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Synopsis

Chapter 1: Introduction

Nowadays, heterocyclic conjugated polymers are extensively studied for their applica-

tions in organic devices, such as organic light-emitting diodes, organic photovoltaics and

organic field-effect transistors. Lack of appropriate optical gap, improper alignment of

frontier orbitals with respect to the work function of electrodes, small mobilities of charge

carriers, inappropriate hole-electron binding energy, etc., of organic materials often limit

the performance of organic devices compared to the inorganic devices. Although a lot

of studies have been devoted to find means and methods to improve the performance

of these organic devices, designing an appropriate material having required electronic

and optical properties is still a challenging task. Computational studies, at this junc-

ture, are of immense help in understanding physical properties of existing conjugated

polymers and designing new materials. The objective of the present work is to explore

the structure and properties of various heterocyclic conjugated polymers using density

functional theory (DFT) and time-dependent DFT (TDDFT) methods.

Chapter 2: Theoretical methods

In this chapter, basic concepts of Hartree-Fock theory, DFT and TDDFT are briefly

mentioned. Few commonly used functionals and Grimme’s dispersion correction terms

are emphasized in the discussion.
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Chapter 3: Thiophene–azomethine–pyrrole based conjugated polymers

This chapter presents optoelectronic and charge transport properties of a class of con-

jugated polymers where the basic unit consists of a thiophene and a pyrrole ring linked

by a –CH=N– group. The presence of π-spacers in the main chain helps in reducing

torsion angle and enhances the π-electron delocalization across the chain. Azomethine-

linked oligomers are isoelectronic to their vinylene-linked counterparts. These oligomers

are known for the ease of synthesis, effortless purification process and small harmful

byproducts. Our results show that sterically demanding substituents induce twisting in

the conjugated backbone of oligomers and increase both the HOMO–LUMO and opti-

cal gaps, compared to the basic molecule. Properties of the oligomers depend on the

positions of the substituents, for both electron donating and withdrawing groups. Two

studied oligomers are planar due to the presence of intramolecular O· · · S interactions

and optical gaps of these two oligomers are red shifted compared to the values obtained

for others. These two planar oligomers and few other azomethines are found to be

potential candidates for the absorption layer of an OPV.

After a detailed study of structural and optoelectronic properties, few of these azome-

thines are carefully selected to study their charge carrier injection and transport prop-

erties. Our findings show that the presence of a bulky substituent adversely affects

these properties. However, the electronic effect of substituents may be utilized to tune

these properties by substitutions at suitable positions. High electron injection barriers

and poor stabilities of the anionic forms of these azomethines will prevent them from
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being electron transport layer. However, most of the oligomers have excellent hole in-

jection capability. For some of the studied molecules, mobilities of holes and electrons

are sufficiently large. Thus, considering both the charge carrier injection and transport

properties, it is found that a thiophene–pyrrole azomethine without any substituent and

substituted azomethines with a methyl, methoxy or amine group at the 3 position of the

pyrrole ring may act as efficient materials for the hole transport layer.

Chapter 4: Vinylene- and azomethine-linked oligomers: Optoelectronic properties of

helical and nonhelical conformers

Looking at the possibility of a large number conformers of π-spaced heterocyclic oligomers,

this chapter focuses on stabilities and optoelectronic properties of different conformers

of an oligomer. Although different conformations of small oligomers are taken care

of in several studies, conformations of long oligomers are often neglected. However,

order of stability of conformers of an oligomer may change with the increase of chain

length due to intramolecular noncovalent interactions, which may lead to change in their

optoelectronic properties. To unveil the missing information of structure-property rela-

tionships with increase in chain length, a systematic study is carried out for vinylene-

and azomethine-based heterocyclic conjugated polymers. For each oligomer, one folding

conformer and two linear conformers are considered. B3LYP and B3LYP-D3 function-

als are used to observe the effect of dispersion energy, and our results indicate that the

B3LYP-D3 functional is suitable for ground-state studies of these systems. In the case
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of folding conformers, after a certain chain length, while all vinylene-linked oligomers

and thiophene-azomethines form helix-like structures, pyrrole-azomethines and furan-

azomethines form irregular foldamers. For long vinylene-linked oligomers, helices are

comparatively more stable than their respective linearly conjugated isomers, due to

intramolecular noncovalent interactions. In the case of azomethine-linked oligomers, ge-

ometries and stabilities of conformers depend on the type of heterocyclic ring in the

repeating unit. For linearly conjugated vinylene-linked systems, S0 → S1 transitions

have the largest oscillator strengths, and these absorption bands are dominated by the

HOMO to LUMO excitation. In the case of a few linear azomethine-linked oligomers,

two major electronic transitions, S0 → S1 and S0 → S2, are noticed. However, tran-

sitions from S0 to higher electronic states are the most prominent transitions in cases

of foldamers, except azomethine-linked thiophene foldamers. Major absorption bands

of these helical oligomers are dominated by transitions from HOMO–N to LUMO+N

orbitals.

Chapter 5: Pyridine–furan/pyrrole/thiophene oligomers: Geometries and opto-

electronic properties of helical conformers

pyridine-furan pyridine-pyrrole

This chapter reveals structural and optoelectronic of pyridine-based helical oligomers.

Similar to the above mentioned helical vinylene-linked oligomers, in the case of pyri-

dine–furan, pyridine–pyrrole and pyridine–thiophene oligomers, helix-like structures are

also possible even at smaller chain length compared to the vinylene-linked ones. Further,
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these pyridine-based oligomers have two different helical conformations, making them

suitable candidates to explore the details of structural and optoelectronic properties

of helical oligomers. Comparison of results obtained at B3LYP/6-31G(d) and B3LYP-

D3/6-31G(d) levels of theories reveals that the inclusion of dispersion correction with the

B3LYP functional has a major impact on ground state structures and stabilities of these

helical oligomers. Calculation of stabilization energies, gained due to the non-bonding

interaction between adjacent helical turns, shows that stabilities of helical oligomers in-

crease with an increase in chain length. Ground state dipole moment values of these

helical oligomers fluctuate between a certain range and these values depend on the num-

ber of repeating units (n) and the number of repeating units needed to complete one

helical turn (u) of a helix. The absorption spectrum of a helical oligomer is composed of

multiple electronic transitions having significant oscillator strengths. Furthermore, for

the most important electronic transition (S0 → Sm) of oligomers with n > u,m increases

with increasing n. For these helices, excitations involving molecular orbitals other than

frontier molecular orbitals significantly contribute to major electronic transitions.

Chapter 6: Pyridine-pyrrole based cross-conjugated oligomers: Effects of insertion of

π-spacers in the main chain on the electronic and optical properties

π-spacer

No spacer

Azo spacer

Azomethine spacer

Vinylene spacer

Absorption spectra of tetramers

Red Shift

In comparison to through-conjugated systems, electronic and optical properties of cross-

conjugated oligomers are difficult to tune. For through-conjugated systems, insertion

of π-spacers in the main chain and having copolymers with donor and acceptor units

are immensely successful ways to tune their properties. To see the applicability of these
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informations in tuning the structure and properties of cross-conjugated systems, in this

chapter, pyridine-pyrrole based donor-acceptor oligomers are chosen, and the effect of

insertion of π spacers, such as vinylene, azomethine, azo-linkages on the electronic and

optical properties are studied. Our results show that major absorption peaks for the

π-spaced oligomers are shifted towards the red end compared to those for the basic

unit. Optical and fundamental gaps also decrease upon the insertion of π-linkers in

the oligomer. Similarly, dipole moment, change in dipole moment upon excitation and

hole-electron binding energy of an exciton are significantly altered by the presence of

additional π linkages in the main chain. Our results convey that optical and electronic

properties of neutral cross-conjugated molecules can be effectively tuned by extending

the conjugation length of its two conjugated branches.

Chapter 7: Summary and conclusions

In this thesis, structural, electronic and optical properties of various through- and cross-

conjugated heterocyclic oligomers are unraveled. Chapter 3 indicates that few thiophene

and pyrrole based azomethines have suitable properties for their use in organic devices.

Results of Chapter 4 show that the most stable conformer and optoelectronic properties

of an oligomer may change with an increase in chain length. In Chapter 5, it is shown that

helical conformers of pyridine-furan, pyridine-pyrrole and pyridine-thiophene oligomers

are feasible, and this study explores their HOMO-LUMO gaps, optical gaps, absorption

spectra and dipole moments. Chapter 6 concludes that properties of a cross-conjugated

system can be tuned by the insertion of π-spaces in its main chain.
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4.3 Ground-state structures of A-(FAm)9 andA-(PAm)9 optimized at B3LYP/6-
31G(d,p) (a, c) and B3LYP-D3/6-31G(d,p) (b, d) levels. . . . . . . . . . . 82

4.4 Ground-state structures of A-(TAm)10 optimized at B3LYP/6-31G(d,p)
(a) and B3LYP-D3/6-31G(d,p) (b) levels. . . . . . . . . . . . . . . . . . . 83

4.5 Ground-state structures B-(FV)9, C-(FV)9, and B-(TAm)10 optimized
at the B3LYP-D3/6-31G(d,p) level. . . . . . . . . . . . . . . . . . . . . . . 84

TH -1519_11612221



List of Figures xi

4.6 Energies of different conformers with respect to that of conformer A. (a),
(b) and (c) show the results for (FV)n, (PV)n and (TV)n, respectively.
Results are shown for B3LYP and B3LYP-D3 functionals. Here, n is the
number of repeating units. . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.7 Energies of different conformers with respect to that of conformer A. (a),
(b) and (c) show the results for (FAm)n, (PAm)n and (TAm)n, respec-
tively. Results are shown for B3LYP and B3LYP-D3 functionals. Here,
n is the number of repeating units. . . . . . . . . . . . . . . . . . . . . . . 85

4.8 ∆r values of all the studied oligomers. Here, ∆r = C-Cavg – C=Cavg and
n is the number of repeating units. . . . . . . . . . . . . . . . . . . . . . . 87

4.9 IP(v)s of the longest oligomers of studied vinylene- and azomethine-linked
compounds calculated at the B3LYP-D3/6-31G(d,p) level. . . . . . . . . . 90

4.10 Ehl
g and Eopt

g of vinylene-linked oligomers as function of the reciprocal
number of the double bonds (x) in oligomers. . . . . . . . . . . . . . . . . 91

4.11 HOMO and LUMO energies of (FV)4−9 of three conformers A, B and C. 92

4.12 Simulated UV-Vis spectra of A, B andC conformers for (FV)9 (a), (PV)9
(b), (TV)14 (c), (FAm)9 (d), (PAm)9 (e), (TAm)10 (f). The fwhm is 1500
cm−1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

4.13 Electron distributions in HOMOs and LUMOs of A conformers of (FV)9,
(PV)9 and (TV)14. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

4.14 Electron distribution in HOMO and LUMO of B-(FV)9 and C-(FV)9. . . 97

4.15 CD spectra of A, B and C conformers for (FV)9, (PV)9, (TV)14, (FAm)9,
(PAm)9, (TAm)10. Results are obtained at the TDDFT/B3LYP/6-31G(d,p)
level. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

5.1 A representative structure of repeating units of the studied molecules,
where n = 1, 2, . . . . ∠ 1-2-3-4 is the inter-ring C–C dihedral angle
(denoted as θ). a, b, c d and e are alternate C–C and C=C bonds. . . . . 104

5.2 Optimized structures of two conformers of (PF)1 obtained at the B3LYP-
D3/6-31G(d) level. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

5.3 Differences in energies (∆E) between the two possible conformations (i.e.,
Ei − Eii ) of monomers calculated using B3LYP, CAM-B3LYP, B3LYP-
D3 and M06-2X functionals in combination with the 6-31G(d) basis set.
Structures of conformations i and ii for (PF)1 are shown in Figure 5.2.
Calculated values are tabulated on the right hand side of the figure and
all are in kcal/mol. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

5.4 Relaxed potential energy curves along ∠ 1-2-3-4, for (PF)1 (a), (PP)1
(b) and (PT)1 (c). Energies are relative to the energy of the most stable
structure in each case. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

5.5 Optimized structures of four conformers of (PF)2 obtained at the B3LYP-
D3/6-31G(d) level. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

5.6 Energies of different conformations of (PF)2, (PP)2 and (PT)2 with re-
spect to that of A calculated at the B3LYP-D3/6-31G(d) level. These
calculated values are also tabulated and all are in kcal/mole. . . . . . . . 107

5.7 Optimized structures of B-(PF)10 obtained by B3LYP (a) and B3LYP-D3
(b) functionals in combination with the 6-31G(d) basis set. . . . . . . . . 108

TH -1519_11612221



List of Figures xii

5.8 Energy differences between the two conformers (EA−EB) of each oligomer.
Results are shown for B3LYP and B3LYP-D3 functionals. . . . . . . . . . 109

5.9 Values of Snb = [En − n × E1] − [(n − 1)(E2 − 2 × E1)] (a) and snb =
(En−En−1)− (E2−E1) (b) are plotted versus n. Here, n and En are the
number of repeating units and ground state energy of an oligomer having
n number of repeating units, respectively. . . . . . . . . . . . . . . . . . . 110

5.10 Stabilization energies of the studied compounds at the B3LYP/6-31G(d)
level. Snb = [En − n × E1] − [(n − 1)(E2 − 2 × E1)] (a) and snb =
(En − En−1) − (E2 − E1) (b) are plotted versus n > 1. Here, n and En

are the number of repeating units and ground state energy of an oligomer
having n number of repeating units, respectively. . . . . . . . . . . . . . . 111

5.11 Optimized structures of B-(PF)3 (a), B-(PF)10 (b) and A-(PF)24 (c)
obtained at the B3LYP-D3/6-31G(d) level. . . . . . . . . . . . . . . . . . 112

5.12 ∆r values of the studied oligomers. The equation used to calculate the
∆r is mentioned in the text below. . . . . . . . . . . . . . . . . . . . . . . 114

5.13 IP(v)s of the studied oligomers calculated at the B3LYP-D3/6-31G(d) level.115

5.14 µg values of the studied oligomers calculated at the B3LYP-D3/6-31G(d)
level. u values of A-PF, B-PF, A-PP, B-PP, A-PT and B-PT oligomers
are 23, 3, 15, 3, 8 and 4, respectively. . . . . . . . . . . . . . . . . . . . . . 115

5.15 Optimized structures of A-(PT)8 obtained at the B3LYP-D3/6-31G(d)
level. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

5.16 EH and EL for all the studied compounds calculated at the B3LYP-D3/6-
31G(d) level. u values of A-PF, B-PF, A-PP, B-PP, A-PT and B-PT
oligomers are 23, 3, 15, 3, 8 and 4, respectively. . . . . . . . . . . . . . . . 117

5.17 Ehl
g and Eopt

g of oligomers calculated at the B3LYP-D3/6-31G(d) level. u
values of A-PF, B-PF, A-PP, B-PP, A-PT and B-PT oligomers are 23,
3, 15, 3, 8 and 4, respectively. . . . . . . . . . . . . . . . . . . . . . . . . . 118

5.18 HOMO, LUMO, LUMO+1 and LUMO+2 of A-(PF)n=2−4 at an isosur-
face value of 0.02. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

5.19 HOMO and LUMO of B-(PF)10 at an isosurface value of 0.02. . . . . . . 121

5.20 Absorption spectra of decamers calculated at the TDDFT/B3LYP-D3/6-
31G(d) level. Half-width at half-maximum height is 1500 cm−1. . . . . . . 122

5.21 Absorption spectra of B-(PF)n=1−10 calculated at the TDDFT/B3LYP-
D3/6-31G(d) level. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

5.22 CD spectra of the largest oligomers of conformers A (solid line) and B
(dashed line) for PF, PP and PT compounds. . . . . . . . . . . . . . . . . 123

5.23 CD spectra of A-(PT)n=1−10 calculated at the TDDFT/B3LYP-D3/6-
31G(d) level. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

6.1 Sketch map representations of repeating units of the oligomers considered
in this chapter. Here, n = 1, 2, 3 and 4. Two important dihedral angles,
∠ 1-2-3-4 and ∠ 1-5-6-7, in the nth repeating unit are denoted as dan and
dbn, respectively. Few bonds marked as a, b, c, d, e, f and g are also shown
in the figure and discussed in the text. . . . . . . . . . . . . . . . . . . . . 127

6.2 Structures of the most stable conformers of (PP)1 (a), (PCCP)1 (b),
(PCNP)1 (c) and (PNNP)1 (d) obtained at the B3LYP/6-31G(d,p) level. 129

TH -1519_11612221



List of Figures xiii

6.3 Absorption spectra of (PCCP)1 using B3LYP (a) and CAM-B3LYP (b)
functionals. For B3LYP, the effect of different basis sets is shown. For
CAM-B3LYP, in addition to showing the effect of basis sets, the perfor-
mance of CAM-B3LYP with respect to variation of set of parameters (µ,
α, β) = (0.100,0.0693,0.9307), (0.075,0.1257,0.8743) and (0.050,0.1625,0.8375)
is also shown. It is to be mentioned that the experimental peak appears
at 340.00 nm, with a shoulder at larger wavelength and the low energetic
edge at 435.00 nm.250 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

6.4 Absorption spectra of different conformers of (PCCP)1. A full-width at
half-maximum value of 1500 cm−1 is used while computing the spec-
tra. Calculated and experimental transition energies (in nm) from ground
state to different excited states are also tabulated. . . . . . . . . . . . . . 133

6.5 Ground state structure of (PCCP)2 showing the interunit dihedral angle
di = ∠ a-b-c-d. Hydrogen atoms are not shown for clarity. . . . . . . . . . 134

6.6 ∆r values of the studied molecules. Two different equations are used to
calculate ∆r for PP and other three π-spaced oligomers, and details of
these calculations are mentioned in the text below. . . . . . . . . . . . . . 135

6.7 Dipole moments of the studied molecules in ground states, denoted as µg
(a) and excited states, denoted as µe (b). In (c), ∆µge, i.e., change in
dipole moment upon excitation is depicted. ∆µge, the absolute difference
in dipole moments between the ground and vertical excited states of the
studied molecules is calculated as ∆µge = [(µgx − µex)

2 + (µgy −µey)
2 +

(µgz −µez)2]1/2. Here, (µgx, µgy, µgz) and (µex, µey, µez) are the x, y and
z -components of the ground state and the vertical excited state dipole
moments, respectively. All the dipole moment values are in Debye. . . . . 136

6.8 Vertical IP(v)s (a) and EA(v)s (b) of the studied molecules obtained at
the B3LYP/6-31++G(d,p)//B3LYP/6-31G(d,p) level. . . . . . . . . . . . 138

6.9 Energies of HOMOs (EH) and LUMOs (EL) of the studied molecules
calculated at the B3LYP/6-31++G(d,p)//B3LYP/6-31G(d,p) level. . . . 139

6.10 Fundamental (a) and optical (b) band gaps of the studied molecules.
Fundamental gap is calculated in two different ways; 1. as EH - EL

denoted as Ehl
g in text and 2. as IP - EA denoted as Efund

g in text. In (a),

dotted and solid lines represent the Ehl
g and Efund

g values, respectively. . . 139

6.11 Binding energies (E1
b) of the hole-electron pair in studied molecules cal-

culated as E1
b = Efund

g – Eopt
g . Here, Efund

g = IP - EA and Eopt
g is the

first excitation energy of a molecule. . . . . . . . . . . . . . . . . . . . . . 140

6.12 Binding energies (E2
b) of the hole-electron pair in studied molecules, cal-

culated as: E2
b = Ehl

g – Eopt
g . Here, Ehl

g = EL-EH, and E
opt
g is the first

excitation energy of a molecule. . . . . . . . . . . . . . . . . . . . . . . . . 140

6.13 Absorption spectra of the studied molecules. Full width at half maximum
of each spectrum is 2000 cm−1. . . . . . . . . . . . . . . . . . . . . . . . . 142

A1 Ground-state structures of A-(TV)14 optimized at B3LYP/6-31G(d,p)
(a) and B3LYP-D3/6-31G(d,p) (b) levels. Distances between the atoms
of two adjacent helical turns of conformer A are given in Å. . . . . . . . . 176
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Introduction

For a long time, polymers were known for their electrical insulating properties, and

these macromolecules were only used as insulating materials in many applications for

their additional suitable chemical and mechanical properties. However, the idea of con-

ductive polymer emerged after a spectacular discovery by three eminent scientists: Alan

J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa. In 1977,1 they revealed the con-

ductive property of halogen doped polyacetylene, which initiated a new field in chemistry

by introducing conjugated organic polymers as metals or semiconductors, in contrast to

non-conjugated insulators. In 2000,2 they received the Nobel Prize in chemistry for “for

the discovery and development of conductive polymers”.

With the intrinsic mechanical properties and processing advantages of plastics, the

suitable optical and electronic properties of these conjugated polymers enable them as

appropriate alternatives for metal/semiconductor materials in electronic devices, which

brings an immense hope of development of organic devices, such as organic light emitting

diodes (OLEDs),3 organic photovoltaics (OPVs)4,5 and organic field-effect transistors

(OFETs)6. These organic devices have a number of advantages such as cheapness, flexi-

bility, semitransparency, lightweight and easy processability compared to their inorganic

counterparts, which amplified the interest in the development of organic electronics. In

recent years, as a consequence of the large amount of research carried out by both ex-

perimentalists and theoreticians to improve the efficiency and stability,7–11 few devices

1
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are already at the stage of commercialization12,13. Although significant progress has

been made in their development in past few years, these devices are still far behind

their inorganic counterparts in terms of efficiency and stability. To develop a device, we

have to focus on multiple points, such as designing appropriate active materials, device

fabrication and interface engineering. In an organic device, active materials are either

based on small molecules or conjugated polymers. In this thesis, all studies are based

on conjugated polymers. The physics of these polymers are still ill-understood, and

understanding the relationship between the structure of an oligomer and their electronic

and optical properties is vital for the optimization of active materials.

1.1 Types of conjugated polymers

Conjugated polymers of many different varieties are known which include polymers based

on non-hetero atoms,14 heterocyclic rings,14 fluorene rings,15 fused-rings,16 backbone

having π-spacers17–19 and donor-acceptor systems20,21, which highlight their structural

versatility, and it creates a library of π-conjugated systems. They can be classified in

multiple ways based on different factors, and out of them, few important types related

to the thesis work are discussed below.

1.1.1 Homopolymers and copolymers

There are two types of polymers based on the types of monomer present in the backbone

chain, i.e., homopolymers and copolymers. In homopolymers, only one type of monomer

units are involved in polymerization, while two different types are involved in copolymers.

Further, copolymers are categorized into different groups depending on the arrangement

of two types of repeating units (suppose A and B units), such as random copolymers,

block copolymers and alternating copolymers. In random copolymers, the two types

monomers are arranged in any possible order. In block copolymers, two types monomers

are grouped as homopolymers, and these two homopolymers are joined together by a
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covalent bond, i.e., (-A-A-B-B-). In the case of alternating copolymers, two different

types of monomers are arranged in regular -A-B-A-B- fashion.

1.1.2 Through-conjugated and cross-conjugated polymers

Based on the connectivity pattern, linearly π-conjugated polymers are divided into two

types, i.e., through- and cross-conjugated polymers. In through-conjugated systems, all

unsaturated atoms present in the backbone chain are conjugated with each other. In

cross-conjugated systems, three unsaturated groups are present (namely A, B and C),

while A and C are conjugated individually to B, A and C are not conjugated to each

other.22

1.2 Electronic structure and properties

Drastic differences in electrical conductivity and light absorption properties between

conjugated and non-conjugated oligomers can be explained by the Peierls distortion and

molecular orbital theory. Polyethylene, a nonconjugated polymer, can be represented

as a structure of equally spaced CH2 units having only paired electrons. This forms a

completely filled band, making polyethylene to behave as an insulating material. How-

ever, the situation is different in the case of a conjugated polymer, such as polyacetylene.

Polyacetylene can be represented as a chain containing N carbon atoms with N electrons

in 2pz-orbitals. This may result in a half filled band, similar to those for the conducting

metal. However, as a result of Peierls distortion, the structure of equally spaced carbon

atoms in polyacetylene are comparatively less stable than the structure with alternating

single and double bonds in the backbone chain.23 The chain gains electronic energy by

separating the half filled band to a valence band and a conduction band with a forbid-

den zone, called the band gap. This gain in energy exceeds the energy of deformation

resulting modification from a structure of equally spaced carbon atoms to a chain of

alternate single and double bonds. Thus, bond length alternation (BLA), which is the
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difference of the average carbon-carbon single and double bond lengths in the backbone

chain, is a crucial parameter for tuning the band gap.24

In a molecule, a carbon atom forms four bonds with neighboring atoms due to its

electronic structure of 1s2 2s2 2p2. In the case of non-conjugated polymers, such as

polyethylene, all carbon atoms are sp3 hybridized. Thus, they form four σ bonds with

neighboring atoms resulting a large gap between the highest bonding σ molecular orbital

(MO) and the lowest anti-bonding σ∗ MO, which lead them to behave as insulators and

made them insensitive to the visible light. On the other hand, in the case of conjugated

polymers, valence orbitals of carbon atoms are involved in sp2 (or sp) hybridization.

For example, in polyacetylene, all carbon atoms are sp2 hybridized, resulting three sp2

hybrid orbitals and a free 2pz-orbital on each atom. Thus, in addition to σ bonds,

bonding π and anti-bonding π∗ MOs are formed by the overlap of the remaining 2pz-

orbitals of carbon atoms. Compared to the σ electrons, π-electrons are loosely bound by

carbon atoms resulting delocalization across the chain. As the number of unsaturated

carbon atom increases with increasing chain length, number of 2pz-orbitals involved in π

MOs also increases which forms more delocalized orbitals and subsequently, this leads to

decrease in the energy gap (Eg) between π and π∗ orbitals. In an conjugated polymer of

infinite chain length, interactions of large number of 2pz-orbitals broaden the molecular

energy levels into electronic bands, which results in the formation of a fully occupied

π-valence band (VB) and an empty π∗-conduction band (CB). In comparison to the

lowest allowed electronic transition σ�σ∗ for a non-conjugated polymer, energy of the

lowest π�π∗ transition of a conjugated polymer is smaller, and for many systems it

drops to the visible region. This results in drastic change of the properties of conjugated

polymers such as absorption of small energetic photons, semiconducting behavior, easy

oxidization and reduction, good charge carrier mobilities, etc., which are not seen in the

case of non-conjugated polymers.

However, it is important to mention that undoped polyacetylene is a non conductive

material. To increase its conductivity, it must be doped to either partially fill the CB

by addition of electrons through the reduction process or partially vacate the VB by
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the oxidation process. These processes certainly improves its electrical conductivity, but

with a cost of air stability, which urges us to search new conjugated polymers those

are stable upon doping or conductive without doping. It is observed that electron rich

heterocyclic conjugated polymers and their derivatives are quite stable upon oxidation,

with good electrical conductive properties. Thiophene and pyrrole rings are examples

of such heterocycles which are widely mentioned in the literature.14

1.2.1 Band gap

The band gap is defined as the energy difference between the top of the VB and the

bottom of the CB, i.e., the energy range where no electron state exist. It determines

the conductivity and wavelength of interacting light, while the positions of the band

edges determine the ease of doping, stability of the doped state compared to its neutral

state and the ease of carrier injection from an electrode. While metals have zero band

gaps, a band gap of 3 eV is considered as a border line between the insulating and

semiconducting materials. In particular, small band gap (less than 1.5 eV) polymers

are in focus of recent research due to their many interesting applications. In order to

investigate an infinite system, band gaps of conjugated polymers are often calculated

by applying the periodic boundary condition (PBC) to the repeating unit, which is the

most stable conformer of the monomer. However, in organic thin films, often disordered

structures are found, which results in localization of the wavefunction over a small chain

length. Further, stability of conformers of an oligomer may change with increasing

chain length due to the intramolecular non-covalent interactions between different parts

of the chain. For these reasons, oligomer extrapolation approach is nowadays widely

adopted compared to the cost effective PBC calculations. It is important to mention

that the linear extrapolation approach often fails to predict the properties of polymers,

and therefore other extrapolation techniques (such as the Kuhn formula25) are generally

used for the calculation.26–28
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1.2.2 IP, EA and orbital energies

The ionization potential (IP) and electron affinity (EA) are the amount of energy needed

to remove the most loosely bound electron from a neutral molecule and the amount of

energy released upon addition of an electron to a neutral molecule, respectively. Ex-

perimentally observed IP/EA is the the difference between the energy of the N-electron

neutral ground state and that of the (N±1)-electron ionized state. The energy is adia-

batic if the geometric relaxation is considered after the ionization; otherwise it is dia-

batic/vertical. The adiabatic IP and EA are calculated as follows:

IP(a) = E+(M+)−E0(M0) (1.1)

and

EA(a) = E0(M0)− E−(M−). (1.2)

Vertical IP and EA are calculated as

IP(v) = E+(M0)− E0(M0) (1.3)

and

EA(v) = E0(M0)− E−(M0). (1.4)

Here, EX(MY ) represents the energy of M with charge ‘X’ at ‘Y ’ charged geometry of

a molecule.

As an approximation, the vertical IP and EA are calculated by the Koopmans’ the-

orem. As per the Koopmans’ theorem, assuming identical orbitals for both ionized and

neutral states of a molecule, negative of energies of the highest occupied MO, denoted

as HOMO, (EH) and the lowest unoccupied MO, denoted as LUMO, (EL) obtained at

the close-shell Hartree-Fock (HF) level of theory are the first vertical IP and EA of the

system.29 This theorem neglects errors obtained from the orbital relaxation and elec-

tron correlation in an ion, and the cancellation of these two errors often provide good
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gas-phase IP from the -EH.
30 However, in the case of EA, these two errors add up which

results an unreliable value. Further, LUMO is a virtual orbital and EL is very sensitive

to the the basis set used in the calculation, resulting in uncertainty in the EA value.

Applicability of the Koopmans’ theorem in the DFT level of theory is even more com-

plected compared to the HF theory. In DFT, the energies of orbitals strongly depends

on the approximation employed for the exchange correlation functional.30 It is thought

that an exact DFT functional will be able to calculate appropriate IP and EA values,

which is still unknown.

1.2.3 Fundamental and optical gaps

Fundamental gap (Efund
g ) is the difference between IP(v) and EA(v),29

Efund
g = IP(v)− EA(v). (1.5)

This is also calculated as EL − EH, written as Ehl
g . The reliability of Ehl

g depends on

the method used for the calculation. Further, it is found that Ehl
g of a small oligomer is

relatively smaller compared to the Efund
g , and upon extrapolation, these two meet at the

infinite chain length.31 In contrast, optical gap (Eopt
g ) is the energy required to excite an

electron from the ground state (S0) to the first optically allowed excited state (S1). It is

important to mention that the Ehl
g calculated by a DFT functional having 20-30% HF

exchange (such as B3LYP) is close to the Eopt
g and therefore, the comparison between

these two are often found in the literature.30 However, these two are completely different

quantities by definition, and only the Efund
g and Eopt

g are relevant for finite oligomers.

For most of the conjugated polymers, in the presence of light of appropriate wave-

length, an electron is excited to the LUMO and a hole is created in the HOMO, which

are electrostatically bound resulting a hole-electron pair, called exciton. The energy

required to dissociate an excited electron-hole pair into free charge carriers is called the

exciton binding energy (Eb) and is calculated as Eb = Efund
g − Eopt

g .29
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1.2.4 Dipole moment

Dipole moment is a measure of charge distribution and its value in the ground state (µg)

affects molecular aggregation, solubility of a molecule and solid state morphology. As a

result, µg becomes an important parameter to be considered while developing efficient

organic devices.32–35 For an oligomer, for which there are various possible conformations,

different µg values are obtained for different conformers.33,35 Change in dipole moment

(∆µge) upon excitation of an electron from the ground state to an excited state is

linearly related to the degree of separation of a hole and an electron in an exciton, and

thus affects the power conversion efficiency of an organic device.36–38 However, a very

large ∆µge value may adversely affect the device performance.39

1.2.5 Absorption spectrum and oscillator strength

Under illumination, a molecule absorbs electromagnetic radiation of appropriate energy

resulting transition of an electron from an occupied orbital in the ground state to an

unoccupied orbital, and an excited state is formed. The Beer–Lambert Law states that

the absorbance (A) is proportional to the concentration (c) of a substance dissolved in

a solvent and measured at a wavelength (λ), which is written as

A = εcL, (1.6)

where L is the path length. The molar absorption coefficient (ε) is directly related to

the intensity of each band and its value for a particular compound is a constant at

the specified wavelength. Oscillator strength (fosc) which describes the strength of a

particular transition is related to ε as40

fosc =
2303mec

2
0

πNave2n

∫
ε(ν)dν =

4.32 × 10−9

n

∫
ε(ν)dν, (1.7)
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where c0 is the velocity of light, n is the index of refraction, Nav is the Avogadro

number, ν is the wavenumber (in cm−1), and me and e are the mass and the charge of

an electron, respectively. The term
∫
ε(ν)dν represents the area of the absorption band

under consideration.

Quantum mechanically, the fosc associated with an electronic transition from the

ground state ψi to an excited state ψf is written in terms of transition dipole moment,

µif , as

fosc =
8π2meEfi

3he2
|µif |2, (1.8)

where Efi = Ef −Ei is the difference of energies between the ground and excited states,

and me and e are the mass and charge of an electron. The transition moment µif is

expressed as

µif = 〈ψiχi|µ̂|ψfχf〉, (1.9)

where µ̂ is the dipole moment operator. Here, the wave function of a molecule is de-

scribed by the product of the electronic wave function (ψ) and its associated vibrational

wave function (χ), while ignoring the rotational contribution. According to the Franck-

Condon principle, the electronic transition occurs on a short time scale compared to

the nuclear motion, so the µ̂ depends only on the electronic coordinates, and the above

integral can be written as 〈ψi|µ̂|ψf〉 × 〈χi|χf〉. The square of the second term, |〈χi|χf〉|2,

is called the Franck-Condon factor and measures the expected intensity of a transition.

1.3 Photophysical and electronic process in organic de-

vices

The designing of efficient active materials requires a fundamental understanding of pho-

tophysical and electronic processes involved in a device, and their relation to the elec-

tronic and optical properties of organic materials. In the subsections below, working

principles of OPV, OLED and OFET are described, focusing on the matters related to
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organic materials. However, there are many other factors such as the device configura-

tion, which affects the efficiency and stability of an organic device.

1.3.1 Working principle of organic devices

1.3.1.1 OPV

OPVs are organic devices which produce electricity from the sunlight by the photovoltaic

effect. Unlike inorganic solar cells, organic materials are used as active materials in

OPVs. Depending on the type of junction present in OPVs, they are categorized in to

different types, such as single layer, bilayer and bulk-heterojunction (BHJ) solar cells. In

the case single layer OPVs, only one organic layer is sandwiched between two electrodes.

However, due to the large hole-electron binding energy of the organic layer, most of the

photogenerated charge carriers often recombine, resulting in poor output current. To

solve this issue, instead of one layer, a combination of donor and acceptor layers are used

as the active material. In this bilayer architecture, a major problem remains due to the

small exciton diffusion length in organic materials, leading to small output current as

excitons often fail to reach the bilayer junction.

Nowadays, the single layer and bilayer device architectures are replaced by the BHJ

solar cell. To demonstrate its architecture and working principle, a model of BHJ solar

cell is shown in Figure 1.1 (a). BHJ is a blend of the donor and acceptor materials in

nanoscale to form the absorption layer, where each interface is within a distance less

than the exciton diffusion length from the absorbing site. When light of appropriate

wavelength falls on the active layer, it absorbs photons and excitons are formed by

excitations of electrons from occupied to unoccupied orbitals. These excitons migrate

towards the donor-acceptor interface, where the charge separation takes place to form

the individual charge carriers. These separated holes and electrons travel towards anode

and cathode, respectively, and finally these charge carriers are collected at the respective

electrodes, which leads to the generation of electric current. With consideration of
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Figure 1.1: (a) Structure of a bulk-heterojunction solar cell and (b) current (I )-
voltage (V ) curve of an OPV.

number of processes involved, power conversion efficiency (η) of a BHJ solar cell can be

written as41

η = ηA × ηED × ηCT × ηCC, (1.10)

where ηA, ηED, ηCT and ηCC are efficiencies of light absorption by the active layer,

exciton dissociation, charge transfer and carrier collection by electrodes, respectively.

Electric power is the rate at which the electrical energy is transferred by an electric

circuit. So, work done per unit time is

P =
V ×Q

t
= V × I, (1.11)

where V, Q and I are electric potential/voltage, electric charge and electric current,

respectively. A representative diagram showing the relation between current and voltage

of an organic solar cell under illumination is shown in Figure 1.1 (b). At a particular

point of the I -V curve, the maximum power (Pm) is generated with the corresponding

current Im and voltage Vm. Power conversion efficiency is calculated as41

η =
Pm

Pin
=
Vm × Im
Pin

=
VOC × ISC × FF

Pin
, (1.12)

where Pin is the incident light intensity. VOC, ISC and FF are the voltage at open circuit

condition, the output current at short circuit condition and the fill factor of the device,
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respectively. VOC is related to the difference of energies of HOMO of the donor and

LUMO of the acceptor materials.5 Short circuit indicate a circuit having no resistance

or with negligible resistance. In the light absorption layer, each absorbed photon creates

a hole-electron pair, and without any resistance all charge carriers will be collected by

the electrodes. Thus, ISC is directly related to the absorption of light. FF represents the

ease of extraction of charge carriers in a solar cell. In the ideal case, FF is unity (100%).

In reality, it is 50-70% for the organic solar cells, while ∼ 90% for the inorganic solar

cells. So, there is a large amount of efficiency drop due to the resistance called parasitic

resistance. There are two types of parasitic resistances: series resistance and shunt

resistance. Series resistances in metal electrodes are very small compared to that in the

organic layers. Also, the resistance at the interface of a metal electrode and an organic

layer can be avoided by a careful selection of materials having proper energy levels,42

which may lead to an ohmic contact. Thus, the resistance in the organic layer dominates

the series resistance, which depends upon the product of resistivity and thickness of the

organic layer. Resistivity (ρ) is inversely related to the mobility (µ) of charge carriers as

ρ =
1

σ
=

1

nqµ
. (1.13)

Here, n and q are the density of free carriers in the organic material and the elementary

charge, respectively. Although η is directly related to the µ of a charge carrier, unbal-

anced µ values for holes and electrons results in accumulation of charge carriers in the

organic material, leading to a substantial reduction of η.41 In addition, current leakage

can take place by the shunt resistance, mainly caused by three reasons, (a) pinhole in

the cell, (b) edge of the device and (c) traps. Another major reason for the small FF is

the large intrinsic hole-electron binding energy in the organic materials, which results in

more recombinations of holes and electrons compared to what happens in the inorganic

materials.
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1.3.1.2 OLED

OLEDs are light-emitting diodes composed of thin films of organic molecules, which

emits light in the response to electric current. Figure 1.2 shows a representative model

of an multilayer OLED. It consists of three organic layers embedded between the anode

Glass or plastic substrate
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+

+

+ + + + +

+

+
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+ +
+ ++ +

-

-
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Figure 1.2: Structure of a multilayer OLED

and cathode. Out of three organic layers, the emissive electroluminescent layer is sand-

wiched between two distinct carrier transport layers for holes and electrons. When a

voltage is applied to the electrodes, electrons are injected from the cathode to the elec-

tron transport layer, while holes are propelled from the anode to the hole transport layer.

Driven by the applied electric field, holes and electrons travel in opposite directions and

combine in the emissive layer to form excitons. In excitons, spins of holes and electrons

can be combined in four different ways, i.e., one combination of antiparallel spin and

three combinations of parallel spins. Therefore, 25% singlet and 75% triplet excitons are

generated. Singlet and triplet excitons are primarily decayed via fluorescence and ther-

mal relaxation, respectively, which limits the maximum output of a fluorescent OLED

to 25%. Further, the efficiency of an OLED depends upon the ease of charge carrier

injection from metal electrodes to transport layers and mobilities of these charge carriers

in organic layers, which can be monitored by designing appropriate organic materials.

Furthermore, band gap of the organic molecule present in the emissive layer determines

the wavelength of emitted light, and the intensity of light is related to the current.
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1.3.1.3 OFET

OFETs are field effect transistors where semiconducting materials are organic molecules.

It is composed of three terminals named as the source, drain and gate, in which the cur-

rent flows between the source and drain controlled by the voltage applied to the gate

electrode. The source and drain electrodes are connected through an organic semicon-

ducting layer, and an insulating layer is placed between the semiconducting layer and

the gate electrode which forms a capacitor. In the case of zero gate voltage, charge

carriers are not present in the organic semiconducting layer. The only way to drive

current between the source and drain electrodes is the direct carrier injection from the

source/drain electrodes to the semiconductor, which produces a small current due to

large resistance of the organic semiconducting layer. When a voltage is applied on the

gate electrode, like in any capacitor, charge carriers are formed at the interface of the

insulating and semiconducting layers. This increases the conductivity of the semicon-

ducting layer which enhances the current flow between the source and drain electrodes.

Therefore, the gate voltage controls the current flow between the two terminals, and this

enables the device to behave as a microelectric switch. The efficiency of an OFET is

mainly determined by the mobilities holes and electrons in the organic semiconducting

layer.9,43,44 Besides that, the resistances at the contact surface between organic materials

and electrodes also affect the device efficiency.

1.3.2 Key properties of organic materials for the development of de-

vices

Conjugated polymers of specific properties are required for a specific purpose in organic

devices. For example, polymers having different optical gaps are needed for the emission

layer of an OLED compared to that for the absorption layer of an OPV. ISC of an OPV

is directly related to the amount of photon absorbed under the illumination, and thus,

for the absorption layer, the optical gap in Vis-NIR range is a prime requirement.5 In

OPV, VOC can be approximately calculated as the difference between HOMO and LUMO
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energies of the organic material, and thus it directly affects the efficiency of a device.5 In

the interface of electrode and organic layer of all devices, polymers having appropriate

HOMO and LUMO levels are required for the easy charge carrier injection/extraction

from/to an electrode.45 Small mobilities of holes and electrons in organic layers often

limit the device efficiency, and it is a challenge to design a material having good charge

carrier mobilities, for both holes and electrons. Balance in the mobilities of these two

charge carriers is also important to avoid charge accumulation in the material.41 In

the case of OPV and OLED devices, the binding energy (Eb) between a hole and an

electron in an exciton is a crucial parameter,41 as it determines the ease of hole-electron

separation. For a polymer, small Eb is a necessary requirement of an OPV, while

the opposite enhances the efficiency of an OLED device. This binding energy can be

effectively tuned by altering the fundamental and optical gaps, as discussed in subsection

1.2.3. It is also known that there is a correlation between the Eb and the ∆µge, and

thus, the ∆µge is a useful parameter to tune the Eb.
36,37 Further, the donor-acceptor

interface morphology and the ease of hole-electron separation in the interface are also

important factors for the development of an OPV. Furthermore, suitable IP and EA

values of organic polymers are required to enhance the environmental stability of organic

materials in devices. Thus, a large number of factors related to the active materials affect

the efficiency and stability of an organic device, and all these properties are related to

the chemical structures of the active materials.

1.4 Motivation

Conjugated polymers are center of attraction these days due to their possible use in

organic devices.5,6,46,47 A clear understanding of the optical and electronic processes

occurring in conjugated polymers is vital to build a material of specific need. Chemical

structures of the conjugated polymers are affected by the presence of electron donating

and withdrawing groups, and this result in alternation of the geometries as well as

their optical and electronic properties.14 Even the effects of the same group present at
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different positions in the main chain are quite different. Further, the configurational

and conformational isomers of the same polymer have different properties.33,48 To get

an understanding of this multiple complexity, arduous studies on this topic are of urgent

need. Further, the focus of the majority of research community is on the through-

conjugated polymers, while helical shaped conjugated polymers49,50 and linearly cross-

conjugated polymers51 are suffering from the lack of attention. This clearly points at the

gap in understanding the relationship between the chemical structure and the properties,

and there is a long path to achieve a full grasp over it, which is a very difficult task for

the experimentalists. Here, computational studies play a key role in exploring varieties

of conjugated polymers and gaining an understanding of the properties of the conjugated

polymers in a faster and efficient way.

Recently, the interest in heterocyclic conjugated polymers has increased consider-

ably.52–58 In these polymers, as a result of the presence of hetero-atoms (S, N and O)

in the main chain, the orbitals of these atoms also contribute to the electronic struc-

ture of the polymer. This leads to drastic change of their geometries and stabilities

of various electronic states, resulting in different electronic and optical properties.59–61

The presence of hetero-atoms in a polymer helps to regulate its own geometry and the

bulk geometry by the intramolecular and intermolecular interactions, respectively, with

the formation of hydrogen-bonds and other noncovalent bonds (e.g., S· · · S, S· · ·N and

S· · ·O). This leads to change in packing motifs of the organic materials, resulting al-

ternation in charge transport, light absorption and other properties. Many heterocyclic

polymers composed of thiophene, pyrrole, furan rings and their derivatives are widely

studied for the search of a new conjugated polymer. Especially, polythiophene and their

derivatives have gained considerable attention due to their chemical stability and suit-

able optoelectronic properties.14,62 Chemical modification of these oligomers is of great

interest for further development, which may lead to novel conjugated oligomers having

better performance in devices than the existing ones.

One promising strategy to develop a suitable organic material is the introduction of

vinylene and azomethine linkages in the main chain of an oligomer.17,63–66 Introduction

TH -1519_11612221



Chapter 1: Introduction 17

of these π-spacers in the main chain of a conjugated polymer reduces dihedral angles

between the repeating units and increases the π-electron delocalization over the main

chain.64,66 However, preparations of vinylene-linked oligomers require stringent reaction

conditions, and these reactions often release lots of harmful byproducts.67,68 The sit-

uation is completely different for azomethine-linked oligomers, which are isoelectronic

with their vinylene counterparts. Besides the ease of synthesis and modification of their

structures, these azomethine-linked oligomers have numerous advantages in optical and

hole/electron transport properties.17,69,70 Looking at the advantages of these linkages,

a number of experimental studies have been carried out to explore the structural de-

tails and usability of these azomethine-linked heterocyclic polymers.17 However, few

computational studies are devoted to these systems,19,71 and their properties are still

unexplored.

For these π-spaced heterocyclic oligomers, a large number of conformations are pos-

sible,65 and it is known that optoelectronic properties of a molecule are dependent on

its conformation.33,48 Stabilities of different conformers may vary with an increase in

chain length, as for larger oligomers intramolecular noncovalent interactions affect the

geometries of conformers.50,72 As a result, optoelectronic properties of a molecule may

also change with an increase in chain length. However, in the literature, optoelectronic

properties of long oligomers have been calculated mostly either by applying the periodic

boundary condition or by increasing the chain length of the most stable conformer out

of the various possible conformations for a small oligomer. These methods may miss

the picture of the conformation-optoelectronic properties relationship for large chain

oligomers. Hence, systematic studies on conformational analyses, starting from small to

large oligomers, are necessary to be carried out, and subsequently their optoelectronic

properties are needed to be explored.

Out of large number of conformers of long oligomers, helical conformers are of im-

mense interest as the understanding of their structural and stereochemical aspects paves

ways to control and design the architecture of devices, in addition to gaining more

knowledge about naturally occurring helices. These systems have extra stabilization
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which arises from noncovalent interactions between adjacent turns in a helix. This, in

conjunction with the inherent extended π-conjugation, has generated a lot of interest

in this area of research. In addition to having good electronic and optical properties,

these π-conjugated helical polymers are also optically active73, and are potential candi-

dates as chiral materials for applications like in circularly polarized electroluminescent

devices47,74–78 and may be used as chiral templates and chiral sensors79,80. Further-

more, π-conjugated helices may behave like molecular solenoids enabling them to act as

potential candidates for high density data storage materials.2,49,81–83 Various experimen-

tal studies73,84–89 performed on helical conjugated polymers reveal that solute-solvent,

π-π and H-bonding interactions affect the formation of a helical system. Many theo-

retical/computational studies have also been carried out to have structural information

of π-conjugated helices49,50,82,85,90–93 and in a few cases, to access the performance of

computational methods (e.g. DFT functionals) in reproducing experimental observ-

ables. Some of these theoretical investigations have utilized the B3LYP functional in

their studies.49,82 However, theoretical studies on difluorinated thienylfurans50 and or-

tho-phenylenes85 have stressed on the importance of noncovalent interactions on the

stability of their helical conformations. It is well known that hybrid meta density func-

tionals and dispersion-corrected functionals are well suited for hydrogen bonding and

other weak interactions, while poor results are observed for some traditional function-

als like B3LYP50,94–97. This indicate that choosing a suitable functional becomes vital

for theoretical investigations of helical oligomers. Further, to date, the optoelectronic

properties of heterocyclic helical oligomers are not properly investigated.

Similar to helical oligomers, relatively less number of studies have been devoted to

cross-conjugated polymers, and their electronic and optical properties with regard to

their usage in organic devices are still largely unexplored.51,98–100 Indeed, these proper-

ties are dependent on electron delocalization, and moderate electron delocalization in the

main chain of these cross-conjugated polymers compared to their through-conjugated
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analogues finds limited applications in advanced materials.51 As mentioned in litera-

ture,51,101 due to interleaving π-conjugation path in a cross-conjugated polymer, exci-

tation energies, ionization potentials and electron affinities do not change much with

respect to chain length, making it difficult to tune their optoelectronic properties. Fur-

ther, compared to through-conjugated systems, quite different absorption spectra are

observed due to small oscillator strengths of the first excitations of these oligomers.102,103

On the other hand, cross-conjugated systems are known for their stability.104,105 Also,

after ionization, significant improvement is seen in π-electron delocalization near the

bifurcation point of two conjugated branches, and this results in substantial change in

absorption and conduction properties.51,106 Owing to these unique advantages, atten-

tion on cross-conjugated oligomers is growing each day, and several important features

of these oligomers are being explored.51,104,106–112 These oligomers are now thought as

suitable candidates for devices like molecular switches and molecular transistors.51 How-

ever, more attention is needed to reveal their concealed properties, especially the ways

to tune of the electronic and optical properties of neutral molecules.

1.5 Outline of the thesis

In this thesis, results of computational studies on various types of heterocyclic polymers

are presented and discussed. In chapter 2, theoretical methods are briefly discussed. In

chapter 3, the optoelectronic and charge transport properties of thiophene–azomethine–pyrrole-

based oligomers are explored. Few of these azomethines are found to be suitable for

light absorption, hole injection and hole transport in organic devices. This is followed

by a study of the dependence of optoelectronic properties on different conformers of

vinylene- and azomethine-linked oligomers with increasing chain length, which is pre-

sented in chapter 4. A clear deviation in the trend is seen in the energy profile of folding

conformers with the increase of chain length, and optoelectronic properties of these

folding conformers are quite different than those for their respective linearly conjugated

oligomers. Chapter 5 explores the ground state geometries and optoelectronic properties
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of pyridine-furan, pyridine-pyrrole and pyridine-thiophene based helical oligomers. In

the absorption spectra of these helical oligomers, multiple electronic transitions other

than the first excitation contribute significantly, and these major transitions are mainly

dominated by HOMO−N to LUMO+N excitations. Finally, optical and electronic

properties pyridine-pyrrole based cross-conjugated systems are presented in chapter 6.

Here, three different π spacers, such as, vinylene-, azomethine-, azo-groups are utilized to

enhance the electron delocalization in two conjugated branches of each pyridine–pyrrole-

based cross-conjugated unit. Our study reveals that electronic and optical properties of

a neutral cross-conjugated oligomer can be tuned effectively by introducing π-spacers in

the main chain.
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Theoretical methods

2.1 Many-electron system and Hartree-Fock theory

The time-independent Schrödinger equation for a system of N electrons and M nuclei

is written as

ĤΨi(x1,x2, . . . ,xN ,R1,R2, . . . ,RM ) = EiΨi(x1,x2, . . . ,xN ,R1,R2, . . . ,RM ), (2.1)

where Ĥ is the Hamilton operator representing the total energy of the system. Ψ is

the wave function of the i’th state of the system which depends of 3N spacial and N

spin coordinates of electrons, jointly denoted as xi, and 3N spacial coordinates of nuclei

denoted as Ri. Ei is the energy of the state i described by the wave function Ψi. In

atomic units, the Hamiltonian is

Ĥ = −
N∑

i=1

1

2
∇2

i −
M∑

A=1

1

2MA
∇2

A −
N∑

i=1

M∑

A=1

ZA

riA
+

N∑

i=1

N∑

j>i

1

rij
+

M∑

A=1

M∑

B>A

ZAZB

RAB
. (2.2)

Here, MA is the ratio of the mass of nucleus A to the mass of an electron, and ZA is the

atomic number of nucleus A. RA and ri are position vectors of the nucleus A and electron

i, respectively. The distances between two electrons i and j, electron i and nucleus A,

and two nuclei A and B are denoted by rij , riA and RAB , respectively. First and second

terms are operators for kinetic energies of electrons and nuclei, respectively. Last three

21
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terms constitute the potential energy operator for the electron-nucleus attraction, the

electron-electron repulsion and the nucleus-nucleus repulsion, respectively.

Invoking the Born-Oppenheimer approximation at this point, kinetic energy of the

nuclei can be neglected and nucleus-nucleus repulsion term can be made constant. Thus,

the electronic Hamiltonian operator for N electrons moving under M fixed nuclei is

written as

Ĥelec = −
N∑

i=1

1

2
∇2

i −
N∑

i=1

M∑

A=1

ZA

riA
+

N∑

i=1

N∑

j>i

1

rij
, (2.3)

and the electronic wave function as

Ψelec = Ψelec(ri;RA). (2.4)

Here, Ψelec depends explicitly on electronic coordinate, but parametrically on the nuclear

coordinate. The corresponding Schrödinger equation is

ĤelecΨelec = EelecΨelec, (2.5)

where Eelec is the corresponding electronic energy. The total energy of a fixed nuclei

system is

E = Eelec +

M∑

A=1

M∑

B>A

ZAZB

RAB
. (2.6)

From now onwards, only electronic terms will be discussed, and so the subscript ‘elec’

is removed for simplicity. For a N electron system, the wave function is Ψ(r1, r2 . . . rN ),

where ri represents position coordinates of the electron i, and it depends on all the elec-

tron present in the system. This complex many electron wave function can be simplified

to a product of one-electron orbitals by the orbital approximation and it is written as

Ψ(r1, r2 . . . rn) = Φ1(r1)Φ2(r2)...Φn(rN ). (2.7)

Introducing spin of electrons in to the one-electron orbital, Φ1(r1), it can be expressed

as Φ1(1)σ(1), where σ is the spin wave function which is either α or β depending on
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the orientation of the electron. Indistinguishability of electrons and Pauli principle of

antisymmetric wave function can be satisfied by a Slater determinant, and for a N -

electron system it can be written as,

Ψ(1, 2 . . . 3) =
1√
N !

∣∣∣∣∣∣∣∣∣∣∣∣∣

Φ1(1)α(1) Φ1(1)β(1) . . . ΦM (1)β(1)

Φ1(2)α(2) Φ1(2)β(2) . . . ΦM (2)β(2)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Φ1(N)α(N) Φ1(N)β(N) . . . ΦM (N)β(N)

∣∣∣∣∣∣∣∣∣∣∣∣∣

, (2.8)

where M equals to N/2 and (N + 1)/2 for even and odd N , respectively.

A single Slater determinant that gives the ground-state can be obtained by the

Hartree-Fock (HF) method. The orbital approximation allows to express an n-electron

Schrödinger equation as n one-electron Schrödinger equation, thus each electron corre-

spond to Φi(r) satisfies the following equation,

(
− 1

2
∆2

i −
M∑

A=1

ZA

riA
+ vHF(i)

)
Φi(r) = εiΦi(r), (2.9)

where i = 1, 2 . . . , n. The operator is an effective one-electron operator, named as Fock

operator. vHF(i) is the average interaction potential experienced by the ith electron in

the presence of other electrons. The resulting set of equations is referred to as the HF

equations, and the iterative self-consistent field procedure is used to solve them.

In the HF method, electron-electron correlation effects are not taken into account, as

a consequence the calculated band gap for a conjugated polymer is too large. To incor-

porate electron-electron correlation effect, various post-HF methods are developed, such

as Möller-Plesset perturbation theory, algebraic diagrammatic construction method, and

approximate coupled cluster approach of second order (CC2). These methods are used

for many systems,113–118 and obtained results are quite impressive. However, these

methods are not cost-effective to handle macromolecules, such as conjugated polymers

similar to our systems, and due to the excellent accuracy-to-computational costs ratio,
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DFT and TDDFT methods are generally used to obtain the structure and properties of

conjugated polymers.30,119

2.2 Density functional theory

Electron probability density function or simply electron density, denoted as ρ(x, y, z),

is extracted from the electronic wave function. It is a function of only three variables

(x, y, z), while an N -electron wave function depends on 4N variables, i.e., 3 spacial and

one spin coordinates of each electron. The single-particle probability density correspond-

ing to a normalized ground-state N -electron wave function is given by,

ρ(r) = N

∫
|Ψ(r, r2, . . . , rN )|2d3r2 . . . d3rN . (2.10)

Electron density ρ(r) have some specific properties, mentioned below, which enable it

as a useful physical observable for the prediction of energy and other properties instead

of complicated N -electron wave function.

� Integrated over all space, it gives the total number of electrons N , i.e.,

∫
ρ(r)dr = N. (2.11)

� Position of the nuclei leads to local maxima in the electron density.

� Nuclear atomic numbers can be obtained from the electron density by the following

equation,

∂ρ(rA)

∂rA

∣∣∣∣
rA=0

= −2ZAρ(rA) (2.12)

where Z is the atomic number of A, rA is the radial distance from A, and ρ is the

spherically averaged density.
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Many early attempts have been made to deduce an energy functional for the electron

density, for example, Thomas-Fermi-Dirac model. However, all produce inadequate

results, as a consequence, these methods are not generally used in modern computations.

2.2.1 The Hohenberg-Kohn theorems and the Kohn-Sham approach

In 1964, two important theorems120 were published by Hohenberg and Kohn which

formed the platform of the modern Kohn-Sham (KS) approach. The Hohenberg-Kohn

existence theorem says that all the properties of a molecule in a ground electronic state

can be determined by the ground-state electron density function. The Hohenberg-Kohn

variational theorem states that any trial electron density function will give an energy

higher than or equal to the true ground-state energy, which is only true for the exact

functional.

The Hohenberg-Kohn theory is valid for both interacting and non-interacting elec-

trons. The realization by Kohn and Sham121 that a system of non-interacting electrons

can be taken as reference that have their ground state density the same as that of the real

system made the major breakthrough. The non-interacting part can be treated easily

which constitutes a major portion of the electronic energy, and relatively small portion

is associated with the interacting part which can be calculated by a density functional.

The ground-state energy of a real molecule is

E0 = Ts[ρ0]−
∑

A

ZA

∫
ρ0(r1)

r1A
dr1 +

1

2

∫ ∫
ρ0(r1)ρ0(r2)

r12
dr1dr2 + EXC[ρ0], (2.13)

where the terms on the r.h.s indicate the kinetic energy of the noninteracting elec-

trons, the nuclear-electron interaction, the classical electron-electron repulsion and the

exchange-correlation energy, respectively. Ts[ρ0] in terms of the KS orbitals, ψKS
i , can

be expressed as

Ts[ρ0] = −1

2

N∑

i=1

〈ψKS
i |∇2

i |ψKS
i 〉. (2.14)
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The orbitals ψKS
i used in equation 2.14 to minimize the energy E are obtained by the

KS pseudo eigenvalue equations,

ĥKS
i ψKS

i = εKS
i ψKS

i , (2.15)

where ĥKS
i is the KS one-electron operator defined as

ĥKS
i = −1

2
∇2

i −
nuclei∑

A

ZA

r1A
+

∫
ρ(r2)

r12
dr2 + VXC. (2.16)

The exchange correlation potential VXC is a functional derivative of the exchange-

correlation energy, EXC, as mentioned in the following equation,

VXC(r) =
δEXC[ρ(r)]

δρ(r)
. (2.17)

The EXC[ρ0] term, a functional of the electron density function associated with two

terms, originating from the difference between the real and fictitious noninteracting

reference systems is given by

EXC[ρ0] = ∆〈T [ρ0]〉+∆〈Vee[ρ0]〉. (2.18)

Here, ∆〈T 〉 term represents the correction to the kinetic energy deriving from the in-

teracting nature of electrons called the kinetic correlation energy, and ∆〈Vee〉 term rep-

resents the non-classical corrections to the electron-electron repulsion energy, i.e., the

potential correlation and exchange energies.

2.2.2 Approximate exchange-correlation functionals

The exact functionals for the exchange and correlation are unknown and, therefore, many

approximations are employed to calculate the EXC. In the local-density approximation

(LDA), at each point r in space, the EXC(r) is approximated as that of a homogeneous

electron liquid of density ρ(r), and it is computed exclusively from the value of ρ(r).
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The LDA functional which includes electron spin is called the local spin-density approx-

imation (LSDA) functional. As the electron density is far from the spatially uniform

model in a molecular system, the functional is further improved by including the first

derivative or the gradient in addition to the ρ(r), called generalized gradient approxima-

tions (GGA). In the meta-GGA functionals, in addition to the spin densities and their

gradients, additional terms, such as Laplacians of the spin density, are also included to

construct the functional. Nowadays, the most popular functionals are hybrid function-

als, which are constructed by mixing a fraction of the exact exchange energy functional

to the LDA/LSDA or GGA functional, and it is computed similar to HF calculations

with KS orbitals. A hybrid functional can be written as,

Ehybrid
XC = aEexact

X + (1− a)EDFT
X + EDFT

C , (2.19)

where Eexact
X is the nonlocal HF exchange energy, a is the percentage of HF exchange

in the hybrid functional, EDFT
X is the local DFT exchange energy, and EDFT

C is the

local DFT correlation energy. The Becke’s three-parameter Lee–Yang–Parr (B3LYP)

exchange-correlation functional122 is a well known hybrid functional, and it can be

expressed as

EB3LYP
XC = 0.80ELSDA

X + 0.20Eexact
X + 0.72EB88

X + 0.81ELYP
C + 0.19ELSDA

C . (2.20)

The PBE0123,124 functional is given by

EPBE0
XC = 0.25Eexact

X + 0.75EPBE
X + EPBE

C , (2.21)

where EPBE
X and EPBE

C are the Perdew-Burke-Ernzerhof exchange and correlation func-

tionals, respectively. M06-2X125 is a hybrid meta-GGA functional, written as

EM06−2X
XC = 0.54Eexact

X + 0.46EM05
X + EM06

C , (2.22)
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The exchange (EM05
X ) and correlation (EM06

C ) functionals are the same as for M05 and

M06, respectively. PW6B95126 is a hybrid meta exchange-correlation 6-parameter func-

tional based on reoptimized Perdew-Wang-91 (PW) GGA-exchange and Becke-95 (B95)

meta-GGA correlation,

EPW6B95
XC = 0.28Eexact

X + 0.72EPW
X + EB95

C . (2.23)

The functional can be further improved by the inclusion of many-body perturbation

(MP) term, called double hybrid (DH) functionals. The exchange-correlation energy of

a DH-functional can be expressed as

EDH
XC = (1− a)EDFT

X + aEexact
X + (1− c)EDFT

C + cEMP2
C . (2.24)

B2PLYP127 is an example of such functional which has a correlation term at the MP2

level, written as

EB2PLYP
XC = 0.53Eexact

X + 0.47EB88
X + 0.73ELYP

C + 0.27EMP2
C . (2.25)

The PWPB95128 functional is a well-known DH-meta-GGA density functional, contain-

ing reoptimized parameters of 50% of each HF and PW exchange, 73.1% B95 correlation

and 26.9% of spin-opposite scaled perturbative (SOS-PT2) correlation functionals, given

by

EPWPB95
XC = 0.50Eexact

X + 0.50EPW
X + 0.731EB95

C + 0.269ESOS−PT2
C . (2.26)

These DH-types functionals are computationally expensive, limiting their use in elec-

tronic structure calculations of large molecules.

2.2.3 CAM-B3LYP functional

Although DFT functionals are successful for a number of applications, these are still

unsuccessful in many important applications, such as the polarizability of long chains
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and excitations using TDDFT.129,130 This problem is overcome to a large extent by the

the long-range (LR) scheme,129 where the electron repulsion operator 1/r12 splits into

short-range and long-range parts by using the error function (erf). In consequence, the

correct asymptotic r12 → ∞ behavior is retained, where the Coulomb and exchange

potentials cancel each other. The equation is

1

r12
=

1− erf(µr12)

r12
+
erf(µr12)

r12
, (2.27)

where µ is a range separating parameter. While the first term of this equation accounts

to the short range, the second term accounts to the long-range part. For the exchange

energy term, the short-range and long-range parts are treated by the DFT and exact

HF exchange, respectively. However, the electron correlation term is the same as the

DFT functional.

Yanai et al.130 have generalized the equation 2.27 by introducing two additional

parameters (α and β) in the equation as,

1

r12
=

1− [α+ β erf(µr12)]

r12
+
α+ β erf(µr12)

r12
, (2.28)

where 0 ≤ α + β ≤ 1, 0 ≤ α ≤ 1, 0 ≤ β ≤ 1. The terms α and α + β represent the

HF-exchange in short- and long-range limits, respectively. This Coulomb-attenuating

method (CAM) with three parameters is more flexible than the LR-method. In the case

of CAM-B3LYP functional,130 the standard α, β and µ parameters are 0.19, 0.46 and

0.33, respectively.

2.2.4 DFT with London dispersion corrections

Conventional DFT functionals which do not contain the physics of dispersion interactions

often fail in cases where the dispersion interaction plays a vital role, such as in the case of

determination of the geometries and thermodynamic properties of systems.131,132 Out of

various methods developed to incorporate the dispersion interaction, Grimme’s DFT-D
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methods are well-established, and at present, the DFT-D3 method is the most successful

one. Addition of a small dispersion correction term significantly improves the accuracy

at the expense of a small computational cost. The wavefunction does not change with

the addition of this correction term, and thus other molecular properties are unaffected.

However, as the dispersion correction alters the force acting on the atoms, optimizations

with DFT and DFT-D levels lead to different geometries.

In 2004, DFT-D1133 was introduced with only sixth-order dispersion term, and it is

slightly modified in DFT-D2134 version. In DFT-D3, the dispersion correction term in-

corporate sixth- and eighth-order terms with modified dispersion coefficients and damp-

ing function, and the details of this method are mentioned below. The dispersion cor-

rected total energy is given by

EDFT−D3 = EDFT + Edisp, (2.29)

where EDFT is the energy obtained by the original DFT functional, and Edisp is the

dispersion energy, which is the addition of two- and three-body terms, written as

Edisp = E(2) + E(3). (2.30)

Out of these two, the E(2) is the most important term. To avoid near singularities in the

case of small internuclear distance of two atoms, the dispersion contribution is damped

at short distances. The E(2) term with the standard zero damping formula, leading to

zero contribution at short ranges, is given by,95

ED3ZERO
disp = −

∑

n=6,8

sn

Nat∑

i,j>i

Cij
n

(Rij)n
fdamp(Rij), (2.31)

where Cij
n is the average nth-order dispersion coefficients for atom pair ij, Rij is their

inter-atomic distances, and sn is the overall scaling factor, optimized for each DFT
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functional. fdamp(Rij), the damping function, is expressed as

fdamp(Rij) =
1

1 + 6(Rij/(sr,nR
ij
0 ))

−αn

. (2.32)

Here, parameters sr,6 and s8 are fitted for individual functionals. αns are the steepness

parameters, which is adjusted such that the dispersion correction is < 1% of max(|Edisp|)

for typical covalent bond distances. TheE(2) term with the Becke-Johnson (BJ) damping

function, leading to finite values for small interatomic distances, is expressed as135

ED3BJ
disp = −

∑

n=6,8

sn

Nat∑

i,j>i

Cij
n

(Rij)n + (fdamp)n
, (2.33)

where the damping function is

fdamp = a1

√
Cij
8

Cij
6

+ a2. (2.34)

Here, sn, a1 and a2 parameters are fitted for each DFT functional. The three-body

dispersion contribution, E(3), is written as

E(3) =
∑

ABC

fd,(3)(rABC)E
ABC, (2.35)

where the sum is over all atom triples ABC in the system, and the equation 2.32 with

α = 16, sr = 4/3 and geometrically averaged radii rABC is used as damping function.

The term EABC is expressed as

EABC =
CABC
9 (3 cos θa cos θb cos θc + 1)

(rABrBCrCA)3
, (2.36)

where θa, θb and θc are the internal angles of the triangle formed by rAB, rBC and rCA.

CABC
9 is the triple-dipole constant defined by

CABC
9 ≈ −

√
CAB
6 CAC

6 CBC
6 . (2.37)
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The third body term is small for medium sized molecules, and therefore, this term is

ignored in all the calculations reported in the thesis.

2.3 Time-dependent density functional theory

Time-dependent DFT (TDDFT) is an extension of DFT, which is used to investigate

the properties and dynamics of many body systems in the presence of time-dependent

potential. This method is widely used to investigate the excited-state properties of

conjugated polymers.30 Here, the basic ideas behind the TDDFT are presented. Runge-

Gross theorem136 is the foundation of the TDDFT and it conveys an important message

which states that, for all many-body systems evolving from a fixed initial state, a one-

to-one mapping exists between the time-dependent external potential (v(r, t)), and the

time-dependent density (ρ(r, t)). Similar to the DFT, the time-dependent KS (TDKS)

equation is also developed by replacing the interacting system with a fictitious noninter-

acting system. However, in most of the cases of our interest, under the small external

perturbation, the system does not deviate much from the ground-state, and a full solu-

tion of the TDKS equation is often not required. For such weakly perturbed systems,

linear response TDDFT has now become one of the most widely used methods.

Let us assume that at t < t0, the time-dependent potential is zero and the system is

in its ground-state density, ρ0(r). At t0, a small time-dependent perturbation, v1(r, t),

is turned on, which induces a change in the density, and it can be written as,

ρ(r, t)− ρ0(r) = ρ1(r, t) + ρ2(r, t) + ρ3(r, t) + . . . . (2.38)

Here, ρ1(r, t) is the linear response, ρ2(r, t) is the second-order response, etc. For weak

perturbation, only the linear term can be considered, while ignoring higher order terms.

The first order term is given by

ρ1(r, t) =

∫
dt′
∫
d3r′ χ(r, t, r′, t′)v1(r

′, t′), (2.39)
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where χ is the linear density-density response function of the system. According the

TDKS framework, we can calculate the linear change in density using the fictitious

noninteracting system by the following equation,

ρ1(r, t) =

∫
dt′
∫
d3r′ χs(r, t, r

′, t′)vs1(r
′, t′), (2.40)

where χs is the density-density response function for the noninteracting KS electrons.

The term vs1(r, t) is the linear change of the effective potential, vs(r, t), of the time-

dependent KS system, and it can be explicitly written as,

vs1[ρ](r, t) = v1(r, t) +

∫
d3r′

ρ1(r
′, t)

|r− r′| + vXC1(r, t), (2.41)

where v1(r, t) is the external perturbation, the next term is the linearized time-dependent

Hartree potential. The last term is the linearized XC potential and it can be expressed

as,

vXC1(r, t) =

∫
dt′
∫
d3r′

δvXC [ρ](r, t)

δρ(r′, t′)
ρ1(r

′, t′). (2.42)

The XC kernel is defined by,

fXC(r, t, r
′, t′) =

δvXC [ρ](r, t)

δρ(r′, t′)
. (2.43)

Finally, by comparing the response equations of the KS and real systems, and combing

equations 2.41, 2.42 and 2.43, it yields the Dyson equation,

χ(r, t, r′, t′) =χs(r, t, r
′, t′) +

∫
dτ

∫
d3x

∫
dτ ′
∫
d3x′χs(r, t,x, τ)

{
δ(τ − τ ′)

|x− x′| + fXC(x, τ,x
′, τ ′)

}
χ(x′, τ ′, r′, t′).

(2.44)

The above equation is useful to calculate the properties of many body systems under

small perturbation. Other variants of TDDFT are also available, such as the Casida

formalism, which can be found in the book.137
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2.4 Methods used in the thesis

Nowadays, DFT and TDDFT methods are widely used to obtain geometries and proper-

ties of conjugated polymers, as these theories provide better results than the HF theory

and the calculations are computationally feasible for a system of 200-500 atoms, which

is an impossible task for the high level post-HF methods.30,119,138 The DFT method has

been very popular for the optimization of the ground-state geometry, and calculations

of properties, such as, EH, EL, IP, EA, transport rates and mobilities of charge carriers,

etc.54,139–142 For conjugated systems, excited-state geometry, transition energies, and

their corresponding oscillator strengths are well predicted by the TDDFT method with

reasonable accuracy at affordable computational costs.30 Accuracy of these two methods

primarily depends upon the quality of the XC -functional used for the calculation,137,143

and hybrid functionals are often preferred for this purpose. For these functionals, al-

though the calculated results are not exactly equal to the experimental results, the trend

has been found to be the same. A large number of hybrid functionals are developed, out

of them, the B3LYP functional in combination with a split valence double or triple zeta

basis sets with the polarization and/or diffuse functions is the most widely used level of

theory for these type of calculations.54,139,144–146 However, DFT and TDDFT methods

have been less successful in cases like charge transfer excitations, excited states with a

multiple-excitation character, and geometries and excitation energies of long conjugated

polymer.143 As mention in the subsection 2.2.3, the problem for the charge transfer

excitation is considerably resolved by the long-range corrected hybrid functionals. The

reason for failure in the case of multiple excitations is the adiabatic approximation used

in the linear-response TDDFT, and many attempts has been made to circumvent the

issue and few of them succeed to some extent.147,148 With the increase in chain length

of a conjugated oligomer, B3LYP and other standard functionals strongly underesti-

mate the optical gap because of the overestimation of the extent of conjugation.143 The

amount delocalization error is directly related to the proportion of HF-exchange used

in the XC -functional. At present, no clear solution exists for this problem. However,
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in conjugated polymers, breaks in conjugation caused by conformational and chemical

defects often lead to spectroscopic segments in the main chain. Thus, computational

calculations mostly deal with oligomers up to a finite chain length, and for a small

oligomer, the error associated with the result will be small. Further, as the differences

in errors for similar systems are small, these errors will not hamper in the qualitative

analysis of a particular system and their derivatives.
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Thiophene–azomethine–pyrrole based conjugated

polymers

In this chapter, structural, optoelectronic and charge transfer properties of azomethine-

based heterocyclic oligomers are investigated. Alternation in these properties due to

the presence of various electron donating and withdrawing groups in the main chain are

explored. The contents of this chapter are published in the following two papers:

Figure: Thiophene–azomethine–pyrrole system

� H. Sahu and A. N. Panda, Macromolecules, 2013, 46, 844.

� H. Sahu and A. N. Panda, Phys. Chem. Chem. Phys., 2014, 16, 8563.
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The presence of bulky groups in conjugated polymers often results in a nonplanar

structure due to the steric effects. This hampers the electron delocalization across the

chain, which affects the electronic and optical properties of the polymer. Insertion of

π spacers, such as vinylene, in the main chain of π-conjugated systems is an effective

strategy to enhance the conjugation length by eliminating torsional strains.64–66 This

helps in reducing the band gap and broadening the absorption spectrum, in comparison

to the polymers made up of monomers connected via single bonds. However, unfavorable

synthesis technique and processability limit their practical use.67,68

Azomethine-linked polymers are isoelectronic to their vinylene counterparts. In con-

trast to vinylene-linked polymers, polyazomethines are easy to synthesize with high

purity and yield,70,149–151 liberating exclusively water as byproduct.70 Easy modifica-

tion of their structures by hydrogen bonding, complex formation with lewis acid152 and

conventional substitution makes them further attractive and proficient materials for the

recent research. But the associated problems of being nonfluorescent and insoluble in or-

ganic solvents have been a hindrance to their applications. The problem with solubility

has recently been overcome153,154 and fluorescent polymers are prepared.155,156 Many of

the recent experimental studies17 have focused on heterocyclic-based azomethines as the

heterocyclics help in planarizing the system leading to greater conjugation. Further, few

azomethines are also known for the mutual hole and electron transport properties.157,158

Charge transport properties of thiopheno–azomethines have been investigated by Işik

et al.70 and a hole mobility of ∼ 3 × 10–5 cm2/V s was found for an azomethine triad.

Furthermore, the presence of pyrrole ring in a polymer uplifts frontier molecular or-

bitals, and improves redox properties of the polymers.159–161 However, there are only

few studies reported on thiophene-pyrrole based azomethines152,154,162–165 and most of

them are experimental works.

Keeping in mind the recent progress in the experimental side, the optoelectronic,

charge injection and transport properties of thiophene-pyrrole based azomethines are

studied using DFT and TDDFT methods. Theoretical methodology and computational
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details are discussed in sections 3.1 and 3.2, respectively. This is followed by the result

and discussion in section 3.3 and finally, conclusions are in 3.4.

3.1 Theoretical methodology for charge transport proper-

ties

The stability of holes and electrons, and the energy barriers for the injection processes,

affect the device performance. Recently, extensive studies have been carried out to

estimate the EH, EL, IP and EA of molecules, and to study their effect on the injection

ability.45,141,166–172 Suitable HOMO level (or IP) of a hole transport layer, and a suitable

LUMO level (or EA) of the electron transport layer, are required for the efficient hole

and electron injection from an anode and a cathode, respectively.45

Charge transfer processes are usually explained either by the coherent band theory

or the incoherent hopping model.173–177 Band theory is used for highly ordered systems

where the charge carrier is delocalized over the entire system. However, at room tem-

perature or in less ordered systems, charge transport is described predominately by the

hopping model.173,174 In the hopping model, charge carrier is considered as localized

and hops between adjacent molecules. Here, from a practical point of view, the hopping

mechanism is considered. At high temperatures, the charge hopping rate (kct) between

two adjacent molecules a and b can be expressed by the Marcus theory178,179 as

kct =

(
π

λkBT

) 1
2 V 2

ab

~
exp

(
− λ

4kBT

)
. (3.1)

Here, λ is the reorganization energy accompanying geometric relaxation associated with

the charge transfer, Vab is the electronic coupling between neighboring molecules a and

b, T is the absolute temperature, and kB and ~ are the Boltzmann and Planck constants,

respectively. It is clear that the charge transfer rate depends upon two factors, the charge

transfer integral and the reorganization energy. Hence, these two need to be properly

tuned based on the requirement.
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Total reorganization energy is the sum of the internal and external reorganization

energies. Intramolecular vibrations and polarization of surrounding medium are respon-

sible for the internal and external components of the reorganization energy, respectively.

In the present study, only internal reorganization energies induced either by a hole or

an electron are considered. The hole (or electron) reorganization energies, λh (or λe),

can be expressed as follows:

λh = λ1 + λ2

= [E+(M0)− E+(M+)] + [E0(M+)− E0(M0)]

= [E+(M0)− E0(M0)]− [E+(M+)− E0(M+)]

= IP(v)−HEP (3.2)

and

λe = λ3 + λ4

= [E0(M−)− E0(M0)] + [E−(M0)− E−(M−)]

= [E0(M−)− E−(M−)]− [E0(M0)− E−(M0)]

= EEP− EA(v). (3.3)

HEP and EEP are the hole and electron extraction potentials, calculated as the energy

differences between charged and neutral states of molecules at the optimized geometries

of the charged species.

Charge transfer integral (Vab) describes the strength of electronic coupling between

two neighboring molecules a and b. Koopmann’s theorem180 can be used to calculate Vab

values by considering the interacting molecules as identical and symmetrically equivalent

and having the same site energies by the following equation

Vab =
EH/L+1 − EH−1/L

2
, (3.4)
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where EH/L+1 and EH−1/L are the energies of the HOMO/LUMO+1 and HOMO-

1/LUMO, respectively, obtained from the close–shell configuration of the neutral state

of two stacked molecules. Once charge transfer rate is obtained by equation 3.1, the

hopping mobility can be estimated by the relation

µhop =
eD

kBT
. (3.5)

Here, T is the temperature, kB is the Boltzmann constant and D is the diffusion co-

efficient. The relation between D and kct for a one dimensional system is given by

D = l2kct, where l is the spatial distance between two interacting molecules.

3.2 Computational details

3.2.1 Optimizations of ground state geometries and optoelectronic prop-

erties

All the calculations were performed with ORCA 2.9 package.181 The ground state geome-

tries of the monomers were fully optimized using different functionals such as B3LYP,

PBE0, PW6B95 and B2PLYP in combination with the 6-31G(d) basis set. Single

point calculations using PWPB95 functional were performed for the optimized geome-

tries obtained at the PW6B95/6-31G(d) level. To check the effect of basis sets, the

monomers were also optimized using the 6-311++G(d,p) basis set. Optimizations of all

the oligomers were carried out at the B3LYP/6-31G(d) level. No symmetry constraints

were enforced in the calculations. HOMO and LUMO levels were examined and Ehl
g

values were evaluated.

Excited state calculations were carried out using the TDDFT method at the ground

state optimized geometries, and the transition energies and oscillator strengths (fosc)

were computed. The Ehl
g and Eopt

g are linearly extrapolated to infinite chain length in

order to get polymer value. As it is well known28,182,183 that the linear extrapolation
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is not best suited for computing the excitation energy of conjugated polymers, extrap-

olations of the Ehl
g and Eopt

g are also carried out using the Kuhn’s formula25 based on

coupled oscillators,

EN = E0

√
1− 2α cos

π

N + 1
, (3.6)

where N is the number of linearly conjugated double bonds. EN, E0, and α refer to the

energy at infinite chain length, energy of an isolated oscillator and the coupling strength

between neighboring oscillators, respectively.

3.2.2 Optimizations of neutral and charged states geometries, and

charge transport properties

The optimization of molecular geometries of the neutral and charged states for all the

azomethines was performed with the B3LYP functional and a split valence 6-31G(d,p)

basis set as implemented in the Orca 2.9 package.184 Unrestricted DFT (UDFT) method

is applied for all the open shell calculations. All the optimizations were performed

without any symmetry constraints. On the basis of the above calculations, various

properties such as IP(a,v), EA(a,v), and reorganization energies for holes (λh) and

electrons (λe) of all the studied compounds were calculated. Reorganization energies

are extrapolated to the polymer limit using the Kuhn’s formula (see equation 3.6). A

basis set with diffuse functions is a better option for the above calculations than the

6-31G(d,p) basis set. However, to keep the computational cost under control, basis sets

with diffuse functions were not used.

Vab of all the dimers and pentamers were calculated using the equation 3.4. In the

absence of any experimental results, two different methodologies have been used to com-

pute the Vab values. In the first case, two dimers of each compound are cofacially placed

at a distance of ∼ 3.5 Å as the starting geometry. These structures are then optimized

and energies of orbitals required for the charge transfer integral calculation are obtained

from the optimized geometries. In the second case, pentamers are considered. Single

point calculations are carried out for two cofacially placed pentamers at 3.5 Å π-stacking
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distance to evaluate the strength of the electronic coupling. As conventional functionals

of DFT do not contain the physics of the dispersion interaction, B3LYP–D3 was ap-

plied for the electronic coupling calculations.95,135 Charge transfer rates and hopping

mobilities were estimated by using the equations 3.1 and 3.5, respectively.

3.3 Results and discussion

In this chapter, the steric and electronic effects of various groups on the geometries

and properties of the thiophene-pyrrole based azomethines are taken into consideration.

While geometries and optoelectronic properties are presented in subsection 3.3.1, charge

injection and transport properties are explored in subsection 3.3.2.

3.3.1 Effects of substituents on the optoelectronic properties

The sketch maps of the fifteen thiophene and pyrrole based copolymers considered in

this work are shown in Figure 3.1. Compound 1 is the basic unit, where thiophene and

pyrrole rings are connected through a –CH=N linkage. Carbon–carbon bond numbering

scheme of the basic monomer unit is shown in Figure 3.2. Various groups like −CH3,

−CF3, −OCH3, tert-butyl (t-Bu), −NH2, −NO2, and −OC2H4O− are attached in

different positions of the basic unit, in order to understand their effect on the geometry

and optoelectronic properties of the compounds. For compounds 2–5, substituents are

attached only at the pyrrole nitrogen positions. In compounds 6 and 7, in addition to

the substitution at the pyrrole nitrogen position, 3 and/or 4 positions of the pyrrole and

thiophene rings are also substituted. For compounds 8–14, substituents are attached

only at the 3 positions of the pyrrole rings and in the compound 15, both 3 and 4

positions of the pyrrole and thiophene rings are substituted. To keep computational

cost under control, oligomers up to trimers are considered for all the studied molecules.
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Figure 3.1: Sketch maps of the structures of thiophene- and pyrrole-based oligomers.

3.3.1.1 Ground state electronic structure and effect of functionals and basis

sets

The optimized geometries of all the monomers are perfectly planar. All the carbon–carbon

bond lengths calculated at the B3LYP/6-31G(d) level are listed in Table 3.1. It is ob-

served that all the carbon–carbon single bonds are shorter than those in ethane (1.54
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Figure 3.2: Numbering scheme of carbon–carbon bonds in the monomer 1.

Table 3.1: Calculated bond lengths for the B3LYP/6-31G(d) optimized geometries of
monomers. All bond lengths are in Å.

monomers carbon-carbon bonds

1 2 3 4 5 6 7

1 1.37 1.42 1.38 1.44 1.39 1.41 1.39
2 1.37 1.42 1.38 1.44 1.40 1.41 1.39
3 1.37 1.42 1.38 1.44 1.39 1.42 1.38
4 1.37 1.42 1.38 1.44 1.40 1.40 1.38
5 1.37 1.42 1.38 1.44 1.40 1.41 1.39
6 1.37 1.43 1.38 1.44 1.40 1.41 1.39
7 1.37 1.43 1.38 1.44 1.40 1.41 1.39
8 1.37 1.42 1.38 1.44 1.39 1.42 1.39
9 1.37 1.42 1.38 1.44 1.39 1.42 1.39
10 1.37 1.42 1.38 1.44 1.39 1.42 1.39
11 1.37 1.42 1.38 1.44 1.39 1.41 1.39
12 1.37 1.42 1.38 1.43 1.40 1.41 1.39
13 1.37 1.42 1.38 1.44 1.39 1.42 1.39
14 1.37 1.42 1.38 1.44 1.39 1.41 1.39
15 1.36 1.43 1.38 1.43 1.40 1.41 1.38

Å) at the same level of theory. On the contrary, all the double bond (C=C) lengths are

longer than that of the C=C double bond in ethylene (1.33 Å). This shows that the bond

distances are between C=C and C–C bond lengths, indicating electron delocalization

across the molecule.

The arrangement of monomer units in oligomers can modify their conformational

features. A representative structure for the dimers is presented in Figure 3.3 showing

the interunit dihedral angle DNCCC. Table 3.2 shows the calculated dihedral angles

of all the oligomers, and it is observed that dimer 4 has the largest dihedral angle of
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Figure 3.3: Representative structure showing dihedral angle between monomers where
DNCCC = N1–C2–C3–C4.

127.9◦ among the studied compounds. The presence of the bulky t-Bu group distorts

the geometry and increases the torsional angle. The −CH3 and −CF3 groups are smaller

than the t-Bu group. This results in smaller dihedral angles for the dimers 2 and 3 than

that in the dimer 4. The −CF3 group is bigger than the −CH3 group, but the DNCCC of

dimer 3 is 2.1◦ less than in the dimer 2 as shown in Table 3.2. This anomalous behavior

Table 3.2: Calculated dihedral angles (in degree) for all the studied oligomers at the
B3LYP/6-31G(d) level of theory. “D” and “T” denote dimers and trimers, respectively.

compounds D1
NCCC D2

NCCC compounds D1
NCCC D2

NCCC

1 D 13.5 9 D 26.6
T 11.5 −11.2 T 25.3 −25.2

2 D 35.6 10 D 10.4
T 35.0 −35.3 T 9.4 −8.7

3 D 33.5 11 D 17.3
T 33.2 −33.6 T 16.8 −17.0

4 D 127.9 12 D 22.2
T 53.8 −54.6 T 17.2 −21.4

5 D 17.6 13 D 42.8
T 17.4 16.8 T 41.6 −43.2

6 D 55.4 14 D 0.5
T 55.3 −55.7 T 0.2 −0.2

7 D 62.6 15 D −0.2
T 62.8 −62.8 T 0.5 0.3

8 D 15.6
T 15.0 −14.9

can be explained in terms of the C–F and C–H bond distances. The C–F bond distance

in the −CF3 group is 1.34 Å which is much larger than the C–H bond distance (1.09 Å)

of the −CH3 group, and this results in less repulsion between the −CF3 group and the

thiophene ring of the adjacent monomer unit. In the dimers 6 and 7, the presence of
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large number of −CH3 groups results in more electronic repulsion between the monomer

units and hence, large dihedral angles are found.

The dihedral angle of dimer 9 is larger than in dimer 8. This is due to the presence

of the −CF3 group in dimer 9, which is bulkier than the −CH3 group in dimer 8. These

results are found to be different in comparison to the geometries of dimers 2 and 3.

In the present case, the C–F bond distance does not affect the dihedral angle as the

substitution occurs at different position of the monomer unit. Even though the dimers

of compounds 2 and 8 bear the same −CH3 group, the dihedral angle of dimer 8 is 17.9◦

smaller than in the dimer 2. Furthermore, dimer 13 shows a dihedral angle of 42.8◦,

but this is much smaller (by 85.1◦) than the angle in dimer 4. The above results show

that the presence of substituent in the pyrrole nitrogen position causes more repulsion

between the monomer units than at the 3 position of the pyrrole ring.

O

S

3.009 

3
.1

6
7
 

S

O

14.

15.

Figure 3.4: Structures of the dimers 14 and 15. These two structures are planar
owing to the noncovalent O· · ·S interactions.
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Dimers 14 and 15 are shown in Figure 3.4. Both the oligomers are planar due to

the presence of intramolecular O · · · S interaction. The intramolecular O · · · S distances

are 3.01 and 3.17 Å in dimers 14 and 15, respectively. These distances are shorter than

the sum of van der Waals radii of sulfur and oxygen.185 This indicates a noncovalent

interaction between the sulfur and oxygen atoms.60,186–191
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Figure 3.5: Comparison of calculated junction bond distances of all the studied
oligomers. J stands for the junction bond distances of the dimers, and J1 and J2

are two junction bond distances of the trimers.

A comparison of various bond lengths between adjacent monomer units shows very

small differences. The main structural changes happen at the junctions of adjacent

monomer units. For all the studied oligomers, bond lengths between two adjacent

monomer units are calculated and plotted in Figure 3.5. Bonds are denoted as J for

dimers, and J1 and J2 for trimers. The variation in these junction bond lengths are

related to the dihedral angles between the monomer units. Dimer 4 shows the largest

J value because of its largest dihedral angle. A comparison of dimers 2 and 8 shows

that dimer 8 has a smaller J value than dimer 2, owing to the larger junction dihedral

angle in dimer 2 than in dimer 8. As discussed earlier, dimer 2 has a larger dihedral
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angle than in the dimer 3 whereas the J values of these dimers are in the opposite order.

This is because of electron withdrawing nature of the −CF3 group in dimer 3. Although

dimer 10 contains electron withdrawing –CN groups, the J value is small due to a small

junction dihedral angle. The presence of strong electron donating −NH2 group in dimer

12 results small junction bond distance. The interring torsion angles of the dimers 14

and 15 are found to be 0◦, which makes these dimers to exhibit shorter junction dis-

tances than in other dimers. Overall, the dimers having large dihedral angle or bearing

electronic withdrawing groups have large junction bond distances whereas comparatively

smaller J values are found for those dimers which are planar or have electron donating

groups.

Figure 3.6: Optimized geometries of trimer 7: (a) d+d+ configuration and (b) d+d–
configuration.

In trimers, there are two junction dihedral angles, D1
NCCC and D2

NCCC. So, two types

of conformations are possible for each trimer: (1) both dihedral angles are positive

(denoted as d+d+) and (2) one angle is positive and the other is negative (denoted as

d+d–). From the optimized structures, it is found that these two types of conformations

for all the trimers have similar energies. Figure 3.6 shows both these conformations for

trimer 7, and the energy difference between these two is 0.003 kcal/mol. In trimers, the

trends of dihedral angle are found to be similar to those in the dimers except that in
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trimer 4. The dihedral angles of the trimer 4 are found to be smaller than in the trimers

6 and 7. With increase in repeating units, small changes take place in the bond lengths

of the trimers. As shown in Figure 3.5, the trimer 7 has the highest J1 and J2 values

unlike the case of dimers where compound 4 has the highest interunit bond length.

Two different types of BLA values are calculated for all the compounds. First one is

the difference between the average carbon–carbon single and double bond lengths along

the π conjugated path192,193 and it is denoted as ∆r. Other one is the junction BLA

(δr) of the repeating unit, i.e., the average difference between the C–C bond lengths,

located between the –C=N–linkage and pyrrole ring, and the C=N bond length. Both

the ∆r and δr are plotted in Figure 3.7. For all the compounds except monomers 3 and
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Figure 3.7: BLA values, ∆r and δr, of the studied compounds. See text for the
definitions of ∆r and δr.

10, ∆r values are smaller than the ∆r values of the thiophene and pyrrole rings (For

thiophene and pyrrole, ∆r values are 0.062 and 0.047 Å, respectively at the B3LYP/6-

31G(d) level of theory). It indicates that the monomers 3 and 10 are less conjugated

than the individual thiophene and pyrrole rings. As shown in Figure 3.7, compound 3

TH -1519_11612221



Chapter 3: Thiophene–azomethine–pyrrole based conjugated polymers 51

has the highest ∆r value. For all the compounds, ∆r decreases from the monomer to the

corresponding trimer except in the compound 4. ∆r value of the dimer 4 is larger than

in monomer 4, and this result shows that the presence of t-Bu groups in the pyrrole

nitrogen positions decrease the conjugation length upon dimerization of the compound

4. It is also observed that the magnitude of ∆r for the trimers 14 and 15 are smaller

than for other trimers indicating more delocalization over the oligomer chains. Overall,

small dihedral angles or the presence of electron donating groups in a compound results

a small ∆r value whereas the opposite happens for the compounds having large dihedral

angles or electron withdrawing groups. The δr is less affected by the dihedral angle as

compared to the ∆r, and in most of the cases, electronic effects of the substituents are

predominant over the steric effect. Among all the monomers and oligomers, compound

11 has the largest δr value because of the presence of a strong electron withdrawing

−NO2 group. The δr value of the compounds 3, 9, 10 are also large because of the

electron-withdrawing effect of the substituents. The presence of two electron-donating

−OC2H4O− groups in the repeating unit of compound 15 causes the smallest δr values.

All the compounds (i.e., compounds 2, 5, 6, 7, 8, 12, 14) containing electron-donating

groups have small δr values except in compounds 4 and 13. This is due to the presence

of bulky t-Bu group. For all compounds, the δr value decreases from the monomer to

the corresponding trimer.

To check the effect of different DFT functionals on the electronic structures, extra

calculations were performed using B2PLYP, PBE0, PW6B95 and PWPB95 functionals,

for all the monomers. The energies of the monomers calculated by different functionals

are plotted in Figure 3.8, with respect to the energies obtained by the B3LYP functional.

The energies obtained follow the order, PBE0 > B2PLYP > PWPB95 > B3LYP >

PW6B95. It is also observed that the energies of the monomers follow the same order,

for all the functionals.

The C–C bond lengths and ∆r values obtained by different functionals and basis

sets are listed in Table 3.3, and the bond lengths are plotted in Figure 3.9. The C–C

single and double bond lengths derived using PBE0 and PW6B95 functionals are slightly
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Figure 3.8: Comparisons of energies of monomers calculated by different functionals
with respect to the B3LYP functional.

Table 3.3: Bond lengths and ∆r values of the basic monomer unit obtained using
different functionals and basis sets.

bond lengths (Å)

bonds B3LYP B2PLYP PBE0 PW6B95
6-31G(d) 6-311G++(d,p) 6-31G(d)

1 1.37 1.37 1.37 1.37 1.36
2 1.42 1.42 1.42 1.42 1.42
3 1.38 1.38 1.38 1.38 1.37
4 1.44 1.44 1.44 1.43 1.43
5 1.40 1.39 1.39 1.39 1.39
6 1.41 1.41 1.41 1.41 1.41
7 1.39 1.39 1.39 1.38 1.38

∆r (Å) 0.04 0.04 0.04 0.04 0.04

smaller than those obtained using the B3LYP functional. While the calculated ∆r

values using B2PLYP and PBE0 functionals are smaller than the one obtained using

the B3LYP functional, the value obtained using the PW6B95 functional is larger. Extra

calculations were also carried out to see the effect of basis sets, and the results are

shown in Figure 3.9. Bond lengths obtained at the B3LYP/6-311++G(d,p) level are

slightly smaller than those at the B3LYP/6-31G(d) level. Also the ∆r obtained at the

B3LYP/6-311++G(d,p) level is larger than the result at the B3LYP/6-31G(d) level.

TH -1519_11612221



Chapter 3: Thiophene–azomethine–pyrrole based conjugated polymers 53

1.36

1.38

1.40

1.42

1.44

1 2 3 4 5 6 7
1.36

1.38

1.40

1.42

1.44

 

B
on

d 
le

ng
th

 (Å
)

 B3LYP  B2PLYP
 PBE0  PW6B95

 

B
on

d 
le

ng
th

 (Å
)

Bonds

 6-31G(d)
 6-311++G(d,p)

Figure 3.9: Bond lengths of basic monomer unit calculated by different functionals
and basis sets.

3.3.1.2 HOMO–LUMO gaps, excitation energies, and oscillator strengths

EH, EL and the corresponding Ehl
g values of all the compounds are listed in Table 3.4.

From the table, it can be observed that the EH and EL of the monomers 2 and 4 are

larger than those of the monomer 1. The observed red shift in the Ehl
g for both the

monomers compared to that of monomer 1 is due to the electron donating nature of the

group attached to the pyrrole ring, i.e., −CH3 in monomer 2 and t-Bu in monomer 4.

The change in the position of substitution also affects the Ehl
g values as seen in cases

of monomers 3 and 9. Both have the same −CF3 group, but the Ehl
g of monomer 3

is smaller than that of monomer 9. This is because of the presence of −CF3 group in

the pyrrole nitrogen position in monomer 3. In monomers 6 and 7, the increase in the

number of −CH3 substituents and their positions in the pyrrole and thiophene rings

decrease the magnitude of the Ehl
g values. The HOMOs of the monomers 11 and 15

are the most and the least stable, respectively. The presence of an electron withdrawing

nitro group in the monomer 11 and two electron donating −OC2H4O− groups in the
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Table 3.4: Calculated EH, EL and Ehl
g at the B3LYP/6-31G(d) level for all the studied

compounds. For the monomers, the values inside the brackets indicate the Ehl
g at the

B3LYP/6-311++G(d,p) level. All the energies are in eV and ‘M’, ‘D’ and ‘T’ stand for
monomer, dimer and trimer, respectively

compounds EH EL Ehl
g compounds EH EL Ehl

g

1 M −5.14 −1.52 3.62(3.56) 9 M −5.53 −1.86 3.67(3.62)
D −4.71 −2.03 2.68 D −5.19 −2.35 2.84
T −4.56 −2.25 2.32 T −5.07 −2.55 2.52

2 M −5.07 −1.51 3.56(3.48) 10 M −5.69 −2.02 3.66(3.61)
D −4.70 −1.96 2.74 D −5.34 −2.60 2.74
T −4.58 −2.15 2.42 T −5.22 −2.81 2.41

3 M −5.43 −1.84 3.59(3.52) 11 M −5.78 −2.17 3.61(3.49)
D −5.06 −2.33 2.72 D −5.49 −2.72 2.77
T −4.93 −2.54 2.39 T −5.40 −2.89 2.51

4 M −4.98 −1.45 3.53(3.48) 12 M −4.84 −1.44 3.40(3.34)
D −4.82 −1.76 3.07 D −4.42 −1.93 2.50
T −4.64 −1.95 2.70 T −4.25 −2.12 2.14

5 M −5.18 −1.56 3.62(3.54) 13 M −5.09 −1.50 3.59
D −4.73 −2.05 2.69 D −4.81 −1.89 2.92
T −4.58 −2.25 2.34 T −4.70 −2.05 2.65

6 M −5.02 −1.46 3.56(3.47) 14 M −5.06 −1.52 3.54(3.48)
D −4.76 −1.81 2.95 D −4.44 −1.97 2.47
T −4.68 −1.96 2.72 T −4.27 −2.15 2.11

7 M −4.96 −1.43 3.53 15 M −4.65 −1.22 3.43
D −4.76 −1.74 3.02 D −4.09 −1.65 2.44
T −4.69 −1.88 2.82 T −3.88 −1.82 2.06

8 M −5.08 −1.49 3.59(3.52)
D −4.63 −1.98 2.65
T −4.47 −2.17 2.30

monomer 15 is the cause of the above results. Both monomers 12 and 15 have small

Ehl
g values. While the presence of an amino group in monomer 12 helps in decreasing

the Ehl
g by 0.22 eV compared to monomer 1, the presence of two −OC2H4O− groups

in monomer 15 results in a value smaller by 0.19 eV than in monomer 1. Monomer 9

shows the maximum Ehl
g of 3.67 eV, and monomer 12 exhibits the lowest Ehl

g of about

3.40 eV.

The Ehl
g values of oligomers are directly proportional to the torsional angles at the

junctions.15,21,71,194–196 A large torsional deviation from the coplanarity leads to a large

Ehl
g value. Thus, the arrangement of monomers in the backbone of oligomers plays a

vital role in determining the optoelectronic properties of oligomers. Analysis of the

results obtained for the dimers shows that the compounds 4 and 15 exhibit the highest

and the lowest Ehl
g values, respectively. As already discussed, the DNCCC is the largest
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for dimer 4. This results in the reduction in conjugation length and makes the dimer

4 to exhibit the highest Ehl
g value. For compounds 1–7, the order of Ehl

g is consistent

with the order of the dihedral angle.

By the dimerization of monomers 2 and 8, the Ehl
g increases and decreases respec-

tively, with respect to dimer 1. As discussed above, −CH3 groups in dimer 2 produce

a larger dihedral angle than that in dimer 8. In compound 2, the steric influence of the

substituent is more effective than the electronic effect whereas the reverse happens in

the dimer 8. Both the dimers 14 and 15 are planar and have small Ehl
g values, i.e., 2.47

eV and 2.44 eV, respectively.

In the case of trimers, the trimer of compound 7 is shown to have the highest Ehl
g

value of about 2.82 eV unlike the case of dimers where the dimer of compound 4 is

found to have the highest Ehl
g . As listed in Table 3.2, the dihedral angles in the trimer

of compound 4 are 53.8◦ and -54.6◦, smaller than in the dimer. The effect of change

in the dihedral angle on the Ehl
g value is seen in Table 3.4. The dihedral angles in the

trimer 7 are larger than the ones in the trimer of compound 4. Larger dihedral angles

decrease the degree of π−π conjugation between the adjacent units resulting in a larger

Ehl
g value in compound 7.64,197–200 On the other hand, highly conjugated π-bonding

systems have smaller Ehl
g values, like in the case of trimers of compounds 14 and 15.

Planar structures of these compounds help in increasing the EHs while stabilizing the

LUMOs, thus increasing the coupling between the neighboring units. As listed in Table

3.4, the calculated Ehl
g values for these trimers are smaller than in the other trimers.

The EH, EL and Ehl
g values of the basic monomer unit obtained by different function-

als are shown in Figure 3.10. Compared to the B3LYP functional, all the functionals

produce larger Ehl
g values. The Ehl

g calculated by B2PLYP and PWPB95 functionals

are very large compared to the other functionals. This is due to more stabilization of

the HOMO orbitals and destabilization of the LUMO orbitals at B2PLYP/6-31G(d)

and PWPB95/6-31G(d) levels. The Ehl
g values of all the studied monomers obtained

by different functionals are plotted in Figure 3.11. As seen in the figure, for all the
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Figure 3.10: EH, EL, and E
hl
g values of the basic monomer unit calculated by different

functionals.
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Figure 3.11: Comparison of Ehl
g values calculated by using five different functionals

as mentioned in the figure.

monomers, the Ehl
g values are overestimated by B2PLYP and PWPB95 functionals.

But all the functionals have the same trend in our studied systems. The Ehl
g values of
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the monomers by different basis sets are listed in Table 3.4. Compared to the 6-31G(d)

basis set, the 6-311++G(d,p) basis set results in slightly smaller Ehl
g , but the trend is

the same for both the basis sets.

Table 3.5: Electronic transition data obtained by TDDFT method for trimers at the
B3LYP/6-31G(d) level.

trimers transitions Eg(eV) fosc configurations trimers transitions Eg(eV) fosc configurations

1 S0 → S1 2.24 3.58 H→L(98%) 2 S0 → S1 2.29 3.03 H→L(98%)
S0 → S2 2.55 0.17 H→L+1(53%) S0 → S2 2.61 0.41 H→L+1(52%)
S0 → S3 3.00 0.05 H→L+2(62%) S0 → S3 2.96 0.03 H→L+2(45%)

3 S0 → S1 2.27 3.10 H→L(98%) 4 S0 → S1 2.46 2.50 H→L(98%)
S0 → S2 2.58 0.41 H→L+1(49%) S0 → S2 2.75 0.24 H→L+1(48%)
S0 → S3 2.96 0.01 H→L+2(41%) S0 → S3 2.97 0.01 H→L+2(28%)

5 S0 → S1 2.24 3.45 H→L(98%) 6 S0 → S1 2.48 2.01 H→L(98%)
S0 → S2 2.57 0.29 H→L+1(53%) S0 → S2 2.80 0.62 H→L+1(52%)
S0 → S3 2.99 0.03 H→L+2(54%) S0 → S3 2.95 0.07 H=1→L(30%)

7 S0 → S1 2.54 1.44 H→L(97%) 8 S0 → S1 2.22 3.69 H→L(98%)
S0 → S2 2.85 0.82 H→L+1(63%) S0 → S2 2.53 0.06 H→L+1(53%)
S0 → S3 2.89 0.16 H=1→L(49%) S0 → S3 2.98 0.06 H→L+2(67%)

9 S0 → S1 2.36 2.97 H→L(98%) 10 S0 → S1 2.27 3.12 H→L(98%)
S0 → S2 2.69 0.32 H→L+1(52%) S0 → S2 2.60 0.30 H→L+1(53%)
S0 → S3 3.04 0.05 H→L+2(38%) S0 → S3 2.97 0.07 H→L+2(35%)

11 S0 → S1 2.31 2.41 H→L(98%) 12 S0 → S1 2.09 3.64 H→L(98%)
S0 → S2 2.56 0.32 H→L+1(82%) S0 → S2 2.36 0.00 H→L+1(53%)
S0 → S3 2.80 0.21 H=1→L(60%) S0 → S3 2.83 0.10 H→L+2(66%)

13 S0 → S1 2 429 2 24 H→L(98%) 14 S0 → S1 2.10 3.98 H→L(97%)
S0 → S2 2.76 0.51 H→L+1(54%) S0 → S2 2.39 0.16 H→L+1(54%)
S0 → S3 2.96 0.11 H=1→L(30%) S0 → S3 2.89 0.09 H→L+2(64%)

15 S0 → S1 2.04 3.76 H→L(97%)
S0 → S2 2.33 0.42 H→L+1(51%)
S0 → S3 2.82 0.03 H→L+2(50%)

Excitation energies, foscs, and the important configurations involved for first three

singlet-singlet electronic transitions are listed in Table 3.5. For trimers of compounds

14 and 15, the Ehl
g values (see Table 3.4) are close to the Eopt

g s. The relationships

between the calculated Ehl
g values and Eopt

g with the inverse number of double bonds

are plotted in Figure 3.12, for compounds 7, 14, and 15. The properties of polymers

are determined by extrapolation to infinite chain length, and in the present studies, the

linear extrapolation technique and the Kuhn’s formula (see equation 3.6) are used for

computing the energies of a polymer. Figure 3.12 shows that linearly extrapolated Ehl
g

values for 7 and 15 polymers are the highest (2.42 eV) and the lowest (1.31 eV) as

shown in Figure 3.12(a), which is due to the largest and the smallest dihedral angles,

respectively. The corresponding results obtained using the equation 3.6 are 2.71 and

1.78 eV. Excitation energies plotted in Figure 3.12(b) show that while the extrapolated
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Figure 3.12: Variation of Ehl
g (a) and Eopt

g values (b) against the reciprocal of N, where
N is the number of linearly conjugated double bonds. The Figure shows the results
for compounds 7, 14, and 15. Both the Ehl

g and the Eopt
g values are extrapolated to

infinite chain length. Linear extrapolated results are shown as dotted lines and the
results obtained using the Kuhn’s formula (see equation 3.6) are shown as solid lines.

Eopt
g values of the compounds 7 and 15 are 2.26 and 1.71 by using the Kuhn’s formula,

values of 2.09 and 1.02 are obtained by the linear extrapolation. These results clearly

indicate the failure of the linear extrapolation approach, similar to other studies.26,27

The small Ehl
g and Eopt

g values of compounds 14 and 15 signify that those can be

interesting materials with good conduction and light absorption properties. In the case

of trimers, the orders of the Ehl
g and Eopt

g values are similar except that of trimer 12. As

reported in Tables 3.4 and 3.5, the Ehl
g for trimer 14 is smaller than the Ehl

g in trimer

12, while the order reverses for the Eopt
g .

Table 3.5 also shows that the lowest optically allowed electronic transition (i.e. S0 →

S1) has the largest intensity for all cases. The first absorption bands can be assigned

to HOMO → LUMO transitions predominantly. The fosc values for the transitions to

higher excited states are much smaller than that for the lowest energy transition. As

TH -1519_11612221



Chapter 3: Thiophene–azomethine–pyrrole based conjugated polymers 59

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
0

1

2

3

4

 

 

O
sc

ill
at

or
 st

re
ng

th

Compounds

 Trimer  Dimer  Monomer

Figure 3.13: fosc values of the first vertical transition for all the studied compounds.

shown in Figure 3.13, the foscs of the S0 → S1 transitions of all the compounds are found

to increase with an increase in chain length except that in the compounds 4 and 7. For

these two, the fosc for the lowest excitation in monomer is larger than that in dimer.

The oscillator strengths are found to decrease with increase in the dihedral angles. In

accordance with the excitation energies, the oscillator strength is the smallest in the

case of trimer 7 while it is the largest in cases of trimers 14 and 15, for the S0 → S1

transition. The presence of strong π electron withdrawing groups in the main chain of

trimer 11 results in a small oscillator strength of 2.41 for the first excitation.

It is instructive to look at the frontier molecular orbitals to get a reasonable qual-

itative indication of the excitation properties. The electron densities of these orbitals

are shown in Figure 3.14, for compounds 7, 11, 14 and 15. For 14 and 15, π electrons

are delocalized over the entire molecule in their frontier orbitals. Maximal absorption

wavelengths of 590.5 nm and 607.9 nm with large oscillator strengths of 3.98 and 3.76

are found for the trimers 14 and 15, respectively. On the other hand, for the trimers of

7 and 11, the conjugation does not extend over the entire backbone of the oligomers. In

7, this is again due to the large interunit dihedral angles which distorts the structure.

In trimer 11, the electron density in the LUMO is not homogeneously distributed due
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Figure 3.14: Electron density plots of the HOMO and LUMO orbitals of the trimers
7, 11, 14 and 15.

to the presence of strong electron withdrawing −NO2 group.

3.3.2 Effect of substituents on the charge carrier injection and trans-

port properties

After a thorough analysis of ground state structures and optoelectronic properties of

thiophene–pyrrole-based oligo-azomethines in the previous subsection, this subsection

pays attention to their charge carrier injection and transport properties. Our study

mainly focuses on the steric and electronic effects of different types of substituents on

both the hole and electron injection/transport properties. Out of fifteen azomethines

studied in the previous subsection, eight are carefully selected for this study, namely 1,

7, 8, 9, 11, 12, 14 and 15. Sketch maps of these eight oligo–azomethines are shown in

Figure 3.1. Studied compounds have varied interunit dihedral angles: from ladder type

planar structures to nonplanar structures having large torsional angles are considered.

Electron donating and/or withdrawing substituents having strong/weak effect are at-

tached at different positions of the repeating units to get a complete understanding of

the substitution effect on the charge injection and transport properties for our studied

systems.
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The structural parameters of the neutral and charged states of all the studied molecules

are obtained at the B3LYP/6-31G(d,p) level of theory. Irrespective of the type of sub-

stituent, the monomer unit is planar for all cases. The effect of substituents on the

geometries of the neutral forms is discussed in subsection 3.3.1. This subsection fo-

cuses on the geometrical changes occurring in the oligomers while carrying a charge

(hole/electron) in comparison to their neutral counterparts.

3.3.2.1 Comparison of geometries of the (N ± 1)-charged oligomers with

their neutral counterparts

Figure 3.15: Representative structure showing dihedral angle between two repeating
units. Here φ = N1–C2–C3–C4.

Dihedral angles between the repeating units contribute significantly to the reorgani-

zation energy in the hole/electron transport process for a π–conjugated polymer.201,202

Thus, comparison of interunit dihedral angles between the neutral and charged forms

of an oligomer is very informative. A representative structure of an interunit dihedral

angle is shown in Figure 3.15. The calculated dihedral angles of all the pentamers are

listed in Table 3.6. For all the studied compounds, reductions in the dihedral angles are

observed after the injection of charge. Pentamer of the compound 1 has an interunit

dihedral angle of about ∼ 11.5° in neutral form, whereas it is planar in its charged states.

In the case of pentamer of 8, four repeating units are in one plane for both the charged

states, whereas one terminal–unit in each of the charged molecule produces a noticeable

dihedral angle with the adjacent one. Compound 7 has the largest dihedral angles for

all the states because of large steric hindrance arising due to the presence of three alkyl

TH -1519_11612221



Chapter 3: Thiophene–azomethine–pyrrole based conjugated polymers 62

Table 3.6: Calculated dihedral angles (in degrees) of all the eight pentamers at the
B3LYP/6-31G(d,p) level. +1, 0 and -1 designate the monocation, neutral and monoan-
ion forms of the pentamers. φ1−4 represent the four interunit dihedral angles in a

pentamer.

pentamers charge dihedral angles pentamers charge dihedral angles
φ1 φ2 φ3 φ4 φ1 φ2 φ3 φ4

+1 0.1 0.2 0.2 1.2 +1 9.7 8.5 11.0 12.9
1 0 11.6 10.6 12.7 11.8 11 0 17.2 16.7 17.2 17.2

–1 0.0 0.0 0.0 0.0 –1 14.4 10.3 9.7 11.2

+1 47.0 47.3 49.1 53.1 +1 11.6 10.5 11.4 14.8
7 0 62.6 63.9 63.0 62.7 12 0 16.9 16.1 15.5 16.9

–1 55.0 50.0 48.1 49.5 –1 15.6 11.7 10.2 11.8

+1 0.9 0.2 0.6 6.3 +1 0.1 0.0 0.1 0.0
8 0 15.0 13.3 12.8 15.2 14 0 1.0 0.3 0.2 0.3

–1 9.3 0.4 2.2 1.1 –1 0.1 0.0 0.1 0.1

+1 16.2 13.7 15.6 19.9 +1 0.4 0.7 0.7 0.4
9 0 25.5 24.8 25.2 25.7 15 0 0.3 0.3 0.2 0.3

–1 21.6 17.5 16.4 18.3 –1 0.3 0.5 0.3 0.3

groups. Compounds 14 and 15 are planar in their charged and neutral states because

of O· · · S interaction between oxygen atom of the methoxy substituent of one repeating

unit and the sulfur atom of thiophene ring of an adjacent unit as described in section

3.3.1.
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Figure 3.16: Labeling of various bonds and heterocyclic rings of a pentamer. Lower
case letters, numbers and Roman numerals represent heterocyclic rings, C–C and C–N
bonds along the conjugation path, and C–S and C–N bonds of the heterocyclic rings,

respectively. H atoms and substituents are not shown in the Figure for clarity.

Bonds and heterocyclic rings of the pentamer 1 are labeled in Figure 3.16 and im-

portant bond length parameters are plotted in Figures 3.17 and 3.18. Changes in car-

bon–heteroatom bond lengths of the heterocyclic rings introduced by the injection of a

hole or an electron are represented by dnc and dna. These are calculated by subtracting

carbon–heteroatom bond lengths of monocationic and monoanionic forms, respectively,

from the carbon–heteroatom bond lengths of the neutral state. dnc and dna values for the
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C–S and C–N bonds of both the heterocyclic rings of pentamer 1 are plotted in Figure

3.17. Figure 3.17(a) shows that all C–S bonds of the monoanion are longer than those

i ii iii iv v vi vii viii ix x
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Figure 3.17: Difference between carbon–heteroatom bond lengths of heterocyclic rings
in neutral and charged states, where dnc = (C−S/C−N)neutral− (C−S/C−N)cation
and dna = (C −S/C −N)neutral − (C −S/C −N)anion. dnc and dna for the thiophene
rings and for the pyrrole rings of the pentamer 1 are shown in (a) and (b), respectively.

in the neutral form. Also the central bonds are more distorted than the terminal bonds

of the chain. For the C–S bonds, dnc values are relatively smaller than the dna values.

In the monocationic state, the terminal C–S bonds (i, ii and x bonds) are shorter and

the central C–S bonds are longer than those in the neutral state. Introduction of a hole

affects both the C–N bonds in many of the pyrrole rings, but to different degrees. Except

in the c pyrrole ring, one C–N bond is longer and the other one is shorter than the two

in the neutral form in all the rings. In the c ring, while the length of bond v remains

unchanged, bond vi is shorter than in the neutral form. Compared to the neutral form,

the C–N bond lengths of the monoanion are slightly larger as in the case of the C–S

bonds of thiophene rings, except for bonds i, viii and x. The lengths of these bonds

are equal for both the neutral and the monoanionic forms. In the presence of a hole or

an electron, the C–S and C–N bonds of all other pentamers behave similarly to those of

pentamer 1.
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Figure 3.18: Bond lengths of (a) carbon–carbon and (b) carbon–nitrogen bonds along
the conjugation path of pentamer 1 for the neutral and charged states.

Lengths of C–C and C–N bonds along the conjugation path of pentamer 1 for all the

states are calculated and plotted in the Figure 3.18. It is clear from the figure that the

deviations in the bond lengths of the charged states from the neutral states are more

pronounced in the central part of the oligomer. The single bonds become shorter and

the double bonds become longer in the charged states compared with the bonds in the

neutral form. In the case of pentamer 1, BLA values of the individual rings (denoted

as δr) are also calculated for the neutral and charged states geometries. These are

evaluated by dividing the sum of two C–C double bonds by 2 × C–C single bond of each

heterocyclic ring.203 Hence, a value of 1 for the BLA indicates the boundary between the

aromatic- and quinoid-like structures. The results for the thiophene and pyrrole rings

are shown in Figure 3.19. This shows that the pyrrole rings, apart from the terminal

pyrrole ring, are at the boundary position of aromatic- and quinoid-like structures in the

neutral form. So, a small distortion of the bonds renders them quinoid-like structures.

However, in the case of the thiophene ring the situation is completely different, and a
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Figure 3.19: δr values of (i) thiophene rings and (ii) pyrrole rings of the pentamer
1, and (iii) ∆r values of all the studied compounds. Where δr = (sum of two C=C

bonds)/(2×C–C bond) and ∆r = C–Cavg – C=Cavg

large distortion is needed to form a quinoid–like structure. Hence, between the two types

of heterocyclic rings in pentamer 1, quinoid–like structures are mostly found in pyrrole

rings. Another important observation that can be made from Figure 3.19(i) and (ii) is

that the presence of a hole causes more distortion than an electron. Differences of δr

between the neutral and charged states of both the heterocyclic rings are comparatively

smaller for pyrrole rings than for thiophene rings. A small change in δr value may lead

to less reorganization energy and, hence, introduction of pyrrole rings in a polymer may

enhance the charge transfer rate. Carbon–carbon BLAs (denoted as ∆r) for pentamers

of all the compounds are plotted in Figure 3.19(iii). It is calculated as the difference of

average C–C single and double bonds.193 It is noticed that compound 7 has the largest

∆r value, while compound 14 has the smallest ∆r value for all the states. This may

occur because of large dihedral angles between adjacent repeating units leading to poor

conjugation in pentamer 7, and the highly conjugated planar structure of pentamer 14.
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Table 3.7: Values of EH, EL, IP and EA of all the studied pentamers calculated at
the B3LYP/6-31G(d,p) level of theory. Work functions of some metal electrodes are

also tabulated for comparison.

pentamers frontier orbitals (eV) IPs (eV) EAs (eV)

EH EL adiabatic vertical adiabatic vertical

1 −4.47 −2.42 5.07 5.18 1.80 1.71
7 −4.65 −1.98 5.17 5.36 1.40 1.26
8 −4.37 −2.36 4.95 5.06 1.75 1.66
9 −5.00 −2.71 5.59 5.71 2.09 2.00
11 −5.36 −3.03 5.95 6.04 2.42 2.32
12 −4.12 −2.29 4.68 4.80 1.70 1.60
14 −4.12 −2.30 4.69 4.80 1.71 1.62
15 −3.72 −1.96 4.24 4.36 1.42 1.31

metal electrodes Au ITO Ag Al Mg Ca

work function (eV) 5.1045,205 4.70206 4.26205 3.70206 3.66205 2.87205

Pentamer 15 is also planar, while its ∆r values (for all the three forms) are slightly larger

than the values for 14. A large electronic effect of the –OC2H4O– groups in pentamer

15 may be a cause of the above result. For all the studied compounds, it is observed

that the ∆r values of pentamers are in accordance with interunit dihedral angles, and

are largely affected by the nature of substituents. An electron withdrawing effect of the

substituents causes an increase in ∆r, while an electron donating effect causes a decrease

in ∆r value compared to the values for pentamer 1.

3.3.2.2 Charge injection properties

As holes/electrons are either injected from a metal electrode to a polymer or discharged

from a polymer to a metal electrode in any optoelectronic device, it is important to

maintain a balance between the work function (φm) of metals and the ionization potential

and electron affinity (or energies of frontier orbitals) of polymers at the metal–polymer

interface.45,204 The zero–field barrier height is often calculated as |EH| – φm (for hole

injection) or φm – |EL| (for electron injection).45,166,169 For all the studied compounds,

values of EH, EL, IP(v, a) and EA(v, a) are reported in Table 3.7. φm values of some

metals (high work function metals such as Au, Ag and Indium Tin Oxide (ITO) and
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low work function metals such as Al, Mg and Ca) are also listed in the same table

to compare their φm values with the energies of the frontier orbitals of the studied

oligomers. Adiabatic and vertical EAs and IPs are plotted in Figure 3.20. As reported

in the Table, |EH| of the studied pentamers are smaller than the work function of the

Au metal electrode (5.1 eV), except for that of pentamer 11. This negative potential

barrier may facilitate hole injection from the metal electrode to these oligo–azomethines,

and space charge distribution in the polymer network may be the only hindrance for the

injection.207–210 Even pentamer 11 has an injection barrier of only 0.255 eV. However,
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Figure 3.20: Vertical and adiabatic EA and IP values for all the studied pentamers.

the comparison of IP(v) and φm of electrodes indicate that the injection barrier exist

for pentamers 1, 7, 9 and 11, and the barrier height is the largest for pentamer 11.

Pentamers 11 and 15 have the largest and the smallest IP values, respectively, as

shown in Figure 3.20. The strong electron donating nature of –OC2H4O– groups and

the strong electron withdrawing nature of –NO2 groups dictate this variation in IPs.

The planar structure of pentamer 15 provides further support for the small IP value.

Although the –NH2 group is a stronger electron donor than the –OCH3 group, the

planarity of the pentamer 14 compensates for this, and equal IP values are obtained for

both pentamers 12 and 14. Both pentamers 8 and 7 have larger dihedral angles than
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pentamer 1, but the IP values of 8 and 7 are smaller and larger, respectively, compared

to that of 1. It clearly shows that the electronic effect of the alkyl substituents in

pentamer 8 and the steric effect in 7 are the most dominant factors for the prediction of

IP values. As the –CF3 is a weaker electron withdrawing group than the –NO2, the IP

value of pentamer 9 is slightly smaller than that of pentamer 11. The above discussion

of the IPs seems to suggest that compound 15 may be the most suitable candidate for

the hole injection. But it is also possible that such a small IP may lead to unintentional

doping in the presence of oxygen.171,211 Pentamer 14 has almost the same IP value as

polyacetylene (4.7 eV212), and is expected to have similar environmental stability.

Most of our studied materials show large barriers for electron injection as seen in Table

3.7, and thus these compounds may not be suitable for electron injection. Large barriers

may be due to the raising of energy of frontier molecular orbitals in the presence of

azomethine groups and pyrrole rings in the oligomers.159–161 However, in the presence of

electron withdrawing groups, electron injection may be possible from low work function

metals such as Mg and Ca. In contrast to IP, the presence of withdrawing groups

increases the EA value, whereas the reverse happens for electron donating groups.3,213

Compound 11 has the largest EA value due to the strong electron withdrawing effect

of –NO2 substituents. But for the studies systems, these smaller values of electron

affinities (less than 3.0 eV) may result in poor stabilities of these anionic compounds.

Thus, although pentamers 9 and 11 have comparatively larger EA values than the

other studied molecules, their EA values are still smaller than 2.5 eV, which may cause

hindrance for electron injection. It is also clear from the figure that, in addition to the

electronic effect of a substituent, the steric effect is also an important factor for the

determination of EA. As a consequence, pentamer 7 has the smallest EA value. As

expected, all the compounds containing electron donating groups have small EA values.

As reported in Table 3.7 and shown in Figure 3.20, IP(v) values are always larger and

EA(v) values are always smaller than the adiabatic counterparts because of reorganiza-

tion of molecules after the Franck–Condon excitations. For pentamers, both IP(v) and

EA(v) follow the same order as IP(a) and EA(a). IP(v, a) and EA(v, a) values for all the
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oligomers of all the compounds are listed in Table A1 (see Appendix I). As reported in

the table, EA(v, a) and IP(v, a) values increase and decrease with the addition of each

repeating unit, respectively.

3.3.2.3 Charge transport properties

Internal reorganization energies for the hole and electron carriers of all the compounds

are reported in Table 3.8 and plotted in Figure 3.21. As the monomers are completely

planar, the electronic effect of the substituents is the dominant factor. Thus, in addition

to oligomers, λh and λe of the monomers are also analyzed to explore the electronic effect

of the substituents on the internal reorganization energies. Apart from monomers 8 and

14, all other monomers have larger λh values than monomer 1 (1 has no substituent).

The large distortion of geometries after substitution of strong electron donating/with-

drawing group(s) may be the reason for the above result. Monomer 12 has the largest

Table 3.8: Intramolecular reorganization energies for holes (λh) and electrons (λe)
calculated at the B3LYP/6-31G(d,p) level of theory of all the studied compounds.
Here, “M”, “D”, “T”, “TT” and “P” denote monomer, dimer, trimer, tetramer and

pentamer, respectively.

compounds λh in eV

1 7 8 9 11 12 14 15
M 0.40 0.41 0.39 0.47 0.44 0.49 0.40 0.46
D 0.32 0.46 0.32 0.41 0.37 0.39 0.31 0.34
T 0.29 0.45 0.30 0.36 0.31 0.33 0.27 0.30
TT 0.25 0.40 0.27 0.31 0.25 0.30 0.25 0.27
P 0.22 0.34 0.24 0.26 0.20 0.25 0.22 0.25

polymer (n=∞) 0.21 0.27 0.24 0.24 0.18 0.23 0.21 0.24

λe in eV

1 7 8 9 11 12 14 15
M 0.35 0.37 0.35 0.39 0.34 0.42 0.37 0.50
D 0.28 0.38 0.28 0.34 0.34 0.32 0.27 0.33
T 0.24 0.36 0.26 0.29 0.27 0.27 0.23 0.28
TT 0.21 0.32 0.22 0.24 0.22 0.23 0.21 0.24
P 0.19 0.26 0.19 0.20 0.18 0.21 0.18 0.21

polymer (n=∞) 0.17 0.19 0.19 0.18 0.15 0.18 0.17 0.19
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Figure 3.21: Internal reorganization energies induced by (a) a hole and (b) an electron
for all the studied compounds.

and monomer 8 has the smallest λh values. However, in the case of λe, monomer 15 has

the largest and 11 has the smallest value. This may be due to the presence of strong elec-

tron donating (–OC2H4O–) and withdrawing (–NO2) groups in 15 and 11, respectively.

The steric effect of the substituents on the reorganization energies is clearly noticeable

when we move from monomers to dimers and to large oligomers. For all the studied

oligomers, λh and λe values decrease after the addition of each repeating unit, except

in the case of compound 7. In the case of 7, λh and λe values for the dimer are larger

than those of the monomer. From trimer onwards, the values decrease with the increase

of the oligomer size. Compound 7 has large interunit dihedral angles in the neutral

form, and it reorganizes towards planar geometry when carrying a charge, leading to a

large reorganization energy. The order of λh in the monomer is different than in the

dimer, and many crosses occur after the addition of another repeating unit, which can

be understood by comparing with their dihedral angles listed in Table 3.6. Pentamer 11

has the smallest and 7 has the largest λh values. Crossed lines in Figure 3.21(b) again

indicate the dominant behavior of the steric effect of the substituents on the λe values

for the oligomers, as in λh. In the case of pentamers, 11 and 14 have the smallest and 7

has the largest λe values. The planarity of pentamer 14, the strong electron withdrawing

nature of the –NO2 substituent in pentamer 11 and the large inter–unit dihedral angles
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of 7 are the reasons of the above result.

For all cases, λh is larger than λe (except monomer 15). Although pentamers 14 and

15 are planar, both λe and λh values of 15 are larger than those of 14 because of the

presence of a strong electron donating group (–OC2H4O–). If we compare pentamers

1 and 14, the differences between λ values are small (only 0.002 in λh and 0.004 in

λe). Thus, the presence of –OCH3 groups at the ‘3’ position of the pyrrole rings has

little effect on the internal reorganization energy for the studied systems. For all the

studied compounds, no sign of convergence is observed for either λh or λe, even after

the addition of five repeating units (each pentamer contains 10 heterocyclic rings and 5

azomethine linkages). λ convergence behavior depends upon delocalization of charge in

the π–conjugated backbone of a polymer. In the studied systems, charge (hole/electron)

distribution is not restricted to a finite region, rather it spreads all over the pentamers.

Thus, the reorganization occurs all over the oligomer chain resulting in a non-convergent

behavior of the reorganization energy. Bond lengths and BLA values also support the

above explanation. Reorganization energies of the polymers are predicted by the Kuhn’s

formula and listed in Table 3.8. The results indicate that localization length increases

further for long polymers and smaller reorganization energies are obtained compared

with their respective pentamers, except λh of the compound 8 where similar values are

obtained for both of its pentamer and polymer. λh values of the polymers 7 and 11,

and λe values of the polymers 15 and 11 are the largest and smallest, respectively.

Electronic coupling values of all the dimers are calculated for the optimized struc-

tures of two adjacent dimers obtained at the B3LYP-D3/6-31G(d,p) level. Optimized

structures of the dimers of compounds 1 and 8 are shown in Figure 3.22. The average

intermolecular distance between two dimers of each compound is calculated and listed

in Table 3.9. The inter-chain distances are strictly consistent with the steric effect of

the substituents. While two neighboring dimers of compound 7 are situated at the av-

erage distance of 3.58 Å, the value is 3.23 Å for compound 1. Except compound 7,

the average intermolecular distances in the optimized structures are smaller than 3.5

Å. Strong intermolecular π − π interactions and hydrogen bonds between neighboring
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Figure 3.22: Optimized structures of two neighboring dimers for dimer 1 (a) and 8
(b), calculated at the B3LYP-D3/6-31G(d,p) level.

Table 3.9: Charge transfer integral (Vab), average intermolecular distances, charge
transfer rates (kct), and mobilities (µhop) calculated for the optimized structures of two

closely spaced dimers of each compound at the B3LYP-D3/6-31G(d,p) level.

compounds Vab (eV) distance (Å) kct × 10−13/s−1 µhop/cm
2V −1s−1

hole electron hole electron hole electron

1 0.18 0.20 3.23 4.53 8.58 1.84 3.48
7 0.11 0.15 3.58 0.34 1.44 0.17 0.72
8 0.20 0.20 3.27 5.08 8.30 2.11 3.45
9 0.07 0.03 3.38 0.27 0.09 0.12 0.04
11 0.08 0.05 3.44 0.57 0.25 0.26 0.12
12 0.10 0.09 3.36 0.59 1.08 0.26 0.47
14 0.18 0.18 3.33 4.50 6.95 1.94 3.00
15 0.10 0.09 3.28 1.13 0.95 0.47 0.40

molecules control the morphology of adjacent dimers, and such close packed structures

are obtained.

Charge transfer integrals, charge transfer rates, and hopping mobilities calculated

from equations 3.4, 3.1 and 3.5, respectively, for all the studied dimers are reported in

the same table. The above calculations are performed at room temperature (298 K). As

reported in the table, the smallest Vab values for holes (0.07 eV) and electrons (0.03 eV)

are estimated for compound 9. For both holes and electrons, compounds 1, 8 and 14
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have large Vab values. Estimated charge transfer rates and hopping mobilities of all the

dimers using their λ and Vab values are plotted in Figure 3.23. As shown in the figure,
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Figure 3.23: Charge transfer rates (a) and hopping mobilities (b) of all the studied
dimers.

both the charge transfer rate and the mobility have the same trend. Both are larger for

electrons compared to holes, except for dimers 9, 11 and 15. Among all the studied

molecules, the kct and µhop values of dimers 1, 8 and 14 are quite large because of small

reorganization energies and large transfer integrals. Although both dimers 14 and 15

are planar, dimer 15 has smaller kct and µhop values than those of 14, as it suffers from

large reorganization energy and small electronic coupling. kct and µhop values of dimer

9 are the smallest among all the studied compounds.

As mentioned in subsection 3.2.2, single-point calculations were also carried out at

the B3LYP-D3/6-31G(d,p) level to calculate the Vab values of pentamers. In these

calculations, two pentamers of each compound were cofacially placed at a distance of

3.5 Å, except in the case of pentamer 7. As pentamer 7 has large interunit dihedral

angles with three bulky –CH3 substituents, two chains were placed at a 6.0 Å center

to center distance in the above calculation. The coplanar position of the chains is not

considered here as their charge transfer integrals are negligible compared to the cofacially

stacked ones.166,214 The dimer of pentamer 1 is shown in Figure 3.24 as a representative

structure. Inter-chain distances, electronic coupling values, charge transfer rates and
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����� �����

�����

Figure 3.24: Representative structure of two stacked pentamers. Interchain distances
are 3.5 Å for all the studied pentamers other than 7. For 7, the distance is 6 Å.

mobilities are listed in Table 3.10. Estimated kct and µhop values for the pentamers at

298 K are plotted in Figure 3.25.

Table 3.10: Charge transfer integral (Vab), average intermolecular distances, charge
transfer rates (kct), and mobilities (µhop) calculated for two stacked pentamers of each

compound at the B3LYP-D3/6-31G(d,p) level.

compounds Vab (eV) distance (Å) kct × 10−13/s−1 µhop/cm
2V −1s−1

hole electron hole electron hole electron

1 0.16 0.12 3.5 10.05 9.92 4.80 4.73
7 0.06 0.07 6.0 0.42 1.33 0.59 1.86
8 0.16 0.15 3.5 8.28 13.20 3.95 6.30
9 0.04 0.10 3.5 0.34 5.41 0.16 2.58
11 0.10 0.10 3.5 5.25 7.26 2.51 3.47
12 0.17 0.17 3.5 8.81 14.36 4.20 6.85
14 0.16 0.15 3.5 9.80 15.27 4.68 7.28
15 0.17 0.17 3.5 8.09 12.92 3.86 6.16
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Figure 3.25: Charge transfer rates (a) and hopping mobilities (b) of all the studied
pentamers.

As listed in the table, Vab values for holes and electrons are the largest in the case

of pentamers 12 and 15. Pentamers 9 and 7 have the smallest coupling values for
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the hole and electron, respectively. It is also noticed that for the dimer of pentamers

having the same internuclear distance, small coupling values are obtained for compounds

containing electron withdrawing groups (i.e., 9 and 11) compared to other pentamers.

For both holes and electrons, Vab values are also small for compound 7. As shown in

Figure 3.25, electron transport rates and mobilities are always larger than those for

holes, except for pentamer 1. In the case of pentamer 1, values for the hole transport

rate and mobility are slightly larger than those for electrons. Pentamers 1 and 9 have

the largest and the smallest hole transport rate and mobility, respectively. On the other

hand, pentamers 7 and 14 have the smallest and the largest electron transport rate

and mobility, respectively. In comparison to the optimized dimers of dimers, significant

changes are noticed in the kct and µhop values for the dimers of pentamers 12 and 15

(kct values are increased from < 1.5 × 10−13s−1 to > 8.0 × 10−13s−1 and, µhops are

increased from < 0.5 cm2V −1s−1 to > 3.5 cm2V −1s−1). The reason for the above result

is that Vab values of these compounds for the optimized structures of the dimers are

much smaller than the values for pentamers. In addition to this, the reorganization

energies for the pentamers are also smaller than those for dimers. Both for holes and

electrons, kct and µhop for pentamers 1, 8, 12, 14 and 15 are sufficiently large, and

these compounds may act as efficient charge transport materials. Although pentamer

11 has a small λ value, its small Vab value results in poorer hole and electron transport

rates and mobilities, compared to the values obtained for the above compounds. As

the anionic forms of these materials are not stable enough, these material are mostly

favorable for the hole transport layer. As discussed in the subsection 3.3.2.2, the small

IP value of pentamer 15 may cause hindrance for the hole transport process.

3.4 Salient findings

Our study on the geometric and optoelectronic properties of fifteen pyrrole and thiophene

based oligo-azomethines shows that the geometric structure is very much dependent on

the steric influence of the bulky substituents and their positions. Torsional angle plays
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a major role in determining the localization and delocalization of wave functions and

hence, any deviation from planar structure affects the optoelectronic properties of the

π-conjugated polymer. All the compounds with large torsional angles have large Ehl
g

and Eopt
g values and small oscillator strengths for the S0 → S1 transition. The largest

Ehl
g and Eopt

g values was found for compound 7. For this system, the oscillator strength

for the lowest electronic transition is also the smallest. Oligomers of compounds 14 and

15 are found to be planar due to intramolecular O · · · S interactions, and these two have

significantly smaller Ehl
g and Eopt

g values and larger oscillator strengths for the lowest

electronic transition than the other compounds.

After a detail investigation on the optoelectronic properties of these heterocyclic

azomethines, eight out of fifteen azomethines are selected for the study of their charge

injection and transport properties. Our results show that these properties are largely

dependent on the electronic and steric effects of the substituents, and it can be tuned

according to requirements. These azomethines are favorable for the hole injection process

from a high work function metal electrode (such as Au), while large electron injection

barriers make them unfavorable for the electron injection process. For the optimized

dimer of dimers 1, 8 and 14, hole and electron mobilities are larger than 1.5 cm2V −1s−1

and 3.0 cm2V −1s−1, respectively. For pentamers, compounds 1, 8, 12, 14 and 15 have

carrier mobilities greater than 3.5 cm2V −1s−1. Although these compounds show good

charge carrier mobilities for holes and electrons, they have certain limitations. The

possibility of unintentional doping in 15 may hamper its use in practical applications.

Large electron injection barriers and low stabilities of the anionic forms are disadvantages

of these compounds, and these may hinder the behavior of the oligomers as ambipolar

materials. However, these compounds are promising candidates for the hole transport

layer.
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Vinylene- and azomethine-linked oligomers: Op-

toelectronic properties of helical and nonhelical

conformers

This chapter reveals the structural and optoelectronic properties helical and nonhelical

conformers of vinylene- and azomethine-linked heterocyclic oligomers. The contents of

this chapter are published in the following paper:

monomer nonamer

A

B

C

Figure: Different conformers of furan-vinylene monomer and nonamer.

� H. Sahu and A. N. Panda, J. Phys. Chem. C, 2015, 119, 22855.
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Nowadays, vinylene- and azomethine-based heterocyclic conjugated polymers are in

the focus of the recent research17,18,48,63–65,69, as these π-spacers reduces dihedral an-

gles between the repeating units and increases the electron delocalization over the main

chain. Many different conformations are possible for these oligomers, and stabilities of

these conformations are discussed in literature48,65, but all the results are from studies

on small (2 to 4 repeating units) linear oligomers. However, it is known that the in-

tramolecular noncovalent interaction has a major impact on secondary structures like

helices for a large π-conjugated oligomer. In addition to other helical polymers73,215,216,

heterocyclic conjugated helical polymers like substituted polythiophene and polypyr-

role have already been synthesized.217–219 These helices are either in the form of non-

aggregated intrachain helical conformations or the aggregated form of planar oligomers.

Few studies show that helices of substituted polythiophenes are formed due to inter-

molecular helical packing of planar polythiophene chains in aggregated states.220–222

On the other hand, many researchers have synthesized polythiophene derivatives having

nonaggregating folded structures.223,224 Computational studies based on the semiempir-

ical method225 and density functional theory49 also support intrachain helical conforma-

tions of these polymers. In cases of fluorinated thienylfurans50 and phenylene-ethylene

foldamers72, computational investigations show that hydrogen bonding and π-π stack-

ing interactions between adjacent helical turns lead to folding structures. These studies

and their results raise the possibilities of formation of similar looking folding structures

for vinylene- and azomethine-linked heterocyclic oligomers. However, this issue has not

been addressed yet, and the structural aspects of these type of polymers are yet to be

revealed.

In cases of heterocyclic ring-vinylene/azomethine polymers, the absence of informa-

tions on the structural, energetics and absorption properties of different conformers,

especially for long chains, in the literature motivates us to investigate these types of

oligomers. In this chapter, the conformation-dependent optoelectronic properties of

vinylene/azomethine-linked heterocyclic π-conjugated oligomers are presented and dis-

cussed. In section 4.1, computational aspects are briefly discussed. This is followed by
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results and discussion in section 4.2 and conclusions in 4.3.

4.1 Computational details

All calculations were carried out with the Orca 3.0 program.184 B3LYP and B3LYP-D3

functionals95 in combination with the 6-31G(d,p) basis set are used to optimize the

ground-state geometry of all the studied compounds. In B3LYP-D3, the Becke-Johnson

damping226 was used with the D3 version of dispersion, as mentioned in the subsection

2.2.4. No constraint was applied during the above optimization processes. To calculate

vertical excitation energies and oscillator strengths, single point TDDFT calculations

were performed using the B3LYP functional with the same basis set at the optimized

ground-state geometries obtained by the B3LYP-D3/6-31G(d,p) level. To comment on

the optical activity of the folded conformers, electronic circular dichroism (CD) spectra

have also been computed. Maximum number of repeating units considered varied from

system to system, and the largest oligomer in this study consists of 14 units to keep

the computational cost under control. In fact, optimizations of ground state geometries

were stopped once a helix/foldamer is formed and the size was not increased further.

IP(v) values are calculated for the longest oligomers of all the studied conformers at the

B3LYP-D3/6-31G(d,p) level using the equation 1.3.

4.2 Results and discussion

Sketch map representations of the repeating units for studied oligomers are shown in Fig-

ure 4.1. Furan, pyrrole and thiophene rings substituted at their “2” positions by either a

vinylene or azomethine linkage are taken as repeating units. In each of these oligomers,

two adjacent heterocyclic rings are trans to each other with reference to either C=C or

C=N linkages. Three different types of conformers, A, B and C, of each oligomer are

considered in this work. In A, hetero atoms of adjacent heterocyclic rings are in the

same side, and in B and C, these are in the opposite sides of the linkages. However, the
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compounds X Y Z

FV O CH CH
PV NH CH CH
TV S CH CH
FAm O CH N
PAm NH CH N
TAm S CH N

Figure 4.1: Sketch map representations of the repeating units of the studied hetero-
cyclic oligomers, where n starts at 1 and goes up to 14. Three different conformers ( A,
B and C) of oligomers are shown in the figure. Furan, pyrrole, and thiophene rings are
represented by F, P and T, and vinylene and azomethine linkages are represented by
V and Am, respectively. The dihedral angle (φ) between two repeating units of these

conformers is also depicted as φ = ∠ a-b-c-d.

difference between B and C is that the heterocyclic rings are attached at two possible

different trans positions of the linkage. Denoting furan, pyrrole and thiophene by F, P

and T, and vinyl and azomethine as V, Am, respectively, the studied oligomers can be

identified by the following abbreviation: conformation-(heterocyclic ring linkage type)n,

where n is the number of repeating units. All the studied compounds were fully opti-

mized at B3LYP/6-31G(d,p) and B3LYP-D3/6-31G(d,p) levels. Frequency calculations

were carried out for all A, B and C conformers of a few selected small oligomers. The

absence of any imaginary frequency showed that all are minima in the potential energy

hypersurface.
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4.2.1 Ground-state: geometries, diameter of helices, bond length al-

ternation and dipole moment

Monomers of all the compounds obtained using both the functionals are found to be

planar. Bond lengths of C=C linkages of optimized structures of dimers for the C

conformer obtained at these levels are in good agreement with the previous work.65

Angles between heterocyclic rings and these linkages obtained at the B3LYP/6-31G(d,p)

level are the same as the results of the previous work,65 while little deviations (≤0.5°)

are noticed for the results obtained at the B3LYP-D3/6-31G(d,p) level. All these dimers

are planar, which matches with the previous results.65 Keeping in mind the above results

for dimers, these combinations of functionals and basis sets have been chosen to study

the structures of large oligomers (up to 14-mer).

(a)

(b) (d)

(c)

Figure 4.2: Ground-state structures of A-(FV)9 andA-(PV)9 optimized at B3LYP/6-
31G(d,p) (a, c) and B3LYP-D3/6-31G(d,p) (b, d) levels. Distances between the atoms

of two adjacent helical turns are given in Å.

Optimized structures of A-(FV)9 and A-(PV)9 oligomers obtained by B3LYP and

B3LYP-D3 functionals in combination with the 6-31G(d,p) basis set are shown in Figure

4.2. Ground state geometries of A-(TV)14 are shown in Figure A1 (see Appendix II). As

shown in these figures, all are helix-like structures. The π-stacking distance between two

adjacent helical turns of all these helical oligomers is shown in the same figure. As shown,
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the optimized structure of A-(FV)9 obtained using the B3LYP functional is slightly bent

at the terminal units of the oligomer, while two adjacent helical turns reside parallel to

each other for the B3LYP-D3 functional. For all these vinylene-linked helical oligomers,

distances between the adjacent helical turns obtained by the B3LYP functional are

comparatively larger than the distances obtained by the B3LYP-D3 functional. In A-

(PV)9, shown in Figure 4.2 (d), hydrogen bonds are formed between the nitrogen and

hydrogen atoms of two adjacent helical turns, and this results in a bent structure in

the case of B3LYP-D3. Ground-state structures of A-(FAm)9 and A-(PAm)9 obtained

(a)

(b) (d)

(c)

Figure 4.3: Ground-state structures of A-(FAm)9 and A-(PAm)9 optimized at
B3LYP/6-31G(d,p) (a, c) and B3LYP-D3/6-31G(d,p) (b, d) levels.

by the two different functionals are shown in Figure 4.3. None of the structures for

A-(FAm)9 and A-(PAm)9 obtained by either of the functionals are helical, unlike the

vinylene-linked compounds. This is due to noncovalent interactions between different

parts of these oligomers. A representation of the interunit dihedral angle of conformer A

is shown in Figure 4.1. For A-(TAm)2, the dihedral angle (φ) between the two monomers

is ∼ -25.7° for both the functionals. As a result, successive addition of repeating units
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leads to a helix-like structure, similar to the helical conformer of polythiophene225.

Figure 4.4 shows that helical structures of A-(TAm)10 obtained by both the functionals

Figure 4.4: Ground-state structures of A-(TAm)10 optimized at B3LYP/6-31G(d,p)
(a) and B3LYP-D3/6-31G(d,p) (b) levels.

are similar. Interunit dihedral angles of A-(TAm)5 and A-(TAm)10 obtained at the

B3LYP-D3/6-31G(d,p) level are listed in Table 4.1. As reported in the table, interunit

dihedral angles of these two oligomers are ∼ 25-27°, which are close to the value for A-

(TAm)2. Although not shown, dihedral angles of B3LYP optimized structures are similar

to those for B3LYP-D3 results. From the above, except in the case of TAm oligomers, it

is clear that B3LYP-D3 and B3LYP functionals behave very differently from each other

while predicting the structures for conformer A, and this may be a result of noncovalent

interactions227,228 that is taken care of in the B3LYP-D3 functional.

All the linearly conjugated oligomers obtained by B3LYP and B3LYP-D3 functionals

are planar, except those of B-TAm oligomers. Structures of planar oligomers are similar

to those for B-(FV)9 and C-(FV)9 shown in Figure 4.5(a,b). The structure of B-

(TAm)10 obtained at the B3LYP-D3/6-31G(d,p) level is shown in the same Figure. For

B-TAm oligomers, noticeable interunit dihedral angles are observed. The dihedral angle
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Table 4.1: Calculated interunit dihedral angles (φ1−9) of A-(TAm)n and B-(TAm)n
at the B3LYP-D3/6-31G(d,p) level, where n = 5 and 10. All angles are in degrees.

dihedral angles A-(TAm)5 A-(TAm)10 B-(TAm)5 B-(TAm)10

φ1 −27.3 −27.6 23.7 24.3
φ2 −25.5 −25.9 −20.8 −21.6
φ3 −25.4 −26.2 21.0 21.6
φ4 −25.0 −26.3 −23.2 −21.5
φ5 −26.3 21.8
φ6 −26.1 −21.5
φ7 −26.0 21.5
φ8 −25.8 −21.6
φ9 −25.2 23.4

(a)

(b)

(c)

Figure 4.5: Ground-state structures B-(FV)9, C-(FV)9, and B-(TAm)10 optimized
at the B3LYP-D3/6-31G(d,p) level.

between two adjacent repeating units for B-(TAm)2 is 24.9°, for both the functionals.

The existence of similar dihedral angles in the structures of other B-TAm oligomers

makes these nonplanar. A careful inspection of interunit dihedral angles of B-(TAm)5

and B-(TAm)10 in Table 4.1 shows that terminal dihedral angles are comparatively

larger than other dihedral angles.

Stabilities of different conformers were calculated with respect to the conformer A,

and the results obtained for vinylene and azomethine-linked oligomers are depicted in

Figures 4.6 and 4.7, respectively. In Figure 4.6, B3LYP results show that C is the most

preferred conformer for all the vinylene-linked oligomers. The stability of this conformer
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Figure 4.6: Energies of different conformers with respect to that of conformer A. (a),
(b) and (c) show the results for (FV)n, (PV)n and (TV)n, respectively. Results are
shown for B3LYP and B3LYP-D3 functionals. Here, n is the number of repeating units.

gradually increases with the increase in chain length. For B3LYP-D3, similar results are

obtained for (FV)1−7, (PV)1−8 and (TV)1−12. However, unlike the B3LYP results,

the helical structures of (FV)8−9, (PV)9 and (TV)14 are found to be the most stable

conformers. Figure 4.7 shows that C and A conformers of FAm and PAm, respectively,

are the most stable conformers for both the functionals. Stabilities of these conformers

do not vary regularly with the size of oligomers. For TAm oligomers, results are similar

for both the functionals. Conformer C is the most stable structure, and its stability

gradually increases with the increase of chain length.
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Figure 4.7: Energies of different conformers with respect to that of conformer A. (a),
(b) and (c) show the results for (FAm)n, (PAm)n and (TAm)n, respectively. Results
are shown for B3LYP and B3LYP-D3 functionals. Here, n is the number of repeating

units.

Noncovalent interactions play an important role in stabilizing the folding of oligomers.50
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To check the performance of the two DFT functionals considered in this work, interac-

tion energies between the overlapping regions of the helix are calculated at B3LYP-D3

optimized geometries for all the studied helical oligomers. The rest of the oligomer

was ignored during this calculation. Single point calculations were carried out for this

overlapping region which can be considered as a “π-stacked” system, in addition to com-

puting the single point energies of the individual fragments. Interaction energies were

calculated using the supermolecular approach as Eint = EAB
AB - (EA

A + EB
B) and these

were later corrected for the basis set superposition error (BSSE) to give ECP
int = EAB

AB

- (EAB
A + EAB

B ). EY
X is the energy of fragment X with basis set of Y. These energies

calculated using both the B3LYP and B3LYP-D3 functionals in combination with the

6-31G(d,p) basis set are reported in Table 4.2. Negative and positive values of Eint and

ECP
int indicate stabilization and destabilization of this π-stacked system in comparison

to the individual entities, respectively. This, as a result, points at the effect of nonco-

valent interaction between adjacent helical turns of a helix. Results of the B3LYP-D3

functional for all the systems, except A-(TAm)10, exhibit the fact that the π-π inter-

action between adjacent helical turns helps in stabilizing the systems. In the case of

A-(TAm)10, there is no interaction between the adjacent helical turn due to its large

pitch (32.7 Å). It is to be mentioned that basis set used in this study is not very large,

and uncorrected results show strong noncovalent interactions between helical turns for

all the systems. Compared to the B3LYP-D3 results, interaction energies obtained by

the B3LYP functional are either very small or even positive. The poor performance of

the B3LYP functional on the prediction of the dispersion interaction is already men-

tioned in the literature.50,94,96 From now onwards, all the discussion will be based on

the optimized structures predicted at the B3LYP-D3/6-31G(d,p) level.

Diameter, pitch (p), number of repeating units needed to complete one helical turn

(u) and rise per repeating unit (d) of the largest helical oligomer of each compound are

listed in Table 4.2. Diameters of A-(FV)9 and A-(PV)9 are nearly the same, i.e., 16.47

and 17.64 Å, respectively. For this reason, both have the same number of repeating

units in one helical turn. A-(TV)14 and A-(TAm)10 oligomers have the largest and the
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Table 4.2: Interaction energies between the overlapping regions and geometrical pa-
rameters of helical oligomers. Eint and ECP

int represent the uncorrected and BSSE cor-
rected interaction energies, respectively. Values of interaction energies calculated at
B3LYP-D3/6-31G(d,p) and B3LYP/6-31G(d,p) levels are shown. p, u and d represent
pitch, number of repeating units per turn and rise per repeating unit, respectively.

helices
Eint/E

CP
int (kcal/mol)

diameter (Å) pitch (Å) u d = (p/u)
B3LYP-D3 B3LYP

A-(FV)9 -34.87/-11.41 -9.81/13.81 16.47 3.5 7 0.50
A-(PV)9 -25.97/-11.43 -12.28/2.37 17.64 4.0 7 0.57
A-(TV)14 -46.41/-24.77 1.44/23.21 25.55 3.4 11 0.31
A-(TAm)10 -0.01/-0.07 -0.01/-0.07 11.18 32.7 8 4.09

smallest diameters having values of 25.55 and 11.18 Å, respectively. Requirement of 11

repeating units to complete one helical turn leads to a large diameter for A-(TV)14. The

helix pitch is the largest for A-(TAm)10 and is the smallest for A-(TV)14. Accordingly,

rise per repeating unit (d), defined as p/u, is the largest for A-(TAm)10 and is the

smallest for A-(TV)14.

2 3 4 5 6 7 8 9 10 11 12 13 14

0.04

0.05

0.06

0.07
A��	

B��	

C��	

A�
	

B�
	

C�
	

A��	

B��	

C��	

2 3 4 5 6 7 8 9 10
n

0

∆

A-FAm
B-FAm

C-FAm

A-PAm
B-PAm

C-PAm

A-TAm
B-TAm

C-TAm

Figure 4.8: ∆r values of all the studied oligomers. Here, ∆r = C-Cavg – C=Cavg and
n is the number of repeating units.

∆r values are calculated for all the studied compounds and plotted in Figure 4.8. ∆r is

the difference between the average of carbon-carbon single and double bond lengths along
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the π-conjugation path. Pyrrole based oligomers connected by different linkages have

smaller ∆r values compared to the values obtained for respective furan and thiophene

carrying oligomers. ∆r values for furan and thiophene based oligomers are nearly the

same. Further, differences in ∆r values between different conformers of an oligomer are

not significant.

Table 4.3: µg values of A, B and C conformers for FV, PV and TV oligomers
calculated at the B3LYP-D3/6-31G(d,p) level.

FV PV TV

n A B C A B C A B C

1 0.79 0.65 0.79 1.36 1.83 1.36 0.79 0.62 0.79
2 1.29 0.35 0.37 2.33 0.91 1.01 1.50 0.23 0.30
3 1.53 0.72 0.87 2.95 2.01 1.62 2.15 0.64 0.86
4 1.46 0.44 0.49 3.19 1.18 1.31 2.71 0.29 0.40
5 1.12 0.76 0.92 3.01 2.10 1.76 3.12 0.66 0.90
6 0.22 0.48 0.54 2.43 1.29 1.43 3.38 0.31 0.45
7 1.38 0.78 0.94 1.53 2.15 1.82 3.44 0.66 0.91
8 1.38 0.49 0.57 2.97 1.33 1.48 3.33 0.32 0.47
9 1.64 0.79 0.95 2.54 2.16 1.85 3.03 0.67 0.92
10 2.58 0.32 0.48
11 1.98 0.67 0.93
12 2.13 0.33 0.48
14 2.56 0.32 0.49

To check the dependency of dipole moment on three different conformers considered

in this work, values of µg calculated at the B3LYP-D3/6-31G(d,p) level for all the

studied compounds are listed in Tables 4.3 and 4.4. In the case of our studied systems,

heteroatoms of adjacent rings are either on the same side (as in A ) or on the opposite

sides (as in B and C) of the linkage. Hence, it is expected that B and C conformers

would have smaller µg values as a result of cancellation of oppositely oriented bond

dipole moments than that of A. The same is observed in the Table 4.3 for the longest

chain of vinylene-linked conformers, although the differences between the µg values are

small. However, as has been discussed, A adopts a folded form after a certain chain

length, and this structure may decide the trend of variations of µg between A, B and C.

Apparently, a clear correlation is obtained between the chain length and µg values for A

conformers as reported in Table 4.3. In cases of A oligomers, the µg value increases up
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to certain n, and then it starts to decrease. The dipole moment becomes the smallest

once a folded structure is formed. This decrease is certainly the result of cancellation of

individual bond dipole moments because of the adoption of a folding structure. After

completion of a helical turn, µg values of these oligomers again start to increase as is

observed in cases of (FV)9, (PV)9 and (TV)14 in Table 4.3. In these systems, there are

more repeating units than needed to complete one helical turn. In cases of B and C

conformers reported in Table 4.3, µg values for oligomers with odd n are larger compared

to that for the oligomer with even n. The presence of extra rings and extra heteroatoms

in the case of odd n structures explains this trend. Variations of the µg as a function

of chain length for azomethine-linked oligomers are reported in Table 4.4. Form the

Table 4.4: µg values of A, B and C conformers for FAm, PAm and TAm oligomers
calculated at the B3LYP-D3/6-31G(d,p) level.

FAm PAm TAm

n A B C A B C A B C

1 3.45 3.31 3.45 3.05 3.39 3.06 3.30 3.13 3.30
2 6.16 5.21 3.27 4.08 5.82 3.85 6.00 5.14 4.15
3 8.21 7.45 4.91 5.14 8.09 4.90 8.74 7.40 5.85
4 9.00 10.20 5.62 5.69 11.08 6.07 11.04 10.23 7.38
5 8.57 13.25 7.47 5.43 14.09 7.37 12.74 13.24 9.41
6 1.99 16.64 8.74 1.74 17.53 8.74 13.83 16.55 11.35
7 1.99 20.23 10.74 1.41 20.98 10.15 14.74 19.98 13.61
8 8.25 24.04 12.34 3.16 24.69 11.61 15.78 23.53 15.80
9 6.79 28.00 14.46 3.63 28.38 13.11 17.47 27.12 18.20
10 19.84 30.75 20.51

table, it is observed that folding conformers have the smallest µg values, while the µg

values for B and C are very large in these cases. The presence of azomethine linkages in

the main chain results in large dipole moment values in the case of linearly conjugated

oligomers, while cancellation of bond dipole moments in cases of folded structures leads

to a smaller µg values than those forB andC. It is worth mentioning that in cases of FAm

and PAm oligomers, results similar to those for vinylene-linked species are observed for

the A conformers, although A conformers of these compounds are not strictly helical as

mentioned before. However, in contrast to other helical oligomers, the µg value of TAm

oligomers increases with increasing n. As a consequence of larger pitch, the cancellation
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of individual bond dipole moments effectively gets reduced, and this leads to an increase

of the µg value per addition of a repeating unit. For B and C oligomers, µg values

increase with an increase in chain length in most of the cases.
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Figure 4.9: IP(v)s of the longest oligomers of studied vinylene- and azomethine-linked
compounds calculated at the B3LYP-D3/6-31G(d,p) level.

Figure 4.9 shows the variation of IP(v) with the change of conformer for the longest

chain of the studied vinylene- and azomethine-linked heterocyclic oligomers. It can be

seen from the figure that for the vinylene-linked compounds, the IP(v)s of the helical

conformers are larger compared to the other conformers. The IP(v) increases in the

order: B < C < A. But the differences between the IP(v) values are very small in cases

of (FV)9 and (TV)14. However, the IP(v) of (PV)9 seems to depend strongly upon the

conformation, and comparatively larger differences between the IP(v)s of different con-

formers are noticed. As shown, azomethine-linked compounds do not have any general

trend. C, A and A have the largest, and A , B and C have the smallest IP(v) values

for (FAm)9, (PAm)9 and (TAm)10, respectively.

4.2.2 Frontier orbitals, excitation energies, absorption and CD spectra

Values of Ehl
g and Eopt

g of vinylene- and azomethine-linked oligomers are plotted in

Figures 4.10 and A2, respectively. Figures show that there is a gradual decrement in the

values of Ehl
g and Eopt

g with increase in chain length for all the conformers, except for

Eopt
g of A-(FV)8 and Ehl

g of A-(TV)14. For almost all A conformers, it is noticed that
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deviations in slopes of Eopt
g and Ehl

g occur when an oligomer starts to form a folding

structure. To elucidate this interruption in Ehl
g , HOMO and LUMO energies of (FV)6−9

are plotted in Figure 4.11. It is observed that EH and EL for B and C conformers

follow a certain trend: EH increases and EL decreases with increase in the size of chain.

However, for A, sudden changes in the trends of EH and EL occur as the oligomer starts

to complete one helical turn. This is a consequence of loss of planarity of the backbone

chain as the helix formation starts and this results in breaking the general trend observed

for B and C.
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Figure 4.10: Ehl
g and Eopt

g of vinylene-linked oligomers as function of the reciprocal
number of the double bonds (x) in oligomers.

Absorption spectra of A, B and C conformers for the longest oligomer of the studied

compounds are plotted in Figure 4.12. For each oligomer, the 25 lowest singlet tran-

sitions are considered. In these spectra, full-width at half-maximum height (fwhm) is

1500 cm−1. The main feature of these simulated spectra is that the spectra of the A

conformer are always blue-shifted compared to those of B and C conformers, in each
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Figure 4.11: HOMO and LUMO energies of (FV)4−9 of three conformers A, B and
C.

case. For all the folding structures, contributions of more than one electronic transitions

are significant. In absorption spectra of B and C conformers, only one electronic tran-

sition has the significant contribution in the case of vinylene-linked oligomers. But for

most of the azomethine-linked oligomers, contribution of a second electronic transition

can not be neglected. The most intense bands of B and C are very close and in few

cases, they overlap.

Table 4.5: Electronic transition data for the lowest excitation (S0 to S1) obtained
by the TDDFT method for B and C conformers of FV, PV and TV oligomers at
the B3LYP/6-31G(d,p) level. The HOMO and LUMO are indicated by H and L,

respectively.

conformations oligomers Eg (eV) fosc configurations

(FV)9 1.78 6.70 H → L(97%)
B (PV)9 1.90 6.86 H → L(96%)

(TV)14 1.56 10.16 H → L(89%)

(FV)9 1.77 4.53 H → L(97%)
C (PV)9 1.83 5.10 H → L(96%)

(TV)14 1.53 8.41 H → L(89%)

Egs, foscs, and configurations involved in all the important transitions for B and C

conformers of (FV)9, (PV)9 and (TV)14 are listed in Table 4.5. Similarly, the results
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Figure 4.12: Simulated UV-Vis spectra of A, B and C conformers for (FV)9 (a),
(PV)9 (b), (TV)14 (c), (FAm)9 (d), (PAm)9 (e), (TAm)10 (f). The fwhm is 1500 cm−1.

for conformers A of (FV)n=4,5,9, (PV)n=5,6,9 and (TV)n=8,14 are listed in Table 4.6.

These informations for other vinylene-linked oligomers are presented in Tables A2-A5

(see Appendix II). As reported in the Tables 4.5 and A2, for B and C conformers

of vinylene-linked oligomers, the lowest optically allowed electronic transition has the

largest oscillator strength. As an example, absorption peaks at 695.9 nm (fosc=6.70) and

702.1 nm (fosc=4.53) for B and C conformers of (FV)9, respectively, originate from S0

→ S1 transitions. All these transitions are dominated by HOMO → LUMO excitations.

Eg and fosc values decrease and increase, respectively, with an increase in chain length.

Additionally, for B and C conformers of the same chain length, Eg follows the order:

(TV)n < (FV)n < (PV)n. The results are distinctly different for A conformers, as seen

in Figure 4.12 and discussed in the previous paragraph. For A conformers of (FV)n=1−4,

(PV)n=1−5 and (TV)n=1−8, the electronic transition S0 → S1 has the largest oscillator

strength. On further addition of repeating units to these oligomers, transitions from the

ground-state to higher excited states become prominent transitions. Instead of being

HOMO→ LUMO type excitations, these transitions involve occupied orbitals other than

HOMO and unoccupied orbitals other than LUMO. After completion of a helical turn,
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Table 4.6: Electronic transition data obtained by the TDDFT method for A con-
formers of FV, PV and TV oligomers at the B3LYP/6-31G(d,p) level. The HOMO and
LUMO are indicated by H and L, respectively. Electronic transitions are from S0 to

Sm. Transition energies (Egs) are in eV.

oligomers m Eg fosc configurations oligomers m Eg fosc configurations

(FV)4 1 2.48 1.89 H→L(97%) (PV)5 1 2.27 2.20 H→L(98%)
5 3.73 1.83 H=1→L(44%), 5 3.29 2.08 H=1→L(42%),

H→L+1(42%) H→L+1(38%)
(FV)5 1 2.20 1.46 H→L(98%) (PV)6 1 2.09 1.78 H→L(98%)

5 3.26 2.51 H=1→L(42%), 5 2.97 2.63 H=1→L(40%),
H→L+1(42%) H→L+1(37%)

(FV)9 1 1.74 0.07 H→L(86%) 8 3.49 1.04 H=2→L+1(38%),
H=3→L(39%)

16 3.21 1.68 H=2→L+4(21%), (PV)9 1 1.66 0.08 H→L(97%)
H=1→L+5(22%)

17 3.27 1.78 H=3→L(24%), 5 2.49 1.60 H→L+2(39%)
H→L+3(18%)

19 3.32 1.13 H=4→L+2(23%), 11 2.95 1.50 H=4→L(22%),
H=1→L+5(22%) H→L+3(16%)

13 3.03 1.29 H=4→L(25%)
19 3.38 1.32 H=4→L+1(39%)

oligomers m Eg fosc configurations

(TV)8 1 1.75 2.78 H → L(97%)
5 2.38 2.50 H → L+1(30%),

H-1 → L(28%)
8 2.76 1.22 H-2 → L+1(32%),

H-1 → L+2(28%)
(TV)14 1 1.51 0.01 H-1 → L(54%),

H → L+1(43%)
14 2.29 1.84 H-4 → L+1(56%)
15 2.35 1.98 H-2 → L+4(29%)
18 2.46 2.08 H-4 → L+2(26%)
19 2.51 1.33 H-4 → L+2(48%),

H-2 → L+4(26%)

S0 → S1 transitions have negligible oscillator strengths for A conformers of vinylene-

linked compounds. The main absorption peaks shown in Figure 4.12(a), (b) and (c)

for A-(FV)9, A-(PV)9 and A-(TV)14 originate from S0 to Sm=16,17,19, Sm=5,11,13,19 and

Sm=14,15,18,19 transitions, respectively.

Eg, foscs and configurations for all the important electronic transitions for (FAm)n=4,5,9,

(PAm)n=4,5,9 and (TAm)n=4,5,10 are reported in Tables 4.7, 4.8 and 4.9, respectively. Re-

sults for other azomethine-linked compounds are listed in Tables A6-A11 (see Appendix

II). As is the case with vinylene-linked oligomers, S0 → S1 transitions in cases of C-

(FAm), B/C-(PAm) and B/C-(TAm) oligomers have the largest oscillator strengths.
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Table 4.7: Electronic transition data obtained by the TDDFT method for A, B and
C conformers of FAm oligomers at the B3LYP/6-31G(d,p) level. The HOMO and
LUMO are indicated by H and L, respectively. Electronic transitions are from S0 to

Sm. Transition energies (Egs) are in eV.

oligomers m Eg fosc configurations oligomers m Eg fosc configurations

A-(FAm)4 1 2.37 1.35 H→L(93%) B-(FAm)4 1 2.40 2.52 H→L(92%)
2 2.85 0.92 H→L+1(48%) 2 2.80 1.40 H→L+1(50%)

H=1→L(44%) H=1→L(41%)
A-(FAm)5 1 2.073 1.01 H→L(96%) B-(FAm)5 1 2.09 2.71 H→L(94%)

2 2.52 0.91 H→L+1(50%) 2 2.47 2.09 H→L+1(51%)
H=1→L(45%) H=1→L(42%)

5 3.44 2.50 H→L+2(25%) B-(FAm)9 1 1.54 3.04 H→L(98%)
H=1→L(24%)

A-(FAm)9 1 1.42 0.05 H→L(96%) 2 1.83 4.50 H→L+1(52%)
H=1→L(43%)

5 2.26 1.28 H→L+2(32%)
18 3.27 1.48 H=6→L(19%)

H=1→L+4(16%)
19 3.32 1.63 H=4→L+1(24%)

oligomers m Eg fosc configurations

C-(FAm)4 1 2.44 2.31 H → L(95%)
C-(FAm)5 1 2.14 2.61 H → L(96%)
C-(FAm)9 1 1.61 3.71 H → L(98%)

2 1.86 1.70 H → L+1(49%)
H-1 → L(47%)

These transitions are assigned to HOMO → LUMO excitations predominantly. Along

with the first excitation, S0 → S2 transitions have noticeable oscillator strengths for few

of these oligomers. For example, for C-(FAm)9, in addition to the major absorption

peak at 770.9 nm (fosc=3.71), another peak of medium intensity appears at 667.9 nm

(fosc=1.70). This secondary peak arises due to HOMO → LUMO+1 and HOMO–1

→ LUMO transitions. However, transitions from S0 to higher excited states are ma-

jor transitions for A-(FAm)n≥5, B-(FAm)n≥7 and A-(PAm)n≥5. In these cases, mainly

HOMO–N and LUMO+N orbitals are involved. In the case of A-TAm oligomers, unlike

other folding oligomers, first electronic excitation is one of the major electronic transi-

tions along with a few other important higher excitations. The major absorption peaks

for A-(FAm)9, A-(PAm)9 and A-(TAm)10 shown in Figure 4.12(d), (e) and (f) are due

to S0 to Sm=5,18,19, S5 and Sm=1,2,5,10 transitions, respectively.
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Table 4.8: Electronic transition data obtained by the TDDFT method for A, B and
C conformers of PAm oligomers at the B3LYP/6-31G(d,p) level. The HOMO and
LUMO are indicated by H and L, respectively. Electronic transitions are from S0 to

Sm. Transition energies (Egs) are in eV.

oligomers m Eg fosc configurations oligomers m Eg fosc configurations

A-(PAm)4 1 2.45 1.49 H→L(95%) B-(PAm)4 1 2.49 2.80 H→L(95%)
5 3.86 1.28 H=1→L(25%) 2 2.92 1.11 H→L+1(55%)

H=2→L(21%) H=1→L(39%)
A-(PAm)5 1 2.18 1.17 H→L(97%) B-(PAm)5 1 2.204 3.085 H→L(96%)

5 3.43 2.13 H→L+2(24%) 2 2.60 1.69 H→L+1(56%)
H=1→L(24%) H=1→L(40%)

A-(PAm)9 1 1.72 0.13 H→L(93%) B-(PAm)9 1 1.73 3.99 H→L(96%)
5 2.51 1.61 H→L+2(46%) 2 2.00 3.58 H→L+1(54%)

H=1→L(39%)

oligomers m Eg fosc configurations

C-(PAm)4 1 2.46 2.73 H → L(98%)
C-(PAm)5 1 2.17 3.21 H → L(98%)
C-(PAm)9 1 1.67 4.84 H → L(96%)

Table 4.9: Electronic transition data obtained by the TDDFT method for A, B and
C conformers of TAm oligomers at the B3LYP/6-31G(d,p) level. The HOMO and
LUMO are indicated by H and L, respectively. Electronic transitions are from S0 to

Sm. Transition energies (Egs) are in eV.

oligomers m Eg fosc configurations oligomers m Eg fosc configurations

A-(TAm)4 1 2.36 1.52 H→L(96%) B-(TAm)4 1 2.36 2.21 H→L(95%)
2 2.86 1.10 H=1→L(49%) 2 2.82 1.22 H→L+1(49%)

H→L+1(46%) H=1→L(46%)
A-(TAm)5 1 2.14 1.54 H→L(98%) B-(TAm)5 1 2.11 2.52 H→L(97%)

2 2.571 1.363 H=1→L(49%) 2 2.520 1.728 H=1→L(46%)
H→L+1(48%) H→L+1(49%)

A-(TAm)10 1 1.79 1.72 H→L(78%) B-(TAm)10 1 1.69 3.97 H→L(86%)
2 1.978 1.318 H=1→L(33%) 2 1.897 3.259 H→L+1(42%)

H→L+1(38%) H=1→L(38%)
5 2.34 1.28 H=2→L(52%)

H→L+2(44%)
10 2.71 1.15 H→L+3(38%)

H=3→L(29%)

oligomers m Eg fosc configurations

C-(TAm)4 1 2.35 2.77 H → L(97%)
C-(TAm)5 1 2.08 3.23 H → L(97%)
C-(TAm)10 1 1.54 5.23 H → L(94%)

2 1.77 1.73 H-1 → L(47%)
H → L+1(45%)
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Figure 4.13: Electron distributions in HOMOs and LUMOs of A conformers of (FV)9,
(PV)9 and (TV)14.

The magnitude of the oscillator strength of an electronic transition is directly propor-

tional to the degree of spatial overlap of orbitals involved in that transition.172,229–232

Thus, it is instructive to look at the electron density in molecular orbitals. Electron

distributions in HOMOs and LUMOs of few selected vinylene-linked A oligomers are

shown in Figure 4.13 and those of B and C conformers are shown in Figure 4.14. As can

Figure 4.14: Electron distribution in HOMO and LUMO of B-(FV)9 and C-(FV)9.
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be seen, in HOMOs and LUMOs of B and C conformers of (FV)9, π electrons are spread

over the entire chain having large electron density in the middle of the oligomer. Similar

results are noticed for B and C conformers of (PV)9 and (TV)14. Thus, overlapping

of electron density between HOMO and LUMO is quite large for these oligomers and

the main absorption peaks are dominated by HOMO → LUMO transitions. However, a

much different organization is observed for A conformers of these oligomers. Although

π electrons in HOMO and LUMO of A-(FV)9 are spread over the entire helical chain,

larger electron density is found at the overlapping region of adjacent helical turns for

the HOMO compared to that in the LUMO of the oligomer. In A-(PV)9, the HOMO is

localized at one end of the helix, while the LUMO localized at the other end of the helix.

In the HOMO of A-(TV)14, the overlapping region has larger electron density than the

nonoverlapping region, and in the LUMO, π electrons are mainly accumulated over the

nonoverlapping region. Thus, the degree of electron density overlapping between HOMO

and LUMO for A conformers of these compounds is quite small, in comparison to those

for the B and C conformers. This results in decreasing the involvement of HOMOs and

LUMOs toward major absorption peaks in cases of A conformers, and contributions of

HOMO−N and LUMO+N orbitals become prominent for these transitions.

CD spectra of A, B and C conformers for the longest oligomer of each of our studied

compounds are depicted in Figure 4.15. It is observed that all four helical oligomers,

A-(FV)9, A-(PV)9, A-(TV)14 and A-(TAm)10 are CD active having strong positive

and negative Cotton effects. In addition, A-(PAm)9 with an irregular folding structure

is also optically active. As expected, all linearly conjugated conformers of the studied

oligomers are found to be CD inactive. It is worth mentioning that CD spectra are

sensitive to basis sets and DFT functionals, and the present study only highlights the

fact that few of the studied oligomers are optically active.
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Figure 4.15: CD spectra of A, B and C conformers for (FV)9, (PV)9, (TV)14,
(FAm)9, (PAm)9, (TAm)10. Results are obtained at the TDDFT/B3LYP/6-31G(d,p)

level.

4.3 Salient findings

In this chapter, structural and optoelectronic properties of vinylene- and azomethine-

linked furan-, pyrrole- and thiophene-based oligomers are explored. Three different

conformers are considered for each oligomer, and out of these three, one form folded

structures. Our results show that the B3LYP functional fails to predict the ground-

state geometries of studied foldamers, expect in the case of TAm oligomers. However,

the B3LYP-D3 functional is suitable for this purpose as it takes care of the dispersion

interactions, while the B3LYP does not. As a result of these interactions, the order of

stabilities of conformers change with increasing chain length, and for long oligomers,

helices are more stable than the corresponding linear conformers. However, in the case

of TAm oligomers, a linear conformer is comparatively more stable than the helical one

due to the lack of π − π interaction between adjacent helical turns. In FAm and PAm,

TH -1519_11612221



Chapter 4: Vinylene- and azomethine-linked oligomers: Optoelectronic . . . 100

the formation of hydrogen bonds between two terminal units results in nonhelical struc-

tures. Optoelectronic properties of the studied foldamers are quite different from those

for linear conformers. Absorption bands of these foldamers are blue-shifted with respect

to the absorption bands of the corresponding linear conformers. In the case of linear

conformers, the first allowed electronic transition is the prominent transition, and in

some cases of azomethine-linked oligomers, transitions other than the S0 to S1 transi-

tion have significant oscillator strengths. In most of the transitions, HOMO and LUMO

orbitals are mainly involved. However, in foldamers, more than one electronic transi-

tion has significant contributions in absorption spectra. These electronic transitions are

transitions from S0 to higher electronic excited states. Instead of HOMO and LUMO

orbitals, HOMO–N and LUMO+N orbitals are mainly involved in these major elec-

tronic transitions. Unlike other foldamers, for TAm, the first electronic transitions have

significant oscillator strengths in addition to other important electronic transitions, and

in most of the cases, it is the most important electronic transition. This study suggests

that helical π-conjugated heterocyclic oligomers, especially vinylene-linked oligomers,

are interesting systems with quite strong CD signals for chiral conjugated materials.
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Pyridine–furan/pyrrole/thiophene oligomers: Ge-

ometries and optoelectronic properties of helical

conformers

This chapter reveals the structural and optoelectronic properties helical conformers of

pyridine-furan, pyridine-pyrrole and pyridine-thiophene oligomers. The contents of this

chapter are published in the following paper:

Top view Side view

Figure: Helical conformer of pyridine-furan decamer.

� H. Sahu, S. Gupta, P. Gaur and A. N. Panda, Phys. Chem. Chem. Phys., 2015,

17, 20647.
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Copolymers containing alternate electron-deficient pyridine and electron-rich furan

or pyrrole or thiophene heterocyclic rings and their derivatives have already been syn-

thesized.233–240 Some of the synthesized compounds are brightly luminescent, even in

the solid state233,234. Presence of pyridine in these systems assists in the modulation

of optical properties after synthesis.233,234,241 These type of systems, where a monomer

consists of alternating six-membered and five-membered heterocyclic rings connected

via carbon atoms neighboring the hetero atoms, are expected to form helix/coil-like

structures with the increase of chain length.235,236 Some interesting phenomena are

observed for alternated pyridine–ethylenedioxythiophene oligomer.236 For example, in

addition to the bathochromic shift of the lowest energy absorption band, intensities of

additional absorption bands at higher energy are found to progressively increase with

increasing length. The fluorescence quantum yield was also found to increase with an

increase in chain length. This result was suggested to be related to a reduction of tor-

sion in the excited state resulting in a decrease in non-radiative decay. These findings in

the case of pyridine–ethylenedioxythiophene indicate that coiled structures of pyridine-

furan/pyrrole/thiophene oligomers may also have interesting optoelectronic properties.

However, to the best of our knowledge, these types of systems are not yet studied. Keep-

ing this in mind, a systematic conformational analysis was carried out for oligomers of

these systems. As non-bonding interactions are important factors for the stabilization

of helices, the B3LYP-D3 functional, in addition to B3LYP, has been used for large

oligomers. Non-bonding interaction energies are calculated for both the functionals to

check the effect of dispersion correction on the structure and stability of these struc-

tures. To characterize their geometries, inner and outer diameters, pitch, number of

repeating units needed to complete one helical turn, rise per repeating unit and bond

length alternation values are calculated. In addition, ground state dipole moments,

ionization potentials, excitation energies, oscillator strengths and absorption spectra of

these compounds were evaluated to reveal their ground and excited state properties. In

section 5.1, computational aspects are briefly discussed. This is followed by results and

discussion in section 5.2 and conclusions in 5.3.
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5.1 Computational details

All calculations were carried out using the Gaussian 09 package.242 With the exception

of (PF)24, ground state geometries of all other studied compounds were fully optimized

using B3LYP and B3LYP-D3 functionals combined with the 6-31G(d) basis set. In

B3LYP-D3, the original D3 damping function was used with the D3 version of disper-

sion, as mentioned in subsection 2.2.4. Ground state properties of (PF)24 were obtained

by carrying out a single point calculation at the B3LYP-D3/6-31G(d) level with the op-

timized geometry computed at the B3LYP/3-21G level. To check the effects of various

functionals and basis sets on the ground state structures and their stabilities, along with

the above level of theories, CAM-B3LYP and M06-2X functionals in combination with

the 6-31G(d) basis set and the B3LYP functional in combination with the 6-31++G(d,p)

basis set were used to optimize ground state structures of monomers and dimers. Har-

monic vibrational analysis was performed subsequently on the optimized structures of

monomers and dimers to characterize the nature of stationary points. Relaxed torsional

potentials were calculated for each monomer as a function of the inter-ring C–C dihedral

angle (θ = ∠ 1-2-3-4, see Figure 5.1), which was varied between 0° and 180° in steps of

15°. Vertical excitation energies and oscillator strengths were calculated by performing

single point TDDFT studies using the B3LYP-D3 functional with the same basis set

that was used to optimize the ground state geometries at B3LYP-D3. Absorption and

CD spectra are obtained from these TDDFT studies.

5.2 Results and discussion

A representative structure of repeating units of the studied oligomers is shown in Figure

5.1. As shown in the figure, these oligomers consist of alternate pyridine and 5-membered

heterocyclic rings connected through carbon atoms neighboring the hetero atoms of these

rings. Pyridine-furan, pyridine-pyrrole and pyridine-thiophene oligomers are denoted by

PF, PP and PT, respectively. Our studied oligomers are represented by the following

TH -1519_11612221



Chapter 5: Pyridine–furan/pyrrole/thiophene oligomers: Geometries and. . . 104

abbreviation: conformation-(PF/PP/PT)n. Here, n is the number of repeating units.

Different conformations of our studied oligomers are discussed below.

♥

◆

❳

❛

❜

❝

❞

❡

✶

✷ ✸

✹

compounds PF PP PT

X O NH S

Figure 5.1: A representative structure of repeating units of the studied molecules,
where n = 1, 2, . . . . ∠ 1-2-3-4 is the inter-ring C–C dihedral angle (denoted as θ). a,

b, c d and e are alternate C–C and C=C bonds.

5.2.1 Effect of functionals on the geometries and their stabilities

In monomers, two heterocyclic rings are connected by a single bond. So, there are two

possible structures for each monomer: hetero atoms of two heterocyclic rings are located

either on opposite sides (denoted as i) or on same sides (denoted as ii). Optimized

structures of two conformers for (PF)1 calculated at the B3LYP-D3/6-31G(d) level are

shown in Figure 5.2. To check the stability of these isomers, B3LYP, CAM-B3LYP,

B3LYP-D3 and M06-2X functionals combined with the 6-31G(d) basis set were used

to optimize their ground state structures. Optimized structures of all monomers are

planar. Absence of imaginary frequency shows that all are stable ground state structures.

Differences in energies between the two isomers are plotted in Figure 5.3. As shown in

the figure, all the functionals produce similar results. Conformer i of (PF)1, and ii of

(PP)1 and (PT)1 are comparatively more stable than the other possible conformer in

each case. Differences in energies between two isomers are the largest and the smallest

for (PP)1 and (PT)1, respectively. Furthermore, these differences are nearly the same
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i ii

Figure 5.2: Optimized structures of two conformers of (PF)1 obtained at the B3LYP-
D3/6-31G(d) level.

Monomers
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E

 

B3LYP

B3LYP-D3

PF PP PT

PF PP PT

B3LYP -3.1 4.8 0.9
CAM-B3LYP -3.2 5 0.8
B3LYP-D3 -3.2 4.7 0.7
M06-2X -3.1 5 0.7

Figure 5.3: Differences in energies (∆E) between the two possible conformations (i.e.,
Ei −Eii ) of monomers calculated using B3LYP, CAM-B3LYP, B3LYP-D3 and M06-2X
functionals in combination with the 6-31G(d) basis set. Structures of conformations i
and ii for (PF)1 are shown in Figure 5.2. Calculated values are tabulated on the right

hand side of the figure and all are in kcal/mol.

for all the functionals. Ground state structures of monomers were also optimized at

the B3LYP/6-31++G(d,p) level and results are found to be similar to those at the

B3LYP/6-31G(d) level.

For each monomer, torsional potentials were calculated with respect to inter-ring

C–C dihedral angle (θ = ∠ 1-2-3-4, see Figure 5.1) varying between 0° to 180° with a

step of 15°. B3LYP, CAM-B3LYP, B3LYP-D3 and M06-2X functionals combined with

the 6-31G(d) basis set, and the B3LYP functional with the 6-31G++(d,p) basis set are

the level of theories used for the above calculations. Relaxed torsional profiles of (PF)1,

(PP)1 and (PT)1 are shown in Figure 5.4. The figure shows that the torsional profiles
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Figure 5.4: Relaxed potential energy curves along ∠ 1-2-3-4, for (PF)1 (a), (PP)1 (b)
and (PT)1 (c). Energies are relative to the energy of the most stable structure in each

case.

of each monomer obtained by these four functionals are similar. The barrier height is

the largest for (PP)1 and is the smallest for (PT)1. The figure also shows that the

B3LYP/6-31++G(d,p) level of theory predicts similar potential energy curves to those

at the B3LYP/6-31G(d) level but with a slightly shorter barrier height. These results

highlight the fact that functionals and basis sets have insignificant effects on the ground

state structures obtained for the monomers.

A

B

C D

Figure 5.5: Optimized structures of four conformers of (PF)2 obtained at the B3LYP-
D3/6-31G(d) level.

For each conformer of a monomer, there are two possible geometries of dimers. Thus,

four different conformations are possible for a dimer. These four possible structures are
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Figure 5.6: Energies of different conformations of (PF)2, (PP)2 and (PT)2 with
respect to that of A calculated at the B3LYP-D3/6-31G(d) level. These calculated

values are also tabulated and all are in kcal/mole.

denoted as A, B, C and D. For (PF)2, optimized structures obtained at the B3LYP-

D3/6-31G(d) level for these four conformers are shown in Figure 5.5. Absence of any

imaginary frequency in each case indicates that all are stable ground state structures.

The energies of various conformers with respect to the energy of conformer A calculated

at the B3LYP-D3/6-31G(d) level of theory are plotted in Figure 5.6. It is observed that

conformers A, B and D are the most stable geometries for (PF)2, (PP)2 and (PT)2,

respectively. However, for (PT)2, the difference in energies between B and D conformers

is very small (∼ 0.004 kcal/mol) and from trimer onwards, conformerB is the most stable

structure (not shown). As conformers C and D are less stable than A and/or B, and

both A and B are expected to form helix like structures, our study focuses on the A and

B conformers of the oligomers only. Although not shown, results obtained at B3LYP/6-

31G(d), M06-2X/6-31G(d), CAM-B3LYP/6-31G(d) and B3LYP/6-31++G(d,p) levels

of theories are similar to those for the B3LYP-D3/6-31G(d) level. Hence, from dimer

onwards, B3LYP and B3LYP-D3 functionals in combination with the 6-31G(d) basis set

were chosen to optimize the ground state structures. These two functionals are selected

to reveal the effect of dispersion correction on the geometries and stabilities of ground

state structures of long oligomers.

Ground state structures of oligomers having less number of repeating units than

required to complete one helical turn obtained by B3LYP and B3LYP-D3 functionals
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Figure 5.7: Optimized structures of B-(PF)10 obtained by B3LYP (a) and B3LYP-D3
(b) functionals in combination with the 6-31G(d) basis set.

are similar, for both the conformers. However, for larger oligomers, distances between

adjacent helical turns (i.e., pitch) obtained by the B3LYP functional are comparatively

larger than those for the B3LYP-D3 functional. Optimized structures of B-(PF)10 ob-

tained by these two functionals are shown in Figure 5.7. As can be seen, for B3LYP and

B3LYP-D3, pitches of B-(PF)10 are 7.25 and 3.55 Å, respectively. Although not shown,

similar differences in the results of these two functionals are obtained for other helical

oligomers.

For B3LYP and B3LYP-D3 functionals, differences in energies between conformers

A and B (i.e., EA −EB) were calculated and plotted versus n in Figure 5.8. As shown

in the figure, for PF, the B3LYP functional estimates that the stability of conformer

A increases with the increase in chain length. Results of B3LYP-D3 are similar to the

results of B3LYP up to trimer. Upon further addition of repeating units, the stability

of conformer B gradually increases from tetramer to decamer. So, for longer oligomers,

it is expected that conformer B will be the most stable structure. For PP, conformation

B is more stable than A for both the functionals. However, from trimer onwards, there

are noticeable differences between the stabilization energies: for n > 3, the stabilization
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Figure 5.8: Energy differences between the two conformers (EA − EB) of each
oligomer. Results are shown for B3LYP and B3LYP-D3 functionals.

energy obtained using B3LYP-D3 is comparatively larger than that obtained using the

B3LYP functional. For decamer, B3LYP-D3 results show that conformer B is more

stable than conformer A by 147.3 kcal/mol, while for B3LYP the difference is only 63.5

kcal/mol. In the case of PT, B3LYP results show that energies of two conformers for n ≤

3 are nearly the same: EA −EB is ∼ 4-6 kcal/mol. From tetramer onwards, the results

of B3LYP-D3 differ from the results of B3LYP. From (PT)4 to (PT)7, the stability of

conformer B gradually increases compared to that of A. However, for (PT)8−10, the

energy gap between two conformers remains nearly the same. For (PT)10, this gap

is 56.1 kcal/mol. Thus, for the studied systems, B3LYP and B3LYP-D3 functionals

produce different results for long oligomers. In these type of systems, π–π like non-

covalent interactions between adjacent helical turns of a helix play a major role in

their stabilities50,85 and hence, use of functionals like B3LYP-D3 which include these

small interactions is essential for their structural analysis50,94,96. The increased stability

observed with the use of B3LYP-D3 confirms this in our case.

To gain an understanding of this interaction energy, values of Snb = [En −n×E1]−

[(n−1)(E2−2×E1)] and snb = (En−En−1)−(E2−E1) are calculated. The first term is
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Figure 5.9: Values of Snb = [En − n × E1] − [(n − 1)(E2 − 2 × E1)] (a) and snb =
(En − En−1)− (E2 − E1) (b) are plotted versus n. Here, n and En are the number of
repeating units and ground state energy of an oligomer having n number of repeating

units, respectively.

the total stabilization energy gained as a consequence of non-bonding interaction present

in a helix. snb is the amount of stabilization energy gained per addition of repeating

unit. Positive and negative values of Snb and snb indicate decrease and increase in the

stabilization energies, respectively. Plots of Snb and snb versus n are shown in Figures

5.9 and 5.10 for B3LYP-D3 and B3LYP functionals, respectively. In Figure 5.9, it can

be seen that Snb and snb values are ∼ 0 kcal/mol for oligomers with n < the number of

repeating units needed to complete one helical turn. However, noticeable Snb and snb

values are obtained for B-(PF)3, B-(PP)3, B-(PT)4 and A-(PT)8. It is to be mentioned

here that for B-(PF), B-(PP), B-(PT) and A-(PT), formation of the helical form starts

at n = 3, 3, 4 and 8, respectively. The Snb value decreases with a further increase of n for

these oligomers indicating that this interaction energy coming from the π–π interaction

between adjacent helical turns becomes more stronger. It is also noticed that types of

5-membered heterocyclic rings attached to pyridine affect the snb value added to an

oligomer, and therefore the Snb value are different for PF, PP and PT helices. The
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trends observed in the variation of snb versus n for B conformers show that there is

partial overlap of the newly added repeating unit with the existing part of the oligomer

in the case of (PF)3, (PP)3 and (PT)4. Further addition of repeating units results in

a large decrease in the value of snb and for n > 6, the values are much smaller than

those for B conformers of (PF)3, (PP)3 and (PT)4. Also, for n > 6, snb values of B

conformers varies with in a small range. Figure 5.9(b) shows that snb is ∼ 8 kcal/mol

for furan containing oligomers and ∼ 11 kcal/mol for pyrrole and thiophene containing

oligomers, for n > 6. However, in the case of B3LYP results shown in Figure 5.10 (a)

and (b), positive values of Snb indicate absence of the π − π interaction energy, except

for B-(PP)3 and A-(PT)9. Thus, the B3LYP-D3 functional is suitable for our studied

systems and from now onwards, the results obtained using this functional are discussed.
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Figure 5.10: Stabilization energies of the studied compounds at the B3LYP/6-31G(d)
level. Snb = [En−n×E1]− [(n−1)(E2−2×E1)] (a) and snb = (En−En−1)−(E2−E1)
(b) are plotted versus n > 1. Here, n and En are the number of repeating units and
ground state energy of an oligomer having n number of repeating units, respectively.
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5.2.2 Ground state geometries, IPs and dipole moments

Table 5.1: Geometrical parameters of largest helical oligomers. Dinner and Douter

denote diameters of inner and outer of a helix, respectively. p, u and d represent pitch,
number of repeating units per turn and rise per repeating unit, respectively.

helices Dinner (Å) Douter (Å) p (Å) u d = (p/u)

A-(PF)24 45.60 57.32 4.0 23 0.18
B-(PF)10 5.56 11.89 3.6 3 1.18
A-(PP)16 28.14 38.85 3.7 15 0.25
B-(PP)10 4.66 11.91 3.5 3 1.17
A-(PT)10 13.25 23.83 3.5 8 0.47
B-(PT)10 7.18 13.12 3.6 4 1.03

���

��� ���

Figure 5.11: Optimized structures of B-(PF)3 (a), B-(PF)10 (b) and A-(PF)24 (c)
obtained at the B3LYP-D3/6-31G(d) level.

The geometrical parameters of the largest oligomers for conformers A and B in

each case are listed in Table 5.1. The inner diameter, outer diameter, pitch, number

of repeating units needed to complete one helical turn and rise per repeating unit are

denoted as Dinner, Douter, p, u and d, respectively. For easy understanding of diameters

and u of the studied oligomers, top views of A-(PF)24 and B-(PF)n=3,10 are shown
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in Figure 5.11. Similarly, few selected PP (A-(PP)16 and B-(PP)n=3,10) and PT (A-

(PT)10 and B-(PT)n=4,10) oligomers are shown in Figures A3 and A4, respectively (see

Appendix III). As observed from the table and can also be seen in the figures, Dinner and

Douter values of A conformer are larger than those for the B conformer, in each case.

Dinner/Douter values of A-(PF)24, A-(PP)16 and A-(PT)10 are 45.60/57.32, 28.14/38.85

and 13.25/23.83 Å, respectively. In comparison, Dinner and Douter of B conformers are

within 4.6-7.2 Å and 11.8-13.2 Å, respectively. Values of Dinner and Douter are directly

proportional to u and hence, while the u values for conformer A of PF, PP and PT

oligomers are 23, 15 and 8, respectively, the values are much smaller for B oligomers

(u values are 3, 3 and 4 for PF, PP and PT oligomers, respectively). A-(PF)24 has

the largest p value. This structure was optimized at the B3LYP/3-21G level only as

it was difficult to converge the optimization at the B3LYP-D3 level and the absence of

the dispersion interaction term in the functional may be the reason for this result. p of

other oligomers varies between 3.5 and 3.7 Å. As the p values of the studied oligomers

are nearly the same, d mainly depends on the u. For each oligomer, A conformer has

a larger u value than that for B. As a result, in the case of each oligomer, the d value

of A conformer is smaller than that for B. As A-(PF)24 has the largest u value, it has

the smallest d value. In Figures 5.11 and A3, for B-PF and B-PP oligomers, it can

also be observed that π-stacking occurs between the same heterocyclic rings of adjacent

helical turns. However, in the case of other helical oligomers, the presence of different

heterocyclic rings is seen along the stacking direction.

Characterization of the optimized geometries was also carried out by computing the

∆r values of all the studied oligomers using the following formula:243

∆r =

(
ra + rc + re

3
− rb + rd

2

)
/n. (5.1)

Here, rx indicates bond length of the bond x, where x = a, b, c, d and e. A representative

structure in Figure 5.1 shows these bonds of a repeating unit. As shown in Figure 5.12,

TH -1519_11612221



Chapter 5: Pyridine–furan/pyrrole/thiophene oligomers: Geometries and. . . 114

1 2 3 4 5 6 7 8 9 10
n

0.015

0.02

0.025

0.03

0.035

0.04

∆

A-PF

B-PF

A-PP

B-PP

A-PT

B-PT

Figure 5.12: ∆r values of the studied oligomers. The equation used to calculate the
∆r is mentioned in the text below.

A conformers of (PF)n=3−10 and (PT)n=3−10 have slightly larger ∆r values (∼ 0.001-

0.002 Å) than those for the B conformers of these compounds. For example, ∆r values

for A-(PF)10, B-(PF)10, A-(PT)10 and B-(PT)10 are 0.033, 0.032, 0.031 and 0.030 Å,

respectively. However, for PP, two conformers have nearly the same ∆r values (∼ 0.018

Å for (PP)6−10). Comparing PF, PP and PT oligomers studied, it is clear that PP

oligomers have smaller ∆r values than those for PF and PT. It is also worth mentioning

that ∆r values of A-(PF)16 and A-(PP)16 do not differ much (only by ∼ 0.0004 Å) from

the respective decamer values exhibiting a convergence pattern. Hence, it is expected

that ∆r values of other oligomers with n > 10 may also not change significantly from

the values for their respective decamers.

In Figure 5.13, the IP(v) values of all the oligomers are plotted versus n. This figure

shows that the IP(v) values, for all the systems, decrease with an increase in n. The

IP(v) values for the largest oligomers of A-PF, A-PP and A-PT are 5.61, 5.35 and

5.99 eV, respectively. As can be seen, for the same chain length, PP oligomers have

comparatively smaller IP(v)s than the values obtained for PF and PT oligomers. A

conformers of PF and PT oligomers have comparatively larger IP(v) values than the

values for B conformers. For example, IP(v)s of A-(PF)10 and A-(PT)10 are ∼ 0.27
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Figure 5.13: IP(v)s of the studied oligomers calculated at the B3LYP-D3/6-31G(d)
level.

and 0.25 eV larger than that for their respective B conformers. However, results of PP

oligomers are different from those for PF and PT oligomers. In the case of PP, similar

IP values are found for both the conformers. For example, A-(PP)10 and B-(PP)10 have

5.49 and 5.43 eV of IP(v) values, respectively.

1 2 3 4 5 6 7 8 9 10
n

0

2

4

6

8

10

µ
g

 

A-PF
B-PF
A-PP
B-PP
A-PT
B-PT

16 24

Figure 5.14: µg values of the studied oligomers calculated at the B3LYP-D3/6-31G(d)
level. u values of A-PF, B-PF, A-PP, B-PP, A-PT and B-PT oligomers are 23, 3, 15,

3, 8 and 4, respectively.
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µg values of all the studied molecules were calculated at the B3LYP-D3/6-31G(d)

level and the results are plotted in Figure 5.14. Usually, the µg value increases with

the increase of chain length as the number of polar atoms increases. However, for our

studied systems, it can be seen in Figure 5.14 that initially µg increases up to u/2 and

then starts to decrease gradually up to u. Each time a new helical turn is added to a

helix, this process occurs and thus, the µg value of each oligomer fluctuates between a

certain range. The reason for the above result can be explained in terms of n and u of

a helix. For these helical structures, addition of repeating units after completion of half

of a helical turn leads to cancellation of the oppositely oriented bond dipole moments,

and this results in a decrease in total µg value. After completion of one helical turn, the

µg value again increases with the increase of n as the number of polar atom increases.

However, the above trend is interrupted in the case of A-(PT)8, and its µg value is

0.72 Debye larger than that for A-(PT)7. This may be related to the ground state

structure of A-(PT)8, shown in Figure 5.15, which is distorted due to strong π − π

interaction between the two terminal units. Thus, as in the case of chemical structures

and conformations, µg of these helical oligomers strongly depends on n and u of a helix.

Figure 5.15: Optimized structures of A-(PT)8 obtained at the B3LYP-D3/6-31G(d)
level.
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5.2.3 Electronic properties, absorption spectra and frontier molecular

orbitals

Pictures of FMOs and the differences in their energies provide knowledge about the

length of conjugation and correlation of the optical gap with the polymer chain length.

Energies of FMOs of each compound are plotted in Figure 5.16. In cases of A conformers,
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Figure 5.16: EH and EL for all the studied compounds calculated at the B3LYP-
D3/6-31G(d) level. u values of A-PF, B-PF, A-PP, B-PP, A-PT and B-PT oligomers

are 23, 3, 15, 3, 8 and 4, respectively.

for n < u, initially EHs and ELs rapidly increase and decrease with the increase of n,

respectively. In this regime, after a certain value of n, small increases and decreases in

EH and EL are found, respectively. However, for n ≥ u, large changes in EH and EL

values are noticed. While EH increases for all oligomers, EL does not follow a particular

trend in this region of n. In the case of B conformers, u values are very small (3 or 4

only) and hence, large changes in EH and EL values are seen with the increase of n from

1 to 10. For oligomers with n > u, EH and EL values do not vary in a particular order,

making it difficult to extrapolate to infinite chain length.

In Figure 5.17, Ehl
g and Eopt

g of oligomers are plotted versus 1/n. As can be seen,

for each of the studied oligomers, the Ehl
g value is larger than Eopt

g . However, both
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Figure 5.17: Ehl
g and Eopt

g of oligomers calculated at the B3LYP-D3/6-31G(d) level.
u values of A-PF, B-PF, A-PP, B-PP, A-PT and B-PT oligomers are 23, 3, 15, 3, 8

and 4, respectively.

have the same decreasing trend for each compound, except for A-(PT)8. The E
hl
g value

of A-(PT)8 is 0.02 eV larger than the value obtained for A-(PT)7, while the reverse

happens for the Eopt
g . For all oligomers, in the case of n < u, Ehl

g and Eopt
g decrease in

a regular manner with increasing chain length. However, beyond n = u, Ehl
g and Eopt

g

decrease sharply in the case of most of the studied oligomers. Deviations in the above

mentioned trend occur for B-(PF)10 and B-(PP)n=7−10. B-(PF)10 has larger Ehl
g and

Eopt
g values than that for B-(PF)9. In the case of B-PP, slopes of Ehl

g and Eopt
g are more

steeper from tetramer to hexamer than those from dimer to trimer. However, B-(PP)7

has larger Ehl
g and Eopt

g values than the values for B-(PP)6. For B-(PP)n=8−10, E
hl
g and

Eopt
g are close to those for B-(PP)7.

Details of electronic transitions, including Egs, foscs and dominant configurations in-

volved in the first and other major electronic transitions for (PF)n, (PP)n and (PT)n are

presented in Tables 5.2, A12 and A13, respectively. For compounds other than decamers,

the first 45 lowest electronic transitions are considered. For decamers, the first 150 low-

est electronic transitions were calculated. As reported in Table 5.2, the first electronic

transitions of A-(PF)n=1−10 have the largest fosc values. HOMO→LUMO excitations
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Table 5.2: Electronic transition data obtained by the TDDFT method for A-(PF)n
and B-(PF)n at the B3LYP-D3/6-31G(d) level. Eg, fosc, H and L denote excitation
energy, oscillator strength, HOMO and LUMO, respectively. Electronic transitions are

from S0 to Sm. Egs are in eV.

n (A) m Eg fosc configurations n (B) m Eg fosc configurations

1 1 4.36 0.32 H → L (75%) 1 1 4.44 0.40 H → L (79%)
2 1 3.54 0.63 H → L (76%) 2 1 3.55 0.50 H → L (81%)
3 1 3.34 0.72 H → L+1 (92%) 8 4.58 0.44 H-1 → L+1 (82%)
4 1 3.29 1.54 H → L+2 (82%) 3 1 3.35 0.15 H → L+1 (87%)
5 1 3.25 2.28 H → L+3 (67%) 8 4.18 0.52 H-1 → L+2 (59%)
6 1 3.23 2.93 H → L+4 (56%) 4 1 3.24 0.06 H → L+1 (52%)
7 1 3.21 3.48 H → L+5 (47%) 15 4.25 0.35 H-2 → L+3 (54%)
8 1 3.20 3.92 H → L+6 (40%) 5 1 3.16 0.06 H → L (47%)
9 1 3.19 4.26 H → L+7 (35%) 22 4.11 0.48 H-4 → L+2 (21%)
10 1 3.18 4.46 H → L+8 (30%) H-4 → L+1 (15%)

2 3.26 1.77 H → L+7 (25%) 6 1 3.14 0.02 H → L+1 (41%)
16 1 3.16 3.56 H → L+14 (15%) 35 4.21 0.29 H-1 → L+6 (28%)

H-2 → L+12 (12%) 39 4.24 0.29 H-1 → L+6 (37%)
H-1 → L+13 (12%) 7 1 3.07 0.01 H → L (43%)

2 3.21 6.35 H-1 → L+14 (11%) 43 4.12 0.31 H-5 → L+5 (24%)
24 1 3.06 0.23 H-1 → L+20 (14%) 8 1 3.03 0.00 H → L (74%)

H-2 → L+19 (11%) 37 3.72 0.16 H-4 → L+3 (19%)
2 3.10 8.39 H-1 → L+19 (11%) 9 1 2.97 0.00 H → L (78%)
3 3.11 7.75 H-2 → L+17 (6%) 10 1 2.98 0.00 H → L (76%)

H-1 → L+18 (6%) 94 4.14 0.25 H-9 → L+1 (11%)
H-1 → L+20 (6%) H-9 → L+4 (11%)

111 4.25 0.29 H → L+16 (15%)

dominate the S0 → S1 transition for A-(PF)n=1−2. However, for A-(PF)n=3−10, excita-

tions from HOMO to an unoccupied orbital other than LUMO dominate the S0 →

S1 transition. In these cases, with the increase of n, N of the unoccupied orbital

(LUMO+N) predominantly involved with the S0 → S1 transition also increases. In

the case of A-(PF)n=16,24, S0 → S2 has the largest oscillator strength. For A-(PF)24,

along with the S0 → S2, S0 → S3 transition also has significant fosc. In these electronic

transitions, HOMO−N and LUMO+N are mainly involved. Additionally, it is worth

mentioning that S0 → S1 transition of A-(PF)24 has a negligible fosc of 0.229.

In the case of B-(PF)n=1−2, the first electronic transitions have the largest oscillator

strengths. These transitions are mainly assigned to HOMO→LUMO excitations. For

B-(PF)n=3−10, transitions from S0 to higher excited states (Sm>1) are prominent tran-

sitions. It is apparent from the table that m of Sm in the major electronic transition

increases with the increase in n. For example, S0 → S8, S0 → S15 and S0 → S22 are the

dominant transitions for B-(PF)3, B-(PF)4 and B-(PF)5, respectively. In the case of
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B-(PF)10, transitions from S0 to S94 and S111 are major electronic transitions. In these

cases, contributions of HOMO/HOMO−N to LUMO+N excitations dominate major

electronic transitions.

TDDFT results of PP and PT oligomers are reported in Tables A12 and A13, re-

spectively (see Appendix III). For A-(PP)n=1−3, S0 → S2 transitions have the largest

fosc values, although S0 → S1 transitions have significant foscs. However, the first elec-

tronic transitions are with the largest oscillator strengths for A-(PP)n=4−9. In the case

of A-(PP)10 and A-(PP)16, S0 → S2 and S0 → Sm=5,6 are dominant transitions, re-

spectively. Transitions from S0 to S1, S2, S6 and Sm=8,11 are prominent transitions

for A-(PT)n=2−6, A-(PT)n=7−8, A-(PT)9 and A-(PT)10, respectively. Similar to B-PF

oligomers, transitions from S0 to S8, S14 and S21 are the major electronic transitions for

B-(PP)3, B-(PP)4 and B-(PP)5, respectively. Similarly, for B-(PT)n=3−5, electronic

transitions from the ground state to S4, S5 and S24 are major transitions for n = 3,

4, 5, respectively. In the case of B-(PP)10, S0 → S114 and S0 → S117 are important

electronic transitions. Like B-(PP)10, excitations to S52, S54 and S108 are main elec-

tronic transitions for B-(PT)10. From the above results, in the case of n ≥ u, it may be

concluded that ‘m’ of Sm in the major electronic transitions, (S0 → Sm), increases with

the increase in n. Furthermore, HOMO+N and LUMO−N orbitals are significantly

involved in these transitions, for our studied systems.
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Figure 5.18: HOMO, LUMO, LUMO+1 and LUMO+2 of A-(PF)n=2−4 at an iso-
surface value of 0.02.
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Figure 5.19: HOMO and LUMO of B-(PF)10 at an isosurface value of 0.02.

To gain insights into the variations of foscs with n, various molecular orbitals are

plotted in Figures 5.18, 5.19 and A5, for few selected oligomers. It is apparent from

Figure 5.18 that degrees of overlap of HOMO with LUMO, LUMO+1 and LUMO+2 are

the largest compared to other possible combinations forA-(PF)2, A-(PF)3 andA-(PF)4,

respectively. This may be a reason for the increase of N of LUMO+N in the dominating

configuration with the increase of n in the case of A-PF. ForB-(PF)10, frontier molecular

orbitals are shown in Figure 5.19. As can be seen, the electron densities of HOMO and

LUMO of B-(PF)10 do not overlap. Frontier molecular orbitals for A-(PP)16, B-(PP)10

and (PT)10 are shown in Figure A5. Similar to B-(PF)10, small overlap of electron

densities of HOMO and LUMO is found for these oligomers. As discussed in previous

paragraphs, in these systems excitations involving molecular orbitals other than FMOs

dominate major electronic transitions.

Absorption spectra based on the lowest 150 singlet energies for decamers of both con-

formers A and B are shown in Figure 5.20. Half-width at half-maximum height of each

spectrum is 1500 cm−1. Absorption spectra of B conformers are both hypsochromically

and hypochromically shifted compared to those of A conformers, for each oligomer. This

result may be explained by the fact that u of B conformer is smaller than that for A.

Therefore, as discussed in the previous paragraph, in the case of conformer B, the major

electronic transition is from S0 to a higher excited state compared to that in the case

of A. Among the decamers shown, A-PP has the largest intensity with an absorption
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Figure 5.20: Absorption spec-
tra of decamers calculated at the
TDDFT/B3LYP-D3/6-31G(d) level.
Half-width at half-maximum height is

1500 cm−1.
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Figure 5.21: Absorption spectra
of B-(PF)n=1−10 calculated at the
TDDFT/B3LYP-D3/6-31G(d) level.

maximum ∼ 379 nm (fosc = 3.48). Compared to other oligomers, the absorption spec-

trum of A-(PF)10 is shifted to the red end of the spectrum having maximum absorption

at 390 nm (fosc = 4.46) in the UV-Vis spectra. For B-(PF)10 and B-(PT)10, absorption

spectra have the largest hypsochromic and hypochromic shifts, respectively. In Figure

5.21, absorption spectra of B-PF oligomers versus n are plotted. As shown in the figure,

for B-(PF)3−10 oligomers, the main absorption peaks of are located at ∼ 300 nm. It is

worth mentioning that B-PF oligomers start to form helix-like structures at n = 3, and

with further increase in chain length, the position of the main absorption peak does not

change much.

To investigate the chiroptical nature of our studied oligomers, CD spectra are sim-

ulated at the TDDFT/B3LYP-D3/6-31G(d) level based on the optimized geometries

obtained at the B3LYP-D3/6-31G(d) level, except A-(PF)24. As mentioned already,

A-(PF)24 was optimized at the B3LYP/3-21G level. Figure 5.22 depicts the CD spectra

of the largest helical oligomers of all the studied compounds. As can be seen, all these

helical oligomers are CD active and the CD curves are bisignate in nature. But there

are distinct differences in the nature of CD curves between the two conformers of an

oligomer. For A-(PT)10, a positive signal at 330 nm and a negative signal at 420 nm are

observed. In comparison, for B conformer of the same compound, the positive signal is
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Figure 5.22: CD spectra of the
largest oligomers of conformers A
(solid line) and B (dashed line) for

PF, PP and PT compounds.
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Figure 5.23: CD spectra of
A-(PT)n=1−10 calculated at the
TDDFT/B3LYP-D3/6-31G(d) level.

shifted to a smaller wavelength (∼ 300 nm) while the negative signal is almost at the

same position as that in A but is much broader. Similarly, the positive band in the

case of B-PP is much broader and the negative band is blue shifted in comparison to

the bands in A-PP. In Figure 5.23, the CD spectra for the oligomers of A-(PT) are

shown. As seen, all the oligomers are CD inactive until n is equal to u. As soon as

helix is formed, the system becomes CD active. Similar observations are made for other

systems.

5.3 Salient findings

In this chapter, computational studies on the structural and optoelectronic properties

of pyridine-furan, pyridine-pyrrole and pyridine-thiophene oligomers are carried out at

B3LYP/6-31G(d) and B3LYP-D3/6-31G(d) levels. Our results reveal that dispersion

corrected functionals like B3LYP-D3 are essential in the theoretical studies of these

systems where there are possibilities of helical structures. Two of the possible helical

conformations for each oligomer, having hetero atoms of 5-membered and 6-membered

heterocyclic rings on different sides (conformerA) or on the same side (conformer B), are

considered. Values of stabilization energies indicate that stabilities of helical oligomers

increase with the increase of n owing to the increase of the non-bonding interaction
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energy between adjacent helical turns. Our results show that B is the most stable

conformer for PP and PT oligomers, while A is the most stable in the case of PF.

However, compared to A-PF, the stability of B-PF gradually increases with the increase

in n, indicating that like PP and PT, conformer B of PF may become more stable for

larger oligomers. In the case of each oligomer, u of the conformer A is larger than that

for B. While u values for the B conformers are 3, 3 and 4 for PF, PP and PT systems,

respectively, the values are 23, 15 and 8 for A conformers. µg values of these helical

oligomers fluctuate between a certain range and this fluctuation range for conformer A

is larger than that for B. For each oligomer, the µg value depends on the n and u of a

helix. TDDFT results conclude that for oligomers with n > u, m of the most important

electronic transition (S0 → Sm) increases with an increase in n. In accordance with

u values, the absorption spectra for B conformers are blue shifted compared to those

for A, for decamers. Multiple electronic transitions other than the first excitation are

significantly involved in an absorption spectrum of a helical oligomer. These major

electronic transitions are dominated by HOMO–N → LUMO+N excitations. All the

helical structures are found to be CD active.
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Pyridine-pyrrole based cross-conjugated oligomers:

Effects of insertion of π-spacers in the main chain

on the electronic and optical properties

This chapter reveals the effects of insertion of vinylene-, azomethine-, azo π-spacers in the

main chain of N -methylpyrrole–pyridine–N -methylpyrrole (D–A–D) cross-conjugated

oligomers on the structural, electronic and optical properties. The contents of this

chapter are submitted to the Polymer journal.

Figure: Monomers of four different oligomers.
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In comparison to through-conjugated systems, studies on cross-conjugated systems

are rare in the literature, and tuning of their electronic and optical properties remains

a very challenging task to date.51,98–100 In contrast, a large number of informations

are available for tuning these properties of through-conjugated systems. One of the

strategies to reduce the band gap is to have the system made up of alternating donor

(D) and acceptor (A) units.146,244–249 D-A polymers are known to have narrow band

gaps as a result of mixing of orbitals of the donor and acceptor units.20 However, the

presence of very strong electron donating and accepting groups in D-A polymers leads

to localization of electron density on a specific part of the chain, which may hinder the

electron mobility.30 Thus, choosing proper D/A units is vital in designing D-A polymers.

In this scenario, moderately donating pyrrole and accepting groups like pyridine may be

suitable for this purpose. Further, postsynthetic modulation of optoelectronic properties

of pyridine containing oligomers is also possible via protonation or interaction with

Lewis acids due to the presence of nitrogen atoms of pyridine rings.233,234,241 Apart

from the D-A approach, optoelectronic properties of an oligomer can also be tuned by

inserting π-spacers like vinylene, azomethine and azo-linkages in the main chain of the

oligomers.17,64,65 These linkages reduce torsional strain in the main chain and enhance

π electron delocalization along the backbone resulting in reduced band gap.

Considering the above mentioned strategies for tuning the optoelectronic properties

of cross-conjugated polymers, the objective of this chapter is to study the effect of inser-

tion of π-spacers between donor and acceptor units in a donor-acceptor-donor (D-A-D)

type oligomer. Four types of oligomers are taken into consideration, namely, a D-A-D

and three D-π-A-π-D types, where N -methylpyrrole and pyridine rings are donor and

acceptor units, respectively. Figure 6.1 shows the repeating units of the four systems,

denoted as PP, PCCP, PCNP and PNNP. In PP, the electron deficient central pyridine

ring is 2,6-substituted by two electron-rich N -methylpyrrole rings making it a D-A-D

type system. Replacing the single bond between the donors and the acceptors in PP by

vinylene, azomethine and azo linkages, D-π-A-π-D type systems are obtained named as

PCCP, PCNP and PNNP, respectively. In these repeating units, substitutions at the
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Figure 6.1: Sketch map representations of repeating units of the oligomers considered
in this chapter. Here, n = 1, 2, 3 and 4. Two important dihedral angles, ∠ 1-2-3-4 and
∠ 1-5-6-7, in the nth repeating unit are denoted as dan and dbn, respectively. Few bonds
marked as a, b, c, d, e, f and g are also shown in the figure and discussed in the text.

2 and 6-positions of a pyridine ring by two D/D-π units result in conjugation between

these two units and the pyridine ring, but these two are not conjugated to each other,

leading to cross-conjugation in the backbone chain.22,250 PP, PCCP and few similar

D-π-A-π-D systems are already synthesized.250–252 Experimental absorption spectra of

PCCP250 and 2,6-Py-V-EDOT252 shows that the most intense bands of these spectra

are assigned to other than the first excitation with a shoulder at low energy region. How-

ever, TDDFT study of 2,6-Py-V-EDOT252 does not report the full absorption spectrum.

With this additional curiosity to reveal the missing information, this chapter begins with

an arduous conformational search of the all studied monomers. Our study focuses on

properties such as ionization potential, electron affinity, excitation energies and their

corresponding oscillator strengths, changes in dipole moment upon electron excitation,

fundamental and optical gaps and hole-electron binding energy. In section 6.1, computa-

tional aspects are briefly discussed. This is followed by results and discussion in section

6.2 and conclusions in 6.3.
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6.1 Computational details

All the electronic structure calculations were carried out using the Gaussian 09 pack-

age.242 Ground state geometries for all the studied oligomers were optimized at B3LYP/6-

31G(d,p) and CAM-B3LYP/6-31G(d,p) levels of theories without any constraint. These

were followed by frequency calculations for all the studied molecules to ensure that

the structures are minima. Ground state properties of the systems are studied at the

B3LYP/6-31++G(d,p)//B3LYP/6-31G(d,p) level of theory. For monomers, excitation

energies and oscillator strengths were obtained by TDDFT single point calculations

at different levels of theory. For oligomers, excitation calculations were performed at

the TDDFT/B3LYP/6-31++G(d,p) level for the optimized geometries obtained by the

B3LYP/6-31G(d,p) level. First 25 excitations were considered in these calculations.

Absorption spectrum for each molecule was obtained by using the standard formula

ǫ(ν ′) =
2.175 × 108

∆1/2ν ′
f × exp


−2.772

(
ν ′ − ν ′i→f

∆1/2ν ′

)2

 , (6.1)

as implemented in GaussSum.253 Here, ∆1/2ν
′, ν ′i→f and f are the full-width half-

maximum, electronic transition energy and oscillator strength of the respective tran-

sition, respectively. IP(v) and EA(v) values were calculated by equations 1.3 and 1.3,

respectively, at the B3LYP/6-31++G(d,p)//B3LYP/6-31G(d,p) level.

6.2 Results and discussion

In subsection 6.2.1, the various possible conformers for each monomer are discussed and

then, for the most stable geometry, a combination of a functional and basis set is chosen

which produces the results best in comparison with the available experimental results for

(PP)1 and (PCCP)1. While a crystal structure is available for (PP)1,
251 the absorption

spectrum is reported for (PCCP)1
250. In the second subsection, the structures and
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properties of oligomers like dipole moments, IPs, EAs, band gaps, hole-electron binding

energies and absorption spectra are discussed.

6.2.1 Conformations of monomers, choice of functionals and basis sets

Various possible conformers of the monomers were optimized in the ground state using

B3LYP and CAM-B3LYP functionals in combination with the 6-31G(d,p) basis set.

Most stable structures of the studied molecules are shown in Figure 6.2. Geometries

of all the studied conformers and energies of these conformers with respect to the most

stable conformers of (PP)1, (PCCP)1, (PCNP)1 and (PNNP)1 are shown in Figures

A6, A7, A8 and A9, respectively (see Appendix IV). As can be seen, both functionals

(a) PP

(c) PCNP

(b) PCCP

(c) PNNP

Figure 6.2: Structures of the most stable conformers of (PP)1 (a), (PCCP)1 (b),
(PCNP)1 (c) and (PNNP)1 (d) obtained at the B3LYP/6-31G(d,p) level.

show similar results. For (PCCP)1, single point calculations were carried out using 6-

31++G(d,p) basis set for the B3LYP/6-31G(d,p) optimized geometries and as Figure

A7 shows, conformer 1 remains the most stable structure. In addition, for (PCCP)1,

optimizations were also carried out at the MP2/6-31G(d,p) level for all the 10 conformers

and results obtained are similar to those for B3LYP and CAM-B3LYP functionals as

observed in Figure A7. Most stable structures for monomers of PP and PCNP are not
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Table 6.1: Selected dihedral angles of the studied molecules. Intraunit and interunit
dihedral angles are represented in Figures 6.1 and 6.5, respectively. All values are in
degree. Results listed outside and inside parentheses are obtained at B3LYP/6-31G(d,p)

and CAM-B3LYP/6-31G(d,p) levels, respectively.

molecules da1 db1 da2 db2 da3 db3 da4 db4 di dj dk

(PP)1 30.7(31.9) 30.6(31.9)

(PP)2 29.9 29.3 29.3 29.9 –43.5

(PP)3 28.7 31.8 30.1 30.6 29.8 30.3 –43.6 –42.6

(PP)4 28.3 31.5 29.6 29.2 29.2 29.6 31.5 28.3 –43.5 –44.5 –43.6

(PCCP)1 0.0(0.0) 0.0(0.0)

(PCCP)2 –1.1 –1.1 –1.1 –1.1 45.7

(PCCP)3 –1.5 –1.6 –1.3 –1.3 –1.6 –1.5 46.9 46.9

(PCCP)4 –1.2 –1.4 –2.7 –1.7 –1.7 –2.7 –1.4 –1.2 45.4 47.3 45.5

(PCNP)1 13.3(16.9) 13.3(17.0)

(PCNP)2 14.7 13.2 13.2 14.7 –45.1

(PCNP)3 13.7 12.3 13.5 13.5 12.3 13.7 –44.8 –45.0

(PCNP)4 14.7 13.5 15.8 13.2 13.2 15.8 13.5 14.7 –45.3 –44.7 –45.5

(PNNP)1 180.0(180.0) 180.0(180.0)

(PNNP)2 179.8 –179.5 –179.5 179.8 44.6

(PNNP)3 178.1 178.6 178.9 179.9 –178.0 –179.6 44.2 45.2

(PNNP)4 179.6 180.0 179.5 –178.2 –178.2 179.5 180.0 179.6 44.6 45.3 44.6

planar, while all three heterocyclic rings of (PCCP)1 and (PNNP)1 are in the same

plane. Few selected intraunit dihedral angles (da1 and db1) are reported in Table 6.1. A

representative structure of these dihedral angles is shown in Figure 6.1. As reported

in the table, both functionals produce similar results. Values of da1 and db1 for (PP)1

and (PCNP)1 obtained at the CAM-B3LYP/6-31G(d,p) level are slightly larger than

the values obtained at the other level of theory. As already noted, a crystal structure of

(PP)1 is available.
251 The most stable structure from our computational studies matches

with the crystal structure. Differences between the bond lengths of calculated and

experimental structures are less than 0.025 Å and 0.019 Å for B3LYP and CAM-B3LYP

functionals, respectively. Dihedral angles between two adjacent heterocyclic rings in

B3LYP and CAM-B3LYP optimized structures are around 3.6° and 2.4° smaller than

those for the crystal structure, respectively.

As discussed before, another confirmation regarding the use of a particular func-

tional and basis set is achieved by comparing the absorption spectra of (PCCP)1 with
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the available experimental data. Absorption spectra of the most stable conformer of

(PCCP)1 calculated at different levels of theory are depicted in Figure 6.3. As can be

seen in 6.3(a), in each spectrum, the major electronic transition is associated with a

shoulder at a lower energy, similar to the experimental absorption spectrum250. The

major peak is due to the S0 → S4 transition and the shoulder is because of the S0 → S3

excitation. In addition to these two, the first excitation also has significant oscillator

strength, in each case. However, peaks of the absorption spectrum calculated at the

B3LYP/6-31G(d,p) level over the optimized structure obtained at the same level of the-

ory are shifted towards the blue end compared to the experimentally observed peaks.

Calculated values for S0 → S1 and S0 → S4 transitions are 404.57 and 320.10 nm, while

experimental values are 435.0 and 340.0 nm, respectively250. 6-31++G(d,p) basis set

significantly improves the results by having differences of only 8.9 and 3.9 nms from the

above mentioned experimental values. No further improvement in results is observed

with increase of basis set size to 6-311++G(d,p). Furthermore, a similar absorption

spectrum is obtained at the TDDFT/B3LYP/6-31++G(d,p) level for the ground state

geometry optimized at the B3LYP/6-31G(d,p) level, as is shown in the same figure. It

is important to note that solvent and other environmental effects are not considered

during the absorption spectrum calculation, and small differences between experimental

and theoretical results may be due to these approximations.

It is worth to clarify that the experimental absorption spectrum of (PCCP)1 is broad

and featureless. However, Abbotto et al.250 used the low energetic edge (at 435.00 nm)

as the first excitation energy to obtain the band gap of this molecule. Therefore, our

computed value of 425.68 nm corresponding to S0 → S1 transition is compared with

the same low-energetic edge at 435.0 nm. This transition is mainly dominated by the

HOMO-LUMO excitation, and as shown in Figure A10, electron density in the frontier

molecular orbitals is spread over the entire chain length, ruling out the possibility of a

charge-transfer type excitation.230

The CAM-B3LYP functional is known to be a suitable functional for the prediction

of charge-transfer excitations, while common functionals such as B3LYP often fail.230 To
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Figure 6.3: Absorption spectra of (PCCP)1 using B3LYP (a) and CAM-B3LYP
(b) functionals. For B3LYP, the effect of different basis sets is shown. For CAM-
B3LYP, in addition to showing the effect of basis sets, the performance of CAM-
B3LYP with respect to variation of set of parameters (µ, α, β) = (0.100,0.0693,0.9307),
(0.075,0.1257,0.8743) and (0.050,0.1625,0.8375) is also shown. It is to be mentioned
that the experimental peak appears at 340.00 nm, with a shoulder at larger wavelength

and the low energetic edge at 435.00 nm.250

check the effect of long-range correction, absorption spectra of (PCCP)1 were also calcu-

lated using this functional in combination with different basis sets. As can be seen in Fig-

ure 6.3, similar to B3LYP results, addition of diffuse functions in the basis set improves

the quality of results. However, as default parameters of the CAM-B3LYP functional are

not suitable for conjugated molecules, especially for TDDFT calculations254,255, absorp-

tion spectra obtained using this functional differ too much from the experimental results.

Therefore, parameters in CAM-B3LYP, i.e., µ, α and β, are tuned in combination with

the 6-31++G(d,p) basis set using the procedure described by Okuno et al.255 The sets

of tuned values obtained are (µ, α, β) = (0.100,0.0693,0.9307),(0.075,0.1257,0.8743) and

(0.050,0.1625,0.8375). Absorption spectra obtained at these levels are also shown in

Figure 6.3(b). As can be seen, peaks are very close to the experimental values, in these

three cases. Comparing the differences between the calculated and experimental peak

values, and the intensity ratios between two major electronic transitions (i.e., S0 → S3

and S0 → S4), the set of parameters (µ, α, β) = (0.050,0.1625,0.8375) is found to be
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the most suitable. However, lack of experimental data for other studied molecules and

comparatively large computational cost to obtain tuned parameters are the obstacles for

using the CAM-B3LYP functional. Further, tuned parameters for monomers may not

produce satisfactory results for large oligomers at the same level of accuracy as those for

monomers. As the absorption spectrum obtained at the TDDFT/B3LYP/6-31++G(d,p)

level over the optimized geometry obtained at the B3LYP/6-31G(d,p) level of theory is

comparable to the spectrum obtained at the tuned CAM-B3LYP/6-31++(d,p) level and

the method is cheaper than other methods, this combination is chosen for further studies.
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conformers S0 → S1 S0 → S3 S0 → S4

1 425.7 354.5 335.3
2 415.2 350.2 325.5
3 403.8 340.4 321.7
4 395.1 358.9 323.5
5 405.6 368.2 334.5
6 384.1 348.9 319.4
7 394.1 359.7 326.9
8 373.8 348.5 307.4
9 385.7 357.4 313.0
10 395.7 366.3 320.7

exp250 435.0 340.0

Figure 6.4: Absorption spectra of different conformers of (PCCP)1. A full-width at
half-maximum value of 1500 cm−1 is used while computing the spectra. Calculated and
experimental transition energies (in nm) from ground state to different excited states

are also tabulated.
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It is noticed that differences in energies between different conformers are very small

(< 5 kcal/mol for (PCCP)1). Therefore, it is worth discussing the dependency of opto-

electronic properties with the change of conformation. Absorption spectra of different

conformers of (PCCP)1 are calculated and plotted in Figure 6.4. It is clear that the im-

portant peaks of the conformer 1 are closer to the experimental peaks than the results

for other conformers. These results further justify the chosen level of theory used for

these calculations.

6.2.2 Oligomers: Structures, dipole moments, band gaps and absorp-

tion spectra

6.2.2.1 Structures and BLA

Important dihedral angles of all the studied oligomers are reported in Table 6.1. da,bn s are

the intraunit dihedral angles located in the nth repeating unit of an oligomer and di,j,k

are the interunit dihedral angles. Representative structures of intraunit and interunit

dihedral angles are shown in Figures 6.1 and 6.5, respectively. Results show that da,bn s do

a b
c

d

Figure 6.5: Ground state structure of (PCCP)2 showing the interunit dihedral angle
di = ∠ a-b-c-d. Hydrogen atoms are not shown for clarity.

not change much (< 3°) with n. For example, repeating units of (PCCP)4 and (PNNP)4

are nearly planar, and differences between their da,bn s and those for their respective

monomers are less than 2.7°. It is also found that di,j,k values of all the studied oligomers
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are quite large (> 42.0°). These large dihedral angles may largely affect their π electron

delocalization across the chain.

1 2 3 4
n
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∆
r 

Figure 6.6: ∆r values of the studied molecules. Two different equations are used to
calculate ∆r for PP and other three π-spaced oligomers, and details of these calculations

are mentioned in the text below.

∆r values obtained for the studied molecules are shown in Figure 6.6. ∆r values are

calculated as the difference between the average lengths of single bonds and double bonds

using the following equation for PP oligomers, ∆r =
ras + rcs + res

3n
− rbs + rds

2n
, while the

equation ∆r =
ras + rcs + res + rgs

4n
− rbs + rds + rfs

3n
is used in cases of PCCP, PCNP

and PNNP oligomers.243 Here, rx is the bond length of the “x” bond, which is shown in

Figure 6.1. In cases of PCNP and PNNP oligomers, bonds associated with N-atoms are

not considered during the calculation.192 As shown in Figure 6.6, the variation in BLA

values with the increase of chain length is negligible. Differences between BLAs of two

successive oligomers are ≤ 0.002 Å. Cross-conjugation in the main chain256 and large

interunit dihedral angles may be the possible reasons for the above result. It is important

to mention that large differences seen in ∆r values between PCCP and PCNP/PNNP

oligomers are because of exclusion of -C=N- and -C–N- bonds in the ∆r calculation

for PCNP and PNNP oligomers. For effective comparison, if the bonds similar to N-

atom containing bonds in (PCNP)4 and (PNNP)4 are excluded in (PCCP)4, the ∆rs of

(PCCP)4 become 0.009 and -0.005 Å, respectively, much closer to the ∆rs of (PCNP)4

and (PNNP)4. Thus, smaller ∆r values in cases of PCNP/PNNP oligomers than those
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for PCCP oligomers does not imply that former oligomers are more conjugated than the

latter ones.

6.2.2.2 Dipole Moment

µg and µe values are obtained from SCF and TDDFT CI densities, respectively, and

∆µge was calculated from the relationship: ∆µge = [(µgx − µex)
2 + (µgy − µey)

2 +

(µgz − µez)
2]1/2.37,257 µg, µe and ∆µge of the studied molecules are plotted in Figure

6.7, and reported in Table A14. In the case of PP, µg value for the dimer is 0.19

Debye smaller than that for the monomer as a result of cancellation of bond dipole

moments. However, from dimer onwards, the µg gradually increases with the increase in

1 2 3 4
n
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∆
µ

g
e
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Figure 6.7: Dipole moments of the studied molecules in ground states, denoted as µg

(a) and excited states, denoted as µe (b). In (c), ∆µge, i.e., change in dipole moment
upon excitation is depicted. ∆µge, the absolute difference in dipole moments between
the ground and vertical excited states of the studied molecules is calculated as ∆µge =
[(µgx − µex)

2 + (µgy − µey)
2 + (µgz − µez)

2]1/2. Here, (µgx, µgy, µgz) and (µex, µey ,
µez) are the x, y and z -components of the ground state and the vertical excited state

dipole moments, respectively. All the dipole moment values are in Debye.
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n, although the increment is very small (≈ 0.1 Debye). In cases of D-π-A-π-D molecules,

oligomers having odd number of repeating units have larger µg values than those for one

unit smaller and larger oligomers. This is clearly seen in the case of PCCP oligomers as

fluctuation range is the largest in this case. As monomer of PCCP is planar having hetero

atoms only at heterocyclic rings, the opposite orientation of these heterocyclic rings in

the case of even n oligomers leads to cancellation of bond dipole moments. However,

the situation is different in the case of PCNP and PNNP oligomers. The presence of

-C=N- and -C–N- bonds leads to improper cancellation of bond dipole moments, and µg

of tetramers are comparatively lager than those for their respective dimers, in the cases

of PCNP and PNNP systems. Figure 6.7(b) shows that monomers of PP, PCCP and

PNNP and trimer of PCNP have the largest µe, respectively. For PP, µe decreases with

increasing n. In the case of PCCP, dimer has a smaller µe than that for the monomer

and from dimer onwards, the value remains almost constant. For PCNP and PNNP,

oligomers having odd n have larger µe values compared to oligomers having n–1 and

n+1 repeating units. It is also noticed that PNNP oligomers have comparatively larger

µe than those for PCNP oligomers. As can be seen in Figure 6.7(c), for PP and PCCP,

oligomers having odd n have larger ∆µge than those for oligomers having one unit smaller

and/or larger chain length. For both the cases, significant change in ∆µge value is seen

with the increase of n. However, PCNP and PNNP have similar ∆µge values which do

not vary significantly with the increase in chain length.

6.2.2.3 IPs and EAs

IP(v)s and EA(v)s of the studied systems are shown in Figure 6.8, and reported in

Table A15. IP(v) and EA(v) values decrease and increase, respectively, with increase

in chain length. For monomers, the order of IP(v) is PCCP < PCNP < PP < PNNP.

From dimer onwards, the order changes to PCCP < PP < PCNP < PNNP. However,

unlike IP(v), the order of EA(v) does not get disrupted with the increase in chain length

and it remains as PP < PCCP < PCNP < PNNP. IP(v) and EA(v) values are often

calculated by –EH and –EL, respectively.
29,145,258 For comparison purpose, EH and EL
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Figure 6.8: Vertical IP(v)s (a) and EA(v)s (b) of the studied molecules obtained at
the B3LYP/6-31++G(d,p)//B3LYP/6-31G(d,p) level.

are also reported in Table A15 and plotted in Figure 6.9. As expected, EH and EL

values gradually increase and decrease, respectively, with the increase in n. For each n,

the orders of EH and EL are PNNP < PCNP < PP < PCCP and PNNP < PCNP <

PCCP < PP, respectively. Also it is clear that for each oligomer, the orders of IP(v) and

EA(v) are the same to those of –EH and –EL, respectively. However, IP(v) and EA(v)

values are larger and smaller by 0.61-1.45 eV than –EH and –EL, respectively, and these

differences decrease with increase in chain length.

6.2.2.4 Energy Gaps and Binding Energy

Variation of fundamental and optical band gaps with respect to 1/n are shown in Figure

6.10. These values are reported in Table A15 (see Appendix IV). Results show that

both Efund
g and Ehl

g decrease with the increase in n, and the orders of variation for

each n among the four sets of studied systems remains the same for both the cases.

However, values of Efund
g are 1.25 - 2.88 eV larger than the corresponding Ehl

g values. It
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Figure 6.9: Energies of HOMOs (EH) and LUMOs (EL) of the studied molecules
calculated at the B3LYP/6-31++G(d,p)//B3LYP/6-31G(d,p) level.
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Figure 6.10: Fundamental (a) and optical (b) band gaps of the studied molecules.
Fundamental gap is calculated in two different ways; 1. as EH - EL denoted as Ehl

g in

text and 2. as IP - EA denoted as Efund
g in text. In (a), dotted and solid lines represent

the Ehl
g and Efund

g values, respectively.
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is worth mentioning that differences between Efund
g and Ehl

g decrease with the increase

of chain length, and these two may meet at the infinite chain length, similar to previous

works.31,259

For the studied systems, Eopt
g versus 1/n is plotted in Figure 6.10 (b). Similar to

Efund
g , Eopt

g decreases with the increase in n and the order of its variation for each

n among the studied systems is the same as Efund
g . However, Eopt

g values are always

much smaller than Efund
g values. As expected, the presence of vinylene-, azomethine-

and azo-linkages between heterocyclic rings effectively reduces both Efund
g and Eopt

g

values compared to PP oligomers. In chapter 4, it is reported that linear conformers

of azomethine-linked oligomers have smaller Ehl
g and Eopt

g values compared to those for

their vinylene counterparts. However, in the present case, planar repeating units of

PCCP oligomers result in smaller Ehl
g and Eopt

g compared to PCNP oligomers having

non-planar repeating units. It is also noticed that the slope of the line connecting Eopt
g

of PNNP oligomers is different from those for other systems, and values of Eopt
g of

(PNNP)3−4 are very close to the respective PCCP oligomers of the same chain length.
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Figure 6.11: Binding energies (E1
b)

of the hole-electron pair in studied
molecules calculated as E1

b = Efund
g

– Eopt
g . Here, Efund

g = IP - EA and
Eopt

g is the first excitation energy of a
molecule.
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Figure 6.12: Binding energies (E2
b)

of the hole-electron pair in studied
molecules, calculated as: E2

b = Ehl
g

– Eopt
g . Here, Ehl

g = EL-EH, and
Eopt

g is the first excitation energy of
a molecule.

Here, binding energies are calculated in two different ways: E1
b = Efund

g – Eopt
g

and E2
b = Ehl

g – Eopt
g . E1

b and E2
b are plotted in Figures 6.11 and 6.12, respectively,
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and listed in Table A15. As can be seen in Figure 6.11, E1
b decreases with increasing

chain length as the exciton gets extra space to span over the oligomer chain.31 It is

interesting to note that the presence of vinylene-, azomethine- and azo-linkages in the

repeating unit helps to reduce the binding energy by enhancing the π conjugation in the

backbone chain, which may help in the separation of electron-hole pair. For each n, E1
b

values of PCCP and PCNP oligomers are similar and these two have nearly 0.27-0.39

eV smaller E1
b values compared to corresponding PP oligomers. PNNP oligomers have

the smallest E1
b values and these values are ∼ 0.5 eV smaller than the PP oligomers.

As shown in Figure 6.12, compared to E1
b, values E

2
b are quite smaller and the order

is completely different, i.e., the E2
b does not decrease with the increase of n. Thus, for

our studied systems, approximating the fundamental band gap as the HOMO-LUMO

energy difference results in incorrect binding energy.

6.2.2.5 Absorption Spectra

Absorption spectra of the studied molecules are shown in Figure 6.13. As can be seen,

for all the cases, major absorption bands get red shifted with the increase in chain length.

Absorption spectra of PCCP are broader compared to other oligomers. Important elec-

tronic transitions, their oscillator strengths and major molecular orbitals involved in

these transitions are reported in Table 6.2. In the case of monomers, transitions from

ground state to an excited state other than S1 are the most prominent transitions, and

these transitions are mainly dominated by excitation from occupied orbitals other than

HOMO to unoccupied orbitals other than LUMO. From dimer onwards, first excita-

tions are the most important transitions and their oscillator strengths increase with the

increase in chain length. In cases of PCCP and PCNP, HOMO → LUMO transition

dominate the first excitation. Similar results are obtained for (PP)2 and (PNNP)2.

However, for (PP)3−4 and (PNNP)3−4, S0 → S1 is dominated by HOMO to LUMO+N ,

where N is 1 and 2 for trimer and tetramer, respectively. Although S0 → S1 is the

major electronic transition for PCCP oligomers, other electronic transitions also have

significant oscillator strengths which makes their spectra broad. For example, in the
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Figure 6.13: Absorption spectra of the studied molecules. Full width at half maximum
of each spectrum is 2000 cm−1.

Table 6.2: Electronic transition data obtained by the TDDFT/B3LYP/6-31++G(d,p)
level over the optimized geometries obtained at the B3LYP/6-31G(d,p) level of theory.

compounds m Eg(eV) fosc configurations compounds m Eg(eV) fosc Configurations

(PP)1 1 3.72 0.18 H→L(93%) (PCCP)1 1 2.91 0.34 H→L(97%)
3 4.20 0.46 H=1→L+1(93%) 3 3.50 0.53 H=1→L+1(97%)

(PP)2 1 3.25 1.10 H→L(88%) 4 3.70 0.74 H→L+1(66%)
(PP)3 1 3.14 1.36 H→L+1(80%) H=1→L(33%)
(PP)4 1 3.10 2.04 H→L+2(61%) (PCCP)2 1 2.55 1.24 H→L(92%)

(PCCP)3 1 2.44 1.34 H→L(88%)
(PCCP)4 1 2.39 2.01 H→L(73%)

(PCNP)1 1 3.22 0.531 H→L(98%) (PNNP)1 1 2.68 0.00 H=2→L(70%)
3 3.96 0.55 H=1→L+1(97%) 5 3.39 1.42 H=1→L(70%)
4 4.00 0.50 H=1→L(58%) (PNNP)2 1 2.51 1.57 H→L(90%)

H→L+1(32%) (PNNP)3 1 2.43 2.68 H→L+1(57%)
(PCNP)2 1 2.78 1.74 H→L(94%) (PNNP)4 1 2.38 3.77 H→L+2(39%)
(PCNP)3 1 2.64 2.52 H→L(87%) H=1→L+1(28%)
(PCNP)4 1 2.60 3.49 H→L(75%)

case of (PCCP)4, in addition to first electronic transition, S0 → S4 (463.69 nm, fosc =

0.80), S0 → S11 (423.45 nm, fosc = 0.72) and S0 → S15 (409.61 nm, fosc = 0.56) transi-

tions significantly contribute to the absorption spectrum, as shown in Figure 6.13(b). As

can be seen, the extension of π conjugation by inserting π spacers between heterocyclic

rings in PP oligomers leads to red-shift in absorption spectra. As an example, maximum

absorption peak of (PCCP)4 is at 518.47 nm compared to 400.35 nm of (PP)4.
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6.3 Salient findings

This chapter reports the change of optical and electronic properties of a cross-conjugated

molecule upon increase in conjugation length of its two conjugated branches. Four types

of cross-conjugated systems are chosen for this study, namely PP, PCCP, PCNP and

PNNP, where PP is a D-A-D type and other three are D-π-A-π-D types. Here, N -

methylpyrrole and pyridine rings are D and A units, respectively, and vinylene, azome-

thine and azo linkages are used as π spacers. For both B3LYP and CAM-B3LYP func-

tionals, conformation search of monomers shows that geometries of the most stable

structures of four different systems are distinctly different. To obtain absorption spec-

tra, TDDFT/B3LYP/6-31++G(d,p) level over the optimized structures obtained at the

B3LYP/6-31G(d,p) level is found to be a suitable method of choice in terms of both

accuracy and computational cost. Our results also show that for conjugated systems,

CAM-B3LYP functional with default µ, α and β parameters are not reliable for the

TDDFT calculation.

Fundamental and optical gaps of D-π-A-π-D types oligomers are smaller than those

for PP oligomers, for the same chain length. In addition, the major absorption peaks get

shifted towards longer wavelengths after insertion of π linkers, in comparison to the D-A-

D system. As insertion of π spacers increases conjugation length of the system, an exciton

gets extra space to span over the main chain in cases of D-π-A-π-D types oligomers,

resulting reduction in binding energy of a hole-electron pair. Similarly, properties like

IP, EA, µg, µe and ∆µge are altered significantly for D-π-A-π-D type oligomers compared

to the same chain length of PP oligomers.
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Summary and conclusions

In this dissertation, structural, optical and electronic properties of heterocyclic through– and

cross–conjugated oligomers are studied using DFT and TDDFT methods. In addition to lin-

early conjugated systems, secondary structures such as foldamers are also taken into considera-

tion. Our studies unearthed important structure-property and conformer-property relationships,

which will assist in tuning geometries and properties of organic materials.

In chapter 3, structural and optoelectronic properties of fifteen thiophene–azomethine–pyrrole-

based systems are studied. It is observed that these properties can be tuned by the steric and

electronic effects of substituents. In the case of two of the studied oligomers, the O· · · S in-

teraction helps in planarizing the main chain, and this enhances the π-electron delocalization

across the chain, resulting in an optical gap of ∼1.75 eV. Optoelectronic properties of few of the

studied azomethines are found to be suitable for the absorption layer of an organic solar cell.

To study the charge injection and transport properties, eight are carefully chosen out of fifteen

azomethines. Few of these azomethines have large hole and electron mobilities. However, these

azomethines are only suitable for the hole injection process, as barrier height is larger than 1

eV for the electron injection process. Further, anion of these materials are not stable enough

due to small EA values (< 3 eV). Consequently, these oligomers are not appropriate materi-

als for the ETL. However, small hole injection barrier and large hole mobilities of few of these

heterocyclic-azomethines indicate their suitability for the HTL.

In chapter 4, structural and optoelectronic properties of helical and nonhelical conformers

of vinylene- and azomethine-linked heterocyclic oligomers are studied. For each oligomer, three

different conformations are considered: one foldamer and two linear conformers. Out of six

foldamers, furan-azomethine and pyrrole-azomethine oligomers are irregular foldamers, while

145
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other four oligomers form helix-like structures. Dispersion correction term in the B3LYP-D3

functional results in drastic change in the ground state geometries of foldamers, compared to

those obtained by the B3LYP functional, except in the case of thiophene-azomethine oligomers.

Calculation of the interaction energy between two adjacent turns of a helix indicates that the

B3LYP-D3 functional is suitable for these types of foldamers, where the π-π interaction plays

an important role in the determination of ground state geometries. It is observed that for

all the studied vinylene-linked oligomers, stabilities of conformers change with the increase of

chain length. In these cases, while a linear conformer is the most stable for n < u, a helical

conformer becomes the most stable for n ≥ u. Optical and electronic properties of foldamers

are quite different than those of their respective linearly conjugated conformers. In the case

of foldamers, more than one electronic transitions contribute significantly to their absorption

spectra. All these important transitions are dominated by transitions other than the HOMO to

LUMO excitations. Except thiophene-azomethines, first excitations of all these foldamers have

negligible foscs. However, in the case of linearly conjugated oligomers, the first excitation is

the most important electronic transition, which is mainly dominated by the HOMO→LUMO

excitation. In the case of few linear azomethine-linked oligomers, the S0 → S2 transition has

also significant fosc value. Unlike other helical oligomers, in the case of thiophene-azomethines,

in addition to other electronic transitions, first excitations also have significant foscs.

In chapter 5, structural and optoelectronic properties of helical conformers of pyridine-furan,

pyridine-pyrrole and pyridine-thiophene based oligomers are studied in detail. Here, the B3LYP-

D3 is again found to be a suitable functional to obtain ground state geometries of helical

oligomers. For these oligomers, the HOMO–LUMO gap and the first excitation energy vary

irregularly with the increase of chain length, making it impossible to extrapolate for polymer

value. µg of these helices fluctuate between a certain range, and for a particular oligomer, it

depends upon its conformation, n and u. In cases of all the studied oligomers, for n < u, the

first electronic transitions have significant foscs, while the same has negligible foscs for n ≥ u.

For helical oligomers, more than one electronic transitions have sufficiently large foscs, and these

transitions are mainly dominated by other than FMOs.

In chapter 6, structural, electronic and optical properties of pyridine-pyrrole based cross-

conjugated oligomers are studied. This chapter reveals that these properties of a neutral cross-

conjugated oligomers can be effectively tuned by the insertion of π-spacers, such as vinylene-,

azomethine- and azo linkages in the main chain. The main peak of absorption spectrum is shifted
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towards the red end upon extending the conjugation of two conjugated fragments of the cross-

conjugated repeating unit. Similarly, properties like IP, EA, Eopt
g , Ehl

g , Efund
g , dipole moments

are altered significantly for π-spaced systems compared to the primary pyridine-pyrrole-based

oligomer of the same chain length. In addition, it is noticed that default parameters (α, β and

µ) of the CAM-B3LYP functional are not suitable for conjugated systems, especially for the

TDDFT calculations. Results can be improved by tuning these parameters, and in our case,

tuned parameters for the vinylene-linked system are (µ, α, β) = (0.050, 0.1625, 0.8375).

TH -1519_11612221



TH -1519_11612221



Bibliography

[1] H. Shirakawa, E. J. Louis, A. G. MacDiarmid, C. K. Chiang, and A. J. Heeger, Synthesis

of electrically conducting organic polymers: Halogen derivatives of polyacetylene, (CH)x,

J. C. S. Chem. Comm. 578 (1977).

[2] H. Shirakawa, A. G. McDiarmid, and A. J. Heeger, Twenty-five years of conducting poly-

mers, Chem. Commun. 1 (2003).

[3] A. C. Grimsdale, K. Leok Chan, R. E. Martin, P. G. Jokisz, and A. B. Holmes, Synthesis

of light-emitting conjugated polymers for applications in electroluminescent devices, Chem.

Rev. 109, 897 (2009).

[4] Y.-J. Cheng, S.-H. Yang, and C.-S. Hsu, Synthesis of conjugated polymers for organic solar

cell applications, Chem. Rev. 109, 5868 (2009).

[5] I. Etxebarria, J. Ajuria, and R. Pacios, Solution-processable polymeric solar cells: A review

on materials, strategies and cell architectures to overcome 10%, Org. Electron. 19, 34

(2015).

[6] C. Wang, H. Dong, W. Hu, Y. Liu, and D. Zhu, Semiconducting π-conjugated systems in

field-effect transistors: A material odyssey of organic electronics, Chem. Rev. 112, 2208

(2012).
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[62] A. Mishra, C.-Q. Ma, and P. Bäuerle, Functional oligothiophenes: Molecular design for

multidimensional nanoarchitectures and their applications, Chem. Rev. 109, 1141 (2009).

[63] S. Tang and J. Zhang, Design of donors with broad absorption regions and suitable frontier

molecular orbitals to match typical acceptors via substitution on oligo(thienylenevinylene)

toward solar cells, J. Comput. Chem. 33, 1353 (2012).

[64] S. Ko, R. Mondal, C. Risko, J. K. Lee, S. Hong, M. D. McGehee, J.-L. Brédas, and

Z. Bao, Tuning the optoelectronic properties of vinylene-linked donor–acceptor copolymers

for organic photovoltaics, Macromolecules 43, 6685 (2010).

TH -1519_11612221



Bibliography 155

[65] Y. Wang, J. Ma, and Y. Jiang, Tuning of electronic structures of poly(p-phenylenevinylene)

analogues of phenyl, thienyl, furyl, and pyrrolyl by double-bond linkages of group 14 and

15 elements, J. Phys. Chem. A 109, 7197 (2005).

[66] Y. Fu, H. Cheng, and R. L. Elsenbaumer, Electron-rich thienylene–vinylene low bandgap

polymers, Chem. Mater. 9, 1720 (1997).

[67] M. Turbiez, P. Frère, and J. Roncali, Oligothienylenevinylenes incorporating 3,4-

ethylenedioxythiophene (EDOT) units, Tetrahedron 61, 3045 (2005).

[68] P. Frère, J.-M. Raimundo, P. Blanchard, J. Delaunay, P. Richomme, J.-L. Sauvajol, J. Or-

duna, J. Garin, and J. Roncali, Effect of local molecular structure on the chain-length

dependence of the electronic properties of thiophene-based π-conjugated systems, J. Org.

Chem. 68, 7254 (2003).

[69] A. Bolduc, A. Al Ouahabi, C. Mallet, and W. G. Skene, Insight into the isoelectronic

character of azomethines and vinylenes using representative models: A spectroscopic and

electrochemical study, J. Org. Chem. 78, 9258 (2013).
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Appendix I

Table A1: IPs and EAs for oligomers n=1–4 calculated at the B3LYP/6-31G(d,p)
level of theory. Values for pentamers are listed in Table 3.7. All energies are in eV.

1 7 8 9 11 12 14 15

IP(a) 1 6.62 6.32 6.52 6.95 7.19 6.21 6.47 5.92
2 5.74 5.63 5.62 6.16 6.46 5.31 5.43 4.98
3 5.37 5.37 5.24 5.84 6.18 4.95 5.05 4.59
4 5.18 5.25 5.06 5.69 6.04 4.71 4.81 4.37

IP(v) 1 6.82 6.52 6.71 7.18 7.41 6.45 6.67 6.15
2 5.90 5.88 5.79 6.36 6.65 5.57 5.58 5.15
3 5.52 5.61 5.40 6.02 6.33 5.17 5.18 4.73
4 5.31 5.47 5.20 5.83 6.16 4.96 4.93 4.50

EA(a) 1 0.06 0.05 0.05 0.42 0.78 0.02 0.10 −0.05
2 1.03 0.82 0.99 1.38 1.73 0.96 0.99 0.76
3 1.44 1.13 1.41 1.76 2.10 1.39 1.37 1.11
4 1.66 1.30 1.62 1.97 2.29 1.65 1.58 1.30

EA(v) 1 −0.12 −0.13 −0.12 0.23 0.61 −0.18 −0.09 −0.28
2 0.88 0.62 0.85 1.20 1.57 0.80 0.85 0.60
3 1.32 0.95 1.26 1.62 1.96 1.21 1.26 0.97
4 1.56 1.13 1.50 1.85 2.18 1.45 1.48 1.18
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Appendix II
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Figure A1: Ground-state structures ofA-(TV)14 optimized at B3LYP/6-31G(d,p) (a)
and B3LYP-D3/6-31G(d,p) (b) levels. Distances between the atoms of two adjacent

helical turns of conformer A are given in Å.
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Figure A2: Ehl
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g of azomethine-linked oligomers as function of the reciprocal
number of the double bonds (x) in oligomers.
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Table A2: Electronic transition data obtained by the TDDFT method for B and C
conformers of FV, PV and TV oligomers at the B3LYP/6-31G(d,p) level. The HOMO
and LUMO are indicated by H and L, respectively. All electronic transitions are from

S0 to S1.

B-(FV)n Eg fosc configurations C-(FV)n Eg fosc configurations

2 3.70 1.97 H→L(97%) 2 3.68 1.38 H→L(97%)
3 2.96 2.95 H→L(98%) 3 2.92 1.91 H→L(98%)
4 2.52 3.77 H→L(98%) 4 2.49 2.49 H→L(98%)
5 2.25 4.44 H→L(98%) 5 2.22 2.95 H→L(98%)
6 2.07 5.04 H→L(98%) 6 2.05 3.38 H→L(98%)
7 1.94 5.60 H→L(98%) 7 1.92 3.77 H→L(98%)
8 1.85 6.15 H→L(97%) 8 1.83 4.15 H→L(97%)

B-(PV)n Eg fosc configurations C-(PV)n Eg fosc configurations

2 3.73 1.97 H→L(96%) 2 3.69 1.51 H→L(96%)
3 3.01 2.98 H→L(97%) 3 2.95 2.15 H→L(98%)
4 2.59 3.79 H→L(98%) 4 2.53 2.78 H→L(98%)
5 2.33 4.46 H→L(98%) 5 2.27 3.29 H→L(98%)
6 2.16 5.08 H→L(98%) 6 2.10 3.76 H→L(98%)
7 2.05 5.67 H→L(98%) 7 1.98 4.21 H→L(98%)
8 1.96 6.26 H→L(97%) 8 1.90 4.65 H→L(97%)

B-(TV)n Eg fosc configurations C-(TV)n Eg fosc configurations

2 3.52 1.84 H→L(97%) 2 3.47 1.48 H→L(96%)
3 2.81 2.95 H→L(98%) 3 2.77 2.35 H→L(98%)
4 2.41 3.84 H→L(98%) 4 2.38 3.12 H→L(98%)
5 2.16 4.58 H→L(98%) 5 2.12 3.75 H→L(98%)
6 1.98 5.24 H→L(98%) 6 1.95 4.31 H→L(98%)
7 1.87 5.84 H→L(98%) 7 1.84 4.82 H→L(98%)
8 1.78 6.44 H→L(97%) 8 1.75 5.32 H→L(97%)
9 1.72 7.03 H→L(96%) 9 1.69 5.81 H→L(96%)
10 1.67 7.63 H→L(95%) 10 1.64 6.31 H→L(95%)
11 1.63 8.24 H→L(94%) 11 1.60 6.82 H→L(94%)
12 1.60 8.87 H→L(92%) 12 1.57 7.34 H→L(93%)
13 1.58 9.51 H→L(91%) 13 1.55 7.87 H→L(91%)
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Table A3: Electronic transition data obtained by the TDDFT method for A-FV
oligomers at the B3LYP/6-31G(d,p) level. The HOMO and LUMO are indicated by H

and L, respectively. Electronic transitions are from S0 to Sm.

A-(FV)n m Eg (eV) fosc configurations

2 1 3.70 1.67 H → L(97%)
3 1 2.93 2.03 H → L(97%)

5 4.39 1.00 H-1 → L(47%), H → L+1(44%)
6 1 2.01 0.58 H → L(96%)

5 2.92 2.39 H-1 → L(43%), H → L+1(41%)
8 3.43 1.86 H-3 → L(31%), H-2 → L+1(26%)

7 1 1.70 0.05 H → L(98%)
5 2.63 1.24 H → L+1(39%), H-1 → L(38%)
8 3.07 1.03 H-1 → L+2(36%)
16 3.69 1.87 H-4 → L(24%)

8 1 1.77 0.13 H → L(90%)
15 3.37 2.82 H-2 → L+2(19%), H-4 → L(18%)
17 3.48 1.49 H-3 → L(21%), H → L+3(19%)

Table A4: Electronic transition data obtained by the TDDFT method for A-PV
oligomers at the B3LYP/6-31G(d,p) level. The HOMO and LUMO are indicated by H

and L, respectively. Electronic transitions are from S0 to Sm.

A-(PV)n m Eg (eV) fosc configurations

2 1 3.72 1.78 H → L(97%)
3 1 2.97 2.35 H → L(98%)
4 1 2.54 2.44 H → L(98%)

5 3.74 1.33 H-1 → L(43%), H → L+1(38%)
7 1 1.96 1.29 H → L(98%)

5 2.73 2.84 H-1 → L(37%), H → L+1(34%)
8 3.19 1.35 H-3 → L(38%), H-2 → L+1(36%)

8 1 1.88 0.95 H → L(97%)
5 2.55 2.32 H → L+1(27%), H-1 → L(28%)
8 2.95 1.32 H-3 → L(37%), H-2 → L+1(34%)
9 3.06 1.01 H-2 → L(25%), H → L+2(25%)
13 3.44 1.35 H-4 → L(31%), H-3 → L+1(24%)
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Table A5: Electronic transition data obtained by the TDDFT method for A-TV
oligomers at the B3LYP/6-31G(d,p) level. The HOMO and LUMO are indicated by H

and L, respectively. Electronic transitions are from S0 to Sm.

A-(TV)n m Eg (eV) fosc configurations

2 1 3.48 1.62 H → L(96%)
3 1 2.78 2.46 H → L(97%)
4 1 2.38 2.95 H → L(97%)
5 1 2.12 3.16 H → L(97%)

5 3.09 1.15 H → L+1(41%), H-1 → L(39%)
6 1 1.95 3.17 H → L(98%)

5 2.78 1.70 H → L+1(39%), H-1 → L(37%)
7 1 1.83 3.03 H → L(98%)

5 2.55 2.20 H → L+1(35%), H-1 → L(33%)
9 1 1.68 2.44 H → L(96%)

3 2.17 1.52 H → L+1(27%), H-1 → L(25%)
5 2.25 2.49 H-2 → L(26%), H → L+2(26%)
8 2.59 1.44 H-2 → L+1(32%), H-1 → L+2(29%)

10 1 1.64 2.07 H → L(95%)
3 2.07 2.41 H → L+1(36%), H-1 → L(32%)
5 2.14 2.16 H → L+2(33%), H-2 → L(33%)
8 2.45 1.56 H-2 → L+1(32%), H-1 → L+2(30%)

11 1 1.60 1.64 H → L(93%)
3 1.99 3.30 H → L+1(42%), H-1 → L(38%)
5 2.06 1.67 H → L+2(39%), H-2 → L(39%)
8 2.33 1.61 H-2 → L+1(32%), H-1 → L+2(31%)
9 2.42 1.05 H → L+3(29%), H-2 → L(27%)

12 1 1.58 1.60 H → L(91%)
3 1.93 3.79 H → L+1(49%), H-1 → L(41%)
8 2.24 1.25 H-1 → L+2(32%), H-2 → L+1(32%)
9 2.32 1.60 H → L+2(29%), H-2 → L(26%)
13 2.55 1.39 H-3 → L+1(21%), H-4 → L(21%)
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Table A6: Electronic transition data obtained by the TDDFT method for A-FAm
oligomers at the B3LYP/6-31G(d,p) level. The HOMO and LUMO are indicated by H

and L, respectively. Electronic transitions are from S0 to Sm.

A-(FAm)n m Eg (eV) fosc configurations

2 1 3.70 1.44 H → L(96%)
3 1 2.86 1.53 H → L(91%)
6 1 1.92 0.60 H → L(97%)

5 3.01 2.69 H-1 → L(38%), H → L+1(37%)
8 3.42 1.53 H-3 → L(36%), H-2 → L+1(28%)

7 1 1.83 0.68 H → L(96%)
5 2.75 2.51 H-1 → L(29%), H → L+1(29%)
8 3.10 1.57 H-3 → L(32%)
13 3.58 1.11 H-4 → L(30%)

8 1 1.69 0.42 H → L(99%)
5 2.61 2.02 H → L+2(48%)
13 3.24 1.98 H-3 → L(15%), H → L+3(16%)

Table A7: Electronic transition data obtained by the TDDFT method for B and C
conformers of FAm oligomers at the B3LYP/6-31G(d,p) level. The HOMO and LUMO

are indicated by H and L, respectively. Electronic transitions are from S0 to Sm.

B-(FAm)n m Eg (eV) fosc configurations

2 1 3.70 1.65 H → L(96%)
3 1 2.88 2.19 H → L(92%)
6 1 1.87 2.84 H → L(96%)

2 2.24 2.77 H → L+1(52%), H-1 → L(43%)
7 1 1.73 2.92 H → L(98%)

2 2.07 3.41 H → L+1(52%), H-1 → L(43%)
8 1 1.62 2.99 H → L(99%)

2 1.94 3.99 H → L+1(53%), H-1 → L(43%)

C-(FAm)n m Eg (eV) fosc configurations

2 1 3.74 1.42 H → L(97%)
3 1 2.91 1.86 H → L(96%)
6 1 1.93 2.89 H → L(97%)

2 2.23 1.02 H → L+1(48%), H-1 → L(48%)
7 1 1.79 3.15 H → L(98%)

2 2.07 1.27 H → L+1(49%), H-1 → L(48%)
8 1 1.69 3.43 H → L(98%)

2 1.95 1.51 H → L+1(49%), H-1 → L(48%)
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Table A8: Electronic transition data obtained by the TDDFT method for A-PAm
oligomers at the B3LYP/6-31G(d,p) level. The HOMO and LUMO are indicated by H

and L, respectively. Electronic transitions are from S0 to Sm.

A-(PAm)n m Eg (eV) fosc configurations

2 1 3.68 1.43 H → L(95%)
3 1 2.90 1.65 H → L(94%)
6 1 1.99 0.57 H → L(97%)

5 2.98 2.49 H-1 → L(45%), H → L+1(37%)
8 3.47 1.14 H-3 → L(45%), H-2 → L+1(32%)

7 1 1.91 0.65 H → L(96%)
5 2.74 2.27 H-1 → L(37%)
8 3.18 1.46 H-3 → L(40%)

8 1 1.80 0.20 H → L(92%)
5 2.61 1.02 H → L+2(32%)
8 2.92 1.36 H-3 → L(27%), H-1 → L+2(27%)
10 3.10 1.90 H-2 → L(23%)

Table A9: Electronic transition data obtained by the TDDFT method for B and C
conformers of PAm oligomers at the B3LYP/6-31G(d,p) level. The HOMO and LUMO

are indicated by H and L, respectively. Electronic transitions are from S0 to Sm.

B-(PAm)n m Eg (eV) fosc configurations

2 1 3.72 1.65 H → L(96%)
3 1 2.95 2.35 H → L(94%)
6 1 2.01 3.31 H → L(98%)

2 2.38 2.26 H → L+1(56%), H-1 → L(41%)
7 1 1.88 3.51 H → L(98%)

2 2.22 2.78 H → L+1(56%), H-1 → L(41%)
8 1 1.79 3.74 H → L(98%)

2 2.09 3.22 H → L+1(56%), H-1 → L(40%)

C-(PAm)n m Eg (eV) fosc configurations

2 1 3.69 1.53 H → L(97%)
3 1 2.91 2.10 H → L(98%)
6 1 1.98 3.64 H → L(98%)
7 1 1.84 4.04 H → L(98%)
8 1 1.74 4.44 H → L(97%)
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Table A10: Electronic transition data obtained by the TDDFT method for A-TAm
oligomers at the B3LYP/6-31G(d,p) level. The HOMO and LUMO are indicated by H

and L, respectively. Electronic transitions are from S0 to Sm.

A-(TAm)n m Eg (eV) fosc configurations

2 1 3.40 0.93 H → L(88%)
3 1 2.73 1.36 H → L(93%)
6 1 2.00 1.53 H → L(98%)

2 2.37 1.48 H-1 → L(48%) H → L+1(49%)
5 3.00 1.18 H-2 → L(43%) H → L+2(33%)

7 1 1.91 1.52 H → L(96%)
2 2.23 1.50 H-1 → L(46%) H → L+1(47%)
5 2.77 1.47 H-2 → L(46%) H → L+2(37%)

8 1 1.86 1.54 H → L(92%)
2 2.12 1.45 H-1 → L(43%) H → L+1(46%)
5 2.60 1.58 H-2 → L(49%) H → L+2(40%)

9 1 1.82 1.60 H → L(86%)
2 2.04 1.39 H-1 → L(38%) H → L+1(42%)
5 2.46 1.51 H-2 → L(51%) H → L+2(43%)

Table A11: Electronic transition data obtained by the TDDFT method for B and C
conformers of TAm oligomers at the B3LYP/6-31G(d,p) level. The HOMO and LUMO

are indicated by H and L, respectively. Electronic transitions are from S0 to Sm.

B-(TAm)n m Eg (eV) fosc configurations

2 1 3.42 1.02 H → L(86%)
3 1 2.76 1.76 H → L(92%)
6 1 1.95 2.78 H → L(98%)

2 2.31 2.21 H → L+1(50%) H-1 → L(46%)
7 1 1.84 3.02 H → L(98%)

2 2.16 2.62 H → L+1(50%) H-1 → L(46%)
8 1 1.77 3.28 H → L(96%)

2 2.05 2.94 H → L+1(48%) H-1 → L(44%)
9 1 1.72 3.59 H → L(92%)

2 1.96 3.16 H → L+1(46%) H-1 → L(41%)

C-(TAm)n m Eg (eV) fosc configurations

2 1 3.49 1.29 H → L(94%)
3 1 2.78 2.14 H → L(96%)
6 1 1.89 3.62 H → L(98%)
7 1 1.76 3.99 H → L(98%)

2 2.03 1.19 H-1 → L(50%) H → L+1(47%)
8 1 1.66 4.37 H → L(98%)

2 1.92 1.42 H-1 → L(49%) H → L+1(47%)
9 1 1.59 4.77 H → L(96%)

2 1.83 1.61 H-1 → L(48%) H → L+1(46%)
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Figure A3: Optimized structures of B-(PP)3 (a), B-(PP)10 (b) and A-(PP)16 (c)
obtained at the B3LYP-D3/6-31G(d) level.

���

��� ���

Figure A4: Optimized structures of B-(PT)4 (a), B-(PT)10 (b) and A-(PT)10 (c)
obtained at the B3LYP-D3/6-31G(d) level.
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Table A12: Electronic transition data obtained by TDDFT method for A-(PP)n and
B-(PP)n at B3LYP-D3/6-31G(d) level. Eg, fosc, H and L denote excitation energy,
oscillator strength, HOMO and LUMO, respectively. Electronic transitions are from

S0 to Sm. Egs are in eV.

n (A) m Eg fosc configurations n (B) m Eg fosc configurations

1 1 4.13 0.15 H → L (55%) 1 1 4.12 0.17 H → L (62%)
H → L+1 (42%) 14 7.51 0.41 H-4 → L+1 (40%)

2 4.49 0.43 H → L (44%) 2 1 3.37 0.39 H → L (86%)
H → L+1 (54%) 2 3.79 0.34 H-1 → L (88%)

2 1 3.49 0.42 H → L (63%) 3 1 3.10 0.09 H → L (86%)
2 3.70 0.57 H-1 → L (38%) 8 3.97 0.60 H-2 → L+1 (34%)

H → L (31%) 4 1 3.01 0.03 H-1 → L (45%)
3 1 3.33 0.25 H → L+1 (74%) H → L+1 (33%)

2 3.41 0.91 H → L (46%) 14 3.98 0.37 H-3 → L (20%)
4 1 3.29 0.87 H → L+2 (54%) H → L+4 (25%)
5 1 3.26 2.41 H → L+3 (55%) 5 1 2.94 0.03 H → L+1 (64%)
6 1 3.24 3.02 H → L+4 (43%) 21 3.93 0.40 H-4 → L+3 (23%)
7 1 3.22 3.34 H → L+5 (33%) 6 1 2.83 0.02 H → L (86%)

H-1 → L-4 (22%) 37 4.06 0.62 H-5 → L+3 (18%)
8 1 3.20 3.40 H → L+6 (27%) 7 1 2.84 0.02 H → L (46%)

H-1 → L+5 (20%) 8 1 2.84 0.01 H → L (46%)
9 1 3.19 3.21 H → L+7 (21%) 9 1 2.84 0.02 H-1 → L+1 (32%)

H-1 → L+6 (19%) 10 1 2.80 0.00 H → L (75%)
10 1 3.18 2.89 H → L+8 (19%) 114 4.15 0.24 H-2 → L+13 (14%)

H-1 → L+7 (17%) H → L+18 (12%)
2 3.27 3.48 H → L+7 (14%) 117 4.18 0.31 H-9 → L+7 (13%)

H → L+8 (12%) H-2 → L+15 (15%)
16 1 2.98 0.07 H → L (47%)

5 3.21 3.60 H → L+14 (12%)
6 3.23 3.56 H → L (6%)

H → L+4 (6%)
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Table A13: Electronic transition data obtained by TDDFT method for A-(PT)n and
B-(PT)n at B3LYP-D3/6-31G(d) level. Eg, fosc, H and L denote excitation energy,
oscillator strength, HOMO and LUMO, respectively. Electronic transitions are from

S0 to Sm. Egs are in eV.

n (A) m Eg fosc configurations n (B) m Eg fosc configurations

1 1 4.30 0.42 H → L (90%) 1 1 4.26 0.40 H → L (92%)
18 7.26 0.44 H-4 → L+1 (47%) 16 7.23 0.51 H-4 → L+1 (39%)

2 1 3.47 0.69 H → L (82%) 2 1 3.40 0.56 H → L (85%)
3 1 3.28 0.73 H → L+1 (94%) 3 1 3.16 0.31 H → L (82%)
4 1 3.23 1.28 H → L+2 (77%) 4 3.62 0.42 H-1 → L (61%)
5 1 3.20 1.50 H → L+3 (63%) 4 1 3.07 0.05 H-1 → L (40%)
6 1 3.17 1.41 H → L+4 (53%) H → L+1 (42%)
7 1 3.15 1.12 H → L+5 (45%) 5 3.43 0.46 H-1 → L+2 (72%)

2 3.25 1.59 H → L+4 (42%) 5 1 2.98 0.02 H → L (56%)
8 1 3.13 0.02 H → L+4 (13%) 24 4.02 0.39 H-4 → L+3 (60%)

2 3.23 0.65 H-1 → L+4 (21%) 6 1 2.96 0.02 H → L+1 (56%)
H → L+1 (30%) 17 3.48 0.26 H-2 → L+3 (23%)

9 1 3.07 0.07 H → L+5 (35%) 7 1 2.93 0.01 H-1 → L+1 (20%)
6 3.21 0.64 H → L+7 (28%) H → L (23%)

H-1 → L+5 (17%) 28 3.61 0.36 H-3 → L+5 (44%)
10 1 3.02 0.25 H → L+3 (54%) 8 1 2.89 0.01 H → L (48%)

8 3.21 0.50 H → L (30%) 35 3.56 0.30 H-5 → L (26%)
11 3.27 0.43 H-2 → L+2 (18%) 9 1 2.87 0.01 H-1 → L (26%)

H-2 → L+4 (12%) H → L+1 (31%)
45 3.56 0.15 H-6 → L+1 (23%)

10 1 2.85 0.01 H → L (49%)
52 3.52 0.16 H-5 → L+5 (21%)
54 3.54 0.14 H-4 → L+8 (26%)
108 4.08 0.16 H → L+10 (19%)
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Figure A5: Frontier molecular orbitals of A-(PP)16, B-(PP)10, A-(PT)10 and B-
(PT)10 at an isosurface value of 0.02.
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1-a 1-b 2-a

2-b 3-a 3-b

0.1 (0.1) 2.3 (2.3)

2.0 (2.1) 5.5 (5.8)

Figure A6: Optimized structures of different conformers of (PP)1 obtained at the
B3LYP/6-31G(d,p) level. Name of conformers are designated as x-a/b, where ‘x’
is an integer denoting the conformer number. ‘a’ and ‘b’ denote the two different
starting geometries for optimization in which the two pyrrole rings are on the same
and opposite sides, respectively. 1-a is the most stable structure. Stability of other
conformers with respect to the most stable conformer (i.e., Ex−a/b - E1−a) obtained at
B3LYP/6-31G(d,p) and CAM-B3LYP/6-31G(d,p) levels are written outside and inside

parentheses, respectively. All values are in kcal/mol.
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1

0.7/0.6 (0.7/1.1) 1.7/1.6 (1.8/2.6)

1. /1.5 (2.0/2.3) 1.4/1.0 (1.6/1.8) 2.8/2.4 (3.0/3.5)
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10
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Figure A7: Optimized structures of different conformers of (PCCP)1 obtained at the
B3LYP/6-31G(d,p) level. Stabilities of other conformers with respect to the most stable
conformer 1 obtained at B3LYP/6-31G(d,p) and B3LYP/6-31++G(d,p)//B3LYP/6-
31G(d,p) levels are written outside parentheses, and results obtained at the CAM-
B3LYP/6-31G(d,p) and MP2/6-31G(d,p) levels are mentioned inside parentheses, re-

spectively. All values are in kcal/mol.
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Figure A8: Optimized structures of different conformers of (PCNP)1 obtained at the
B3LYP/6-31G(d,p) level. Stability of other conformers with respect to the most stable
conformer 1 obtained at B3LYP/6-31G(d,p) and CAM-B3LYP/6-31G(d,p) levels are

written outside and inside parentheses, respectively. All values are in kcal/mol.
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Figure A9: Optimized structures of different conformers of (PNNP)1 obtained at the
B3LYP/6-31G(d,p) level. Stability of other conformers with respect to the most stable
conformer 1 obtained at B3LYP/6-31G(d,p) and CAM-B3LYP/6-31G(d,p) levels are

written outside and inside parentheses, respectively. All values are in kcal/mol.

Figure A10: HOMO and LUMO of (PCCP)1 at an isosurface value of 0.02.
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Table A14: Calculated Dipole moments of ground (µg) and first excited states (µe),
and their differences (∆µge) for the studied molecules.

(PP)n µg µe ∆µge (PCCP)n µg µe ∆µge

(PP)1 0.67 3.21 2.54 (PCCP)1 2.60 4.48 1.88
(PP)2 0.48 1.18 0.71 (PCCP)2 0.49 0.38 0.87
(PP)3 0.54 0.79 1.31 (PCCP)3 2.47 0.17 2.30
(PP)4 0.65 0.24 0.41 (PCCP)4 0.43 0.38 0.05

(PCNP)n µg µe ∆µge (PNNP)n µg µe ∆µge

(PCNP)1 0.54 0.28 0.26 (PNNP)1 2.41 2.79 0.38
(PCNP)2 0.20 0.02 0.23 (PNNP)2 1.11 1.14 0.03
(PCNP)3 0.55 0.89 0.34 (PNNP)3 2.00 1.96 0.26
(PCNP)4 0.51 0.57 0.06 (PNNP)4 1.75 1.38 0.38

Table A15: EH, EL, IP(v), EA(v), E
hl
g , Efund

g and Eopt
g calculated at the B3LYP/6-

31++G(d,p)//B3LYP/6-31G(d,p) level for all the studied molecules. Hole-electron
binding energies E1

b and E2
b are also reported. All values are in eV.

compounds EH EL IP EA Ehl
g Efund

g Eopt
g E1

b(E
2
b)

(PP)1 −5.47 −1.15 6.91 −0.31 4.33 7.21 3.72 3.49(0.61)
(PP)2 −5.05 −1.37 6.20 0.29 3.69 5.91 3.25 2.65(0.43)
(PP)3 −5.00 −1.39 5.93 0.52 3.61 5.41 3.14 2.27(0.47)
(PP)4 −4.98 −1.40 5.76 0.66 3.58 5.10 3.10 2.00(0.48)

(PCCP)1 −5.10 −1.70 6.34 0.45 3.39 5.89 2.91 2.98(0.48)
(PCCP)2 −4.84 −1.90 5.80 0.99 2.94 4.82 2.55 2.27(0.39)
(PCCP)3 −4.82 −1.95 5.59 1.20 2.87 4.39 2.44 1.95(0.44)
(PCCP)4 −4.80 −1.96 5.45 1.33 2.84 4.12 2.39 1.72(0.45)

(PCNP)1 −5.51 −1.82 6.76 0.55 3.68 6.21 3.22 3.00(0.47)
(PCNP)2 −5.28 −2.10 6.22 1.15 3.18 5.08 2.78 2.30(0.40)
(PCNP)3 −5.25 −2.17 6.00 1.41 3.08 4.59 2.64 1.94(0.44)
(PCNP)4 −5.25 −2.19 5.87 1.55 3.06 4.32 2.60 1.71(0.46)

(PNNP)1 −5.73 −2.47 6.99 1.21 3.26 5.77 2.68 3.09(0.58)
(PNNP)2 −5.51 −2.77 6.45 1.83 2.74 4.62 2.51 2.11(0.23)
(PNNP)3 −5.49 −2.84 6.23 2.08 2.65 4.15 2.43 1.73(0.23)
(PNNP)4 −5.48 −2.86 6.10 2.23 2.62 3.88 2.38 1.49(0.24)
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