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Synopsis

The interaction of light with matter has long been an exciting field of research both from
experimental and theoretical perspectives. Upon light absorption, the molecule is excited
to higher electronic states, initiating a variety of excited state processes, which are clas-
sified as photophysical and photochemical processes. Photophysical processes are of two
types: radiative transition such as fluorescence and phosphorescence, and non-radiative
transition such as internal conversion and intersystem crossing. Photochemical process
include photoinduced chemical reactions like photosynthesis, photoisomerization and
photolysis. These kind of processes are observed in our everyday life such as the vision
process in retinal chromophores, vitamin D production in human on exposure to sunlight
and mutation during DNA replication, etc. The application part of systems undergoing
photoinduced processes are realized in the design and development of certain materials
such as optoelectronic devices. Therefore unveiling the mechanism of these processes at
an atomistic scale is of utmost importance as it would add to our understanding and also
assist in designing materials with better performance. In this thesis, the excited state
processes encompassing the excited state proton transfer, cis-trans isomerization and
the non-radiative relaxation pathways are explored using state-of-the-art computational
tools. For excited state proton transfer studies, two different systems are considered
viz. 1-hydroxy-2-acetonaphthone (HAN) and nitrile-substituted 2-(oxazolinyl)-phenols.
HAN was chosen based on the unsettled issues regarding the proton transfer process and
the existence of other competitive channels. For the nitrile-substituted 2-(oxazolinyl)-
phenols, two regiomers are considered based on their distinct emission properties in the
solution and in the aggregated forms. In addition, the cis-trans photoisomerization in
the vinylene-linked thiophene-pyrrole are also explored. Considering the computational
cost for the dynamics study in the excited state, we have employed single-reference
method such as time-dependent density functional theory (TDDFT) and algebraic di-
agrammatic construction scheme of second order (ADC(2)). However, multi-reference
studies were also incorporated in our study wherever the single-reference methods fail.

The chapter-wise outline of the thesis are provided below.

ix
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Chapter 1: Introduction

Chapter 1 gives a brief description of the photophysical and photochemical pro-
cesses that occurs upon light absorption. Excited state proton transfer and cis-trans
photoisomerization are discussed specifically with few examples. The aim and scope of

the present work are also discussed at the end of the chapter.

Chapter 2: Methodology

This chapter discusses the basic concepts and mathematical formulation of the
methods used in the study of excited state processes. It includes the Schrédinger equa-
tion, the fundamental equation in quantum mechanics which gives information about
the state of the system. The basic ideas of the Hartree-Fock theory which forms the
basis of several sophisticated approximation are also discussed. Single reference method
such as Density functional theory (DFT), TDDFT, second-order Mgller-Plesset pertur-
bation theory (MP2) and ADC(2) are included. Multireference method like complete
active space self-consistent field (CASSCF) is discussed. For dynamics study, mixed

quantum-classical method such as trajectory surface hopping is also discussed.
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the ground and excited state properties of these two regiomers in gas phase, and in two
solvents of different polarities. A systematic computational study comprising of static
calculations at density functional theory (DFT) and ab initio, and non-adiabatic ab
initio dynamics at DFT levels are performed. Proton transfer process in the S; state is
thermodynamically favored in the gas as well as in solvents. Our dynamics simulation at
TDDFT level predicts an average proton transfer time of ~ 11-15 fs. Following proton
transfer, a non-radiative channel driven by inter-ring torsional motion is identified from
the keto structures. This pathway was found to be accessible and more probable in the

gas and CH due to small barriers in comparison to barrier in MeOH.

Chapter 5: E/Z photoisomerization pathway in 1-(2-Pyrrolyl)-2 -(2-
Thienyl) ethylene

Pyr-Cl
2 f Y 'Y .
e i
\©
, © S,
X
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closed-Cl

In this chapter, we have explored the various possibilities of excited state relaxation
mechanism in vinylene-linked thiophene-pyrrole system. Simple vinylene-linked systems
like stilbene has been widely studied in understanding its photochemistry. However,
effect of substitution on the vinylene-linked by five-membered heterocyclic rings, thio-
phene and pyrrole has not been reported. Therefore, in the present study our aim is
to illustrate the photoinduced processes in vinylene-linked thiophene pyrrole system.
We have carried out computational studies at the RI-MP2/RI-ADC(2)/cc-pVTZ level

where several possible conformations of the studied system are explored in the ground

TH-3267 176122008



Synopsis xiii

and excited state. The conical intersection structures which acts a funnel in dissipating
excess energy non-radiatively are also obtained. These are classified into two classes:
closed ring and twisted-pyramidalized structures. The relaxations via the former Cls
are found to be accessible from the cis isomers. However, the latter Cls are inaccessible

due to high energy barriers along the linear interpolation internal coordinate paths.

Chapter 6: Summary and conclusions

The last chapter of the thesis gives an overview of the present work and the scope
for future work. In the first work of HAN, we are able to show the proton transfer
process through potential energy plots and dynamics simulation and correlate with the
experimental results. In addition, other competitive channels are also shown. In the
second work of ESIPT-based systems: 1-CN and 2-CN, we are able to explain the low
quantum yield of these systems in the solution phase due to the easily accessible non-
radiative pathway. In the third work of vinylene-linked thiophene-pyrrole system, the

relaxation mechanism from the cis and trans are shown.
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Chapter 1

Introduction

The interactions of light with matter have long been an exciting field of research.'
The absorption of a photon by a molecule results in an electronic excitation leading
to a sequence of processes including photochemical and photophysical processes. These
two processes are competitive in nature depending on their effectiveness. Photochemical
process refers to the state where chemical structures change in the course of the reaction
such as photodissociation, photolysis, photoionization, photoinduced isomerization, pho-
tosynthesis. However, in photophysical process the structure retains its identity. The

Jablonski diagram shown in Figure 1.1 is commonly used to display these processes,

amd VAVAVAYAY

Ficure 1.1: Jablonski diagram. A: Absorption; F: Fluorescence; P:Phosphorescence;
IC: Internal Conversion; ISC: Intersystem Crossing, VR: Vibrational Relaxation; Ra-
diative processes are represented by straight arrows and non radiative by wavy arrows.

which include radiative and non-radiative transitions. Radiative transition is referred to
as either fluorescence or phosphorescence where the excess energy is dissipated via light

1
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emission. Fluorescence corresponds to spin-allowed transition while phosphorescence to
spin-forbidden transition. Non-radiative transition such as internal conversion happens
between states of the same multiplicity and intersystem crossing takes place between
states of different multiplicities. As shown in Figure 1.1, the molecule is excited to a
higher vibrational level of the electronically excited state such as S; or Sy via light ab-
sorption of certain wavelength. The excess vibrational energy gets dissipated rapidly via
vibrational relaxation(VR) to the ground vibrational level. In the solvent phase, this
energy is released in the form of heat via collision with the solvent molecules. From
the lowest vibrational level in the S; state, the molecule relaxes by fluorescence to Sy
or it can undergo intersystem crossing (ISC) to the triplet state T; followed by VR and
phosphorescence to the Sy state. Another pathway for relaxation is the ISC from T; to
higher vibrational level of Sy followed by VR. The understanding of these processes is
essential as these affect our everyday life. In particular, the photosynthesis process which
involves the conversion of solar energy into chemical energy through an electron trans-
fer reaction plays an important role in the existence and the evolution of life. Vision,
which is one of the most important senses of observation, is caused by a simple cis-trans
isomerization process. These physical phenomena have drawn considerable interest in
the experimental and computational community because of the dependence of all life
forms on the sun’s visible and ultraviolet radiation. Out of the various photoinduced
processes, in the present thesis we are focussing on excited state intramolecular proton

transfer(ESIPT) and cis-trans isomerization.

1.1 Excited state intramolecular proton transfer

One of the important processes that happens after excitation in many systems is the
proton transfer. In the year 1955, Weller first reported the process of ESIPT in sali-
cylic acid.® The photoinduced proton transfer has been well known for its fundamental
role in biological and chemical processes. It has been one among many other photo-
chemical reactions that has grasped the attention of researchers because of its broad
and beneficial application in the area of material science, such as organic light emitting

diodes, fluorescent imaging probes, molecular switches, UV photostabilizers, chemical
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FIGURE 1.2: Schematic illustration of the ESIPT process. D: proton donor; A: proton
acceptor.

sensors and so on.% 19 Besides the technological applications, the importance and signif-
icance extend to biological systems where the structure and the biological functions of
biomolecules were determined by the ESIPT processes. In the year 2008, the application
of ESIPT process in green fluorescent protein was highlighted where the Nobel Prize in
Chemistry was awarded to Osamu Shimomura, Martin Chalfie and Roger Y. Tsien. 1713
Therefore, the study of such kind of process is essential in understanding the underlying
mechanism of the biochemical reaction in nature which includes the binding of protein
and ligand, mutation during DNA replication, and so on. 17 The presence of hydrogen
bonding between the proton donor and proton accepting group is essential for ESIPT.
ESIPT is an ultrafast process which takes place in femtosecond timescale and is mon-
itored experimentally using femtosecond techniques and computationally by molecular
dynamics. The process usually takes place in molecules with a delocalized 7 electron.
The presence of acidic and basic groups in the molecular structure is responsible for
the occurrence of the process where upon electromagnetic radiation, the acidity and the
basicity of the functional groups are enhanced. In the course of light absorption by the

7 electronic system, the molecule is excited to a higher electronic state as a result of the
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HOMO to LUMO electronic transition. In most cases, the topography of the PES in
the ground and excited state is different. In the ground state, the enol form is typically
the most stable structure and the proton-transferred conformer, keto is the most stable
structure in the excited state. Schematic energy diagram of ESIPT mechanism shown in
Figure 1.2 illustrates the four-level photocycle, which includes the excitation of the enol
form followed by tautomerization yielding keto form, light emission, and reverse proton
transfer in the ground state, giving back the initial enol form. A plethora of studies has
been reported for single proton transfer'®2% due to its simplicity when compared to a
complicated double proton transfer process. The complexity of double proton transfer
lies in the reaction mechanisms where two possibilities are expected.?6733 In the con-
certed mechanism, the two protons are transferred at the same time and in the stepwise
mechanism, only one proton is transferred at a time leading to zwitterion formation.
The presence of more than one proton transfer process in a molecule leads to the exis-
tence of many stable structures in the excited state thus resulting in the design of fine
molecular photomemories.?” However, the role of water or polar solvents as mediator
between the donor and acceptor group via a relay mechanism results in an intramolec-
ular proton transfer.343% Since this area of research has been widely explored over the
last five decades including a large number of ESIPT systems ranging from simple to
complex behavior, covering all of it is beyond the scope of this work. In the paragraph
below, two of the widely studied systems which have had significant contribution to the
understanding of excited state processes, and scientific and technological applications

are discussed.

Salicylic acid, as mentioned above, is the system where ESIPT was first observed
by Weller. The theoretical explanation of ESIPT process was delivered by Kasha.3¢
Since then, extensive studies including experimental and computational calculations
had been performed,3” 43 being one of the smallest molecules which showed ESIPT. The
fluorescence in salicylic acid and its derivatives in the ultraviolet and visible range from
the S; state was long known. %446 It showed dual emission, and the emission in the long
wavelength region was found to be from the proton-transferred tautomer. The existence

47,48

of a double well potential in the excited state was proposed by Weller, corresponding

to the enol-keto equilibrium. In contrast, the experimental results based on electronic
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spectroscopy of jet-cooled salicylic acid showed a single well potential attributed to

the keto form, which was found to be dependent on the excitation energy.3%49-51 Ab

1.’39,52

initio calculation was then carried out by Sobolewski et a which suggested the

presence of a single minimum in the S; state where the hydrogen atom was dislocated.
A comparative study of different computational methods was made by Aquino et al. 404!
showing two shallow minima in the excited state separated by a small barrier at the
TDDEFT level of theory and one minimum in the keto side at CC2 level of theory. In
2017, a full dimensional photodynamic study of salicylic acid was carried out by Tim
Raeker and Bernd Hartke? to explore the deactivation mechanism. Floating-occupation
configuration interaction (FOCI) method implemented in MOPAC was employed for
the calculation. The presence of two hydroxyl groups complicates the excited state
process. ESIPT followed by 180° rotation of the carboxyl group resulted in a so-called
”wrong isomer” where the proton being transferred back in the ground state was different
from the initial one. The deactivation pathway that had been reported previously was
through fluorescence, but the low fluorescence quantum yield suggested the existence of
a radiationless pathway. In their studies, a new relaxation mechanism was suggested

which had not been reported earlier where the system relaxed to the ground state through

internal conversion via twisting motion around the C=C double bond.

FExperimental and theoretical calculations had shown that ESIPT process followed
by rapid internal conversion was the reason behind the photostability of indigo (Ind). 535
Confusion still remained regarding the mechanism of proton transfer: (a)whether it was
concerted which involve both the two groups or a single proton transfer (SPT) or (b)
whether it was inter or intramolecular processes or (c) was there any torsional rotation
around the C-C bond joining the two rings. In the case of indigo, keto was found to
be the more stable geometry in the ground state where the ESPT process transformed
the excited-keto to the excited-enol form. TDDFT calculation®% showed that back
proton transfer was taking place in the ground state only and no such transfer happened
in the singlet excited state. From the experimental results obtained for indigo carmine,
SPT was found to be possible which was then followed by reverse proton transfer in the

excited state within 0.5 ps.®” In 2017, Pina et al.?® aimed at clarifying the confusion

existed between experimental and theoretical findings mentioned above. Investigation
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of the ESPT process in indigo and mono-hexyl indigo were carried out experimentally
and computationally. Comparison of the processes taking place in both indigo and
N-hexylindigo was made. It was inferred that SPT was taking place in both indigo
and its derivatives, and both inter and intramolecular PT were taking place while in-
tra was found to be more feasible in dried non-protic solvents. For both indigo and
N-hexylindigo, ESPT occurred around 2.7-12.6 ps giving enol form which then relaxed

to the ground state at around 33-130 ps through a non-radiative transition.

As mentioned above, in systems showing ESIPT, such as salicylic acid and indigo,
radiationless transitions play an important role in the relaxation mechanisms, which are
attributed to the process’s ultrafast nature. At the beginning of the last century, the
presence of metastable states was known, but their significance in the photoinduced pro-
cess was not recognized.® With the advancement in technology and the development of
time-resolved laser spectroscopy, the existence of non-radiative transitions was realized
in many molecular reactions and mostly in polyatomic molecular systems. %! From the
quantum chemical point of view, these types of transitions could not be explained based
on the BO approximation. However, the concept of potential energy surface based on
BO approximation, which separates the nuclear and the electronic motion, has been
successfully applied in elucidating the mechanism of certain photochemical reactions.
The breakdown of BO approximation for non-radiative transition is due to the coupling
of the nuclear and electronic motions. The region in which the the electronic states
become close to each other and where the non-adiabatic coupling between these states
become non-vanishing is called the region/seam of conical intersection. This concept of
conical intersection was first discussed by Hund in 1927,%? which was mathematically
formulated by Neumann and Wigner.% Since then, the theoretical research and efforts
to locate conical intersections have advanced with the implementation in several quan-
tum chemistry packages, indicating the crucial role of the conical intersection in the

photoinduced chemical reactions. %46
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1.2 Photoisomerization

Another common type of photoreactions is cis-trans isomerization which have been

66,67 68,69

widely studied for many olefins , azomethines and azo compounds. "%7! The iso-
merization around the central double bond is a fundamental step in which photon energy
is utilized resulting in mechanical motion. It is one of the important process in photobi-
ological systems such as retinal chromophore where cis-trans isomerization is responsible

for the vision. ">7 Technologically, molecule undergoing photoisomerization process can

74,75 76,77 78,79

be used in photoswitches, photoprotection, photoreceptor proteins, molec-

ular motors80-81

and so on. Therefore, studying this kind of phenomenon has been
of great interest.82 In the designs and applications of photosystems that require safe
and efficient dissipation of absorbed energy, photoisomerization is one of the commonly

selected photoinduced reactions. This is due to the efficient non-radiative relaxation

process via internal conversion giving back the initial isomer or the photoisomer.

There are several pathways by which the molecule can undergo isomerization® such
as the breaking of double bond via homolytic or heterolytic process, and the decrease
in the double bond character by resonance. The homolytic rupture of a double bond
is basically observed in several kinds of reactions such as heterogeneous hydrogenation,
radical reactions that is initiated by radical generators, paramagnetic molecule-catalyzed
reactions and so on. The heterolytic cleavage of a double bond is observed in chemical
reactions with reactive nucleophilic/electrophilic counterparts, and is substantially fa-
cilitated in ethylene system with electron-donating and electron-withdrawing groups on
each carbon atom. In the donor-acceptor type of compounds, the double bond character
reduction is due to the push-pull effect. In azo compounds, the presence of lone pair

electrons on the nitrogen atom facilitate isomerization through inversion mechanism.

The isomerization process in olefin generally does not occur spontaneously at room
temperature or in daylight. However, the photoisomerization process occurs in the pres-
ence of radical generators in the S; or Ty w7* state. The process can also occur through
photosensitization by singlet-singlet or triplet-triplet energy transfer and intersystem

crossing. 84786 The presence of an intermediate state(S;-p and Ti-p) corresponding to

TH-3267 176122008



Chapter 1 8

the perpendicular structure facilitates the formation of both the isomers in the ground
state, which explains the transformation from the most stable isomer into the less stable
isomer through photoisomerization.®” In the case of a non-conjugated C=C bond, the
barrier for cis-trans interconversion is very high that involves the Rydberg mo state and
the 7™ singlet/triplet states, while in polyene systems, the barrier decreases consid-
erably due to the extended conjugation.®® Generally, the lifetime in the triplet excited
state is beyond 1 ms, but the cis-trans isomerization happens in about 10 ns, and only

for some systems, the process is fast which is less than 100 fs. 8890

Initially, the photoisomerization process was described by a one-dimensional model?!
involving two states with the twisting motion happening along the central double bond
as the primary reaction coordinate. Contrasting this is the new model that involved mul-
tiple reaction coordinates and also the degeneracies of multiple states.?? Taking ethylene
as an example, the smallest unsaturated hydrocarbon, the qualitative photoisomeriza-
tion picture involves at least two coordinates, i.e., twisting and the pyramidalization of
one of the ethylenic carbon. This conclusion was made from the ab initio multiple spawn-
ing(AIMS) results where the electronic and nuclear Schrodinger equations was solved
simultaneously. The invalidity of the conventional one-dimensional model illustrated for

ethylene was also found in smaller polyene systems. 9

Ethylene, being the smallest system, was taken as a prototypical model for cis-trans
photoisomerization. Moreover,the stilbene molecule belonging to the olefins group was
also used as a model for unravelling the mechanism in polyenes and for establishing a con-
nection with the mechanism suggested for the ethylene molecule. Therefore, numerous

93-96 were carried out for stilbene as the model compound where understanding

studies
the photodynamics and manipulating the relaxation routes were done that were also
applicable for several derivatives of stilbene. The key feature in the photoisomerization
of stilbene is the existence of the reactive intermediate popularly known as the phantom
state which is identified by the twisted ethylenic C=C bond. Hammond and Saltiel®7
were the first to propose the existence of the phantom state in cis-trans isomerization

of stilbene with respect to the photosensitized triplet excitation, which was later ex-

tended to the singlet excited states.?%%99 The name was retained for singlet excited
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states owing to the complexity in detecting and characterizing this state. In the recent
non-adiabatic dynamics simulations by Weir et al.?*, where AIMS was employed using
SA-CASSCF method, a result contradicting to the already known mechanism was shown.
They concluded that the isolated cis-stilbene undergoes isomerization via a one-bond flip
mechanism in opposition to the hula-twist mechanism proposed by Fufl et al. ' and the
involvement of the ethylenic hydrogen atoms distinguished the two mechanisms. In their
simulations, three relaxation pathways were outlined which include twisting along the
central double bond with immediate relaxation via internal conversion, delayed internal
conversion and cyclization as the minor pathway. The delayed relaxation is attributed

to the excited state population trapped in the phantom state.

Azobenzene is another compound in which extensive studies have been carried out
to understand the cis-trans photoisomerization process. Like many other vinylene-linked
systems, the most stable conformer is the trans form which undergoes isomerization upon
UV light absorption, yielding a small amount of cis form. However, the reverse process
of isomerization from the cis to trans occurs upon visible light absorption or thermally
due to the stability of the trans conformer.'0"103 These two processes occur at dif-
ferent timescales where photoisomerization is much faster than thermal isomerization.
The photoisomerization process in this compound is also known as ”one of the clean-
est photoreactions” owing to the absence of side products upon prolonged irradiation.
The study of the isomerization process in azobenzene has sparked interest for nearly

ninety years due to the isolation of cis-isomers. 101,104

The mechanism and the quantum
yield were found to profoundly depend on various factors like the excitation wavelength,
temperature, pressure, and substituents. For technological purposes, knowing the mech-
anism is less important compared to knowing the rate of thermal isomerization and the
potential to manoeuvre the quantum yield of photoisomerization. However, having the
mechanistic information is also significant in designing the azobenzene-derived materi-
als targeted for a specific purpose. The trans form of azobenzene is planar with Coyp,

105,106 while the cis form is non-planar with Cy symmetry 07198, Upon light

symmetry,
absorption at a certain wavelength, the cis and trans forms are excited to S;(n7*) and

So(mr*). 199110 The interconversion between the two forms follows after excitation to
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the S1 or Sy states. Several pathways of isomerization were found for this system, un-
like stilbene, where rotation along the central bond was the only route. There are four
mechanisms proposed for the isomerization process in azobenzene: rotation, inversion,
concerted inversion , and inversion-assisted rotation.!96:11-113 Tp the rotation mecha-
nism, there is a large change in the C-N=N-C dihedral angle and the N=N-C is fixed at
120° while in inversion, the dihedral angle is fixed at 0°, and the increase in N=N-C angle
is upto 180°. For the concerted inversion isomerization pathway, there is an increase of
180° for both the N=N-C angles. However, the changes in the dihedral angle C-N=N-C
and N=N-C bond angle are noticed in the inversion-assisted rotation mechanism where

the changes happen simultaneously but are smaller yet significant for the latter one.!0!

1.3 Aim and Scope of the present work

From the above discussion on ESIPT, photoisomerization and non-radiative relaxation
pathways, we note that there is a considerable interest in understanding the underlying
mechanism at an atomistic scale and in finding the suitable computational method for
correlation with the experimental results. In several technological applications, the
importance of ESIPT process is indispensable. As mentioned above, ESIPT is without
a doubt among the most fundamental chemical reactions by far, as they can be found
in inert or biological systems, in gas phase, solution phase and in solid state. However,
the simplicity of defining the process as an ultrafast migration of proton from donor
to acceptor should not be overestimated as other competitive processes can obstruct or
delay the process. Considering the complexity in the excited state from the theoretical
point of view where failure of the BO approximation in certain region of PES occurs,
traditional treatment of separating the nucleus and electronic motion is inadvisable. Due
to the wide variety of systems exhibiting ESIPT and photoisomerization process, which
molecular systems are intriguing enough to examine is an issue that arises. Therefore
in the present thesis work, we have chosen 1-hydroxy-2-acetonaphthone, a system with
unresolved issues related to the photocycle and also a newly designed system, nitrile-

substituted 2-(oxazolinyl)-phenols displaying different emission behaviour in the solution
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and aggregated phase. Elucidation of the excited state mechanism with state-of-the-
art quantum chemical methods keeping balance between the cost and the accuracy
is the motivation of our work. In addition to ESIPT, photoisomerization process of
vinylene-linked thiophene-pyrrole system is also explored. Non-radiative transition are
investigated in all the three systems. In this thesis work, we are able to show the
importance of having an efficient computational strategy to accurately describe the
process. Non-adiabatic dynamics simulation which is one of the state-of-the-art studies

for ultrafast processes is also adopted for the ESIPT systems.
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Chapter 2

Theoretical and computational

methodologies

This chapter discusses the theoretical concepts and mathematical formulations of the
methods used in the study of excited state proton transfer and photoisomerization pro-
cesses presented in this thesis. It includes the time-independent Schrédinger equation,
the fundamental equation in quantum mechanics, which gives information about the
stationary state of a system. Various methods including the Hartree-Fock theory which

forms the basis of several sophisticated approximations are discussed.

2.1 The time-independent Schrodinger equation

The time-independent Schrodinger equation is the theoretical foundation of quantum

mechanics which gives the information about the state of the system and is written as
H\I’Z’(I‘l, ro....I'n, Rl, RQRN) = Ei\I/i(I‘l, re....I'p, Rl, RQ....RN), (21)

where H is the Hamiltonian operator for a system of n electrons and N nuclei associated
with the total energy FE; of the system for state i. W, is the total wave function of the
system which depends on the electronic coordinates (r) and nuclear coordinates (R).
The Hamiltonian operator is the sum of the kinetic energy operator, T and potential

energy operator, V. It is expressed in atomic units as follows: 114

n

2" o 2My . i—1 ' rij Rap’ '

T
=1 A=l A T > A—1B>A

13
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where M4 represent the mass of the nucleus A, Z4 and Zp are the atomic number of
nuclei A and B respectively. r;;, r;a and Ryp are the distances between it and jth
electrons, between it" electron and A" nucleus, between A" and B nuclei, respec-
tively. The first two terms in the above equation are for the kinetic energy operators for
the electrons and nuclei, respectively. The third term shows the Coulombic attraction
between the electrons and nuclei. While the electron-electron repulsion is given by the

fourth term, the fifth term takes care of the nucleus-nucleus repulsion.

2.2 The Born Oppenheimer approximation

The Born Oppenheimer approximation is the cornerstone of all calculations in molecular
quantum mechanics. The approximation is based on the simple assumption that the
mass of the nucleus being heavier than that of an electron, the nucleus position can be
treated as fixed for a certain period of electronic motion. As a result of this separation

of the electronic and nuclear motions, the total wave function can be presented as

\If(rl, ro....Ty, Rl, RQRN) = \Ifelec(rl, ro....Tn; Rl, RQ....RN)\I/nud(Rl, R2....RN),(2.3)

where W .. and V. are the electronic and nuclear wave functions, respectively.
Within the BO approximation, the kinetic energy term of the nuclei can be neglected
and the repulsion term between the nuclei can be kept constant. The resulting electronic

Hamiltonian is expressed as

Hepee = — Z 1oz ii +sz. (2.4)

=1 i=1 A=1 TiA =1 j>1 Tij

The Schrodinger equation for erlec can be written as

f{elec\I’elec = Eelec\Ijelec (25)

TH-3267 176122008



Chapter 2 15

where W, is the electronic wave function written as follows
\Ilelec = \Ilelec(ri; RA) (26)

U e describes the electronic motion which is explicitly dependent on the electronic
coordinates r; and parametrically on the nuclear coordinates R 4. The parametric de-
pendence of the wave function on the nuclear coordinate implies the variation of the
electronic wave function for different nuclei arrangements. Therefore, the total energy

of the system for fixed nuclei is

N

N
Etot(R) = EeleC(R) + Z Z
A=1B

>A

ZAZB
Rap

(2.7)

2.3 The Hartree Fock theory

The Schriodinger equation for a system of n electrons is analytically unsolvable due to the
complex nature of many-body wave function. Using the mean-field approximation, the
many-body problem is simplified by writing the n-electron wave function as a product

of one-electron orbitals as

U(ry,ro...ry) = ®1(r))Pa(ra)... 0, (ry). (2.8)

This results in a set of coupled one-electron problems. The orbital in Eq. 2.8 is written
as ®1(r1) = ®1(1)o1(1), where the spin wave function o is dependent on the electron’s
spin orientation. In order to satisfy the Pauli’s antisymmetric principle and the indis-

tinguishability of electrons, the wave function for n-electron system is given by a Slater
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determinant

Si(L)a(l) B(DB(L) ... Dar(1)B(L)

P1(2)a(2) P1(2)8(2) ... Ddyu(2)B(2
ey, rer ) = \/15 1( E)04( ) Pl ?ﬁ( ) | m(2)5(2) | (2.9)
O (n)a(n) P1(n)B(n) ... Pp(n)s(n)
where ﬁ is a normalization factor, M = g for even n and M = = 1 for odd n.

In the Hartree Fock approximation, the ground state of an n-electron system is
described by a single Slater determinant. Based on this approximation, the n-electron

Schrodinger equation can be rewritten as ”n” one-electron Schrédinger equations, and

the wave function for each electron satisfies the following equation,

1 2 N ZA HF /-
( — §V1 — Z a + v (l))q)z(r) = 52'(1)1'(1‘), (210)
A=1""

where i = 1, 2.....,n. vF (i) is the average potential exerted by other electrons on the
ith electron. The resulting set of equations is referred to as the HF equations, and the

iterative self-consistent field procedure is used to solve those.

2.4 Post-Hartree-Fock theory

In the HF theory, the correlation between electrons of opposite spin are neglected which
may result in large deviations from experimental results. A variety of approximations
collectively called as post-Hartree-Fock methods were devised to incorporate the electron
correlation effect. The Mgller-Plesset perturbation theory ' is one of the approaches
where the electron correlation is treated as a perturbation to the Fock operator. Other
approaches are coupled-cluster methods such as second-order coupled-cluster (CC2)!16
and others, and multi-configurational methods such as the complete active space self-

consistent field (CASSCF). 117118 Overview of the methods used in my thesis work are

presented below.
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2.4.1 Mgller-Plesset perturbation theory

The correction to the HF method by second order perturbation theory for electron
correlation was discussed by Mgller and Plesset''® in the year 1934 and the approach
is known as Mgller-Plesset perturbation theory. It is based on the idea of splitting the

total Hamiltonian into a zeroth order Hamiltonian(H(?)) and the perturbation part(V):
H=H9 1V, (2.11)

The zeroth-order problem is defined as
209" = g0 gV (2.12)

where the subscript 0 refers to the ground state. The zeroth-order Hamiltonian is de-

scribed as the sum of one-electron closed-shell Fock operators
HO=3"F(p) =>_ hp)+ > _[Ji(p) — Ki(p)] (2.13)
P P Dt

where iL(p) is the one electron operator comprising of the kinetic and electron-nucleus
attraction term, J; (p) and K[(p) are the Coulomb and exchange operator. Here, p and
q are used for the general spin orbitals, ¢ and j denote the occupied orbitals, and a and

b are for the virtual orbitals. The MP perturbation operator is given by

V=H-A0 =YL S i) - K] (2.14)

r -
p>q P4 Dyt

The operators J;(p) and K;(p) are expressed in terms of spin orbitals ®; as follows

e, - | [ s Lee| e o5
and
Ri(1)0(1) = [ / dr2<1>:(2>;<1>j<2>] 2(1). (2.16)
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The average of the perturbation over the unperturbed wave function gives the first order

correction to the energy F(©):

. I, 0
Eyip = (@OV]90) = Voo = =3 > (ijllii), (2.17)
i

where (ij]]i7) is an antisymmetrized two-electron integral over the occupied spin orbitals

¢s and generally defined as'!?

(ij||kly = (ij|kl) — (ij|lk) = / dry dry ¢F(r1)¢(ra)ryy (1 — Pio)dr(r1)éi(ra). (2.18)

Here P, is an operator which interchanges the coordinates of two electrons. Therefore,
MP1 energy is simply the HF energy indicating that the HF is correct upto first order
of MP theory

occ occ

E(HF) = E(MP1) = ) ¢ — % > (ijllig). (2.19)
i i

The second order correction of energy is given as

occ vir

2 1 y
Byrp =7 2 2 (ijllab)ag) (2.20)
ij ab
with
af) = (e +¢j —€a — )" (abllig) (2.21)

Eq. 2.20 is obtained considering only the double excitations as single excitations do not
contribute to the correlation energy as a consequence of the Brillouin’s theorem°. In
addition, the triple and other higher excitations are excluded from correlation because

of the Slater-Condon rules. 2L,

The spin-scaling approaches for MP2 was first proposed by Grimme in the year
2003122 in order to obtain an efficient and precise variants of MP2 method. It is based
on splitting the correlation energy into parallel and antiparallel spin components . The

weight of these two contributions are scaled by semiempirical parameters and is called

TH-3267 176122008



Chapter 2 19

as spin-component-scaled (SCS) variant of MP2. The other variant was proposed by
Head-Gordon and coworkers!?? in the subsequent year and is termed as scaled-opposite
spin (SOS) where the opposite spin contribution is increased to a small extent while the

parallel spin component is neglected.

2.5 Density functional theory

The wave function for each electron depends on four variables, i.e., three spatial coor-
dinates and one spin coordinate, therefore making the wave function complicated for
many-electron systems. In DFT, the complexity is reduced where the many-body wave
function is replaced by the electron density, p(r), which depends on only three spatial
coordinates. It is based on two theorems by Hohenberg and Kohn'24, While the first
theorem states that the properties of a molecule in the electronic ground state are ob-
tained from the ground-state electron density, the second theorem states that the energy
obtained from the ground-state electron density follows the variational theorem. p(r)
for a system of n electrons is the square of the wave function integrated over n-1 electron

coordinates written as
p(r) = n/ U (r,r,...,1,) 2d®ry, ..., dr,. (2.22)
Therefore, the total energy of the system is a functional of electron density as
E=FE[p(r)]. (2.23)
Following the Kohn-Sham approach,?® the energy functional has the following form
Elp(r)] =TIp ()] + Vae [p (r)] + Vee [p (r)] + Exe [p (r)], (2.24)

where T is the kinetic energy of the non-interacting electrons which have the same density

as that of the interacting electrons and can be expressed in terms of the Kohn-Sham
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orbitals, @DZKS, as follows

n

Tp(r)] = —5 > (ST, (2:25)
=1

Vie is the nuclear-electron attraction term expressed as

Z/ = r1| dr, (2.26)

and V. is the electron-electron repulsion term,

// |r1—r2| PEDP) 1y, (2.27)

The last term in Eq.2.24 is the exchange-correlation functional which takes into account
all other aspects of the true system. It comprises of two terms: the correction to
the kinetic energy which is the difference between the fictitious non-interacting system
and the true system, and the difference between the classical and quantum-mechanical

electron-electron repulsion, written as

Exclp (r)] = A(Tp (0)]) + A(Veelp (r)])- (2.28)

The Kohn-Sham equations shown in Eq. 2.29 are analogous to the Hartree-Fock equa-

tions and are iteratively solved to find the orbitals that minimize the energy.
S = eyt 229

Here, ﬂf{S is the KS one-electron operator and is defined as

=V ZZA

/ P2) s+ Ve (2.30)
ria rio

The exchange correlation potential Vxc is obtained by taking a functional derivative of

FExc with respect to the density as shown below:

Ve = — (2.31)
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The advantage of DFT is that it gives the energy of the molecules that includes electron
correlation for a similar computational cost as the HF method. However the difficulty
is in the approximation of the exchange-correlation functional where no specific form
is known leading to the proposals of a series of functionals resulting in different DFT
methods. The problem associated with this approach is that there is no way to sys-
tematically correct the performance if the chosen functional fails unlike configuration

interaction (CI) where there are many possibilities to improve the results.

2.5.1 The exchange-correlation functionals

Various exchange-correlation functionals are described by a ladder of approximations
termed as the Jacob’s ladder. The higher rungs of the ladder corresponds to approxima-
tion that are complicated to construct and use, yet potentially accurate. The rung in the
ladder are arranged from bottom to top as follow: (1) local spin density approximation
(LDA), (2) generalized gradient approximation (GGA), (3)meta-GGA, (4)the hybrid
functional, and (5) the generalized random phase approximation(RPA). These rung are
arranged based on the introduction of additional ingredients to the electron density with
the expectation that the additional constraints will give accurate exchange-correlation
functional. LDA is a non-empirical approximation where no parameter is fitted to the
experimental data and only the local density is used. In GGA, the second ingredient
is added which is the gradient of the density. The third rung, meta-GGA, includes the
orbital kinetic energy density as the third ingredient. Hybrid functionals use the exact-
exchange information and RPA use the Kohn-Sham unoccupied orbitals. The fourth
and fifth rungs are computationally expensive unlike the first three rung attributed to

the double integration over the three dimensional space.

The hybrid functionals are the most commonly used functionals due to the mix-
ture of exchange-correlation functionals and HF exchange term. A hybrid functional is

expressed as follows

ERd — gBget 4 (1 - o) ERYT 4 EQFT, (2:32)
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where a is the mixing parameter, E§" is the nonlocal HF exchange energy, E)[()FT is the

local DFT exchange energy, and EgFT is the local DFT correlation energy. For exam-
ple, the Becke’s three-parameter Lee-Yang-Parr (B3LYP) exchange-correlation hybrid

functional, 26 can be expressed as
E)]%%LYP = ag B 4 (1 — ag) EXSPA + 0, ERS® 4 aCE(IjYP +(1- aC)E(IjSDA, (2.33)

where E§88 is the gradient corrected exchange energy obtained from the Becke’s ex-

127 LYP
1 EL

change functional *“", and is the correlation energy according to the Lee-Yang-Parr

correlation functional.!?® The three parameters ag, ap and a. are the origin of ”3” in the

acronym and are optimized to 0.20, 0.72 and 0.81, respectively. Due to these fitting vari-

ables, the hybrid functionals contain some degree of semi-empirical character. E)IZSDA

and EXSPA are the energies corresponding to the local spin density approximation to
the exchange and correlation functionals. Other varieties of hybrid functionals such as

PBE0'?, HSE!3 and O3LYP.!3! are reported in the literature.

Hybrid DFT functionals such as B3LYP are used extensively, however, these func-

tionals have been found to be unsuccessful to describe closely-lying excited states, 132

133-135

polarizability of extended conjugated systems, and excitation energies for charge

transfer states, 207139, This is due to the deviation of the exchange potential from the
correct form, —%, at long range. To overcome this error, Tsuneda and coworkers 140:141

split the Coulomb interaction into the short-range and long-range parts using the error

function (erf) as

1 1-—erf(pri) n erf (pri2) (2.34)

12 12 12

where r1o is the interelectron coordinate, u is a range separated parameter which can

141-146

be determined empirically or by minimizing the deviations from the conditions

set for KS functionals!47

. The first term corresponds to the short-range and is treated
using exact exchange while the second term corresponding to the long-range is treated

using local or semilocal exchange. The generalized form of the above equation with the
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introduction of two extra parameters o and 3 by Yanai et al. 14! is written as

1 _1-[a +Berf(ur)] Lo tBerf (pr12) (2.35)

12 12 12

where 0 < a4+ <1,0< a <1,0< g < 1. The parameter o and a4/ represent the
HF-exchange in the short-range term and long-range term respectively. Several range-
separated hybrid functionals have been developed over the years such as LC-wPB 48,

M11'%% | CAM-B3LYP ', wB97X-V!*® and many more.

2.6 Time-dependent density functional theory

TDDEFET is an extension of the basic ideas of the Hohenberg-Kohn theorem for ground-
state to problems involving time-dependent external potentials.'?* It is used for the
investigation of the excited-state properties or the general time-dependent phenomena.
Similar to the DF'T, the time-dependent DE'T equation is formulated by considering the
fictitious non-interacting systems. It is based on two theorems formulated by Runge

0 in the year 1984. The first theorem states the existence of a one-to-

and Gross!
one correspondence between the time-dependent external potential, vey:(r,t) and the
electronic one-body density, p(r,t) for many-body systems evolving from a fixed initial
state. The second theorem is based on the variational principle where the exact TD
density can be obtained by applying the least action principle to the Frenkel- Dirac

action defined as1%1:

Alp] = ' dit( ¥[p](t) i = H(t)|[[p](t) ) — ih (T [p] (tf)|6T[p](t)) (2.36)
\ ot

0

where ¥[p](¢) is the exact time-dependent wave function functional of the time-dependent
density, 0U[p](t) is the first-order differential of the wave function, H is the time-
dependent Hamiltonian, and ¢y and ¢; are the initial and final times. In cases where the
external potential is weak, the changes of the system from its ground state is small, there-

fore extracting density information using perturbative approach is preferable. The most
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commonly used perturbation method is based on response theory where the density-
density response function which relates the variations in exact TD density to variations

of the TD external potentials is constructed.

At t < tg, the time-dependent potential is assumed to be zero. At time ¢y, a time-
dependent potential, v (r, t) is turned on thus affecting the density of the system and

is written as

p(r,t) = po(r) + p1(r,t) + pa(r,t) + ps(r,t) + .... (2.37)

where pg, pi(r,t) and pa(r,t) are the ground state density, first-order response and
second-order response etc. The higher order terms can be neglected for weak external
perturbations and only the linear term is considered. The linear response term can be

written as

= /dtl/dgmx(r,t, rl,tl)vl(rl,tl), (2.38)

where y represents the linear density-density response function of the system. The
linear change in the density of an interacting system can be calculated within the time-
dependent Kohn-Sham framework by considering fictitious non-interacting system and

is given by the following equation

1) /dtl/d3rlxs(r,t,rl,tl)vsl(rl,tl), (2.39)

where Y term is the density-density response function for the noninteracting KS elec-
trons. The symbol vg;(r,t) is the linear change of the effective potential, vs(r,t), of the
time-dependent KS system, and it can be written as

va1lpl(r,t) = vi(r,t) + /d3 plri.t /dtl/d3 Mpl(rl,tl). (2.40)

|1‘—1‘1| dp(ri,t1)

where vy (r, t) is the external potential and second term is the linearized time-dependent
Hartree potential. The functional derivative of the X C' potential with respect to the

density is known as the exchange kernel and is evaluated at the ground state density.
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By using equations 2.40, 2.39 and 2.38, we obtain the Dyson equation of TDDFT

as

X(r7t7r17t1) :Xs(r,t,rl,tl)—|—/dT/d?)fE/dTl/d3IL‘1X3(I',t,X,T)
{6(7'77'1)

|x — x1]

(2.41)
+ fxo(x, 7, %1, Tl)}x(xl, t1,r1,t1).

The above equation is successfully applied for the calculation of the properties of many-
body systems that are weakly perturbed. Casida approach has been one of the widely

used formalism out of the other variants of linear-response. %2

2.7 Algebraic diagrammatic construction scheme for the

polarization propagator

The algebraic diagrammatic construction (ADC) scheme of the polarization propagator
for the electronically excited states is based on many-body Green’s function theory.?3
Since a unique Green’s function cannot be defined in many-body systems, another al-
ternative is made and that is in the identification of building blocks called propagators
that can solve certain classes of problems. The polarization propagator describes the
time-dependent fluctuations of the ground-state electron density and implicitly contains
the information about the excited-states of the molecule. The compact diagonal repre-

sentation of the polarization propagator II(w) is as follows
T R~ x, (2.42)

where (2 is the diagonal matrix of vertical excitation energies w and x is the spectroscopic

amplitudes. The non-diagonal representation according to ADC schemes is given by
M(w) = ff(w — M), (2.43)

where M is a non-diagonal matrix representation of an effective Hamiltonian and f is
the matrix of the effective transition moments. From the diagrammatic perturbation

theory, these two terms can be expanded with respect to the perturbation-theoretical
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order in the fluctuation potential as follows

M=MO® MDD - M® .

f=f0 1 fV L £ 4

ADC(n), where n denotes the order, takes into account all the terms that are required
for the perturbation theoretically consistent description of II(w). The explicit algebraic
expression of M and f can be obtained by the perturbation-theoretical order analysis of
II(w). Having known the algebraic expression of M, the excitation energies are obtained

by diagonalization of the matrix M. The solution of the Hermitian eigenvalue problem
MY =YQ;Y'Y=1, (2.44)

provides the excitation energies w,. The eigenvectors y are linked to the spectroscopic

amplitudes x via

x=y'f (2.45)

Another route for deriving ADC expression without the knowledge of propagator is
called intermediate state representation(ISR). The correlated excited-state basis {¥9}
can be generated from the correlated ground-state wavefunction, {¥o} by using excita-
tion operators Cy = {élék, é:flé;gékél, ... } that represents single, double, etc. .. excitations

as
oY = ;0. (2.46)

The Gram-Schmidt orthogonalization of the correlated excited-basis {U9} yields inter-
mediate state (IS) basis {¥;} and the previously mentioned effective quantities M and

f can be written using the IS basis as follows

(M) = (U;|H — E)[¥) (2.47)

TH-3267 176122008



Chapter 2 27

and
(£) 19 = <‘i’J|é;rzéq|‘I’0>- (2.48)

The limitation of ADC is in the single-reference nature of the MP theory for electronic
ground state as the accuracy of the excited state calculation relies on the reasonable de-
scription of the ground state by MP theory. Therefore, ADC schemes are not preferable

for molecules with multi-reference character.

2.8 Multi-configurational method

A single electron configuration is considered in the HF method and therefore, the HF
wave function does not account for the static electron correlation. This is called a single-
reference (SR) method. The method fails to describe the system near regions of conical
intersections. If a linear combination of all the possible Slater determinants is used in
the configuration interaction expansion, the obtained energies are exact. However, the
cost of such calculations is huge, and therefore, methods such as MCSCF are used to

describe the CI regions.

The MCSCF wavefunction, Yyicscr, is a linear combination of many electron con-

figurations represented as configuration state functions'®* (denoted as ®) as

Unioscr = 3 Cn @) .
m

Here m is the number of CSFs and C,,, are the coefficients. In the MCSCF method,
both the expansion coefficients and the molecular orbitals, i.e., expansion coefficients

F!7 is the most

connecting MOs to the basis functions, are optimized. The CASSC
widely used MCSCF method. Here, the set of CSFs are divided into an active and an
inactive set of orbitals. While the inactive space consists of doubly-occupied in occupied
and unoccupied in virtual spaces, respectively, the remaining electrons and orbitals make

the active space. Typically, a CASSCF calculation with an active space consisting of X

electrons distributed among Y number of orbitals is denoted as CAS(X,Y") calculation.
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However, the selection of an active space is non-trivial, and requires an understanding of
the system, and the process under consideration. As CASSCF method does not consider

dynamical correlation, this is usually included by methods such as CASPT2. 18

2.9 Non-adiabatic dynamics

As discussed in the Sec. 2.2, the BO approximation forms the basis of the electronic
structure calculations. However, its applicability fails in the region of quasi-degenerate
states. The following discussion is taken from a review article by Barbatti!®®. In such
cases, time evolution of the nuclear wave packet branches along several closely-lying
states. This type of phenomenon is called non-adiabatic effect and is commonly observed
in photochemical reactions. However, the challenge is the time-dependent theoretical
treatment of such effects in molecular systems, ranging from accurate description of the
excited states to the time propagation of their properties. A full quantum mechani-
cal treatment of large systems showing non-adiabatic effects is essentially impractical,
and this has led to development of several semiclassical methods. Trajectory surface
hopping(TSH) 12617 method is one of the most successful semiclassical approaches in
considering the non-adiabatic effects.®® 150 This method is based on the assumption
that the time evolution of a wave packet through closely-lying potential energy surfaces
can be approximated by an ensemble of independent semiclassical trajectories which are
randomly distributed among the branched surfaces. In this method, the time evolution
of the nucleus on the BO surface is treated classically, and the switching of the popu-
lation to nearby states due to the non-adiabatic effects is taken care of by a stochastic
algorithm. Tully and Preston’s'®® TSH formulation first assumes that the evolution of
nuclei is on a general trajectory R¢(¢) that will be later identified as classical trajectory.

The time-dependent wave function for the electrons is written in an electronic basis as

(r,Rt ch (r; RE(t)), (2.49)
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where r denotes all the electronic coordinates. The substitution of Eqn. 2.49 in the

time-dependent electronic Schrédinger equation

<ih(§1 — Helec> e(r,Rt) =0 (2.50)

results in the set of differential equations for the coefficients c(t):

., deg .

J
The above equation is labelled as a semiclassical time-dependent Schrodinger equation
(SC-TDSE) where HJ; are the matrix elements (Pi|Hetee| Pj)r, F; is the nonadiabatic
coupling vector between states k and j and v¢ is the nuclear velocity vector. The

superscript ¢ in the above equation show that the evaluation is for a specific nuclei

position R¢ at time ¢.

In TSH, the propagation of a nucleus m with mass M, on a single electronic state

j is carried out by solving the Newton’s equations of motion as

T
de? .

0, (2.52)
where the force is proportional to the gradient of the potential energy

£ = Vg, HS,. (2.53)

One of the most common methods for computing transition probabilities between

157 where the number

states k and j is the Fewest-switches algorithm proposed by Tully
of hopping event within one time step is minimized. The hopping probability is given

as

Population increment in k due to flux from j during At

P 2.54
gk Population of k ( )
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The population in the k state, ¢ (t), is obtained from the diagonal elements of the density

matrix, which is defined as

pii(t) = ey (2.55)

The hopping event is determined to be successful if two conditions are satisfied and these

are as follows:

1. A random number in the [0,1] interval should satisfy

k—1 k
D Pin(t) <re <) Pin(b); (2.56)
n=1 n=1

2. The energy gap between the initial and final states should satisfy the following

equation 1%

]Vat‘]c ) cqn 2
VL(RE(1)) = V3(RE(E)) < D

< L (2.57)
92 jz:ixéx ]Vfﬁ;l (]?Eﬁnm)

The above equation was derived with the condition satisfying the law of conservation
of energy. However, if only Eqn 2.56 is satisfied, the hopping is termed as frustrated

hopping, where the total energy after hopping is larger than the previous one.

The shortcoming of Tully’s FSSH is the non-decaying amplitude of the off-diagonal
elements in the electronic density matrix during the dynamics. This is due to the prop-
agation of SC-TDSE along a single trajectory R® which is determined by the gradients
for a particular electronic state j . In this approach, the amplitudes of all other states
are constrained to that of trajectory R®. As a result, the method becomes inconsis-
tent leading to the difference between the fraction of trajectories in each state and the
average electronic population. The correction to this decoherence effect in FSSH was

161

implemented by Granucci et al.*®* based on Truhlar’s scheme of nonlinear decay of mix-

162,163

ing model, where the time-dependent coefficients in the state k and j are modified
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at every time step as follows:

—At
i = cpexp ( > V(k #7) (2.58)
Tkj
and
1
2
gev = T N1 e | (2.59)
<] oy
The decoherence time is given by
h o
Thi = i 1_|_>7 2.60
T Vi — V) < Eiin (2:60)

where FEyj, is a nuclear kinetic energy, At is the time interval and « is an empirical

decoherence parameter taken as 0.1 Hartree.

The initial conditions for the dynamics simulation are selected to reflect the type of
study. For photochemical reactions, the position and momentum of nuclei produced by
the laser pulse are essential parameters. In such cases, starting with the ground state
molecule that gets promoted to the excited state is preferable. This is mostly done by
considering the harmonic potential energy around the ground state minimum and the
distribution of nuclei position and momenta was obtained by Wigner distribution. 6
After the initial conditions generation, the absorption spectra can be simulated using
nuclear ensemble approach and the dynamics can be simulated. Imposing certain con-
ditions such as excitation energy window and large transition probability in order to

fit the experimental data results in fewer geometries starting from multiple electronic

state.
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3.1 Introduction

1-hydroxy-2-acetonaphthone(HAN) belonging to the ESIPT-active family is used in
probing the micro-environment, chemical, and biological caging effects.6%166 There are
many studies, both experimental and computational, on HAN due to its unusual photo-
physical properties. The most controversial topic has been the issue of ESIPT in HAN.
In contrast to typical ESIPT systems that exhibit Stokes shift ~ 10000 cm~', HAN
showed a comparatively small (~ 6000 cm ') shift causing doubt about its existence.
Douhal et al.'87 studied fluorescence excitation and emission spectra in a supersonic
expansion. Tautomerization from the naphthol to the quinomethide form in the excited
state was concluded in their study. In addition, it was also concluded that instead of only
one coordinate being active during the proton transfer, multiple coordinates take part in
the process. The dual fluorescence spectra were later explained ' by having asymmetric
double-well potential energy surfaces (PESs) in both ground and excited states. On the
other hand, a study by Cataldn et al. concluded that HAN is devoid of any ESIPT 169,
Lu et al. 170 studied the excited state dynamics in the gas phase using femtosecond time-
resolved multiphoton ionization and showed that HAN exhibited biexponential decay,
one of those being the rapid ESIPT of ~ 60-85 ps time scale. Lochbrunner et al.!™!,
using Raman and transient absorption studies, obtained the ESIPT time scale to be ~
30 fs. In fluorescence and time-resolved photoelectron studies, Catdlan and Paz!™ re-
ported that HAN exhibits two stable enol forms in the first 7-7* excited state which can
easily be converted into each other by twisting about the methyl group. They concluded
that the presence of the two enol forms gave rise to a split-doublet in the fluorescence

1.173 examined the excited

excitation spectra. In one of the most recent studies, Kim et a
state dynamics of HAN by time-resolved fluorescence studies in acetonitrile. It was ob-
served that the excited normal form got deexcited with a 80 fs time constant, while the

ESIPT time constant is < 25 fs.

Keeping in mind the above results, many computational studies have also been

carried out at different levels of theories to explain the mechanisms of various photo-

174

physical processes. Szeghalmi et al.*’* carried out complete active space self-consistent
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field (CASSCF) studies along with a resonance Raman spectroscopic study and con-
cluded that ESIPT occurs due to an increase in the electron charge on the carbonyl
oxygen and a decrease in hydroxyl oxygen. The possibility of a stable keto structure in
the ground state has been a topic of various studies.!™ 177, Regarding this, Tobita et
al. 17® suggested that the rotated form of keto viz trans-keto conformer is formed in the
ground state via internal conversion of the twisted protonated form after relaxation from
the Sy state. Their results coincide with that of Organero et al.'7®. Ortiz Sinchez et
al.1"" performed density functional theory (DFT) and time-dependent DFT (TDDFT)
based studies and showed that two minima corresponding to the enol and trans-keto
conformer are present in the ground state with enol being the most stable form. It was
concluded that the proton-transfer is not possible in the ground state. In 57, the energy
barrier was quite low at the TD-DFT level, enabling the ultrafast ESIPT process. A
one-dimensional ab initio potential energy curve was constructed and quantum dynam-
ical studies using this curve resulted in a very fast, ~ 25 fs, ESIPT process. This result
is in good agreement with the experimental result of Lochbrunner et al.'”" Two recent
computational studies by Yang et al.'™ and Ning et al. 8 based on the TDDFT method
have provided more information on these systems. Yang et al.'™ carried out the calcu-
lation with the inclusion of the solvents and concluded that the keto-rotamer is possible
in the S; state after proton transfer due to a smaller barrier. They also showed that the

keto-rotamer formed by twisting of the -COCH3 group is the most stable form in the Sy

181 180

state, in accordance with the results of Organero et al.'®" Ning et al."°" performed an
adiabatic molecular dynamics simulation with the TDDFT method. The results con-
firmed the occurrence of proton transfer in HAN by calculating the proton transfer time

to be 37 fs, in accordance to the experimental report by Kim and coworkers.!™

From the above discussion, it is clear that there are still issues to be resolved re-
garding the photocycle of HAN. Questions regarding the exact proton transfer time and
relaxation pathways from the excited states are still to be resolved. In this scenario,
computational studies are of great help and in particular, static and dynamical studies
with wave function based methods such as second-order coupled-cluster(CC2),16 the

153,182
M

second order algebraic diagrammatic construction (ADC(2)) or if possible, mul-

ticonfigurational methods such as CASSCF 718 methods, add to our understanding
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which has been highlighted in many recent studies. 1837187 To the best of our knowledge,
the static and dynamic studies reported earlier were confined only to the proton transfer
process and the various relaxation pathways have not been explored. The present study
is carried out with the objective of illustrating various excited state processes including
proton transfer and two different pathways of deactivation in HAN at ADC(2) and com-
plete active space second-order perturbation theory (CASPT2) levels of theories. The
ADC(2) method 53182 was selected in our study due to its success in explaining the var-
ious excited state processes in other molecules. 2?8187 Ag shown in the literature, wave
function-based methods are efficient and produce accurate dynamical results. 7188 For
ADC(2), a particular advantage is its usage with the resolution of identity (RI) approach
which immensely reduces the computational time. 39191 In particular, we use the em-
pirically scaled opposite spin (SOS) 25192 correction variant of ADC(2) in our studies.
The combined static electronic structure and dynamical calculations are performed to

provide new insights into the excited state processes with the SOS-ADC(2) method and

the results are compared to the literature results.

3.2 Computational Details

In all of the calculations, core electrons were kept frozen. Optimized ground state ge-
ometries of various enol and keto conformers were obtained at the second-order Mgller-
Plesset perturbation theory % level with SOS corrections scheme and the RI approxi-
mation (RI-SOS-MP2). Similarly, first excited state geometries of all the conformers are
optimized at RI-SOS-ADC(2) level of theory. Normal mode analyses are performed at
the same levels of theory. Absence of imaginary frequencies indicated that the optimized
structures are true minima. Vertical excitation energies (VEEs) were calculated at the
optimized ground state geometries at RI-SOS-ADC(2) level. For studying the proton
transfer, potential energy curves along the proton transfer coordinate were computed in
So and S; states at SOS-ADC(2) level. For studying the deactivation paths, potential
energy curves along the twisting coordinates were constructed. In the keto region, re-
laxed scans were performed in the S; state, and this was followed by rigid scans in the

So state at the S; optimized geometries. In addition, the S;/Sy MECI structure was
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located in this region at CASSCF level of theory. In the enol Franck-Condon region,
the curves were constructed by constrained optimization at SOS-ADC(2) level. Further,
single point calculations at the multi-state multireference CASPT2 (MS-MR-CASPT2)
level were also performed at SOS-ADC(2) optimized geometries. The intruder state
issue was handled with a level shift of 0.5 a.u. in the CASPT2 calculation. MP2 and
ADC(2) calculations were carried out with correlation-consistent polarized valence dou-
ble zeta (cc-pVDZ) 193194 basis set. On the other hand, CASPT2 and CASSCF studies
used 6-31G(d) and 6-31G(d,p) basis sets. Multireference calculations were carried out
using the MOLPRO 2012 program suite!?. All other electronic structure calculations
were conducted using the TURBOMOLE 7.1 program. %6

Semi-classical dynamics simulations were performed in the gas phase with the
NEWTON-X software 97198 interfaced with TURBOMOLE 7.1. In the adiabatic dy-
namics study, 200 initial conditions were generated from a harmonic-oscillator Wigner
distribution of the normal modes of the ground state optimized geometry. Trajectories
were simulated up to 120 fs with a time step of 0.5 fs. The time period chosen here was
sufficient to describe the proton transfer time. Dynamics was initiated in the S; state
by employing RI-SOS-ADC(2)/cc-pVDZ. Statistical analysis of all the trajectories was
performed to obtain detailed insights into the time evolution of proton transfer. In our
study, the proton transfer time was taken as the time when the transferred proton was
equidistant from the donating and the accepting atoms. Henceforth, RI-SOS-MP2 and
RI-SOS-ADC(2) will be denoted as MP2 and ADC(2), respectively.

3.3 Results and discussion

3.3.1 Sy optimized geometries

In our study, four possible enol and four possible keto structures are considered. Opti-
mized structures of all the possible enol and keto conformers in the Sy state are shown
in Fig. 3.1 and their Cartesian coordinates are given in the Appendix 4. Vibrational
frequencies of all these structures, as shown in Table A8, are real. In Fig. 3.1, few

atoms in E-a that are involved in the proton transfer and the deactivation processes are
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FicUure 3.1: Optimized structures of different enol and keto conformers of HAN in
the Sy state. Relative energies of the conformers with respect to that of E-a are given
in parentheses. Torsional angles ¢1, ¢2, ¢35 (in degrees) are marked (The positive and
negative values of dihedral angles indicate the clockwise and anti-clockwise rotations,
respectively). All results are obtained at MP2/cc-pVDZ level of theory.

labeled. It is to be noted here that all of the enol isomers presented here and two keto
isomers were explored by Organero et al.!"®!8! ysing restricted Hartree-Fock (RHF),
MP2 and configuration interaction singles (CIS) methods. These isomers are denoted as
E-a, E-CO, E-OH, E-b, K-a, and K-COin our study. The K-b form was found in the
TDDFT study by Ning et al. 189 All of these isomers are formed from the intramolecular
hydrogen-bonded structure of E-a and K-a by torsional rotations about £ZH;-O2-Cs-
Ca(¢1), £C3-C4-C5-O¢(p2), and £C4-C5-O¢-H;(¢3). Additionally, the structure K-OH
in which the hydrogen atom connected to Og points away from the naphthalene ring is
also considered in our work. The most stable structure in the ground state corresponds

to E-a which agrees with the previous computational studies.!76:177:180,181

The energy
of E-a is taken as the reference and energies of all the other structures shown in Fig. 3.1
are relative to the energy of this structure. E-a is completely planar and its stability is
due to an intramolecular hydrogen bond(H-bond) between the oxygen of the carbonyl
group and the hydrogen of the hydroxyl group. The other isomers E-CO, E-OH and
E-b are devoid of any intramolecular hydrogen bonds. Considering E-a as the refer-
ence point for rotations, E-CO is formed by a 180° twist along ¢» and this is 0.44 eV
higher in energy. E-OH, formed by rotations of -160.3° and -24.3° along ¢; and ¢o,

respectively, is higher by 0.61 eV. Torsional rotations along the same two coordinates by

-158.4° and 179.50°, respectively, led to the formation of E-b at 0.43 eV. The stability
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FI1GURE 3.2: Comparison of selected geometrical parameters of E-a and K-a in Sy and
S; states.

of these conformers are in the following order: E-a > E-b > E-CO > E-OH which is

in agreement with the CIS results of Organero et al.'7®

Among the proton transferred forms, K-a is found to be the most stable structure
in Sp, and is 0.36 eV higher than E-a. This is in contrast to the studies by Organero
et al. 176181 and Ortiz-Sanchez et al.!”” in which the structure K-a in the ground state
was not located. Instead, K-CO structure was obtained as a local minimum in the
ground state. For the keto-conformers, K-a is taken as the reference point for rotation.
K-CO is obtained by a twisting of 180.0° along ¢ and is located at 0.84 eV. K-OH
is 1.1 eV higher in energy than E-a. This structure is a result of a torsional rotation
of 180° along ¢3. K-b, on the other hand, is almost similar in energy to K-CO and
is formed by rotations of -180.0°along both ¢o and ¢3. The energy of K-CO is in
close agreement with the result of Organero et al.!” in which a difference of 0.96 eV
is reported. Since E-a and K-a are involved in proton transfer processes, structural
differences between these two are compared by measuring the bond lengths which are
involved in the intramolecular hydrogen bonds. Fig. 3.2 shows a comparison of these
bond lengths. These parameters are also tabulated in Table A3. It is observed that
0,-C3 and C,4-Cs bond lengths are shortened from E-a(1.35 A and 1.49 A) to K-a(1.26
A and 1.40 A) by 0.09 A each. In addition, the lengthening of C3-C4 and Cj-Og bonds
by 0.06 A and 0.08 A, respectively, is observed from E-a(1.41 A and 1.24 A) to K-

a(1.47 A and 1.32 A).The remaining C-C bonds in the naphthalene moiety show only
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9,

F1GURE 3.3: Optimized ground state structure of the complex between HAN and two
acetonitrile molecules.

minor variations between E-a and K-a structures. These observations clearly explain

the stability of E-a over K-a on the basis of aromaticity which is lost in K-a.

3.3.2 VEEs and frontier molecular orbitals(FMOs)

VEEs of E-a were obtained using the cc-pVDZ basis set. VEE to the lowest '7m* ex-
cited state (E,') was found to be 3.94 eV, showing a deviation of ~0.5 eV from the
experimental result of 3.4 eV.1™ We note here that this discrepancy between the exper-
imental and computational results can arise due to various reasons. At first, we checked
the effect of the basis set. The Eg1 values were found to be 3.86 eV, 3.85 eV and
3.82 eV using cc-pVTZ, aug-cc-pVDZ and aug-cc-pVTZ basis sets, respectively. It is
worth mentioning here that deviations of about 0.3 to 0.57 eV from the experimentally
reported values are reported for systems similar to HAN such as salicylic acid, mal-

40,41 and for other systems as well 1997201

onaldehyde and ortho-hydroxy benzaldehyde,
at the CC2/ADC(2) level of theory. Besides the basis set effect, another source for
this deviation is the noninclusion of a solvent. Absorption properties are greatly influ-

enced by solute-solvent interactions which usually stabilize the excited state resulting
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in a red-shift of the spectrum. To check the effect of acetonitrile solvent used in Ref.
23, we considered the implicit, and a combination of the implicit and an explicit sol-
vent model. Pure implicit/continuum solvent approaches use the bulk properties of a
solvent to polarize a solute. On the other hand, proper solute-solvent interactions are
taken into account by explicitly having a large number of solvent molecules in the sys-
tem. But this approach become computationally prohibitive if a large number of solvent
molecules are used, and therefore, in quantum mechanical studies, a fewer number of
solvent molecules are considered. For modeling the implicit solvents, we have used the
conductor-like screening model (COSMO)?202:203 in a state-specific approach as imple-
mented in TURBOMOLE7.1. Explicit solvation is considered by having two acetonitrile
molecules suitably placed around HAN as shown in the Fig. 3.3. The resultant vertical
excitation energies are 3.70 and 3.65 eV using implicit and combined implicit-explicit
models, respectively. This shows a very good improvement over the gas phase results.
We would like to mention here that approximately 1-2 solvation shells are required to be
considered quantum mechanically for convergence of excitation energies, in addition to
having a bulk which is usually treated using molecular mechanics(MM). Considering the
above results, we consider that the results obtained using ADC(2) are improved further
with a more accurate solvent model with a QM /MM type study. Nevertheless, keeping
in mind the computational cost for dynamical simulation, both static and dynamical

studies are carried out using the cc-pVDZ basis set in the gas phase.

VEE values calculated for the ground state optimized structures of all the conform-
ers are tabulated in Table 3.1. For each conformer, energies of only the first three lowest
lying excited states are shown with the corresponding oscillator strengths (foscs) and
their state characters. Molecular orbitals that contribute the most to the excitations to
the S; state are displayed in Fig. 3.4. S; states of E-a, E-b, E-CO and K-a are of
m-7* nature, and these states are primarily composed of the highest occupied molecular
orbitals (HOMO) — lowest unoccupied molecular orbital (LUMO) single excitations. It
is also observed from Fig. 3.4 that these orbitals have significant spatial overlaps with
each other which is reflected in their comparatively larger oscillator strength values. On
the other hand, S; states of E-OH, K-CO, K-OH and K-b are formed by promotions

of electrons from the HOMO-3 to LUMOs which involve comparatively lesser spatial
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TABLE 3.1: VEEs of the first three excited states of E-a, E-CO, E-OH, E-b, K-

a, K-CO, K-OH and K-b structures. Oscillator strengths (foscs) for the respective

transitions and orbitals involved in the transitions with the character of the correspond-

ing excited states are also shown. H and L denote HOMO and LUMO, respectively.

All of the results are obtained at ADC(2)/cc-pVDZ level of theory. The experimental
absorption maximum is at 365 nm.'"

Geometry | State | VEE (eV) | fosc | Transition | Character
Sy 3.94 0.105 H —L T
E-a So 4.32 0.000 | H-3 —>L nm*
Ss 4.61 0.047 | H —L+1 T
Sy 4.08 0.050 H —L w*
E-CO So 4.19 0.000 | H-3 —L nm*
S3 4.81 0.081 | H —L+1 T
Sy 3.97 0.004 | H-3 —L nm*
E-OH So 4.09 0.035 | H —L+1 ™
S3 4.61 0.073 H —L w*
Sy 4.08 0.024 H —L mr*
E-b So 4.09 0.008 | H-3 —L nm*
S3 4.72 0.077 H —L w*
S1 3.56 0.237 H —L T
K-a So 4.05 0.000 | H-3 —L nm*
S3 4.57 0.077 | H-2 =L T
S1 3.70 0.000 | H-3 —L nr*
K-CO So 3.91 0.256 H —L T
S3 4.56 0.083 | H-1—L Tt
Sy 3.46 0.000 | H-3 —L nr*
K-OH Sy 3.94 0.254 H —L ™
S3 4.57 0.098 | H-1—L T
S1 3.69 0.000 | H-3 —L nm*
K-b Sy 3.85 0.231 H —L T
S3 4.57 0.079 | H-1 —L Tr*

overlaps. This is reflected in the smaller magnitudes of fos.s. These S; states are of n-7*

nature.

3.3.3 Excited state minima

All of the eight conformers are optimized again in their S; states. We denote the Sy
structures with asterisks. Out of the eight, only seven structures are found to be stable
at the ADC(2) level. K-b* was found to have negative excitation energy, indicating
multireference character. Vibrational frequencies of all the seven optimized conformers

in the S; state are real and are presented in Table A9. Relative energies of these
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FI1GURE 3.4: Molecular orbitals corresponding to the So— S; transition.

optimized structures with the corresponding dihedral angles (in degrees) are presented
in Fig. 3.5. As observed in Fig. 3.5, K-a* (77*) is the most stable structure in S; which
agrees with TDDFT results by Ortiz-Sanchez et al.'”” and Ning et al.!'®%. Organero
et al.’® performed CIS calculation and reported K-CO* to be the global minima in
the S;. In the present study, the next stable structure corresponds to E-a* which is
of mm* character. E-a* is found to be the most stable structure than the other enol
conformers as in the Sp state. The stability of this form is attributed to the increase
in the 7 conjugation of the system upon photoexcitation.'®! The energy of these four
enol conformers are in the following order: E-b* > E-CO* > E-OH* > E-a* which
differs from that of Organero et al.!®!. E-CO* and E-b* are higher in energy by ~
0.66 eV from the E-a* and hence, we consider these inaccessible in the present study. 7"
E-OH* which is in the n7™* state is found to be lower in energy than the excitation
energy of E-a and is 0.19 eV higher than E-a*. Since E-OH* lies below the Franck-
Condon (FC) energy, this form is expected to be accessible through a rotation along ¢;
by -131.84° from the FC geometry. The existence of this form suggests the possibility of

a non-ESIPT deactivation channel which is discussed in a later section.

TH-3267 176122008



Chapter 3: Ezxcited state processes in ACN . .. 44

¢,=0.0 ¢, =-131.8 ¢, =-168.2
¢,=180.0 ¢,=1.2 ¢,=1785

¥

 E-CO* (4.27) & E-OH* (3.82) E-b* (4.29)

»]

¢,=169.9
¢,=-18.1

¢,=-9.75
¢,=157.3

'

o,
p

# K-a*3.51) # K-CO* (3.9) K-OH*(3.88)

FIGURE 3.5: Optimized structures of different enol and keto conformers of HAN in the

S, state. Relative energies (in eV) of the conformers with respect to that of E-a are

given in parentheses. Values of ¢1, ¢o, ¢3 are in degrees. All results are obtained at
ADC(2)/cc-pVDZ level of theory.

The energy difference between K-a* and E-a* is found to be 0.12 eV. Our results

178

are in close agreement with those of Tobita et al.*’® where an energy gap of 0.10 eV was

1.18! reported the two

reported. Ortiz-Sanchez et al. 1”7, Ning et al. ¥, and Organero et a
forms to be almost isoenergetic with a small gap of about 0.03 eV. S; states of K-CO*
and K-OH* are of n7* types. These two are found to be 0.39 eV and 0.37 eV higher
than K-a*, respectively, and are accessible via intramolecular rotations of K-a* along
¢2: 169.9° and ¢3: -18.1°, and ¢o: -9.75°, and ¢3: 157.3°. Similar to E-a*, the stability
of K-a* over the other two conformers is attributed to the presence of intramolecular
hydrogen bonding. Considering the proton transfer process, the difference in the bond
lengths E-a* and K-a* conformers are compared in Fig. 3.2 and the data is also
presented in Table A3. The differences in the C-C bond lengths of the naphthalene
ring between E-a* and K-a* are very small indicating a negligible loss of aromaticity
in the proton transfer process. In the E-a form, there is a lengthening of the covalent
bond H;-O5 from 0.99 A in the Sy to 1.07 A in the S;. In addition, the hydrogen bond
Og ...H; and distance between the two oxygen atoms Os...Og are shortened from 1.69
A and 2.59 A in the Sy to 1.42 A and 2.45 A in the Si, respectively. Furthermore,
the bond angle Z09-H1-Og is increased from 149.2° to 159.3° upon excitation. Zhao
and Han?%* determined the strength of H-bond upon photoexcitation by monitoring the

spectral shift of the vibrational modes. In our study, this concept was used and the two
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vibrational modes which are involved in the intramolecular H-bond are analyzed. The
O-H and C=0 stretching frequencies of E-a in the Sy state are found to be 3422 cm ™!
and 1731 cm ™!, respectively. Red shifts of 1310 cm~! and 53 cm ™! are observed upon
excitation to S; where these two vibrational modes are located at 2112 cm™! and 1679
cm !, respectively. Changes in the bond lengths, bond angles, and the spectral shifts
between Sy and S; states indicate that the intramolecular H-bond is strengthened in
the S; state. This in turn can ease the proton transfer process in the S; state which is
discussed in the next section. Emissions from E-a* and K-a* are found to be at 3.25 and
2.64 eV, respectively. Emission from K-a* is in good agreement with the experimental

value of 2.66 eV, hence confirming the occurrence of proton transfer.

3.3.4 Proton transfer process: Statics and dynamics

A detailed insight into the excited state chemistry can be obtained from the PESs
along the involved coordinates. Static potential energy curves were generated along the
proton transfer coordinate in both the Sg and S states using MP2 and ADC(2) methods,
respectively. The curves were constructed by constrained optimizations, where the H;-
O, bond was fixed for a set of values starting from 0.95 A to 1.8 A. The increment
in the H;-O bond was varied from 0.01 to 0.1 A. The relaxed potentials are shown
in Fig. 3.6. Transition state structures for the tautomerization process in the Sy and
S; states were also obtained. These are characterized by imaginary frequencies of 893
and 3407 cm™!, respectively. A barrier of 0.38 eV was obtained in the Sy and an almost
barrierless(0.01 kcal/mol) pathway was found in the S; state. A barrierless path in the S;
state suggested an ultrafast proton transfer process, in accordance with the experimental
results of Lochbrunner et al.!”™' and Kim et al.!™ The above results are in agreement
with TDDFT results of Ning et al.'® where a small barrier of 0.01 eV was reported
for the S; and 0.31 eV for Sy state. The two curves also illustrate the exothermicity
and endothermicity natures of proton transfers in the S; and Sy states, respectively. It
is also observed from the figure that the reverse proton transfer is more facile in the

ground state due to a smaller barrier of 0.02 eV.
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FIGURE 3.6: Relaxed potential energy profiles of E-a along the proton transfer coor-
dinate in S and S; states.

47 fs

FIGURE 3.7: Snapshots of a typical trajectory representing the time evolution of proton
transfer process of HAN in the S; state.

In addition to exploration of the above static potential energy curves, on-the-fly
adiabatic dynamics simulation was also carried out using the NEWTON-X software.
The dynamics was initiated at the FC geometry of the first excited state of E-a. Fig.
3.7 displays snapshots of a typical trajectory of HAN at three different time intervals;
the E-a* structure at 0 fs, an intermediate structure at 42.5 fs where the proton is
nearly equidistant (1.2 A) from the donating and accepting groups, and the formation
of K-a* at 47 fs. Fig. 3.8 shows the time evolution of proton transfer process where
the intersection point of the two curves gives the proton transfer time. Our result
shows the average proton transfer time to be around 43 fs which is slightly higher than

the experimentally reported values of 25 fs. It is worth mentioning that the TDDFT
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dynamics by Ning et al.*®” resulted in a proton transfer time of 37 fs.
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FIGURE 3.8: Time evolutions of Os-H; and Og-H; bond lengths averaged over 200
trajectories.

3.3.5 Non-radiative deactivation pathways

It is well known that torsional motion plays an important role in non-radiative decay
process in many typical ESIPT active systems. In HAN, a low quantum yield was

178 and their prediction of the existence of a

reported experimentally by Tobita et al.
non-radiative pathway prompted us to explore the PESs along the twisting coordinate.
In our study, two relaxation pathways were considered: one from the E-a* region and

the other from the K-a* region.

3.3.6 Deactivation from E-a*

As mentioned in a previous section, energetically E-OH* is below the FC energy of E-a*
hinting at the possibility of non-radiative relaxation from the enol region. Estimation
of the barrier for the conversion from E-a* to E-OH* was carried out by a set of
relaxed scan calculations along ¢; from 0 to -130° at ADC(2) level. As shown in Fig.
3.9, a barrier of 0.65 €V is obtained from the energy difference between ¢;= 0° and

-67°. To check the results further, single point calculations using the state-averaged
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CASSCF method (equal state weights and three roots), was performed at the ADC(2)
S1 optimized geometries. In these calculations, an active space of 12 electrons in 9
orbitals was chosen. The active space orbitals are shown in the Fig. Al. This was
followed by MS-MR-CASPT?2 calculation using the above mentioned CASSCF reference
wave function with 6-31G(d,p) basis set for generating potential energy curves of the
two low-lying excited states along ¢1. As shown in Fig. A2, torsional rotation along ¢
results in increasing the energy along S; and simultaneously, decreasing the energy along
So. This leads to a gap of 0.09 eV at -67° indicating the presence of a conical intersection.
Consistent with the ADC(2) results, the MS-MR-CASPT2 potential energy profile also
shows a barrier of 0.28 eV. The presence of a large energy barrier excludes the possibility
of the isomerization process, and thus, ruling out the non-radiative deactivation from

the enol Franck-Condon region.
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FIGURE 3.9: Potential energy curve along the torsional coordinate ¢;, starting from
the E-a* geometry at ADC(2)/cc-pVDZ level in the S; state.

3.3.7 Deactivation from K-a*

To understand the deactivation pathway from the proton-transferred form K-a*, a set
of relaxed scans was carried out along the ¢o angle. The potential energy profile in the
So state is obtained from the single point energies of the corresponding optimized Sy

geometries. As shown in Fig. 3.10, a small energy barrier of 0.01 eV is obtained in the
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FIGURE 3.10: Potential energy curves along the torsional coordinate ¢, starting from

the K-a* geometry. In Sy, relaxed scans are performed at the ADC(2)/cc-pVDZ level.

For Sy, single point calculations at MP2/cc-pVDZ level are carried out at the Sy opti-
mized geometries.

S; state estimated from the difference between energies at ¢o= 0° and 30°. Following
the barrier, a gradual decrease in energy occurs in the S; state. Because of the single-
reference character of the ADC(2) method, the potential energy profile in the S; state
could not be obtained beyond 78°. From Fig. 3.10, we can see that the Sp energy
increases sharply and advances towards the S; state till it reaches a point of closest
approach at 78°. The gap between the Sp and S; states is found to be 0.02 eV at this
point. This small gap suggested the presence of a conical intersection which can act
as a funnel for the molecule to relax non-radiatively. Since ADC(2) cannot accurately
describe the topography of the PES in the vicinity of the crossing seam between Sy and
S1, the CASSCF method was employed to optimize the MECI geometry. Starting from
the ADC(2) geometry at ¢ = 78°, a two-state averaged CASSCEF calculation with equal
weights was performed. In this CASSCF study, the active space contained 10 electrons
in 8 orbitals. These active space orbitals are presented in Fig. A3, which includes
five m and three 7* orbitals. Further, CASSCF energies were corrected for inclusion
of dynamical correlation using the MS-MR-CASPT2 method. CASSCF optimization
was performed with 6-31G(d) basis set and single-point MS-MR-CASPT2 calculations

with 6-31G(d,p) basis set. A MECI geometry between S; and Sy was obtained at ¢o=
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FIGURE 3.11: Front and lateral view of the optimised S;/So MECI geometry in the
keto region at SA-2-CASSCF(10,8)/6-31G(d) level.

96.6°, and this geometry is displayed in Fig. 3.11 The energy difference between the
two states at the MS-MR-CASPT2 level is 0.14 eV. These results indicate that the
relaxation process through internal conversion is feasible. To study this deactivation
pathway, non-adiabatic dynamical studies were carried out at the ADC(2)/cc-pVDZ
level using NEWTON-X. Fifty trajectories were computed for a maximum simulation
time of 600 fs. Out of these, only six trajectories completed the full duration of dynamics.
Analysis of the trajectories showed a small change of 5° in the ¢ angle. In addition,
the energy difference between the S; and Sy states remained larger than 1.0 eV over the
whole propagation time. These results indicate that the molecule does not approach
the crossing seam within 600 fs. A larger simulation time with a larger number of
trajectories is probably required for studying this deactivation path. In addition, multi-
reference methods like CASSCF are better suited to study these type of deactivation
processes. We aim to take the present preliminary results further with multi-reference

dynamical studies to understand all the deactivation pathways of HAN.

3.4 Conclusions

In our study, the photochemistry of HAN has been investigated using state-of-the-art
computational methods. A combination of electronic structure calculations at ADC(2)
and multireference levels, and dynamics simulations at ADC(2) level were carried out.
From these calculations, the ESIPT and relaxation processes were sketched providing a

detailed insight into the photochemistry of HAN. Upon photoexcitation, the molecule
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reaches the FC enol region which then relaxes to the keto region through an ultrafast
process of proton transfer with a proton transfer time of 43 fs. From this point, the
molecule can relax to the ground state through two channels: (a) through fluorescence
from the keto minimum; and (b) through internal conversion via intramolecular rotation
along the C=C bond. The latter relaxation pathway is feasible owing to a small barrier
along the torsional path, and the presence of the crossing seam associated with the
corresponding reaction coordinate. Non-adiabatic dynamics simulations based on the
surface-hopping method suggested that the non-radiative relaxation cannot take place
within 600 fs simulation time. Our results which are based on highly correlated methods
deliver a better understanding of the photophysical and photochemical processes of HAN.
Dynamical studies using multireference methods are underway and will shed more light
on the deactivation pathways. The method employed here can also serve the purpose of

further exploration of the photochemistry of similar systems.
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In this chapter, the ground and excited state properties of two nitrile-substituted

2-(oxazolinyl)-phenols in the gas phase, and in two implicit solvents (cyclohexane and

methanol) are reported. Computational studies comprising of static calculations at

density functional theory (DFT) and ab initio, and non-adiabatic dynamics at DFT

levels are performed. The implicit solvent has little influence on the proton transfer

(PT) time scale in the S; state and an average PT time of ~11-15 fs is predicted.

Following PT, non-radiative decay channels are explored and these channels are found

to be more probable in the gas and cyclohexane than in methyl alcohol. Reproduced

from ” Chemical Physics Letters, 2022, 806, 139969” with permission from Elsevier.
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4.1 Introduction

Brightly emissive organic compounds are of significant interest in the field of material
science due to their numerous practical applications in biological sensing,?%2% display

207,208 and molecular probes. 209219 Molecules undergoing ESIPT are exem-

technologies,
plary candidates for such applications, and coupling of ESIPT with aggregation-induced

emission has received widespread attention in recent times.

Conjugated organic compounds built from the simplest benzene unit are commonly
employed in developing efficient luminescent systems. However, the large size of conju-
gated systems lead to decrease in solubility resulting in aggregation. In aggregated form,
the intermolecular 7-7 interactions and charge transfer (CT) lead to non-radiative deac-
tivation through conical intersection (CI) giving rise to emission quenching. To overcome
the drawbacks associated with m-conjugated systems, in recent times, researchers have
focused on developing small-sized fluorophores. Fluorophores with low molecular weight
and single-benzene based fluorophore designs are limited.?!! Recently, Gobel et al. syn-
thesized four nitrile-substituted ortho-hydroxy-2-phenyloxazolines regiomers based on
single-benzene ESIPT.?!?2 These four regiomers showed different emission properties in
solvent and crystalline phases. In particular, 2-(4,4-Dimethyl-4,5-dihydrooxazol-2-y1)-3-
hydroxybenzonitrile (1-CN) and 3-(4,4-Dimethyl-4,5-dihydrooxazol-2-yl)-4-hydroxybenzonitrile
(2-CN), with nitrile groups at ortho and meta positions, respectively, were found to be
weakly emissive in solvent phase. In addition, changes in the position of the CN sub-
stituent from ortho to meta (1-CN vs 2-CN) resulted in the blue shift of both absorption
and emission maxima. The weak emissive nature can arise from access to conical inter-

sections (CI) and twisted intramolecular CT.

Understanding the underlying mechanisms at the atomistic scale is essential for im-
proving material’s performance. Computational studies at this stage are of great help
to elucidate the structural differences between the systems, and to understand the dif-

1 213

ferences in photophysical properties. Liu et a investigated the ESIPT mechanism of

4-(4,4-Dimethyl-4,5-dihydrooxazol-2-y1)-3- hydroxybenzonitrile (3-CN) at TDDFT level

of theory. Very recently, a computational study was carried out by Li et al.?!* to explore
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the difference in fluorescence quantum yield between 1-CN and 3-CN. Time-dependent
DFT (TDDFT) studies were performed at BSLYP/TZVP level of theory in acetonitrile
solvent using integral equation formalism polarizable continuum model (IEF-PCM).?!?
A large spin-orbit coupling and a small energy gap resulted in large intersystem crossing
in 1-CN. Keeping the above experimental and computational results in mind, we have
chosen both 1-CN and 2-CN to explore the proton transfer time and the effect of non-
radiative transition on the quantum yields. For this, static and dynamical simulation
studies were carried out at TDDFT level in gas and in implicit solvents (cyclohexane
(CyHex) and methyl alcohol (MeOH)). In addition, the second-order algebraic diagram-
matic construction ADC(2) 153182 and multiconfigurational methods such as complete
active space self-consistent field (CASSCF)!''7 and multistate complete active space
second-order perturbation theory (MS-CASPT2)!8 are also included in our static cal-
culations. In recent times, ADC(2) method has been used to analyze and understand
the excited state processes?00:201,:216-219 " Tp) the next section, details of computational

methods are given. The results are presented and analyzed in the Results & Discussion

section. We summarize our findings in the Conclusion section.

4.2 Computational Details

The enol and keto geometries of 1-CN and 2-CN were optimized in the Sy state using
DFT at the B3LYP/cc-pVDZ!% level. The solvent effects of CyHex and MeOH were
taken into account using IEF-PCM. Frequency calculations were performed for all the
optimized structures, and absence of imaginary frequencies confirmed that the obtained
structures are true minima in the potential energy surface. VEE calculations were
performed at the optimized Sg geometries at TDDFT level. To verify the suitability
of chosen functional, VEEs were also calculated at ADC(2) level of theory. In case of
ADC(2), the scaled opposite-spin (SOS)!23192 variant with the resolution of identity
(RI) 199220 approximation was employed in our studies. For further verification, we also
calculated VEEs using the recently developed domain-based local pair natural orbital

similarity transformation based equation of motion coupled cluster singles and doubles

(DLPNO-STEOM-CCSD) method.

TH-3267 176122008



Chapter 4: Nitrile-substituted 2-(ozazolinyl) . .. 56

In the S; state, TDDFT was used for structure optimizations of enol and keto
forms. Similar to the Sy state, results of frequency calculations in S; showed no imag-
inary frequencies. For studying the PT and non-radiative deactivation paths, potential
energy curves (PEC) were generated along PT and twisting coordinates, respectively.
For PT, constrained optimizations were performed by fixing O-H bond length in both
So and S; states. For constructing the PECs along the twisting coordinates, relaxed
scans in S; were performed. The corresponding energies in the Sy state were obtained
by performing single-point calculations at the above S; optimized geometries. DFT and
TDDFT studies were performed using Gaussian 1622!. The SOS-ADC(2) calculations
were conducted using the TURBOMOLE 7.1 program. ¢ DLPNO-STEOM-CCSD sin-
gle point calculations were carried out using the ORCA package.??? Characterization of

the excited states were carried out using the TheoDORE package. 2237225

Multireference calculations were carried out for locating (i) the MECI geometry,
and (ii) for constructing the linear interpolations in internal coordinate (LIIC) paths
connecting the keto minima in S; to the corresponding MECI structures for estimating
the barrier heights. For MECI geometry optimization, the CASSCF method was em-
ployed using a state-averaged approach over the first two singlet states of equal weights,
denoted as SA2-CASSCEF. The active space comprised of eight electrons in seven orbitals.
To account for the dynamic electron correlation, MS-CASPT2 studies were performed
with a level shift parameter of 0.3 a.u. to mitigate the intruder state effect. For LIIC
calculations, CASSCF studies used active spaces comprising of ten electrons in nine or-
bitals averaged over three singlet states, denoted as SA3-CASSCF. All the multireference

calculations were carried out using the MOLPRO ' suite of programs.

On-the-fly semi-classical dynamics simulation was performed using the NEWTON-
X 197198 ipterfaced with Gaussian 16. 500 initial conditions were generated from a
Wigner distribution of the ground state harmonic oscillator for simulations of absorp-
tion spectra for 1-CN and 2-CN in gas, CyHex and MeOH. The initial conditions for
dynamics simulations were then chosen from energy windows of +0.1 at corresponding

absorption maxima. Velocity-verlet algorithm?26227 implemented in NEWTON-X was

chosen for integrating the nuclear motion. Born-Oppenheimer electronic energies and
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2-CN-Enol 2-CN-Keto

FIGURE 4.1: Optimized structures of enol and keto forms of 1-CN and 2-CN in the Sy
state in gas phase.

gradients were computed for each time step at TD-B3LYP /cc-pVDZ level of theory. A
total number of 50 trajectories with a maximum duration of 100 fs was computed for
analyzing the PT time in the gas, CyHex and MeOH phases. A time step of 0.025 fs
was set for integrating the quantum equations while the classical equations for nuclear
motion were integrated with 0.5 fs time step. The maximum duration was later extended

to 1000 fs for a subset of 25 trajectories for predicting the non-adiabatic relaxation time.

4.3 Results and Discussion

4.3.1 Ground State Optimized Geometries

The ground-state optimized structures of the enol and keto conformers of 1-CN and 2-
CN in the gas phase are shown in Figure 4.1. A few atoms involved in PT and torsional
rotation are labeled for 1-CN in Figure 4.1. Similar structures of the conformers are
obtained in CyHex and MeOH solvents. Cartesian coordinates of all the optimized
geometries are listed in Tables B1 and B2. In general, the PT process in S; originates at

the FC point of the ground state global minimum structure. Therefore, it is important
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TABLE 4.1: Relative energies(in eV) of the Enol and Keto forms of 1-CN and 2-CN

in Gas, CyHex and MeOH in the Sy and S; states computed at B3LYP/cc-pVDZ and

TD-B3LYP/cc-pVDZ levels of theory. The enol ground state energy in MeOH is taken
as reference. Keto* represents the stable structure in the S; state.

1-CN 2-CN
Medium Enol Keto Keto* | Enol Keto Keto*
Gas 0.26 0.54 3.52 0.26 0.56 3.03
CyHex 0.15 0.37 3.36 0.15 0.37 3.48
MeOH 0.00 0.14 3.09 0.00 0.10 3.26

to locate the global minimum in Sp. In the present study, the enol conformers are found
to be the most stable in the ground states. Table 4.1 shows the relative energies of the
conformers in gas and solvent phases relative to the energy of enol form in MeOH. For
both enol and keto conformers in 1-CN and 2-CN, the stabilities are in the following
order: MeOH > CyHex > Gas. For both the systems, the differences in energies between
the enol and keto forms were found to be in the range of 0.1-0.3 eV. The stability of
enol structure over keto is attributed to the aromaticity of the phenolic ring and the
planarity of the pseudo ring found in the enol form.??® In solvents, however, the energy
differences were found to be smaller. The smallest energy differences of 0.14 and 0.10
eV are obtained in MeOH for 1-CN and 2-CN, respectively. To check the effect of basis
sets, optimizations were also carried out using aug-cc-pVDZ and cc-pVTZ basis sets.
The results are tabulated in Table B4. Trends similar to the results for cc-pVDZ basis
sets were observed with the above two larger basis sets for both 1-CN and 2-CN. The
above results show that use of cc-pVDZ is sufficient for the ground state studies. The
permanent dipole moments of enol and keto forms of 1-CN in the gas phase are found to
be 3.03 D and 4.77 D, respectively. The values increase to 3.32(3.65) and 5.46(6.36) in
the CyHex(MeOH) solvents. This shows that both enol and keto conformers are more
polar in solvents. Similar results are obtained for the 2-CN conformers. The polarization
of these compounds in solvent phases lead to more stabilization as compared to that in
the gas phase which corroborates with the aforementioned relative stabilities of the

conformers.

The selected bond parameters of both regiomers in the gas and solvent phases are
listed in Table 4.2 and Table A5, respectively. The optimized bond lengths are found to

be closer to the reported crystal data. Small differences of 0.01-0.02 A in the bond length

TH-3267 176122008



Chapter 4: Nitrile-substituted 2-(oxazolinyl) . .. 59

TABLE 4.2: Summary of selected bond lengths(A), bond angle(in degree) of the op-
timized structures of Enol and Keto in the Sy and S; states calculated at BSLYP/cc-
pVDZ level of theory in the gas phase. The conformers in the S; state are denoted with

asterisks.
1-CN 2-CN

Geometrical parameters Enol Keto Keto* | Enol Keto Keto*
H1-O9 1.01 154 190 | 1.01 1.60 3.03

H:-Ng 1.65 1.08 1.03 | 1.70 1.07 1.02

02-C3 1.33 127 130 | 1.33 1.27 1.26

C3-Cy 1.43 1.46 147 | 142 147 1.45

C4-Cs 1.46 1.42 142 | 146 142 1.51

Cs5-Ng 1.29 1.32 1.36 | 1.29 132  1.40

£ C3-Cy4-C5-Ng 0.5 3.4 21.4 0.0 2.6 76.0

of 1-CN-enol were found between the gas and solvent phase geometries. This shows that
implicit solvent models have little influence on the geometry of enol in the ground state,
and this is due to the lack of explicit solute-solvent intermolecular interactions. As in
the case of relative energies mentioned above, the geometrical parameters with larger
basis sets are also similar to the results of the smaller basis sets, validating the chosen
method. The selected geometrical parameters of both the compounds obtained at larger
basis sets are listed in Tables B6 - B7. Looking into the subtle differences in the H;-Ng
bond of enol in different environments, we found that the H-bond length is shorter in
MeOH which is indicative of a stronger H-bond in polar solvents. Values of inter ring
dihedral angles ¢;=/C3-C4-C5-Ng in the enol forms of 1-CN and 2-CN are found to be
in close agreement with the reported crystal data, showing a nearly planar quasi six-
membered ring structure for atoms 1-6 in both gas and solvent phases. Minor deviations

from planarity are observed for the keto forms.

4.3.2 Vertical Excitation Energies

VEESs are computed for the ground state optimized geometries at various levels of theory.
In order to find the reliable method that gives an accurate description of the excited state
energies, VEEs were calculated at TDDFT and RI-SOS-ADC(2) levels, and comparisons
were made with the experimentally reported values of absorption maxima. At TDDFT

level, a set of functionals such as B3LYP, 128229 CAM-B3LYP, 4! PBEO0,**° M06-2X,23!
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TABLE 4.3: VEEs (in eV) with oscillator strength(inside the parentheses) for the first
three singlet excited states of 1-CN and 2-CN. Results in Gas, CyHex and MeOH
obtained at TD-B3LYP/cc-pVDZ level of theory are shown.

State 1-CN 2-CN
Gas CyHex MeOH Gas CyHex MeOH
S1 4.01(0.146)  3.97(0.198)  3.97(0.195) | 4.22(0.103) 4.24(0.135) 4.31(0.126)
So 4.77(0.188)  4.68(0.224)  4.63(0.182) | 5.00(0.036) 4.93(0.046)  4.88(0.042)
S3 5.18(0.002)  5.13(0.007) 5.08(0.001) | 5.41(0.411) 5.29(0.611) 5.23(0.487)
Expt (S1) 3.85 3.86 4.05 4.09

wB97XD, were included in our study. For 1-CN, the first excitation energies (Eé) ob-
tained using B3LYP, CAM-B3LYP, PBEO, M06-2X, wB97XD functionals in MeOH are
3.97, 4.23, 3.61, 4.31, and 4.23 eV, respectively Similarly, the values are 4.31, 4.58, 3.94,
4.64, 4.59 eV for 2-CN in MeOH. These results are obtained with cc-pVDZ basis set.
The corresponding oscillator strengths are ~ 0.2 and 0.1 for 1-CN and 2-CN, respec-
tively. Among these functionals, BSLYP produces the best values of Eg1 with deviations
of 0.11 and 0.22 eV, for 1-CN and 2-CN, respectively, from the experimental absorption
maxima. Our results are also in agreement with the computed values of VEE of 1-CN at
B3LYP/TZVP level of theory?'*. Therefore, BSLYP functional was chosen for further
studies. Further, the effect of basis set on Eg1 was also explored by calculating excitations
using larger basis sets such as def2-TZVP?32, cc-pVTZ!?3 and aug-cc-pVTZ'9*. With
the increase in the size of the basis sets, a small decrease (~ 0.02 eV) in the Eg1 was
observed. These values are collected in Table B8. Considering the little effect of larger
basis sets and also the computational cost, we have employed cc-pVDZ throughout our
studies. In order to assess the performance of the selected functional to describe excited
state properties, the RI-SOS-ADC(2) method was also employed in computing the VEEs.
The RI-SOS-ADC(2)/cc-pVDZ calculations were carried out at the BSLYP ground state
optimized geometries. In RI-SOS-ADC(2) studies, solvent effect was taken into account
using conductor-like screening model (COSMO) 202203, The RI-SOS-ADC(2) results are
presented in Table B9. The table shows that RI-SOS-ADC(2) results are blue-shifted
by 0.28 and 0.31 eV, for 1-CN and 2-CN, respectively, in MeOH. TDDFT results for
the Eé values are found to differ by 0.09-0.17 eV from the RI-SOS-ADC(2) results.
DLPNO-STEOM-CCSD Eg1 values for 1-CN and 2-CN are found to be 3.90 and 4.04

eV, respectively. A hybrid functional like B3LYP without any long-range correction is
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known to underestimate the energies of CT states. Therefore, to check the suitability
of B3LYP for the Sy states, the TheoDORE package was used to compute a descriptor
named CT number (wct) to verify whether a state is of CT or locally excited (LE)
type. A value of le for wer indicates CT character, and a value close to zero shows
the state to be a LE state. Small wcp values of 0.29 (0.23) and 0.34 (0.26) for the S;
states are obtained for 1-CN and 2-CN in the gas phase at BLYP (RI-SOS-ADC(2))
levels, respectively. These small numbers suggest that S; states are of mostly LE types
with little CT character. On the basis of the reasonable agreement of the Egl and CT
values obtained using B3LYP and RI-SOS-ADC(2) methods, we proceeded with the

computationally efficient TDDFT method.

The VEEs of the first three singlet excited states for enol forms of 1-CN and 2-CN
computed in the gas phase, and in CyHex and MeOH solvents at BSLYP /cc-pVDZ level
of theory are shown in Table. 4.3. The Eé for 1-CN is 3.97 eV in both CyHex and
MeOH solvents showing the insensitivity of the absorption energies to the change in the
solvent polarity. On the other hand, the computed values for 2-CN are 4.24 and 4.31 eV
in CyHex and MeOH solvents, respectively, showing the small blue-shifting of the Eé in
MeOH. The Egls in CyHex and MeOH for 1-CN and 2-CN show a good agreement with
the experimental absorption maxima. In the gas phase, the Eés are found to be 4.01
and 4.22 eV for 1-CN and 2-CN, respectively. Small differences between the Eg1 values
in the gas and solvent phases are due to the lack of explicit solute-solvent interactions in
the implicit solvent models. The fyss for the Sy—S; transition for both 1-CN and 2-CN
are in the range of 0.103-0.198, indicating that S; states are spectroscopically bright.
The natural transition orbitals (NTO) involved in transitions to the first three singlet
excited states are shown in Figure. 4.2, for both the compounds in the gas phase. The
figure shows that the first three excited states of 1-CN possess LE characters. For Sq,
the hole NTO is of w type located over the phenol moiety with little contribution from
the oxazole ring. On the other hand, the hole NTO for the So state is delocalised over
the whole molecule. The electron NTOs are of 7* character which is similar to the the
lowest unoccupied molecular orbital (LUMO). The Ss state is of n7* type. For 2-CN,
both S; and Ss states in the gas phase are represented each by a single set of NTO.

These two states are classified as 7n* and n7™* types, respectively. On the other hand,
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F1GURE 4.2: Natural transition orbitals for the first three singlet excited-states of 1-CN
and 2-CN in the gas phase calculated at TD-B3LYP /cc-pVDZ level of theory.
two NTO pairs are involved in the Sp—Ss transition and both are of n7* types. The
results in CyHex and MeOH solvents are presented in Figures B1-B4. The characters
and the energy ordering of the excited states in solvents for 1-CN remain the same as

in the gas phase. However, the S3 states of 2-CN in both the solvents involve two sets

of NTOs.

4.3.3 S; state minima

Optimizations of the enol structures at TD-B3LYP/cc-pVDZ level in the S; state led
directly to the corresponding keto structures, for both 1-CN and 2-CN. These observa-
tions hint at the presence of barrierless pathways for proton transfer processes in the S;
states. Cartesian coordinates of the optimized structures in S; are tabulated in Table

B2. As shown in Table 4.1, for 1-CN, the energy ordering of the keto structures in gas
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and solvent phases in the S; states remains the same as in the Sy state, showing the sta-
bilisation effect of the polar solvent. However, the optimization of 2-CN keto structure
in the gas phase resulted in a twisted keto conformer (¢1= 75.9°), unlike the the struc-
tures obtained in the solvent phases for which the dihedral angles were ~ 16-20°. The
optimized keto structures in the S; states show remarkable changes in H;—O9 length and
¢1 in comparison to the Sy optimized keto structures. For 1-CN, there is a lengthening
of the H;—O2 H-bond from 1.54, 1.60 and 1.67 A in Sy to 1.89, 1.89 and 1.90 A in S;
in the gas, CyHex and MeOH, respectively. Similar findings were also noted for 2-CN,
in which an increase of ~ 0.25 A in H;—O5 bond upon photoexcitation to S; states in
CyHex and MeOH is found. Deviations from planarity are observed in both the gas
and solvent phases in the S; states where ¢; changes from 3.4, 3.1 and 2.3° in the Sy to
21.4, 20.7 and 16.3 degrees in S; for 1-CN in gas, CyHex and MeOH, respectively. For
2-CN, the values change from 2.3 and 1.5 in Sy to 19.9 and 15 degrees in S; in CyHex
and MeOH, respectively. The above observations clearly indicate the weakening of the
H-bond in the S; states suggesting less probability of reverse PT in the S; as compared

to the Sp states in all the phases.

For 1-CN, the computed emission maxima (Aep) in CyHex and MeOH are found
to be 2.57 and 2.64 eV, respectively, which agree well with the experimental values of
2.58 and 2.66 eV. Similarly, in case of 2-CN, the values are 2.69 and 2.84 eV, showing
a good match with the experimental values of 2.65 and 2.79 eV, respectively. Emission
energies were also calculated at RI-SOS-ADC(2)/cc-pVDZ level for B3LYP optimized
geometries. As shown in Table B9, the Aqy, values are in agreement with the experimental
results. The permanent dipole moment of keto form of 1-CN in the gas phase are found
to be 5.37 D which increases to 5.83 and 6.74 D in the CyHex and MeOH solvents,
respectively. Similarly, the value for 2-CN increases from 7.68 in CyHex to 8.98 in
MeOH. As obtained in the ground state, the increased values of dipole moments in

MeOH indicate the stabilization of compounds by the polar solvent.
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FIGURE 4.3: Relaxed potential energy profiles of 1-CN and 2-CN along the proton
transfer coordinate in gas, CyHex and MeOH phases in the Sy and S; states. The
energies are relative to the Sy optimized enol structures in respective phases.

4.3.4 Potential Energy Curves and Conical Intersections

The construction of a potential energy profile along a coordinate of interest has been a
good approach to understand the mechanisms of various processes in both the ground
and excited states. In the present study, the effect of solvent on the proton transfer and
non-radiative deactivation routes was assessed by constructing PECs along these coor-
dinates. Relaxed scan calculations were carried out along the PT reaction coordinates
by fixing H;-Oy length for a set of values from 0.9 to 2.2 A. As shown in Figure 4.3, the
1-CN and 2-CN PECs along the PT coordinate in the Sy states follow the same energy
ordering as that obtained in the full geometry optimizations. In the Sy states of 1-CN,
the energy curves are shallow around the keto minima, i.e., around the region of 1.5 -1.6
A. Similar trends were also found in the Sy states energy profiles of 2-CN with small
differences in the barrier heights. These observations hint at the instabilities of the keto
forms in the Sy states which may result in the fast reverse PT. As observed in the same
figure, the forward PT process from enol to keto forms are found to be more favorable
in the S; states than in the ground states due to the absence of barriers suggesting the
PT process to be ultrafast. The implicit solvent does not have any effect on the barrier
height in the S; state. The order of energies of the S; states in gas, CyHex and MeOH
phases for 1-CN was found to be the same as that in the ground state. In contrast to the
1-CN energy profile, the energetic ordering of S; states for three phases in 2-CN does

not remain the same as in So and curves overlap each other.
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FIGURE 4.4: PECs along the torsional coordinate ¢1, starting from the Keto* geom-

etry. In S;, relaxed scans are performed at TD-B3LYP/cc-pVDZ level. For the Sy,

single point calculations at B3LYP /cc-pVDZ level are carried out at the S; optimized

geometries. The energies are relative to the energies of corresponding Sy optimized
structures.

The weak emissive nature of these compounds in the solution is expected to be due
to the presence of non-radiative channels. Identification of the possible non-radiative
relaxation channel is made by generating PECs along the twisting coordinate ¢ starting
from the keto structures. The TDDFT results for 1-CN and 2-CN are shown in Figure
4.4. The Sgp curves of 1-CN show considerable energy barriers of 2.44, 2.72 and 2.75
eV at 100, 130 and 150°, respectively, in gas, CyHex and MeOH phases. On the other
hand, the curves along ¢; in the S; states show small barriers of 0.01 eV in the gas
and CyHex phases, and 0.16 eV in MeOH solvent. The energy gaps between So and S
at the points of closest approach are found to be 0.31, 0.14 and 0.5 eV, in gas, CyHex
and MeOH, respectively. Similar to the 1-CN PECs, large energy barriers of 2.56, 2.65
and 2.58 eV at 100, 120 and 150° are found for 2-CN in gas, CyHex and MeOH phases,
respectively. In the S; states, however, the pathway to reach MECI point in the gas
phase is barrierless while small barriers of 0.01 and 0.1 eV are found in CyHex and
MeOH solvents. The energy gaps between Sg and S; in gas and CyHex are same, i.e.,
0.24 eV and 0.72 eV in MeOH. These results show that the possibility of non-radiative

transition is more in the gas and CyHex solvent phases for both 1-CN and 2-CN.

Single-reference methods like TDDFT fail in locating the minimum energy crossing
point due to the multiconfigurational character of the CI region. However, the S; ge-

ometry near the crossing seam with a small energy difference between the two involved

TH-3267 176122008



Chapter 4: Nitrile-substituted 2-(ozazolinyl) . .. 66

o o Dol J

e @ ° - @

@ & ' J. ‘J * ‘i“QJ
A‘ . é’ d qz i
& . !

@ = -

Pl 2 2
L, (1.95) iy? (1.93) s’ (1.47)

o ] & o

FIGURE 4.5: Active space orbitals selected for MS-CASPT2//SA2-CASSCF/6-
31G(d,p) calculations for optimizing the MECI structure in 1-CN. Mean occupation
numbers of the orbitals are shown in parenthesis.

states can be used as starting guess structure for multireference calculation in finding
out the MECI structure. In our study, TDDFT geometries with small S1-Sy energy gaps

were used as guess structures to start multireference calculations.

(@)
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>

FIGURE 4.6: 1-CN and 2-CN: Front and lateral views of the S;/Sp minimum energy
conical intersection geometries in the keto region obtained at SA2-CASSCF(8,7)/6-
31G(d,p) level.

For CASSCF, the chosen active spaces for 1-CN and 2-CN comprised of = and 7*
orbitals located on the two rings, and these are shown in Figures 4.5 and B5, respectively.
MECIT structures for 1-CN and 2-CN are shown in Figure 4.6. The figure shows that the

structures are twisted by 114.7 and 116.13° along ¢1. At MS-CASPT?2 level, the energy
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FI1GURE 4.7: PECs along the LIIC path linking the S; keto minimum and the MECI
structure at MS-CASPT2//SA3-CASSCF/6-31G(d,p) level of theory. The energies are
relative to the energies of corresponding Sy optimized structures.

differences between the Sy and S; states for 1-CN and 2-CN are 0.18 eV and 0.28 eV,
respectively. Additionally, energies along the LIIC paths connecting Keto* to the MECI
structures were computed at MS-CASPT2//SA3-CASSCF/6-31G(d,p) level. Although
the barriers obtained through LIIC studies are sometimes overestimated in comparison
to the true barriers, the energy profiles from LIIC and relaxed scan calculations gener-
ally show qualitative agreement, and the LIIC results are considered reliable.233:234 Ag
mentioned in Computational Methods, a (10e,90) active space, different to that used for
MECI optimization, was used for constructing the LIIC paths. The active space orbitals
are shown in Figures B6 and B7, for 1-CN and 2-CN, respectively. The reaction paths
obtained along the LIICs are shown in Figure 4.7. The energy profiles in S; states show
small barriers of 0.18 and 0.07 eV for 1-CN and 2-CN, respectively. These results suggest
the accessibility of the non-radiative pathways through the twisting motion along ¢;.
The possibilities of non-radiative deactivations from the enol regions were not explored
in this study due to the barrierless ESIPT energy profiles suggesting ESIPT pathway to
be more favored from the FC region, as observed in other ESIPT systems with almost

barrierless ESIPT energy profiles. 185217
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4.3.5 Dynamics Simulations

Dynamic simulations were performed to gain further insights into the photophysics of
the systems. The time scale for the PT process was not reported in the literature.
Hence, our aim was to predict the PT time which was expected to be ultrafast from the
static results. On the other hand, small barriers to reach the MECI regions indicates the
possibility of non-radiative relaxation through torsional motion along ¢; which might
take longer time. The PT time was considered to be the time where the hydrogen atom
is equidistant from both donor and acceptor atoms. The average PT time for 1-CN and
2-CN are found to be 11.5 and 14.8 fs, respectively, in the gas phase(cf. Figure. 4.8). The
timescales were found to increase slightly to 11.8(15.5) and 15.9(15.1) fs for 1-CN(2-CN)
in CyHex and MeOH, respectively. The time evolution of the average distances for 1-CN
and 2-CN in CyHex and MeOH are shown in Figure 4.8. These small differences in the
PT times between phases of different polarities are in accordance with the static results
which show barrierless ESIPT pathways in all the three phases. In order to check the
reliability of the results presented above, 50 more trajectories were computed for 1-CN
in CyHex solvent. Statistical analysis of 100 trajectories showed a minor increase in the
PT time to 13 fs. Within 100 fs simulation time, the energy gaps between Sg and S;

states remained above 2.4 eV.

Time evolution of ¢, essential for analyzing the non-radiative pathways, showed
only a minor change, of the order of 2-5 degrees, for both 1-CN and 2-CN. Hence, the
possibility of non-radiative deactivation within 100 fs period is ruled out. Therefore, we
extended our simulation time in the gas and CyHex phases to 1 ps to investigate the
timescale for non-radiative relaxation pathways. Considering the computational cost,
only 25 trajectories were considered for 1 ps simulation. In this case, only few trajectories
completed up to the maximum simulation time without any error for both the systems.
The error can be due to the multireference characters of these regions where TDDFT
fails. Despite the incomplete simulations of few trajectories at TDDFT level, analysis
of all 25 trajectories were performed to get idea about the internal conversion processes

in both the systems in the gas and CyHex phases.
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FIGURE 4.8: Time evolution of the two internal coordinates involved in proton transfer
process averaged over 50 trajectories for 1-CN and 2-CN in the Gas, CyHex and MeOH
solvents.

Figure 4.9 shows the results in the gas phase. Here, the average values of the
potential energies of Sg and S;, the gaps between these two states and the dihedral
angles are shown as a function of time. The energy gap reduced gradually to 1.3 and 1.2
eV for 1-CN and 2-CN within 1 ps simulation time with large torsional motions from
500 fs onwards (cf. Figure 4.9). Figure 4.10 shows the structural evolution of 1-CN and
2-CN for typical trajectories, at the FC region (0 fs), at 100 fs and the twisted structure

at the end of the simulation time (1 ps).

Results in CyHex are shown in Figure 4.11. For 2-CN, results similar to gas phase
are observed where the energy gap decreases to 1.6 eV and the value of ¢; increases
considerably to 60° within the maximum simulation time. However, for 1-CN, there is

a small change in ¢; (22°), and the gap does not decrease further below 2.1 eV within

TH-3267 176122008



Chapter 4: Nitrile-substituted 2-(ozazolinyl) . ..

70

1-CN(Gas)

Energy (eV)

@

200

400 600 800 1000
Time(fs)

Energy (eV)

2—CN(Gas)

200 400 600 800 1000

Time(fs)

FIGURE 4.9: Time evolution of (a) the Sy and S; states, and their differences and (b)
dihedral angle ¢, averaged over 25 trajectories for 1 ps in the gas phase.

(b)

100 fs

FIGURE 4.10: Snapshots of (a) 1-CN and (b) 2-CN at three different time points of one

typical trajectory in the gas phase. Values of key geometrical parameters are indicated

in the figure. The bond lengths are in A and the angles are in degrees. (The positive and

negative values of dihedral angles indicate the clockwise and anti-clockwise rotations,
respectively.)

1 ps. All the above observations indicate that non-radiative deactivations happen at

a much longer timescale than the 1 ps considered here. The non-radiative relaxation

dynamics in the MeOH solvent was not carried out as the dynamics is expected to take

longer time than that in the gas and CyHex, as predicted from the static results. The

decrease in the energy gap and the increase in ¢ over a period of 1 ps suggests that
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FIGURE 4.11: Time evolution of (a) the potential energies in the Sy and S; states,
and their differences, and (b) dihedral angle ¢; averaged over 25 trajectories for 1 ps
in CyHex.
the first approach to MECI region happens at around 500 fs. Due to limited timescale
and fewer trajectories considered in our study, and also of the failure of TDDFT in the

vicinity of CI, the actual lifetimes could not be determined. The time scale is predicted

to be much longer than 1 ps timescale considered here.

4.4 Conclusions

In summary, we performed computational studies to understand excited state processes
of 1-CN and 2-CN in gas, CyHex and MeOH. We have employed a variety of com-
putational methods including DFT, RI-SOS-ADC(2) and MS-CASPT2//CASSCF in
simulating the photoinduced processes. For both the compounds, we found enol and
keto conformers to be the most stable structures in the So and S; states, respectively,
except in the gas phase for 2-CN in which the optimization led to a twisted form. The
potential energy scans along the PT coordinates showed the process to be barrierless in
gas and solvent environments. We also explored the possible non-radiative deactivation

pathways following the PT processes. The identification of the MECIs at multireference
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level along the twisting coordinate between the two rings showed easily accessible relax-
ation pathways. Our dynamics simulations confirmed the predictions of static results
for ultrafast PT times and the presence of non-radiative pathways. The exact lifetime of
non-radiative transition could not be ascertained due to a small number of trajectories
considered and 1 ps TDDFT dynamics showing that our investigation is not conclu-
sive to explain the full photocycle. However, our results predict that the first approach
towards the CI to start around 500 fs. These results can serve as a tool to further inves-
tigate the dynamics at multireference level. Further studies including explicit solvation
which can take into account the solvent-solute interactions are under progress. In addi-
tion, solid phase studies which will provide insight into the aggregated induced emission

enhancement properties of these systems are also undergoing.
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E/Z photoisomerization in 1-(2-
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In this chapter, possible photo-induced processes in vinylene-linked thiophene pyr-
role system are presented. Computational studies are carried out at the RI-MP2/RI-
ADC(2)/cc-pVTZ level to explore different isomerization pathways. Minimum energy
conical intersection structures are categorized into two types: closed ring and twisted-
pyramidalized structures. Relaxation through the former MECIs is possible only from
the cis isomers. However, the latter MECIs are inaccessible due to high energy barriers
along the linear interpolation in internal coordinate paths. Reproduced from ” The Jour-
nal of Physical Chemistry A, 2023, 127, 5673” with permission from American Chemical

Society.
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5.1 Introduction

Photoisomerization is a process in which a molecule isomerizes from one form to another
upon light absorption. In nature, this process happens in rhodopsin where the retinal
chromophore which forms the backbone of rhodopsin undergoes isomerization and is
responsible for the vision.”?"® This process has drawn considerable attention because
of the pivotal role it plays in the field of nano-technological applications which include
organic molecular devices like molecular switches and molecular electronics. 23> There are
numerous mechanisms suggested for the photoisomerization process which include one-
bond twist 236, hula-twist 227238, bicycle pedal,?3” and so on. It was found that in most of
the cases the isomerization process between the cis and trans form is not favorable in the
ground state due to a high rotational barrier, unlike in the excited state where the barrier
is comparatively smaller resulting in a facile conversion. Due to this topography, the

240-242 The photoisomerization process in stilbene

process is ultrafast in the excited state.
molecule has attracted considerable attention and it has been studied extensively both
experimentally and computationally?496:241,243-246 hecayse of its strong absorption in
the near UV region and its intriguing features. Stilbene can undergo isomerization
in both directions, i.e, from trans-to-cis and vice versa.?” Typically in a vinylene-
linked system such as stilbene, it has been observed that upon photoexcitation, the
molecule relaxes via rotation along the central double bond. The system at first reaches
the perpendicularly twisted geometry in the excited state, identified as the phantom
state, 9598248 i the vicinity of the CI structure. At this point, the energy gap between
the two states becomes small and the system is expected to undergo internal conversion
through the nearby CI structure which acts as a funnel for relaxation to the ground
state. Starting from the CI structure, either the initial structure can be produced or the
molecule can undergo further twisting yielding different products in the ground state.
In the case of stilbene, the formation of the cis form and the trans forms in the ground
state occurs almost in equal ratio irrespective of the initial structure.?*” However, the
process of isomerization differs in the cis-to-trans isomerization compared to the trans-

to-cis one. In stilbene, the trans conformer is found to have a longer lifetime, on the

order of tens of picoseconds compared to the ultrafast relaxation of the cis conformer
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in hundreds of femtoseconds.”® The presence of a nearly planar minimum energy trans
structure in the excited state is the reason for this delay, which is in contrast to the
unstable cis structure. In addition to these two forms, the cyclization product has also
been found to form in the ground state in a smaller fraction, showing one more pathway
through which the molecule releases its excess energy.?>247 The effect of substitution on
the ethylenic bond and in the benzene ring of stilbene has also been explored by many
groups. 2497252 There are a few studies involving five-membered rings such as thiophene
and furan resembling the stilbene structure. In 2004, Nakamura et al.25325% explored

the role of CI in the photochromic cycloreversion reactions of dithienylethenes. %3255

Recently, Faraji et al.?5

provided theoretical insights into the isomerization mechanism
of a non-symmetric dithienylethene. Photoisomerization pathways in fluorinated di(3-
furyl)ethene 256 was also investigated recently. However, to the best of our knowledge, the
replacement of the benzene rings in stilbene by pyrrole and thiophene rings resulting in
1-(2-pyrrolyl)-2-(2-thienyl)ethylene system, and its effect on the photoisomerization and
relaxation mechanisms have not been studied. Keeping this in mind, the main objective
of our work is to illustrate the underlying excited state reaction mechanisms of the
vinylene-linked thiophene-pyrrole system by carrying out quantum chemical calculations
using wave function-based methods. In our studies, we have employed both single and

multi-reference methods, including ADC/(2) 153182

method due to its success in describing
various excited state properties?*” 260 and the CASSCF method!7. Since the chosen
systems have not been explored experimentally, our results were compared with the few

literature reports on vinylene-linked systems such as ethylene and stilbene.

In the next section, the computational methods used are mentioned. Results and
discussion are presented in the following section, including general features of the Sy
optimized structures, vertical excitation, results of optimization in the S; state, and
finally, the obtained MECIT structures and linking of the Franck-Condon (FC) structures
to these MECIs through energy profiles along the LIIC paths. Conclusions are drawn

in the final section.
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5.2 Computational Details

The structures of different conformers in the Sy were optimized at second-order Mgller-
Plesset perturbation theory(MP2)!'% level. In order to confirm that the obtained sta-
tionary points are true minima, numerical frequency analysis was carried out at the
same level of theory. The calculations for vertical excitation energies and optimizations
in the S; were carried out using the ADC(2) method. The empirically scaled opposite-
spin(SOS) 123:192:261 variant of ADC(2) was used in our case due to improved accuracy
of the excitation energies. The cc-pVTZ basis set!'?? was used throughout for MP2
and ADC(2) calculations. The MP2 and ADC(2) calculations were carried out taking

190,220 and the frozen core ap-

advantage of the resolution of identity(RI) approximation
proximation as implemented in Turbomole version 7.1.1%¢ Potential energy profiles were
generated along the LIIC paths connecting the FC regions of various conformers to the
MECIs by performing single point calculations for the interpolated points at the same

level of theory. The points along the LIIC were generated by interpolation using the

pysisyphus package. 262

The MECIs structures were located at the CASSCF /6-31G(d,p) level with an ac-
tive space comprising 12 electrons in 11 orbitals and averaged over two states with
equal weights, represented as SA-2-CASSCF(12,11) hereafter. CASSCF CI optimiza-
tions were performed using the method of Bearpark et al.?%3 as implemented in the
MOLPRO package.'? To account for the dynamic correlation effect, single-point en-
ergy calculations were performed for the MECI structures at the multistate complete
active space second-order perturbation theory (MS-CASPT2) '8 level. The OpenMolcas
package 294 was used for the MS-CASPT?2 calculations. The TheoDORE program 223 225

was used for generation of natural transition orbitals (NTO) and analysis of the excited

state properties.
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FIGURE 5.1: Ground state optimized structures of isomers obtained at the MP2/cc-
pVTZ level of theory

5.3 Results and Discussion

5.3.1 Ground state cis and trans configurations

A total of ten structures were considered in the ground state: four trans (E) conform-
ers and six cis (Z). All 10 conformers of the vinylene-linked thiophene-pyrrole systems
were optimized without any geometrical constraints. The results of frequency calcula-
tions showed no imaginary values, indicating that the structures are true minima. The
optimized structures of all the conformers are shown in Figure 5.1, and the Cartesian
coordinates are tabulated in Tables C1-C7. The first structure in Figure 5.1 also shows
the atom-numbering scheme of selected atoms employed in the present work to perform
the analysis. As shown, in addition to being E or Z, these conformers also differ from
each other with respect to orientations of heteroatoms. Accordingly, the notations t and
c are used to indicate whether the heteroatoms are in the opposite or same direction.
For comparison purposes, three dihedral angles are defined as follows: ¢1=/51-Ca-Cs-
Cy4, po=/Cy-C3-C4-Cy and ¢p3=~C3-C4-C5-Ng which denote rotations of the thiophene

ring with respect to the other part, the twisting along the central C=C and the rotation
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TABLE 5.1: Relative energies (in eV) of all of the considered isomers of vinylene-linked

thiophene-pyrrole in the Sy and S; states. Results were obtained at the RI-MP2/cc-

pVTZ and RI-ADC(2)/cc-pVTZ levels of theory. The energies were taken relative to
the energy of E-t1.

E(So) E(S1)
Z-t1(0) 0.18 3.66
Z-c1(0) 0.18 3.67

Z-t2(0) 0.05
Z-t1(C) 3.37
Z-c1(C) 0.97
Z-t2(C) 281

E-t1 0.00 3.82
E-c1 0.05 3.85
E-c2 0.03 3.78
E-t2 0.08 3.83

of the pyrrole ring, respectively. The relative energies of these ground state structures

are presented in Table 5.1, with reference to the most stable conformer in the Sy state.

The four E structures are relatively close in energy and differ by only 0.03-0.08 eV
from each other. The most stable structure in the Sy state is the E-t1, in which the sulfur
and nitrogen atoms in the heterocyclic rings are in opposite directions. Considering E-t1
as the reference structure, the other three E rotational isomers are obtained by rotations
along the single bond that connects the thiophene or pyrrole rings to the vinylene double
bond. A few important geometrical parameters are presented in Table. 5.2. Conformer
E-t1 was found to be planar: ¢; and ¢3 are 0° and ¢5 is 180°, indicating that no
rotation of the thiophene or the pyrrole ring occurred. The rotamer E-t2 was formed
by rotation of -160 ° and -168.5° along ¢; and ¢3, respectively, and is 0.08 eV higher in
energy. Similarly, E-cl and E-c2 resulted by rotations of -161° and 180° along ¢; and

@3, respectively (changes along the other angles are very small).

The cis isomers are classified into two types, i.e., the open (denoted as O) and
closed (denoted as C) forms, based on the inter-ring distance (R) measured between
two closely-lying non-hydrogen atoms. From the atom-numbering scheme in Fig. 5.1,
this corresponds to 1-6, 1-12, 9-6 and 9-12 atom-atom distances. A structure is denoted
as C/O inside the parenthesis for R less/greater than 2 A.2% Z-t2(0) is the most stable
conformer among the cis-forms. This conformer is non-planar, with the thiophene ring
twisted by -122° along ¢;. The other two open forms of cis-isomers denoted as Z-

t1(0O) and Z-c1(O) are 0.13 €V higher in energy than Z-t2(0O). The three closed-form
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TABLE 5.2: Selected geometrical parameters(in A or deg) for the optimized structures
in the Sg and S; states. (The positive and negative values of dihedral angles indicate
the clockwise and anti-clockwise rotations, respectively.) The results were obtained at
the RI-MP2/cc-pVTZ and RI-ADC(2)/cc-pVTZ levels of theory. In column 1, X=C/S

and Y=N/C.
Zt1(0) Z-c1(0) Z-t2(0) 2Z-t1(C) Z-c1(C) Z-t2(C) E-tl E-cl E-c2 Et2

C2-C3(So) 1.46 1.47 1.47 1.37 1.35 1.36 1.45 1.46 1.45 1.46
C2-C3(S1) 1.39 1.39 1.39 1.39 1.39 1.39
C3-Cy(So) 1.35 1.35 1.35 1.46 1.47 1.42 1.35 1.35 1.35 1.35
C3-Cy(S1) 1.42 1.43 1.43 1.43 1.42 1.42
C4-C5(So) 1.46 1.46 1.45 1.35 1.35 1.38 1.45 1.45 1.45 1.45
C4-C5(S1) 1.41 1.40 1.40 1.40 1.40 1.40
X-Y(So) 3.24 3.28 3.17 1.80 1.52 1.49
XY(S)) 282 2.75

¢1(So) -6.3 142.5 -122.2 -3.0 178.3 176.2 0.0 -161.0 0.0 -160.0

$1(S1) -13.4 163.0 0.0 -175.0 0.0 -178.8

@2(S0) -6.4 -5.5 4.8 -26.5 -18.8 -15.9 180.0 -177.8 180.0 -177.1

¢2(S1) -35.6 -35.4 -180.0 -165.0 -180.0 -177.8

®3(So0) 132.5 167.1 4.7 174.5 177.8 -3.2 0.0 6.4 180.0 -168.5

¢3(S1) 167.9 169.0 0.0 73  -180.0 -179.1

conformers are found to be higher in energy by 1-3 eV. It is to be noted that the difference
in energy between the most stable forms of cis and trans conformers is found to be 0.05
eV which is almost in the same range to that found between cis and trans-stilbene.?6°

Due to this small difference, ground state thermal conversion is expected to happen.

5.3.2 Excitation Energies

The VEEs at the ground state optimized geometries of all the conformers for the three
lowest singlet excited states Si, Sg, and Sg3 are listed in Table 5.3. The corresponding
oscillator strengths (fosc) are presented in parentheses. VEEs for the S; state are com-
puted to be 4.15-4.27 eV for the trans forms and 4.31-4.60 eV for the cis(O) forms. It
is worth mentioning that the obtained VEE values for the pyrrole-thiophenes are similar
to the absorption maxima of trans and cis stilbene in cyclohexane solvent centered at
4.17 and 4.49 eV.266 The S; state FC energies of the cis(O) conformers are higher in
energy by 0.04-0.45 eV compared to the corresponding energies of trans FC structures.
Due to this excess energy, photoconversion from cis to trans is expected to be more
facile than from trans to cis. VEEs of cis(C) forms are found to be in the range of 2.09-
4.06 eV. Transitions to the S; states are accompanied by large values of fos.(between
0.176-1.035), except for the closed form conformers Z-t1(C) and Z-c1(C). This indi-

cates that Sp is a spectroscopically bright state. The character of these excited states
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TABLE 5.3: Vertical excitation energies (VEE in eV) with oscillator strength(in paren-
theses) for the first three singlet excited states obtained at the RI-ADC(2)/cc-pVTZ
level of theory.

S S, Ss
Z-t1(0) 4.39 (0.345) 5.24 (0.146) 5.48 (0.172)
Z-c1(0) 4.31 (0.511) 5.33 (0.048) 5.54 (0.046)
Z-t2(0) 4.60 (0.475) 5.51 (0.085) 5.65 (0.073)
Z-t1(C) 2.09 (0.050) 3.53 (0.006) 4.31 (0.165)
Z-c1(C) 4.06 (0.112) 4.97 (0.012) 5.27 (0.142)
Z-t2(C) 2.52 (0.176) 3.81 (0.078) 4.37 (0.074)
E-t1  4.22 (1.001) 5.30 (0.082) 5.57 (0.038)
E-cl  4.27 (1.035) 5.33 (0.057) 5.56 (0.030)
E-c2  4.15 (0.960) 5.29 (0.081) 5.57 (0.017)
E-t2  4.22 (0.983) 5.31 (0.050) 5.57 (0.019)

were determined from the NTOs which are shown in Figure. 5.2 for E-t1 and Z-t2(0O).
The NTOs for the others are presented in Figures C1-C8. NTO analysis reveals the
nr* character of the S state of E-t1 where the hole and electron NTOs are of 7w and
m* type delocalized over the whole molecule. As shown in Figure 5.2, the transfer of
electron density occurs from C=C to the adjacent C-C bond thus creating a node in
the C=C bond. As a result, rotation along the central bond is allowed suggesting the
feasibility of the isomerization process in the S; state. The So and Ss states lie = 1
eV above Si, and are very close in energy. Similar to S;, these two are also m7* type,
however, show small fos. values. As the NTOs show, both the hole and electron are
mostly located in the thiophene ring for the So state. In comparison, for the Ss state,
while the hole is over the pyrrole ring only, the electron is over the whole molecule. The
S1 state of Z-t2(O) is represented by a single set of NTOs, while the Sy and S3 states
are represented by two sets of NTOs. Similar characters of the three excited states were
noticed for E-cl, E-c2 and E-t2 with small variations in the sets of involved NTO
pairs and the corresponding eigenvalues. However, all of the states are of w7* character.
NTOs for Z-t1(C), Z-c1(C), and Z-t2(C) are shown in Figures C6-C8. In the case of
Z-t1(C), while both S; and Sy were described by only one set of NTOs, S3 showed two
pairs. For Z-c1(C) and Z-t2(C), each of the excitations was found to be dominated
by one pair of NTOs. Further, both the holes and electrons were found to be localized

almost around the same region for these isomers.
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FIGURE 5.2: Dominant NTOs involved in the transitions from Sy to Si, So, and S3
states for E-t1 and Z-t2(O)

5.3.3 S; state minima

In the S; state, minima corresponding to Z-t2(0O) and the three Z closed form structures
in Sy were not obtained at the RI-ADC(2) level of theory. The optimized structures in
the S; state are shown in Figure C9, and the corresponding Cartesian coordinates are
listed in Tables C1-C6. As shown in Table 5.1, the two cis conformers are found to
be close in energy with a small energy difference of 0.01 eV. It is observed that upon
photoexcitation the length of the central double bond increases and the alternate single

bond lengths decrease in the S; state with respect to the corresponding bond lengths in
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So. The lengths of C3-Cy bond for Z-t1(0) and Z-c1(0) increased from 1.35 A each to
1.42 A and 1.43 A, respectively. Similarly, the Cy-Cs/Cy-C5 distances decreased from
1.46 A each to 1.39/1.41 A and from 1.47/1.46 A to 1.39/1.40 A, for Z-t1(O) and Z-
c1(0) conformers in the S; state, respectively. Systems undergoing photoisomerization
like stilbene, azobenzene and other diarylethene were also found to show these general
traits.296:267.268 For this reason, the isomerization process along the central bond is
expected to be easier in the excited state than in the ground state due to the loss of the
double bond character.?% The two Z-conformers, Z-t1(0) and Z-c1(O), retain their
non-planarity in the S; state as well along ¢, but the angles are further twisted by
~ 30° which may be ascribed to electrostatic repulsion between the nearby atoms and
also of the weakening of the central double bond. Since the twisted stilbene structure
in the S; state plays an important role in generating the potential energy profiles for
the cis-trans isomerization process, in our study, an attempt was made to optimize the
perpendicularly twisted and pyramidalized structures in the S; state, which is referred
to as the phantom state for stilbene.?°® However, these optimizations were unsuccessful

and this always resulted in one of the structures already mentioned above.

All of the trans structures were found to be almost isoenergetic (the energy dif-
ferences were 0.01-0.07 eV). Among these structures, E-c2 was found to be the most
stable structure which lies 3.75 eV above its ground state structure(cf. Table 5.1), and
0.4 eV below the FC region. This structure was found to retain its planarity in the
S1 state. Similarly, as presented in Table 5.2, the other two isomers E-t1 and E-t2
remain planar in S; with ¢9 =~ -180°. For E-c1, however, a deviation from planarity was
observed, with a torsional angle of -165° in the S; state along ¢2. The lengthening of
the central ethylenic double bond and the shortening of the adjacent single bond were
also noted in the case of trans isomers, as was the case for the cis conformers mentioned
above. Radiative transitions from these structures are possible deactivation paths as the

transitions are accompanied by large oscillator strengths.
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FIGURE 5.3: Conical intersection structures obtained at the SA-CASSCF/6-31G(d,p)
level of theory.

5.3.4 MECIs and LIICs

The important role of Cls in the excited state relaxation mechanism has long been
known. Due to the multireference character of CI, single-reference methods fail to ac-
curately describe the CI seam. The use of the CASSCF method is widely accepted for
exploring Cls in photochemistry. In the present study, seven MECIs located between
the S; and Sp states at the SA-2-CASSCF(12,11)/6-31G(d,p) level, similar to the two

94,267,270,271 416 considered. The

types of MECIs located for vinylene-linked systems,
similarities are in the cyclization and the isomerization coordinates. For the first case,
the guess structures are taken from the optimized geometries of cis forms and in the
second case, perpendicularly twisted and pyramidalized structures are considered. The
MECIT structures are shown in Figure 5.3, and the Cartesian coordinates are given in
Tables C8-C11. The active spaces chosen in our studies for CI-1 and CI-2 optimization

comprising m and 7* orbitals are shown in Figure 5.4. Single-point energy calculations

were carried out for these seven MECI structures at the MS-CASPT2 level. The energy
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FI1GURE 5.4: Orbitals used in the active space for CI-1 and CI-2 optimizations com-
puted at the SA-2-CASSCF(12,11) /6-31G(d,p) level of theory.

differences between the Sp and Sy states at the CASSCF and MS-CASPT?2 levels of the-
ory are presented in the Table C2. As the table shows, the energy gap between the two
states increased to be in the range of 0.3-0.7 eV at the MS-CASPT2 level. The increase
in the energy gap at the MS-CASPT?2 level has been observed in many cases?72 27
after the inclusion of dynamic correlation. It has also been found that the geometries
optimized at these two levels are qualitatively similar in many cases.2"276:277 There-
fore, in the present study, we considered the CASSCF MECIs for further explorations.
In the Z region, three MECIs were found, labeled as CI-1, CI-2, CI-3. The relative
energies and selected geometrical parameters are presented in Table 5.4. These include
the twisting angles of the thiophene/pyrrole (labelled as ¢; and ¢3), twisting along the
central C=C bond (¢2), and pyramidalization angles (71 and 72). In our study, 7 and 7o
were measured according to the recipe specified by Tsutsumi et al.?? The CI-1 struc-
ture is closer to the So Z-t1(C) conformer in terms of the bond length and dihedral
angle around the two rings, except for the S;-Cq2 bond, which is longer by 0.28 A. The
CI-2 structure is similar to that of Z-c1(0) and Z-c1(C), with a decrease of 1.31 A
and an increase of 0.45 A for Co-Cyz from Z-c1(O) and Z-c1(C), respectively. The

CI-3 structure differs from those of the other two MECIs: it is slightly pyramidalized
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TABLE 5.4: Relative energies (in €V) computed at the RI-ADC(2)/cc-pVTZ level of

theory and optimized geometrical parameters (in A or deg) obtained at the CASSCF

level of theory for all the optimized MECI structures. The energies are taken relative
to E-t1.

CI-1 CI-2 CI-3 CI-4 CI-5 CI-6 CI-7
E(eV) 424 4.00 4.78 451 436 4.19  4.47
XY 208 197 279

Ce-Cs 139 139 1.35 138 139 145 1.38
Cs-Cy 144 138 148 147 146 145 146
Cy-Cs; 136 145 142 142 143 151 144
01 -9.8  141.1 161.2 67.8 1204 8.77 -1185
¢2  -25.5 -11.1 -36.2 -101.0 -93.9 106.0 95.3
¢3 163.5 139.5 -58.2 -7.7 6.1 -82.7 179.1
T1 179.3 -178.7 1774 -118.2 123.2 -175.5 -124.5
Ty 179.0 171.8 1422 178.6 -170.5 109.9 170.2

at the ethylenic carbon close to the pyrrole ring, which is reflected in the value of 7».
As presented in Table 5.4, value of 79 in this case is &~ 142°, deviating by about 36°
from the value for Z-t2(0)(m2=178.3 °). CI-1 and CI-2 are lower in energy by 0.33
and 0.48 eV from the FC energies of Z-t1(0O) and Z-c1(0O), respectively. On the other
hand, CI-3 is 0.13 eV higher in energy than FC Z-t2(0O)(see Table C4). The relatively
higher energy of CI-3 could be ascribed to the pyramidalized ethylenic carbon atom and
also the pyramidalized ring structure.?® Since CI-1 and CI-2 are lower in energy than
Z-t1(0O) and Z-c1(O) at their FC point, it is expected that Z-t1(O) and Z-c1(O) will
undergo relaxation directly from the FC region to the MECIs by small distortions in the
geometrical parameters. The geometric proximity of the two MECIs with the Z-t1(O)
and Z-c1(O) structures and the location of MECIs below the FC region led us to gen-
erate points along the LIICs connecting the two structures. In the current work, the
potential energy profiles were generated along the LIIC pathways, as we believed that
restricting calculations to a single coordinate like a torsion is inadequate in outlining
the photoisomerization and the relaxation pathways through the obtained MECIs where
multiple coordinates were involved in the photodynamics. Single point energy calcu-
lations were carried out at the RI-ADC(2) level for the interpolated structures in the
S; state. The potential energy profiles obtained along the two generated pathways are
shown in Figures 5.5 and 5.6, respectively. Along these two reaction paths, the energy
drops gradually from the FC region with no barrier to reach the MECIs suggesting the
accessibility of the obtained MECIs for non-radiative relaxation to the ground state.

Another pathway from Z-t2(0O) to CI-3 was also generated in which a large barrier of
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F1cURE 5.5: Potential energy profiles along the generated LIIC pathways connecting

Z-t1(0) to the CI-1 structure at the RI-ADC(2) /cc-pVTZ level of theory. The energies

were calculated with reference to the E-t1 in the ground state. The structure inside
the plot corresponds to MECI structure CI-1.

Sy —e— S| —e—

4 + Z-c1(0) b

Energy(eV)
— (V]
IS RS Ot

LIIC

FIGURE 5.6: Potential energy profiles along the generated LIIC pathways connecting Z-

c1(0) to the CI-2 structure at the RI-ADC(2)/cc-pVTZ level of theory. The energies

were calculated with reference to the E-t1 in the ground state. The structure inside
the plot corresponds to MECI structure CI-2.

3.7 eV was found along the path joining the FC region to the MECI; this pathway is

presented in Figure 5.7.

In most cases of photoisomerization,?43:247,265,278-280 gjonificant barriers are found
in the singlet excited state for the isomerization from the trans form to the cis form
but the barrier gets reduced for the transformation from the cis side. For the present
system, among the cis forms, only one feasible pathway with a small barrier of 0.04

eV was observed for the photoisomerization of Z-t1(O) to E-c2. The potential energy
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FIGURE 5.7: Potential energy profiles along the generated LIIC pathways connecting

Z-t2(0) to the CI-3 structure at the RI-ADC(2) /cc-pVTZ level of theory. The energies

were calculated with reference to the E-t1 in the ground state. The structure inside
the plot corresponds to MECI structure CI-3.
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FIGURE 5.8: Potential energy profiles along the generated LIIC pathways connecting
Z-t1(O) to the E-c2 structure at the RI-ADC(2) /cc-pVTZ level of theory. The energies
were calculated with reference to the E-t1 in the ground state.

profiles along the LIIC pathway connecting these two structures are shown in Figure 5.8.
Since most of the pathways in S; show large barriers for photoisomerization from cis to
trans and vice versa, the process is expected to happen in the ground state from the
MECI. LIICs connecting the two MECIs, CI-1 and CI-2, to the geometries in Sp in both
trans and cis configurations were generated. For this, ground state energy calculations
were carried out at these interpolated points and the results are shown in Figure 5.9.
From CI-1, the conversion to the trans structures was found to have a significant barrier

making the process unfeasible. For isomerization to the cis forms, only two pathways
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F1GURE 5.9: Potential energy profiles along the generated LIIC pathways connecting
CI-1 and CI-2 to all the Z and E conformers in the ground state at RI-MP2/cc-pVTZ
level of theory.

that resulted in the formation of Z-t1(0O) and Z-c1(O) were considered possible due
to their barrierless channels. For the transformation from CI-2 to the trans forms,
large barriers were found. However, for cis forms, two barrierless pathways were found
forming Z-c1(0O) and Z-t2(0O) (as shown in Figure 5.9). Therefore, while the formation

of trans forms from these two MECIs is unlikely, formation of cis is possible.

The other four MECIs are found to be perpendicularly twisted along the central
double bond and pyramidalized at one of the ethylenic carbon atoms (denoted as Pyr-
CI), which resembles the hula-twist CIs'?%28! found in stilbene and ethylene.?” In all
these Cls, the two ethylenic C-H bond lengths are very similar indicating that these
Pyr-CIs have no similarity to the hydrogen-migration character CIs.2”® These MECIs
are formed by coupling of the covalent and charge transfer states which is similar to that
of ethylene and stilbene Pyr-CI. The twisted-pyramidalized CI for ethylene was found
to be lower in energy than the true minimum, while the CI in stilbene lies above the
minimum. Since in both the cases, the Cls lie below the FC region, relaxation through
the obtained Cls was considered feasible. These four Cls are labelled as CI-4, CI-5,

CI-6 and CI-7. CI-4 was found to be the least stable, which could be due to the steric
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FI1GURE 5.10: Potential energy profiles along the generated LIIC pathways connecting

(a) Z-t1(0) and Z-t2(0) to CI-4, (b) Z-t1(0), Z-c1(0) and Z-t2(0) to CI-5, (c)

E-t1, E-cl, E-c2, E-t2, Z-t1(0), Z-c1(0), and Z-t2(0) to CI-6, and (d) Z-t1(0),

Z-c1(0) and Z-t2(0O) to CI-7 in the S; state at RI-ADC(2)/cc-pVTZ level of theory.
hindrance caused by the unfavorable arrangement of the two rings. In CI-4, CI-5 and
CI-7 structures, pyramidalization happens at the carbon atom that is attached to the
thiophene ring. The 7 values are -118.2, 123.2 and -124.5° for CI-4, CI-5 and CI-7,
respectively. On the other hand, CI-6 has a pyramidalized carbon atom adjacent to
the pyrrole ring with a 7 value of 109.9°. Single point calculations were carried out
at the RI-ADC(2) level for the obtained MECI structures to compare their relative
energies with the FC energies. The S; FC energies of all the E conformers are found
to be energetically lower than CI-5 and CI-7. Therefore, LIIC paths were generated
connecting only the cis conformers to these two MECIs. For CI-4, LIICs connecting
Z-t1(0) and Z-t2(0) to CI-4 were generated as they lie above CI-4. CI-6 lies above
the E-c2 FC region by 0.01 eV, therefore, interpolation paths were constructed from all
the conformers to CI-6. In all the cases, the potential energy profiles along LIICs show
large barriers of >0.5 eV (as shown in Figure 5.10). This suggests that these MECIs are

inaccessible for non-radiative relaxation at the RI-ADC(2) level.
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5.4 Conclusions

Computational exploration of various possible pathways in the relaxation mechanism
of a vinylene-linked thiophene-pyrrole system has been carried out using wave-function
based methods. The existence of different conformers was inspected in the ground
state and the first excited state at the RI-MP2 and RI-ADC(2) levels, respectively.
Most of the cis conformers are found to be unstable in the excited state suggesting
the feasibility of the non-radiative relaxation from these forms. MECI structures that
are close to the cis conformers were found. In addition, perpendicularly twisted and
pyramidalized MECI structures, similar to those reported in literature for diarylethene
systems, were also located. Based on these two types of MECIs, LIICs pathways were
generated connecting the FC structures to the MECIs. The probability of non-radiative
deactivation from the cis conformers to the former MECI is more than that from the
trans conformer because of the similarity between initial and final structures leading to
barrierless pathways. However, the potential energy profiles connecting both the trans
and cis FC geometries to the second set of MECIs show large barriers. Therefore, we
conclude that the obtained twisted and pyramidalized MECIs are inaccessible in this

case. Molecular dynamics studies are under progress, and results will be reported soon.
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Chapter 6

Summary and conclusions

Excited state studies have developed over time as a result of several fascinating occur-
rences that have attracted diverse applications in the field of material science and also
in the comprehension of natural phenomena. Computational studies are of great help
in understanding the mechanism that would not have been possible to explain from the
experimental results. In this thesis, we have unravelled various excited state pathways

using state-of-the-art computational tools.

In chapter 3, we present the results of static and dynamics studies of the excited
state proton transfer and the non-radiative relaxation pathways in HAN molecule in the
gas phase. The proton transfer process is more feasible in the S; than in the Sy state.
The molecule undergoes non-radiative relaxation after proton transfer by twisting along
one of the torsional coordinates. From the dynamics simulation, an average proton
transfer time of 43 fs is found. The non-radiative relaxation time is observed to be

beyond the simulation time of 600 fs.

In chapter 4, effect of implicit solvents on the photoinduced processes in 1-CN and
2-CN are presented. Additionally, the mechanisms behind these two regiomers’ weakly
emissive properties in the solvent phases are investigated. The solvent has little effect on
the proton transfer process, however, the effect on the non-radiative relaxation is more
pronounced. An average proton transfer time of 10-15 fs is found from the dynamics

simulation.

In chapter 5, photoisomerization pathways in vinylene-linked thiophene-pyrrole sys-
tem are explored and those are compared with the reported results in ethylene and
stilbene, which are prototype systems for photoisomerization. Only one plausible pho-

toisomerization pathway from the cis to the trans conformer in the S; state is found.
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The photocyclization from the cis conformers are also investigated and it is found to

proceed through two minimum energy conical intersection structures.

In the thesis, single-reference methods like DFT, TDDFT and ADC(2) and multi-
reference methods such as CASSCF and CASPT?2 are employed for the exploration of
photoinduced process in three different systems. Understanding the proton transfer pro-
cess and the relaxation mechanisms has been greatly aided by the generation of potential
energy profiles along a small number of chosen coordinates. The profiles along the LIIC
points are constructed for scenarios where multiple coordinates are involved such as con-
necting FC geometries to MECIs and geometries involved in photoisomerization. The
time evolution of the excited state processes have been elucidated using ADC(2) and
DFT methods. The simulation time of selected few trajectories are extended for longer
timescale to investigate the probable time for non-radiative relaxation. However, due to
the inherent flaw of single reference methods in describing regions near conical intersec-
tions, it would be worthwhile to investigate the time evolution of non-radiative process
with a multireference approach in future studies. In addition, explicit inclusion of the
solvent is known to have a significant impact on the excited state processes, therefore
the studies of the aforementioned systems can be extended to include the solvent in the

static and dynamics simulations.
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Appendix A

TABLE Al: Cartesian coordinates of enol conformers in the Sy state optimized with
RI-MP2/cc-pVDZ.

Atom X y z Atom X y z
E-a E-OH
-3.8488117  -2.2897211  0.0035615 0.8570834  -3.6805070  -0.7356338
-2.4602153  -2.2935771  0.0001988 0.8281949  -2.8880772  0.4019270
-1.7236406 -1.0669313  -0.0017044 0.7059490  -1.4637153  0.3083837
-2.4459276  0.1662890  -0.0001383 0.5905532  -0.8561195  -0.9848145
-3.8763808 0.1536218 0.0033205 0.6529174  -1.6973315 -2.1463188
-4.5621536  -1.0538788  0.0051348 0.7781427  -3.0740197 -2.0251047
0.2636349  -1.9950707  -0.0064095 0.7983356  -1.0964707  2.4637728
-4.4004312  -3.2375524  0.0049729 0.9530108  -4.7691729  -0.6488829
-1.9081372  -3.2418814  -0.0011907 0.9051249  -3.3434807  1.3972610
-0.2855022  -1.0460683  -0.0051165 0.7033664  -0.6335780  1.4743880
-1.7148061  1.4129934  -0.0020164 0.4445453  0.5789332  -1.0833388
-4.4139012 1.1063766 0.0046815 0.6389343  -1.2633416 -3.1537611
-5.6586309  -1.0599924  0.0077897 0.8307002  -3.6973467  -2.9254577
-0.3069201  1.4148543  -0.0053580 0.4624446 1.3778518  0.0681112
0.3925786  0.1544389  -0.0068894 0.5925319  0.7381426 1.3470431
1.4873912  0.1497044  -0.0095156 0.6034289 1.3565705  2.2502564
-2.4538489  2.5394687  -0.0002874 0.2708666 1.1681559  -2.3037954
-1.7991159  3.2794241  -0.0018851 -0.0257068  0.4791089  -2.9145237
0.4200658  2.7127680  -0.0073387 0.3385238  2.8831595  -0.0137205
1.9425899  2.7147786  -0.0110182 -0.1863649  3.6108721 1.2271881
2.3335550  2.1944299  0.8809834 -1.0878507  3.1203874 1.6341563
2.3295395  2.1933784  -0.9041295 0.5822692  3.6228445  2.0215975
2.2913344  3.7584101  -0.0123696 0.5822692  3.6228445  2.0215975
-0.1859969  3.7950912  -0.0058870 0.6466122  3.5097287  -1.0174803
Atom X y % X y z
E-CO E-b

1.0541339  -0.8132321 -3.6574557 0.2383733  -3.7709251  0.0156165
1.7981695  -0.8586748 -2.4861588 1.2514001  -2.8225307  0.0320203
1.2295963  -0.4479269  -1.2396362 0.9535275  -1.4226875  0.0241765
-0.1225125 0.0129751 -1.2142636 -0.4156081  -1.0015498 0.0204481
-0.8754232  0.0530539  -2.4317764 -1.4431515 -2.0010689  -0.0277917
-0.2952655  -0.352555  -3.6267989 -1.1242007  -3.3526073  -0.0250903
3.0169926  -0.8391547 -0.0307321 3.0380287  -0.7536753  0.0002685
1.5018273 -1.130928  -4.6067615 0.481738 -4.8398743  0.0203463
2.8369464  -1.2117637  -2.5008855 2.3031593  -3.1347639  0.0452764
1.9789928  -0.4857353  -0.0141471 1.9898711  -0.4312789  0.0049388
-0.708991 0.4316514 0.0409501 -0.7177506 0.4128754 0.0446743
-1.909937 0.4060949  -2.4082919 -2.4998904  -1.7162425 -0.1045954
-0.8790146  -0.3185857  -4.5544475 -1.9241556  -4.1010476  -0.0681501
0.0340131 0.3897804 1.2283024 0.3036587  1.3654736  0.0090389
1.3970575 -0.081959 1.1655384 1.667224 0.9088558  -0.0193842
1.9567119  -0.1059779  2.1047891 2.4471698 1.6752914  -0.0435011
-2.0092669 0.848484 -0.0849501 -2.0307741  0.8222854  0.0834123
-2.3455343  1.1103335  0.7790649 -2.552893 0.0917144  0.4427697
-0.4412317  0.7932413  2.6048624 0.1108631 2.8717575  0.0131374
-1.8622796 1.3182772 2.8277546 -1.2821309 3.4864514 0.0453459
-2.0410456  2.2417419  2.2448716 -1.8806612  3.1465638  -0.8157853
-2.615249 0.5565617  2.5492338 -1.8219929  3.1750229 0.95474
-1.9810727  1.5511612  3.8964705 -1.1677866 ~ 4.5814611 0.0248381
0.3120291 0.7048738  3.5679706 1.100566 3.5962802 -0.011684
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TABLE A2: Cartesian coordinates of keto conformers in the Sy state optimized at

RI-MP2/cc-pVDZ.

Atom

Atom X y Z b'q y Z
K-a K-OH

(@] -3.859586 -2.3521613 0.0035489 C -0.3151592  -1.0799158  -0.0939885
C -2.4936818  -2.3496687  0.0001689 C -1.7304582  -1.0762608 -0.0522871
C -1.7430293  -1.0953041  -0.001447 C -2.4161773  0.1633008 0.0212837
C -2.4327792  0.1490306  0.0005315 C -1.6855019  1.3712898 0.0521752
C -3.918131 0.1821881 0.0042134 C -0.2844617  1.3539198 0.0100116
C -4.620815  -1.1065053  0.0056442 C 0.4037882 0.1229736  -0.0633087
C -1.7099589 1.367128 -0.0009652 C -3.9229895  0.2307462 0.0694277
C -0.3122915 1.3552338  -0.0044842 C -4.6555368 -1.0866101 0.0286273
C 0.3840857  0.1222145  -0.0065468 C -3.8630568  -2.3245469  -0.0458558
C -0.3230894  -1.0840856  -0.0050342 C -2.5012112  -2.3224782  -0.0833554
O -4.5322131  1.2812572 0.0059779 O -4.486646 1.3213795 0.137313

C -6.0190477  -1.0871098  0.0090704 C -6.0344841  -1.1283094  0.0598947
O -6.6978564 0.045217 0.0110198 C -6.8902724  -2.3767482  0.0223514
C -6.8846808  -2.3259065 0.01096 (@) -6.7538558 0.021921 0.1320113
H -1.9356664 -3.2935845 -0.0013566 H -1.9545846  -3.2720408 -0.13824

H 1.4808186 0.1122971  -0.0093283 H 1.4999845 0.1063663  -0.0962835
H 0.2180276 -2.0387692 -0.0066141 H 0.2170595  -2.0381369  -0.1508059
H -2.2713914 2.3069471 0.000709 H -2.240628 2.3131014 0.109449

H 0.2456484 2.299065 -0.0056461 H 0.2770969  2.2955257  0.0340705
H -4.399541  -3.3057511  0.0046998 H -4.3768977  -3.2898431  -0.0711334
H -6.6848949  -2.9424964  -0.8823492 H -6.3192133  -3.3099889  -0.0496685
H -6.6806432  -2.9427334  0.9031462 H -7.5113399  -2.4208977  0.9378007
H -7.9433498  -2.025423 0.0135261 H -7.573543  -2.3229897  -0.8471482
H -5.9838888 0.7718247 0.0094034 H -7.6911576  -0.2227566 0.140307

Atom X y z Atom X y z
K-CO K-b

C 1.2449501 0.0010132 3.5548005 C -3.219003  -2.7377327 -0.8974453
C 1.2410455  0.0005779 2.138435 C -2.5016084  -2.2865098  0.2187174
C 2.4792305  -0.0002226  1.4443675 C -1.7613332 -1.0801928  0.1651229
C 3.6925494 -0.000848 2.1678719 C -1.7565213  -0.331455 -1.041752
C 3.6814757  -0.0008079 3.569069 C -2.4815651  -0.7918997 -2.1632728
C 2.4524467  0.0001668  4.2656111 C -3.2091182  -1.987391  -2.0941117
C 2.5366674  -0.0011296  -0.0600683 H -1.0255569  -1.192595 2.2453697
C 1.2239372  -0.0003487  -0.7777818 H -3.7878353  -3.6737409  -0.8399729
C -0.0133393 0.0017962 0.0159915 H -2.5082579  -2.8689242 1.1488931
C -0.0116862  0.0023766 1.3787327 C -1.0055066  -0.5953941  1.3252931
O 3.6280545  -0.0038196  -0.6367422 C -0.9882124  0.9563049  -1.1568838
C 1.1959492  -0.0021004 -2.1615226 H -2.4581327  -0.192364  -3.0790403
C 2.3892899 0.0038206  -3.0828356 H -3.7703314  -2.3404725  -2.9674926
(0] 0.0438077  -0.0099475  -2.8800432 C -0.2426649  1.3895802 0.0618243
H -0.9589997  0.0054211 1.9314783 C -0.2927068  0.5642855 1.276332

H 2.4416122 0.0004587 5.3622656 H 0.2635957 0.9070476 2.1538796
H 0.2888737  0.0022741 4.0936772 O -0.994371 1.5956334  -2.2146868
H 4.632465 -0.0019489 1.606621 H 1.6117562 3.730553 1.0368197
H 4.626455 -0.0013142  4.1252551 C 0.4895186 2.5574617  0.0502154
H -0.9918519  0.0062893  -0.4837032 C 0.6348505 3.50567 -1.1181711
H -0.7090419  -0.0195354  -2.2706992 H 1.0690024 2.9902478  -1.9896824
H 3.0271868 0.8808813  -2.8898528 H -0.3482993  3.8838277  -1.4407931
H 3.0205938 -0.8821108  -2.9080104 H 1.2809072 4.3592354  -0.8395639
H 2.0289418 0.0150366  -4.1236021 O 1.1476246 2.897082 1.1957022
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TABLE A3: Summary of selected bond lengths(A), bond angle(in degree) of the opti-
mized structures of E-a and K-a in the Sy and S; states calculated at RI-SOS-MP2
and RI-SOS-ADC(2) levels with cc-pVDZ basis set.

Structures | Hi-Og | O9-C3 | C3-C4 | C4-C5 | C5-Og | Og-H; | O2-Og | £09-H1-Og
E-a 0.99 1.35 1.41 1.49 1.24 1.69 2.59 149.2
K-a 1.54 1.26 1.47 1.4 1.32 1.02 2.49 153.8
E-a* 1.07 1.32 1.48 1.45 1.28 1.42 2.45 159.3
K-a* 1.52 1.3 1.47 1.48 1.33 1.04 2.5 157.1
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TABLE A4: Cartesian coordinates of enol conformers in the S; state optimized with

RI-ADC(2)/cc-pVDZ.

Atom X

Atom

y z x y z
E-a* E-OH*

(@] -3.8868769  -2.3204406 0.003543 C 0.8663636  -3.7161244 -0.781827
C -2.4799019 -2.31998 0.0001871 C 0.7204941  -2.9587917  0.3771344
C -1.7435043  -1.1055357  -0.0015628 C 0.6079938  -1.5390373  0.3186965
C -2.4653159  0.1760277  0.0001358 C 0.6304656  -0.8861613  -0.9591697
C -3.8919806 0.149701 0.0034842 C 0.8110987  -1.6807051  -2.138366
C -4.58107 -1.0731008  0.0050611 C 0.9202289  -3.0640185 -2.0473372
H 0.2381868  -2.0099764  -0.0067084 H 0.4829718  -1.2284331  2.4853684
H -4.4438051  -3.2638017 0.0049527 H 0.9523471 -4.8074611  -0.7226168
H -1.9289776  -3.2696874  -0.0010213 H 0.6952778  -3.4501216  1.3585382
C -0.3248516  -1.0681593  -0.0052129 C 0.4865909  -0.7317115  1.5069633
C -1.7365903  1.3951254  -0.0014648 C 0.4878199  0.5387032  -1.0163776
H -4.4408554  1.0974483  0.0046693 H 0.8936819  -1.1913802 -3.1154181
H -5.6779932  -1.0663642  0.0075886 H 1.0616844  -3.6578509  -2.958732
C -0.2548866  1.4112221  -0.0054461 C 0.3615292 1.3254766  0.1529956
C 0.397197 0.1638225  -0.0069653 C 0.3849453  0.6376052 1.4341491
H 1.4924391 0.123338 -0.0097262 H 0.2939327  1.2160225 2.358622
O -2.3683256 2.5553666 0.00034 (@) 0.5163753 1.2013774  -2.2371588
H -1.5754317  3.2680648 -0.001699 H -0.1101649  0.7483799  -2.8247393
C 0.4239384  2.6924579  -0.0071823 C 0.1877933 2.734102 0.0577858
C 1.9407137  2.7664223  -0.0113145 C 0.0527408  3.7369379 1.1753514
H 2.3715641 2.2748857  0.8812686 H 0.1439705  3.2688677  2.1660766
H 2.3668894 2.273402 -0.9053031 H 0.8354694 4.512373 1.0693688
H 2.2361932  3.8271363  -0.0129353 H -0.92749 4.2467392 1.1037468
O -0.2504864 3.7839797  -0.0052994 O 0.1128155 3.3782955 -1.1763585

Atom X y z Atom X y z

E-CO* E-b*

C 1.0717102  -0.8280451  -3.700205 C 0.2449198  -3.8146585  0.0311617
C 1.8199329  -0.8697649 -2.5007553 C 1.272135 -2.8407664  0.0442053
C 1.2591629 -0.461932  -1.2619031 C 0.9816443  -1.4536736  0.0282755
C -0.1482568  0.0224667  -1.2138186 C -0.4434723  -0.9949194  0.0269736
C -0.8766206  0.0530938 -2.43766 C -1.4482676  -2.0048531 -0.0441195
C -0.2772445  -0.362984  -3.6492188 C -1.1139626  -3.3785623  -0.0288995
H 3.0111946  -0.8366767 -0.0251479 H 3.0373395  -0.7463568  -0.0352621
H 1.5156863  -1.1453703  -4.6495269 H 0.4845059  -4.8829177  0.0459717
H 2.859211 -1.2231137  -2.5116799 H 2.3245325 -3.1525689 0.0566856
C 1.9710594 -0.487727  -0.0412933 C 1.9805646  -0.4518434 -0.0131924
C -0.7243529  0.4346161 0.0197693 C -0.7353407  0.4016518  0.0705579
H -1.9132536  0.4035662  -2.4377063 H -2.5107938  -1.7436836  -0.141013
H -0.8711873  -0.3244891  -4.5706086 H -1.9213747  -4.1189998  -0.0781925
C 0.0195621 0.4030531 1.2680754 C 0.2986086 1.4085293  0.0128983
C 1.3658984  -0.0685136  1.1766339 C 1.6476605  0.9310404  -0.0248479
H 1.9401044  -0.0986554 2.1079451 H 2.4396883 1.6853812 -0.05229
(6] -2.0188328  0.8564406  -0.0700411 O -2.0266227 0.835069 0.1558515
H -2.3272789 1.114973 0.808151 H -2.5829208  0.0722102  0.3734563
C -0.4412126 0.797602 2.6213191 C 0.115135 2.8910442  0.0194337
C -1.8659418 1.320572 2.8499426 C -1.2769827  3.5150589  0.0496003
H -2.0546972  2.2505033  2.2785617 H -1.8862547  3.1696415  -0.8023316
H -2.6262395  0.5625382 2.5774631 H -1.8150323  3.2315816  0.9698515
H -1.9783227 1.5481454 3.9206663 H -1.1536016 4.6086006 0.0080025
(0] 0.3195659  0.7114386  3.5945404 O 1.1124765  3.6197758  -0.0077109
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TABLE Ab5: Cartesian coordinates of keto conformers in the S; state optimized at

RI-ADC(2)/cc-pVDZ.

Atom

TH-3267 176122008

Atom X y Z b'q y Z
K-a* K-OH*

C -3.8896255  -2.2925703  0.0040416 C -0.2996566  -1.067626  -0.0848489
C -2.4468393  -2.3106374  -0.0000437 C -1.7225679  -1.1174698 -0.0371531
C -1.717634  -1.1144221 -0.0018894 C -2.4544152  0.1151132 0.0255956
C -2.4442544  0.1503252 0.0003088 C -1.7416375  1.3600913 0.0344535
C -3.8808402  0.1734643 0.0042199 C -0.354453 1.3695989 -0.014938
C -4.6026556  -1.1041933  0.0058484 C 0.3794088 0.1476441  -0.0763764
C -1.6982165  1.3726569 -0.001121 C -3.8847195  0.0699239 0.0691432
C -0.3102999  1.3510977 -0.004165 C -4.6127759  -1.1523685  0.0628441
C 0.4162488 0.1073157  -0.0064133 C -3.8257433  -2.3792384 0.012396
C -0.2759887  -1.0907932  -0.0054347 C -2.4532114  -2.3618792  -0.0372359
O -4.5516803  1.2843955 0.0064411 O -4.5460885  1.2993233 0.1059498
C -6.0864733  -1.1002244  0.0091477 C -6.0215656  -1.154516 0.0925099
O -6.7340204  0.0583121 0.010152 C -6.9290496  -2.3482947  -0.0249161
C -6.9210529  -2.3481017  0.0112475 (0) -6.6315534  0.0604333 0.3364729
H -1.9280941 -3.2770766  -0.0017786 H -1.8945163  -3.3054651  -0.069189
H 1.512456 0.1159389  -0.0089138 H 1.4750581 0.1681323  -0.1145475
H 0.2634251 -2.046998  -0.0075095 H 0.2584518  -2.0119002 -0.1310463
H -2.2523636  2.3169693 0.0001083 H -2.3029762  2.2997562 0.0833908
H 0.2469935 2.2960195  -0.0048282 H 0.1834727 2.3253824  -0.0060968
H -4.4181618 -3.25375 0.0058228 H -4.3466565  -3.3422176  0.0371587
H -6.7212721  -2.9725079  -0.8818535 H -6.400157  -3.2392387  -0.3945964
H -6.7169659  -2.9723779  0.9034578 H -7.3991456  -2.5931332  0.9486823
H -7.9854856  -2.0643513  0.0137831 H -7.7489959  -2.1306053  -0.740293
H -5.9751543  0.7644131 0.0082196 H -7.5357526  0.0175547  -0.0147115

Atom X y Z

K-CO*

(@] 1.2370161 0.0520095 3.572966

C 1.2198879 0.0342308 2.149754

C 2.4668653 0.0060842 1.4419255

C 3.6954297  -0.0176623  2.1816019

C 3.6724557  -0.0046394  3.5701081

C 2.4364785 0.0307796 4.2801658

C 2.4461902  -0.0170428  0.0103106

C 1.2465507  -0.0066137  -0.7595391

C 0.0063435 0.0393779 0.0172851

C -0.0069714  0.0627229 1.3893168

(@) 3.6889955  -0.0913917  -0.6204097

C 1.220504 -0.0582711  -2.1680848

C 2.3755829 0.1008202  -3.1148238

(@) 0.0452512  -0.2525405  -2.859604

H -0.9622852  0.1205191 1.9256473

H 2.4332805 0.0430079 5.3763389

H 0.2796491 0.0797597 4.109599

H 4.6506952  -0.0432393  1.6453011

H 4.6170988  -0.0221898  4.1272082

H -0.9494949  0.1238276  -0.5146713

H -0.6104445 -0.6154335  -2.2464939

H 3.2481251 0.5693344 -2.635854

H 2.6813975  -0.8753872  -3.5399552

H 2.0520115 0.7379164  -3.9587773
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TABLE A6: Cartesian coordinates of transition state structures in the Sy and S; states

optimized at RI-MP2/cc-pVDZ and RI-ADC(2)/cc-pVDZ levels, respectively.

Atom x y z Atom x y z
So- TS S1- TS

C 0.222529 -3.7534864  -0.0001129 C 0.23432 -3.7927265 0.0000119
C 1.2498431 -2.809105  -0.0002013 C 1.2637342  -2.8366436  0.0000511
C 0.9607413  -1.4153589  -0.0000599 C 0.9761057  -1.4445532  0.0000189
C -0.404267  -1.0067613  0.0001757 C -0.4227982  -0.9988694  0.0000164
C -1.4435845  -1.9745077  0.0002678 C -1.4508614  -1.9886325  0.0000427
C -1.1336198 -3.33442 0.0001245 C -1.1239552  -3.3520348  0.0001132
H 3.0650121  -0.7619394  -0.0003317 H 3.0448369  -0.7622853  -0.0000485
H 0.464039 -4.82336 -0.0002276 H 0.4683471 -4.8630148  -0.0000267
H 2.2976155  -3.1352483  -0.0003847 H 2.3137639  -3.1574766  0.0000515
C 2.0233818  -0.4197668  -0.0001548 C 1.9918802  -0.4535273  -0.0000153
C -0.7365987  0.4272029 0.000314 C -0.7203793  0.3915625  -0.0001164
H -2.4815218  -1.6265926 0.00045 H -2.4974988  -1.6660041  0.0000633
H -1.9361522  -4.0814525  0.0001935 H -1.9315001  -4.0944624  0.0002003
C 0.3515865 1.3790813  0.0002045 C 0.3593458 1.4084597 0.000022

(@] 1.7291143 0.917816 -0.0000296 C 1.6846805 0.9411775 0.0000893
H 2.5410148 1.6541705  -0.0001068 H 2.514757 1.6570357  0.0001078
(0] -1.9580922  0.8110188  0.0005199 O -1.9649916  0.8210262  -0.0001842
H -1.790684 2.1139949  0.0005554 H -1.8477442  1.9147604  -0.0000902
C -0.0147473  2.7493983  0.0003174 C -0.0176463  2.8080123 0.000009

C 0.9896634  3.8789881 0.0002137 C 1.0299429  3.9042946  -0.0000584
H 1.6366705 3.8192758  0.8925419 H 1.6802774  3.8425302 0.8930123
H 1.6363748 3.8193746  -0.8923355 H 1.6798523  3.8427781  -0.8934573
H 0.4535034  4.8398837  0.0003554 H 0.5150199  4.8776655 0.0001985
O -1.2628779  3.0932591 0.0005172 (@) -1.2644219  3.1386459  -0.0000224

TABLE A7: Cartesian coordinates of the conical intersection structure obtained at

TH-3267 176122008

SA-2-CASSCF(10,8) /6-31G(d) level.

Atom b'q

y

z

1.641361604
1.95980794
0.949542546
-0.381924685
-0.770846289
0.30660871
-1.371485829
-1.03062238
0.311709721
1.287386768
-1.924559021
-0.033638284
-0.216866345
0.230775601
2.980383963
0.579583727
2.314883211
-2.38777816
-1.788365526
2.413679407
-0.438907302
1.251754295
0.092470038
-0.440593911

zefiasfasgariangiurfarfacfiac e o OO RO NO o o RO RO RO RO RO NG N Q)

0.932192508
-0.383731892
-1.405496374
-1.041106686

0.389077309

1.365165864
-2.026817636
-3.366570547
-3.741879539
-2.775424252

0.735539849

2.784186432

3.459128773

3.662386802
-0.688425277
-4.782713266
-3.059565672
-1.713871533
-4.120153058

1.672005827

2.860860864

4.047485555

3.11549698
4.51351737

0.217030645
0.256875927
0.104820141
-0.079817988
-0.118195724
0.027316558
-0.22843724
-0.193325038
-0.006792782
0.140461332
-0.25515043
-0.024992978
1.125691205
-1.197984712
0.402376152
0.021258472
0.283243654
-0.368767589
-0.307893031
0.331422896
1.82844914
-1.1805536
-2.121668209
-1.181752301
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TABLE AS8: Vibrational frequencies of all the enol and keto tautomers in the Sy state.
In addition the vibrational frequencies of transition state structure, denoted as TS, are

also given.
E-a E-b E-CO E-OH K-a K-b K-CO K-OH TS

1 62.51 27.59 19.6 34.64 58.25 21.01 37.95 26.13 -893.3
2 100.01 70.71 64.28 68.77 79.17 63.3 95.2 69.02 65.6

3 | 144.23 125.9 134.11 | 122.89 | 115.16 | 106.45 | 117.38 | 116.29 | 109.88
4 190.83 195.54 181.85 174.28 173.39 121.12 183.75 186.22 119.48
5 197.46 211.32 198.14 194.8 188.06 187.82 190.07 195.57 178.03
6 219.33 249.84 242.09 207.43 204.63 192.56 200.29 219.99 213.17
7 273.12 256.47 276.04 265.69 258.89 266.57 255.97 254.66 217.98
8 315.04 278.23 324.6 280.29 307.03 321.83 322.95 326.13 261.69
9 343.31 325.16 337.06 313.96 343.08 329.4 331.34 334.09 311.16
10 408.98 345.84 377.14 349.69 409.78 398.19 367.33 394.19 413.35
11 416.78 374.28 385.3 391.39 436.43 400.87 397.69 396.18 413.35
12 | 457.3 | 416.68 | 418.54 | 416.25 | 451.54 | 413.51 | 405.74 | 440.58 | 454.5

13 489.41 453.72 453.8 459.76 482.68 448.91 443.36 461.24 482.75
14 528.99 484.72 487.87 484.45 532.62 480.34 480.31 480.32 514.09
15 534.23 517.13 518.69 522.15 532.69 495.15 504.42 505.64 534.62
16 568.05 536.87 534.93 542.96 542.03 532.6 520.63 518.47 542.71
17 578.71 565.67 564.09 544.44 575.64 538.02 545.99 546.48 584.97
18 593.2 576.1 580.75 571.1 595.67 552.38 593.53 591.57 597.7

19 603.47 588.8 602.39 584.6 611.4 599.06 600.88 610.44 610.12
20 652.66 611.38 611.44 599.65 686.52 599.18 617.15 617.86 672.92
21 682.21 644.46 642.79 659.48 709.52 674.79 679.91 680.3 701.37
22 732 668.85 668.16 669.25 733.58 729.46 724.71 718.75 730.52
23 755.81 728.51 727.23 727.98 752.39 729.75 732.66 730.86 752.89
24 798.77 747.26 759.4 744.51 795.6 743.66 763.77 731.23 795.05
25 835.63 819.62 818.46 803.4 865.95 793.25 804.28 788.76 839.36
26 861.36 842.39 857.66 839.44 876.67 855.17 868.58 868.24 872.81
27 863.31 865.39 868.69 851.45 907.46 879.48 879.69 879.47 876.02
28 893.28 887.86 885.3 883.37 931.91 889 897.13 898.8 915.16
29 930.2 937.52 950.36 936.91 956.43 925.7 947.2 911.66 929.28
30 954.57 955.74 958.89 938.18 970.05 953.5 956.24 954.59 956.32
31 965.78 972.94 968.89 958.59 1008.83 971.72 970.46 972.2 968.87
32 998.29 985.5 971.05 989.5 1043.32 1004.2 997.65 999.65 1016.88
33 | 1044.24 | 1049.67 | 1044.31 | 1038.67 | 1053.39 | 1053.17 | 1040.78 | 1055.26 | 1051.03
34 | 1047.81 | 1051.96 | 1046.17 | 1048.55 | 1075.42 | 1054.99 | 1055.45 | 1056.45 | 1054.86
35 | 1098.38 | 1086.17 | 1081.84 | 1092.07 | 1098.11 | 1078.09 | 1081.23 | 1077.55 | 1104.02
36 | 1152.81 | 1134.64 | 1130.08 | 1143.45 | 1142.56 | 1125.03 | 1121.57 | 1121.59 | 1154.04
37 | 1168.03 | 1162.94 | 1164.03 | 1163.93 | 1167.11 | 1166.21 | 1162.24 | 1168.54 | 1169.16
38 | 1175.26 | 1184.18 | 1171.33 | 1186.79 | 1169.21 | 1167.78 | 1168.88 | 1173.44 | 1177.48
39 | 1231.84 | 1210.22 | 1221.01 | 1222.95 | 1230.73 | 1235.94 | 1234.42 | 1230.35 | 1235.14
40 | 1252.51 | 1228.79 1227.5 1232.64 | 1262.31 1245.5 1240.76 | 1239.27 | 1265.27
41 | 1276.42 1275.5 1265.1 1265.19 | 1280.59 | 1254.56 | 1265.49 | 1269.88 1266.8
42 | 1302.83 | 1283.13 | 1270.77 | 1287.07 | 1328.55 | 1291.79 | 1279.79 1298.6 1299.78
43 | 1371.63 | 1301.58 | 1304.03 | 1314.94 | 1359.23 | 1333.89 | 1333.44 1331.8 1354.22
44 | 1407.83 | 1389.03 | 1395.59 1391.3 1384.85 | 1350.86 | 1352.84 1354.9 1383.37
45 | 1431.66 | 1411.94 | 1401.91 | 1398.43 | 1404.21 | 1368.02 | 1395.43 | 1390.23 | 1406.93
46 | 1438.72 | 1422.94 | 1425.39 | 1429.05 | 1453.11 | 1431.44 | 1423.74 | 1427.1 | 1449.95
47 | 1463.62 | 1454.62 | 1459.54 | 1450.69 | 1465.13 | 1450.77 | 1440.39 | 1449.72 | 1473.08
48 | 1476.48 | 1465.25 | 1478.19 | 1463.57 | 1490.71 | 1488.81 | 1467.79 | 1481.51 | 1488.84
49 1481.1 1472 1500.9 1481.12 | 1492.78 1490.2 1485.73 | 1483.59 | 1493.16
50 | 1489.96 | 1488.22 | 1507.94 | 1490.92 | 1499.04 | 1495.37 | 1493.45 | 1494.08 | 1512.55
51 | 1517.06 | 1507.55 | 1510.16 | 1510.35 | 1524.38 | 1525.24 | 1523.03 1523.9 1527.49
52 | 1556.58 | 1556.68 | 1554.27 1558.3 1610.67 | 1621.16 1619.1 1618.83 1602

53 | 1638.03 | 1638.43 | 1634.45 | 1635.16 | 1648.21 | 1654.07 | 1654.44 | 1645.19 | 1643.79
54 | 1657.41 | 1656.06 | 1656.81 | 1654.77 | 1677.52 | 1675.83 | 1669.29 | 1657.92 1677.2
55 | 1697.95 | 1694.17 | 1693.92 | 1691.37 | 1686.77 | 1697.73 | 1689.61 | 1685.17 | 1688.85
56 | 1731.45 1760.2 1758.87 1773.4 1709.19 | 1751.27 | 1745.78 | 1743.25 | 1703.01
57 | 3078.11 | 3088.01 | 3051.15 | 3072.03 | 2836.13 | 3059.99 | 3065.48 | 3092.71 | 1932.02
58 | 3165.72 | 3182.83 | 3139.24 | 3158.29 | 3083.12 | 3128.39 | 3165.74 | 3167.44 | 3082.54
59 | 3196.88 | 3191.79 | 3190.71 3192.7 3167.61 | 3193.94 | 3184.62 | 3183.25 3168.1
60 | 3199.28 | 3198.76 | 3197.38 | 3192.84 | 3196.35 | 3199.59 | 3194.56 | 3195.83 3196.5
61 | 3207.27 | 3201.19 | 3208.18 | 3200.39 | 3197.94 | 3208.05 | 3201.38 3197.8 3199.88
62 | 3211.06 | 3209.37 | 3210.75 | 3208.23 | 3202.89 | 3222.05 | 3208.51 | 3209.07 | 3203.29
63 | 3225.12 | 3216.56 | 3225.31 | 3216.49 | 3210.5 | 3223.49 | 3223.19 | 3211.58 | 3210.64
64 | 3235.76 3230.7 3251.73 | 3230.62 | 3224.56 | 3242.44 | 3241.39 | 3224.92 | 3224.07
65 | 3249.77 | 3251.43 | 3254.07 | 3237.31 | 3226.21 | 3246.61 | 3243.17 3243.4 3225.36
66 | 3422.36 | 3839.58 | 3896.35 | 3837.19 | 3242.88 | 3811.95 | 3840.24 | 3823.06 | 3243.53
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TABLE A9: Vibrational frequencies of all the enol and keto tautomers in the S; state.
In addition the vibrational frequencies of transition state structure, denoted as TS, are

also given.

E-a* E-b* E-CO* | E-OH* K-a* K-CO* | K-OH* TS*
1 63.76 44.32 21.68 58.92 46.87 55.82 60.26 -340.4
2 100.85 62.47 66.77 64.41 68.56 113.08 85.11 65.16
3 110.81 87.47 110.77 97.34 107.97 151.22 114.29 100.64
4 130.1 182.32 | 175.94 | 134.92 | 130.14 173 134.59 | 116.31
5 177 193.49 | 192.81 | 151.54 | 194.61 | 184.06 181.41 | 130.18
6 | 188.96 | 224.29 | 217.51 | 198.69 | 195.84 212.3 210.45 190.3
7 239.52 241.02 235.29 216.14 235.06 249.61 258.18 208.16
8 259.96 286.8 318.35 267.39 300.24 273.57 295.93 241.82
9 313.62 317.06 324.39 294.22 353 314.86 316.25 306.27
1 0377.34 350.39 356.24 312.49 358.05 361.24 352.15 378.82
11 391.14 365.72 368.55 353.5 386.94 392.79 388.01 394.27
12 409.21 368.56 368.65 373.38 410.03 417.77 397.92 404.87
13 411.07 394.07 394.89 408.13 435.81 427.69 401.16 413.55
14 463.95 410.84 412.87 452.4 458.61 441.77 467.16 463.16
15 495.51 455.65 462.76 483.13 481.16 480.32 481.83 490.64
16 506.66 464.48 468.65 488.54 509.59 503.3 490.38 509.5
17 520.6 512.39 510.89 518.01 535.21 532.12 499.55 514.04
18 548.11 521.08 523.4 523.85 546.76 584.32 526.85 534.02
19 576.14 533.12 532.68 550.39 593.57 588.64 531.63 575.99
20 582.61 587.74 574.9 579.94 606.85 617.18 568.67 581.6
21 662.79 596.61 597.07 594.13 669.04 677.6 589.32 659.75
22 705.86 648.16 646.59 650.46 712.82 727.24 665.72 702.17
23 715.08 677.16 685.96 716.59 741.26 747.94 704.92 719.75
24 781.7 708.65 708.05 744.62 796.64 793.73 740.38 785.06
25 828.32 752.55 786.88 781.35 845.98 821.54 T72.87 831.76
26 856.81 781.46 798.81 838.98 853.63 859.34 840.11 838.13
27 860.81 849.39 853.82 845.06 879.35 881.42 857.85 861.15
28 875.41 850.13 855.07 874.1 893.12 894.87 886.47 878.84
29 891.47 859.95 865.36 925.54 932.26 940.79 921.69 896.26
30 936.13 873.53 887.83 926.31 960.99 954.02 938.46 939.64
31 988.27 877.62 902.62 940.37 987.15 970.33 955.12 988.63
32 1015.82 973.61 956.13 953.9 993.85 975.71 987.31 1007.42
33 1020.62 1000.72 998.36 1012.84 | 1021.73 | 1041.77 1033.8 1019.56
34 | 1073.69 | 1040.28 1024.8 1043.6 1060.66 | 1053.48 1037.69 | 1032.34
35 1102.81 1067.71 | 1061.47 | 1070.03 | 1079.81 1085.35 1052.29 1089.18
36 | 1121.65 | 1095.72 | 1092.47 | 1111.75 | 1128.59 | 1119.8 | 1098.34 | 1109.9
37 | 1155.91 | 1131.57 | 1128.3 | 1144.99 | 1141.04 | 1147.4 | 1145.54 | 1127.96
38 1182.99 1165.77 | 1159.57 | 1157.34 | 1155.33 | 1167.39 1166.81 1157.18
39 1213.36 1190.81 | 1209.11 1174.72 1217 1206.93 1192.87 1236.98
40 1236.89 1245.84 | 1255.42 | 1196.63 | 1228.73 | 1235.63 1218.92 1244.79
41 1267.46 1268.57 | 1262.85 | 1225.84 | 1250.52 | 1247.93 1235.11 1254.22
42 1293.54 1293.16 | 1288.71 1269.92 | 1298.26 | 1266.52 1274.56 1293.89
43 1362.67 1315.42 | 1309.02 | 1279.03 | 1333.01 1300.96 1319.92 1352.61
44 1388.92 1397.74 | 1388.97 | 1351.44 | 1377.87 | 1338.61 1338.01 1392.02
45 1417.25 1407.58 | 1408.06 | 1388.96 | 1400.85 1361.7 1381.22 1410.12
46 | 1429.54 | 1420.98 | 1424.1 | 1404.6 | 1406.72 | 1393.01 | 1402.31 | 1433.41
47 1441.22 1457.46 | 1450.38 | 1416.68 | 1439.19 | 1427.23 1440 1439.01
48 1454.66 1473.01 | 1489.87 | 1452.79 | 1468.36 1457.9 1445.44 1444.77
49 1482.8 1489.17 | 1506.84 | 1462.58 1473.6 1478.89 1460.86 1478.34
50 | 1487.19 | 1490.02 | 1507.75 | 1465.67 | 1476.57 | 1490.65 1474.68 | 1486.34
51 1512.86 1515.72 | 1512.94 | 1482.93 | 1502.69 | 1515.73 1480.75 1503.8
52 1537.11 1540.97 | 1526.75 | 1504.43 | 1540.36 | 1538.86 1507.36 1541.55
53 1559.51 1548.63 | 1554.73 1550.4 1558.89 | 1598.64 1555.3 1559.44
54 1602.97 1648.14 | 1651.56 | 1601.04 1591.6 1619.58 1583.28 1592.31
55 1623.76 1700.03 | 1675.56 | 1639.74 | 1626.35 | 1657.36 1640.63 1608.84
56 1678.66 1751.43 1704.6 1667.35 | 1636.11 2456.74 1658.74 1650.79
57 | 2111.99 3083.71 3040.1 3053.71 2651.8 3034.73 3053.68 1917.4
58 | 3055.93 | 3174.85 3123.2 3120.67 | 3039.83 | 3112.47 | 3125.14 | 3054.07
59 3131.04 3178 3186.05 | 3192.94 | 3103.97 | 3145.22 3188.25 | 3127.91
60 3185.95 3194.27 | 3197.47 | 3198.12 | 3179.29 | 3199.57 3188.89 | 3184.79
61 3195.19 3198.55 | 3205.94 | 3202.24 | 3193.91 | 3208.42 3193.96 | 3195.21
62 3203.2 3206 3208.42 | 3204.15 | 3202.93 | 3212.51 3204.33 3203.2
63 3207.9 3214.15 | 3233.68 | 3218.52 | 3206.31 | 3228.12 3212.79 | 3207.31
64 | 3226.46 3236.82 | 3244.69 | 3228.69 | 3219.76 | 3233.73 3219.64 | 3224.85
65 3229.14 3248.81 | 3245.41 | 3237.73 | 3224.94 | 3243.73 3229.78 | 3228.84
66 | 3237.66 | 3810.93 | 3849.07 | 3781.97 | 3240.65 | 3795.55 | 3826.54 | 3237.48
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FIGURE A1: The active space orbitals used for generating potential energy curves along
the torsional coordinate ¢; at MS-MR-CASPT2//SA-3-CASSCF(12,9)/6-31G(d,p) in
the S; and S, states.
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FicURE A2: Potential energy curve along the torsional coordinate ¢, starting from
the E-a* geometry at MS-MR-CASPT2//SA-3-CASSCF(12,9) level in the S; and S
states.
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FIGURE A3: The active space orbitals used in SA-2-CASSCF(10,8)/6-31G(d) conical
intersection optimisation between S; and Sy.
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TABLE B1: Cartesian coordinates of enol and keto conformers in the Sq state optimized
at B3LYP/cc-pVDZ level of theory in Gas, CyHex and MeOH.

TH-3267 176122008

1-CN-Enol-Gas 2-CN-Enol-Gas
Atom X y zZ Atom X y zZ

C -1.605002 1.765255  0.356159 C -1.911291  1.630041  0.441794
C -0.30335  1.311924 0.111343 C -0.581979  1.220033  0.187198
C -0.023732  -0.04571  0.066404 C -0.255662 -0.124484 0.122612
C -1.044901 -0.995614 0.266182 C -1.242877 -1.112811 0.309523
C -2.377674 -0.555912  0.515763 C -2.583271 -0.704845  0.56622

C -2.638785 0.841972  0.55769 C -2.900536  0.657985  0.629102
C -3.404312 -1.581277 0.714173 C -3.605465 -1.73092 0.7597

N -3.162781 -2.84958  0.682995 N -3.374796 -2.997889 0.713465
& -4.433897 -3.573485  0.90785 C -4.649246 -3.711824 0.955674
C -5.449906 -2.409449 1.121838 C -5.661527 -2.539 1.151078
(@) -4.676784 -1.19649  0.940262 (@) -4.874863 -1.329019 1.002881
(0] -0.708631 -2.285769 0.211162 (0) -0.885422 -2.395074 0.239114
C -4.768996 -4.410721 -0.334628 C -4.994083 -4.573112 -0.266758
C -4.306386 -4.464648 2.150259 C -4.519763 -4.577415  2.216242
H -1.829301 2.830915 0.393083 H 0.766462 -0.450773  -0.07317
H 0.983693 -0.419114 -0.122479 H -1.710498 -2.946504 0.395694
H -1.545193 -2.823292 0.374623 H -6.118711 -2.521864 2.151688
H -5.876216 -2.384944  2.135904 H -6.455357 -2.518812 0.389533
H -6.266396 -2.39858  0.385291 H -5.069671 -3.954216 -1.174388
H -4.851382 -3.771883 -1.227764 H -5.955172 -5.092847  -0.1186

H -5.724788 -4.943418 -0.198644 H -4.214509 -5.331951 -0.434458
H -3.98127  -5.157152 -0.519431 H -4.255082 -3.961612  3.089897
H -4.040658 -3.867019 3.036014 H -3.733736 -5.336298  2.082242
H -3.522562 -5.223131 2.001336 H -5.468112  -5.09728  2.431041
H -5.256215 -4.986159 2.3543 H 0.190889  1.976363  0.04084

H 0.498861  2.036058 -0.045248 H -3.930687 0.953438  0.826352
C -3.943666 1.397551  0.804149 C -2.240925 3.024153  0.507106
N -4.949101 1.952518  0.994222 N -2.504322 4.157736  0.559328
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1-CN-Enol-CyHex 2-CN-Enol-CyHex

Atom X y z Atom X y z

-1.60918  1.765783  0.329202 -1.911999 1.629954  0.424475
-0.305015 1.311706  0.099505 -0.5801056 1.219401 0.184111
-0.023156 -0.046379  0.076753 -0.253594  -0.12587  0.137645
-1.04369 -0.995393  0.284032 -1.242689 -1.111713  0.32893

-2.378879 -0.555761  0.518058 -2.585559  -0.702158 0.571297
-2.641593  0.841967  0.537567 -2.903801 0.660149 0.616355
-3.405021 -1.580934 0.723406 -3.608261 -1.728532 0.768029
-3.156969 -2.847786  0.716983 -3.370408 -2.994345 0.739151
-4.43174  -3.574656  0.920188 -4.647622 -3.712548  0.962306
-5.443672 -2.413 1.157695 -5.658723 -2.542454  1.175958
-4.681672 -1.197976  0.925622 -4.88017 -1.328933  0.991585
-0.706286 -2.286949  0.2515 -0.886969 -2.395407 0.276582
-4.761678 -4.376648 -0.347175 -4.985446 -4.546251 -0.281435
-4.315108 -4.498101 2.138678 -4.52736  -4.60468  2.204305
-1.834716  2.831626  0.348829 0.770458 -0.452587 -0.046989
0.986948 -0.418659 -0.100061 -1.717849 -2.943232  0.434202
-1.546806 -2.821565 0.418397 -6.082333 -2.516635 2.190911
-5.823791  -2.37492  2.189577 -6.475451 -2.531166  0.440026
-6.290056 -2.414737  0.45696 -5.063397 -3.906405 -1.17426
-4.847154  -3.712375 -1.221304 -5.944389  -5.0729  -0.146233
-5.715315  -4.916238 -0.226134 -4.202095 -5.297589 -0.464689
-3.97062  -5.114212 -0.552163 -4.25948  -4.009352  3.090951
-4.042331 -3.926688  3.039262 -3.749075  -5.368779  2.055226
-3.542212  -5.263531  1.96947 -5.481204 -5.119328  2.40576

-5.271912  -5.011655 2.328544 0.194377  1.973288  0.034449
0.496733  2.034843 -0.062527 -3.935389  0.957503  0.802832
-3.948865 1.398673  0.768018 -2.243284  3.023808  0.471183
-4.955577  1.956412  0.943924 -2.508394 4.157961  0.508286

Q
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1-CN-Enol-MeOH 2-CN-Enol-MeOH

Atom X y z Atom X y z

Q

-1.600677 1.768964  0.356217 -1.905717  1.630726  0.44046
-0.299758  1.312434  0.113307 -0.576501  1.219346  0.18602
-0.025781 -0.047263  0.069076 -0.2572  -0.127135 0.123018
-1.0498  -0.994383 0.267394 -1.250346 -1.109702 0.311198
-2.381398 -0.553587 0.515767 -2.590348 -0.698153  0.56773
-2.635312  0.845045  0.556262 -2.902485 0.663684  0.629357
-3.410743 -1.577983  0.714463 -3.615003 -1.724948 0.761781
-3.165298 -2.844007  0.68006 -3.375493  -2.98962  0.713886
-4.434469 -3.575909  0.907104 -4.648132 -3.713664  0.955535
-5.45495  -2.417308 1.123772 -5.666242 -2.547115 1.152563
-4.682192 -1.195125 0.943796 -4.881522 -1.328131 1.004376
-0.721005 -2.289009 0.212935 -0.904247  -2.39572  0.243156
-4.767076 -4.413293 -0.335378 -4.987308 -4.574225 -0.268468
-4.2994 -4.46591  2.149054 -4.512906 -4.579484  2.214837
-1.819236 2.835795  0.391892 0.764823 -0.453837 -0.072664
0.982649 -0.418857 -0.118982 -1.743249 -2.938466  0.402292
-1.568719 -2.819253  0.375906 -6.119955 -2.530817  2.153486
-5.878025 -2.395069 2.138102 -6.4578  -2.527642  0.390328
-6.268868 -2.406981 0.385874 -5.067222 -3.953943 -1.174679
-4.852686 -3.774632 -1.228235 -5.946618 -5.095325 -0.118026
-5.722033 -4.945113 -0.195388 -4.205768  -5.33169  -0.434504
-3.979191  -5.160289  -0.517732 -4.252447 -3.962999  3.089168
-4.034447  -3.866817  3.03395 -3.725973  -5.337196  2.077962
-3.515919  -5.224041  1.99589 -5.460617 -5.100508  2.426582
-5.24856  -4.987305  2.35313 0.201289 1.969983  0.03859
0.504481  2.033737 -0.042206 -3.931235 0.963858  0.826253
-3.938643  1.404318  0.799827 -2.230957  3.024311  0.504664
-4.942275  1.964687  0.986951 -2.491034 4.159608  0.556048
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1-CN-Keto-Gas 2-CN-Keto-Gas
Atom X y z Atom X y z

C -1.610884  1.775247  0.231912 C -1.706459 1.761014  0.282829
C -0.300721  1.274069  0.026517 C -0.36424  1.299753  0.07599

C -0.028137 -0.071063  0.082604 C -0.046964 -0.03294  0.113684
C -1.056233 -1.044759  0.35763 C -1.043056 -1.048631 0.367547
C -2.405646 -0.516871 0.557078 C -2.404424  -0.547523  0.571702
C -2.650665 0.894922  0.492535 C -2.706225 0.830743  0.526805
C -3.418276 -1.487377 0.794225 C -3.410515 -1.520885 0.802868
N -3.158031 -2.778937  0.89882 N -3.159883 -2.814642 0.888764
C -4.393963 -3.576743  0.96662 C -4.398541 -3.607831  0.96211

C -5.409231 -2.434864 1.251739 C -5.404753 -2.460872  1.26628

(0] -4.718727 -1.201822 0.909179 (@) -4.709478 -1.225334  0.935902
(0] -0.780211 -2.285733 0.415818 (0) -0.750767 -2.281377  0.40801

C -4.655182 -4.260411 -0.385044 C -4.677082 -4.279546 -0.391869
C -4.330485 -4.597722  2.106354 C -4.330855 -4.637103  2.094156
H -1.809503 2.845686  0.188481 H 0.976362 -0.377486 -0.044406
H 0.979323 -0.460902 -0.073077 H -2.13198  -3.033601  0.69772

H -2.116021 -2.98369  0.708122 H -5.674689 -2.414183 2.332723
H -5.684845 -2.374829 2.316014 H -6.315854  -2.50229  0.655633
H -6.317164 -2.486563 0.637443 H -4.756662 -3.530338 -1.194831
H -4.733222  -3.51715  -1.193679 H -5.61829  -4.851417 -0.352778
H -5.592878  -4.838468 -0.350668 H -3.864458 -4.975388 -0.65188
H -3.835024  -4.951919 -0.632857 H -4.078595 -4.155145  3.050597
H -4.090257 -4.106969 3.061422 H -3.56568  -5.399068 1.879265
H -3.558397 -5.356321  1.904376 H -5.298039 -5.153326  2.203921
H -5.295533  -5.11907  2.211309 H 0.415019  2.040894 -0.115375
H 0.506378  1.981872 -0.179264 H -3.734307  1.159343  0.68602

C -3.955808  1.462946  0.700333 C -2.004156  3.160468  0.23702

N -4.982253 1.988793  0.861992 N -2.238932  4.30188  0.198028
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1-CN-Keto-CyHex 2-CN-Keto-CyHex
Atom X y z Atom X y z

C -1.614243  1.77899  0.233957 C -1.705994  1.761765  0.289056
C -0.29963 1.28869  0.031862 C -0.359924  1.314016  0.081367
C -0.019162 -0.054901  0.086303 C -0.034455 -0.016914 0.113091
C -1.040201 -1.040284 0.355058 C -1.022861 -1.043978  0.359677
C -2.394112 -0.522544  0.55319 C -2.388159 -0.553942  0.565075
C -2.646988  0.888055  0.489923 C -2.699463 0.820377  0.52746

C -3.407666 -1.494529  0.790194 C -3.398386 -1.529116 0.793693
N -3.158577 -2.787721  0.891699 N -3.160744 -2.823982 0.871901
C -4.398731 -3.581564 0.966175 C -4.404781 -3.611342  0.958537
C -5.405242 -2.433484  1.253939 C -5.402338 -2.455663 1.257089
(0) -4.703606 -1.202049 0.911966 (0) -4.690051 -1.223023  0.934608
(0) -0.753049 -2.277446 0.409737 (0) -0.719786 -2.272949  0.392746
C -4.667931 -4.264372 -0.383726 C -4.690617 -4.293069 -0.388019
C -4.334127 -4.599816  2.107864 C -4.334976  -4.628555  2.100944
H -1.820781  2.847944  0.191267 H 0.992292 -0.351263 -0.045757
H 0.992512 -0.435128 -0.067585 H -2.153877 -3.074929 0.687366
H -2.139427 -3.022798 0.707707 H -5.68022  -2.404416  2.320342
H -5.678713 -2.370088 2.317793 H -6.306866  -2.48546  0.637096
H -6.31224  -2.476978 0.638672 H -4.769441 -3.551167 -1.197735
H -4.742122  -3.521705 -1.193136 H -5.635425 -4.857274 -0.337849
H -5.610983 -4.832545 -0.343822 H -3.883975 -4.99754  -0.642968
H -3.855428 -4.964709 -0.631484 H -4.074545 -4.137665  3.050544
H -4.088279 -4.108387 3.061026 H -3.5771  -5.398266 1.888325
H -3.567751 -5.363174 1.902921 H -5.305692 -5.135028 2.220881
H -5.302121 -5.114254  2.216369 H 0.415035 2.060789 -0.105458
H 0.502893  2.002571 -0.170052 H -3.730337  1.13963  0.687341
C -3.954912  1.452241  0.691663 C -2.017251  3.157189  0.250246
N -4.980979 1.981336  0.846456 N -2.263568  4.296949  0.216835
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1-CN-Keto-MeOH 2-CN-Keto-MeOH

Atom X y z Atom X y z

Q

-1.613069 1.786202  0.254653 -1.701813 1.765093  0.311016
-0.295279  1.308262  0.051975 -0.352453 1.334715  0.097329
-0.009468 -0.035682  0.090777 -0.019301  0.004568  0.108208
-1.024438 -1.033314  0.340755 -0.999775 -1.036052  0.335393
-2.381076  -0.527945 0.542113 -2.367989  -0.560952  0.548208
-2.639633  0.88142 0.4955 -2.688942  0.80813  0.533547
-3.398721 -1.503671 0.772131 -3.385602 -1.540504 0.768528
-3.163463 -2.797956  0.85181 -3.165847  -2.83614  0.82029

-4.406896 -3.587488  0.957066 -4.414891  -3.61565  0.947028
-5.406814 -2.431784 1.238278 -5.404626 -2.447222  1.226477
-4.68662 -1.199232 0.914199 -4.664599 -1.217523  0.93248

-0.727231 -2.269411  0.378082 -0.684792 -2.262294  0.347004
-4.692951 -4.294381 -0.375683 -4.718547 -4.336914  -0.37346
-4.327041 -4.583692  2.11693 -4.328695 -4.597744 2.118602
-1.826525 2.854154  0.223984 1.011532 -0.316201  -0.05524
1.006675 -0.404433 -0.064408 -2.18091  -3.124313 0.642152
-2.164468 -3.064262 0.674563 -5.711242  -2.394572  2.280294
-5.694217 -2.368871  2.297287 -6.288799 -2.458948  0.57831

-6.302594  -2.462276  0.60712 -4.797136 -3.621369 -1.206186
-4.770141  -3.567855 -1.199085 -5.669748 -4.885727  -0.29257
-5.640379 -4.851942 -0.311048 -3.923231 -5.060774  -0.60855
-3.889192  -5.007769 -0.613989 -4.06361 -4.077551  3.050945
-4.070871 -4.074192  3.057699 -3.570895 -5.370881 1.919389
-3.564843 -5.351623  1.914267 -5.297947 -5.100483  2.259546
-5.295332 -5.092095 2.244321 0.418562  2.088596 -0.076567
0.503725 2.029111 -0.137372 -3.72257  1.115274  0.698433
-3.949026  1.442484  0.695927 -2.026821  3.155817  0.295375
-4.971707  1.979591  0.848083 -2.282819  4.294793  0.280452
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TABLE B2: Cartesian coordinates of keto conformers in the S; state optimized at
B3LYP/cc-pVDZ level of theory in Gas, CyHex and MeOH.
1-CN-Keto*-Gas 2-CN-Keto*-Gas

Atom X y zZ Atom X y zZ
C -1.643149 1.777953  0.103965 C -1.459801 1.719598  0.633209
C -0.406761 1.315185 -0.286473 C -0.570883  1.40042  -0.427406
C -0.072013 -0.059494 -0.149499 C -0.66008  0.178045 -1.05514
C -1.019422 -0.989187  0.293063 C -1.657469 -0.791759 -0.636543
C -2.373754 -0.532938 0.619567 C -2.556448 -0.438959  0.43833
C -2.624064 0.867523  0.614917 C -2.455909  0.777193  1.054449
C -3.364891 -1.508914 0.916511 C -3.601776 -1.436181 0.858802
N -3.174748  -2.790331 1.329776 N -3.362146 -2.580517  1.624769
C -4.396376  -3.57707  1.036863 C -4.346655 -3.611373  1.193457
C -5.415981 -2.420884 1.133678 C -5.438475 -2.680721  0.620882
(0] -4.675829 -1.239696  0.751593 (0) -4.728518 -1.555925  (0.088083
O -0.753478 -2.256211  0.402981 (0) -1.747709  -1.927753 -1.173157
C -4.341212 -4.174915 -0.378426 C -3.750452 -4.508473 0.097627
C -4.618913 -4.652807  2.099732 C -4.842646 -4.423844  2.389807
H -1.891458 2.838697  0.060856 H 0.009696 -0.097512 -1.871764
H 0.904479 -0.438018 -0.452553 H -2.395879  -2.90668 1.62009
H -2.232639 -3.162044 1.162559 H -6.118688 -2.33514  1.420252
H -5.780585  -2.279965  2.164606 H -6.019833 -3.131905 -0.193144
H -6.266641 -2.520207 0.447705 H -3.370001 -3.902079 -0.73676
H -4.219317 -3.384712 -1.13553 H -4.506739 -5.214054 -0.283792
H -5.266453 -4.730365 -0.601945 H -2.91371  -5.103798  0.499775
H -3.494559 -4.873305 -0.47241 H -5.218984 -3.761621 3.183765
H -4.593934 -4.217398  3.109555 H -4.027415 -5.033286  2.811315
H -3.838302 -5.427576 2.038614 H -5.649892 -5.111494 2.088817
H -5.591559 -5.148547 1.951454 H 0.174955  2.137896  -0.72908
H 0.345457 2.01151 -0.661776 H -3.132569  1.045598  1.868008
C -3.820686  1.419837  1.160586 C -1.366126  2.982366  1.283263
N -4.774812  1.925233  1.605965 N -1.289351 4.017127  1.818516
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1-CN-Keto*-CyHex 2-CN-Keto*-CyHex
Atom X y Z Atom X y Z

C -1.637415  1.784271  0.118531 C -1.663754 1.779615  0.275499
C -0.392219  1.331338 -0.256912 C -0.392013  1.36816  -0.109456
C -0.057327 -0.043624 -0.130231 C -0.073 -0.006318 -0.104322
C -1.012278 -0.988673  0.285745 C -1.0262  -1.008442  0.233665
C -2.374868 -0.534081  0.604041 C -2.376686 -0.560652 0.616684
C -2.628159 0.863317  0.612299 C -2.647756  0.792585  0.682882
C -3.367658 -1.516275 0.892328 C -3.369579 -1.554609 0.936357
N -3.171513 -2.795161  1.289903 N -3.151076 -2.847396  1.294008
C -4.400559 -3.583077 1.030872 C -4.396454 -3.618544  1.057729
C -5.419441 -2.425799 1.128066 C -5.407431 -2.464079 1.247982
O -4.676414  -1.2409 0.743073 (@) -4.68968  -1.264405 0.864566
(0] -0.739105 -2.246933 0.378914 (0) -0.748013 -2.251242 0.190917
C -4.366929 -4.201937 -0.375767 C -4.432214  -4.178522 -0.373635
C -4.606286 -4.642925 2.113044 C -4.561569 -4.722252  2.102203
H -1.891948 2.843626  0.07303 H 0.905885 -0.352497 -0.439818
H 0.924041 -0.418455 -0.423385 H -2.223998 -3.194421 1.005308
H -2.224509 -3.156906 1.118736 H -5.712322 -2.359851  2.302579
H -5.781535 -2.279081  2.15831 H -6.296019 -2.543594  0.609147
H -6.270037 -2.523643  0.44258 H -4.341824  -3.369997 -1.115758
H -4.255782  -3.424055 -1.147138 H -5.377808 -4.714183 -0.556432
H -5.297248 -4.757991 -0.574306 H -3.60394  -4.886603 -0.533799
H -3.523894  -4.904099 -0.470491 H -4.474996 -4.314328  3.120156
H -4.567768 -4.192645 3.115882 H -3.788179 -5.495557 1.972991
H -3.826103 -5.417685  2.050367 H -5.543545 -5.210536  1.998021
H -5.581145 -5.139377 1.985118 H 0.356535  2.104736 -0.4035
H 0.358785  2.035983 -0.618762 H -3.61829  1.136447  1.041747
C -3.82904  1.416474  1.143859 C -2.021237  3.157201  0.279991
N -4.785245  1.929664  1.578226 N -2.32834  4.284456  0.290723
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1-CN-Keto*-MeOH 2-CN-Keto*-MeOH
Atom X y Z Atom X y Z

C -1.624285  1.790125 0.14104 C -1.676958  1.773438  0.248442
C -0.353595  1.358829  -0.174779 C -0.367483  1.398686 -0.050173
C -0.016117 -0.01416 -0.062658 C -0.015855 0.034548  -0.00782
C -0.985588 -0.981994  0.297692 C -0.965239 -0.989458  0.293048
C -2.365807 -0.540667 0.583354 C -2.348771 -0.578522 0.601285
C -2.640813  0.853638  0.574403 C -2.666167 0.773119  0.607601
C -3.355879 -1.535119  0.857977 C -3.333404 -1.581985 0.893261
N -3.156429 -2.822801 1.189705 N -3.135639 -2.886682 1.202528
C -4.408328 -3.595453 1.018942 C -4.40772  -3.627184  1.039993
C -5.408934 -2.42816  1.177501 C -5.378423 -2.452365 1.302106
O -4.662715 -1.237991 0.788805 (0) -4.645909 -1.260759 0.905376
O -0.696201 -2.228585 0.367245 O -0.647788 -2.219865 0.280983
C -4.46988  -4.222486 -0.383048 C -4.542815 -4.175087 -0.390029
C -4.555362 -4.648876 2.117307 C -4.53398  -4.737072 2.083601
H -1.889083  2.84661  0.084569 H 0.994927 -0.289547 -0.261222
H 0.982515 -0.377717 -0.309786 H -2.221473 -3.263327  0.93255
H -2.212132 -3.184612 1.011841 H -5.627655 -2.357379  2.371138
H -5.729049 -2.293604 2.222173 H -6.297497  -2.49586  0.705389
H -6.28396  -2.500305 0.521196 H -4.485214 -3.362602 -1.131192
H -4.399112 -3.450918 -1.165505 H -5.508923 -4.689886 -0.51314
H -5.419613 -4.76476  -0.51429 H -3.740018 -4.898107 -0.603755
H -3.644501 -4.937522 -0.523488 H -4.380015 -4.34092  3.098212
H -4.455724 -4.194046 3.113834 H -3.787757 -5.525571  1.899593
H -3.785766 -5.428708 2.009162 H -5.531896 -5.199711 2.031601
H -5.540586  -5.1354 2.047465 H 0.374699 2.153536 -0.310872
H 0.401412  2.080208 -0.492394 H -3.669939  1.098409  0.879068
C -3.874079 1.412411  1.009031 C -2.063625 3.142128 0.204709
N -4.851988 1.953414  1.358639 N -2.392969 4.263198  0.174153
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TABLE B3: Cartesian coordinates of the conical intersection structures obtained at
SA-2-CASSCF(8,7) /6-31G(d,p) level.

1-CN-CI 2-CN-CI
Atom y Z Atom X y Z
C -2.931303  1.205577 -0.223604 C 2.758082 -0.551104 -0.081923
C -3.834261 0.091857 -0.220544 C 3.404413 0.736814 -0.116585
C -3.382696 -1.161858 -0.085181 C 2.679036  1.859092 -0.059524
C -1.956005 -1.44435 0.055743 C 1.21818 1.821724  0.036953
C -1.040325 -0.314053 0.065113 C 0.585133 0.510374  0.086888
C -1.563522  0.986207  -0.08534 C 1.36902  -0.642358 0.018482
C 0.405813 -0.564669  0.232082 C -0.881435 0.415336  0.217815
N 1.293268 -0.269439 -0.801558 N -1.650316 -0.153635 -0.801614
C 2.64037  -0.194892 -0.231698 C -2.979036 -0.418287 -0.245493
C 2.270598 0.305384  1.172168 C -2.556637 -0.754177  1.19199
O 0.965913 -0.198796 1.407975 O -1.370185 -0.013418  1.40825
O -1.544191  -2.60423  0.145482 O 0.559647  2.862586  0.061454
C 3.308704  -1.57415 -0.175371 C -3.874737 0.826309 -0.286862
C 3.497066  0.805418 -1.001531 C -3.640098 -1.595211 -0.95549
H -3.30616  2.206486 -0.319979 H 3.137476  2.830246 -0.086113
H -4.044277 -2.008429 -0.079682 H -1.63188  0.350939 -1.663353
H 1.190376 -0.838201 -1.615624 H -2.334996 -1.810635 1.302398
H 2.236077  1.387311  1.211521 H -3.28884  -0.46535  1.933441
H 2.928265 -0.065822 1.945858 H -3.415127 1.653936  0.242541
H 2.709778 -2.273017  0.398992 H -4.839895 0.623407 0.167206
H 4.291224 -1.509093 0.282218 H -4.049687 1.135824 -1.313314
H 3.435525 -1.978179 -1.175849 H -2.983022 -2.456756 -0.960885
H 2.992154 1.760891 -1.072259 H -3.872241 -1.339926 -1.984747
H 3.692601 0.44661  -2.007507 H -4.570735 -1.867268 -0.466251
H 4.455832  0.948209 -0.511233 H 4.475966  0.772607 -0.190378
H -4.886655 0.2848 -0.32726 H 0.898384 -1.607252  0.04343
C -0.683638  2.136818 -0.063548 C 3.554697 -1.745052 -0.150832
N -0.020371  3.058244  -0.042285 N 4.190097 -2.686281 -0.207652
1-CN 2-CN
Medium Enol Keto Enol Keto
avdz cc-pVTZ | avdz cc-pVTZ | avdz cc-pVTZ | avdz cc-pVTZ
Gas 0.30 0.29 0.56 0.56 0.30 0.29 0.59 0.58
CyHex | 0.18 0.17 0.37 0.37 0.18 0.17 0.36 0.37
MeOH | 0.00 0.00 0.09 0.11 0.00 0.00 0.05 0.06

TABLE B4: Relative energies(in eV) of the enol and keto forms of 1-CN and 2-CN
in Gas, CyHex and MeOH in the Sy states computed at B3LYP/aug-cc-pVDZ and
B3LYP/cc-pVTZ levels of theory. The enol ground state energy in MeOH was taken
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TABLE B5: Summary of selected bond lengths(A), bond angle(in degree) of the opti-
mized structures of Enol and Keto in the Sy and S; states in MeOH/CyHex calculated
at B3LYP/cc-pVDZ level of theory.

Geometrical 1-CN 2-CN
parameters Enol Keto Keto* Enol Keto Keto*
H,-0, 1.01 / 1.01 | 1.67 /1.60 | 1.90 / 1.90 | 1.01 / 1.01 | 1.75 / 1.67 | 2.00 / 1.93
H,-Ng 1.63 /1.64 | 1.05 / 1.06 | 1.03 / 1.03 | 1.66 / 1.68 | 1.04 / 1.05 | 1.03 / 1.03
05-C3 134 /134 | 127 /1.27 | 1.28 /1.29 | 1.33 / 1.33 | 1.27 / 1.27 | 1.27 / 1.27
C3-Cy 142 /1.43 | 1.46 / 1.46 | 1.48 / 1.47 | 1.43 / 1.43 | 1.46 / 1.47 | 1.48 / 1.47
C4-Cs 147 / 147 | 143 / 142 | 143 / 1.43 | 1.46 / 1.46 | 1.43 / 1.42 | 1.44 / 1.44
C5-Ng 129 /129 {132 /132]135/1.35|1.29 /129|132 /1.32| 136/ 1.36
/C3-C4-C5-Ng | 03/08 | 23/31 |163/20.7| 00/0.2 | 15/23 |14.9/19.9

TABLE B6: Summary of selected bond lengths(A) and bond angles(in degree) of op-
timized Enol and Keto forms of 1-CN in the ground state. Results obtained in Gas,
CyHex and MeOH phases using aug-cc-pVDZ/cc-pVTZ basis sets with B3LYP func-

tional are shown.

Geometrical Enol Keto
parameters Gas CyHex MeOH Gas CyHex MeOH
Hi-0o 1.0 / 1.00 1.00 / 1.00 1.00 / 1.00 | 1.61 / 1.63 | 1.66 / 1.68 | 1.72 / 1.73
H;-Ng 1.67 / 1.68 1.66 / 1.67 | 1.65 /1.65 | 1.06 / 1.05 | 1.05 / 1.04 | 1.04 / 1.03
02-C3 1.34 / 1.33 134 /134 | 134 /134|127 /1.26|1.27/1.26|1.28 /1.27
C3-Cy 1.424 / 1.418 | 1.423 / 1.417 | 1.42 / 1.42 | 1.46 / 1.46 | 1.46 / 1.46 | 1.46 / 1.45
CsCs 147 /146 | 1.47/146 |1.47 /146 |1.42 /141 | 1.43 /1.42 | 1.43 / 1.42
C5-Ng 1.29 / 1.28 1.29 / 1.28 129 /1.28 | 1.32 /1.32 | 1.32 / 1.32 | 1.32 / 1.31
£C5-C4-C5-Ng | 0.4 /05 0.5 /0.7 01/02 | 28/32 | 23/26 | 15/16

TABLE B7: Summary of selected bond lengths(A) and bond angles(in degree) of op-
timized Enol and Keto forms of 2-CN in the ground state. Results obtained in Gas,
CyHex and MeOH phases using aug-cc-pVDZ/cc-pVTZ basis sets with B3LYP func-
tional are shown.

Geometrical Enol Keto
parameters Gas CyHex MeOH Gas CyHex MeOH
H;-O9 1.00 / 1.00 | 1.00 / 1.00 | 1.00 / 1.00 | 1.66 / 1.68 | 1.72 / 1.74 | 1.80 / 1.81
H,-Ng 1.72 /173 | 171 / 1.71 | 1.69 / 1.69 | 1.05 / 1.05 | 1.04 / 1.04 | 1.03 / 1.03
02-Cs3 1.34 /1331134 /133|134 /133|127 /126 | 1.27/1.26 | 1.27 / 1.26
C3-Cy 142 /142 | 142 /142 | 142 /1.42 | 1.46 / 1.46 | 1.46 / 1.46 | 1.46 / 1.46
C4-Cs 1.46 / 1.46 | 1.46 / 1.46 | 1.46 / 1.46 | 1.42 / 1.41 | 1.42 / 1.42 | 1.43 / 1.43
C5-Ng 129 /128 129 /128 |129/1.28|132/132]132/1.31|1.31/131
£C3-C4-C5-Ng | 0.0 / 0.0 0.1/0.1 0.0 /0.0 2.1/22 1.7 /1.8 0.4 /04
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TABLE B8: Vertical excitation energies(in eV) of the first singlet excited states of 1-CN
and 2-CN in MeOH solvent calculated with TDDFT methods. DFT functionals and

different basis sets used are shown.

1-CN
B3LYP CAM-B3LYP PBE0 MO06-2X wB97XD EXPT
cc-pvDZ 3.97 4.23 3.61 4.31 4.23 3.86
cc-pVTZ 3.95
aug-cc-PV'TZ 3.94
def2-TZVP 3.95
2-CN
cc-pVDZ 4.31 4.58 3.94 4.64 4.59 4.09
cc-pVTZ 4.30
aug-cc-PVTZ 4.29
def2-TZVP 4.30

TABLE B9: Vertical excitation and emission energies(in eV) of 1-CN and 2-CN in
gas phase, CyHex and MeOH solvents computed at RI-SOS-ADC(2)/cc-pVDZ level of
theory at DFT/TDDFT optimized geometries.

1-CN 2-CN
Transition | CyHex Gas MeOH | CyHex Gas MeOH
So—S1 4.11 4.16 4.14 4.33 4.34 440
S1—So 251 2,50  2.66 2.61 2.80
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1-CN(CH)

Hole Electron
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FicUure B1l: NTO for transition to the first three singlet excited states of 1-CN in
cyclohexane solvent.

1-CN(MeOH)

Hole

Electron

97%

FiGUure B2: NTO for transition to the first three singlet excited states of 1-CN in
methanol solvent.
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Hole 2-CN(CH) Electron
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FicUure B3: NTO for transition to the first three singlet excited states of 2-CN in
cyclohexane solvent.
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Hole 2-CN(MeOH) Electron

¥
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FicUre B4: NTO for transition to the first three singlet excited states of 2-CN in
methanol solvent.
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F1cURE B5: The active space orbitals used in SA-2-CASSCF(8,7)/6-31G(d,p) conical
intersection optimisation between S; and Sy for 2-CN.
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FIGURE B6: Active space orbitals used in MS-CASPT2//SA3-CASSCF/6-31G(d,p)

calculations for generating the PEC along the LIIC path connecting the S; keto min-

imum and the MECI structure in 1-CN. Mean occupation numbers of the orbitals are
shown in parenthesis.
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FIGURE B7: Active space orbitals used for MS-CASPT2//SA3-CASSCF(10,9)/6-
31G(d,p) calculations in generating the PEC along the LIIC connecting the S; keto
minimum and the CI structure in 2-CN.
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Appendix C

TaBLE C1: Cartesian coordinates of E-t1 in the Sy and S states optimized at MP2/cc-
pVTZ and ADC(2)/cc-pVTZ levels of theory, respectively.

S() Sl
X y Z A X v Z
-0.5215852 0.372788 -0.0217127 -0.5213456  0.4246773  -0.0223852
-0.2165201 1.4146822 -0.0225182 -0.1619041 1.4491837 -0.0211178
0.4090485  -0.6051973  0.0203717 0.4085511  -0.6485526  0.0206813
0.0861457  -1.6404138  0.0205516 0.0421916  -1.6672197  0.0192213
1.8442432  -0.4261969  0.0671447 1.7972959 -0.47716 0.0660011
2.8414889 -1.3932077 0.1115894 2.8545341 -1.4359593 0.1123713
2.4765048 0.7983232 0.0752459 2.4204643 0.7697625 0.0737139
4.0957417  -0.7283586  0.1469368 4.0648003  -0.7442767  0.1460692
2.6683968  -2.4568799  0.1173424 2.7065105  -2.5031257  0.1189565
3.8374638 0.6277042 0.1233405 3.771497 0.6297582 0.1212438
2.0128219 1.6874652 0.0497054 1.9307639 1.6466498 0.0474384
5.0716668  -1.1815095  0.1850473 5.0566526  -1.1627246  0.1843506
4.5028758 1.4737187 0.1366883 4.4262218 1.4849537 0.1343356
-1.9613353  0.1764258  -0.0684747 -1.8987629  0.2606755  -0.0673669
-2.9213259 1.1658305 -0.111519 -2.9402606 1.2371823 -0.1130454
-2.7107668  -1.3956576  -0.0772454 -2.6104585 -1.3691018  -0.074113
-4.2535922  0.6627999 -0.151374 -4.2112268  0.6720737  -0.1500399
-2.6698722 2.2172326 -0.1141261 -2.7341419 2.2981497 -0.1173593
-4.2942248  -0.7061257  -0.1382489 -4.2107708  -0.7261256  -0.1350006
-5.1366384  1.2833026  -0.1878976 -5.1267773  1.2459056  -0.1872793
-5.1605368 -1.3467259 -0.1608475 -5.0638345 -1.3847261 -0.1566736

=]
=]

DT QEHQRnAQIIIZAQIQZaQT T Als

CTHQ@DQnOQIENITQIDAQZaOQIT QT Qs

TABLE C2: Cartesian coordinates of E-c1 in the Sy and S; states optimized at MP2/cc-
pVTZ and ADC(2)/cc-pVTZ levels of theory, respectively.

So St
X vy Z Atom 3d y 7
0.5922504  -0.5445564  0.0036532 -2.2351878  -1.1531881 -0.2361609
0.3665669  -1.6045956 0.057799 -1.7858722  0.1680406  -0.1819622
-0.4140067  0.3506326  -0.0967643 -2.9490963  0.9630358 0.0553766
-0.172801 1.4014928  -0.2075585 -4.0439966  0.1058887 0.1477035
-1.8303589  0.0523203  -0.0832903 -3.5736575  -1.2099526  -0.0232566
-2.9040906  0.9019238  -0.3213491 -0.4398624  0.5066314  -0.3398664
-2.3576654  -1.1969715  0.1628043 0.555228 -0.4454771  -0.7178079
-4.0977988  0.1403935  -0.2130602 1.91547 -0.1894048  -0.5810271
-2.8203248 1.950281 -0.5565964 3.1409642  -1.3154852  -1.1727182
-3.7275869  -1.1542449  0.0920933 4.4288932  -0.2991505 -0.6116636
-1.823495  -2.0065708  0.4194514 3.947843 0.8537861  -0.0082469
-5.1074961  0.4913219  -0.3419357 2.5515113 0.9447848 0.0127792
-4.3203099  -2.0356124  0.2668237 0.2492481  -1.3785703  -1.1813874
2.0078244  -0.1903462  0.0299966 -0.1647307  1.5443523  -0.1985645
2.6129667 1.0189942 0.3041452 -2.9480501  2.0381814 0.1245895
3.2070884  -1.3971666  -0.3326457 -1.6136395  -1.943771  -0.2752004
4.0318363 0.9705423 0.2111514 -5.0747519  0.3753654 0.3071211
2.0586527 1.9030366 0.583964 -4.1042465 -2.1473815 -0.0103411
4.4988737  -0.2755903  -0.1226032 5.4565539  -0.5859962  -0.7648795
4.6787489 1.8157204 0.394822 4.6066371 1.6074343 0.4007481
5.5211256  -0.5910047  -0.2509007 1.9945415 1.7536425 0.4616349

8

CTTQDNQnAQIIZAQIQZOQT QTS Qs
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TABLE C3: Cartesian coordinates of E-c2 in the Sy and S states optimized at MP2/cc-

pVTZ and ADC(2)/cc-pVTZ levels of theory, respectively.

So S1
Atom X y Z Atom X y Z
C -0.2111395 0.6545265 0.0002862 C -0.3756165  -0.5571329 0.1741239
H 0.0751944 1.7007147  0.0011131 H 0.2832666  -1.3779879  0.4352797
C 0.7506921 -0.2921036  -0.0002655 C 0.2050416 0.6782974 -0.2123888
H 0.4544469  -1.3374267  -0.0009213 H -0.4318583 1.514036 -0.4777547
C 2.1784757  -0.0353319 -6.4E-05 C 1.5950332 0.8428114 -0.258779
C 2.9289357 1.1357007  -0.0008982 C 2.6678655  -0.0652554  0.0308453
N 3.0783542  -1.0810322  0.0011092 N 2.2006408 2.030443 -0.6298895
C 4.3002353 0.7735166  -0.0001126 C 3.8707891 0.6131331  -0.1778572
H 2.5288154 2.1358014  -0.0020895 H 2.5415444  -1.0852327  0.3509465
C 4.3640434 -0.6075344 0.001147 C 3.562128 1.9156128 -0.588542
H 2.820795 -2.0516368  0.0021453 H 1.6941134 2.8583471  -0.8920098
H 5.1455161 1.4407852 -0.000498 H 4.8680461 0.2256519  -0.0523037
H 5.2063045  -1.2773464  0.0020213 H 4.2040976 2.7410466  -0.8456608
C -1.6435132  0.4115287 -5.8E-05 C -1.7407747  -0.7950401  0.2433581
(@] -2.6351122 1.3701921 0.0008127 C -2.4484024  -1.9774214 0.6128008
S -2.3445068 -1.1836586  -0.0016485 S -2.8998582  0.4884969  -0.1657407
C -3.9517829 0.8257391 0.0002324 C -3.8308509  -1.8227637 0.5582906
H -2.4158001  2.4286112 0.0018484 H -1.9377575  -2.8854324  0.9009502
C -3.950305 -0.543744  -0.0010755 C -4.2403336  -0.5484668  0.1552317
H -4.8542827 1.4187482 0.0007682 H -4.537244 -2.6041638 0.8014111
H -4.7967232  -1.210767  -0.0017568 H -5.2498699 -0.1889791  0.0376884

TABLE C4: Cartesian coordinates of E-t2 in the Sy and S states optimized at MP2/cc-

pVTZ and ADC(2)/cc-pVTZ levels of theory, respectively.

So S1
Atom X y % Atom x y z

C -0.2113822  -0.3776557 0.090681 C -2.5406967  0.9949527  -0.4941635
H -0.0019567  -1.4410287  0.0584074 C -1.9514604  -0.2826756  -0.2400329
C 0.8198389 0.488689 0.1735131 S -3.2018854  -1.5307968  -0.2726242
H 0.6029078 1.549202 0.26219 C -4.4356799  -0.3656076  -0.6164538
C 2.2225018  0.1162832  0.1563729 C -3.9219561  0.9215456  -0.7025154
C 2.8773562  -1.0741115 -0.1394004 C -0.6175304  -0.5904749  0.0058787
N 3.1992798 1.0355349 0.479604 C 0.4089709 0.3905593 0.0640476
C 4.2697991  -0.8563106  0.0222778 C 1.7425483  0.0196581 0.2696133
H 2.4009626  -1.9874292  -0.4544878 N 2.7787904  0.9342318  0.3529159
C 4.4408672  0.4599159  0.4083371 C 3.9720341  0.2993962 0.55525

H 3.0172846 1.9812628 0.763861 C 3.7231402  -1.0783006  0.6063204
H 5.0591863  -1.5718652  -0.1344639 C 2.3514713  -1.2714049  0.4321641
H 5.3311277 1.0225919  0.6295684 H -0.3437984  -1.6261464  0.1672507
(@] -1.6144294 0.0197681 0.0494994 H 0.1645766 1.4400981 -0.0401067
C -2.1820735  1.2345288  -0.2779433 H 2.6545624 1.9289794  0.2783396
S -2.8502293  -1.1304854  0.4676301 H 1.8219705  -2.2083515  0.4113828
C -3.6011897  1.2363341  -0.1793485 H 4.8930687  0.8496401 0.648077
H -1.6008658  2.0852991  -0.6030578 H 4.4747696  -1.8356551  0.7542695
C -4.1059331  0.0216977  0.2114791 H -5.4613917  -0.6755422  -0.7345779
H -4.221814 2.0921618  -0.4006987 H -4.5470314  1.7785768  -0.9121635
H -5.1373763 -0.254659 0.3556654 H -1.9644726 1.9073175 -0.5328717

TH-3267 176122008



Appendiz C

153

TaBLE C5: Cartesian coordinates of Z-t1(0O) in the So and S; states optimized at

MP2/cc-pVTZ and ADC(2)/cc-pVTZ levels of theory, respectively.

SO Sl
Atom X y Z Atom X y Z
C 0.691869 1.5683513  -0.3251089 C -0.6986346 1.788369 0.0287672
H 1.2066643 2.5072737  -0.5013387 H -1.1946365  2.7335023 0.2213741
C -0.6559029 1.6040638 -0.3861997 C 0.6918288 1.7644777 -0.2705138
H -1.1033678 2.5778 -0.5616807 H 1.1556845 2.6498936  -0.6978879
C -1.5887004  0.4813359  -0.2710426 C 1.5250284 0.6919437 0.0126354
C -1.6805819  -0.7200304 -0.9572117 C 2.4449939  -1.4513316  0.9602461
N -2.6930176  0.5550129 0.5535147 C 3.3512054  -0.7836541  0.1214325
C -2.8529518  -1.3893958 -0.5110785 H 2.5925948  -2.3930155  1.4641061
H -0.9883031 -1.0561024  -1.710375 H 4.3394818  -1.1712612  -0.0826536
C -3.4558479  -0.5788247 0.4294942 C -1.4850773 0.6276344 -0.0673284
H -2.8625669  1.2972474 1.2082306 C -3.2923666  -0.7208197  0.1753808
H -3.2194637  -2.3455401  -0.8444109 H -3.1993592  1.2388782 0.9914546
H -4.3486962  -0.7167601  1.0144654 C -2.3527237  -1.4526628 -0.5302346
C 1.6077187 0.4768999 -0.013874 H -4.2837976  -0.9811219  0.5054462
(@] 2.9831718 0.6155346  -0.0223503 H -2.4903151  -2.4570797 -0.8936363
S 1.1678991  -1.1176647  0.5310056 S 0.9635307  -0.6094803  1.1080909
C 3.6790071 -0.5487298 0.4021569 C 2.8597393 0.4094092 -0.3981293
H 3.4655412 1.536695 -0.318471 H 3.4025499 1.0608758  -1.0678694
C 2.8221791  -1.5636879  0.7402883 C -1.2081656  -0.6446648 -0.6886935
H 4.7544381  -0.6304137  0.4549879 H -0.3582199  -0.827271  -1.3235909
H 3.070912 -2.5530649  1.0889984 N -2.7633415  0.5273789 0.4316038

TABLE C6: Cartesian coordinates of Z-c1(O) in the So and S; states optimized at

MP2/cc-pVTZ and ADC(2)/cc-pVTZ levels of theory, respectively.

So S1
Atom X y % Atom x y z
C -0.3802526  -1.5399922  0.1100377 C -0.4189464  -1.6881161  -0.1690249
H -0.8734185  -2.505205 0.1344325 H -0.9136339  -2.5813562  -0.536972
C 0.9704477  -1.5567503 0.099251 C 0.9617728  -1.7403658  0.1828149
H 1.4256182  -2.5404967  0.1712806 H 1.4157828  -2.6736702  0.4997181
C 1.9252409  -0.4655458 -0.0288701 C 1.7829365  -0.6200951  -0.0016522
C 1.8524812  0.8489596  -0.4801833 C 1.5390486  0.6100382  -0.7222334
N 3.2558938 -0.7075691 0.2567347 N 3.0589036  -0.5087308 0.5056659
C 3.1618789 1.3929877  -0.4523047 C 2.6883759 1.4082564  -0.5944602
H 0.9568631 1.3455798  -0.8089834 H 0.695078 0.7711281  -1.3686419
C 4.0115696  0.4076447  0.0146612 C 3.6090909  0.7093701 0.1767279
H 3.6077296  -1.5748144  0.6209315 H 3.4766754  -1.1878924  1.1175605
H 3.4535345  2.3882127  -0.7425981 H 2.8511985 2.3822197  -1.0242795
H 5.0726997  0.4137346  0.1940959 H 4.600563 0.9766397  0.5011849
(@] -1.2705318  -0.3752663 0.1019044 C -1.1595816  -0.5204118 0.0035381
C -1.1761404  0.8167833  0.7862835 C -0.783456 0.6440775  0.7497501
S -2.7538073  -0.4355309  -0.8067882 S -2.7072699  -0.2451878  -0.791857
C -2.2870023  1.6799934  0.5687227 C -1.7360453  1.6790039  0.6527061
H -0.3416175  1.0522859 1.4297037 H 0.0267426  0.6240526 1.4622654
C -3.2222126  1.1352896  -0.2743337 C -2.8173427  1.3630498  -0.1409399
H -2.3923626 2.655389 1.0205239 H -1.6472667  2.6266293 1.1651579
H -4.1486646 1.5710452 -0.6105899 H -3.674679 1.9780958 -0.3631168
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TABLE CT7: Cartesian coordinates of Z-t2(0O) in the Sy state

pVTZ level of theory.

optimized at MP2/cc-

So
Atom X y Z

C 0.3916155 1.6901917 0.7480057
H 0.8287979 2.5938402 1.1566484
C -0.9298483 1.7102388 0.4682081
H -1.4468696  2.6487319 0.6339764
C -1.8049303  0.6519368 0.0019157
C -3.1585781  0.7507872  -0.3071432
N -1.4525973  -0.6685376  -0.1721176
C -3.6186729  -0.5383046 -0.6770678
H -3.7364449  1.6594726  -0.2606051
C -2.5383734  -1.3955561 -0.5813336
H -0.5269035 -1.0305963  -0.0245227
H -4.6156891 -0.8130356 -0.9766916
H -2.4577898  -2.4522207 -0.77083

C 1.3082239 0.5557217  0.5429161
C 1.6324978  -0.0931635 -0.6292562
S 2.2126383  -0.1097978  1.8720097
(@] 2.5964717 -1.1297721  -0.4540397
H 1.2016202 0.1848364 -1.58074

C 3.0035401  -1.2520544  0.8495838
H 2.9767473  -1.7454034  -1.2558085
H 3.7186104  -1.9464914  1.2594061

TABLE C8: Cartesian coordinates of conical intersection structures, CI-1 and CI-2 at
SA-2-CASSCF(12,10)/6-31G(d,p) level of theory.

CI-1 CI-2
Atom X y % Atom x y z
C 0.2983445 1.9988429  -0.4029795 C -1.8928512  -0.3537884  -1.1114548
H 0.2559124  2.9741468  -0.8530752 C -1.0238300 -0.3328420  0.0584709
C -0.1415820  1.8128465  0.9545947 C -0.0578215  -1.3986136 -0.1661381
H -0.0905031  2.6419943 1.6415697 N -0.3203237  -1.9147498  -1.3303748
C -0.6022661  0.6091501 1.3976706 C -1.4461606  -1.2952292  -1.9652808
C -0.7737280  -0.5802150  0.5272757 C 0.5115464  0.8933729  -0.0444982
N -0.7598047 0.1859486 2.7486783 C 1.4602858 0.6086703 1.0177684
C -1.1096328  -1.6692426  1.4653540 C 1.7080312  -0.7267606  1.3186852
H -1.3543603  -0.4700054  -0.3756964 C 1.0645911  -1.7659863  0.6681686
C -1.1361718  -1.1555088  2.7112807 C -0.0579150  2.2423483  0.1464448
H -1.2690098  0.7872846  3.3591538 C 0.3122565 2.8256146 1.3014049
H -1.3130379  -2.6846774  1.1930770 S 1.3820555 1.8790830  2.3012027
H -1.3828782  -1.6627598  3.6231854 H 1.4244704  -2.7758167  0.6504636
(@] 0.7721727 0.9473405 -1.1744963 H 2.4423741 -0.9738933 2.0710270
C 1.0540218  0.7815156  -2.5361875 H 0.8082935  0.6447997  -1.0548821
S 1.0937646  -0.6529125 -0.3763912 H -0.7116578  2.7022829  -0.5711618
C 1.2853172  -0.5661071  -2.9088092 H 0.0046005  3.8015541 1.6254681
H 0.9485409 1.5826092  -3.2415286 H 0.2939128  -2.5640630 -1.7722569
C 1.2050304  -1.5029660 -1.9063034 H -1.3806700  -0.1369642  1.0493287
H 1.5029192  -0.8517191  -3.9229583 H -1.7724178  -1.6302746  -2.9250367
H 1.5169529 -2.5255654  -1.9234122 H -2.7487702 0.2712560 -1.2673485
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TABLE C9: Cartesian coordinates of conical intersection structure CI-3 at SA-2-

TABLE C10: Cartesian coordinates of conical intersection structures, CI-4 and CI-5

CASSCF(12,10)/6-31G(d,p) level of theory.

CI-3
Atom X y Z
S 0.9962937 1.7637026 2.7656299
C 1.2889506 0.6436302 1.4136636
C 1.2986678 1.3716630 0.1134889
C 0.6974299 2.6880589 0.3070611
C 0.4801972 3.0066054 1.6022447
C 1.2211375 -0.7022440 1.3843288
C 1.0985708  -1.1994200 -0.0050643
C 0.3056238  -0.3411893  -0.8053369
N -1.0532202 -0.0094220 -0.4907643
C -1.7970378 -0.0640431 -1.6818581
C -0.9230602 -0.1664566 -2.7815610
C 0.3585966  -0.2977266  -2.3093359
H 1.9488786  -1.6663024  -0.4785572
H 1.2110985  -1.3326948  2.2548550
H 2.1927048 1.3102445  -0.4853652
H 0.4888828 3.3651496  -0.5003859
H 0.0692556 3.9238149 1.9759198
H 1.2628151  -0.3955902  -2.8746652
H -1.4344463 -0.4663105  0.3064273
H -1.2248533 -0.1153236  -3.8092698
H -2.8447105  0.1530393  -1.6780365

at SA-2-CASSCF(12,10)/6-31G(d,p) level of theory.

CI-4 CI-5
Atom X y % Atom x y z
C -0.2663836  1.3101371  0.2746732 N -1.5660039  -0.9528301 -0.6863510
H -0.5037401  1.8463723  -0.6308075 C -1.2939228  0.3497404  -0.3577026
C 0.3801224  -0.0013157  0.1358060 C -2.2258952  0.7300115  0.6063630
H 0.0693822  -0.6925271 -0.6311129 C -3.0604565 -0.3808129  0.8557898
C 1.4155815  -0.4507137  1.0011706 C -2.6108921  -1.4077231  0.0496524
C 2.0713136  -1.6787240  1.1023769 C -0.2948715  1.1535127  -0.9892545
N 1.9820795 0.3846367 1.9281114 C 0.4986467 0.7625822 -2.1547461
C 3.0601327  -1.5480219  2.0983621 C 1.5046899  0.3082117  -1.3156031
H 1.8536228  -2.5478967  0.5151245 S 2.1435787  -1.3703075  -1.2385487
C 2.9710126  -0.2570176  2.5913274 C 3.0701610  -1.0087298  0.2245675
H 1.6814664 1.3235651 2.0577293 C 2.8667693  0.2716528  0.6614356
H 3.7523793  -2.2967483  2.4253692 C 2.0319185 1.0503054  -0.1774410
H 3.5366796  0.2300215  3.3577382 H 0.0784979  0.0793418  -2.8711188
(@] -1.3452151 0.7050040 0.8940926 H -0.2703047 2.1631155 -0.6180399
C -2.7810443  0.8757028  0.4895746 H -2.2890807  1.7008354 1.0551256
S -1.3626844  -0.1002792  2.5307392 H -0.9979098  -1.5104261 -1.2798416
C -3.6714034  0.6802970 1.5105629 H -3.8850401  -0.4314297  1.5366362
H -3.0269972  1.2811702  -0.4730606 H -2.9592389  -2.4146414 -0.0465786
C -3.0927967  0.1306056  2.6744856 H 3.8107884  -1.6977272  0.5754248
H -4.7288668  0.8515556 1.4260012 H 3.3808882  0.6794308 1.5120755
H -3.6255547  -0.3043106 3.4950631 H 1.9814777 2.1186536 -0.1349753
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TABLE C11: Cartesian coordinates of conical intersection structures, CI-6 and CI-7
at SA-2-CASSCF(12,10)/6-31G(d,p) level of theory.

CI-6

CI-7

Atom b'q y

z

Atom

X

y V4

jasfasfasiiasiiasfasfasfasfas o NONO R No RO No R o RO RO RO B4

1.1569386 1.6715570  -0.4550514
1.3144310 0.3057430  -0.3207684
2.6210651 0.1332491 0.2068787
3.2280516 1.3862681 0.2990435
2.2820880 2.3252066  -0.1148489
0.2235131  -0.6516721  -0.7272552
-0.3692451  -0.3858176  0.5712214
-1.5457960  0.4317421 0.7635253
-2.4869863  0.9879656  -0.6012480
-3.6248361  1.7477191 0.4645954
-3.3026949  1.5778073 1.7750851
-2.0928124  0.8235840 1.9385305
0.6402747  -1.6409820 -0.8511104
0.0701102  -0.7249933  1.5051947
-4.4736144  2.2689363 0.0694927
-3.8826009  1.9654727 2.5912067
0.3460843 2.0776529  -0.8626460
2.3590708 3.3894740  -0.1942989
4.2221627 1.6078820 0.6300579
-1.6591030  0.5863814 2.8924625
3.0520501  -0.8151448  0.4566359

TQunaoQz@mOdmoaQEODEZmQEQQQEQEQ

-0.4212070
-0.1386306
0.6061685
0.4686010
1.9199860
4.0150354
2.6822682
3.8717533
2.0888310
4.8647453
4.6231489
-0.9661114
-1.5977435
-1.5401980
-2.0312501
-1.8298268
2.8527401
2.5411619
-1.1305561
-1.2323794
-1.4343706

-0.2780456  -0.4687859
-1.0466026  -1.1631944
0.5012375 0.2209885
1.5571183 0.3839275
0.0111663 0.5454075
0.1234370 1.3230535
1.7215413 1.5305325
-1.1123332  0.7804212
-2.0304141  -0.2104023
0.5705076 1.7973775
-1.8735425  0.7374244
-0.6312137  0.7515044
-1.6904026  3.0090740
-0.3212050  3.0710489
-2.3388429  3.7428551
0.2273212 3.9482016
0.8085521 1.1835954
-1.1933379  0.2789970
-2.3327083  1.4359357
0.3059338 1.8449251
1.3389662 1.6487830

TABLE C12: Energies of FC geometries and MECIs relative to E-t1(Sy) energy.

Z-t1(0) Z-c1(0) Z-t2(0) Z-t1(C) Z-c1(C) Z-t2(C) E-tl B-cl E-c2 E-t2

FC(eV) 4.57 4.48 4.65 5.46 5.03 7.34 4.22 4.32 4.18 4.31
CI-1 CI-2 CI-3 CI-4 CI-5 CI-6 CI-7
MECI(eV) 4.24 4.00 4.78 4.51 4.36 4.19 4.47

TABLE C13: Energy gaps between Sy and S states (AF) calculated at CASSCF and
MS-CASPT?2 levels.

CASSCF MS-CASPT2

AFE (ineV) AF (ineV)
CI-1 0.00 0.55
CI-2 0.01 0.52
CI-3 0.00 0.33
CI-4 0.00 0.49
CI-5 0.00 0.42
CI-6 0.00 0.34
CI-7 0.00 0.72
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FIGURE C1: Dominant NTOs involved in the transitions from Sy to Sy, So, Sz for
E-cl.
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FIGURE C2: Dominant NTOs involved in the transitions from Sy to Sy, So, Sz for
E-c2.
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FIGURE C3: Dominant NTOs involved in the transitions from Sy to Sq, S, S3 for
E-t2.
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FI1GURE C4: Dominant NTOs involved in the transitions from Sy to Sy, Sg, S3 for
Z-t1(0).
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FIGURE C5: Dominant NTOs involved in the transitions from Sy to Sy, So, Sz for
Z-c1(0).
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FIGURE C6: Dominant NTOs involved in the transitions from Sy to Sy, So, S3 for
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FiGUuRE C7: Dominant NTOs involved in the transitions from Sy to Sy, S, Sz for
Z-c1(C).
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FIGURE C8: Dominant NTOs involved in the transitions from Sy to Si, So, S3 for
Z-t2(C).
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FIGURE C9: Optimized structures of isomers in the S; state obtained at RI-ADC(2)/cc-
pVTZ level of theory
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Ficure C10: Orbitals used in the active space for CI-3, CI-4, CI-5, CI-6, CI-7
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