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Synopsis

Polycyclic aromatic hydrocarbons (PAH) show interesting optical, electronic and
photophysical properties. Among these, the non-planar PAHs with twisted w-systems
have been in increasing demand due to their potential in different fields of material
science. Helical shaped molecules are inherently chiral, and therefore, in recent times,
a large number of helical shaped systems have been developed. Widely used pristine
helicenes possess lower values of fluorescence quantum yields (®py,) and dissymmetry
factor for emission (gcpr,). Literature shows that designing of light-emitting molecules
with higher values of ®pr, and gcpr, is not an easy task. In recent times, various
types of modified helical structures including multiple helicenes are reported. In case
of single-helicenes, typical modifications are based on either increasing the number of
m-conjugated rings (i.e., either helical length or lateral extension) or substitution of hy-
drogen atoms by other functionals groups. At this juncture, computational studies are
very useful for studying and designing molecules with improved chiroptical properties. In
this thesis, excited-states properties of screw-shaped pyridine-thiophene oligomers and
various helicenes are reported. Effects of helical/lateral length extension and fluorine
substitution on the ground and excited state properties are reported. Methods such as
Density Functional Theory (DFT), time-dependent DFT (TD-DFT) and wavefunction
based algebraic diagrammatic construction scheme of second order (ADC(2)) are used

in these studies. Below we provide a chapter-wise overview of the thesis.
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Chapter 1: Introduction

Chapter 1 provides an overview of chirality in helical systems, types of helical sys-

tems and their various applications.

Towards the end of the chapter, I discuss the

motivation behind the present work and provide an outline of the thesis.

Chapter 2: Methodology

This chapter presents the theoretical and computational methods used in the the-

sis. Basics of the Hartree-Fock theory, DFT and TD-DFT are briefly mentioned. Few

commonly used DFT functionals for studying ground and excited state properties are

also mentioned. In addition, an introduction to the algebraic diagrammatic construction

(ADC) scheme for the polarization propagator is also provided. Thereafter one electron

transition density matrix (1-TDM) is introduced, and various descriptors used in the

thesis to analyze excited state properties are described.

Chapter 3: Excited-state properties of pyridine-thiophene oligomers:

DFT vs RI-ADC(2)

Q.
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In this chapter, structural and chiroptical properties of pyridine-thiophene (PT)

oligomers (n=1-5) are studied. For each oligomer, analysis of excited state properties

were performed using fifteen DFT functionals and the results are compared against

the RI-ADC(2) results. Three sets of functionals, generalized gradient approximation

(GGA) based functionals, long-range corrected versions of those GGA functionals, and a

few hybrid functionals. Analysis was performed by comparing the excited state energies

TH-3113_176122020



Synopsis xi

and values of some excited-state descriptors such as dexc, PRnTo and wcr obtained.
CAM-B3LYP, M06-2X, and wB97XD among the hybrid functionals show comparable
results to that of the RI-ADC(2). For these three functionals, the absorption peaks
are slightly red-shifted compared to ADC(2), however in the cases of B3LYP and PBEO,
peaks are more shifted. Unlike the above hybrid functionals, the long-range (l¢) corrected
versions of GGA functionals (such as lc-blyp, lc-pbe, lc-SVWN; [¢-TPSS and lc-OLYP)
show blue-shift in energy in comparison to that of RI-ADC(2) for all the oligomers.
Among the five oligomers, (PT)3-(PT)s5 are optically active. (PT)4 and (PT)s5 show
more intense CD peaks compared to (PT)s. At CAM-B3LYP/def2-TZVP level, (PT)4
appears as the most efficient circularly polarized light (CPL) emitter with gcpr,= -0.006

and fluorescence rate constant (K;) value of 0.193 ns~1.

Chapter 4: Chiroptical properties of polyaza[9]helicene and its deriva-

tives

In this chapter, effect of derivatization on structural and chiroptical properties of
polyaza[9]helicene (9Ha) are reported. First two derivatives are obtained by laterally
extending 9Ha with fusion of pyrazine and quinoxaline units, denoted as 9HaP and
9HaQ, respectively. The third one is a helically extended version of 9Ha, denoted as
11Ha. Absorption, CD and CPL properties of all four systems are studied using the
PBEO functional. It is observed that the absorption bands are red-shifted from 9Ha
to 11Ha, due to extension of m-conjugation. Although both 9HaQ and 11Ha contain

the same number of rings, 11Ha shows very small intensity peaks. The parent 9Ha

Chiroptical
Properties

Elongation >

Im[=2.01
=-0.055

gCPL

and the three derivatives are fully helical and optically active. 9Ha shows strongest CD

bands among all. In 9Ha, the lowest energy negative CD band corresponds to the Sp— S
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transition with the gcp value of -0.066. In the other three cases, gcp values for this tran-
sition are smaller than in 9Ha and it follows the order : 9Ha>9HaP>11Ha>9HaQ.
Quinoxaline-ring fusion and helical extension in 9Ha show improved K; values which is
due to significant increase in the electric dipole transition moments for the S;— Sy tran-
sitions. Considering the S1— Sy transition, while 9HaP shows the largest gcpy, value,
9HaQ shows the smallest.

Chapter 5: Effect of fluorination on chiroptical properties of carbol[5-

8]helicenes

In this chapter, the excited states properties of di-, tetra- and octafluorinated
carbo[5-8]helicenes are reported. In difluorination, one ortho hydrogen at each ter-
minal is substituted by a fluorine atom. Similarly, two and four hydrogen atoms at each
terminal are substituted by fluorine atoms for tetra- and octafluorination, respectively.
Excited states properties such as UV-vis and CD spectra of all the fluorinated carbo-
helicenes are computed at the ADC(2)/def2-TZVP level, and the results are compared
against the results for their respective parent carbohelicene. In pristine helicenes and
their fluorinated derivatives, two dominant absorption bands are observed. However,
intensity of the lower energy bands in cases of carbo[7-8] helicenes and derivatives are
significantly smaller than the intensities in carbo[5-6]helicenes. In carbo[5-6]helicenes,
gcpL decreases with an increase in the degree of fluorination, except in tetrafluorinated
carbol6]helicene. Di- and tetrafluorination in carbo[7]helicene, and all three types of
fluorination in carbo[8]helicene produce improved gcpr, results. Results are analyzed in

terms of dipole transition moment vectors and the angle between the two vectors.

Effects of Fluorination on Chiroptical Properties
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Chapter 6: Summary and conclusions

A brief summary of the thesis and concluding remarks are presented in this chapter.
In this thesis, chiroptical properties of pyridine-thiophene oligomers ((PT);-(PT)s),
polyazahelicenes, and carbo[5-8]helicenes along with their fluorinated derivatives are
shown. In Chapter 3, chiroptical properties of (PT);-(PT)s5 are shown at DFT and
RI-ADC(2) levels. In addition, characterization of excited-states were performed using
some descriptors such as deyc, wer, and PRyTo. In the next chapter, chiroptical prop-
erties of 9Ha and its three derivatives are reported. This chapter mainly shows the
change in the chiroptical properties over ring-fusions and chain elongation in 9Ha. In
Chapter 5, chiroptical properties of carbo[5-8]helicenes and their fluorinated derivatives

are discussed.
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Chapter 1

Introduction

Chirality refers to non-superimposability of mirror images of a molecule. It is ubiquitous
in nature, e.g., in a-helix proteins and helical DNAs. The two stereoisomers are called
enantiomers differentiated by either ”right-handedness” or ”left-handedness”. Chiral-
ity can appear in optically active molecules or in polyaromatics with helical scaffolds.
Helicenes, screw-shaped polycyclic aromatic compounds consisting of ortho-fused aro-
matic rings, are common examples of helical scaffolds.'™ While helicenes consisting of
solely fused benzene rings are known as carbohelicenes, others containing one or more
hetero atoms along the chain are known as heterohelicenes. Due to their inherent chiral-
ity, they exhibit intrinsic chiroptical properties. %6 Their stable helical structures make
these strongly luminescent, circular dichroism (CD) and circularly polarized lumines-
cence (CPL) active. Helical structures, in particular helicenes, are of fundamental im-
portance in various research fields of material science such as in emissive layers of organic

light emitting diodes (OLEDs), 711 in hole-transport layers of pervoskite solar cells, 2720

21-23 in enantioselective fluorescent sensors,?* bioimaging,2°

in the asymmetric catalysis,
and displays?6 etc. Due to the above reasons, there has been surge in studies of helical
structures in recent times to design compounds with better chiral properties. Chirality
in the ground state is usually investigated using the CD spectroscopy. Here, the differ-
ential absorption of left- and right-polarized lights is measured. Similar to the ground
state chirality, differential emission of left- and right-handed circularly polarized light
is measured using CPL technique. This corresponds to the excited state chirality. Effi-
ciencies of CD and CPL active systems are evaluated in terms of dissymmetry factors,

gop and gopr,, corresponding to CD and CPL, respectively.?” These two parameters are

defined as

gep(A) = 24€(A)/e(N) (1.1)
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and

gepL(A) = 2AI(N)/1(N), (1.2)

respectively. Here, €/I and Ae/AI are the sum and difference in intensities of left
and right polarized lights, respectively, for absorption/emission. The maximum value
of either gcp or gopr, is £2, denoting completely left- or right-polarized absorption or

emission.

Typically, helical organic organic molecules show small chirality. In the recent past,
many chiral molecules with good absorption, and in particular, luminescence properties
have been designed. Small changes in the structures of the helical systems, making ring
substitutions, and making double/triple helicenes have been taken up in recent times
to achieve large gopr, values. Below we provide a quick overview of different types of
helical-shaped systems, and their applications in various devices. This is followed by an

outline of the thesis work.

1.1 Types of helical-shaped systems

There are various types of helical-shaped molecules reported in the literature, start-
ing from the single-stranded to multi-stranded helical systems.>?%2 Below we discuss

typical helical systems reported in the literature.

1.1.1 Single-stranded helical systems

The single-stranded helical systems consist of single helicenic units of either P (right-
handed) or M (left-handed) configurations. Pristine carbo[n]helicenes and their deriva-

tives are the most common example of this class of helical systems.
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1.1.1.1 Ortho-substituted ring systems

Small-sized oligomers of ortho-substituted heterocyclic rings are linear in structure and
achiral in nature. However, chain elongation of such oligomers results in non-planar

structures and induces chiral properties in the systems. In this regard, many five-

30-33

membered ring-based conducting polymers such as polythiophene and polypyr-

31,34-38

role, have been studied. In recent times, helical polyfurans have also been syn-

thesized. 3?42 Among the polymers of phenylene, ortho-phenylenes have been shown to

form helices. 4346

1.1.1.2 Fused-ring systems

In 1956, Newman and Lednicer first synthesized the fully helical carbo[6]helicene.*”

Thereafter, many medium to large-sized multi-layered carbohelicenes up to carbo[16]helicene®
have been synthesized till date.??? In addition, several modified carbohelicenes based

4957 or lateral ring-fusion”?%63 have also been synthesized.?2°

on either substitution
For example, perylene diimide® and hexabenzocoronene®? have been commonly used

skeletons for lateral 7 extension. In addition, fluorene-%* and azaine-fused%® are also in

66,67 68,69

use. In addition, many heterohelicenes based on oxygen , nitrogen®®, sulphur

and others are also reported.?’

1.1.2 Multi-stranded helical systems

In addition to conventional single-stranded helicenes, double and multiple helicenes,
entailing more than one helicene subunit in one molecule, have emerged as a new class

of chiral polycyclic aromatic hydrocarbons (PAHs).

1.1.2.1 Double helicenes

Among the various multiple helicenes, double helicenes are the simplest and most stud-
ied family of helicenes. These include double carbo[5-8]helicenes. In 1959, Clar and co-

workers very first reported the [X]-shaped double [5]helicene or Hexabenzoperylene. ™
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Further, Miao et al. synthesized its alkoxy derivatives in 2012.7! In these [X]-shaped
helicenes, each component shares the same benzene ring in the middle™ " or the C-
C bond of that ring.”™ In addition to these [X]-type double carbo[5]helicenes, [S]-type
double carbol[5]helicene ™ sharing one terminal ring of each unit was also reported. Fur-
ther, in some cases, the terminals of two moieties are connected via one or two C-C
bonds ™7™ producing either [S]-type or figure-eight shaped molecules, respectively. Sim-
ilar to double carbol[5]helicenes, fusion of two pristine carbo[6]helicenes produced dou-
ble carbo[6]helicenes of various shapes.?® For example, two fused carbo[6]helicene units

17677 and ter-

produce [S]- and [M]-shaped double carbo[6]helicenes, sharing the centra
minal ”® naphthalene rings, respectively. In the former case, the two terminals are anti
to each other, while those are cis in the latter case. Further, there are some double
carbo[6]helicenes, sharing either one ring”™™ or a bond.®" Recently, Mori et al.8! re-
ported an isometric [X]-type double carbo[6]helicene, sharing the naphthalene unit in
the middle. In addition, [S|-shaped double aza[6]helicene has also been reported by
Tanaka et al.®? Unlike the carbo[5,6]helicenes, no [S]-type double carbo[7]helicene in the
anti-form has been reported to date. However, a classic example of M-shaped double
carbo|7]helicene that shares a terminal naphthalene unit was reported as early as 1974 by
Martin et al..”® In 2003, Cobas et al. reported an asymmetric double helicene made up of
lateral fusion of carbo[7]helicene and carbo[5]helicene.®3 In recent times, there has been
an increase in studies of m-extended multiple helicenes. 28:60:834-88 These are based on some
common 7-conjugated units such as hexabenzo-fused double carbo[6]helicene®, pyrene-
fused [X]-shaped double carbo[7]helicene®®, hexapole carbo[7]helicene fused with hexa-
peri-hexabenzocoronene core® perylene diimide-embedded double carbo[8]helicenes®
etc.. Further, in addition to benzo-annulated double carbohelicenes, multiple helicenes

containing one or more hetero atoms in the core have also been explored extensively. 2889

1.1.2.2 Triple helicenes

A few multihelicenes, triple helicene, quadruple helicene, and quintuple helicene, have
been reported. The first triple helicene was prepared by the pyrolysis of cyclobuta[ljphenanthrene-

1,2-dione in 1982 is hexabenzotriphenylene.”® Further studies were carried out by various
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groups. 1793 In 1999, Barnett et al. reported two stereoisomers of hexabenzotriphenylene
of D3 and Cy symmetries, sharing triphenylene unit in the core.”! Further, Watanabe

1.94 synthesized the very first more twisted and three-bladed propeller-shaped triple

et a
carbo[5]helicenes of Cz symmetry in 2017. A trimer of bowl-shaped corannulene, a -
extended version of triple [5]helicene, i.e., hexabenzotriphenylene, was also prepared.®*
Further triperylene hexaimides based triple carbo[5|helicenes along with its nitrogen

doped and selenium derivatives are also reported.?%%6

1.1.2.3 Quadruple and larger helicenes

Unlike double and triple helicenes, quadruple helicenes are limited. In 2013, Dichtel

1‘97

et a synthesized extended and partially fused quadruple carbo[5]helicene as a 7-

elongated derivative of double [5]helicene™

(i.e., hexabenzoperylene). It contains four
carbo[5]helicene units and none of these four units share any ring among themselves. Fur-
ther, quadruple hetero[5]helicene was synthesized by Itami and co-workers from dithia[6]

and carbo[5] helicenes.?® Recently, Xiao et al. reported quadruple carbo[5]helicene, com-

posed of four indene units, in which no fully shared benzene ring is present.

Fewer numbers of quintuple helicenes are reported in literature. Those quintuple

helicenes are based on corannulene units. For example, Itami and co-workers 100-101,

syn-
thesized propeller-shaped quintuple carbo[6]helicene and quintuple decathia[6]helicene.
Both of these are composed of a corannulene unit and six helicenic moieties. In 2022,

10211 2017, the groups of Kamikawa 193

Tanaka et. al reported azahelicene-fused corannulenes.
and Gingras'®® synthesized chiral propeller-shaped D3 symmetric sextuple helicene.
It consisted of three external and three internal carbo[5]helicene units. In addition,
carbo[5]helicene-based unique circular and cage shaped molecules are also reported,

where two helicene units get connected via several linkers, instead of ring fusion. 105-107

1.2 Motivation

Helicenes have been an important area of research for their applications in the field

of material science. However, performance of pristine helicenes are less compared to

TH-3113_176122020



Chapter 1 6

metal-based helical systems and multihelicenes in terms of fluorescence quantum yield
(Ppr) and gcopr. For pristine carbo[n>4]helicenes, ®pr, values remain below 0.05 and

it decreases with increase in helical length 08109

, while gcpr, values are reported to
be less than 0.01578L10 for the carbo[5-7]helicenes. Therefore, this has been an ac-
tive area of research to explore effects of various molecular modifications to improve
both ®gr, and gcpr, values. Modifications such as lateral ring extensions, insertion
of electron-donating and -withdrawing groups in to the core, and doping by hetero-
atoms onto the helix have been carried out and this has been shown to produce im-
proved chiroptical properties.?8:29,66-69:111 Tny 1996, Hasobe and co-workers®? reported

tetrathia[9]helicene and its quinoxaline (@Qz)-fused derivatives showing up to ~ 28-fold

increase in the ®pr,values compared to that of carbo[9]helicene. Later in 2014, they also

5 l. 11

reported Qz-fused carbo[7]helicene®® with improved results. Recently, Otani et a
reported polyaza[5-9]helicenes with improved ®py, and gcpy, values compared to those of
traditional carbohelicenes. 5"-81:198"110 T this case, polyaza[9]helicene (9Ha) was found
to be the one with the highest value of gcpr, (i-e., 0.027) among the single-stranded
[9]helicenes. Further, the same group reported Qx-fused polyaza[5,7]helicenes!!? with
larger ®py, values compared to their respective carbohelicenes. In addition to Qz unit,
there are helicenes fused with large m-conjugated units, such as perylene diimide%° and

pylrene61 etc.

329,57 3ls0 act as bet-

Similar to laterally extended helicenes, substituted-helicenes
ter light emitters compared their respective pristine carbohelicenes. For example, in
2017 Kubo et al.?* reported dimethoxy and dicyano substituted carbo[5]helicenes with
®pr,=0.10-0.23, which is 2.5-5.75 fold increment compared to its parent system. Simi-
larly, dimethoxy and dicyano substituted carbo[7]helicenes®” also show improved lumi-
nescence properties. Halogenation of carbohelicenes rings is another strategy to tune the
chiroptical properties.®%% In 2019, Cirkva et al.? reported the synthesis of tetrafluoro-
and octafluoro-carbo[6]helicenes and observed systematic increase in ®pyr, with increase
in the number of fluorine atoms. Looking at the literature reports, it is clear that a lot
more understanding is required to fully grasp the effects of substitution and ring-fusion

on the optoelectronic properties. Computational studies at this juncture are of great

help to design the systems, and study their chiroptical properties. In this thesis, our
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aim is to contribute towards understanding of the effects of substitution and ring-fusion

on the chiroptical properties.

1.3 Thesis outline

In this thesis, we present the results of computational studies of ortho-substituted
pyridine-thiophene oligomers and ortho-fused helicenes. Computational studies are car-
ried out at DFT/TD-DFT and ADC(2) levels of theory. In Chapter 2, theoretical
and computational methods are briefly discussed. In Chapter 3, a comparative study
of excited-state properties of pyridine-thiophene (PT) oligomers (n=1-5) at different
levels is presented. Results of fifteen DFT functionals are compared against the RI-
ADC(2) results for each oligomer. (PT)4 appears as the strongest CPL active sys-
tem, with gcpr,=-0.0059 at Aer,=389 nm, obtained at CAM-B3LYP level. In Chapter
4, the effects of lateral ring-fusion and chain elongation on the chiroptical properties
of polyazahelicenes are presented. Among the three derivatives of polyaza[9]helicene
(9Ha), pyrazine-fused 9Ha (i.e., 9HaP) shows the best results with the largest values
of gcpr, of -0.055. In the fifth Chapter, we show the effects of fluorination on the chirop-
tical properties of carbohelicenes. A systematic study was carried out by substituting
hydrogen atoms by fluorine atoms to different degrees. The last chapter presents the

overall conclusions of the thesis work.

TH-3113_176122020



TH-3113_176122020



Chapter 2

Theoretical and computational

methodologies

2.1 Time-independent Schrodinger equation

The Schrodinger equation for a system of n electrons and N nuclei is written as

H \I/i(rlﬂﬁ ~--7”n,R1,R2 RN) = EZ‘ \I/i(Tl,TQ T, Rl,RQ ...RN), (2.1)

where H is the Hamiltonian operator consisting of all the operators corresponding to the
kinetic and potential energies. W;(rq, 7y ...7y, R1, R2 ...Ry) is the i _state wavefunction,
and is a function of positions of the electrons (r) and nuclei (R). In Eq. 2.1, E; is the
total energy of the system in the i*-state. In atomic units, the Hamiltonian operator

in the Eq. 2.1 is expressed as, '3

n

N N
f zz“’ zz* (22)
I=1J>1

il =1 j>1

N

=

1 Ny n N
NI W 9y

i=1 I=1 i=1I=1

Here, the lowercase letters (i,j) and uppercase letters (I,.J) denote the electrons and
the nuclei, respectively. My is the mass of the nucleus, and Z; and Z; are the atomic
numbers of the nuclei I and J, respectively. The distances between two electrons (3, j)
and two nuclei (I, J) are denoted as r;; and Ryj, respectively. On the other hand, r;r
denotes the distance between an electron, ¢+ and a nucleus, I. The above Eq. 2.2 can be

written more compactly as

H = Ty(r) + Tn(R) + Ven(r,R) 4+ Van(R) + Vee(r). (2.3)
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Here, the first and second terms correspond to the kinetic energies of electrons and nuclei,

respectively. The last three terms correspond to the three potential energy operators.

2.2 Born-Oppenheimer approximation

The Born-Oppenheimer (BO) approximation is the basis of quantum mechanical cal-
culations of atomic and molecular systems. It relies upon the fact that electrons are
much lighter than nuclei, and move much faster compared to nuclei. In this scenario,
electronic and nuclear parts of a molecular wave function can be separated, and the total
wave function can be written as the product of two wavefunctions, one dependent on

the electronic coordinates, and the other on the nuclear coordinates,

\I/(’r'l,?"g ...’l"n,Rl,RQ RN) = 1/)(7“1,’/’2 ...’I”n)(,D(Rl,RQ RN) (24)

Here, 1(r) and ¢(R) represent the electronic and nuclear wavefunctions, respectively.
Within the BO approximation, nuclei are treated as nearly fixed with respect to elec-
tron motion. This results in the so-called electronic Hamiltonian (by neglecting the ki-
netic energy operator for the nuclei and considering the nucleus-nucleus repulsion term

(Van(R)) as a constant). The electronic Hamiltonian is written as

A

Hg = CZAﬂe(r) =1 +‘>:3N(r,R) + ‘z;e(r) (25)

and the electronic wavefunction as,

wel = Qpel(r;R')- (2.6)

Here, 1) depends on the electronic coordinates and parametrically on the nuclear coor-

dinates. The corresponding electronic Schrodinger equation is

ﬁel¢el = Eelwela (27)

TH-3113_176122020



Chapter 2 11

where, E) is the corresponding energy. The total energy of a system is

E = Eq+ Van(R). (2.8)

2.3 The One-Electron wavefunction and Hartree-Fock method

In the Eq. 2.6, % is a function of coordinates of all the electrons in the system. A
convenient way proposed by Hartree!' is to rewrite g as a product of one-electron

functions corresponding to each electron as

w(T‘l,Tg Tn) = ¢1(7"1)¢2(T2)...¢n(7'n). (29)

Such a format for wavefunction can solve the Schrédinger equation exactly if the Vo (r)
in the Hamiltonian operator in Eq. 2.5 is replaced with an effective field, Vel Ve g
the potential exerted on an electron from average position of other electrons. This leads

to the following equation for each ¢;, known

(—1v2—ié+f/¢ﬂ)¢~ = €0 (2.10)
e = i Z Z o .

Solution to this equation for a set of functions ¢; is non-trivial as the term Vel itself
depends on all the functions ¢;. A self-consistent field procedure is used to solve the
above equations. The above format of the wave function shown in Eq. 2.5 does not
satisfy the Pauli exclusion principle.''® To overcome this, Fock !¢ suggested to use the

Slater determinant

p1(e1) o2(e1) ... uler)
p1(e2) o2(e2) ... ule2)

¢1¢2~- ¢n (211)

Y(ri,re ry) = \/1??

p1(en) d2(en) ... énlen)

1
which is antisymmetric and follows the Pauli exclusion principle. The factor — is the

Vn!

normalized factor. This determinant has n electrons occupying n spin orbitals. Rows
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are labeled by electrons, first row is for electron-one (e;), second row is for electron-two
(e2) and so on. Columns are labeled by spin orbitals ¢1, ¢2, ..., ¢n. In the HF theory, a

single Slater determinant is used as an approximation to the electronic wave function.

2.4 Post-Hartree-Fock methods

The HF method does not consider electron correlation effects. The electron-correlation
effects can be introduced by various post-HF methods such as Mgller-Plesset perturba-

U819 and multi-configurational methods

tion theory 7, coupled-cluster based methods
such as the complete active space self-consistent field (CASSCF) 1207122 methods. Below,

I provide an overview of the MP methods which is used in the thesis work.

2.4.1 Mgller-Plesset perturbation theory

In 1934, Mgller and Plesset 7 developed the methods for applying perturbation theory
to molecular systems. In Mgller-Plesset (MP) perturbation theory, the full Hamiltonian
(excluding the kinetic energy term for nuclei, Tx(R)) in Eq. 2.3 is divided into the HF
part and a perturbation component which contains the electron-correlation part. Essen-
tially, the HF calculation is taken as the starting point of the perturbation expansion,

and the zeroth-order problem can be written as
HOy" = EPy(”, (2.12)

where the subscripts of ¥ and ¢ refer to the ground state. In the MP perturbation, the

perturbation component can be expressed as

V=B 7O = 3T = S - Ki) (213)

p=q

In the above equation, J; and K; are the Coulomb and exchange operators that form

the HF potential. These two are written as
. o1
3o = | [ rgi2) 2] o) 210
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and

Ko 1) = | [ i) o) o) .15

where ¢s are the spin orbitals. The first-order correction to the energy obtained after
operating the perturbation operator is given as
1 - 1 e
Bl = 0OV 16®) = Voo = — 3 idl lid) (2.16)

2 &~
i

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

¢s and defined as'!

(ig] |kl) = (iglkt) — (ij|lk) = /drl dry ¢7(r1); (r2)r15 (1 = Pra)(r1)du(rz). (2.17)

Here P19 is an operator which interchanges the coordinates of two electrons. The total

MP1 energy is

N
BE(MP1) Z %Zm\m (2.18)

9

Eq. 2.18 shows that the MP1 energy is the same as the HF energy. The second-order

correction to energy (Eﬁi;) which leads to MP2 is given by

occ vir

E\p} = ZZ (ij| |ab) a (2.19)

ij ab

with

aff = (6 + ¢ — ca — &) " (ab][ij). (2.20)

As a consequence of the Brillouin theorem!?3, the single excitations do not contribute.
In addition, triple- and other higher-order excitations are excluded because of the Slater-
Condon rules'?*. Therefore, finite matrix elements in the case of second-order correction

are obtained only for the double excitations as shown in Eq. 2.19.

125-127

Grimme proposed a variant of MP2, known as the spin-component-scaled
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MP2 (SCS-MP2), for improving the ground state energies. It scales the terms involving
electron pairs with same spin (SS) and opposite spin (OS) separately, The SCS-MP2

correlation correction is given as
Ec(SCS — MP2) = pos EOS(MP2) + pss ESS(MP2) (2.21)

where pog and pgg are empirically fit terms, with best values of 6/5 and 1/13, respec-

tively.

2.5 Density functional theory

Electron density, denoted as p(r), is extracted from the electronic wave function. In
contrast to the wave function which is dependent on 4n variables, i.e., on three spatial
and one spin coordinate for each electron, p(r) is a function of three variables only,
i.e., of 7, y, and z coordinates. As proposed by Kohn and Sham (KS),!?® the energy

functional is given as

Elp(r)] = Tlp(r)] + Vaelo(r)] + Veelp(r)] + Eiclp(r)], (2.22)

where the first term is the kinetic energy of a system of non-interacting electrons with
density same as the density of the real system. The second term is the nuclear-electron

attraction energy expressed as

N
= Z1 r)dr
Valpte)l =3 [ 2ot (2.23)

and the third term corresponds to the electron-electron repulsion energy,

Vlo(r)] = / / PEVAE) 41y, (2.24)

ry —re

The last term, Ey.[p(r)], is the the exchange-correlation functional. Energy minimiza-

tion is carried out by solving an eigenvalue equation analogous to the Hartree equations
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as
hSxi = Eixi. (2.25)

The KS orbitals are also separable (similar to HF MOs). As a result, it is possible to
solve the Eq.2.25 using similar set of steps as in the Hartree-Fock-Roothaan method.
DFT has distinct advantages over the wave function based methods in that it produces
the electron correlation energy at a similar computational cost to that of the HF method.
However, the real problem in DFT is about the exchange-correlation term. To overcome
this, various functionals have been proposed in the literature. However, in DFT, it is not
possible to correct the performance of a particular functional systematically, unlike in the
case of configuration interaction, where the performance can be improved by increasing

the number and type of wavefunctions employed in the wavefunction expansion.

2.5.1 Exchange-correlation functionals

The exchange-correlation functional is written as a sum of an exchange part and a
correlation part. These two terms are expressed in terms of energy density €, which is

dependent on the p(r) as

Exclp(r)] = Ex[p(r)] + Eclp(r)] = /P(P)GX[P(F)]dP+/P(r)ec[p(r)]dh (2.26)

A series of approximate treatments have been applied to the exchange-correlation term
leading to the non-empirical Jacob’s ladder scheme.'?? 13! Each rung in the Jacob’s
ladder defines a set of assumptions used in creating an exchange-correlation expression.
The first rung in the ladder is the local density approximation (LDA), which assumes
that ex can be calculated from just the density. A simple example of LDA is Dirac’s

treatment of a uniform gas, where the exchange energy density is treated as

DA = —xp!/3, (2.27)
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However, in cases where the v and [ spin densities are not equal, it is extended to the
local spin density approximation (LSDA). The second rung of the ladder is the gener-
alized gradient approximation (GGA). The third rung, meta-GGA functional, includes
a dependence on the Laplacian of the density (V2p) or on the orbital kinetic energy
density (7). The fourth rung, the hybrid functionals, includes a dependence on exact

HF exchange. The fifth one includes the unoccupied KS orbitals.

In DFT method, the most widely used exchange component is one proposed by
Becke 32, which included a correction term involving derivative of density. The most

133 (veferred to

widely used correlation functionals are proposed by Lee, Yang, and Parr
as LYP) and by Perdew and Wang!34(referred to as PW91). The hybrid functionals
contain exchange-correlation functionals with some amount of the HF exchange. One

of the most widely used hybrid functional is BSLYP consisting of Becke’s exchange

functional along with the LYP correlation functional:
BINE _ (1 — ) BPA 4 0B 0B + (1— BN+ cBET, (229

where E% is the gradient corrected exchange energy obtained from the Becke func-
tional 32, and EéYP is the correlation energy corresponding to the LYP correlation
functional'33. The three parameters a, b, and ¢ are optimized to 0.20, 0.72 and 0.81,
respectively. There are many other hybrid functionals reported in literature, such as
PBEO (second-rung functional) 13136 HSE!37 O3LYP %, hybrid meta functionals of

MO6 family and others.

Range-separated hybrid functionals produce more accurate excited states properties
compared to the most commonly used standard functionals, especially when charge
transfer excitations are involved. In the range-separation scheme of exchange-correlation

. . . 1. .
functional, the electron—electron interaction operator — is split into short-range and

12
long-range components using standard error function as 39140

1 _ 1 — erf(uris) n erf(/lﬁ?)’ (2.29)

12 12 12

where 119 = |r; — ro| is the distance between the electrons 1 and 2, erf(X) is the error
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function, and p is the range separation parameter. The first and second term account
for the short-range and long-range interactions, respectively. One of the range-separated
functionals is CAM-B3LYP. Applying the Coulomb-attenuating method to the BSLYP
functional, Yanai et al.'*! introduced the CAM-B3LYP functional. Here, the form of

Eq. 2.29 was generalized using two extra parameters o and [ as,

1 1—[a+f-erf(ur)] Latb erf(ur1z) (2.30)

12 12 12

where 0< a+8 < 1,0< a < 1, and 0< 8 < 1. The parameter « corresponds to the HF
exchange contribution over the whole range by a factor of «, and 3 corresponds to DFT
counterpart over the whole range by a factor of 1-(a+/3). The extra flexibility arising
from these two parameters allows to verify importance of the HF exchange contribu-
tion for the short-range region and the DFT counterpart for the long-range region. In
CAM-B3LYP, HF exchange contributions at short- and long-ranges are 0.19 and 0.65,

respectively.

2.6 Dispersion-corrected DFT

DFT has been an widely used method for electronic structures calculation and a series of
DFT functionals have been proposed for different purposes. However, traditional DFT
functionals does not taken care of the weak-interactions, such as hydrogen-bonding and
van der Waals interactions. These interactions are indispensable in chemistry, biochem-
istry and materials science. The most widely used method to incorporate dispersion
interaction is the Grimme’s DFT-D 42 method. In this approach, a dispersion term,
Egisp is added to the KS-DFT energy shown in Eq. 2.22, and the total dispersion

corrected energy (Eppr_p) is expressed as!'43

1 CAB
Edisp = _5 Z Z snRdeamp(RAB)a (2'31)
A#Bn=6,8,10.... AB

where the sum is over the all the atom pairs. CQB is the dispersion coeflicient of nth-

order, dependent on particular atom pair AB. Rap is the internuclear distance, sy is a
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scaling factor and fgamp is a damping function. The most common expressions for the

damping functions are, 144
Jdamp(RaB) ! (2.32)
dam AB) — .
’ 1+ 6(Rap/(srnR5"))
or 143,145
1
fdamp(RAB) ot (233)

1 + e=7(Ra/sraR3P-1)’

where RSB defines the cut-off radius for the atom pair AB, s;, is the functional de-

pendent radii scaling factor, and ~ determines the steepness of the function for small

RasB.

The first two versions of DEFT-D methods, i.e., DFT-D1!42 and DFT-D2'“? versions
include only the n=6 term. However, in DFT-D3, 46 terms for n=6,8 are included. The
original DFT-D3 method employs the damping function proposed by Chai and Head-
Gordon'** shown in Eq. 2.32. The second version, denoted as DFT-D3BJ, uses the
damping form shown by Becke and Johnson. The form of fj.mp by Becke and Johnson
is
CAB
CAB

fdamp,BJ (R%B) = a1 RAB + a9 (234)

and the dispersion energy employing fdamp ps(Rip) is

CAB C’
g3y _ 1 Z Sy e .
dlSP RAB + fdamp BJ (RAB)] RAB i [fdamp BJ (RAB)]

(2.35)

Here, a1 and a9 are the free fit parameters. It has been observed that mean deviations
for a benchmark data set that involve weak interactions, chemical reactions, and con-
formations are reduced by at least 1 kcal/mol with the inclusion of the D3 corrections

for a range of functionals. 147148
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2.7 Time-dependent density functional theory (TD-DFT)

Ground state DFT deals with systems subjected to static external potentials. However,
to study systems under influence of external electromagnetic fields, the time-dependent
version of the DFT is used. TD-DFT is a formally exact approach, and is the go-to
method today to compute excited states and optical properties of large systems. The
Runge-Gross theorem 4 is the basis for TD-DFT, like it was the Hohenberg-Kohn the-
orem for DFT. It states that there is a one-to-one mapping between the time-dependent
external potential v(r,t) and the time-dependent density of the system. In cases where
external potential is small, perturbation theory can be used. Below we briefly show
the linear response approach as derived by Marques and Gross. ' If the ground-state
density is ,0(0) and vV is the first order perturbed potential turned on at tg, the density

then can be expressed in a perturbative series as follows!®!

p(r.t) = pO(r) + pV(r,t) + pP () + -, (2.36)

where p(1)(r, t) is the component depending linearly on the v(!) and is expressed as

P(l)(T,W) = /d?’rlx(r, r',w)v(l)(r’,w). (2.37)

y is the linear density-density response function. The p®) can be calculated using the

KS system as

(r,w) /d3r xks(rs 7, w)vI((g(r w), (2.38)

where yks (7, 7/, w) is density response function for the non-interacting electrons. yks,
in terms of unperturbed stationary KS orbitals, is written as
- ¢ (r) 5 (r') i (r’) @ (r)

=1 —
xxs(r,r’,w) = lim %:(f’“ 13) w— (&5 — ) +in

(2.39)

where ¢;(r) and ¢; are the KS eigenfunctions and eigenvalues, respectively. f; shows the

occupation number of the j-th orbital in the KS ground state. The term v( ) in the Eq.
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2.38 can be calculated as

v Rty = oD () + ol () + ol (r, 1), (2.40)

Hartree

where the second term accounts for the classical electrostatic interaction between the

electrons

(1) (7
e (r,t):/d?’r’p(r’t). (2.41)

Hartree

The last term is the XC part in p(!) of the functional vxc|[p],

(r,1) /dt /d3 ’5”{0, 0 P (' ) /dt /d3r’fxc(rt 't p V(' 1)2.42)

where fxc(rt,r't') is the XC kernel.

Using the above results and transforming to frequency, Eq. 2.37 can be rewritten

as

p0rw) = [ 1t o w)+

: (2.43)
/dgx / dsr/XKs(’r‘, T, w) |:|*m_—r,| aF fXC(CU, 'r-,’ (.U):| p(l) (’r/’ (U)
From Eqs 2.37 and 2.43, we have
1
x(ryr' w) = /d3x/d3x3x(r,m,w) [M + fxc(zc,a:',w)} xks(x'y ' w)+
(2.44)

xks(r, 7', w).

This equation shows the exact representation of the linear response theory, and self-
consistent solution of this equation can produce the response function, x, of an inter-
acting system. This will lead to a pseudo-eigenvalue equation which yields excitation

energies.
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2.8 Algebraic diagrammatic construction scheme for the

polarization propagator

The algebraic diagrammatic construction (ADC) 152157 scheme for the polarization prop-
agator is a single-reference wave function based method to study the excited states and
properties. The method is analogous to the MPn method for the ground states, and
hence, is a perturbative method which can be systematically improved. Below we show

a quick and short review of the methodology based on the intermediate-state formalism.

Denoting the ground state wavefunction as |¥y), excited state wavefunctions, |V )

can be constructed by applying an excitation operator, C 7 as
;) =Cy W) .

The excitation operator, C;, can be written in terms of annihilation and creation oper-

ators as follows:
Cy = af agatalaag;i < j,a <b.

While &, a; denotes the formation of singly-excited states, dL&Zdi&j denotes the forma-
tion of doubly-excited states. In the above equation, the subscripts a, b, .... and 1, 7, ....
refer to virtual and occupied orbitals, respectively. The intermediate states (IS) are
orthogonalized using the Gram-Schmidt procedure. The matrix elements of the ADC

matrix are obtained by expressing the shifted Hamiltonian in the IS basis as
Mij = (U H — Eo| W),

where Ejy denotes the exact ground state energy. The hermitian eigenvalue problem is

solved by diagonalizing the matrix M. A compact form of the above is
MX =XQ,
where 2 and X denote the diagonal eigenvalues and eigenvectors, respectively.
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The Rayleigh-Schrodinger perturbation theory can be used at this point to write

the matrix M as
M=MO 4 MO 4 M 4 MO 4 MO,

This expansion shows that elements can be considered up to a certain order of expansion
which makes it easier to treat the correlation. Accordingly, while ADC(1) denotes the

first order in perturbation equivalent to CIS, ADC(2) denotes the second order.

2.9 Rotatory strength and dissymmetry factor

Rotatory strength (R) is the imaginary part of the result of scalar product between elec-
tric dipole transition moment (EDTM) and magnetic dipole transition moment (MDTM)

between the ground state and excited states. It is expressed as '8 160

R = Im[{Wolji| ) (W | o)), (2.45)

where ¥y and ¥, are the ground and excited states, respectively. i and m are the
electric and magnetic transition dipole moment operators, respectively. For an electronic
transition, dissymmetry factors, gcp and gcpr,, as mentioned in Eq. 1.1-1.2 can be

calculated as28:161

" R 4|p|lm| cos 0
D+G | +[ml*

gcp(gepr) = 4 (2.46)

where D and G are EDTM and MDTM strengths, respectively, corresponding to absorp-
tion (emission). |p| and |m/| are the magnitudes of the EDTM and MDTM, respectively.
0 in Eq. 2.46 denotes the angle between the two vectors, and therefore, it determines

the magnitude of R.
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2.10 Omne-electron transition density matrix

Fragment-based excited state analysis is based on the concept of correlated hole-electron
pair. 162:163 For this an effective hole-electron wavefunction is required. This wave func-
tion can be written as an integral of the one-electron transition density matrix (1-TDM)

between the ground and excited states,

’yOI(rh, Te) = n/ .. -/¢O(rh,r2, .., (bI(re, T2y .oy Tn)dry. .. dry,. (2.47)

Here 7°7 is 1-TDM between ground (0) and excited (I) states, ¢° and ¢! refer to the
ground and excited-state wavefunctions, respectively. 7, and 7. represent the coordi-
nates of hole and electron, respectively. The matrix representation of 1-TDM is given

as

'YOI(Tha re) = Z D%Xﬂ(rh)Xv(re) (2.48)

where X, and x, are the atomic orbital of the basis {x,} and the 1-TDM element D/%

is expressed as
Dy = (#°lajav|¢") (2.49)

where a! and @ are the one-particle creation and annihilation operators, respectively. p
and v are the orbital indices. The exciton wavefunction obtained using this construction

162,164,165

is very useful to analyze a variety of excited-state descriptors , such as charge

transfer number, total charge-transfer, partition ratio of natural transition orbitals, ex-

citon size etc..

2.10.1 Charge transfer number (Q245)

Charge transfer number (24p) is expressed as

QAB—//’VOI(Th,Te)Qd?”edrh, (2.50)
4JB
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considering that hole is present at the fragment A and electron at the fragment B. After
collecting all the Q value contributions from all the fragments A, B and so on, it is
possible to visualize it in a pseudo-color matrix plot. This plot is known as 2-plot or
electron-hole correlation plot. 9% In the case of two fragments, it is simply a 2 x 2 plot (as
shown in the Figure 3.9 in the chapter 3). In the plot, the local excitation contributions,
originating from the same fragments (Q2a_p), are shown in the main diagonal from lower
left to upper right. The charge-transfer contributions (24.g), on the other hand, appear

off-diagonally.

2.10.2 Total charge transfer (wcr)

wor shows the amount of charge-transfer during a particular transition. It depends on
the fragmentation scheme employed for the charge-transfer analysis. It is defined by

summing over the off-diagonal element of Q45 yielding

1
wor = & > Qup. (2.51)
A,B#A

The value of wor range from 0 to 1, where value close to 0 indicates locally excited state

or Frenkel excitonic state and 1 for fully charge transfer state.

2.10.3 Exciton size (dex.)

Exciton size is defined as the averaged electron-hole separation, and expressed as, 16

<Xezc‘ Th — Te)Q‘Xe:vc>
Xexc|Xezc> (252)

// (rp,re)(rn —7e) VOI(rh,re)drh dre.

dgiﬁc = <(Th - T6)2>e:pc -

The above equation can be rewritten by dividing the double integral into two separate

regions of the atoms M and N,

e:cc - Q Z/ / T’hyT’e T’h — 7”,3)2’)/0[(7“}”7'6) drh dre, (253)
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Further, by approximating the term ((ry -7.)?) as the squared distance (dyN) between

the two nuclei of the atoms M and N, it can be expressed as

1
dz:cc ~ 5 Z d?\/IN /M /N VOI(rha re)VOI(rha Te) dry dre. (2'54)
M,N

From Eq. 2.50, the approximate exciton size can be rewritten in a more compact form

as

. 1
dege = ¢Q > Qundd . (2.55)

M,N

2.10.4 Participation ratio of NTOs (PRxt0)

PRxto is defined as PRyro=(3_ \i)?/ > A2, 162166 wwhere ); is the weight of the tran-
i i

sition between two states. PRnTo provides the number of natural transition orbitals

(NTO) participating to produce an excited state. NTO itself is obtained by a singular

value decomposition of the 1-TDM.
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Excited-state properties of

pyridine-thiophene oligomers:

Chapter 3

DFT vs RI-ADC(2)

In this chapter, performances of various DFT functionals to reproduce the absorp-
tion and CD spectra of pyridine-thiophene oligomers are examined. Starting from a
linear system like monomer, calculations are carried out at ADC(2) and DFT levels till
a helical system like pentamer is formed. Analysis of excited-state properties shows that
the state ordering patterns or results regarding natural transition orbitals from these

DFT functionals sometimes differ from the ADC(2) results.

Figure:

Excited State properties

. & TD-DFT vs ADC(2)
. S0\ spectra gﬁ . 4 ‘@5 S
id

o o

& CD spectra

¥ » P °“§0 ﬁ
Charge-transfer states ~pd o

o |
Monomer Pentamer (helical)

DFT vs ADC(2) for oligomers of pyridine-thiophene.

this chapter is published in J. Phys. Chem. A, 2021, 125, 1, 115-125.
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3.1 Introduction

Over the last few decades, DFT based methods have been widely used in chemistry, bi-
ology and materials science. In contrast to the electron-correlated wave function based
methods, DFT methods are able to handle large-sized systems due to their low compu-
tational cost. The method has been very successful while predicting ground state struc-
tures and properties. In materials science, modeling of organic layers in OLEDs, organic
photovoltaics (OPVs) and organic field-effect transistors (OFETs), DFT has been the
preferred method producing qualitatively correct ground state results. However, DFT
has its limitations because of the use of approximate exchange-correlation functionals,
although the theory itself is exact. In addition to DFT, linear-response TD-DFT 149,167
is the most widely used single-reference method till date for studying excited states.
But computations for the properties of excited states using standard TD-DFT has not

168,169

been as successful as DFT. Description of closely-lying excited states or excited

169173 are problems for TD-DFT as it relies on

states arising out of multiple excitations
single-determinant expression of ground state wave function. In addition, charge-transfer
excited states are also not properly described using TD-DFT methods. ™ 189 Further,
failure of standard DFT functionals to describe excited states of extended m-conjugated
systems has also been highlighted. 7188 To address these issues, a large number of
functionals, including so-called range-separated functionals have been developed in re-
cent times and the usual strategy has been to benchmark the TD-DFT results against
either experimental results or results from wave function based methods such as the
second-order coupled-cluster (CC2),'® the second/third order algebraic diagrammatic
construction (ADC(2)/ADC(3)),12 154190 gymmetry-adapted-cluster configuration in-

teraction (SAC-CI) 119 or if possible, from multi-configurational methods such as

complete active space self-consistent field (CASSCF) 129121 methods.

Our group has been interested in studying co-oligomers based on six- membered
rings like phenyl, pyridine and five-membered rings like furan, pyrrole and thiophene. 19419
Oligomers based on these rings tend to form helical structures as the chain length in-

creases. 94195 A helix is inherently chiral and hence, molecules become optically active
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only being helical without having any asymmetric carbons. Helical polymers are im-
portant because of potential applications in materials used for chiral recognition, liquid
crystals and optical materials. 6199 Noncovalent interactions such as -7 and hydrogen
bonding interactions help in stabilizing these type of systems. In recent times, synthetic

helical polymers based on furan, thiophene etc. have garnered a lot of attention.3?:200,201

In earlier studies, 194195

our group reported interaction energies, absorption spectra, and
CD spectra of oligomers based on furan, thiophene, pyrrole, phenyl and pyridine. All
those studies were carried out at DFT (and TD-DFT) level of theory. It was observed
that stability increases with increase in the size of helix. In addition, it was also found
that for major electronic transitions, molecular orbitals (MO) other than the frontier or-
bitals contribute significantly. To take the studies further, in the present article, we aim
to assess the accuracy of TD-DFT results taking into account various functionals against
the ADC(2) results. For the purpose, we have taken into account the pyridine-thiophene
(PT) oligomers. We have considered oligomers up to pentamers only. It is notable that
monomer and polymers of (PT) have already been synthesized and spectroscopically
characterized. 2027207207210 Iy particular, m-donating and m-accepting capabilities of five-
membered and six-membered rings, respectively, in these type of systems have been of
much interest and a lot of work has been carried out. ADC(2) calculations for oligomers
larger than pentamers (containing ten rings in our case) are time-consuming and since a
pentamer is already in a helix conformation, we start from linear structures and proceed
till a helix is formed. In Sec. 3.2, computational details are described. This is followed
by results and discussion section in which we present a comparison of the absorption
and CD spectra results obtained using various DFT functionals with the ADC(2) re-
sults. Later in the section, we provide a quantitative comparison of the excited state
properties by computing few excited state descriptors. Next, we have carried out a brief
discussion over emission properties of (PT)s3-(PT)s5. In the last section, we provide a

summary and conclude.
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FIGURE 3.1: Optimized structures of (PT) oligomers: (a)-(e) show monomer to pen-
tamer structures. These structures are obtained at RI-MP2/def2-SVP level. The gray,
white, yellow and blue colours indicate C, H, S and N atoms, respectively.

3.2 Computational details

As mentioned already, oligomers up to pentamers are considered. In these oligomers,
ortho- position of pyridine ring is connected to the ortho- position of the five-membered
heterocyclic ring in a syn- fashion, i.e. the hetero atoms on the six- and five- membered

194 Ground state

rings are on the same side. This results in B-type structures of Ref.
optimizations for all the oligomers are carried out at MP2 level of theory and using
the def2-SVP?2!! basis set. Using the ground state optimized geometries, excited state
calculations are carried out at ADC(2) level 152193 using avdz-vdz basis set. Here avdz-
vdz refers to two different basis sets used for different atoms: aug-cc-pVDZ?'? (denoted
as avdz) was used for N- and S- atoms while cc-pVDZ?!? (denoted as vdz) is used for
all the other atoms. The above mentioned ground and excited state ab initio studies at
ADC(2) level are carried out using the TURBOMOLE V7.12!* software. Resolution-of-

215-217

identity (RI) approximation is used in all the calculations.

Time-dependent DFT calculations are performed using the Gaussian 09218

program
and the avdz-vdz basis sets. For these TD-DFT studies, we have considered only some
of the popular functionals. In particular, fifteen different functionals are chosen: Five
pure functionals such as BLYP 219221 SV WN 222,223 pBE 224225 QLYP220:226 TPSS 227,
and their long-range(lc) corrected versions le-blyp, le-pbe, le-SVWN, Ie-TPSS and lc-
OLYP?2® are chosen. For hybrid functionals, two global hybrids BSLYP?2?, PBE0?23°,

and long-range corrected hybrid CAM-B3LYP 4! and the dispersion-encompassing wB97XD 144:231
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are used. In addition, the hybrid meta GGA functional M06-2X232 is also used. All
these TD-DFT calculations used the optimized geometries obtained at RI-MP2/def2-
SVP level. UV and CD spectra are generated using the Gabedit software.?3? Gaussians
with a half width at half-maximum 0.15 eV are used for the purpose. For the character-
ization of the excited states at both RI-ADC(2) and DFT levels, TheoDORE 1.7.2234
is used. All the above calculations are carried out in the gas phase. Optimizations of
optically active (PT)3-(PT)s5 in their S; states were carried out at TD-CAM-B3LYP

method using the same set of basis sets for investigating luminescence properties.

3.3 Results and discussion

3.3.1 Structures of oligomers and first vertical excitation energies

Ground state structures of the (PT) oligomers (n=1-5) are shown in Fig. 3.1. Opti-
mized structures are similar to those shown in Ref.'% which were obtained at B3LYP/6-
31G(d,p) level. As the figure shows, (PT),—1 2 are planar. As the terminals come closer,

(PT),—3 start becoming helical, and (PT),—45 are fully helical systems.

The first excitation energies (AL, _s) and oscillator strengths (foscs) obtained using
ADC(2) and hybrid functionals are plotted in Fig. 3.2 as a function of inverse oligomer
length (1/n). The results are also tabulated in Table 3.1. As the figure and table
show, A.ps values (in nm) increases as the chain length increases. But, as observed in
Ref. 194, it is difficult to extrapolate these energies to infinite chain length. fo. values,
on the other hand, show that until the molecule is not helical (i.e. till n=2), the regular
increase pattern in fogs. happens. But as soon as helix formation starts, the value starts
decreasing and for pure helical systems like (PT)4 and (PT)s, the fosc values are very
small. It is to be noted here that fos. value for (PT)s is slightly larger than that for
(PT)4. But the values for Sp— S transitions are very small once the helix is formed and
as shown in Ref.194, higher energy transitions carry larger fos. values. Similar results
are obtained in our case too as shown in Table 3.2. As the results show, A\,ps and fosc
values by CAM-B3LYP, wB97XD and M06-2X functionals are very close to each other.

In addition, ADC(2) values are pretty well reproduced by these three functionals. In
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FIGURE 3.2: First excitation energy (AL, ) values and oscillator strengths (fos.) for

abs

(PT); to (PT)s plotted against 1/n. The results are obtained at RI-ADC(2)/avdz-
vdz level.

contrast, )\Ellbs values obtained using BSLYP and PBEOQ hybrid functionals differ by more

than 15 nm from the ADC(2) values, for all the oligomers.

3.3.2 Absorption spectra

For comparison of the absorption spectra, oligomers are divided into two groups; in
the first, monomer and dimer are together and in the second, other three are grouped
together. Computed absorption spectra of monomer and dimer are shown in Fig. 3.3.
For the other three, results are shown in Fig. 3.4. For (PT);, ADC(2) results show three

prominent transitions between 171 to 271 nm. The first transition at 271 nm arises from
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TABLE 3.1: First excitation energies (

)\1

abs

) and oscillator strengths (fosc) of (PT)n=15.

Results obtained using RI-ADC(2) method and various hybrid functionals are shown.
All energies are in nanometer (nm) and are obtained using a combination of aug-cc-
pVDZ and cc-pVDZ basis sets.

)‘;bs (nm)/fosc
ADC(2) | CAM-B3LYP | wB97XD | M06-2X | B3LYP PBEO
(PT); | 271/0.44 282/0.42 280/0.43 | 278/0.43 | 299/0.38 | 292/0.40
(PT), | 324/0.80 337/0.77 333/0.78 | 333/0.77 | 376/0.51 | 363/0.60
(PT)s | 343/0.39 354/0.38 350/0.37 | 351/0.37 | 407/0.22 | 390/0.27
(PT)4 | 357/0.03 369/0.04 364/0.04 | 366/0.03 | 428/0.01 | 410/0.02
(PT)5 | 376/0.08 381/0.04 375/0.04 | 379/0.04 | 451/0.04 | 433/0.04
®D);, @D,
04 | ADC(2) 7 ;
02 - —0.4
0 Li. |1| | |1 1 0
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=02 | r 104
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FIGURE 3.3: Absorption spectra of (PT); and (PT)2. Results obtained using CAM-
B3LYP, M06-2X, wB97XD, B3LYP and PBEO functionals are plotted and compared
against the ADC(2) results.

a pure highest occupied molecular orbital (H) to lowest unoccupied molecular orbital
(L) transition. The second peak at 232 nm arises from a combination of transitions
from H-1 and H to L. The third peak appears at 183 nm. DFT results from hybrid
functionals CAM-B3LYP, M06-2X and wB97XD match well among each other and with

the ADC(2) results. But the results obtained using other two hybrid functionals shown
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in Fig. 3.3 differ from the ADC(2) results. Both PBEO and B3LYP excitation energies
are red-shifted with respect to ADC(2). It is to be noted that peaks of CAM-B3LYP,
M06-2X and wB97XD functionals are also red-shifted with respect to ADC(2), but the
shifts are larger in cases of BSLYP and PBEQ. The results for pure functionals and long-
range corrected versions of these pure functionals are shown in Figs A1-A2. As seen,
various pure functionals produce the same absorption spectra. Similarly, the long-range
corrected pure functionals also produce the same spectra. But, while spectra obtained
using the pure functionals are red-shifted, spectra obtained using lc- functionals are
blue-shifted in comparison with the benchmark ADC(2) data. For (PT)2, there are
four major peaks appearing at 324 nm, 291 nm, 270 nm and 235 nm in ADC(2) results.
The first peak at 324 nm corresponds to a purely H—L transition. The one at 291 nm
arises due to H—»L+1 and H-1—L transitions. As was the case with (PT), results of
CAM-B3LYP, M06-2X and wB97XD functionals mostly match with the ADC(2) results.
But the peaks obtained using BSLYP and PBEQ are red-shifted by ~ 50 nm. Results for
pure and long-range corrected functionals are shown in Figs. A1-A2 and these results

are again either red- or blue-shifted from the ADC(2) results.

In (PT)s, four peaks with larger intensities appear at 343 nm, 314 nm, 300 nm
and 271 nm. These three peaks are due to transitions to 'A, 2A, 3A and °A excited
states, respectively. The first peak arises because of H — L excitation. The second one
is due to a combination of excitations, from H — L+1 and H-1 — L. In (PT)3 case
too, BBLYP and PBEO results do not match with ADC(2) results. Their results are
red-shifted and the transitions are with much smaller fos. values. But CAM-B3LYP,
wBI7XD and M06-2X are much closer to the ADC(2) results and are able to reproduce
the absorption spectra. For example, the first transition in CAM-B3LYP differs only by
11 nm from ADC(2). Even the MOs involved in these transitions and their contributions

(refer Table. A7) are similar to the ADC(2) results.

ADC(2) results for (PT)4 shows two major peaks appearing at 329 nm ( fosc=0.87)
and 323 nm (fosc=0.60), respectively. The peak at 329 nm corresponds to three sets of
transitions H-1—L, H—L+2, and H—L+1. On the other hand, the second one arises

due to H—L and H-1-L+1. CAM-B3LYP shows a slightly red-shifted two peaks again
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FIGURE 3.4: Absorption spectra of (PT)3, (PT)s and (PT)s. Results obtained
using CAM-B3LYP, M06-2X, wB97XD, B3LYP and PBEO functionals are plotted and
compared against the ADC(2) results.

and the foqc values are slightly larger in both the cases. Results of M06-2X and wB97XD
are similar to CAM-B3LYP.

As seen in Fig. 3.4, (PT)s;, the largest unit considered in our study, has many
peaks with large fosc values between 293 nm and 379 nm. CAM-B3LYP, wB97XD, and
MO06-2X functionals produce, again, similar absorption spectra. Asps, fose and major
transitions involved in transitions for the first ten excited states of (PT)s are tabulated
in Table 3.2. As observed, A,ps values obtained by ADC(2) and CAM-B3LYP the first
three states are very close to each other. Similar results are obtained with M06-2X and
wB97XD functionals. From S4 onward, differences between the energies are larger than
6 nm. fosc values of CAM-B3LYP are comparatively larger from the ADC(2) peaks for
many states. In addition, important configurations involved in the transitions are also
different, except for two states out of ten. It is worth mentioning here that in a helical

system such as (PT)5, many configurations participate in electronic excitations and this
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TABLE 3.2: Vertical excitation energies (A,ps in nm), corresponding oscillator strengths
(fosc), rotational strengths (R in 10740 erg-esu-cm/Gauss) and dissymmetry factors
(9cp) for (PT)s5. In addition, contributions of most important transitions are shown
too. Results obtained using the ADC(2) method and CAM-B3LYP, PBE and lc-PBE
functionals are shown. All results are obtained using a combination of aug-cc-pVDZ
and cc-pVDZ basis sets.

States ADC(2) CAM-B3LYP PBE lc-PBE
/\abs fosc R /\abs fosc R /\abs fosc R )\abs fosc R
1 376  0.08 -684.71 | 381 0.04 -820.47 | 552 0.01 -10.93 | 341 0.05 -1038.48
H—L (63.9%) H—L (49.7%) H—L (76 %) H—L (36.1%)
2 354 0.10 478.56 | 356 0.11 562.56 | 545 0.01  -1591 | 324 0.13 625.35
H-2-L (51.0%) H-2—L (37.8%) H—L+1 (87 %) H—L+3 (35.4%)
3 344 0.17 -101.95| 340 0.74 -65.57 | 536 0.00 -11.96 | 308 1.09  43.18
HoL+1 (32.0%) H-1-L+1 (30%) H-1-L (85 %) H—L+2 (20.5%)
4 341 0.36 -66.95 | 329 0.57 -265.05 | 523  0.00 -3.18 302 0.74 -208.46
H-1-L+1 (43.3%) | H—L+1 (28.8%) | H-1-L+1 (77.5 %) | H-1-L+2 (18.1%)
5 335 0.19 40.79 | 320 0.15 140.23 | 521 0.01 -14.82 | 282 0.34 380.11
H—L+3 (26.3%) H—L+3 (34.5%) HoL+2 (505 %) | H-2—L+4 (37.0%)
6 330 043 -6.69 | 313 0.19 186.96 | 516 0.00 6.90 266 0.01 27.58
H—L+2 (38.8%) | H-1-L+3 (21.6%) H-2—L (60.1 %) H-1-L+2 (12.8 %)
7 318 0.27 -43.27 | 305 0.14 -64.29 | 504 0.01 -39.14 | 264 0.02 -53.24
H-1-L+2 (24.8%) | H-2—L+3 (32.4%) | H-1-L+2 (328 %) | H-2-L+3 (8.5 %)
8 318 0.12  -2.30 302 0.03 3.56 478  0.06 -144.54 | 264 0.02 70.44
H-1-L (26.9%) HoL+1 (16.6%) | H-2—-L+2 (388 %) | H-6-L (18.0 %)
9 308 0.13 -48.72 | 299 0.07 83.56 | 473 0.03 -43.24 | 260 0.00 -3.51
H-1-L42 (23.3%) | HoL+2 (19.7%) | H-1-L+3 (443 %) | H—oL+1 (15.7 %)
10 306 0.00 21.01 | 292 0.11 74.68 | 467 0.088 253.83 | 264 0.02 23.28
H-2-L+4 (19.3%) | H-1-L (15.7%) H—L+3 (48.7 %) H-2-L+2 (8.5% )

is particularly important for higher excited states. PBE functional, as the table shows,

produces A;pss and foscs which are very different than the ADC(2).

In contrast, the

excitation energies by a long-range corrected functional like lc-PBE are blue-shifted by

more than 27 nm. More discussion regarding the excited state properties is given in a

later section when analysis of the excited states is carried out.

3.3.3

CD spectra

Theoretical calculation of CD spectra is very sensitive to the level of method used. In

this section, we have compared the CD spectra calculated using various DF'T functionals

against the ADC(2) results. The velocity gauge form is used throughout. Monomer and

dimer of (PT) are planar, and hence, these two are optically inactive. In these two cases,

EDTM and MDTM are orthogonal to each other producing zero rotatory strength.

Starting from the trimer, helix formation starts and systems become optically active
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FIGURE 3.5: CD spectra of (PT) helical oligomers, n=3 (a) , 4 (b) and 5 (c).

producing non-zero R values. As (PT)s is not complete helical, it shows comparatively
weaker intensities in its CD spectra shown in the Fig. 3.5a. In this case, ADC(2) shows
three major peaks, in addition to showing two smaller peaks in the high energy region.
The third peak at 289 nm is very weak in comparison to the first and second. Functionals
like CAM-B3LYP, M06-2X and wB97XD are able to reproduce the ADC(2) peaks, but
the peaks are red-shifted by few nanometers. B3LYP and PBEO, as in the UV case,
produce very different results. Both (PT), and (PT)s, being fully helices, produce
much larger intensity peaks. As observed in the case of CD for (PT)s, results of CAM-
B3LYP, M06-2X and wB97XD mostly match with the two major peaks of ADC(2) very
well. But in the high-energy region around 288 nm, these DFT functionals show peaks
with much higher intensities compared to the results of ADC(2), particularly in the
case of (PT)s5. Rotatory strengths of (PT)5 obtained with ADC(2), and CAM-B3LYP,
PBE, and lc-PBE functionals for the first ten states are shown in Table 3.2. Results of
other functionals for the first five states are shown in the Tables A1-A15. As shown in
Table 3.2, the absolute values of R produced by CAM-B3LYP and lc-PBE functionals
are larger than the ADC(2) results for all the states except S3 in CAM-B3LYP, and
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S3 and Sy in lc-BLYP. Results of pure and long-range corrected pure functionals are
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FIGURE 3.6: Angles between electric and magnetic transition dipole moments for
ADC(2) and three DFT functionals. Results for first five excited states for (PT)s(a),
(PT)4(b) and (PT)s5(c) are shown.

shown in Figs. A5 and A6, respectively. As observed in the cases of UV spectra, five
pure functionals’ band regions are much beyond the ADC(2) results and produce red-
shifted CD peaks with much lower intensities compared to ADC(2). lc-corrected pure
functionals improve the results over the pure functionals, but the peaks are blue-shifted
compared to the ADC(2) results. In this case, peaks of five functionals overlap each

other.

Fig. 3.6 shows the variations in # as a function of ADC(2) and three different

hybrid functionals for first five excited states of (PT)s, (PT)y4, and (PT)5. For (PT)s3,
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similar fs are obtained using all the methods for S7, S3, and S5 states. But variations
are observed in cases of So and Sy. In these two cases, BLYP angles are larger than
those with CAM-B3LYP and lc-BLYP, and closer to ADC(2) angles. In contrast, in
cases of (PT)4 and (PT)s, CAM-B3LYP and lc-BLYP results are mostly closer to the
angles obtained with ADC(2) and BLYP angles are either much smaller or larger than

the other two DFT results.

3.3.4 Analysis of excited states

As observed in the above two sections, there are variations among the excited state re-
sults obtained using pure and hybrid functionals as well as between the functionals and
ADC(2). To gain an understanding of the underlying differences among the methods,
a comprehensive exciton-based analysis is adapted to study the excited state character-
istics. In extended m-conjugated systems, descriptions based on molecular orbitals do
not usually provide a complete picture. 88235 Rather, a coupled electron-hole pair based
picture is more appropriate providing a quantitative measure of excitonic effects. The
excitonic analysis based on 1-TDM was carried out using the TheoDORE package.?34
The idea is to partition the 1-TDM into contributions from various fragments and then,
compute the values of various descriptors to analyze the excited states. For details of
the descriptors and their derivations, see Refs.162:163,165,236-239 15y gur case, each ring in
the oligomer is considered as one fragment. Hence, in (PT);, there are two fragments.
Similarly, in dimer, trimer, tetramer and pentamer, there are four, six, eight and ten
fragments, respectively. We have considered descriptors such as total charge-transfer
(weT), exciton size (dexc) and participation ratio of natural transition orbitals (PRNTO)
for the analysis. 102:163,:165.236-239 Below we discuss the results for (PT); and (PT)3 only,

(PT); representing a linear/planar system and (PT)s a helix.

Table 3.3 shows a comparison of the values of above descriptors obtained using
CAM-B3LYP functional against the ADC(2) results for (PT); and (PT);5. Values of
wer indicates the type of excited state. While wer is one for a completely charge-
separated state, it is zero for a local/Frenkel excited state. For (PT);, wcr values vary

between 0.05 for the Sy to 0.46 for S;. ADC(2) results are reproduced by CAM-B3LYP
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TABLE 3.3: Participation ratio of natural transition orbitals (PRnTo), charge trans-
fer (wer), and exciton size (dexe in A) of first five excited states of (PT);(top) and
(PT)5(bottom) at RI-ADC(2) and CAM-B3LYP levels of theory.

ADC(2) CAM-B3LYP
State | PRnTO \ weT \ dexe | PRNTO \ weT \ dexc
(PT),

S1 1.09 0.46 | 3.33 1.00 0.51 | 3.45
Sy 1.00 0.35 | 2.88 1.00 0.30 | 2.79
S3 1.76 0.43 | 3.28 1.44 0.51 | 3.51
Sy 1.00 0.05 | 2.24 1.17 0.42 | 3.19
S5 1.29 0.41 | 3.12 1.00 0.14 | 2.47
(PT)s
S1 1.74 0.75 | 5.22 2.33 0.75 | 5.28
Sy 1.86 0.73 | 5.10 2.00 0.77 | 5.66
S3 1.84 0.86 | 6.18 2.03 0.80 | 5.40
Sy 1.96 0.83 | 5.50 1.75 0.75 | 5.58
S5 2.11 0.90 | 6.04 2.08 0.95 | 6.15

except that the order of Sy and S5 seems interchanged with respect to wcer. Since most
of the woT values in this case lie around 0.4-0.5, it is difficult to assign those as local or
charge-transfer states by looking at only wcr. A conclusion regarding this will be derived
while discussing electron-hole correlation plots and natural transition orbitals later in
the section. But S4 in ADC(2) (or S5 in CAM-B3LYP) is identified as a local excited
state because of its very small wop. For (PT)s, all the excited states shown in the table
are either partially or complete charge-transfer states (wcr values are between 0.72 and
0.95). In this case too, the hybrid functional is able to reproduce the ADC(2) results.
dexc denotes the average electron-hole distance and is a critical measure of the local
or charge-transfer state. The inference given by wer values is reproduced by the dexc
values. Comparatively small (< 3.33 A) and large values (> 5.1 A) hint at the local and
charge-transfer nature of the excited states for (PT); and (PT)s, respectively. PRNTO
provides the number of natural transition orbitals (NTOs) participating to describe an
excited state. PRntTo values clearly show that while S;, S3 and S4 are described by
single set of NTOs, S3 and S5 require two sets of NTOs. For (PT)q, the NTOs involved
in the transitions are shown in Fig. 3.7. From the figure, it is clear that Si, Sa, S
and Sy are local excited states. The S5 state having wcot value of 0.41 is identified as

a charge-transfer state from the NTOs. While S5 and S4 are identified as n-7* states,
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Hole Electron

FIGURE 3.7: Natural transition orbitals for the S;-Ss states of (PT);. The results are
obtained at RI-ADC(2)/avdz-vdz level of theory.

the other three are 7-7* states. From PRyt values for (PT)q, it is observed that
CAM-B3LYP results are in accordance with the ADC(2) results except that the order
for S4 and S5 states is interchanged, in accordance with the wcr results. In the case of
ADC(2) results for (PT)s, two and three NTOs participate for the S; and Sy states,
respectively. CAM-B3LYP results shown in the Table 3.3 for (PT)s; differ from the
ADC(2) results in the case of PRNTo. For example, the S; state in CAM-B3LYP shows
the involvement of three NTOs although the contribution of the third NTO is very small.
Fig. 3.8 shows the NTOs for the S; and Sy states. In case of Si, the initial and final
orbitals are towards the overlapping regions of the oligomer for the first transition and
the opposite is observed for the second transition in case of S state. In contrast for the
S5 state, initial and final orbitals for the first two transitions are located towards the

terminals of the rings with smaller contributions from the other regions. It is also to
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Hole Electron

FIGURE 3.8: Natural transition orbitals for the Sy and Ss states of (PT)5. S; and S
are described by two and three sets of NTOs, respectively. The results are obtained at
RI-ADC(2)/avdz-vdz level of theory.

be noted here that holes and electrons are localized at slightly different positions giving
rise to a small charge-transfer character to S7. In case of S5, on the other hand, a clear

separation of holes and electrons is observed making this a charge-transfer state.

In addition to the above descriptors, characters of the excited states are also in-
vestigated by using electron-hole correlation plots of the €2 matrices. The results for
(PT); and (PT)5 are plotted in Fig. 3.9 for ADC(2) and CAM-B3LYP functionals.

Each square in the plot indicates a fragment; for (PT)1, there are two fragments, hence
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FIGURE 3.9: Electron hole correlation plots of (PT); (top two rows) and (PT)s;
(bottom two rows) at ADC(2) and CAM-B3LYP levels. Results for first five excited
states are shown. The main diagonal going from lower left to upper right indicates local
excitations and the off-diagonal elements indicate excitations between different sites.

the plot shows a 2 x 2 matrix and for (PT)s, there are ten fragments, hence the plot
shows a 10 x 10 matrix. While the diagonal field indicates the extension of exciton, i.e.
the probability of local excitations at different rings, the off-diagonal field indicates the
extent of charge-transfer between the rings. For (PT);, the plots show that ADC(2)
and CAM-B3LYP results are in sync with each other for S7, Sy and S5 states. In ad-
dition, the state ordering is changed for S; and S; states while going from ADC(2) to
CAM-B3LYP. The S; state is delocalized over the whole system for (PT); with little
charge-transfer characteristics. Similarly, both S and S3 are predominantly local ex-
cited states. The Sy state (in ADC(2)) for (PT); is a pure local excited state. For
(PT)s5, S1 shows a large diagonal length, i.e. the state is delocalized almost over the
whole system. In addition, appearance of off-diagonal elements implies some amount of
charge transfer, as predicted by the wcr values in the Table 3.3. On the other hand, So
shows a low density region spanning over four rings and charge transfer is concentrated
mostly around the terminal rings. For S3, S4 and Sy states, there are significant amounts

of charge transfers as shown and this is in accordance with the wct values discussed in
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the previous paragraph. CAM-B3LYP results mostly resemble the ADC(2) results ex-
cept for the Sy state. S4 in case of CAM-B3LYP shows the exciton localization around
the central rings with smaller amount of charge-transfer between neighboring units. In
addition, it is observed that the Sy state obtained using ADC(2) and S5 state obtained
using CAM-B3LYP resemble each other very closely. Results of a pure functional, PBE,
and a long-range corrected pure functional, [c-PBE, are shown in Figs. A7-AS8. For
both (PT); and (PT)s, results of PBE functional differ considerably from the ADC(2)
results. [c-PBE, a representative of the long-range corrected pure functionals, mostly
reproduces the results of CAM-B3LYP for all the states, although the local excitations
are little bit more localized for few states. For (PT)s5, le-PBE reproduces the CAM-
B3LYP results for the first four states, but significant differences are observed for the

Ss.

Results for all the oligomers and all the DFT functionals are tabulated in Tables
A1-A15. Results of M06-2X and wB97XD functionals are very close to CAM-B3LYP
results for all the oligomers, as observed in UV and CD spectra. Results of BBLYP and
PBEO are similar to each other. For (PT);, differences in the values of the descriptors
between these two and a functional like CAM-B3LYP are small. But for (PT)s, large
differences are observed in the values of PRNTo and dex.. While PRyt values are much
smaller than the ADC(2) values, dex. values are much larger in this case. It is worth
reiterating here that BSLYP and PBEO excitation energies are red-shifted in comparison
to the ADC(2) results as mentioned previously. Results of pure functionals for (PT);
are similar to each other and close to the hybrid functional, although the excitation
energies are much smaller. But for (PT)s, clear discrepancies are observed between the
results of pure functionals and those of ADC(2) for PRxTo and deyxc values. Fig. 3.10
show the variations in the values of deyx. and PRyTo as a function of oligomer chain
length. In this figure, BLYP serves as an example of a pure functional and similarly,
lc-BLYP is a representative of a long-range corrected functional. As discussed before,
wet and dexe behave almost similarly, and hence, variations in wcT are not shown here.
In ADC(2), variations in dey. do not follow any particular trend with respect to n since
the system changes from being a planar to a helix as n increases. While dgy. values for

S1 and S3 show gradual increase as a function of n, the values for Sy and Sy increase
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FIGURE 3.10: Exciton size (dex), charge transfer (wct), and participation ratio

of NTOs (PRnto) of lowest five excited states of plotted against oligomer chain

length. Results obtained at CAM-B3LYP, BLYP, and lc-BLYP functionals are com-
pared against the ADC(2) results.

till n=4 followed by a decrease. CAM-B3LYP is able to reproduce the trend in cases
of S; and Sy. In case of S3, while ADC(2) shows an increase vs n, CAM-B3LYP shows
convergence at n=3. [c-BLYP’s behavior is mostly similar to that of CAM-B3LYP,
although differences in the values of dex. between [c-BLYP and CAM-B3LYP seem to
increase as the state number increases. Overall, these results show that dey. values
for the pentamer are between 5-6 A. This is in accordance with the values reported
in Ref.'®. Mewes et al.'®® examined a variety of extended 7-conjugated systems and
concluded that the exciton size for the lowest singlet excited state converges to about
5-7 A using wPBE, CAM-B3LYP, M06-2X functionals and the ADC(2) method. In our
case, the values do not clearly show a convergence pattern as a function of n except
for S3 using CAM-B3LYP. A definite conclusion regarding this can only be made when
studies for few larger oligomers are carried out and this is beyond the purview of this
work. It was also concluded in Ref.'®® that value of dexc is dependent on the amount of
nonlocal orbital exchange in TD-DFT. Similar observations are made in our cases too.
For example, BLYP shows much larger dey. values in cases of S1 and Sy. For the other
three, the value remains large in many of the oligomers. In case of PRyto for the Sy
state, ADC(2), CAM-B3LYP and lc-BLYP results remain close to each other till n=4.
For S5, results of these three methods produce similar results for all the five oligomers.
But for these two states, BLYP produces much smaller numbers and the differences
seem to increase with n. For the other three states, it is difficult to find a correlation

between the methods. But it is observed that CAM-B3LYP numbers are closer to those
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TABLE 3.4: Emission energies (Aem in nm), Corresponding Oscillator Strength( fosc),

|ll'|7 |m‘7 CoS 07 Ra gcprL, Kfa and “‘l"/|m| of (PT)37(PT)47 and (PT)5 |IJ‘|7 ‘m| and R

are in esu-cm, erg-G~' and esu-cm-erg-G~! units, respectively. K; is in ns~!. All the
considered transitions are S;—Sp.

System | Aem | fosc | |]/10720 | [m|/10=2Y | cos @ | R/10740 | gopr | |m|/|pl K

(PT)3 388 | 0.705 762.72 4.55 0.000 -0.18 0.000 0.006 0.3120

(PT)4 | 389 | 0.438 602.18 6.41 -0.138 | -533.93 | -0.006 0.011 0.1926

(PT)5 393 | 0.318 516.08 4.61 -0.120 | -284.74 | -0.004 0.009 0.1372
by ADC(2).

3.4 Emission properties

In this section, luminescence properties for (PT)s3-(PT)s are discussed, obtained at
the TD-CAM-B3LYP /vdz-avdz method. The CAM-B3LYP functional was chosen as
the excited state results obtained using this functional matched with the RI-ADC(2)
results, as shown in sections 3.3.3 and 3.3.4 . In typical organic molecules, emission

follows the Kasha’s rule?40

and occurs from the S7 state. In Table 3.4, Aemy values,
corresponding foscs, dipole transition moments (DTM), cos 6, gcpr, and fluorescence
rate constants (Kr) are shown for the S1—Sp transitions. In case (PT)s3, R value is
close to zero, and the corresponding gcpr, is zero. This is because of the orthogonal
orientation of the vectors p, and m. On the other hand, the K value is the largest for
(PT)3 among all the three systems shown in the table. For (PT)4 and (PT)s, improved
chiroptical properties are observed in comparison to (PT)s. In both the cases, R and
gcpL are significantly larger. Here, the angles between the two vectors are close to 100°.

Between these two, (PT), is the better emissive oligomer, with K¢=0.1926 and the

largest gcpr, value of -0.006.

3.5 Conclusions

In this work, UV and CD spectra of pyridine-thiophene oligomers (n=1-5) are inves-
tigated using the ab initio ADC(2) method and various DFT functionals. While the
monomer and dimer are planar, formation of helical system starts from trimer, and

(PT)4 and (PT); are helical. Both UV and CD results obtained using the CAM-B3LYP,
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M06-2X and wB97XD functionals match well with the benchmark ADC(2) results. Re-
sults of PBEO and B3LYP are very different than the ADC(2) results, even for the planar
oligomers. For the UV spectra, while the pure functionals’ results are red-shifted, results
of long-range corrected pure functionals are blue-shifted in comparison to the ADC(2)
results. Analysis of excited states was also carried out by computing descriptors such as
exciton sizes, charge transfer numbers, and number of NTOs participating in a particular
transition. Here the results of CAM-B3LYP, M06-2X, and wB97XD functionals match
with each other. But these DFT descriptor results sometimes differ from the ADC(2)
results regarding the state ordering and number of NTOs participating. Overall, it
is found that functionals like CAM-B3LYP, M06-2X, and wB97XD work better than
the others for oligomers of pyridine-thiophene. Future work will focus on the exciton

dynamics in these types of helical systems.
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In this chapter, the effect of lateral and helical extensions on the physical and
chiroptical properties of azahelicenes is reported. Starting with the experimentally re-
ported azahelicene 9Ha, three derivatives, two with laterally fused rings and the third
with larger helical length, are designed. For the excited state properties such as UV-vis
and CD spectra, performance of different DFT functionals is evaluated by comparing
the results against the ADC(2) results. CPL properties are calculated at DFT level.
Among the three designed systems, pyrazine based 9HaP shows improved gcpr, value
compared to the parent 9Ha. On the other hand, quinoxaline based 9HaQ is found to
be the worst CPL emitter with the lowest dissymmetry factor. The helically extended
derivative, 11Ha, shows good CPL results, but the gopr, remains smaller than for the
parent system. The CPL results are analyzed in terms of electric and magnetic dipole
transition moment vectors, and angles between these two vectors. A part of the content

of this chapter is published in J. Phys. Chem. A, 2022, 126, 8, 1412-1421.
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4.1 Introduction

Efficiencies of CD and CPL active systems are evaluated in terms of dissymmetry factors,
gcp and gepr,, corresponding to CD and CPL, respectively,?” as mentioned in Section
2.9. A good light emitter should also show high ®py,, in addition to showing good CPL
properties. Achieving good values for both gcpr, and ®yr, simultaneously is difficult,
and this has been an active area of research. For carbohelicenes, both the ®gr, and gcpr,
values have been found to be small.”59:108:109 The gmaller value of @y, is attributed to

the favored intersystem crossing pathways.

53,5457 and introduction of aro-

In many cases, substitutions by different groups
matic rings to produce ring-fused carbo[n]helicenes”%® %2 have been shown to be good
strategies to improve the ®py values and alter the chiroptical properties. Introduc-
tion of quinoxaline (Qz) unit has been shown to result in a four-fold increase in ®py,
in carbo[7]he-licene.?® In addition, it was also shown that introduction of alkyl chains
in Qz-fused carbohelicenes produced a much larger ®py, at 0.25.7 Similarly, fusion of
maleimide unit with the carbo[5]helicene resulted in a larger ®pr, and good gcpy, val-

ues.% Recently, two carbo[6]helicenic fragments fused with the perylene diimide unit

showed excellent ®py, and CPL properties. 5°

In addition to carbo[n]helicenes, hetero[n]helicenes having aromatic rings with het-
eroatoms in the main skeleton have also been explored in recent times. Presence of atoms

such as S, O, and N helps in tuning the electronic structures and properties. 28:2%,66-69,111

1.99 showed that introduction of modified Qz onto tetrathia[9]helicene

Yamamoto et a
skeleton enhanced both the ®py, and gcpr, values. Helicenes consisting of one or more
nitrogen atoms are known as azahelicenes. Otani and co-workers!'!'? have synthesized
orange-to-red CPL emitting Qz-fused polyaza|7]helicenes (denoted as THQ). Recently,

1.1 reported the synthesis of polyaza[5]-[9]helicenes. While gcpr, value was

Otani et a
the highest for the polyaza[9]helicene (denoted as 9Ha in this work), ®pr, was found
to be the largest for the polyaza[7]helicene. In the present work, we have designed

three azahelicenes: two in which pyrazine and quinoxaline units are laterally fused with
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the central unit of 9Ha (the resultant systems are denoted as 9HaP and 9HaQ, re-
spectively) and the third one is with a larger helical length containing eleven rings,
polyaza[l1l]helicene (denoted as 11Ha). As mentioned in the previous paragraph, many
(Qz-based helicenes have been synthesized recently and chiroptical properties have been
studied. 7,58:69:112,241-244 Giynilarly, many pyrazine-fused helicenes are also reported in the
literature. 241244 In addition, extension of helical length has also been shown to improve
the results in many cases. $11:62:245-247 Keeping the above in mind, our aim is to explore
the effects of introduction of these two aromatic acceptor rings and the enlargement of
the helical size on the chiroptical properties such as gcp/gcpr, and Kt. For an electronic
transition, these dissymmetry factors are calculated by using the Eq. 2.46, mentioned
in Chapter 2. Typically, magnitudes of m are very small for 7-7* transitions in most
organic molecules.?®56 Therefore, there is a large number of studies in the literature to
maximize the |m/|.?8:29:57:66:248 Keeping the above in mind, DFT based calculations are
carried out to explore the absorption, CD and CPL properties of these three systems,
and compare these results against the values for 9Ha. In the following section, we pro-
vide the computational details of the calculations. This is followed by presentation of
results in the Results & discussion section. In the last section, we provide a conclusion

of our studies.

4.2 Computational methodology

Ground state (Sp) optimizations were performed in the gas phase at DFT level us-
ing PBE0-D3%%° functional and def2-SVP?!! basis set. Here, D3 represents Grimme’s
D3 empirical dispersion correction. 42143:146 The minima were confirmed by having no

imaginary frequencies on frequency analysis.

Excited state studies were performed using TD-DFT method. Test calculations
were carried out for 9Ha using five different functionals: B3LYP?%°, PBE0?3, MO06-
2X,259 CAM-B3LYP ! and wB97XD 44231 All these excited state calculations used
the def2-TZVP2!! basis set. It is well-known that linear response TD-DFT method us-

ing standard DFT functionals has inherent deficiencies; e.g., to describe closely located
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168,169 169,172,173,251,252

excited states, states comprising of multiple excitations, charge-

transfer excited states!74 180

and extended m-conjugated systems. In these scenarios,
range-separated functionals such as CAM-B3LYP and wB97XD have been shown to
suit better. 74253258 T our case, to verify the applicability of DFT functionals, verti-
cal excitation calculations were also performed at the second order algebraic diagram-
matic construction schemes for the polarization propagator ADC(2)1%2:153 level using
the same basis set. RI approximation was used in the ADC(2) calculations. In TD-DFT
and RI-ADC(2) calculations, dichloromethane (DCM) solvent was employed using in-
tegral equation formalism-polarizable continuum model (IEF-PCM)?2% and conductor
like screening model (COSMO)?260:261 model, respectively. All the DFT and TD-DFT
calculations were performed using Gaussian 16 software?52. Ten singlet excited states
were considered in the TD-DFT calculations. For ADC(2) calculations, TURBOMOLE
V.7.1 software?! was utilized. For the studies of directions and densities of transition

263

dipole moments, the Multiwfn v3.8 software“®° was used.

4.3 Results and discussion

4.3.1 Ground state structures

Ground state (Sp) structures of the four azahelicenes are shown in Figure 4.1. As the
three new systems are derived from 9Ha, the central regions of the three new molecules
remain the same as that in 9Ha, i.e., three fused rings in the middle, one benzene ortho-
fused with two imidazole rings on either side (denoted as 5-6-5 unit). While 9Ha and
9HaP contain nine and ten rings, respectively, both 9HaQ and 11Ha contain eleven
rings. However, the structures of 9HaQ and 11Ha are different from each other. Helical
pitch (Rpiteh), and torsional angles at the terminals and helical turns are key parameters
to explain the structural properties of a spiral system. Various torsional angles, ¢,
o2, ¢3(La—b—c—d), ¢ps(La —b—c—d), and ¢5(Ld — b — ¢ — d’) are marked in
the Figure 4.1. Angles ¢3 and ¢4 are the angles between the planes of benzene ring in
5-6-5 and the terminal pyridine units. In 9Ha, the values for ¢; and ¢9 are -11 and

-4°, respectively. These values are consistent with the reported torsional angles of 10°
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i "R =(r )2

pitch

FIGURE 4.1: Optimized geometries of 9Ha(i), 9HaP (ii), 9HaQ(iii), and 11Ha(iv).
Optimizations were carried out at PBE0-D3/def2-SVP level. Torsional angles ¢; and
¢o are marked. In addition, the torsional angles Zabcd, Zabed’, and Zdbcd’ denoted
as ¢3, ¢4, and @5, respectively, are also shown for 9Ha. The same set of angles is
also used in cases of 9HaP, 9HaQ, and 11Ha. In this figure, carbon, hydrogen and
nitrogen atoms are shown in grey, white and blue colors, respectively.

and 4°, respectively.!! The values of ¢; and ¢ for the three newly designed systems
remain similar to those in 9Ha. As 9HaP and 9HaQ are laterally extended versions
of 9Ha, values of ¢3, ¢4, and ¢5 for 9HaP and 9HaQ remain similar to the values in
9Ha. However, as expected, differences in ¢3, ¢4, and ¢5 are observed for 11Ha. The

terminal units in this case are away by 40-43° compared to 9Ha. As a result, 11Ha
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TABLE 4.1: Values of Selected Torsional Angles (¢ in degrees) and Rpiten (in A) of the
Ground State (Sp) and the Lowest Singlet Excited State (S1) Optimized Geometries of

9Ha, 9HaP, 9HaQ, and 11Ha.

So geometries

S1 geometries

System

Torsional angles

Rpitch

Torsional angles

Rpitch

)

®2

¢3

¢4

®s5

®2

¢3

¢4

o5

9Ha

-11

-4

-151

133

=77

3.70 | -6

2

-153

132

-74

3.49

9HaP

-11

-151

131

-78

3.71 | -6

-154

130

-76

3.49

9HaQ

-11

-151

130

-79

3.72 | -9

-153

129

-76

3.67

11Ha

-13

-107

90

-163

3.77 | -16

1
1
4

-106

79

-175

3.65

F1GURE 4.2: Absorption spectra of 9Ha.
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Results obtained using PBEQ, B3LYP,

MO06-2X CAM-B3LYP and wB97XD functionals are plotted and compared against the
ADC(2) results.

has the largest Rpiicn value of 3.77A. While ¢5 values for 9Ha, 9HaP and 9HaQ are

around -80°, the value is -163° for 11Ha.

Selection of a DFT functional for studying the excited states

Choosing a DFT functional which provides accurate the excited state energies and

properties is important. Therefore, at this point, excited state properties of 9Ha ob-

tained from calculations with different functionals are compared against the results from
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ADC(2). In addition to comparing the excitation energies (Aups), corresponding oscil-
lator strengths (fosc) and rotatory strengths (R), characters of the excited states are
also evaluated using the TheoDORE v2.4 software?04265, The characterization is based
on the analysis of the transition density matrix (TDM). Three excited state descriptors
(charge transfer value (wcr), participation ratio of natural transition orbitals (PRNTO)

264

and exciton sizes (dexc))“°* are considered in this study. For this purpose, 9Ha is divided

into three fragments, as shown in Figure B1.

Computed stick absorption spectra for 9Ha using different functionals and ADC(2)
are shown in Figure 4.2. In addition, values of A\,pss8, R and excited state descriptors are
tabulated in Table B1. The range-separated functionals, CAM-B3LYP and wB97XD,
and M06-2X produce similar results: in all the three cases, the A\ 158 are similar, and
the Sy—S5 excitations show the highest fosc and R. On the other hand, the Sy—Sg
excitation carries the highest fosc and R value in PBEO and B3LYP results, similar to
the values obtained in the case of ADC(2). In addition, the character of the Sg state
remains also the same in all the above three cases, i.e., all of those are charge-transfer
(CT) states with wepa 0.6-0.7, PRyTo~ 2 and dey.~ 4.8 A. These results are further
supported by the electron-hole correlation plots (as shown in Figure B2). While the
plots for PBEO and B3LYP are almost the same as that obtained in ADC(2), the results
for the other three functionals show differences (particularly at the lower-left and upper-
right squares). In B3LYP, the A\ pss corresponding to Sp—S; and Syp—Sg excitations
are red-shifted by 50 and 30 nm, respectively. In case of PBEO, however, the differences
are less, and the peaks are red-shifted by 31 and 18 nm, respectively. The peaks at 356
nm (with fose = 0.248) in PBEOQ corresponds well with the experimental value of 342
nm. ! For emission in 9Ha, optimization was carried out in the S; state using PBEQ
functional. For 9Ha, emission energy (Aep,) appears at 558 nm, red-shifted by 12 nm
from the reported value.'! At PBE0/def2-TZVP level, the value of gcpr, was found to be
0.052, close the experimentally reported value of 0.027. Considering the above results,

PBEO functional is chosen for studies of newly designed molecules.
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TABLE 4.2: Excitation Energy (A,ps in nm), Corresponding Oscillator Strength( fosc),
Orbitals Involved in the Transitions, |u|, [m|, cos 0, R, gcp and |m|/|p|of 9Ha, 9HaP,
9HaQ, 11Ha. |u|, |m|, and R are in esu-cm, erg:G~! and esu-cm-erg-G~! units,

respectively.
9Ha
States | Aabs | fose | Configurations | [w|/107% | jm|/10720 | cos 6 | R/107% | gop | |m|/|p]
S1 453 | 0.016 H—L (98%) 125.49 2.08 -0.997 | -260.66 | -0.066 | 0.017
So 424 | 0.093 | H—L+1(95%) 289.53 0.41 1.0 119.47 | 0.006 0.001
Se 356 | 0.248 | H—L+3(49%) 432.78 3.04 -0.457 | -601.41 | -0.013 | 0.007
H-1—-L+1(43%)
S7 331 0.0 H-3—L(63%) 13.6 0.30 1.0 4.06 0.088 0.022
H-1-L1+3(24%)
9HaP
S 465 | 0.015 H—L(98%) 119.99 1.98 -0.923 | -219.72 | -0.061 | 0.017
So 428 | 0.139 | H—L+1(96%) 355.25 0.45 1.0 158.65 0.005 0.001
Se 353 | 0.242 | H-1-L(78%) 426.17 0.06 0.999 25.72 0.001 0.0
S 342 | 0.184 | H-1-L+1(76%) 365.75 2.22 -0.444 | -361.02 | -0.011 | 0.006
9HaQ
S1 518 | 0.017 H —L(99%) 138.75 1.05 -0.295 | -42.96 | -0.009 | 0.008
Sa 453 | 0.034 | H—L+2(99%) 181.97 2.08 -0.801 | -302.74 | -0.037 | 0.011
Ss 435 | 0.163 | H —»L+1(95%) 388.45 0.45 1.0 173.80 | 0.005 0.001
S7 369 | 0.721 H-1-L(52%) 752.68 0.21 0.967 | 150.46 | 0.001 0.0
H—L+3(26%)
S0 335 | 0.111 | H-1-L+1(87%) 282.35 1.49 -0.507 | -213.52 | -0.011 | 0.005
11Ha
S1 462 | 0.06 H—L(98%) 243.84 2.64 -0.975 | -627.68 | -0.042 | 0.011
So 441 | 0.072 | H—L+1(98%) 261.31 0.39 1.0 100.64 | 0.006 0.001
Se 372 | 0.108 | H-1-L+1(75%) 293.23 0.08 0.942 21.28 0.001 0.0
H—L+2(12%)
Sg 348 | 0.069 | H-2—L(87%) 227.45 1.13 0.270 69.56 0.005 0.005

4.3.1.1 UV spectra

The absorption spectra of all the four systems are compared in Figure 4.3. A.ps, fosc and
major transitions involved in four major excitations are tabulated in Table 4.2. Two
prominent bands, appearing in 300-600 nm range, are observed in each spectrum. For
9Ha, the two peaks appearing at 356 nm (fosc=0.248) and 424 nm (f,s.=0.093) are
due to Sy—Sg and Sp— Sy excitations, respectively. While the major peak at 356 nm
arises from a combination of highest occupied molecular orbital (H)—lowest unoccupied
molecular orbital (L) and H-1— L+1 transitions, the one at 424 nm arises mainly from
the H—L+1 transition. 9HaP exhibits a similar absorption spectrum to that of 9Ha,
and even the peak positions are also very close to 9Ha. However, the es of the two
prominent peaks are a little larger than those in 9Ha. 9HaQ shows a high intensity
peak at 369 nm (f,sc=0.721) and a very low intensity peak at 435 nm (fosc=0.163).

These two peaks correspond to Sp—S7 and Sy— 53 excitations, respectively. The higher
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FIGURE 4.3: Absorption spectra of 9Ha, 9HaP, 9HaQ, and 11Ha. The results are
obtained at PBE0-D3/def2-TZVP level. A half-width at half-maximum of 0.25 eV is
used.

intensity of the peak at 369 nm is due to a comparatively large value of EDTM (i.e., |u|=
752.68x10720 esu-cm), as shown in Table 4.2. Hence, from 9Ha to 9HaQ, absorption
intensities increase with the increase in total number of rings. The presence of quinoxa-
line ring in 9HaQ makes it strongly polarizable and gives rise to large value of EDTM.
In 11Ha, the major peaks appear at 372 nm (f,c=0.108) and 441 nm (fos.=0.072)
corresponding to So—Sg and Sy—S2, respectively. Again, while the Sg state is due to
a pair of transitions (H-1—L+1 and H—L+2), the Sy state appears solely due to the
H—L+1 transition. It is observed that the bands are red-shifted by 16-17 nm from 9Ha
to 11Ha and this is due to the extension of m-conjugation. Although both 9HaQ and

11Ha contain the same number of rings, 11Ha shows very small intensity peaks.

Analysis of the excited states to determine whether a state is an LE or a CT has
been performed by looking at the values of descriptors such as wcor, PRNTO and dexc.
Similar to 9Ha, three fragments are considered for the three derivatives. Results are
tabulated in Table B2. In addition, NTOs corresponding to various transitions are also
shown in Figures 4.4 and B3-B5. The table shows that the wcoT values of many of the
excited states are quite large (between 0.6-0.8), and so are the dey. values. This shows
that these excited states are of CT type. Some exceptions occur in cases of S3 of 9HaP

and S, Sg, and S; of 9HaQ. For these excited states, the wo is comparatively smaller,
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FIGURE 4.4: Natural transition orbitals for some selected excited state transitions of

9HaP. Results are obtained at TD-PBEO/def2-TZVP level. An isovalue of 0.03 a.u.

is used in each case. Charge-transfer and locally excited transitions are denoted as CT
and LE, respectively.

i.e, less than 0.53. For 9HaQ, while S; and S; are partial CT states with wcr = 0.50,
Se is LE in nature with wer &~ 0.14 and dexe~ 3.70 A. NTOs, shown in Figure B4
corresponding to the above three states, corroborate the above results. The transitions
corresponding to the major peaks (S¢ in 9Ha, 9HaP and 11Ha, and S; in 9HaQ)
are of multiconfigurational character, where PRNTo values are greater than one. These
findings are also supported by the NTOs shown in the Figures 4.4 and B3-B5. For the
S state in 9Ha and 9HaP, holes and electrons are localized mainly in 5-6-5 donor unit
and terminals rings, respectively. Comparing the Sg states between 9Ha and 9HaP, it
is observed that the hole/electron densities are not fully localized in different parts in

the case of 9Ha and this makes the wcr value comparatively small. On the other hand,
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FIGURE 4.5: CD spectra of 9Ha, 9HaP, 9HaQ, and 11Ha. Results are obtained at
TD-PBEO0/def2-TZVP level of theory.

in 9HaP, wcr is quite large for the same excited state as holes and electrons are better
separated as shown in Figure 4.4. In 9HaQ, for Si, PRNTo is one and electrons are
localized mainly in the Qz unit. For the S7 state, on the other hand, two pairs of NTOs
participate. While the first pair shows the localization in the 5-6-5+ @z and @z units,
the second pair shows the localization in the 5-6-5 and terminal units. In the case of
11Ha, the hole/electron distributions in the S1, Sz and Sg states are similar to those in

9Ha.

4.3.1.2 CD spectra

Figure 4.5 shows the CD spectra of all the four systems. Strongest CD bands are
observed for 9Ha, with one positive and two negative CD bands. The lower-energy
negative band, the weakest one, corresponds to the Sp—S; transition. The R and gcp
values corresponding to this peak are -260.66 and -0.066, respectively. This transition
is both electronically and magnetically allowed with a significant amount of |u| and
|m|. The second CD band arises from the Sy—Sg transition. |p| and |m| for this
transition are larger by factors of 3.45 and 1.46, respectively, compared to the values for
the So—.S1 transition. However, the magnitude of cos 6 decreases to 0.46. As a result,

R increases by more than two-fold, and gcp decreases almost five-fold. The overall

TH-3113_176122020



Chapter 4: Chiroptical properties of polyaza[9]helicene and its derivatives . .. 60

TABLE 4.3: Emission Energy (Aem in nm), Corresponding Oscillator Strength(fosc),

||, |m|, cos 0, R, gopL, Kt, and |m|/|u| of 9Ha,9HaP, 9HaQ, and 11Ha. |u|, |m|

and R are in esu-cm, erg-G~! and esu-cm-erg-G~! units, respectively. K; is in ns~!.

Reported gcpy, of 9Ha is 0.027 at 546 nm. All the Considered Transitions are S1—.Sp.

System | Aem | fosc | |1]/107% | jm|/107% | cos @ | R/107%0 | gcpL K¢ | |m]/|pl
9Ha 558 | 0.018 149.23 1.96 -0.999 | -291.84 | -0.052 | 0.0039 | 0.013
9HaP | 563 | 0.017 145.72 2.01 -0.986 | -289.39 | -0.055 | 0.0036 | 0.014
9HaQ | 612 | 0.034 212.74 0.65 -0.019 -2.70 -0.000 | 0.0061 0.003
11Ha | 635 | 0.050 259.60 2.33 -0.990 | -598.16 | -0.036 | 0.0083 | 0.009

spectrum is consistent with the reported CD spectrum of 9Ha.!! For 9HaP, the two
negative bands correspond to Sp—S7 and Sp—S7 transitions, respectively. Like 9Ha,
the transition corresponding to the lowest-energy band shows the largest gop value of
-0.061 while the value decreases to -0.011 in the case of Sp—S7 transition. As mentioned
before, magnitude of |u| is much larger than the magnitude of |m| in organic molecules.
In this scenario, the Eq. 2.46 can be rewritten to show that gcp(gcpr) o |m|/|ul
(keeping cos 6 the same). The above trend in 9HaP is due to a much larger value of
|m|/|p| in the case of first band compared to the value for Sp—S7. In both 9Ha and
9HaP, gcp remains = -0.06. This implies that the degree of chirality of ground state
geometries is maintained in both the systems. Results for 9HaQ are different than both
9Ha and 9HaP. For 9HaQ, Sy—Sy transition shows the largest gcp value of -0.037
(with |m|/|p| of 0.011) while Sy—Si0 shows a smaller value for gop of -0.011 (with
|m|/|u| of 0.005). Hence, in 9HaQ, chirality of ground state geometry decreases in
comparison to 9Ha and 9HaP. In the case of 11Ha, one negative peak with the largest
R appears at 462 nm, corresponding to Sp—S; transition (see Table 4.2). gcp value of
this transition is lower than the gcop values of corresponding transitions of both 9Ha

and 9HaP. This trend is clear from the values of |m/|/|u| in these three cases.

4.3.2 Excited-state structures and chiroptical properties

In helicenes, fluorescence usually occurs from the S; state.?4? Therefore, to study the
emission properties and CPL activities, optimizations of the four structures in their 5
states were performed at the PBE0-D3/def2-SVP level in DCM solvent using the TEF-
PCM model. The S; optimized geometries are shown in Figure B6. Few structural

parameters of the systems in the 57 states are tabulated in Table 4.1. Comparison of
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FIGURE 4.6: EDTM (first row) and MDTM (second row) densities of 9Ha (a), 9HaP

(b), 9HaQ (c), and 11Ha (d) for the S;—Sy transitions. The four columns in each

section correspond to total and three components, respectively. Magnitudes of these

vectors are in CGS units. The magnitudes in CGS units are obtained from the values in

atomic units (a.u.) as follows: |p|/esu-cm=(254.1746 x 1072Y esu-cm) X |p|/a.u. and

|m|/erg-G™1 =(-1) x (0.927401 x 1072 /erg-G~!) x |m|/a.u.. Results are obtained
using the Multiwfn3.8 software. 253 Isovalue = 0.002 a.u. is used.

the values of ¢1 between Sy and Sy for 9Ha, 9HaP and 9HaQ shows that the absolute
values in S; are smaller by 2-5°. Similarly, ¢s changes only by 6-9°. As shown in
Table 4.1, in all the four cases one terminal unit is tilted outwards by 20-27° more than
the other terminal unit, similar to the ground state results. 11Ha shows the largest
difference of 27° between |¢3| and |¢4|. Comparing the Rpiten values, it is observed that
the values in the S state are smaller than the values in Sy. It implies that excited state

geometries are more compact, consistent with the results of previous studies. 266:267

Various properties such as emission energies, corresponding |u| and |m/| values,
angles between the vectors and gcpr, values are tabulated in Table 4.3. There are two
possible ways to achieve a large value of gcpr: 1. by decreasing the value of |p| which
can be achieved by forming a fully CT state and 2. by increasing the value of |m|. In
case of 9Ha, |m| and cos 6 values do not change significantly from the corresponding
values in absorption. However, there is an increase in the value of |u| in the case of
emission and this results in a decrease in dissymmetry factor for S;—Sy compared to
So—S1. Both |p| and |m| comprise mainly of Z-axis components (as shown in Figure

4.6) and both are directed along the helical axes. Density plots for the Z-components
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9Ha 9HaQ 11Ha

F1GURE 4.7: Directions of EDTM and MDTM vectors of 9Ha, 9HaP, 9HaQ, and
11Ha for the transitions S1—Sy. While the vectors in 9Ha, 9HaP, and 9HaQ lie in
the Y Z plane, these are in the X Z plane for 11Ha.

of both the vectors show relatively larger slate blue (positive) region compared to cyan
(negative) region. On the other hand, for X-components as examples, the cyan and slate
blue isosurfaces cancel each other out. Maximum contribution to the |p .| comes from
the phenanthroline units at the terminals. For 9HaP, |u|, [m| and cos 6 do not change
much from the corresponding values for 9Ha, and the two vectors make an angle of 170°
with each other, as shown in Figure 4.7. The largest value of |m|/|u| (or decrease in
the value of |u| and a small increase in the value of |m|) in 9HaP results in the largest
value of gcpr, i.e., -0.055 among all the systems (as shown in Table 4.3). Similar to
9Ha, both the DTM vectors comprise mainly of their respective Z-axis components.
In 9HaQ, gcpr, is the smallest among all. This is due to the smallest value of |m|
for the S1—S) transition, and almost an orthogonal orientation of the two vectors (as
shown in Figure 4.7). While the value of |m/| is only 0.65x1072° erg-G~! in 9HaQ,
values are either close to or greater than 2x1072° erg-G~! for the other three cases.
Like in 9Ha and 9HaP, p and m in 9HaQ comprise mainly of Y- and Z- components,
respectively (as shown in Figure 4.6). However, the presence of @z unit changes the
scenario affecting the electronic and magnetic properties. Here, the p, densities are
distributed over a larger area resulting in comparatively larger values for p, and ||
relative to that of 9Ha and 9HaP. In 9HaQ, electrons and holes are located in the
Qz and 5-6-5 units, respectively (as shown in Figure B7). Therefore, m arises from the
delocalized motion of electron over the small @z unit only producing small |m| and R
values. This result is in contrast to the results for carbohelicenes where improved CPL
performance was obtained by fusion with Qz units.” Table 4.3 also reports K¢ calculated
2me?

as 268,269 pr — o 052 fose = 0.667 x i fosc, where €g is the vacuum permittivity, me
0flte

1

is the mass of electron and 7 is the corresponding transition energy in cm™". ®pr,
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Ky
(Kf + Knr) ’
For high spontaneous emission systems, Ky is much larger than K,,. Faster emission

is calculated as ®pr,= where K, stands for non-radiative rate constants.
infers larger quantum yield. Qz-fused polyaza[5]-helicene and THQ show smaller ®py,
values compared to the respective parent systems.''? However, 9HaQ shows larger
K compared to that of parent 9Ha as well as 9HaP. This is due to larger value of
fosc for the corresponding transition. In 11Ha, delocalization of electron over a larger
area (as shown in Figure B7) leads to the largest values of |u| and |m|. However,
gcpr value is smaller compared to those of 9Ha and 9HaP. It is to be noted that
experimental gcpr, values were shown to increase with increase in the number of nitrogen
atoms, ! i.e., from TH to 9Ha. Similar to 9Ha and 9HaP, DTM densities in 11Ha
are distributed along the whole molecule (as shown in Figure 4.6), and the two DTM
vectors are directed almost anti-parallel to each other (as shown in Figure 4.7). In this
case, however, contributions of X-components are much larger than in 9Ha. While the
terminal rings contribute primarily to the X- and Z-axes components of EDTM (the
densities in the 5-6-5 unit cancel each other), 5-6-5 and its adjacent rings participate
for MDTM components. 11Ha, with the largest fosc value of 0.05, shows the largest
K for the transition S;1—Sp. A large value of K; hints at a small intersystem crossing

decay in 11Ha.

From Figure B7, it is clear that the S;—Sy transitions in the four cases are CT
transitions. Analysis using TheoDORE has also been carried out to check the values of
wer. The results are tabulated along with |p| in Table B3. While the value of wer is
0.72 in 9Ha, it increases to 0.76 in the case of 9HaP and decreases to 0.41 in 9HaQ. On
the other hand, wcT value for 11Ha is very close to that of 9Ha. It is worth noting that
while CT occurs between 5-6-5 units and the terminals in 9Ha, 9HaP and 11Ha, the
central 5-6-5 and Qz units take part in 9HaQ(as shown in Figure B7), as mentioned in
the previous paragraph. Generally, a state resulting from a smaller overlap of initial and
final orbitals, i.e., a state with stronger CT character results in decrease in |p| value.
This is due to the fact that EDTM operates on the spatial part only. Accordingly, while
the |p| value decreases from 9Ha to 9HaP accompanied by an increase in wcr, the
value increases to 212.74x1072° esu-cm for 9HaQ. On the other hand, 11Ha having an

wer value similar to 9Ha shows a much larger |p|, not showing the wer vs |p| trend.
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4.4 Conclusions

In this article, effects of lateral and helical extension of an azahelicene on the UV, CD,
and CPL properties are reported. Starting from the experimentally reported 9Ha, three
azahelicenes are designed. While 9HaP and 9HaQ are laterally extended versions of
9Ha obtained by fusing pyrazine and quinoxaline units to the 9Ha unit, respectively,
11Ha is helically extended one. 9HaP shows UV and CD results similar to that of
9Ha. In case of 11Ha, the spectral positions are slightly red-shifted compared to
9Ha. In these three cases, gcopr, values are smaller than the corresponding gcp values
which are related to the decrease in the Rpitc, values for S; compared to the values for
So. While 9Ha shows the largest gcp value corresponding to S; state, 9HaP shows
the largest gcpr, value. The largest value of |m|/|u| and anti-parallel arrangement of
the two vectors in case of 9HaP result in the best result among all. 11Ha shows a
smaller gcpr, value compared to that of 9Ha and 9HaP. On the other hand, fusion of
the electron-accepting @z unit shows results very different to the above three systems.
Fusion with @z unit leads to the largest K¢ value, however gcpr, value is very small
compared to parent system. For the S1—Sp transition in 9HaQ, EDTM and MDTM
vectors are almost orthogonal to each other, and the magnitude of |m| is the smallest.
Therefore, we conclude that in cases of azahelicenes like the ones studied in this work it
is beneficial to fuse with a pyrazine unit rather than a @z unit although Qz possesses
better electron-withdrawing ability. Fusion with pyrazine unit and extending the helical

length lead to increase in the magnitude of |m|.
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In this chapter, effects of di-, tetra- and octafluorination on structural and chirop-
tical properties of carbo[5-8]helicenes are reported. From each parent carbohelicene,
three fluorinated derivatives are designed by substituting either one or two, or four hy-
drogens at each terminal ring with fluorine atoms. A part of the content of this chapter

is accepted for publication in J. Phys. Chem. A.
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5.1 Introduction

In typical organic molecules, |p| is much larger than |m/| which leads to small g-factors,
and values are usually in the range of 10~4-1072,28108,109 Thjs value is far away from the
maximum value of +2. Keeping this in mind, several modifications have been proposed

28,29,242 270

in recent times aiming at improving the g-factor and ®pr,. As mentioned in

the previous chapter, typical modifications based on either substitution of hydrogens in

4957271272 o1 fusion of aromatic rings onto the helical

helicenes by other atoms/groups
backbone to produce ring-fused carbo[n]helicenes >3 %3 have been done so far. Recently,
Kubo et al.>” reported dimethoxy and dicyano substituted-carbo[7]helicenes with im-
proved gcpr, values compared to the results for parents systems. While 3.5- and 6-fold
increments were obtained for ®pp, and K, respectively, for dicyanocarbo[5]helicene®,

> 4-fold increments were obtained for the dicyano-carbo[7]helicene.®”

Similar to pristine carbohelicenes, ®py, was also found to decrease for substituted-
carbohelicenes with increase in chain length.%*>7 Halogenation of carbohelicene rings is
another strategy to tune the chiroptical properties.®>® Synthesis of various fluorinated
carbohelicenes are reported in the literature. 59:5%:56:273-275 Tpy the work of Nakai et al.®!, a
systematic improvement in CD intensities of the By, band was observed along with their
corresponding dissymmetry factors, after substitutions by F, Cl and Br atoms. This was
attributed to increase in |p| and |m/|, and a small angle between the two vectors. In 2019,
Cirkva et al.5® reported the synthesis of tetrafluoro- and octafluoro-carbo[6]helicenes.
While the specific rotation of a fluoro-substituted compound was found to be smaller
than the value for the parent system, ®p;, was found to increase with increase in the
number of fluorine atoms. It is apparent that a systematic and critical study of effect
of fluorination of carbohelicene is yet to be reported. In this chapter, we report the
chiroptical properties of di-, tetra- and octafluorinated carbo[5-8]helicenes, and analyze
the effect of degree of fluorination on a particular carbohelicene and on the length of
the helical chain. Hydrogen atoms in the terminal rings of each of these carbohelicenes

are substituted by either two or four or eight fluorine atoms to produce di-substituted,
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F1GURE 5.1: Structure of 6H. The hydrogens at the terminal rings are replaced by
fluorine atoms to produce di- ( substituting the hydrogens by fluorine atoms at 1 and
1’ positions) tetra- (substituting the hydrogens by fluorine atoms at 1, 1’, 4 and 4’
positions) and octafluoro-6H (substituting all the four hydrogens by fluorine atoms at
each terminal unit). Similar substitutions are carried out for 5H, TH and 8H.

tetra-substituted and octa-substituted helicenes. A schematic picture of 6H, and lo-
cations of fluorine substitutions are shown in Figure 5.1. The fluorinated molecules
studied here are 1,1’-difluoro[5]helicene (2F5H), 1,1/,4,4'-tetrafluoro[5]helicene (4F5H),
1,1',2,2" 3,3’ .4,4"-octafluoro[5|helicene (8F5H), 1,1’-difluoro[6]helicene (2F6H), 1,1',4,4'-
tetrafluoro[6]helicene (4F6H), 1,1',2,2" 33" 4,4’-octafluoro[6]helicene (8F6H), 1,1’-difluo
ro[7]helicene (2F7H), 1,1’ 4,4'-tetrafluoro[7]helicene (4F7H), 1,1,2,2’ 3,3’ 4,4’-octafluoro
[7]helicene (8F7H), 1,1’-difluoro[8]helicene (2F8H), 1,1’,4,4'-tetrafluoro[8]helicene (4F8H),
and 1,1',2,2".3,3'.4,4"-octafluoro[8]helicene (8F8H). It is to be noted that synthesis of
8F6H is already reported®. Geometries of all di-, tetra- and octafluoro systems are
shown in Figure 5.2. In the next section, we show the computational methodology used
in the study. This is followed by the Results and Discussion section. In the last section,

we provide the conclusions of our study.

5.2 Computational methodology

All the calculations were performed for (P)-type enantiomers. Ground state (Sp) op-

timizations of parent and fluorinated 5H, 6H, 7TH and 8H were performed in the gas
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phase at MP2 level. In particular, the spin-component-scaled (SCS) version was used
for these optimizations. The SCS-MP2 method was proposed by Grimme?"8 to improve
upon the MP2 results. Here, the same-spin and the opposite-spin components of the MP
correlation energy were scaled separately. The method has been found to perform bet-
ter than MP2 for non-covalent interactions such as in cases of m-stacked systems. 277280
The default scaling parameters, cos=6/5 and css=1/3, were used in our studies. Verti-
cal excitation energy calculations at the ground state optimized geometries were carried
out at ADC(2) 2153 scheme level. RI approximation?'® was used in both MP2 and
ADC(2) calculations. Geometry optimizations in lowest singlet excited states (S7) of
all the sixteen systems were performed in gas phase at the same level of theory. It is
to be noted here that excitation energies in case of ADC(2) are obtained as eigenvalues
of a Hermitian secular matrix.?!” In comparison, excitation energies in coupled-cluster
methods such as CC2,'8? are produced as eigenvalues of a non-Hermitian matrix. In ad-
dition to the above advantage of ADC(2) which results in improved numerical stability,
the combination of ADC(2) with the RI approximation reduces the computational time.
The methods used in this study are, therefore, denoted as RI-SCS-MP2 and RI-ADC(2),
for the ground and excited states, respectively. In all the calculations, the def2-TZVP 2!
basis set was used. For all the calculations, TURBOMOLE V.7.1 software?'* was used.
In all the calculations, Co symmetry was imposed for saving the computational time.
UV and CD spectra were obtained using the Gabedit software.??3 Excited state char-
acterizations were carried out using the TheoDORE v2.4 software. 264255 Analysis using
TheoDORE is based on the 1-TDM. In practice, the molecule is partitioned into various
fragments, and contributions from those fragments are calculated. As shown in Figure
C1, each ring is considered as a fragment in our study. For analysis purpose, three
descriptors named dexe, PRNTO and wer are used. A comparatively larger value of deyc
and a value of wcr closer to one for an excited state indicate CT character for the state,
while an LE state shows smaller values for dey. and wcr. PRnTo shows the number of

NTOs taking part in producing an excited state.
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FIGURE 5.2: Ground state optimized geometries of 2F5H(i), 4F5H(ii), 8F5H(iii),
2F6H(iv), 4F6H(v), 8F6H(vi), 2F7H(vii), 4F7H(viii), 8F7H(ix), 2F8H(x),
4F8H(xi) and 8F8H(xii). Optimizations were carried out at RI-SCS-MP2/def2-TZVP
level. In the case of 4F6H, five carbon atoms are marked as a, b, ¢, d and e, and two
torsional angles, Za-b-c-d (denoted as ¢;1) and Zb-c-d-e, (denoted as ¢2) are defined.
The same set of angles is used in other cases as well. In 4F7H, two carbon-carbon
bond distances are marked as r; and 7. Rpiten is calculated as (r1+72)/2. Carbon,
hydrogen and fluorine atoms are shown as grey, white, and green colors, respectively.

5.3 Results and discussion

5.3.1 Ground-state structures, absorption and CD spectra

Ground state (Sp) structures of di-, tetra- and octafluoro substituted carbo[5-8]helicenes
are shown in Figure 5.2. In this figure, two torsional angles, Za-b-c-d and Zb-c-d-e,

denoted as ¢1 and ¢9, respectively, are marked. Table 5.1 and Figure 5.3 show the
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FIGURE 5.3: Dihedral angles ¢; and ¢- plotted for pristine helicenes and their fluori-
nated derivatives.

values of the two dihedral angles. In case of 5H, the ¢ values of the fluorinated 5Hs
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TABLE 5.1: Values of selected torsional angles (¢, degrees) and Rpiten (A) of ground
state (Sp) and lowest singlet excited state (S7) optimized geometries of 5H-8H, and
their di-, tetra- and octafluorinated derivatives

So Geometry S1 Geometry
Systems | Torsional | Rpitch | Torsional | Rpiten
angles angles
$1 | P2 $1 | P2
5H 18.5 1 29.9 | 3.73 19.1 | 30.4 | 3.69

2F5H 22.6 | 284 | 3.88 22.8 | 28.6 | 3.81
4F5H 22.3 | 29.0 | 3.88 22.3 1 29.2 | 3.83
8F5H 22.2 1 29.0 | 3.85 22.5 | 28,5 | 3.76
6H 16.0 | 26.8 | 3.59 19.7 | 24.6 | 3.34
2F6H 25.0 | 23.1 | 3.51 272 21.3 | 3.27
4F6H 25.1 | 23.1 | 3.53 27.1 ] 21.6 | 3.30
8F6H 24.6 | 23.3 | 3.50 2741216 | 3.25
7H 209 | 245 | 3.34 2241 25.1 | 3.17
2F7TH 25.3 | 25.0 | 3.36 25.1 | 254 | 3.20
4F7TH 25.5 | 249 | 3.31 25.3 | 25.1 | 3.17
8F7TH 25.5 | 24.8 | 3.29 24.8 | 25.8 | 3.17
8H 19.8 | 27.0 | 3.31 20.5 | 26.5 | 3.21
2F8H 24.3 | 25.0 | 3.40 25.2 | 21.6 | 3.16
4F8H 2441 25.2 | 3.38 24.7 | 225 | 3.16
8F8H 243|245 | 3.34 24.3 | 23.5 | 3.22

* The Sy and S; states optimizations were carried out
at RI-SCS-MP2/def2-TZVP and RI-ADC(2)/def2-
TZVP levels, respectively. For 8F6H, the reported
Ryiten is 3.76 A, and average ¢; and ¢ values are
22° and 26°, respectively obtained from the crystal
structure data.®®

are larger than the value in 5H. However, the ¢; values in the fluorinated systems remain
almost the same. Similar results are seen for ¢o too; after an initial decrease of 1.5°, the
value remains almost the same. Accordingly, the Ryiicn, after a sudden increase from 5H
to 2F5H, remains also almost the same. As shown in Figure 5.3, in case 6H, values of
¢1 and ¢ increase and decrease, respectively, while going from 6H to 2F6H. However,
these values, after the initial changes from 16° to 25°and 26.8° to 23°, do not change
much for the fluorinated systems. This is mostly consistent with the results obtained
from the crystal structure data of fluorinated 6H (as shown in Table C1).5%27 As a
result, the Rpiien decreases by 0.08 A from 6H to 2F6H, and remains almost the same
for the fluorinated systems, which matches with the corresponding results obtained from
the reported fluorinated 6 H ®>-27° (as shown in Table C1). For 6H and 8F6H, the R

values are smaller by ~ 0.3 A compared to Rpiten of their respective crystal structures.
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In contrast to Cy symmetric structures considered for 6H and 8 F6H in this study, the
corresponding crystal structures are unsymmetrical and produce larger Rpiicn values.
Similar to the results for fluorinated 5H and 6H, ¢; in 7H increases after fluorination.
On the other hand, changes in ¢o are very small for all the four systems in this case.
It is observed that 2F7H shows similar structural features to that of experimentally
reported homologous 1,2-difluoro[7}helicene.?® Values of Ryiten increase by 0.02 A from
TH to 2F7H. After this, the value decreases for 4F7H and 8F7H. In case of 8H,
variation in ¢ is similar to the previous result in 7TH. However, value of ¢2, showing a
sudden decrease of 2° from 8H to 2F8H, remains almost the same. While the R;tch
value increases from 8H to 2F8H by 0.09 A, it decreases for tetra- and octafluorinated

8Hs, similar to the results for 7TH and its derivatives.

5.3.2 UV spectra

Absorption spectra of the parent and fluorinated carbo[5-8]helicenes are compared in
Figure 5.4. The values of A\aps, fosc, and major transitions corresponding to few promi-
nent peaks of the spectra are tabulated in the Tables 5.2. Results for all the excited
states are shown in Tables C2—C17. In case of 5H as shown in Table C2, the first two
excited states appearing at 352 and 309 nm have negligible fos. values. The first excited
state with a prominent fos. value appears at 293 nm corresponding to the Sy state. It is
to be noted that both S3 and Sy are very close in energy, and they together produce the
lowest energy band. The largest contributor to this excited state is the transition from
highest occupied molecular orbital (H) — lowest unoccupied molecular orbital (L)+1.
Results are different in fluorinated 5Hs. In the three fluorinated systems, the lower
energy peaks with large fosc values are obtained for Sy— S5 excitations where S5 is the
3 !B state. In all the three cases, the same two sets of transitions are involved, i.e.,
H-1—-L+1 and H—L excitations. The second transition with a comparatively larger
fosc value appear at 213, 213 and 215, respectively, for 2F5H, 4F5H, and 8F5H. All

these peaks correspond to large values of |p| (foscox |p]?).57

In case of 6H, the first two excited states appear at 368 and 328 nm with fosc

values close to zero. The first prominent peak for 6H appears at 315 nm with fos.=0.425
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FIGURE 5.4: Absorption spectra of 5H (a), 6H (b), TH(c) and 8H (d) along with
their respective derivatives. The results are obtained at RI-ADC(2)/def2-TZVP level.
A half-width at half-maximum value of 15 nm is used for each curve.

corresponding to the Sy—2 !B transition (as shown in Table C6). This transition arises
predominantly from a combination of two excitations; H— L+1 (48%) and H-1—L
(40%). The strongest peak, however, appears at 233 nm with fusc=0.728, and this one
corresponds to the Sp—8 1A transition. Two sets of excitations, H-2—L+2 (62%) and
H—L+3 (15%), contribute to this transition. It is worth noting that the 8 1B state with
a smaller fo. value is degenerate with the 8 'A state. Similarly, as the Table C6 shows,

there are other closely-lying excited states with considerable fosc values, e.g., peaks
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appearing at 222 nm, 236 nm, 250 nm and 252 nm. The spectrum, as shown in Figure
5.4, is consistent with the previously reported results.*°® Similar to the results for 6H,
the first two excited states show negligible fos. values for 2F6H too. The prominent
peaks at 320 and 228 nm are red- and blue-shifted, respectively, compared to those in
6H. The peak at 320 nm corresponds to the same transition as in 6H, and shows similar
intensity too. However, the peak at 228 nm exhibits smaller intensity (as shown in the
Figure 5.4) and so as the other fluorinated derivatives. As in the case of 6H, two more
excited states, 9 'A and 10 'A with foe values of 0.313 and 0.012, are very close in
energy to the 8 A state. In cases of 4F6H and 8F6H, shapes and intensities of the
spectra remain almost unchanged compared to that of 2F6H. However, the positions of
the peaks get red-shifted slightly (by ~ 2-5 nm, as shown in the Table 5.2). The results
for 8F6H are well in accordance with the reported spectrum.®® While the first major
peak in 4F6H at 325 nm correspond to the same set of excitations as in the case of
2F6H, the peak at 322 nm for 8F6H correspond to H-1—L+1 and H—L excitations.
In 2F6H, 4F6H and 8F6H, |u| values for the second major peaks are smaller than the

corresponding value in 6H, and this results in decrease in the fos. values.

With elongation in chain length, i.e., going from 5H to TH and their derivatives, the
peaks get red-shifted. For example, for 7H, the two major peaks appear at 354 and 258
nm with fos. values of 0.087 and 0.438, respectively, (as shown in the Figure 5.4), red-
shifted by 39 and 25 nm, respectively, from the peaks of 6H. The above mentioned peak
values are consistent with the previous experimental and computational results*®7. The
peak at 354 nm arises also from the Sp—1 !B transition and is a result of H-1—L (82%)
and H—L+1 (10%) excitations. On the other hand, the peak at 258 nm corresponds to
the Sp—8 'A transition, with major contributions from H-4—L (36%) and H-1—L+3
(20%) excitations. Similar to fluorinated 6H, the fluorinated 7H molecules produce
very similar absorption spectra. In the case 2F7H, both 1 'B and 2 'B state have very
similar fosc values. The peak at 363 nm, primarily due to H—L (92%) excitation, is
red-shifted by 9 nm compared to the corresponding peak in TH. However, the position
of the lower intensity peak does not change much (as shown in Tables 5.2 and C11). In
4FTH, the peak at 370 nm is again a purely H—L excitation. For 8F7H, in the low

energy region, the two peaks at 367 and 352 nm have large fosc values. While the peak
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TABLE 5.2: Excitation Energy (Aaps in nm), Corresponding Oscillator Strength (fosc),
|p|, |m|, cos 6, R, gcp, |m|/|p| and Orbitals Involved in the Transitions for 2F5H,
8F5H, 2F6H, 8F6H, 2F7H, 8F7H, 2F8H and 8F8H

Excited Aabs | fosc R i lm| | cos @ | gcp |m|/|p| | Configurations
State

2F5H
TTA(S)) | 358 [0.008 ] -10.86 | 77.82 [ 0.14 | -1 | -0.0072 ] 0.002 | H SL+1(57.%),H-1—>L (37.%)
11 B (Ss) 319 | 0.172 | 83.95 | 342.00 | 1.50 | 0.16 | 0.0029 0.004 | H —L (80.%),H-1-L+1(10.%)
31B(S5) 284 | 0.763 | 345.99 | 678.71 | 2.87 | 0.18 | 0.003 0.004 | H-1-L+1(77.%),H —L (12.%)
8TA (Sig) | 213 | 0.927 | -30.46 | 647.77 | 0.05 | -1 |-0.0003 | 0 | H-1-L+3(61.%)H-3—L+1(16.%)

SF5H
ITA(S) 362 ]0011] -7.50 | 91.01 [ 0.08| -1 |-0.0036 | 0.001 | H —L+1(60.%),H-1-L (34.%)
11B(S;) |323]0161| 77.99 |332.86 | 1.42 | 0.16 | 0.0028 | 0.004 | H —L (77.%),H-1-L+1(10.%)
31B(S5) | 287 | 0.726 | 352.02 | 664.98 | 2.87 | 0.18 | 0.0032 | 0.004 | H-1-L+1(82.%).H —L (10.%)
81 A (S;5) | 215 | 0.528 | -55.56 | 491.15 | 0.11 | -1 | -0.0009 0 H-1-L+3(60.%),H —L+2( 7.%)
2F6H

1B (S1) 375 1 0.004 | -2.39 58.51 | 0.18 | -0.23 | -0.0028 | 0.003 | H-1—L (50.%),H —L+1(40.%)
11 A (S) 335 | 0.000 | -0.69 8.06 | 0.09 | -1.00 | -0.0426 | 0.011 | H —L (71.%),H-1-L+1(20.%)
21 B (S3) 320 | 0.410 | 567.34 | 528.43 | 3.91 | 0.27 | 0.0081 0.007 | H —L+1(50.%),H-1—L (39.%)
81 A (Sis) | 228 | 0.566 | -255.54 | 523.95 | 0.49 | -1.00 | -0.0037 | 0.001 | H-2—1+3(27.%),H-5—L (26.%)

8F6H
1B (S1) 377 1 0.008 | -1.22 79.65 | 0.3 | -0.05 | -0.0008 | 0.004 | H —L (52.%),H-1-L+1(39.%)
11 A (S) 339 | 0.002 1.61 40.61 | 0.04 | 1.00 | 0.0039 | 0.001 | H-1—L (55.%),H —L+1(28.%)
21 B (S3) 322 | 0.397 | 512.27 | 521.89 | 3.69 | 0.27 | 0.0075 0.007 | H-1-L+1(47.%),H —L (40.%)
81 A (Sis) | 231 | 0.693 | -295.57 | 582.81 | 0.51 | -1.00 | -0.0035 | 0.001 | H-2—L+3(26.%),H-5—1 (23.%)
2F7H

TTA(S) |397[0000] -028 | 443 | 0.06| -1 |-0.0574| 0.014 | H »L+1(55.%),H-1—>L (37.%)
11B(S;) | 3630062 301.72 | 219.17 | 2.91 | 0.47 | 0.0251 | 0.013 | H —L (92.%),H —L+3( 2.%)

21 B (S5) | 346 | 0.081 | 324.80 | 244.66 | 2.81 | 0.47 | 0.0217 | 0.011 | H-1—L+1(75.%),H-3—L ( 9.%)
81 A (S15) | 260 | 0.454 | -145.55 | 500.7 | 0.29 | -1 |-0.0023 | 0.001 | H-3—L+1(24.%)H-4—L+1(20.%)
8F7H

TTA( 399 [0.000 | 0.17 | 387 [0.04] 1 | 0.0457 | 0.011 | H »L+1(54.%)H-1—L (38.%)

S1)

11B(Sy) | 367 | 0.041 | 258.47 | 177.77 | 2.64 | 0.55 | 0.0327 | 0.015 | H —»L (87.%),H-2—L+1( 3.%)

) | 352 | 0.093 | 349.49 | 263.23 | 3.03 | 0.44 | 0.0202 | 0.012 | H-1-L+1(76.%),H-1L+2( 7.%)
81 A (Si5) | 261 | 0.458 | -187.02 | 504.38 | 0.37 | -1 |-0.0029 | 0.001 | H-3—L+1(32.%),H-4—L+1(15.%)
2F8H
1TB(S;) | 412 [0.001 | 326 | 30.17 | 0.45 | 0.24 | 0.0143 | 0.015 | H —>L (55.%),B-1=L+1(34%
11A(Sy) | 3760009 | -39.93 | 8321 | 048 | -1 |-0.0231| 0.006 |H —L+1(59.%)H-1-L (19.%
21B(95) | 374 | 0.084 | 747.28 | 258.14 | 4.04 | 0.72 | 0.0448 | 0.016 | H-1—L+1(58.%),H —L (34.%
101 A (S1o) | 259 | 0.266 | 120.30 | 382.72 | 0.31 | 1 | 0.0033 | 0.001 | H-5—L (23.%),H —L+4(20.%
8F8H
ITB(S) |415]0.000] 027 | 1531 | 0.2 | 0.09 | 0.0047 | 0.013 | H —L (49.%),H-1—L+1(41.%)
11A(Sy) | 3830004 | -22.30 | 5555 | 0.4 | -1 |-0.0289 | 0.007 |H —L+1(54.%)H-1-L (23.%)
21B(S5) | 379 | 0.074 | 690.94 | 244.05 | 3.98 | 0.71 | 0.0464 | 0.016 | H-1—L+1(51.%),H —L (41.%)
101 A (So) | 262 | 0.260 | 145.22 | 380.81 | 0.38 | 1 | 0.004 | 0.001 |H —L+4(26.%)H-5—L (21.%)

* ||, |m|, and R are in 10720 esu-cm, 10720 erg-G~! and 10~%° esu-cm-erg-G~! units, respectively. Results are obtained
at RI-ADC(2)/def2-TZVP level.

L SORES_NSDY 2

at 367 nm is because of H—L excitation, the one at 352 nm is mostly due to H-1—L+1
excitation. The peak in the high energy region (at 261 nm) arises due to the same set of
excitations as in the case of 2F7H. For 8H, energies of the excited states mostly match
with the previously reported values.? Similar to 6H and 7H, in 8H, there are two major
peaks which appear at 371 nm and 268 nm, respectively. The low-energy peak is due
to Sp—2 'B transition, and so are the low-energy peaks in the fluorinated 8Hs. Over

fluorination, this low-energy peak gets red-shifted as observed in the previous cases.

TH-3113_176122020



Chapter 5: Effect of fluorination on chiroptical properties of carbo[5-8helicenes ... T5

Properties of the excited states of the parent and the fluorinated systems are ex-
plored using wcr, PRyTo and deye descriptors. The values are tabulated in Table
C18-C21. Results are similar for all the four series of systems. For 5H and its deriva-
tives, wer values for most of the states are in 0.7-0.8 range indicating that these are
CT states. Accordingly, the corresponding dexe values are > 4 A. NTOs for 3 'B and
8 1A states in fluorinated 5Hs are shown in Figures C2-C4. Two NTOs participate in
all the cases except for 8F5H, in accordance with the PRNxTo values in the table. In
2F5H and 4F5H, the units participating in the CT process are the same. In the case
of the dominant NTO for 3 'B, CT occurs from the terminal rings and rings adjacent
to the terminal rings. However, in the case of 8 'A, rings adjacent to the terminal
rings dominantly participate in the charge transfer. In the case of 8F5H, while the hole
NTO is almost delocalized over the whole system, the particle NTO is spread mostly
over the middle rings for the Sp—3 'B transition. All the states shown in the table for
6H and its two fluorinated derivatives are also CT states in nature with wcp=0.7-0.8
and dexe=4.0-4.5 A. For most of states, the table also shows that PRyTo value remains
almost the same for the parent and fluorinated systems. NTOs for 2F6H, 4F6H and
8F6H are shown in Figures C5-C7. In case of 2 'B for 2F6H, the first set of NTOs
show that while the hole is distributed over the whole chain, the terminals are devoid of
electron distribution. The second set of NTOs for this state shows the opposite scenario,
i.e., the differences appear in the middle of the chain. In the case of 8 'A of 2F6H, CT
occurs between the central naphthalene unit and the rest of the rings. Similar to 2F6H,
for the Sp—2 'B transitions of 4F6H and 8F6H, charge transfer occurs predominantly
from the terminal rings to the rest part of the system. PRxTo values for the 2 1B states
shown in Figures C5-C7 are the same. However, in cases of the peaks in the high energy
region, PRnTo values for the four 6H systems differ from each other. For a few other
higher excited states, differences in PRNTo values are observed. Similar results are ob-
tained for 7H and 8 H and their derivatives, i.e., the states have wct values ~ 0.8 and
dexc> 4. The results are shown in Tables C20 and C21. In the cases fluorinated 7THs,
the dominant NTOs show that CT happens between the terminal rings and other rings
for the So—8 'A transitions. For the 2 'B state in 2F8H, two sets of NTOs contribute.

The dominant NTO shows charge transfer from the central region to other parts of the
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Electron

FIGURE 5.5: Natural transition orbitals for some selected excited states of SF8H.
Results are obtained at RI-ADC(2)/def2-TZVP level.

unit. On the other hand, the second set of NTO depicts that while hole is distributed
over the whole unit, the terminals are devoid of electron densities. A similar scenario is
observed in case of 4F8H. NTOs for two excited states in 8F8H are shown in Figure
5.5. For the 9 1A in this case, while the dominant hole NTO is delocalized over the whole
chain, the corresponding particle NTO is localized in the terminal and its adjacent rings

only.

5.3.3 CD spectra

Figure 5.6 shows the CD spectra of 5H, 6H, 7TH, and 8H along with their fluorinated
derivatives. As mentioned previously, R is a scalar product of u and m, and therefore,
|e|, |m| and orientations of these two vectors with respect to each other play important
roles in predicting the intensity of the spectrum. In organic molecules, magnitudes of

|p| are typically much larger than the magnitude of |m|. Accordingly, gcp(gcpr) o
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FIGURE 5.6: CD spectra of 5H (a), 6H (b), 7H (c) and 8H (d) along with their
fluorinated derivatives. Results are obtained at RI-ADC(2)/def2-TZVP level of theory.
A half-width at half-maximum value of 15 nm is used for each curve.

|m|/|p|. In 5H, three bands are observed; two with positive Cotton effect (CE) and one
with negative CE. The peak at 293 nm corresponds to the previously reported 'By, band
(observed at 298 nm*). This peak has the largest R value, and corresponds to a large |u|
value of 580.17 esu-cm and an |m/| value of 3.08 erg-G~!, shown in Table C2. The angle
between p and m is ~ 80°. A small value of |m|/|p| results in a gcp value of 0.0042 for
this transition which matches well with both experimental and computed gcp values.?

On the other hand, the Sy state with a much larger value of |m|/|u| (i-e., 0.01) and a
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cos 6 value of 0.82 shows a value of 0.0344 for gcp. The structures of the CD curves of
the fluorinated systems are mostly similar to each other. For 2F5H, the peak at 284
nm with an R value of 346 esu-cm-erg-G~! arises due to a large value of |u|. However,
an angle of ~ 80° between the two vectors and a |m|/|p| =0.004 results in gcp=0.003.
In the case of 4F5H, R value of the peak at 283 nm decreases to 241 cgs units with
gcp=0.0023. However, both R and gcp values increase for the same peak in the case of
8F5H. The improvement in the R value is a result of increase both in magnitudes of the
two vectors and the cosine of the angle of between the two transition vectors, while it is
only the angle which affects the gop value. In case of 6H, two major bands appear; one
with positive CE at ~316 nm and other one with negative CE at ~233 nm. These two
correspond to the previously computed 'By, (at 317 nm) and !B, (at 233 nm) transitions,
respectively.? Table C6 shows that the transition corresponding to !By, band at 315 nm
has comparatively large electric and magnetic dipole moment values, i.e., 533.7 esu.cm
and 4.03 erg.G™! for || and |m|, respectively, and therefore, this results in a large R
value. In contrast, transition to the almost degenerate 2 'A state is accompanied with
smaller values of |p| and |m| which results in a small R value. Similarly, while the band
at 232 nm corresponds to large values of |u| and |m|, the degenerate 8 1B state shows
a very small value for |m| (or a small value of |m|/|u|). In the cases of fluorinated
6H, the positions of the bands get red-shifted. In 2F6H, the major positive CD band
corresponding to Sp—2 !B transition at 320 nm shows the largest values of |p/|, [m/| and
R (as shown in Table 5.2). However, a drastic decrease in R value is observed in the
case of transition to the nearly degenerate 2 'A state. In the case of the negative band,
gcp and |m|/|p| decrease for both the nearby transitions, i.e., So—8 1A and Sp—9 *A.
In the case of 4F6H, the positive band around 325 nm arises from the same set of two
degenerate transitions as observed in the case of 2F6H. Here also the Sp—2 'B is the
dominant transition for the positive band. The gcp values follow the |m|/|p| pattern,
although the anti-parallel orientation of the two vectors in the second case improves
the gcp. However, the negative band comprises of three nearby transitions, Sp—8 'A
So—9 'A and Sy—10 'A, with different R values. Similar to 2F6H and 4F6H, both the
positive and negative bands of 8F6H comprise of two nearby transitions. Between the

two, one transition is accompanied with larger values of |m|/|p| and R for the positive
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band. However, in the case of negative band, both the states show the same |m/|/|u]|
(as shown in Table C9). It is worth noting that there are few other excited states which

contribute to the negative band.

The bisignate CD spectrum of 7TH matches well with previously reported spec-
tra.®%” The positive and the negative peaks at ~354 nm and 263 nm correspond to the
known By, (at 351 nm) and !B, (at 262 nm) bands of 7H, respectively.? It is to be
noted that the 1B}, peak is very close to another peak with a smaller rotatory strength
at 347 nm. Similarly, there are more than two peaks contributing to the 'B, band, at
274 nm, 258 nm, and 246 nm. However, the R value for the peak at 263 nm is 1.92
times larger than the value at 258 nm owing to ~ three-fold increase in the value of
|m|. Around this region, the peak at 257 nm shows positive CE due to angle of ~25°
between the two vectors. Table C10 also shows that the value of gcp is larger for the
By, band in 7TH compared to that in 6H, and this is due to a larger |m|/|u| value in
TH. Results after fluorination are also shown in Figure 5.6 and data are tabulated in
Table 5.2. For 2F7H, the R value of the peak for the Sp—1 'B transition becomes
smaller than the same transition in 7H. In addition, the value of gcp also decreases
(from 0.039 to 0.0251) for this transition. As mentioned before, the above peak is al-
ways associated with another peak arising from Sp—2 !B transition, and the R value for
this transition in 2F7H is a little larger than the value of the Sp—1 'B. The gcp value,
on the other hand, becomes smaller due to a smaller |m/|/|u| value. In this case, the two
peaks are well separated from each other. gop value for the Sp—7 LA transition is also
smaller over double fluorination than the value in 7TH. While the magnitudes of R for
So—T7 'A transitions are the largest among the transitions shown for both 2F7H and
8FTH, the magnitude is the second largest in case of TH. It is noted that the gcp value
is the largest for the Sp—Sy transition due the largest value of |m|/|p| amongst all.
Over tetrafluorination of TH, the shape of the CD bands remain of almost unchanged.
The two peaks corresponding to the positive band, at 370 and 345 nm, get separated
further in comparison to 2F7H and produce a little flat band compared to the others.
While the R and gcp values remain almost the same as those for the corresponding
peak in 2F7H, the values decrease for the higher energy 2 'B peak. The two dominant

peaks for the negative band show similar R values in 4F7H. In the case 8FTH, the
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positive band mostly comprises of transitions to 1 'B and 2 'B states. In comparison
to 4FT7H, while the R value of the lower energy peak decreases for 8F7H, it increases
for the other peak. 8H also shows two major CD bands, shown in Figure 5.6. As Table
C14 shows, the major contributor to the highest intensity positive band is the peak at
371 nm, which corresponds to the reported 'By, transition at 372 nm. The R value for
this peak is 807.44 esu.cm.erg.G~! with a gcp value of 0.0539. On the other hand, the
IB, transition at 268 nm is blue-shifted by 12 nm and 20 nm from the RI-CC2 and
experimental results, respectively.? For the negative peak at 268 nm, values of R and
gcp decrease by 1.71 and 5.61 factors, respectively, in comparison to the values for the
peak at 371 nm. The larger value of gop in case of Sp— Sy transition is due to a larger
value of |m|/|p|. For 2F8H, the positive peak appears at 374 nm with R=747.28 in cgs
units and gcp=0.0448, owing to a large value of |m|/|p|. Similar to 8H, it shows higher
intensity than the major negative peak at 278 nm. In the case of 4F8H, the R value
of the peak at 377 nm is smaller than that of 2F8H. In addition, the So—9 'A peak at
273 nm appears as the strongest negative peak among all with an R=-622.93 cgs units.
It is also observed that the gcp values for the corresponding peaks of negative bands
in cases of 2F8H and 4F8H are smaller than the g-values of the 2 'B peaks. Similar
trend is observed in the case 8F8H. In cases of fluorinated 8Hs, the dominant positive
peaks appear from Sy—S3 transitions, unlike in the case of 8H for which the dominant

transition is Sp—S5.

5.3.4 Structures in the S; states and emission properties

Fluorescence in common organic molecules usually follow the Kasha’s rule?#?, i.e., the
emission occurs from the S7 state. Therefore, in our case, all the excited state opti-
mizations were carried out in the S states at RI-LADC(2)/def2-TZVP level using the Co
symmetry in each case. In the 57 states, geometries of the carbohelicenes are squeezed in
comparison to the ground states structures (as shown in Figure 5.3, and Tables 5.1 and
C1), showing substantial differences between the ground and excited state geometries.

The fluorinated 5H systems show larger Rpitcn values compared to 5H, and 8F5H shows
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TABLE 5.3: Emission energies (Aem, nm), Corresponding Oscillator Strength( fosc), |14,
|m|, cos 0, R, gcpL, |m|/|p|, and K¢ of 5H, 6H, TH and 8H, and their fluorinated

derivatives.

System | Aem | fosc | |]/10720 | |m|/1072° [ cos @ | R/107%0 | gcpr, | |m|/|p| | Kex1071
5H 390 | 0.002 36.56 0.10 -1.0 -3.51 -0.0105 0.003 | 0.007
2F5H | 397 | 0.009 85.23 0.14 -1.0 -12.13 | -0.0067 | 0.002 | 0.036
4F5H | 403 | 0.025 147.69 0.15 -1.0 -22.89 |-0.0042 | 0.001 | 0.105
8F5H | 402 | 0.012 101.31 0.03 -1.0 -9.41 -0.0037 | 0.0009 | 0.049
6H 411 | 0.0002 14.13 0.07 -0.77 -0.76 -0.0152 | 0.005 | 0.0009
2F6H | 421 | 0.0066 76.77 0.42 -0.02 -0.62 -0.0004 | 0.005 | 0.0248
4F6H | 422 | 0.0065 76.1 0.27 -0.1 -1.97 -0.0014 | 0.004 | 0.0240
8F6H | 424 | 0.0088 89.01 0.53 0.02 0.94 0.0005 0.006 | 0.0325
TH 447 | 0.0002 13.16 0.03 1.0 0.40 0.0092 0.002 | 0.0006
2F7H | 451 | 0.0003 16.44 0.07 -1.0 -1.12 -0.0166 | 0.004 | 0.0009
4F7H | 453 | 0.0008 27.86 0.09 -1.0 -2.61 -0.0134 | 0.003 | 0.003
S8F7TH | 453 | 0.0001 7.61 0.01 1.0 0.07 0.0046 0.001 | 0.0002
8H 462 0.0 4.52 0.03 -0.77 -0.12 -0.0226 | 0.007 | 0.0001
2F8H | 496 | 0.0087 96.03 1.86 0.48 85.14 0.0369 0.019 | 0.0237
4F8H | 493 | 0.0093 98.63 1.69 0.4 67.7 0.0278 0.017 | 0.0260
8F8H | 472 | 0.0001 11.83 0.22 0.56 1.48 0.0424 0.019 | 0.0004

the smallest R, among the fluorinated ones, similar to the trend in Sp-optimized ge-
ometries. However, only minor changes are observed in the values of torsional angles
when compared to the values in So. In case of 6H, Rpje, for Si is smaller by 0.25 A
compared to the value in the ground state. Similar to the results for Sy geometries,
Ryiten values for Sy geometries of fluorinated 6H are smaller than the value for the par-
ent molecule (as shown in Table 5.1), and the smallest value of 3.25 A occurs for SF6H.
Figure 5.3 shows that while ¢; increases from 6H to 2F6H, it remain almost constant
after that. On the other hand, value of ¢o decreases over fluorination, i.e., from 6H to
2F6H, a decrease of 3° is observed. Beyond 2F6H, the value remains the same as was
the scenario in case of ¢1. In 7H, 8H and their derivatives, Rpiicn parameter does not
show any systematic change with the increase in the degree of fluorination. For example,
it increases by 0.03 A in the case of 2F7H and later levels off at 3.17 A, exactly the
same value for the parent 7H (as shown in Table 5.1). As it is observed in Figure 5.3,
¢1 shows an increase from 7H to 2F7TH, and thereafter, the value remains the same.
For 8H and its derivatives, Rpiten decreases from 8H to 2F8H. Thereafter, while the
value for 4F8H is exactly the same as 2F8H, it increases for 8F8H. In this case, after
a sudden decrease in the value for ¢o from 8H to 2F8H, the values increase with more

fluorination.
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Emission energies (Aem), ||, |m| and cos 6 for S1—Sy transitions are compiled in
Table 5.3. Aem of 5H is 390 nm (with fos=0.002) which is close to the reported values
of 406 nm (in dichloromethane)!'? and 424 nm (in chloroform)®*. The orbitals involved,
and contributions of various deexcitations are tabulated in Table C22. For 5H, involved
transitions are L—H (56%) and L+1—H-1 (39%). In both the above cases, the initial
and final orbitals share the same symmetry.''? As shown in Figures C13 and C14, while
H and L are Co-symmetric, and H-1 and L+1 are Cy-antisymmetric. Among carbo[5-
8]helicenes, 5H shows the largest R and Ky values, corresponding to the largest values
of |u| and |m| for the S;—S( emission in 5H. It is worth mentioning that Ky is directly
proportional to fosc. 268269 Over fluorination of 5H, both R and K; values increase till
4F5H due to significant increase in values of |u|. For 8F5H, a slightly different result
is obtained. The A¢y, for 8F5H is slightly smaller (by 1 nm) than the value for 4F5H
at ADC(2) level of theory. Both || and |m| values for the emission in 8F5H is smaller
than in 4F5H. This leads to smaller values of R and K¢ values in case of SF5H. A plot
of |u| and |m| as a function of compounds is shown in Figure 5.7. For 5H, both |u| and
|m| show a similar type of variation, i.e., values of both increase from 5H to 4F5H,
and this is followed by a decrease for 8F5H. gcpr, values, on the other hand, decrease
gradually with increase in the number of fluorine atoms following the order of |m|/|u|.
With regard to the symmetries of the involved orbitals, in all fluorinated systems, the

pattern observed in 5H is followed.

In case of 6H, Agy corresponding to the S7—S( transition is 411 nm, close to the

55,108,281 * The magnitudes of the

reported fluorescence peak maximum around 420 nm
two vectors decrease to less than half of the values for those in the Sy— S transition (as
shown in Tables 5.3 and C6). As a result, the overall R value for the emission decreases
in comparison to absorption although the cos 0 value between the two vectors increases.
This change in the chiroptical properties is attributed to the decrease in the Rpitch
value in the S state.?8! K} for this emission is only 0.00009 ns~'. With fluorination, a
systematic increase in A¢yn and Ky is observed for 6H, consistent with the experimental
results.? Improvements in the values foe and K¢ in this case is observed due to the

many-fold increase in the values of |u| and |m| over fluorination. Figure 5.7 shows that

after initial increase in both |p| and |m/| values from 6H to 2F6H, there is a small
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FIGURE 5.7: Variations in magnitudes of electric dipole transition (Ju|) and magnetic
dipole transition moments (|m/|) for carbo[5-8]helicenes and their fluorinated derivatives
for S71—Sy transitions

decrease for 4F6H before the largest values for 8F6H are obtained. Largest value of
|| for 8F6H leads to the largest value of Ky (as shown in Table 5.3). The improvement
in the Ky value is attributed to the many-fold increase in the value fosc for the S;1—Sy
transition. For 2F6H, as shown in Table 5.3, magnitudes of both the vectors increase
by more than five times compared to the values for 6H, and this resulted in a ~30-fold

increase in the value of K¢. However, the two vectors are almost perpendicular to each
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FIGURE 5.8: Directions of EDTM (red) and MDTM (black) vectors of 6H, 2F6H,
4F6H, and 8F6H for the S;— S transitions. Results are obtained at RI-ADC(2) /def2-
TZVP level of theory.

other (as shown in the Figure 5.8), and this makes the gcpy, value small. R value for
4F6H is more than two times larger in comparison to 6H and 2F6H. In the case of
4F6H, the Ay, value is close to that of 2F6H. Combinations of MOs involved in this

transition for 4F6H are the same as observed in cases of 6H and 2F6H.

For 7TH, the value Ao, gets red-shifted by 36 nm compared to that of 6H, and the
value of 447 nm is close to the experimental value of 443 nm.°” The two sets of NTOs
corresponding to S1—Sp transition are shown in Figure C17 for 7H. Unlike 6H and
its derivatives, orbitals involved in 7H share the same symmetry which is consistent
with the previously reported results.®” As a result, fos of the corresponding transition
becomes small. As shown in Table 5.3, |p| values of TH and 6H do not differ much
from each other. However, the |m| value decreases by a factor of 2, and as a result, the
overall value of |m|/|u| decreased for TH resulting in smaller value of gcpr, compared
to that of 6H. Similar to the case of 6H, Ao, increases over fluorination for 7TH as well
(as shown in Table 5.3), before settling at 453 nm for both 4F7H and 8F7H. As shown
in Figures C17 and C18, orbitals involved in each of the deexcitations for fluorinated
7Hs share the same symmetry, similar to the case of TH. As a result, fluorinated THs
do not exhibit any discernible change in the fosc values. However, small increase in the
fosc values from 7H to 4FTH results in a little larger values of K¢. Variations in || and
|m| in this case are similar to the results in 5H and its derivatives. Unlike fluorinated
6H, both 2F7H and 4F7H show improved results for gcpr,. The larger value of gcpr,
can be understood in terms of more than two-fold increase in the |m| value and an anti-
parallel orientation of the two vectors (as shown in Figure C22), and follows the order of

|m|/|p|. For 8F7H, magnitudes of the vectors decrease multiple times compared to the

TH-3113_176122020



Chapter 5: Effect of fluorination on chiroptical properties of carbo[5-8helicenes ... 85

corresponding values of the previous three. As a consequence, fosc, K¢ and gcopr, become
the smallest. It suggested that 8F7TH would be the worst CPL emitter among the four.
Similar to 7H, both the vectors lie parallel to each other, but along the negative Z-axis

in this case (as shown in Figure C22).

For 8H, the S7—.5) transition arises from the same two sets of deexcitations as in
the case of 6H, i.e., H-1<-L and H+L+1, as shown in Table C22. The NTOs and the
corresponding MOs are shown in Figures C19 and C20, respectively. As observed, the
orbitals involved in each deexcitation share the different symmetries. While the H and
L orbitals are Co-symmetric, L+1 and H-1 orbitals are Cs-antisymmetric. As a result,
the magnitudes of vectors as well as fosc do not improve over chain length, and the
value of K decreased further to 0.00001 for 8H. Unlike 8H, the S1— 5 transition in
2F8H consists of mainly the L—H (89%) deexcitation. Both the MOs involved in this
transition belong to different symmetries (as shown in Figure C20), and this results in
many fold increments in the values of vectors and fos. Variations in |u| and |m| are
again shown in Figure 5.7. Similar to 2F7H, 2F8H shows significantly larger values
of |u| and |m| resulting in a 1.6 and 237 times increase in gcpr, and Ky, respectively,
compared to its parent 8H. For 4F8H, Aoy, is 493 nm with the highest f,5.=0.0093
value. However, while |p| value increases a little, |m/| value decreases, and this results
in decrease in the values |m|/|u| as well as gcpr,. The NTOs and the corresponding
MOs involved in S;—Sy transition for 8F8H are also shown in Figures C19 and C20,
respectively. For 8F8H, the S1— 5y transition arises from two deexcitations, similar
to 8H. Orbitals involved in each of these transitions are of different symmetries. As a
result, [p| and |m| increase in comparison to 8H, but not as much as in the case of
2F8H or in 4F8H. However, the value of gcpr, increases due to decrease in the angle
between the two vectors as shown in Figure C23, and the maximum value of 0.0424 is
obtained. The value of K, however, does not improve as much as in cases of 2F8H
and 4F8H because of a smaller value of fos.. An overall picture of results for gcpr,
and K is shown in Figure 5.9. It is clear that the magnitude of gcopr, increases from
5H to 6H, and then decreases a little for TH, before showing the highest value for 8H.
Fluorination in 5H and 6H does not improve the gcpr, results. However, in TH and

in 8H, in particular, the results improve over fluorination, except in 8F7H. While K}
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FIGURE 5.9: Dissymmetry factors for emission (gcpr, in top panel) and fluorescence rate
constants (K; in ns~! in the bottom panel) for carbo[5-8]helicenes and their fluorinated
derivatives

value in 5H increases until tetrafluorination, the value shows a continuous increase over
fluorination for 6H (although the value for 4F6H is slightly smaller than in 2F6H).
While the corresponding values for 7TH and its derivatives remain very small, values for

2F8H and 4F8H are much larger than the Ky for 8H.

5.4 Conclusions

In this chapter, the effects of di-, tetra- and octafluorination of carbo[5-8]helicenes on

the UV, CD, and CPL properties are presented. Fluorination in carbo[6-8]helicenes
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show a decrease in the Rpicn, except in the case of 2F8H. Due to this change in elec-
tronic structures, fluorinated carbohelicenes show a little bathochromic shift in spectral
properties in comparison to their respective parents. In case of emission, fluorination in
6H increased the values of |p| and |m| multiple times, and this resulted in an increase
in the Ky values. However, the dissymmetry factor, i.e., gcpr, decreased several times
due to the almost orthogonal orientations of the vectors. Unlike 6H, fluorination of 7TH
shows small K; values and values do not differ much from each other. In addition, an
increase in the gepr, value for 2F7H is also observed. Amongst all, 2F8H, 4F8H and
8F8H show far better results, for which both gcpr, and Ky are improved simultaneously.
Further studies using molecular dynamics simulations are under progress, and those will
shed more light on the structure-property relationships in these types of substituted

helicenes.
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Chapter 6

Summary and conclusions

Helical-shaped systems based on extended m-conjugation are considered as promising
candidates in materials sciences for various applications, in particular for designing
OLED-based displays used in different devices. Much progress has been made in re-
cent times in designing circularly polarized luminescent systems with improved values
of fluorescence rates and disymmetry factors. Single- and multi-stranded helicenes have
been the center of attention in this regard, and many of these helicenes have already
been synthesized. However, only in a few cases, both ®g;, and gopr, have shown im-
provements, simultaneously. There are various ways to tune the chiroptical properties:
by substitution of hydrogen atoms in the helix by other atoms/groups, by lateral or he-
lical ring extensions, by fusion of multiple helicenic units or helicenic and non-helicenic
units. At this juncture, computational studies play very important role in understanding
the structure-property relationships which leads to better designing of CPL emitters by
taking chemistry knowledge into account In this thesis, structural, charge-transfer and
chiroptical properties of pyridine-thiophene-based oligomers, azahelicenes, and carbohe-

licenes are explored at TD-DFT and/or RI-ADC(2) levels.

In chapter 3, structural and excited-state properties of pyridine-thiophene (PT)
oligomers (n=1-5) are studied by using three different sets of DFT functionals. The
DFT results are compared against the RI-ADC(2) result. Among the DFT functionals,
CAM-B3LYP, M06-2X, and wB97XD show results comparable to those obtained using
RI-ADC(2). (PT)4 shows the best results for both Kt and gcpr.

In chapter 4, effects of heterocyclic ring fusion and chain elongation on structural

and chiroptical properties of 9Ha are presented. Two laterally-extended (denoted as
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9HaP and 9HaQ) and one helically-extended (denoted as 11Ha) derivatives are de-
signed starting from the reported 9Ha molecule. Structural, CT, and chiroptical prop-
erties of these four systems are studied at TD-DFT level. All the four compounds are
found to be CD and CPL active. For 9HaQ and 11Ha, K values for the S1—5) tran-
sitions get improved compared to that of the parent 9Ha, due to significant increase
in the values of electric dipole transition moment. However, gcopy, follows the order of

|m|/|p|, i.e., 9HaP>9Ha>11Ha>9HaQ.

In chapter 5, chiroptical properties of di-, tetra- and octafluorinated carbo[5-8]helicenes
are explored at RI-ADC(2)/def2-TZVP level. Degree of fluorination is found to have dif-
ferent effect on different carbohelicenes. While K; is found to increase with fluorination
in 6H, gcpr, values in fluorinated 6Hs are foudn to be smaller than in 6H. However, in

the cases of fluorinated 8H, both the gcpr, and Ky values improve simultaneously.

My work presented in this thesis has provided valuable insights into the under-
standing of chiroptical properties of helical systems. Computationally, while it is a little
difficult to choose a DFT functional for this type of studies, DFT has been the go-to
method. We show that DFT functionals have to carefully chosen. Otherwise, meth-
ods such as ADC(2) can be used to study these extended m-conjugated systems. We
would like to conclude saying that the approach presented in this thesis can be extended
to design various other helical systems, in particular multihelicences, to explore their
CPL activity. We would also like to take the studies further to computationally explore

excited-state properties and dynamics of self-assemblies of small molecules.
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FIGURE Al: Absorption spectra of (PT);(a) and (PT)3(b). Results obtained using
RI-ADC(2) and various pure functionals are shown.
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FIGURE A2: Absorption spectra of (PT);(a) and (PT)3(b). Results obtained using
RI-ADC(2) and various long-range corrected pure functionals are shown.
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FIGURE A3: Absorption spectra of PT oligomers, n=3 (a), 4 (b) and 5 (c¢). Results
obtained using RI-ADC(2) and various pure functionals are shown.
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FIGURE A4: Absorption spectra of PT oligomers, n=3 (a), 4 (b) and 5 (c¢). Results
obtained using RI-ADC(2) and various long-range corrected pure functionals are shown.
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FIGURE A5: CD spectra of PT oligomers, n=3 (a), 4 (b) and 5 (c). Results obtained
using RI-ADC(2) and various pure functionals are shown.
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FIGURE A6: CD spectra of PT oligomers, n=3 (a), 4 (b) and 5 (c¢). Results obtained
using RI-ADC(2) and various long-range corrected pure functionals are shown.
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TABLE Al: Excitation energies (Aupss), oscillator strengths (foscs), major configura-
tions involved in the transitions, rotatory strengths (R), PRNT0S, woTS, and dexes of
first five excited states of (PT); at ADC(2) and TD-DFT levels using hybrid fuctionals.

State | Aaps(nm) ‘ fose ‘ Transitions ‘ R ‘ weT ‘ PRxTO ‘ doxc
ADC(2)
S 571 1044 | HoL (80%) | 0.00 | 046 1.09 | 333
Sy 256 0.00 H-4—1.(88%) 0.00 | 0.35 1.00 2.88
S3 252 0.07 | H-1-L+2(53%) | 0.00 | 0.43 1.76 3.28
Sy 235 0.00 | H-4—L+2(92%) | 0.00 | 0.05 1.00 2.24
S5 232 0.15 H-2—L(62%) 0.01 | 0.41 1.29 3.12
CAM-B3LYP
S1 282 0.42 HHL(92%) 0.01 | 0.51 1 3.45
So 250 0 H-2—L(87%) 0 0.3 1 2.79
S5 248 | 0.03 | HoL+1(74%) | 0 |051| 144 | 351
Sy 234 0.05 H—l—)L(82%) 0 0.42 1.17 3.19
Ss 228 0 |H2-L+1(90%) | 0 |014| 1 |247
MO06-2X
S1 278 0.43 HHL(QQ%) 0.01 | 0.51 1 3.46
Ss 258 0 | H2-L(72%) |-001]023| 1 |259
S3 246 0.03 | H—L+1(74%) 0 0.53 1.44 3.56
Sy 233 | 0.06 | H-1-L(82%) | 001 | 043 | 1.14 |3.14
3 230 0 |H2-Ly1(74%) | 0 |017| 1 |254
wB97XD
S1 281 0.43 H—L(92%) 0.01 | 0.51 1 3.44
So 252 0 H-2—L(87%) 0 0.31 1 2.8
S3 246 0.03 | H—-L+1(74%) 0 0.5 1.47 3.46
Sy 233 0.05 H—l—)L(S?%) 0.01 | 0.41 1.17 3.16
Ss 230 0 |H-25L+1(90%) | 0 |013| 1 |245
B3LYP
S 299 0.38 H—L(90%) 0 0.53 1 3.55
Sy 275 0.06 | H-1-L+1(95%) | 0.01 | 0.62 1.16 3.79
Ss 273 0 | H2-L98%) |-001|048| 1 |3.13
Sy 255 0.05 H-1-L(90%) 0 0.53 1.14 3.45
Ss 244 0 | H2-L+1(98%) | 0 |o008| 1 |2.32
PBEO
S1 292 0.60 H—L(92%) 0 0.52 1 3.52
Sy 267 0.22 H-2—L(95%) 0.02 | 0.48 1 3.14
S3 266 0.11 | H-L+1(87%) | -0.02 | 0.61 1.19 3.79
S5 240 0.25 | H-2—L+1(95%) 0 0.08 1 2.33
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TABLE A2: Excitation energies (Aapss), oscillator strengths (foscs), major configura-
tions involved in the transitions, rotatory strengths (R), PRNTOS, woTs, and dexcs of

first five excited states of (PT); at TD-DFT level using pure fuctionals.

State | Aaps(nm) ‘ Sose ‘ Transitions ‘ R ‘ weT ‘ PRNTO | doxe
BLYP
S 325 [014] HoLG2%) 0 [062] 1 383
So 316 0 H-1-L(95%) 0 0.48 1 3.14
Ss 308 | 021 | HoL+1(48%) | 0 |057| 111 |3.65
Sy 284 0.09 H-2—L(74%) 0.01 | 0.72 1.15 3.89
Ss 272 0 | H-1-L+1(98%) | -0.01 [ 006 | 1 | 2.26
OLYP
S 321 [ 017] HoLG6%) 0 (061 1 |38l
So 314 0 H-1-1.(98%) 0 0.49 1 3.15
S3 303 0.2 H—L+1(52%) 0 0.57 1.11 3.66
S 281 | 0.08 | H2-L(77%) | 0.0l |0.71 | 1.14 |3.87
Ss 268 0 | H-1-L+1(98%) [ -0.01 | 0.05| 1 |225
PBE
S 323 0.4 ] HoL(G2%) 0 |062] 1 383
So 319 0 H-1—1(98%) 0 0.48 1 3.14
S3 305 0.21 | H—L+1(46%) 0 0.57 1.12 3.65
Sy 283 0.09 H-2—1L(74%) 0.01 | 0.72 1.16 3.89
Ss 274 0 | H1-L+1(95%) |-0.01]006| 1 |[227
SVWN
Sy 325 0 | H-1-L(95%) | 0.02 |047] 1 |3.13
So 325 0.12 | H-1-L+1(40%) | -0.02 | 0.63 1 3.86
S3 306 0.22 | H—-L+1(41%) 0 0.58 1.31 3.65
Sy 286 0.11 H-2—L(67%) 0 0.73 1.21 3.92
S5 279 0 | H1-L+1(86%) | 0 |006| 1 |298
TPSS
S 315 | 02 ] HoL®G1%) ] -0.01] 06 1 [ 377
S 303 0 | H15LO8%) | 0 |047| 1 |3.12
Ss 207 | 0.19 | H-15L+1(58%) | 0 | 058 | 111 |3.68
S 275 | 0.07 | H-2-L(79%) | 0.01 | 0.7 | 1.13 | 3.84
Ss 261 0 | H-1-L+1(98%) | -0.01 | 0.07 | 1 2.3
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TABLE A3: Excitation energies (Aapss), oscillator strengths (foscs), major configura-

tions involved in the transitions, rotatory strengths (R), PRNTOS, woTS, and dexcs of

first five excited states of (PT); at TD-DFT level using long-range corrected versions
of pure fuctionals.

State | Aaps(nm) J Jod ‘ Transitions ‘ R ‘ weT ‘ PRNTO | doxe
le-BLYP
S 269 |042] HoL(90%) ] 0.01 051 1 | 3.43
So 234 0 H-1-L(70%) -0.02 | 0.22 1 2.53
S3 233 0.03 | H—L+1(58%) 0.02 | 0.32 1.57 2.97
St 221 | 0.07 | H-1-L(74%) | 001 | 032 | 1.11 | 2385
S 213 0 H-2—L+1(98%) 0 0.17 1 2.52
lc-OLYP
o 263 ] 043 | H—L (90%) | 0.01 |051] 1 |3.43
Sy 233 0 | H2-L(70%) |-0.21]022| 1 |254
S3 233 0.03 | H—L+1(58%) 0.21 | 0.32 1.57 2.97
Sy 220 0.07 H-1-L(77%) 0.01 | 0.32 1.11 2.85
Ss 212 0 |H2-L+1(72%) | 0 |017| 1 |252
lc-PBE
S %67 043 | HoL (90%) | 001 J051] 1 |343
So 236 0 H-2—L(72%) -0.01 | 0.21 1 2.52
Ss 232 | 004 | HoL+1(58%) | 0 |029| 1.62 |2.89
Sy 219 0.07 H-1-L(74%) 0.01 | 0.31 1.17 2.87
S5 215 0 H-2—L+1(74%) 0 0.16 1 2.5
{lc-SVWN
St 268 0.43 H—L (90%) 0.01 | 0.51 1 3.43
S 235 0 | H-2-L(72%) |-0.01|021| 1 2.5
S3 233 0.04 | H—L+1(58%) 0.01 | 0.28 1.63 2.88
Sy 221 0.07 H-1-L(76%) 0.01 0.3 1.17 2.86
Ss 214 0 |H2-L+1(72%) | 0 |016| 1 | 249
lc-TPSS
Sy 266 | 0.43 | HoL (90%) | 0.01 |051] 1 | 3.43
So 233 0 H-2—1L(72%) -0.01 | 0.21 1 2.52
S3 231 0.04 | H—-L+1(58%) 0.01 | 0.28 1.62 2.88
Sy 219 0.07 H-1-L(76%) 0.01 0.3 1.17 2.86
Ss 212 0 |H2-L+1(74%) | 0 |016| 1 |251
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TABLE A4: Excitation energies (Aapss), oscillator strengths (foscs), major configura-
tions involved in the transitions, rotatory strengths (R), PRNTOS, woTs, and dexcs of
first five excited states of (PT)z at ADC(2) and TD-DFT levels using hybrid fuctionals.

State | Aaps(nm) ‘ Sose ‘ Transitions ‘ R ‘ weT ‘ PRNTO | doxe
ADC(2)
S1 324 0.8 H—L (80%) -0.04 | 0.62 1.08 4.37
So 291 0.3 H—L+1(51%) | -0.02 | 0.66 1.67 4.54
S3 271 0 H-8—L(87%) -2.07 | 0.52 1.31 3.55
S 271 | 0.2 | H-1-L+1(29%) | 2.25 | 0.61 | 1.29 | 4.33
S 267 0.04 | H-3—L+1(55%) | -0.01 | 0.52 1.72 3.66
CAM-B3LYP
S1 337 0.77 H—L (87%) -0.04 | 0.66 1 4.69
S 292 | 0.28 | HoL+1(51%) | 0.02 | 0.65 | 1.32 | 4.63
S3 272 0.11 H-1-L(49%) 0.02 | 0.78 1.12 5.27
Sy 262 0 H-2—L(70%) -0.02 | 0.59 1.51 3.93
S5 261 0 H—4—>L(77%) 0.02 | 0.46 1.34 3.41
MO06-2X
S1 333 0.77 H—L (87%) -0.05 | 0.67 1.00 4.75
So 290 0.25 | H—>L+1(51%) 0.01 | 0.68 1.39 4.91
S3 273 0.13 | H-1-L+1(25%) | 0.02 | 0.75 1.03 5.09
Sy 267 0.00 H-2—L(70%) 0.02 | 0.42 1.50 3.30
S5 262 0.00 H-3—L(44%) -0.02 | 0.61 1.64 4.09
wB97XD
S 333 | 0.78| HoL (82%) |-0.04[066| 1.01 | 464
So 289 0.31 | H-L+1(61%) 0.03 | 0.62 1.27 4.36
S3 267 0.09 H-1-L(41%) 0.02 | 0.74 1.31 4.78
S 262 0 | H4-L(77%) | 0 |045| 1.37 |3.37
S5 259 0 H-2—L(74%) -0.01 | 0.59 1.42 3.79
B3LYP
S 376 | 0.51 | HoL (87%) |-0.02]0.75| 1.01 551
So 338 0.23 | H-L+1(61%) | -0.03 | 0.81 1.15 5.78
S3 330 0.13 H-1-L(77%) 0.01 | 0.84 1.54 6.03
Sy 294 0 H-4—1.(95%) -0.16 | 0.62 1.06 4.25
S5 293 0.19 | H-1-L+1(48%) | 0.17 | 0.76 2.13 5.84
PBEO
Sy 364 | 0.6 | HoL (90%) [-003[071] 1 |5.16
So 325 0.22 | H-L+1(61%) | -0.02 | 0.81 1.32 5.76
S3 316 0.11 H-1-L(41%) 0.01 | 0.83 1.66 5.98
Sy 285 0 H-4—1.(92%) -0.1 0.6 1.08 4.18
S5 285 0.25 | H-1-L+1(87%) | 0.16 | 0.67 1.1 4.84
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TABLE A5: Excitation energies (Aapss), oscillator strengths (foscs), major configura-
tions involved in the transitions, rotatory strengths (R), PRNTOS, woTs, and dexcs of

TH-3113_176122020

first five excited states of (PT)y at TD-DFT level using pure fuctionals.

State | Aaps(nm) ‘ iR ‘ Transitions ‘ R ‘ weT ‘ PRNTO | doxe
BLYP
St 446 0.14 | H—L (56%) | -0.06 | 0.86 1.06 6.35
So 405 0.02 | H->L+1(72%) | -0.02 | 0.89 1.13 6.23
S3 379 0.58 | H-1—L(54%) | -0.19 | 0.68 1.03 4.78
S 360 0 | H2-L(98%) | 0 |071| 1 4.8
Ss 355 | 0.04 | H5L+2(90%) | 0 | 0.9 1| 7.49
OLYP
St 440 0.14 | H—L (56%) 0.02 | 0.86 1.06 6.36
So 400 0.02 | H=L+1(72%) 0 0.89 il 6.28
S3 375 0.6 | H-1-L(56%) | 0.07 | 0.68 1.03 4.78
S 357 0 | H2-L(98%) | 0 |071| 1 |481
S5 349 0.04 | H—L+2(90%) 0 0.89 1 7.47
PBE
S 441 0.14 | H—L (56%) | -0.04 | 0.86 1.06 6.35
So 401 0.02 | H-L+1(72%) 0 0.89 1.2 6.27
S3 376 0.59 | H-1-L(56%) | -0.16 | 0.68 1.03 4.79
S 365 0 | H2-L(98%) | 0 | 0.7 1 | 4.82
53 352 | 0.04 | H5L+2(90%) | 0 | 0.9 1 |75
SVWN
o 444 [ 0.14 ] HoL (58%) | 0.04 | 0.86] 1.05 |6.36
So 403 0.02 | H-L+1(72%) | 0.01 | 0.88 1.13 6.2
S3 377 0.58 | H-1-L(54%) | 0.23 | 0.69 1.07 4.82
S 375 0 | H-2-L(98%) | -0.07 | 0.7 1 | 483
S5 356 0.05 | H—L+2(90%) 0 0.9 1 7.58
TPSS
St 429 0.16 | H—L (58%) | -0.04 | 0.86 1.06 6.32
Sy 391 0.02 H—>L+1(74%) -0.02 | 0.89 1.2 6.28
S3 368 0.6 | H-1-L(56%) | -0.05 | 0.68 1.03 4.81
Sy 344 0 H-2—1.(98%) 0 0.71 1 4.8
S5 340 0.03 | H-L+2(90%) 0 0.89 1 7.39
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TABLE A6: Excitation energies (Aapss), oscillator strengths (foscs), major configura-

tions involved in the transitions, rotatory strengths (R), PRNTOS, woTs, and dexcs of

first five excited states of (PT)2 at TD-DFT level using long-range corrected versions
of pure fuctionals.

State | Aaps(nm) ‘ fose ‘ Transitions ‘ R ‘ weT ‘ PRNTO | doxe
le-BLYP
S1 314 0.78 H—L (79%) -0.05 | 0.64 1.01 4.52
Sy 274 0.35 | H=L+1(70%) 0.05 | 0.56 1.12 3.87
S3 249 0.03 H-1-L(25%) 0.02 | 0.61 2.29 4.05
Sy 244 0 H-2—L(52%) -0.03 | 0.53 1.52 3.85
S5 240 0 H-5—L+2(56%) | 0.02 | 0.38 1.62 3.06
lc-OLYP
S1 313 0.79 H—L (79%) -0.05 | 0.64 1.01 4.53
Sy 274 0.35 | H—=L+1(50%) 0.05 | 0.56 1.13 3.87
S3 248 0.03 H-1-L(25%) 0.02 | 0.61 2.29 4.06
Sy 243 0 H-2—L(54%) -0.03 | 0.53 1.52 3.85
S 238 0 H-5—L+2(56%) | 0.02 | 0.38 1.61 3.06
lc-PBE
S 311 | 0.8 | HoL (79%) | -0.03 065 101 | 453
54 272 | 0.35 | HoL+1(74%) | 0.04 | 056 | 1.14 | 3.9
Ss 248 | 0.03 | H-1-L(25%) | 0.03 | 0.62| 227 |4.08
S 243 0 | H2-L(58%) |-0.09]062| 1.52 |4.06
S5 242 0 H-4—1L+2(58%) | 0.06 | 0.38 1.56 3.06
{lc-SVWN
Sy 313 [ 0.79 | HoL (79%) | -0.04]064] 1.0l |4.52
So 273 0.35 | H-L+1(50%) 0.04 | 0.56 1.13 3.87
S3 248 0.03 H-1-L(23%) 0.02 | 0.62 2.31 4.11
S 244 0 | H-2-L(56%) |-0.04]062| 1.52 |4.08
S5 241 0 H-5—L+2(56%) | 0.02 | 0.37 1.61 3.04
lc-TPSS
S 311 | 0.8 | HoL (79%) | -0.03]0.64| 1.01 | 4.53
Sy 271 0.35 | H—>L+1(50%) 0.03 | 0.56 1.12 3.88
S3 247 0.03 H-1-L(26%) 0.02 | 0.62 2.28 4.12
S 242 0 | H2-L(61%) |-0.03|062| 1.52 | 4.09
S5 238 0 H-5—L(56%) 0.02 | 0.38 1.58 3.06
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TABLE A7: Excitation energies (Aapss), oscillator strengths (foscs), major configura-
tions involved in the transitions, rotatory strengths (R), PRNToS, woT, and dexes of
first five excited states of (PT)3 at ADC(2) and TD-DFT levels using hybrid fuctionals.

State | Aaps(nm) ‘ fose ‘ Transitions R ‘ WweT ‘ PRNTO | dexe
ADC(2)
S 343 0.39 H—L (69%) -198.54 | 0.64 1.35 4.59
So 314 0.85 H—L+1(50%) 120.72 | 0.67 1.79 4.69
S3 300 0.19 | H-1-L+1(44%) | -65.37 | 0.74 1.86 5.14
Sy 289 0.26 | H-2—L+1(26%) 20,0 0.75 1.59 5.21
Sx 278 0.05 H—1—>L+1(44%) -10.14 | 0.81 1.9 5.84
CAM-B3LYP
S 354 0.37 H—L (56%) -210.22 | 0.66 1.53 4.75
So 322 0.9 H—L+1(54%) 142 0.66 1.66 4.74
S3 295 0.11 H—L+2(25%) -51.41 | 0.74 2.13 5.35
Sy 286 0.22 | H-1-L+1(26%) 48.02 | 0.79 1.9 5.82
S 276 0.04 H-1-L (34%) -17.71 | 0.85 1.97 6.14
MO06-2X
S1 350 0.37 H—L (63%) -225.62 | 0.67 1.46 4.84
So 318 0.89 H—L+1(56%) 153.85 | 0.69 1.55 5
S3 296 0.04 | H-1-L+1(39%) | -66.07 | 0.83 2.15 5.98
S 287 | 0.25 | H-1-L+1(27%) | 53.84 |0.81 | 137 |6.02
s 279 | 0.04| H-1-L(44%) | -13.75 |0.86 | 171 |6.49
wB9I7XD
S1 350 0.38 H—L (51%) -215.97 | 0.66 1.61 4.66
So 318 0.92 H—L+1(50%) 144.78 | 0.66 1.69 4.66
S3 290 0.22 H—L+2(29%) -32.12 | 0.67 1.61 4.76
Sy 279 0.14 | H-1-L+1(35%) 35.54 | 0.77 2.39 5.49
S5 268 0.07 | H-2—L+1(26%) -23.8 | 0.78 1.77 5.33
B3LYP
S 407 0.22 H—L (90%) -124.1 0.8 1 6.18
Ss 377 | 019 | HoL+1(67%) | -84 |088| 1.08 |6.96
Ss 364 | 0.01 | H-1-L+1(62% ) | -19.88 [ 0.92 | 1.15 |6.92
Sy 352 0.4 H-1-L(50% ) 14.17 | 0.79 1.71 5.99
S5 340 0.11 | H=L+2(77% ) -9.03 | 0.87 1.25 6.56
PBEO
S 390 0.27 H—L (85%) -153.55 | 0.8 1 6.1
So 358 0.26 H—L+1(65%) 21.32 | 0.84 1.05 6.59
S3 345 0.01 | H-1-L+1(63%) | -27.02 | 0.92 1.14 6.96
Sy 339 0.43 | H-1-L+1(65%) 34.02 | 0.75 1.4 5.67
S5 324 0.17 H—L+2(74%) -5.6 0.87 1.33 6.54
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TABLE AS8: Excitation energies (Aapss), oscillator strengths (foscs), major configura-
tions involved in the transitions, rotatory strengths (R), PRNTOS, woTs, and dexcs of

first five excited states of (PT)3 at TD-DFT level using pure fuctionals.

State | Aaps(nm) ‘ fose ‘ Transitions ‘ R ‘ weT ‘ PRNTO | dexe
BLYP
S 504 0.03 H—L (80%) -18.37 | 0.94 1.09 7.47
Ss 468 | 0.07 | HoL+1(48%) | -23.1 | 092 | 139 |7.07
S3 448 0.06 | H-1-L+1(50%) | -22.47 | 0.88 1.27 6.44
Sy 432 0.05 H-2—L (57%) -14.3 | 0.94 1.18 7.19
S 426 0.02 | H=L+2 (67%) 2.4 0.96 1.22 7.85
OLYP
S 498 0.03 H—L (81%) -18.28 | 0.94 1.09 7.48
So 463 0.07 | H>L+1(49%) | -22.98 | 0.92 1.38 7.07
S3 443 0.06 | H-1-L+1(52%) | -24.99 | 0.88 1.26 6.45
Sy 428 0.05 H-2—L(59%) -12.7 | 0.95 1.17 7.19
Ss 422 | 0.02 | HoL+2(68%) | 2.34 | 096 | 1.21 | 7.85
PBE
S 500 0.03 H—L (79%) -18.32 | 0.94 1.1 7.48
Ss 464 | 0.07 | HoL+1(48%) |-22.62|092| 1.4 |7.08
S3 444 0.06 | H-1—-L+1(49%) | -21.86 | 0.88 1.26 6.45
Sy 429 0.05 H-2—1L(56%) -13.9 | 0.94 1.18 7.18
S5 423 0.02 | H-L+2(67%) 2.18 | 0.96 1.21 7.86
SVWN
Sy 503 ] 0.03 | HoL (79%) |-18.11]004| 109 | 7.49
So 467 0.07 | H-L+1(47%) | -24.93 | 0.92 1.40 7.07
S3 448 0.05 | H-1-L+1(48%) | -18.59 | 0.88 1.23 6.45
Sy 432 0.04 H-2—L(55%) -14.29 | 0.94 1.19 7.17
S5 425 0.02 | H-L+2(67%) 2.42 | 0.97 1.13 7.89
TPSS
St 484 0.04 H—L (80%) -19.93 | 0.94 1.11 7.44
So 453 0.07 | H->L41(50%) | -22.46 | 0.92 1.42 7.08
Ss 432 | 0.06 | H-1-L+1(51%) | -24.66 | 0.88 | 1.25 | 6.44
Sy 416 0.06 | H-2—L+1(55%) | -14.34 | 0.94 1.17 7.17
S5 412 0.02 | H-L+2(67%) 1.92 | 0.96 1.23 7.85
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TABLE A9: Excitation energies (Aapss), oscillator strengths (foscs), major configura-

tions involved in the transitions, rotatory strengths (R), PRNTOS, woTS, and dexcs of

first five excited states of (PT)3 at TD-DFT level using long-range corrected versions
of pure fuctionals.

State | Aaps(nm) ‘ four ‘ Transitions ‘ R ‘ weT ‘ PRNTO | doxe
le-BLYP
S1 326 0.38 H—L (42%) -209.62 | 0.65 1.72 4.55
S5 302 0.9 H—L+1(44%) 129.36 | 0.65 1.7 4.58
S3 274 0.38 | H-1—-L+2(32%) 2.27 0.55 1 3.78
Sy 257 0.03 | H-1-L+1(27%) 10.95 | 0.68 2.83 4.77
Sy 249 0.01 | H-3—L+1(32%) | -10.93 | 0.66 2.19 4.48
lc-OLYP
S1 325 0.39 H—L (44%) -211.36 | 0.65 1.72 4.55
So 302 0.91 | H-L+1(46%) 130.84 | 0.65 1.71 4.58
S3 274 0.38 | H-1—-L+2(34%) 1.84 0.55 il 3.78
Sy 256 0.03 | H-1-L+1(27%) 11.17 | 0.68 2.82 4.79
Sy 248 0.01 | H-3—L+1(29%) | -11.69 | 0.66 2.26 4.51
lc-PBE
S 323 0.39 | H—L+1 (30%) | -214.59 | 0.65 1.67 4.59
S5 300 0.93 | H—-L+1(34%) 134 0.64 1.8 4.47
S3 272 0.38 | H-1—-L+2(34%) 0.11 0.56 1.13 3.89
Sy 255 0.04 | H-1-L+1(25%) 13.31 0.7 2.88 4.82
Sy 248 0.01 | H-3—L+1(37%) | -11.54 | 0.67 1.98 4.61
{lc-SVWN
S1 325 0.39 | H—>L+1 (34%) | -211.5 | 0.65 1.67 4.59
So 301 0.92 | H-L+1(32%) 131.56 | 0.64 1.81 4.45
S3 273 0.38 | H-1—-L+2(32%) 2.45 0.56 1.13 3.87
Sy 256 0.04 | H-1-L+1(23%) 11.5 0.68 2.84 4.65
Ss 248 0.01 | H-3—L+1(37%) | -10.91 | 0.65 1.98 4.48
lc-TPSS
S 323 0.39 | H—L+1 (30%) | -211.63 | 0.65 1.68 4.58
So 300 0.92 | H-L+1(35%) 130.68 | 0.64 1.81 4.46
S3 271 0.38 | H-1—-L+2(34%) 1.8 0.56 1.12 3.88
Sy 255 0.04 | H-1-L+1(26%) 11.71 0.73 2.71 5.01
Ss 247 | 0.01 | H-35L+1(32%) | -12.44 | 0.67 | 2.3 | 4.67
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TABLE A10: Excitation energies (Aapss), oscillator strengths (fosc8), major configura-
tions involved in the transitions, rotatory strengths (R), PRNTOS, woTs, and dexcs of
first five excited states of (PT)4 at ADC(2) and TD-DFT levels using hybrid fuctionals.

State | Aaps(nm) ‘ fose ‘ Transitions R ‘ waT ‘ PRNTO | dexe
ADC(2)
S 357 0.04 H—L (20%) -766.44 | 0.66 2.23 4.86
So 329 0.87 H-1-L (40%) 508.64 | 0.69 2.1 5.27
S3 324 0.6 H—L (39%) -36.56 | 0.73 2.09 5.36
S 311 | 0.17 | HoL+1 (32%) | 131.27 | 0.8 | 1.82 |6.19
Sx 300 0.3 | H-1-L+1(26%) -87.3 0.75 1.85 5.66
CAM-B3LYP
S 369 0.04 H—L (22%) -749.58 | 0.67 2.35 5.03
So 333 1 H—L +2(29%) 673.92 | 0.65 1.94 5.05
S3 325 0.75 | H-1-L+1 (37%) | -20.8 | 0.71 1.81 5.33
Sy 302 0.09 | H—>L+3 (35%) -10.73 | 0.68 1.54 4.92
S 297 0.08 H—L+1(29%) -27.71 | 0.87 1.64 6.9
MO06-2X
S1 366 0.03 H—L (26%) -805.81 | 0.68 2.29 5.14
So 331 0.97 H-1-L (34%) 699.83 | 0.68 1.91 5.37
S3 323 0.7 | H-1-L+1 (39%) | -18.42 | 0.74 1.86 5.68
Sy 302 0.02 | H->L+1 (34%) 88.49 | 0.87 1.54 6.93
S 299 0.12 | H—-L+3 (26%) |-134.15 | 0.74 1.69 5.65
wB97XD
S 365 0.04 H—L (20%) -774.24 | 0.67 2.4 5.01
So 329 1.03 | H—=L+2 (30%) 710.94 | 0.64 1.95 4.98
S3 320 0.79 | H-1-L+1 (35%) | -18.9 | 0.69 1.9 5.11
Sy 297 0.16 | H—>L+3 (37%) -34.98 | 0.64 1.27 4.47
S5 286 0.04 H—L+1(25%) -7.14 0.83 2.11 6.15
B3LYP
S 426 0.01 H—L (50%) -487.51 | 0.76 1.84 5.93
So 401 0.07 | H->L +1(67%) 50.36 | 0.89 1.68 7.32
S3 397 0.08 H—L (42%) -39.64 | 0.91 1.15 7.39
Sy 392 0.04 H-1-L (37%) -18.42 0.9 1.18 7.61
S5 378 0.42 H—L+2(74%) 211.86 | 0.78 1.36 6.21
PBEO
S 411 0.02 H—L (44%) -559.29 | 0.75 1.93 5.78
So 379 0.13 H-1—-L (30%) 96.56 | 0.89 1.79 7.35
S3 377 0.15 H—L(50%) -44.53 | 0.89 1.41 7.16
Sy 369 0.05 H-1-L (41%) 9 0.91 1.27 7.6
S5 362 0.49 | H-1-L+1(80%) | 266.49 | 0.79 1.21 6.43
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TABLE A1ll: Excitation energies (Aapss), oscillator strengths (foscS), major configura-
tions involved in the transitions, rotatory strengths (R), PRNTOS, woTs, and dexcs of
first five excited states of (PT), at TD-DFT level using pure fuctionals.

State | Aaps(nm) ‘ foe ‘ Transitions ‘ R ‘ weT ‘ PRNTO | dexe
BLYP
S 521 0.01 | H—>L+1 (44%) -24.38 | 0.92 1.22 7.57
So 521 0.01 H—L+1 (46%) -32.48 0.9 1.06 7.41
S3 515 0.01 H-1-L (65%) 3.97 0.92 1.8 7.69
Sy 492 0.03 | H-1-L+1 (67%) | -220.16 | 0.84 1.21 6.75
Ss 466 | 0.12 | HoL+2(41%) | 34.85 | 0.89 | 212 | 6.92
OLYP
S 515 0 H—L+1 (82%) 1.92 0.94 1 7.69
So 512 0.01 H—L (77%) -47.01 0.9 1.17 7.36
S3 506 0 H-1-L (63%) -5.7 0.91 1.72 7.67
Sy 486 0.03 | H-1-L+1 (67%) | -224.59 | 0.85 1.15 6.82
S 461 0.13 H—L+2(41%) 40.92 | 0.89 1.99 6.81
PBE
S 519 [ 0.01 | HoL+1 (79%) | -1.19 | 004 1.06 | 7.7
So 519 0.01 H—L (72%) -52.41 | 0.89 1.13 7.31
S3 510 0 H-1-L (65%) -2.86 | 0.92 1.71 7.72
Sy 488 0.03 | H-1-L+1 (67%) | -216.84 | 0.84 1.18 6.79
S5 463 0.12 H—L+2(41%) 38.77 | 0.89 1.97 6.86
SVWN
S 523 0.01 | H->L+1 (77%) -2.98 | 0.94 1.06 7.7
So 523 0.01 H—L (70%) -53.95 | 0.89 1.12 7.27
S3 515 0.01 H-1-L (65%) 0.55 0.92 1.73 7.74
Sy 490 0.03 | H-1-L+1 (67%) | -212.2 | 0.82 1.1 6.61
S5 466 0.12 H—L+2(41%) 38.1 0.89 2.2 6.9
TPSS
S 504 0.01 | H->L+1 (72%) -4.32 | 0.95 1.08 7.74
So 502 0.01 H—L (65%) -51.17 0.9 1.09 7.35
S3 494 0.01 H-1-L (65%) -8.71 0.91 1.67 7.69
Sy 475 0.03 | H-1-L+1 (67%) | -217.46 | 0.85 1.05 6.85
S5 451 0.14 H—L+2(41%) 41.33 | 0.89 1.96 6.87
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TABLE A12: Excitation energies (Aapss), oscillator strengths (fosc8), major configura-

tions involved in the transitions, rotatory strengths (R), PRNTOS, woTs, and dexcs of

first five excited states of (PT)4 at TD-DFT level using long-range corrected versions
of pure fuctionals.

State | Aaps(nm) ‘ fose ‘ Transitions ‘ R ‘ weT ‘ PRNTO | dexe
le-BLYP
S1 337 0.04 H-1-L (15%) -790.39 | 0.64 2.53 4.81
So 310 1.07 | H—=L+2 (26%) 715.1 | 0.62 1.96 4.8
S3 303 0.79 | H-1-L+1 (29%) | -40.01 | 0.67 1.88 4.9
Sy 281 0.27 | H-1-L+3 (25%) | -22.83 0.6 1.13 4.1
S 260 0.01 H—L+2(12%) -5.52 0.77 2.64 5.5
lc-OLYP
S1 337 0.04 H-1-L (16%) -797.77 | 0.64 2.52 4.83
So 309 1.08 | H—L+2 (26%) 726.08 | 0.62 1.96 4.83
S3 302 0.79 | H-1-L+1 (29%) | -43.35 | 0.67 1.88 4.92
Sy 280 0.28 | H-1-L+3 (25%) | -24.72 0.6 1.13 4.1
S 259 0.01 H—L+1(13%) -5.7 0.77 2.66 5.47
lc-PBE
S 333 0.04 H—L (17%) -807.73 | 0.65 2.51 4.85
So 306 1.09 | H—L+2 (29%) 734.77 | 0.61 1.89 4.77
S3 300 0.81 | H-1-L+1 (34%) | -41.9 | 0.67 1.86 4.93
S 278 | 0.28 | H—L+3 (29%) | -26.67 | 0.6 | 1.13 |4.14
Sx 258 0.01 H—L+1(15%) -6.91 0.77 2.73 5.4
{lc-SVWN
S1 335 0.05 H-1-L (17%) -800.75 | 0.64 2.52 4.82
So 308 1.09 | H—L+2 (26%) 737.39 | 0.63 1.97 4.85
S3 302 0.79 | H-1-L+1 (29%) | -50.15 | 0.67 1.88 4.91
Sy 279 0.28 | H-1-L+3 (26%) | -27.22 0.6 1.13 4.09
S 259 0.01 H—L+1(12%) -5.8 0.77 2.65 5.38
lc-TPSS
Sy 333 ] 0.04] HoL (17%) | -800.48 | 0.65] 2.51 | 4.84
So 306 1.09 | H—=L+2 (20%) 721.81 | 0.61 1.89 4.76
S3 300 0.8 | H-1-L+1 (34%) | -38.66 | 0.67 1.86 4.93
S 278 | 0.28 | H—L+3 (27%) | -22.16 | 0.6 | 1.13 | 4.12
S5 258 0.01 H—L+1(15%) -6.12 | 0.77 2.65 5.41
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TABLE A13: Excitation energies (Aapss), oscillator strengths (fosc8), major configura-
tions involved in the transitions, rotatory strengths (R), PRNTOS, woTs, and dexcs of
first five excited states of (PT)s at ADC(2) and TD-DFT levels using hybrid fuctionals.

State | Aaps(nm) ‘ fosc ‘ Transitions R ‘ WeT ‘ PRNTO | doxe
ADC(2)
S1 376 0.08 H—L(63.9%) -684.71 | 0.75 1.74 5.22
S5 353 0.1 H-2—L(51%) 478.56 | 0.73 1.86 5.1
S3 344 0.17 H—L+1(32%) -101.95 | 0.86 1.84 6.18
Sy 341 0.36 | H-1—-L+1(43.3%) -66.95 | 0.83 1.96 9.5
Ss 335 | 0.19| HoL+3(263%) | 4079 | 0.9 | 211 |6.04
CAM-B3LYP
S 382 0.04 H—1(49.7%) -820.47 | 0.75 2.33 5.28
S5 356 0.11 H-2—1L(37.8%) 562.56 | 0.77 2 5.66
S3 340 0.74 H-1-L+1(30%) -65.57 | 0.8 2.03 5.4
Sy 329 0.57 H—L+1(28.8%) -265.05 | 0.75 1.75 5.58
Sy 320 0.15 H—L+3(34.4%) 140.23 | 0.95 2.08 6.15
MO06-2X
S 378 0.04 H—L(53.1%) -848.62 | 0.76 2.2 5.36
So 354 0.1 H-2—1.(36.2%) 584.61 | 0.78 2 5.61
S3 339 0.62 | H-1-L+1(31.5%) -75.51 0.8 2.06 5.44
Sy 329 0.43 H—L+1(40.4%) -287.57 | 0.8 1.81 5.99
Ss 323 0.17 H—L+3(33.2%) 105.58 | 0.95 2.18 6.14
wB9I7XD
Si 375 | 0.04] HoL@45.13%) | 8792 [0.75 | 247 525
So 352 0.12 | H—L+3(35.62%) 585.64 | 0.75 2 5.51
S3 334 0.82 | H-1-L+1(24.5%) | -50.42 | 0.78 2.05 5.29
Sy 324 0.65 H—L+1(28.7%) -261.26 | 0.72 1.76 5.19
Ss 311 0.21 | H—L+3(34.44%) 24731 | 0.9 2.09 5.73
B3LYP
S 451 0.04 H—L(80.6%) -289.03 | 0.85 1.32 6.05
So 425 0 H-1-L(47.2%) 17.33 0.92 1.21 6.28
S3 419 0.01 H—L+1(74.1%) -61.64 | 0.94 1.45 7.32
Sy 415 0.01 | H-1-L+1(43.8%) -66.61 | 0.93 1.82 7.14
S5 408 0.09 H—L+3(43.7%) -23.37 | 0.9 1.73 6.54
PBEO
S 432 0.04 H—L(74.42%) -375.7 | 0.85 1.36 6.05
S 405 | 0.01 | H-1-L(46.08%) | 29.13 | 091 | 1.17 | 6.2
S3 397 0.01 H—L+1(72%) -76.51 | 0.94 1.41 7.26
Sy 394 0.02 | H-1-L+1(32.48%) | -61.42 | 0.94 1.77 7.01
S5 390 0.16 | H—L+3(35.45%) 137.21 | 0.88 1.58 6.01
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TABLE A14: Excitation energies (Aapss), oscillator strengths (fosc8), major configura-
tions involved in the transitions, rotatory strengths (R), PRNTOS, woTs, and dexcs of

first five excited states of (PT)s5 at TD-DFT level using pure fuctionals.

State | Aaps(nm) ‘ fose ‘ Transitions ‘ R ‘ weT ‘ PRNTO | dexe
BLYP
Sy 554 ] 0.02 | HoL(TT%) |-1153]0901] 1 | 7.02
So 546 0.01 | H>L+1(90%) | -17.88 | 0.96 1.12 7.55
Ss 539 0 | H-1-L(85%) | -17.1 | 095 | 1.08 |7.07
Sy 9525 0.01 | H-1-L+1(41%) 2.85 | 0.93 1.9 7.32
Ss 523 | 0.01 | H-1-L+1(41%) | -23.12 | 0.97 | 1.77 | 7.29
PBE
S 554 | 0.01 | HoL(76%) | -109 | 092 1 | 7.16
So 546 0.01 | H>L+1(87%) | -15.92 | 0.96 1.11 7.55
S3 537 0 H-1-L(85%) -11.96 | 0.95 1.08 ik 1
Sy 523 0 H-1-L+1(77%) 3.19 | 0.93 1.13 7.18
S 521 0.01 | H-L+2(50%) | -14.82 | 0.95 1.79 7.11
OLYP
Sy 546 | 0.01 | HoL(74%) | 563 | 093] 1 | 7.31
So 539 0.01 | H-L+1(85%) | -13.64 | 0.95 1.07 7.36
S3 530 0 H-1—-L(82%) -10.72 | 0.95 1.06 7.09
Sy 519 0 H-1-L+1(74%) | -13.29 | 0.96 1.07 22
S5 519 0.01 | H—-L+2(54%) 3.24 | 0.92 1.73 7.08
SVWN
Sy 550 ] 0.02| HoL(TT%) |-1545]092| 1 |7.13
So 551 0.01 H—L+1(87%) -17.12 | 0.96 1.13 7.54
S3 544 0 H-1-L(86%) -9.96 | 0.96 1.1 7.09
Sy 530 0 H-1-L+1(82%) | -9.96 | 0.93 1 7.12
S5 525 0.02 | H—-L+2(56%) -8.77 | 0.94 1.61 7.05
TPSS
St 534 0.02 H-L(77%) -14.31 | 0.92 1 7.14
So 528 0.01 | H>L+1(87%) -16 0.96 1.06 7.54
Ss 519 0 | H-1-L(87%) |-11.48|095| 1.06 | 7.08
Sy 506 0.01 | H-1-L+1(48%) 1.76 | 0.91 1.77 7.02
S5 506 0.01 | H—-L+2(34%) | -23.59 | 0.97 1.9 7.31
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TABLE A15: Excitation energies (Aapss), oscillator strengths (fosc8), major configura-

tions involved in the transitions, rotatory strengths (R), PRNTOS, woTs, and dexcs of

first five excited states of (PT)s at TD-DFT level using long-range corrected versions
of pure fuctionals.

State | Aaps(nm) ‘ fome ‘ Transitions ‘ R ‘ weT ‘ PRNTO | dexe
le-BLYP
S1 343 0.04 H—L(37%) -1021.58 | 0.72 2.92 5.04
Ss 327 | 0.13 | HoL+3(35%) | 618.08 | 0.71 | 212 |5.07
S3 311 1.07 H—L(20%) 50.22 0.73 2.36 5.04
Sy 305 0.73 | H-1-L+2(25%) | -200.71 | 0.68 1.84 4.77
S 285 0.33 | H-2—L+4(45%) 361.56 | 0.65 1.24 4.42
lc-OLYP
S1 343 0.04 H—L(35%) -1030.35 | 0.72 2.93 5.05
So 326 0.13 | H—-L+3(35%) 626.44 | 0.71 2.12 5.08
S3 310 1.08 | H—L+2(20%) 49.22 0.73 2.35 5.05
Sy 304 0.73 | H-1-L+2(25%) | -203.89 | 0.67 1.78 4.75
S 284 0.33 H—2—>L+4(46%) 365.62 0.65 1.24 4.41
lc-PBE
St 341 0.05 H—L(36%) -1038.48 | 0.73 3.02 5.11
So 324 0.13 | H—-L+3(35%) 625.36 | 0.71 2.13 5.09
S3 308 1.09 | H—L+2(20%) 43.18 0.73 2.32 5.05
Sy 302 0.74 | H-1-L+2(18%) | -208.46 | 0.68 1.61 4.82
Ss 982 | 0.34 | H-2-L+4(37%) | 380.11 | 0.66 | 1.28 |4.44
{lc-SVWN
S 342 | 0.04] HoL(35%) |-1040.13 | 0.72 | 2.93 |5.07
S 325 | 0.14 | HoL+3(35%) | 63557 |0.72| 211 |5.25
S3 308 1.1 H—L+2(20%) 49.92 0.72 2.3 5.04
Sy 303 0.73 | H-1-L+2(20%) | -202.41 | 0.68 1.7 4.75
S5 283 0.33 | H-2—L+4(48%) 355.02 | 0.64 1.22 4.34
lc-TPSS
St 340 0.05 H—L(35%) -1032.03 | 0.73 3.02 5.11
So 324 0.13 | H—>L+3(35%) 618.3 0.71 2.13 5.08
S3 308 1.09 | H—-L+2(20%) 47.9 0.72 2.33 5.04
Sy 302 0.74 | H-1-L+2(19%) | -199.08 | 0.68 1.6 4.81
S5 282 0.34 | H-2—L+4(39%) 372.51 | 0.65 1.25 4.41
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FIGURE AT: Electron hole correlation plots of (PT); at ADC(2), CAM-B3LYP, [c-

PBE, and PBE levels. Results for first five excited states are shown. The main diagonal

going from lower left to upper right indicates local excitations and the off-diagonal
elements indicate excitations between different sites.
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FIGURE A8: Electron hole correlation plots of (PT)s at ADC(2), CAM-B3LYP, lc-

PBE, and PBE levels. Results for first five excited states are shown. The main diagonal

going from lower left to upper right indicates local excitations and the off-diagonal
elements indicate excitations between different sites.
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9HaP

FiGUrE B1l: Fragmentation scheme of 9Ha, 9HaP, 9HaQ, and 11Ha for CT analysis.
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TaABLE B1l: Excitation energies (Aaps in nm), corresponding Oscillator Strength (fosc),
R, wcr, PRNTO, and deyxe of 9Ha. Results obtained at different TD-DFT and RI-

ADC(2) levels.

9Ha CAM-B3LYP MO06-2X

States | Aabs fose R weT | PRNTO | dexc | Aabs Josc R wer | PRNTO | dexc
S1 388 | 0.029 | -424.40 | 0.61 1.11 4.38 | 388 | 0.027 | -398.77 | 0.63 1.07 4.47
So 372 | 0.149 | 185.22 | 0.54 1.24 4.38 | 370 | 0.145 | 187.47 | 0.56 1.19 4.45
S3 341 | 0.003 | -2.48 0.48 2.49 4.23 | 339 | 0.003 | -13.89 | 0.49 2.42 4.28
Sy 333 | 0.008 | -3.61 0.54 1.99 4.16 | 333 | 0.008 | -2.89 0.57 1.95 4.26
Ss 317 | 0.276 | -574.19 | 0.49 2.45 4.23 | 317 | 0.276 | -632.62 | 0.50 2.42 4.29
Sé 305 | 0.198 | 57.73 | 0.61 1.92 4.72 1 309 | 0.190 | 82.74 | 0.65 1.83 4.81
S7 291 | 0.000 6.85 0.66 2.32 4.32 | 293 | 0.000 1.82 0.63 1.93 4.10
Ss 288 | 0.006 | -18.09 | 0.51 2.74 4.28 | 288 | 0.007 | -35.42 | 0.54 2.40 4.29
States wB97XD B3LYP

S1 377 | 0.033 | -462.50 | 0.59 1.16 4.25 | 475 | 0.014 | -234.72 | 0.72 1.01 4.83
So 365 | 0.159 | 195.99 | 0.52 1.29 4.26 | 441 | 0.079 | 105.25 | 0.69 1.07 4.89
S3 336 | 0.005 3.27 0.47 2.62 4.13 | 398 | 0.001 -1.43 0.74 1.79 4.88
Sy 327 | 0.008 | -3.74 | 0.50 2.18 4.00 | 394 | 0.001 | -11.05 | 0.63 2.02 4.80
Sk 312 | 0.266 | -566.89 | 0.46 2.47 4.11 | 379 | 0.095 | 22.62 | 0.77 1.89 5.20
Se 297 1 0.248 | 86.02 | 0.55 2.11 4.51 | 369 | 0.231 | -579.49 | 0.68 2.05 4.92
S7 287 | 0.009 | 49.62 | 0.63 1.96 3.96 | 344 | 0.001 5.44 0.69 2.01 4.51
Ss 283 | 0.003 | -25.74 | 0.51 2.96 4.08 | 341 | 0.019 | 22.42 | 0.76 2.07 4.86
States PBEO ADC(2)

S1 453 | 0.016 | -260.66 | 0.70 1.01 4.78 | 423 | 0.019 | -312.29 | 0.72 1.00 5.02
So 424 | 0.093 | 119.47 | 0.67 1.07 4.83 | 400 | 0.136 | 150.12 | 0.62 1.08 4.86
S3 381 | 0.002 | -1.68 0.72 1.74 4.79 | 364 | 0.014 | -7.98 0.66 1.29 4.62
Sy 380 | 0.001 | -11.68 | 0.61 2.04 4.72 | 362 | 0.016 6.64 0.58 1.97 4.66
S5 362 | 0.103 | 28.10 | 0.76 1.81 5.16 | 340 | 0.102 | 30.94 | 0.68 1.54 5.11
Se 356 | 0.248 | -601.41 | 0.65 2.06 4.82 | 338 | 0.286 | -542.15 | 0.61 1.92 4.81
S7 331 | 0.000 4.06 0.68 2.02 4.47 | 312 | 0.001 -6.22 0.66 2.09 4.47
Ss 327 | 0.011 14.78 | 0.75 2.33 4.77 | 307 | 0.017 | -33.40 | 0.58 1.93 4.73
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F1cURE B2: Electron-hole correlation plots of S1, Sa, and Sg states of 9Ha at ADC(2),
PBEO, B3LYP, M06-2X, CAM-B3LYP and wB97XD levels. 9Ha is divided into three
fragments, hence each plot shows a 3 x 3 2 matrix. Diagonal field going from lower left
to upper right indicates local excitations and the off-diagonal elements show charge-
transfer excitations. The squares in the middle and terminals of the plot represent the
5-6-5 and terminals units, respectively, as shown in the Figure B1. The vertical axis
shows the location of an electron, while the horizontal axis indicates the location of a
hole.
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TABLE B2: Excitation energies(Aaps in nm), corresponding Oscillator Strength (fosc),
R, wer, PRNTO, and dey. of 9HaP, 9HaQ, and 11Ha. Results obtained at TD-

TH-3113_176122020

PBE0/def2-TZVP/DCM level.

9HaP
States | Aabs Josc R wer | PRNTO | dexc
S1 465 | 0.015 | -219.72 | 0.73 1.02 4.94
S9 428 | 0.139 | 158.65 | 0.70 1.06 4.95
Ss 404 | 0.055 | -174.35 | 0.40 1.09 4.72
Sy 373 | 0.013 3.64 0.73 1.46 5.12
S5 361 | 0.009 | -39.16 | 0.57 1.38 5.03
S 353 | 0.242 | 25.72 | 0.76 1.53 5.20
St 342 | 0.184 | -361.02 | 0.63 1.47 4.99
Ss 331 | 0.002 | 12.37 | 0.61 1.82 4.65

9HaQ
S1 518 | 0.017 | -42.96 | 0.46 1.02 5.47
So 453 | 0.034 | -302.74 | 0.61 1.02 4.95
Ss 435 | 0.163 | 173.8 | 0.70 1.08 5.20
Sy 382 | 0.026 10.2 0.69 1.84 5.50
Ss 372 | 0.052 | -107.84 | 0.64 1.21 5.22
Se 369 | 0.123 | 23.54 | 0.14 1.15 3.70
S7 369 | 0.721 | 150.46 | 0.52 1.89 5.37
Ss 347 | 0.028 | -46.37 | 0.56 1.16 5.94

11Ha
S1 462 | 0.06 | -627.68 | 0.71 1.02 4.89
S9 441 | 0.073 | 100.64 | 0.72 1.07 5.03
S3 405 | 0.014 | -20.12 | 0.67 1.43 4.78
Sy 394 | 0.002 | -13.35 | 0.65 1.85 4.74
S5 378 | 0.002 | 24.52 | 0.75 1.92 4.86
Se 372 1 0.109 | 21.28 | 0.78 1.52 5.07
S7 352 0 3.48 0.66 2.59 4.77
Ss 348 | 0.07 69.56 | 0.60 1.31 4.74
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F1cure B3: Natural transition orbitals for some selected excited states of 9Ha. Results
are obtained at TD-PBE0/def2-TZVP level. Isovalue = 0.03 a.u. is used. Charge
transfer and locally excited transitions are written as CT and LE, respectively.
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FiGURE B4: Natural transition orbitals for some selected excited states of 9HaQ.
Results are obtained at TD-PBE(Q/def2-TZVP level. Isovalue = 0.03 a.u. is used.
Charge transfer and locally excited transitions are written as CT and LE, respectively.
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FicUrRE Bb5: Natural transition orbitals for some selected excited states of 11Ha.
Results are obtained at TD-PBE(0/def2-TZVP level. Isovalue = 0.03 a.u. is used.
Charge transfer and locally excited transitions are written as CT and LE, respectively.
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iii

iv

FIGURE B6: Lowest excited state optimized geometries of 9Ha(i), 9HaP(ii),

9HaQ(iii), and 11Ha(iv). Optimizations were carried out at PBE0-D3/def2-SVP level.

Torsional angles ¢; and ¢5 are shown. In addition, the torsional angles Zabcd and

Zabed’ are also shown, these two are denoted as ¢o and ¢4, respectively, for 9Ha.

Same pattern is followed for 9HaP, 9HaQ, and 11Ha to show the torsional angles.

In this figure, carbon, hydrogen and nitrogen atoms are shown as grey, white, and blue
colors, respectively.
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Ficure B7: Natural transition orbitals for S;—.Sy transitions of 9Ha, 9HaP, 9HaQ,
and 11Ha. Calculated from S; optimized geometry at PBE0-D3/def2-SVP level. Iso-
value= 0.03 a.u. is used.
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TABLE B3: Charge-transfer (wcr) and |p| of 9Ha,9HaP, 9HaQ, and 11Ha for S;—.S)

TH-3113_176122020

transitions.
Transitions | wer | |
9Ha S1—So 0.72 | 149.23
9HaP S1—=S0 0.76 | 145.72
9HaQ S1—S0 0.41 | 212.74
11Ha S1—So 0.73 | 259.60
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F1cUurg C1: Fragmentation Scheme Used for Excited State Analysis using TheoDORE
in cases of octafluorinated 5H(a), 6H (b), 7H (c), and 8H (d). Similar fragment
definitions are used for other cases.
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TABLE C1: Values of Selected Torsional Angles (¢, degrees) and Rpiten (A) of Crystal
Structures of 6H, 4F6H, 8F6H, 7TH, 1F7H, 2F'7H, 4F7H, 8H, and 1F8H. “Sce
Ref275. bSee Ref?®. ¢See Ref282. JSee Ref283. 4See Ref284, €See Ref285. fSee Ref?S.

9See Ref286.

System Torsional angles Ritch
P
o1 o2
6H® 12, 16 30, 31 3.94
4F6H 17, 20 26, 25 3.63
4F6H? 19,14 30, 25 3.75
8F6H? 23, 22 27,24 3.76
TH/ 17, 19 25,24 3.46
THC -18, -19 -24 3.49
TH? -18, -21 -24, -26 3.59
1F7H® -26, -19 B 3.51
-25, -16 e 24 3.61
2F'7TH/ -26, -16 R 31 3.51
-26, -15 -24, -28 3.63
4F7THY 25-27 ~15-16 18-21, 28 3.42
-25 to -27, -17 to -21 | -21 to -22, -27 to -28 | 3.36-3.44
1F8H? -18, -16 -25, -28 3.46
-20, -18 -27 3.48
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TABLE C2: Excitation energies (Aups, nm), Corresponding Oscillator Strength( fosc),
Orbitals involved in the transitions, |p|, [m|, cos 8, R, gcp and |m|/|u| of BH. |p/,
|m|, and R are in esu-cm, erg-G~! and esu-cm-erg-G~! units, respectively.

5H
Excited States | Mabs | fose | £/10770 [ [u|/1072° [ |m|/107% [ cos 0 | gcp |m|/|p| | Configurations
1T A(S) 352 | 0.001 | -2.25 26.97 0.08 -1 | -0.0124 | 0.003 | H—L (53.%),H-1-L+1(40.%)
11B () 309 | 0.004 | 21.85 50.42 053 | 0.82 | 0.0344 | 001 | H-1-L (58.%),H -L+1(31.%)
21 B (S;) 294 | 0.096 | 131.00 245.22 1.71 0.31 | 0.0087 | 0.007 | H-2—L (47.%),H-1-L (18.%)
31 B (Sy) 203 | 0.539 | 352.70 | 580.17 3.08 0.2 | 0.0042 | 0005 |H—L+1(61.%)H-1-L (17.%)
21 A (S5) 285 | 0.112 | -118.00 | 260.93 0.45 1| -0.0069 | 0.002 | H-1-L+1(46.%),H —L (38.%)
31 A (S) 264 | 0.005 | -8.29 53.62 0.15 1 |-0.0115 | 0.003 | H-2L+1(58.%),H —L+2(31.%)
41 A (Sr) 261 | 0.124 | -57.49 | 262.11 0.22 1 |-0.0033 | 0.001 | H-35L (31.%),H-2L+1(24.%)
41 B (Ss) 251 | 0.430 0.34 478.62 0.03 0.02 0 0 H-2—L (40.%),H-1-L+2(36.%)
51 A (Sy) 248 | 0.145 | -50.00 276.39 0.18 -1 | -0.0026 | 0.001 | H—=L+2(27.%),H-1-L+3(25.%)
51 B (S10) 243 | 0.019 | -2.35 98.41 0.49 -0.05 | -0.001 | 0.005 | H-3—L+1(38.%),H —L+3(27.%)
61 A (S1) 225 | 0.024 | -6.52 106.47 0.06 1| -0.0023 | 0.001 | H-3—L (24.%),H-4—L (16.%)
61 B (S12) 222 | 0.061 | 99.57 169.72 1.18 0.5 | 0.0138 | 0.007 | H—L+3(45.%),H-3—L+1(30.%)
71 B (S13) 216 | 0.082 | 215.80 193.70 1.34 0.83 | 0.023 0.007 | H-2—L+2(55.%),H-4—L+1( 8.%)
71 A (Sw) 216 | 1.136 | -229.15 721.70 0.32 -1 | -0.0018 0 H-1-L+3(54.%) ,H-3—L (22.%)
81 B (Si5) 215 | 0.018 | 23.36 90.18 0.37 0.7 | 0.0115 | 0.004 | H—»L+4(39.%),H-4—L+1(33.%)
81 A (Sy) 209 | 0.019 | -15.24 | 9250 0.16 21| -0.0071 | 0.002 | H-4—L (26.%),H-5—L+1(24.%)
91 B (S7) 206 | 0.011 | 12.62 68.00 0.33 056 | 0.0109 | 0.005 | H-5-L (32.%),H-1-L+8(21.%)
91 A (Sis) 203 | 0.030 | 7.27 113.29 0.06 1| 00023 | 0001 |H-A-L (27.%)H-5—L+1(24.%)
101 B (Sy) | 201 | 0.140 | 40.75 | 245.10 0.70 024 | 0.0027 | 0.003 | H —L+4(37.%),H-4—L+1(32.%)
10 1 A (S90) 199 | 0.030 | 31.20 113.57 0.27 il 0.0097 | 0.002 | H-1—L+4(45.%),H-3—L+2(22.%)

TaBLE C3: Excitation energies (Aaps, nm), Corresponding Oscillator Strength( fosc),
Orbitals involved in the transitions, |p|, |m|, cos 0, R, gcp and |m|/|p| of 2F5H. |p/,
|m|, and R are in esu-cm, erg-G~! and esu-cm-erg-G~! units, respectively.

2F5H
Excited States | Maps | fose | /10720 | [u|/10720 [ |m|/1072° [ cos 0 | gcp |m|/|p| | Configurations
TTA(S) 358 | 0.008 | -10.86 | 77.82 0.14 T [-0.0072 | 0.002 | H =L+1(57.%),H-1=L (37.%)
11 B (Sy) 319 | 0.172 | 83.95 | 342.00 1.50 0.16 | 0.0020 | 0.004 | H —L (80.%),H-1-L+1(10.%)
2B (S3) 292 | 0.005 26.36 56.07 0.47 0.99 | 0.0335 0.008 | H-2—L+1(45.%),H —=L+3(14.%)
21 A (Sy) 286 | 0.168 | -173.14 | 319.11 0.54 1| -0.0068 | 0.002 | H-1-L (47.%),H —L+1(32.%)
31 B (S5) 284 | 0.763 | 345.99 678.71 2.87 0.18 | 0.003 0.004 | H-1-1+41(77.%),H —L (12.%)
31 A (S) 266 | 0.165 | -94.76 | 305.76 0.31 1 |-0.0041 | 0.001 | H-25L (79.%)B-1-L ( 6.%)
41 A (Sy) 261 | 0.066 | -18.61 | 191.02 0.10 1| 0002 | 0001 | H —L+2(62.%)H-3—L+1(16.%)
41 B (Ss) 250 | 0.059 59.92 176.41 0.81 0.42 | 0.0077 | 0.005 | H-2—L+1(38.%),H-3—L (25.%)
51 A (So) 246 | 0.022 | -0.93 | 106.44 0.01 100003 0 | H-4-L11(39.%)H —L+2(11.%)
51B (Si0) 238 | 0.009 | 82.20 66.98 1.23 1 | 00733 | 0018 | H -L+3(30.%),H-4-L (30.%)
61 A (Sy) 235 | 0.105 | -51.69 | 229.32 0.23 21 -0.0039 | 0.001 | H-3—L+1(47.%)H-A—L+1(17.%)
61 B (S) 234 | 0.050 | -4.68 158.23 027 | -0.11 | -0.0007 | 0.002 | H-1-L+2(38.%),H-4—L (22.%)
71 B (Si3) 223 | 0.146 | 174.76 | 262.83 1.42 047 | 0.0101 | 0.005 | H »L+3(31.%),H-3-L (21.%)
71 A (Sy) 214 | 0002 | 153 30.29 0.05 1| 00067 | 0002 | H-4—L+1(23.%)H-5—L (17.%)
81 B (Si5) 214 | 0031 | 9172 | 118.16 0.79 0.98 | 0.0263 | 0.007 | H-2—L+2(54.%),H —L+4(22.%)
81 A (Sig) 213 | 0.927 | -3046 | 647.77 0.05 21 -0.0003| 0 | H-1-L+3(61.%),H-35L+1(16.%)
91 B (Si7) 207 | 0.034 | 2358 | 1922.82 0.26 0.74 | 0.0063 | 0.002 | H-5-L+1(38.%),H-6—L+1(15.%)
101 B (Sis) 206 | 0.031 12.83 115.71 1.27 0.09 | 0.0038 0.011 | H —L+4(53.%),H-2—L+2(26.%)
91 A (Sy) 204 | 0.035 | 1644 | 123.17 0.13 1 | 0.0043 | 0.001 | H-5—L (43.%),H-2—L+3(17.%)
107 A (Sy) | 197 | 0.123 | -82.96 | 227.41 0.36 21 |-0.0064 | 0.002 | H-6-L (38.%),H-4L+2(17.%)
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TABLE C4: Excitation energies (Aups, nm), Corresponding Oscillator Strength( fosc),
Orbitals involved in the transitions, |p|, |m/|, cos 0, R, gcp and |m|/|p| of 4F5H. |p,
|m|, and R are in esu-cm, erg-G~! and esu-cm-erg-G~! units, respectively.

4F5H
Excited States | Mabs | fose | £/10770 [ [u|/10720 [ |m|/107% [ cos 0 | gcp |m|/|p| | Configurations
1TA (S) 362 | 0.024 | -19.02 | 137.22 0.14 1| -0.004 | 0.001 | H —L+1(63.%),H-1>L (31.%)
11 B (S2) 326 | 0.203 | 101.88 375.00 1.50 0.18 | 0.0029 | 0.004 | H—L (80.%),H-2—L+1( 5.%)
21 B (S;) 300 | 0.018 | 64.40 106.36 0.70 0.87 | 0.0228 | 0.007 | H-2—L+1(49.%),H-1-L+1(19.%)
21 A (S)) 201 | 0.076 | -101.25 | 216.46 0.47 1| -0.0086 | 0.002 | H-1-L (41.%),H2-L (28.%)
31 B (S5) 283 | 0.707 | 24055 | 651.92 255 | 0.14 | 0.0023 | 0004 | H-1-L+1(70.%),H —L (10.%)
31 A (Sg) 273 | 0.302 | -162.44 | 418.71 0.39 1| -0.0037 | 0.001 | H-2-L (60.%),H-1—L (18.%)
41 A (Sy) 263 | 0.038 | 3.47 145.52 0.02 1000007 | 0 | H—L+2(63.%)H3-L+1( 9.%)
41 B (Ss) 255 | 0.023 | 48.77 111.65 0.87 0.5 | 0.0156 | 0.008 | H-2—L+1(28.%),H-3—L (22.%)
51 A (Sy) 250 | 0.014 | -5.39 84.85 0.06 -1 -0.003 | 0.001 | H-4—L+1(48.%),H-1—L+3(10.%)
51B (Si0) 243 | 0.042 | 11048 | 147.67 152 | 049 | 0.0203 | 0.01 | HA—L (47.%),H —L+3(38.%)
61 A (Sn) 236 | 0.044 | -23.15 | 14822 0.16 1| -0.0042 | 0.001 | H-3—L+1(45.%),H-1>L+3(24.%)
61 B (S12) 232 | 0.052 | -4.50 160.06 0.21 -0.13 | -0.0007 | 0.001 | H-1-L+2(56.%),H-3—L (25.%)
71 B (Si13) 224 | 0.188 | 182.38 299.07 1.16 0.52 | 0.0082 | 0.004 |H-3—L (29.%),H —L+3(23.%)
71 A (Sia) 217 | 0.176 8.02 284.67 0.03 1 0.0004 0 H-4—L+1(25.%),H-3—L+1(22.%)
81 B (S15) 216 | 0.020 | 52.54 96.61 084 | 0.65 | 0.0225 | 0.009 | H-2—L+2(71.%),H-1—L+2( 8.%)
81 A (Sig) 213 | 0532 | 22.43 | 490.93 0.05 1 | 0.0004 0 | H-1-L+3(52.9%),H-2—L+3(18.%)
91 B (S17) 208 | 0.050 | 59.37 | 148.26 075 | 0.53 | 0.0108 | 0.005 | H-5-L+1(52.%),H-6>L+1(10.%)
91 A (Si5) 206 | 0.287 | -52.93 | 35478 0.15 100017 | 0 | H-5oL (59.%) H-2—L+3(14.%)
101 B (Sw) | 202 | 0015 | -3.92 79.92 099 | -0.05|-0.0025 | 0.012 | H —L+5(66.%),H —L+6( 8.%)
101 A (Spo) | 199 | 0141 | -105.93 | 243.94 0.43 1| -0.0071 | 0.002 | H-4-L+2(51.%) H-6-L (18.%)

TABLE C5: Excitation energies (Aaps, nm), Corresponding Oscillator Strength(fosc),
Orbitals involved in the transitions, ||, |m|, cos 0, R, gcp and |m|/|p| of 8F5H. |pul,
|m|, and R are in esu-cm, erg-G~! and esu-cm-erg-G~! units, respectively.

8F5H
Excited States | Aabs | fose | /10720 | [u|/10720 [ |m|/107% [ cos 0 | gcp |m|/|p| | Configurations
TTA(S) 362 | 0.011 | -7.50 91.01 0.08 -1 [-0.0036 | 0.001 | H —L+1(60.%)H-1—L (34.%)
11 B (Sy) 323 | 0161 | 77.99 | 332.86 1.42 0.16 | 0.0028 | 0.004 | H —L (77.%),H-1-L+1(10.%)
2B (S3) 296 | 0.021 1.69 115.92 0.06 0.23 | 0.0005 0.001 | H-2—L+1(50.%),H —=L+3(13.%)
21 A (Sy) 288 | 0.145 | -143.62 | 298.32 0.48 1| -0.0065 | 0.002 | H-1-L (45.%),H —L+1(28.%)
31 B (Ss5) 287 1 0.726 | 352.02 664.98 2.87 0.18 | 0.0032 0.004 | H-1-L+1(82.%),H —L (10.%)
31 A (Se) 271 | 0.208 | -106.66 346.46 0.31 -1 |-0.0036 | 0.001 | H-2—L (69.%),H-1-L (12.%)
41 A (Sy) 261 | 0.014 | 2.6 87.35 0.03 1 | 0.0014 0 | H —L+2(53.%),H-35L+1(18.%)
41 B (Sg) 253 | 0.061 44.26 180.47 0.65 0.37 | 0.0054 | 0.004 | H-2—L+1(35.%),H-3—L (25.%)
51 A (So) 246 | 0.037 | -25.35 | 139.00 0.18 1 |-0.0052 | 0.001 | H-4—L+1(36.%),H —L+2(18.%)
51 B (S10) 239 | 0.013 | 101.77 80.86 1.42 0.88 | 0.0622 0.018 | H-4—L (38.%),H —L+3(29.%)
61 A (S1) 235 | 0.152 | -64.39 | 275.65 0.23 10,0034 | 0.001 | H-3—L+1(49.%) H-4—L+1(18.%)
61 B (S) 232 | 0.023 | 14.67 | 106.47 0.49 0.28 | 0.0052 | 0.005 | H-3—L (34.%),H-1-L+2(34.%)
71 B (Sy3) 295 | 0.246 | 140.63 | 342.93 1.08 0.38 | 0.0048 | 0.003 | H »L+3(23.%),H-45L (22.%)
71 A (Sy) 217 | 0.250 | 62.33 | 339.58 0.18 1 ]00022 | 0001 |H-4—L+1(25.%)H-3—L+1(18.%)
81 A (Si5) 215 | 0.528 | -55.56 | 491.15 0.11 S [-00009 | 0 | H-1-L+3(60.%),H —L+2( 7.%)
81 B (Si) 214 | 0.021 | 80.82 98.66 0.96 0.95 | 0.0369 | 0.01 | H-2-5L4+2(61.%),H —L+5(11.%)
91 A (S7) 211 | 0.002 | 10.10 30.01 0.34 1 | 0.0449 | 0.011 | H —L+4(39.%),H —L+6(11.%)
91 B (Sis) 208 | 0.024 | 11.37 | 103.59 027 | 041 | 0.0042 | 0.003 | H-5-L+1(43.%),H-6—L+1(12.%)
10 1 A (Syg) 206 | 0.065 | -16.30 168.42 0.10 -1 -0.0023 | 0.001 | H-5—L (50.%),H-2—L+3(22.%)
10 1 B (S20) 204 | 0.004 18.59 41.26 0.56 0.81 | 0.0437 | 0.013 | H —-L+49(25.%),H-2—L+4(22.%)
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TABLE C6: Excitation energies (Aups, nm), Corresponding Oscillator Strength( fosc),
Orbitals involved in the transitions, |p|, |m|, cos 8, R, gcp and |m|/|pu| of 6H. |p,
|m|, and R are in esu-cm, erg-G~! and esu-cm-erg-G~! units, respectively.

6H
Excited States | Mabs | fose | £/10770 [ [u|/1072° [ |m|/107% [ cos 0 | gcp |m|/|p| | Configurations
11B(S1) 368 | 0.001 | -0.98 29.06 0.13 -0.26 | -0.0046 | 0.004 | H-1—L (46.%),H —L+1(43.%)
1L A (S2) 328 | 0.002 | -1.62 41.28 0.04 -1.00 | -0.0038 | 0.001 | H —L (69.%),H-1-L+1(23.%)
21 B (S5) 315 | 0425 | 774.64 | 533.7 403 | 0.36 | 00109 | 0.008 | H —L+1(48.%)H-1—L (40.%)
21 A (Sy) 313 1 0.013 | -21.44 94.33 0.23 -1.00 | -0.0096 | 0.002 | H-3—L (28.%),H-2—L+1(18.%)
31 A (S5) 293 | 0.151 | -148.49 306.45 0.48 -1.00 | -0.0063 | 0.002 | H-1-L+1(63.%),H —L (12.%)
31 B (Se) 292 | 0.019 25.04 107.59 0.48 0.48 | 0.0087 0.004 | H-2—L (78.%),H-3—L+1( 8.%)
41 A (Sy) 275 | 0.048 | -51.85 168.18 0.31 -1.00 | -0.0073 | 0.002 | H-2—L+1(39.%),H-3—L (32.%)
41 B (Ss) 274 1 0.038 | 10.45 147.69 0.13 0.54 | 0.0019 | 0.001 | H-3—L+1(38.%),H-2—L+3(13.%)
51 B (So) 270 | 0.009 4.89 71.11 0.47 0.15 | 0.0039 | 0.007 |H —L+2(75.%),H-1—-L+3( 8.%)
61 B (Si) 261 | 0.019 | -424 | 103.14 041 | -0.10 | -0.0016 | 0.004 | H-3—5L-+1(31.%),H-1-L+3(30.%)
51 A (S11) 259 | 0.035 | 18.72 139.81 0.13 1.00 | 0.0038 | 0.001 | H —L+3(32.%),H-3—L (23.%)
61 A (S12) 252 | 0.472 | -185.84 503.06 0.37 -1.00 | -0.0029 | 0.001 | H-1-L+2(42.%),H —L+3(14.%)
71 B (S13) 250 | 0.357 | -26.65 435.62 0.79 -0.08 | -0.0006 | 0.002 | H-1-L+3(44.%),H-2—L+3(16.%)
71 A (Sw) 236 | 0.049 | 27.13 | 157.22 0.17 1.00 | 0.0044 | 0.001 | H-4—L+1(42.%),H-1—L+4(10.%)
81 B (Si5) 233 | 0.066 | -5.89 180.62 0.14 -0.23 | -0.0007 | 0.001 | H-4—L (43.%),H-3—L+2(15.%)
81 A (Sig) 233 | 0.728 | -633.46 | 600.13 106 |-1.00 | -0.007 | 0.002 | H-2L+2(62.%)H —L+3(15.%)
91 B (S17) 222 | 0.123 | 201.29 241.1 1.26 0.66 | 0.0139 0.005 | H-3—L+42(50.%),H-2—L+3(34.%)
91 A (Si5) 220 | 0.035 | -62.76 | 127.82 049 | -1.00 | -0.0154 | 0.004 | H-1—L+4(21.%),H-5—L (12.%)
101 A (So) | 216 | 0.011 | -50.66 | 72.27 0.7 -1.00 | -0.0388 | 0.01 | H-3—L+3(60.%),H —L+5(18.%)
10 ' B (S20) 214 | 0.097 | 73.46 210.07 0.56 0.62 | 0.0067 | 0.003 | H-6—L (55.%),H —L+4( 9.%)

TaBLE C7: Excitation energies (Aaps, nm), Corresponding Oscillator Strength( fosc),
Orbitals involved in the transitions, ||, |m|, cos 0, R, gcp and |m|/|p| of 2F6H. |u/,
|m|, and R are in esu-cm, erg-G~! and esu-cm-erg-G~! units, respectively.

2F6H
Excited States | Maps | fose | /10720 | [u|/10720 [ |m|/1072° [ cos 0 | gcp |m|/|p| | Configurations
ITB(S) 375 | 0.004 | -2.39 58.51 0.18 | -0.23 | -0.0028 | 0.003 | H-1—=L (50.%),H —L+1(40.%)
11A (Sy) 335 | 0.000 | -0.69 8.06 0.09 | -1.00 | -0.0426 | 0.011 | H —L (71.%),H-1—L+1(20.%)
21 B (Ss) 320 | 0410 | 567.34 | 52843 3.91 0.27 | 0.0081 | 0.007 | H —L+1(50.%)H-1-L (39.%)
21 A (S)) 317 | 0.056 | -69.17 | 194.88 0.35 | -1.00 | -0.0073 | 0.002 | H-3-L (24.%),H-2L+1(20.%)
31 B (S5) 299 | 0.009 | 71.22 76.3 112 0.84 | 0.0480 | 0.015 | H-25L (87.%)H-1-L ( 3.%)
31 A (So) 296 | 0.149 | -135.62 | 306.19 044 | -1.00 | -0.0058 | 0.001 | H-1-L+1(63.%),H —L+2(13.%)
41 A (Sy) 278 | 0.015 | -10.22 94.54 0.1 | -1.00 | -0.0046 | 0.001 | H-2—L+1(48.%)H-3—L (23.%)
41 B (Ss) 276 | 0.052 | -10.82 | 174.1 031 | -0.20 | -0.0014 | 0.002 | H-4-L (28.%),H-2L+2(18.%)
51 B (Sg) 267 | 0.013 -6.68 84.74 0.08 -0.98 | -0.0037 | 0.001 | H-1-L+2(61.%),H —L+3(22.%)
6B (Si) 263 | 0.011 | 18.91 78.63 051 | 047 | 0.0122 | 0.006 | H —L+3(44.%) H-3—L+1(40.%)
51 A (Sn) 20 | 0.337 | -83.25 | 43157 019 | -1.00 | -0.0018 | 0 | H-3-L (30.%),H —L+2(37.%)
61 A (Sp) 253 | 0.215 | -35.24 | 339.96 0.1 -1.00 | -0.0012 | 0 | H-1>L+3(64.%),H-4>L+1(10.%)
71 B (Si3) 249 | 0.280 | -9.17 | 384.72 0.86 | -0.03 | -0.0002 | 0.002 | H-3—L+1(30.%),H-2—L+2(24.%)
71 A (Sy) 237 | 0.011 | 24.75 74.43 0.33 1.00 | 0.0179 | 0.004 | H-4—L+1(34.%),H-2L+3(13.%)
81 B (Sy5) 237 | 0.111 | 159.19 | 235.8 0.95 0.71 | 0.0115 | 0.004 | H-4—L (41.%),H-2L+2(20.%)
81 A (Si) 228 | 0.566 | -255.54 | 523.95 049 | -1.00 | -0.0037 | 0.001 | H-2-L+3(27.%),H-5-L (26.%)
91 A (S1) 225 | 0.313 | -159.31 | 387.3 041 | -1.00 | -0.0042 | 0.001 | H-2-L+3(27.%),H-4—L+1(24.%)
107 A (Sis) | 222 | 0.012 | 2491 | 73.66 034 | -1.00 | -0.0184 | 0.005 | H-5-L (26.%),H-3L+2(26.%)
91 B (Si) 221 | 0.081 | 30.60 | 194.53 0.88 0.18 | 0.0032 | 0.005 | H-3—L+3(29.%),H-2—L+2(20.%)
10 ! B (S20) 217 | 0.014 56.07 80.67 0.7 0.99 | 0.0345 0.009 | H-6—L (47.%),H-3—L+3(31.%)
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TABLE C8: Excitation energies (Aups, nm), Corresponding Oscillator Strength( fosc),
Orbitals involved in the transitions, |p|, |m/|, cos 0, R, gcp and |m|/|p| of 4F6H. |p/,
|m|, and R are in esu-cm, erg-G~! and esu-cm-erg-G~! units, respectively.

4F6H
Excited States | Mabs | fose | £/10770 [ [u|/10720 [ |m|/107% [ cos 0 | gcp |m|/|p| | Configurations
11B(S1) 377 | 0.006 | -0.54 71.21 0.08 -0.10 | -0.0004 | 0.001 | H-1—-L (47.%),H —L+1(43.%)
11 A(S,) 339 | 0.002 2.38 33.16 0.07 1.00 | 0.0087 | 0.002 | H —L (64.%),H-1-L+1(25.%)
21 B (S;) 325 | 0.376 | 461.63 | 500.48 35 0.26 | 0.0071 | 0.007 | H-1-L (43.%).H —L+1(42.%)
21 A (S)) 325 | 0.086 | -92.80 | 243.50 038 | -1.00 | -0.0063 | 0.002 | H —L (22.%),H-3—L (22.%)
31 B (S5) 306 | 0.017 | 178.33 | 103.69 1.81 0.95 | 0.0663 | 0.017 | H-2-L (89.%),H-4—L ( 3.%)
31 A (Sg) 206 | 0.110 | -111.19 | 263.47 042 | -1.00 | -0.0064 | 0.002 | H-15L+1(54.%),H —L+2(22.%)
41 A (Sy) 282 | 0.024 | -8.06 | 118.87 0.07 | -1.00 | -0.0023 | 0.001 | H-2-L+1(54.%),H-3-L (24.%)
41 B (Ss) 281 | 0.107 | -39.48 253.39 0.34 -0.46 | -0.0025 | 0.001 | H-2—L+2(19.%),H-4—L (18.%)
51 B (So) 270 | 0.001 9.84 17.24 0.57 1.00 | 0.1323 | 0.033 | H-1—L+42(62.%),H-3—L+1(14.%)
51 A (Sio) 266 | 0412 | -79.20 | 48275 016 | -1.00 | -0.0014 | 0 | H 5L+2(39.%),H-3—L (34.%)
61 B (S11) 265 | 0.016 | 14.82 95.73 0.44 0.35 | 0.0065 | 0.005 | H —L+3(53.%),H-3—L+1(32.%)
61 A (S12) 256 | 0.087 | -7.81 217.86 0.04 -1.00 | -0.0007 0 H-1-L+3(69.%) ,H-4—L+1(11.%)
71 B (S13) 251 | 0.226 | -61.46 347.19 0.65 -0.27 | -0.002 | 0.002 | H-2—L+2(38.%),H-3—L+1(24.%)
7UA (Sw) 241 | 0.008 | -30.13 | 65.72 046 | -1.00 | -0.0279 | 0.007 | H-2—L+3(29.%),H-4—L+1(22.%)
81D (S15) 238 | 0.156 | 190.16 | 281.33 1 0.68 | 0.0096 | 0.004 | HA—L (43.%).H —L+4(14.%)
81 A (Sig) 230 | 0.237 | -48.31 | 340.09 014 | -1.00 | -0.0017 | 0 | H-3-L+2(41.%),H-5-L (12.%)
91 A (Si7) 226 | 0.264 | -62.84 | 356.26 0.18 | -1.00 | -0.002 0 | H-2-5L+3(32.%),H-4—L+1(21.%)
101 A (Sis) | 224 | 0470 | 28192 | 472.98 0.6 1,00 | -0.005 | 0.001 | H-5-L (39.%),H-4—L+1(17.%)
91 B (Sy) 222 | 0.093 | 47.89 | 209.09 1.05 | 022 | 0.0044 | 0.005 | H-3—L+3(36.%),H-4—L (12.%)
10 1 B (Sa0) 220 | 0.022 | 43.81 102.08 0.47 0.92 | 0.0168 | 0.005 | H-3—L+3(38.%),H-6—L (36.%)

TABLE C9: Excitation energies (Aaps, nm), Corresponding Oscillator Strength(fosc),
Orbitals involved in the transitions, ||, |m|, cos 0, R, gcp and |m|/|p| of 8F6H. |pu/,
|m|, and R are in esu-cm, erg-G~! and esu-cm-erg-G~! units, respectively.

8F6H
Excited States | Aabs | fose | /10720 | [u|/10720 [ |m|/107% [ cos 0 | gcp |m|/|p| | Configurations
1TB(5) 377 | 0.008 | -1.22 79.65 03 2005 | -0.0008 | 0.004 | H —L (52.%),H-1>L+1(39.%)
11A(S) 339 | 0.002 | 1.61 40.61 0.04 1.00 | 0.0039 | 0.001 | H-1-L (55.%),H —L+1(28.%)
21 B (Ss) 322 | 0.397 | 512.27 | 521.89 3.69 0.27 | 0.0075 | 0.007 | H-1=L+1(47.%),H —L (40.%)
21 A (Sy) 319 | 0.064 | -69.56 208.28 0.33 -1.00 | -0.0064 | 0.002 | H-1-L (31.%),H-3—L (22.%)
31 B (Ss5) 299 | 0.013 | 138.18 91.55 1.57 0.96 | 0.0659 0.017 | H-2—L (87.%),H-1-L+1( 3.%)
31 A (Se) 297 | 0.148 | -144.53 305.87 0.47 -1.00 | -0.0062 | 0.002 | H —L+1(56.%),H-1—-L+2(17.%)
41 B (Sy) 280 | 0.070 | -14.37 | 203.66 0.09 | -0.82]-00014| 0 | HA-L (27.%),H-2—L+2(14.%)
41 A (Ss) 278 | 0.029 | -16.64 | 131.45 013 | -1.00 | -0.0039 | 0.001 | H-2—L+1(48.%),H-3—L (29.%)
51 B (S) 269 | 0.002 | -3.20 33.91 019 | -0.49 | -0.0111 | 0.006 | H »L+2(52.%),H-1-L+3(31.%)
61 B (Sw) 265 | 0.006 | 11.53 58.4 046 | 0.42 | 0.0135 | 0.008 | H-3—L+1(41.%)H-1—L+3(36.%)
51 A (Sun) 262 | 0.304 | -57.29 411.04 0.14 -1.00 | -0.0014 0 H-1—-L+2(42.%),H-3—L (31.%)
61 A (S2) 257 | 0.166 | -34.30 | 300.84 011 | -1.00 |-0.0015| 0 | H —L+3(64.%)H-4>L+1(12.%)
71 B (S13) 249 | 0.203 | -14.28 393.9 0.82 | -0.04 | -0.0004 | 0.002 | H-3—L+1(27.%),H-2—L+2(26.%)
71 A (Sn) 240 | 0.017 | 22.38 93.43 0.24 1.00 | 0.0103 | 0.003 | H-4—L+1(32.%),H-2L+3(21.%)
81 B (S15) 238 | 0.153 | 153.91 | 278.39 0.77 0.72 | 0.0079 | 0.003 | H-4—L (45.%) H-2—L+2(17.%)
81 A (Sig) 231 | 0.693 | -295.57 | 582.81 051 | -1.00 | -0.0035 | 0.001 | H-2—L+3(26.%),H-5—L (23.%)
91 A (Si7) 298 | 0.214 | -53.65 | 321.97 017 | -1.00 | -0.0021 | 0.001 | H-4—L+1(26.%),H-2—L+3(17.%)
101 A (Sis) | 222 [ 0.043 | -62.55 | 143.23 044 | -1.00 | -0.0122 | 0.003 | H-5-L (33.%),H-3—L+2(30.%)
91 B (Sy) 222 | 0.066 | 100.76 | 176.7 1.2 047 | 0.0129 | 0.007 | H-3—L+3(53.%)H-2—L+2(17.%)
10 1 B (S20) 218 | 0.010 8.21 69.34 0.13 0.92 | 0.0068 0.002 | H-6—L (31.%),H-5—L+1(30.%)
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TaBLE C10: Excitation energies (Aaps, nm), Corresponding Oscillator Strength( fosc),
Orbitals involved in the transitions, |p|, |m|, cos 8, R, gcp and |m|/|p| of TH. |p/,

|m|, and R are in esu-cm, erg-G~1

and esu-cm-erg-G—!

units, respectively.

7TH
Excited States | Mabs | fose | £/10770 [ [u|/1072° [ |m|/107% [ cos 0 | gcp |m|/|p| | Configurations
1T A(S) 392 | 0.000 0.00 9.61 0 -1 | -0.0002 0 H —L (52.%),H-1-L+1(40.%)
11 B (S2) 354 | 0.087 | 638.49 255.72 3.8 0.66 | 0.039 0.015 | H-1-L (82.%),H -L+1(10.%)
21 B (Sy) 347 | 0.014 | 6844 | 102.99 143 | 047 | 0.0258 | 0.014 | H —L+1(65.%),H-1-L (13.%)
31 B (Sy) 338 | 0.035 38.71 159.43 1.18 0.2 0.0061 0.007 | H-2—L (44.%),H —-L+1(19.%)
21 A (S5) 325 | 0.031 | -46.63 145.28 0.32 -1 -0.0088 | 0.002 | H-1—L+1(47.%),H —L (38.%)
31 A (Se) 313 | 0.042 | -39.26 167.85 0.23 -1 -0.0056 | 0.001 | H-2—L+1(60.%),H-3—L (21.%)
41 A (S7) 302 | 0.059 | -78.43 | 194.85 0.4 1| -0.0083 | 0.002 | H-35L (45.%),H-2L+1(16.%)
41 B (Ss) 295 | 0.106 | -44.03 257.67 0.65 -0.26 | -0.0027 | 0.003 | H-3—L+1(32.%),H-2—L (29.%)
51 A (Sy) 287 | 0.059 | -51.88 189.98 0.27 -1 | -0.0057 | 0.001 | H—L+2(49.%),H-1—-L+3(17.%)
51 B (S10) 285 | 0.020 1.50 108.99 0.54 0.03 | 0.0005 | 0.005 | H-1-L+2(55.%),H-3—L+1(30.%)
61 A (S1) 274 | 0.170 | -275.94 | 314.73 0.88 21 |-0.0111| 0.003 | H-4-L (20.%),H-3—L (18.%)
61 B (S12) 270 | 0.083 | -13.50 218.38 0.59 -0.1 | -0.0011 | 0.003 | H-5—L (44.%),H —L+3(23.%)
71 B (Si13) 267 | 0.011 | 10.77 77.34 0.36 0.39 | 0.0072 | 0.005 | H-4—L+1(44.%),H —L+3(22.%)
71 A (Sw) 263 | 0.180 | -302.89 317.33 0.95 -1 -0.012 | 0.003 | H-1-L+3(41.%),H-4—L (19.%)
81 A (S15) 258 | 0.438 | -158.19 490.67 0.32 -1 | -0.0026 | 0.001 | H-4—L (36.%),H-1—L+3(20.%)
81 B (Si6) 257 | 0.049 | 121.73 163.72 0.81 0.91 | 0.0182 0.005 | H-2—L+42(65.%),H-4—L+1(14.%)
91 B (S17) 252 | 0.358 | -125.22 | 438.13 029 | -0.99 | -0.0026 | 0.001 | H-4—L+1(28.%),H —L+3(15.%)
91 A (Si5) 246 | 0.420 | -289.23 | 468.96 0.62 1| -0.0053 | 0.001 | H-5—L+1(53.%),H-3>L+2(14.%)
101 A (So) | 240 | 0.002 | -40.88 | 34.61 1.18 1| -01363 | 0.034 | H-25L+3(53.%),H-3>L+2(21.%)
10 1 B (S20) 236 | 0.081 | 156.71 201.78 1.02 0.76 | 0.0154 | 0.005 | H —L+4(60.%),H-3—L+3(10.%)

TaBLE C11: Excitation energies (Aaps, nm), Corresponding Oscillator Strength( fosc),
Orbitals involved in the transitions, |p|, |m|, cos 0, R, gcp and |m|/|p| of 2F7H. |p/,
|m|, and R are in esu-cm, erg-G~! and esu-cm-erg-G~! units, respectively.

2F7TH
Excited States | Maps | fose | /10720 | [u|/10720 [ |m|/1072° [ cos 0 | gcp |m|/|p| | Configurations
TTA(S) 397 | 0.000 | -0.28 443 0.06 T [-0.0574 | 0014 | H =L+1(56.%),0-1>L (37.%)
11 B (Sy) 363 | 0.062 | 30172 | 219.17 2.1 047 | 0.0251 | 0.013 | H —L (92.%),H —L+3( 2.%)
21 B (Ss) 346 | 0.081 | 324.80 | 244.66 2.81 047 | 00217 | 0011 | H-1-L+1(75.%), H-3—L ( 9.%)
31B (S4) 330 | 0.008 | 84.60 75.31 1.12 1| 00597 | 0.015 | H-2—L+1(35.%),H-1>L+1(18.%)
21 A (S5) 328 | 0.079 | -133.47 234.95 0.57 -1 -0.0097 | 0.002 | H-1-L (50.%),H —L+1(39.%)
31 A (So) 307 | 0.035 | -10.64 | 150.35 0.07 100019 0 | H25L (59.%),H-3L+1(21.%)
41 A (Sy) 299 | 0.016 | -14.32 | 100.02 0.14 21 [-0.0057 | 0.001 | H —L+2(59.%) H-3—L+1(17.%)
41 B (Ss) 206 | 0.018 | -25.32 | 105.45 0.34 0.7 |-0.0001 | 0.003 | H-2—L+1(42.%),H —L+3(19.%)
51 A (So) 200 | 0.048 | -24.28 | 171.87 0.14 1200033 | 0.001 | H-1—L+3(25.%),H-4>L+1(22.%)
61 A (Si) 284 | 0.067 | -163.82 | 201.37 0.81 1| -0.0162 | 0.004 | H-4—L+1(38.%),H-3L+1(30.%)
51 B (S11) 283 | 0.018 55.22 102.74 0.76 0.71 | 0.0209 0.007 | H -L+3(34.%),H-4—L (31.%)
61 B (S) 280 | 0.034 | -44.37 | 143.02 034 | -0.91 | -0.0087 | 0.002 | H-1-L+2(52.%),H-4—L (18.%)
71 B (Si3) 268 | 0.203 | -46.55 | 340.54 053 | -0.26 | -0.0016 | 0.002 | H-5—L+1(29.%),H-3—L (16.%)
71 A (Sy) 266 | 0.337 | -357.04 | 436.55 0.82 -1 [-0.0075 | 0.002 | H-1-L+3(40.%),H-5—L (13.%)
81 A (Sy5) 260 | 0.454 | -145.55 | 500.7 0.29 -1 [-0.0023 | 0.001 | H-3—L+1(24.%),H-4—L+1(20.%)
81 B (Si6) 258 | 0.282 | -43.17 | 393.08 011 | -0.99 | -0.0011| 0 | H4—L (15.%),H-5—L+1(15.%)
91 B (Si7) 254 | 0.022 | 65.32 | 108.95 0.68 0.88 | 0.022 | 0.006 | H-2-5L4+2(71.%)H-3—L+3( 7.%)
91 A (Sis) 248 | 0.261 | -157.57 | 37141 0.42 -1 |-0.0046 | 0.001 | H-5—L (45.%),H-3—L+2(12.%)
101 A (S1) | 242 | 0.084 | -193.12 | 207.48 0.93 1200179 | 0.004 | H-2-L+3(55.%),H-4>L+2(18.%)
107 B (Sao) | 239 | 0.002 | 207.26 | 2165 1.37 1 | 0.0254 | 0.006 | H —L+4(26.%),H-31+3(20.%)
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TaBLE C12: Excitation energies (Aaps, nm), Corresponding Oscillator Strength( fosc),
Orbitals involved in the transitions, |p|, |m/|, cos 6, R, gcp and |m|/|p| of 4FTH. |p/,
|m|, and R are in esu-cm, erg-G~! and esu-cm-erg-G~! units, respectively.

4F7TH
Excited States | Mabs | fose | £/10770 [ [u|/10720 [ |m|/107% [ cos 0 | gcp |m|/|p| | Configurations
1T A(S) 399 | 0.000 | -1.76 18.63 0.09 -1 |-0.0203 | 0.005 | H—L+1(56.%),H-1-L (36.%)
11 B (S,) 370 | 0.051 | 304.25 200.36 2.84 0.53 | 0.0303 | 0.014 | H—L (89.%),H —»L+3( 4.%)
21 B (S3) 345 | 0.091 | 282.61 | 258.34 286 | 0.38 | 0.0169 | 0.011 | H-1-L+1(73.%),H-3—-L ( 9.%)
31 B (S)) 335 | 0.014 | 80.95 | 100.14 092 | 0.88 | 0.0323 | 0.009 | H-2—L+1(42.%),H-1-L+1(17.%)
21 A (S5) 330 | 0.067 | -124.72 | 216.2 0.58 100107 | 0.003 | H-1-L (48.%),H —L+1(36.%)
31 A (Sg) 315 | 0.083 | -60.43 | 235.91 0.26 21| -0.0043 | 0.001 | H-25L (72.%), H-3>L+1( 7.%)
41B(S7) 302 | 0.009 | 2527 | 75.81 044 | -0.75 | -0.0176 | 0.006 | H-2-L+1(36.%),H —L+3(21.%)
41 A (Ss) 301 | 0.027 | -34.45 131 0.26 1| -0.008 | 0.002 | H —L+2(59.%),H-3—-L+1(14.%)
51 A (S) 205 | 0.025 | 1217 | 124.86 0.1 1 | 00031 | 0001 | H-4-L+1(39.%)H-1-L+3(16.%)
51 B (S10) 291 | 0.008 | 41.15 69.61 0.78 0.76 | 0.034 0.011 | H-4—L (54.%),H —-L+3(34.%)
61 A (Si) 286 | 0.016 | -60.97 99.66 0.61 -1 |-0.0246 | 0.006 | H-3—L+1(32.%),H-1-L+3(29.%)
61 B (S12) 281 | 0.013 | -24.39 89.2 0.4 -0.68 | -0.0123 | 0.005 | H-1-L+2(60.%),H-3—L (25.%)
71 B (S13) 272 | 0.269 | -39.53 394.77 0.42 -0.24 | -0.001 | 0.001 | H-3—L (28.%),H-5—L+1(23.%)
71 A (Sw) 271 | 0.234 | -233.52 366.63 0.64 -1 | -0.0069 | 0.002 | H-1-L+3(36.%),H-5—L (16.%)
8 1A (Si5) 264 | 0.463 | -251.87 | 509.36 0.49 21| -0.0039 | 0.001 | H-35L+1(37.%),H-4>L+2(13.%)
81 B (Si) 261 | 0.158 | -35.68 | 206.46 041 | -0.29 | -0.0016 | 0.001 | H-2-L+2(42.%),H-4-L (14.%)
91 B (S17) 258 | 0.085 | 42.75 | 215.82 075 | 0.26 | 0.0037 | 0.003 | H-25L+2(33.%),H-4>L+3(17.%)
91 A (Si5) 250 | 0.310 | -170.03 | 405.76 0.42 1| -0.0041 | 0.001 | H-5-L (34.%),H-4—L+2(18.%)
101 A (Sye) | 248 | 0.081 | -171.41 | 205.98 0.83 1 -0.0162 | 0.004 | H-2-L+3(40.%),H-4—L+2(30.%)
10 ' B (Sa0) 242 | 0.098 | 238.06 224.26 1.09 0.98 | 0.0189 | 0.005 | H-4—L+3(33.%),H-5—L+1(31.%)

TaBLE C13: Excitation energies (Aaps, nm), Corresponding Oscillator Strength( fosc),
Orbitals involved in the transitions, ||, |m|, cos 0, R, gcp and |m|/|p| of 8F7TH. |pu/,
|m|, and R are in esu-cm, erg-G~! and esu-cm-erg-G~! units, respectively.

S8F7H
Excited States | Aabs | fose | /10720 | [u|/10720 [ |m|/107% [ cos 0 | gcp |m|/|p| | Configurations
TTA(S) 399 | 0.000 | 0.17 3.87 0.04 T [ 00457 | 0011 | H —L+1(54.%),H-1>L (38.%)
11 B (Sy) 367 | 0.041 | 25847 | 177.77 2.64 055 | 0.0327 | 0015 | H —L (87.%),H-2—L+1( 3.%)
21 B (Ss) 352 | 0.093 | 34949 | 263.23 3.03 044 | 00202 | 0.012 | H-15L+1(76.%), H-1-L+2( 7.%)
31B (Sy) 332 | 0.007 | 61.42 71.97 0.9 0.95 | 0.0474 | 0.012 | H-2—L+1(44.%),H-15L+1(14.%)
21 A (S5) 330 | 0.081 | -140.38 238.39 0.59 -1 -0.0099 | 0.002 | H-1-L (49.%),H —L+1(40.%)
31 A (Se) 314 | 0.047 | 3144 | 177.95 0.18 1| -0.004 | 0.001 | H-2-L (67.%),H-3—L+1(12.%)
41 A (Sr) 300 | 0.012 | -9.26 88.45 0.1 1 |-0.0047 | 0.001 | H —L+2(56.%),H-3L+1(17.%)
41 B (Ss) 209 | 0.015 | -25.99 | 96.27 039 | -0.69 | -0.0112 | 0.004 | H-2—L+1(39.%),H —L+3(27.%)
51 A (So) 203 | 0.034 | -16.07 | 145.22 0.1 1| -0.003 | 0.001 | H1—L+3(25.%),H-4>L+1(20.%)
51B (Si0) 284 | 0.022 | 2.40 114.13 0.56 | 0.04 | 0.0007 | 0.005 | H-4—L (57.%),H —L+3(29.%)
61 A (Sn) 284 | 0.013 | -57.20 | 89.93 0.64 21 |-0.0283 | 0.007 | H-4—L11(43.%),H-3L+1(26.%)
61 B (S) 282 | 0.014 | 2044 | 9279 038 | -0.58 | -0.0095 | 0.004 | H-1-L+2(59.%),H-3—L (24.%)
71 B (Sy3) 273 | 0.179 | -30.85 | 322.06 045 | -0.21 | -0.0012 | 0.001 | H-5—L+1(33.%),H-3—L (30.%)
71 A (Sy) 271 | 0.364 | -386.00 | 457.91 0.84 -1 -0.0074 | 0.002 | H-1-L+3(35.%),H-5—L (19.%)
81 A (Si5) 261 | 0.458 | -187.02 | 504.38 0.37 -1 [-0.0020 | 0.001 | H-3—L+1(32.%),H-4—L+1(15.%)
81 B (Si6) 259 | 0.166 | -28.94 | 302.09 046 | -0.21 | -0.0013 | 0.002 | H-2—L+2(46.%),H-4—L (16.%)
91 B (Si7) 258 | 0.184 | 62.80 317.8 0.79 0.25 | 0.0025 | 0.002 | H-2-5L4+2(28.%),H-5—L+1(12.%)
91 A (Sis) 251 | 0.262 | -14.38 373.87 0.04 -1 -0.0004 0 H-5—L (52.%),H —L+5( 7.%)
101 A (S1) | 245 | 0.110 | -228.95 | 239.15 0.96 21| -0.016 | 0.004 | H-2-sL+3(39.%),H-4L+2(38.%)
101 B (Sa 241 | 0.092 | 259.84 | 217.08 1.21 0.99 | 0.0221 | 0.006 | H-A—L+3(33.%),H —L+4(21.%)
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TaBLE C14: Excitation energies (Aaps, nm), Corresponding Oscillator Strength( fosc),
Orbitals involved in the transitions, |p|, [m|, cos 8, R, gcp and |m|/|p| of 8H. |p/,
|m|, and R are in esu-cm, erg-G~! and esu-cm-erg-G~! units, respectively.

8H
Excited States | Mabs | fose | £/10770 [ [u|/1072° [ |m|/107% [ cos 0 | gcp |m|/|p| | Configurations
11B(S1) 406 | 0.000 | -0.30 7.08 0.05 -0.93 | -0.0242 | 0.006 | H-1-L+1(45.%),H —L (40.%)
21 B (Ss) 371 | 0.076 | 807.44 244.74 4.23 0.78 | 0.0539 | 0.017 | H-1-L+1(48.%),H —L (38.%)
11 A (Sy) 360 | 0.009 | -34.44 | 83.46 0.41 1| -0.0198 | 0.005 | H —L+1(63.%),H-1—L (14.%)
21 A (Sy) 354 | 0.004 | -13.47 57.11 0.24 -1 |-0.0165 | 0.004 | H-1-L (45.%),H-2—L+1(35.%)
31 B (Ss) 340 | 0.009 | 227 79.54 0.58 0.05 | 0.0014 | 0.007 | H-2—L (77.%),H —L (15.%)
31 A (Se) 337 | 0.038 | -74.16 | 166.05 0.45 -1 [-0.0108 | 0.003 | H-1-L (37.%),H —L+1(29.%)
41 A (Sy) 319 | 0.093 | -228.78 | 250.72 0.91 -1 |-0.0146 | 0.004 | H-3—L (49.%),H-2—L+1(25.%)
41 B (Ss) 318 | 0.020 | -25.54 117.52 0.23 -0.93 | -0.0074 | 0.002 | H-3—L+1(59.%),H-4—L (12.%)
51 B (So) 302 | 0.002 9.11 31.39 0.32 0.92 | 0.037 0.01 | H-1-L+2(54.%),H-4—L (14.%)
51 A (Si0) 300 | 0.011 | -31.38 83.68 0.38 -1 |-0.0179 | 0.004 | H—L+2(56.%),H-3—L (18.%)
61 B (S11) 293 | 0.022 | -16.79 116.28 0.38 -0.38 | -0.005 | 0.003 | H—»L+3(32.%),H-1-L+2(24.%)
61 A (S12) 290 | 0.007 3.31 63.07 0.05 1 0.0033 | 0.001 | H-4—L+1(57.%),H-5—L (16.%)
71 A (S13) 284 | 0.081 | -106.85 221.11 0.48 -1 | -0.0087 | 0.002 | H-1-L+3(30.%),H-2—L+2(22.%)
71 B (S1) 284 | 0.027 | -48.64 128.05 0.66 -0.57 | -0.0119 | 0.005 | H-2—L+3(29.%),H —L+3(23.%)
81 A (Sys) 282 | 0.049 | -220.64 | 170.56 1.35 -1 [-0.0316 | 0.008 | H-2—L+2(52.%),H-1—L+3(19.%)
81 B (Si) 277 | 0.128 | -46.46 | 274.68 025 | -0.68 | -0.0025 | 0.001 | H-4—L (31.%),H-5—L+1(16.%)
91 A (S17) 268 | 0.347 | -473.30 | 444.54 1.06 -1 | -0.0096 | 0.002 | H —L+4(35.%),H-5—L (18.%)
91 B (S1s) 265 | 0.074 | -46.97 | 203.86 0.6 -0.38 | -0.0045 | 0.003 | H-5—L+1(30.%),H-1>L+4(22.%)
10 ' B (Sy9) 259 | 0.170 | 303.77 306.18 1.07 0.93 | 0.013 0.003 | H-3—1L+42(40.%),H-2—1L+3(18.%)
10 1 A (S90) 256 | 0.031 | -23.70 130.37 0.18 -1 | -0.0056 | 0.001 | H-2—L+4(38.%),H-4—L+2(15.%)

TaBLE C15: Excitation energies (Aaps, nm), Corresponding Oscillator Strength( fosc),
Orbitals involved in the transitions, |p|, |m|, cos 0, R, gcp and |m|/|p| of 2F8H. |pu/,
|m|, and R are in esu-cm, erg-G~! and esu-cm-erg-G~! units, respectively.

2F8H
Excited States | Maps | fose | /10720 | [u|/10720 [ |m|/1072° [ cos 0 | gcp |m|/|p| | Configurations
ITB(S) 412 | 0.001 | 3.26 30.17 0.45 0.24 | 0.0143 | 0.015 | H =L (55.%),H-1L+1(34.%)
11A (Sy) 376 | 0.009 | -39.93 | 83.21 0.48 -1 [-0.0231 | 0.006 | H —L+1(59.%),H-1-L (19.%)
21 B (S3) 374 | 0.084 | 747.28 | 258.14 1.04 072 | 0.0448 | 0.016 | H-1—L+1(58.%),H —L (34.%)
21 A (Sy) 351 | 0.017 | -49.01 | 111.15 0.44 -1 |-0.0159 | 0004 | H-1-L (61.%),H-2—L+1(17.%)
31 A (S5) 340 | 0.066 | -128.19 | 218.28 0.59 1200108 | 0.003 | H —L4+1(34.%),H-2L+1(23.%)
31 B (S¢) 332 | 0.003 | 25.62 45.22 1.06 053 | 0.0501 | 0.023 | H-25L (82.%).H —L ( 5.%)
41 B (S7) 312 | 0.028 | 2.22 135.8 0.71 0.02 | 0.0005 | 0.005 | H-3—sL+1(30.%)H-4—L (20.%)
41 A (Ss) 311 | 0.018 | -43.32 | 107.68 04 1| -0.0149 | 0004 | H-3—L (36.%),H-2—L+1(31.%)
51 B (Se) 307 | 0.005 | 5.27 58.84 021 | 042 | 0.0061 | 0.004 | H-1-L+2(74.%),H —L+3(11.%)
51 A (Si) 304 | 0.041 | -64.28 | 163.61 0.39 21 |-0.0096 | 0.002 | H —L4+2(59.%),H-21+1(16.%)
6B (Su) 209 | 0.017 | 0.57 104.16 031 | 0.02 | 0.0002 | 0.003 | H —>L+3(52.%),H-3>L+1(27.%)
61 A (Sp) 288 | 0.093 | -183.63 | 239.16 0.77 -1 [-0.0128 | 0.003 | H-1-L+3(34.%),H-4—L+1(30.%)
71 A (Sys) 284 | 0.043 | 1933 | 160.02 0.12 1 | 0003 | 0001 |H-2-L+2(44.%)H-4—L+2(11.%)
71 B (Sp) 282 | 0.118 | -102.36 | 266.24 0.67 | -0.57 | -0.0058 | 0.003 | H-2—L+3(28.%),H-3—L+1(26.%)
81 A (Si5) 278 | 0.181 | -422.85 | 327.38 1.29 1| -0.0158 | 0.004 | H-55L (31.%),H-2L+2(21.%)
81 B (Si) 275 | 0.204 | 46.15 | 345.26 0.66 0.2 | 0.0015 | 0.002 | H-4—L (40.%),H-2—L+3(15.%)
91 A (Sy7) 273 | 0.167 | -339.65 | 311.67 1.09 1| -0.014 | 0.003 | H —L+4(46.%),H-4—L+1(24.%)
91 B (Sis) 264 | 0.060 | 33.93 | 183.18 0.35 053 | 0.004 | 0.002 | H-5-L+1(26.%),H-3—L+2(25.%)
101 A (Sw) | 259 | 0.266 | 12030 | 382.72 0.31 1 | 00033 | 0.001 |H-5-L (23.%).H —L+4(20.%)
101 B (Sp) | 258 | 0.118 | 135.21 | 253.88 1 0.53 | 0.0084 | 0.004 | H-1-L+4(27.%),H-3L+2(26.%)
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TaBLE C16: Excitation energies (Aaps, nm), Corresponding Oscillator Strength( fosc),
Orbitals involved in the transitions, |p|, |m/|, cos 0, R, gcp and |m|/|p| of 4F8H. |p/,
|m|, and R are in esu-cm, erg-G~! and esu-cm-erg-G~! units, respectively.

4F8H
Excited States | Mabs | fose | £/10770 [ [u|/10720 [ |m|/107% [ cos 0 | gcp |m|/|p| | Configurations
1B (S) 413 | 0.001 | -2.95 32.28 0.2 -0.47 | -0.0113 | 0.006 | H —L (50.%),H-1-L+1(40.%)
1A (Sy) 382 | 0.013 | 61.84 | 101.21 0.61 1|-0.0241| 0.006 | H —L+1(65.%)H-1—L (11.%)
21 B (S3) 377 | 0.075 | 701.30 | 245.54 395 | 072 | 0.0465 | 0.016 | H-1-L+1(52.%),H —L (40.%)
21 A (S)) 354 | 0.012 | -40.88 | 94.28 0.43 1| -0.0184 | 0.005 | H-1-L (67.%),H-2—L+1(18.%)
31 A (S5) 340 | 0.068 | -115.05 | 221.76 0.52 100094 | 0.002 | H —L+1(30.%),H-2L+1(22.%)
31 B (Se) 336 | 0.003 | 53.02 43.75 136 | 0.89 | 01107 | 0.031 | H-2—L (84.%),H —L ( 4.%)
41B(S7) 319 | 0.056 | -19.80 | 195.05 0.39 | -0.26 | -0.0021 | 0.002 | H-3-L+1(33.%),H-4-L (17.%)
41 A (Ss) 316 | 0.031 | -69.00 | 1453 0.47 1| -0.0131 | 0.003 | H-25L+1(38.%),H-3-L (26.%)
51 B (So) 310 | 0.012 | -5.23 87.03 0.07 -0.87 | -0.0028 | 0.001 | H-1-L+2(78.%),H —L+3( 6.%)
51 A (Si0) 308 | 0.024 | -33.28 125.68 0.26 -1 | -0.0084 | 0.002 | H—L+2(58.%),H-3—L (28.%)
61 B (S11) 302 | 0.018 6.02 107.45 0.29 0.2 | 0.0021 | 0.003 | H—L+3(57.%),H-3—L+1(30.%)
61 A (S12) 292 | 0.089 | -104.55 234.53 0.45 -1 | -0.0076 | 0.002 | H-1-L+3(39.%),H-2—L+2(13.%)
71 A (S13) 291 | 0.000 | -10.30 14.16 0.73 -1 -0.205 | 0.051 | H-2—L+2(48.%),H-4—L+1(14.%)
71 B (Sw) 283 | 0.052 | -74.42 176.93 0.59 -0.71 | -0.0095 | 0.003 | H-2—L+3(39.%),H-3—L+1(20.%)
81 B (S15) 278 | 0.271 | 24.89 | 399.72 0.82 | 0.08 | 0.0006 | 0.002 | H-4—L (36.%),H-1-L+4(17.%)
81 A (Sig) 276 | 0.105 | -180.87 | 248.87 0.73 1| -0.0117 | 0.003 | H —L+4(25.%),H-5—L (24.%)
91 A (Si7) 273 | 0.413 | -622.93 | 489.65 1.27 1 |-0.0104 | 0.003 | H-4—L+1(34.%),H —L+4(25.%)
91 B (Sis) 268 | 0.016 | 23.35 94.72 026 | 0.97 | 0.0104 | 0.003 | H-35L+2(52.%),H-6>L+1(18.%)
101 A (Swo) | 263 0035 | 7158 | 14046 0.51 1 | 00145 | 0.004 | H-6-L (36.%)H-5-L (23.%)
10 ' B (Sa0) 261 | 0.089 | 72.68 222.45 0.36 0.9 | 0.0059 | 0.002 | H-6—L+1(39.%),H-1—-L+4(16.%)

TaBLE C17: Excitation energies (Aaps, nm), Corresponding Oscillator Strength( fosc),
Orbitals involved in the transitions, ||, |m|, cos 0, R, gcp and |m|/|p| of 8F8H. |u/,
|m|, and R are in esu-cm, erg-G~! and esu-cm-erg-G~! units, respectively.

8F8H
Excited States | Aabs | fose | /10720 | [u|/10720 [ |m|/107% [ cos 0 | gcp |m|/|p| | Configurations
1B (S) 415 | 0.000 | 0.27 15.31 02 0.09 | 0.0047 | 0.013 | H =L (49.%),0-1—L+1(41.%)
11A (Sy) 383 | 0.004 | 2230 | 55.55 0.4 -1 [-0.0289 | 0.007 | H —L+1(54.%)H-1>L (23.%)
21 B (S3) 379 | 0.074 | 690.94 | 244.05 3.98 071 | 0.0464 | 0.016 | H-1-L+1(51.%),H —L (41.%)
21 A (Sy) 355 | 0020 | -94.25 | 14828 0.64 -1 [-0.0171| 0004 | H-1-L (66.%),H-2—L+1(14.%)
3L A(S5) 342 1 0.051 | -93.95 192.76 0.49 -1 -0.0101 | 0.003 | H —L+1(35.%),H-2—L+1(28.%)
31 B (Se) 334 | 0.002 21.27 36.75 0.96 0.6 0.063 0.026 | H-2—L (80.%),H —L ( 4.%)
41 B (S7) 319 | 0.018 | 4.63 111.15 0.55 0.08 | 0.0015 | 0.005 | H-3—sL+1(31.%)H-1—L+2(18.%)
41 A (Ss) 314 | 0.029 | -79.40 | 138.36 0.57 1| -0.0166 | 0.004 | H-3—L (36.%)H-2—L+1(30.%)
51 B (Sy) 311 | 0.024 | -4.81 124.68 015 | -0.26 | -0.0012 | 0.001 | H-1-L+2(65.%),H-4—L ( 9.%)
51 A (Si) 308 | 0.039 | -60.35 | 158.87 0.44 21| 0011 | 0.003 | H —L4+2(63.%),H-3—L (19.%)
6B (Su) 209 | 0.007 | -7.19 67.87 016 | -0.66 | -0.0062 | 0.002 | H »L+3(53.%),H-3>L+1(28.%)
61 A (Sp) 201 | 0.050 | -95.90 | 176.57 0.54 -1 [-0.0123 | 0.003 | H-1-L+3(33.%),H-4—L+1(28.%)
71 A (Si3) 287 | 0.046 | 1548 | 166.65 0.09 1 ]00022 | 0001 |H-2-L+2(51.%)H-4—L+2(12.%)
71 B (Sp) 284 | 0.143 | -95.66 | 204.21 097 | -0.34 | -0.0044 | 0.003 | H-3—L+1(23.%),H —L+3(20.%)
81 A (Si5) 280 | 0.163 | -387.17 | 311.99 1.24 100159 | 0.004 | H-55L (36.%),H-1-L+3(20.%)
81 B (Si) 276 | 0.145 | 56.67 | 291.92 0.63 0.31 | 0.0027 | 0.002 | H-4—L (38.%),H-2L+3(22.%)
91 A (S7) 274 | 0.215 | -360.81 | 354.21 1.02 1 |-0.0115| 0.003 | H —»L+4(45.%)H-4-L+1(27.%)
91 B (Sy5) 269 | 0.032 | 178 134.22 0.12 0.11 | 0.0004 | 0.001 | H-5—L+1(36.%)H-3—L+2(21.%)
101 A (S1) | 262 | 0.260 | 145.22 | 380.81 0.38 1| 0004 | 0001 |H—L+4(26.%)H-5—L (21.%)
101 B (Sy) | 261 | 0.079 | 15301 | 209.45 1.07 | 0.68 | 0014 | 0005 | H-3-L42(41.%),H-11+4(16.%)
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TABLE C18: Charge Transfer (wcr), Participation Ratio of Natural Transition Orbitals
(PRnTo) and Exciton Size (dexc in A) for 5H and its three fluorinated derivatives.

Results are obtained at RI-ADC(2)/def2-TZVP level.
5H 2F5H 4F5H 8F5H

State State | wor | PRNTO | dexe | State wer | PRNTO | dexc | State wer | PRNTO | dexc | State wer | PRNTO | dexce
Number

(S1) 1TA [078 2.08 [406|1TA [078] 198 [415[1TA [077| 1.86 |[413[1TA [078] 192 [4.15
(S2) 1'B |077| 181 |423|1'B |076| 133 |419|1'B [075| 130 |422|1'B |0.76 | 1.36 |4.26
(S3) 2B | 074 | 177 |405|2'B |068| 252 [378|2'B [069| 177 |3.90[2'B |069| 263 |384
(S1) 3B [ 078 | 1.78 424 |2V A |078| 1.92 |419|2'A [078] 169 |418 |21 A |0.78| 1.86 |4.22
(S5) 21A 078 199 |410(3'B |077| 136 |418|3'B [077| 141 |415[3'B |0.77| 1.27 |4.20
(S6) 3'A {090 | 193 |494(3%A |080| 1.21 |447|3'A |[079| 135 |440(3"A |0.79| 1.33 |448
(S7) 4'A [ 074| 313 |4.04|4'A |075| 1.87 |414|4'A |076| 183 |428|4'A |0.77| 223 |4.33
(Ss) 4B | 078 | 247 |426|4'B |082| 270 |441|4'B |[081| 326 |438[4!B |082| 3.05 |452
(So) 51A 073 | 320 |408|5'A |065| 3.06 |368|5'A [069| 236 |38 |5'A |068| 3.00 |385
(S10) 5B [090| 299 |487|5'B |085| 3.01 |464|5'B [085| 235 |463|5'B |082| 289 |4.46
(S11) 6'A [082] 229 |450|[6%A |088| 1.87 |459|6'A |089| 230 |465(6%A |088 | 1.84 |4.72
(S12) 6'B | 082 | 247 |465|6'B |092| 262 |491|6'B [091| 188 |484|6!B |092| 253 |5.05
(S13) 7B | 068 | 1.97 |401|7'B |076| 261 [422|7'B |073| 274 |4.06|7'B |0.75| 3.05 |4.15
(S14) 7TIA | 071 | 237 |387|7'A |086| 423 |448|7'A [082] 313 |442|[7'A |079| 336 |4.21
(S15) 8B [ 079 | 262 |416|8'B |064| 208 |38 |8'B [076| 140 |453|8'A |078| 1.81 |442
(S16) 8'A (088 | 437 |440|8'A |0.71| 198 |392|8'A |077| 171 |434|8'B |0.68| 171 |4.21
(S17) 9'B | 081 | 260 |405[9'B |071| 253 [370|9'B [072| 200 |370[9'A |057| 183 |3.72
(S18) 9'A | 087 | 371 |481|10'B|089| 236 |498|9'A |084| 210 |447|(9'B |0.73| 235 |3.82
(S19) 10'B|084| 301 |465|9'A |087| 3.16 |[467|10'B |0.77 | 1.56 | 438|101 A |0.86| 2.64 |4.72
(S20) 10'A | 087 | 307 |483|10'A|081| 366 |443|10*A|076| 235 |418|10'B|0.51| 225 |3.57

TABLE C19: Charge Transfer (wor), Participation Ratio of Natural Transition Orbitals
(PRxTo) and Exciton Size (dexc in A) for 6H and its three fluorinated derivatives.
Results are obtained at RI-ADC(2)/def2-TZVP level.
6H 2F6H 4F6H 8F6H

State State | wer | PRNTO | dexe | State wer | PRNTO | dexe | State wer | PRNTO | dexe | State wer | PRNTO | dexe
Number

(S1) 1TB [081] 211 [419][1TB [081| 207 [422[1TB [081| 212 [420[1'B [081 | 207 [4.21
(S2) 1A |08l | 1.62 |438[1'A |08l | 156 |435|1'A |08 | 173 [435|1'A [081| 1.89 |4.35
(S3) 21B |081| 200 [431]2'B |079| 1.98 |425|2'B |078| 203 [420[2!B |0.79| 199 |4.25
(S41) 21A |076| 284 |[410[2YA |075| 269 |410|2YA |076| 240 |[416[2'A |0.77| 220 |47
(Ss) 31A |083| 153 |[437|3'B |084| 110 |446|3'B |083| 1.07 |441|3'B |083| 114 |4.42
(Se) 3'B |082| 1.26 |443|3'A |083| 1.61 |443|3'A |084| 190 [449|3'A |083| 182 |443
(S7) 4YA 1092] 308 |500|4'A [092| 266 |488|4*A |089| 220 [478|4'B |0.71| 339 |3.92
(Ss) 4'B | 079 | 242 |435|4'B |070| 361 |387|4'B |070| 337 [393[4'A |090| 251 |485
(So) 5!B |082| 138 [443|5'B |087| 182 |477|5'B |089| 181 [489|5!B |0.87| 220 |4.75
(S10) 6'B |087| 286 |482|6'B |088| 246 |482|5'A |083| 253 |448|[6'B |0.90| 280 |4.93
(S11) 51A 091 | 342 |493|5'A |087| 253 |471|6'B |087| 215 |474|5'A |086| 2.64 |4.67
(S12) 61A | 078 248 |428|6'A |084| 1.76 |459|6'A |08 | 1.66 |479|6'A |085| 181 |4.65
(S13) 7B | 080 | 206 |[430|7'B |[081| 300 [428|7'B |[081| 293 [428|7'B |080| 293 |427
(S14) 7TVA 075 273 |[407|7YA 072 3.00 [399|7'A |070| 299 [395|7'A |0.73| 288 |4.02
(S15) 8B |090| 310 |[483|8'B |085| 293 |455|8!B |082| 276 [434|8!B |084| 275 |4.50
(S16) 81A |077| 200 |423|8'A |077| 366 |419|8'A |08l | 256 |454|81A |0.75| 3.56 |4.18
(S17) 9'B | 082 | 217 |[459|9'A |084| 358 |451|9'A |08 | 371 [465|9'A |086| 3.85 |4.56
(S18) 91 A |084| 400 |452|10'A 086 | 3.95 |461 |10 A|084| 3.17 |444 |10 A |0.86| 3.37 |4.70
(S19) 100'A 078 227 [437|9'B |088| 490 [469|9'B [090| 403 |477|9'B |0.85| 248 |4.71
(S20) 10'B|085| 192 |425|10'B |084| 255 |443|10'B 083 | 2.75 |448|10'B|0.88 | 3.70 | 4.58
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TABLE C20: Charge Transfer (wcr), Participation Ratio of Natural Transition Orbitals
(PRnTo) and Exciton Size (dexc in A) for TH and its three fluorinated derivatives.

Results are obtained at RI-ADC(2)/def2-TZVP level.

7H 2F7H AFTH 8F7TH

State State | wer | PRNTO | dexe | State | wer | PRNTO | dexe | State | wer | PRNTO | dexe | State | wer | PRNTO | dexe
Number

(S1) 1TA [084| 208 [423|1TA [083| 204 [426|1TA [083| 203 [426|1TA 083 | 207 |424
(S2) 1'B |084| 123 [436|1'B [085| 1.05 [450|1'B [084| 1.07 [449|1'B |0.84| 1.10 |4.49
(S3) 2'B | 084 | 1.71 |[448|2'B |082| 1.28 |431|2'B |082| 130 [428|2!'B |082| 127 |4.30
(S4) 3B |082| 263 |[436|3'B |079| 224 |418|3'B |079| 211 [418|3'!B |0.78| 218 |4.15
(Ss) 21A |085| 1.93 |[436|2'A |085| 200 |440|2'A |085| 200 |441|[2'A |086| 200 |4.45
(Se6) 3VA |087| 1.79 |467|3%A |082| 1.88 |441|3'A |083| 141 |[447 |31 A |0.82| 155 |4.41
(S7) 41A | 088 ] 236 |470|4'A [092| 214 |486|4'B |089| 279 [462|41A |090| 227 |4.80
(Ss) 4'B | 088 | 324 |463|4'B |089| 265 |465|4'A |08 | 205 |[468[4'B |090| 278 |4.67
(So) 51A |080| 235 |[427|5%A |079| 360 |424|5'A |079| 315 [424|5'A |080| 345 |4.28
(S10) 5B |091| 1.88 |48 |6%A [090| 181 [459|5'B |091| 217 |[483|5!B |092| 169 |4.72
(S11) 61A |087| 267 |464|5'B |094| 236 |484|6'A |093| 205 [472|6'A |08 | 212 |4.72
(S12) 6'B | 083 | 3.02 [447|6'B |088| 209 |478|6'B |094| 177 [490|6'B |095| 194 |4.94
(S13) 71B | 08| 266 [465|7'B [079| 320 |426|7'B |080| 329 |431|7'B |081| 3.01 |4.36
(S14) 7TYA 089 307 |48 |7A |089| 298 |[479|7'A |090| 281 [486|7'A |088| 347 |4.76
(S15 81A |084| 308 |441|8TA |081| 290 |434|8'A |081| 274 [437 |81 A |082| 281 |4.40
(S16) 8B |086| 1.72 |465|8'B |082| 3.61 |428|8'B |087| 288 [454|8!B |090| 283 |4.63
(S17) 9'B | 085 | 357 |[438|9'B |085| 150 |451|9'B |081| 291 [428[9'B |080| 3.32 |4.27
(S1s) 91 A |087| 246 |[453|9'A |088| 273 |456|9'A |086| 3.04 |[448|9'A |087| 234 |451
(S19) 10'A |08 230 |[432[10"A|087| 238 [442|10°A|088| 293 |436|10'A|086| 231 |4.38
(S20) 10'B |08 | 204 |447|10'B |0.86| 332 |440|10'B [0.85| 2.87 |441|10'B|0.82 | 3.02 |4.34

TABLE C21: Charge Transfer (wor ), Participation Ratio of Natural Transition Orbitals
(PRnTo) and Exciton Size (dexe in A) for 8H and its three fluorinated derivatives.
Results are obtained at RI-ADC(2)/def2-TZVP level.
8H 2F8H 4FS8H 8F8H

State State | wer | PRNTO | dexe | State wet | PRNTO | dexe | State wer | PRNTO | dexe | State wer | PRNTO | dexe
Number

(S1) 1TB [08 | 209 [431[1TB [08 | 195 [439|1'B [086] 205 [438[1T'B |0.86| 206 |4.37
(S2) 21B | 085 | 200 |[442|1'A |086| 1.65 |454|1'A |08 | 142 [453|11A |086| 175 |4.52
(S3) 1A |087| 155 [454|2'B |085| 192 |444|2'B |085| 198 |444|2'B |085| 1.99 | 4.46
(S4) 21 A | 084 211 [434|2%A |084| 181 [434|2'A |084| 169 [435[2'A |085| 1.73 |4.40
(S5) 3B |090| 1.06 |[465|3%A |08 | 1.97 |443|3'A |086| 206 |[443|31A |084| 181 |4.39
(S6) 31A |087| 197 [440|3'B |088| 1.10 |448|3'B |089| 1.08 [451|3'B |087| 1.16 |4.43
(S7) 4V A 091 | 253 |473|4YA [079| 313 |426|4'B |078| 297 [425|4'B |083| 311 |4.43
(Ss) 4'B | 085 | 1.84 [448|4'B |091| 278 |[470|4'A |089| 264 |457|[4'A |090| 268 |4.64
(So) 5B | 087 | 203 |[460|5'B |089| 149 |467|5'B |091| 138 |[474|5'B |087| 1.69 |4.59
(S10) 5VA |095| 1.83 |[485|5%A 095 211 |48 |5'A |096| 213 [494|51A |095| 196 |4.89
(S11) 6'B |088| 312 |[470|6'B |095| 242 |504|6'B |095| 209 [501[6'B |095| 236 |5.05
(S12) 61A |083] 208 |444|6'A |083| 315 |445|6'A |083| 320 |440|6'A |084| 3.11 |451
(S13) TYA 084 ] 300 |445|7'A |080] 220 |428|7'A |08l 219 |436|7'A |079] 1.82 |4.26
(S14) 71B | 089 | 258 |476|7'B |084| 277 [440|7'B 084 | 263 [444|7'B |084| 282 |442
(S15) 8LA |086| 229 |449|8'A |083| 324 |441|8'B |087| 330 |465|8'A |084] 3.10 |4.49
(S16) 8!B | 089 | 3.68 |463|8'B |090| 3.06 |474|8'A |084| 350 |445|8'B |0.88| 297 |4.67
(S17) 9'A |085] 335 |456|9'A |091| 272 |490|9'A |08 | 316 |470|9'A |091| 264 |4.93
(S18) 9'B | 089 | 356 |4.61|9'B |089| 350 |470|9'B |090| 247 |473[9'B |0.90 | 3.02 |4.73
(S19) 10'B 089 | 302 |468|10"A 089 | 347 |456 |10 A|091| 219 |462|10'A|088| 3.69 |4.54
(S20) 10VA 087 | 325 |457[10'B 091 | 432 |473]10'B 091 | 235 |461|10'B|0.90 | 3.56 |4.69
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FicUure C2: Natural transition orbitals for some selected excited states of 2F5H.
Results are obtained from vertical excitation calculation at RI-ADC(2)/def2-TZVP
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Hole Electron

FicUure C3: Natural transition orbitals for some selected excited states of 4F5H.
Results are obtained from vertical excitation calculation at RI-ADC(2)/def2-TZVP
level.
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FicUre C4: Natural transition orbitals for some selected excited states of 8F5H.
Results are obtained from vertical excitation calculation at RI-ADC(2)/def2-TZVP
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Ficure C5: Natural transition orbitals for some selected excited states of 2F6H.
Results are obtained from vertical excitation calculation at RI-ADC(2)/def2-TZVP.
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FIGUuRE C6: Natural transition orbitals for some selected excited states of 4F6H.
Results are obtained from vertical excitation calculation at RI-ADC(2)/def2-TZVP.
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FIGURE C7: Natural transition orbitals for some selected excited states of SF6H.
Results are obtained from vertical excitation calculation at RI-ADC(2)/def2-TZVP.
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Hole Electron

Figure C8: Natural transition orbitals for some selected excited states of 2F7H.
Results are obtained from vertical excitation calculation at RI-ADC(2)/def2-TZVP.
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Electron

FIGureE C9: Natural transition orbitals for some selected excited states of 4F7H.
Results are obtained from vertical excitation calculation at RI-ADC(2)/def2-TZVP.

TH-3113_176122020



Appendiz C 166

Hole Electron

FIGurE C10: Natural transition orbitals for some selected excited states of 8F7H.
Results are obtained from vertical excitation calculation at RI-ADC(2)/def2-TZVP.
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FIGURE C11: Natural transition orbitals for some selected excited states of 2F8H.
Results are obtained from vertical excitation calculation at RI-ADC(2)/def2-TZVP.
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FIGURE C12: Natural transition orbitals for some selected excited states of 4F8H.
Results are obtained from vertical excitation calculation at RI-ADC(2)/def2-TZVP.

TH-3113_176122020

Electron




Appendiz C

169

TABLE C22: Emission Energies(Aem, nm), Contributions from Various Transitions,

Participation Ratio of Natural Transition Orbitals (PRnTo), Exciton Size (dexc, A),

and Charge Transfer (wcr) of 5H, 2F5H, 4F5H, 8F5H, 6H, 2F6H, 4F6H, 8F6H,

TH, 2F7H, 4F5H, 8F7H, 8H, 2F8H, 4F8H, and 8F8H for the S;—S5; transitions.
Results are obtained at RI-ADC(2)/def2-TZVP level.

2F8H | 496 | H <L (89.%),H-1«L+1
4F8H | 493 | H <L (89.%) H-1+L+1
8F8H | 472 | H « L(52.%),H-1+L+1

6.%
7%
42.%

1.12 4.55 | 0.89
1.15 4.59 | 0.92
1.97 4.42 | 0.84

—~|—

System | Aem Contributions PRNTO | dexe | woT
5H 390 | H «L (56.%),H-1<-L+1(39.%) 1.98 4.15 | 0.80
2F5H | 397 | H «+L+1(58.%),H-1<L (36.%) 1.94 4.15 | 0.78
4F5H | 403 | H «L (66.%),H-1+-L+1(29.%) 1.79 4.15 | 0.78
8F5H | 402 | H +L+1(63.%),H-1+L (32.%) 1.86 4.15 | 0.80
6H 411 | H-1<L (47.%),H < L+1(46.%) | 2.04 | 4.26 | 0.84
2F6H | 421 | H-1<L (56.%),H < L+1(36.%) | 1.93 | 4.28 | 0.84
4F6H | 422 | H-1+-L (51.%),H «+L+1(42.%) 2.02 4.27 | 0.83
8F6H | 424 | H «L (56.%),H-1+L+1(36.%) 1.94 4.24 | 0.83
TH 447 | H «L (57.%),H-1+L+1(38.%) 1.95 4.29 | 0.86
2F7H | 451 | H «+L+1(60.%),H-1+L (34.%) 1.90 4.32 | 0.86
4F7TH | 453 | H «L+1(61.%),H-1<-L (34.%) 1.89 4.32 | 0.85
8F7TH | 453 | H < L+1(54.%),H-1+-L (41.%) 2.00 4.29 | 0.81
8H 462 | H-1+L(46.%),H «L+1 (45.%) | 2.03 | 4.34 | 0.81

)

)

)

—~
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Ficure C13: Natural transition orbitals corresponding to S;— Sy transitions in 5H
and its fluorinated derivatives. Results are obtained at RI-ADC(2)/def2-TZVP level.

FIGURE C14: Frontier molecular orbitals (HOMO-1 (H-1), HOMO (H), LUMO (L)
and LUMO+1 (L+1)) for 5H, 2F5H, 4F5H and SF6H.
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Ficure C15: Natural transition orbitals corresponding to S;—Sp transitions in 6H
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and its fluorinated derivatives. Results are obtained at RI-ADC(2)/def2-TZVP level.

FIGURE C16: Frontier molecular orbitals (HOMO-1 (H-
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Ficure C17: Natural transition orbitals corresponding to S;—S¢ transitions in TH
and fluorinated derivatives. Results are obtained at RI-ADC(2)/def2-TZVP level.

FiGURE C18: Frontier molecular orbitals (HOMO-1 (H-1), HOMO (H), LUMO (L)
and LUMO+1 (L+1)) for 7H, 2F7H, 4F7H and S8F7H.

TH-3113_176122020

Hole Electron Hole Electron
7H 4F7H
0.57 . 0.61,
- -

g =i

8F7H

&

0.54,
—-

041,
-

LUMO+1

HOMO

HOMO-1




Appendiz C

173

Ficure C19: Natural transition orbitals corresponding to S;—S¢ transitions in 8H
and fluorinated derivatives. Results are obtained at RI-ADC(2)/def2-TZVP level.

FIGURE C20: Frontier molecular orbitals (HOMO-1 (H-1), HOMO (H), LUMO (L)
and LUMO+1 (L+1)) for 8H, 2F8H, 4F8H and 8F8H.
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F1GUuRE C21: Directions of EDTM (in red) and MDTM (in blue) vectors of 5H along
with its three fluorinated derivatives for the S;—Sj transitions. Results are obtained
at RI-ADC(2)/def2-TZVP level of theory.
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F1GURE C22: Directions of EDTM (in red) and MDTM (in blue) vectors of 7H along
with its three fluorinated derivatives for the S;—Sy transitions. Results are obtained
at RILADC(2)/def2-TZVP level of theory.

4F8H

mx5 0=66°

F1curE C23: Directions of EDTM (in red) and MDTM (in blue) vectors of 8H along
with its three fluorinated derivatives for the S;—Sj transitions. Results are obtained
at RI-ADC(2)/def2-TZVP level of theory.
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