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Preface

The drastic progress in the field of organic electronics can be attributed to the precise
understanding of the design and synthesis of efficient organic semiconducting materials. 7-
conjugated molecules offers the flexibility of fine tuning the semiconducting properties, owing
to its rich chemistry, for meeting application-specific demands. Multitude of novel =-
conjugated materials functions as vital parts in organic light-emitting diodes, organic
photovoltaic cells, and organic field-effect transistors. Since noncovalent interactions dictate
crystal packing, control over noncovalent interactions is essential to bridge chemical structure
to functional properties. The emergent optical properties of chromophoric systems in the
crystalline state are dictated by the molecular structure and relative orientation of neighbouring
molecules in the solid state. The solid-state supramolecular arrangement of organic
semiconductors is equally decisive as the molecular structure in deciphering the emergent
properties, but is more challenging to control. For the development of advanced functional
materials, it is crucial to investigate the relationship between charge transport and the various
crystalline packing morphologies in organic chromophores from a crystal engineering
viewpoint. Investigating the methods to achieve the desired crystalline packing and recognizing
new supramolecular motifs with emergent properties would eventually have implications in
fundamental crystal engineering, supramolecular chemistry and biomimetic design of

functional materials.

The Chapter 1 of the thesis provides a brief synopsis of the different parameters and
regimes governing charge transport in organic molecules. Detailed description about band and
hopping transport based on the localization of the charge carriers is explained. Anisotropy of
charge mobility in organic semiconductors arising due to the variation in the electronic
coupling between different pairs of the neighbouring molecules in different directions is
presented. The various strategies adopted to obtain the common crystalline packing motifs
(herringbone/y-motif/B- motif/brickwork) by modulation of a) directional interactions, b) co-
crystallization, ¢) polymorphism, d) heteroatom doping, e) orientation of the chromophore and
f) shape of the chromophores are covered. Polymorphism in organic crystals affects the charge
transport by fine tuning the crystal packing without altering the chemical structure. Orthogonal
cross arrangement of chromophoric assembly is an innovative strategy to achieve selective

charge filtering phenomena. Suppression of molecular motion and improved orbital overlap



contributing to high thermal device stability are features of molecules with bent nt-cores. Thus,
exploring the diverse crystalline packing modes adopted by organic chromophores by

modulating shape is an emerging area of research.

Chapter 2 describes the hierarchical formation of 1D, 2D and 3D zipper motifs guided by
distinct BreesBr, BreesS interactions. The work highlights the potential of halogen bonding
interactions in fabricating functional supramolecular assemblies. A self-complementary 1D
zipper resembling DNA base pair contacts was created by taking use of the potential for
numerous connections created by two bromine atoms placed next to a sulphur atom in an
angular naphthothiazole. 2,4-dibromo-5-ethoxynaphtho[1,2-d]thiazole (NTB:) forms the
molecular zipper by the recurring units of Brs synthon, flanked by type I and type II atom
efficient BreesBr interactions. A distinct 12-atom, 13-interaction creating a Brs synthon was
described by the 1D zipper extending across type I XeeeX interactions. Multivalent interactions
of sulfur and bromine atoms joined NTB: to generate an indefinite 2D halogen-bonded zipper.
3D zipper in NTB2 is formed by the extension of 2D zipper by n-m stacking and a near
orthogonal XeeeX interaction. Interacting Quantum Atoms analysis highlighted that the
exchange correlation component contributed more than the traditional electrostatic factor to the
stability of the zipper constructed by Br4 synthon. The analysis highlights the role of quantum
covalency in the genesis of XeeeX interactions. The NTB: zipper assembly exhibits selective
electron transport in the type II XeeeX bonded path, in accordance with the semiclassical
Marcus theory of charge transport. Band structure study identified crystalline NTB» as a wide
band gap semiconductor with a band gap of 2.80 eV, opening up new possibilities for the design

of advanced functional materials.

Chapter 3 examines the impact of single-atom substitution on altering the crystal packing
and optical band gap in 5-methoxynaphtho[1,2-d]thiazole (NTH) by systematically altering the
molecular structure of NTH by substituting the terminal hydrogen atom with halogens (Cl, Br,
I). Numerical descriptors isostructurality (/) and cell similarity (z) indices established the
similarities in crystal packing of structurally equivalent Br- and I-substituted molecular
crystals. To provide a qualitative representation of the 3D topology showing the main
interactions in the supramolecular structures of the NTH derivatives, an energy framework
analysis was used. The reduction in optical band gap from 3.48 to 3.07 eV was observed as the
atomic number of halogen atoms increased, indicating that halogen atoms directly influence
the electronic characteristics of organic crystals. The bromine- and iodine-substituted

derivatives show a decrease in band gap with a rise in atomic number, despite their isostructural



packing. Isostructurality modulates the molecular architecture in NTB and NTI by eliminating
the effects of atomic size and functional group variation. The band structure and projected
density of states derived by using DFT calculations were employed to illustrate the lowering of
the optical band gap in NTH derivatives. The projected density of states accounted the
significant contribution of halogen atoms to the energy levels in band edges. The results
indicate the possibility of halogenation in modifying the optoelectronic characteristics of

organic functional materials.

In Chapter 4 electronic properties of novel angular 5-methoxynaphtho[1,2-d]thiazol-2-
amine (NTN) and 4-bromo-5-methoxynaphtho[1,2-d]thiazol-2- amine (NTNB), whose crystal
packing is described by © stacked columns connected by resonance assisted hydrogen bonding
(RAHB) perpendicular to the meeent stacking direction is analysed. The stabilizing nature of
RAHB in both the NT derivatives was confirmed from IQA analysis revealing the major
contribution arising from electrostatics. The RAHB dimer of crystalline NTs and the
antiparallel dimer of NTNB show dipole moment minimization emphasising the importance of
electrostatic dipolar interactions in customising the solid-state packing. An increase in the
aromaticity of antiparallel NTNB dimer can provide a more accurate roadmap for the structural
engineering of meeent stacked organic molecules. NBO calculations were used to evaluate the
stabilisation energies related to a charge-transfer interaction between the nitrogen atom's lone
pair and the antibonding NH orbital in RAHB. Quantum chemical calculations and Marcus-
Hush formalism in NTN revealed maximal electron and hole transfer coupling along meeent
stacked and RAHB dimers respectively. While in NTNB, higher hole and electron transfer
coupling is observed along meeert stacked dimer. Crystal engineering can be further explored as
an effective approach to modulate the charge transport characteristics by achieving the precise

control of RAHB and n—n stacking in m-conjugated molecules.



Contents

List of Figures
List of Tables
List of Schemes

1. Charge Transport Through Discrete Crystalline Architectures

L1 INtrodUCHION. .o 1
1.2. Charge Transport in Organic Semiconductors ..............coviieiniiiiiineininenin.. 2
1.2.1. Band Transport REgime..........cooviiriiiiiiiiiii e eaeeeeees 2
1.2.2. HOpping RegIMe. ......oiviiiiiii it et e 4
1.3. Molecular Packing .........co.ovuiiuiiniiii e 6
1.3.1. PolymoOrphiSm. ....couoeiei e e 8
1.3.2. CocrystalliZation. ... .....ouuintitirt ettt et et et e e aeaes 9
1.3.3. Noncovalent Interaction. ............o.eeiuiiiiiiiieiii e, 10
1.3.4. Heteroatom Functionalization................ooooiiiiiiiiiiiiiiiiiiiieiae 12
1.3.5. Orientation of the Molecule...............oooiiiiiiiiiii 12
1.3.6. Shape of the Molecule...........oooviiiiiiiiiiii e, 14
1.4. Aim and Objectives of the Thesis.......o.ovviiiii i 16
1.5, REIEIENCES. . ..ttt e 17

2. Atom-Efficient Halogen-Halogen Interactions Assist One-, Two-, and Three-Dimensional
Molecular Zippers

2.1 INtrOAUCHION. ..ot 23
2.2. Result and DiSCUSSION. ......uitiitt ittt e 24
2.3 CONCIUSION. ettt 37
2.4, Experimental SECtION ... ...iuuititit ittt ettt et 39
B o o) 153 1 ¢ 1 41
2.6. REfOTENCE. .. . et 47

3. The Effect of Single-Atom Substitution on Structure and Band Gap in Organic
Semiconductors

RO B 115 (o Ya 11 o] s (o) s VT 55
3.2, ReSUlt and DISCUSSION. ... uuueett et ettt e e 56
3.3, CONCIUSION. . ettt 73

3.4. Experimental SECtiOn ..........ooiuiuiiiiii i 75




TR B 07013 1 T 1< 78
R N S 0 1 Lo - 79

4. Resonance-Assisted Hydrogen Bonding and ni—nt Stacking Modulates the Charge Transfer
Coupling in Crystalline Naphthothiazoles

T4 T U1 L3 (04 L Tt o) WO P 85
4.2. Result and DiSCUSSION. ... ..ueuutieit ettt 86
T 703 s U] 1315 10 o 103
4.4, Experimental SECtioN ........otiieiiiti it 104
RN o) 0155 114 b S N 106
4.6, RefeTeNCe. ..ot 107
S5.List of Publications. ... 114
6. Workshops and Conferences. ................cooiiiiiiiiiiiii i e 115

7. Copyrights and Permissions .......... ..., 116




List of Figures

Figure

Title

Page

1.1
1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2.1

2.2

23

Schematic representation of a) band transport and b) hopping transport

a) INDO calculated electron and hole transfer integrals in a tetracene cofacial dimer
by varying the intermolecular distance. b) Evolution of hole transfer integral in
pentacene dimer by varying the tilt angle. Reproduced with permission from Ref.
29, Copyright 2013 Wiley VCH.

a) Evolution of INDO calculated electron and hole transfer integrals in a cofacial
tetracene dimer by varying the degree of translation of one molecule along the long
(a) and short (b) axis. Reproduced with permission from Ref . 29. Copyright 2013
Wiley VCH.

Schematic representation of common molecular packing modes in crystalline
organic materials. Molecules having positive charge (hole) is highlighted and the
near neighbours are coloured in violet. a) y - motif with eight first neighbours, b)
Herringbone arrangement with eight first neighbours, ¢) Sandwich herringbone
arrangement with five first neighbours, d) B - motif with eight first neighbours, ¢)
Brickwall arrangement with six first neighbours.

Schematic representation of a) Radial assembly, b) Helical assembly and c¢) Cross
stacking.

Improved charge transport characteristics in 2:1 non-equal ratio cocrystal compared
to 1:1 cocrystal and the single component crystal. Reproduced with permission from
Ref. 43, Copyright 2022 Wiley VCH.

a) Crystalline packing in NIBr,OMe with maximal electron and hole along the
halogen-halogen bonded and stacking directions. Anisotropic b) electron and c) hole
mobilities along the stacking plane. Reproduced with permission from Ref. 45
Copyright 2021 American Chemical Society.

a) Molecular structure of PTEBr,, b) schematic representation showing charge
filtering in 1,7- dibromoperylene-3,4,9,10-tetracarboxylic tetrabutylester (PTEBr,)
Greek cross (+) aggregate. Reproduced with permission from Ref. 52, Copyright
2018 Wiley-VCH. c) orthogonally cross-stacked dimer of 6,13-dimesitylpentacene
(M2—P), d) t./tn at different roational angles (o) of the pentacene dimer, Reproduced
with permission from Ref. 53 Copyright 2021 American Chemical Society.

Schematic representation of the molecular structure of rod-type, bent-type and
zigzag type organic molecules with semiconducting properties. Reproduced with
permission from Ref. 55, Copyright 2014 Wiley VCH.

(a) T1 dimer, (b) T2 dimer, (c) 2D zipper formed from T1 and T2 dimers (BCP and
RCP obtained from QTAIM analysis), (d) T3 dimer, (¢) 3D zipper of NTB, formed
from the extension of 2D zipper assisted by T3 dimer along the a-axis.

Angles between Bree*Br interaction in a) T1 dimer, b) T2 Dimer, C) T3 Dimer of
NTB:.

QTAIM electron density map showing BressBr interaction in T3 dimer of NTB,.

10

11

13

15

26

27

29




24

2.5

2.6
2.7
2.8

2.9

2.10

2.11

3.1
3.2
33
34
3.5
3.6
3.7
3.8
3.9

3.10
3.11
3.12
3.13
3.14

3.15
3.16
3.17
3.18

NCI plot showing weak stabilizing interactions in NTB; zipper represented as green
discs.

ESP Electrostatic potential in atomic units on the 0.001 isodensity surfaces of NTB,
dimer. ESP values range from -0.03 a.u. (red) to +0.02 a.u. (blue).

SEM images showing the surface fiber morphology of NTB-.
Tauc plot of NTB,.

(a) Electronic band structure of NTB,, HOMO and LUMO are plotted as blue and
red filled circles respectively, the labeled points indicate 1'(0.0, 0.0, 0.0), R»(0.8,
—0.3, 0.2), T»(0.0, —0.3, 0.1), Ux(0.8, —0.3, 0.0), V»(-0.8, 0.1, 0.1), X(-0.9, —0.1,
0.0), and Y(0.0, 0.0, —0.2) positions in reciprocal space. (b) Total DOS spectrum of
NTB:; and valence orbital projected PDOS spectra of the constituent atoms from
DFT calculations.

Total DOS spectrum of NTB; a) showing overlap of bromine 4p and sulphur 3p, b)
PDOS spectra of p and s orbitals of Br, C, H, N and S atoms from DFT calculations.

(a) LUMO and (b) HOMO (isosurface value 0.02) of NTB.. (¢) Anisotropic electron
and hole mobility of NTB; along the stacking plane. The crystallographic a-axis is
taken as the reference axis, and the ac-plane as the plane of interest.

Anisotropic a) hole and b) electron motilities of NTB, along the stacking plane.
Crystallographic a-axis is taken as the reference axis and projected on ac plane.

Crystal structure of a) NTH, b) NTC, ¢) NTB and d) of NTL
Interactions governing packing in a) NTH, b) NTC, ¢) NTB and d) NTIL.
Isostructural packing arrangements in (a) NTI and (b) NTB.

Molecular overlays of NTI (blue) and NTB (green).

Role of aromatic ring stabilization NTH.

Role of aromatic ring stabilization NTC.

Role of aromatic ring stabilization NTB.

Role of aromatic ring stabilization NTI.

Energy framework for separate electrostatic (red), dispersion (green) and total
energies (blue) for (a) NTI and (b) NTB. The energy scale factor is 50.

Selected molecular pairs to calculate interaction energies of NTH.
Intermolecular interaction energies of molecular pairs (NTH).
Selected molecular pairs to calculate interaction energies of NTC.
Intermolecular interaction energies of molecular pairs (NTC).

Energy framework for separate electrostatic (red), dispersion (green) and total
energy (blue) for a) NT and b) NTC.

Selected molecular pairs to calculate interaction energies of NTB.
Intermolecular interaction energies of molecular pairs (NTB).
Selected molecular pairs to calculate interaction energies of NTI.

Intermolecular interaction energies of molecular pairs (NTI).

31

31

34
34
35

35

36

37

57
59
60
60
61
62
63
64
66

66
67
67
67
68

68
69
69
69




3.19

3.20
3.21
3.22
3.23

3.24

4.1
4.2
43

4.4

4.5
4.6

4.7

4.8
4.9

4.10

4.11

4.12

4.13

4.14

QTAIM electron density map and NCI plot showing weak stabilizing interactions
in NTC.

Tauc plot showing a reduction in the optical band gap of NTs from 3.48 to 3.07 eV.
Electronic band structure and projected density of states (states/eV) of NTH.
Electronic band structure and projected density of states (states/eV) of NTC.

Electronic band structure and projected density of states (states/eV) of a) NTB and
b) NTL

Close view of conduction bands from projected density of states (states/eV) of (a)
NTC, (b) NTB and (c) NTL

Chemical and X-ray molecular structures of (a) NTN and (b) NTNB.
Resonance-assisted intermolecular hydrogen bonding in NT derivatives.

QTAIM electron density map showing NeeeH interactions in RAHB dimer of a)
NTN b) NTNB and n-n stack of ¢c) NTN d) NTNB.

NCI plot showing weak stabilizing interactions represented as green discs in RAHB
dimers of a) NTN b) NTNB and n-w stack stacked dimers of ¢) NTN d) NTNB.

Packing arrangement in crystalline (a) NTN and (b) NTNB derivatives.

2-dimensional fingerprint plots showing a) total b) CeesC ¢) CeeeH d) HeeeH ¢)
NeeeH f) OseeH g) SeeeH interactions in NTN.

2-dimensional fingerprint plots showing a) total b) CeesC ¢) CeeeH d) HeeeH ¢)
NeeeH f) OeeeH g) CeeS h) BreeeH interactions in NTNB.

ESP maps (0.002 isodensity surface) of (a) NTN and (b) NTNB.

Schematic illustration of NICS probes placed at 1 A above the centroid of each ring
of monomer a) NTN b) NTNB and ¢) NTNH.

Schematic illustration of NICS probes placed at 1 A above the centroid of each ring
in RAHB dimers a) NTN and b) NTNB.

Schematic illustration of NICS probes placed at 1 A above the centroid of each ring
in t-7t stacked dimers a) NTN b) NTNB and ¢) NTNH.

NBO plots of the donor and acceptor orbitals involved in the RAHB interaction in
a) NTN and b) NTNB.

HOMOs (a, ¢) and LUMOs (b, d) of NTN and NTNB (isosurface value 0.02),
respectively.

Anisotropic hole and electron mobilities of (a) NTN and (b) NTNB along the
stacking plane. The crystallographic a axis is taken as the reference axis and is
projected on the ac plane.

70

71
71
72
72

73

87
89
90

91

92
93

93

94
95

96

96

99

100

102




List of Tables

Table Title Page
2.1 Crystallographic data and refinement process for NTB» 25
2.2 Relative % of intermolecular interactions obtained from Hirshfeld analysis. 27
2.3 Calculated topological properties of electron density function for the 27
intermolecular interactions in crystalline NTB,.

2.4 IQA interaction energies. Total noncovalent interaction energies and its 30
components are shown. Energies are given in kcal/mol.

2.5 Interaction Energies of Representative NTB, Dimers from SAPT(0) jun-cc-pvdz 32
Calculations®

2.6 Selected donor-acceptor natural bond orbital interactions with their corresponding 33
second-order perturbation stabilization energies in T1, T2 and T3 dimes of NTB..
Energies are given in kcal/mol.

2.7 Magnitudes of dipole moments for adjacent dimers in the crystal packing of NTB,. 33

2.8 Electron and hole reorganization energy (4e/n) and charge transfer coupling 36
values (V/p) of selected dimers of NTB..

3.1 Crystallographic data and refinement process for NT derivatives. 58

3.2 Relative % of intermolecular interactions obtained from Hirshfeld analysis. 59

33 List of strong and moderate aromatic interactions in NTH using aromatic analyzer =~ 62
component in Mercury 4.0.

34 List of strong and moderate aromatic interactions in NTC using aromatic analyzer =~ 63
component in Mercury 4.0.

3.5 List of strong and moderate aromatic interactions in NTB using aromatic analyzer = 64
component in Mercury 4.0.

3.6 List of strong and moderate aromatic interactions in NTI using aromatic analyzer 65
component in Mercury 4.0.

3.7 Magnitudes of dipole moments (Debye) for monomer and antiparallel stacked 70
dimers in the crystal packing of NTs.

3.8 Calculated topological properties of electron density function for the 70
intermolecular interactions in crystalline NTC.

3.9 IQA interaction energies. Total noncovalent interaction energies and its 71
components of NTC are shown. Energies are given in kcal/mol.

4.1 Crystallographic data and refinement parameters for NTN and NTNB. 88

4.2 Calculated topological properties of electron density function for the 90
intermolecular interactions in crystalline NTN and NTNB.

43 IQA interaction energies. Total noncovalent interaction energies and its 91

components of NTN and NTNB are shown. Energies are given in kcal/mol.




4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

4.15

Interaction energies of representative NTN and NTNB hydrogen bonded dimers
from SAPT(0) aug-cc-pvdz calculations.

Relative % of intermolecular interactions obtained from Hirshfeld analysis for
NTN and NTNB.

Magnitudes of dipole moments (Debye) for monomer and different dimers in the
crystal packing of NTN and NTNB.

NICS,. (1) calculated for NTN monomer and RAHB dimer. a, b, and ¢ represent
the rings in monomer and a’, b’, and ¢’ represent the corresponding rings in the
dimer. NICS, (1) units are in ppm. ANICSzz (1) = NICSzz (1) (dimer) — NICSzz
(1) (monomer).

NICS,, (1) calculated for NTNB monomer and RAHB dimer.

NICS,. (1) calculated for monomer and parallel n-w stacked dimer of NTN.
NICS,, (1) calculated for NTNB monomer and antiparallel n-r stacked dimer.
NICS,. (1) calculated for monomer and antiparallel ©-r stacked dimer of NTNH.

Selected donor-acceptor natural bond orbital interactions with their corresponding
second-order perturbation stabilization energies of N-HeseN RAHB dimers in
NTN and NTNB. Energies are given in kcal/mol.

Electron and hole transfer coupling values of selected dimers of NTN and NTNB.
The hole and electron reorganization energy of NTN and NTNB.

The theoretically predicted hole and electron mobility of NTN and NTNB.

92

94

95

97

97

97

98

98

98

100

101

101




List of Schemes

Scheme Title Page

2.1 Schematic representation of (a) Type I trans (b) Type I cis, and (c) Type II 24
dihalogen interactions. (d) Chemical structure of NTB..

2.2 Reaction scheme for the synthesis of NTB,. 24

3.1 Chemical structure and schematic representation of modulation in band gap via 56
halogenation in 5- Methoxynaphtho[ 1,2-d]thiazole.

3.2 Reaction scheme for the synthesis of NTH, NTC, NTB and NTIL. 57

4.1 Reaction scheme for the synthesis of NTN (3) and NTNB (4). 87
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Chapter 1

Charge Transport Through Discrete Crystalline

Architectures

1.1. Introduction

Organic m-conjugated materials exhibit remarkable potential as active elements in
optoelectronics and have advanced significantly over the past few decades with promising
applications in light-emitting diodes,' photovoltaics,? and field-effect transistors.®> Charge transport
at the molecular level is significantly influenced by the electronic coupling and the reorganization
energy.* The electronic coupling (V) of an organic scaffold is highly dependent on the molecular
arrangements in its crystal lattice, as Ves determines the extent of overlap of the frontier orbitals
involved in charge transport.’ Rational modulation of noncovalent intermolecular interactions for
crystal engineering is as crucial as the covalent bond for molecular synthesis.® Noncovalent
interactions emanating from the introduction of heteroatoms can alter the crystalline packing of
organic chromophores and significantly influence the charge transport properties.” Exploring the
correlation between diverse crystalline packing morphologies adopted by organic chromophores
and charge transport properties from a crystal engineering perspective including intermolecular
interactions and molecular structure is a significant area of research for the design of advanced

functional materials.

Unlike their inorganic counterparts, organic semiconducting solids are forged by relatively
weaker noncovalent interactions, manifesting a wide bandgap and distinct charge transport
mechanism. An in-depth understanding of how subtle changes at the molecular level could alter
the crystal packing and charge transport properties holds paramount importance in devising
efficient organic semiconducting materials. Therefore, comprehending the processes that
determine charge transport significantly impacts designing materials with enhanced structure-

property relationships. Different approaches are used to experimentally measure the charge carrier
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mobility including time-of-flight (TOF) technique,®’ field-effect transistor configuration,'® Hall
effect mobility,!! space charge limited current techniques,'? method of charge extraction by linearly

13,14

increasing voltage and time-resolved microwave conductivity measurements.!> A

comprehensive analysis of the above-mentioned experimental techniques is explained in-depth in

comprehensive reviews on this topic.*!%16

1.2 Charge Transport in Organic Semiconductors

The primary characteristic describing charge transport properties in a semiconductor is
the charge carrier mobility, u, (cm?V~!s™), defined as the ratio between the drift velocity of
charge carriers v, induced by an external electric field, and the amplitude of the external electric
field, F, (Vem ™ ).4

%

H=F
Charge carrier mobility is influenced by the material's intrinsic properties (molecular structure
and packing), extrinsic properties (types of defects present and their concentration), and external
factors (temperature and electric field).!” The long standing disputes of charge transport in organic
crystals arise from the conflict between the localized/delocalized transport descriptions, as they
extrapolate at two opposing extrema. The mechanism of charge transport is generally categorized
into three regimes!®!” based on the localization of the charge carriers and magnitude of electron-
phonon interaction: 1) Boltzmann band model based on delocalized coherent transport of free
charge carriers with the intermolecular electronic coupling (V) significantly larger than the
molecular reorganization energy (4); ii) intermediate regime where V is comparable to A and iii)
Hopping model where electron interacts strongly with lattice vibrations leading to localized

incoherent transport with V considerably lower than A.
1.2.1 Band Transport Regime

Bloch theorem is the cornerstone of band theory, describing the general nature of an electron
orbital in a periodic potential as plane waves modified by periodic functions (Figure 1a).2’ The
electron and hole mobilities in the band regime are derived from the widths and shapes of
conduction and valence bands of the material built from the interaction of the HOMO and LUMO

levels. Mobility of charge carrier in the band transport regime is given by:
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po= g

where g is the elementary charge, m* effective mass of the charge carrier, and 7 is the mean
relaxation time between collisions. Band theory is in principle used to describe transport in defect-
free ultrapure organic semiconductors in a low temperature limit. The effective mass and the
relaxation time are the two factors in band theory that require computational evaluation to
determine the mobility. An enhancement in thermally activated transport is observed with increase
in temperature, on account of charge localization due to band narrowing. Understanding the exact
mechanism of charge transport through organic molecular structures remains elusive. Predicting
the transport regime based on the localized or delocalized nature of charge carrier might not hold
true in every cases. Instead, there are cases where organic solids adhere to charge transport
mechanisms, neither being localized at a site, nor completely delocalized in the carrier band, owing
to the interplay between electron-phonon coupling and electronic coupling giving rise to an

intermediate regime.

a)

N
~—

Figure 1.1: Schematic representation of a) band transport and b) hopping transport.
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1.2.2 Hopping Regime

At higher temperatures, organic crystals undertake the opposite limiting regime in terms
of charge carrier transport, ie. polaronic or hopping transport. The models presume the charge
carriers are localised on a site and moves through the materials by discrete jumps from one site to

another (Figure 1b).2! Hopping drift mobility is calculated employing Einstein relation:

T

where D is the diffusion coefficient, kg is the Boltzmann constant and T is the temperature. The

hopping rate (k;) of the charge carriers can be calculated employing the Marcus-Hush expression:*?

1
Vo/n® i 2 A
ki _ e/h exp (- e/h
h \Ae/nksT 4kgT

where V is the intermolecular electronic coupling and A is the reorganization energy. According to

Marcus theory, two major parameters determine the efficient carrier mobility, 1) electronic coupling
(transfer integral) between adjacent molecules should be maximum, and ii) reorganization energy
should be minimum.

Reorganization energy (4) consists of internal as well as external contributions. The changes
in the surrounding media accompanying charge transfer are considered as an external contribution
and are often forsaken by theoretical simulations. In contrast, the internal contribution towards
reorganization energy (0.07 — 0.18 eV)!”7 corresponds to the total change in geometry relaxation
energies occurring when a molecule goes from its neutral state to charged state geometry, including
change in molecular rigidity, degree of freedom, conjugation lengths, etc. Yet another crucial
parameter for evaluating charge hopping rate is the transfer integral (V). V is related to the degree
of electronic coupling associated with the orbital wave function overlap between HOMO (for
holes) and LUMO (for electrons) levels of the adjacent molecules (10 <V <100 meV) and is firmly
persuaded by the chemical structure of the molecule, molecular packing motif, n-n stacking
distance.!” According to the Marcus-Hush equation, small reorganization energy and a significant
transfer integral are advantageous for accelerating the charge transfer rate. Consequently beneficial

for computational screening of candidates with high hopping carrier mobility in organic
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semiconductors. The magnitude of electronic coupling V,;, between two molecular orbitals ¥, and

W, residing on neighboring molecules is defined by the matrix element:

Vap = < W lH|Y), >

where H is the one electron hamiltonian of the system and the value of V,;, can be evaluated
explicitly? or by employing the energy splitting method.® Theoretical calculations reveal that both
reorganization energy and transfer integral are substantially influenced by the molecular structure
and accompanying supramolecular organization in the solid-state.?*?*> With increasing tilt angle
and -7 stacking distance, the transfer integral significantly decreases due to the breakdown of
electronic coupling and intermolecular interactions (Figure 1.2). Also, wavefunction overlap and
electronic coupling are reduced as a result of the displacement of molecules along short and long
axis.?®?” Considering the hole transport in tetracene as an example, it was observed that charge
transfer integral improved when the interaction between the m orbitals are both antibonding or
bonding interactions and lowered when there is a cancellation between them. This finding suggests
to ensure high performance of organic semiconductor crystals with efficient charge transport,
optimal m-atomic orbital overlap is more crucial than merely maximizing the cofacial overlap

(Figure 1.3a,b).2*?® As molecular packing is often governed by intermolecular noncovalent
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Figure 1.2: a) INDO calculated electron and hole transfer integrals in a tetracene cofacial dimer
by varying the intermolecular distance. b) Evolution of hole transfer integral in pentacene dimer

by varying the tilt angle. Reproduced with permission from Ref. 29, Copyright 2013 Wiley VCH.
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interactions, designing molecules with effective orbital overlap depends on the electronic structure

of the molecule as well as the presence of strong and long-range intermolecular interactions.?
1.3. Molecular Packing

The fundamental requirements for producing high-performance organic semiconductors
from the perspective of molecular design are densed molecular packing with maximal m-atomic

orbital overlap and adequate electronic structures comprising of energy gap and alignment.
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Figure 1.3: a) Evolution of INDO calculated electron and hole transfer integrals in a cofacial
tetracene dimer by varying the degree of translation of one molecule along the long (a) and short

(b) axis. Reproduced with permission from Ref. 29, Copyright 2013 Wiley VCH.
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Figure 1.4. Schematic representation of common molecular packing modes in crystalline organic
materials. Molecules having positive charge (hole) is highlighted and the near neighbours are
coloured in violet. a) y - motif with eight first neighbours, b) Herringbone arrangement with eight
first neighbours, ¢) Sandwich herringbone arrangement with five first neighbours, d) 3 - motif with

eight first neighbours, e) Brickwall arrangement with six first neighbours.

Representative crystalline motifs in polycyclic aromatic hydrocarbons based on the edge-to-face
(herringbone and sandwich herringbone) and face-to-face (y-motif, B-motif, and brickwork)
noncovalent interactions®® are summarized in figure 1.4. Among all the packing modes, the one
with the highest n-m stacking is regarded to be the most efficient motif for charge transport, because
large -m overlap stabilizes the charged state and allows the efficient propagation of charge carriers.
Inclusion of radial, cross-staked and helical packing motifs to the traditional taxonomy of
crystalline supramolecular motifs opens door for the identification of novel crystalline motifs with
emergent properties (Figure 1.5).3! Extensive research has been employed to obtain facile and
efficient routes for transporting charges from one molecule to its adjacent molecule. In this thesis
we highlight the different strategies adopted to modulate the crystalline packing in organic
scaffolds for efficient charge transport including 1) polymorphism, ii) heteroatom function-
alization, iii) noncovalent interactions iv) cocrystallization v) orientation and vi) shape of the

molecule.



Chapter 1: Charge Transport Through Discrete Crystalline Architectures

1.3.1. Polymorphism

Polymorphism is crucial to explore the fundamental relationship between crystal packing
and charge transport without altering the molecule's chemical structure since small changes in the
crystal packing can significantly influence the mobility of the charge carriers.>? Benchmark organic
semiconductors like pentacene, TIPS-pentacene, rubrene, and sexithiophene are polymorphic.
Quantum chemical calculations were performed on slip-stacked (I) and y-herringbone (II)
polymorphs of 6,13-Bis(trimethylsilylethynyl)pentacene (TMS-pentacene).> The structural
difference among polymorphs I (P1) and II (P2) was observed in the weak intermolecular
interactions linking the adjacent nt-stacks and the n-m stacking distance. C-HeeeH-C interactions

dictate the edge-to-face y-herringbone motif, while C-Heeeor interactions facilitate face-to-face

.
"\

S
7

c)

e

Figure 1.5. Schematic representation of a) Radial assembly, b) Helical assembly, and c) Cross

stacking.
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packing in the slip-stacked motif. The interplanar distance in P1 was found to be 3.4 A, whereas
P2 displayed two different n-rt distances of 3.3 and 3.5 A. The theoretical electronic coupling and
anisotropic mobility calculations indicate enhanced hole mobility (1 = 3.7 cm?V-'s!) in P2
compared to P1 (z = 0.1 cm?V-'s™!). Theoretical** and experimental®® assays on peri-substituted
pentacenes demonstrating ambipolar charge transport are further validated by P2's substantial hole
and electron mobility. Although polymorphism considerably reduces the variables influencing
charge transport, more strategies are still adopted to tweak the molecular packing and the charge

transfer coupling in crystalline organic molecules.

1.3.2. Cocrystallization

Cocrystallization is a vital crystal engineering technique where two or more organic
molecules are stoichiometrically merged and held together by noncovalent intermolecular
interactions.>® Heeger's discovery of a two-component cocrystal of tetrathiafulvalene-7,7,8,8-
tetracyanoquinodimethane (TTF-TCNQ) displaying remarkable conductivity, sparked a flurry of
interest in the study of multicomponent materials.?” Since then, organic cocrystals have been noted
to exhibit versatile properties, including ambipolar charge transport,®® ferroelectricity,*” room-
temperature phosphorescence,*’ etc. The intermolecular packing of donor-acceptor (DA) cocrystals
significantly affects the transport properties, as segregated stacking exhibit ambipolar electrical
conductivity and mixed stacking yields ferroelectric behavior.*! A series of TTF-TCNQ-based
cocrystals were examined to study the crystalline packing and corresponding structure-packing-
property relationship. The mixed stacked DA systems possess higher lattice energy than the
segregated stacking.** Regardless of the packing mode, the energy decomposition analysis
(PIXEL) showed that the dispersion component, as opposed to the Coulombic and polarization
components, contributed significantly towards the lattice stability. Band structure and density of
states calculations of prototypical cocrystals centered on TTF-TCNQ model systems divulged
metallic and semiconductive properties for the segregated and mixed stack cocrystals, providing
clear evidence for D-on-D and A-on-A segregated architectures' innate enhanced charge transport
potential. The packing in organic semiconductors can be customized by utilizing non-equal ratio
cocrystallization resulting in improved charge transport properties than the single component and
1:1 ratio cocrystal. Cocrystals [C2-DPAO and ICFO with 2:1 and 1:1 ratios were constructed using
a model compound indolo[2,3-a]carbazole (IC), and 9-fluorenone (FO) and 2,6-
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Figure 1.6. Improved charge transport characteristics in 2:1 non-equal ratio cocrystal compared to

Carrier mobility (cm? V' s™)

1:1 cocrystal and the single component crystal. Reproduced with permission from Ref. 43,

Copyright 2022 Wiley VCH.

diphenylanthraquinone (DPAO) coformers (Figure 1.6).*> The herringbone packing in the parent
IC crystal is retained in the segregated stack IC2-DPAO cocrystal, while in the segregated IC-FO
cocrystal, IC adopts a slipped packing motif. The improved carrier mobility in the 2:1 ratio IC2-
DPAO cocrystal is attributed to the herringbone packing with a double-channel charge transport
network. The strong electronic coupling and modest hole effective mass revealed by DFT
calculations agree with the measured carrier mobility in IC2-DPAO, highlighting the significance
of non-equal ratio cocrystal engineering to achieve packing structures conducive for charge

transport.

1.3.3. Noncovalent Interactions

Specific directional interactions nurture the formation of supramolecular synthons that

hierarchically assemble to form the crystalline architecture with remarkable functional properties.**

10
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Figure 1.7. a) Crystalline packing in NIBroOMe with maximal electron and hole mobilities along
the halogen-halogen bonded and stacking directions. Anisotropic b) electron and c¢) hole mobilities
along the stacking plane. Reproduced with permission from Ref. 45, Copyright 2021 American
Chemical Society.

The crystal structure analysis of 1,8-dibromonaphthalene(3,5-dimethoxyphenyl)imide
(NIBr.OMe) revealed parallelly ordered segregated stacks stabilized by a parallelogram-type Brs
synthon.** In addition to the peri-peri halogen-halogen interactions, the arrangement of the DA
molecules with HOMO/LUMO localized on the donor/acceptor parts causes maximum hole
mobility along the stacking direction and a maximum electron mobility perpendicular to this
direction, boosting orthogonal charge carrier transport (Figure 1.7). The orthogonal channels for
the maximal hole and electron transport predicted by the theoretical calculation of anisotropic
mobility are advantageous for the directional screening of charge carriers suitable for device
applications. Hydrogen bonds, in addition to halogen bonds have the potential to modulate the
packing to alter the charge transport properties. Biological conductors like DNA,*¢ natural dyes*’

and oligopeptides* utilize hydrogen bonds to instruct multivalent interactions stabilized by nesen

11
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interactions. Two crystal polymorphs of ellipticine are used to investigate the charge transport
properties of the molecular assembly driven by hydrogen bonding and meeen stacking.*” Low
dihedral angle, wavefunction delocalization across the hydrogen bonding moieties and a short
distance between the hydrogen bonding pair are attributed to the increase in charge transfer integral
along the hydrogen bonded channel in the polymorphs. Fabricating field-effect transistors
demonstrated the experimental validation of long-range charge transport through the hydrogen

bonds spanning micron-length scales.

1.3.4. Heteroatom Functionalization

The discrete packing arrangements in organic chromophores are dictated by numerous
noncovalent interactions. Introduction of heteroatom to hydrocarbon backbone can induce change
in condensed phase architecture by creating additional interactions. Consequently, heteroatom
doping will have an impact on the charge transport properties in chromophoric assemblies.
Nitrogen doping in wing-shaped tetrabenzoacene (TBA) derivatives has reduced the interplanar
distance through NeeeC interactions.® Theoretical charge transport properties carried out in
distinct molecular dimer of dopped TBA derivatives through pitch and roll displacement unveiled
the capability of slip-stacked dimeric arrangements to exhibit efficient charge transport. A series
of propeller shaped para-substituted triphenylamine (TPA) derivatives have been examined to
understand the correlation between crystalline packing and charge transport properties by tuning
the substituent groups connected to the core.’! TPA moiety is predicted to have weak electronic
coupling due to the poor orbital overlap imposed by the propeller shape of the TPA core. Among
the TPA derivatives TCN possessed the highest hole mobility as a result of low value of hole
reorganization energy (0.073 eV) and gamma packing arrangement. Cyanation promoted m-
stacking between neighbouring molecules and thereby improved the electronic coupling between
them. The study provides insights into developing better TPA hole transport materials for

optoelectronic applications.
1.3.5. Orientation of the Molecule

Molecular organization in the condensed phase of organic chromophores have proven pivotal
in recognizing efficient optoelectronic and photonic materials. The constituent parts of a molecular

framework are anticipated to communicate in a myriad of ways. Therefore, distinctive orientation

12
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manifested by aggregated or crystalline structure have a persuasive effect on the functional
properties, including charge transport and optoelectronic characteristics. Hartharan and coworkers
demonstrated an ideal Greek cross (+) chromophore array in crystalline PTEBr> with an
orthogonally stacked arrangement of the molecules (o = 90°) (Figure 1.8a).2 Convex and concave
types of dimers were created by the perpendicularly cross-stacked columns, which were determined
by meeern interactions and CeeeBr and BreeeO interactions, respectively. The 2D crystalline
packing in PTEBr; was driven by C-HeeeO and C-Heeer interactions. Theoretical calculation of

charge transport properties showed selective hole mobility (us/ue = 575.8) in PTEBT», that can be
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Figure 1.8. a) Molecular structure of PTEBr2, b) Schematic representation showing charge filtering
in 1,7-dibromoperylene-3,4,9,10-tetracarboxylic tetrabutylester (PTEBr;) Greek cross (+)
aggregate, Reproduced with permission from Ref. 52, Copyright 2018 Wiley-VCH. c¢)
Orthogonally cross-stacked dimer of 6,13-dimesitylpentacene (M>—P), d) te/ty at different roational
angles (a) of the pentacene dimer, Reproduced with permission from Ref. 53 Copyright 2021

American Chemical Society.
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exploited to design materials with charge filtering phenomenon (Figure 1.8b). Additionally, the
same group has reported a number of 6,13-bisaryl substituted pentacene derivatives that form
distinctive Greek cross (+)-architecture with appreciable interchromophoric separation (di =
4.74-5.99 A) in the solid state (Figure 1.8c).>* The crystalline assembly is dictated by the
intermolecular C-HeeeC noncovalent interactions between the pentacene backbone and aryl
substituents. The pentacene cross-stacks bestow preferential electron- transfer coupling at a fairly
short interchromophoric distance (di <5 A). The HOMO of the molecule has a node along its long
molecular axis, hindering HOMO-HOMO overlap and reducing the hole-transfer coupling. The
orthogonal cross-stacked orientation has the highest t./tn value compared to the minimal te/tn at
other angles (Figure 1.8d). Following the observation of charge filtering in orthogonally cross-
stacked molecular systems, a comprehensive theoretical analysis of the electronic coupling
characteristics as a function of rotational angle in stacked acenes was probed by Hariharan And
coworkers, allowing multiple possibilities of molecular arrangement through rotational motion. In
the series of (4n+2) m-electronic acene system, those having odd and even number of benzenoids
exhibits exclusive electron transfer and hole transfer coupling, respectively in its Greek cross
alignment. The gerade symmetric orbitals exhibit zero inter-orbital overlap, resulting in the
deactivation of hole or electron transfer coupling in orthogonally cross-stacked acenes.
Consequently, irrespective of molecular candidate, a mutually exclusive hole and electron transfer

coupling is observed in the Greek cross orientation.

1.3.6. Shape of the Molecule

The correlation between the properties of individual molecules and its close packed structure
is far from trivial. The charge carrier transport in supramolecular assemblies gets disrupted since
the molecules are perpetually in thermal motion due to the weak intermolecular interactions.>* The
small radii of rotation and translation in linear and quasi-linear molecules makes them susceptible
to high degree of molecular motion with temperature. This limits the potential of the linear and
quasi-linear molecules in organic solar cells (OSCs). Hence, reduction of unfavorable motions
should be considered as a salient parameter along with the molecular characteristics and
intermolecular orbital overlap for the future rational design of organic semiconductors (Figure

1.9).> The conceptually new bent-shaped ©t cores possess high radii of rotation and translation can
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Figure 1.9. Schematic representation of the molecular structure of rod-type, bent-type and zigzag
type organic molecules with semiconducting properties. Reproduced with permission from Ref.

55, Copyright 2014 Wiley VCH.

be used in future OSC since it meets the prior mentioned requirements. Takeya and coworkers have
validated the versatility of bent shaped OSCs by probing the electronic properties of a series of
nonlinear aromatic cores. Theoretical simulations of transfer integrals and effective masses indicate
favorable charge transport features that hold promise for high carrier mobility (p). Thermal
investigations indicate that the bent-shaped OSCs are thermally stable, and their crystal phases are
thermally robust, allowing them to be manufactured at high temperatures. In comparison to
traditional linear and quasilinear OSCs, bent-shaped OSCs offer distinct benefits in terms of

achieving high-performance and resilient OSCs for future practical applications.
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1.4. Aim and Objectives of the Thesis

n-Conjugated materials are excellent candidates for novel organic optoelectronic devices
driven by molecular design. Molecular packing in organic crystals significantly affects the charge
transport properties but is difficult to predict because of the intricate intermolecular interactions.
Crystal engineering essentially aims to comprehend intermolecular interactions in the framework
of crystal packing and design novel molecules for the fabrication of functional materials. In this
thesis we attempt to identify characteristic charge transport properties in functional crystalline
solids arising as a function of molecular structure, orientation, intermolecular interactions and
packing arrangements. Different strategies including polymorphism, cocrystallization, directional
interactions, heteroatom doping, orientation of the chromophore and shape of the molecule can be
exploited to modulate the packing motifs in organic crystals thereby alter the charge transport
properties of the system. Small variations in the molecular packing can result in considerable
changes in charge carrier mobilities because of which modulating the shape of the molecule is
emerging as a cutting-edge design method for tweaking charge transport parameters in the
burgeoning area of organic electronics. Chapter 2 showcases how multivalent interactions of
bromine cultivate type I, type II, and a near orthogonal halogen-halogen interactions forging
aesthetic 1D-, 2D-, and 3D-zipper assembly in angular napthothiazoles. Halogenated isostructural
napthothiazole crystals exhibiting a reduction in optical band gap with an increase in atomic
number is explored in chapter 3. Engineering of crystal packing in angular naphthothiazoles upon
bromine substitution facilitating selective charge transfer coupling along n-n stacking direction is

discussed in chapter 4.
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Chapter 2

Atom-Efficient Halogen—Halogen Interactions Assist
One-, Two-, and Three-Dimensional Molecular

Zippers

Abstract: Unprecedented multimodal weak interactions are quintessential to create novel

supramolecular topologies. Among the plethora of weak interactions, halogen—halogen (X¢++X)
interactions offer innovative possibilities for the design of multidimensional scaffolds. Herein, we
chronicle the state-of-the-art 1D, 2D, and 3D zipper motifs steered by distinct interhalogen
interactions, revealing the potential of halogen bonding in engineering biomimetic molecular
assemblies. Recurring units of Brs synthon, framed by type I and type II atom efficient XeeeX
interactions in a dibromonaphthothiazole derivative, 2,4-dibromo-5- ethoxynaphtho[ 1,2-d]thiazole
(NTB»), forges the molecular zipper.
On the basis of the semiclassical
Marcus theory of charge transport,
the NTB: zipper assembly displays
selective electron transport along the
type II Xe+eX bonded direction. Band
structure analysis classified the
crystalline NTB: as a wide band gap
semiconductor with a band gap of
2.80 eV. The robustness of the Xe+eX
mediated zipper motif opens up new
avenues in the development of

advanced functional materials.
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2.1. Introduction

Self-assembly of interacting units which compose complex multistranded architecture is a
common structural motif in biology, for instance, leucine zipper' and B-pleated sheets.? The most
intriguing structural design that resembles natural DNA is a molecular zipper, which is of
paramount importance in molecular biology,>* fiber behavior,” and guest sorption.® Hence, the
quest for functional supramolecular structures to construct discrete molecular zippers is of huge
significance. Hydrogen bonding,’ electrostatic interactions, n— interactions,® and van der Waals
forces’ play a central role in engendering synthetic biomolecular zippers. We exploited the
excellent directionality and tunability offered by Xe++X interactions by integrating bromine atoms
in angular naphthothiazole moiety, which induces atom efficient interactions tethering an infinite
zipper assembly (NTB:). Thiazole-based small organic molecules and conjugated polymers
exhibiting high hole or electron mobilities were used as p- or n-type semiconductors.!’ The in-
depth inspection of important structure-property relationships'! is vital for the design of functional,
high-performance organic semiconductors.'? Incorporation of halogen atoms to the aromatic core
has been shown to decrease the band gap of conjugated compounds.'® The possibility of enhancing
semiconducting property by the halogen incorporation in thiazole-based systems was taken into

account while structuring NTB,.

A fundamental understanding of noncovalent interactions (NCI) is the cornerstone of crystal
engineering, a paradigm of supramolecular chemistry. The cooperative and synergistic nature of
NCI can be exercised to form highly ordered and complex array of supramolecular synthons with
alluring properties. Halogen bonding, a c-hole'* interaction analogous to hydrogen bonding is a
prime member in the repertoire of NCI, encompassing a wide range of applications including
supramolecular gels,'> material science,'® anion recognition,!” and biomimetic systems.!'®!"
Although iodine forms the strongest halogen bond, bromine has been incorporated in biological
and semiconducting systems owing to its compatible size and better stability.?’ The classical

electrostatic model?!

of o-hole interaction was established to explain the stability of halogen bonds.
However, quantum covalency,?>* hyperconjugation,?* dispersion, and induction forces®> have
been acknowledged as crucial for the stability of halogen bonds. Conventionally, R—XeseX—R (X
= halogen atom) contacts are classified as types I and II, based on the geometric and chemical
distinction (Scheme 2.1).2° Contrary to the conviction of the destabilizing nature, type I interactions

proved to be stabilizing in supramolecular synthons owing to the exchange-correlation
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component.'® Atom-efficient self-complementary interactions in small molecules are indispensable
to augment ordered multistranded molecular arrays.?’ In crystalline NTB», the halogen bond

boosted self-complementary molecular pair interlocks like teeth in true zipper.

a) 6, b)
M/ oo

01 ~ 02 02
Br
c) 91 d) N=(
... S
q L,
= 900 HsC,0

Scheme 2.1: Schematic representation of (a) Type I trans (b) Type I cis, and (c) Type II dihalogen

interactions. (d) Chemical structure of NTB,.

2.2. Results and Discussion
The Sandmeyer reaction was employed to synthesize 2,4-dibromo-5-ethoxynaphtho[1,2-d]thiazole
(NTB?) (Scheme 2.2).28 Needle-shaped colorless single crystals of NTB, with the space group P1

were obtained by slow evaporation from acetonitrile (Table 2.1). The crystal structure of

0 KSCN, CH;COOH O
O NO, _SnCls 90°C O NH, 3 N
EtOH:HCl = 3:2, Br,, RT \>—NH2
H;CH,CO

H,CO H3CH,CO

p-TSOH.H,O0, n-BuyNBr,
CuBr,, t-BuONO, ACN, RT

Scheme 2.2: Reaction scheme for the synthesis of NTBo.
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Table 2.1: Crystallographic data and refinement process for NTBa.

Parameters NTB:
Formula C13HoBraNOS
Formula weight 387.09
Colour Colorless
Crystal system Triclinic
Space group, Z PT, 2

a(A) 4.032

b(A) 9.774

c(A) 16.841

a, deg 104.639

B, deg 91.864

v, deg 95.118
Volume, A3 638.6

R factor 5.15

Temp, K 296

dealculated (Mg/n1°) 2.013

No. of reflections collected 16425

No. of unique reflections 2253

20max, deg 24.986

No. of parameters 163

R1, wR2, (1> 2s(1)) 0.0515,0.1125
R1, wR2 (all data) 0.1265, 0.1477
Goodness of fit 1.016

CCDC number 2061950
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NTB:> comprises a planar naphthothiazole moiety and an ethoxy group in an out-of-plane
orientation. Single-crystal X-ray diffraction analysis revealed intermolecular van der Waals
(vdW)? Bree+Br interactions with interatomic distances of 3.65, 3.84, and 4.03 A (Figure 2.1a, b,
d). Though Bondi’s* classification is widely employed in predicting noncovalent interactions, the
existence of BressBr interactions beyond the sum of van der Waals radii have been established
recently.?!* Comprehensive analysis of the crystal structure substantiate the key roles played by
BreeeBr, BreeeS, and n—n interactions in forming the 3D close packing of NTB; (Figure 2.1). The
crystal lattice of NTB> comprises of three different noncovalently interacting dimers (T1, T2, and
stacked dimer (T3)), classified based on distinct interhalogen interactions. The
(sp?)C—Bre+sBr—C(sp?) angles in T1 (0; = 02 = 151.12°), T2 (01 = 94.03°, 6, = 167.15°), and T3 (6,
=79.19° and 0, = 100.81°) confirm the existence of types I and II and a near-orthogonal BreesBr
interaction (Figure 2.2). Cooperative intermolecular BressBr interactions between four units of
NTB: furnished a Brs synthon which extends infinitely through type I (cis and trans) XeeeX
interactions. Synergistic BreesBr (type II) and BreesS interactions drive the design of self-
complementary 1D zipper (T2) of NTBa. Self-complementary T2 replicas fabricate an extended
infinite chain of halogen bonded zipper assembly along the crystallographic b-axis (Figure 2.1c¢).

To explore the nature and strength of XeeeX interaction fostering extended self-
complementary zipper assembly in NTB,, Hirshfeld surface (HS),>* noncovalent interaction
(NCI),*> Bader’s quantum theory of atoms in molecules (QTAIM),*¢ and truncated symmetry-
adapted perturbation theory (SAPT(0))*” investigations were performed. Mapping the HS allowed
d) e)

Figure 2.1: (a) T1 dimer. (b) T2 dimer. (c) 2D zipper formed from T1 and T2 dimers (BCP and
RCP obtained from QTAIM analysis). (d) T3 dimer. (e) 3D zipper of NTB; formed from the

extension of 2D zipper assisted by T3 dimer along the a-axis.
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0,=79.19°

6,=6,=151.12° v 6,=100.81°

6,=167.15°

Figure 2.2: Angles between Bre+«Br interaction in a) T1 dimer, b) T2 Dimer, C) T3 Dimer of NTB:.
quantification of weak intermolecular interactions in NTB2 (Table 2.2). The ratio of the percents
of Ce+sH and Ce++C interactions defined a -motif (p = 0.65) arrangement in NTB,.!! Noncovalent
bond formation in NTB> was qualitatively assessed by QTAIM analysis (Figure 2.1c). Electron
density (p(r)) and its Laplacian [V?p(r)] at the (3, —1) bond critical points (BCP) advocated the
closed-shell nature of BreeeBr intermolecular interactions in crystalline NTB; (Table 2.3).
Surprisingly, an atom efficient six atom quintuple interaction was observed and confirmed by (3,
—1) BCP within the interacting atoms in T2. Self-complementary T2 held by BreeS and type II

Table 2.2: Relative % of intermolecular interactions obtained from Hirshfeld analysis.

C...H C...C BI‘...S

NTB: 9.9 6.5

Interaction BreeeBr p=[(%Cs+sH)/(%Cs++C)]

0.65

14.6 4.7

Table 2.3: Calculated topological properties of electron density function for the intermolecular

interactions in crystalline NTB,.

Interactions d, A | p@),eA? | V?p(r), eA’
NTB, Bond Br107++Br27 3.844 | 0.005043 |0.015602
Tetramer | critical Br107++-Br81 3.851 | 0.005098 | 0.016174
showing | points
Br (BCPs) Br27++-Br81 3.654 | 0.006161 |0.020621
synthon Br81+++Br53 3.844 | 0.005042 | 0.015600
Br53eeBr27 3.851 | 0.005097 |0.016173
Ring Br27-Br53—Br81 _ 0.002336 | 0.008072
critical
points Br27-Br81-Br107 - 0.002336 0.008073
(RCPs)
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NTB:
Tetramer
showing
zipper
with 12
atom 13
interaction

Bond Br107+++Br27 3.844 | 0.005043 | 0.015602
critical
points Brl07--Brsl 38511 0.005098 | 0.016174
(BCPs) Br27+++Br81 3.654
Br81+eBr53 3.844 | 0.006161 0.020621
Br53ee-Br27 3.851 | 0.005042 0.015600
Br53ee¢825 3.779
0.005097 | 0.016173
Br54++-Br26 3.844
Br80+++S106 3.844 | 0.005460 | 0.016926
Brg0---B103 3762 10005029 | 0.016096
$79++28106 3.779
§79+sB1107 3762 | 0005443 | 0.016914
S52¢+-S25 3.779 | 0.005030 0.016096
S52¢0eBr26
0.004671 0.015793
0.005459 | 0.016925
0.004671 0.015792
0.005443 | 0.016916
Ring C22-S25-Br53—-Br27 - 0.003366 | 0.011549
critical
points C76—-S79—Br107-Br81 - 0.003661 0.011549
(RCPs)
Br26—S52—C49—-Br54 — 0.003542 0.011500
Brg0-S106—C103-Br108 — | 0.003353 | 0.011499
H44-Br53—Brs1 B 0.001934 | 0.006527
Br27—HO8—Brl07 B 0.001934 | 0.006528
C42-H44-Br81-C76-N77-H47 | — | 0:001256 | 0.005302
—C45 ~ 0.002336 | 0.008072
Br27-Br53-Br8l 0.002336 | 0.008073
Br27-Br81-Br107 0.003274 | 0.010593
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C12-C13-Br26-852-825 0.003283 | 0.010609
$25-852-C39-C40-Br53 0.003274 | 0.010593
C66—-C67-Br80-S106-S79 0.003283 | 0.010609
$79-S106-C93—-C94-Br107 0.008059 | 0.032140
C67-C68-078-C69—H71-Br80 0.003209 | 0.012233
H47-H63-C62-C64-C65-N77 0.003210 1 0.012234
C8-H9-H101-N23-C11-C10 0.008028 | 0.032022
C94-C95-0105-C96-H98—Br10 0.001256 1 0.005302
7 = | 0.046174 | 0.025712
C22-N23-H101-C99-C96-H98 | —
—Br27
C92-C93-S106-C103-N104
T3 Dimer | Bond
critical Br27+++Br54 4.033 | 0.004397 | 0.019263
points
(BCPs)

Bree+Br interaction extends via type [ Bres«Br interaction giving rise to a set of noncovalent triangles

(Figure 2.1c). Four bromine atoms of tetrameric NTB: unit form a noncovalent parallelogram (Bry4

synthon) which is evident from (3, +1) ring critical point (RCP) (Figure 2.1¢c). QTAIM analysis

establishes the significance of BreeBr interactions in devising the extended zipper assembly. All

intermolecular interactions in NTB; existing beyond the sum of van der Waals radii were

confirmed by presence of (3, —1) BCP (Figure 2.3, Table 2.3). Pendas’ interacting quantum

Figure 2.3: QTAIM electron density map showing Bree*Br interaction in T3 dimer of NTB,.
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atoms (IQA) approach was used to investigate the nature of BreesBr and BreesS interactions in
driving the formation of extended zipper assembly. IQA partitions the total interatomic energy (E: )
into classical Coulombic component (Eci) and an exchange-correlation component (Exc). The total
IQA interaction energies for BreesBr and BreesS interactions in T2, Br:--Br interactions in Brs
synthon, and near-orthogonal Bre*Br interaction in T3 were found to be stabilizing (Table 2.4). In
all the examined cases, a major stabilizing component of interaction energy arises from the
exchange-correlation term.

The nature of intermolecular noncovalent interactions in NTB; zipper was visualized using
the NCI plot.*® The attractive and repulsive interactions were distinguished by the sign of the
second density Hessian eigenvalue (42). The green isosurface represents weak attractive
noncovalent interactions corresponding to BreeeBr and Bre+*S intermolecular contacts (Figure 2.4).
The zipping nature of the Brs synthon extending as linear infinite chain was attributed to
noncovalent interactions confirmed from NCI and QTAIM analyses. The role of the electrostatic
component in regulating the zipper assembly was established by computing the electrostatic
surface potential (ESP) map of NTB; (Figure 2.5). From ESP, a region of positive potential (c-
hole), depicted as a cap of depleted electron density along the Ce+*Br covalent bond axis, and an
orthogonal negative potential belt on the surface of halogen atoms are evident. Overlap between

Table 2.4: IQA interaction energies. Total noncovalent interaction energies and its components

are shown. Energies are given in kcal/mol.

Interactions E: Exc El
Br26-Br54 -5.45 5.11 -0.33
Br26-S52 -6.02 4.74 _1.28
$52-S25 0.53 -3.66 4.20
T2 Dimer Brs53-S25 -6.00 4.74 _1.25
Br53-Br27 -5.30 5.11 20.19
Br53-Br27 -4.92 -4.75 -0.18
Br81-Br53 4.48 4.67 0.18
Tetrahalo Br107-Br27 -4.46 -4.65 0.19
synthon Br81-Br27 6.19 6.14 0.04
Br107-Br§1 4.92 4.75 0.17
T3 Dimer Br27-Br54 -3.72 -4.06 0.34
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Figure 2.4: NCI plot showing weak stabilizing interactions in NTB: zipper represented as green

discs.

the electrophilic and nucleophilic regions of interacting halogen atoms plays a pivotal role in
assembling T2 in a self-complementary manner which results in unbounded 2D zipper assembly.
SAPT(0) analysis was employed to explore the stability of the intermolecular interactions®
modeling molecular zippers of NTB,. SAPT(0) provided a quantitative picture of the interactions
by decomposing the total interaction energy into physically meaningful components (electrostatic,
exchange, induction, and dispersion) (Table 2.5). The negative SAPT(0) (ESAPT(0)) values of
—0.65, —3.30, and —26.85 kcal/mol show the stabilizing nature of T1, T2, and T3 dimers

respectively, in amalgamating the 3D zipper assembly of NTB.. The nature of Xee+X interaction

-0.03 0.02

Figure 2.5: ESP Electrostatic potential in atomic units on the 0.001 isodensity surfaces of NTB>

dimer. ESP values range from -0.03 a.u. (red) to +0.02 a.u. (blue).
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from a molecular orbital perspective was probed using natural bond orbital (NBO) analysis.** The
major orbital contribution with maximum magnitude of interaction energy comes from the
interaction between lone pairs of Br and S atoms with the antibonding (BD*) C—X (X = Br and S)
orbitals (Table 2.6). Significant stabilization energy observed for BreseBr and Bre+S interactions
establishes the combined effect of halogen interactions in guiding the 3D close packing.
Intermolecular attractive interactions in molecular crystals are closely related to the permanent
dipole moment of the monomer.*' The multiple heteroatoms present in NTB: offer a net dipole
moment of 2.72 D (Table 2.7). Molecules possessing high dipole moments (dipole moment >4.0
D) have a tendency to align in an antiparallel orientation which minimizes the net dipole
moment.*>* T1 and T2 dimers have an antiparallel orientation which results in zero dipole moment
forming a 2D self-complementary zipper assembly. Here the crystal packing of NTB; satisfies the
minimum dipole moment requirement. Scanning electron microscopy (SEM) provided the
possibility to unfold the details of the morphology. SEM images verified the presence of long fibers
owing to the halogen bonded zippers (Figure 2.6).

The optical band gap of NTB, was determined from the experimental UV—vis—NIR
absorption spectrum employing the Tauc method. The linear part of the (ahv)? versus hv plot was
extrapolated to the x-axis and a direct band gap of Eg = 3.45 eV was derived from the point of
intersection with the horizontal x-axis (Figure 2.7). To theoretically determine the band gap and

predict the semiconducting properties, first-principle calculations were performed within the

Table 2.5: Interaction Energies of Representative NTB2 Dimers from SAPT(0) jun-cc-pvdz

Calculations®
: SAPT 1 2 2 1
bime [ EET [ ED | eD | Bm | A9
T1 -0.65 -0.77 -1.54 -0.23 1.90
T2 -3.30 -3.16 -1.54 -0.80 7.25
T3 -26.85 -11.94 -39.89 -2.56 27.55
A1l energy values are provided in kcal/mol. Ej47" = Total interaction energy;
E 65113 = Electrostatic; E gg = Dispersion; Ei(i; = Induction and E| (5,1) = Exchange
repulsion energy. More details are given in Supporting Information.
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Table 2.6: Selected donor-acceptor natural bond orbital interactions with their corresponding

second-order perturbation stabilization energies in T1, T2 and T3 dimes of NTB». Energies are

given in kcal/mol.

Dimer Donor NBO Acceptor NBO E(2)
LP(1) Br27 BD*(1) C49-Br54 0.33

T1 LP(2) Br27 BD*(1) C49-Br54 0.34
LP(3) Br27 BD*(1) C49-Br54 0.17

LP(2) Br27 BD*(1) C40-Br53 1.01

LP(1) Br26 BD*(1) C39-S52 0.13

LP(2) Br26 BD*(1) C39-S52 0.79

T2 LP(1) Br27 BD*(1) C40-Br53 0.13
LP(1) S25 BD*(1) C49-552 0.27

LP(1) S25 BD*(1) C40-Br53 0.07

LP(1) Br27 BD*(1) C40-Br53 0.07

LP(1) Br27 BD*(1) C49-Br54 0.05

LP(3) Br26 BD*(1) C40-Br53 0.06

T3 LP(2) Br27 BD*(1) C49-Br54 0.07
LP(3) Br27 BD*(1) C49-Br54 0.06

framework of DFT. The calculations of total-energy and electronic structure have been performed

using Plane-Wave Self-Consistent Field package, a component of the Quantum Espresso

distribution. The exchange-correlation interactions are treated within the generalized gradient

approximation of the Perdew—Burke— Ernzerhof type.*® The calculated electronic band structure

of NTB: is displayed in Figure 2.8a. The fundamental band gap is found to be a direct type with a

Table 2.7: Magnitudes of dipole moments for adjacent dimers in the crystal packing of NTBo.

NTB: Dipole Moment (Debye)
Monomer 2.742
T1 Dimer 0.005
T2 Dimer 0.008
T3 Dimer 5.241
Tetramer 0.001
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Figure 2.6: SEM images showing the surface fiber morphology of NTB,.
value of E; = 2.80 eV which falls under the semiconductor regime. The calculated band gap was
smaller than the experimental value of 3.45 eV deduced from Tauc plot (Figure 2.7). The difference

4446 a5 the

owes to the possible fact that DFT underestimates the band gap of bulk solids,
contribution of exchange-correlation to energy is unknown and must be approximated in DFT. The
TDOS and PDOS obtained from DFT are plotted in Figure 2.8b. The greatest contributor toward
the valence (VB) and conduction band (CB) is the valence p orbitals of carbon atoms as expected,
followed by the contributions from the lone pairs of bromine atoms, citing the influence of halogen
interactions in the semiconducting property. Bonding interactions of bromine 4p and sulfur 3p
orbitals noticed in the lower energy levels (0.2—0.7 eV) of the VB (Figure 2.9a) is attributed to
BreeeS interactions in NTB; zipper. The antibonding states of the CB are majorly composed of

sulfur 3p orbitals. The overall contribution from hybridized orbitals to both the CB and VB is
limited (Figure 2.9b). The bands are less dispersed at the top of the VBs and at the bottom of CB,

254 ——NTB,
-—--— Fitted Line

%20+
5

S 15+
L

~_ 104
>
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Figure 2.7: Tauc plot of NTB..
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Figure 2.8: (a) Electronic band structure of NTB>, HOMO and LUMO are plotted as blue and red
filled circles respectively, the labeled points indicate I'(0.0, 0.0, 0.0), R2(0.8, —0.3, 0.2), T2(0.0,
—0.3,0.1), U2(0.8,-0.3,0.0), V2(-0.8,—0.1, 0.1), X(—0.9, 0.1, 0.0), and Y (0.0, 0.0, —0.2) positions
in reciprocal space. (b) Total DOS spectrum of NTB; and valence orbital PDOS spectra of the

constituent atoms from DFT calculations.

illustrating the localized nature (Figure 2.8a).*” In order to probe the charge transport properties

near the localized band edges, charge transfer coupling (Ven) and intramolecular reorganization

TDOS
a) b) 35. C 2p
EZDSS | IBr4p
[ sr 4F;; 30+ N 2p
30- g [ s3p
= o [ IBr4s
& n P H 1s
%5 20- 5 207 -2
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Figure 2.9: Total DOS spectrum of NTB; a) showing overlap of bromine 4p and sulphur 3p, b)
PDOS spectra of p and s orbitals of Br, C, H, N and S atoms from DFT calculations.
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Table 2.8: Electron and hole reorganization energy (A/p) and charge transfer coupling values

(Ve/n) of selected dimers of NTBa.

Dimer V. (eV) Vy, (eV)
T1 Dimer Ae=-0.348 eV 1 4 508 -0.005
T2 Dimer An=0685eV | 050 -0.006
T3 Dimer L0.047 0.035

energies (Aen) were calculated by employing the semiclassical Marcus theory of charge transfer.*$4°

The charge transfer couplings (Ve = 0.008—0.050 eV, Vi = 0.005— 0.035 eV) are negligible when
compared to the electron and hole reorganization energies (A = 0.348 eV and An = 0.685 eV, 2Ven
< Aem), ensuring NTB2 follows hopping transport over the localized sites near the band edges
(Table 2.8).°° The theoretical mobility calculation of crystalline NTB displayed a higher electron
mobility (pe = 0.0763 cm?V 's™!) compared to the hole mobility (un = 0.0003 cm?V!s™!) on
account of the high electron transfer coupling and low reorganization energy of the electron (Figure

2.10c, Table 2.8). The influence of zipper arrangement on the anisotropic variation of charge

a)

Figure 2.10: (a) LUMO and (b) HOMO (isosurface value 0.02) of NTB,. (¢) Anisotropic electron
and hole mobility of NTB; along the stacking plane. The crystallographic a-axis is taken as the

reference axis, and the ac-plane as the plane of interest.
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Figure 2.11: Anisotropic a) hole and b) electron moBilities of NTB: along the stacking plane.

Crystallographic a-axis is taken as the reference axis and projected on ac plane.

transport in the crystal was analyzed. The a-axis, parallel to the n—r stacking direction was chosen
as principal axis, and the ac-plane was chosen as the reference plane, upon which the anisotropic
mobility of the crystal was projected. A difference in directionality of the hole and electron
anisotropic mobility was observed (Figure 2.11), arising from the varied charge transfer coupling
between the neighboring molecular units. The efficient orbital overlap of LUMO-LUMO wave
function resulted in high electron coupling (Ve) in the T2 dimer.

2.3. Conclusion

In summary, we report the first crystalline evidence of hierarchical formation of 1D and 2D
zippers crafted by precise atom-efficient, six-atom quintuple interactions, C—BressBr—C and
C—BreesS—C, in NTB». The probability of forming multiple interactions by incorporating two
bromine atoms adjacent to sulfur atom in angular naphthothiazole was exploited to form a self-
complementary 1D zipper mimicking DNA base pair interactions. The 1D zipper extending
through type I Xe++X interactions modeled a unique 12-atom, 13- interaction forming a Brs synthon.
Multivalent interactions of bromine and sulfur atoms glued NTB: to form an infinite 2D halogen-
bonded zipper. The 2D zipper was further extended by n—n stacking and a near-orthogonal XeeeX
interaction guiding the formation of the 3D zipper in NTB2. QTAIM and NCI analyses manifested
the exceptional role of noncovalent interhalogen interactions in molding the teeth of zipper. IQA
elucidated the dominant contribution of the exchange-correlation component over the classical

electrostatic component toward the stability of the zipper formed by virtue of Brs synthon. The

37



Chapter 2: Atom-Efficient Halogen—Halogen Interactions Assist One-, Two-, and Three-
Dimensional Molecular Zippers

analysis further reinforces the role of quantum covalency in the origin of XeeeX interactions.
Furthermore, inspections from semiclassical Marcus theory of charge transfer projects a charge-
filtering (selective electron transport) phenomenon in crystalline NTB>. The semiconductor
characteristics of the thiazole moiety can be tuned by the incorporation of halogen atoms, which is

a promising design strategy for improved semiconducting performances.
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2.4. Experimental Section

2.4.1. Synthesis of 4-(methoxymethyl)naphthalen-1-amine.

Stannous chloride (12.3 mmol) was dissolved in 3:2 ratio of ethanol and hydrochloric acid mixture.
Added 1-methoxy-4-nitronapthalene (2.46 mmol) to the solution and was stirred for 4 hours at
90°C. The reaction mixture was then cooled down to room temperature and extracted with

dichloromethane. The crude mixture was used for the next reaction without further purification.

2.4.2. Synthesis of 4-bromo-5-(ethoxymethyl)naphtho[1,2-d]thiazol-2-amine.

Added 4-ethoxynapthalen-1-amine (crude, 0.23 mmol) and potassium thiocyanate (0.46 mmol) to
a round bottom flask charged with glacial acetic acid and stirred for 5 minutes. Then slowly added
Br; (0.33 mmol) dropwise using an addition funnel and the reaction was stirred for 6 hours at room
temperature. After confirming the full consumption of reactant, added 10ml of saturated sodium
thiosulphate solution to quench the excess bromine in the reaction mixture. The organic compound
was extracted using dichloromethane and was purified using silica gel column chromatography to
obtain 4-bromo-5-ethoxynaphtho[1,2-d|thiazol-2-amine in 34 % yield.

Mp: 232°C;

TH NMR (500 MHz, CDCls, ppm): 6 = 8.35(d, ] = 5 Hz, 1H), 8.05 (d, ] = 5 Hz, 1H), 7.49 (m, ] =
30 Hz, 2H), 5.89 (s, 2H), 4.1 (m, J = 20 Hz, 2H), 1.49 (m, J = 15 Hz, 3H);
HRMS (ESI): m/z calculated for C13H11BrN>OS: 322.9826, found: 322.9846

2.4.3. Synthesis of 2,4-dibromo-5-ethoxynaphtho[1,2-d]thiazole.

To a solution of 3 (1.3 mmol) in acetonitrile, p-toluenesulfonicacid (1.7 mmol), CuBr> (0.02 mmol),
Tetra-n-butylammonium bromide (2.6 mmol) was added and stirred at room temperature for 4
hours. On completion of reaction, the reaction mixture was quenched by adding 15 ml of water,
washed with Sodium bicarbonate extracted with ethyl acetate. The compound 4 was obtained as a
white solid after purification by means of silica gel column chromatography, ethyl acetate:

petroleum ether (1:9) with a yield of 18 %.
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Mp: 286°C;

TH NMR (500 MHz, CDCls, ppm): & = 8.61 (d, J = 10 Hz, 1H), 8.13 (d, J = 10 Hz, 1H), 7.6 (m, J
=55 Hz, 2H), 4.17 (m, ] = 20 Hz, 2H), 1.53 (t, ] = 15 Hz, 3H);

13C NMR (125 MHz, CDCls, ppm): 8 = 150.52, 143.84, 134.69, 126.8, 123.18, 102.19, 69.91,
61.06, 14.72.

HRMS (ESI): m/z calculated for C40H4,Br2NaOg [(M+Na) *]: 833.1139; found: 833.1110
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2.5 Appendix
2.5.1. Materials and Methods

All chemicals were obtained from commercial suppliers and used as received without further
purification. All reactions were carried out in oven-dried glassware prior to use and wherever
necessary, were performed under dry nitrogen in dried, anhydrous solvents using standard gastight
syringes, cannula, and septa. Solvents were dried and distilled by standard laboratory purification
techniques. TLC analyses were performed on recoated aluminum plates of silica gel 60 F254 plates
(0.25 mm, Merck) and developed TLC plates were visualized under short and long wavelength UV
lamps. Flash column chromatography was performed using silica gel of 200-400 mesh employing
a solvent polarity correlated with the TLC mobility observed for the substance of interest. Yields
refer to chromatographically and spectroscopically homogenous substances. 'H NMR spectra was
measured on a 500 MHz Bruker avance DPX spectrometer. Internal standard used for 'H NMR is
tetramethyl silane (TMS). High resolution mass spectra (HRMS) were recorded on Thermo
scientific Q exactive mass spectrometer using electrospray ionization (ESI) technique. Absorption
spectra was recorded on Shimadzu UV-3600 UV-VIS-NIR spectrometer and the Kubelka-Munk
transformed reflectance spectra in the crystalline state were measured in the diffuse reflectance
mode.’! The diffuse reflectance spectra was used to find band gap from Tauc plot. The Kubelka-
Munk model is quite accurate when the particle size is smaller or similar to the wavelength of the
excitation. The diffuse reflectance spectra allows no separation of the reflection, refraction and
diffraction occurring from the crystalline samples. As a result, the diffuse reflectance spectra is not
as sensitive compared to the UV-vis absorption spectra and can possibly be broader as compared

to the typical absorbance and fluorescence excitation spectra.
2.5.2. X-ray Crystallography

High quality single crystals of NTB: were used for X-ray diffraction experiments. Single crystal
was mounted using oil (Infineum V8512) on a glass fiber. All measurements were made on a CCD
area detector with graphite monochromated Mo Ko radiation. The data was collected using Bruker
APEXII detector and processed using APEX2 from Bruker. The data was collected using Bruker
kappa ApexlII-diffractometer equipped with APEXII CCDC detector and processed using APEX2
from Bruker. The structure was solved by direct method and expanded using Fourier technique.

The non-hydrogen atoms were refined anisotropically. Hydrogen atoms were included in idealized
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positions, but not refined. Their positions were constrained relative to their parent atom using the
appropriate HFIX command in SHELX-2018.%2 All programs used during the crystal structure
analysis are incorporated in the WINGX software.** The full validation of CIF and structure factor
of NT crystals were performed using the checkCIF utility and found to be free of major alert levels.
Three dimensional structure visualization and the exploration of the crystal packing of crystals

under study were carried out using Mercury 4.0.>*

2.5.3. Computational Analyses
The ground-state optimized structure, dipole moments, reorganization energies, and frontier
molecular orbitals were calculated using density functional theory (DFT) at ®B97XD functional

and Def2- TZVP basis set> in Gaussian 09 and 16 suite.>®

2.5.4. Quantum Theory of Atoms and Molecules”’

The wave function generation for NTB2 molecule was carried out at ©@B97XD/Def2-TZVP level
of theory using Gaussian09 and Gaussianl6. Quantum theory of atoms in molecules (QTAIM)
analyses helps to understand the description of interatomic interaction in the single crystal X-ray
structure. A bond is defined along the bond line between two nuclei, called a bond path, along
which electron density is concentrated. The (3, -1) bond critical point (BCP) is a point along the
bond path at the interatomic surface, where the shared electron density reaches a minimum. (3, +1)
ring critical point (RCP) and (3, +3) cage critical point (CCP) represents critical points in the ring
and cage respectively where the electron density is minimum. The physical characteristics of the
critical points [the electron density at BCP, RCP and CCP, p(r), and its Laplacian, V?p(r) reveal
the approximate measure of the amount of electron density built up in the bonding region and as
such could be taken as characteristic of the bond. When V?p(r)<0 and is large in magnitude, p(r) is
also large which means that there is a concentration of electronic charge in the internuclear region.
This is also an indication of a sharing of electronic charge between both nuclei that defines the
covalent (polar) bond. When V?p(r)>0 there is a depletion of electronic charge in the internuclear
region and it indicates a closed shell interaction. Using the AIMALII software package, the electron
density was integrated over atomic basins according to the quantum theory of atoms in molecules

using PROAIM, and thus the BCP, RCP, CCP data and the molecular graphs were obtained.
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2.5.5. Hirshfeld Analyses®*

Important intermolecular interactions within the structure of NTB: crystal were identified through
Hirshfeld surface analysis using CrystalExplorerl7. The Hirshfeld surface is defined as a set of
points in 3D space where the ratio of promolecule and procrystal electron densities is equal to 0.5.
The exploration of intermolecular contacts is provided by mapping normalized contact distances
(dnorm), Which is a function of a closest distance from the point to the nuclei interior (di) and exterior
(de) to the surface as well as on the van der Waals radii (rvaw). 2D fingerprint plots derived from
the Hirshfeld surface analyses, by plotting the fraction of points on the surface as the function of d;

and de, provides a visual summary of intermolecular contacts within the crystal.
2.5.6. Electrostatic Surface Potential®®

Electrostatic surface potential (ESP) map illustrates the charge distribution of molecules in three
dimension. These maps allow us to visualize variably charged regions of a molecule. Knowledge
of the charge distributions can be used to determine how molecules interact with one another.
Gaussian supports the cube keyword to generate the cubes separately from the formatted
checkpoint file (generated from energy calculation with ®B97XD/Def2-TZVP level of theory)
using the cubegen utility program. This allows for the generation of electrostatic surface potential

mapping of the molecule.
2.5.7. Non Covalent Interaction’”

NCI analysis employs an index based on electron density and its derivatives to identify noncovalent
interactions. A two-dimensional plot of reduced electron density (s) against electron density (p)
and the critical points are associated with the troughs appearing in the plot. Reduced electron
density is given by:

_ 1 1vp|
S= 2(3n2)1/3p4/3

Noncovalent interactions occur in the real space points where these troughs appear. The sign of
second derivative of p(V’p) is analyzed to distinguish attractive and repulsive interactions. The
noncovalent interaction regions are represented in the plot as discs with color ranging from blue

(attractive) to red (repulsive) as in the VIBGYOR spectrum.
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2.5.8. Natural Bond Orbital Analysis>**

The natural bond orbital (NBO) analyses was performed at the ®B97XD/Def2-TZVP level of
theory, by means of the Gaussian 16 calculation package. The orbital donor-acceptor interactions
are assessed by probing all possible interactions between occupied (donor) Lewis-type NBOs and
unoccupied (acceptor) non-Lewis NBOs by second-order perturbation theory. For each donor NBO
(1) and acceptor NBO (j), the stabilization energy E(2) associated with delocalization from the filled

NBOs into the unoccupied non-Lewis orbitals is estimated.
2.5.9. Symmetry Adapted Perturbation Theory (SAPT)?’

SAPT(0) analysis was employed to determine the noncovalent interaction energies of dimer
molecules. The SAPT module of the psi4 code was employed, with jun-cc-pVDZ basis set.
SAPT(0) calculations provide the contributing components of interaction energy. The results
obtained from SAPT(0) analysis is a second order perturbation expansion constituting first order
electrostatic and exchange energy parts and second order dispersion, induction and their exchange

counterparts as the perturbation terms

Sapt(0)
E int

= EQ+ES) + B + B +E) + EG)

elc ind ind—ex dis dis—ex

2.5.10. Interacting Quantum Atoms (IQA):®!

IQA approach was done on NTB: using AIMALL software to understand the nature of
intermolecular interactions. Hamiltonian is partitioned into physical atomic and interatomic
contributions. The energy decomposition computed using partitioned Hamiltonian is consistent
with the topological method of quantum theory of atoms in molecules contribution values

determine the nature of intermolecular or intramolecular interactions.

The total interatomic energy (E/P) is the summation of interparticle [electron (e) and nucleus (n)]

interaction energies, which is given by
BOP = BA + EAD + BR0 B4

where the electron-electron interaction is the summation of exchange (E4?), correlation (E£?) and

coulomb (E£Z ;) potentials:
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B - B4+ 527 + B,
Now, as per IQA, the classical component (EA? ) is the union of all the electrostatic terms
E4° = Efn +E&Y + End + Elou
and the exchange-correlation component consists of all the quantum terms
ERE = E{7 + 5"

Thus, total interatomic interaction energy is decomposed into classical and quantum terms

separately

AB_ AB AB
EFP=EL° + Exc

2.5.11. Charge Transport and Mobility Calculations

Electron and hole transfer coupling values were calculated by employing the CATNIP Tool
version 1.9.%% with post processed Gaussian 16 output files. The charge transport simulation was
carried out based on the first-principles quantum mechanics calculations and Marcus theory.®* The
charge transfer rate (k;), representing the rate of hole/electron hopping from a monomer to the i

neighbor was obtained through Marcus-Hush equation:

1

Voin? T \? A
k; = e/ exp _Zem
h \Ae/nksT 4kpT

where V, and V}, are the electron and hole transfer coupling between the monomers of a dimer, kg

is the Boltzmann constant and T is the temperature (300 K). The intramolecular reorganization
energy necessary for a neutral molecule to convert into an anion, electron reorganizing energy (A4,)
was found to be lower than the energy needed for the molecule to reorganize itself to a cation, hole

reorganizing energy (Ay). The 4./, were found using the following formula:

An = (E§ — Eo) + (Ei — E4)

Ae = (Eg — Ep) + (EZ - EL)
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E, and E7 are the lowest energies of neutral and cationic/anionic species respectively. Ej is the
energy of the neutral molecule at cation geometry for A, and anion geometry for A,. E is the
energy of the anionic/cationic state at neutral geometry. Drift mobility () was calculated
employing Einstein’s relation:

1 e

= kT L ki P,
l

U

The anisotropic mobility was calculated using the following formula:

e
He = ZkBTZ kir? P; cos? y;cos®(6; — ¢)
l

where ; is the angle between the charge hopping pathway and plane of interest, ¢ s the orientation
angle of the transport channel relative to the reference axis and 6; is the angles between the
projected hopping paths of different dimers and the reference axis. The charge hopping probability
(P;) is given by:

2.5.12. UV-vis Absorption Spectroscopy

Absorption spectra was recorded on Shimadzu UV-3600 UV-vis-NIR spectrometer at a wavelength
range of 200-800 nm, and the Kubelka-Munk transformed reflectance spectra in the crystalline
state were measured in the diffuse reflectance mode.’! The optical band gap (Eg) of NTB, was
calculated by the Tauc® method using the equation below,

(a.hWY7 = B(hv — E,)
where « 1s the absorption coefficient, 4 is the Planck constant, v is the photon’s frequency, E is
the band gap energy, and B is a constant. The y factor indicates the nature of electron transition

with a value of ' for direct band gap and a value of 2 for indirect band gap.
2.5.13. Band Structure and Density of States (DOS)

Calculations based on DFT was implemented in the Quantum Espresso (QE) package.®® Total
energy and electronic structure calculations have been performed using Plane-Wave Self-
Consistent Field package, a component of the Quantum Espresso distribution. The exchange-
correlation interactions are treated within the generalized gradient approximation of the Perdew-

Burke-Ernzerhof type.%®%” The interaction between the valence electron and the ionic core was
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represented by ultrasoft pseudopotentials. Van der Waals (vdW) interactions were corrected using
the DFT-D method.%®% The kinetic energy cutoff for wavefunction was set to 50 Ry, which was
obtained after convergence test. A k-mesh of 4x4x4 was adopted to sample the first Brillouin zone.
Convergence threshold for self-consistent calculations was set to 1078, After a self-consistent
calculation, a non-self-consistent calculation was performed in same conditions and with a k-mesh
of 8x8x8. To analyze the data, QE components such as dos, projwfc and bands were used to
compute total density of states (TDOS), partial density of states (PDOS) and band structure. The
high symmetry k points of the Brillouin zone for band structure, were calculated using SeeK-path:

the k-path finder and visualizer.”7?

2.5.14. Scanning Electron Microscopy (SEM)

For SEM measurements, 1 mM NTB: in acetonitrile were drop casted and air dried on the flat
surface of cylindrical copper stubs. The surface morphology of all the samples was analyzed by

using FE-SEM (Nova NanoSEM 450, FEI).
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The Effect of Single-Atom Substitution on Structure

and Band Gap in Organic Semiconductors

Abstract: We systematically altered the molecular structure of 5-methoxynaphtho[l,2-

d]thiazole (NTH) by replacing the terminal hydrogen atom with halogens (Cl, Br, I) to study the
effect of single-atom substitution in modulating the crystal packing and optical band gap. The
parent compound (NTH) and Br and I derivatives of NTH crystallized in the same space group,
wherein only Br- and I-substituted molecular crystals displayed isostructural interaction topologies.
The crystal-packing similarities in structurally equivalent motifs were established using the
numerical descriptors isostructurality (Is) and cell similarity (m) indices. An energy framework
analysis was implemented to obtain a qualitative picture of the 3D topology displaying the
predominant interactions in supramolecular architectures of the NTH derivatives. A decrease in
optical band gap from 3.48 to 3.07 eV was observed with an increasing atomic number of halogens
in NTH derivatives, signifying the direct role of halogen atoms in the electronic properties of
organic crystals. The reduction of the optical band gap in 5-methoxynaphtho[1,2-d]thiazole
derivatives was
visualized from the
band structure and
projected density of
states obtained by
employing DFT
calculations. The

outcome suggests the

potential of

halogenation in tailoring the optoelectronic properties of organic functional materials.
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3.1. Introduction

The past two decades have witnessed enormous growth in the field of electronics and
technology. The introduction of band structure engineering in organic semiconducting materials
has attracted intense interest.!> Organic semiconductors serve as energy-efficient materials® in
fabricating organic photovoltaics (OPVs),* organic field-effect transistors (OFET),’ and organic
light-emitting diodes (OLEDs)® by fine-tuning the energy levels of the frontier molecular orbitals.’
Small-molecule-based OPVs have high open circuit voltage, high mobility, and more easily
controlled synthetic routes to produce diverse technologies comparable to those of polymer-based
OPVs.® The optoelectronic properties can be tailored by regulating the packing arrangements,
which are governed by the chemical composition and intermolecular interactions of the crystalline
solids.” Halogenation is a widely adapted strategy to alter the properties of optoelectronic devices
by reducing the highest occupied molecular orbital (HOMO)—lowest unoccupied molecular orbital
(LUMO) gap of n-conjugated materials.!® The halogen atom exhibits a resonance-donating effect
due to the existence of lone pairs and an electron-withdrawing effect due to electronegativity.!!
The band gaps in halogenated graphene derivatives were reported to be lowered with a decrease in
the electronegativity of halogen substituents.!?

The molecular packing in organic crystals dramatically influences the functional properties,
but it is hard to speculate because of the intricate intermolecular interactions.!® The retention of the
packing arrangement despite single-atom/ functional-group substitution serves as a powerful tool
for engineering biomimetic molecular assemblies.!* In this regard, the phenomenon of
isostructurality becomes essential to the prediction of the crystal structure and the synthesis of
functional supramolecular assemblies.!> Isostructurality is an effective tool to decipher the
functional group’s influence (shape, size, and electronic properties) in solid-state architecture.'®
Isostructurality in organic molecules is often manifested by an exchange of a few atoms or groups
such as CI/CH3, Br/I, O—H/N-H, and C/N between structurally similar molecules.!”!® Similar
closepacking effects, van der Waals radii of atoms or groups, and more directional and anisotropic
intermolecular interactions are imperative in constructing isostructural crystals. Optical band gap
tuning in isostructural organic solids with detailed crystallographic studies on the structure-
property relations remains elusive. Naphthalene is one of the most extensively used building blocks
to construct conjugated materials for blue OLEDs.?**! Electron-accepting thiazole moieties and
naphthalene-based organic materials have been used as semiconductors in organic electronics.?>*

Our continuous efforts in exploring the origin of distinct crystalline supramolecular
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1324 of small organic molecules and their potential application as functional materials®®

architectures
motivated us to design a series of halogenated naphthothiazoles,?¢ illustrating a systematic trend in
optical band gap reduction, in the order of increasing atomic number of halogen atoms (Scheme
3.1). We designed novel bipolar naphthalene-based wide-band-gap semiconducting materials fused
with an electron-withdrawing thiazole moiety and electron-donating halogen (Cl, Br, I) atom.
Band-gap lowering in isostructural Br- and I-substituted crystals with an increase in the atomic
number of halogen atoms conferred the effect of single-atom replacement on the optoelectronic

properties of organic molecules at a molecular and supramolecular level.
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Scheme 3.1: Chemical structure and schematic representation of modulation in band gap via

halogenation in 5- Methoxynaphtho[1,2-d]thiazole.

3.2. Results and Discussion

A Sandmeyer reaction on 5-methoxynaphtho[1,2-d]thiazol-2- amine followed by hydrogen
and halogen substitution yielded 5- methoxynaphtho[l,2-d]thiazole (NTH), 2-chloro-5-
methoxynaphtho[1,2-d]thiazole (NTC), 2-bromo-5-methoxynaphtho- [1,2-d]thiazole (NTB), and
2-iodo-5-methoxynaphtho[1,2-d]thiazole (NTI), respectively (Scheme 3.2).?” Single crystals of
naphthothiazole (NT) derivatives were obtained through slow evaporation from ethyl acetate.
NTH, NTC, NTB, and NTI yielded solvent-free monoclinic crystal systems with space groups
P2i/n, Pn, P21/n, and P21/n, respectively (Table 3.1). Though NTH, NTB, and NTI crystallize in
the same space group, only NTI and NTB crystals were found to have similar lattice parameters

(Table 3.1). Qualitative single-crystal X-ray structure analyses were performed to study the interac-
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O NOZ H,, MeOH NH2 KSCN, Br, O
CH COOH, RT \> N, O \>_X
H,CO RT 8h  h,.co 3 H,CO

4aX=H, 4b X =Cl
1 2 3 4¢X=Br, 4d,X =1

Scheme 3.2: Reaction scheme for the synthesis of NTH, NTC, NTB and NTI.

tions directing the packing arrangements of NTs. The packing arrangement in NTH is assisted by
C—He*N (d = 2.66 A), n—n (d = 4.07 A), and Se++C (d = 3.00 A) interactions (Figure 3.2).
Interactions such as ClessS (d =3.55 A), Cle+sO (d =3.13 A), n—7 (d =3.90 A), and Ne+C (d =3.21
A) supported the packing in NTC (Figure 3.2). The crystalline packing in NTB is facilitated by
BreesC (d=3.62 A), n—m (d=3.46 A), SeesC (d =3.53 A), C—HeesH—C (d = 2.41 A), and C—He+*N
(d=2.77 A) interactions (Figure 3.2). Weak interactions such as I+s«C (d =3.71 A), n—m (d = 3.48
A), SeesC (d = 3.48 A), C—HeesH—C (d = 2.39 A), and C—He+N (d = 2.75 A) aided the packing
arrangement in NTI (Figure 3.2). Hirshfeld surface (HS),?® Bader’s quantum theory of atoms in
molecules (QTAIM),” and noncovalent interaction (NCI)** analyses were performed to gain
insight into the packing motifs and quantification of weak intermolecular interactions in crystalline
NT derivatives. From the HS analysis, the ratio (p) of %Ce+eH to %C-++C interactions indicates that
NTH (p=1.24), NTC (p = 1.05), NTB (p = 1.4), and NTI (p = 1.4) exhibit a y-packing motif (Table
3.2). All NTs had a dominant presence of Hee+H interactions. Similar percentage contributions of
the same interatomic contacts existed between NTB and NTI, possibly due to isostructurality in
crystal packing. On comparison of the packing of NTs, it was found that NTI and NTB had similar
packings composed of antiparallel stacked dimers. A close inspection of the intermolecular
arrangement divulged identical packing motifs due to similar molecular features classifying NTI
and NTB as isostructural crystals (Figure 3.3). However, the packing and lattice parameters of

NTH and NTC were dissimilar, signifying they are not isostructural.

b) ¢) d)

Figure 3.1: Crystal structure of a) NTH, b) NTC, ¢) NTB and d) of NTIL.
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Table 3.1. Crystallographic data and refinement process for NT derivatives.

Parameters NTH NTC NTB NTI
Formula Ci12HoNOS C12HsCINOS C12HsBrNOS C12HsINOS
Formula weight 215.26 249.70 294.16 341.15
Color Colorless Colorless Colorless Colorless
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Space group, Z P2i/n, 4 Pn, 4 P2i/n, 4 P2i/n, 4
a(A) 4.068 10.517 7.7447 7.8661
b (A) 14.469 3.9053 13.387 13.4536
c(A) 17.030 26.075 10.8438 10.9374
a, deg 90 90 90 90
B, deg 94.047 93.255 95.757 95.314
Y, deg 90 90 90 90
Volume, A3 1000.1 1069.2 1118.6 1152.50
R factor 4.30 5.62 4.22 1.83
Temp, K 296 296 296 296
dealeulated (Mg/m”) 1.430 1.551 1.747 1.966
No. of reflections 11663 14351 15748 14736
collected
No. of unique 1756 5020 1971 2030
reflections
20max, deg 25 28.072 24.997 24.997
No. of parameters 137 291 146 145

R1, wR2, (1> 2s(1))

0.0433,0.0920

0.0562,0.1023

0.0422,0.0742

0.0183,0.0456

R1, wR2 (all data)

0.0817,0.1097

0.1126,0.1199

0.0850,0.0892

0.0206,0.0474

Goodness of fit

1.041

0.983

1.046

1.080
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CCDC number

2109608

2109609

2109612

2109614

Figure 3.2: Interactions governing packing in a) NTH, b) NTC, ¢) NTB and d) NTIL.

The essential condition governing isostructurality of materials is the similarity of the unit

cells described by the cell similarity index (m),>' comparing the lattice cell parameters of the

crystals:

a+b+c

T=|—"———
a +b +c

where a, b, cand a’, b’, ¢’ are orthogonalized lattice parameters of the two related crystals with a

+b+c>a’ + b+ ¢’ The similarity of two-unit cells can be endorsed when the value of ©

approaches zero. m-value relating NTI and NTB crystals was found to be 0.008, confirming

isostructurality of the crystals. . Isostructurality can be further announced by a numerical descriptor,

Table 3.2. Relative % intermolecular interactions obtained from Hirshfeld analysis.

Interaction | CeeeC CeesH SeeeH NeeeH | XeeeS | HeeeH p=[(%Ce+<H)
[(%CeeC)]
NTH 11.7 14.5 13.3 7 0.0 42.2 1.2
NTC 11.1 11.7 12.2 6.2 2.6 28.7 1.0
NTB 7.7 10.5 10 5.1 0.1 27.4 1.3
NTI 7.6 10.7 10.1 52 0.2 25.8 1.4

59




Chapter 3: The Effect of Single-Atom Substitution on Structure and Band Gap in Organic
Semiconductors

Figure 3.3: [sostructural packing arrangements in (a) NTI and (b) NTB.

isostructurality index (I),*! calculated as follows:

[ (AR))?]V/?

- 1‘ x 100%
n

Iy(n) = ’

where n represents the number of related non-hydrogen atoms and AR; represents the distance
differences between the atomic coordinates of two crystals. An Is value approaching 100%
correlates to high structural similarity between the selected crystal systems. The close relationship
of NTI and NTB is demonstrated by an isostructurality index of 99.99%. The almost
indistinguishable molecular overlay diagram (Figure 3.4) suggests the near-identity of NTB and
NTL

The aromatic ring interactions were quantitatively assessed using the aromatic analyzer
component in Mercury 4.0.> A machine-learning algorithm is used to estimate the contribution of

aromatic interactions to the stability of the crystal structure, by generating a model using DFT

Figure 3.4: Molecular overlays of NTI (blue) and NTB (green).
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energies and molecular descriptors including atom—atom and centroid—centroid distances. The
model deals with the geometric description of aromatic interactions comprising the position of two
phenyl rings relative to each other. The outcome of the model is a score that ranges from 0 to 10,
classifying the strength of aromatic interactions as strong (7—10),%* moderate (3—7), and weak (0—
3). The implementation of the aromatic analyzer in NT derivatives revealed that the strength of
aromatic interactions depends primarily on the degree of stacking between the aromatic rings. The
molecular pairs with strong, moderate, and weak aromatic stabilization between neighboring stacks
for NTH, NTC, NTB, and NTI are charted in Figures 3.5—3.8 and Tables 3.3-3.6, respectively. The
result establishes the role of strong aromatic ring stabilization of the core in the isostructural crystal
packing of NTI and NTB with approximately equal scores (7—10) for the neighboring stacks
(Figures 3.7, 3.8 and Tables 3.5, 3.6).

In addition, we examined the supramolecular architectures in NTI and NTB crystals in
terms of intermolecular interaction energies by utilizing an energy framework analysis in
CrystalExplorer 17.5** using the CE-B3LYP/DGDZZP method.>® The values of interaction
energies determined between molecular pairs in each crystal form were used to construct the 3D
topology of interactions termed as energy frameworks.’® The total intermolecular interaction
energies formulated from the crystal geometry consist of polarization, dispersion, electrostatic, and

exchange-repulsion terms (Figure 3.9). Energies between molecular pairs are signified as cylinders

“

Figure 3.5: Role of aromatic ring stabilization NTH.
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Table 3.3: List of strong and moderate aromatic interactions in NTH using aromatic analyzer

component in Mercury 4.0.

Centroid 1 | Centroid 2 | Distance | Score Profile
1 3 4.07 9.5 Strong
1 5 4.07 9.5 Strong
2 4 4.07 94 Strong
2 6 4.07 9.4 Strong
1 4 3.68 8.6 Strong
2 5 3.68 8.6 Strong
1 6 5.62 5.4 Moderate
2 3 5.62 54 Moderate
1 10 6.01 53 Moderate
1 14 591 53 Moderate
2 7 6.01 53 Moderate
2 11 591 53 Moderate

Figure 3.6: Role of aromatic ring stabilization NTC.
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Table 3.4: List of strong and moderate aromatic interactions in NTC using aromatic analyzer

component in Mercury 4.0.

Centroid 1 Centroid 2 | Distance Score Profile
1 19 391 9.8 Strong
1 21 391 9.8 Strong
2 20 391 9.8 Strong
2 22 3.91 9.8 Strong
1 20 4.37 8.5 Strong
2 21 4.37 8.5 Strong
1 22 4.81 7.4 Strong
2 19 4.81 7.4 Strong
2 12 6.08 5.8 Moderate
2 3 6.14 5 Moderate
2 5 6.19 4.8 Moderate
1 16 6.53 43 Moderate
1 12 6.77 3.5 Moderate
2 10 6.87 3.2 Moderate

Figure 3.7: Role of aromatic ring stabilization NTB.
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Table 3.5: List of strong and moderate aromatic interactions in NTB using aromatic analyzer

component in Mercury 4.0.

Centroid 1 | Centroid 2 | Distance | Score Profile
1 21 3.71 10 Strong
1 22 4.61 8.4 Strong
2 21 4.61 8.4 Strong
1 14 543 7.1 Strong
2 9 543 7.1 Strong
1 19 6.06 4.5 Moderate
2 22 6.38 3.9 Moderate
2 26 6.49 3.1 Moderate
2 30 6.49 3.1 Moderate

joining the centroids of pairs of molecules, with the width of cylinders being proportional to the
magnitude of interaction energies. The strongest interactions in NTH and NTC are experienced
between the parallel stacked dimers with stabilization energies of —37.7 and —43.8 kJ/mol,
respectively (Figures 3.10-3.13), exhibiting favorable electrostatic and dispersion components
(Figure 3.14). The analysis shows a remarkable similarity in the interaction modes, leading not

only to the crystallographic isostructurality but also to isostructurality in terms of interaction

Figure 3.8: Role of aromatic ring stabilization NTL
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Table 3.6: List of strong and moderate aromatic interactions in NTI using aromatic analyzer

component in Mercury 4.0.

Centroid 1 | Centroid 2 | Distance | Score Profile
1 21 3.75 10 Strong
1 22 4.68 8 Strong
2 21 4.68 8 Strong
1 16 543 7.1 Strong
2 11 543 7.1 Strong
1 23 6.22 4 Moderate
2 22 6.46 3.6 Moderate
2 26 6.6 3.1 Moderate
2 20 6.49 3.1 Moderate

topologies, clearly evidenced in the electrostatic and dispersion components of NTB and NTI
(Figure 3.9). A comparison of total energy frameworks indicated similar packing modes in
isostructural NT crystals, where antiparallel stacked dimers of NTI and NTB displayed net higher
magnitudes of interaction energy of —65.9 and —63.9 kJ/mol, respectively (Figures 3.15-3.18).
Molecules possessing a high dipole moment (dipole moment >4 D) typically assemble in an
antiparallel orientation to promote cancellation of molecular dipole moments.*”*® NTI and NTB
with net dipole moments of 3.42 and 3.65 D adopt an antiparallel arrangement (Figure 3.3a,b and
Table 3.7) in comparison to the unsubstituted NTH (2.73 D), through n—n stacking achieving the
design goal of dipole minimization. Even though NTC possesses the highest net dipole moment of
3.69 D among the NT derivatives, NTC is not oriented in an antiparallel mode The distinct packing
in NTC in comparison to isostructural NTB and NTI can be due to the presence of CleeeS
interactions confirmed from QTAIM (Table 3.8) and Penda’s interacting quantum atoms (IQA)*’
analysis (Figure 3.19 and Table 3.9).

To quantitatively comprehend the optical band gaps (Eg) of NT derivatives, UV—vis
reflectance spectra of the crystals were transformed into Tauc plots by using Kubelka—Munk*°

functions.*'*? The optical band gap of the parent crystal (NTH) is 3.48 eV, while the band gaps of
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Figure 3.9: Energy framework for separate electrostatic (red), dispersion (green) and total energies

(blue) for (a) NTT and (b) NTB. The energy scale factor is 50.

Figure 3.10: Selected molecular pairs to calculate interaction energies of NTH.
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N | Symop R Electron Density | E_ele | E_pol | E_dis | E_rep | E_tot
1%y 2 4.07 | B3ILYP/DGDZVP | -14.6| -3.6| -57.9| 49.8| -37.7

0| -x+1/2,y+1/2,-z+1/2| 7.35 |B3LYP/DGDZVP | -9.0| -1.9|-183| 148|178
1|x+1/2, y+1/2,2+1/2 | 9.86|B3LVPIDGDZVP | 14| 04| 62| 70| -29
0|x, v -z 9.40 | B3LYP/DGDZVP | -5.1| -05| -65| 49| -84
1|x+1/2, y+1/2,2+1/2 | 10.10| B3LYR/DGDZVP | 10| 05| 62| 64| -29
2| -x+1/2,y+1/2,-2+1/2| 7.76 |B3LYP/DGDZVP | -4.4| -0.7|-13.7| 11.4| -10.0

1| =X, -y, -Z 9.10 | B3LYP/DGDZVP | -18.0| -2.7|-11.8| 17.9| -20.3
0|-x-y,-Z 8.68 | B3LYP/DGDZVP -5.3| 0.6 -161| 11.4| -13.0
1| =X, -y, -Z 9.66 | BILYP/DGDZVP -2.3| -02] -82 42 -T1

Figure 3.11: Intermolecular interaction energies of molecular pairs (NTH).

Figure 3.12: Selected molecular pairs to calculate interaction energies of NTC.

N | Symop |R Electron Density | E_ele | E_pol | E_dis | E_rep | E_tot

1]- 7.46 | BILYP/DCDZVP | -11.6| -2.5|-22.2| 188 -21.a'
2|xy.z | 11.22 |B3Lvp/ocozve | 15| 02| -44| 33| 35|
1]- 8.22 | B3LYP/DGDZVP | -7.9| -1.9|-13.8| 11.4]|-14.7]
2[x.v.z | 1052 |B3LvP/DCDZVP | -66| 03| 99| 143| -69)
1]- T.16 BEL‘-"P{DGDEUP -10.7 -1.5| -18.4 184 -1?.ﬂl
1]- 10.08 B3LYP}'DGDE\J’P =2.0 -0.1 -5.4 10.1 -1.5I
2 myz 391 B3L‘l‘F‘fDGDEUF" -20.2 -3.2 | -68.7| 641 43.EI
1]- 10.75 | BILYP/DGDZVP | 2.5 -0.5| -11.8| 7.8| -85
1]- 7.40 B3LYFJI"DGDEVP‘ -8.7 1.6 | -16.2 13.7 -115.1I
1]- 9.97 B3LYFJI"DGDEVP‘ -2.8 0.5 -11.5 55 -9.9I

Figure 3.13: Intermolecular interaction energies of molecular pairs (NTC).
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PP
4

(blue) for a) NT and b) NTC.

the halogenated derivatives systematically decreased to 3.33 eV for NTC, 3.23 eV for NTB, and
3.07 eV for NTI (Figure 3.20). The electronegativity decreases with an increase in the size of the
halogens, influencing the energy levels and absorption spectra of conjugated materials.
Functionalizing the conjugated molecule with halogens lowers the LUMO level with respect to the

parent molecule, ascribed to the inductive effect of halogens. The increase in the size of the halogen

Figure 3.15: Selected molecular pairs to calculate interaction energies of NTB.
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Symop R Electron Density | E_ele | E_pol | E_dis | E_rep | E_tot
X V.2 12.68 | B3LYP/DGDZVP 0.2 02| -28 14 -15
X, Y, Z 4,07 | B3LYP/DGDZVP | -18.9| -1.7| -52.7 ‘ 48.5 ' -37.2
X+1/2, y+1/2,2+1)2 9.09 | B3LYP/DGDZVP -34| -08|-11.4| 10.7| -7.5
X+1/2,-y+1/2,2+1)2 9.35 | B3LYP/DGDZVP 68| -1.5|-16.9 15.7| -134
x+1/2,y+1/2,-z+1/2| 8.51|B3LYP/DGDZVP | -10.2| -1.2 -17.6. 151 - -17.6
-Xx+1/2,y+1/2,-z+1/2| 8.73 | B3LYP/DGDZVP -3.5| -0.2| -7.5 69 -6.1
-X, -y, -Z - ) 3.69 B3LVP}DGDZVP -373| -34 | -82.4 . 80.6 . -63.9
-X+1/2,y+1/2,-z+1/2 | 11.00 | B3LYP/DGDZVP -3.0| -0.5| -5.9 3.2| -6.7
-X, Y, Z 10.91 | B3LYP/DGDZVP -6.6( -1.2| -15.7 8.8 -16.1

Figure 3.17: Selected molecular pairs to calculate interaction energies of NTIL.

Figure 3.18: Intermolecular interaction energies of molecular pairs (NTI).

Symop R Electron Density | E_ele | E_pol | E_dis | E_rep | E_tot
X,V Z 12.87 | B3LYP/DGDZVP 09 -04| -41 29| -1
x+1/2,y+1/2,-z+1/2 | 11.90 | B3LYP/DGDZVP | -3.0 | os| -s5| 27| -66
X+1/2,-y+1/2,2+1/2 9.66 | B3LYP/DGDZVP -7.1 -1.5]| -17.7| 16.2| -14.0
V-X, -y, -Z 12.08 | B3LYP/DCDZVP -6.0 ‘ -1.1] -15.2 1.7 7-1 5.7
Xx+1/2,y+1/2,-z+#1/2| 9.15| B3LYP/DGDZVP | -10.1 -1.3| -17.6| 149 -17.7
XY, Z 4.29 | B3LYP/DGDZVP | -38.8| -3.3|-85.9| 84.9| -65.9
x+1/2,-y+1/2,z+1/2 | 8.97 | B3LYP/DGDZVP | -4.7 | 09|-133] 130 -02
x+1/2,y+1/2,-z+1/2| 8.24|B3LYP/DGDZVP | -5.4| -03|-10.1| 12.5| -6.9
X, Y, Z 3.78 ] B3LYP/DGDZVP | -26.8| -1.9| -60.4| 64.9| -42.2
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Table 3.7: Magnitudes of dipole moments (Debye) for monomer and antiparallel stacked dimers

in the crystal packing of NTs.

NT derivatives Monomer Anti-parallel dimer
NTH 2.72 -
NTC 3.69 -
NTB 3.65 0.00
NTI 341 0.00

Table 3.8: Calculated topological properties of electron density function for the intermolecular

interactions in crystalline NTC.

Interactions d, A p(r),eA3 | V?p(r),eA?
Is‘ggvirtgmer Bond | Cl21+++848 | 3.553 | 0.005478 | 0.020702
CleseS critical | pjeacias | 3770 | 0.004427 | 0.014898
i points
8“'51 and | Bepgy |  O71+eCl45 | 3.136 |  0.007468 | 0.031625
interactions.

atom allows the delocalization of the m-electron cloud due to the availability of empty d orbitals.!%43
The reduction in energy values from NTB to NTI clearly reflects the influence of single-atom
substitution in band-gap modulation. In order to theoretically visualize the contribution of halogen
atoms to the conduction and valence bands in NTs, density functional theory calculations within

the local density approximation were performed using the Quantum Espresso package. Theoretical

Figure 3.19: QTAIM electron density map and NCI plot showing weak stabilizing interactions in
NTC.
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Table 3.9: IQA interaction energies. Total noncovalent interaction energies and its components of

NTC are shown. Energies are given in kcal/mol.

Interactions E: Exc Eq
CI21+++848 826 -4.96 330
NTC trimer | ) .uucias 041 3.08 3.49
O71+++Cl45 10.53 15.63 -5.09
e N TH
“NTC
— NTB

e N T

3.0 3.3 3.6
Energy (eV)

Figure 3.20: Tauc plot showing a reduction in the optical band gap of NTs from 3.48 to 3.07 eV.
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Figure 3.21: Electronic band structure and projected density of states (states/eV) of NTH.
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Figure 3.22: Electronic band structure and projected density of states (states/eV) of NTC.
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Figure 3.23: Electronic band structure and projected density of states (states/eV) of a) NTB and b)
NTI.
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Figure 3.24: Close view of conduction bands from projected density of states (states/eV) of (a)

NTC, (b) NTB and (c) NTL

band gaps obtained for NTH, NTC, NTB, and NTI of 2.7, 2.5, 2.4, and 2.3 eV, respectively,
reflected a trend similar to that obtained from experimental values. The deviation between
experimental and calculated band gaps is due to the limitation of DFT methods.* The band gap of
NTH is tweaked by singleatom substitution and decreases as the atomic number of the halogen
substituents increases. Isostructurality in NTB and NTI crystals is manifested as very similar band
structure characteristics (Figure 3.23) with unique band gaps. Projected density of state (PDOS)
calculations were executed to determine the character of frontier orbitals in NTs. The inspection of
PDOS into the elemental contribution unveiled that the major contribution arises from carbon
atoms in NTs. The halogen atoms CI, Br, and [ in NTC, NTB, and NTI have a higher DOS near the
valence band edges (Figures 3.22 and 3.23). A gradual shift of the halogen contribution (I > Br >
Cl) toward the conduction band edge and increment in DOS confirmed the effect of halogen atoms
in the reduction of the band gap (Figure 3.24). The trend in band gap observed in NTs reinforces
the idea that halogen substitution leads to lowering of the band gap with increase in the atomic

number of substituted halogens in organic semiconductors.!%!

3.3. Conclusions

In summary, the effect of halogen substitution in naphthothiazole portrayed the efficient
tuning of the optical band gap for constructing optoelectronic materials following the trend NTH
> NTC > NTB > NTI. Even with their isostructural packing, the bromine- and iodine-substituted
derivatives exhibit a reduction in band gap with an increase in the atomic number. A structural

similarity analysis quantitatively supported the existence of isostructurality between Br- and I-
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substituted molecular crystals. Pairwise intermolecular interactions derived from energy
framework analyses revealed the comparable contribution of electrostatic and dispersion
components to the total interaction energy in the isostructural crystals. Isostructurality circumvents
the atomic size and the functional group variation to regulate the molecular architecture in NTB
and NTL The projected density of states explains the substantial contribution of halogen atoms to
the energy levels in band edges. The effective role of halogen atoms as chemical tailoring scissors
in band engineering emerges as a rational design for organic semiconductors at the molecular and

supramolecular level.
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3.4. Experimental Section

3.4.1. Synthesis of 4-methoxynaphthalen-1-amine (2)

I-methoxy-4-nitronapthalene (2.46 mmol) was dissolved in methanol and catalytic amount of Pd/C
was added to the round bottom flask. The reaction mixture was purged with hydrogen and was
stirred for 8 hours at room temperature. The reaction mixture was then extracted with

dichloromethane. The crude mixture was used for the next reaction without further purification.

3.4.2. Synthesis of 5-methoxynaphtho[1,2-d]|thiazol-2-amine (3)

Dissolved 4-methoxynaphthalen-1-amine (crude, 0.23 mmol) and potassium thiocyanate (0.46
mmol) in a round bottom flask charged with glacial acetic acid and stirred for 5 minutes. Then
slowly added Br; (catalytic amount) and the reaction was stirred for 6 hours at room temperature.
After confirming the full consumption of reactant, added 10ml of saturated sodium thiosulphate
solution to quench the excess bromine in the reaction mixture. The organic compound was
extracted using dichloromethane and was purified using silica gel column chromatography
(petroleum ether: ethyl acetate = 3:1) to obtain compound 3 in 34 % yield.

M.p. =225°C

TH NMR (500 MHz, CDCl3, ppm) 6 = 8.35 (d, ] =8 Hz, 1H), 8.19 (d, J = 8.5 Hz, 1H), 7.50 (t, ] =
8 Hz, 1H), 7.74 (t, J = 8 Hz, 1H), 6.96 (s, 1H), 5.13 (s, 2H), 3.94 (s, 3H).

13C NMR (500 MHz, CDCIl3, ppm) & = 166.3, 143.84, 134.69, 133.10, 128.14, 126.06, 124.94,
123.57, 122.60, 95.63, 55.95

HRMS (APCI) m/z calculated for C12H1oN20OS [(M+H) *]; 231.0514; found 231.0586.

3.4.3. Synthesis of 5-methoxynaphtho[1,2-d]thiazole (4a)

To a freshly prepared saturated solution of tertiary-butyl nitrite (1.3 mmol) in tetrahydrofuran, 5-
methoxynaphtho[ 1,2-d]thiazol-2-amine dissolved in tetrahydrofuran was added dropwise using an
addition funnel over one hour. The reaction mixture was heated at reflux for additional 3 hours
before cooling it down to room temperature. After confirming the complete consumption of
reactant, the reaction mixture was diluted with ethyl ether and washed three times with sodium

thiosulphate in brine. The mixture was further separated and purified employing silica gel column
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chromatography using a mixture of petroleum ether and ethyl acetate (99:1) and white solid
material was obtained with a yield of 38%.

M.p. =87°C

'H NMR (500MHz, CDCl3, 300 K), 8 =9.024 (s, 1H), 8.81 (d, J = 8 Hz, 1H), 8.28 (d, ] = 8 Hz,
1H), 7.68 (t, J = 15 Hz, 1H), 7.56 (t, J = 15 Hz, 1H), 7.17 (d, J = 12.5 Hz, 1H), 4.01 (s, 3H).

13C NMR (500 MHz, CDCls, 300 K): 6 = 154.98, 150.15, 131.24, 128.27, 126.41, 125.26, 124.19,
123.68, 122.78, 96.13, 56.00.

HRMS (APCI) m/z calculated for C12HoNOS [(M+H) *]: 216.0405; found, 216.0474.

3.4.4. Synthesis of 2-chloro-5-methoxynaphtho|1,2-d]thiazole (4b)

To a round bottom flask charged with a mixture of tertiary butyl nitrite (0.97 mmol), copper (II)
chloride (0.78 mmol), and acetonitrile, 5-methoxynaphtho[1,2-d]thiazol-2-amine (0.65 mmol) was
added as fractions while stirring. After complete addition, the reaction mixture was further stirred
for 2 hours and stirred 1 more hour at 65°C. After confirming the complete consumption of reactant
using thin layer chromatography, the crude mixture was filtered out. The filtrate was then poured
into 6N HCI and extracted using diethyl ether. The compound 4b was separated and purified from
the crude residue using silica gel column chromatography (petroleum ether: ethyl acetate = 99:1)
with a yield of 46 %.

M.p. = 130°C.

'TH NMR (400 MHz, CDCl3) 8 = 8.55 (d, ] = 8 Hz, 1H), 8.23 (d, J = 8 Hz, 1H), 7.60 (m, J = 16 Hz,
1H), 7.51 (m, J = 16 Hz, 1H), 7.00 (s, 1H), 3.975 (s, 3H).

13C NMR (500 MHz, CDCls) 6 = 153.43, 147.30, 140.84, 132.27, 127.29, 124.97, 123.98, 122.45,
121.58, 94.73, 54.89.

HRMS (APCI) m/z calculated for C1,HsCINOS [(M+H) *]: 250.7120; found, 250.0085.

3.4.4. Synthesis of 2-bromo-5-methoxynaphtho[1,2-d]thiazole (4¢)
To a solution of 5-methoxynaphtho[l,2-d]thiazol-2-amine (1.3 mmol) in acetonitrile, p-
Toluenesulfonic acid (1.7 mmol), CuBr2 (0.02 mmol), Tetra-n-butylammonium bromide (2.6

mmol) was added and stirred at room temperature for 4 hours. On completion of reaction, the
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reaction mixture was quenched by adding 15 ml of water, washed with Sodium bicarbonate
extracted with ethyl acetate. The compound 4c was obtained as a white solid after purification by
means of silica gel column chromatography, ethyl acetate: petroleum ether (1:99) with a yield of
50 %.

M.p. = 143°C.

'TH NMR (400 MHz, CDCl3) 6 = 8.59 (d, J = 8.5 Hz, 1H), 8.24 (d, J = 8.5 Hz, 1H), 7.61 (t, ] = 14.5
Hz, 1H), 7.51 (t, J = 15.5 Hz, 1H), 7.03 (s, 1H), 3.981 (s, 3H).

13C NMR (500 MHz, CDCls) 6 = 154.47, 143.39, 134.74, 133.10, 128.14, 126.06, 124.94, 123.57,
122.60, 95.63, 55.95.

HRMS (APCI) m/z calculated for C12HsBrNOS [(M+H) ]: 295.9490; found, 295.9554.

3.4.4. Synthesis of 2-iodo-5-methoxynaphtho|1,2-d|thiazole (4d)

To a solution of S5-methoxynaphtho[l,2-d]thiazol-2-amine (0.5 mmol) in acetonitrile, p-
Toluenesulfonic acid (1.3 mmol) was added and stirred at 0 °C for 10 minutes. After complete
dissolution, a saturated aqueous solution of the mixture of sodium nitrate (0.86 mmol) and
potassium iodide (1.08) was added dropwise over a period of 15 minutes and reaction mixture was
kept stirring for 5 hours. On completion of reaction, the reaction mixture was quenched by adding
distilled water, further washed with Sodium bicarbonate until the pH reached about 9, followed by
the addition of saturated aqueous solution of sodium thiosulphate. The precipitate obtained was
filtered, dried, and extracted with dichloromethane. The compound 4d was obtained as a white
solid after purification by means of silica gel column chromatography, ethyl acetate: petroleum
ether (1:49) with a yield of 42 %.

M.p. = 130°C.

TH NMR (400 MHz, CDCI3) : 6 =8.63 (d, ] = 8 Hz, 1H), 8.23 (d, ] = 8.5 Hz, 1H), 7.60 (m, J = 15
Hz, 1H), 7.51 (m, J = 16 Hz, 1H), 7.06 (s, 1H), 3.97 (s, 3H).

13C NMR (500 MHz, CDCls) 6 = 154.43, 145.74, 136.89, 127.95, 126.04, 124.76, 123.55, 122.55,
97.94, 95.36, 55.92.

HRMS (APCI) m/z calculated for C12HsINOS [(M+H) ™]: 341.9371; found, 341.9435.
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3.5. Appendix

3.5.1: Materials and Methods

Same as discussed in section 2.6.1 (Chapter 2)

3.5.2: Energy Framework

The intermolecular interaction energies in NT derivatives was estimated by the CE-B3LYP method
using the DGDZVP basis set in CrystalExplorer package.’®*> The components of interaction
energies are scaled using the optimized scale factors for the CEB3LYP method given by Keiectrostatic
= 1.057, Kpolarization = 0.740, Kaispersion = 0.871, and Krepuision = 0.618. Further, the intermolecular
interaction topologies were visualized using the energy frameworks tool in CrystalExplorer. The
intermolecular interaction energies of molecular pairs and interaction topologies represent
molecular clusters around a central molecule in the crystal structures that make direct interactions.
They are color-coded according to the colors given to their respective rows of the interaction energy

table.
3.5.3: Band Structure and Density of States (DOS)

The calculations were based on density functional theory (DFT) as implemented in the Quantum
Espresso (QE)*! package within the local density approximation (LDA).***” Total energy and
electronic structure calculations have been performed using the plane-wave self-consistent field
package, a component of the Quantum Espresso distribution. Projector augmented wave (PAW)
type pseudopotentials were used. van der Waals (vdW) interactions were corrected using the DFT-
D method.*®* The kinetic energy cutoff for the wave function was set to 50 Ry, which was obtained
after a convergence test. k meshes of 6 x 6 x 6 for NTH and 8 x 8 x 8 for NTC, NTB, and NTI
were adopted to sample the first Brillouin zone. The convergence threshold for selfconsistent
calculations was set to 10—8 . After a self-consistent calculation, a non-self-consistent calculation
was performed under the same conditions and with a k mesh of 10 x 10 x 10. To analyze the data,
QE components such as dos, projwfc, and bands were used to compute the total density of states
(TDOS), the partial density of states (PDOS), and the band structure. The high-symmetry k points
of the Brillouin zone for the band structure were calculated using SeeK-path: a k-path finder and

visualizer. %!
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Chapter 4

Resonance-Assisted Hydrogen Bonding and n—n
Stacking Modulates the Charge Transfer Coupling in
Crystalline Naphthothiazoles

Abstract: Supramolecular chemistry employs noncovalent interactions to coax m-conjugated

molecules into ordered functional assemblies. Herein, we report 5-methoxynaphtho[1,2-d]thiazol-
2-amine (NTN) and 4-bromo-5-methoxynaphtho[ 1,2-d]thiazol-2- amine (NTNB) assembled into
n-stacked columns integrated by lateral resonance-assisted hydrogen bonds (RAHBs) orthogonal
to the n—r stacking direction. Quantum theory of atoms in molecules (QTAIM) and interacting
quantum atoms (IQA) analyses were utilized to characterize the presence and stability of
intermolecular RAHBs in NTN and NTNB. In contrast to the parallel packing of NTN, bromine
substitution promoted antiparallel packing in NTNB with noticeable n—n stacking and orbital
overlap favoring efficient charge transfer coupling (Ve/h). Antiparallel stacking in NTNB exhibits
a dipole moment minimization and aromaticity gain. The relevance of aromaticity in stabilizing
n—r stacked systems is highlighted by the aromaticity gain in antiparallel stacked dimers of NTNB
and can be extended to estimate the nature and strength of noncovalent interactions. Crystal
packing plays a crucial role in regulating the charge transport properties, as can be observed from

higher electron and hole transfer coupling along the n—n stacked and RAHB dimer, respectively,

in NTN. However, in NTNB maximum electron and hole transfer coupling occurs selectively
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along the n—n stacked antiparallel dimer. The anisotropic mobility plots from a combination of
first-principles quantum chemical calculations and the Marcus—Hush formalism confirm that both
RAHB and n—n stacked dimers contribute to the mobility in NTN, but NTNB exclusively benefits
from the n—n stacked dimer. Modulating noncovalent interactions for charge carrier transport can

harness the innate potential of organic molecules to engineer novel optoelectronic materials.

4.1. Introduction

The design of small organic chromophores with precise control of intermolecular interactions
plays an imperative role in the odyssey of organic electronics.! The solid-state packing' of
molecules in organic semiconductors is pivotal for charge generation and transport in devices such
as organic field-effect transistors (OFETs),? organic photovoltaics (OPVs),? and organic light-
emitting diodes (OLEDs).* Charge transport at the molecular level strongly depends upon two
factors: the reorganization energy and the electronic coupling.’ The electronic coupling (transfer
integral) is predominantly correlated to the molecular packing mode.®” Crystal engineering aims
to comprehend the intermolecular interactions controlling crystal packing and plays a vital role in
designing organic optoelectronic materials. Herringbone or brickstone molecular arrangements
with strong n—n stacking were found to exhibit enhanced carrier mobility in organic semi-
conductors.® ! Continuous efforts were made to increase face-to-face contacts to boost charge
transport by promoting n—n stacking in fused aromatic units.'? Long-range charge transport along
hydrogen bonds (HBs) has been theoretically predicted in diketopyrrolopyrrole and perylene
diimide pigments.'®!® The hydrogen-bonding interaction encourages strong intermolecular
electronic coupling by enhancing electron delocalization and resonance and accordingly alters the
charge transport properties.'> Resonance-assisted hydrogen bonds (RAHBs) proposed by Gilli et
al. are stronger than conventional HBs due to the extra stabilization arising from the partial
delocalization of the m-electrons within the HB motif.'*!® The n-delocalization results in
enhancement of positive charge on the HB donor and negative charge on the HB acceptor,
establishing an electrostatic interaction as a major contributor to the total HB energy.

In addition, aromaticity can be employed in the framework of crystal engineering to design
efficient supramolecular synthons.!®!7 [Anti]Jaromaticity gain or loss was found to modulate the
strength of hydrogen bonds,'® enhance charge transport behavior in n-type nonaromatic organic

dyes upon forming HB,!” enable conductivity in electronic devices,?° and enhance the basicity of
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organic superbases.’! The study of charge transport properties in DNA base pair stacks has gained
considerable attention in the scientific community.”>* Exploring continuous n—m stacked
hydrogen-bonded chromophoric assemblies mimicking the nonhelical structure of DNA base-pair

stacks?> 27

could beget intriguing charge transport properties. Getmanenko, Risko, and co-workers
reported theoretical evidence for ambipolar mobility along edge-to-edge contacts in 7,7,8,8-
tetracyanoquinodimethane (TCNQ) and dithieno[3,2-a:2',3"-c]phenazine (DTPhz).?® The inter
play of hydrogen bonding and n—nr stacking interactions influences charge transfer in small organic
cocrystals exhibiting ambipolar charge transport.?’ Naphthalene- and thiazole-based molecular
systems have been exploited as potential materials in the field of organic electronics and act as
lead compounds in the development of pharmaceutical drugs.**=? Our ongoing interest in probing

the origin of supramolecular structural motifs with emergent properties®> >

employing weak
interactions motivated us to design novel naphthothiazole*®3” derivatives. To investigate the role
of RAHB and n—= stacking interactions in charge transfer coupling, we integrated HB acceptor
and donor sites to design novel 5-methoxynaphtho-[1,2-d]thiazol-2-amine (NTN) and 4-bromo-5-
methoxynaphtho[1,2-d]thiazol-2-amine(NTNB) polyheteroatomic aro- matic systems whose

molecular packing is predominantly driven by RAHB and n—n stacking interactions.

4.2. Results and Discussion

Cyclization of 4-methoxynaphthalen-1-amine with potassium thiocyanate in the presence
of a catalytic amount of bromine and excess bromine afforded 5-methoxynaphtho[1,2-d]thiazol-
2-amine (NTN) and 4-bromo-5-methoxynaphtho[1,2-d]- thiazol-2-amine (NTNB), respectively
(Figure 4.1 and Scheme 4.1). Single crystals of NTN and NTNB with space groups P2i/c and
P24/n, respectively, were obtained through slow evaporation from ethyl acetate under ambient
conditions (Table 4.1). The novel crystalline NT derivatives (NTN and NTNB) obtained were
characterized by spectroscopic and analytical techniques. Close-packing analyses of NT
derivatives were executed to gain an inclusive understanding of the structure—property
relationship. Intermolecular N—Hee«C (d = 2.71 A) to C—He++C (d = 2.86 A) and aromatic Cs+C
(d = 3.53-3.62 A) interactions guide the propagation of a three-dimensional (3D) crystalline
assembly in NTN. Interactions such as C—HessH—C (d = 2.10 A), Seeert (d = 3.29-3.49 A),
aromatic Ces++C (d = 3.50—3.58 A), BreeN (d = 3.89 A), and Bre«H (d = 3.40 A) dictate the
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Figure 4.1: Chemical and X-ray molecular structures of (a) NTN and (b) NTNB.

O NO, H29 MeOH NH2 KSCN, Br,
O CH COOH, RT \> NH:
H,CO RL8h yco 3 H5CO

1 2 3

KSCN, excess Br,
CH3;COOH, RT

Scheme 4.1: Reaction scheme for the synthesis of NTN (3) and NTNB (4).

packing arrangement in NTNB. Essential features of the NT molecular crystals are the presence
of strong intermolecular N—He++N RAHBs (Figure 4.2).'%!>3 In a RAHB system, the proton
donor and acceptor groups are connected through a chain of delocalized conjugated double bonds,
stabilizing the molecular unit. According to the RAHB rules, the strengthening of a N— HeeeN
bond is associated with shortening and lengthening of all single- and double-bond distances,
respectively. The Nee«H intermolecular contacts that are considered here are less than their sum
of van der Waals radii by 0.4 A. The RAHB concept can be extended to any heteroconjugated

system with an HB donor (D) and acceptor (A) connected by a conjugated chain with an odd
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Table 4.1: Crystallographic data and refinement parameters for NTN and NTNB.

Parameters NTN NTNB
Formula Ci2H10N20S Ci12H9BrN2OS
Formula weight 230.28 309.18
Color Light grey Light pink
Crystal system Monoclinic Monoclinic
Space group, Z P2i/c P2i/n

a(A) 12.675(7) 9.5834(10)
b (A) 5.049(2) 9.2690(9)
c(A) 17.452(9) 13.3700(14)
a, deg 90 90

B, deg 109.963(16) 96.673(4)

v, deg 90 90

Volume, A3 1049.75 1179.59

R factor 3.26 4.15

Temp, K 293(2) 296(2)
dealculated (Mg/m?) 1.457 1.741

No. of reflections collected | 8226 10452

No. of unique reflections 1834 2075

20max, deg 25.000 24.997

No. of parameters 154 162

R1, wR2, (1> 2s(1))

0.0326, 0.0809

0.0415, 0.1075

R1, wR2 (all data)

0.0411, 0.0899

0.0560, 0.1164

Goodness of fit

1.045

1.051

CCDC number

2181541

2181542
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Figure 4.2: Resonance-assisted intermolecular hydrogen bonding in NT derivatives.

number of atoms n, where n = 2N +1 (N is a positive integer, including zero).’® The RAHB
fragments in NT crystals fall into the category mentioned above with N = 0. Fourier transform
infrared (FT-IR) spectroscopy was used to characterize the intermolecular hydrogen bonding in
NTN and NTNB. Characteristic peaks between 3500 and 3310 cm ™! in FT-IR spectra indicate an
N-H stretching vibration. The 1650—1580 cm™! band is associated with N—H bending. The peak
at 680 cm—1 in NTNB corresponds to C—Br stretching.

Bader’s quantum theory of atoms in molecules (QTAIM) approach was used to characterize
the strength and nature of intermolecular HB motifs. Table 4.2 summarizes the topological
parameters for N—Hee*N interactions in the NT crystals (Figure 4.3). A positive value of the
Laplacian (V2, > 0) |-V/G| < 1 suggests that the RAHBs are closed-shell in nature. The results
from QTAIM are visualized by noncovalent interaction (NCI) analyses, where the attractive
interactions are distinguished by green disks in the area of the ring critical point (RCP), bond
critical point (BCP), and cage critical point (CCP) (Figure 4.4). The interacting quantum atoms
(IQA) method was employed to investigate the nature of interactions involved in the RAHB ring.
The intermolecular N—Hee*N interaction has stabilizing total IQA interaction energy values of

—100.44 and —99.45 kcal/mol for NTN and NTNB, respectively (Table 4.3). The exceptionally
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Table 4.2: Calculated topological properties of electron density function for the intermolecular

interactions in crystalline NTN and NTNB.

Interactions d, A p(r), eA3 | V2p(r), eA?
NTN | Bond critical N47+eeH25 0.02211 0.07229
points N21eeH51 2.071 0.02211 0.07229
(BCPs)
NTNB | Bond critical N46essH25 0.02141 0.07013
points N20++sH51 2.085 0.02141 0.07012
(BCPs)

high value of the stabilization energy of the HB in the NT crystals is a possible consequence of
RAHB.*° The total IQA value is partitioned into an exchange-correlation component and a
classical Coulombic component. In both NT crystals the major stabilization to the RAHB arises
from electrostatics. Crystalline NTN exhibits a one-dimensional (1D) dimeric slip-stacked
assembly involving a symmetric pair of intermolecular N—Hs+*N (d = 2.07 A) HBs. Crystalline
NTNB displays an antiparallel cofacial stacked assembly possessing intermolecular N—He<+*N (d
= 2.08 A) HBs. Symmetry-adapted perturbation theory (SAPT(0))* energy decomposition

analysis was performed to gain insights into the nature of interactions stabilizing the crystalline

Figure 4.3: QTAIM electron density map showing NeesH interactions in RAHB dimer of a) NTN
b) NTNB and n-rt stack of ¢c) NTN d) NTNB.
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Figure 4.4: NCI plot showing weak stabilizing interactions represented as green discs in RAHB

dimers of a) NTN b) NTNB and n-7 stack stacked dimers of ¢) NTN d) NTNB.

packing in NTN and NTNB. The method decomposes the total interaction energy into
electrostatic, dispersion, induction, and exchange repulsion energy components. Negative
SAPT(0) values of —14.01 and —12.63 kcal/mol show the stabilizing nature of RAHB dimers in
the solidstate packing of NTN and NTNB (Table 4.4), respectively.

The centrosymmetric dimers of NTN and NTNB are connected through amine groups by two
equivalent N—H---N HBs classified as the R3(8) motif (Figure 4.5) according to the graph theory
assignments.*! The HB motifs are generally depicted as R3(r), where R is the ring motif, a is the
number of HB acceptors, d is the number of HB donors, and r is the number of atoms in the ring
Table 4.3: IQA interaction energies. Total noncovalent interaction energies and its components

of NTN and NTNB are shown. Energies are given in kcal/mol.

Molecule Interactions | E; Exc Ea
NTN N47+esH25 | -100.48 -10.14 -90.34
N21eeeH51 | -100.45 -10.14 -90.31
NTNB N46++-H25 -99.46 -9.64 -89.82
N20e++H51 -99.45 -9.64 -89.81
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Table 4.4: Interaction energies of representative NTN and NTNB hydrogen bonded

dimers from SAPT(0) aug-cc-pvdz calculations.

Voo BT 5y ED 2
NTN -14.01 | -17.66 -8.36 -6.00 18.01
NTNB -12.63 | -16.02 -8.16 -5.58 16.02
All energy values are provided in kcal/mol. E54PT = Total interaction energy; E e(lle) =

Electrostatic; E @) _ Dispersion; E @ — Induction and EY = Exchange repulsion
dis ind ex g

energy.

motif. Hirshfeld surface (HS)** and two-dimensional (2D) fingerprint analyses (Figures 4.6 and
4.7) were performed to gain insight into the packing motifs and quantification of weak
intermolecular interactions in crystalline NT derivatives. Table 4.5 shows the percentage of
intermolecular interactions in crystalline NTs. The ratio (p) of %CeeH to %Ce+*+C interactions
defines the packing modes adopted by the crystalline assembly. The NTN crystal possesses a
herringbone packing arrangement (p = 4.52), while NTNB (p = 1.77) has a y-packing motif
(Figure 4.5).>** A dominating presence of Hee<H interactions is observed from the HS analysis
in the crystal packing of NTs. An electrostatic surface potential (ESP) map was generated to
visualize the charge distribution in NT crystals (Figure 4.8). The color gradient from red to blue
in ESP correlates to the varying intensities of the electrostatic potential energy values from

negative to positive. A red region on the aryl rings

Figure 4.5: Packing arrangement in crystalline (a) NTN and (b) NTNB derivatives.
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a) b) c) d)
de de de
2.2 ; 2.2
1.8 k 1.8
14 1.4
1.0 1.0
0.6 i di 0.6 di 0.6 di 0.6 di
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All C-C C--H H--H
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Figure 4.6: 2-dimensional fingerprint plots showing a) total b) CeeeC c¢) CeeeH d) Hee*H ¢) NeeeH
f) OseeH g) See<H interactions in NTN.

a) b) c) d)
de de
22 2.2 2.2 2.2
1.8 1.8| 1.8 1.8
1.4 1.4 & 1.4 1.4
1.0 1.0 1.0 1.0
0.6 0.6 4il 06 ail oe] # ; di
06 1.0 1.4 1.8 22 06 1.0 1.4 1.8 2.2 06 1.0 1.4 1.8 2.2 06 1.0 1.4 1.8 2.2
All C--C H---H
€) f) g) C-H h)
de de
2.2 2.2
1.8] 1.8}
1.4 1.4
1.0 1.0
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Figure 4.7: 2-dimensional fingerprint plots showing a) total b) Cee¢C c) CeeeH d) HeeeH ¢) NeeeH
f) OeeeH g) CeS h) BreeeH interactions in NTNB.
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Table 4.5: Relative % of intermolecular interactions obtained from Hirshfeld analysis for NTN

and NTNB.
Interacti | CossC | CossH | OeesH | NeesH | SeesH [ HeeeBr | HeeeH | CeesS | p=[(%CseC
on Y(%CeeeH)]
NTN 59 26.7 5.2 8.8 11.5 0 38.4 0.8 4.52
NTNB 7.2 12.8 5.9 8.5 6.2 15.9 30.6 7.9 1.77

indicates localized electron density, and the blue positive potential region represents electron-
deficient regions in NT derivatives. A significant difference in charge distribution of the
aromatic core is observed with the introduction of a halogen atom. As can be observed, for NTN
and NTNB, intermolecular HB donors and acceptors appear as blue (positive ESP) and red
(negative ESP) regions on the ESP surface. The electrostatic complementarity among the
electron-rich and -deficient zones directs the favorable stacking interactions in the crystal
packing of NTs. The o-hole on the halogen atom in NTNB appears as a distinguishable region
of positive electrostatic potential, surrounded by an electron-rich equatorial belt.

Molecules in organic crystals typically align in an antiparallel fashion among the
proximate neighbors in the crystal to minimize the net dipole moment.** The heteroatoms in
NTN and NTNB offer net dipole moments of 2.74 and 2.45 D, respectively. The RAHB dimers
of NTN, NTNB, and the antiparallel n-stacked dimer in NTNB possess a negligible dipole
moment, attaining the design goal of dipole minimization (Table 4.6). We probed the role of

aromaticity in directing the close packing of NT crystals by evaluating the aromaticity variation

-0.03
kcal/mol

Figure 4.8: ESP maps (0.002 isodensity surface) of (a) NTN and (b) NTNB.
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Table 4.6: Magnitudes of dipole moments (Debye) for monomer and different dimers in the

crystal packing of NTN and NTNB.

NT derivatives Dipole moment (Debye)
NTN Monomer 2.83
RAHB dimer 0.00
n-1 stack dimer (parallel) 5.67
NTNB Monomer 2.66
RAHB dimer 0.00
n-1 stack dimer (anti- 0.00

parallel)

in RAHB and n—= stacked dimers of NTN and NTNB. Dissected nucleus-independent chemical
shifts,**%¢ NICS,,(1), were calculated at the ®B97XD/Def2- TZVP level of theory at 1 A above
the centroid of each ring of the monomer (Figure 4.9) and dimer (Figures 4.10 and 4.11) to
quantify the changes in the aromatic character of NTN and NTNB upon dimerization. ANICS,,(1)
= NICSz(1)(dimer) — NICSz(1)(monomer), where a positive ANICS,(1) indicates an
enhancement in the antiaromatic character in the RAHB or n—n stacked dimers in comparison to
the monomer and a negative value signifies the opposite. The thiazole ring participating in
hydrogen bonding shows positive ANICSz,(1) values, suggesting disruption of the aromaticity in
the RAHB dimers of NTN and NTNB (Tables 4.7 and 4.8). The parallel n—=n stacked dimer of
NTN shows ANICS,,(1) values of —0.17, 0.49, and 0.91 ppm for rings a’, b’, and c’, respectively,
indicating a decrease in aromaticity in rings b’ and c’, though ring a’ exhibits a marginal
aromaticity gain (Table 4.9). However, the antiparallel n—n stacked dimer of NTNB exhibits
notably negative ANICS,,(1) values of —2.60, —5.30, and —3.95 ppm for rings a’, b’, and ¢,

respectively, depicting an aromaticity gain in the n—n stacked antiparallel dimer (Table 4.10).

Figure 4.9: Schematic illustration of NICS probes placed at 1 A above the centroid of each ring
of monomer a) NTN b) NTNB and ¢) NTNH.
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Figure 4.10: Schematic illustration of NICS probes placed at 1 A above the centroid of each
ring in RAHB dimers a) NTN and b) NTNB.

Figure 4.11: Schematic illustration of NICS probes placed at 1 A above the centroid of each
ring in n-7 stacked dimers a) NTN b) NTNB and ¢) NTNH.

To decouple the effect of bromine atom and antiparallel packing in the aromaticity gain of
NTNB, we computed ANICS_,(1) for the antiparallel n—= stacked dimer of NTNB by replacing
a bromine atom with a hydrogen atom (NTNH). To our surprise, the ANICS,,(1) values in the
modified dimer were —1.78, —4.88, and —3.73 ppm for rings a’, b’, and ¢, respectively, clearly
establishing the effect of aromaticity in stabilizing the antiparallel packing (Table 4.11). The
charge transfer mechanism and its stabilization energies of N—He+*N contacts formed in both
NTN and NTNB were further characterized by performing a natural bonding orbital (NBO)*
analysis on the hydrogen-bonded dimer. The second-order perturbation energies due to the
charge delocalization between the lone pair of the nitrogen atom and the antibonding ¢* orbital
of the N—H bond are provided in Table 4.12. The stabilization energies for the N—He*sN HB in
NTN and NTNB are 7.70 and 6.26 kcal/mol, respectively. The merging lobes indicating orbital
overlap between the donor and acceptor NBOs associated with HBs are given in Figure 4.12.

We now discuss the role of n—n stacking and RAHB in guiding the supramolecular
assembly of NT crystals in the emergent charge transport properties predicted from the quantum
chemical simulations.”***° Intermolecular electronic coupling and reorganization energy play
a vital role in determining the rate of charge transfer.*® The inner-sphere reorganization energy

(Aem) takes into account the energy associated with the geometric reorganization from the nuetr
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Table 4.7: NICSzz (1) calculated for NTN monomer and RAHB dimer. a, b, and ¢ represent the
rings in monomer and a’, b’, and ¢’ represent the corresponding rings in the dimer. NICS;; (1)

units are in ppm. ANICSzz (1) = NICSzz (1) (dimer) — NICSzz (1) (monomer).

Ring number NICSzz (1) ANICSzz (1)
a -1.33
-0.44
a’ -1.77
b -3.38
-0.2
b’ -3.63 025
c -3.54
0.40
c’ -3.14

Table 4.8: NICS,, (1) calculated for NTNB monomer and RAHB dimer.

Ring number NICSzz (1) ANICSzz (1)

a -10.03

a’ -9.68 032

b -7.01

b’ -6.81 020

c -7.72

¢’ -7.19 0.53

Table 4.9: NICS,, (1) calculated for monomer and parallel nt-rt stacked dimer of NTN.

Ring number NICSzz (1) ANICSzz (1)

a -1.33

2 -1.50 017

b -3.38

b’ -2.89 049

c -3.54

0.91
c’ -2.63
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Table 4.10: NICS,, (1) calculated for NTNB monomer and antiparallel n-r stacked dimer.

Ring number NICSzz (1) ANICSzz (1)
a -10.03
a’ -12.62
b -7.01
b’ -12.30
c -7.72
c’ -11.67

Table 4.11: NICS,, (1) calculated for monomer and antiparallel ©-r stacked dimer of NTNH.

Ring number NICSzz (1) ANICSzz (1)
a -9.60
a’ -11.38
b -5.43
b’ -10.31
c -6.98
c’ -10.71

Table 4.12: Selected donor-acceptor natural bond orbital interactions with their corresponding

second-order perturbation stabilization energies of N-HessN RAHB dimers in NTN and NTNB.

Energies are given in kcal/mol.

Dimer Donor NBO Acceptor NBO E(2)
LP(1) N21 BD*(1) N48-H51 7.7

NTN LP(2) N47 BD*(1) N22-H25 7.7

LP(2) N20 BD*(1) N49-H51 6.26

NTNB LP(1) N46 BD*(1) N23-H25 6.26
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Figure 4.12: NBO plots of the donor and acceptor orbitals involved in the RAHB interaction in a)
NTN and b) NTNB.

al state to the corresponding charged state in the electron or hole transfer process.’® The outer-
sphere reorganization energy was not evaluated due to the small value and large computational
cost.’!3? The charge transfer integral (Ven) of a crystalline organic chromophoric pair is known to
be highly sensitive to the spatial orientations, noncovalent interactions, and intermolecular distance
between the chromophores.6 n—n stacks play a vital role in modulating the charge transport
process.! 2833 NTN exhibits n—r stacking along the b axis at an intermolecular distance of 5.0 A,
while NTNB’s n—n stacks align in a antiparallel orientation, at a comparatively shorter distance of
3.4 A. On comparison of the n—r stacked dimers of NT crystals, the electron transfer coupling (Ve)
is twice the hole transfer coupling (Vi) (Table 4.13), which can be associated with an improved
overlap of LUMO—-LUMO orbitals relative to HOMO—-HOMO orbitals (Figure 4.13). The RAHB
dimer in a crystalline NT exists nearly orthogonally to the n—n stacked dimer with similar HB
lengths (2.07 and 2.08 A for NTN and NTNB, respectively). The hole transfer coupling in the
RAHB dimer is comparatively higher for NTN (Vi =36 meV) compared to that of NTNB (Vi =8
meV), while the electron transfer coupling is equal (Ve = 18 meV). In contrast to the n—n stacked
dimers of NT crystals, the RAHB dimer of NTN exhibits a higher hole transfer coupling (Vi =
2V.). However, the RAHB dimer of NTNB possesses a higher electron transfer coupling (Ve =
2Vy). The higher Vi and lower Ve of the RAHB dimer in NTN is possibly due to the better overlap
of the HOMO—-HOMO orbitals in comparison to the LUMO-LUMO orbitals. RAHB has
indirectly facilitated the overlap of the HOMO—-HOMO orbital wave function in NTN more than
in NTNB. The reorganization energies of NT crystals were found to be higher than the coupling
values; hence, the charge transfer rate was calculated according to the hopping mechanism (2Vemn
< em).>® A charge transport simulation was carried out based on Marcus—Hush theory and first-
principles quantum chemical calculations. A large transfer integral and small reorganization

energy are favorable for enhancing the charge transfer rate. The rate of charge transfer (ki),
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Table 4.13: Electron and hole transfer coupling values of selected dimers of NTN and NTNB.

Molecule Dimer type V. (meV) Vi (meV)
NTN Stacked dimer 55 29
RAHB dimer 18 36
NTNB Stacked dimer 62 33
RAHB dimer 18 8

representing the rate of electron/ hole hopping from a monomer to the ith neighbor was obtained

through the Marcus—Hush equation*

1

Vo i 2 A
ki _ e/h exp [ — e/h
h \Ae/nksT 4kgT

where V. and Vj, are the electron and hole transfer couplings between the monomers of a dimer,

respectively, kg is the Boltzmann constant, and T is the temperature (300 K). The value of the
reorganization energy inversely affects the rate of electron transfer.” The NT crystal hole
reorganization energies are greater than the electron reorganization energies (Table 4.14), while

Vi values were lower than the V. values (Table 4.13). As a result, the rate at which hole transfer

Figure 4.13: HOMOs (a, ¢) and LUMOs (b, d) of NTN and NTNB (isosurface value 0.02),

respectively.
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takes place is lower in comparison to the electron transfer. The drift mobility (n) was calculated

employing Einstein’s relation:>*

1 e )
H= T 2" ki P;
l
The charge-hopping probability (P; ) is given by
p=
bOXik

Both NTN and NTNB display high electron mobility (Table 4.15). The calculated theoretical
electron mobility was found to be greater for NTN (e = 0.02 cm?V !'s™! vs pe = 0.01 cm?V - Is™!
for NTNB). Despite NTNB having stronger electronic coupling than NTN, the mobility of NTN
is higher. The difference lies in the molecular packing of crystalline NTN and NTNB. NTN has
similar repeating slip stack dimers at an intermolecular distance of 5.0 A, while NTNB has two
types of dimers in the stacks, one at an intermolecular distance of 3.4 A and two others at a higher
intermolecular distance (dx—»=9.3 A and dr—== 9.6 A). Only the dimer with a lower intermolecular
distance (dz— = 3.4 A) in NTNB contributes significantly to the mobility. RAHB dimers have a
significant electron transfer integral in NTN. As a result, the effective contribution of the n—=n

Table 4.14: The hole and electron reorganization energy of NTN and NTNB.

Molecule Hole reorganization energy | Electron reorganization energy
(eV) (eV)
NTN 0.62 0.43
NTNB 0.84 0.43

Table 4.15: The theoretically predicted hole and electron mobility of NTN and NTNB.

Molecule Hole mobility, us (cm?V-'s™!) | Electron mobility, pe (cm?V-!'s™)

NTN 0.0019 0.0189

NTNB 0.000057 0.0108
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Figure 4.14: Anisotropic hole and electron mobilities of (a) NTN and (b) NTNB along the stacking

plane. The crystallographic a axis is taken as the reference axis and is projected on the ac plane.

stacked dimers and RAHB dimers of NTN resulted in a higher mobility in comparison to NTNB.

To understand the anisotropic mobility (pe)*! in the NT crystals. o is calculated as

e
Koy = ZkBTZ kir? P; cos? y;cos®(6; — ¢)
l

where v; is the angle between the charge-hopping pathway and the plane of interest (ac plane), ¢
is the orientation angle of the transport channel relative to the reference axis, and 0; is the angle
between the projected hopping paths of different dimers and the reference axis. Both NT crystals

exhibit anisotropic hole and electron mobility distributions. The calculated anisotropic electron
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mobility (Figure 4.14) of NTN reaches a maximum along the directions ¢ = 15° and 195°, in terms
of molecular packing between n—n stacked (a axis) and hydrogen-bonded dimer directions. This
gives us an idea of effective contribution of the RAHB dimer to the calculated charge transfer
integral and charge carrier mobilities along the hydrogen-bonding direction. However, in the case
of NTNB the highest electron and hole mobilities appear along the n—n stacking direction (a axis),
as the contributions from hydrogen bonded dimers were comparatively less. The
predictedanisotropic mobility suggests the contribution of RAHB to the charge transport, which

has rarely been explored for the molecular design of organic semiconductors.>®

4.3. Conclusions

In summary, we describe the novel angular naphthothiazoles NTN and NTNB, whose
crystalline packing is primarily governed by RAHB and n—n stacking interactions. A dipole
moment minimization in the RAHB dimer of crystalline NTs and antiparallel dimer of NTNB
reinforces the role of electrostatic dipolar interactions in tailoring the solid-state packing. An
aromaticity gain in the antiparallel NTNB dimer can offer a better roadmap for crystal engineering
of n—r stacked organic molecules with aromatic stabilization. IQA calculations establish the
stabilizing nature of RAHB with the major contribution stemming from electrostatics. The
stabilization energies associated with a charge-transfer interaction between the lone pair of the
nitrogen atom and the antibonding N—H orbital in RAHB were assessed using NBO calculations.
Theoretical calculations employing the Marcus—Hush formalism and quantum chemical
calculations in NTN reveal maximum hole and electron transfer couplings for RAHB and n—n
stacked dimers, respectively. In contrast, NTNB displays higher hole and electron transfer
couplings along the direction of the n—n stacked dimer. Crystal engineering can be exploited as an
effective strategy to modulate the charge transport properties by achieving the precise control of
n—n stacking and RAHB in m-conjugated molecules. The theoretically predicted high electron
mobility in crystalline NT makes them potential candidates for the development of novel high-

performance organic semiconductor devices.

103



Chapter 4: Resonance-Assisted Hydrogen Bonding and n—n Stacking Modulates the Charge
Transfer Coupling in Crystalline Naphthothiazoles

4.4. Experimental Section

4.4.1. Synthesis of 4-methoxynaphthalen-1-amine (2)

1-methoxy-4-nitronapthalene (2.46 mmol) was dissolved in methanol and catalytic amount of Pd/C
was added to the round bottom flask. The reaction mixture was purged with hydrogen and was
stirred for 8 hours at room temperature. The reaction mixture was then extracted with

dichloromethane. The crude mixture was used for the next reaction without further purification.

4.4.2. Synthesis of 5-methoxynaphtho[1,2-d]thiazol-2-amine (3)

Dissolved 4-ethoxynapthalen-1-amine (crude, 0.23 mmol) and potassium thiocyanate (0.46 mmol)
in a round bottom flask charged with glacial acetic acid and stirred for 5 minutes. Then slowly
added Br; (catalytic amount) and the reaction was stirred for 6 hours at room temperature. After
confirming the full consumption of reactant, added 10ml of saturated sodium thiosulphate solution
to quench the excess bromine in the reaction mixture. The organic compound was extracted using
dichloromethane and was purified using silica gel column chromatography (petroleum ether: ethyl

acetate = 3:1) to obtain compound 3 in 34 % yield.

M.p. =225°C

"H NMR (500 MHz, CDCls, ppm) & = 8.35 (d, J = 8 Hz, 1H), 8.19 (d, J = 8.5 Hz, 1H), 7.50 (t, ] =
8 Hz, 1H), 7.74 (t, J = 8 Hz, 1H), 6.96 (s, 1H), 5.13 (s, 2H), 3.94 (s, 3H).

13C NMR (500 MHz, CDCI3, ppm) & = 166.3, 143.84, 134.69, 133.10, 128.14, 126.06, 124.94,
123.57, 122.60, 95.63, 55.95

HRMS (APCI) m/z calculated for C12HioN2OS [(M+H) *]; 231.0514; found 231.0586.

4.4.3. Synthesis of 4-bromo-5-methoxynaphtho[1,2-d]thiazol-2-amine (4)

To a solution of 4-ethoxynapthalen-1-amine (crude, 0.23 mmol) in glacial acetic acid, potassium
thiocyanate (0.46 mmol) and excess of bromine were added. The reaction mixture was stirred
overnight at room temperature. After confirming the complete consumption of reactant, saturated
solution of sodium thiosulphate was added to quench the excess bromine. The mixture was further
separated and purified employing silica gel column chromatography using a mixture of petroleum

ether and ethyl acetate (99:1) and light pink solid material was obtained with a yield of 46%.
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M.p. =231°C
TH NMR (500 MHz, CDCls, ppm) & = 8.37 (d, ] = 8 Hz, 1H), 8.06 (d, J = 8 Hz, 1H), 7.50 (m, J =
28.5 Hz, 2H), 5.24 (s, 2H), 3.94 (s, 3H)

13C NMR (500 MHz, CDCls, ppm) & = 164.15, 147.97, 128.12, 126.34, 125.69, 125.62, 125.20,
123.20, 121.43, 103.27, 60.92.

HRMS (APCI) m/z calculated for Ci2HoBrN>OS ; 309.1810; found 309.9660.
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4.5 Appendix

4.5.1: Materials and Methods

Same as discussed in section 2.6.1 (Chapter 2)

4.5.2: Dissected nucleus-independent chemical shifts:*>*¢ NICS,, (1) were calculated at
®B97XD/Def2-TZVP level of theory using Gauge Including Atomic Orbital (GIAO) method at 1
A above the centroid of each ring of the monomer and dimer using Gaussian 16 software. The local
contributions from the sigma framework (orbitals) have minimal impact on NICS,,(1). Negative
NICS value indicates diatropic current or aromaticity as NICS value corresponds to the negative
of magnetic shielding and vice versa. The aromaticity variation of monomers upon RAHB and =-

7 stacking was assessed using NICS,.(1).

4.5.3: Natural bond orbital analyses:*”>® The natural bond orbital (NBO) analyses was performed
at the ©®B97XD/Def2-TZVP level of theory, by means of the Gaussian 16 calculation package. The
orbital donor-acceptor interactions are assessed by probing all possible interactions between
occupied (donor) Lewis-type NBOs and unoccupied (acceptor) non-Lewis NBOs by second-order
perturbation theory. For each donor NBO (i) and acceptor NBO (j), the stabilization energy E(2)
associated with delocalization from the filled NBOs into the unoccupied non-Lewis orbitals is

estimated.
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