at
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t=0 fs, 3.91 (Sq) and 3.27 (S3) at t=229 fs, and 3.89 at t=>500 fs as tabulated in Table
5.2b and Table C3(II), indicating the Frenkel excitonic state at the end of simulation.

Table 5.2: Mean position of hole and electron (POS), Excitonic participation ratio (PR),
charge transfer ratio (wor), coherence length (wcom), natural transition orbital participa-
tion ratio (PRy70), number of entangled states (Zgg) and exciton size (ciewc, A) for singlet
excited states of the BDI-H vdW dimer for two representative trajectories (a) TrX, t=265
fs and (b) TrY, t=>500 fs.

(a) TrX
state POS PR wcr wcon PRyro Zpp  dexc
S, 1.49 1.06 0.95 1.06 1.00 1.01 4.26
So 148 105 095 1.05 1.00 1.02  4.03
Ss 149 107 093 1.07 1.02 1.05  4.46
Sy 149 107 093 1.07 1.01 1.04 3.98
Ss 149 109 091  1.09 1.01 1.04 5.68
Se 115 133 008 1.10 1.35 1.65 3.27
S, 149 199 011 1.23 2.05 221 3.33
Ss 131 174 008 1.15 1.83 2.06 3.25
So 1.95 1.09 009 1.09 1.04 113 3.95
S10 1.97 107 006 1.06 1.02 1.07  3.09
Si1 149 106 094 1.06 1.10 1.25 ' 4.62
S12 1.52 1.16 086 1.16 1.09 1.24  4.06
S13 1.53 117 085 1.17 2.10 2.28  4.49
Si4 1.54 1.15 087 1.14 2.02 2.09  4.64
S15 1.21 148 034 135 2.59 A | Q7
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(b) TrY
state POS PR wcr wcoun PRyro Zprp dexe
S 1.28 1.64 0.38 1.54 1.05 1.15 3.89
Ss 1.67 174 034  1.59 1.15 1.37  3.91
S3 1.17 1.39 0.26 1.34 1.54 1.79 3.64
Sy 1.28 159 042  1.48 1.43 1.74  3.90
S5 1.86 1.34 023 1.25 1.57 1.88  3.55
Se 1.74  1.61 033 1.49 1.22 1.51  3.97
Sy 1.74 156 044  1.44 1.41 1.72  4.01
Ss 1.08 1.18 0.06 1.07 1.41 1.84  3.66
So L18¢ AlY2 0 llesmslald 1.43 1.89  3.53
S10 1.64 159 057 1.54 1.787 221  4.04
Sty 1.84 136 024 1.31 1.51 1.89 3.78
S12 149 116 087 1.15 1.08 1.22 421
S13 1.22 152 026 1.36 2.17 2.75  4.08
S 153 1.85 036 1.74 2.29 312 3.59
S 114 1.32 017  1.22 1.76 2.49  3.49

This ultrafast higher-energy excited-state nonradiative deactivation pathway closely
resembles the S; — Sy ring opening mechanism previously observed for bithiophene
monomers and dimer complexes.[323, 329, 377] As noted in the previous section, the
fraction of trajectories reaching the Sy state is significantly lower in the BDI-H dimer
due to the hindrance in torsional dihedral angle rotations caused by 7-7 stacking
van der Waals interactions. Thus, excited-state nonradiative pathways in the BDI-H
dimer are influenced by ®;- and ®p-torsional rotation followed by the transfer of a
proton from one monomer unit to another unit of the dimer, resulting in deactivation
of the exciton to its Sy-state.

Further to validate the mechanistic insights into the occurrence of reduced radia-
tionless deactivation in the dimer, we analyzed the single-point TDDFT [wB97XD/6-
31G(d)] potential energy profiles of the ground (Sp) and excited (S;, S, S3, and Si5
for dimer; S;, Sy, S3, and Sg for monomer) states along ®;- and ®p-dihedral angles
of BDI-H dimer and monomer as depicted in Figure 5.7. Since for monomer, the
HE band and LE band are observed at ~3.9 eV and ~6.1 eV, respectively, with Sg
exhibiting a notable oscillator strength of 0.113 (see Figure 5.3 and Table C1), so the
monomer analysis was focused up to the Sg excited states. Figure 5.7Ia and Table

5.3 demonstrate that for ®;- dihedral rotation of a monomer unit within the BDI-H
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dimer, a substantial energy barrier of 4.661 eV (S;) must be surmounted. In con-
trast, the rotation process in the monomer proceeds with a very low energy barrier
of 0.316 eV (S;), and there involves the occurrence of an intersection at 90° between
the S; and Sy states (Figure 5.7Ib and Table 5.3). A significant energy barrier in
the S; profile of the dimer hinders nonradiative transitions, which accounts for a
comparatively slower return to the Sy state. On the other hand, the existence of a
low energy barrier in the Sy state and the occurrence of S;/Sy crossing facilitate the
nonadiabatic radiationless deactivation in the monomer. Further, the dimer exhibits
notably higher excited-state energy barriers of 3.548 €V (S2), 3.545 €V (S3), and 4.795
eV (S15), compared to the monomer, which has energy barriers of 1.259 eV (S), 1.892
eV (S3), and 1.308 eV (Sg), as depicted in Figures 5.7Ia, 5.7Ib, and Table 5.3.

(I) @ -dihedral rotation

Energy / eV

0 40 80 120 160 0 40 80 120 160
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Figure 5.7: Single-point potential energy profiles of BDI-H dimer and monomer along (I)
& ;- dihedral rotation and (II) ®p- dihedral rotation, at the ground (Sp) and excited states
(S1, S2, S3, S, and S15) computed at the TD-wB97XD/6-31G(d) level of theory. For dimer,
LE states (S; and S2) and HE states (S3 and S;5) are considered (a) and (c), whereas for
monomer LE state (S1) and HE states (Sg, Ss, and Sg) are considered (b) and (d).
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Similarly, to occur ® p-torsional rotation in BDI-H dimer, higher potential energy
barriers of 5.987 eV (S1), 5.743 eV (S3), 6.056 eV (S3), and 5.826 eV (S;5) are required
(see Figure 5.711a and Table 5.3), while in monomer relatively lower energy barriers
of 0.457 eV (S1), 0.849 eV (S3), 0.652 eV (S3), and 0.272 eV (Sg) are needed (see
Figure 5.71Ib and Table 5.3). As a result, dihedral rotation plays a pivotal role and
predominantly drives the exciton relaxation from the excited states to the ground

state.

Table 5.3: Summary of ®;- and ®p- torsional energy barrier ground (Sp) and excited
states (Sy). Sy for monomer: Si, So, S3, and Sg, whereas Sy for dimer: Sq, So, S3, and
S15, respectively. Note: Due to the expensive computational cost of higher energy excited
states energy barrier calculation, our focus has been directed towards analyzing the most
significant states. All values are in eV.

®;-dihedral

BDI-H ASy ASy ASo ASs  ASg  ASis
Dimer 4.494 4.661 3.548 3.545 - 4.795
Monomer 3.198 0.316 1.259 1.892 1.308 -
® p-dihedral
Dimer 1.451 5.987 5.743 6.056 - 5.826
Monomer 0.348 0.457 0.849 0.652 0.272 -

Thus, the energetics of the lowest 77* state within the proximity of the S; /S re-
gion is responsible for significant variation in reaction pathways in the BDI-H dimer
and monomer along ®;- and ® p- dihedral rotations. The low-energy barrier of the & ;-
and ®p- dihedral angle in the Sy state leads to S;/Sg deactivation in the monomer,
while for the dimer the energy dramatically increases due to hindered ®;- and ®p-
dihedral rotations. This hindrance in rotation occurred as a result of weak 7 stack-
ing interactions in the dimer. Hence, the interactions associated with 7—m stacking
alter the configuration of the potential energy surfaces in the excited states, which
in turn regulate the exciton dynamics in the BDI-H chromophore. Therefore, higher
potential energy barriers of excited states can be attributed to the hindered torsional
dihedral angle rotations that arise due to the m—r stacking interaction in the dimer.
This collectively leads to an elongation in the duration of low-lying excited states,
i.e., S; and S, which in turn reduces the nonadiabatic radiationless deactivation to

the Sy state in the BDI-H dimer.
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5.4 Conclusions

In conclusion, we have investigated the photophysics of high energy (hot) excitons
and their ultrafast nonadiabatic deactivation processes of GFP chromophore ana-
logue, i.e., BDI-H chromophore. The results provide a rationalization of the ultrafast
behavior of the exciton in a dimer after photoabsorption of light to higher-energy ex-
cited states. The time evolution and relaxation process evidenced that the ultrafast
relaxation of hot excitons to the Sy-state is mainly driven by ®;- and ®p- dihedral
rotations within the monomer units of BDI-H dimer. As it has been known that the
GFP chromophore analogue, outside the protein environment, undergoes efficient S;
— 5o deactivation through the S;/Sy intersection due to ®;- and ®p- dihedral ro-
tation, the formation of the 7-7 stacking complex might serve as an initial step in
the nonadiabatic mechanisms that enhance the photostability of the chromophore.
Our findings are consistent with exciton dynamics governing charge generation and
energy transfer in photoreactive m-electron conjugated systems. Hence, this study
demonstrates the usefulness of the quantitative electronic structure method combined
with surface-hopping analysis to unravel the higher-energy nonadiabatic excited-state
dynamics for a GFP chromophore dimer and provides a route to design efficient pho-

toactive biological chromophores.
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Chapter 6

Multidimensional Excited-State Dynamics

of an Ortho Derivative GFP Chromophore

(The work of this Chapter will be communicated soon.)

6.1 Introduction

The photoinduced excited-state intra and intermolecular proton transfer (ESIPT)
process has gathered numerous experimental and computational studies, since it plays
a fundamental role in several chemical and biological phenomena.[94, 380-386] Proton
transfer in the excited state can proceed adiabatically or non-adiabatically upon
photoexcitation, depending on the nature of the respective systems. However, the
excited-state intramolecular proton transfer (ESIPT) is particularly significant in
photochemistry due to its remarkably large Stokes’ shift fluorescence, which occurs
without self-reabsorption.[385-388] It also possesses other unique characteristics, such
as ultrafast dynamics,[389-391] dual emission,[388] and spectral sensitivity to the
surrounding environment.[392] Molecules exhibiting ESIPT phenomena have been
found applicability in a wide range of fields, including organic light-emitting diodes
(OLEDs),[393] proton-transfer laser,[394, 395] photostabilizers,[396, 397] white light
generation,[208, 398, 399] thermally activated delayed fluorescence (TADF) based
devices,[400, 401] photochromic switching,[380, 402] optoelectronics materials,[388,
403] anions and cations sensing,[404, 405] and information storage device.

During the ESIPT process, the m-conjugated moieties or molecules are intercon-
nected through hydrogen bonding, and the system predominantly exists in its nor-
mal enol form (N) in the ground state. Upon photoexcitation, intramolecular proton

transfer occurs, leading to the formation of tautomer (T) in keto form. The energy
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barrier associated with ESTPT governs the equilibrium between these two forms, re-
sulting in various intriguing photophysical properties of the molecules, including the
occurrence of either single or dual fluorescence.[268, 388, 406] By facilitating the pro-
ton exchange between two electronegative centers of m-conjugated moieties along the
pre-existing intramolecular hydrogen bonds, the ESIPT phenomena has been consid-
ered as an effective mechanism to provide an photostability to such systems. The
energy barrier of the ESIPT is influenced by several factors such as hydrogen bond-
ing, electron donating or withdrawing groups, solvent, and pH.[388, 406-411] Thus,
the reaction dynamics and potential energy barrier of the proton transfer have been
a subject of extensive studies. ESIPT typically occurs in ultrafast time scale, often
within 100 fs.[382, 386, 412—414] In recent years, tremendous progress on the detailed
mechanism of ESTPT has been made both experimentally and theoretically.

Recent research has extensively investigated the excited-state proton transfer re-
actions in Green Fluorescent Protein (GFP) chromophore and its derivatives, which
emerge as a potential application for bioimaging technique.[94, 95, 116, 127, 230,
304, 415-417] These fundamental insights into the proton transfer process in GFP
chromophores have inspired rational design strategies and further exploration of their
derivatives. Thus, we focus on the unique excited-state intramolecular proton transfer
(ESIPT) mechanism in ortho derivatives of GFP chromophore.[229, 230, 303, 417
419] Since the chromophore, p-hydroxybenzylideneimidazolinone (p-HBDI), located
at the core is conformationally locked within the protein S-barrel through covalent
and hydrogen bonding, and is responsible for its high fluorescence quantum yield (®;
= 0.8).[88] And excited state proton transfer (ESPT) from the chromophore occurs
via a proton relay involving water molecules and the remote E222 residue. However,
outside the protein environment, the chromophore is observed to be nonemissive (®;
< 1073) at room temperature due to the ultrafast exocyclic methine-bridged single
and double bond rotations in excited-state.[95, 104, 124, 152]

Extensive experimental and theoretical investigations have been reported over the
past few decades to mimic and enhance the photophysical properties of GFP chro-
mophore without the confinement effect of the S-barrel. Various strategies have been
explored to improve the fluorescence quantum yield by inhibiting cis-trans photoi-
somerization. These include the incorporation of bulky groups into the benzylidene
or imidazolinone moieties,[420-422] metal complexation,[167, 415] intermolecular or

intramolecular hydrogen-bonded cyclization,[164, 229, 230, 304, 415, 416] complexing
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with BODIPY,[217, 415] etc. In light of these, Chao and co-workers,[418] synthesized
ortho-hydroxy GFP analogue, 4-(2-hydroxybenzylidene)- 1H-imidazol-5(4H)-one de-
noted as o-HBDI, which showed a distinct photophysical behavior characterized by
ultrafast excited-state intramolecular proton transfer (ESIPT) upon excitation, fol-
lowed by cis-trans isomerization. The ESIPT process between the hydroxyphenyl and
imidazolinone group hinders the exocyclic single and double bond rotations, thereby
reducing the radiationless deactivation. Following this finding, several groups has
further reported a range of ortho-hydroxy HBDI and investigated their photophysi-
cal properties, elucidating the role of the electronic effects of the substituent on the
fluorescence quantum yield.[215, 218, 229, 230, 303, 416, 417, 419, 423] Moreover,
Cui and coworkers investigated the photoinduced dynamics of o-HBDI and identi-
fied the occurrence of six minimum energy conical intersection geometries (MECIs)
between the excited (S;) and ground (Sp) states.[303, 417] They also reported that
the ultrafast ESIPT occurs within 20 fs based on the semi-empirical methods, with
the excited-state dynamical results depending on the number of beads used in the
simulations.[417] Despite many experimental and theoretical studies, a comprehen-
sive investigation of the excited-state dynamics of 0o-HBDI through various channels
using ab initio methods remains limited. Hence, in the present work, we explore
the photoinduced reaction mechanism along with the possibilities of various internal
conversion pathways and excited-state dynamics using the ab initio CASSCF /XMS-
CASPT2 methods.

Figure 6.1: Molecular representation of the o-HBDI chromophore demonstrating the key
reaction mechanisms. 67 denotes the PT reaction from hydroxyphenyl to imidazolinone
ring while 65, and 03 represent the torsional motion associated with exocyclic single and
double bond rotations, respectively.
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6.2 Methods

6.2.1 Electronic Structure Calculations

The electronic structure of o-HBDI chromophore and its configurational isomers in
ground and excited states was mainly described by state-average complete active
space self-consistent field (SA-CASSCF)[181, 307] and extended multistate com-
plete active space second-order perturbation (XMS-CASPT2) [185, 187] methods.
The state-averaging approach includes the three singlet electronic states with equal
weights. The XMS-CASPT2 method was implemented to incorporate the dynamic
correlation effects, providing more accurate energies for all optimized geometries and
minimum energy potential energy profiles that CASSCF cannot provide. An active
space combination of ten electrons in nine orbitals and four electrons in four orbitals
were considered, comprising 7w and 7* type orbitals, as shown in Figure S1. All the
calculations employed cc-pVDZ basis set combined with the cc-pVDZ-jkfit auxiliary
basis for density fitting. We perform XMS-CASPT?2 calculations using the CASSCF
reference wavefunction with a real vertical shift of 0.3 au to address an intruder
state problem.[424] The single-state single-reference (SS-SR) contraction scheme was
used during the calculations.[425] The vibrational frequency calculation at the opti-
mized ground and excited state minima showed no imaginary frequencies, confirming
their characterization as true minima. The minimum energy conical intersections
(MECISs) obtained between the S; and Sy states were also optimized using both the
CASSCF and XMS-CASPT2 levels of theory. The vertical excitation energies of
0o-HBDI chromophore were calculated using varying active space and different theo-
retical methods, with results compared against the experimental data to identify the
optimal approach for further calculations. Subsequently, the linear interpolation in
internal coordinates (LIICs)[309] between the critical geometries and the minimum-
energy conical structures (MECIs) were implemented to investigate the potential
energy surface and explore the reaction pathways of the o-HBDI chromophore. All
these electronic structure calculations were performed using the BAGEL[308] and

Turbomole[426, 427] program packages.
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Figure 6.2: SA-CASSCF/cc-pVDZ computed natural orbitals utilized in the calculation
of 0-HBDI geometries, with active spaces of (a) CAS(4,4), and (¢) CAS(10,9). All orbitals
are of 7 type.

6.2.2 Dynamics Simulations

We employed the nuclear ensemble approach (NEA) based on harmonic-oscillator
Wigner distributions[310] to simulate the photoabsorption cross-section of the o-
HBDI chromophore and generate the initial conditions for subsequent nonadiabatic
dynamics simulations. A total of 100 ground-state geometries at 298 K, representing
its nuclear probability density, were considered to sample the initial conditions. The

excitation energies and the corresponding oscillator strength were computed for all
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the geometries to simulate the photoabsorption cross-section of o-HBDI. The pho-
toabsorption cross-section was constructed by employing a Lorentzian line shape and
a phenomenological broadening (§) value of 0.1 eV[310] at the CASSCF(4,4) /cc-pVDZ
level of theory, subsequently followed by the nonadiabatic dynamics simulation. To
avoid inadvertent concentration on an incorrect spectral region, the initial conditions
were considered without any energy restrictions. The ultrafast nonadiabatic dynam-
ics simulation of o-HBDI is computed using Tully’s fewest-switches surface hopping
(FSSH)[18, 19, 194] method at the same level. During FSSH dynamics, the energy-
based decoherence approach was applied to account for the coherence effect using the
recommended value of 0.1 au.[195] The Velocity-Verlet algorithm was implemented
to integrate Newton’s classical equation of motion with the time-step of 0.5 fs, while
the unitary propagation method was used to solve the time-dependent electronic
Schrodinger equation of motion. Upon excitation to S; state, all the trajectories were
propagated on-the-fly, with the potential energies, energy gradients, and nonadia-
batic couplings computed at each time step. The trajectories were computed to a
maximum simulation of 300 fs, since the ab initio dynamics of such larger molecules
is computationally very expensive. Hence, this study mainly focused on the ESIPT
reaction. The entire FSSH dynamics were carried out in Newton-X[311] molecular
dynamics simulation program interfaced with the BAGEL[308] electronic structure

package.

6.3 Results & Discussion

6.3.1 Molecular Geometries and Electronic Properties

Due to the unique photophysical properties, the photophysics of the GFP chro-
mophore and its derivatives have been extensively investigated. We start the dis-
cussion by characterizing the key geometries and electronic states involved during
photoexcitation of the ortho-hydroxy substituted derivative (o-HBDI) of GFP chro-
mophore. The photoinduced reaction of o-HBDI was observed to proceed along three
distinct configurational channels: 6, corresponding to the proton transfer reactions
along O9-H10 bond coordinate, #5 and 63 denoting the torsional motions associated
with exocyclic single (C2-C3) and double (C4-C3) bond rotations, respectively, as

shown in Figure 6.1. The optimized ground state minimum (Sp) has the enol (E)

TH-3768_186122008



Chapter 6. Multidimensional Excited-State Dynamics of an Ortho Derivative Gf 1F%
Chromophore

structural isomeric form, whereas the excited state minimum (S;) exhibits the keto
(K) form. The Sy and S state minima, and the corresponding enol and keto isomers,
are calculated at both the CASSCF and XMS-CASPT2 levels of theory using cc-
pVDZ basis sets. These relevant geometries at XMS-CASPT2(10,9)/cc-pVDZ level
are illustrated in Figure 6.3, highlighting the significant geometric parameters and
atom numbering scheme. It shows that both the Sp-min and S;-min adopt a planar
configuration with Cs symmetry, characterized by the hydroxyphenyl (C1-C2-C3-C4
or ®p-) and imidazolinone (N5-C4-C3-C2 or ®,-) dihedral angle of 0°. In the Sp-min
state isomer of o-HBDI, the phenol (C2-C3) bond exhibits single bond character with
a bond length of 1.452 A, whereas the imidazolinone (C4-C3) bond possesses double
bond character with a bond length of 1.378 A . Unlike the GFP chromophore, where
the C2-C3 bond compresses to form a double bond character and the C4-C3 bond
elongates adopting a single bond character upon photoexcitation, both C2-C3 and
C4-C3 bonds in o-HBDI remain unchanged in S; state minima, as shown in Figure
6.3 and Table D1. The lengths of C2-C3 and C4-C3 bonds are measured to be 1.462
A and 1.401 A respectively, in S; state. Moreover, in the So-min of o-HBDI, the
ortho-hydroxy (O9-H10) group of hydroxyphenyl moiety was observed to form an in-
tramolecular hydrogen bonding with the neighbouring N5-atom of the imidazolinone
moiety. Upon photoexcitation, the redistribution of the electronic charge leads to
a fast proton (-H10 atom) transfer from the phenolic to the imidazolinone moiety,
thereby forming the H10-N5 bond (1.113 A) in S;-min. This results in the conversion
of enol tautomer to keto form in S; excited state minimum (see Figure 6.3). More-
over, Table D1 also summarized the key geometric parameters of So-min, S;-min,
and corresponding enol and keto isomers calculated at various levels of theory. These
geometrical parameters are consistent with the previous studies using single-reference

and semi-empirical methods.[303, 417]
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Figure 6.3: Molecular geometries of ground-state (Sp) and excited-state (S1) minima, and
the corresponding enol (E1, E2 and E3) and keto (K1, K2 and K3) isomers, optimized at
XMS-CASPT2(10,9)/cc-pVDZ level of theory. Phenolic (®p) dihedral is defined by C1-
C2-C3-C4, while imidazolinone (®;) is representated by N5-C4-C3-C2.

Along with enol-keto isomerization, photoexcitation of the o-HBDI fluorophore
induces cis-trans isomerization. The cis-trans photoisomerization occurs via hydrox-
yphenyl bridged (®p) and imidazolinone bridged (®;) torsional rotations along 6,
and A3 channels, which competes with the PT reaction in #; channel. This cis-trans
photoisomerization yields three enol isomers (E1, E2, and E3) and three keto isomers
(K1, K2, and K3), as depicted in Figure 6.3. Figure 6.3 reveals that the C2-C3 and
C4-C3 bond distances in the enolic (E1, E2, and E3) tautomers remain unchanged
from the Sp-min. In contrast, in the keto (K1, K2, and K3) tautomeric isomers, the
C4-C3 bond changes its character to a single bond while the C2-C3 bond becomes
a double bond, as shown in Figure 6.3 and Table D1. This suggests that cis-trans
isomerization is more favourable in keto isomers. Furthermore, CASSCF and XMS-
CASPT2 couldn’t locate the S;-min in the enolic form and Sp-min in the keto form
of the tautomer. This is attributed to the ultrafast proton transfer reaction upon
photoexcitation resulting in S;-keto isomer and barrierless keto-enol tautomerization

in the Sy state, which enables the rapid proton back transfer to its enolic form. Thus,
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a total of eight configurational isomers were obtained from enol-keto and cis-trans

isomerization occurring through 6,, 65, and 03 pathways.

6.3.2 Relative and Vertical Excitation Energies

Table 6.1 shows the relative energies (REs) of o-HBDI at the Sp and S; minima, along
with its configurational isomers, identifying So-min as the most stable that exists in
enolic form. So, the minimum energy of Sy enol was considered as the reference
energy. For keto isomers, the K3 form with phenolate oxygen (-O9) attached to
hydroxyphenyl meioty and ketonic oxygen (-O7) to imidazolinone moiety have anti
orientation are observed to be more stable than the K1 and K2 isomers. In contrast,
the K2 form, where the groups adopt a syn orientation, exhibits higher energy and
reduced stability due to the steric hindrance between the two groups. However,

enol isomers have a relatively less stable E3 form, with E1 being the most stable in

CASSCF and E2 in the XMS-CASPT2 methods (see Table 6.1).

Table 6.1: Relative Energies (RE, eV) 0o-HBDI chromophore at Sp-min and S;-min along
with all the configurational isomers in its enol (E1, E2 and E3) and keto (K1, K2, and K3)
forms at CASSCF and XMS-CASPT?2 levels of theory. The basis set cc-pVDZ was used.

Methods Sog-min  S;-min El E2 E3 K1 K2 K3
CASSCF(10,9) 3.811 0.229 0.263 0.388 1.854 2.285 1.549
CASSCF(4,4) 3.811 0.262 0.354 0.404 1.805 2.185 1.692

XMS-CASPT2(10,9) 2.793 0.349 0.302 0.502 1.347 1.553 1.275
XMS-CASPT2(4,4) 3.348 0.397 0.288 0.544 1.404 1.642 1.325

O BO SEEsS

The Franck-Condon (FC) excitation of o-HBDI was calculated using the equi-
librium enol geometry (Sp). Table 6.2 demonstrates the vertical excitation ener-
gies (VEEs) and the corresponding oscillator strength at various electronic structure
methods. All transition corresponds to the '77* character. The calculated VEEs
and their corresponding oscillator strengths from different electronic structure meth-
ods, ADC(2), XMS-CASPT2, and TDDFT, are close to each other, indicating S; as
the bright state while Sy exhibits a dark character. A comparison with experimen-
tal results demonstrates a strong agreement, further validating the accuracy of these
methods. However, as observed in Table 6.2, the CASSCF methods overestimated

the excitation energies of both S; and S, states because of its inherent tendency to
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neglect the dynamic correlation. Additionally, a switching of state character has been
observed, with Sy having significantly higher oscillator strength than Sy, similar to the
issue reported in previous studies.[282, 287, 289, 312] The VEEs at CASSCF(10,9)
and CASSCF(4,4) levels were observed to be 4.31 and 5.03 eV for S; state and 5.62
and 5.82 eV for S, state, respectively. Hence, S; state has been considered spectro-

scopically bright for further calculations.

Table 6.2: Vertical Excitation Energies (VEEs, €V) of o-HBDI chromophore for the first
two singlet exited states at ADC(2), CASSCF, XMS-CASPT2 and TDDFT methods. The
basis set cc-pVDZ was used. "f " is the oscillator strength.

Methods Sy f So f

ADC(2) 3.39 041 4.01 0.00
CASSCF(10,9) 431 0.05 5.62 0.69
CASSCF(4,4) 503 0.15 582 1.02

XMS-CASPT2(10,9) 340 0.23 4.34 0.29
XMS-CASPT2(4,4) 3.36 0.53 4.25 047

TD-B3LYP 317 028 3.75 0.32
TD-wB97xD 3.59 049 4.34 0.00
3.22 (3.1x1073)@
Expt. (®;)[418, 419] 3.21 (2.2x1073)
3.24 (1.5x1073)¢
3.23 (0.2x103)4

@ in Cycohexane, * in Dichloromethane, ¢ in ACN, and ¢ MeOH

6.3.3 Excited State Intramolecular Proton Transfer (ESIPT)

The photoexcitation of o-HBDI to low-lying excited state induces the intramolecular
transfer of proton —H10 from the ortho position of the hydroxyphenyl moiety to the
imidazolinone unit, breaking the O9-H10 bond and forming the N5-H10 bond. This
process results in enol-keto tautomerization within the 6; channel. To evaluate the
feasibility of the PT process, the potential energy profile was computed along the
PT coordinate for Sy, S;, and Sy electronic coordinates at both CASSCF and XMS-
CASPT?2 levels, as shown in Figure 6.4 and Table 6.3. Figure 6.4 and Table 6.3 indi-
cate that the O9-H10 bond-breaking process in S; state exhibits a lower PT energy
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barrier of 0.77 eV and 0.91 eV at CASSCF(4,4)/cc-pVDZ and CASSCF(10,9)/cc-
pVDZ levels, and 0.29 eV and 0.21 eV at XMS-CASPT2(4,4)/cc-pVDZ and XMS-
CASPT2(10,9)/cc-pVDZ levels, respectively. However, the PT energy barrier in the
So and Sy states is notably higher compared to the S; state. At CASSCF(4,4)/cc-
pVDZ level, the PT barriers are 1.83 eV for Sg and 1.26 eV for Sy, whereas at
CASSCF(10,9)/cc-pVDZ level, they are 2.34 eV for Sy and 1.08 eV for Sy state.
A similar trend is observed at XMS-CASPT?2 level using both (10e,90) and (4e,40)
active spaces, where the PT energy barrier in the Sy state remains higher than in the
S1 state, as presented in Table 6.3. This confirms that the enol-keto tautomerization

is highly favourable in the excited state upon photoexcitation within the #; channel.
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Figure 6.4: Potential energy profiles of o-HBDI chromophore along the proton transfer
coordinate in Sp, S1, and Sg states, computed at (a) CASSCF and (b) XMS-CASPT?2 levels
of theory using (10e,90) and (4e,40) active spaces. Solid lines denote (10e,90), and dotted
lines correspond to (4e,40) active spaces. cc-pVDZ basis set is used.

Table 6.3: Summary of the proton transfer (PT) energy barrier along the O9-H10 bond
at Sg, S1, and Ss electronic states. Energies are in eV.

Methods ASO A81 ASQ
CASSCF (10,9) 2.34 091 1.08
CASSCF (4,4) 1.83 0.77 1.26

XMS-CASPT2 (10,9) 122 021 0.65
XMS-CASPT2 (4,4) 1.14 029 0.96
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6.3.4 Minimum Energy Conical Intersections (MECIs)

Upon excitation to the S; state, multiple S;('77*)/Sy minimum energy conical inter-
sections (MECIs) were observed in the enol and keto isomeric form due to torsional ro-
tation along exocyclic hydroxyphenyl-bridged and imidazolinone-bridged, i.e., single-
and double- bonds, as shown in Figures 6.5 and Table D3. These torsional rotations
along 0, and 63 channels compete with the ESIPT reaction occurring along the 6.
In the photodynamics study of o-HBDI in OM2/MRCI method, Liu et al.[417] have
observed the occurrence of the six MECIs. However, our calculation using CASSCF
and XMS-CASPT2 methods identified a total of eight S;(*w7*)/Se MECISs, four in
keto form and four in enol form, as shown in Figure 6.5 and Table D3. The MECIs in
the keto form of MECI were labeled as K-CI1, K-CI2, K-CI3, and K-CI4, while those
in enol form of MECIs were denoted as E-CI1, E-CI2, E-CI3, and E-CI4, respectively.
All MECIs were optimized at the CASSCF /cc-pVDZ and XMS-CASPT2/cc-pVDZ
levels of theory, and a more detailed comparison of the key geometrical parameters
has been demonstrated in Table D3. The two keto MECIs, K-CI1 and K-CI2, pos-
sess nearly the same energy (see Table 6.1) and exist as chiral isomers (see Figure
6.5), differing in imidazolinone-bridged torsional rotation (®;) in clockwise and anti-
clockwise directions. In both K-CI1 and K-CI2, the imidazolinone moiety adopts a
perpendicular orientation to the phenolic moiety. The ®; dihedral angles for K-CI1
and K-CI2 are around £102° to £103°, whereas the ®p dihedral angles are +3° to
+4°, at XMS-CASPT?2 level of theory as shown in Figure 6.5. Similarly, K-CI3 and
K-CI4 form a chiral isomeric pair and have comparable energy, distinguished by ®; of
+0° and ®p of +81° to +82° dihedral angle rotations in the opposite directions with
the hydroxyphenyl moiety perpendicular to the imidazolinone unit (see Figure 6.5).
The enolic MECIs (i.e., E-CI1, E-CI2, E-CI3, and E-CI4) possess characteristics
similar to keto MECIs, with E-CI1/E-CI2 and E-CI3/E-CI4 forming mirror-image

counterparts, making them chiral isomers.
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Figure 6.5: Molecular geometries of four keto (K-CI1, K-CI2, K-CI3, and K-CI4) and four
enol (E-CI1, E-CI2, E-CI3, and E-CI4) minimum energy conical intersections (MECIs) of o-
HBDI optimized at XMS-CASPT2(10,9)/cc-pVDZ level of theory. Phenolic (®p ) dihedral
is defined by C1-C2-C3-C4, while imidazolinone (®; ) is represented by N5-C4-C3-C2.

At both CASSCF and XMS-CASPT2 levels, the energies of six MECIs, i.e., K-
CI1, K-CI2, K-CI3, K-CI4, E-CI1, and E-CI2 were observed to have lower energy
than the S;-FC geometry, except in case of CASSCF(10,9) levels, as shown in Figure
6.6 and Table D2. On the other hand, the other two enolic MECIs E-CI3 and E-
CI4, possess significantly higher energies, ranging from 6 to 12 eV relative to the S;
FC geometry, in both CASSCF and XMS-CASPT2 levels. Hence, these two enolic
MECTSs are particularly challenging to locate, which explains why Liu et al.[417] were
able to identify only six MECIs at the OM2/MRCI level.
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Figure 6.6: Relative energies of Sp, S1, and all the MECIs corresponding to keto and enol
forms at CASSCF/cc-pVDZ and XMS-CASPT2(10,9)/cc-pVDZ levels of theory. Active
spaces (10e,90) and (4e,40) are used.

6.3.5 Relaxation Pathways Through LIICs

To map out the possible photochemical pathways and assess the potential involve-
ment of single (C2-C3) and double (C4-C3) bond rotations, we compute the en-
ergies along the reaction pathways connecting the Franck-Condon geometry to the
MECITs between Sy and S; electronic states. The geometries along the pathways be-
tween FC geometries and MECIs are generated by linear interpolation of internal
coordinates (LIICs). These pathways were computed using CASSCF(10,9)/cc-pVDZ
and CASSCF(4,4)/cc-pVDZ levels for keto and enol MECIs. Figure 6.7 illustrates
that upon excitation of o-HBDI to the S; state, it undergoes relaxation to the Sy
state via the S;(*w7*)/Sy intersection, which emerges due to the torsional rotation
of the C2-C3 and C4-C3 bonds. The torsional rotation of C2-C3 and C4-C3 bonds
in o-HBDI is facilitated by the delocalization of electrons between imidazolinone
and hydroxyphenyl moieties, resulting in a change in exocyclic hydroxymethyl- and

imidazolinone-bridged, C2-C3 and C4-C3 bonds character, as presented in Table D3.
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Figure 6.7: Linear interpolation in internal coordinates (LIICs) pathways connecting the
So-min (enol) and keto S (*77*)/So MECI geometries computed at (a) CASSCF(10,9)/cc-
pVDZ and (b) CASSCF(4,4)/cc-pVDZ levels. Solid lines represent the CASSCF(10,9)
method, while dotted lines correspond to the CASSCF(4,4) method.

The CASSCF(10,9) method indicates that the deactivation pathways from the
Franck Condon region to the two keto MECIs K-CI1 and K-CI2 have energy barriers
of 1.889 and 1.925 eV, respectively. In the CASSCF (4,4) method, these barriers
are significantly reduced to 1.007 eV and 0.989 eV. Similarly, the relaxation path-
way leading to another two keto MECIs, K-CI3 and K-CI4, exhibits comparatively
low energy barriers of 1.072 eV and 0.783 eV in the CASSCF(10,9) method, which
further decreases to 0.447 eV and 0.521 eV in the CASSCF(4,4) method. However,
since K-CI1 and K-CI2 possess higher energy than the S;-FC point, the excited-state
relaxation via pathway through these MECIs is not energetically feasible in CASSCF
(10,9) method, but was observed to be feasible in CASSCF(4,4) method, whereas
the pathway leading to K-CI3 and K-CI4, which lies at lower energies than S;-FC
point, is observed to be the favourable deactivation route in both CASSCF(4,4) and
CASSCF (10,9) levels.
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Figure 6.8: Linear interpolation in internal coordinates (LIICs) pathways connecting the
So-min (enol) and enol Sy (*77*)/Sp MECI geometries computed at (a) CASSCF(10,9)/cc-
pVDZ and (b) CASSCF(4,4)/cc-pVDZ levels. Solid lines represent the CASSCF(10,9)
method, while dotted lines correspond to the CASSCF(4,4) method.

Further, for enolic MECIs, the deactivation barriers for E-CI1 and E-CI2, associ-
ated with I- bond rotation, are calculated to be 1.080 eV and 0.994 ¢V in CASSCF(10,9)
level, and 0.711 eV and 0.641 eV in CASSCF(4,4) level. On the other hand, the
pathway leading to the E-CI3 and E-CI4 exhibits significantly higher energy bar-
riers of 7.846 eV and 7.719 eV at CASSCF(10,9) and 5.198 ¢V and 2.912 eV at
CASSCF(4,4) levels of theory, with these MECIs positioned at much higher energy
above the S; FC point. This suggests that the relaxation mechanism via internal
conversion through the S;(*77*)/Sy enol MECIs (E-CI1 and E-CI2) is structurally
and energetically favourable following excitation to the S; electronic state. However,
deactivation through E-CI3 and E-CI4 MECIs involves significant structural distor-
tion and higher energy, making it an unfavorable pathway during the photochemical

process.
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6.3.6 Photoabsorption Cross-section Spectra

The photoabsorption cross-section of o-HBDI was simulated using the nuclear en-
semble approach, employing harmonic-oscillator Wigner distributions to sample the
initial conditions for nonadiabatic molecular dynamics simulations. We generate a
total of 100 single-point geometries to sample the initial conditions of o-HBDI in
order to simulate the absorption cross-section upon excitation to the excited states.
The simulated absorption spectra of o-HBDI at the CASSCF(4,4)/cc-pVDZ level are
presented in Figure 6.9 and compared with the experimental excitation energies from
Table 6.2. The simulated absorption peak appears around ~5.00 eV and ~5.85 eV
(Figure 6.9), which corresponds to the Sp — Sy and Sy — S transitions. These values
aligns with the overestimated values of excitation energies from electronic structure
CASSCEF results (Table 6.2) along with the swapping of state characters. Further,
these characteristics are also evident when compared with the overestimation of ex-
citation energies with experimental results, which shows a discrepancy of about ~2.0
eV, as shown in Table 6.2. Such an overestimation of excitation energies in the Franck
Condon region is a well-documented limitation of CASSCF methods arising from the
lack of dynamic correlation treatment. This Sy — S; and Sy — Ss excitation in
o-HBDI involves the w-7* transition localized on the imidazolinone and phenolic ring
meioty. Hence, we considered both transitions and whole spectral window without

any energy restriction for our further nonadiabatic simulation dynamics.
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Figure 6.9: Simulated photoabsorption cross-section spectra of o-HBDI at CASSCF(4,4)
methods using Wigner distribution, sampling 100 geometries. A Lorentzian line shape with
6 = 0.1 eV and cc-pVDZ basis set is used.
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6.3.7 Nonadiabatic Molecular Dynamics Simulations

Considering all the above-mentioned factors, the trajectory surface hopping dynamics
simulation was performed based on CASSCF(4,4)/cc-pVDZ level to gain more insight
into the photodynamics of o-HBDI, including three electronic states. A total of 100
trajectories were considered for the nonadiabatic simulation for a maximum time
of 300 fs. Out of 100 trajectories, only 19 underwent excited state proton transfer
phenomenon, which can be correlated with the considerable energy barrier of 0.77 eV
during the PT pathways in its excited (S;) state (see Figure 6.4 and Table 6.3). The
proton transfer (PT) time can be defined as the time at which the breaking bond and
forming bond become equal and intersect with each other. Figure 6.10 illustrates
the average of all the active trajectories in which the ESIPT occurs. The details
of the snapshots of the geometries showing the structural change along the ESIPT
process are also displayed at the top of Figure 6.10. The atom numbering scheme is

in accordance with Figure 6.3.
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Figure 6.10: Time evolutions of bond distances of 0o-HBDI, average of all the active PT tra-
jectories, showing (a) breaking bond 09-H10 and forming bond H10-N5, and (b) methine-
bridge C8-C7 single bond and C4-C7 double-bond, at CASSCF(4,4)/cc-pVDZ level. The

top structure displays the molecular geometries corresponding 0 fs, 57.5 fs, 60 fs, and 200
fs.

The following observation can be deduced from the time evolution of the average
bond-breaking and bond-forming representative trajectories, as depicted in Figure

6.10. As represented in Figure 6.10, the O9-H10 bond of the hydroxyphenyl moiety
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breaks at the time-scale of 57.5 fs, simultaneously forming the H10-N5 bonds of the
imidazolinone moiety of the o-HBDI chromophore. This suggests that the ESIPT of
the ortho-proton occurs from the hydroxyphenyl moiety to the imidazolinone moiety
of 0-HBDI within the first 100 fs. However, Cui et. al [303] have reported that the
first PT occurs within 10-15 fs at the OM2/MRCI level of theory. Thus, it can be
concluded that at the CASSCF level, the PT phenomena occur with a slight delay
compared to the OM2/MRCI level.

Furthermore, quantum chemical calculations revealed that the tortional motion of
the exocyclic single (C2-C3) and double (C4-C3) bond along the 6, and 65 channels
(see Figure 6.1), plays an important role in the photodynamics of o-HBDI, leading
to different photochemical pathways. We also tried to locate the torsional rotation
around the C2-C3 and C4-C3 bonds during the nonadiabatic simulations. Among
100 trajectories, very few completed the maximum simulation time of 300 fs, while
the remaining trajectories terminated before the maximum simulation time. This
termination of the trajectories is attributed to the total energy change caused by the
convergence instabilities, which arise due to the structural change between the two
consecutive timescales or orbital rotations between subspaces.[20] This indicates that
a longer timescale is required for o-HBDI to undergo torsional rotations. However,
since our focus is on the ESIPT phenomena occurring in o-HBDI, we limit our current
analysis to nonadiabatic simulation up to 300 fs. We plan to extend these preliminary
findings through CASSCF and CASPT2 dynamics simulation to gain a comprehensive

insight into other deactivation pathways.

6.4 Conclusions

The static electronic structure calculations, subsequently followed by trajectory sur-
face hopping dynamics, were performed to investigate the photodynamics of ortho-
hydroxy GFP-based chromophore upon photoabsorption of light. Our analysis re-
vealed that on photoexcitation, the ESIPT process occurs from the hydroxyphenyl
group of the o-HBDI chromophore to the imidazolinone group, leading to the for-
mation of keto tautomers. This enol-keto tautomerization is then followed by the
cis-trans isomerization process along the exocyclic methine-bridged bonds, resulting
in the radiationless deactivation of the chromophore from the S; to Sy state. Based

on the potential energy profiles of Sy, S1, and S, states, we observed that the ESIPT

TH-3768_186122008



fg)iéapter 6. Multidimensional Excited-State Dynamics of an Ortho Derivative GFP
Chromophore

phenomena have a lower energy barrier, making it energetically feasible upon pho-
toexcitation. After the ESIPT process, the chromophore decays to the Sy state via
Si(*r7*) /Sy MECIs as a result of the cis-trans isomerization process. According to
our nonadiabatic dynamics simulation, the proton transfer occurs within the first 100
fs at the CASSCF level and is thus intrinsically fast. However, no cis-trans isomer-
ization reaction was detected till 300 fs, which implies that the simulation requires a

picosecond timescale for this phenomenon to occur.
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Chapter 7

Conclusions and Outlook

7.1 Conclusions

This thesis focuses on the photophysical and photochemical behavior of the Green
Fluorescent Protein (GFP) chromophore and its derivatives upon photoabsorption of
light. Theoretical and computational chemistry have played a pivotal role in deep-
ening our understanding and characterizing the properties of a system upon pho-
toabsorption. Thus, these approaches have enabled the researchers to address the
unresolved questions and foster a new research avenue across diverse fields, including
environmental chemistry, materials science, and biology. So, in this thesis, we aim
to elucidate how steric and electronic environments significantly influence the pho-
tophysical behaviour of GFP chromophore derivatives and map out the factors gov-
erning the stereochemical outcome of key photoinduced processes by employing the
electronic structure methods coupled with mixed quantum-classical dynamics. In re-
cent decades, a wide range of GFP chromophore derivatives has been synthesized, ex-
hibiting diverse spectral characteristics and distinct photophysical properties. While
the wt-GFP chromophore exhibits green fluorescence, some variants display blue,
orange, and yellow emission. Further, certain derivatives of the GFP chromophore
exhibit a dual fluorescent nature, and some possess nonfluorescent properties. In this
thesis, we initiate our investigation by exploring the unusual dual emissive nature of
a para-sulfonamide analogue of GFP chromophore, aiming to uncover the underlying
mechanism, which is then subsequently followed by the study of the nonfluorescent
behaviour of GFP chromophore and its derivatives, along with the factors responsible
for its quenching. The study then proceeds to explore both nonconventional and con-

ventional approaches aimed at reducing the nonfluorescent behaviour and enhancing
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the photostability and excited-state lifetime of the chromophore. To facilitate clarity,

the explanation has thus been structured into the following subsections.

e In chapter 3, we observed that the para-sulfonamide analogue exhibits dual
emissive behaviour in polar solvents. Studies based on static calculations and
dynamics simulations revealed that, upon photoexcitation, the chromophore
undergoes structural rearrangement in the polar solvent, resulting in an ul-
trafast excited-state intermolecular proton transfer (ESIPT) process in the S,
state. This ESIPT phenomenon is responsible for the dual emissive behaviour of
the para-sulfonamide analogue. On-the-fly dynamics simulation further demon-
strates that the proton transfer process is ultrafast and proceeds in a stepwise
manner within 300 fs from the benzylidene moiety of the chromophore to its

imidazolinone moiety.

o Chapter 4 is based on the ab initio electronic structure approaches in con-
junction with trajectory surface hopping dynamics, where we investigated the
ultrafast photoinduced cis-trans isomerization phenomenon in the para-amino
derivative of GFP chromophore, which is intrinsically nonfluorescent. Our
investigation demonstrates that upon excitation to the S; excited state, the
chromophore undergoes nonselective structural distortion along the exocyclic
methine-bridged imidazolinone (I) and phenylamine (P) bonds, leading to the
ultrafast nonradiative decay via S;/Sy internal conversion. This internal con-
version is facilitated by the multiple S; (*7*) /Sy conical intersections as a result
of both ®; and ®p tortional rotations corresponding to I and P bonds, respec-

tively, with ®; rotation playing a dominant role.

e Since GFP chromophore and its derivatives were known to efficiently undergo
S1-Sp nonradiative decay due to ®; and ®p dihedral rotations, our study (Chap-
ter 5) is further extended to explore a nonconventional approach to restrict the
dihedral angle rotations by forming a dimer, thereby enhancing the photosta-
bility and exploring the nature of the excited states. First principles nonadi-
abatic excited state dynamics were implemented to study the photophysics of
the higher energy (hot) exciton of the dimer and its relaxation dynamics at an
atomistic and time-dependent level. The time evolution and relaxation pro-
cesses emerging from our nonadiabatic excited state dynamics evidenced the

long-lived exciton in the dimer. Thus, the formation of van der Waals 7-7
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stacked dimer restricts the ®;- and ®p- dihedral rotation, resulting in an en-
ergetically uphill pathway towards the ®;-twisted and ®p-twisted intersection
seam. This enhances the photostability of the chromophore by limiting the
access to nonradiative decay channels between S1 and Sy, thereby restricting

the ®;- and ®p-dihedral rotation.

o Finally, in Chapter 6, we proceed with an alternate approach to enhance the
photostability of GFP chromophore derivatives by considering an ortho-hydroxy
analogue, which possesses a distinct photophysical behaviour upon photoexci-
tation. This behaviour is characterized by excited-state intramolecular proton
transfer (ESIPT) phenomena, followed by cis-trans isomerization. Our elec-
tronic structure calculation, along with mixed quantum-chemical dynamics sim-
ulations, demonstrates that the ESIPT processes between the hydroxyphenyl
and imidazolinone group occur in an ultrafast manner within 100 fs, thereby
resulting in keto-enol isomers and thus, hinders the exocyclic I- and P- bond
rotation for a few femtoseconds initially. However, the cis-trans isomerization
process proceeds along the rotations of exocyclic methine-bridged bonds, result-
ing in radiationless deactivation of the chromophore to the Sy state via multiple

81 (17T7T*)/So MECIs.

Thus, depending on the molecular structures and substituent groups, different
chromophore exhibits distinct photoinduced processes, such as excited state inter-
molecular and intramolecular proton transfer (ESIPT), cis-trans isomerization, and
keto-enol tautomerization, thereby governing their fluorescent properties. Thus, this
thesis offers molecular-level insights into ultrafast photoinduced excited-state dynam-
ics of biological and organic chromophores, resolving an interplay between molecular

structure and dynamical behaviour.

7.2 Outlook

The theoretical and computational investigations based on electronic structure meth-
ods, along with the quantum-classical dynamics simulations, have proven to have
great potential in deepening our understanding of the mechanistic aspects of photo-
chemical reactivity. Our work on Green Fluorescent Protein (GFP) derivatives is the

beginning of our attempt to comprehend the photochemistry in biological and organic
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chromophores, by elucidating how structural configurations modulate their photo-
physics. Despite the advancement of theoretical and computational chemistry, the
study of excited state dynamics and behaviour of GFP chromophore and its deriva-
tives in a complex environment, such as encapsulated within the protein or embedded
with DNA probes, has always posed a nontrivial task. Hence, a more comprehensive
study involving a complex environment with strategic functionalization to modulate
the properties of the adduct is crucial. Such investigations are currently underway in
our group, which would provide a route to understand the excited state behaviour of
biological and organic chromophores in complex environments. Moreover, since tra-
jectory surface hopping dynamics based on CASSCF methods have explicitly failed
to provide an accurate description of the population dynamics and time evolution
of electronically excited states, a more efficient and computationally affordable al-
ternative approach is required. Such approaches are currently being explored in our
group and are expected to provide a deeper insight into the photophysics of the chro-

mophores, potentially addressing the existing limitations of dynamics simulations.
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Appendix A

Table A1l: Vertical excitation energy (nm), emission energy (nm) and the corresponding
oscillator strength (f) for transitions of the GFP chromophore (p-HBDI) in its neutral,
anionic, and cationic forms computed at the TDDFT/CAM-B3LYP/TZVP level of theo-
retical accuracy. For the solvent phase, we implemented the IEFPCM solvation model.

Am,a,mabs (nm) /\ma:rflu (nm)
Solvent Forms
Expt. Expt.
Calc. i 7 Calc. i e
[145, 261, 262] [145, 261, 262]
Neutral 366 367 0.8 415 = 1.1
CH;CN
Anion 440 441 0.5 413 —a 0.7
(e=35.7)
Cation 352 393 0.5 335 —a 0.6
Neutral 366 367 0.8 412 —a 1.1
H,0
Anion 441 424 0.5 414 —a 0.7
(e=78.4)
Cation 351 393 0.5 336 —a 0.6
Neutral 365 368 0.8 414 —a 1.1
CH;0H
Anion 440 428 0.5 419 —a 0.7
(e=32.6)
Cation 352 395 0.5 335 —a 0.6
Neutral 366 372 0.8 412 418 0.9
C,H;0H
Anion 441 442 0.5 456 448 0.5
(e=24.5)
Cation 352 401 0.4 389 442 0.5
Neutral 351 - 0.8 378 —a 0.8
Gas Anion 413 —a 0.4 376 —a 0.4
Cation 427 —a 0.3 325 —a 0.2

¢ Experimental data not available

f Oscillator Strength
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cationic form of GFP chromophore (p-HBDI) in acetonitrile (blue), ethanol (green),

gas (purple), methanol (red), and water (orange) computed at the TDDFT/CAM-
B3LYP/TZVP/IEFPCM level.
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Table A2: Calculated conjugated bond distances (A) of the chromophore for p-TsABDI-
(H20)s and p-TsABDI-(CH3OH)3 complexes in Sy and S; states, respectively, involved
during the photoexcitation obtained with DFT/B3LYP and TDDFT/CAM-B3LYP/TZVP
theoretical accuracies using IEFPCM solvation model.

Bond Lengths (A) States p-TsABDI-(H,0); p-TsABDI-(CH3;0H);

S 1.46 1.45
C1-C2

S, 1.41 1.41

S, 1.36 1.36
C2-C3

S 1.43 1.43

S 1.43 1.42
C3-C4

S 1.39 1.39

S, 1.43 1.42
C4-C5

S 1.39 1.39

S 1.43 1.42
C5-C6

S 1.39 1.39

S 1.43 1.42
C6-C1

S 1.39 1.39

S 1.43 1.42
CO8-N2

S 1.39 1.39

S 1.43 1.42
N2-C10

S 1.39 1.39

S 1.43 1.42
C10-N3

S, 1.39 1.39

S 1.43 1.42
N3-C9

S, 1.39 1.39

S 1.43 1.42
C9-C8

S, 1.39 1.39
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Figure A2: For the p-TsSABDI-(H30)3 complex in S; dynamics (a) snapshots along the
ESIPT dynamics simulations at corresponding PT time, (b) time evolutions of average
breaking (N1-H1 and O1-H2) and forming (H1-O1 and H2-O2) bond distances, (c) time
evolution of average breaking (02-H3 and O3-H4) and forming (H3-O3 and H4-N2) bond
distances, and (d) average relative energies of the Sy and Sq, and the energy difference
(S1-So) between them.
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Figure A3: For the p-TsABDI-(CH3OH)3 complex in S; state dynamics (a) snapshots
along the ESIPT dynamics simulations at corresponding PT time, (b) time evolutions of
average breaking (N1-H1 and O1-H2) and forming (H1-O1 and H2-0O2) bond distances, (c)
time evolutions of average breaking bonds (O2-H3 and O3-H4) and forming (H3-O3 and
H4-N2) bond distances, and (d) average relative energies of the Sy and S1, and the energy
difference (S1-Sp) between them.
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Table B1: Geometrical parameters of optimized cis and trans isomers: CS1, CS2, TS1,
and TS2, in the ground (Sp) and excited (S;) states at different levels of theory. Atom
numbering is in accordance with Figure 4.3. Bond distances are in angstrom (A) and
dihedral angles in degrees (°). The cc-pVDZ basis set is used. ®; = N5-C4-C3-C2 and ®p

— (1-C2-C3-C4.

Structure Method C2-C3 (C3-C4 C1-C2-C3 (C2-C3-C4 N5-C4-C3 ¢; Pp
CASSCF(4,4) 1.456 1.359 124.29 130.37 129.05 0 0
CASSCEF(6,6) 1.466 1.327 124.01 131.12 129.71 0 0

8,-CS1 CASSCF(10,9) 1.451 1.375 124.65 130.66 129.10 0 0
XMS-CASPT2(4,4) 1.455 1.375 123.44 129.26 128.16 0 0
XMS-CASPT2(6,6) 1.442 1.377 123.64 129.39 128.10 0 0
XMS-CASPT2(10,9) 1.453 1.376 123.59 129.4 128.16 0 0
CASSCF(4,4) 1.456 1.359 118.99 130.38 129.05 0 180
CASSCF(6,6) 1.466 1.327 118.26 131.12 129.71 0 180
CASSCF(10,9) 1.450 1.375 118.16 130.66 129.08 0 180

So-252 XMS-CASPT2(4,4) 1455  1.375 118.83 129.26 128.16 0 180
XMS-CASPT2(6,6) 1.442 1.377 118.93 129.39 128.10 0 180
XMS-CASPT2(10,9) 1.452 1.375 118.78 129.33 128.10 0 180
CASSCF(4,4) 1.456 1.365 126.24 134.88 119.64 -180 -0
CASSCF(6,6) 1.464 1.333 126.09 135.69 120.17 -180 -0

S,-TS1 CASSCF(10,9) 1.461 1.361 126.23 134.87 119.61 -180 -0
XMS-CASPT2(4,4) 1.454 1.382 125.58 133.67 118.31 -180 -0
XMS-CASPT2(6,6) 1.435 1.387 125.63 133.79 118.3 -180 -0
XMS-CASPT2(10,9) 1.447 1.385 125.51 133.86 118.39 -180 -0
CASSCF(4,4) 1.456 1.365 117.35 134.87 119.68 180 -180
CASSCF(6,6) 1.466 1.333 116.42 135.81 120.22 180 -180

S,-TS2 CASSCF(10,9) 1.462 1.361 116.74 134.85 119.63 180 -180
XMS-CASPT2(4,4) 1.454 1.381 117.05 133.67 118.42 180  -180
XMS-CASPT2(6,6) 1.436 1.387 117.21 133.84 118.31 180 -180
XMS-CASPT2(10,9) 1.447 1.385 117.07 133.87 118.4 180 -180
CASSCF(4,4) 1.357 1.491 122.93 130.09 127.31 0 0
CASSCF(6,6) 1.428 1.347 123.89 130.31 129.79 0 0
CASSCF(10,9) 1.412 1.386 124.19 129.83 129.37 0 0

S-St XMS-CASPT2(4,4) 1401  1.429 122.21 128.09 128.13 0 0
XMS-CASPT2(6,6) 1.391 1.471 122.36 128.64 126.81 0 0
XMS-CASPT2(10,9) 1.412 1.405 123.87 127.82 128.78 0 0
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Structure Method C2-C3 (C3-C4 C1-C2-C3 (C2-C3-C4 N5-C4-C3 9y dp
CASSCF(4,4) 1.358 1.493 120.56 129.83 127.13 0 180
CASSCF(6,6) 1.428 1.347 118.09 130.30 129.79 0 180

§,-CS2 CASSCF(10,9) 1.407 1.391 117.91 130.14 129.26 0 180
XMS-CASPT2(4,4) 1.401 1.429 120.06 128.09 128.13 0 180
XMS-CASPT2(6,6) 1.391 1.471 120.04 128.64 126.81 0 180
XMS-CASPT2(10,9) 1.453 1.407 122.26 125.11 128.76 0 180
CASSCF(4,4) 1.358 1.502 123.39 132.01 115.11 -180 -0
CASSCF(6,6) 1.422 1.358 126.02 134.55 119.25 -180 -0

S,-TS1 CASSCF(10,9) 1.405 1.399 125.86 134.28 118.52 -180 -0
XMS-CASPT2(4,4) 1.397 1.452 123.25 130.84 130.84 -180 -0
XMS-CASPT2(6,6) 1.394 1.480 123.07 131.04 114.81 -180 -0
XMS-CASPT2(10,9) 1.425 1.453 123.57 129.15 115.54 -180 -0
CASSCF(4,4) 1.358 1.502 120.02 132.01 115.11 180 -180
CASSCF(6,6) 1.421 1.358 116.83 134.59 119.26 180 -180
CASSCF(10,9) 1.404 1.399 116.63 134.25 118.46 180 -180

Si-T82 XMS-CASPT2(4,4) 1.397 1.452 123.25 130.84 115.48 180 -180
XMS-CASPT2(6,6) 1.394 1.480 119.33 131.06 114.80 180 -180
XMS-CASPT2(10,9) 1.425 1.453 123.57 129.15 115.55 180 -180

Table B2: Geometrical parameters of optimized four minimum energy conical intersections
(MECIs): CI1, CI2, CI3, and CI4 at different levels of theory. Atom numbering is in
accordance with Figure 4.3. Bond distances are in angstrom (A) and dihedral angles in
degrees (°). The cc-pVDZ basis set is used. ®; = N5-C4-C3-C2 and ¢p = C1-C2-C3-C4.

Structure Method C2-C3 (C3-C4 C1-C2-C3 (C2-C3-C4 N5-C4-C3 D, dp
CASSCF(4,4) 1.367 1.455 119.51 125.57 114.33 108.9 1.4
cn CASSCF(6,6) 1.369 1.456 120.33 125.59 111.63 110.6 1.8
XMS-CASPT2(4,4) 1.397 1.457 118.89 124.25 96.97 102.2 6.9
XMS-CASPT2(6,6) 1.405 1.451 118.62 124.03 93.82 102.6 7.6
CASSCF(4,4) 1.367 1.455 119.51 125.57 114.32 -108.9 -1.6
CASSCF(6,6) 1.367 1.459 118.29 125.60 112.79 -110.0  -2.1
12 XMS-CASPT2(4,4) 1.396 1.456 118.99 124.22 96.88 -102.3  -6.9
XMS-CASPT2(6,6) 1.404 1.454 119.37 125.78 95.11 -105.1 5.2
CASSCF(4,4) 1.367 1.455 119.51 125.58 114.24 108.9 179.9
CASSCF(6,6) 1.376 1.458 121.39 126.76 102.44 1124 -174.8
cls XMS-CASPT2(4,4) 1.397 1.457 118.91 124.29 96.95 102.2  -174.6
XMS-CASPT2(6,6) 1.406 1.456 121.71 123.99 97.03 102.4 1743
CASSCF(4,4) 1.375 1.459 120.21 127.52 109.26 -113.8 -177.4
CASSCF(6,6) 1.372 1.462 119.60 125.92 120.64 -126.4 -175.6
i XMS-CASPT2(4,4) 1.397 1.457 118.75 124.16 97.32 -102.7  174.6
XMS-CASPT2(6,6) 1.399 1.463 121.49 123.97 124.43 -126.6 -175.6
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Figure B1: Linear interpolation in internal coordinates (LIICs) pathways connecting cis
(So-CS1) minimum and S; (*77*)/So MECI geometries computed at (a) CASSCF(4,4)/cc-
pVDZ and (b) XMS-CASPT2(4,4)/cc-pVDZ levels. The top structures display molecular

geometries of the critical points S; (177*)/So MECIs along with the dihedral angle rotations
at (a) CASSCF(4,4)/cc-pVDZ and (b) XMS-CASPT2(4,4)/cc-pVDZ levels of theory.
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Figure B2: Time evolution of ground (Sp) and excited (S; and Sg) electronic states for
a representative (a) reactive and (b) unreactive trajectory computed at CASSCF(4,4)/cc-
pVDZ level of theory. The dotted yellow color signifies the current state (Scyrrent) during
the simulation.
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Figure B3: Histogram of the time window for reactive (blue) and unreactive (yellow)
trajectories showing termination event.
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Figure C1: Structure of the GFP (p-HBDI™) chromophore model demonstrating ®;-
(formed by the five-membered ring) and ®p- (formed by six-membered ring) of the chro-
mophore.

s Single bond
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=T T

P- rotation - rotation

Table C1: Vertical excitation (\2P$) energies (eV) and the corresponding oscillator

strength (f) for transitions of BDI-CH3 and BDI-H chromophore (monomer) computed
at the TD-wB97XD level with different basis sets, in vacuum.

Excited BDI-H BDI-CHj
States  6-31G(d) f TZVP s 6-31G(d) F TZVP
Ak e il Xiax

S1 3.971 0.654 3.936 0.654 3.919 0.753 3.882 0.744
So 4.033 0.001 3.961 0.001 4.087 0.001 4.108 0.001
S3 4.798 0.011 4.727 0.012 4.831 0.014 4.804 0.015
S4 5.196 0.069 5.119 0.061 4.973 0.136 4.938 0.121
Ss 5.595 0.001 5.555 0.001 5.580 0.001 5.597 0.001
Sg 6.102 0.113 5.934 0.127 5.968 0.111 5.827 0.137
S, 6.471 0.042 6.298 0.059 6.391 0.065 6.259 0.090
Ss 6.642 0.081 6.529 0.078 6.454 0.057 6.415 0.045
Sg 6.776 0.001 6.680 0.001 6.82 0.001 6.774 0.001
S10 7.021 0.003 6.926 0.083 6.937 0.115 6.882 0.149
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Table C2: Vertical excitation (A2 ) energies (eV) and the corresponding oscillator

strength (f) for the transition of BDI-H chromophore (dimer) computed at the TD-wB97XD
and ADC(2) methods using different basis sets.

wBI7XD/ wBITXD/ ADC(2)/ ADC(2)/ ADC(2)/
States  6-31G(d) f TZVP f SVP f pVTZ f TZVP f
(i) (i) (Naax) (i) (o)

S1 3.701 0.122 3.698 0.134 3.685 0.024 3574 0.054 3.575  0.083
Sa 3.965 0.103 3.947 0492  3.739 0.089 3.636  0.097 3.633  0.071
S3 3.977 0.281 3.981 0.012 3.81 0.127  3.714 0.026  3.694  0.029
Sy 4.037 0.123 4.028 0.115 3977 0.754 3.888 0.7561  3.854 0.744
Ss 4.175 0.289 4.137 0.183  4.202 0.091 4.046 0.098 4.026  0.095
Se 4.407 0.069 4.379 0.042 4462 0.026 4.337  0.031 4.32 0.022
S7 4.683 0.019 4.670 0.017 4488 0.026 4.389 0.037  4.395  0.033
Ss 4.815 0.009 4.786 0.009  4.673 0.009 4.534  0.007 4.53 0.005
Sg 5.084 0.019 5.073 0.017 4897 0.019 4763 0.016 4.748 0.016
S1o 5.129 0.044 5.114 0.066 4951 0.039 4814 0.036 4.799  0.027
S11 5.215 0.023 5.224 0.007  5.022  0.127 4.888  0.083 4.871  0.081
S12 5.424 0.012 5.415 0.007 5371  0.003 5.315 0.003  5.293  0.002
S13 9.973 0.002 9.557 0.002 5.381 0.001 5.323 0.001  5.314  0.003
S14 5.625 0.003 5.614 0.002  5.511  0.008 5.384  0.009 5.367  0.008
Sis 5.711 0.018 5.657 0.012 5.599 0.020 5.426 0.021 5.409 0.015
S16 5.803 0.004 5.781 0.004 5.636 0.006 5437 0.001 5461  0.001
S17 5.936 0.003 5.894 0.045 5.798 0.008 5593  0.008  5.599  0.008
S1s 6.014 0.049 5.922 0.015 9.93 0.064 9.71 0.056  5.697  0.056
S19 6.060 0.042 5.951 0.066 5.97 0.044 5.76 0.034  5.756  0.034
S20 6.1126  0.037 6.054 0.019 6.118 0.029 5937 0.016 5934  0.017
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Table C3: Mean position of hole and electron (POS), Excitonic participation ratio (PR),
charge transfer ratio (wor), coherence length (wcom), natural transition orbital participa-
tion ratio (PRy70), number of entangled states (Zg ) and exciton size (Jexc, A) for singlet
excited states of the BDI-H vdW dimer for two representative trajectories (a) TrX and (b)
TrY.

(I) TrX (a) t =0 fs

state POS PR wcr wcon PRyx7o Zpp dexe
S 1.55 1.96 0.13  1.28 1.69  1.99 3.50
So 1.63 1.38  0.69 1.31 1.02  1.08 4.25
Ss 1.35 182r=+G26 k53 1.83 214 3.68
Sy 1.03 1.06 0.04 1.04 1.06  1.17 3.01
Ss 1.97 1.06 0.06 1.06 1.06 1.18  3.11
S6 1.47 1.24 0.79 1.26 1.05 115 4.35
Sy 1.03 1.06 0.05 1.06 1.39  1.67 3.58
Sg 1.96 1.08 0.07 1.07 135  1.62 3.60
So 1.80 1.46 0.36 135 1.11 1.33. 371
S1o 1.09 1.20 017 1.20 1.29 1.70 3.51
Si1 1.66 1.49 0.59  1.42 1.13 1.35 3.94
S12 1.55 1.16 0.86 1.15 1.08  1.23 5.27
S13 1.38 1.53  0.57  1.50 1.69 246 4.18
Si4 1.90 1.21 017 121 1.45 194 345
Sis 1.08 1.17 0.12 1.14 2.16 2.92 3.17
(b) t =118 fs
state POS PR wcr wcon PRy70 Zpr dexe
S1 1.97 1.06 0.03 1.03 1.06  1.19 3.57
S, 1.84 1.37 0.30 1.28 1.04 1.09 3.82
S3 1.66 1.40 0.67 1.30 1.03  1.09 4.28
Sy 1.95 111 006 1.07 117 139 3.68
S5 1.05 111 0.09 1.09 1.09 123 3.02
S6 1.44 126 078 1.25 1.37 162 417
Sy 1.21 149 035 1.46 1.24 152 3.72
Ss 1.39  1.38 072  1.32 1.07 119  4.32
So 1.94 113 007 1.08 .13 1.39 3.65
S1o 1.69 1.59 044  1.48 116 144 449
S11 1.69 1.66 0.35 1.50 1.28  1.69 4.23
Si2 1.15 135 026 1.27 1.65  2.05 4.01
Si3 146  1.23 079 1.24 1.25 153  4.63
Sis 1.08 116 0.12 1.13 1.20 154 3.35
Si5 1.98 1.04 003 1.03 1.20 152 3.44
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(I1) TYY  (a)t = 0 fs
state POS PR wer wcon PRyro Zpp  dexe
S) 1.05 1.10 0.08 1.08 1.08 124 345
So 1.03 1.06 0.06 1.06 1.09  1.24 3.25
S3 1.49 1.16  0.86 1.17 1.03 110 4.42
S, 1.74 1.56 045 1.43 1.09  1.26 3.94
Ss 1.98 1.05 0.05 1.05 1.05 114 280
Se 1.19 147 0.21  1.28 1.61  2.09 3.69
Sy 1.51 1.85 0.31  1.66 1.51  2.03 3.78
Ss 1.85 135 0.13 118 144 195 3.69
So 1.18 143 020 1.27 132 1.73  3.66
S1o 1.51 .36 0.71  1.39 1.33 179 4.27
Si1 1.11 1.25 0.05 1.07 1.61 215 296
S12 1.74 1.62 027 1.44 1.61 224 3.49
S13 1.58 1.32 077 1.27 1.19 149 4.05
S 1.51 110 091  1.09 113 134 474
Sis 1.12 1.27 0.14 1.19 2.09 2.68 3.87

(a) t = 228.5 fs

state POS PR wcr wcorn PRyro Zpp  dexe
S: 146 170 054 1.73 1.03 111 4.01
S, 1.74 1.61 0.38 1.61 1.04 1.14 3.91
S3 1.82 1.41 0.07 1.10 1.28 1.51 3.27
S, 1.24 156 013 1.19 1.29 155 3.25
S5 118 143 033 133 o) o SN70
Se 1.62 137 071 131 1.08 120 427
Sy 1.83 139 0.18 1.25 1.24 156  4.02
Sg 112 128 013 1.16 .36 1.72  3.93
So 1.58 152 0.62 152 1.22 145 3.86
S10 1.59 1.87 035 1.73 149 184 3.73
Si1 1.37 1.83 | 027 \_1k54 1.74 219 3.71
Sio 1.96 1.08 0.06 1.06 134 1.65 2.88
Si3 149 156 0.73 145 1.49  1.94 429
S14 1.37 144 065 1.38 171 211 4.96
Si5 115 135 025 1.34 141 187 3.53
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Table D1: Geometrical parameters of optimized Sp-min, S;-min, and all the enol (E1, E2,
and E3) and keto (K1, K2, and K3) isomers at different levels of theory. Atom numbering
is in accordance with Figure 6.3. Bond distances are in angstrom (A) and dihedral angles
in degrees (°). The cc-pVDZ basis set is used. ®; = N5-C4-C3-C2 and ¢p = C1-C2-C3-CA4.

Isomers Methods C2-C3 (C4-C3 dp O O-H N-H
CASSCF (10,9) 1.468 1.353 0.0 0.0 0.956 1.799
S CASSCF (4,4) 1.437 1.334 0.1 0.0 0.954 1.822

0

MS-CASPT2 (10,9) 1.452 1.378 0.0 0.0 0.998 1.652
XMS-CASPT2 (4,4) 1.466 1.371 0.2 0.0 1.002 1.630

CASSCF (10,9) 1.488 1.377 1.1 0.6 1.411 1.031
CASSCF (4,4) 1.483 1.372 1.6 -5.5  1.235 1.014
51 XMS-CASPT2 (10,9) 1.462 1.401 -6.5 3.4 1.408 1.112
XMS-CASPT2 (4,4) 1.452 1.393 -1.6 -0.3  1.577 1.059
CASSCF (10,9) 1.379 1.419  -176.6 -174.7 - 0.996
K1 CASSCF (4,4) 1.386 1.412  -176.5 -175.0 - 0.995
XMS-CASPT2 (10,9) 1.393 1414  -168.8 11.3 - 1.015
XMS-CASPT2 (4,4) 1.395 1.411  -169.6 8.9 - 1.015
CASSCF (10,9) 1.372 1.431 169.5  159.6 - 0.996
CASSCF (4,4) 1.384 1.415 166.2  160.6 0.998
K2 XMS-CASPT2 (10,9) 1.396 1.418 166.9  162.2 - 1.014
XMS-CASPT2 (4,4) 1.397 1.416 166.9  162.3 1.015
CASSCF (10,9) 1.383 1.414  -179.7 178.2 - 0.998
K3 CASSCF (4,4) 1.375 1.408  -179.6 178.7 - 0.999
XMS-CASPT2 (10,9) 1.387 1.419  -179.9 -179.7 - 1.015
XMS-CASPT2 (4,4) 1.392 1.413 179.9 179.9 - 1.016
CASSCF (10,9) 1.466 1.355 179.8 -0.0  0.942 -
E1 CASSCF (4,4) 1.440 1.333 179.9 -0.0 0941 -
XMS-CASPT2 (10,9) 1.457 1.372 179.8 -0.0  0.966 -
XMS-CASPT2 (4,4) 1.458 1.373 179.9 -0.0  0.966 -
CASSCEF (10,9) 1.470 1.360 373 -179.8 0.952 -
E2 CASSCF (4,4) 1.441 1.333 26.2 -178.0 0.954 -

XMS-CASPT2 (10,9) 1.456 1.381 324 -178.5 0.992 -
XMS-CASPT2 (4,4) 1.466 1.375 34.4 179.7 1.001 -
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Isomers Methods C2-C3 (C4-C3 dp d; O-H N-H
CASSCEF (10,9) 1.470 1.359  -164.1 179.3 0.945 -
£3 CASSCF (4,4) 1.454 1.334  -171.1 179.3 0.945 -

MS-CASPT2 (10,9) 1.461 1.376  -164.4 179.8 0.967 -
XMS-CASPT2 (4,4) 1.459 1.377  -166.7 1771 0.972 -

Table D2: Relative Energies (RE, eV) of all MECIs with respect to Sp-min at CASSCF
and XMS-CASPT?2 levels of theory. The basis set cc-pVDZ was used.

Methods K-CI1 K-CI2 K-CI3 K-CI4 E-CI1 E-CI2 E-CI3 E-CI4
CASSCF(10,9) 4.694 4.657 3.283 3.197  3.744  3.767 12.268 12.163
CASSCF(4,4) 4.652 4.674 3.462 3462 3319 3.344 9306  7.007

XMS-CASPT2(10,9) 3.083 3.149 2.836 2.812 2749 2706 8174  8.722
XMS-CASPT2(4,4) 3.250 3.231 2.895 2.895 2814 2781  10.839 10.734

Table D3: Geometrical parameters optimized of four keto (K-CI1, K-CI2, K-CI3, and K-
CI4) and four enol (E-CI1, E-CI2, E-CI3, and E-CI4) minimum energy conical intersections
(MECIs) at CASSCF(10,9) and CASSCF(4,4) levels of theory. Atom numbering is in
accordance with Figure 6.3. Bond distances are in angstrom (A) and dihedral angles in
degree (°). The cc-pVDZ basis set is used. ®; = N5-C4-C3-C2 and ¢p = C1-C2-C3-C4.

Isomers Methods C2-C3 C4-C3 op b, O-H N-H
K CASSCF (10,9) 1.421 1.449 9.6 -99.2 - 0.999
CASSCF (4,4) 1.455 1.454 9.8 -104.2 - 0.998
e CASSCF (10,9) 1.426 1.453  -10.1  96.7 - 0.999
CASSCF (4,4) 1.459 1.460 -9.8  100.8 - 1.000
K.CI3 CASSCF (10,9) 1.479 1.357  -87.2 0.8 - 0.995
CASSCF (4,4) 1.478 1.421  -78.6 -14.4 - 0.996
K.CL4 CASSCF (10,9) 1.468 1.357  84.6 -3.5 - 0.994
CASSCF (4,4) 1.478 1.420 78.5 14.3 - 0.985
E.CI1 CASSCF (10,9) 1.398 1.469 -1.8  -105.1 1.010 -
CASSCF (4,4) 1.375 1.462 -1.2 -104.5 0.989 -
B.CI2 CASSCF (10,9) 1.398 1.469 0.2 106.4  1.006 -
CASSCF (4,4) 1.378 1.462 3.1 105.5  0.988 -
B.CI3 CASSCF (10,9) 1.438 1.475  -99.1 8.9 0.942 -
CASSCEF (4,4) 1.349 1.464 -52.8  -3.4  0.949 -
E.CL4 CASSCF (10,9) 1.496 1.465 60.5 18.6  0.942 -

CASSCF (4,4) 1482 1419 573 456 0943 -
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