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Synopsis

In recent years, conjugated oligomers and polymers have attracted significant attention
as promising alternatives to inorganic materials for electronic devices (such as in pho-
tovoltaic cells, light-emitting diodes, and field-effect transistors), primarily because of
their distinctive optoelectronic properties. These organic materials are lightweight, inex-
pensive to process, and mechanically flexible; however, their performance and efficiency
are still behind those of inorganic electronic devices. The performance and efficiency of
organic-based electronic devices are governed by several factors, notably the molecular
architecture, which influences excited-state phenomena such as charge separation, energy
transfer, exciton localization and delocalization, and charge recombination. Therefore,
understanding molecular-level structure-property relationships is essential for designing
materials with improved performance for efficient organic electronics. Computational
explorations are of great help at this point to have a good molecular-level understand-
ing of the statics and dynamics of the underlying processes. Keeping this in mind, in
this thesis, we report on excited-state processes, including exciton localization and de-
localization, intra- and inter-molecular charge transfer (CT), and excimer formation,
which are examined for different conformational isomers of specific molecular systems
using computational approaches. For the investigation of exciton localization and delo-
calization, two conformers of 2-Phenylpyridine oligomers, namely linear and helical struc-
tures, are analyzed. Non-adiabatic surface-hopping dynamics simulations are performed
using the semiempirical time-dependent density functional tight-binding (TD-DFTB)
method to investigate localization and delocalization. Additionally, static electronic-
structure calculations are carried out using the algebraic diagrammatic construction to
the second order (ADC(2)) method for the three distinct isomers of 2-Phenylpyridine
oligomers. Following 2-Phenylpyridine, the next chapter reports on the differences in
the excited states of trans and cis-2,2'-bipyridine oligomers. In another case, analysis
of intra- and inter-molecular CT is performed on four conformers of azulene-fused an-
thracene and naphthalene and their w-stacked dimers. This part of the work involves
excited-state characterization at the ADC(2) level, followed by time-dependent density
functional theory (TD-DFT) studies employing DFT functionals such as CAM-B3LYP,
SCS-wB2GP-PLYP, and SCS-RSX-QIDH. Excimer formation is explored in covalently
linked azulene-fused anthracene by considering two conformers that differ in the mode
of fusion of the azulene units with the anthracene cores. A chapter-wise overview of the

thesis is presented below.

ix
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Chapter 1: Introduction

Chapter 1 provides a brief description of the role of the molecular structures and their
respective excited states on the performance of the organic devices. The description
mainly focuses on local, CT, charge-separated, and excimer states and on how these
states evolve across different molecular conformers, using a few examples. The aim and

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

Chapter 2: Methodology

This chapter presents the theoretical and computational techniques employed to inves-
tigate excited-state phenomena. It begins with the time-independent Schrédinger equa-
tion, the central equation of quantum mechanics, which provides information about a
system’s electronic state. The fundamental concepts of Hartree-Fock theory, which form
the basis for many advanced methods, are then introduced. Single-reference approaches
such as density functional theory (DFT), time-dependent DFT (TDDFT), second-order
Mgller—Plesset perturbation theory (MP2), and ADC(2) are covered in this chapter.
Semiempirical methods, including DFTB and its time-dependent extension, TD-DFTB,
are also discussed. For the treatment of excited-state dynamics, mixed quantum-—classical

approaches, notably the trajectory surface hopping, are also discussed.

Chapter 3: Conformational effect on the excitonic states of (PhPy),—1_5

oligomers

Energy (V)

In this chapter, we report on the effect of different conformations of 2-Phenylpyridine
oligomers ((PhPy),—1_5) on the excited state properties. The computational studies
were carried out at the RI-ADC(2)/def2-TZVP level of theory, considering the three
conformers, namely A (linear), B (helical), and C (helical). The differences in the

geometries of the three conformers are reflected in the UV and CD spectra. The UV
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spectra of conformer A show high-intensity peaks compared to the results for conformers
B and C, for each oligomer. While the helical oligomers of conformers B and C show
high-intensity CD bands, the intensities of CD bands for all the oligomers of conformer A
are weaker. Analysis of the properties of the first five excited states in (PhPy)s5 reveals

that these are partially charge-transfer states.

Chapter 4: Confirmation-driven localization and delocalization of exciton

in 2-phenyl-pyridine oligomers: surface-hopping dynamics

Linear Helical
S4
Y Y %
&,
\\ '9/:9
\ &’b
\“ 0/9*
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k 4 ----»_
_1 So Exciton delocalization : Exciton localization | So

In this chapter, we report on our investigation of the exciton localization and delocal-
ization processes in two 2-Phenylpyridine oligomers, one linear ((PhPy)s5-A) and the
other helical ((PhPy)5-B), using the non-adiabatic surface-hopping dynamics method.
The dynamics studies were carried out in combination with the semi-empirical TD-DFTB
method and Tully’s fewest-switches surface-hopping method. Post-dynamics calculations
were carried out at the RI-ADC(2) level of theory for characterizing the excited states.
Upon photo-excitation, the two conformers undergo ultrafast internal conversion within
10-100 fs from the high-energy excited state S4/Ss to the lower energy S; state. The
excited state relaxation results in delocalization of the exciton over multiple monomeric
units in the linear conformer (PhPy)s-A, while the exciton is localized over a single

monomeric unit in the helical conformer (PhPy)s-B.

Chapter 5: Contrasting the excited state properties in 2, 2'-bipyridine

oligomers

In this chapter, we present conformation-dependent photo-physical and excited state
properties of trans- and cis-bipyridine oligomers at the RI-ADC(2) /def2-TZVPD level.
The UV spectra of oligomers of meta conformer show high-intensity and red-shifted UV

bands compared to ortho and para oligomers. The CD spectra of para oligomers show
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intense CD bands compared to ortho and meta oligomers in the case of trans- struc-
tures. In contrast, oligomers of each conformer of cis- structures show high-intensity
CD bands. The characterization of the first five excited states in (BPY )2 and (BPY)4
reveals that these are mainly LE states in dimer (wcr=0.06-0.32), whereas for tetramer,
the weT values range from 0.17 to 0.53, indicating the possibility of partial CT character-
istics of these states. These observations are also explained using the natural transition

orbitals and e-h correlation plots.

Chapter 6: Insight into the excited states in monomers and w-stacked

dimers of azulene-fused acenes

In this chapter, the nature of the excited states in monomers and w-stacked dimers
of azulene-fused naphthalene and anthracene systems, focusing on the interplay between
conformational isomers and excited state properties, is reported. For the monomers, the
states with CT characters are different in naphthalene- and anthracene-based systems.
In m-stacked dimers, a few of the excited states are of the charge resonance (CR) type

in conformers NapAz-A, NapAz-B, and NapAz-C, and intermolecular CT type in
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NapAz-D. Overall, among the three DFT functionals considered (CAM-B3LYP, SCS-
wB2GP-PLYP, and SCS-RSX-QIDH), CAM-B3LYP was found to reproduce well the
SCS-ADC(2) excited results in both monomers and 7-stacked dimers.

Chapter 7: Conformation-induced excimer formation in covalently-linked

dimer of azulene-fused anthracene

In this chapter, we explore the possibility of excimer formation in covalently linked
azulene-fused anthracenes, considering two different conformational isomers, M1 and
M2, using the MP2 and ADC(2) methods. In conformer M1, the azulene units are ori-
ented towards each other, leading to excimer formation in the S; state. This is confirmed
by the orbital overlap of the azulene units and the CT character of the Sy state. In con-
trast, conformer M2, in which the azulene rings are oriented away from each other, shows
minimal changes in the excited-state geometry relative to the ground state, preserving

the CT features.

Chapter 8: Summary and conclusions

The last chapter of the thesis gives an overview of the present work and the scope for

future work.
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Chapter 1

Introduction

Conjugated oligomers and polymers possess unique optical and electronic properties that
arise from the delocalization of m-electrons across their molecular structures. This de-
localization allows for efficient light absorption, charge and energy transfer, charge sep-
aration, recombination, localization, and delocalization of excitons, etc., making them
suitable for various applications in the field of organic electronics such as organic light-
emitting diodes (OLEDs), 3 organic photovoltaics (OPVs),* % and organic field-effect
transistors (OFETs)*7® and other applications. These organic material-based electronic
devices have several advantages over their inorganic counterparts, including low cost,
lightweight design, and mechanical flexibility. These characteristics of organic material-
based electronic devices make them complementary to inorganic photovoltaic technolo-
gies for various applications, such as portable power sources and building-integrated

photovoltaics.

However, in many cases, the molecules in the organic layer exhibit structural flexibility,
producing pronounced coupling between electronic and nuclear degrees of freedom.? 1! As
a result, the excited-state properties and deactivation mechanisms become conformation-

t, 12-14

dependen and in particular, modes such as backbone torsions and bond-length

alternation dictate outcomes.'® Torsional motion can help in bringing the excited states

16,17 which may enhance the non-adiabatic coupling, eventually either

closer to each other,
facilitating the relaxation process or opening up different channels. As these processes
occur on a femtosecond to picosecond timescale, understanding conformation-dependence

of the excited-state properties and relaxation pathways is of paramount importance to

understand their behavior in the active layer.

Below, we provide a brief overview of the existing literature on this topic. This is

followed by the last section, which shows the aim and scope of the present thesis work.

1
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Frenkel or LE states Charge separated states
Localized Delocalized Charge-transfer ~ Charge-resonance
Fragment1{ O—>@® | | O—>@ | | O | 1O @ |
P
Fragment 2 :] I oO—r©e I I ; I I o ; I
Fragment 3 I I I oO——roe I I I I I

F1GURE 1.1: Schematic representation of different types of excited states of a molecular
system consisting of three fragments. Blank and filled circles represent the hole and
the electron, respectively.

1.1 Types of excited states and their dependence on molec-

ular conformations

Characterization of electronic excitations is important for investigating excited states,
as it provides valuable insights into the optical and electronic properties of materials.
Excited states can be classified into four types, as shown in Figure 1.1.1820 Considering
a system consisting of three fragments, a localized Frenkel or locally excited (LE) state
occurs when the excitation is confined to a single fragment (first column of Figure 1.1).
When these local excitations on individual fragments couple together, they lead to a
delocalized LE state (second column of Figure 1.1). Conversely, a charge-transfer (CT)
state is formed when an electron is transferred from one fragment to another during an
excitation (third column of Figure 1.1). Finally, a charge-resonance (CR) state is depicted
in the last column of Figure 1.1, resulting from the linear combination of two CT states
with electron transfer occurring in opposite directions. In particular, the CT state plays
a crucial role in governing a variety of charge-carrier generation processes. For example,
the energy loss during the charge generation process in OPVs can be minimized by tuning
the energies of the CT state and the band gap (Eg).21 In addition, the relative energetic
ordering of the CT, LE, and singlet-correlated triplet pair (}(TT)) states also plays a
vital role in the singlet fission (SF) process.?? In recent years, SF has been extensively
studied as a mechanism for carrier multiplication in OPVs.?3 In the SF process, a singlet
exciton is converted into two triplet excitons.?32* Typically, the SF process proceeds via
the formation of a }(TT) state through direct two-electron transfer from the local excited

singlet state.?* However, mechanisms are also reported where the !(TT) is formed via the
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CT state, either through charge hopping or the CT-mediated superexchange mechanism,

depending on the relative energetics of the LE, CT, and '(TT) states.??

The excimer state also plays a crucial role in controlling the efficacy of electronic de-

vices. 2?27, An excimer is a dimeric complex formed by two identical molecules in an

excited state, stabilized through interactions between neighboring chromophores. 283!
Typically, the excimer state is a mixed electronic state that includes contributions from
both LE and CT states.?! This mixed state acts as a low-energy exciton trap, thereby
diminishing the performance of OPVs. This happens when the rate of excimer formation
exceeds the rate of desired photo-physical processes, such as SF, charge transfer, and
exciton diffusion. 2273233 However, the excimer state also has the potential to facili-

34,35 For example, excimer-mediated intramolecular charge transfer is

tate CS processes.
observed in a cofacially stacked perylene bisimide pair.3* Moreover, there are also exam-
ples reported where this state mediates the SF process when it interacts with the !(TT)

state. 36:37

The excited-state properties of conjugated systems are significantly influenced by their
distinct geometrical architectures, which ultimately affect device performance. 133842
For example, oligophenylene can exist in three different isomeric forms ortho-, meta-,

13,43-46

and para- oligophenylene, and these three isomers show different optoelectronic

properties. The para-isomer shows red-shifted fluorescence spectrum with increasing

13,1646 wwhile in the case of the ortho-oligomer, the fluorescence

oligomer chain length,
energy increases with chain length.'®474® On the other hand, for the meta- isomer,
the variation in the fluorescence energy remains independent of the chain length. 1349
In addition, the cyclic forms of the para-oligophenylene are also reported, known as
[n]cycloparaphenylenes (CPPs).125%51 In CPPs, the energy of the band gap increases
with the chain length, which is exactly opposite to its linear counterpart.'? Apart from
this, these two conformers (linear para-oligophenylene and CPP) also exhibited different
extents of exciton delocalization upon photoexcitation.?® The cyclic forms of oligoth-

iophene have also been reported®?, and it has been observed that the energy of the

absorption maxima of cyclo|n|thiophene is nearly equal to that of a linear oligothiophene
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containing n/2 thiophene units.?® In linear polythiophene, photoexcitation induces dy-
namic planarization (torsional relaxation) within a few tens of picoseconds, resulting in
the delocalization of excitons across multiple thiophene units. However, in cyclothio-
phene, conformational disorder prevents the complete delocalization of excitons along
the entire cyclic backbone.'® Oligofurans have received comparatively limited atten-
tion in the literature owing to their inferior photostability.?>%% However, a recent study
demonstrated the existence and relevance of a helical conformer that exhibits inherent
photostability.?” In oligofuran, the syn arrangement of the furan units gives rise to helical
isomers, whereas the anti arrangement results in a linear structure. The helical isomer

showed blue-shifted absorption maxima relative to the corresponding linear isomer.?7

Studies examining the impact of different conformations on charge-carrier generation
processes, including photo-induced symmetry-breaking charge separation (SB-CS),%%°
have also been reported. Recently, Konar et al. investigated the impact of regioisomers
on SB-CS, considering different regioisomers of the dimer of ortho-functionalized perylene
monoimide (PMI)-acetylene units connected via a phenyl bridge at ortho-, meta-, and
para- positions.%0 Among these, the ortho-bridged isomer displayed noticeably distinct
optical properties, with a very fast CS rate (80.2 ps) upon photoexcitation. Hariharan
and co-workers®! demonstrated, both experimentally and theoretically, the orientation-
dependence of SB-CS of two monomeric units, linear and angular, in perylenediimide
dimers. In these systems, the lower coulombic coupling interactions due to the angular
orientation led to faster CS in the angular form compared to its linear counterpart.
Xia and co-workers have demonstrated that the para-isomer of an N-annulated perylene
diimide dimer, bridged by a phenylene unit, exhibits faster CS dynamics compared to the
corresponding meta-isomer.4? This explained the reason behind the higher PCE value

in the para isomer-based OPV device over the meta counterpart.4!

1.2 Aim and scope of the present work

As discussed above, the relationship between structural variation and its influence on

excited-state processes, including excited-state CT and excimer formation, is complex,
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and it is important to gain a fundamental understanding of excited states across different
molecular configurations. In this context, computational studies using various advanced
quantum chemical methods are useful for exploring the different molecular conformations
of conjugated systems and their excited-state properties. In this thesis work, we have
chosen to explore the excited-state processes in extended m-conjugated systems, includ-
ing oligomers of 2-Phenylpyridine and 2,2’-Bipyridine, and acene derivatives, considering
their different molecular conformations. The growing interest in heterocyclic-based con-

6274 motivated us to design

jugated oligomers in organic electronics device applications,
2-Phenylpyridine oligomers and study their excited-state properties for further devel-
opment in the field of organic electronics. In this work, we have constructed various
conformers during the design of the 2-Phenypyridine oligomers and studied their excited
states, including vertical excitation energies and exciton localization and delocalization,
using the non-adiabatic surface-hopping dynamics method. For the excited-state dy-
namics calculations, we employed the semiempirical time-dependent density functional
tight-binding (TD-DFTB) method, aiming to keep computational cost low. To fur-
ther extend our understanding of conformation-dependent excited-state properties in

oligomers, along similar lines, we have considered different conformers (ortho-, meta-,

and para-) of cis- and trans-2,2'-Bipyridine oligomers and reported their excited states.

For oligoacene derivatives, we have chosen azulene-fused acenes. The fusion of an
azulene moiety to acenes yields all-carbon polycyclic aromatic hydrocarbons that retain
chemical stability while exhibiting desirable optoelectronic properties > 8% These deriva-
tives have been shown to exhibit better performance in semiconducting materials. The
literature showed that there is a possibility of obtaining different conformational isomers
depending on the fusion mode of azulene to the acene unit.3%%2 However, most research
on azulene-fused acenes has focused primarily on single-molecule systems, potentially
overlooking important conformational aspects. In this thesis work, we examine four dis-
tinct conformers, each differing in the fusion patterns of azulene with naphthalene and
anthracene units. We also consider their m-stacked dimers to investigate both intra-
and intermolecular CT. Additionally, we also explore how the fusion mode of azulene
influences the excited-state relaxation process through excimer formation in a covalently

linked dimer of azulene-fused acenes. Again, the aim of this work is to design a more
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robust molecular system that has the potential to be a better candidate as SF materials

with greater chemical stability.
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Chapter 2

Theoretical and computational

methodologies

This chapter discusses the theoretical and computational methods employed to inves-
tigate the excited-state process examined in this thesis. We begin with the central
equation of quantum mechanics, the time-independent Schrodinger equation, which de-
scribes the stationary states of a system. We then present Hartree-Fock theory, which
forms the basis for many advanced approximation schemes. Additionally, we discuss
post-Hartree—Fock methods, such as Mgller-Plesset perturbation theory. Following this,
we discussed density functional theory (DFT) and its time-dependent analog, time-
dependent DFT (TD-DFT). We also present the algebraic diagrammatic construction
(ADC) scheme, along with the tight-binding approximation of DFT and TD-DFT ap-
proaches. Finally, we discuss 1TDM analysis regarding the excited-state characterization,

followed by an exploration of the non-adiabatic dynamics approach.

2.1 The time-independent Schrodinger equation

For a molecular system containing n electrons and N nuclei, the total energy can be de-
termined by solving the time-independent Schrodinger equation (SE), which is expressed

as

HY; = E;V, (2.1)

or

H\Ifi(rl,rg, N Rl, RQ, e 7:R,N) = Ei\I/i(rla ro,...,Ip, Rl, RQ, e ,RN) (22)
7
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In this expression, H is the Hamiltonian (total energy) operator, ¥; is the wave function
corresponding to molecular state (i), and Ej; is the total energy associated with that state.
The wave function ¥; depends on both the electronic coordinates (r) and the nuclear
coordinates (R). The Hamiltonian operator H written as the sum of the kinetic-energy

operator T and the potential-energy operator V, as follows®3

n N

S LR M M0 3 IELTD 9D Lt
B 2" 2MA r; Hor — '

i1 i—1 A=1 #A gl

In Eq. 2.3, the first and second terms represent the kinetic energies of the electrons and
nuclei, respectively. The third term describes the Coulomb attraction between electrons
and nuclei, the fourth term accounts for electron—electron repulsion, and the last term
corresponds to the repulsive interaction between nuclei. Here, M 4 represent the mass of
the nucleus A, Z4 and Zp are the atomic number of nuclei A and B, respectively. r;;,
ria and Rap are the distances between it and jth electrons, between it electron and

At nucleus, and between A and B** nuclei, respectively.

2.2 The Born Oppenheimer approximation

The Born-Oppenheimer (BO) approximation is a fundamental concept that enables an
analytical solution to the SE. The key idea behind the BO approximation is that in
a molecule, the mass of the atomic nuclei is much greater than that of the electrons.
Because of this, the nuclei move much more slowly than the electrons, and this allows
us to treat the electrons as if they are moving in a field of fixed nuclei. Within this
approximation, we can neglect the second term in the equation Eq. 2.3, which represents
the kinetic energy of the nuclei. Additionally, the nuclei-nuclei repulsion term (the fifth
term) can be considered constant. The remaining terms in Eq. 2.3 constitute what is
called the electronic Hamiltonian, which describes the motion of n electrons in the field

of N point charges and can be written as®

n

Hepee = — Z 1oz ZZZA ZZ— (2.4)

r
zlAlZA =1 j>1
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Within the BO approximation, the total wave function can be expressed as a product

of a nuclear and an electronic wave function as follows:

\I/i(rl,l‘g, . ,I‘n,Rl,RQ, . ,RN) = \Pelec(rlyr% . ,I‘n;Rl,RQ, e ,RN) X

Uoued(R1,Ro, ... ,Ry)  (2.5)

Here, the electronic wave function W ..(r;; R 4) represents the electronic motion, depend-
ing explicitly on the electronic coordinates and parametrically on the nuclear coordinates.

Solving the SE for ﬁelec and W, yields the electronic energy:

A~

Helec\pelec = Eelec\yelec (26)

In this expression, the electronic energy Feje. or Eeje.(R 4) depends parametrically on the
nuclear coordinates. This parametric dependence implies that for each distinct nuclear
configuration, the electronic wave function W is a different function of the electronic
coordinates. Consequently, the total energy of a molecule at a fixed nuclear arrangement

must also include the nuclear—nuclear repulsion contribution:

N N ZaZ
B

Etotal i Eelec + Z Z R ) (27)
A=1B>A ~AB

2.3 The Hartree-Fock theory

The Hartree-Fock (HF) theory, commonly known as the HF approximation, is central to
quantum chemistry and forms the foundation for many highly accurate quantum chemical
methods. In the HF formalism, the complicated many-electron problem is transformed
into an effective one-electron problem, in which electron—electron repulsion is treated in

an averaged manner.

Within this approach, the total electronic wave function W describing an n-electron
system is expressed as a Slater determinant (SD) of spin orbitals ®;(r,), which satis-

fies the Pauli exclusion principle by constructing the appropriate antisymmetric linear

TH-4042_216122025
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combination of all spin orbitals, written as

(I>1(r1) (132(1‘1) (I)M(I‘l)
Dy (r Dy (r vee DPpy(r
\Il(r1,r2, -7rn) _ \/17? 1( 2) 2( 2) M( 2) ’ (2 8)
@1(1'”) (I)Q(I'n) . (I)M(I'n)
or equivalently,
\If(rl,rg, P ,I‘n) = "131(1‘1) (I)Q(I'g) . (IDM(I‘H» 8 (2.9)

Here, is the normalization constant, and the number of spin orbitals M is given

1
by M = 5 for even n and M = L for odd n. Each spin orbital ®;(r,) incorporates
both the spatial and spin parts of an electron, e.g., ®;(r;) = ®(1) o(1), where the spin

function o corresponds to either the a- or S-spin state.

By using the SD, the HF equation can be written as
f(@) @ (r;) = E; @(rs), (2.10)
where f is the effective one-electron operator, known as the Fock operator, written as

1 ANy
fli) = =2V 22 410G, (2.11)
2 ;A
A=1
and v1¥(4) is the HF mean-field potential. The HF mean-field potential represents the
average potential acting on the ith electron due to the presence of all the other electrons in
the system. Therefore, the Fock operator depends on its own eigenfunctions, making the
HF equation non-linear. It is therefore solved iteratively by employing the self-consistent

field procedure.
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2.4 Post-Hartree-Fock theory

The HF method does not account for electron correlation effect; for this reason, many
quantum chemical methods have been developed, including the Mgller-Plesset perturba-

tion theory.

2.4.1 Mgller-Plesset perturbation theory

In 1934, Mgller and Plesset described how the HF ground state energy can be corrected
by accounting for the electron pair correlation in terms of second-order perturbation
theory.8* This approach is now known as the Mgller-Plesset (MP) perturbation theory.
In MP theory, the HF Hamiltonian is considered as the zeroth-order reference, denoted
as Hyp or H°, and can be written as a sum of one-electron Fock operators f(p) as

follows:

=> [ (2.12)

where ﬁ(p) represents the one-electron operator containing the kinetic and electron-
nuclear repulsion term of electron p, ji(p), and K;(p) are the Coulomb and exchange
operators, respectively. The J; (p) and K; (p) operator expressed in terms of spin orbitals
d; as

N 1

and

Ri(1)05(1) = [ / drz@:@)j@jw] 8(1). (2.14)
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If U9 is the HF ground state wave function, then the corresponding eigenvalue is given

by the sum of orbital energies E; as follows:

EY = zn:Ez (2.15)

HOWY = EO9° (2.16)

Now, if we define H as the exact Hamiltonian, which contains the exact electron-electron

repulsion term, then the perturbation operator V can be written as

V= - A

—Z—-Z (»)

p=>q

(2.17)

Therefore, the first-order correction to the ground state energy E° can be written as

1
B = B,
~ 1 = (2.18)
= (@012 = Vo = = > (ijllig)
%)

where the double bar integral represents the two-electron antisymmetric integral defined

as follows:

(i7||kl) = (ig|kl) — (ij|lk)

(2.19)
//Mum¢ﬂﬂ%®)[WMWMﬂ br(r2)i(r1)].

Therefore, MP1 energy is simply the HF energy, indicating that the HF is correct up to

the first order of the MP theory

occ occ

E(HF) = E(MP1) Zel — = Z ij)]i7) (2.20)

The second-order correction to the ground state is given by the following equation:

9 |V | Do) (Po|V | D
J#0 0

TH-4042_216122025



Chapter 2 13

where ®j is a multiply excited determinant and an eigen function of Hyp with eigen
value £;. However, from Brillouin’s theorem® it is concluded that only the double ex-
citation determinant has non-zero V matrix elements with @, therefore only the double

excitations contribute to EJ(VZI)P Considering this, the Eq. 2.21 takes the following form:

occ vir

MP = ZZ ijllab)a (2.22)

ij  ab

with

a?Jb (€ + € — €a — )" {ab][ij). (2.23)

where ¢; and ¢; energies of occupied spin orbitals ¢; and ¢;, respectively, and €, and ¢,

are the energies corresponding to the virtual spin orbitals.

2.5 Density functional theory

The central concept of density functional theory (DFT) is that the electronic energy of
a system can be expressed as a functional of the electron probability density p.8¢ In this
context, W. Kohn and L. J. Sham®” showed that the ground-state energy of an n-electron

system can be written as

N

Z
:—Z/@Z) rlvmrldrl S p(ry)dry
=i (2.24)
1
—|—2/p(r1)()d1‘1dr2+Exc[ ( )]
ryo
where v; (i = 1,2,...,n) are the one-electron spatial orbitals, referred to as Kohn-Sham

(KS) orbitals, and p(r) is the total electron density at a point r, which is given by

=3 ) ? (2.25)
=1

In Eq. 2.24, the first term corresponds to the kinetic energy of the electrons; the sec-
ond term describes the electron—nucleus interaction energy summed over N nuclei with

nuclear charges Zj; the third term represents the Coulomb interaction between charge

TH-4042_216122025
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distributions located at r1 and ry; and the final term is the exchangecorrelation (XC)
energy, Exc[p(r)]. The Exclp(r)] is also a functional of the density and incorporates all

non-classical electron—electron interactions.

The KS orbitals are obtained by solving the following KS equation for the one-electron

orbitals ;(r1):

(g

Pr2) g VXC(rl)}@bi(rl) = egabi(r1) (2.26)
- n ri2

N
I
where €; are the KS orbital energies and V¢ is the XC potential, which is a functional

derivative of the exchange—correlation energy:

_ 0Exc[p(r)]

xe =5

(2.27)

The KS equations are solved self-consistently. Starting from an initial guess for the
electron density p, one first evaluates Exc|p], and then computes Vxc as a function of
r. This yields an initial set of KS orbitals by solving the KS equations. These orbitals
are then used to construct an improved density from Eq. 2.25. The procedure is iterated

until both the electron density and the XC energy are converged.

2.5.1 The exchange-correlation (XC) functionals

The primary source of error in DFT arises from the approximate nature of the XC func-
tional. Numerous schemes have been developed for accounting for the correct XC energy,
ranging from the local-density approximation (LDA) and generalized gradient approxi-
mation (GGA) to meta-GGA and, more recently, hybrid and double-hybrid functionals
with range separation. The functional form of the hybrid XC functional, which contains

exact exchange from HF and XC energy from DFT, can be written as

E.?(ycbrid _ aEg(xact + (1 o a)E)I?FT 4 E’CDFT (2.28)

TH-4042_216122025
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where a represents the mixing coefficient, E§* is the HF exchange energy, and EQFT
and EPFT are exchange and correlation energies from DFT, respectively. Among vari-
ous hybrid functionals, the Becke’s three-parameter Lee-Yang-Parr (B3LYP)®89 is the
most widely used DFT functional for predicting the ground state properties, and the

mathematical form of this functional can be written as

E}]?%LYP — afOE?(X&Ct + (1 . G,O)E)IZSDA + CLbE}%SS + aCE(];_JYP + (1 _ CLC)ESSDA (229)

LSDA LSDA
EX Ec

where and are the local spin density approximation exchange and correla-

tion energies, respectively, E>P(’88 is the Becke’s 1988 gradient corrected exchange energy,

EMYP s the correlation energy by Lee, Yang, and Parr,”! and three mixing parameters

ag, ap, and a. are stands for ”3” in the B3LYP functional. However, the conventional

hybrid functionals often struggle in the description of long-range electron correlation,

which leads to errors in describing the CT states in conjugated molecular systems. %29

To address this issue, many long-range corrected (LC) DFT functionals, including CAM-

B3LYP and wB97XD, have been developed.® 101 In these LC functionals, the exchange

1

function ——
12

is separated into two components: short-range and long-range, as follows:

1 _Lloerf(umy)  erf(una) (2.30)

12 12 12

In this equation, the first term accounts for the short-range interaction and the second
term represents the long-range interaction. The key idea behind this LC functional
scheme is that the DFT exchange is included via a short-range term, while the long-
range exchange is described by HF exchange. The parameter p in Eq.2.30 determines

the balance between the DFT and HF exchange.

102,103

Furthermore, a large number of double hybrid (DH) and range-separated (RS)

DH 19411 functionals have also been developed, providing promising results. The general

expression of the DH functionals can be written as

ERE = a, B 4 (1 — a,)Ex + acEX 2 4+ (1 — ac)Ee (2.31)
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and the range-separated functionals

E)P({g_DH — amE)e(XB‘Ct + (1 o aa;)E%X&Ct(w) + (1 . aa:)EX
(2.32)
—(1 = az)Ex(w) + aCE§T2 + (1 —ac)E;

where E)}()T2 is the correlation energy obtained using the second-order perturbation the-

ory, and w is the range-separating parameter.

2.6 Time-dependent density functional theory

Time-dependent density functional theory (TD-DFT)!!2 114 is a useful technique for
investigating the response of molecular systems to electric and magnetic fields. In par-
ticular, it enables the calculation of excitation energies, absorption spectra, and linear
and nonlinear response properties, such as polarizability and hyperpolarizability. The
TD-DFT equation in KS formalism has the same basic structure as Eq. 2.26, with a

time-dependent external potential, and can be expressed as

1 2 Z (ra,t)
—d 3 E =Ly / P20 ey + Vet (01, 1) + Vio(r, 0) ptbilrs, £) =
ol TR 2 (2.33)

.0
1@%(1"1,75)

where Viy denotes the external potential (for example, oscillating electric and magnetic
fields), which is time-dependent. The Vx¢, the KS orbitals v;, and the electron density
p(r) are all time-dependent. The time-dependent electron density is obtained from the

KS orbitals according to

plr,t) = |vi(r, 1)) (2.34)
=1

The time-dependent KS (TD-KS) Eq. 2.33 can be solved in two ways: using real-time

H6-118 4 pproaches. Among these two approaches,

integration !5 and linear-response (LR)
the LR theory is the popular method used for solving the TD-KS equation. The LR

theory considered that in the presence of a small perturbation, the density responds
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linearly. For a sufficiently well-behaved perturbing potential, the density can be expanded

in a perturbing potential as

p(r,t) = p°(x) + pW(x,t) + p@(r,8) + p® (x,8) + . .. (2.35)

where p(l) is component of p(r,t), which depends linearly to perturbation Ve()}t) , ,0(2)
depends quadratically, etc. The small perturbation leads us to consider only the first-

order term

(2.36)

This first-order change in density (dp) and external potential (0Vext) is connected as

follow 118

t
dp(r,t) :/ dt'/dr’x(r,r',t—t')éVeXt(r',t’) (2.37)
—00

where (¢ — t') is the density-density response function of the system. Equivalently, one

can also write the linear change in the density for a non-interacting system as

t
dp(r,t) :/ dt’/dr’Xs(r,r’,t—t')éVs(r',t’) (2.38)

where ys(r,r’, t—t") is the response function related to the wave function of the system of
non-interacting electrons and 0 Vg represents the first-order change in the KS potential.

This first-order change in KS potential can be written as

6Vs = 0Voxt + 0V + 6Vxe (2.39)
where
/
6VH(I’,7§) — /drldp(l‘ 77:)
rer oy (240
_ / Iy gt 1oyt Y A XC\1,
dVxa(r,t) = /dr fxco(r,r' st —tHop(x',t"), fxco(r,r',t—1t) S 1)
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and fxc is known as exchange-correlation kernel. Using the above equations, one gets

the following Dyson-type equation for LR-TDDFT in the frequency space'®

(1 = xs(w)fuxc)x(w) = xs(w) (2.41)

OVH(w) N OVxc(w)
dp(w)  dp(w)

following eigenvalue problem

where fixg = . The excitation energy can be obtained by solving the

(1 — xs(w)fuxc) X (w) = wX (w) (2.42)

and the usual Casida form is obtained by expanding Eq. 2.42 in the KS spin orbital basis,
which can be written as
Alw B(w X(w X(w
@ B ||Xe)| x| B
—B*(w) —A%(w)||Y(w) Y(w)
where w is the excitation energy. The matrix elements A(w) and B(w) are written in
terms occupied (i, 7) and virtual (a,b) orbitals as

Aja,jo(w) = 6i5045(€a — €5) + (ia||jb)
(2.44)

Bia jo(w) = (ial[b7),

where the two-center integrals (ia||jb) involve Coulomb and exchange-correlation kernels

(fuxc)-

2.7 Algebraic diagrammatic construction (ADC) scheme

The algebraic diagrammatic construction (ADC) schemes are ab initio methods for cal-
culating correlated excited states. 19121 The derivation of ADC schemes originates from
the many-body Green’s function theory, where a diagrammatic perturbation theory is
applied to construct a consistent level of approximation for the propagator.''® An alter-
native route for deriving ADC schemes via the intermediate-state representation (ISR)

formalism also exists and does not require knowledge of the propagator. 1227124 In general,
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the ADC schemes are the Hermitian eigenvalue problem and can be written as
MX =XQ, XX'=1 (2.45)

where € is the diagonal matrix of vertical excitation energies, M is the shifted Hamilto-
nian matrix, and X is the matrix of eigenvectors. The shifted Hamiltonian M is repre-
sented by the standard MP Hamiltonian H shifted by the ground state energy Eé\/[P ",
In the ISR formalism, this shifted Hamiltonian is written in terms of the intermediate

state (IS) basis as follows:
M)z = (Ug|H — E}"™ W) (2.46)

where W is an IS basis. In ADC schemes, the key step is to generate the IS basis
functions. This process involves two steps: in the first step, the correlated excited state
basis function is obtained from the correlated ground state of MP,, (\iléw i ") by applying

the physical excitation operator as follows
\T/J = CA'J‘I/(])WP" (2.47)

where C; denotes the physical excitation operator. The correlated excited state ba-
sis functions W are not orthogonal and can be orthogonalized via the Gram-Schmidt

procedure, which leads to the final IS basis as follows:

\T/J Gram—Schmidt \I~/J (248)
By employing these IS basis functions in Eq. 2.46, one can get the corresponding ADC
matrix, and the solving the Eq. 2.45 by diagonalization results in excitation energies.
The order of the ADC schemes depends on the MP,,, for example, if we used the MP2

ground state wave function (¥*2) and energy (E3'%?) then ADC(2) is obtained.
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2.8 Density functional tight binding (DFTB) and time-dependent
density functional tight binding (TD-DFTB)

The density functional tight-binding (DFTB) method 2> 27 can be interpreted as an
approximate formulation of DFT at the GGA level. In this approach, the total energy of
the system is written as a second-order expansion of the KS-DFT total energy functional
(Eq. 2.26) around a suitably chosen reference electron density, pg. The ground-state

density, p(r), is then written as a sum of this reference density and a fluctuation term,

p(r) = po + op (2.49)

The total energy functional in Eq. 2.24 is then expanded in a Taylor series with respect

to dp as'?®
EPETBpy 4 6p] = E°[po] + E[po, dp] + E2[po, (9p)] + E3[po, (6p)°] (2.50)

with the individual terms given by

E°[po] = ;; 21 ;//%g(r?)dmdrg — /ch[Po]ﬂ(rl)drl + Exc|po]

3 Rap

Blpo,00) = 3Tl H o]l ),
6*Excp
E?[p1,6p%] = //( 12 0p( rliﬂ)( 2)

& Exclp]
; \ xclp
E°[p1,6p°] = ///5p (r1)dp(r2)dp(rs)

In the first-order implementation of DFTB, usually called DFTB1,12%:126:129 the zeroth-

(2.51)

>5p(r1)5p(r2)dr1dr2,
PO

0p(r1)dp(ra2)dridradrs
PO

and first-order terms of Eq. 2.50 are taken into account, and the corresponding KS

orbitals are expanded in a linear combination of atomic orbitals (LCAO),

=Y ity (2.52)

"
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where ¢, denote the atomic basis functions. In addition, a two-center approximation

is applied to the Hamiltonian operator H [po]. The atomic orbital set ¢, is obtained

from DFT by solving the following atomic KS equation with an additional confinement
m

potential 130

3
To

¢# = gﬂ(b,uv (253)

1 m
= 5V Vel + <T>

To

where Vg is the effective KS atomic potential. Using the LCAO basis, the DFTB

Hamiltonian can be written as

H;w = <¢N|f{[p0]|¢v>

1 (2.54)
~ (pu] — §V? + Vipa + pBll¢w), 1€ Av€E B,

where V[pa + pp| denotes the KS potential within the two-center approximation.!?

EP[po] is approximated by a sum of pairwise repulsive potentials,
EO [pO rep Z Vrep (2'55)

Therefore, the DFTB1 total energy can be expressed as'2°

EDFTB1 _ Z Z Z nicucoHO, + % Z Vi (2.56)
AB

i AB p,v

Within the DETBI formalism, integral tables for (é,|H[po]|¢,) and (¢,b,) are gener-
ated at different interatomic distances and orientations for all relevant basis functions.
These precomputed tables enable rapid assembly of the Hamiltonian and overlap matrices

during actual calculations.

The second-order term in Eq. 2.50, which accounts for the density fluctuation of the

Columb and XC energies, provides the basis of the DFTB2'27 expansion as

EPFTB2 S NS e e, HY, + % > Vi
AB

i AB p,v

//( 12 5525;2[(]),00

(2.57)

) 0p(r1)dp(re)dridry
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The second-order term can also be written using the two-electron integral y4p and the
atomic charge fluctuations with respect to the atomic neutral references'?” Agy = ¢ A—qgx

as

_ 52EXC[ }

1 (2.58)
=3 > AqalAgpyap
AB

and the Eq. 2.57 can be rewritten as follows:

BT =SS et 5 YV 5 S Andaan. @

i AB p,v

This is the most widely used DFTB scheme, also known as self-consistent charge DFTB
or SCC-DFTB. 2" The expansion of DFTB to the third-order term was carried out by
Elstner and co-workers. ! Keeping the two-body contributions, the third-order term

(Eq. 2.51) can be expressed as

dyaB
E’[p1,0p°] Z AgalgpAgc—
 iBc 1 (2.60)
=3 Z(AQiAQBTAB + AqaAgET BA),
AB
d
where I'ap = ;AB . The resulting expression of the total DFTB3 energy is then
4B &,
given by
1 1
EDFTB3 _ Z Z Z nic ey HO, + . Z Vid + 3 Z AqaAqpyaB
i AB p,v AB AB (2 61)

1
*5 > (AGAAGET AB + AqaAGET BA)
AB

In this third-order formulation of DFTB, an explicit dependence on the atomic charges

is introduced through an integral that itself depends on the other atomic charges.

The time-dependent extension of DFTB (TD-DFTB) was originally introduced by
Niehaus et al.? within the framework of TD-DFT. In the TD-DFTB formalism, excita-

tion energies are determined by solving the eigenvalue problem given in Eq. 2.43. Within
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TD-DFTB, the two-electron integrals (ia||bj) (Eq. 2.44) are evaluated using the DFTB

2

scheme by applying the generalized Mulliken approximation,'3? in which the transition

density between different KS orbitals is represented in terms of atomic charges.

2.9 Non-adiabatic dynamics

When a molecule is electronically excited following photoabsorption, its nuclear dynam-
ics can no longer be described within the BO approximation. Following photoexcitation,
nuclear motion can lead the system into regions where electronic states are close in en-
ergy, enabling electronic transitions mediated by nuclear motion. This phenomenon is
known as a non-adiabatic process, in which electronic and nuclear motions are intimately
coupled. Such non-adiabatic processes mainly include radiationless pathways, particu-
larly internal conversion (IC) and intersystem crossing (ISC). The theoretical description
of these time-dependent non-adiabatic phenomena in molecular systems poses significant
challenges. In particular, it requires accurate computations of the energies and couplings
of several electronic states, as well as the time propagation of their properties. The full
quantum-mechanical treatment of the above processes in large molecular systems is out
of the question. To address this issue, several semiclassical or mized quantum-classical
(MQC) approaches have been developed. 33 In these MQC approaches, the motion of the
nuclei is treated classically, while the electronic motion is treated quantum-mechanically.
Among the different MQC schemes, the trajectory surface-hopping (TSH)!'3* method is
the most commonly employed for modeling non-adiabatic dynamics, owing to its sim-
plicity, efficiency, and scalability. 3> The central concept of TSH is that, throughout the
non-adiabatic process, the nuclei follow adiabatic motion for the majority of the time
and only for a fraction of time, within a relatively small region of configuration space,
undergo a non-adiabatic transition. Such non-adiabatic transitions are modeled as in-
stantaneous switches or hops between two adiabatic potential energy surfaces. 34135 In

the TSH approach, the nuclei follow Newton’s classical equation of motion:

52RA 5Eelec
M = —— 2.62
AT 52 SR ( )
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where M4 and R4 represent the mass and position of the nucleus of A, respectively,
and FEgj. is the electronic energy. The electronic wave-function is expressed as a linear

combination of the adiabatic basis states as follows:

[Petec(t)) = Z ca(t)|Wal(t)) (2.63)

where « runs over the basis states, U, (t) are adiabatic basis states, and ¢, (t) are the
time-dependent expansion coefficients. The equation of motion for the electrons can be

obtained by inserting Eq. 2.63 in the time-dependent SE as follows: 136

0 i
s~ ‘? [hHﬂa + Kpa | ca (2.64)
where
Hﬂa T <\I’5|Helec|\l’a>,
] (2.65)
5 SR b 3 .
Kga = (VoI5 1%a) = T - (Ul 55 I%a) = - (¥5|VI¥a) = 7 F,

In Eq. 2.65, Fj, represents the non-adiabatic coupling between the states 3 and o and
¥ is the nuclear velocity. During the dynamics process, the hopping probability between
the 8 and « states is given by the following equation according to Tully’s fewest-switches

surface hopping (FSSH) algorithm 37

Population increment in « due to flux from S8 during At

Pyr = (2.66)

Population of «

The population in the « state can then be obtained from the diagonal elements of the

following density matrix:

Pap(t) = caCh- (2.67)

The hopping event from [ to « state takes place if the following two conditions are

fulfilled simultaneously:
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1. For a random number, r;, sampled between 0 and 1, hopping from 3 to « state

happens if

a—1 «
Z Pﬁ—m'(t) <ry < Z Pﬁ—n'(t) (2.68)
i=1

=1

2. The energy difference between the final and initial states satisfies the following

condition 136

(5515
Va(R(t)) = VB(R(t)) <

< — : (2.69)
DL . (F7)2

The second condition applies only when the total energy after hopping is larger than
before, which satisfies the law of conservation of energy. A situation in which only the

first condition is valid is called frustrated hopping. 138

One shortcoming of Tully’s FSSH approach is that the electronic populations are
propagated with high coherence.? 141 A commonly employed strategy to solve this
problem is the 'nonlinear decay of mixing’ model originally proposed by Truhlar et al. 14!

The decoherence effects in the FSSH scheme were implemented by Granucci et al. 42 by

correcting the coefficient ¢, as

—At
cazcaexp< B)V(a;éﬁ),
3 (2.70)
cg = —=a 1- Z ‘Eax
sl &=

and the decoherence time is given by the following equation

h K
Tof = —— (1 +— . 2.71
’ |Vaa - Vﬂ,@’ < Ekzn) ( )

where Ey;, is the classical nuclear kinetic energy, x is an empirical decoherence parameter

whose recommended value is 0.1 Hartree.
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2.10 Excitonic analysis

Analysis of excited-state properties after ab initio calculations is a difficult task. However,
in recent times, excitonic analysis based on the one-electron transition density matrix
(1TDM) 9143 has been very useful for characterizing excited states. In this analysis,
first, the CT numbers denoted as Qap are computed from 1TDM. Once the full Q2

matrix consisting of all Qp is constructed, descriptors such as CT parameter (wcr), 19144

145,146

exciton size (dexc), and the participation ratio of natural transition orbitals (NTOs)

(PRNTO)M’147 are computed to analyze the excited states. The 1TDM between the

ground state and the excited state can be written as

’yOI(rh,re):N/---/\Ilo(rh,rg,...,rN)\I/I(re,rg,...,rN)er...drN
(2.72)

= Xexc(rha re)a

where 77 is 1TDM between ground (0) and excited (I) states, ¥° and W/ are the many-
body ground and excited wave functions, respectively, and 7, and 7. represent the hole
and electron co-ordinates, respectively. The 1TDM is also identified as an exciton wave-

function Xegze(Th,7e). The Eq. 2.72 can be rewritten as

’VOI(ThaTe) o ZDS{;XM(Th)Xv(TE)a (2.73)
)

where x, and x, are the atomic orbitals and the element D/% is defined as
DO = (¥0)ata,[07). (2.74)

Here a* and a are the one-particle creation and annihilation operators. The descriptors

that are obtained by decomposition of 1 TDM are explained below.

2.10.1 Charge transfer number

The charge-transfer number (Qp) can be defined as the probability of finding the hole

and the electron on different fragments of a molecular system (Figure 1.1) after electronic
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excitation. If we divide a molecular system into two fragments, A and B, the charge
transfer number Q4p is obtained by partial integration over the square of ¥/, restricting

the hole coordinate to fragment A and the electron to fragment B as

QAB://’}/OI(Th,Te)2dTedrh. (275)
AJB

The Mulliken population analysis?? of equation 2.75 gives the working equation.

1
Qap =5 30 D M(D ) (SD )+ DI(S D)), (2.76)
peA veB

where S is the overlap matrix between the basis functions.

2.10.2 Charge transfer parameter or total charge transfer

The charge transfer parameter wor is defined by summing over the off-diagonal elements

of Qap matrix, ', and can be written as

1
= — QO 2.
wer QA%;:&A AB; (2.77)

where 2 is the total charge transfer number, and the value of wer ranges from 0 to
1, the value close to 0 indicates LE or Frenkel excitonic state, whereas 1 for a fully

charge-separated or CT state.

2.10.3 Exciton size

Exciton size dex. is defined as the average distance between the electron and the hole
positions. The exciton size of a system is obtained as an expectation value of root-mean-
square (rms) separation between the electron and hole with respect to the excitonic wave

function Xege(rh, re) as follows 145146

< Th—Te)? >
dimc =< (rh - re)Q >exc= Xeacc‘( h e) ’Xexc

1 < XE$C|X€$C > (278)
=3 // fyOI(rh,re)(rh — re)zfyw(rh,re) dry, dre.
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Insertion of equation 2.73 into Eq. 2.78 results in the following formula

d2, = Q ST (D MP DY) ~2tr (DM DT MM +tr(DOSDY M), (2.79)
Ee(z,y,2)

where Mgk refers to the kth-order multipole matrix with respect to the cartesian coor-
dinate £. An approximate form of dey. can also be derived from Eq. 2.78 by dividing

the double integral into separate regions that correspond to different atoms, M and N,

as follows 148

e = =0 Z / / (rh,re) (rh — 1) 27 (11, Te) drp dre. (2.80)

Approximating (r, — 7¢)? by the squared distance between the positions of M and N

nuclei, denoted as d?w N the Eq 2.80 can be written as

eXC e} Z dis / / (rhyTe)y (Thﬂ“e) dry, dre. (2.81)

This leads to

= |

dexe =, |5 > Qundd (2.82)
M,N

Therefore, computation of dex. only requires the CT number and coordinates of the two

nuclei.

2.10.4 Participation ratio of natural transition orbitals

Natural transition orbitals provide a compact representation of electronic transitions!4?.

Those are obtained by the singular value decomposition (SVD)!®? of the 1TTDM using

unitary matrices U and V as

" U diag(v/ M, Ve, .. )VE (2.83)

where unitary matrices U and V contain the eigenvectors of hole (h) and electron
(e) matrices, respectively, and \; denotes the weights of the corresponding electronic

transitions. The number of independent pairs of NTOs required to describe an electronic
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excitation is given by the values of the participation ratio of natural transition orbitals

(PRNT0), %%, which can be calculated as

PRxTO = %12)2 (2.84)

A value of one for PRyt indicates that only one pair of NTOs is required to describe
an electronic excitation, while a value > 1 indicates that more than one pair of NTOs is

required.
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Chapter 3

Conformational effect on the
excitonic states of 2-Phenylpyridine
oligomers: Ab initio studies and

analysis

Energy (eV) ~’

In this chapter, we report the effect of different conformations of 2-Phenylpyridine
oligomers ((PhPy),—1-5) on the excited state properties. The computational studies
are carried out at the RI-ADC(2)/def2-TZVP level, considering the three conformers
namely A (linear), B(helical), and C(helical). The differences in the geometries of the
three conformers are reflected in the UV and CD spectra. The UV spectra of conformer
A show high-intensity peaks compared to the conformers B and C, for each oligomer.
While the helical oligomers of conformers B and C show high-intensity CD bands, the
intensities of CD bands for all of the oligomers of conformer A are weaker. Analysis of
the properties of the first five excited states in (PhPy)s5 reveals that these are partially
charge transfer states. Reproduced from " The Journal of Physical Chemistry A, 2023,

127(38), 7898-7907" with permission from the American Chemical Society.

31
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3.1 Introduction

Aromatic heterocyclic-based conjugated oligomers and polymers are among the most

extensively studied oligomers in the field of organic electronics. 2764

Heterocyclic-based
conjugated oligomers containing alternate pyridine and pyrrole or thiophene or furan have
already been synthesized. % 6%151,152 Dye to the presence of a pyridine ring in these types
of conjugated oligomers, they show interesting optical and electronic properties.%9:151:152
One of the important aspects in these conjugated oligomers is that, depending on the
linkage pattern between two adjacent monomeric units, whether connected at ortho-,
meta-, or para-positions, they form different conformational isomers and show different
electronic properties. 133839 Therefore, a simple change of the linkage points leads to
a drastic change in the electronic and physical properties, and this in turn affects the
overall performance and stability of the corresponding electronic devices.319% In our
work, we chose to study the conformational effect on the properties of 2-Phenylpyridine
(PhPy) oligomers. PhPy has been studied both experimentally and theoretically. 6160
However, the effect of different possible conformers on the optoelectronic properties has
not been reported yet. Considering this, in this work, we present the results of a com-

putational study to elucidate the structure-excited state property relationship in PhPy

oligomers.

In this work, oligomers of PhPy are constructed by considering three different confor-
mational isomers A, B, and C. The schematic representations of the three conformers
are shown in Figure 3.1. As shown in the figure, the oligomers of conformer A are formed
by using the meta position of the pyridine ring of one PhPy unit and the para position
of the phenylene ring in the adjacent PhPy unit. In the case of B, the oligomers are
formed via the ortho position of the pyridine ring of one PhPy unit and para position
of phenylene ring of the adjacent PhPy unit, whereas conformer C oligomers resemble
the m-phenylene oligomer, ' in which the alternate phenylene ring is replaced by a pyri-
dine ring. Oligomers only up to pentamers are considered in this work. The details of
computational methods used in this work are explained in the Computational Details

section. In Results and Discussion, we present and compare the UV and CD spectra of
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the three different conformers. This is followed by the analysis and characterization of

excited states. The final section concludes our work.

F1GURE 3.1: Schematic representation of the repeating units of three possible confor-

mational isomers of the PhPy system, denoted as A, B, and C, where n = 1-5. The

dihedral angle between each phenylene and pyridine ring is denoted as ¢;, where i =
1-9 in the case of a pentamer, for example.

3.2 Computational Details

Ground state geometry optimizations of the oligomers of A, B, and C were carried out
at DFT level using the B3LYP functional'®! and def2-TZVP16? basis set. The har-
monic vibrational frequency calculations were performed at the same level of theory
for the optimized geometries to verify that the structures were minima in the poten-
tial energy surface. Grimme’s D3 empirical dispersion correction was used in all DFT
computations. 1637165 The Gaussian 16 program'® package was used for all the DFT

calculations.

For the excited state studies, the ADC(2) method was used. The ADC(2) calculations
were carried out at the BSLYP optimized geometries to obtain vertical excitation energies

(Eg). The E4 values for monomer were calculated using four different basis sets; def2-

SV(P),167 def2-SVP, 62 def2-TZVP and def2-TZVPP. For the oligomers, the E,s were
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FIGURE 3.2: Ground state optimized geometries of (PhPy), for three different con-
formers, A(a), B(b), and C(c) obtained at the B3LYP-D3/def2-TZVP level. Top and
side views are shown in the left and right columns, respectively.

calculated using the def2-TZVP basis set. For the ADC(2) studies, the resolution-of-
identity (RI) approximation was used. The ADC(2) calculations were carried out using

168

Turbomole V7.1 software. . Both the optimizations and excitation calculations were

performed in the gas phase. The UV and CD spectra of all the oligomers were obtained
using Gaussians with a half-width at half maxima of 0.1 eV. The Gabedit software %
was used to generate the UV and CD spectra. The characterization of the excited states
was carried out by considering the excitonic analysis based on the one-electron transition

density matrix (1TDM), and for this purpose, the Theodore 3.0 software package!™ was

used.

3.3 Results and Discussion

3.3.1 Geometries of Monomers and Oligomers

The geometry of PhPy monomer obtained at B3LYP-D3/def2-TZVP level is found to
be nonplanar and is in good agreement with the previous results.!®” To discuss the
differences in the optimized geometries of the conformers, inter-ring dihedral angles are
used. While the monomer has one dihedral angle, the pentamer has nine inter-ring
dihedral angles. Optimized structures of (PhPy)s of conformers A, B, and C are

shown in Figure 3.2. From Figure 3.2(a), it is found that the linear conformer A has
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TABLE 3.1: Calculated Dihedral Angles (¢1_9) of (PhPy),—2_5 of Three Conformers
A, B, and C at the RI-ADC(2)/def2-TZVP Level
(PhPy), (PhPy)3 (PhPy), (PhPy)s

angle A B C A B C A B C A B C
¢1 | -19.53 23.01 -21.16 | -19.49 -23.00 12.14 | -19.44 2275  8.23 | -19.62 -22.14 -10.80
¢2 | 3586 21.73 -24.27 | 35.80 -21.68 -25.21 | 3595 21.31 -19.16 | 3571 -12.32 -11.79
¢s | -19.59 -20.14 2348 | 17.17 2195 -7.02 | -16.63 -21.92 585 | -17.38 25.22  -5.93
b4 35.86  21.66 -9.81 | 35.80 -21.75 -25.09 | 35.58  23.92 -18.30
b5 -19.46  -20.04 -20.32 | -16.68 21.61  -5.46 | -17.11 -18.65 -3.98
6 35.94 2140 -11.55 | 35.82 -21.64 -15.21
o7 -19.42  -14.73  -15.05 | -16.87  21.45 -11.49
s 3591  17.53  -6.70
) -19.58 1533 -14.25

a nonplanar structure. The values of the dihedral angles are listed in Table 3.1. For
A, the values of terminal dihedral angles ¢; and ¢3 are the same, whereas the dihedral
angle in the middle (denoted as ¢9) is larger compared to terminal angles. Side view
of the conformer B reveals that the pyridine rings are nearly in the same plane, on the
other hand, the two alternate phenylene rings are in opposite directions to each other.
Values of ¢1, ¢, and ¢3 for this conformer do not differ too much from each other
(¢1, @2, and ¢3 are 23.01, 21.73, and -20.14, respectively). In contrast to A, and B,
as the figure shows, the terminal rings of conformer C tend to bend away due to steric
hindrance between the hydrogen atoms of adjacent rings. Values of ¢1, ¢2, and ¢3 for
this oligomer are -21.16, -24.27, and 23.48, respectively. As we move from (PhPy); to
(PhPy)s, conformer C forms a helix-like structure shown in Figure A1. In this helix-like
structure, a significant change in dihedral angles is observed which are shown in Table 3.1.
However, no significant change in geometry and dihedral angles is observed in the case of
A and B conformers, shown in Figure Al. After addition of another unit to (PhPy)s,
conformers A and C remain in linear and helical forms, respectively, whereas a change in
geometry is observed for B as shown in Figure A2 and Table 3.1. A different observation
is made for pentamers. Figure 3.3(b) shows that a helix is obtained also in the case of
conformer B for (PhPy)s5, and the number of repeating units needed to form a helix-like
structure is larger than in conformer C. The other two conformers, A and C, remain
in linear and helical forms, respectively shown in Figure 3.3. Geometries of pentamers
for conformers B and C are also characterized by considering parameters such as inner
diameter (Dipper), outer diameter (Doyter), pitch (py), and the number of repeating units
needed to form a helix (up). Dinner, Douter and py are marked in Figure 3.3 (b). The

value of uy, for conformer B (up=>5) is larger than that for conformer C (u,=3). The uy
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@)

a2

FIGURE 3.3: Optimized structures of (PhPy)s of conformer A(a), B(b), and C(c),
obtained at BSLYP-D3/def2-TZVP level. Top and side views are shown in the top and
bottom panels for A, and for B and C, shown in the left and right columns, respectively.
Parameters such as inner diameter (Djyper), outer diameter (Doyter), and pitch (py) are
marked in (b).
value of a helical system is directly proportional to Dipner and Dgyter values, therefore,
the Dipner and Doyter values for conformer B (7.80 and 16.70 A, respectively) are larger
compared to the values for conformer C ( 2.41 and 11.63 A, respectively). The py, values

for conformers B and C are 3.50 and 3.65 A, respectively.

Dipole moment (x) is an important parameter to describe the geometries of oligomers
of three different conformers, as the values of y are different for different conformers. 39171
The variation of p with the chain length for each conformer is calculated and plotted
in Figure 3.4. As the figure shows, the value of y increases with an increasing oligomer
chain length in the case of conformer A. This is due to the increase in the number of
heteroatoms (i.e., N atom) with the chain length. In the cases of B and C, a different
trend is observed. For the conformer B, the p value increases from PhPy to (PhPy),,
and then the value decreases and becomes very small as soon as a helix-like structure
is formed at n=5. In this conformer, the p value in (PhPy)s is larger than that in

the monomer due to the larger number of heteroatoms in (PhPy)s. Beyond (PhPy),,

cancellation of the inversely directed bond dipole moments results in a decrease in the
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FIGURE 3.4: Dipole moments (p) of three different conformers A, B, and C plotted
against the oligomer chain length n.

p value. In the case of C, the value decreases until it forms a helix (i.e., at n=3). This
is again because of the cancellation of the oppositely directed bond dipole moments,
which starts at n=2 and then reaches its minimum at n=3. After the completion of the
helix, the addition of another unit leads to an increase in the value due to the increasing
number of heteroatoms and finally, the value becomes small at n=>5, as the second strand

starts forming.

3.3.2 Electronic Properties: Absorption and CD Spectra

3.3.2.1 First Vertical Excitation Energies

The vertical excitation energies (Ey) of PhPy are calculated using four different ba-
sis sets def2-SV(P), def2-SVP, def2-TZVP and def2-TZVPP. The E,ys and oscillator
strengths (fosc) obtained using three different basis sets are tabulated in Table 3.2. These

Egs are compared against the available experimental results 156

and also against the re-
sults obtained using the symmetry-adapted cluster configuration interaction (SAC-CI)
method. %8 As expected, the E, values decrease with an increase in the size of the basis

set. However, differences in the energies obtained using def2-TZVP and def2-TZVPP

basis sets are small. The results obtained at the RI-ADC(2) /def2-TZVP level are close
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TABLE 3.2: Vertical Excitation Energies (E, in €V) and the Corresponding
Oscillator Strengths (fosc) of PhPy Using Four Different Basis Sets. Exper-
imental Results (exptl.) Shown in the Last Column

Eg/fosc
State def2-SV(P) def2SVP  def2-TZVP def2-TZVPP | exptl.?® | SAC-CI®
S;  4.86/0.004 4.85/0.004 4.75/0.004  4.75/0.004 147
S, 5.04/0.052 5.02/0.047 4.87/0.102  4.85/0.099 4.49 4.49
S;  5.17/0.185 5.15/0.184 5.01/0.219  5.00/0.221 5.15 4.69
Sy 5.20/0.003 5.18/0.003 5.07/0.001  5.06/0.001 4.85
Ss  5.61/0.480 5.59/0.484 5.38/0.367  5.37/0.369 5.15

to the experimental results, which are also tabulated in Table 3.2. These results also
agree well with the SAC-CI results (Egs obtained using the SAC-CI method correspond-
ing to S1, S2, S3, S4, and S5 are 4.47(fosc—0.015), 4.49( fosc=0.110), 4.69( fosc—0.140),
4.85( fosc=0.001), and 5.15 eV ( fosc=0.030), respectively). Based on the RI-ADC(2)/def2-
TZVP results, excitation at 4.87 eV with an fus. value of 0.102 is assigned as the first
absorption maxima which is 0.38 eV blue-shifted from the experimental value. It is to be
noted that the excited state at 4.87 eV is the second excited state. The first excited state
appears at 4.75 eV with a very small fos. value. The excitation at 5.38 eV with fus.=0.367
is assigned as the second absorption maxima which is 0.23 eV blue-shifted from the ex-
perimental value. Keeping the above results in mind, E, values of all the oligomers for
three different conformers A, B, and C are calculated at the RI-ADC(2)/def2-TZVP

level of theory.

In Figure 3.5, the first vertical excitation energies (Eé in V) and the corresponding
foscs of three conformers are plotted against the inverse of the oligomer chain length
(1/n). As seen in Figure 3.5, the Eg1 values for each studied conformer decrease with an
increasing chain length. However, the decreasing pattern varies from one conformer to
another. In the case of conformer A, the decrease is more pronounced after (PhPy)s,
on the other hand, the decreasing pattern against chain length remains consistent in
cases of B and C. The most important feature of this figure is that the fos. values of
conformer A are much larger compared to those of conformers B and C. For A, the fosc
value increases with increasing the chain length. For B, on the other hand, the fos value

increases until it starts forming a helix (i.e., until n=3), and once the helix formation

starts, the fosc value decreases, and the value becomes very small when it forms a pure
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1/n

FIGURE 3.5: First excitation energy (Eé in eV) and the corresponding oscillator

strength (fosc) of three conformers A, B, and C are plotted against the inverse of

chain oligomer length (1/n). The results are obtained at the RI-ADC(2)/def2-TZVP
level.

helical structure (PhPy)s. For conformer C, the fos. values remain small; after a small
increase from monomer to trimer, the value decreases again, and becomes very small for

n=>s.

3.3.2.2 UV and CD Spectra of Conformers

Absorption spectra of all of the oligomers up to pentamers of A, B, and C are plotted
in Figure 3.6. For each oligomer, ten lowest singlet excitations are considered. Fig-
ure 3.6 shows that the simulated absorption spectra of oligomers of conformer A are
red-shifted compared to those of conformers B and C. Data corresponding to all ten
transitions are tabulated in the Tables Al, A2, A3, and A4, and for a few important
transitions, data is shown in Table 3.3. As shown in Fig. 3.6, for all the oligomers
of conformers B and C, more than one significant electronic transition is involved in
the absorption spectra, whereas spectra of oligomers of linear conformer A show in-

volvement of only one significant electronic transition, i.e., Sp—S;. The absorption
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FIGURE 3.6: Absorption spectra of the A, B, and C conformers. Results for (PhPy)s,
(PhPy)s, (PhPy)4, and (PhPy)s5 are shown in parts a-d respectively. These results
are obtained at the RI-ADC(2)/def2-TZVP level.
maxima of A-(PhPy)s2, (PhPy)s, (PhPy)s, and (PhPy)s; are at 4.31(fosc=1.710),
4.02(fosc=2.872), 3.89(fosc=3.952), and 3.84( fosc=5.030) eV, respectively. In the above
electronic transitions, the orbitals involved are mainly the highest occupied molecular

orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), although the

contribution of HOMO—LUMO excitation decreases as n increases.

As mentioned above, the results obtained for conformer B are quite different from
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that of conformer A. For both B-(PhPy); and B-(PhPy)s, So—S; has the largest
fosc value. However, for (PhPy),; and (PhPy)s, larger fosc values are observed for
the Sp—S2 transitions. As seen in Table 3.3, excitation at 4.26 eV(fosc= 1.641) for
(PhPy)5 corresponds to the transition between Sy and Se. The orbitals involved in
the electronic transitions of oligomers of conformer B are not only the HOMO and
LUMO, but also occupied orbitals other than HOMO and unoccupied orbitals other
than LUMO are also involved. For example, the electronic transition in (PhPy)s at
4.23 eV( fosc=1.190) involves H—L+1(66.7%) and H-1—L(6%) excitations. In the case
of C, large fosc values are observed for transitions between the Sy and excited states
other than S;. For (PhPy)s, So—Sio has the highest fosc value, although few other
transitions also have considerable fos. values as shown in Table A1l. The helical oligomers
of C, ie., (PhPy)s, (PhPy)4, and (PhPy)s, show relatively weaker foscs for all of the
transitions, and the highest fos. values for these oligomers correspond to So—S7, Sog—S¢,

and Sg—S1g, respectively.
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FIGUuRE 3.7: Simulated CD spectra of conformers A, B, and C for (PhPy)s(a),
(PhPy)s(b), (PhPy)(c), and (PhPy)s(d), obtained at the RI-ADC(2)/def2-TZVP
level

To understand the chiroptical properties of the studied oligomers, we have simulated
the CD spectra at the RILADC(2)/def2-TZVP level and the results are shown in Figure
3.7. Although the oligomers of conformer A have linear-type structures, their mirror
images are nonsuperimposable, and therefore, these oligomers are optically active and
show CD spectra with comparatively smaller intensity. Oligomers of conformer C have
the highest intensity CD bands up to tetramer as compared to those of conformers A and
B. For (PhPy)s, the highest intensity CD band is observed for conformer B. As shown
in Figure 3.7, the spectrum of the dimer of each conformer shows three CD bands. While
spectra of conformers A and B show two positive and one negative bands, the conformer
C spectrum shows two negative and one positive band. In the case of conformers A and

B, negative bands appear between the two positive bands. In A, the highest peaks in the

TH-4042_216122025



Chapter 3: Conformational effect on the excitonic states of (PhPy)p—1—5. .. 44

lower and higher energy positive bands correspond to So—S; and Sg—S4, respectively.
However, for B, these peaks originate due to Sg—S1 and So—Sg transitions. On the other
hand, the peaks in negative bands are due to So—So and Sg—S4 transitions, respectively.
For conformer C, the two negative bands are lower in energy than the positive band.
Intensities of these negative bands are comparatively higher than those of the positive
and the negative bands of conformers A and B. Values of the rotatory strength (R in
10749 erg-esu-cm-gauss ') of the highest peak of these negative bands lie between -72.64
and -186.40, tabulated in Table Al.

As we move from (PhPy)s to (PhPy)s, a significant change is observed in the CD
spectra of the conformer C which now has a helical structure. In contrast, no major
change is seen for A and B, as shown in Figure A3. In conformer C, a high-intensity
CD band is observed around 4.3 eV. The highest peak in this band corresponds to an
R value of -233.42 at 4.31 eV, and this peak originates due to the So—S; transition.
The CD spectra of C-(PhPy), also contain a high-intensity negative band around 4.25
eV along with another peak of a little lower intensity around 4.5 eV. For A and B-
(PhPy)4, no noticeable change is observed in CD spectra, shown in Figure A3. In the
case of (PhPy)s, in addition to conformer C, conformer B also shows high-intensity
CD bands, whereas conformer A shows considerably-lower intensity CD bands. In each
conformer, two CD bands are observed. For A, the two negative CD bands are observed
at 4.13 and 4.52 eV, respectively. The highest peak of these two bands arises due to
So—S2 and Sg—S7, respectively. In the case of B, two CD bands, one positive and
the other negative, are observed at 4.12 and 4.26 eV, respectively. The highest peaks
of these positive and negative CD bands are due to the Sop—S; and Sy—Ss transitions,
respectively. Conformer C also shows one positive band and one negative band, but
here the negative band is lower in energy than the positive one. The highest peak of the
negative band is caused by Sp—S; transition, whereas for the positive band, it arises due

to the So—S1o transition.
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The chirality of a CD active system is quantified in terms of the dissymmetry factor
(9cp). The gep is calculated as'7173

4x R 4|pellme|cos 0
gcp = = 3 5 -
D+G el + |me|

(3.1)

where, R, D, and G are the rotatory strength, strength of the electric transition dipole
moment (ETDM), and strength of the magnetic transition dipole moment (MTDM),
respectively. The ETDM and MTDM vectors are denoted as g and m in Eq.3.1, respec-
tively, and 0 is the angle between p and m. In general, in the case of organic molecules,
the value of |m/| is very small as compared to ||, which is responsible for small values
of gep. ™1™ The values of R, |u|, |m|, cos 0, gcp, and |m|/|u| corresponding to ten
electronic excitations of pentamers for three conformers are tabulated in Table A5. In
conformer A, the values of || for the highest peaks of two negative bands are 205.41 and
195.54 esu-cm, respectively, while the |m| values are 0.45 and 0.83 erg-G !, respectively.
In this case, smaller |m|/|p| values (0.002 and 0.004, respectively) result in small values
of gcp (-0.008 and -0.005, respectively). It is to be noted that while the angle between
the two vectors is &~ 171° for the lower energy peak, it is 109° for the second peak. For
conformer B, the highest peak of the positive band has |p| and |m| values of 314.4 and
12.17, respectively. In this case, a large value of 0.039 for |m|/|u| results in a large gcp
value. However, a small value of |m|/|u|(0.001) for the highest peak in the negative band
is responsible for the small value of gcp(-0.002). In the case of C, the |p| and |m| values
corresponding to the peak at 4.13 ¢V are 178.61 esu-cm and 4.61 erg-G~!, respectively.
Both of these values are comparatively smaller than the corresponding values for the
first peak of conformer B, and this is responsible for a comparatively lower intensity CD
band for conformer C than in B. In this case, a large gcp value of -0.070 is obtained,
which is due to the larger value of |m|/|p|. The peak at 4.41 eV for conformer C has a
|| value of 228.32 esu-cm and a |m| value of 0.82 erg-G~!. Although the value of cos 6

for this peak is 0.924, a small value of 0.004 for |m|/|p| produces a gcp value of 0.013.
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TABLE 3.4: Values of woT, dexc (in A), and PRnTo Calculated at the RI-ADC(2) /def2-
TZVP Level for (PhPy); Conformers A, B, and C

A B C
State  wcr  dexce PRNTO | WeT  dexe PRNTO | WoT  dexe  PRNTO
St 047 6.22 1.70 0.43 5.17 2.68 0.53 5.12 2.51
So 0.44 6.00 2.26 0.48 5.69 2.31 0.59 5.35 3.10
S3 0.50 7.20 2.70 0.49 5.68 2.60 0.60 5.43 2.90
Sa 0.36 6.67 1.10 0.55 6.26 3.14 0.58 5.20 1.80
S5 0.37 6.82 2.11 0.56 6.38 2.81 0.52 4.63 2.16

3.3.2.3 Excited State Properties

As mentioned in previous sections, the UV and CD spectra of the oligomers of three
conformers of PhPy are different from each other. This implies that the excited state
properties are also different in the three conformers. For excited-state characterization,
we have considered only (PhPy)s5 of all the studied conformers and their lowest five

excited states.

The values of wer, dexe, and PRyto obtained at the RI-ADC(2)/def2-TZVP level
are tabulated in Table 3.4. From Table 3.4, it is observed that the wcr values of the
three lowest excited states of the three conformers are close to each other. It is also
observed that the dey. values in A-(PhPy)s are somewhat larger than those in the other
two conformers. It is to be noted that the typical trend of an increase in the dey. value
with increasing wcr value is not maintained for a few cases. The wcr values of the
Sy state of three conformers A, B, and C are 0.47, 0.43, and 0.53, respectively. These
values indicate that S; states are partially CT states. The dexe values of this state lie
between 5.12 and 6.22 A, which corresponds well with the wcr values. The PRynTo
values tabulated in Table 3.4 suggest that two sets of NTOs are required to describe the
S; states of A and C, whereas three sets of NTOs are required in the case of B. The
NTOs involved in this state are shown at the top of Figure 3.8. Considering the sets of
NTOs with the largest eigenvalues, it is clearly seen that the electron and hole densities
in cases of A and B are spread over the rings in the middle of the chains. On the other
hand, in C, the electron and hole are spread mainly in the regions of overlap. In these
cases, a partial separation of electron and hole is seen, which makes this state a partial

CT state. All the transitions shown in Figure 3.8 are identified as m—x* transitions.
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FIGURE 3.8: Natural transition orbitals (top) and electron-hole correlation plots (bot-
tom) correspond to the S; state of (PhPy)s for the three different conformers. The
eigenvalue \ indicates the pair’s contribution to the excitation.

In addition to the above descriptors, electron-hole (e-h) correlation plots are also
considered for analysis of the excited state. Each PhPy unit is considered as a fragment;
therefore, (PhPy)s5 consists of five fragments and the e-h correlation diagram shows a
5 x 5 matrix. While the position of the electron is along the vertical axis in these e-
h correlation plots, the hole position is along the horizontal axis. The diagonal width
signifies the extension of the local exciton, whereas the off-diagonal width represents
the extent of CT between the fragments. The e-h correlation plots for the S; state
are shown in the bottom panel of Figure 3.8. These plots confirm the results predicted
by the wer and dey. values, and NTOs. The plots for A and B show large diagonal
widths spread over the rings in the middle with a small off-diagonal width, responsible
for partial CT. The e-h correlation plot in conformer C also shows a large diagonal width;
however, the terminal rings are involved in this case. Similarly, the off-diagonal squares
are comparatively more intense than those in A and B, in accordance with a slightly

larger wer value of 0.53.

The weT values of Sy and S3 states of all of the conformers are close to each other,
as was the case for S;. The wcr values for these states range from 0.44 to 0.60. The

NTOs involved in these states are shown in Figure A4. These NTOs indicate a partial
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separation of the electron and hole in A and B. However, in the case of C, a little
larger separation of electron and hole is observed which is reflected in wer values of 0.59
and 0.60 for So and S3 states, respectively. The e-h plots also support these results by
showing slightly intense off-diagonal widths in the case of C shown in Figure A5. While
the wcor values for the Si, So, and S3 states of the three conformers are close to each
other, noticeable differences in the wgt values are observed for the Sy and Sy states.
The wer values of these states in the case of A are comparatively smaller (wop values
for Sy and S5 states are 0.36 and 0.37, respectively) than the values in the other two
conformers. The e-h correlation plots and NTOs also support these results shown in

Figures A5 and A6, respectively.

3.4 Conclusion

A comparison of electronic, optical, and excited state properties between three different
conformers for 2-Phenylpyridine oligomers is reported in this work. Results are obtained
at the RI-ADC(2)/def2-TZVP level of theory. Among the three conformers, conformers
B and C form helical structures at n=>5 and n=3, respectively, whereas the conformer
A has linear geometries for each oligomer. The UV and CD spectra of these three
conformers differ. Absorption bands of each oligomer of conformer A are red-shifted
with respect to those of conformers B and C. In the case of A, the intensity of UV
bands is much larger as compared to B and C, in each oligomer. The helical structures
of conformers B and C exhibit strong CD bands. Excited state characterization of
pentamers of the three conformers is also carried out by using three descriptors. From
the results, it is found that wcr values corresponding to the first five excited states
of each conformer are in the 0.36-0.60 range, implying partial CT character for each
state. However, the wcr values of most of the excited states of C are a little larger as
compared to those of A and C. These results are confirmed by analyzing the NTOs and
e-h correlation plots. In the future, we aim to report the effect of the inclusion of explicit
solvent molecules on the absorption and emission properties of these systems, and such

studies are in progress.
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Chapter 4

Conformation-driven
(de)localization of exciton in
2-Phenylpyridine oligomers:

non-adiabatic surface hopping

dynamics

Linear Helical

_1 So Exciton delocalization Exciton localization 1 So

We report on non-adiabatic surface hopping dynamics of exciton localization and de-
localization processes in two 2-Phenylpyridine oligomers, one linear ((PhPy);-A) and
another helical ((PhPy)s-B). Upon photo-excitation, the two conformers undergo ul-
trafast internal conversion within 10-100 fs from the high-energy excited state S4/S3 to
the lowest energy S; state. The excited state relaxation results in a delocalization of
the exciton over multiple monomeric units in the linear conformer (PhPy)s-A, while
the exciton is localized over a single monomeric unit in the helical conformer (PhPy)s-
B. Reproduced from "Chem. Commun., 2026, 62, 5447-5451" with permission from
ROYAL SOCIETY OF CHEMISTRY.
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4.1 Introduction

Modeling the photo-induced processes, such as charge and energy transfer, charge sepa-

ration and recombination, localization and delocalization of excitons, etc.,176-179

poses
significant challenges, as it involves calculating the energies of multiple electronic states
and the non-adiabatic couplings between them. In this regard, trajectory-based quantum-
classical methods, such as Ehrenfest dynamics and trajectory surface hopping (TSH)
dynamics, 134180 have been useful for addressing the above issue. The TSH is the most
widely used method for simulating non-adiabatic dynamics, due to its simplicity, prac-
ticality, and scalability. 13> The method requires the calculation of electronic energies,
gradients, and couplings between excited states on-the-fly, which is computationally
very intensive for larger conjugated systems, even when employing commonly used time-
dependent density functional theory (TD-DFT) methods. In recent times, many semiem-
pirical quantum methodologies have been developed to alleviate the problem of resources

10,52,181,182 Ty thig context, the semiempirical time-dependent

and time for larger systems.
density functional tight binding (TD-DFTB) method, which is analogous to TD-DFT but
employs parameterized integrals with smaller basis sets, has also become very useful. 132
In the past few years, photo-induced dynamics employing the TSH with TD-DFTB have
been studied for a large number of conjugated systems, including oligomers of phenylenes

and acene derivatives. 183187

» (PhPy)s-B

(PhPy)s-A

FI1GURE 4.1: Ground state optimized geometries of dimers and pentamers of conformers
A and B obtained at the B3LYP-D3BJ/def2-TZVP level.

Oligophenylene and its conformational isomers, such as ortho, meta, and para-oligophenylene,

have long been studied due to their interesting optical and electronic properties. 134346
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However, recent studies have shown that the presence of electron-withdrawing pyridine
rings in oligomers results in significant alterations in the electrochemical and optical
properties compared to the homo-oligomeric forms. 151188190 Thig suggests that the in-
troduction of pyridine rings into oligophenylenes may also lead to significant changes in
their electronic and optical properties. In this work, we have considered two different
conformers A and B of oligomers of 2-Phenylpyridine (PhPy) shown in Figure 4.1, to
investigate how the excited states evolve after photoexcitation. This follows our previous
study on the oligomers of PhPy!'®! which discussed the static excited state properties
of three different conformers of oligomers. In conformer A, the oligomers are formed by
connecting the para- position of the phenylene ring of one PhPy unit with the meta-
position of the pyridine ring of another PhPy unit. On the other hand, the oligomers of
conformer B are formed by connecting the para- and ortho- positions of phenylene and
pyridine rings of two different PhPy units, respectively. Conformer A remains linear
as we move from (PhPy)s to (PhPy)s, while conformer B adopts a helical-like struc-
ture for (PhPy)s (Figure 4.1). The TSH dynamics were carried out in combination
with the TD-DFTB method. In addition to TD-DFTB, the vertical excitation energies
(Eg) are also calculated at the long-range corrected (LC) version of TD-DFTB (LC-TD-
DFTB), 9219 and these results are compared with the results obtained at the algebraic

diagrammatic construction scheme to the second order (ADC(2)) level. }19121

4.2 Computational Details

The TD-DFTB and LC-TD-DFTB calculations are carried out using the ob2 Slater-
Koster file!%* utilizing the DFTB+1%® software. The RI-ADC(2) calculations are per-
formed using the def2-SV(P) basis set in conjunction with the resolution of identity (RI)
approximation '*>. Turbomole V7.21% software is used for the RI-ADC(2) calculations.
For the excited-state dynamics simulation, initially, we have generated 500 sets of initial
conditions (ICs) using the harmonic-oscillator Wigner distribution. " From these initial
500 sets, sets of ICs were selected starting from the bright states by applying a narrow
energy window shown in Figures B1 and B2. The following bright excited states are

considered for the two conformers while selecting the ICs: S1, S3 in (PhPy)s-A, S1, Sa,
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and S7 in (PhPy),-B, S1, S4, and Sg in (PhPy)5-A, and S3, and Sg states in (PhPy)s5-
B. In these figures, the bar plots are for the optimized geometries, and the sticks are
for the 500 ICs. In (PhPy)s-A, the 4.404+0.20 eV energy window produces 89 ICs in
the S3 state, and the 4.2540.20 eV energy window produces 47 ICs in the S; state. In
(PhPy)2-B, the energy window 4.96+0.20 eV produces 39 ICs in the S7 state, 4.5540.20
eV produces 65 ICs in the S3 state, and 4.30£0.20 eV produces 27 ICs. In the case of
dimers, we only discuss the dynamics results starting from the S3 states. Similarly, in
the case of pentamers, the dynamics results, which started from the Sy ((PhPy)s5-A)
and S3((PhPy)s-B) states, are discussed. The trajectory surface hopping (TSH) dy-
namics were carried out utilizing Newton-X "% software. For the 1TDM analysis, each
monomeric unit (PhPy unit) is considered as a one fragment; therefore, (PhPy)s and
(PhPy); have two and five fragments, respectively. TheoDORE 3.0 software package !

was used for carrying out the excitonic analysis.

4.3 Results & Discussion

4.3.1 Excited state dynamics

The Egs and the corresponding oscillator strengths (fosc) for the first ten excited states

91

calculated on the previously optimized ground state geometries'! are tabulated in Ta-

ble B1. In the case of A, the TD-DFTB results show a good match with the RI-ADC(2)
results in both dimer and pentamer. The E, values for the dimer obtained at the TD-
DFTB level differ by 0.06 to 0.27 eV from the RI-ADC(2) results, while this energy
difference is slightly higher in the pentamer (0.47-0.70 eV). Both the TD-DFTB and
RI-ADC(2) results predict a bright S; state with considerable fos. value in the dimer
and pentamer; however, the LC-TD-DFTB predicts a small fos. value for the S; state in
the dimer (see Table B1). In B, though E, values for the first ten excited states found
using TD-DFTB are close to those observed in the RI-ADC(2) results, the values for fosc
differ from the RI-ADC(2) results. For example, in the dimer, S3 is the brightest state
in TD-DFTB results, whereas the RI-ADC(2) results indicate S; be the brightest state

with an fosc value of 0.882. For the pentamer, the RI-ADC(2) results show the highest
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FIGURE 4.2: Average populations of first four excited states (top panel), and average
dihedral angles (bottom panel) vs time for dimers.

fosc value of 1.465 for the So state, whereas the TD-DFTB results show small fos. values
for all excited states. A similar observation is also noted in the case of LC-TD-DFTB

results.

The photo-induced dynamics of the two dimers starting from the Sz bright states are
shown in Figure 4.2(top panel). As the figure shows, conformer A undergoes ultrafast
internal conversion within 10 fs from initially populated Sz via the So state to the Sy
state. Conformer B shows slightly different behavior as the population of the initially
populated excited state (i.e., S3) gets transferred to a higher excited state (S4) at first,
before relaxing to the S; state. This is due to the strong non-adiabatic coupling between
the S3 and Sy states in that region. For both conformers, after the initial 50 fs, 60%
of the total population remains in S; and the remaining 40% is shared among the So,
S3, and Sy states, within the considered time frame. The bottom panel of Figure 4.2
shows the evolution of average dihedral angles ¢1, ¢2, and ¢3 (indicated in Figure 4.1) of
the two conformers with time. For A, at t=0, the molecule has a non-planar backbone
with average ¢1, ¢, and ¢3 values around -20°, 36°, and -19°, respectively. As the time
progresses, the ¢ values decrease, and around 150 fs, the values of all three dihedral
angles become ~0°. In the case of B, the dynamics is started again with a non-planar

geometry (with ¢1, ¢2, and ¢3 values ~24°, -20°, and 22°, respectively). However, the
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W, 141 fs

FIGURE 4.3: Geometries and NTOs involved in the current states of a single represen-
tative trajectory of (PhPy)2-A and B obtained at the RI-ADC(2) level.

geometry never reaches planarity during the entire time, although the values of ¢o and

¢3 become close to 0° around 140 fs.

To gain insight into the nature of excited states during structural evolution, we per-
formed an excitonic analysis of the geometries at various time frames extracted from a
single representative trajectory. The wcr values, e-h correlation plots, and the NTOs
have been considered for describing the characters of the excited states. The values of
Eq, fosc, and wer corresponding to the current state at two different time frames for
the (PhPy)2-A and B are tabulated in Table B2. A closer look at the wcr values of
the first ten excited states, including the current state, indicates that the wcr values
calculated at the TD-DFTB level are somewhat larger compared to those obtained at
the RI-ADC(2) level. It is expected as the conventional DFTB is parameterized for the
generalized-gradient approximation (GGA) functional, which has a problem in describ-
ing the CT character.'% Considering this, the characterization of the excited state is

performed considering the RI-ADC(2) results.

At 0 fs, the RI-ADC(2) results show that the current states (i.e., Sz) of (PhPy)2-A

and B have wcr values of 0.16 and 0.10 (see Table B2), respectively, indicating their LE
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FIGURE 4.4: Average populations of first four excited states (top panel), and average
dihedral angles (bottom panel) vs time for pentamers.

characters. The NTOs involved in these states are depicted in Figure 4.3. For A, at 0
fs, both the h and the e orbitals are delocalized over the entire dimer backbone, showing
the delocalized LE character of this state. When the conformer A becomes planar at
138 fs, the current state (S;) still exhibits a small wer value of 0.07. However, the NTOs
reveal that the h and e orbitals are now localized on a single monomeric unit, indicating
the localization of the exciton during structural relaxation. At 0 fs, the e-h correlation
plot (Figure B3) shows contributions from both the diagonal blocks, whereas at 138 fs,
only one diagonal block contributes, highlighting the shift from delocalized to localized
LE characteristics of the current states. In contrast, for conformer B, both at 0 and 141
fs, the h and e orbitals are mostly confined to the same monomeric unit (Figure 4.3),
indicating the localized LE characters of the states. The same is observed from the e-h
correlation plots (Figure B3), where single intense diagonal blocks are observed at both

0 and 141 fs.

The excited-state dynamics results for the pentamers are shown in Figure 4.4. The
photo-induced dynamics of A and B start from S4 and Ss bright states, respectively.
As in the dimers, here too, both the conformers undergo ultrafast internal conversion

within 10 fs after photo-excitation from the initial excited states (S4 or S3) to the S;
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FIGURE 4.5: NTOs involved in the current state of a selected trajectory at different
times for (PhPy)s-A obtained at the RI-ADC(2) level.

states. Beyond this, constant fluctuations in the electronic population are observed for
both conformers. This population fluctuation is primarily due to the proximity of the
energies of adjacent electronic states in the pentamers. The energies for the first four
excited states of a single representative trajectory for (PhPy)s-A and B are presented
in Figures B4 and B5, respectively. The figures show that the energy difference between
the adjacent excited states is so small that the four states appear to almost coincide. The
evolution of the average dihedral angles (¢1-¢9) for the two conformers is also depicted in
Figure 4.4 (bottom panel). In conformer A, the molecule initially displays a non-planar
geometry, with the angles ¢1, ¢3, ¢5, and ¢7 ranging from -15° to -20°, while ¢a, ¢y,
¢g, and ¢g are approximately between 30° to 45°. On the other hand, the value of the
terminal dihedral angle ¢g is around 8°. As the dynamics progresses, all the dihedral
angles tend to converge towards 0°. In (PhPy)s-B, on the other hand, the value of ¢;

remains =~ 20° over the whole 300 fs range, while other angles approach 0°.

The values of wcT corresponding to the current states at different times during the
excited state relaxation process for (PhPy)s-A and B are tabulated in Tables B3 and
B4, respectively. As expected, the wor values corresponding to the first ten excited

states, including the current states, calculated at the TD-DFTB level, are significantly
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FIGURE 4.6: Schematic representation of the excited states relaxation process in pen-
tamers of conformers A and B.

larger than those obtained at the RI-ADC(2) level (see Tables B3 and B4). Therefore,
we focus solely on the RI-ADC(2) results. For (PhPy)s-A, as shown in Table B3, the
wer values for the current states at times 0 fs (S4), 2 fs (S3), 13 fs (S1), and 101.5 fs
(S1) are 0.51, 0.48, 0.44, and 0.51, respectively. Notably, at 13 fs, the fos. values for the
So and Sy states (Table B3) indicate that the energetic order of these states is reversed
in the RI-ADC(2) results compared to the TD-DFT results. The NTOs corresponding
to the current states during excited state relaxation are presented in Figure 4.5. At 0
fs, the two pairs of NTOs suggest that both the e and h orbitals are localized on the
terminal PhPy units, indicating a localized LE state. The e-h correlation plot shown
in Figure B6 supports this observation, showing a single intense diagonal block that
signifies the localized LE state. As the dynamics progress, the h and e orbitals begin
to delocalize across multiple PhPy units. At 2 fs, the h and e orbitals are delocalized
over one side of the pentamer unit; at 13 fs, those are delocalized over the middle PhPy
units; and at 101.5 fs, they are delocalized over the left-side PhPy units. The e-h
correlation plots further corroborate these findings (see Figure B6). For (PhPy)s-B,
the excited state results are different from the results of (PhPy)s-A. In this case, the
NTOs corresponding to the current states indicate that the h and e orbitals are confined
over a single monomeric unit, but their locations are different at different times, as shown
in Figure B7. The e-h correlation plots also suggest the same, as only a single diagonal

block contributes to the electronic excitation shown in Figure BS.

The overall excited state relaxation process in (PhPy)s-A and B is presented in

Figure 4.6. In A, after photoexcitation, the excited state relaxation process proceeds
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via delocalization of the exciton from an initially localized LE state S4 to the lowest
energy excited state S;. As the figure shows, at 0 fs, the S4 state is localized on a single
PhPy unit indicated by an orange block at the top right. When the system relaxes to
S3 from Sy state at 2 fs, the exciton starts to delocalize over the right-side PhPy units,
indicated by a large diagonal width from the top right to the middle blocks. At 13 fs,
the exciton is delocalized over the middle three blocks, and finally, when the molecule
relaxes to the lowest energy S; state, the exciton gets delocalized over the bottom left
PhPy units. In contrast to A, the exciton is localized in a single PhPy unit during
excited state relaxation in B. Initially at 0 fs, the exciton is localized over one of the
terminal PhPy unit, indicated by an intense diagonal block at the top right. Because
of its helical structure, the localized exciton is transferred from one terminal PhPy unit
to another terminal PhPy unit during S3-So relaxation at 3 fs (indicated by a bottom
left intense block). Relaxation to the S; results in shifting of the localized exciton from

the terminal PhPy unit to the adjacent PhPy unit.

4.4 Conclusion

In this work, we aimed to understand the excited-state dynamics of two different conform-
ers, A and B, of PhPy oligomers. On-the-fly non-adiabatic surface-hopping dynamics
were performed using TD-DFTB. In dimers, excited state relaxation leads to a planar
structure in conformer A, while conformer B remains non-planar for up to 300 fs. In
(PhPy)2-A, structural relaxation results in localization of the exciton in the S; state
from a delocalized LE state S3. Meanwhile, in conformer B, the exciton stays localized
throughout the excited relaxation process. As the chain length increases, the linear con-
former (PhPy)5-A shows exciton delocalization across multiple monomeric units during
relaxation from the high-energy excited state (S4) to the lowest energy excited state (Sy).
In comparison, the helical conformer (PhPy)s-B exhibits a movement of the localized
exciton from one monomeric unit to another during the relaxation from the Ss to S;
states. The delocalization of the exciton in the linear conformer indicates that this con-
former may act as a better exciton transport material over the helical form in the field

of organic electronics. Our present results could be useful in understanding the exciton
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(de)localization processes in similar oligomers and polymers, and in designing devices

with improved performances.
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Chapter 5

Contrasting the excited state
properties of different conformers of
trans- and cis- 2, 2/-Bipyridine

oligomers in the gas phase

Excited States .

)jpara

LE
3 ~

In this chapter, we present conformation-dependent photo-physical and excited state
properties of trans- and cis-Bipyridine oligomers at the RI-ADC(2) /def2-TZVPD level.
The UV spectra of oligomers of m- conformer show high-intensity and red-shifted UV
bands compared to o- and p- oligomers. The CD spectra of p- oligomers show intense
CD bands compared to o- and p- oligomers in the case of trans- structures. In con-
trast, oligomers of each conformer of cis- structures show high-intensity CD bands. The
characterization of the first five excited states in (BPY)s and (BPY), reveals that
these are mainly LE states in dimer (wcp=0.06-0.32), whereas for tetramer, the wcop
values range from 0.17 to 0.53, indicating the possibility of partial CT characteristics of
these states. These observations are also explained using the NTOs and e-h correlation
plots. Reproduced from " Physical Chemistry Chemical Physics, 2024, 26, 2646-2656"
with permission from ROYAL SOCIETY OF CHEMISTRY.
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FIGURE 5.1: A schematic representation of the repeating units for three possible con-
formational isomers of trans and cis-BPY systems, denoted as o-, m-, and p-, where
n=1-4.

5.1 Introduction

Polypyridine (PPY) is one of the simplest conjugated polymers used in organic elec-

200-207 ip particular, it is used as an efficient electron-transporting material in

tronics,
OLEDs. 293205 Some of the electrochemical studies reveal that PPY can also act as a
suitable anode material in rechargeable batteries.?°6:297 The majority of these applica-
tions implicitly imply the linear conformer of PPY, and it seems to reason that other
possible conformers may function differently in such applications. Recently, Repp and co-
workers synthesized all-trans and all-cis oligomers of pyridine having planar and cyclic
geometries, respectively.?%® These results hint that different conformers are possible for
PPY. In the case of PPY, many computational studies have also explored the electronic
and photo-physical properties of PPY oligomers. 207212 However, these studies typically
focus on the linear conformers of PPY oligomers. In this work, we explore the underly-
ing differences in photophysical and excited state properties between three different con-
formers of trans- and cis-2,2'-Bipyridine (BPY) oligomers. As shown schematically in
Figure 3.1, three different conformers are constructed by connecting the repeating units
either through ortho- (o-), meta- (m-), or para- (p-) positions. Oligomers up to only

tetramers are considered in our study.
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5.2 Computational Details

Ground state equilibrium geometries and the corresponding harmonic vibrational fre-
quencies of o0-, m-, and p- conformers of trans- and cis-BPY oligomers were com-
puted at the DFT level. In DFT computations, the B3LYP®® functional with the def2-
SVPD?!3 basis set was employed. Grimme’s D3 empirical dispersion with Becke and

163-165

Johnson damping was included in all the DFT optimizations. The geometries of

all the oligomers were constrained to the Co point group.

Excited state studies were performed at ADC(2) level of theory, and two different DF'T
functionals, BSLYP and CAM-B3LYP.?” For ADC(2), the resolution-of-identity (RI)
approximation was used. At first, vertical excitation energy (Fj) calculations for trans-
BPY were carried out at RI-ADC(2) level using def2-SVPD and def2-TZVPD?!3 basis
sets in the gas phase. The excitation energies of trans-BPY were also computed using
the domain-based local pair natural orbital similarity transformation-based equation of
motion coupled cluster singles and doubles (DLPNO-STEOM-CCSD) method. The E,
values for the oligomers were calculated using the def2-TZVPD basis set in the gas phase.
While the Turbomole V7.2 software package!%® was used in all the ADC(2) calculations,
DLPNO-STEOM-CCSD calculations were carried out using the ORCA software.?!4 All

DFT computations were performed using the Gaussian 16 computational package. 6

5.3 Results and Discussion

5.3.1 Geometries

Literature?2®

shows that the trans-BPY has a planar geometry with a dihedral an-
gle (¢) =0° between the two pyridine rings; our ground state result obtained at the
B3LYP-D3/def2-SVPD level also predicts the same. For cis-BPY, the reported dihe-

dral angle210,216,217

varies between 34° and 38°, and our result of p=37° agrees well with
the reported results. Optimized structures for dimers of o-, m-, and p- for possible

trans- and cis- structures are shown in Figure C1. In the case of trans-, among the
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F1GURE 5.2: Optimized geometries of tetramers of o-, m-, and p- conformers for
trans- and cis-BPY obtained at B3LYP-D3/def2-SVPD level.

three conformers, o- is the most stable conformer (shown in Table C1) with a planar
structure (¢s are zero, shown in Table C2). In both m- and p- isomers, the terminal
dihedral angles are almost zero (shown in Table C3). On the other hand, dihedral angles
in the middle (¢2) in these two isomers are comparatively large due to the steric hin-
drance between the nearby hydrogen atoms. In the case of cis, the dimer geometries of
o- and p- are similar, although the nitrogen atoms are aligned on the inner and outer
sides for o- and p-, respectively. The inter-ring dihedral angles in these two geometries
range from 35.7° to 39.6°, as shown in Tables C4-C5. Similar to m-trans- conformer,
the m-cis- conformer also shows a linear backbone; however, the dihedral angles are

different, as indicated in Table C5.

At n=3, cis-o0- and p- conformers can form helical and cyclic (cy) structures, whereas
only linear- type structures are possible for the m- conformer. The optimized geometries
of these possible structures are shown in Figure C2. For the helical structures, only
(P)-type structures are considered. Due to the helical and cyclic geometries, significant
changes in dihedral angles are observed compared to their respective dimer geometries,
as shown in Tables C4 and C5. In the case of trans-, the geometries of o-, m-, and
p- conformers are similar to their respective dimers, and the dihedral angles also show
similar patterns. Figure 5.2 shows the optimized geometries for the tetramers. It is
observed that the dihedral angles of o-, m-, and p- conformers for trans- do not differ

much from the corresponding values in dimers and trimers. In contrast, the o- and p-
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conformers for cis form complete helical structures, while the m- isomer maintains a

linear structure.
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FIGURE 5.3: Variation in ground-state dipole moment (p) with the oligomer chain
length (n) for o-, m-, and p- conformers of trans- and cis-BPY oligomers.

Different conformers of an oligomeric structure also have different dipole moments ().
Results for our systems are shown in Figure 5.3. In this case, pu values vary based on
the number of nitrogen atoms and orientations of bond dipole moments. As the figure
shows, p values of all the conformers for trans-BPY oligomers are significantly smaller
than the cis- counterparts. The p values of trans- and cis-BPY are 0.00 and 3.10 D,
respectively. In the case of trans, flat and planar geometries of o- oligomers result in
the cancellation of oppositely directed bond moments, producing zero p value for each.
Linear backbone and zero ZN-C-C-N dihedral angle in each oligomer of m- conformer
leads to zero u value. In trans-, only in the case of p- conformer, p value increases with
the size of the oligomer, and this is due to the introduction of dihedral angles between
the two rings. In cis-, o- and p- conformers exhibit a similar pattern; values for dimers
are comparatively large, and as soon as a helix (at n=3) is formed, small p values are
obtained due to the cancellation of oppositely oriented bond moments. Beyond n=3,
increase in the number of nitrogen atoms results in an increase in the p value. For m-,
the p value increases linearly with the chain length due to a linear increase in the number

of nitrogen atoms.

TH-4042_216122025



Chapter 5: Contrasting the excited state properties in 2, 2-Bipyridine . .. 66

TABLE 5.1: Vertical excitation energies (E; in €V) and the corresponding oscillator
strengths (fosc) of trans-BPY using two different basis sets at RI-ADC(2) and at
DLPNO-STEOM-CCSD/def2-TZVPD levels. Experimental results (denoted as exptl.)

are shown in the last column

Eg/fosc
State def2-SVPD def2TZVPD DLPNO-STEOM-CCSD  exptl. 217
/def2-TZVPD

S, 4.45/0.002  4.42/0.002 4,47/ 0.003
Sy 4.84/0.000  4.79/0.000 4.53/ 0.000
Ss  4.91/0.450  4.83/0.476 4.54/ 0.301 4.44
Sy 4.93/0.000  4.87/0.000 4.78/ 0.000
Ss  5.04/0.000  5.00/0.000 5.17/ 0.000
S¢  5.18/0.005  5.15/0.004 5.20/ 0.003
S;  5.61/0.277  5.54/0.237 5.42/ 0.334 5.34
Ss  6.32/0.000  6.20/0.000 6.54/0.000

5.3.2 First vertical excitation energies

The vertical excitation energies (Eg) and corresponding oscillator strengths (fosc) for
trans-BPY obtained at RI-ADC(2) and DLPNO-STEOM-CCSD level are tabulated in
Table 5.1. Table 5.1 data shows that the results obtained at RI-ADC(2)/def2-TZVPD
level are close to the experimental results and the results obtained at DLPNO-STEOM-
CCSD level. The results obtained at both RI-ADC(2) and DLPNO-STEOM-CCSD
level indicates that the first and second absorption maxima arise due to Sg—Ss and
So—S7, respectively. It is worth mentioning here that the mean absolute errors for -
7* transitions for both DLPNO-STEOM-CCSD and ADC(2) methods are very similar
(0.14 and 0.16 eV, respectively) according to the QUEST database.?'® Based on the RI-
ADC(2)/def2-TZVPD results, excitation at 4.83 eV (fosc=0.476) is assigned as the first
absorption maxima, which is 0.39 eV blue-shifted from the experimental result (4.44 eV).
Excitation at 5.54 eV(fosc=0.237) is assigned as the second absorption maxima which
is 0.20 eV blue-shifted from the experimental result (5.34 V). Keeping these results in
mind, the Egs of all the oligomers are calculated at RI-ADC(2)/def2-TZVPD level of

theory.

Variation in the optical band gap (i.e., the lowest vertical excitation energy (Eé) )
and fosc against the oligomer chain length (n) is shown in Figure 5.4. For trans-, the
E! value shows a small decrease with the chain length for both o- and p- conformers.

g

On the other hand, for the m- isomer, a pronounced decrease in the optical band gap
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FIGURE 5.4: Variation of the lowest excitation energy (Eé in eV) and the correspond-
ing oscillator strength (fosc) with the oligomer chain length (n) for o-, m-, and p-
conformers for trans- and cis-BPY oligomers.

is observed. In the case of cis, results are different; a sharp decrease in Egl; value is
observed for m- and p- conformers, whereas in o-, the Eg1 value decreases till n=3 and
then increases for n=4. In both trans- and cis-, fosc values for the Sy—S; transition
are zero for all the oligomer of o- and p- conformers. However, for m- in both cases,

the fosc values increase as a function n.

5.3.3 Absorption and CD spectra

Figure 5.5 compares the UV spectra of different conformers. For trans-, UV spectrum
of each oligomer of m- isomer is red-shifted compared to the corresponding oligomers of
o- and p- structures. In addition, the fos. values for the highest peaks are much larger
in the case of m-. Details of the excited states are tabulated in Tables C6-C10. The
highest peaks in absorption maxima of all the oligomers of m- conformer arise due to the
So—S1 transitions, and these transitions are dominated by H—L excitations, as shown
in Table 5.2. In the case of o- and p-, the absorption spectrum of each oligomer shows
more than one significant electronic transition. The dimers of o- and p- conformers show
three important peaks that arise due to Sg—S4, So—S7, and Sg—S15 transitions, in each
case. For (BPY)s, the absorption spectra of o- and p- contain two absorption bands.

The highest peak in the lower energy band is due to Sg—Sg, whereas for the second
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FIGURE 5.5: Simulated UV absorption spectra of o-, m-, and p- conformers for trans

and cis-BPY oligomers. The results are obtained at RI-ADC(2)/def2-TZVPD level.

In cis-(BPY)3, fosc values in cases of o-, p-, cy-0-, and cy-p- are multiplied by a
factor of 3.

bands, the peaks originate due to Sp—S13 and Sp—S11, for o- and p-, respectively. At
n=4, o- shows three prominent transitions at 4.46, 4.79, and 5.46 eV with f,. values
of 2.060, 0.747, and 1.809, respectively, and these transitions are due to So—Sg 12 16
excitations. Two significant transitions are observed in the case of p-(BPY)4, one at
4.63 eV (fosc=0.795) and another at 4.89 eV(fosc=0.435). The orbitals involved in the

above transitions are not only the HOMO and LUMO; occupied orbitals besides HOMO

and unoccupied orbitals besides LUMO are also involved.
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In the case of cis-, the dimer of each conformer exhibits more than one electronic
transition with significant fog. values. For example, the results for o- and m-(BPY),y
show two electronic transitions each (for o-, at 4.72 and 5.58 eV, and for m-, at 4.48
and 4.94 eV), whereas three important transitions are observed for the p- conformer (at
4.75, 5.06, and 5.52 eV). At n=3, the o- and p- conformers start to form helical and
cyclic structures, resulting in smaller intensity absorption spectra. The spectra of cyclic
conformers of o- and p- (BPY)3 show more than one significant electronic transitions.
For example, the spectrum for cy-o- exhibits two electronic transitions at 4.62 and 4.83
eV with fos. values of 0.348 and 0.354, respectively. The spectra of helical analogs of
o- and p-(BPY )3 show two and one prominent electronic transitions, respectively. The
linear m-(BPY)3 also exhibits only one transition (Sp—S1) with an fos. value of 1.960.
The absorption maxima for tetramers of o- and p- conformers almost coincide, and the
highest peaks corresponding to these absorption maxima are due to Sp—Si3 (at 4.56
eV) and Sp—S12 (at 4.65 eV), respectively. The results for m-(BPY), contain a strong
absorption peak at 4.08 eV(fosc=3.128) along with small intensity bands in the higher
energy region. It is to be noted that, like trans-, here also the absorption spectra of all

the oligomers of cis-m- are red-shifted compared to the spectra for o- and p- oligomers.

Comparison of the TD-DFT results obtained using B3LYP and CAM-B3LYP function-
als against the RI-ADC(2) results for the three conformers of trans- and cis-(BPY),
is shown in Tables C11 and C12, respectively. The simulated absorption spectra are also
compared in Figure C3. From the figure, it is observed that the results obtained using
the CAM-B3LYP functional are closer to the RI-ADC(2) results in most of the cases.
However, Table C11 shows that while the S3 state for trans-o- is the first bright state
in CAM-B3LYP results, both RI-ADC(2) and B3LYP show the Sg to be the first bright
state. In the case of cis structures, while the absorption maxima in cases of o- and p-
obtained using CAM-B3LYP are slightly blue-shifted compared to RI-ADC(2) spectrum,
the B3LYP results are red-shifted as compared to the RI-ADC(2) results, although the
pattern of UV spectra are similar. In cases of cyclic structures of o-cis- and p-cis- con-
formers of (BPY)s3, shown in Figure C4, results are similar to their respective tetramer

results.
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FI1GURE 5.6: Simulated CD spectra of o-, m-, and p- conformers for trans- and cis-
BPY oligomers. The results are obtained at RI-ADC(2)/def2-TZVPD level.

Similar to UV absorption spectra, the CD spectra are also different for different con-
formers. The simulated CD spectra of o-, m-, and p- conformers for both trans- and
cts-BPY oligomers are shown in Figure 5.6, and the corresponding rotatory strength
(R) values are tabulated in Table C6-C10. For trans-, the most intense CD bands are
observed in the case of p- oligomers, and the intensities of CD bands increase as the
chain length increases. Along with the intense CD bands, these p- oligomers also exhibit
other peaks with smaller R values. The spectrum of the dimer for the p- conformer
contains one intense negative CD band around 4.66 eV with several small intensity CD
bands. The results for (BPY)s show one negative band (at 4.64 eV) with an R value
of -244.57 and two small intensity positive CD bands at 4.47 and 4.83 eV. The spec-
trum for p-(BPY), displays two weak negative bands around 4.52 and 4.89 eV, and
one strong positive CD band at 4.63 e€V. The highest peaks in the negative bands arise

due to Sp—S¢ (at 4.52 eV) and Sp—Si6 (at 4.89 €V) transition, respectively, and the
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positive band is due to the So—S11 (at 4.63 eV) transition. Because of the flat and pla-
nar geometry, all the oligomers of o- conformer are optically inactive. In m-, although
the oligomers have a linear backbone, their mirror images are non-superimposable and
therefore, oligomers of m- show CD bands with comparatively smaller intensity than
those for p- oligomers. The dimer CD spectrum of m- consists of several small intensity
bands, whereas the spectrum (BPY)3 shows only one positive CD band around 4.73 eV
(So—S11) with an R value of 199.77. The CD spectrum of m-(BPY)4 shows only one
positive CD band at 4.52 (Sp—Sg) and one negative band at 4.74 eV(Sp—S15). In the
case of cis-, in contrast to trans-, oligomers of each conformer are CD active, and the
results show at least one intense CD band for each of those. For (BPY),, the spectra of
o- and p- conformers show four CD bands. For o-, the bands are appear at 4.72( R—-
68.46), 4.89(R—=89.00), 5.07(R—=-92.64), and 5.58(R=215.72) eV, whereas in p-, bands
are observed at 4.56(R=45.18), 4.75(R=-100.47), 5.06(R=132.95), and 5.59(-124.32) eV.
The results for m- isomer display three bands at 4.48( R=-213.58), 4.59(R=310.76), and
4.94(R=-84.32) V. The CD spectra for trimers of each conformer consist of three bands.
The first two intense CD bands of o- originate due to Sp—S11(at 4.51 eV) and Sp—S;2(at
4.60 eV) transitions, whereas the third band (at 4.85 eV) arises because of Sy to S15 tran-
sition. The cyclic analog of o-(BPY)3 (cy-o0-) also shows three CD bands. The three
CD bands of m-(BPY)3 are obtained at 4.17, 4.55, and 4.78 eV. The intensities of
CD bands in the case of p-(BPY )3 are comparatively smaller than o- and m- isomers.
However, the intensities of CD bands are very small in the case of cy-p-. For (BPY)4, o-
conformer shows only one intense positive CD band (at 4.59 eV). While the m-(BPY )4
shows three CD bands at 4.08 eV (with an R= -324.94), 4.42 ¢V (with an R—284.18)
and 4.77 eV (with an R=182.06), respectively. CD spectrum of p-(BPY)4 shows one

positive and one intense negative band around 4.35 and 4.65 eV, respectively.

The degree of molecular dissymmetry, i.e., the degree of circular polarization, is exam-
ined in terms of absorption dissymmetry factors (gcp) defined in Eq. 3.1. The maximum
value of |gcp| is 2, according to Eq. 3.1. In the case of typical organic molecules, the
values are much smaller (of the order of 1072 to 10™%).174175:219,220 Thyjs is due to the

much smaller value of m, compared to pe (tte > me). In this scenario, Eq. 3.1 can be
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simplified as

4|me|cos 6

el 5-1)

gcp =

The values of R, |pte|, |me|, cos 0, and |me|/|pe| corresponding to the first sixteen excited
states of trans- and cis-(BPY), for three conformers are tabulated in Tables C9 and
C10. In the case of trans-, the gcp values of all the states for o- conformers are zero,
as this conformer is optically inactive. For m-, the gop value corresponding to the
highest peak of the positive band (at 4.52 €V) is small (9cp=0.002) due to a small value
of |me|/|pel(0.001) and a small angle of 62° between the two vectors, whereas for the
negative band (at 4.74 €V), an angle of 160° between pe and me is responsible for
comparatively larger gop value of -0.015. The gop values corresponding to the lower
energy negative band(at 4.52 eV, R—-138.91) and only positive(at 4.63 eV, R—=461.84)
band of p- conformer are very small (0.006 and 0.004, respectively) due to small values
of |me|/|pe|. In contrast, a gop value of -0.020 is obtained for the higher energy negative

CD band(at 4.89 €V) due to the large cos € value of -1.000.

In the case of cis-, the highest peak (at 4.59 eV) of the intense CD band for o-
conformer has |pte| and |me| values of 171.450 esu-cm and 3.094 erg-G~!, respectively.
In this case, a cos 0 value of 0.672 and |me|/|pe| value of 0.018 results in a large gcp
value (gcp=0.049). It is to be noted also that Sy—S14 transition is accompanied by an
R value of 368.34 erg-esu-cm-G~1. A large value of |me|/|pte| (=0.026) and cos 0=0.775
produced a gcop value of 0.082. Similarly, an anti-parallel arrangement of the vectors
and a large |me|/|pe| results in a |gep| value of 0.092 for Sp—S1; transition. The first
two CD bands (at 4.08 and 4.42 €V) for m- conformer have very small gcp values(-0.001
and 0.006, respectively) due to the small values of |me|/|me|. Conversely, for the third
CD band(Sg—S15), cos 6 value of 0.906 leads to a gcp value of 0.011. Lastly, for p-, the
gcp values corresponding to the positive (at 4.35 €V) and the negative (at 4.65 eV) CD

bands are 0.017 and 0.003, respectively.
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TABLE 5.3: Values of wgor, dexe, and PRyTo calculated at RI-ADC(2)/def2-TZVPD
level for o-, m-, and p- isomers of trans- and cis-(BPY),

trans o- m- p-

State  wcT dexe PRNTO WoT  dexe PRNTO  woT  dexe  PRNTO
S1 0.27 3.34 1.63 0.31 4.73 1.21 0.13 3.41 1.88
So 0.09 3.32 1.87 0.20 3.88 1.45 0.13 3.41 1.97
S3 0.29 3.98 1.68 0.14 3.82 1.82 0.28 4.03 1.78
S4 0.32 3.73 1.33 0.24 4.15 2.13 0.25 3.98 2.01
Ss 0.17 3.14 2.51 0.14 3.75 2.05 0.15 3.42 3.13

S1 0.29 3.25 1.30 0.23 4.05 1.43 0.25 3.63 1.44
Sa 0.12 3.14 2.15 0.21  3.77 1.51 0.24  3.67 1.44
S3 0.11  3.14 2.30 0.23 4.28 1.66 0.11  3.63 2.56
S4 0.26  3.22 1.78 0.10  3.57 2.10 0.12  3.53 2.71
S5 0.06 3.16 2.41 0.17  3.86 1.88 0.32  3.99 1.78

5.3.4 Excited state properties

UV and CD spectra reveal distinct features in the three conformers indicating differences
in the excited state properties. To characterize the excited-state properties, an excitonic
analysis based on 1TDM was carried out. In 1TDM analysis, the £ matrix is calculated
considering each BPY unit as a fragment. Therefore, (BPY )4 consists of four fragments,
and the ) matrix displays a 4x4 matrix. In the following, we have only considered
(BPY); and (BPY), for trans- and cis- structures and their lowest five excited states

to show the differences in the excited state properties between the conformers. The
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FIGURE 5.7: Natural transition orbitals corresponding to the Sy—S; transitions of
trans-(BPY ), for the three different conformers considered. Here, the value of Apax
indicates the weight of a configuration.

values of wor, dexe, and PRnTo of the first five excited states for three conformers of

trans- and cis-(BPY)y are tabulated in Table 5.3. In the case of trams-, the wcr
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FIGURE 5.8: e-h correlation plots for the first five excited states of trans-(BPY ), for
the three different conformers.
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TABLE 5.4: Values of wor, dexe, and PRyTo calculated at RI-ADC(2) /def2-TZVPD
level for o-, m-, and p- isomers of trans- and cis-(BPY),

trans o- m- p-

State  woT dexe PRNTO weT  dexe PRNTO  weT  dexe  PRNTO
S1 0.33 3.89 2.07 0.44 5.91 1.49 0.19 4.09 2.23
So 0.44 5.12 2.62 0.30 5.10 1.75 0.19 4.12 2.23
S3 0.41 5.19 2.02 0.27  4.88 2.61 0.19 4.43 2.22
S4 0.33 3.94 2.94 0.38 5.53 2.31 0.18 4.57 2.23
Ss 0.42 5.09 3.36 0.29 5.22 2.70 0.47 5.57 2.55

S1 0.52  3.93 2.06 0.46 5.81 1.54 042 4.17 2.03
Sa 0.53 3.94 2.06 0.33  5.39 1.74 0.40 4.10 2.02
S3 0.36  4.29 2.53 0.34 5.63 1.82 0.36 4.04 1.46
S4 0.33  4.10 2.50 0.34 5.96 2.19 0.32  3.93 1.51
S5 0.51  3.86 2.34 0.32 5.89 2.40 0.42 4.31 2.68

values of Sy states of o- and m- are 0.27 and 0.31, respectively. This indicates that the
S1 states may not considered as pure LE states. For p- conformer, the wct value is 0.13
and is considered a LE state. dexc values of these states lie between 3.34 to 4.73 A, which
is in good agreement with the wcr values. The values of PRnTo indicate that two states
of NTOs are required to describe S; states in most cases. NTOs involved in Syg—S;
in each conformer are shown in Figure 5.7, in which no significant separation in the
hole and electron densities is observed. However, a slight difference in hole and electron
densities is observed in o0- and m- conformers, which are reflected in wct values. The
e-h correlation plots shown in Figure 5.8 reveal that the S; state of o- and m- have little
off-diagonal width, whereas the p- shows exciton delocalized into two fragments. The
e-h correlation plots for So and S5 of 0- and p-, and S3 and Sj states of m- also show
delocalized exciton along the diagonal, which is in accordance with their wct values.
The other two states of each conformer have slightly larger wot values, which is also
seen in the e-h correlation plots. The dey. values of these states are slightly larger than

those of the LE states. In the case of cis-, wcr of the first excited state (S;) for the
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FIGURE 5.9: Natural transition orbitals corresponding to the Sy—S; transitions of
trans-(BPY), for the three different conformers considered. Here, the value of A\pax
indicates the weight of a configuration.
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FIGURE 5.10: e-h correlation plots for the first five excited states of trans-(BPY),
for the three different conformers.
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three conformers show a magnitude of 0.23-0.29, indicating these may not be considered
pure local states. The NTOs involved in the S; states are depicted in Figure C5. The
second set of NTOs of o- and p- show the separation of electron and hole densities at
the terminal pyridine rings, which is absent in the case of m- conformer. Additionally, as
shown in Figure C6, the e-h correlation plots of S; states also predict the same results by
showing less intense off-diagonal widths in each case. The S4 of 0-, So and S of m-, and
So and Sy of p-, show similar results as shown by the S; state for each conformer. The
values of wo for other states range from 0.06 to 0.17 and are considered LE states. The
e-h correlation plots of these states show intense diagonal width, which signifies exciton

delocalization in two fragments.

The values of three descriptors for trans- and cis-(BPY), are tabulated in Table 5.4.

Data tabulated in Table 5.4 shows that in most cases, the wcT values are larger compared
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to the dimer results. The trend of increase in dey. value with increase in wot value is
maintained except in a few cases. In most cases, the values of PRNTo are greater than
two, indicating that a minimum of two sets of NTOs are required to describe an excited
state. For trans-, the wcr value of the S; state for m- (0.44) isomer is slightly larger
than the values for o- (0.34) and p- (0.19) isomers. The wcr values for o- and m-
indicate partial CT characters of S; states. Figure 5.9 shows the NTOs involved in the
So—S1 transitions. The second set of NTOs of o- and m- conformers shows a partial
separation of electron and hole densities in the middle of the chain. It is also to be noted
that while S; states for o- and p- are of n —7* types, the state is of 7—7* for m-. The
results predicted by wer and NTOs are confirmed by the e-h correlation plots shown
in Figure 5.10. For Si, the o- and m- conformers show slightly intense off-diagonals
around the central fragments, indicating charge transfer between the two fragments. On
the other hand, the off-diagonal part is almost absent in the case of p- conformer. The
e-h correlation plots for S and S3 states of o- conformer are similar to the S; state with
different off-diagonal widths. The Sy state of m- conformer shows a localized exciton in
the middle, while the Sg, S4, and S5 states show similar diagonal widths. The results for
the So state in the p- isomer are identical to those for S, with the exciton located at the
middle fragments. On the other hand, the exciton is localized at the terminal fragments
for the S3 and S, states. The S5 state exhibits a small off-diagonal width, which shows

up in the wor value of 0.47.

In the case of c¢is-, wer values for the S; state of o- (0.52), m- (0.46), and p- (0.42)
indicate partial CT characters. The NTOs depicted in Figure C7 show that the electron
densities are distributed throughout the terminal rings and rings next to the terminal
rings. In contrast, the hole densities are located mainly at the terminal rings. On the
other hand, a small difference in the locations of densities is observed around the central
rings for the m- conformer. The e-h correlation plot for the S; state (shown in Figure C8
shows a small off-diagonal width, indicating CT between two fragments in the middle.
In comparison, the CT mainly occurs around the terminal fragments in S; state of o-
and p- conformers. The Sy and S5 states of the o- conformer exhibit e-h correlation
plots similar to the plots for the S; state, whereas the S3 and S4 states show a different

pattern with some CT around the terminal regions. In m-, the e-h correlation plots for

TH-4042_216122025



Chapter 5: Contrasting the excited state properties in 2, 2-Bipyridine . .. 78

So-S4 states show some amount of CT either in the middle or terminal regions. The
results for the Sy state of p- conformer are almost identical to the S; state, whereas a

little CT around the central regions is observed for the other three states.

The performance of DFT functionals to describe the excited states is also checked by
calculating the wot values using B3LYP and CAM-B3LYP functional results. The results
for the first five excited states are tabulated in Table 5.5. The values of woT for the flat
and planar structure of o-trans obtained at CAM-B3LYP are smaller than the results
obtained at RI-ADC(2) level, whereas the values at B3LYP are a little larger. In the
case of m-trans, the differences in wep values between RI-ADC(2) and B3LYP result
becomes much larger in some cases; e.g., the wer value for the Sz state at RI-ADC(2),
CAM-B3LYP, and B3LYP levels are 0.27, 0.17, and 0.76, respectively. In contrast, for
the p- conformer, the results obtained show a similar variation to the o- results. The
e-h correlation plots for the first five excited states are compared in Figures C9-C11. For
o-trans-(BPY )y, results for S1-S3 and Sj obtained using CAM-B3LYP match closely
with the RI-ADC(2) results. In m-trans-(BPY )4, while the results for S; using CAM-
B3LYP match with the RI-ADC(2) results, results for other states differ, e.g., the order
of So and Sj is interchanged. For p-, on the other hand, the e-h correlation plots for the
first four excited states obtained using BSLYP resemble closely the RI-ADC(2) results. In
case of CAM-B3LYP, on the other hand, results for S3 and S5 differ from the benchmark
results. In cis-, the wer values of helical o- conformer obtained using CAM-B3LYP and
B3LYP functionals follow a pattern similar to the o-trans results. In m-, for S5 state,
a difference of 0.45 is observed between the RI-ADC(2) and B3LYP results. For the p-
conformer, wer values of the first two states are 0.72 and 0.88 for B3LYP, which are
much larger compared to the RI-ADC(2) results. The e-h plots for the cis structures
are shown in Figures C12- C14. For o-, results obtained using both BSLYP and CAM-
B3LYP for the first four excited states show a very good match with the RI-ADC(2)
results. In case of m-, while the first three states obtained using all the three methods
are LE states, differences appear for the last two states. In p-, results of CAM-B3LYP
are closer to the RI-LADC(2) results. Overall, in most cases, the results obtained using

the CAM-B3LYP functional are closer to the RI-ADC(2) results.
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TABLE 5.5: Excitation energies (Eg), oscillator strengths(fosc), and wer values of first

five states of three different conformers of trans-(BPY), and cis-(BPY), calculated

at RI-ADC(2) level and using two different functionals BSLYP and CAM-B3LYP using
the def2-TZVPD basis set

trans
o-
RI-ADC(2) CAM-B3LYP B3LYP

State Eg Josc wer E, fosc  wer Eq fosc weT
S1 4.33 0.000 0.33 | 4.43 0.000 0.25 | 3.89 0.000 0.60
So 4.35 0.001 044 |4.43 0.064 0.35| 3.89 0.001 0.58
S3 4.35 0.000 0.41 | 447 1.344 0.25|3.96 0.000 0.56
Sy 4.36  0.000 0.33 | 4.49 1.060 0.27 | 3.97 0.015 0.55
S5 4.38 0.000 0.42 | 4.49 0.000 0.33 | 4.07 0.000 0.53
m-
S1 3.82 3.795 0.44 | 3.75 3.723 0.38 | 3.22 2.928 0.60
So 4.09 0.002 0.30 | 4.16 0.000 0.34 | 3.65 0.000 0.69
S3 4.17 0.032 0.27 | 4.38 0.003 0.17 | 3.69 0.000 0.76
Sy 4.19 0.000 0.38 | 4.43 0.011 0.14 | 3.75 0.001 0.38
Ss 4.28 0.001 0.29 | 4.50 0.001 0.10 | 3.82 0.009 0.36
p-
St 4.33 0.010 0.19 | 4.52 0.024 0.11 | 4.01 0.017 0.25
So 4.33 0.002 0.19 | 4.52 0.239 0.10 | 4.02 0.005 0.24
S3 4.37 0.015 0.19 | 4.53 0.166 0.09 | 4.04 0.036 0.20
Sy 4.37 0.000 0.18 | 4.53 0.003 0.08 | 4.04 0.001 0.19
S5 4.52 0.000 0.47 | 456 1.506 0.12 | 4.11 0.129 0.51
C18

o-
S1 4.02 0.000 0.52 | 4.36 0.000 0.30 | 3.90 0.000 0.42
Se 4.02 0.000 0.53 | 4.36 0.001 0.30 | 3.91 0.000 0.42
Sz  4.24 0.000 0.36 | 4.56 0.000 0.10 [ 4.09 0.001 0.17
S, 425 0.001 0.33 | 457 0.001 0.10 | 4.09 0.000 0.15
S5 4.34 0.000 0.51 | 4.61 0.005 0.19 | 416 0.036 0.49
m-
S1 4.08 3.128 0.46 | 4.03 3.497 0.38 | 3.50 2.670 0.57
Se  4.17 0.004 0.33 | 4.37 0.050 0.30 | 3.80 0.015 0.48
Sz 418 0.128 0.34 | 446 0.022 0.16 | 3.87 0.015 0.32
Sy 428 0.006 0.34 | 447 0.005 0.17 | 3.91 0.023 0.46
S5 431 0.064 0.32|4.55 0.002 0.11 [ 3.99 0.000 0.77
p-
S1 420 0.004 042|456 0.002 0.18]3.92 0.001 0.72
Se 4.20 0.001 0.40 | 4.57 0.004 0.18 | 3.94 0.012 0.88
Sz 4.30 0.002 0.36 | 4.59 0.003 0.17 | 4.00 0.000 0.43
S, 431 0.001 0.32 | 460 0.000 0.20 | 4.03 0.001 0.36
S5 4.35 0.003 0.42|4.62 0.003 0.28 | 4.04 0.006 0.41
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5.4 Conclusion

In summary, we have compared the photo-physical and excited state properties of three
different conformers (o-, m-, and p-) for trans- and cis-BPY oligomers. Analysis
of UV spectra reveals that the oligomers of m- conformer for both trans- and cis-
structures show red-shifted UV spectra compared to the o- and p- oligomers. On the
other hand, the CD spectra show quite different results. For trans, the p- oligomers
show high-intensity CD bands, whereas for cis, the high-intensity CD bands are observed
in the case of all the conformers. Furthermore, excited states of (BPY )2 and (BPY)y
are characterized by considering the descriptors wer, dexc, and PRNTo. In (BPY)s,
results of wor, NTOs, and e-h suggested that the excited states are mainly LE states
in each conformer of trans- and cis- structures. In contrast, the tetramers wer values
range from 0.19 to 0.53, which indicates some of the states show partial CT character,

and this is confirmed by the NTOs and e-h correlation plots.
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Insight into the excited states in

monomers and m-stacked dimers of

azulene-fused acenes: ADC(2) and

TD-DFT studies
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In this chapter, we investigate the nature of the excited states in monomers and 7-

stacked dimers of azulene-fused naphthalene and anthracene systems, focusing on the in-

terplay between conformational isomers and excited state properties. For the monomers,

the states with CT characters are different in naphthalene- and anthracene-based sys-

tems. In 7m-stacked dimers, a few of the excited states are of the charge resonance (CR)

type in conformers NapAz-A, NapAz-B, and NapAz-C, and the intermolecular CT

type in NapAz-D. Overall, among the three DFT functionals considered (CAM-B3LYP,

SCS-wB2GP-PLYP, and SCS-RSX-QIDH), CAM-B3LYP has been found to reproduce

well the SCS-ADC(2) excited results in both monomers and w-stacked dimers.

produced from "The Journal of Physical Chemistry A, 2025, 129(4), 1085-1098" with

permission from American Chemical Society.
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6.1 Introduction

Polycyclic aromatic hydrocarbons (PAHs) are widely employed in organic electronic de-
vice applications due to their unique optoelectronic properties.??1"223 Among PAHs,
acenes have attracted much attention as semiconductor materials. 221223224 However, the
intrinsic chemical instability of larger acenes (pentacene, hexacene, and so on) toward
light and air restricts their use in organic electronics.??%2?6 One efficient way to over-
come this problem is to replace two benzenoid rings with a non-benzenoid azulene. 7777
Azulene is isoelectronic with naphthalene and has a dipole moment of 1.08 D227 due to
the intermolecular donor-acceptor nature of five and seven-membered rings, and there-
fore, has unique optoelectronic properties.??”2?® Replacing two benzenoid rings with an
azulene unit results in all carbon polyaromatic hydrocarbon with retention of chemical
stability and optoelectronic properties. """ Azulene-embedded acenes that resemble
tetracene were first introduced by Yasunami and co-workers®! in 1980, considering two
isomers. The third isomer of azulene-fused naphthalene was successfully synthesized by
Yamamura and co-workers with the aim of providing a facile synthetic route.®? The
azulene-fused anthracene, isoelectronic with pentacene, shows a significantly low optical
band gap with high air stability.”® In addition to the above structures, where only one
azulene ring is fused into the acene skeleton, there are also examples where two azulene

77-80

units are fused on both sides of acene derivatives and these have been shown to

exhibit better performance in semiconducting materials.

In the case of azulene-fused acenes, studies have mainly focused on their synthesis and
their applications in electronic devices. However, molecular-level characterization of the
excited states is yet to be done for these types of systems. This sort of studies at the
monomeric and aggregate levels provide guidelines at choosing azulene-fused systems
better for optoelectronic applications. Considering the above, the present work aims
to explore how the excited state properties vary in monomers and w-stacked dimers
of azulene-fused naphthalene (NapAz) and anthracene (AntAz) systems taking into
account a few of their isomers. The schematic diagram of four different isomers of

NapAz, NapAz-A, NapAz-B, NapAz-C, and NapAz-D, is shown in Figure 6.1.
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FIGURE 6.1: Schematic diagrams of four isomers of NapAz. The dihedral angle (ZC1-
(C2-C3-C4) between azulene and acene units is denoted as ¢.

In a similar way, isomers AntAz-A, AntAz-B, AntAz-C, and AntAz-D are also

constructed for AntAz.

In this work, the characterization of excited states in monomers and face-to-face -
stacked dimers for different conformers of diazulene fused naphthalene and anthracene
was carried out at the ADC(2) level. Following this, TD-DFT calculations using the
most widely used LC hybrid exchange-correlation functional CAM-B3LYP?” and the
spin-component-scaled (SCS)?2? versions of two LC-DH functionals, wB2GP-PLYP 104
and RSX-QIDH,?3° were performed.!%523! The two LC-DH functionals are chosen be-
cause of their balanced description of intra and intermolecular CT excitations. 195231 This
chapter is organized as follows: In the Computational Details section, we explain the
methods used in the computational studies. In the Results and Discussion section, after
validating the methodologies by comparing the absorption spectra for monoazulene-fused
naphthalene and anthracene systems, the results for the present systems are presented

and discussed. Finally, the Conclusions section concludes our findings.

6.2 Computational Details

Ground state (Sp) geometry optimization calculations of all the systems were performed
with Mgller-Plesset perturbation theory to the second order (MP2).8% The geometries
were constrained to the Co symmetry for the isolated monomers, and for w stacked-
dimers, the Cy point group was used. Frequency calculations for the monomers of all

isomers and a few 7 stacked-dimers were carried out at the same level of theory to confirm
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that the obtained structures are ground state minima. Excitation energy calculations
were performed to compute the vertical excitation energies (Fg) at the ADC(2) level.
SCS?% versions of both the MP2 and ADC(2) methods were used, in addition to the
RI approximation!'%. For the E, value calculations at the SCS-ADC(2) level, sixteen
and ten excited states were considered for the monomers and dimers, respectively. In
addition, F, values were also calculated at the TD-DFT level using the CAM-B3LYP and
SCS versions of two LC-DH functionals, SCS-wB2GP-PLYP and SCS-RSX-QIDH. In the
method validation section, the Egs were also computed using wB97X functional.? The

Tamm-Dancoff approximation (TDA)??

and resolution of the identity in combination
with the chain of spheres (RIJCOSX)?33 approximation was used in all the TD-DFT
calculations. In all cases, the def2-TZVP basis set was used. For the SCS-MP2 and
SCS-ADC(2) studies, Turbomole V7.21% was utilized and for TD-DFT calculations, the
Orca V5.0234software package was used. All of the calculations were carried out in the
gas phase. UV spectra of isomers were generated using the Gabedit software'®? with
Gaussians of half-width at half maxima of 0.1 eV. The characterization of the excited

states was carried out by excitonic analysis based on the one-electron transition density

matrix (1TDM) and for this purpose, the TheoDORE 3.0 software package '™ was used.

For the AntAz dimer, the calculations of E, values at the SCS-ADC(2)/def2-TZVP
level for ten excited states took ~ 53 hrs on a machine with 144 Intel(R) Xeon(R)
Platinum 2.9 GHz processors. On the other hand, TD-DFT calculations for the above
system using SCS-wB2GP-PLYP and CAM-B3LYP functionals required ~ 19 and 1 h,

respectively, on 48 processors.

6.3 Results and Discussion

6.3.1 Validation of Methods

For validating the methodologies used, we started with the monoazulene-fused naphtha-
lene 1a and monoazulene-fused anthracene 2a shown in Figure D1. The single crystal
X-ray data reveal that both 1a and 2a have planar backbones with nearly 0° dihedral

angle (¢=2/C1-C2-C3-C4) between the azulene and acene moieties.” The ground state
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TABLE 6.1: Vertical Excitation Energy (E, in €V) /Oscillator Strength (fosc) for the
First Six Excited States of 1la and 2a Computed at the SCS-ADC(2) Level and Using
Four DFT Functionals. Experimental Results™ (E, in eV and € in M~'em™!) are

Shown in the Last Column.
Eg/ fosc | Eg/ex 107"
la
SCS- SCS- SCS- exptl.
State ADC(2) CAM-B3LYP wBI7X wB2GP-PLYP | RSX-QIDH
S1 2.15 / 0.010 | 2.28 / 0.013 | 2.40 / 0.017 2.12 / 0.016 2.03 / 0.016 | 1.98 /0.036
S2 3.37 /0.001 | 3.35/0.006 | 3.50 /0.012 3.33 / 0.011 3.31 / 0.011 | 3.13 /0.760
Ss 4.06 / 0.794 | 4.33 /0.320 | 4.51 / 0.467 4.17 / 0.856 4.11 / 0.886 | 3.30 /0.750
Sa4 4.22 / 0.079 | 4.42 /0.336 | 4.69 / 0.986 4.31 / 0.854 4.22 / 0.897 | 3.80 /6.300
Ss 4.25 / 1.311 4.56 / 0.652 | 4.81 / 0.830 4.39 / 0.593 4.34 / 0.586
Se 4.57 /0.021 | 4.78 / 1.583 | 5.00 / 0.819 4.70 / 0.655 4.64 / 0.533
2a
S1 2.04 / 0.010 | 2.22 /0.014 | 2.34 /0.016 2.02 / 0.015 1.95 /0.014 | 1.92 /0.055
Sa 3.20 / 0.011 3.20 / 0.014 | 3.38 / 0.021 3.20 / 0.019 3.16 / 0.019 | 2.92 /1.600
S3 3.64 /0.430 | 3.86 / 0.518 | 4.08 / 0.306 3.83 /0477 3.75 / 0.476 | 3.08 /2.600
S4 3.84 /0.749 | 3.90 / 0.078 | 4.16 / 0.257 3.79 / 0.017 3.74 / 0.020 | 3.20 /4.600
Ss | 3.93/0258 | 4.12/0.379 | 444 /1.878 | 4.06 /2.447 | 3.91 /2.383 | 3.39 /4.700
Se 4.05 / 0.979 | 4.34 / 1.497 | 4.58 / 0.725 4.14 / 0.175 4.07 / 0.159 | 3.64 /10.800

geometries shown in Figure D1 obtained at the SCS-MP2/def2-TZVP level also have
planar backbones. The frequencies of these two ground-state geometries are positive
confirming that the geometries are minima on the potential energy surfaces. Follow-
ing this, we computed the Egs at the SCS-ADC(2) level and using four different DET
functionals. The values are given in Table 6.1. Experimental result”® for 1a shows four
absorption maxima in CHyCly. Experimental energies and corresponding molar absorp-
tion coefficients (€) are also shown in the last column of the table. The reported first
absorption maximum centered at 1.98 eV is very weak. The F; values of the first excited
state (S1) computed at SCS-ADC(2), CAM-B3LYP, SCS-wB2GP-PLYP, and SCS-RSX-
QIDH are 2.15, 2.28, 2.12, and 2.03 eV, respectively, which are in good agreement with
the experimental result. However, the energy of the S; state obtained using wB97X is
blue-shifted from the experimental result by 0.43 eV. The oscillator strength (fosc) in
each case is very small (in the range of 0.010-0.017), in accordance with the experimen-
tal result. The second, third, and fourth absorption maxima were reported at 3.13, 3.30,
and 3.80 eV, respectively. The fourth absorption maximum has the highest ¢ value of
6.300. The SCS-ADC(2) results indicate S; (at 4.25 eV) to be the brightest state with a
fosc value of 1.311. In addition, the S3 state also has an fos. value of 0.794. CAM-B3LYP
results show that the Sg state has the highest fosc value of 1.583, and the S3-Ss states

also have considerable fos values. The results for the other three DFT functionals show
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that the S3-Sg states have significant foq. values, suggesting the involvement of more

than one absorption peak, as observed in experimental results.

For 2a, six absorption maxima were reported, as shown in the last column of Table 6.1.
The first absorption maximum appeared at 1.92 eV with a small € value. The first exci-
tation energies obtained using SCS-ADC(2), SCS-wB2GP-PLYP, and SCS-RSX-QIDH
agree well with the experimental result, whereas the CAM-B3LYP and wB97X excitation
energies are 0.30 and 0.42 eV above the experimental result. For the second excitation,
except wBITX, the energies obtained using the other four methods (SCS-ADC(2) and
three DFT functionals) are blue-shifted from the experimental result by 0.22-0.28 eV.
The energies for the next four states obtained using all of the methods are approximately
above 0.4 eV from the reported results. The SCS-ADC(2) and four DFT functionals pre-
dict these four states to be bright in accordance with the experimental results. Though
the results obtained using wB97X functionals show a pattern similar to that of the other
DFT functionals, the E, values are far from the experimental results. Considering the
above, the F, calculations and excited state characterization of isomers for the NapAz
and AntAz structures are carried out using the SCS-ADC(2) method and three DFT
functionals, CAM-B3LYP, SCS-wB2GP-PLYP, and SCS-RSX-QIDH.

6.3.2 Geometries of Monomers and Dimers

The ground state geometries of the monomers and 7-7 stacked dimers of all the isomers
for the NapAz structure optimized at the SCS-MP2 level are presented in Figure 6.2.
The monomers of NapAz-A and NapAz-B are planar, having almost zero dihedral
angles between the azulene and naphthalene units. For NapAz-C, the azulene moiety
is 2.50° out of the plane from the naphthalene unit due to the steric interaction between
the hydrogen atoms attached to the cyclopentene rings. In contrast, the close proximity
between the hydrogen atoms of the seven-membered ring and the acene unit lead to
a nonplanar structure for NapAz-D (the dihedral angle ¢ is ~ 15°). The optimized
geometries of the monomers for AntAz-A, AntAz-B, AntAz-C, and AntAz-D are
shown in Figure D2. For AntAz-A and AntAz-B, results similar to those for NapAz-A

and NapAz-B are observed. In AntAz-C, the extra phenylene ring in the acene moiety
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FIGURE 6.2: Ground state optimized geometries of monomers and w-stacked dimers of
NapAz-A, NapAz-B, NapAz-C, and NapAz-D at the SCS-MP2/def2-TZVP level.

[NapAz-C

reduces the steric interaction between the hydrogen atoms attached to the cyclopentene
rings, leading to a planar geometry. The result for AntAz-D is almost similar to that
for NapAz-D; here, the dihedral angle is slightly smaller than that for NapAz-D (12°
vs 15°).

In m-stacked dimers, the ¢ values at the two azulene-acene junctions in a monomeric
unit are different from each other. In the NapAz-A and NapAz-B isomers, the differ-
ences are small. However, in isomer NapAz-C, the ¢ values are ~8° and 2°. For the
isomer NapAz-D, the ¢ values at the two ends of one monomeric unit are 14° and 12°,
whereas, in another unit, the ¢ values are 13° and 7°. Similar results are observed in
the case of m-stacked dimers of AntAz isomers. The main geometrical feature of these
m-stacked dimers is the stacking distance (R4). The average Rq values for NapAz-A,
NapAz-B, NapAz-C, and NapAz-D are 3.24, 3.22, 3.26, and 3.24 A, respectively.
These values are smaller than the corresponding acenes.?3> Accordingly, the binding en-
ergies, calculated using the supramolecular approach and shown in Table 6.2, are larger
in the azulene-fused naphthalenes than in corresponding acenes.?3® Similarly, in An-
tAz isomers, the Rq values are 3.28, 3.16, 3.21, and 3.31 A in AntAz-A, AntAz-B,

AntAz-C, and AntAz-D, respectively.
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TABLE 6.2: Binding energies (in kcal/mol) for the dimers of NapAz and AntAz

isomers

NapAz-A

NapAz-B

NapAz-C

NapAz-D

AntAz-A

AntAz-B

AntAz-C

AntAz-D

-35.143

-33.701

-35.106

-35.122

-41.312

-39.972

-40.578

-42.600

TABLE 6.3: Vertical Excitation Energies (Eg) (in eV) and Corresponding Oscillator
Strength (fosc) for the First Six Excited States of the Monomers Obtained at the SCS-

ADC(2)/def2-TZVP Level

NapAz-A ‘ NapAz-B ‘ NapAz-C ‘ NapAz-D
State Eg/ fosc

St 2.03 / 0.017 | 2.08 / 0.047 | 2.08 / 0.010 | 1.97 / 0.023
So 2.25 / 0.000 | 2.52 / 0.000 | 2.19 / 0.022 | 2.21 / 0.000
Ss3 3.15 /0.052 | 3.02 / 0.177 | 2.96 / 0.001 | 3.07 / 0.004
Sy 3.47 / 0.000 | 3.64 / 0.000 | 3.29 / 0.611 | 3.42 / 0.000
S5 3.69 / 0.000 | 3.67 / 0.000 | 3.52 / 0.972 | 3.59 / 2.096
S 3.69 / 1.241 | 3.73 / 1.973 | 3.86 / 0.014 | 3.66 / 0.000

AntAz-A AntAz-B AntAz-C AntAz-D
S1 1.98 / 0.021 | 2.06 / 0.056 | 2.03 / 0.011 | 1.96 / 0.019
So 2.10 / 0.000 | 2.40 / 0.000 | 2.08 / 0.017 | 2.09 / 0.000
Ss3 3.06 / 0.098 | 2.87 / 0.327 | 3.00 / 0.002 | 2.97 / 0.017
S4 3.34 / 0.000 | 3.41 / 0.001 | 3.21 / 0.769 | 3.24 / 0.001
Ss 3.44 / 1.225 | 3.47 / 0.000 | 3.45 / 1.052 | 3.41 / 1.912
S 3.63 / 2.469 | 3.49 / 0.000 | 3.63 / 0.494 | 3.50 / 0.792

6.3.3 Excitation Energies and Oscillator Strengths

6.3.3.1 Monomers

The E; values and the corresponding foscs for the first six excited states of the isomers
of NapAz and AntAz structures are listed in Table 6.3. The E, values for the S;
states for the NapAz isomers are close to each other (the differences range from 0.00 to
0.11 eV). Among these four, the nonplanar isomer NapAz-D has the smallest F, value
of 1.97 eV. As has been reported earlier,?36:237 twisting in polyacenes does not affect
the conjugation as the arrangement of 7 orbitals remains almost undisturbed. The fuqc
values for all of the isomers are small for the S; states, ranging from 0.010 to 0.047. For
NapAz-A, NapAz-C and NapAz-D, the E; values of the Sy states are close to one
another, whereas for NapAz-B, the I, is blue-shifted by around 0.30 €V in comparison
to the other three isomers. Except for the NapAz-C isomer, the S states of the other
three isomers are optically dark. For the next four states, the differences in E; values

are small among the four isomers. Notably, the S5 and Sg states of isomer NapAz-A
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FIGURE 6.3: Comparison of simulated absorption spectra of monomers between four
different isomers of NapAz (left panel) and AntAz (right panel) obtained at the SCS-
ADC(2)/def2-TZVP level.

are degenerate, with a value of 3.69 eV. Among the first six excited states, Sg is the
brightest state in NapAz-A and NapAz-B, whereas for NapAz-C and NapAz-D,
Ss is the brightest state. In the case of AntAz isomers, the first three excited states
of the four isomers exhibit results similar to the corresponding isomers of NapAz as
shown in Table 6.3. The results of the remaining three states differ from those of their
corresponding naphthalene counterparts. The S5 state (observed at 3.44 eV) for AntAz-
A, which was optically dark in NapAz-A, is bright for AntAz-A with an fos. value
of 1.225. The opposite trend can be seen in the case of AntAz-B, where the Sg state
(occurring at 3.49 e€V) now has a zero fogc value. Compared to the value for NapAz-C,
fosc values for Sy, S5 and Sg states of AntAz-C are found to be larger. The S4 and Sg

states, which are dark in NapAz-D, have considerable fus. values in AntAz-D.

The simulated absorption spectra are compared in Figure 6.3. Isomers NapAz-A,
NapAz-B, and NapAz-D exhibit strong absorption maxima at around 3.69, 3.73, and
3.59 eV, respectively. These absorption maxima arise mainly due to So—Sg transitions
for NapAz-A and NapAz-B, and Sg—Ss5 for the NapAz-D isomer. In addition, these
three isomers also show some weak intensity peaks on both sides of the maxima. Notably,
the absorption spectra of NapAz-A and NapAz-B are almost similar. The spectrum
for NapAz-C is quite different from those for the other three isomers. The absorption
spectrum of NapAz-C consists of several small intensity peaks between 3.00 and 5.00
eV. In this case, four prominent peaks are observed around 3.29(So—S3), 3.52(So—S4),

4.03(Sp—Sy), and 4.28(Sp—S10) €V. The results for the anthracene isomers are similar
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FIGURE 6.4: Comparison of TD-DFT excitation energies (E,) and oscillator strengths
(fosc) corresponding to the first six excited states with the SCS-ADC(2) results for the
monomers of (A) NapAz and (B) AntAz isomers.

to those of their respective naphthalene derivatives. The absorption spectra of AntAz-
A, AntAz-B, and AntAz-D exhibit strong absorption peaks around 3.63(Sp—S¢),
3.60(Sp—S7), and 3.41(Sg—Ss5) €V, respectively. A few weak intensity peaks are also
encountered around the higher and lower energy regions. Similar to NapAz-C, the ab-
sorption spectrum of AntAz-C also exhibits several small intensity absorption peaks.
It is to be noted that the absorption maxima in isomers of the AntAz structure are

slightly red-shifted from their respective isomers of the NapAz structure.

A comparison of the TD-DFT results with the SCS-ADC(2) results for NapAz and
AntAz isomers is shown in Figure 6.4 and values are tabulated in Table D1 and D2,
respectively. From Figure 6.4(A) and Table D1, it is observed that the E, values for
the first six excited states of each isomer of NapAz computed using the three DFT
functionals generally do not vary much from the SCS-ADC(2) results (differences vary
between 0.01 and 0.22 eV). However, differences are observed in the prediction of the
fosc values. For the planar isomers NapAz-A and NapAz-B, and the nonplanar isomer
NapAz-D, the variation of fosc values for the first four excited states observed in the
results of three DFT functionals is almost similar to the SCS-ADC(2) results. For the

S5 and Sg states of NapAz-A, however, the two LC-DH functionals show considerable
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fosc values, in contrast to the SCS-ADC(2) results. Table D1 also shows that the most
intense transitions in NapAz-B and NapAz-D are predicted only by the two LC-DH
functionals with slightly greater fosc values. It is to be noted that the Sg and Sy states
are almost degenerate with similar fos. values in the SCS-ADC(2) results. In contrast
to the DH functionals, CAM-B3LYP predicts the largest fos. value for the S7 state. For
NapAz-C, according to the SCS-ADC(2) results, among the lower excited states, S has
the largest fosc value which is reproduced by all the DFT functionals. The results for the
AntAz isomers (Figure 6.4(B) and Table D2) shows that the Egs for the first six excited
states computed using CAM-B3LYP and SCS-RSX-QIDH functionals differ from the
SCS-ADC(2) results by a maximum of 0.2 eV, whereas the SCS-wB2GP-PLYP results
differ by a maximum of 0.1 eV. In SCS-ADC(2) results, the most intense electronic
transitions in AntAz-B and AntAz-C are So—S7 and Sg—Ss5, respectively, and the
same is predicted by all of the DF'T functionals. For AntAz-A, the SCS-ADC(2) results
indicate that the S5 state has an foq. value of 1.225, while the Sg state has an fus value
of 2.469, almost double that of the Ss state. This order is reversed in the results of two
LC-DH functionals, where the S5 state has a larger fos value than the Sg state. In the
CAM-B3LYP results, the S5 state has an fus. value of 1.183, whereas the order of the
Se and S7 states is interchanged as compared to SCS-ADC(2) results. In AntAz-D, the
order of fus values between S; and Sg states remains the same in SCS-wB2GP-PLYP
and SCS-RSX-QIDH functional results, whereas the order is reversed in the case of the

CAM-B3LYP functional.

6.3.3.2 w-Stacked Dimers

The E, values for the first six excited states of the m-stacked dimers are tabulated in
Table 6.4. Similar to the monomers, here also NapAz-D has the smallest E, value for
the S; state among four the isomers. Comparing Tables 6.3 and 6.4, it is observed that
the I, values for the first six excited states in stacked dimers of each isomer are smaller
than their respective monomer units. The decrease in E; values is smaller for the S;
states, whereas it is more prominent as we move from S; to Sg. For S; states, the K,

values in 7-stacked dimers of NapAz isomers are 0.17-0.21 eV smaller in comparison
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TABLE 6.4: Vertical Excitation Energies (Eg) (in e€V) and Corresponding Oscillator
Strengths (fosc) for the First Six Excited States of the m-Stacked Dimers

NapAz-A ‘ NapAz-B ‘ NapAz-C ‘ NapAz-D
State Eg/ fosc

S1 1.82 / 0.019 | 1.91 / 0.054 | 1.92 / 0.008 | 1.79 / 0.023
So 1.87 / 0.000 | 1.92 / 0.000 | 2.00 / 0.012 | 1.83 / 0.000
S3 2.10 / 0.000 | 2.27 / 0.016 | 2.03 / 0.012 | 2.06 / 0.002
Sy 2.12 / 0.001 | 2.39 / 0.000 | 2.12 / 0.015 | 2.10 / 0.002
Ss 2.71 / 0.000 | 2.47 / 0.000 | 2.64 / 0.009 | 2.55 / 0.003
Se 2.75 / 0.008 | 2.59 / 0.009 | 2.69 / 0.004 | 2.61 / 0.007

AntAz-A AntAz-B AntAz-C AntAz-D
S1 1.88 / 0.000 | 1.89 / 0.000 | 1.91 / 0.002 | 1.82 / 0.017
Sa 1.88 / 0.028 | 1.90 / 0.079 | 1.91 / 0.019 | 1.85 / 0.001
Ss 2.00 / 0.003 | 2.13 / 0.015 | 1.96 / 0.007 | 1.99 / 0.002
Sy 2.03 / 0.000 | 2.26 / 0.000 | 2.01 / 0.015 | 2.03 / 0.001
Ss 2.68 / 0.000 | 2.32 / 0.000 | 2.61 / 0.004 | 2.56 / 0.003
Se 2.70 / 0.011 | 2.45 / 0.009 | 2.73 / 0.000 | 2.61 / 0.009

to those of their monomeric units, whereas these values are 0.10-0.14 eV in AntAz
isomers. For Sy states, the Ey values for NapAz-A and NapAz-D are 0.38 eV smaller
than their monomeric units, whereas in NapAz-B and NapAz-C, these values are 0.60
and 0.19 eV, respectively. E, values for the Sy states are 0.22, 0.50, 0.17, and 0.24 eV
smaller in AntAz-A, AntAz-B, AntAz-C, and AntAz-D dimers, respectively, than
the corresponding monomer values. On the other hand, in the case of the next four
excited states, the I, values are approximately 1.00 eV smaller than their respective
monomer units. It is important to note that the m-stacked dimers of NapAz-A and
NapAz-D have three pairs of closely lying excited states: Si/Sa, S3/S4, and Ss/Se,
and the same observation is also made in the AntAz dimers. The fos. values for the
S; states of NapAz and AntAz isomers are small, similar to monomer results. The
brightest states in the monomers become almost dark in the corresponding dimers, for
example, Sg states of NapAz-A and NapAz-B, S4-S5 states of NapAz-C, and the Ss
state of NapAz-D have negligible fos.s. Similar results are also observed in the case
of AntAz isomers, in which S5-Sg states of AntAz-A and AntAz-D, and S4-Sg states
of AntAz-C have very small foq. values in dimeric forms compared to their monomeric
forms. The fosc values of S5 and Sg states in stacked dimers are small due to the CT

characters of these states, which are shown in the later section.

The simulated absorption spectra of all four isomers for NapAz and Ant Az are shown
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FIGURE 6.5: Comparison of simulated absorption spectra for m-stacked dimers of four
different isomers of NapAz (left panel) and AntAz (right panel) obtained at the SCS-
ADC(2)/def2-TZVP level.

in Figure 6.5. The figure shows that each isomer of NapAz and AntAz structures
exhibits more than one absorption peak. It is also observed that both NapAz-B and
AntAz-B dimers show the highest intensity absorption peaks. The highest peaks in
these absorption spectra arise due to Sp—Sg(at 2.95 eV) and Sp—Sg( at 2.79 eV) for
NapAz-B and AntAz-B, respectively. In addition, the NapAz-B isomer has two
small intensity peaks in the lower energy region (at 1.92 and 2.27 e¢V), whereas AntAz-
B shows one peak in the lower energy region (at 1.90 eV). The high-intensity peaks in
the absorption maxima of NapAz-A, NapAz-C, and NapAz-D are obtained at 3.16
(So—S10), 3.82(Sg—Ss), and 2.97 eV (Sp—S10), respectively. For AntAz-A, AntAz-C,
and AntAz-D, the pattern of absorption spectra is similar to the absorption spectra
of the AntAz-B isomer. The high-intensity absorption peaks of AntAz-A, AntAz-
C, and AntAz-D isomers arise due to Sp—Sg(at 2.98 eV), Sp—Sig(at 2.82 V), and

So—S10(at 2.89 eV), respectively.

Figure D3 and Table D3 show a comparison of the TD-DFT energies and fos. values
with the SCS-ADC(2) results. From Table D3, it is observed that the E, values for
NapAz isomers calculated using the DFT functionals deviate from the SCS-ADC(2)
results by a maximum of 0.36 eV, which happens in the case of Sig of NapAz-B for
SCS-RSX-QIDH. From fos values, it is observed that the orders of foscs for S5 and Sg
states in NapAz-A, and S; and S, states in NapAz-B are interchanged in CAM-B3LYP
results, whereas the trend of fos.s for the Si-Sg states in NapAz-C and NapAz-D

remains the same, as compared to the SCS-ADC(2) results. For SCS-wB2GP-PLYP, the
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S; states are the brightest in NapAz-A and NapAz-D, while S has the largest fosc
value for NapAz-C. However, in NapAz-B, the largest fosc (0.292) value is observed
for the Sg state which matches with the SCS-ADC(2) value. Results for AntAz isomers
are shown in Figure D4 and tabulated in Table D4. Among the first six states, the
prominent electronic transitions in each isomer are predicted by all the DF'T functionals;
for example, the Sy states of AntAz-A and AntAz-B, the So and Sy states of AntAz-
C, and the S and Sg states of AntAz-D isomers. For S7-Sq1g in AntAz-A, CAM-B3LYP
predicts the foqc value for Sg, while the DH functionals show zero fos.s. In AntAz-B, the
fosc values indicate a possible swapping of the Sg and Sig states. Similarly, both the DH
functionals show swappings of Sg and Sg states. In case of the AntAz-C and AntAz-D,
trends in fos. values for S7-Syq states in CAM-B3LYP are similar to SCS-ADC(2) results.

6.3.4 Excited State Characterization

For the computation of the {2 matrix containing all 24 values, each monomer is divided
into three fragments, and each stacked dimer is divided into six fragments. The fragmen-
tation schemes for a monomer and a stacked dimer are shown in Figure D5 considering
one of the isomers of NapAz. Therefore, plotting of 2 gives 3x3 and 6x6 matrices for

monomers and dimers, respectively.

6.3.4.1 Monomers

The values of the three descriptors wcor, dexc, and PRxto computed for the four isomers
of NapAz and AntAz are tabulated in Table D5, and a comparison of the first two
descriptors is shown in Figure 6.6. The wer values of the first four excited states in
NapAz-A are in the range of 0.26-0.47, in which the So state has the smallest wgr
value of 0.26. In addition, the S¢ and Sg states also have wct values of 0.55 and 0.50,
respectively. However, the value is 0.93 for the Ss state, indicating the CT nature of
this state. The dex. value for the S5 state (dexc=7.93) is comparatively larger than the
other states, in accordance with the wgt values. The e-h correlation plots for the first
four excited states shown in Figure 6.7 are similar to each other, in which the diagonal

shows that the e-h pair or exciton is delocalized between fragments 1 and 2. The Qap
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FIGURE 6.6: CT parameter (wct) and exciton size (dexe) for the first six excited states
for monomers of (a) NapAz and (b) AntAz isomers at the SCS-ADC(2)/def2-TZVP
level.
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FIGURE 6.7: Electron-hole correlation plots for the first six excited states of the
monomers of NapAz-A, NapAz-B, NapAz-C, and NapAz-D obtained at the SCS-
ADC(2)/def2-TZVP level.

matrix for the S state shows comparatively intense off-diagonal widths along both the e
and h directions, indicating the movement of e from fragment 1 to fragment 2, and vice
versa. As a result, this state is considered a charge resonance (CR) state. Similar to
NapAz-A, the S; and Sy states of NapAz-B also have large wcr (0.82) values and the
dexc values are also larger for these than the other excited states. The Sg, Sg, Sg and Syg
states also have slightly large wcr values (= 0.6) and may be considered as partially CT
states. The e-h correlation plot for the S5 state in NapAz-B shown in Figure 6.7 has

off-diagonal contributions at the two terminals, indicating a CR state. The S3 and Sg
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states also show off-diagonal elements, indicating their partial CT nature. In the case of
NapAz-C, the values of wcr for the S1, S9 and Ss states are in the range of 0.31-0.47,
whereas the remaining states have values larger than 0.6, indicating partial CT natures.
The deyxe values shown in the same table follow the order of the wet values. The small
intense off-diagonal contribution to the e-h correlation plots of Sz, S4 and Sg states is
in accordance with the wct values. The other three states have diagonal contributions
at the two terminals, which signifies exciton localization at the terminal fragments. The
excited state results of NapAz-D shown in Table D5 differ from those of the other three
isomers. Here, Sg has a large wcr value of 0.85 with a dey. value of 6.86 A, indicating
its CT character. While the first two states are LE states, the wcr values are > 0.54 for
the others. The e-h correlation plot of the Sg state has off-diagonal contributions at the
two terminals, indicating a CR state. However, comparatively less intense off-diagonal

width can be seen in S3 and Sy states, indicating a partial CT state.

The PRnto values in Table D5 show that two pairs of NTOs are required to describe
the Ss states of all NapAz isomers. On the other hand, while only one set of NTOs
is required for the So—S; transition in NapAz-B, two pairs of NTOs take part in
describing the same state for the others. The NTOs involved in the S; and Sj states for
the NapAz isomers are shown in Figure D6. The figure shows that, in each isomer, the e
and h orbitals of the first pairs of NTOs corresponding to the Sg-S; transitions are evenly
distributed over the whole monomeric units. For the second pairs of NTOs in NapAz-A
and NapAz-C, the e orbitals are situated over the two terminal azulene units, whereas
the h orbitals are distributed over the whole monomeric units. The weight of the second
pair of NTOs is smaller than that of the first pair, and this leads to a small wcr value.
A significant difference is observed in the case of the S; states. In NapAz-A, the first
pair of NTOs show that the h orbitals are localized on the central fragment, whereas
the e orbitals are situated at the terminal fragments. Similarly, in NapAz-B, the h and
e orbitals for the second set of NTOs are located on different fragments. However, in
NapAz-C and NapAz-D isomers, no clear difference between the positions of the e

and h orbitals is observed in either pair of the NTOs.

Among the states of the Ant Az isomers, two states in AntAz-B and only the Sy states
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in AntAz-A and AntAz-D have wct values larger than 0.7, indicating their pure CT
nature. Some of the other excited states in each isomer have wcr values of 0.45-0.69
and may be considered as partial CT states. The dey. values shown in the same table
follow the trend of the wct values. The e-h correlation plots for the ten excited states
are shown in Figure D7. These correlation plots reiterate that S; states in AntAz-A
and AntAz-D, for example, are CT states. The PRyTo values tabulated in Table D5
indicate that two pairs of NTOs are required to describe the S; and Ss states in most of
the cases. The NTOs involved in the S; and S5 states are plotted in Figure D8. In each
isomer, the NTOs of S; state show that the e and h densities are distributed over the
same fragments. For the Sy state of AntAz-A, small changes in the positions of h and
e orbitals are observed for the first pair of NTOs, whereas in AntAz-B and AntAz-D,
the changes are observed for the second pair of NTOs. This leads to comparatively larger
wer values for the Sy states. No major differences in the positions of e and h orbitals

are observed in the NTOs of the states for the AntAz-C isomer.

The values of the descriptors are also calculated at the TD-DFT level using the three
DFT functionals, and the results are compared with the SCS-ADC(2) results. In the
following, we only discuss the wer values and the e-h correlation plots. The results for
the NapAz isomers are shown in Figure 6.8. In NapAz-A, all of the DFT functionals
reliably predict the wor values of the first four and Sg excited states. However, among
the three DFT functionals, only the CAM-B3LYP correctly estimates the CT character
of the S5 state. The e-h correlation plots for the S1-S4 and Sg states (shown in Figure
D9) obtained using the DFT functionals align with the wor values. For NapAz-B, only
the SCS-wB2GP-PLYP functional correctly predicts the CT character of the S5 state.
The other two functionals suggest the CT characters for the S4 states, in contrast with
the SCS-ADC(2) results. The e-h correlation plots presented in Figure D10 corroborate
the above results. A closer look at these correlation plots makes it clear that the state
ordering for S4 and Sj states is changed in CAM-B3LYP and SCS-RSX-QIDH function-
als. In NapAz-C, the CAM-B3LYP functional reproduces the partial CT character of
the S3 and Sg states predicted by SCS-ADC(2). However, the order of wcr values for
the S4 and Sy states is reversed in CAM-B3LYP results, indicating state swapping. The

we values for the S1-So and S5-Sg states obtained using the two LC-DH functionals are
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FIGURE 6.8: Comparison of TD-DFT wct values for the first six excited states with
the SCS-ADC(2) results for the monomers of NapAz-A, NapAz-B, NapAz-C, and
NapAz-D.

close to SCS-ADC(2) values, however, for the S3-S; states, the results are away from
SCS-ADC(2) results. The e-h correlation plots for Nap Az-C shown in Figure D11 align
with the wer results. In NapAz-D, the SCS-ADC(2) results predict the partial CT and
CT characters of the S5 and Sg states, respectively. Similar results are observed in the
SCS-RSX-QIDH functional, while the results are reversed in CAM-B3LYP. On the other
hand, the SCS-wB2GP-PLYP results predict partial CT character for both states. The

e-h correlation plots also predict the same as shown in Figure D12.

The TD-DFT results for the AntAz isomers are tabulated in Table D7 and shown
in Figure D13. In AntAz-A, the wcr values for the first five excited states computed
using the three DFT functionals closely match the SCS-ADC(2) results. However, while
the SCS-ADC(2) results indicate partial CT and full CT characters for the S¢ and Sz
states, respectively, the order interchanges in CAM-B3LYP results, as shown in Table
D7. The two DH functionals predict partial CT for both states. The CT characters

of Sg and Sig states in AntAz-B are only predicted by CAM-B3LYP, while the other
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FIGURE 6.9: Values of CT parameter (wor) and exciton size (dexc) for the first six
excited states of dimers of (a)NapAz and (b)AntAz isomers at the SCS-ADC(2)/def2-
TZVP level.

two functionals predict partial CT characters of these states. The partial CT states in
AntAz-C are explained well by CAM-B3LYP. In AntAz-D, the CT character of the
S7 state is explained by CAM-B3LYP and SCS-RSX-QIDH functionals.

6.3.4.2 mw-Stacked Dimers

For the m-stacked dimers, the values of the three descriptors are listed in Table DS.
Figure 6.9 shows plots of values of wor and dey. for the six states. The wct values for
the S1-S4 states of each NapAz isomer range from 0.37 to 0.50. Values of 0.70-0.95 are
observed for a few other higher excited states. For example, the S5 and Sg states in all
of the isomers are CT states. Accordingly, in each isomer, the dey. values for the S; and
S states are comparatively larger (6.11-6.85) than the values for the first four excited
states (4.18-5.45). The e-h correlation plots presented in Figure 6.10 also suggest the
same for the excited state characters. The e-h correlation plots corresponding to the first
four excited states in NapAz-A exhibit a pattern dominated by diagonal contributions,
whereas in the case of Ss and Sg states, the off-diagonal contributions over fragments 4,
5, and 6 along both e and h axes indicate mutual CT between the two monomeric units,

leading to CR states. Similar results are observed in the case of the NapAz-B isomer;
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F1GURE 6.10: Electron-hole correlation plots for first six excited states of the m-stacked
dimers of NapAz-A, NapAz-B, NapAz-C, and NapAz-D at the SCS-ADC(2)/def2-
TZVP level.

while dominant diagonal contributions are observed in cases of the first four excited
states, off-diagonal contributions are dominant in S;. However, the Sg state shows a
quite different pattern involving both diagonal and off-diagonal contributions. In the
e-h correlation plots for the first four excited in NapAz-C, the contributions are from
one of the monomeric units (i.e., either fragments 1, 2, and 3 or fragments 4, 5, and 6),
indicating that the exciton is confined to a single monomeric unit. It is to be noted that
there are some off-diagonal contributions in each case, representing intramolecular CT.
The S and Sg states exhibit both diagonal and off-diagonal widths, which is consistent
with their relatively smaller wct values than those of the other three isomers. For the
S5 and Sg in NapAz-D, the off-diagonal contributions are mainly present on one of
the monomeric units, indicating CT from one monomeric unit to another and these are

considered as intermolecular CT states.

The NTOs involved in the Sg—S; and Sg— S5 transitions for the four isomers of the
NapAz structures are shown in Figure 6.11. In NapAz-A, NapAz-B, and NapAz-D,
the h and e orbitals of the S; state are distributed over both the monomeric units, and
there is no significant difference in the positions of e and h orbitals. On the other hand,
in NapAz-C, the e and h densities are localized over single monomeric units with no

change in positions. In Sy states of NapAz-A, NapAz-B, and NapAz-C, the e and
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FIGURE 6.11: NTOs involved in (a) S; and (b) Sy states for the m-stacked dimers of
NapAz-A, NapAz-B, NapAz-C, and NapAz-D, obtained at the SCS-ADC(2) /def2-
TZVP level. The eigenvalue A indicates the weight of the pair’s contribution.

h densities are found in both the monomeric units at different locations, representing

CR states. However, for S5 in NapAz-D, h and e orbitals are over different monomeric

units, indicating unidirectional CT from one monomeric unit to another.

Excited-state characterization of AntAz shows results similar to those of the corre-
sponding NapAz isomers. Table D8 shows that, for AntAz isomers, the wct values
for the S5 and Sg states in each isomer are larger (ranging from 0.75 to 0.96) compared
to the first four excited states. As expected, the dex. values (6.35-7.19) are also large
in the cases of S5 and Sg states in each isomer. The wcr values for the other four
higher excited states are also comparatively large. Comparing the values for the first
four states, it is found that the values for the first four excited states of the AntAz-B
isomer are slightly larger (0.52-0.68) compared to the S;1-Sy results of the other three
isomers. The e-h correlation plots for six excited states and NTOs corresponding to
S; and Ss states are shown in Figures D14- D16, respectively. In AntAz-A, the e-h
correlation plots for the S1-Sy states show that the exciton is spread mostly along the

diagonal width. Figure D15 containing the NTOs for S; shows that the h and e densities
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are distributed across all of the fragments, confirming the delocalization of the exciton.
For the S; and Sg states, in accordance with the wcr values, the e-h correlation plots
show their CR characters. The NTOs for the S5 state (Figure D16) confirm these results
by displaying h and e densities over both monomeric units, albeit in different fragments.
In AntAz-B, large diagonal contributions are observed for the S;-S4 states with small
contributions from the off-diagonals in the monomeric units, and this is responsible for
slightly larger wer values for these four states than the S;-Sy states of the other three
isomers. Differences in the positions of h and e densities are observed in the NTOs of the
S1 state (Figure D15), indicating its partial CT character. The e-h correlation plot and
NTOs indicate the CR character of the S state. In contrast, a different pattern in the
e-h correlation plots is observed for the Sg state, where both diagonal and off-diagonal
contributions are present. For the S;-S4 states of AntAz-C and AntAz-D, Figure D14
shows that the densities of 24 are concentrated either along the diagonals or around
the diagonals of one monomeric unit, signifying the localization of the exciton in single
monomeric units. The NTOs involved in Sp—S; transitions (Figure D15) also predict
the same by showing h and e densities over the same monomeric unit. In AntAz-C,
both diagonal and off-diagonal contributions are observed for the S5 and Sg states. The
NTOs for the S5 state show that the h orbitals are mainly distributed over the central
fragments of both monomeric units, whereas the e densities are on the terminal azu-
lene units, indicating intramolecular CT. In the AntAz-D, the e-h correlation plots and

NTOs indicate the CR character of the S and Sg states.

A comparison of wcot values obtained using the three DE'T functionals with the SCS-
ADC(2) results is shown in Figure 6.12, and the values are listed in Table D9. As the
figure shows, in most cases, the LE characters of the first four excited states are well
explained by all of the DFT functionals. However, the distinction occurs when describing
the CT characters of Ss and Sg states. The CT character of the Sg state in NapAz-A
is correctly estimated by all the DFT functionals, whereas the CT character of S5 is
explained by only CAM-B3LYP and SCS-RSX-QIDH functionals. The e-h correlation
plots shown in Figure D17 confirm the TD-DFT results. In the case of NapAz-B, the
CT character of the S5 state is only explained by the SCS-wB2GP-PLYP functional, while

the other two functionals show the CT character for the S4 state. The e-h correlation
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FIGURE 6.12: Comparison of wot values obtained using three DFT functionals with
the SCS-ADC(2) results for the m-stacked dimers of NapAz isomers.

plots of S4 and Sj states presented in Figure D18 confirm that the state order of S4 and
S5 is reversed in the CAM-B3LYP and SCS-RSX-QIDH results. For the Sg state, the wcr
values computed using all DFT functionals are small compared with the SCS-ADC(2)
values. For NapAz-C, the wcr values obtained using CAM-B3LYP and SCS-RSX-
QIDH functionals indicate the CT character of the S5 state, whereas for the Sg state,
only CAM-B3LYP reproduced the SCS-ADC(2) results. The e-h correlation plots shown
in Figure D19 corroborate the above results. It is interesting to note that the S7-Sg states
have CT characters according to SCS-ADC(2) results, and these are also explained by
the CAM-B3LYP functional. In isomer NapAz-D, wcr values and the e-h correlation
plots (shown in Figure D20) for the S5 state obtained using all of the DFT functionals
are similar to the SCS-ADC(2) results. For the Sg state, only the SCS-wB2GP-PLYP
functional is not able to describe the CT character. Like NapAz-C, here also the CT

characters of S7-Sqg are reproduced by the CAM-B3LYP functional.

The TD-DFT results for the AntAz isomers are plotted in Figure D21 and the data

are tabulated in Table D10. Similar to the NapAz isomers, the LE characters of the
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first four excited states, in AntAz-A, AntAz-C and AntAz-D, are explained by all
of the DFT functionals. In AntAz-A, all of the DFT functionals correctly estimate the
CT character of the S and Sg states. For AntAz-B, the state order of S4 and S5 states
is swapped in CAM-B3LYP results compared to the SCS-ADC(2) results. The SCS-
wB2GP-PLYP results predicted the partial CT characters for the S and Sg states, while
the SCS-RSX-QIDH functional predicted the CT and partial CT characters of S5 and
S¢ states, respectively. For AntAz-C, the wor values for the Sy and Sg states obtained
using the CAM-B3LYP and SCS-RSX-QIDH functionals are close to the SCS-ADC(2)
results, whereas these values are smaller in the SCS-wB2GP-PLYP results. In isomer
AntAz-D, the CAM-B3LYP functional correctly estimates the CT characters of both
S5 and Sg, whereas SCS-wB2GP-PLYP and SCS-RSX-QIDH functionals predicted the
CT characters of Sg and S5 states, respectively. A detailed examination of wor values in
Table D10 reveals that the CAM-B3LYP can also describe the CT characters of S7-S1p
states in most cases (AntAz-A, AntAz-C, and AntAz-D).

6.4 Conclusions

In this work, we report the results of an investigation on the excited properties of
monomers and m-stacked dimers corresponding to four different isomers of azulene-fused
naphthalene and anthracene. The results obtained at the TD-DFT level are compared
against the SCS-ADC(2) results. In the case of monomers, the SCS-ADC(2) analysis
revealed that low-lying excited states are mostly of local excitation types. A few higher-
lying excited states exhibit either partial or full CT characteristics. In the case of stacked
dimers, the excited state results are different from those of their monomeric forms. For
NapAz-A, NapAz-B, and NapAz-C, S; and Sg states are mainly CR type states
where there are mutual CTs between the two monomeric units, whereas a unidirectional
intermolecular CT is observed in isomer NapAz-D. Similar results are observed for the
AntAz isomers, where a few higher excited states have large wor values. The Sy and
S¢ states of AntAz-A and AntAz-D and the S5 state of AntAz-B have CR charac-
ters, whereas the Ss and Sg states in AntAz-C are intramolecular CT type. The CT

characters of many excited states in most cases of monomers and w-stacked dimers are
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explained well by the CAM-B3LYP functional. However, among the two LC-DH func-
tionals, the SCS-RSX-QIDH shows promising results for describing the CT character in

m-stacked dimers, whereas in most cases, the results of the SCS-wB2GP-PLYP functional

underestimate the SCS-ADC(2) results.
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Chapter 7

Conformation-induced excimer
formation in covalently-linked dimer

of azulene-fused anthracene

In this chapter, we explore excimer formation in a specific conformer of covalently
linked azulene-fused anthracenes, out of two conformers, M1 and M2, using the MP2
and ADC(2) methods. In conformer M1, the azulene units are oriented towards each
other, leading to excimer formation in the S; state. This is confirmed by the orbital
overlap of the azulene units and the charge transfer (CT) character of the S; state. In
contrast, in conformer M2, the azulene rings are oriented away from each other, and
this results in minimal geometric changes in the excited state geometry, keeping the CT
features intact. Reproduced from " The Journal of Physical Chemistry A, 2025, 129(4),

1085-1098" with permission from American Chemical Society.
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7.1 Introduction

Excimer formation is observed in various multichromophoric systems, such as in covalently-
linked dimers,2732:33:238,239 and co-facial, 2>34240 and slip-stacked ?>?4! arrangements of

conjugated molecular systems. Among these, covalently-linked dimers are structurally

more susceptible to showing dynamic electronic interaction in the excited state.3%33:242
This flexibility in terms of interchromophoric torsional motion can enable transitions
from LE states to symmetry-breaking charge separation (SB-CS).243245 In addition,
structural relaxation accompanying this torsional motion often results in excimer forma-
tion.3233 For instance, an experimental and theoretical investigation by Hariharan and
coworkers®? showed the mechanism of structural relaxation in an excited state leading to
an excimer formation in a covalently-linked orthogonal perylenediimide dimer, noting its
inhibitory effect on the SB-CS. In these orthogonal dimers, such relaxation induces a 7-
stacked foldamer geometry, promoting strong interactions between the two chromophores
in the excited state and resulting in stabilization. Similarly, Xia and coworkers studied
the excimer formation in a covalently linked aminonaphthalimide dimer using spectro-
scopic tools. They also computed exciton and CT coupling between NI units during

structural relaxation at the TD-DFT level to explain excimer formation.33

Recent studies have highlighted the potential of covalently linked orthogonal tetracene 246:247

and pentacene?*®249 dimers as promising materials for efficient SF processes. In these
systems, the CT states play a crucial role in mediating the formation of correlated triplet
pairs 1 (TT) and facilitating the SF fission process. It is known that the chemical stability
of acenes decreases with an increase in the size of acenes.?2%226 To address this issue, one
promising approach is to substitute the two benzenoid rings with a non-benzenoid azulene
moiety. This substitution results again in an all-carbon polyaromatic hydrocarbon that
maintains chemical stability while exhibiting desirable optoelectronic properties. 777
In our study, we explore how replacing two benzenoid rings with azulene moieties in both
pentacene units of the directly linked pentacene dimer can lead to the formation of an

excimer. For this, we have considered two different conformers, M1 and M2, as shown

in Figure 7.1. The two monomers differ in their locations of fusion of azulene units with
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FIGURE 7.1: Schematic representation of two conformers M1 and M2 of covalently-
linked dimer of azulene-fused anthracene.

the anthracenes; while in conformer M1, the five-membered rings of the azulene units are
fused at the 2, 3 positions of the anthracene, in M2, the five-membered rings are fused at
the 1, 2 positions. As shown in Figure 7.1, the monomers are covalently linked via the C4
carbon atoms of the anthracene units. Computational and theoretical studies are very
important tools to underpin excimer formation. Theoretical and computational studies
are usually performed at the TD-DFT level to explain excimer formation. 32241250 In our
study, we employ the Mgller-Plesset perturbation theory to the second order(MP2)%* and
ADC(2) methods to study the excimer formation. We discuss the excimer formation by

computing the CT characters, observing molecular orbital (MO) interactions, and the

structural changes occurring during the excimer formation.

7.2 Computational Details

Geometry optimizations in the ground state are performed using the MP2 method. The
vertical excitation energies (E,) calculations and excited-state optimizations are carried
out using the ADC(2) method in conjunction with the def2-SVP basis set. Resolution
of identity (RI)'®® approximation is used in all the calculations. In all the calculations,
the geometries of molecular systems are constrained to the Co point group. For the
computation of the {2 matrix containing all 24p values, each system is divided into two
fragments, A and B. The fragmentation scheme considering conformer M2 is shown

in Figure E1. Therefore, plotting of Q gives 2x2 matrices shown in Figure 7.3. The
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D =944

FIGURE 7.2: Ground state (Sp) optimized geometries of the two conformers M1 and
M2 obtained at the RI-MP2/def2-SVP level. The dihedral angles between the four
carbon atoms, denoted as ¢ in text, are marked by the red circles.

Turbomole V7.21% software is used for the RI-MP2 and RI-ADC(2) calculations. The

CT analysis is carried out using the TheoDORE 3.0 software package!™.

7.3 Results

7.3.1 Ground State and Vertical Excitation

At first, the validity of the methods is checked by performing additional calculations
for the experimentally studied 3,13'-bis(mesityl)-6,6'-dipentacenyl (DP-Mes).248:249 The
So optimized geometry of DP-Mes, shown in Figure E2, obtained at the RI-MP2 level
shows a near-orthogonal geometry, similar to the X-ray crystallography results.?*® The
calculated vertical excitation energy of the S; state at RILADC(2)/ def2-SVP level is

2.14 eV, which is also close to the experimentally observed energy value of 2.02 eV.248

The ground state optimized geometries of the conformers M1 and M2, denoted as
M1-Sp and M2-Sj, respectively, obtained at the RI-MP2/def2-SVP level are shown
in Figure 7.2. M2-Sj is energetically more stable than the M1-Sg with an interchro-
mophoric dihedral angle (¢) of -63.4°. On the other hand, M1-S has a nearly orthogonal
geometry with a ¢ value of 93.7°. The two conformers have almost the same interchro-

mophoric C-C bond distance, ~1.47 A.
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TABLE 7.1: Vertical excitation energy/oscillator strength (Eg/fosc) and the corre-
sponding wcr values for the first six excited states computed at the RI-ADC(2)/def2-
SVP level for the Sy optimized geometries.

M1-Sg M2-S,
State Eg/fosc wer Eg/fosc wer
Si  1'B 1.93/0.044 0.02] 1A 1.90 /0.007 0.04
Se 1'A 1.95/0.017 0.02 | 1'B 1.90/0.015 0.04
Sz 2'A 249 /0001 096 | 2'B 3.07 /0.119 0.08
Si  2'B 249/0.002 097 |2'A 3.12/0.011 0.04
S5 3'B 292/0.219 0.02|3'B 3.26/0.016 0.89
Se 3'A 292/0.074 0.03|3'A 328/0.006 0.93

T
e %

0.0 0.5

M1-S,

M2-S,

electron

F1GURE 7.3: Electron-hole correlation plots for the first six excited states for M1-S
and M2-S; geometries at the RI-ADC(2)/def2-SVP level.

M1-Sy and M2-S; exhibit distinct electronic excitation pictures, as shown in Ta-
ble 7.1. For each conformer, Table 7.1 shows three pairs of energetically degenerate
excited states, 1*A/1'B, 2'A/2!'B, and 3'A/3'B, each with different oscillator strength
(fose) values. The excitation energy (Eg) values for the first pair of excited states in both
conformers are close. However, for the subsequent two pairs of excited states, the Ej
values in M1-Sg are smaller than those in M2-Sgy. Additionally, the fus. values for the
1A /1'B pair are slightly larger in M1-Sg compared to the values in M2-Sg. The values
of wor for the 1'A and 1'B states shown in the same table suggest that these are LE
states. An examination of the corresponding e-h correlation plots, shown in Figure 7.3,
reveals the delocalization of the exciton over both the fragments. The NTOs involved
in these transitions are depicted in Figure E3. As the figure shows, the h and e orbital
densities are distributed over both the monomeric units (mainly on the azulene moieties),
and their locations are the same, indicating their delocalized LE characters. For M 2-Sg,
the h and e densities are localized on the azulene units of each monomeric fragment,
suggesting the involvement of only azulene units for these delocalized LE states. For

the 2'A/2!B states of M1-Sy, the wcr values are close to one, which implies the CT
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HOMO-1 HOMO LUMO LUMO+1

FIGURE 7.4: 1'A state optimized geometries of M1 and M2 (left panel) and MOs
involved in Sp—1!A and Sp—1'B transitions on 11 A optimized geometries (right panel).

nature of these states. As observed in Figure 7.3, the e-h correlation plots for these two
states exhibit off-diagonal elements along both axes. This sort of a CT state in which
two opposite CT transitions come into resonance is termed a charge resonance (CR)
state. 19170 In M2-Sy, in contrast, CR characteristics are noted for the 3'A/3'B states
(Figure 7.3). This shows that while the CR states in M1-Sy occur immediately after
the 1'A/1'B states, in M2-Sy, the CR states are energetically distant from the 1'A/1'B
states. In the following section, we explore how the energetic proximity of CR and LE
states in M1-Sy can facilitate the mixing of these states during structural relaxation in

the excited states, leading to the formation of excimer states.

7.3.2 Excited State Structure and Excimer Formation

Optimization of the conformer M1 in the 1'A state leads to a 7-stacked foldamer struc-
ture M1-1' A, depicted in Figure 7.4. In this 7-stacked M1-1'A structure, the ¢ value is
about 47.4°, which is 46.3° smaller than for the M1-Sy geometry, and the -7 stacking
distance between the two azulene moieties is 3.02 A, indicating strong intramolecular
interaction. The MOs (HOMO-1, HOMO, LUMO, and LUMO+1) of the M1-1'A ge-
ometry are shown in Figure 7.4 (right panel). Upon formation of m-stacked foldamer
structure, the molecular orbitals in M1-1'A are delocalized over the azulene moieties
of two monomeric units, hinting at the excimer formation. In contrast, for M2 in the
1'A state, optimization does not produce a foldamer structure. As shown in Figure 7.4,
in M2-1'A, the two azulene moieties are away from each other, restricting the excimer

formation.
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TABLE 7.2: Vertical excitation energy/oscillator strength (Eg/fosc) and the corre-
sponding wer values for the first six excited states computed for 1' A optimized geome-
tries at RI-ADC(2)/def2-SVP level

M1-1'A M2-1'A
State Eg/fosc wer Eg/fosc wer
Si  1'A 0.53/0.002 050 | 1'A 1.50 / 0.006 0.06
Se 1'B 095/0001 033|1'B 1.51/0.007 0.06
S3 2B 1.52/0.051 0.66 | 2'B 2.82/0.124 0.18
Si 2'A 1.85/0.007 051 |2'A 286 /0.010 0.46
S5 3'A 218 /0.018 045 |3'B 291 /0.060 0.88
S¢ 3B 2.24/0.108 046 | 3'A 2.95/0.010 0.49

The E, values for the first six excited states of M1-1'A and M2-1'A geometries are
tabulated in Table 7.2. The energetic order of the first six excited states for M1-1'A
geometry differs from those for the M1-Sy. In addition, the degeneracies of the three
pairs of excited states observed for M1-Sq are lost for M1-1'A geometry. A closer
look at the E, values of 1'A and 2'A states for M1-Sy and M1-1'A geometries (in
Tables 7.1 and 7.2) reveals that while 2'A is the third excited state appearing close
to 1'A for M1-Sq(the energy difference is 0.54 eV), 1'A and 2'A states for M1-1'A
structure are first and the fourth excited states, respectively, and the energy difference
between the two is larger (the energy difference is 1.32 €V) in this case. This indicates
that the same symmetry 1'A and 2'A states may interact during structural relaxation in
the 1'A state. The interaction between these two states results in a distribution of CT
character, resulting in an wcr value of 0.50 each for 1'A and 2' A states which ultimately
stabilizes the excimer. This sort of interaction between the 1'A-LE and the CR state
is not possible for the M2-Sg geometry, as these states are away from each other. This
is clear from the state ordering and the energy difference between the 1'A-LE and 3'A-
CR state for M2-11A (Table 7.2) which remains the same as in M2-Sg (Table 7.1).
The e-h correlation plots corresponding to the first six excited states starting from M1-
1'A and M2-1'A geometries depicted in Figure 7.5 confirm the above results. The e-h
correlation plots for the 1'A and 2'A states for M1-1'A show a similar pattern where
the same amount of diagonal and off-diagonal contributions are present, indicating the
mixed characters of these states. In M2-1'A, the 1'A state remains a pure LE state,
having diagonal contributions from each fragment. However, the e-h correlation plots

for the 2'A and 3' A states have diagonal and off-diagonal contributions, indicating their
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1'A 1'B 2'B 2'A 3'A 3'B
I'A 1'B 2'B 2'A 3'B 3'A

FIGURE 7.5: Electron-hole correlation plots of the first six excited states for M1-1t A
and M2-1'A geometries.

partial CT nature. The NTOs involved in Sg—1'A for M1-1'A and M2-1'A are shown
in Figure E4. As observed in the figure, there is a small difference in the locations of the
hole and electron in the anthracene units for M1-1'A, and this leads to an wcr value
of 0.50. No significant difference in the locations of the hole and electron is observed for

M2-1' A, which indicates the LE character of the 1'A state.

1'A 1'B 2'B 2'A 3'A 3'B
1'A 1'B 2'B 2'A 3'B 3'A

FIGURE 7.6: Electron-hole correlation plots of the first six excited states for M1-1'B
and M2-1'B geometries.

In M1, m-stacked foldamer structures, similar to M1-1'A are also observed in the
1'B, 2'A, and 2'B states, as shown in Figures E5 and E6. The energy of the foldamer
structure in the 1'B state is slightly higher (by 0.23 ¢V) than that of the 1'A state. In
contrast, the energies of the structures in the 2!'B and 2'A states are 0.75 eV and 0.90
eV higher than that of the 1'A state, respectively. In the case of conformer M2, no
such m-stacked foldamer structures are observed in these three excited states as shown in
Figures 7.4, E5, and E7. The results for the first six excited states on the 1'B optimized
geometries (M1-1'B and M2-1!B) are tabulated in Table 7.3. In M1-1'B, the first
two states (1'A and 1!B) are almost degenerate, as observed for the M1-Sy geometry.
Notably, the E, value for the 1'A state of M1-1'B is 0.27 eV larger than that of the

1'A state of M1-1'A (Table 7.2). Further, in M1-1'B, the 2'A and 2'B states are
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TABLE 7.3: Vertical excitation energy/oscillator strength (Eg/ fosc) and corresponding
wor values for the first six excited states computed for 1'B optimized geometries at
RI-ADC(2)/def2-SVP level

Mi1-1'B M2-1'B
State Eg/ Josc wer Eg/ fosc wer
Si  1'A 0.80/0.008 044 1'A 1.50 /0.006 0.06
Se 1'B 0.85/0.002 040 1'B 1.51/0.007 0.06
S3 2B 1.67/0.044 061 2'B 283/0.119 0.17
S¢ 2'A 1.73/0.001 060 2'A 286 /0.010 0.46
S5 3'A 220/0026 046 3'B 291 /0.057 0.88
S¢ 3'B 234/0.043 024 3'A 295/0.011 0.49

energetically close, which is not observed for the M1-1' A geometry. The 50/50 mixture
of LE and CT characters for the 1'A and 2! A states of M1-1'A (shown in Table 7.2 and
Figure 7.5) is absent for the 1*A and 2! A states of M1-1'B (Table 7.3 and Figure 7.6).
An wer value of 0.44 for 1'A state of M1-1'B geometry indicates a partial CT state.
The 1'B and 2'B states of M1-1'B have similar e-h correlation plots like those observed
for the M1-1'A geometry. In the case of M2-1'B, the Es and wcr values for the first
six excited states (shown in Table 7.3) are almost similar to those observed for M2-1' A
geometry (Table 7.2). The e-h correlation plots are also the same for the first six excited
states (Figures 7.5 and 7.6). Therefore, unlike for M1, the excited state optimizations of
M2 in the 1'A and 1'B states result in similar changes in geometries and in electronic

excitations.

The Eg and wer values corresponding to the first six excited states for the 2'A and
2!B optimized geometries of M1 and M2 are presented in Table E1. The wcr values of
2'A and 2'B states for these geometries are 0.80 and 0.89, respectively, which are not
very different than the values of those states for the ground state optimized structures
(see Table 7.1). This indicates that although the optimizations in these states result in
foldamer structures, character of the excited states remain unchanged. Therefore, these
states are not excimer-type states.?! For M2, while optimization in 2'A results in no
significant change in the character of 2' A, when compared to the ground state optimized

results, optimization in 2'B shows an increase in the wor value for the 2'B state.
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FIGURE 7.7: PECs for the ground state and first four excited states along the inter-
chromophoric dihedral angle (Top panel) and the wer values for the first four excited
states (Bottom panel).

7.3.3 Potential Energy Scan

To understand the structural relaxation along the torsional motion, rigid scans were
performed along this torsional mode for M 1-Sy and M2-S structures. Potential energy
curves (PECs) for the ground and first four excited states along the torsional angle
are shown in Figure 7.7. The energies are tabulated in Tables E2 and E3, for M1-
So and M2-Sg, respectively. In M1, the ground state energy and E; values of the
first four excited states increase with a decrease in the torsional angle below 73.7°. In
M2, the increase in energy values of the ground state and first four excited states is
observed below -51.4°. In M1, the azulene units come close during the torsional motion,
resulting in large energies for all the states. In contrast, in M2, the azulene units are
oriented in opposite directions, which accounts for less steep curves than in M1. In
addition, PECs for all the states show flat behavior beyond 70° and -55°, for M1 and
M2, respectively. Interestingly, the two pairs of excited states remain energetically close

in M2 throughout the scanning region. However, in the case of M1, the degeneracy is
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lost below 65°. Looking at the values in Table E2 and Figure 7.7 (inset plot) for M1,
it is observed that the energy difference between the 1'A and 1'B states increase with
decrease in the ¢ value, while the Sg-1'A energy gap decreases. As shown in Table 7.2,
a similar energetic order for the first four excited states is also observed for the M1-1'A
geometry, whereas the 1'A/1'B and 2'A/2!B pairs remain almost degenerate for the
M1-1!'B geometry (Table 7.3). This indicates that the conformer M1 is more likely
to form an excimer in the 1'A state. Figure 7.7 also shows the evolution of the CT
character of these four excited states as a function of the torsional angle. In M1, the
CT character for the 1'A state (an LE state) increases with a decrease in the torsional
angle, while the CT character for the 2!A (a CR state) decreases. A similar pattern
is observed for the 1'B-LE and 2'B-CR states. The wcr values tabulated in Table E2
reveal that 1'A and 1'B are the counterparts of 2'A and 2'B states, respectively. In the
50 to 46° region (near M1-1' A geometry), the curves for the 1' A and 2'A states become
very close, indicating weak interaction among these two states and resulting in an wcr
value of approximately 0.50 for each of them. In contrast, the CT curves for the 1'B and
2!B states are away from each other, consistent with the results obtained for M1-1'A
geometry. This suggests a greater probability of excimer formation in the 1'A state. In
M2, the CT characters for the 1'A or 1'B states remain very small in the entire region.
The e-h correlation plots for the 1'A states for different values of torsional angles for M1
and M2 are shown in Figures E8 and E9, respectively. For M1, the off-diagonal blocks
become darker as we move towards smaller torsional angles. Finally, the off-diagonal and
diagonal blocks have the same amount of €2 for the 49.7-45.7° region(excimeric region).
On the other hand, in M2, the e-h correlation plot for the 1'A state at each PEC step

shows intense diagonal elements, indicating LE characters throughout the PEC.

Rigid scans along the torsional angles are also performed for the M1-1'A and M2-
1'A geometries. The results are shown in Figure 7.8 and the values are tabulated in
Tables E4 and E5. The PEC for the 1'A state in M1-1'A shows a minimum at 47.5°,
signifying the excimer stabilization. For M2-1'A, the PECs for all the states show
patterns similar to the results for the M2-S;y geometry. As the figure shows, the CT
curves for the first four excited states of M1-1'A geometry have a similar pattern to

that observed in the case of Sp optimized geometries (Figure 7.7). The CT curves for
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FIGURE 7.8: Potential energy curves for the ground and first four excited states along
the inter-chromophoric dihedral angle (Top panel) and the wet values for the first four
excited states (Bottom panel) for the 1'A optimized geometries.
the 1'A and 2'A states maintain their symbiotic relationship till 47.5°. At 47.5°, the
1'A state has a 50/50 mixture of LE and CT characters, and as the ¢ value increases,

the CT character for this state falls off rapidly. For M2-1'A geometry, in contrast, the

wcr values remain very small in the entire scanning region.

7.4 Discussion

The overall structural relaxation process in the excited states of the two conformers,
M1 and M2, is presented in Figure 7.9. In the ground state (GS-Sp), M1 features an
interchromophoric dihedral angle of 93.7°, whereas M2 exhibits an angle of -63.4°. In
GS-Sp, both conformers exhibit three pairs of energetically degenerate excited states:
1'A/1'B, 2'A/2'B, and 3'A/3'B. For M1, the first pair of excited states (1'A-Sy/11B-
Sp) is characterized as an LE state, with E; values ranging from 1.93 to 1.95 eV, while
the second pair(2'A/2!B) possesses CT characters. In M2, the first two pairs of excited

states are also LE states, whereas the third pair (3'A/3!B) displays CT characteristics.
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FIGURE 7.9: Schematic energy diagram of excimer formation. GS-Sy and GS-S; are
the reference ground states of Sy and 1'A optimized geometries, respectively.

During excited state optimization in the 1'A state, conformer M1 relaxes into a -
stacked foldamer geometry, significantly altering its dihedral angle from 93.7° (GS-Sy)
to 47.4° (GS-S1). This structural adjustment results in a strong interaction between the
1'A-LE and 2'A-CT states. The interaction between 1'A-LE and 2'A-CT leads to the
distribution of CT characters to the 1'A state and makes this state a mixed (LE+CT)
state, indicating the potential formation of an excimer. In contrast, the optimization of
M2 in the 1'A state leads to only a slight change in the dihedral angle, shifting from
-63.4° (GS-Sp) to -56.0° (GS-S;), with no significant alteration in the CT character of
the 1'A state. In short, the excited state properties and structural relaxation processes

are dependent on the locations where the azulene units are fused with anthracene.

7.5 Conclusion

This study focused on the understanding of the complex relationship between molecular
structure and excited state properties using high-level quantum chemistry methods like
RI-MP2 and RI-ADC(2). The positioning of azulene units attached to covalently-linked
anthracene units plays a crucial role in influencing the energy levels of LE and CT
states, eventually affecting excited-state relaxation processes. In one of the conformers,
where the azulene units are aligned in the same direction (M1), both LE and CT states

are close to each other, with the latter being slightly higher in energy. Due to the
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favorable structural configuration and the energetic arrangement of LE and CT states,
this conformer easily adopts a m-stacked foldamer structure upon relaxation in the Sg
state. This foldamer configuration exhibits distinctive electronic properties related to
orbital overlap and has significant CT character, indicating the excimer formation. In
contrast, the conformer in which the azulene units are oriented in opposite directions
(M2), the CT state is found to be energetically distant from the LE state. Here, the
conformer shows minor geometric distortion in its first excited state, and this state is

devoid of any CT character.
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Chapter 8

Summary and conclusions

In designing suitable organic electronic devices, conformational isomers of an organic
molecule play an important role in determining device performance and efficiency. At
the molecular level, the energetics of excited states and their properties, which are key
factors influencing device performance, are significantly affected by different molecular
conformations. Experimental studies have reported on the dependence of device perfor-
mance on different molecular isomers; these studies are mainly focused on synthesis and
applications and lack a molecular-level understanding. In this context, computational
tools are invaluable for exploring excited-state properties for various molecular confor-
mations. In this thesis, we have shown how the excited-state properties of a conjugated

system differ across conformers using advanced computational methods.

In chapter 3, we considered the three conformers, namely A (linear), B (helical), and C
(helical), and showed conformation-dependent excited-state properties of 2-Phenylpyridine
oligomers ((PhPy),—1_5). The UV spectra of conformer A show higher intensity peaks
compared to the results for conformers B and C, for each oligomer. While the helical
oligomers of conformers B and C show high-intensity CD bands, all the oligomer con-
formers A show weaker CD bands. Analysis of the properties of the first five excited

states in (PhPy)5 reveals that these are partially charge-transfer states.

In chapter 4, we report on how molecular conformations can impact exciton (de)localization
processes, using the non-adiabatic surface-hopping dynamics approach, considering 2-
Phenylpyridine oligomers and their two different conformers: a linear and a helical one.

In the linear pentamer, excited-state relaxation involves the delocalization of the exci-
ton across multiple monomer units. In contrast, the relaxation in the helical pentamer

proceeds with the localization of the exciton on a single monomeric unit.
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In chapter 5, we present conformation-dependent photo-physical and excited state
properties of trans- and cis-Bipyridine oligomers at the RI-ADC(2) /def2-TZVPD level.
The meta conformers of trans- and cis-structures exhibit high-intensity and red-shifted
UV bands compared to both ortho and para conformers. In the case of trans-structures,
para oligomers exhibit stronger CD bands than ortho- and meta-conformers. In con-
trast, each cis-conformer shows high-intensity CD bands. The first five excited states
in dimers have LE characters with wgt values of 0.06-0.32 in each conformer. However,
in tetramers, the excited states exhibit slightly larger wet values, ranging from 0.17 to

0.53, indicating their partial CT characters.

In chapter 6, the interplay between ¢ntra and inter-molecular CT is presented con-
sidering four different conformers of monomers and m-stacked dimers of azulene-fused
naphthalene and anthracene systems at the RI-ADC(2) and TD-DFT levels. For the
monomers, the states with CT characters are different in naphthalene- and anthracene-
based systems. In w-stacked dimers, a few of the excited states are of charge resonance
(CR) type in conformers NapAz-A, NapAz-B, and NapAz-C, and intermolecular CT

type in NapAz-D.

In chapter 7, the possibility of excimer formation in covalently linked azulene-fused
anthracene dimers is reported at the RI-ADC(2) level, considering two different con-
formational isomers, M1 and M2. The azulene units are oriented towards each other
in conformer M1, which leads to excimer formation in the first excited state. This is
confirmed by the orbital overlap of the azulene units and the CT character of the Sy
state. In contrast, conformer M2, in which the azulene rings are oriented away from
each other, shows minimal changes in the excited-state geometry relative to the ground

state, preserving the CT features.

In this thesis, we explored how excited-state properties and dynamics can differ signif-
icantly depending on a molecule’s conformation. Photo-induced exciton (de)localization,
intra- and intermolecular CT, and excimer formation are all dependent on molecular
conformation. In the future, we would like to extend our studies to molecular clusters

and explore their behavior. Additionally, we would also like to incorporate the solvent
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environment into our studies, as it has been shown to significantly influence the formation

of excimer and CT states.
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Appendix A

FIGURE Al: Optimized ground state structures of (PhPy)s for conformers A (a), B(b),

and C(c) obtained at BSLYP-D3/def2-TZVP level. Top and side views are shown at

the top and bottom, respectively, for A. For B and C, top and side views are shown in
the left and right columns, respectively.
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FIGURE A2: Optimized geometries of (PhPy), for conformers A (a), B(b), and C(c)

obtained at B3LYP-D3/def2-TZVP level. For A, top and side views are shown at the

top and bottom, respectively. For B and C, these are shown in the left and right
columns, respectively.
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TABLE Al: Eg, fosc, and the Rotatory Strengths (R in 10740 erg-esu-cm/Gauss)
of the First Ten Excited States of (PhPy)s for three Conformers Obtained at RI-
ADC(2)/def2-TZVP Level
Oligomer A B C
State  Eg fose R E, fosc R E, fosc R
S1 4.31 1.711 2322 | 436 0901 33.76 | 4.50 0.102 -72.64
So 4.53 0.071 -64.79 | 4.53 0.064 9.30 | 4.57 0.130 -60.62
S3 4.64 0.014 -11.51|4.61 0.179 4.03 |4.64 0.018 -30.22
Sq4 470 0.065 43.55 | 4.65 0.059 -64.51 | 4.69 0.033 56.42
Ss 4.72 0.004 -4.97 | 4.68 0.002 15.15 | 4.74 0.009 -2.76
(PhPy), Se 4.92 0.007 -13.49 | 477 0.113 64.51 | 492 0.101 -186.40
S7 497 0.002 6.20 | 495 0.076 -0.58 | 4.96 0.213 110.40
Sg 5.02 0.024 -10.05 | 5.01 0.009 -4.22 |5.01 0.112 -25.57
Sg 5.06 0.003 -8.99 | 5.06 0.008 12.38 | 5.03 0.033 47.71
Sio 5.29 0.001 6.00 |5.18 0.497 -16.77 | 5.32 0.614 -1.68
TABLE A2: Eg, fosc, and the Rotatory Strengths (R in 1070 erg-esu-cm/Gauss)
of the First Ten Excited States of (PhPy); for three Conformers Obtained at RI-
ADC(2)/def2-TZVP Level
Oligomer A B C
State Eg fosc R Eg fosc R Eg fosc R
S1 4.02 2872 -9.15 | 423 1.188 2245 | 431 0.041 -233.42
So 443 0.006 -7.38 | 440 0421 -14.76 | 442 0.011 -10.41
S3 4.45 0.024 -45.36 | 4.50 0.064 2447 | 446 0.062 17.65
Sq4 455 0.010 -2.30 | 454 0.033 6.37 | 4.51 0.067 -164.72
(PhPy)s3 Ss 4.59 0.046 -2.96 | 4.57 0.213 5198 | 4.52 0.042 -5.72
S¢ 4.64 0.003 16.13 | 4.61 0.070 -77.65 | 4.54 0.035 -9.54
S 4.7 0.007 -16.68 | 4.62 0.019 7.59 | 459 0.069 67.69
Sg  4.74 0.025 293 | 4.68 0.050 17.37 | 4.63 0.018 -0.92
Sg 4.82 0.061 -3.07 | 470 0.061 -34.31 |4.64 0.061 37.13
Sio 4.93 0.001 10.96 | 4.75 0.089 -32.45 | 4.75 0.046 -72.64
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TABLE A3: Eg, fosc, and the Rotatory Strengths (R in 1070 erg-esu-cm/Gauss)
of the First Ten Excited States of (PhPy)s for three Conformers Obtained at RI-
ADC(2)/def2-TZVP Level
Oligomer A B C
State  Ey  fosc R Es  fosc R E, fosc R
S1 3.89 3.952 -14.22 | 4.17 1.045 -28.96 | 4.36 0.021 -398.33
Se 428 0.030 -26.24 | 431 1.070 0.06 | 4.37 0.023 82.40
Ss 443 0.032 -15.09 | 441 0.055 6.07 | 4.50 0.007 51.33
Sq4 445 0.006 -25.81|4.49 0.164 -0.82 | 4.57 0.052 -104.02
(PhPy), Ss 4.51 0.003 -7.75 | 452 0.032 4.07 | 4.66 0.007 -62.51
S¢ 4.55 0.075 -3.82 | 454 0.008 3.07 | 4.69 0.074 -50.33
S 4.6 0.015 -4.04 | 456 0.223 -55.07 | 4.70 0.012 -54.19
Sg 4.63 0.099 5.62 |4.59 0.004 -2.71 |4.70 0.001 -6.34
Sg  4.64 0.007 -15.60 | 4.60 0.033 -0.37 | 4.78 0.016  -0.16
S10 4.7 0.001 5.07 |4.61 0.098 -16.60 | 4.84 0.070 -178.46
TABLE A4: FEy, fosc, and the Rotatory Strengths (R in 10740 erg-esu-cm/Gauss)
of the First Ten Excited States of (PhPy)s for three Conformers Obtained at RI-
ADC(2)/def2-TZVP Level
Oligomer A B C
State Eg fosc R Eg fosc R Eg fosc R
S1 3.84 5.029 7.55 | 412 0.154 831.93 | 413 0.050 -564.97
Se 413 0.066 -91.72 | 4.26 1.641 -635.89 | 4.20 0.006  28.37
Ss 440 0.253 36.93 | 4.31 0.765 81.61 |4.23 0.024 79.20
Sy 444 0.004 -13.89 | 4.39 0.001 -5.77 |4.27 0.001 -23.56
(PhPy)s Ss  4.44 0.008 -27.61 | 443 0.160 -16.99 | 4.31 0.001 -25.53
S¢ 448 0.095 31.76 | 445 0.008 -2.13 | 4.31 0.009 -59.95
S7  4.52 0.065 -53.83 | 4.47 0.033 12.77 | 433 0.017 -17.40
Sg 4.55 0.027 -15.31 | 449 0.055 428 |4.35 0.062 106.74
Sg  4.58 0.005 23.54 | 4.50 0.255 40.56 | 4.38 0.013  30.66
S0 4.62 0.068 -9.02 | 453 0.013 -7.58 |4.41 0.087 172.96
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TABLE Ab5: Eg, fosc, Rotatory Strengths (R in erg-esu-cm/Gauss), || (in esu-cm),
|m| (in erg-G™1), cos 0, gcp, and |m|/|u| Values of the First Ten Excited States of

(PhPy); for Three Conformers Obtained at RI-ADC(2)/def2-TZVP Level

A-(PhPy);

State E; R/107% |u[/107% |m[/107% cos® gcp  |ml/|ul
S1 3.84 7.54 1859.12 2.59 0.002 0.000 0.001
So 413 -91.71 205.41 0.45 -0.989 -0.008  0.002
Ss 4.40 36.92 389.75 1.30 0.073  0.001 0.003
S 444 -13.89 47.16 0.33 -0.887 -0.025  0.007
Ss 444  -27.61 70.44 0.52 -0.755 -0.022  0.007
Se 4.48 31.75 236.2 0.54 0.251 0.002 0.002
S7 452  -53.83 195.54 0.83 -0.330 -0.005 0.004
Ss 4.55 -15.31 125.91 0.36 -0.338 -0.003 0.003
S 4.58 23.53 51.83 0.71 0.643  0.035 0.014
Si9 4.62 -9.01 196.43 0.84 -0.055 -0.000 0.004

B-(PhPy)s
S1 412 831.93 314.4 12.17 0.217 0.033  0.039
So 4.26 -635.89 1007.96 1.27 -0.497 -0.002 0.001
S3 4.31 81.60 684.39 0.87 0.137  0.000  0.001
S4 4.39 -5.76 28.2 0.49 -0.414 -0.029 0.018
Ss 443 -16.99 308.36 1.11 -0.050 -0.000 0.004
Se 4.45 -2.13 68.51 0.47 -0.066 -0.001 0.007
St 4.47 12.76 138.78 0.90 0.102 0.002  0.006
Ss 4.49 4.27 180.57 0.26 0.092 0.000  0.001
Sg 4.50 40.55 386.84 2.10 0.050 0.001 0.005
S0 4.53 -7.57 88.03 0.09 -0.916 -0.003  0.001
C-(PhPy)s
S1 4.13 -564.96 178.61 4.61 -0.686 -0.070  0.026
So 4.20 28.37 61.37 0.60 0.764 0.030  0.010
Ss 4.23 79.19 122.68 0.96 0.675 0.021  0.008
S4 4.27  -23.55 28.14 1.20 -0.697 -0.118 0.043
Ss 431  -25.53 23.12 iYL -0.996 -0.190 0.048
Se 431  -59.95 74.18 1.44 -0.562 -0.043 0.019
Sr 433 -17.40 100.82 0.86 -0.201 -0.006  0.009
Ss 4.35 106.73 193.15 1.02 0.54 0.011 0.005
Sg 4.38 30.66 88.74 0.67 0.514 0.015 0.008
S0 441 172.96 228.32 0.82 0.924 0.013 0.004
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FIGURE A3: CD spectra of oligomers of three different conformers; A (a), B (b), and
C (c). The results are obtained at RI-ADC(2)/def2-TZVP level.
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FIGURE A4: Natural transition orbitals involved in So and S; states of (PhPy)s for the
three conformers, obtained at RI-ADC(2) /def2-TZVP level. The eigenvalue X indicates
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FIGURE A5: Electron-hole correlation plots for the So, S3, S4, and S5 states of (PhPy)s5
of all the three conformers.
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FIGURE A6: Natural transition orbitals involved in S4 and Ss states of (PhPy)s for the
three conformers, obtained at RI-ADC(2)/def2-TZVP level. The eigenvalue A indicates
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FIGURE B1: Energy window for the initial condition sampling of (PhPy),.
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FIGURE B2: Energy window for the initial condition sampling of (PhPy),.
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TABLE B1: Excitation energy (E,) and the corresponding oscillator strengths (fosc)
values for the first ten excited states of (PhPy), and (PhPy)s
A
(PhPy), (PhPy)s
State TD-DFTB LC-TD-DFTB RI-ADC(2) TD-DFTB LC-TD-DFTB RI-ADC(2)
S1 4.25 / 0.374 4.23 / 0.046 4.51 / 1.539 3.57 / 1.922 4.11 / 2.065 4.04 / 5.185
So 4.36 / 0.102 4.40 / 0.000 4.63 / 0.268 3.71 / 0.037 4.17 / 0.019 4.34 / 0.066
Ss 4.40 / 0.838 4.66 / 1.555 4.77 / 0.003 3.90 / 0.022 419 /0.036  4.53 / 0.084
S 4.79 / 0.003 4.98 / 0.000 4.85 / 0.055 3.93/0.374 4.22 /0.650  4.54 / 0.001
Ss 5.08 / 0.027 5.05 / 0.000 4.90 / 0.046 3.99 / 0.001 4.26 / 2.083 4.54 / 0.011
S6 5.16 / 0.001 5.41 / 0.003 5.06 / 0.010 4.01 /1.135 4.40 / 0.000 4.60 / 0.004
Sz 5.27 / 0.006 5.55 / 0.001 5.11 / 0.003 4.03 / 0.051 4.51 / 0.060 4.67 / 0.320
Ss  5.32/0024 5.65/0011 517 /0033 4.04/0.077 483 /0352 474 /0.024
Sg 5.41 / 0.006 5.73 / 0.004 5.21 /0.014 4.08 /0.003 4.98 /0.000 4.75 / 0.006
S0 5.43 / 0.007 5.77 / 0.000 5.53 /0.002 4.11 /0.006 4.98 / 0.000  4.79 / 0.059
B
Sy 4.30 / 0.010 4.34 / 0.004 4.57 / 0.822 4.06 / 0.002 4.27 / 0.001 4.34 / 0.167
Sy 4.43/0.002 439 /0.001 468 /0.015 4.13/0.004 428 /0.000 4.47 / 1.465
Ss 4.55 / 0.560 4.46 / 0.001 4.75 / 0.073 4.16 / 0.031 4.29 / 0.001 4.51 / 0.538
S4 4.75 / 0.009 4.84 /1.133 4.81 /0.189 4.18 / 0.001 4.32 / 0.004 4.56 / 0.066
Ss 4.83 / 0.090 5.04 / 0.000 4.83 / 0.008 4.19 / 0.001 4.33 /0.004  4.59 / 0.073
Se 4.89 / 0.013 5.32 / 0.199 4.94 /0227 4.21 / 0.043 4.35 / 0.000 4.61 / 0.013
S7 4.96 / 0.547 5.48 / 0.254 5.10 / 0.035 4.22 / 0.014 4.36 / 0.002 4.61 / 0.089
Ss 5.28 / 0.001 5.51 / 0.003 5.17 / 0.016 4.23 / 0.007 4.38 / 0.003 4.63 / 0.140
So 5.40 / 0.003 5.78 / 0.000 5.22 / 0.030 4.24 / 0.006 4.44 / 0.000 4.66 / 0.018
Si0  5.47 / 0.005 5.79 / 0.003 5.42 / 0.599 4.25 / 0.005 4.64 / 0.173 4.69 / 0.105
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TABLE B2: Excitation energy (FEg), oscillator strengths (fosc), and wcr values for
the first ten excited states at different times of single representative trajectories for
(PhPy)s-A and B
TD-DFTB
(PhPy)>-A (PhPy)>-B
0 fs (Sg) 138 fs (Sl) 0 fs (Sg) 141 fs (Sl)
State Eg/ Josc woT Eg/ Josc woT Eg/ Josc wQoT Eg/ Josc wCoT
St 4.04 /0.585 0.58 2.27 /0.018 047 4.25/0.013 0.77 2.99 / 0.037 0.30
So 4.08 /0.002 0.37 3.19 /0.070 0.54 4.45/0.015 0.23 3.36 / 0.145 0.69
Ss 4.34 / 0.643 0.63 3.30 /0.000 0.53 4.71 /0.566 0.57 3.48 /0.010 0.97
Sy 4.60 / 0.001 0.82 3.48 /1.572 0.55 4.90 / 0.261 0.65 3.67 / 0.621 0.61
Ss 4.90 / 0.007 0.60 3.63 /0.004 0.04 4.96 /0.009 0.71 3.79 /0.077 0.48
S 494 /0.024 0.39 3.89 /0.002 0.78 5.11 /0.012 0.24 3.93 /0.208 0.65
Sy 5.04 / 0.007 0.68 4.02/0.002 0.90 5.16 /0.015 0.45 4.02/0.007 0.43
Ss 5.10 / 0.006 0.51 4.24 /0.000 0.90 5.22 /0.018 0.49 4.10 /0.111 0.55
So 5.13 / 0.006 0.47 4.24 /0.001 0.56 5.26 /0.033 0.74 4.30 / 0.048 0.59
Sio 521 /0.0056 0.54 4.26 /0.024 0.53 5.29 /0.012 0.71 4.47 /0.002 0.25
RI-ADC(2)
St 426 / 0.729 0.29 2.87 /0.006 0.07 4.51 /0.232 0.32 3.44 / 0.080 0.08
So 4.46 / 0.209 0.11 3.63 /0.665 0.32 4.59 /0.004 0.05 3.77 / 0.567 0.37
Ss 4.54 /0.633 0.16 3.76 /1.488 0.36 4.77 /0.101 0.10 3.89 / 0.320 0.32
Sy 4.64 /0.175 0.21 3.92 /0.004 0.23 4.84 /0.351 0.14 4.09 / 0.401 0.22
Ss 4.71 /0.012 0.19 4.12 /0.002 0.01 4.90 /0.260 0.26 4.21 / 0.046 0.26
Se 4.90 / 0.003 0.11 4.36 /0.002 0.09 5.01 /0.067 0.16 4.35/0.032 0.22
St 494 /0.026 0.11 4.57 /0.005 0.24 5.09 /0.182 0.19 4.55/0.027 0.14
Ss 4.99 / 0.003 0.03 4.70 /0.007 0.29 5.23 /0.112 0.16 4.57 / 0.015 0.06
So 5.04 /0.052 0.17 4.74/0.001 0.38 5.36 /0.035 0.14 4.75/0.142 0.16
Sio  5.38/0.017 0.14 4.78 /0.005 0.25 5.86 /0.306 0.22 4.83 /0.357 0.17
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Ficure B3: Electron-hole correlation plots involved in the current states of a selected
trajectory at different times for (PhPy)s-A and B obtained at the RI-ADC(2) level.
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FIGURE B4: Energies of the first four excited states S;-S4 of a single representative

trajectory as a function of time of (PhPy)s-A. Magenta circles indicate the current
state of the system.
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F1GURE Bb5: Energies of the first four excited states S;-S4 of a single representative
trajectory as a function of time of (PhPy);-B. Magenta circles indicate the current
state of the system.
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TABLE B3: Excitation energy (Eg), oscillator strengths (fosc), and wcr values for
the first ten excited states at different times of single representative trajectories for
(PhPy)s-A

TD-DFTB

0 fs (84) 2 fs (Sg) 13 fs (82) 101.5 fs (Sl)

State Eg/fosc weT Eg/fosc wQoT Eg/fosc wQoT Eg/fosc wQoT

S1 3.69 /1.049 0.87 346 /1669 083 279 /0.729 0.93 2.64 /1393 0.78
S2 3.75 /0.001 0.93 3.56 /0.010 094 3.00/1.365 0.87 2.72/0.420 0.64
S3 3.88 /0.079 0.86 3.65/0.155 0.93 3.06 /0.153 0.90 2.79 /0.029 0.97
S4 389/0.142 0.87 3.70 /0.363 0.89 3.19 /0.156 0.76 2.81 /0.182 0.92
S5 3.96 / 0.027 0.85 3.76 /0.015 0.87 3.30 /0.462 0.86 3.03 /0.096 0.92
Se 3.96 / 0.725 0.85 3.77 /0.003 0.95 3.39/0.075 0.89 3.07/0.113 0.86
Sy 397 /0.157 091 3.84 /0.001 0.71 3.41/0.771 0.76 3.13/0.094 0.93
Sg  4.02 /0.037 0.87 3.88/0.293 0.87 3.53 /0.066 0.68 3.16 /0.011 0.98
So  4.07 /0.002 0.53 3.91/0.074 0.67 3.55/0.085 0.73 3.17 /0.013 0.75
Sio  4.08 /0.012 091 3.94/0.280 0.84 3.56/0.042 0.75 3.25/1.225 0.83

RI-ADC(2)

S1 417 / 4471 044 3.92 /4381 046 3.49 /4415 0.44 3.30/4.133 0.51
Se  4.28 /0.061 0.13 4.27 /0.025 0.37 3.61/0.341 0.29 3.44 /0.029 0.50
Ss 433 /0.006 0.15 4.32/0.248 0.48 3.85/0.197 044 3.69/0.225 0.49
Sy 4.35/0.022 0.51 4.34/0.024 0.26 4.11/0.023 0.35 3.73 /0.082 0.38
S; 446 /0.094 0.42 4.36 /0.022 0.43 4.17 /0.040 0.30 3.97 /0.104 0.37
S¢  4.50 /0.072 0.47 4.37 /0.003 0.09 4.24/0.378 045 4.07/0.013 0.13
Sy 459 /0.190 0.39 4.40/0.022 041 4.31/0.006 0.11 4.11 /0.638 0.50
Sg  4.63 /0.419 0.43 4.45/0.094 0.50 4.36 /0.020 0.38 4.19 /0.005 0.15
Sg  4.68 /0.012 0.45 4.48 /0.007 0.47 4.39 /0.060 0.51 4.22 /0.016 0.66
Sio  4.71 /0.017 0.43 4.55/0.515 0.43 4.46 /0.014 045 4.23 /0.022 0.50
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TABLE B4: Excitation energy (Eg), oscillator strengths (fosc), and wcr values for
the first ten excited states at different times of single representative trajectories for

(PhPy);-B
TD-DFTB
0 fs (Sg) 3 fs (Sg) 22 fs (Sl)

State Eg/fosc wQoT Eg/fosc wCeT Eg/fosc wQoT
St 3.54 / 0.000 1.00 3.43 / 0.021 0.48 3.46 / 0.002 0.99
So 3.62 / 0.007 0.99 3.51 /0.000 1.00 3.60/0.012 0.97
Ss3 3.67 / 0.067 0.57 3.53 /0.000 1.00 3.69 /0.153 0.80
Sy 3.68 /0.001 0.65 3.58 /0.000 1.00 3.70 /0.006 0.91
Ss 3.80 / 0.030 0.95 3.65/0.006 0.97 3.72/0.002 0.75
Se 3.83 /0.005 0.99 3.66 /0.013 0.89 3.75/0.005 0.97
St 3.92 /0.001 0.96 3.70 /0.000 1.00 3.76 / 0.026 0.86
Ss 3.92 /0.008 0.98 3.75/0.009 0.95 3.84/0.003 0.93
So 3.93 /0.021 0.96 3.79 /0.004 0.72 3.85/0.004 0.82
Sio 399 /0.010 0.61 3.79/0.018 0.92 3.88/0.072 0.87

RI-ADC(2)
S1 4.05 /0.511 0.31 3.98 /0.290 0.38 4.02 /0.209 0.46
So 4.16 / 0.301 0.35 4.08 /0.016 0.33 4.12 / 1.556 0.44
Ss3 429 /0.001 0.17 4.14 /0.812 0.42 4.16 / 0.083 0.49
Sy 4.32 / 0.019 0.27 4.17 /0.022 0.23 4.24 / 0.102 0.44
Ss 443 /0.622 0.47 4.25/0.115 0.37 4.30 / 0.285 0.55
S 444 /0469 0.49 4.27/0.071 043 4.43 /0.000 0.49
St 448 /0.022 0.45 4.28 /0.492 049 4.47 / 0.164 0.47
Sg 4.51 / 0.222 0.64 4.36 /0.501 0.39 4.47 /0.129 0.45
So 454 /0.188 0.60 4.41 /0.114 049 4.52 /0.067 0.43
S10 455 /0432 0.54 4.42/0.148 0.33 4.55 /0.958 0.48
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F1cUre B6: Electron-hole correlation plots involved in the current state of a selected
trajectory at different times for (PhPy)s-A obtained at the RI-ADC(2) level.

0fs A electron
S3 0.85
2fs
0.58
S;
0.12
22 fs
0.60 ¢
Si
0.17

FiGure B7: NTOs involved in the current state of a selected trajectory at different

times for (PhPy)s5-B obtained at the RI-ADC(2) level.
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FIGURE B&: Electron-hole correlation plots involved in the current state of a selected
trajectory at different times for (PhPy)s-B obtained at the RI-ADC(2) level.
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FIGURE C1l: Ground state optimized structures of trams- and cis-(BPY), for o-,
m-, and p- conformers obtained at BSLYP-D3/def2-SVPD level.
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FIGURE C2: Optimized geometries of trans- and cis-(BPY); for o-, m-, and p- con-
formers. In this figure, (a) and (b) are the cyclic (cy) analogs of o- and p- conformers,
respectively.
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TABLE C1:

Energies (in €V) of ground state optimized structures of all the oligomers
at B3LYP-D3/def2-SVPD level

trans (BPY), (BPY)s; (BPY)y
o- 0.00 0.00 0.00
m- 0.19 0.38 0.57
p- 0.17 0.33 0.50
cis
o- 0.91 1.38 0.50
cy-o- 33.91
m- 0.88 1.28 1.77
p- 0.86 1.12 1.04
cy-p- 33.67

TABLE C2: Calculated dihedral angles (¢1-7) of (BPY)s-(BPY), for trans- struc-

tures of o- conformer at B3LYP-D3/def2-SVPD level

Angle (BPY); (BPY); (BPY),
b1 0 0 0
P9 0 0 0
¢3 0 0 0
o 0 0
o5 0 0
b6 0
o7 0

TABLE C3: Calculated dihedral angles (¢1_7) of (BPY)2-(BPY), for trans- struc-
tures of m- and p- conformers at BSLYP-D3/def2-SVPD level

m- p-
Angle (BPY); (BPY); (BPY); (BPY), (BPY); (BPY),
b1 0 0 0 0.8 08 0.6
o 37.2 -37 37.1 33.7 33.6 -33.3
&3 0 0 0 0.5 1.6 1.6
¢4 37 37.2 33.6 -33.5
s 0 0 0.5 1.6
o6 37.1 -33.3
o 0 0.8

In the case of trans oligomers for o- conformer, only one type of the dihedral angle

¢;, defined as ZN-C-C-C, is used. In m- and p-, two types of dihedral angles, ¢; and ¢,

are used which are defined as /N-C-C-C and ZC-C-C-C, respectively. Similarly, in the

case of cis-o0- conformer, only one type of dihedral angle ¢;=/N-C-C-N is used, whereas

for m- and p- two types of dihedral angles ¢;=/N-C-C-N and ¢;,=ZC-C-C-C are used.

In the case of tetramers, for example, i=1-7, j=1, 3, 5, 7, and k=2, 4, 6.
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TABLE C4: Calculated dihedral angles (¢1_7) of (BPY )s-(BPY)4 for cis- structures
of o- conformer at BSLYP-D3/def2-SVPD level

o-
Angle (BPY), (BPY); cy-(BPY); (BPY),
d1 39.6 -30.3 -26.5 38.7
D2 -38.4 20.8 -26.5 -26.0
o3 39.6 -44.6 51.7 53.3
o4 20.8 -26.5 -38.6
o5 -30.3 -26.5 53.3
o6 5% -26.0
o7 38.7

TABLE C5: Calculated dihedral angles (¢1-7) of (BPY )2-(BPY), for cis- structures
of m- and p- conformers at B3LYP-D3/def2-SVPD level

m- p-
Angle (BPY);, (BPY); (BPY); (BPY); (BPY); cy-(BPY); (BPY),
b1 35.2 35.3 35.2 -37.3 ~40.0 175 425
b2 -37.9 -37.7 -37.8 35.7 26.8 -23.9 29.0
3 35.2 33.2 33.0 -37.3 422 416 42
¢4 -37.8 -37.8 26.8 -23.9 22.3
s 35.3 33.1 -40.0 175 -42.0
6 -37.8 39.0 29.0
o 35.2 42,5
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TABLE C6: Vertical excitation energies (Ey), oscillator strengths (fosc) and the rota-
tory strengths (R in 107%° erg-esu-cm/Gauss) of first sixteen excited states for three

conformers of trans- and cis-(BPY)2 obtained at RI-ADC(2)/def2-TZVPD level

trans o- m- p-

State  irrep Eg fose R irrep Eg Fose R irrep Eg Sosc R
S1 A 4.37  0.000 0.00 B 4.19 1.487 -1.68 A 4.33  0.005 -6.41
Sa B 4.37  0.000 0.00 A 4.20  0.002 -1.80 B 4.34 0.013 29.95
S3 A 4.39  0.000 0.00 B 4.38  0.292 28.89 A 4.51 0.014 -11.13
S4 B 4.46  0.460 0.00 A 4.62  0.000 1.84 B 4.55 0.298  102.66
Ss A 4.48  0.004 0.00 A 4.64 0.001 2.40 A 4.64 0.000 2.56
Se B 4.70  0.000 0.00 B 4.73 0.036 -56.86 B 4.66 0.060 -160.54
S7 B 4.78  0.696 0.00 B 4.75 0.010 -62.68 B 4.80 0.637 -235.95
Ss B 4.79  0.000 0.00 A 4.82  0.001 -8.71 A 4.84 0.034 237.77
So A 4.80  0.000 0.00 B 4.92  0.001 13.02 B 4.91  0.001 0.86
S10 A 4.82  0.000 0.00 A 4.94 0.000 -2.53 A 4.91 0.000 -0.11
S11 A 5.05 0.004 0.00 B 5.10 0.006 12.17 A 5.08 0.005 3.28
S12 B 5.06  0.000 0.00 A 5.12 0.006 -10.70 B 5.08 0.000 -1.66
S13 B 5.13 0.228 0.00 B 5.14 0.041 -21.79 B 5.30 0.113 -13.22
S14 A 5.35 0.000 0.00 A 5.39  0.000 2.66 A 5.41  0.027 90.78
Si1s B 5.47  0.580 0.00 A 5.46  0.008 60.34 B 547 1.217 -127.51
S16 A 5.74  0.000 0.00 B 591 0.070 -29.31 A 5.75  0.000 -1.82
(2]

S1 A 4.38  0.000 0.55 B 4.28 0.301 -99.18 B 4.35 0.003 -7.50
So B 4.44  0.001 -2.91 A 4.31  0.000 -4.22 A 4.36 0.005 37.99
S3 A 4.47  0.000 0.67 B 4.48 0.781 -213.58 A 4.56  0.008 45.18
Sa B 4.52  0.003  25.56 A 4.55  0.000 0.42 B 4.57  0.007 13.80
S5 A 4.58 0.001 -14.94 B 4.59 0.383  310.76 B 4.68  0.065 22.93
Se B 4.59 0.010 -46.51 A 4.78 0.000 -2.55 A 4.75 0.134 -100.47
S7 B 4.72  0.279 -68.46 B 4.79 0.076  108.99 B 4.77  0.001 -4.37
Ss A 4.86  0.002 17.60 A 4.86  0.000 -4.24 A 4.77 0.012 -4.69
So B 4.86  0.003 -6.70 A 4.90 0.000 0.01 B 4.91 0.003 0.00

S1o0 A 4.89 0.121 89.00 B 4.90 0.005 17.34 A 491 0.001 8.11
S11 B 5.07 0.015 -92.64 B 4.94 0.217 -84.32 B 5.06 0.202 13295
S12 A 5.10 0.118  23.02 A 5.06 0.015 -14.32 A 5.08 0.062  -46.53
S13 B 5.31  0.095 9.21 B 5.10 0.022 23.01 B 542 0.101 35.92
S14 A 5.58 0476 215.72 A 5.52  0.002 11.30 B 5.52 0.944 -24.65
S1s B 5.68 0.078 -19.81 A 5.68  0.003 5.81 A 5.59 0.457 -124.32
S16 A 5.70  0.028 5.03 B 5.96  0.008 9.70 A 5.66  0.064 -29.72
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TABLE C7: Vertical excitation energies (Ej), oscillator strengths (fosc) and the rota-
tory strengths (R in 10740 erg-esu-cm/Gauss) of first sixteen excited states for three
conformers of trans- and cis-(BPY)s obtained at RI-ADC(2)/def2-TZVPD level

trans o- m- p-
State E, osc R irrept "B | fosc R irrep  Ey  fosc R

Sy A 4.34 0.000 0.00 B 3.94 2.785 23.69 A 4.30 0.007 0.03
So B 4.35 0.000 0.00 A 4.12 0.001 2.61 A 4.33 0.001 -10.91
Ss3 A 4.36 0.000 0.00 B 4.25 0.065 -12.97 B 4.33 0.019 34.58
S4 B 437 0.001 0.00 A 4.30 0.001 3.20 B 4.47 0.137 87.82
S5 A 437 0.000 0.00 A 4.49 0.002 -9.67 A 448 0.015 -43.96
Se B 4.42 0.000 0.00 B 4.55 0.009 -1.30 B 4.53 0.317 71.28
S A 4.43 0.000 0.00 A 4.56 0.000 4.76 A 4.55 0.044 133.02
Ss B 4.46 1.230 -0.01 B 4.63 0.039 -11.91 B 4.56 0.381 -217.32
So A 4.50 0.007 0.00 A 4.69 0.001 -1.23 A 4.64 0.001 -4.82
S1o B 4.65 0.000 0.00 A 4.71  0.000 4.50 B 4.64 0.120 -244.57
S11 A 475 0.000 0.00 B 4.73 0.056  199.77 B 4.81 0.534 -494.18
S1o B 475 0.000 0.00 B 4.78 0.100 -22.73 A 4.83 0.123 565.32
Si3 B 478 0.744 -0.02 B 4.89 0.007 -35.00 A 4.90 0.000 -0.65
S14 A 4.79 0.000 0.00 A 4.92  0.000 3.99 A 4.91 0.000 0.51
Sis B 483 0.000 0.00 B 4.93 0.001 3.66 B 4.91 0.000 0.97
S16 A 484 0.000 0.00 A 5.05 0.002 4.08 B 5.07 0.001 -1.19
cis

Sy B 3.98 0.000 -1.77 B 4.17 1.960 -274.92 B 4.31 0.007 24.89
So A 3.98 0.000 -0.76 A 4.18 0.001 -5.16 A 4.31 0.000 5.00
Ss3 B 4.15 0.000 -0.41 A 4.30 0.000 821 A 4.34 0.001 8.13
Sa A 416 0.000 2.10 B 4.33 0.235 -5.04 B 4.37 0.008 35.70
Ss A 431 0.000 -0.10 B 4.43 0.365 184.29 B 4.55 0.001 -21.27
Se B 4.34 0.002 -2.24 A 4.54 0.002 5.25 A 4.56 0.012 65.44
Sy B 4.38 0.000 4.91 B 4.55 0.044 121.95 B 4.58 0.019 82.03
Ss A 4.38 0.000 -1.56 A 4.67 0.011 -4.77 A 4.63 0.025 -42.42
So A 444 0.001 15.75 B 4.76  0.115 27.44 B 4.71 0.211 -139.30
S10 B 4.44 0.002 31.47 A 4.77 0.000 -1.28 A 4.73 0.034 5.35
S11 B 451 0.049 -514.84 B 4.78 0.074 136.53 B 4.76  0.000 0.03
S12 A 460 0.328 345.84 A 4.81 0.006 -22.97 A 4.76  0.000 -1.80
Si3 B 4.67 0.004 -0.06 B 4.84 0.015 -24.76 A 4.77 0.049 8.71
S1s A 4.68 0.004 15.53 B 4.89 0.066 -61.39 B 4.79 0.004 4.83
Sis B 485 0.176 -93.22 A 4.90 0.000 0.04 B 4.89 0.002 -3.79
Si6 A 4.88 0.001 2.05 A 4.91 0.000 0.01 A 4.89 0.000 9.38
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TABLE C8: Vertical excitation energies (Ey), oscillator strengths ( fosc) and the rotatory
strengths (R in 10740 erg-esu-cm/Gauss) of first sixteen excited states for cy-o- and
cy-p- conformers of cis-(BPY )3 obtained at RI-ADC(2)/def2-TZVPD level

TH-4042_216122025

cy- o- cy- p-

State irrep Ky Josc R irrep  Eg Jose R
S1 A 4.05 0.000 0.00 B 4.08 0.000 0.10
So B 4.05 0.001 4.06 A 408 0.001 -0.37
S3 B 4.18 0.000 1.96 A 430 0.020 3.20
S4 A 418 0.000 0.56 B 4.33 0.026 -113.55
S5 A 439 0.001 23.68 B 4.33 0.010 -46.02
S B 4.40  0.000 7.25 A 434 0.012 90.82
S; B 4.40 0.000 7.42 B 4.39 0.017 121.59
Ss A 440 0.000 0.00 A 444 0.161 -63.88
So B 4.49 0.001 -16.16 B 4.49 0.003 -1.49
S10 A 4.51 0.000 4.62 A 4.49 0.000 -4.52
S11 A 452 0.012 200.15 B 4.60 0.154 24.71
S12 A 454 0.000 0.00 A 467 0.061 -44.97
S13 B 4.55 0.014 31.24 B 4.69 0.013 12.29
S1a B 4.62 0.348 -452.78 A 4.69 0.004 6.79
Si5 A 482 0.000 0.00 A 472 0.006 -1.60
S16 B 4.83 0.354 317.22 B 4.76 0.023 3.83
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TABLE C9: Eg, fosc, Rotatory Strengths (R in erg-esu-cm/Gauss), || (in esu-cm),
|m| (in erg-G™1), cos 6, gcp, and |m|/|u| values of the first sixteen excited states of

trans-(BPY), for three conformers obtained at RI-ADC(2)/def2-TZVPD level

O-

State irrep  Eg fose  R/107™  [u]/107%"  |m[/107*°  cos 6 gco  |ml/|ul|
Si A 4.33  0.000 0.00 3.537 0.000 0.000 0.000 0.000
S2 A 4.35 0.000 0.00 0.000 0.752 0.000  0.000 Inf
S3 B 4.35 0.001 0.00 28.699 0.000 0.000  0.000 0.000
Sa A 4.36  0.000 0.00 2.665 0.000 0.992 0.000 0.000
Ss A 4.38 0.000 0.00 0.000 2.578 0.000  0.000 Inf
Se A 4.39  0.000 0.00 14.058 0.000 0.000  0.000 0.000
S7 B 4.41 0.013 0.00 87.001 0.000 0.000 0.000 0.000
Ss B 4.46  2.060 0.00 1104.190 0.000 0.000  0.000 0.000
So A 4.46  0.000 0.00 0.000 0.881 0.000  0.000 Inf
S1o A 4.51  0.009 -0.01 73.286 0.000 -0.763  0.000 0.000
S11 A 4.70 0.000 0.00 10.560 0.000 0.000  0.000 0.000
S12 B 4.79 0.747 0.00 641.601 0.000 0.000  0.000 0.000
Si3 B 4.97  0.465 0.00 497.053 0.000 0.000 0.000 0.000
S1a B 5.12  0.067 0.00 186.130 0.000 0.000  0.000 0.000
Sis B 5.27 0.216 0.00 328.783 0.000 0.000  0.000 0.000
Si6 B 5.46 1.809 0.00 934.459 0.000 0.000 0.000 0.000

m-
S1 B 3.82  3.796 -9.29 1619.100 0.038 -0.151  0.000 0.000
Sa A 4.09 0.002 -1.47 34.167 0.043 -1.000 -0.005 0.001
S3 B 4.17  0.032 -4.72 141.604 0.346 -0.096 -0.001 0.002
Sa4 A 4.19  0.000 2.67 13.522 0.198 1.000  0.059 0.015
Ss A 4.28 0.001 -4.97 18.814 0.264 -1.000  -0.056 0.014
Se B 4.33 0.110 13.53 258.454 0.295 0.178  0.001 0.001
S7 A 4.50 0.000 -2.76 11.727 0.236 -1.000 -0.080  0.020
Ss B 4.52 0.288 98.00 409.653 0.513 0.466  0.002 0.001
So A 4.54 0.000 3.47 6.923 0.502 1.000 0.288 0.072
S1o B 4.57 0.000 -0.14 1.240 0.372 -0.303 -0.334  0.300
S11 A 4.64 0.000 4.94 14.121 0.350 1.000  0.099 0.025
Si2 B 4.64 0.007 11.30 60.993 0.237 0.781  0.012 0.004
Si3 A 4.71 0.001 -0.65 18.426 0.035 -1.000 -0.008 0.002
S14 B 4.72  0.004 30.48 46.522 0.659 0.995 0.056 0.014
Sis B 4.74 0.120 -252.97 258.214 1.039 -0.943 -0.015 0.004
Si6 A 4.76 0.001 -4.68 16.917 0.277 -1.000 -0.065 0.016
p-
S1 A 4.33 0.010 8.75 76.791 0.114 1.000  0.006 0.001
Sa B 4.33  0.002 -8.61 34.083 0.340 -0.744  -0.030 0.010
S3 A 4.37  0.000 6.06 7.753 0.782 1.000  0.399 0.101
S4 B 4.37  0.015 -26.28 95.222 0.367 -0.752  -0.012 0.004
Ss A 4.52  0.000 -6.77 8.720 0.777 -1.000 -0.354  0.089
Se B 4.52 0.152  -138.91 297.647 0.808 -0.578  -0.006 0.003
S7 A 4.54 0.032 49.94 136.574 0.366 1.000  0.011 0.003
Ss B 4.56  0.282 -36.31 403.326 0.735 -0.122  -0.001 0.002
So A 4.61 0.008 6.04 68.041 0.089 1.000  0.005 0.001
S10 B 4.61 0.013 22.63 84.615 1.256 0.213 0.013 0.015
S11 B 4.63 0.795 461.84 673.165 2.235 0.307  0.004 0.003
S12 A 4.63 0.094 -305.63 231.629 1.320 -1.000 -0.023 0.006
Si3 B 4.68 0.152 286.69 292.923 1.710 0.572  0.013 0.006
S1a A 4.69 0.029 -14.02 127.547 0.110 -1.000 -0.003 0.001
Sis B 4.89 0.435 549.80 484.638 4.221 0.269  0.009 0.009
Si6 A 4.89 0.230 -628.03 352.488 1.782 -1.000 -0.020 0.005
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TABLE C10: Ej, fosc, Rotatory Strengths (R in erg-esu-cm/Gauss), |u| (in esu-cm),
|m| (in erg-G™1), cos 6, gcp, and |m|/|u| values of the first sixteen excited states of

cis-(BPY), for three conformers obtained at RI-ADC(2)/def2-TZVPD level

O-

State irrep  Eg fose  R/107  [u]/107%"  |m[/107%°  cos 6 gco  |ml/|ul|
Si A 4.02  0.000 0.74 13.041 0.057 1.000 0.017 0.004
Sa B 4.02  0.000 0.63 6.979 0.228 0.395  0.052 0.033
S3 A 4.24 0.001 -1.45 22.833 0.063 -1.000 -0.011 0.003
Sa B 4.24  0.000 -4.69 16.672 0.327 -0.861 -0.068 0.020
Ss A 4.34 0.000 4.41 17.004 0.260 1.000  0.061 0.015
Se B 4.35 0.003 9.36 39.451 0.478 0.496  0.024 0.012
S7 A 4.38  0.000 0.75 14.946 0.050 1.000 0.013 0.003
Ss A 4.40 0.001 2.95 19.019 0.155 1.000  0.033 0.008
So B 4.40 0.002 -25.55 35.812 0.729 -0.979  -0.080 0.020
S1o B 4.46  0.000 -10.39 16.733 0.643 -0.966  -0.148 0.038
S11 A 4.48 0.002 -25.68 33.354 0.770 -1.000  -0.092 0.023
S12 B 4.49  0.005 -5.41 53.307 0.250 -0.406 -0.008 0.005
Si3 A 4.56 0.102 -316.42 243.441 1.300 -1.000 -0.021 0.005
S14 B 4.56 0.031 368.34 134.373 3.538 0.775  0.082 0.026
Sis A 4.57 0.054 -187.12 175.980 1.063 -1.000 -0.024  0.006
Si6 B 4.59 0.051 356.53 171.450 3.094 0.672 0.049 0.018

m-
S1 B 4.08 3.128 -324.94 1422.290 1.683 -0.136  -0.001 0.001
Sa A 4.17  0.004 -13.595 51.910 0.262 -1.000 -0.020 0.005
S3 B 4.18 0.128 -12.36 284.552 0.449 -0.097 -0.001 0.002
Sa A 4.28 0.005 22.26 55.848 0.399 1.000  0.029 0.007
Ss B 4.31 0.064 19.32 198.506 0.364 0.267  0.002 0.002
Se A 4.37 0.007 4.46 66.594 0.067 1.000  0.004 0.001
S7 B 4.42  0.330 284.18 443.343 0.986 0.650  0.006 0.002
Ss A 4.48 0.038 11.45 148.589 0.077 1.000  0.002 0.001
So B 4.54 0.009 38.60 70.826 0.746 0.731  0.031 0.011
S1o A 4.56 0.008 -18.68 66.878 0.279 -1.000 -0.017  0.004
S11 B 4.70 0.185 38.01 322.158 0.880 0.134  0.002 0.003
Si2 A 4.75 0.003 2.79 43.385 0.064 1.000  0.006 0.001
Si3 A 4.77 0.000 -0.81 2.366 0.344 -1.000 -0.569 0.145
S14 B 4.77  0.000 0.81 6.045 0.345 0.387  0.088 0.057
Sis B 4.77 0.124 182.06 262.179 0.766 0.906  0.011 0.003
Si6 A 4.79 0.011 -30.67 76.059 0.403 -1.000 -0.021 0.005
p-
S1 A 4.20 0.001 4.11 29.829 0.138 1.000  0.019 0.005
Sa B 4.20  0.004 21l 49.720 0.802 0.532  0.034 0.016
S3 B 4.30 0.002 0.40 34.899 0.024 0.487  0.001 0.001
Sa A 4.31 0.001 18.05 27.545 0.655 1.000  0.095 0.024
Ss A 4.35 0.003 28.13 43.081 0.653 1.000  0.061 0.015
Se B 4.35 0.017 41.20 100.048 0.816 0.505 0.017 0.008
S B 4.37  0.005 19.42 53.638 0.698 0.519  0.027 0.013
Ss A 4.42  0.001 17.96 23.023 0.780 1.000 0.135 0.034
So A 4.45 0.001 -14.58 18.690 0.780 -1.000 -0.167  0.042
S10 B 4.50 0.021 46.00 110.008 1.290 0.324 0.015 0.012
S11 B 4.55 0.041 -18.81 153.927 1.250 -0.098 -0.003 0.008
S12 A 4.65 0.173  -190.09 313.104 0.607 -1.000 -0.008 0.002
S13 B 4.67 0.011 4.94 79.276 0.772 0.081  0.003 0.010
S1a A 4.69 0.003 -9.37 41.180 0.227 -1.000 -0.022 0.006
Sis B 4.69 0.033 -33.20 135.208 0.716 -0.343 -0.007  0.005
Si6 A 4.71  0.002 -6.18 30.604 0.202 -1.000 -0.026 0.007
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TABLE C11: Excitation energies (Ey) and oscillator strengths(fosc) of three different
conformers for trans-(BPY), calculated at RI-ADC(2) level and using two different

functionals B3LYP and CAM-B3LYP using the def2-TZVPD basis set

o-

RI-ADC(2) CAM-B3LYP B3LYP
State Irrep Ey  fosc Irrep By fose Irrep By fosc
Sy A 4.33 0.000 A 4.43 0.000 A 3.89  0.000
So B 4.35 0.001 B 4.43 0.064 B 3.89 0.001
S3 A 4.35 0.000 B 4.47 1.344 A 3.96 0.000
S4 A 4.36  0.000 B 4.49 1.060 B 3.97 0.015
Ss A 4.38 0.000 A 4.49 0.000 A 4.07  0.000
Se A 4.39 0.000 A 4.55 0.000 B 4.09 0.000
S B 4.41 0.013 B 4.59  0.000 A 4.10  0.000
Ss B 4.46 2.060 A 4.59  0.002 B 4.11 1.741
So A 4.46  0.000 B 4.61 0.000 B 4.11 0.026
S10 A 4.51  0.009 A 4.61 0.001 A 4.12 0.000
S11 A 4.70  0.000 A 4.63 0.007 B 4.13  0.000
Sio B 4.79 0.747 B 4.65 0.000 A 4.13  0.000
Si3 B 4.97 0.465 A 4.71  0.000 A 4.17 0.000
Si4 B 5.12  0.067 B 4.76 0.784 B 4.17  0.000
S5 B 5.27 0.216 A 4.82  0.000 A 4.23 0.006
S16 B 5.46 1.809 B 4.84 0.000 A 4.25 0.000
-
S1 B 3.82 3.795 B 3.75  3.723 B 3.22  2.928
So A 4.09 0.002 A 4.16 0.000 A 3.65 0.000
S3 B 4.17 0.032 A 4.38 0.003 A 3.69 0.000
S4 A 4.19 0.000 B 4.43 0.011 A 3.75 0.001
Ss A 4.28 0.001 A 4.50 0.001 B 3.82  0.009
Se B 4.33  0.110 B 4.53 0.026 A 3.94 0.000
S A 4.50 0.000 B 4.55 0.273 B 4.00 0.157
Ss B 4.52  0.288 A 4.70 0.000 B 4.01 0.527
S A 4.54 0.000 A 4.74 0.001 B 4.03 0.021
S10 B 4.57 0.000 B 4.75 0.001 B 4.14 0.001
S11 A 4.64 0.000 A 4.79  0.000 A 4.19 0.000
S1o B 4.64 0.007 B 4.84 0.004 A 4.21  0.000
Si3 A 4.71 0.001 A 4.87 0.001 B 4.26  0.000
S14 B 4.72 0.004 B 4.88 0.014 B 4.33 0.001
Si5 B 4.74 0.120 B 4.90 0.005 A 4.33 0.001
S16 A 4.76 0.001 A 4.91 0.000 A 4.36  0.001
p-
S1 A 4.33  0.010 A 4.52  0.024 A 4.01 0.017
So B 4.33  0.002 B 4.52 0.239 B 4.02 0.005
S3 B 4.37 0.015 B 4.53 0.166 B 4.04 0.036
S4 A 4.37  0.000 A 4.53 0.003 A 4.04 0.001
Ss A 4.52 0.000 B 4.56 1.506 B 4.11  0.129
Se B 4.52  0.152 A 4.63 0.161 A 4.11 0.014
S A 4.54 0.032 A 4.64 0.121 A 4.12  0.026
Ss B 4.57  0.282 B 4.64 0.041 B 4.15 0.798
Sg B 4.61 0.013 A 4.71 0.011 B 4.17 0.011
S10 A 4.61 0.008 B 4.73 0.012 A 4.20 0.048
S11 B 4.63 0.795 A 4.78 0.013 A 4.25 0.001
Si2 A 4.63 0.094 B 4.80 0.065 B 4.28 0.042
Si3 B 4.68 0.152 B 4.84 0.027 B 4.31 0.088
S14 A 4.69 0.029 A 4.84 0.009 A 4.31 0.030
Si5 B 4.89 0.435 B 491 0.171 B 4.37 0.112
S16 A 4.89 0.230 A 4.91 0.099 A 4.38  0.000
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TABLE C12: Excitation energies (Ey) and oscillator strengths(fosc) for three different
conformers of cis-(BPY), calculated at RI-ADC(2) level and using two different func-
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tionals B3LYP and CAM-B3LYP using the def2-TZVPD basis set

o-

RI-ADC(2) CAM-B3LYP B3LYP
State Irrep Ey  fosc Irrep By fose Irrep By fosc
Sy B 4.02 0.000 B 4.36  0.000 B 3.90 0.000
So A 4.02  0.000 A 4.36  0.001 A 3.91 0.000
S3 B 4.24  0.000 A 4.56  0.000 A 4.09 0.001
S4 A 4.25 0.001 B 4.57 0.001 B 4.09 0.000
Ss A 4.34  0.000 B 4.61 0.005 B 4.16 0.036
Se B 4.35 0.003 A 4.62 0.000 A 4.17 0.003
Sz A 4.38 0.000 A 4.62 0.001 A 4.18 0.006
Ss B 4.40 0.002 B 4.65 0.013 B 4.18 0.009
So A 4.40 0.001 A 4.66 0.020 A 4.19 0.017
S10 B 4.46  0.000 B 4.67 0.002 B 4.20 0.017
S11 A 4.48  0.002 B 4.70 0.065 B 4.23 0.028
NED) B 4.49  0.005 A 4.71 0.172 A 4.27 0.002
Si3 A 4.56 0.102 A 4.78 0.003 A 4.27 0.001
Si4 B 4.56 0.031 B 4.78 0.013 B 4.29 0.004
S5 A 4.57 0.054 A 4.88 0.026 A 4.29 0.000
Si6 B 4.59 0.051 B 4.89 0.011 B 4.34 0.025
-
S B 4.08 3.128 B 4.03 3.497 B 3.50 2.670
So A 4.17 0.004 A 4.37 0.050 A 3.80 0.015
S3 B 4.18 0.128 B 4.46 0.022 B 3.87 0.015
S4 A 4.28 0.005 A 4.47 0.005 A 3.91 0.023
Ss B 4.31 0.064 B 4.55 0.002 A 3.99 0.000
Se A 4.37 0.007 A 4.57 0.007 B 3.99 0.000
S B 4.42  0.330 A 4.66 0.003 A 4.01 0.007
Ss A 4.48 0.038 B 4.67 0.077 A 4.09 0.002
Sg B 4.54 0.009 B 4.72 0.010 B 4.11 0.005
S1o A 4.56 0.008 A 4.73 0.001 B 4.19 0.094
S11 B 4.70 0.185 B 4.79  0.200 A 4.20 0.000
Si2 A 4.75  0.003 A 4.91 0.004 B 4.23  0.546
S13 B 4.77  0.000 B 4.94 0.008 B 4.28 0.009
S14 A 4.77  0.000 A 4.96 0.000 B 4.37  0.005
Si5 B 4.77 0.124 B 4.96 0.008 A 4.48 0.005
S16 A 4.80 0.011 A 4.98 0.006 B 4.48 0.028
p-
S1 B 4.20 0.004 A 4.56 0.002 A 3.92  0.001
So A 4.20 0.001 B 4.57 0.004 B 3.94 0.012
S3 B 4.30  0.002 B 4.59 0.003 B 4.00 0.000
S4 A 4.31 0.001 A 4.60 0.000 A 4.03 0.001
Ss A 4.35 0.003 A 4.62 0.003 B 4.04 0.006
Se B 4.35 0.017 B 4.63 0.009 A 4.08 0.002
S B 4.37  0.005 B 4.64 0.024 B 4.08 0.002
Ss A 4.42  0.001 A 4.66 0.007 B 4.13 0.013
Sg A 4.45 0.001 A 4.69 0.001 A 4.13 0.003
S10 B 4.50 0.021 B 4.72  0.003 B 4.15 0.006
S11 B 4.55 0.041 B 4.78 0.085 A 4.15 0.001
Si2 A 4.65 0.173 A 4.86 0.264 A 4.17 0.001
Si3 B 4.67 0.011 B 4.92 0.041 B 4.25 0.005
S14 A 4.69 0.003 A 4.97 0.029 B 4.29 0.002
S5 B 4.70 0.033 B 5.01 0.004 A 4.32 0.103
S16 A 4.71  0.002 A 5.01 0.008 A 4.34 0.000
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Ficure C3: Absorption spectra of o-, m-, and p- conformers for trans- and cis-
(BPY), obtained at RI-ADC(2) level and using two different functionals B3LYP and
CAM-B3LYP using the def2-TZVPD basis set
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FIGURE C4: Absorption spectra of cy-o- and cy-p- obtained at RI-ADC(2) level and

using two different functionals BSLYP and CAM-B3LYP using the def2-TZVPD basis
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FIGURE C5: Natural transition orbitals corresponding to the S; states of three different
conformers of ¢is-(BPY)s. Here, Apnax value represents the weight of a configuration.
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FI1GURE C6: e-h correlation plots corresponding to the first five excited states of cis-
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Electron

Ficure C7: Natural transition orbitals corresponding to the S; states of three different
conformers of ¢is-(BPY)s. Here, Apax value represents the weight of a configuration.

o B Bl

F1GURE C8: e-h correlation plots corresponding to the first five excited states of cis-
(BPY), for three different conformers.
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FIGURE C9: e-h correlation plots obtained using the RI-ADC(2) method, and B3LYP
and CAM-B3LYP functionals for the first five excited states of o-trans-(BPY),
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FIGURE C10: e-h correlation plots obtained using the RI-ADC(2) method, and B3LYP
and CAM-B3LYP functionals for the first five excited states of m-trans-(BPY),

N EIETT

= T 3
S aslt 8| ===l & il =

CAM-
B3LYP

FIGURE C11: e-h correlation plots obtained using the RI-ADC(2) method, and B3LYP
and CAM-B3LYP functionals for the first five excited states of p-trans-(BPY),
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FIGURE C12: e-h correlation plots obtained using the RI-ADC(2) method, and B3LYP
and CAM-B3LYP functionals for the first five excited states of o-cis-(BPY),
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FIGURE C13: e-h correlation plots obtained using the RI-ADC(2) method, and B3LYP
and CAM-B3LYP functionals for the first five excited states of m-cis-(BPY ),
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FIGURE C14: e-h correlation plots obtained using the RI-ADC(2) method, and B3LYP
and CAM-B3LYP functionals for the first five excited states of p-cis-(BPY)y
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la 2a
Top view

Side view
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F1GURE D1: Ground state optimized geometries of 1a and 2a obtained at the SCS-
MP2/def2-TZVP level. The dihedral angle (£C1-C2-C3-C4) between azulene and acene
units is denoted as ¢.
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F1GURE D2: Ground state optimized geometries of monomer and w-stacked dimers of
AntAz-A, AntAz-B, AntAz-C, and AntAz-D at the SCS-MP2/def2-TZVP level.

FIGURE D3: Comparison of TD-DFT excitation energies (E,) and oscillator strengths
(fosc) corresponding to the first six excited states with the SCS-ADC(2) results for the
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TABLE D1: Comparison of TD-DFT excitation energies (E,) and oscillator strengths
(fosc) against the SCS-ADC(2) results for the monomers of NapAz isomers

State \ SCS-ADC(2) \ CAM-B3LYP \ SCS-wB2GP-PLYP \ SCS-RSX-QIDH
NapAz-A
S1 2.03 /0.017 | 2.12 /0.024 2.01 / 0.032 1.89 / 0.031
So 2.25 / 0.000 | 2.37 /0.000 2.22 / 0.000 2.13 / 0.000
Ss 3.15 / 0.052 3.12 / 0.002 3.12 / 0.004 3.07 / 0.004
S4 3.47 / 0.000 | 3.50 / 0.000 3.46 / 0.000 3.42 / 0.000
Ss 3.69 / 0.000 | 3.73 / 0.000 3.78 / 3.538 3.63 / 3.449
Se 3.69 / 1.241 3.85 / 0.602 3.92 / 0.906 3.78 / 0.835
S7 3.77 /2329 | 4.00 / 3.114 4.00 / 0.000 3.80 / 0.000
Sg 4.12 / 0.176 | 4.22 / 0.000 4.16 / 0.000 3.92 / 0.000
Sg 4.14 / 0.000 | 4.33 / 0.160 4.17 / 0.194 4.04 / 0.191
S10 4.34 / 0.000 | 4.56 / 0.000 4.40 / 0.000 4.17 / 0.000
NapAz-B
S1 2.08 / 0.047 1.98 / 0.048 2.05 / 0.075 1.87 / 0.068
So 2.52 /0.000 | 2.40 / 0.000 2.46 / 0.000 2.31 / 0.000
Ss 3.02 /0.177 | 2.97 / 0.201 2.99 / 0.336 2.87 / 0.334
S 3.64 / 0.000 | 3.55 /0.000 3.60 / 0.000 3.42 / 0.000
Ss 3.67 / 0.000 | 3.62 / 0.000 3.78 / 0.000 3.50 / 0.000
Se 3.73 /1973 | 3.81 / 0.004 3.79 / 2.540 3.67 / 2.534
S7 3.78 / 1.462 | 3.96 / 4.188 3.83 / 1.494 3.67 / 1.350
Ss 4.18 / 0.166 | 4.26 / 0.000 4.20 / 0.057 4.05 / 0.053
So 4.24 / 0.000 | 4.30 / 0.296 4.43 / 0.000 4.23 / 0.000
S10 4.50 / 0.000 | 4.56 / 0.100 4.65 / 0.000 4.45 / 0.000
NapAz-C
S1 2.08 / 0.010 | 2.20 / 0.009 2.05 / 0.001 1.95 / 0.001
S 2.19 /0.022 | 2.31 /0.029 2.16 / 0.037 2.06 / 0.036
Sa 2.96 / 0.001 2.94 / 0.000 3.01 / 0.000 2.94 / 0.000
Sa 3.29 / 0.611 3.37 / 0.221 3.37 / 0.001 3.33 / 0.001
S5 3.52 / 0.972 3.65 / 1.334 3.56 / 2.584 3.38 / 2.473
Se 3.86 / 0.014 | 3.97 / 0.017 3.91 / 0.168 3.78 / 0.166
S7 3.87 /0.002 | 4.01 /0.001 4.06 / 0.055 3.85 / 0.052
Ss 3.98 /0.227 | 4.12 / 0.142 4.08 / 0.198 3.95 /0.198
Sg 4.03 /0.307 | 4.28 / 0.019 4.21 / 0.338 4.11 / 0.478
S10 4.28 / 1.040 | 4.45 / 0.016 4.38 / 0.536 4.11 / 0.336
NapAz-D
S1 1.97 / 0.023 | 2.06 / 0.035 1.93 / 0.047 1.82 / 0.045
So 2.21 / 0.000 | 2.33 / 0.000 2.18 / 0.000 2.08 / 0.000
Ss 3.07 /0.004 | 3.03 /0.008 3.04 / 0.017 2.98 / 0.017
S 3.42 / 0.000 | 3.47 / 0.000 3.43 / 0.000 3.39 / 0.000
Ss 3.59 /2.096 | 3.69 / 0.000 3.69 / 3.057 3.51 / 2.942
Se 3.66 / 0.000 | 3.79 / 0.804 3.79 / 0.093 3.57 / 0.005
S7 3.72 /0.593 | 3.94 /2.294 3.83 / 0.005 3.68 / 0.059
Sg 3.94 /0.129 | 4.13 /0.153 4.04 / 0.262 3.89 / 0.253
Sg 4.13 /0.018 | 4.35 / 0.006 4.27 / 0.024 4.10 / 0.024
S10 4.24 / 0.000 | 4.45 / 0.001 4.53 / 0.043 4.38 / 0.042

TH-4042_216122025



Appendiz D 192

TABLE D2: Comparision of SCS-ADC(2) and TD-DFT excitation energies (Egs)
and corresponding oscillator strength (fosc) for the first six excited states of AntAz
monomers
State \ SCS-ADC(2) \ CAM-B3LYP \ SCS-wB2GP-PLYP \ SCS-RSX-QIDH
AntAz-A
S1 1.98 / 0.021 2.14 / 0.026 1.96 / 0.027 1.88 / 0.026
S 2.10 / 0.000 | 2.28 / 0.000 2.08 / 0.000 2.01 / 0.000
Ss 3.06 / 0.098 | 3.07 / 0.002 3.08 / 0.004 3.02 / 0.004
S4 3.34 / 0.000 | 3.38 /0.000 3.35 / 0.000 3.32 / 0.000
Ss 344 /1225 | 3.64/1.183 3.54 / 2.990 3.40 / 2.931
Se 3.63 /2469 | 3.76 / 0.000 3.69 / 1.085 3.56 / 1.054
S7 3.70 / 0.000 | 3.80 / 2.364 3.97 / 0.000 3.81 / 0.000
Ss 3.88 /0.355 | 4.07 / 0.501 4.04 / 1.260 3.92 / 1.153
S 4.03 / 0.000 | 4.14 / 0.000 4.10 / 0.243 3.97 / 0.000
S10 4.03 /0.354 | 4.23 / 1.196 4.19 / 0.000 4.00 / 0.245
AntAz-B
S1 2.06 / 0.056 1.96 / 0.058 2.04 / 0.081 1.85 / 0.073
Sa 2.40 / 0.000 | 2.27 / 0.000 2.35 / 0.000 2.19 / 0.000
Ss 2.87 /0.327 | 2.85 /0.343 2.86 / 0.551 2.71 / 0.537
S4 3.41 / 0.001 3.35 / 0.000 3.40 / 0.066 3.23 / 0.000
Ss 3.47 / 0.000 | 3.44 / 0.011 3.45 / 0.000 3.29 / 0.064
Se 3.49 / 0.000 | 3.46 / 0.000 3.58 / 0.000 3.33 / 0.000
S7 3.60 / 3.536 | 3.74 / 4.050 3.69 / 4.260 3.53 / 4.061
Ss 3.99 /0.145 | 4.05 /0.312 3.95 / 0.143 3.79 / 0.152
S 4.02 / 0.000 | 4.06 / 0.000 4.26 / 0.000 4.07 / 0.000
S10 421 /0.387 | 4.22 / 0.575 4.38 / 0.056 4.17 / 0.058
AntAz-C
Sy 2.03 / 0.011 2.20 / 0.009 2.01 / 0.002 1.93 / 0.001
S 2.08 /0.017 | 2.26 / 0.025 2.07 / 0.030 1.99 / 0.029
Ss 3.00 / 0.002 2.99 / 0.005 3.04 / 0.011 2.98 / 0.011
S4 3.21 /0.769 | 3.33 / 0.261 3.31 /0.018 3.28 / 0.016
Ss 3.45 / 1.052 | 3.57 / 1.856 3.47 / 2.739 3.30 / 2.639
Se 3.63 /0.494 | 3.78 / 0.056 3.68 / 0.793 3.57 / 0.768
S7 3.82 /0.056 | 3.93 /0.001 3.97 / 0.098 3.85 / 0.102
Sg 3.85 /0.085 | 4.03 /0.176 4.01 / 0.196 3.89 / 0.186
Sg 3.95 /0390 | 4.17 /0.318 4.10 / 0.031 4.01 / 0.029
S10 4.07 / 0.385 | 4.25 / 0.074 4.35 / 0.777 4.16 / 0.782
AntAz-D
Sy 1.96 / 0.019 2.14 / 0.031 1.94 / 0.038 1.86 / 0.037
S 2.09 / 0.000 | 2.29 / 0.000 2.07 / 0.000 2.00 / 0.000
S3 2.97 /0.017 | 2.97 / 0.028 2.98 / 0.003 2.91 / 0.003
S4 3.24 / 0.001 3.30 / 0.000 3.27 / 0.000 3.24 / 0.000
Ss 341 /1912 | 3.61/0.746 3.50 / 2.638 3.33 / 2.646
Se 3.50 /0.792 | 3.73 / 2.365 3.54 / 0.647 3.43 / 0.497
S7 3.71 /0.003 | 3.80 / 0.001 3.87 /0.119 3.73 / 0.003
Ss 3.73 /0.107 | 3.91 /0.148 3.97 / 0.022 3.76 / 0.113
S 3.95 /0.014 | 4.10 / 0.005 4.06 / 0.003 3.84 / 0.023
S10 4.11 / 0.000 | 4.26 / 0.051 4.27 / 0.029 4.12 / 0.029
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TABLE D3: Comparison of TD-DFT excitation energies (E,) and oscillator strengths
(fosc) against the SCS-ADC(2) results for the m-stacked dimers of NapAz isomers

State \ SCS-ADC(2) \ CAM-B3LYP \ SCS-wB2GP-PLYP \ SCS-RSX-QIDH
NapAz-A
S1 1.82 / 0.019 1.98 / 0.028 1.82 / 0.032 1.68 / 0.030
So 1.87 / 0.000 | 2.01 / 0.000 1.86 / 0.000 1.73 / 0.000
Ss 2.10 / 0.000 | 2.26 / 0.000 2.08 / 0.000 1.95 / 0.000
S4 2.12 / 0.001 2.28 / 0.003 2.11 / 0.006 1.98 / 0.006
Ss 2.71 /0.000 | 2.74 / 0.005 2.92 / 0.012 2.56 / 0.000
Se 2.75 /0.008 | 2.74 / 0.000 2.94 / 0.011 2.58 / 0.010
S7 2.96 / 0.000 | 3.00 / 0.000 2.97 / 0.001 2.81 / 0.012
Sg 3.01 /0.019 | 3.04 /0.035 3.01 / 0.000 2.84 / 0.103
Sg 3.06 / 0.000 | 3.10 / 0.000 3.13 / 0.000 2.84 / 0.000
S10 3.16 / 0.104 | 3.10 / 0.016 3.14 / 0.002 2.93 / 0.000
NapAz-B
S1 1.91 / 0.054 1.90 / 0.000 1.92 / 0.000 1.70 / 0.088
So 1.92 / 0.000 1.91 / 0.060 1.92 / 0.099 1.70 / 0.000
Ss 2.27 /0.016 | 2.17 / 0.023 2.27 / 0.015 2.06 / 0.014
S 2.39 / 0.000 | 2.30 / 0.000 2.36 / 0.000 2.16 / 0.000
Ss 2.47 /0.000 | 2.35 / 0.000 2.54 / 0.000 2.18 / 0.000
Se 2.59 /0.009 | 2.47 / 0.007 2.66 / 0.133 2.44 / 0.131
S7 2.85 /0.000 | 2.83 / 0.000 2.79 / 0.000 2.53 / 0.258
Ss 2.95/0.194 | 2.85 /0.000 2.89 / 0.292 2.61 / 0.000
So 3.00 / 0.000 | 2.92 / 0.070 3.05 / 0.000 2.73 / 0.010
S10 3.11 / 0.000 | 2.93 / 0.158 3.13 / 0.011 2.75 / 0.000
NapAz-C
S1 1.92 / 0.008 | 2.10 / 0.003 1.90 / 0.001 1.78 / 0.001
Sa 2.00 / 0.012 | 2.17 / 0.007 1.99 / 0.002 1.86 / 0.002
Sa 2.03 /0.012 | 2.19 / 0.010 2.01 / 0.012 1.88 / 0.011
Sa 2.12 /0.015 | 2.28 / 0.033 2.10 / 0.040 1.97 / 0.037
S5 2.64 / 0.009 | 2.70 / 0.012 2.77 / 0.004 2.61 / 0.014
Se 2.69 / 0.004 | 2.78 / 0.003 2.84 / 0.001 2.64 / 0.004
S7 2.74 / 0.006 | 2.79 / 0.003 2.94 / 0.004 2.68 / 0.007
Ss 2.82 / 0.032 2.85 / 0.001 2.97 / 0.015 2.69 / 0.015
Sg 2.87 /0.020 | 2.94 /0.011 2.99 / 0.003 2.72 / 0.001
S10 2.93 / 0.010 | 3.03 / 0.001 3.00 / 0.002 2.77 / 0.003
NapAz-D
S1 1.79 / 0.023 1.98 / 0.036 1.79 / 0.050 1.65 / 0.046
So 1.83 / 0.000 | 2.00 / 0.005 1.82 / 0.001 1.69 / 0.001
Ss 2.06 / 0.002 2.22 / 0.009 2.05 / 0.009 1.92 / 0.008
S 2.10 / 0.002 2.28 / 0.001 2.09 / 0.003 1.97 / 0.003
Ss 2.55 /0.003 | 2.56 / 0.003 2.70 / 0.005 2.39 / 0.005
Se 2.61 / 0.007 | 2.62 /0.012 2.78 / 0.019 2.59 / 0.010
S7 2.85 / 0.002 2.89 / 0.001 2.88 / 0.000 2.65 / 0.018
Sg 2.86 / 0.001 2.93 / 0.000 2.92 / 0.009 2.77 / 0.000
Sg 2.92 /0.013 | 2.97 /0.016 3.06 / 0.005 2.80 / 0.009
S10 2.97 /0.034 | 3.00 /0.021 3.09 / 0.044 2.90 / 0.006
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TABLE D4: Comparision of SCS-ADC(2) and TD-DFT excitation energies (Egs) and
corresponding oscillator strength (fosc) for the first ten excited states of AntAz dimers

State \ SCS-ADC(2) \ CAM-B3LYP \ SCS-wB2GP-PLYP \ SCS-RSX-QIDH
AntAz-A
S1 1.88 / 0.000 2.09 / 0.000 1.88 / 0.000 1.77 / 0.000
So 1.88 / 0.028 2.11 / 0.036 1.89 / 0.033 1.78 / 0.031
Ss3 2.00 / 0.003 2.20 / 0.001 1.99 / 0.002 1.88 / 0.002
Sy 2.03 / 0.000 2.26 / 0.000 2.03 / 0.000 1.93 / 0.000
S5 2.68 / 0.000 2.73 / 0.000 2.86 / 0.001 2.49 / 0.001
Se 2.70 / 0.011 2.74 / 0.000 2.89 / 0.000 2.50 / 0.000
Sr 2.78 / 0.000 2.86 / 0.000 2.93 / 0.003 2.76 / 0.000
Sg 2.94 / 0.103 2.99 / 0.048 2.96 / 0.000 2.78 / 0.000
So 2.98 / 0.130 3.03 / 0.000 2.96 / 0.000 2.83 / 0.003
S10 2.98 / 0.002 3.05 / 0.001 3.05 / 0.000 2.87 / 0.000
AntAz-B
S1 1.89 / 0.000 1.87 / 0.000 1.91 / 0.000 1.68 / 0.000
So 1.90 / 0.079 1.91 / 0.081 1.94 / 0.120 1.70 / 0.105
Ss3 2.13 / 0.015 2.04 / 0.029 2.15 / 0.020 1.92 / 0.017
S4 2.26 / 0.000 2.15 / 0.000 2.26 / 0.000 2.06 / 0.000
Ss 2.32 / 0.000 2.23 / 0.000 2.50 / 0.000 2.18 / 0.000
Se 2.45 / 0.009 2.34 / 0.004 2.51 / 0.148 2.23 / 0.000
S; 2.67 / 0.000 2.63 / 0.000 2.52 / 0.000 2.24 / 0.145
Ss 2.78 / 0.000 2.71 / 0.000 2.78 / 0.509 2.46 / 0.449
So 2.79 / 0.361 2.73 / 0.004 2.83 / 0.000 2.52 / 0.000
S1o 2.89 / 0.002 2.82 / 0.366 2.94 / 0.015 2.52 / 0.013
AntAz-C
S1 1.91 / 0.002 2.11 / 0.001 1.89 / 0.000 1.79 / 0.000
So 1.91 / 0.019 2.13 / 0.014 1.91 / 0.007 1.81 / 0.006
S3 1.96 / 0.007 2.18 / 0.001 1.95 / 0.006 1.85 / 0.006
S4 2.01 / 0.015 2.22 / 0.030 2.01 / 0.028 1.90 / 0.027
Ss 2.61 / 0.004 2.75 / 0.002 2.78 / 0.001 2.59 / 0.004
S 2.73 / 0.000 2.79 / 0.002 2.89 / 0.009 2.61 / 0.004
Sr 2.80 / 0.012 2.88 / 0.002 2.92 / 0.005 2.62 / 0.019
Ss 2.85 / 0.036 2.91 /0.014 2.97 / 0.004 2.65 / 0.001
Sg 2.89 / 0.009 2.92 / 0.003 2.98 / 0.017 2.78 / 0.009
S10 2.93 / 0.012 3.00 / 0.008 3.03 / 0.001 2.91 / 0.001
AntAz-D
St 1.82 / 0.017 2.07 / 0.025 1.83 / 0.028 1.71 / 0.026
So 1.85 / 0.001 2.08 / 0.010 1.84 / 0.011 1.74 / 0.010
S3 1.99 / 0.002 2.22 / 0.007 1.98 / 0.009 1.89 / 0.009
S4 2.03 / 0.001 2.27 / 0.002 2.02 / 0.003 1.93 / 0.003
S5 2.56 / 0.003 2.65 / 0.002 2.77 / 0.008 2.46 / 0.011
Sé 2.61 / 0.009 2.69 / 0.018 2.81 /0.013 2.65 / 0.008
Sr 2.74 / 0.003 2.83 / 0.001 2.81 / 0.000 2.66 / 0.004
Ss 2.80 / 0.019 2.89 / 0.009 2.89 / 0.000 2.69 / 0.103
So 2.84 / 0.034 2.93 / 0.040 2.92 / 0.009 2.69 / 0.008
S1o 2.89 / 0.176 2.98 / 0.061 2.93 / 0.004 2.69 / 0.000
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FIGURE D4: Comparison of TD-DFT excitation energies (E,) and oscillator strengths
(fosc) corresponding to the first six excited states with the SCS-ADC(2) results for the
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(@)

FIGURE D5: Fragmentation scheme of (a) monomer and (b) m-stacked dimer .

TH-4042_216122025



Appendiz D 197

TABLE D5: Values of three descriptors, charge transfer parameter (wer), exciton size
(dexc), and participation of natural transition orbitals (PRnTo) for the monomers of
NapAz and AntAz isomers. The values are computed at SCS-ADC(2)/def2-TZVP

level
State l NapAz-A l NapAz-B l NapAz-C l NapAz-D l AntAz-A l AntAz-B l AntAz-C l AntAz-D
weT
S1 0.41 0.48 0.38 0.41 0.37 0.51 0.37 0.39
Sa 0.26 0.36 0.31 0.32 0.30 0.39 0.34 0.32
Ss 0.47 0.57 0.64 0.54 0.49 0.56 0.58 0.53
S4 0.37 0.45 0.62 0.44 0.45 0.40 0.53 0.49
Ss 0.93 0.82 0.47 0.59 0.54 0.69 0.49 0.60
Se 0.55 0.58 0.62 0.85 0.61 0.59 0.58 0.53
Sz 0.65 0.47 0.66 0.56 0.87 0.63 0.53 0.82
Ss 0.50 0.61 0.64 0.59 0.50 0.46 0.68 0.57
So 0.72 0.82 0.71 0.65 0.64 0.75 0.63 0.69
S10 0.65 0.58 0.60 0.67 0.53 0.71 0.68 0.58
dexc
S1 4.50 5.05 4.31 4.42 4.63 5.43 4.39 4.42
Sa 3.79 4.38 3.95 4.10 4.03 4.76 4.21 4.10
S3 5.00 5.54 5.81 5.07 5.43 5.75 6.11 5.15
Sa 4.34 4.88 5.90 4.67 5.03 4.88 5.97 4.92
Ss 7.93 7.60 4.96 5.20 5.60 7.35 5.18 5.45
Se 5.38 5.28 5.36 6.86 6.16 6.47 5.69 5.22
Sz 5.75 4.75 6.06 5.17 8.22 6.14 5.64 7.56
Ss 5.10 5.62 5.68 5.25 5.35 4.99 6.45 5.67
So 6.11 7.21 5.74 5.38 6.45 7.39 5.90 6.23
S1o0 5.75 5.53 5.80 6.19 4.97 6.67 6.24 6.04
PRxTO
S1 1.52 1.22 1.98 1.42 1.74 1.29 2.17 1.71
S2 2.09 1.89 2.02 1.82 2.14 1.92 2.08 2.02
S3 2.21 1.76 2.08 2.29 2.11 1.59 2.27 2.16
S4 3.27 3.05 2.11 2.86 3.07 3.13 1.99 2.52
Ss 1.89 2.00 2.33 2.12 2.24 2.01 2.41 2.07
Se 2.43 1.86 3.50 2.00 2.30 2.44 2.29 2.06
S7 2.30 2.57 3.03 2.48 2.14 1.79 3.72 2.19
Ss 1.47 1.54 2.18 1.65 1.80 2.14 2.99 2.59
So 2.13 2.12 2.35 3.00 1.91 241 2.36 2.57
Sio 2.30 1.84 2.64 1.96 1.92 2.67 1.61 2.45
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FIGURE D6: Natural transition orbitals (NTOs) for (a) S; and (b) S5 states of the

monomers of the NapAz isomers obtained at SCS-ADC(2)/def2-TZVP level.

eigenvalue )\ indicates the weight of the pair’s contribution.
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FIGURE D7: Electron-hole (e-h) correlation plots for the first ten excited states of the

monomers of AntAz isomers computed at SCS-ADC(2)/def2-TZVP level.
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F1GURE D8: Natural transition orbitals (NTOs) involved in (a) S; and (b)Ss states for
the monomers of the AntAz isomers obtained at SCS-ADC(2)/def2-TZVP level. The
eigenvalue \ indicates the weight of the pair’s contribution.
TABLE D6: wgr values corresponding to the ten excited states of the monomers of
NapAz isomers computed at SCS-ADC(2) level and using three DFT functionals
NapAz-A NapAz-B
SCS- CAM- | SCS-wB2GP | SCS-RSX SCS- CAM- | SCS-wB2GP | SCS-RSX
State | ADC(2) | B3LYP -PLYP -QIDH ADC(2) | B3LYP -PLYP -QIDH
Si 0.41 0.36 0.29 0.29 0.48 0.45 0.38 0.37
Sa 0.26 0.23 0.19 0.19 0.36 0.30 0.24 0.24
S3 0.47 0.45 0.35 0.35 0.57 0.54 0.47 0.47
Sa4 0.37 0.32 0.24 0.24 0.45 0.82 0.29 0.78
Ss 0.93 0.91 0.46 0.46 0.82 0.37 0.78 0.29
Se 0.55 0.60 0.54 0.54 0.58 0.46 0.46 0.47
S7 0.65 0.67 0.60 0.59 0.47 0.58 0.46 0.46
Ss 0.50 0.80 0.63 0.64 0.61 0.79 0.49 0.49
So 0.72 0.53 0.44 0.44 0.82 0.55 0.62 0.60
Sio 0.53 0.47 0.72 0.72 0.58 0.65 0.42 0.44
NapAz-C NapAz-D
S1 0.38 0.31 0.26 0.26 0.41 0.37 0.31 0.30
S2 0.31 0.26 0.21 0.21 0.32 0.25 0.21 0.21
Ss 0.64 0.58 0.40 0.40 0.54 0.48 0.38 0.38
Sa 0.62 0.47 0.25 0.25 0.44 0.36 0.25 0.25
Ss 0.47 0.61 0.52 0.52 0.59 0.85 0.50 0.49
Se 0.62 0.61 0.52 0.51 0.85 0.59 0.50 0.70
S7 0.66 0.69 0.61 0.61 0.56 0.58 0.72 0.50
Ss 0.64 0.68 0.46 0.46 0.59 0.62 0.48 0.48
So 0.71 0.77 0.53 0.68 0.65 0.68 0.47 0.48
Sio0 0.60 0.78 0.68 0.52 0.67 0.79 0.45 0.43
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F1GURE D9: Electron-hole (e-h) correlation plots corresponding to the first six excited
states of NapAz-A monomer computed at SCS-ADC(2) level and using three DFT
functionals.
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FIGURE D10: Electron-hole (e-h) correlation plots corresponding to the first six excited
states of NapAz-B monomer computed at the SCS-ADC(2) level and using three DFT
functionals.
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F1GURE D11: Electron-hole (e-h) correlation plots corresponding to the first six excited

states of NapAz-C monomer computed at the SCS-ADC(2) level and using three DFT
functionals.
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FIGURE D12: Electron-hole (e-h) correlation plots corresponding to the first six excited
states of NapAz-D monomer computed at SCS-ADC(2) level and using three DFT
functionals.
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TABLE D7: wcr values corresponding to the first ten excited states for the monomers
of AntAz isomers computed at the SCS-ADC(2) level and using three DFT functionals

AntAz-A AntAz-B

SCS- CAM- | SCS-wB2GP | SCS-RSX SCS- CAM- | SCS-wB2GP | SCS-RSX
State | ADC(2) | B3LYP -PLYP -QIDH ADC(2) | B3LYP -PLYP -QIDH
S1 0.37 0.38 0.33 0.33 0.51 0.51 0.48 0.48
S 0.30 0.29 0.27 0.27 0.39 0.39 0.32 0.32
Ss 0.49 0.49 0.40 0.40 0.56 0.53 0.48 0.48
Sq 0.45 0.42 0.34 0.34 0.40 0.83 0.39 0.78
Ss 0.54 0.59 0.49 0.49 0.69 0.46 0.40 0.39
Se 0.61 0.90 0.51 0.51 0.59 0.47 0.78 0.40
S 0.87 0.63 0.63 0.62 0.63 0.66 0.53 0.53
Ss 0.50 0.58 0.43 0.42 0.46 0.45 0.47 0.47
So 0.64 0.80 0.54 0.81 0.75 0.81 0.51 0.51
S10 0.53 0.56 0.63 0.53 0.71 0.76 0.62 0.58

AntAz-C AntAz-D
S1 0.37 0.29 0.24 0.24 0.39 0.33 0.27 0.27
So 0.34 0.26 0.21 0.21 0.32 0.25 0.21 0.21
Ss 0.58 0.53 0.37 0.37 0.53 0.49 0.37 0.37
Sa4 0.53 0.40 0.25 0.25 0.49 0.40 0.27 0.27
Ss 0.49 0.64 0.48 0.48 0.60 0.54 0.45 0.45
Se 0.58 0.53 0.45 0.45 0.53 0.55 0.44 0.44
Sz 0.53 0.59 0.37 0.37 0.82 0.86 0.39 0.81
Ss 0.68 0.61 0.44 0.44 0.57 0.58 0.43 0.39
So 0.63 0.65 0.40 0.39 0.69 0.71 0.80 0.43
S10 0.68 0.77 0.51 0.48 0.58 0.62 0.46 0.43
1 AntAz-A AntAz-B
B SCS-ADC(2)
B CAM-B3LYP
0.8 SCS-wB2GP-PLYP |
B SCS-RSX-QIDH
=
306 —
04

0.8

wCT
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FiGUurReE D13: Comparison of TD-DFT wcr values of the first six excited states with
the SCS-ADC(2) results for the monomers of AntAz isomers.
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TABLE D8: Values of three descriptors, charge transfer parameter (wer), exciton size
(dexc), and participation of natural transition orbitals (PRnto) for the m-stacked dimers
of NapAz and AntAz isomers. The values are computed at the SCS-ADC(2)/def2-

TZVP level
State l NapAz-A l NapAz-B l NapAz-C l NapAz-D l AntAz-A l AntAz-B l AntAz-C l AntAz-D
weT
S1 0.50 0.47 0.46 0.50 0.46 0.59 0.49 0.49
Sa 0.47 0.48 0.48 0.49 0.44 0.57 0.47 0.48
Ss 0.39 0.48 0.44 0.43 0.39 0.65 0.48 0.47
S4 0.37 0.37 0.44 0.42 0.37 0.52 0.46 0.45
Ss 0.93 0.84 0.77 0.95 0.96 0.93 0.75 0.91
Se 0.86 0.70 0.75 0.89 0.93 0.80 0.81 0.87
S7 0.64 0.54 0.83 0.83 0.77 0.63 0.83 0.77
Ss 0.65 0.61 0.92 0.73 0.62 0.85 0.94 0.81
So 0.76 0.78 0.94 0.76 0.92 0.69 0.87 0.83
S10 0.86 0.86 0.94 0.90 0.72 0.97 0.91 0.87
dexc
S1 5.01 5.45 4.69 4.80 4.92 5.88 5.12 5.01
So 4.83 5.47 4.76 4.83 4.97 5.94 5.05 4.87
S3 4.33 5.48 4.54 4.60 4.49 6.19 5.10 4.93
Sa 4.18 4.76 4.50 4.63 4.36 5.53 4.99 4.88
Ss 6.73 6.85 6.11 6.50 7.06 7.19 6.94 6.51
Se 6.25 6.32 6.21 6.18 6.96 6.71 6.59 6.35
Sz 6.14 5.79 6.03 5.83 5.96 6.23 7.10 6.01
Ss 5.87 6.16 6.24 5.67 6.17 6.45 6.47 6.50
So 5.97 5.98 6.61 6.01 5.73 6.47 6.97 6.49
S1o0 5.94 6.20 5.96 5.92 6.22 6.82 6.76 6.21
PRxTO
S1 1.89 2.01 1.79 1.88 2.78 2.37 2.71 1.73
S2 2.19 2.26 1.84 2.34 3.12 2.27 1.83 1.95
S3 3.18 2.34 1.87 2.09 3.23 2.35 2.16 1.55
S4 2.94 3.25 1.90 1.91 3.77 3.16 1.36 1.50
Ss 1.74 2.07 1.92 1.82 2.27 2.12 1.22 1.67
Se 2.05 2.25 2.54 1.84 2.24 2.31 2.21 2.10
S7 2.91 2.60 1.98 2.55 2.73 2.34 2.40 1.72
Ss 3.50 2.95 2.42 1.86 3.93 3.02 2.02 2.80
So 3.03 2.92 1.99 2.74 3.58 2.88 2.54 2.82
Sio 2.84 2.75 3.19 3.27 2.88 2.81 1.96 2.58
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FIGURE D14: Electron-hole (e-h) correlation plots for the first six excited states of the
m-stacked dimers of AntAz isomers computed at the SCS-ADC(2)/def2-TZVP level.
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S, Hole A Electron
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AntAz-B

AntAz-C

AntAz-D

F1cureE D15: Natural transition orbitals (NTOs) of S; state for the m-stacked dimers
of the AntAz isomers obtained at SCS-ADC(2)/def2-TZVP level. The eigenvalue A
indicates the weight of the pair’s contribution.
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F1GURE D16: Natural transition orbitals (NTOs) of S5 state for the m-stacked dimers
of the AntAz isomers obtained at the SCS-ADC(2)/def2-TZVP level. The eigenvalue
A indicates the weight of the pair’s contribution.
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TABLE D9: wcr values corresponding to the first ten excited states for the w-stacked
dimers of NapAz isomers computed at the SCS-ADC(2) level and using three DFT

functionals
NapAz-A NapAz-B
SCS- CAM- | SCS-wB2GP | SCS-RSX SCS- CAM- | SCS-wB2GP | SCS-RSX
State | ADC(2) | B3LYP -PLYP -QIDH ADC(2) | B3LYP -PLYP -QIDH

S1 0.50 0.43 0.33 0.33 0.47 0.43 0.35 0.34
So 0.47 0.43 0.31 0.31 0.48 0.42 0.34 0.35
Ss 0.39 0.32 0.27 0.27 0.48 0.50 0.27 0.27
S 0.37 0.31 0.26 0.25 0.37 0.80 0.23 0.76
Ss 0.93 0.80 0.42 0.73 0.84 0.32 0.75 0.22
Se 0.86 0.87 0.83 0.83 0.70 0.61 0.54 0.53
S7 0.64 0.58 0.63 0.42 0.54 0.59 0.46 0.70
Ss 0.65 0.58 0.38 0.83 0.61 0.68 0.69 0.45
So 0.76 0.71 0.68 0.68 0.78 0.76 0.61 0.82
Sio0 0.86 0.85 0.42 0.37 0.86 0.67 0.83 0.60

NapAz-C NapAz-D
S1 0.46 0.35 0.29 0.29 0.50 0.43 0.35 0.35
Sa 0.48 0.35 0.29 0.29 0.49 0.41 0.33 0.33
Ss 0.44 0.31 0.26 0.27 0.43 0.35 0.26 0.26
Sa 0.44 0.31 0.26 0.26 0.42 0.31 0.25 0.25
Ss 0.77 0.74 0.47 0.90 0.95 0.95 0.79 0.78
Se 0.75 0.86 0.44 0.47 0.89 0.82 0.48 0.80
S7 0.83 0.72 0.51 0.85 0.83 0.82 0.44 0.48
Ss 0.92 0.93 0.90 0.85 0.73 0.64 0.78 0.44
So 0.94 0.89 0.88 0.44 0.76 0.76 0.49 0.82
S10 0.94 0.79 0.50 0.51 0.90 0.80 0.49 0.47
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F1GURE D17: Electron-hole (e-h) correlation plots corresponding to the first six excited
states for the m-stacked dimer of NapAz-A computed at the SCS-ADC(2) level and
using three DFT functionals.
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F1GuRE D18: Electron-hole (e-h) correlation plots corresponding to the first six excited
states for the w-stacked dimer of NapAz-B computed at SCS-ADC(2) level and using

three DFT functionals.
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FIGURE D19: Electron-hole (e-h) correlation plots corresponding to the first six excited
states for the m-stacked dimer of NapAz-C computed at SCS-ADC(2) level and using
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FIGURE D20: Electron-hole (e-h) correlation plots corresponding to the first six excited
states for the m-stacked dimer of NapAz-D computed at the SCS-ADC(2) level and

using three DFT functionals.
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FiGure D21: Comparison of TD-DFT wcr values of first six excited states with the

TH-4042_216122025

SCS-ADC(2) results for the dimers of AntAz isomers.




Appendiz D

210

TABLE D10: wcr values corresponding to the first ten excited states for the w-stacked
dimers of AntAz isomers computed at the SCS-ADC(2) level and using three DFT

functionals
AntAz-A AntAz-B
SCS- CAM- | SCS-wB2GP | SCS-RSX SCS- CAM- | SCS-wB2GP | SCS-RSX
State | ADC(2) | BSLYP | -PLYP -QIDH | ADC(2) | B3LYP | -PLYP -QIDH
S1 0.46 0.39 0.29 0.29 0.59 0.52 0.42 0.42
So 0.44 0.36 0.28 0.28 0.57 0.49 0.40 0.40
S3 0.39 0.31 0.25 0.25 0.65 0.64 0.38 0.38
Sa 0.37 0.28 0.24 0.24 0.52 0.92 0.31 0.31
Ss 0.96 0.91 0.92 0.92 0.93 0.41 0.65 0.75
Se 0.93 0.94 0.75 0.83 0.80 0.70 0.65 0.63
S 0.77 0.82 0.40 0.79 0.63 0.79 0.73 0.64
Ss 0.62 0.92 0.40 0.56 0.85 0.66 0.70 0.71
So 0.92 0.62 0.64 0.40 0.69 0.97 0.68 0.66
S10 0.72 0.54 0.79 0.40 0.97 0.61 0.93 0.92
AntAz-C AntAz-D
S1 0.49 0.34 0.27 0.27 0.49 0.39 0.31 0.31
So 0.47 0.35 0.28 0.28 0.48 0.38 0.30 0.30
S3 0.48 0.32 0.25 0.25 0.47 0.32 0.26 0.26
Sq 0.46 0.31 0.25 0.25 0.45 0.30 0.25 0.25
Ss 0.75 0.68 0.46 0.86 0.91 0.88 0.45 0.90
Se 0.81 0.83 0.42 0.91 0.87 0.82 0.90 0.45
Sz 0.83 0.86 0.86 0.93 0.77 0.71 0.45 0.68
Ss 0.94 0.91 0.91 0.45 0.81 0.76 0.52 0.84
So 0.87 0.94 0.93 0.42 0.83 0.76 0.59 0.57
S1o 0.91 0.75 0.38 0.38 0.87 0.90 0.66 0.44
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Fragment-A

FIGURE E1: Fragmentation scheme for excitonic analysis

in conformer M2.
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FIGURE E2: (a) Ground state optimized geometry of DP-Mes at RI-MP2/def2-SVP

and (b) Absorption spectra of DP-Mes at the RI-ADC(2)
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/def2-SVP levels.
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FIGURE E3: Natural transition orbitals (NTOs) involved in So—1'A and Sp—1'B
transitions for the Sy optimized geometries at the RI-ADC(2)/def2-SVP level.
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FiGURE E4: NTOs involved in So—1'A transitions for M1-1'A and M2-1'A..
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FIGURE E5: 1!B state optimized geometries of M1 and M2 at the RI-ADC(2) /def2-

SVP level.
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FIGURE E6: 2'A and 2'B states optimized geometries of M1 at the RI-ADC(2) /def2-

SVP level.

FIGURE E7: 2'A and 2'B states optimized geometries of M2 at the RI-ADC(2) /def2-
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SVP level.
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TABLE E1: Vertical excitation energy/oscillator strength (Ej/ fosc) and corresponding
wor values for the first six excited states computed for the 2'A and 2'B optimized
geometries at RI-ADC(2)/def2-SVP level

TABLE E2: Ground state(Sg) energies, and excitation energy (E,) and wcr values for
the first four excited states at different dihedral angles of M1-Sy geometry calculated

Mi1-2'A M1-2'B
state Eg/fosc wCr Eg/fosc WwCeT
St 1A 1.07/0.006 0.19 1'A 0.81/0.003 0.40
S 1'B 1.12/0.012 0.08 1'B 1.08 /0.008 0.10
S3  2'B 149 /0.000 093 2'B 1.39/0.008 0.89
Se  2'A 1.55/0015 0.80 2'A 1.64 /0.017 0.63
S5 3'A 239/0.065 0.15 3'B 230 /0.167 0.35
Se¢ 3'B 240 /0171 0.16 3'A 2.31/0.044 0.30

M2-2'A M2-2'B
S; 1'A 166 /0.007 0.06 1'A 1.63/0.010 0.14
S 1'B 166 /0.010 0.06 1'B 1.63/0.009 0.15
S3 2'B 288/0.109 0.12 2'B 254 /0.760 0.40
S¢  2'A 293/0.029 0.13 2'A 2.87/0.039 0.34
Ss  3'B 3.03/0013 091 3'B 3.02/0.092 0.78
S¢ 3'A 3.04 /0009 0.84 3'A 3.07/0.028 0.63

at RI-ADC(2) /def2-SVP level

TH-4042_216122025

Angle Energy (eV) weT
SRR 1 TEEO S ' RN T 0B
45.7 [3.35 441 4.88 549 534|050 040 0.54 0.60
47.7 1262 381 4.17 485 4.71]0.50 0.38 0.57 0.62
49.7 [2.09 338 3.66 4.40 4.26 | 0.50 0.35 0.56 0.65
51.7 | 1.63 3.01 324 4.01 387|044 033 0.58 0.67
53.7 | 1.27 2.73 290 3.68 3.56 | 0.43 0.31 0.62 0.69
57.7 | 0.76 233 244 3.21 312|034 027 068 0.72
61.7 | 045 211 217 291 285|029 024 071 0.76
65.7 | 0.26 2.00 2.03 273 269 |0.23 020 0.77 0.80
69.7 | 0.15 1.95 1.96 2.62 260 |0.18 0.15 0.83 0.84
73.7 1008 1.93 193 256 255|014 0.12 0.85 0.88
777 1005 1.93 1.92 253 252|010 0.09 090 0.91
81.7 |0.02 1.94 192 251 251 |0.07 0.07 093 0.94
85.7 | 0.01 1.94 1.93 250 250 |0.05 0.04 095 0.96
89.7 | 0.00 1.95 1.93 249 249 [0.03 0.03 0.97 0.97
93.7 | 0.00 1.95 1.93 249 249 [0.02 0.02 0.96 0.97
97.7 | 0.00 1.95 1.94 249 249 [0.03 0.03 0.97 0.97
101.7 | 0.01 1.95 1.94 249 250 |0.04 0.04 0.96 0.96
105.7 | 0.04 1.96 1.94 251 251 |0.06 0.05 095 0.95
109.7 | 0.08 1.98 1.97 254 254 |0.09 0.08 0.92 0.93
113.7 | 0.15 2.02 2.01 2.61 261 |0.13 0.10 0.86 0.90
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TABLE E3: Ground state(Sy) energies, and excitation energy (Eg) and wcr values for
the first four excited states at different dihedral angles of M2-S, geometry calculated

at the RI-ADC(2)/def2-SVP level

Angle Energy (eV) weT

So 1'A 1B 2TA 2B | 1'TA 1B 2'A 2'B
2314 [1.60 343 343 449 443]0.09 0.09 0.39 0.36
-35.4 | 1.00 2.85 2.85 3.97 3.90|0.09 008 0.23 023
-394 | 0.61 246 246 3.62 3.54|0.08 0.07 0.18 0.22
-43.4 1032 218 219 3.36 3.29|0.07 0.07 0.14 0.19
474 1 0.18 205 206 325 3.17|0.07 0.06 0.11 0.17
-51.4 | 0.08 1.96 1.97 3.17 3.10 [ 0.06 0.06 0.09 0.14
-55.4 | 0.03 1.92 192 3.13 3.07|0.06 005 0.07 0.12
-59.4 | 0.01 1.90 1.90 3.12 3.06 [ 0.05 0.04 0.06 0.10
-63.4 | 0.00 1.90 1.90 3.12 3.07 | 0.04 0.04 0.04 0.08
-67.4 | 0.00 1.91 191 3.13 3.09 | 0.04 0.04 0.03 0.06
-71.4 1 0.01 192 192 3.14 3.11(0.03 0.03 0.02 0.04
-75.4 10.03 193 194 3.16 3.13|0.03 0.03 0.02 0.03
-79.4 10.04 195 195 3.17 3.15(0.03 0.03 0.02 0.02
-83.4 | 0.05 1.96 196 3.18 3.16 | 0.02 0.02 0.02 0.02
-87.4 1 0.06 197 197 3.19 3.17(0.03 0.02 0.03 0.03
-91.4 | 0.07 197 197 3.19 3.17(0.03 0.02 0.05 0.04
-95.4 | 0.07 198 197 3.19 3.17|0.03 0.03 0.08 0.05
-99.4 | 0.08 1.98 197 3.19 3.16 | 0.03 0.03 0.09 0.09
-103.4 | 0.08 1.97 1.97 3.18 3.15|0.04 0.04 0.10 0.11
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49.7 51.7 53.7 57.7 61.7 65.7
69.7 73.7 71.7 81.7 85.7 89.7 93.7 97.7

FIGURE E8: Electron-hole correlation plots for the 1'A state along the dihedral angle
of M1.

m2 314 354

"
"

FIGURE E9: Electron-hole correlation plots for the 1'A state along the dihedral angle
of M2.

TABLE E4: Ground state(Sy) energies, and excitation energy (Eg) and wct values for
the first four excited states at different dihedral angles of M1-1'A geometry calculated
at the RI-ADC(2) /def2-SVP level

Angle Energy (eV) weT

. TEEEES ' DHR AR OWARY 0B
435 | 0.36 0.81 1.28 238 214|050 0.45 0.68 0.56
455 | 0.12 059 1.05 2.07 1.76 | 0.50 0.42 0.56 0.60
475 | 0.00 053 095 1.85 1.52[0.50 0.33 0.51 0.66
49.5 | 0.00 0.63 099 1.76 1.45|0.50 0.26 0.58 0.73
51.5 | -0.06 067 096 1.63 1.36|0.42 0.18 0.62 0.80
535 [-0.09 0.75 0.96 1.55 1.34|0.38 0.12 0.67 0.86
55.5 | -0.09 0.84 098 1.52 1.36|0.29 0.07 0.72 0.92
59.5 | -0.08 098 1.02 1.49 1.43|0.15 0.05 0.84 0.93
63.5 | -0.03 1.09 1.1 1.55 1.54|0.04 0.06 0.94 0.94
67.5 | 0.02 1.16 1.18 1.64 1.64 |0.04 0.03 0.96 0.97
715 | 0.09 123 1.24 1.75 1.74|0.04 0.05 0.96 0.95
75,5 | 0.15 1.3 131 1.86 1.84|0.07 0.04 094 0.95
79.5 | 0.22 1.37 1.38 1.96 1.93|0.09 0.05 0.92 0.95
83.5 | 0.31 145 1.47 208 203 |0.11 0.05 0.90 0.95
87.5 | 0.42 155 1.59 221 215]0.13 0.06 0.88 0.94
91.5 | 056 1.69 1.74 238 231[0.15 0.08 0.86 0.93
95.5 | 0.77 191 196 2.6 253[0.17 0.09 0.84 0.92
99.5 | 1.09 223 229 293 285|019 0.11 0.82 0.90
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TABLE E5: Ground state(So) energies, and excitation energy (Eg) and wcr values for
the first four excited states at different dihedral angles of M2-1'A geometry calculated

at the RI-ADC(2) /def2-SVP level

Angle Energy (eV) weT
So A 1'HF 2JSEEEEEER, 1'B 2% 5B
=32 | 0.84 228 229 359 351|010 0.10 0.82 0.27
-36 | 050 1.96 1.96 328 3.21|0.10 0.10 0.51 0.26
-40 | 028 1.75 1.75 3.09 3.01|0.09 0.09 0.47 0.24
-44 1014 1.62 1.62 297 290 |0.08 0.08 0.46 0.22
-48 | 0.06 1.54 1.55 290 2.84|0.07 0.07 0.46 0.22
-52 1 0.02 1.51 1.52 287 2.82|0.07 0.07 0.46 0.20
-56 | 0.00 1.50 1.51 2.86 2.82|0.06 0.06 0.46 0.18
-60 | 0.00 1.51 1.51 287 2.84|0.05 0.05 0.46 0.20
-64 | 0.01 152 153 289 286 |0.04 0.04 0.46 0.20
-68 | 0.02 154 155 291 289 |0.04 0.04 046 0.21
=72 1 0.03 156 1.56 293 292 |0.03 0.03 0.47 0.21
=76 | 0.05 1.58 1.58 296 294 |0.03 0.03 0.48 0.20
-80 | 0.06 1.60 1.60 298 296 |0.03 0.02 0.54 0.14
-84 | 0.07 161 1.61 299 298 |0.03 0.02 0.65 0.04
-88 | 0.08 1.62 1.62 299 298 |0.02 0.02 0.58 0.37
292 | 0.09 162 1.62 298 298 |0.02 0.02 0.57 0.45
-96 | 0.09 1.62 1.62 297 297 |0.03 0.03 0.57 0.46
-100 [ 0.10 1.62 1.62 296 296 |0.03 0.03 057 0.44
-104 [ 0.10 1.62 1.62 295 295|003 004 0.56 0.42
-108 [ 0.11 1.62 1.61 295 294|004 004 0.56 0.39
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