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PREFACE

In recent years, there has been a significant focus on organic electronics in both
academic and industrial research and concerted efforts are in progress to advance the
field by exploring new materials and improving their properties, including tunability,
processability, efficiency and stability. Charge injection/transport materials and
electroactive materials compatible with device fabrication conditions are essential
components in many organic electronic devices such as electrochromic devices,
Perovskite solar cells and organic light emitting diodes. Triarylamine derivatives in
general demonstrate superior performance among several classes of materials used in
organic electronics due to their favorable electron-donating properties, high thermal
stability, tunable energy levels, versatility in molecular design, good film-forming
properties, solution processability and cost-effectiveness. The design and development
of new, triphenylamine-based charge transport materials and the investigation of the
underlying principles related to their molecular design, film-forming ability, and
application in organic electronics, are challenging but essential for further improvement
in the device characteristics. The central focus of the current thesis is on the molecular
design, synthesis, and structural role of triphenylamine-based materials in the
development of solution-processable, solvent-resistant, and stable organic thin films for
organic electronic devices such as electrochromic devices, Perovskite solar cells, and
OLEDs.

The thesis is organised into four chapters, of which the Chapter 1 provides an
overview on triphenylamine based organic compounds, their synthesis, optical and
electronic properties and classifications based on specific literature survey. It also
discusses the role of triphenylamine derivatives as hole transporting and electrochromic
materials in solar cells, OLEDs and electrochromic devices. This Chapter investigates the
molecular design strategy, recent advancements and explores the potential of these
materials as charge transporting materials in organic electronic devices. The design
strategies and objectives of the thesis are also incorporated in this chapter.

In the Chapter 2, we discuss the EC properties of two carbazole-diphenylamine
derivatives, C-Sty2 and C-Sty3, with two and three thermally cross-linkable styryl units,
respectively, following a donor-mt-donor (D-m-D) design, where both the carbazole moiety

and cross-linking styrene groups modulate the photophysical and EC properties. Both

Xi



styryl derivatives formed rigid, uniform, and transparent films with high solvent
resistance and exhibited excellent thermal and electrochemical stability upon cross-
linking. C-Sty3, with three cross-linkable styryl units, could form more extended cross-
links, leading to hyper-cross-linked films with distinct, regular, and porous morphology
compared to C-Sty2. The hyper-cross-linked films of C-Sty3 demonstrated enhanced
coloration efficiency, optical contrast, and open-circuit memory compared to C-Sty2.
Electrochemical impedance spectroscopy analysis showed lower solution and charge-
transfer resistances for hyper-cross-linked films of C-Sty3, indicating higher conductivity
and ion diffusion compared to C-Sty2. Thus, a comparison of the EC properties of two
polymers with the same electroactive groups reveals the significance of hyper-cross-
linking in the EC properties of these cross-linked polymers. Furthermore, the EC
properties of the hyper-cross-linked D-mt-D derivative, C-Sty3, were compared to those of
previously reported molecules, demonstrating the importance of highly branched
conducting polymers for EC applications.

Designing ligands with varying numbers of coordination sites can result in
metallopolymers with linear and branched structures and these structural differences
can have a significant impact on their thermal, morphological, and electrochromic
characteristics. In this regard, in Chapter 3, two tetraphenylethylene-diphenylamine-
terpyridine based ligands, TPE-TPy2 and TPE-TPy4, having two and four terpyridine
units attached to the diphenylamine moiety, were synthesised, and their photophysical,
electrochemical, thermal, and metal interaction properties were investigated. The linear
and hyperbranched Fe(II)-based metallopolymers were prepared by complexing Fe(II)
salt with a 1:1 ratio of TPE-TPy2 and a 2:1 ratio of TPE-TPy4, respectively. The obtained
metallopolymers were fully characterized. Both the metallopolymer films on FTO
showed a reversible colour change from dark greyish blue to yellow and purple to green
for TPE-TPy2-Fe and TPE-TPy4-Fe, respectively. The spectroelectrochemistry of the
films revealed concommitant changes corresponding to the oxidation of Fe(II) to Fe(III)
and triphenylamine groups. Both the polymers demonstrated remarkable stability
without significant transmittance loss for more than 300 switching cycles.
Hyperbranched polymers of TPE-TPy4-Fe have electrochromic features predominantly
due to triphenylamine oxidation including open circuit memory and near-infrared

absorption. These hyperbranched polymers also exhibited better colouration efficiency

xii



and shorter electrochromic switching time compared to linear metallopolymers of TPE-
TPy2-Fe.

Chapter 4A of the thesis focuses on the application of previously discussed styrene
attached carbazole-diphenylamine derivatives, C-Sty2 and C-Sty3 (Chapter 1) as
thermally cross-linkable hole-transport materials for Perovskite solar cells. These
molecules are specifically designed to exhibit thermal cross-linking properties, which
allows for the formation of stable and durable hole-transporting layers in PSC devices.
The performance of the PSC devices were optimized by varying several parameters,
including weight percentage of the hole-transporting material, spin-coating speed (rpm),
annealing time and annealing temperature. Optimized devices of C-Sty3 and C-Sty2
showed power conversion efficiencies (PCE) of 16.1% and 15.2%, respectively in
comparison with the standard HTM, PTAA based device with PCE of 18.8%. This chapter
highlights the influence of different parameters on device performance and demonstrates
the potential of these materials to enhance the efficiency of PSCs through the formation
of stable and conductive hole-transporting layers.

Charge injection and transport layers with optimum carrier transport properties
are essential for stable and efficient OLED devices. In Chapter 4B, we report two
tetraphenylethylene-diphenylamine derivatives, TPOMe and TPOSt having four and two
methoxy substituents, respectively and explore their potential as solution processable
hole injection layers (HILs) for OLEDs. Standard, Alq3-based green OLEDs with a simple
device design were used to demonstrate the properties of the synthesized HILs, in
comparison with a commercially available standard HIL, m-MTDATA. TPOMe based
device exhibited a current efficiency of 4.2 cd/A, while TPOSt based device showed 3.81
cd/A at 10 mA/cm?2. Both the above devices showed better performance compared to a
control device fabricated with the standard HIL, m-MTDATA which showed a relatively
lower current efficiency value (1.70 cd/A at 10 mA/cm?2). Similarly, the maximum EQE of
TPOMe (1.77%) and TPOSt (1.55%) were higher than that of the m-MTDATA based
device (1.40%). Although m-MTDATA device has better luminance and hole mobility
compared to TPOMe and TPOSt devices, the optimum charge balance in the latter

devices lead to better current efficiency and EQE.
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CHAPTER 1

Triphenylamine based Molecules towards Organic

Electronics Applications: An Overview
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1.1. Abstract

Organic materials have garnered a lot of attention in the past couple of decades,
owing to advancements in material design and purification, which have strengthened

material performance in various organic electronic devices. Weak van der Waals



Triphenylamine based Molecules towards Organic Electronics Applications: An Overview

interactions between individual molecules in organic materials enable the
conservation of their characteristics in bulk, allowing organic material designs to be
easily done at the molecular level. Organic photo- and electro-active materials,
including small molecules, oligomers, and polymers have made their way into
applications like organic light-emitting diodes, sensors, solar cells, photorefractive
devices, organic field-effect transistors, and organic electrochromic devices due to
their light weight and flexibility in forming low-cost, solution-processable thin films
over a wide area and on flexible substrates. In this sense, triphenylamine derivatives
with twisted molecular conformations and multiple amine centres have drawn
specific interest as organic charge transport materials. The triphenylamine moiety
acts as a good electron donor unit with easy oxidizability, hole mobility, and
compatible energy levels, color tunability and redox stability enabling TPA
derivatives to achieve the highest efficiency and performance among photovoltaics,
OLEDs and electrochromic systems. The design and development of triphenylamine-
based derivatives with features that could potentially enhance device performance
are essential for improving the capabilities of organic materials for future
applications. The current thesis examines the vital role that triphenylamine-based
charge transport materials serve in optoelectronic applications and the principles
underlying their molecular design. Synthesis of various triphenylamine derivatives,
characterization, optoelectronic properties and investigation of their applications as
electrochromic, hole transporting, and hole injecting materials in electrochromic
devices, Perovskite Solar Cells (PSCs), and OLEDs, respectively are reported in the
thesis. In this context, the current chapter provides an overview on molecular design
and optoelectronic properties of triphenylamine derivatives with special focus on

electrochromic, photovoltaic and OLED applications.



Chapter 1

1.2. Introduction

In recent decades, organic materials have received a lot of attention as a result
of developments in material design and purifying procedures. Organic light-emitting
diodes (OLEDs), sensors, solar cells, photorefractive (PR) devices, and organic field-
effect transistors (OFETs) are examples of the electrical, organic electronics and
photonic devices that use these materials.12 Organic materials have a number of
benefits, especially their light weight, and flexibility, which facilitate the development
of affordable, solution-processable thin films across large areas and on flexible
substrates.3# TPA derivatives, due to their efficient charge transport, thermal stability
and tunable properties have allowed their function as organic charge transport
materials and are used in devices as light emitters, electrochromics, hole transporting,
and hole injecting materials.> To enhance the performance of electronic devices based
on triphenylamine-based materials, researchers have explored various strategies like
cross-linking, doping, molecular interface engineering etc. In recent studies, heat-
induced cross-linking of styrene-based materials has been explored as a method to
enhance their stability and charge transport properties in organic electronic devices.
Approaches like hyper-cross-linking and hyper-branching have also been
investigated to improve the mechanical and organic electronic properties of TPA-
based materials. Triphenylamine-based compounds have shown great potential for
application in electrochromic devices. Their ability to undergo reversible color
changes when an electric field is applied makes them useful for displays and smart
windows. As materials that transport or inject holes, TPA-based HTMs have utilized
to increase the stability and performance of Perovskite solar cells and OLEDs. TPA is

therefore a key component in organic electronic devices due to its outstanding charge
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transport capabilities, variable energy levels, and stability. Continued research and
development in this area has the potential to improve the performance and scope of

these materials in future electronic technologies.

1.3. Triphenylamine: Structural and Electronic Properties

For a wide range of organic electronic materials to be used in OLEDs,
photovoltaics and electrochromic devices, certain material qualities are required,
including high electronic-grade purity, suitable thermal stability, appropriate energy
levels, non-crystalline or amorphous morphology when formed into thin films, and
reversible electrochemical behavior. The electron-rich structural wunit of
triphenylamine can be incorporated in to the organic electronic materials like small
organic molecules, organic polymers and metallopolymers for achieving the hole
transporting and electrochromic behavior. Due to the steric hindrance caused by the
bulky phenyl groups, the phenyl rings are forced to tilt or twist away from the plane
defined by the nitrogen atom and its attached hydrogens typically more than®
degrees. This tilting results in the propeller-like shape of the molecule with D3
symmetry.

X-ray and computational analyses have unveiled certain structural
characteristics in the neutral state of the compound.” These include an average C-N
bond length measuring 1.42 A, an optimal tilting of phenyl groups at a torsional angle
of 42° relative to the CCCN plane and a C-N-C bond angle of 120° (Figure 1.1A).8 The
structure of triphenylamine molecule is shown in Figure 1.1B. The HOMO of the TPA
is distributed all over the molecule, particularly on the N-atom (59% of unpaired
electron is localized on the central nitrogen atom) and at the ortho- and para-
positions of the phenyl carbon atoms, while it is less prominent at the meta- positions.

The central nitrogen atom has no contribution to the LUMO (Figure 1.1C).

4
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9 2 9

Molecular structure of TPA Top view of TPA Side view of TPA
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Figure 1.1. (A) Optimized molecular structure and top and side views of TPA; (B)
Chemical structure of TPA and (C) HOMO-LUMO molecular orbitals for

triphenylamine. (Adapted from reference 6 and 7)

@% o @% @r@@ @r%

A) TPA radical cation, TPA™*

Qﬂﬁ? Q.
saollicaciicasivoae

B) Neutral TPA, TPA

Figure 1.2. Resonance structures for (A) TPA** and (B) neutral TPA. (Adapted from

reference 9)

Radical cation also has a similar structure, with somewhat shorter CN bonds, a
lower torsion angle, and the central NCCC atoms remaining planar.? Thus, the inner
reorganization energy of the triphenylamine is lesser than many other redox systems.

The distribution of the HOMO in the molecules indicates that the electrons in the lone

5
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pair on the nitrogen atom are distributed almost all over the structure. Resonant
Lewis structures can be employed to illustrate how the electron density is particularly
strong on the ortho- and para- carbons of the phenyl ring, while the electron
distribution is comparatively weaker on the meta- positions (Figure 1.2).10

TPA produces radical cation upon one electron oxidation which is unstable due
to the high spin density at the para- position. Consequently, it undergoes an
irreversible chemical process of dimerization to form tetraphenylbenzidine (TPB).
Two radical cations of TPA (TPA™) irreversibly combine to form TPB2+ and the
removal of two H* will result in the formation of stable and neutral benzidine. By
introducing methoxy and tert-butyl groups in the para- position of triphenylamine,
radical cations become incapable of electrochemical oxidation.!!

Mixed valence systems refer to derivatives of TPA that contain more than one
interconnected redox centers displaying distinct oxidation states. These systems
enable the transfer of an electron or a hole through optical or thermal excitation.
Robin and Day classified electron transfer interactions in bridged TPA compounds
into three categories, considering two key factors: the degree of electronic coupling
(Hab) between the two redox sites and the reorganization energy (A) involved with the
transfer of electron between them. The magnitude of interaction or the electronic
coupling is expressed as Hab which is equal to (¥a|H|¥},), where H can be termed as
molecular Hamiltonian and two localized states denoted as Wa and ¥b.12 According
to the classification of Robin and Day in 1968, class I refers to no electronic coupling
(Hab=0), i.e., the charge is completely localized so that redox couple act as separate
entities. In class III, the opposite extreme is found, that is the interaction between the
two centers is so great and strong electronic coupling results in uniform distribution

of charge between the redox centers. The electronic coupling, 2Hab, of class III is
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greater or equal to the reorganization energy (2Hab = A). Class Il systems exhibit a
relatively low intermediate electronic coupling, resulting in the majority of the charge
being localized in a specific redox center. However, this charge can still be transferred
to another center. When the wave functions describing the two potential wells are

mixed, new adiabatic potential energy surfaces are formed, characterized by an

energy splitting of 2Hav.
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Figure 1.3. (A) Potential curves for the three Robin-Day classes and (B) Absorption

spectra of representative compounds at various applied potential. (Adapted from

reference 12 and 13).

In the potential energy diagram (Figure 1.3A) of class I compounds, the curves
are not merged at all which represent the species as dissimilar and the reaction is
unable to proceed whereas, class Il and class III curves seem to merge because there

the electron transfer is possible. Class Il systems (electronic coupling, 2Hab < A) exhibit
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a ground state potential energy curve characterized by a double-well structure, where
two distinct reaction pathways can be formed. One pathway is associated with the
absorption of light, while the other pathway is initiated by thermal processes. Such
Franck-Codon transitions due to the optical excitation typically led to structureless
broad bands in the near-infrared (NIR) region, which are denoted as intervalence
charge transfer (IVCT) bands. In the case of class IIl systems, full mixing of two
potential energy curves indicates there is no thermal activation barrier and no hump
so that ions can freely transit between both states, which results in a very delocalized
system. Usually, polymers bridged by ether linkage show separate redox centers
having electrochemical properties and they fall into the class I category. A class III
based tetraphenyl-p-phenylenediamine (TPPA)13 and class II tetraphenylbenzidine

(TPB)1# exhibited IVCT bands in the near IR region (Figure 1.3B).

1.4. Triphenylamine based Materials for Electrochromic

Applications
1.4.1. Electrochromism

The phenomenon of electrochromism has piqued the curiosity of many
researchers due to its optical switching ability, which offers various options for
energy-saving and color-tuning applications, such as smart windows, electronic
papers, mirrors, sunglasses, display devices, etc.15-18 Electrochromic devices have
drawn a lot more attention since Deb displayed the first instances of the
electrochromic phenomenon of tungsten trioxide (WO3). The WO3 film exhibits a
reversible color change, shifting from colorless to blue when subjected to a negative
voltage. Furthermore, electrochromic device (ECD) using a thin film of W03, which is
widely recognized as the foundation of research in the field of electrochromism.19.20
However, J.R. Platt created the term electrochromism in 1961 and stated that

8
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“Theoretical considerations suggest that the absorption and emission spectra of
certain dyes may be shifted by hundreds of angstroms upon application of a strong
electric field. The effect could be called electrochromism, in analogy to
thermochromism and photochromism”.21

Generally, ECD is a multilayer electrochemical device (Figure 1.4A), which
includes two electrodes (FTO, ITO, carbon nanotubes, PET-ITO, graphene, carbon
nanotubes, etc.), an electrochromic layer which is the active or core component that
controls the EC performance and changes color when the reaction occurs and an
ionically conductive electrolyte which can be liquid, semi-solid or solid doped with
lithium salt, ammonium salt, or ionic liquid for balancing the carrier transportation
from the active EC layer. An ion storage layer, which experiences reversible
electrochemical oxidation (reduction) along with the reduction (oxidation) of the

electrochromic layer in the device and ensures correct charge balance.

Power Source
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Figure 1.4. Representation of (A) general electrochromic device structure and (B)

transmittance and reflectance mode electrochromic devices.
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Depending on the type of application, structure of the ECD will be varied. ECDs
are classified into two types: (i) absorptive/transmissive ECDs (smart windows and
glasses) and (ii) absorptive/reflective ECDs (displays and auto-dimming car mirrors)
on the basis of the structure and device modes of operations as shown in Figure 1.4B.
In the transparent EC devices, two FTO/ITO coated glass substrates are used as
electrodes and the transmittance mode of operation works. In the reflectance mode,
the transparency of one electrode is maintained, whereas the other electrode is made
reflective by coating it with aluminum, gold, or silver. Devices can also be grouped
into inorganic (metal oxides, metal complexes, and metal/alloy), organic (small
molecules, covalent organic frameworks, cross-linking molecules and polymers),
metal-organic coordination complexes, and hybrid materials based on the
electrochromic materials being used. Electrochromic device performance is
determined by several device features such as;

(i) Optical contrast: The variation in transmittance between two different redox
states of an electrochromic device. It is often reported as the percent
transmittance change (A%T) at a specified wavelength where the
electrochromic material has the highest optical contrast.

(ii) Coloration efficiency, n: Ratio between the change in optical density (AOD) and

the amount of electronic charge injected or ejected (Qd)).

n = AQL: = log [Th/Tc]/Qd) Equation 1.1

where, 1 (cm2/C) is the coloration efficiency at a given wavelength and Tb and
Tc are the percentage transmittance at bleached and coloured states,
respectively.

(iii) Response time/switching speed: Time required for the electrochromic device

to change from one color state to another (coloring/bleaching). Low response

10
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(iv)

v)

time is required for applications such as switchable mirrors and dynamic
displays. The response time of electrochromic materials is mainly dependent on
factors such as the ionic conductivity of the electrolyte, ionic diffusion in the
electro-active thin films, magnitude of the applied potential, thickness and
morphology of the electrochromic film.

Open-circuit memory: Ability of the electrochromic material or device to
maintain a given redox state even after the electric field is removed.

Cycle stability: Measure of the device's ability to undergo repeated switching
cycles without significant degradation. Irreversible redox reactions at extreme
potentials, secondary reactions due to the presence of water or oxygen in the
ECDs, and the resistive heating in the system will immensely contribute to the
degradation process. A high cycle stability is essential for the long-term

reliability of the device.

(vi) Applied voltage required to switch: Voltage that needs to be applied to the

electrochromic device to induce the coloration or bleaching process. Lower

applied voltages are preferred for energy-efficient operation.

Numerous EC materials have been extensively researched and are highly

promising for their potential applications in the field of electrochromism. Among the

building blocks available for fabricating the EC devices, triphenylamine (TPA)

derivatives are developing vibrantly due to their excellent electron-donating nature

with noticeable color changes and stable free radical formation. The propeller-shaped

triphenylamine exhibits significant steric hindrance and benefits from hyper-

conjugation electronic effects. These factors contribute to enhanced thermal and

morphological stability, facilitating the formation of stable free radical cations and

11
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improving hole mobility. Apart from that, synthetic accessibility and the possibility of
tuning the electrochemical and photophysical properties also effectively enhanced
the demand for these materials in the electrochromic research field.

In recent years, a great deal of focus has been placed on modifying the physical
and chemical characteristics of various electrochromic materials in order to make
them economically feasible. The wuse of composite materials to enhance
electrochromic performance has become increasingly popular in the field of EC
materials and applications. The fabrication strategy of using complementary color
materials like viologen molecules as cathodic materials and tetra-N-phenyl-benzidine
as anodic material?2, Prussian white (PW) film and WOs nanosheets23, NiO and
Prussian Blue?24 for achieving transparent to black EC switching are some examples.
Similarly, combinations of metal electrodeposition and organic EC polymersz5-27,
combining electrically driven chemical-color changes with physical-color changes
have been reported.28-30 For example, Jianguo Mei’'s group demonstrated colloidal
SiO2 nanocrystals embedded into the electrolyte which can passively change the
structural-color and actively control the light (color) under applied potential (Figure
1.5A).31 Introduction of nanostructures in the active materials improve the EC
properties due to their increased specific area and active sites.32-35 Zn0O nanofilms3¢,
tungsten-bronze-like Nb1sW1609337, free-standing 3D nanostructured polymers of
PEDOT and its derivatives3® and porous nanostructures such as, metal-organic
frameworks®3? , covalent organic frameworks#%4! and hydrogen-bonded organic
frameworks#Z are some of the examples. A novel porous NiO@C thin film electrode
was reported and it showed good electrical and ionic conductivity with fast switching
speed and stability. The material was then applied as smart eyewear (Figure 1.5B).43

In 2020, Masayoshi Higuchi reported a supramolecular metallopolymer of

12



Chapter 1

Fe(I)/0s(II) EC material and displayed a flower pattern which displayed six
multicolor image with the applied voltage and shown in Figure 1.5C.## In the research
of Gerardo Hernandez-Sosa and group on a polymer called polyindenofluoren-8-
tryarylamine polymer (PIF8-TAA), they demonstrated a dual-mode device that
combines electrochromic and electrofluorochromic effects. This innovative device
design offers a cost-effective solution for signage or advertising displays (Figure

1.5D).45
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Figure 1.5. (A) Butterfly EC device showing color change for both active and passive
camouflage; (B) NiO@C electrode-based EC devices for eye ware display; (C)
Representation of structure and images of segmented EC display and (D) Application

of EC/EFC dual-mode devices. (Adapted from reference 31, 43, 44 and 45)

Many attempts have been made to commercialize electrochromic materials
(Figure 1.6). Auto-dimming rear-view mirror system for vehicles and dimmable
windows for Boeing’s New 777X based on electrochromic materials were created and
made available by Gentex Corp. Electrochromic smart windows were first

commercialized by Pilkington in 1998. Later Sage Electrochromics developed a smart

13
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window called Sageglass, which is electronically tintable and today they possess the
most advanced electrochromic glass services. Around the world, they have
electrochromic glass installed in 700 projects including famous constructions like
Frost School of Music Rooms (University of Miami), Museum of Science, Boston and

Lawrence Berkeley Laboratory in Oakland, CA etc. NTERA's NanoChromics™ Ink-

Figure 1.6. (A) Electrochromic window produced by SageGlass; (B) Printable and
flexible electrochromic displays designed by Siemens; (C) Dimmable aircraft
windows on the new Boeing 777X by Gentex Corporation and (D) Auto-dimming

mirror system that eliminates virtually all rearview mirror glare.

technology enables the manufacturing of flexible printed electronic displays for smart
cards, smart packaging, and smart objects. PPG Aerospace is a division of PPG
Industries that specializes in aerospace coatings, sealants, and transparencies. PPG
Aerospace has also made significant advancements in the field of electrochromic
windows for aircraft. Their electrochromic windows, known as OPTICOR™, utilize a
thin film of electrochromic material sandwiched between layers of glass. These

windows can switch between clear and darkened states, allowing control over the
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amount of light and heat entering the cabin. PPG Aerospace's electrochromic windows
offer improved visibility, passenger comfort, and energy efficiency. They have been
used in various commercial aircraft and have gained recognition in the aerospace

industry.46

1.4.2. TPA based Small Molecules

Triarylamine based derivatives are considered as interesting anodic materials
for both research and commercial electrochromic applications. While compared to
inorganic materials, these materials exhibit advantages like good processability and
color tunability through structural modifications. Good optical contrast, high
coloration efficiency, and redox stability also make the organic molecules important
candidates in the field. Oligomeric triarylamine derivatives possessing twisted
molecular conformations and multiple centers have found extensive utility in many
organic electronic applications as hole transporting materials, reductant and
electrocatalysts etc.47-49
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Figure 1.7. (A) Chemical structures of oligomeric triarylamine compounds having

two and five TPA units and (B) CV and square-wave voltammograms of the oligomeric
TPA derivatives and reference compound triphenylamine in CH2Clz/n-BusNPFe.

(Adapted from 49)
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In 2017, Sheng-Hua Liu et al reported a series of oligomeric triarylamine
compounds by changing the number of TPA moieties from two (Diamine) to five
(Pentamine) and studied the intramolecular electron transfer and their
electrochromic behavior under different applied potentials.>® The electrochemical
results revealed well separated anodic oxidation processes for all molecules as shown
in Figure 1.7. All the series of molecules displayed attractive switchable NIR
absorption characteristics and different colors corresponding to their multistate
redox potentials.

Six novel multi-chromic materials (NTBAs) are developed with a D-A structure,
featuring nitrilotribenzoate as a catholically coloring material and TPA as an anodic
material and a fluorescence quencher.’® NTBAs showed multicolored
electrochromism and electrofluorochromism. The monocationic radical formed from
TPA oxidation caused the fluorescence-quenching. They found that the cyclic stability
was more for the aryl substituents, which have an electron-donating group attached
to them. Compounds with alkyl substituents showed the best performance with
relatively better stability, coloration efficiency and electrofluorochromic properties.

Molecules that possess both photochromism and electrochromism together are
not explored extensively. Akita et al. reported in 2008, a diarylethene (DAE)
derivative which showed both photo and electrochromism simultaneously.52 Another
six novel DAE derivatives containing TPA moieties were synthesized and
characterized by Xianggao Li’s group (TPA-DAE), where the molecules demonstrated
reversible photochromism at 302 nm UV irradiation. The fabricated electrochromic
devices showed colorless to blue change with 8.6 s - 12.1 s duration for coloring and
8.9 s - 12.8 s for the corresponding bleaching process.>3 In 2019, a triphenylamine

Schiff-base (TPASB) was introduced, which has both twisted intramolecular charge
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transfer (TICT) and AIE properties.>* TPASB has both electrochromic and
photochromic properties and exhibits a yellow to tangerine color change at 2.5 V. The
spectro-electrochemical analysis of the ECDs revealed that the IVCT band originated
from the transfer of electrons between the nitrogen radical cation and the neutral
nitrogen in the p-phenylenediamine segment. TPASB based device exhibited ATmax of
64.2% at 518 nm. A group of derivatives based on indolocarbazole-imidazole-
triphenylamine were discovered to possess electrofluorochromic properties. 5> The
fabrication of the devices involved sandwiching a mixture of compounds dissolved in
an acetonitrile solution, along with 0.1 M Bu4NClO4, between two glass substrates
coated with ITO. These devices exhibited distinct blue fluorescent switching
characteristics when subjected to various applied voltages.

In 2019, Chu et al. have demonstrated new derivatives of TPA appended to
AlEgens, triphenylethylene, and benzothiophene-1,1-dioxide with and without
methoxy group attached to them, called TPE-TPA, TPE-TPAOMe, BTO-TPA, and BTO-
TPAOMe.5¢ Materials showed high quantum yield in solid state with good electro- and
fluorochromic properties. Derivatives with methoxy groups showed better stability
and lower oxidation potential. In this work they adopted a new cross-linking gel-type
electrofluorochromic devices which can limit the restriction of intramolecular motion
of AIEgen materials such that high fluorescent intensity can be observed. Heptyl
viologen (HV) was also introduced in order to get better performance by reducing the
working voltage and switching response time. Similarly, Guey-Sheng Liou and
colleague reported TPA - Heptyl viologen based derivatives named NTPPA and NTPB
prepared from Buchwald-Hartwig amination that showed both electrochromic and
fluorochromic properties. 37 The EFC device with NTPB showed a high PL contrast

ratio, low time for switching and very good stability. The ECDs displayed coloration
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efficiency of 210 cm?2/C for NTPPA/HV (color change from a colorless state to a pale
blue color) and 287 cm?2/C for NTPB/HV, which showed a color change from colorless
to a dark blue-green color. In 2013, (4-(diphenylamino)phenyl)methyl phosphonic
acid (DPP), an anodic EC material was reported by Mei Li and group.58 ECD were
fabricated with PC/EC/LiPFs electrolyte and a novel viologen derivative which is used
as cathode material. The electrodes were surface modified by using the chemisorption
method through phosphonic acid reaction with titanium dioxide. Device with these
two electrodes demonstrated high contrast with the value of 63% at 670 nm and a
long cyclic stability over 100k cycles. The structures of the above-mentioned

molecules are shown in Figure 1.8.
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Figure 1.8. Chemical structures of some TPA based small molecules.

1.4.3. TPA Containing Polymers

The ability of charge conduction in conducting polymers arises from the
delocalization of electrons in the conjugated polymeric chain, and the small bandgap
(~1.4 eV) allows low energy electronic transitions, which also enhances the electric

conductivity. The oxidation of aromatic compounds such as thiophene, pyrrole,
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aniline, furan, carbazole, azulene, indole, and their derivatives can lead to the
formation of electroactive polymers. The properties like possible band gap tuning, fast
switching, high coloration and multiple color tuning attract better attention towards
conduction polymers (CP) over other inorganic polymers. Polymerization can be
accomplished by different methods like thermal polymerization, electrochemical
polymerization, UV irradiation, chemical synthesis etc.

Electrochemical polymerization or electropolymerization (EP) happens
through the formation of cationic radical via oxidation of the monomer molecule
coated on the substrates like FTO or ITO. EP offers the benefit of combining the
synthesis and modification stages into a single procedure. The radical cation either
reacts with the neighboring radical cation or with another monomer to form a
polymer on the electrode.>® In electrochemical polymerization processes, a three-
electrode system is commonly employed. This system consists of three electrodes
immersed in an electrolyte solution, and each electrode serves a specific purpose. The
working electrode is where the polymerization happens. The choice of the working
electrode material depends on the application and the specific polymer being
synthesized. Inert metals (such as platinum, gold, or stainless steel), conducting glass
(such as indium tin oxide, ITO), or carbon-based materials (such as glassy carbon or
graphite) are frequently used as working electrodes. The reference electrode can be
Ag/AgCl, and Pt is used as the counter electrode. The electropolymerization of the
aniline forms PANI, which is non-conducting in its leucoemeraldine state and
conducting in its emeraldine state.®® Due to their good stability, conductivity and
electronic properties, they have found applications in the field of organic electronics,
especially in electrochromism. TPA attached molecules have been used as a

polymerizing unit for the preparation of thin films since TPA can form aminium cation
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that can create polymeric structure. Yu-Wu Zhong and his group have synthesized two
star-shaped compounds having a pyrene core and four TPA units with (Compound 1;
Figure 1.9) and without a phenyl linkage between the core and TPA moiety. 61 These
compounds readily formed electropolymerized films on ITO substrates. The ECD
fabricated with this molecule showed two step electrochromism in the NIR region.
Inthe year 2019, Deng et.al reported a 4-vinyltriphenylamine (VTPA), where the
EC films with different thicknesses were prepared by electropolymerization method.
62 The cross-linked films were obtained by electropolymerization from a DCM
solution containing 0.1M TBAP and 2.71 mg/mL PVTPA at 50 mV/s scan rate. They
have tuned the thickness of the film by changing the polymerization time. For
comparing the properties of the electropolymerized film, PVTPA compounds were
spray coated on electrodes and then the devices were fabricated. The
electropolymerized film-based device showed better cyclic stability and higher
optical contrast than the others. Film with a thickness of 680 nm exhibited color
changes from colorless to black with a 59.8% transmittance change in the 430-900
nm range. In a report by Shuai Li et al., four TPA derivatives are discussed, which are
D-A systems (nitrotriphenylamine) with different thiophene attached at the two para-
positions of TPA and one site by an inactive unit ( methoxyl unit and cyano unit).63 As
a result, the polymerization site at the TPA moiety has shifted to thiophene unit,
leading to an increased polymerization capability of the molecules. All polymers
demonstrated high contrast ratios in the near IR region with fast switching times and
excellent cyclic stabilities. In 2019, Cheng Zhang and group displayed another set of
thiophene derivatives, TPAT and PHT, with TPA and phenyl core, respectively.6! They
prepared two bilayer polymer films during the ECP time with the compounds in the

pTPAT/pPHT and pPHT/pTPAT sequential deposition order. The bilayer films
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exhibited comparable optical contrast and cyclic stability to the single pTPAT films;
however, they demonstrated a longer switching time. In the bilayer films, the
presence of the pPHT layer functions as a barrier for charge transport, leading to a
reduction in the hole-injection process. As a result, the influence of diffusion of ions
and charge injection on the switching speed of electrochromic (EC) materials
becomes apparent. A series of polymers derived from different TPA units and 2,5-
dithienylpyrrole were designed and synthesized by Wen Wang et al. (2, 5-
dithienylpyrrole, DTP Units) and their electropolymerization was done with Pt-
counter electrode, ITO as working electrode, with 0.10 mol/L TBAP electrolyte.
Among the polymers, TPA with single branched dithienylpyrrole showed better
performance due to the reduced steric hindrance.®* A recent study described the
utilization of a pyrrole-based TPA derivative called N, N#-bis(4-(1H-pyrrol-1-
yl)phenyl)-N1 N4-diphenylbenzene-1,4-diamine (DPTPA) for electropolymerization,
resulting in the formation of a polymer film.6> The film displayed a range of six distinct
colors, ranging from brown to blue, and exhibited high contrast levels of 41% at 852
nm and 52% at 617 nm. Additionally, the polymer film demonstrated rapid switching
times and excellent stability. The structures of the above discussed materials are
shown in Figure 1.9.

In 2015, Guey-Sheng Liou and group first reported a novel triphenylamine-
imide derivative containing aromatic diamine, N,N-bis(4-aminophenyl)-N‘N*
diphenyl-1,4-phenylenediamine and several tetracarboxylic dianhydrides units. The
polymers formed transparent, tough, and flexible films by solution casting.®® In the
following years, several similar kind of derivatives of imide based polymers were

reported as shown in Figure 1.10 and Figure 1.11.67-69
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Figure 1.9. Chemical structures of the TPA based electropolymerlzed molecules.
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Figure 1.11. Chemical structure of the TPA based polyimides.
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Similarly, numerous polyamide (PA) and TPA based systems have been reported
till date, (Figurel.12) for applications in the electrochromic field. The PAs showed
high solubility, glass transition temperature, and stability. Polyamide-TPA based
polymers which show NIR activity due to the IVCT happening from the strong
electronic coupling also gained significant momentum. Novel starburst, NIR active
TPA polymers were reported, which were prepared by phosphorylation
polyamidation.”’? The ECD exhibited good electrochromic properties, indicating the
potential for practical applications. There are many other classes of functional
moieties incorporated with the triphenylamine unit and used for electrochromic

applications, such as hydrazide, oxadiazole,’1-74 epoxy,’> urethane,’%77 benzoxazine’8
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Figure 1.12. Chemical structures of the TPA based polyamides.

Metallopolymers comprising triphenylamine and terpyridine are a family of
materials that have demonstrated potential for use in electrochromic applications.

They offer several advantages like, multiple active sites, color tunability, extended
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electrochromic memory, durability and NIR absorption. Tao et al. demonstrated the
design and synthesis of six metallic terpyridine-based compounds with
triphenylamine sides (Ligand L1 and Ligand L3), with the objective of increasing
electrochemical polymerization and subsequently their open circuit memory and
stability.”® The complexes have four active polymerization sites and show discrete
color variations throughout a voltage range of 0 V to 2 V. These polymer films (p-MLn)
exhibited the tunability of electrochromic colors based on metal ion binding. Notably,
the memory and stability of the triphenylamine-based ligands rely not only on their
rigidity but also on their length. Cheng Zhang and group reported a star-shaped ligand
named TPA-TPY, and successfully synthesized a Fe(Il) metal complex nanosheet
utilizing the liquid-liquid interface self-assembly method. 80 The resultant nanosheet
had a thickness spanning hundreds of nanometers. The nanosheet displayed
electrochromism when attached to an ITO glass substrate, changing from a purplish-
red shade at 0 V to an orange-yellow shade at 1.4 V, and finally to green at 1.6 V. The
optical contrast was also maintained at about 100% of its initial electrochemical
activity across 500 cycles. Similarly, two trifunctional terpyridine-based
triphenylamine derivatives were synthesized and their two Co(Il) complex
nanosheets were prepared by Wai-Yeung Wong and group.8! They prepared low cost,
easily processable nanosheets, with tunable structures. Metallo-polymeric films
through the electropolymerization of two  bisruthenium complexes
[(Nptpy)zRuz(tppyr)](PFs)2 and [(Nptpy)2Ruz(tpb)](PFe)2 were reported by Yao et
al.82 These polymers are composed of Nptpy, tppyr and tpb units. The films displayed
four distinct anodic redox couples, corresponding to the stepwise oxidations of
cyclometalated bisruthenium unit and triarylamine segments and demonstrated five-

stage near-infrared electrochromism. Another liquid-liquid interface self-assembly
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approach by mixing a water solution of Fe(Il) metal ion with a star-shaped ligand
(TBT) constituted of triphenylamine-substituted alkyl terpyridine in organic solvents
was reported by Wong et al.83 The incorporation of flexible alkyl arms within the
structure resulted in films with outstanding flexibility and smooth surface. The film
displayed color change from purple to yellow-green. The structures of the discussed

molecules are given in Figure 1.13.

Z N

Figure 1.13. Triphenylamine-Terpyridine ligand structures.

Surface modified, self-assembled monolayer (SAMs) based thin films find
applications in many fields and offer a versatile and powerful approach for film
formation. On an ITO electrode surfaces, SAM of a ruthenium complex appended with
a TPA and carboxylic acid moieties was effectively developed by Jiannian Yao and
groups.84 The developed films demonstrated three-color electrochromism under low
voltage, strong NIR absorbance and excellent memory (Figure 1.14A). Similarly, two

triphenylamine-carboxylic acid attached ruthenium complexes were synthesized by
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Zhong et al85 A phenyl bridge separates the ruthenium ion and the amine site in
complex 2, whereas a biphenyl bridge separates them in complex 4. Nanocrystalline
TiOz films were produced on fluorine-doped Sn0Oz/glass substrates to bind these
complexes. Both films displayed two-step electrochromism in the NIR-region (Figure

1.14B).
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Figure 1.14. (A) Schematic diagram illustrating the SAM of the ruthenium complexes
and their electrochromic states at different applied potentials; (B) Highly stable, NIR-
active, TiO2 films composed of nanocrystalline particles modified with ruthenium-
amine conjugated complexes and (C) Structure of ditopic Ligand (Ltpa) with NIR and

visible electrochromism. (Adapted from reference 84, 85 and 86)

Two metallo-supramolecular polymers, namely polyFe-N and polyRu-N, were
prepared by using the complexation of Fe(II) or Ru(Il) ion with a ligand called Ltpa
and reported by Higuchi et al8® The polymers' UV-Vis spectra exhibited MLCT
absorption in the visible range. From the CV experiment, two redox peaks at 0.5 V

and 0.9 V corresponded to the TPA moiety and the metal oxidation, respectively were
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revealed. Above 0.5 V, a new NIR absorption peak appeared attributed to the

oxidation band of TPA moiety in the ligand (Figure 1.14C).

1.5. Triphenylamine based Materials as Hole Transporting/
Injecting Layers

A hole transporting layer (HTL) is a key component in organic electronics that
promotes the transportation of positive charge carriers (holes) in an organic
electronic device. It is used in organic electronic devices such as OLEDs, OPVs, and
OFETs. The main function of an HTL is to efficiently transport the holes injected from
the anode towards the active layer of the device or vice versa. The essential
characteristics for an organic HTL/HIL are high hole mobility to allow rapid and
efficient hole movement, properly aligned energy levels to facilitate effective charge
injection and extraction, optical transparency in order to reduce the light absorption,
good film-forming abilities for uniform and continuous layer of film formation, good
chemical and thermal stability to maintain device stability and low cost. In the
following sessions, we will discuss the specifics of several triphenylamine based hole-
transporting materials and the way they are employed and affect the functionality of

Perovskite Solar Cells and OLEDs.

1.5.1. Perovskite Solar Cells and TPA Based Hole Transporting Materials

Solar cell technology has evolved through time, resulting in three generations
that are; first-generation (crystalline silicon based solar cells), second-generation
(thin-film solar cells from materials like amorphous silicon, CdTe and CulnxGa1-x)Sez
etc.) and third-generation (DSSC, organic, Perovskite and polymer solar cells etc.).
Third-generation solar cells have demonstrated a significant potential for higher

efficiency and are the subject of intensive research and development. In the last few
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decades, Perovskite Solar Cells (PSCs) have emerged as a capable and rapidly
advancing solar technology in the field of photovoltaics. PSCs are manufactured using
low-cost, solution-based techniques, making them suitable for flexible material
applications and enabling cost-effective production. Furthermore, PSCs have the
potential to attain greater efficiencies than Si solar cells due to their ideal band gap,
which allows them to match the solar spectrum better. Perovskite materials are a type
of materials that have a specific crystal structure called the Perovskite structure. The
mineral Perovskite, with the chemical formula ABXs3, inspired the name of this
structure.8” The general formula for Perovskite material is ABX3, where A and B
represent cations of different sizes (A larger than B) and X represents an anion. The
Perovskite crystal structure is an ideal cubic structure of corner-sharing BXe

octahedra, with the A cations occupying the spaces in between (Figure 1.15A).88
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Figure 1.15. (A) The Perovskite crystal structure (Adapted from reference 88); (B)
Planar p-i-n and n-i-p device architecture and (C) Planar p-i-n and (D) n-i-p device

energy level diagram.
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This arrangement creates a cubic lattice with a high degree of symmetry. In
Perovskite solar cells, the most commonly studied Perovskite material is
methylammonium lead iodide (CH3NH3Pbls). In this case, methylammonium (MA)
acts as the A-site cation, lead (Pb) as the B-site cation, and iodine (I) as the X-site
anion. Perovskite materials are used in solar cells due to their unique combination of
properties that make them highly suitable for efficient light absorption and energy
conversion. Some of the main reasons why Perovskite materials are employed in solar
cells are its broad absorption spectrum comprising of a significant portion of the solar
spectrum, including visible and near-infrared radiation; high charge carrier mobility
which relates to how easily electrons and holes may travel across the material; long
carrier diffusion length that can permit the charge to flow without recombining,
enabling more charges to reach the corresponding electrodes and solution
processability, which provides cost-efficient and scalable production of solar cells.

In 2009, Kojima et al. developed the first Perovskite solar cell (PSC) by
substituting methylammonium lead iodide, a Perovskite absorber, for the dye
ingredient in a traditional dye-sensitized solar cell (DSSC) design and achieved
efficiency of 3.81%.8° This revolutionary discovery launched the study of Perovskite
solar cells and opened the door for the quick development of this technology. A
Perovskite solar cell typically features numerous layers that function together to
convert sunlight into electricity. The key components include, a transparent
conductive oxide (TCO) layer on a substrate typically made of glass or a flexible
material on that an electron transport layer (ETL) for electron transfer from the
Perovskite absorber layer to the back electrode. TiOz, ZnO, derivatives of Ceo are some
examples of ETLs used. The Perovskite material is the absorber layer in a PSC. A hole

transport layer (HTL) is coated over the active layer and then the metal contact
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material as cathode material. Planar PSCs may be implemented in two ways: normal
(n-i-p) or inverted (p-i-n). The position of the outermost transport material inside the
device structure that interacts first with the incident light determines the architecture
(Figure 1.15B). The selection between conventional and inverted structures is
determined by a number of parameters, including aimed device performance,
interface engineering, and the materials utilized. Both designs have been thoroughly
researched and show promising results in terms of power conversion efficiency and
stability. The working principle of a Perovskite solar cell (PSC) involves many steps.
When sunlight (photons) strikes the PSC, the Perovskite material absorbs the light,
causing excitons to form. At the interface between the Perovskite layer and the
charge-transporting layers, excitons are separated into electrons and holes. The
electrons then migrate to the ETL and the holes towards the HTL. The electrons and
holes then reach their respective electrodes followed by that, through an external
circuit recombination takes place and electric current generated. The energy band
diagram of both p-i-n and n-i-p architecture are shown in Figure 1.15C.

Numerous organic hole transport materials with various electron donor
components have been intensively explored for organic electronic devices. Carbazole,
phenothiazine, pyrene, and triphenylamine (TPA) have emerged as actively
researched organic HTMs, with many possibilities for improving device performance.
TPA, a redox-active organic material, is widely utilized as an HTM in different organic
electronic devices. HTMs containing TPA exhibit good hole transporting abilities due
to the presence of nitrogen donor atoms and the structural features contribute
thermal and morphological stabilities. Therefore, over the past decade, researchers
have put a lot of time and effort towards developing facile synthetic methods for

various TPA derivatives. The power conversion efficiency of 26% is the latest (2023)
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and highest for a single junction Perovskite solar cell.?0 Seok and team successfully
created an interlayer using Cl-bonded SnO: in combination with a Cl-containing
Perovskite precursor (Alkylammonium chloride) between SnO: electron-
transporting layer and a halide Perovskite light-absorbing layer. For the hole-

transporting material (HTM), they utilized Spiro-OMeTAD.
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Figure 1.16. Chemical structures of triphenylamine based HTMs with spiro-

structures.

The molecules with spiro structures containing TPA units are reported to have
highest efficiency (Figure 1.16). Zhan et al. developed and synthesized four different
hole transporting materials based on spiro[fluorene-9,9'-xanthene] (SFX). The
devices outperformed the benchmark Spiro-OMeTAD-based control devices (15.5%)

under the same circumstances, achieving power conversion efficiencies of up to
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16.8% with very good stability.? Further with a mixed Perovskite layer, mp-SFX-2PA
exhibited an improved PCE of 17.7%. Chang and group developed two donor-
acceptor-donor type hole-transport materials using spiro[fluorene-9,9'-
phenanthren-10'-one] core.?? Compared to Spiro-OMeTAD, D-A-D HTMs (Yih-2)
exhibited high resistance to moisture, increased production yield and comparable
efficiency. Spiro-tBuBED, an efficient HTM based on spiro-bifluorene, showed a good
power conversion efficiency of 18.6% when used in Perovskite solar cells without the
use of a device pre-oxidation process that was once believed to be necessary.?3 Yuhao
Sun and group developed a new derivative of Spiro-OMeTAD called TET, which
showed high fill factor (>81%) and 18% efficiency with reduced cost (25 times lower
than Spiro-OMeTAD).?* Chemical structures of the above discussed spiro-based HTMs
are shown in Figure 1.16.

Numerous papers discuss the use of low-molecular-weight materials with high
efficiency that can be classified as linear HTMs. In 2017, Gratzel et al. reported two
novel thiophene based hole-transporting materials, named Z25 and Z26, the latter is
derived by introducing two double bonds into Z25.95 Z26 demonstrated a remarkable
PCE of 20.1%, comparable to the efficiency of 20.6% attained with SpiroOMeTAD.
PSCs using Z26 also displayed greater stability than devices using Z25 and
SpiroOMeTAD. Songyuan Dai and group demonstrated an easy method to create three
Donor-m-Donor, TPA-based HTMs with biphenyl, fluorene, or carbazole (H-Ca)
linkers.?¢ All novel compounds exhibited adequately matching HOMO levels with
respect to Perovskite. The molecule developed with carbazole moiety demonstrated
strong hole mobility and exhibited higher PCE% due to better hole extraction capacity
at perovskite/HTM interface. In order to understand the structure and mechanism of

electronic properties involved in HTMs, three specific molecular semiconductors,
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namely Z1, Z2, and Z3 were designed.?” According to comparative research, Z3, which
has a perfectly oriented HOMO and excellent thin-film mobility, has a high potential
for use in efficient Perovskite solar cells with PCE% of 20.84%. Gratzel et al. developed
spiro-configured, HTM-1 composed of acridine-cyclopentadithiophene, with
triarylamine moieties on either side.”® A thin layer (40 nm) of HTM-1 in the PSC
exhibited remarkable stability with PCE% of 21% and a fill factor value of 0.77.

Chemical structures of above discussed linear HTMs are depicted in Figure 1.17.
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Figure 1.17. Chemical structures of triphenylamine based HTMs with linear

structures.

HTM structural designs with star-shaped structures utilizing the
triphenylamine core gathered considerable interest in the past decade (Figure 1.18).
These novel designs attempt to improve the performance and stability of PSCs by
utilizing the advantageous features of TPA as well as the structural benefits of star-
shaped molecules. An innovative approach was developed by Falaras et al. which

involved using an organic chromophore as an interlayer HTM, called D35 in
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mesoporous PSCs.?? They have achieved an 18.5% of PCE with high stability, retaining
83% of their initial efficiency after 37 days. Two novel HTMs from Nazeeruddin and
group, based on isomeric forms of benzotrithiophene, were developed and named
BTT-4 (three-armed) and BTT-5 (four-armed). They investigated the impact of
isomerism in photophysical and electrochemical properties. PCE of 19.0% and 18.2%

were achieved by using BTT-4 and BTT-5 as HTMs.100
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Figure 1.18. Star-shaped structures of HTMs containing TPA units.

Similarly, from the same group, three HTMs named CS02, CS04 and CS05 were
reported.101 CS05 achieved impressive efficiencies of 19.4% and proved that despite
their comparable chemical and photophysical features, these HTMs have unique
carrier recombination kinetics. Cheng Chen and group developed two phenoxazine
based hole transport materials, POZ9 and P0Z10.192 The variations in the N-
substitution on the phenoxazine core altered the PCE%. PSCs based on POZ10,

contains three N,N-di-4-methoxyphenylamino units has achieved superior hole
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transport capability and PCE of 19.4%. Chemical structures of star shaped HTMs are
given in Figure 1.18.

As hole transport materials, star-shaped compounds with a tetra-arm structure
have been developed and used (Figure 1.19). These compounds have a distinct star-
like structure, with four arms extending from a central core. Yongfang Li et al. used
silicon cores and triphenylamine branches and developed HTMs namely, Si-OMeTPA
and SiTP-OMeTPA. Si-OMeTPA which demonstrated high thermal stability,
crystallinity and hole mobility with 19.06 PCE% and outperformed the well-known
PTAA.103 Shao et al. displayed performances of two symmetric tetraphenylbutadiene
derivatives called CJ-04 and CJ-03 and when CJ-03 was used as the HTM, the PCE
increased to 20.06% while that of CJ-04 was 13.75% and the cost of preparing HTM-

CJ-03 was only 23.1% of the price of Spiro-OMeTAD.104
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Figure 1.19. Star-shaped HTMs with tetra-arms and TPA units.
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Liu et al. developed an HTM called BTPA-7 having anthradithiophene central
core. The new HTM exhibited higher hole mobility, glass transition temperature and
cost-effective synthesis, with 17.58% efficiency.105 Luyao Zhao in 2019 reported two
rigid three-dimensional HTMs with cyclooctatetrathiophene as the central
component known as COTT-1 and COTT-2.196 They tested the individual
performances of the HTMs and achieved 8.4% and 17.7%, respectively. Further, they
enhanced the PCE by employing one HTM as interfacial layer and the other as the hole
transporting material. All the above discussed structures are shown in Figure 1.19.

In n-i-p perovskite devices, the hole transport material is placed on top of the
perovskite layer. To ensure full coverage and protection of the rough perovskite
surface and to prevent metal diffusion into the perovskite, a thick HTM film is
required. In this configuration, high hole mobility becomes crucial for the HTM,
alongside other essential characteristics like suitable energy levels, good solubility,
smooth film morphology, and thermal stability. Spiro-OMeTAD, PEDOT:PSS, P3HT are
some of the commonly used HTM in n-i-p perovskite solar cells, but it often needs to
be doped with additives like t-BP, Li-TFSI, and cobalt complexes to enhance its
performance due to its relatively low mobility. However, the hygroscopic nature of
these dopants can negatively affect the device stability over time. On the other hand,
in p-i-n perovskite devices, the HTM film can be much thinner since it is placed below
the perovskite layer. Therefore, high mobility is not the primary concern in this
configuration, but instead, properties like suitable energy levels and solvent
resistance become essential. Polymeric materials such as dopant-free arylamine
derivatives (e.g, PTAA and Poly-TPD) have gained popularity as HTMs in p-i-n
structures due to their wide bandgaps, good hole mobility, thermal stability, and

solution processability.197 Their high solubility also proves advantageous during the
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device fabrication process. The advancement of p-i-n perovskite solar cells indicates
that they are approaching the performance levels of the best regular perovskite solar
cells. Investigating the p-i-n configuration offers up new avenues for improving the
efficiency and overall performance of perovskite solar cells. However, the solubility
of hole transport materials (HTMs) may result in partial washing or etching when
exposed to certain solvents used in subsequent fabrication steps, such as DMF and
DMSO. Furthermore, the cost of manufacturing these materials may have an influence
on their economic feasibility and appropriateness for large-scale applications. To
address these issues, researchers widely employ cross-linking (detailed description
is given in the section 1.6.) and self-assembled layer (SAM) techniques to develop
stable HTM layers on substrates. These techniques enable effective hole extraction
while also serving as a protective barrier, safeguarding the HTM from solvent-related

degradation. The structures of the above discussed HTMs are given in Figure 1.20.
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Figure 1.20. Commonly used and highly efficient HTMs for both p-i-n and n-i-p based

Perovskite solar cells.

In 2023, Li et al. reported a modified Spiro-OMeTAD (Spiro-Acid) by introducing

a carboxylic acid anchoring group, and demonstrated that Spiro-Acid can serve as an
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efficient hole transport material without the need for dopants in p-i-n perovskite solar
cells.108 The solar cell based on the self-assembled Spiro-Acid showed comparable
efficiency (18.15%) and remarkable fill factor of over 82%, when compared to devices
using PTAA as the HTM. Additionally, device exhibited excellent long-term stability
under illumination (Figure 1.21A).
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Figure 1.21. (A) Structure and schematic representation of the formation of Spiro-
Acid-SAM on ITO; (B) Structures of conjugated SAMs and (C) Chemical structures of
the SAM molecules V1036, MeO-2PACz and 2PACz. (Adapted from reference 108, 109
and 110)

Shuo Zhang and group developed a conjugated self-assembled monolayers and
proved their efficiency as HTM for inverted perovskite solar cells.10° Unlike the
traditional alkyl linker-based SAMs, these conjugated SAMs exhibited enhanced hole-
transport capabilities due to their conjugated molecular structure, which facilitates
charge transport. Additionally, the conjugated structure stabilizes the electron-rich
arylamines through electron/charge delocalization, leading to improved photo- and

electrical stabilities. The devices achieved power conversion efficiency of 22.53%
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(certified 22.12%) in the inverted PSC (Figure 1.21B). Amran et al. reported two novel
SAM based HTMs (MeO-2PACz and 2PACz) with carbazole bodies and phosphonic
acid anchoring group, and compared the device properties with standard PTAA and
a previously reported SAM of V1036.110 MeO-2PACz-SAM exhibited PCE of 21.1% with
a standard triple-cation absorber (Css(MA17-FAs3)9osPb(Is3Bri7)3s (CsMAFA)) based

PSC and 23.26% in monolithic CIGSe/perovskite tandem solar cell (Figure 1.21C).

1.5.2. Organic Light Emitting Diodes and TPA based Hole

Transporting/Injecting Materials

OLEDs have garnered significant attention due to their energy efficiency and
superior uses in full-color display screens and eco-friendly lighting sources.!!! Tang
and Van Slyke's pioneering work in 1987 set the groundwork for OLED technology.
Since then, both academic and industrial sectors have worked hard to produce high-
performance OLEDs. These efforts have concentrated on increasing luminance
efficiency, color gamut, device stability, and manufacturing processes. In recent years,
OLEDs have achieved commercial success in indoor lighting as well as other consumer
gadgets such as mobile phones, cameras, and televisions. However, further improving
OLED performance remains a daunting challenge in order to match competitive
lighting requirements and required display quality. Efficient light emission in OLEDs
requires the use of multilayer devices consisting of a hole transport layer (HTL), hole
injection layer (HIL), electron transport layer (ETL), and emissive layer (EML). These
layers are deposited as thin films sequentially between a transparent anode
(FTO/ITO) and a reflecting cathode (usually low work function metals such as
aluminium, silver, calcium, or magnesium) (Figure 1.22A). In an OLED device, the

process involves injecting holes and electrons from the electrode into the device's
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respective layers. When a voltage is provided, the anode charges up, causing a
potential difference with the cathode. This potential difference allows holes to be
injected from the anode into the hole transport layer. Simultaneously, the cathode
becomes negatively charged, allowing electrons to be injected into the electron
transport layer. The injected electrons and holes combine to generate excitons, which
are bonded states of an electron and a hole, inside the emissive layer. The energy level
diagram and the electron transfer processes are shown in Figure 1.22B. As the
excitons decay from higher to lower energy levels, they emit light known as
electroluminescence.
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Figure 1.22. (A) Multilayer device structure and (B) Energy level diagram of OLEDs.

The statistical spin limit predicts a 1:3 ratio of singlet and triplet excitons from
the recombination of electrons and holes in organic semiconductors!12 (Figure 1.23).
The emission in fluorescent OLEDs is caused by the radiative decay of singlet excitons.
Triplet excitons, on the other hand, have longer lifetimes and tend to undergo non-
radiative decay pathways, reducing the device's overall efficiency. Thus, the
maximum EQE (ratio of the number of generated photons to the number of injected
charges) that could be attained with fluorescent materials is limited to 25%. OLEDs
that use phosphorescent materials as the emissive layer are known as

phosphorescent organic light-emitting diodes (PHOLEDs). PHOLEDs use the emission

40



Chapter 1

from both singlet and triplet excitons, which leads to better efficiency and brighter
light emission than conventional fluorescent OLEDs. Heavy metal atoms can facilitate
the rate of spin forbidden process of intersystem crossing (ISC) from Si1 to T1 due to
the enhancement of spin-orbit coupling. As a result, phosphorescent OLEDs achieve
an internal quantum efficiency of up to 100%, enabling excitons to be completely used
for light emission.113 Thermally activated delayed fluorescence (TADF) is another
phenomenon observed in certain organic materials, that efficiently converts non-
radiative triplet excitons back to emissive singlet excitons via thermal energy transfer,
resulting in delayed fluorescence emission. In order to activate the RISC process at
room temperature, AEst (the energy difference between the lowest singlet and triplet
state) must be smaller than 0.1 eV. The excitons return to the emissive singlet state
after undergoing RISC. After a short delay following the initial excitation, the
recombination of these singlet excitons causes delayed fluorescence emission.111.114

The pictorial representation of the above discussions is depicted in Figure 1.23.
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Figure 1.23. Singlet and triplet excitons radiation in OLED devices. (Adapted from

reference 112)

In OLEDs, TPA-based materials can function as both efficient Hole Transporting

Materials (HTMs) and Hole Injecting Layers (HILs). Because of their high hole
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mobility, appropriate energy levels, and strong film-forming capabilities, they are
attractive alternatives for aiding hole injection and transport, resulting in better
device performance. The commonly used hole transport materials in OLEDs are a
diphenylamine-naphthalene derivative called NPB and a molecule having biphenyl
core structure with two diphenylamine group named as TPD. Both the HTMs exhibit
high hole mobility and are highly sublimable. But they exhibit low glass Tg, specifically
65°C for TPD and 96°C for NPB. This low Tg leads to poor morphological stability,
resulting in short lifetimes and device degradation in OLEDs. Designing amorphous
materials with high glass transition temperatures (Tg) can help to reduce the negative
impacts of crystallization and increase film stability. With much better Tg, spiro-
linked structures that are comparable to TPD (like spiro-TAD and spiro-MeOTAD)

have been developed, resulting in increased morphological stability.115
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Figure 1.24. Chemical structures of TPA based commonly used HTMs and HILs.

Wehrmann et al. fabricated the OLED device using derivatives (TDATA and
TDAPB) with starburst structure, which have the ability to form thermally stable

amorphous films. They utilized a sequential deposition process involving spin-coating
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and evaporation techniques for three organic layers. The HTM layer of TDAPB for
modulating the injection of holes into the Algs emitting layer was used and resulted
in high efficient LEDs.116 Chae and group developed an OLED device with short driving
voltage of 3.0 V and achieved 1000 cd/m? luminance. They highlighted the potential
of utilizing TCTA as a solution-processed interlayer in phosphorescent OLEDs,
offering a promising pathway for efficient and simplified manufacturing of the
devices.117 These substances have improved morphological stability and created thin
films of excellent quality. Several small molecules are extensively employed as HILs
in OLEDs and commonly used HILs are starburst molecules with a core
triphenylamine molecule and three naphthyl-diphenylamine (2-TNATA) and methyl-
diphenylamine (m-MTDATA) moiety. The above-mentioned commonly used
HTM/HILs and their chemical structures are given in Figure 1.24.

Lee et al. reported a novel starburst TPA-tetraphenyl-phenyl derivative known
as TTPPPA as HTM, with higher glass-transition temperature and the corresponding
OLED device displayed higher EQE compared to the conventional device using NPB.118
A solution processable triphenylamine-based dendrimer Tr-TPA9 with high Tg was
reported by Tian et al and the OLED device with Algs as the emissive material
exhibited a low turn-on voltage of 2.5 V. The devices demonstrated a luminance
maximum of approximately 11,058 cd m-2, and CE (current efficiency) maximum of
4.01 cd A-1.119 Yang Liu and group combined the hole-transporting feature of TPA with
the AIE properties of TPE and the resultant compounds, TPATPE and 2TPATPE
exhibited high fluorescence quantum yields up to 100% in thin films. Due to the
excellent hole mobility of TPATPE and 2TPATPE together with the appropriate energy
level alignment with the anode, the devices without separate hole-transporting layers

demonstrated equivalent or even superior performance than those with HTL.120 A
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new type HTM layer was reported by Xingbo Cao and group, named DBTPA. Even ata
low current density of 20 mA/cm?, the device achieved a brightness value of 1,399
cd/m? and a luminous efficiency of 2.85 cd/A.12! Figure 1.25 shows the chemical

structures of the OLED-HTMs discussed above.
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Figure 1.25. Chemical structures of TPA based HTMs used in OLEDs.

Park et al. reported hole injection layer (HIL) materials which are made up of
phenothiazine and phenoxazine derivatives. One of the synthesized materials, 1-PNA-
BPBPOX exhibited a high glass transition temperature, low absorption above 450 nm
and suitable energy levels compared to 2-TNATA, a commercial HIL material.122

Two novel star-shaped oligotriarylamines, FATPA-T and FATPA-Cz for hole
injection and transport were successfully synthesized through the Suzuki cross-
coupling reaction by Zuoquan Jiang and group. The molecules showed good thermal
stability, solution processability and high glass transition temperatures. A double-
layer Alg3-emitting OLED device were fabricated using FATPA-T and FATPA-Cz, and
FATPA-Cz-based device displayed better device characteristics compared to NPB-
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based standard device.123In 2020, Chang et al. developed a series of tetramers derived
from triphenylamine and evaluated as hole injecting/transporting layers in organic
light-emitting diodes. A tri-layer architecture of the devices was demonstrated with
derivative 1 and derivative 2 as HTM and derivative 3 was chosen to be the HIL.
Devices with HIL based on derivative 3 achieved higher OLED parameters and
indicated the potential of the newly synthesized HTM and HTL.1?# Chai et al
developed a novel triphenylamine derivative named TPA-1A which act as both HTM
and HIL. The PhOLED from the HTM demonstrated remarkable current (49.13 cd/A)
and power (27.56 Im/W) efficiencies and showed improved hole injecting property
compared to NPB based devices.12> The structure of the HILs discussed are given in

Figure 1.26.
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Figure 1.26. Chemical structures of TPA based HILs.

1.6. Cross-linkable Materials and their Organic Electronics

Applications
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Cross-linking techniques are commonly employed in organic electronic devices
to enhance their performance by improving material properties such as stability,
mechanical strength, and charge transport. The solubility of the EC/HTM materials in
common organic solvents and film processing via simple coating techniques such as
spin coating or spray coating are crucial for ultimate practical device fabrication.126
While the solubility of electro-active material is important for the large area thin film
processing, it will adversely affect the overall device performance due to the
delamination of the material from the electrode surface. The material redundantly
mixes with the next layer, electrolyte or conducting gel and the consequence will be
the localized short-circuiting and device failure. Although polymers can form thin
films with better morphological and mechanical stability than small organic
molecules and discrete oligomers, the challenges are associated with the synthesis,
purification, solubility and the lack of colorless states.12”. Some of the cross-linking
techniques used for the film formation in organic electronics are chemical, thermal
and photo-cross-linking. Chemical cross-linking is a process that entails the creation
of strong covalent bonds between different monomer substances. It can be achieved
through various chemical processes such as oxidation and condensation reactions.
Chemical cross-linking can enhance the stability of organic materials and reduce the
risk of degradation, which is crucial for long-term device performance.128-131 Photo
cross-linking utilizes light to induce cross-linking reactions in materials. Ultraviolet
(UV) light is commonly used as a catalyst to initiate the cross-linking process. This
technique enables precise spatial control over the cross-linking process, allowing the
formation of patterns or selective cross-linking in specific regions of the device.132-136
In the case of thermal cross-linking, heat is used to induce the cross-linking reaction.

Styrene-based materials have been investigated for their potential in thermal cross-
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linking processes. Thermal cross-linking involves the formation of covalent bonds
between the molecular units of styrene-based materials through the application of
temperature. Cross-linking in organic materials can be achieved using a variety of
functional groups, each offering unique properties and advantages.13” Some of the
commonly used functional groups for cross-linking organic materials, including small
molecules and polymers are Styrenes (-CH=CH2), Siloxanes (-Si-0-), Acrylates (-C=C-
), Trifluorovinylethers (-CF2CF2-0-), Oxetanes (cyclic ethers containing a four-

membered ring structure) etc.
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Figure 1.27. Chemical structures of the TPA based thermally polymerized molecules

used for electrochromic applications.

Organic molecules with unsaturated double bond curing systems are attractive
due to their outstanding film properties upon cross-linking.138139 Small molecules
with a styryl moiety can form morphologically and mechanically stable cross-linked

films without any initiator through thermal polymerization, which provides a

47



Triphenylamine based Molecules towards Organic Electronics Applications: An Overview

covalently connected extended network structure. The main attractions of the styrene
polymerization in comparison with other functional groups are: (i) no additional
reagent (initiator or cross-linking agent) needed and (ii) no side products are formed
during the polymerization, which can interfere with the morphology and
optoelectronic properties. This approach has been successfully applied in organic
electronic research such as hole transporting materials in OLED, solar cells etc.
138,140,141 Selected examples of TPA based molecules with thermally cross-linkable
styryl moieties are given in Figure 1.27.

Our group has developed styrene linked diphenylamine-fluorene derivatives,
FD and FDOMe, which formed electroactive films upon thermal cross-linking and
exhibited multi-colour electrochromism, with good switching stability and low
switching voltage.1¥2  Similarly, in 2017, we reported diphenylamine-
tetraphenylethylene derivatives, TPOSt and TPOMe, with and without cross-linkable
styrene moieties, respectively and demonstrated their superior properties such as
formation of flawless films on the electrode with excellent stability, transmissive-to-
black switching and high optical contrast. In addition, TPOSt exhibited
electrofluorochromism, transitioning from a highly fluorescent yellow-green color to
a darkened state.143 In the same year, Skene et al. demonstrated a material consisting
of benzothiadiazole with two TPA-styrene units that has both electro- and fluoro-
chromic properties (poly-1; Figure 1.27). The films showed reversible switching in
the NIR range with the color change from yellow and grey upon applied potential and
absorption changed from 460 nm to new broad absorption in the near-infrared
region.14* Triphenylamine and viologen are complimentary electrochromic materials
and have been used widely in electrochromic applications. Such dual layer devices are

reported to have advantages like enhanced coloration efficiency and open circuit
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memory.145146 The same group demonstrated an electrochromic device utilizing
Bis(triphenylamine) (poly2) as the color-switching layer, exhibiting electrochromic
properties and 4-vinylbenzylviologen as the ion storage complimentary layer.147
Devices showed excellent switching stability with very small color fading after six
hours of continuous switching and showed good optical memory after removing the
potential, indicating their lower energy consumption. Whereas, electrochromic
device fabricated from a single electroactive layer showed a reduction of 50% of the
initial color 7 minutes after the potential was removed.
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Figure 1.28. (A) The process of thermally induced cross-linking in molecules and
polymers that contain styrene-functional groups; (B) EC devices of TPA-Styrene
derived P(TPA-OCH3-co-TPA-CN) polymer with multiple color changes and high cyclic
stability and (C) Representation of the structure and thermally cross-linkable EC
copolymer of pSTPA-co-TPA-OCHs. (Adapted from reference 148 and 149)

A schematic representation of the process of thermally induced cross-linking in
molecules and polymers that contain styrene-functional groups is shown in Figure
1.28A. Recently, two TPA derivatives with styryl moieties, TPA-OCH3 and TPA-CN
were reported by Cheng Zhang and group. ECDs of the materials alone and a device

with copolymer of TPA-OCHs and TPA-CN were fabricated and studied. The device
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based on copolymer showed various color changes from colorless-orange-blue-
purple and exhibited 57.8% contrast at 680 nm and >30,000 cyclic stability with fast
switching time (Figure 1.28B).148 From the same group, A triphenylamine derivative
with a thermally cross-linked vinyl group called STPA was reported and its polymer
(pSTPA) was prepared via thermal polymerization. To achieve multicolor display and
enhanced cycle stability, a copolymer termed pSTPA-co-TPA-OCH3s was developed by
mixing STPA with TPA-OCH3 with a molar ratio of 1:1 (Figure 1.28C).142
Cross-linkable materials have emerged as a viable candidate in the field of hole-
transport layer (HTL) materials. They have the potential to undergo thermal or
photochemical cross-linking, resulting in the formation of a durable film with better
stability during subsequent solvent treatments of the active layer. This distinguishing
feature gives them a significant advantage in the solution-based fabrication process
of solar cells. Wong et al. developed a thermally curable monomer called VB-DAAF,
which is based on a styrene-appended fluorene derivative. The monomer served as a
highly efficient p-type organic electrode interlayer and demonstrated resistance
against solubility of the precursor solution used. The purpose of this development was
to create hybrid solar cells consisting of methylammonium lead iodide Perovskite and
fullerene planar heterojunction. The resulting device showcased impressive
performance metrics, including an open-circuit voltage of 1.02 V, a short-circuit
current of 18.92 mA/cm?, and a fill factor (FF) of 0.78. These values corresponded to
a notable power conversion efficiency of 15.17% under standard 1 sun AM 1.5G
simulated solar irradiation.’>® Ming Shao and colleagues introduced a series of four
diphenylamine derivatives containing a fluorene core, known as FDPA molecules as

efficient HTMs in inverted p-i-n planar Perovskite solar cells. The molecules are
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designed with styryl cross-linking units that enable the formation of insoluble three-

dimensional networks under gentle annealing conditions.142151
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Figure 1.29. Chemical structures of the TPA based thermally polymerized molecules,
used as hole transporting materials and schematic representation of the cross-linking

property of TCTA-BVP and PETMP. (Adapted from reference 153)

Jixian Xu and group have introduced a novel hole-extracting electrical contact
known as VNPB, which effectively enhanced the durability and reduced the hysteresis
of PSCs. By employing a remote-doping approach, a high-work-function metal oxide
layer is utilized to induce the desired free carrier density in the device.152 Alex K.Y. Jen

and his research team have successfully developed a novel cross-linked organic hole-
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transporting layer (TCTA-BVP) through a simple thiol-ene thermal reaction.1>3 This
innovative HTL serves a dual purpose in highly efficient and stable Perovskite solar
cell fabrication. Firstly, it aids in the extraction of holes from the Perovskite material,
ensuring efficient charge transport. Secondly, it acts as a protective barrier,
safeguarding the Perovskite layer. The demonstrated solar cell device achieved a
power conversion efficiency of 18.3% without the need for encapsulation, showcasing
its exceptional photo and thermal stability. Moreover, the cross-linked HTL exhibited
several advantages over the commonly used Spiro-OMeTAD, including higher hole
mobility, improved morphological stability and enhanced hydrophobicity. In 2020,
Thanh-Tuan Bui and group developed two carbazole-based HTMs (DM1 and DM?2)
with a polymerizable double bond. The materials exhibited suitable properties as
HTMs for the use in Perovskite solar cells. The impact of side chains at the N-position
of the carbazole on organic -electrochemical properties was found to be negligible.
However, a significant difference in thermal properties was observed between the
monomer and its corresponding polymer. Despite having similar photovoltaic
performance, the polymeric HTM demonstrated enhanced stability in the solar cell
devices.’>* The structures of the above discussed molecules are given in Figure 1.29.

Chain-Shu Hsu and colleagues have successfully showcased a novel approach for
developing Perovskite solar cells that eliminate the need for PEDOT:PSS. Their
method involves employing a hole-transporting composite material comprising a
dual-layered vanadium oxide (VOx) and a thermally cross-linked triarylamine-based
material called X-DVTPD. This innovative strategy enhanced the Voc and Jsc values of
the cells. The hydrophobicity of X-DVTPD facilitated the growth of sizable Perovskite
crystals and significantly improved the stability of PSCs. Consequently, their device

achieved an efficiency of 18.08%.155 Sun et al. introduced a dopant-free heat cross-
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linking HTM derived from spiro-fluorene and xanthene (X65). They utilized this low-
cost X65 in the fabrication of an n-i-p perovskite solar cell, and achieved a power
conversion efficiency of 17.7%.15¢ Baomin Xu et al. designed and synthesized a novel
side-chain polymer by thermal polymerization of an HTM prepared from
methoxytriphenylamine-thiophene units and a styrene side-chain called HTM-M1.
The PSC fabricated with the material exhibited highest power conversion efficiency
with a value of 17.2%.157 The above mentioned HTM’s chemical structures are shown

in Figure 1.30.
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Figure 1.30. Chemical structure of the TPA based thermally polymerized molecules

as hole transporting materials.

1.6.1. Hyper-cross-linking/Hyper-branching of Materials and their Organic

Electronics Applications

The network structure of hyper-cross-linked materials is extensively cross-
linked in three dimensions with a high density of cross-linking sites, resulting in a
large number of linked polymer chains. Due to the presence of interconnected voids
within the network structure, hyper-cross-linked materials often exhibit a high level
of inherent microporosity. They have a large surface area and a high adsorption
capacity for gases and organic molecules. Applications for hyper-cross-linked
materials include catalysis, organic and gas adsorbents, supercapacitors, gas
separation, electrochromic materials, and ion transporting channels (Figure 1.31A)

etc. 158159 Lin et al. developed a novel form of hyper-cross-linked polymer and
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employed as an electrode material for electrochromic supercapacitors (Figure
1.31B).160 The resultant polymer film displayed exceptional stability, reasonable
specific capacitance, and energy density. An all-polymer solid-state EC device with
PCBDTP-X and PEDOT as the electrodes was developed and the device displayed a
high energy density of 18.4 Wh/kg as well as remarkable cyclic stability as an energy
storage device.
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Figure 1.31. (A) Illustration of linear polymer of PEDOT and 3D nano-network of PM-
BTE; (B) Representation of the all-polymer asymmetric supercapacitor (ASC) EC
device structure with PCBDTP-X and PEDOT and (C) Chemical structure of the highly
branched star shaped TCA molecule. (Adapted from reference 159, 160 and 162)

Reynolds et al in the year 2000 reported a linear and a star-shaped thiphene-
derived polymer (PEBs) with thermochromism and multicolor electrochromic
properties. The star polymer is made up of a conjugated hyper-branched
poly(triphenylamine) core with PEB arms that showed higher electrochromic
properties than the linear one.l®l Metin Ak and his group achieved a high-
performance and functional electrochromic device by using a  star-shaped

dithienylpyrrole derivative (Figure 1.31C).162 The electrochemical polymerization of
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this star-shaped polymer significantly improved its organic electronic and
electrochromic characteristics. This enhancement is due to its highly conjugated,
three-dimensional form and hyper-branching structure that distinguishing it from
linear analogues.
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Figure 1.32. Hyper- branched polymers in electrochromic applications; (A) Three-
dimensional (3-D) Fe(Il)-based metallo-supramolecular polymers synthesised from
L1 and L2, with porous morphology; (B) Fe(II)-based coordination nanosheets and
the red-to-colorless electrochromic behavior and (C) The hyper-branched structure

of polyFe-3D. (Adapted from reference 163, 164 and 165)

The combination of hyper-branched structures and metal complexes opens up
possibilities for high-performance, multifunctional organic electronic materials.
Higuchi et al. reported a series of 3-D metallo-supramolecular polymers based on
Fe(II), utilising tris(terpyridine) ligand as the cross-linker known as L2 (Figure
1.32A).163  Significant changes in surface morphology and electrochromic (EC)

characteristics were found by varying the ratio of another ligand, L1 in conjunction
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with L2. Among the investigated 3-D and 1-D polymers, the film composed of 85%
FeL1 and 15% FeL2 displayed the best EC characteristics. This specific film has a
porous surface structure with holes varying in diameter from 30 to 50 nm. The same
group also developed an electrochromic device using a dual-branched dense
hexagonal coordination organic nanosheets (CONASHs) (Figure 1.32B).1* The
CONASHs were synthesised at room temperature (25 °C) using a liquid/liquid
interface technique by complexing a new tritopic bidentate ligand (L3phn) with
Iron(Il) as the branching metal. A mechanically stable film was obtained which was
easily transferable to a variety of substrates. The film displayed good stability and
optical contrast. PolyFe-3D is another three-dimensionally hyper-branched Fe(II)-
based metallo-supramolecular polymer synthesised by Masayoshi Higuchi’s group in
the year 2021 (Figure 1.32C).165 It is a single step synthesis for the fabrication of
durable EC materials with high coloration efficiency, broad absorption and high
contrast. The synthesis of complexes were done using iron salt and terpyridine-
phenanthroline ligand. The obtained polyFe-3D film was extremely durable, retaining

its electrochromic properties for over 1000 cycles.

1.7. Objectives of the Present Investigation

In recent years, there has been a significant focus on organic electronics in both
academic and industrial research. This concerted effort aims to advance the field by
exploring new materials and enhancing their properties, including tunability,
processability, efficiency, and stability. The development of triphenylamine and its
derivatives is important for organic electronic applications due to their electron-
donating properties, high thermal stability, tunable energy levels, versatility in
molecular design, good film-forming properties, solution processability and cost-

effectiveness. Even in the current scenario, these materials continue to demonstrate
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superior performance compared to other alternatives, making them highly sought-
after in this field. The design and development of triphenylamine-based charge
transport materials, as well as the investigation of the underlying principles related
to their molecular design, film-forming ability, and application in various organic
electronics, are challenging but essential for further improvement in the device's
characteristics.

While considering the device fabrication aspects, the solubility of organic
EC/HTM materials in common organic solvents and access to film processing via
simple and cost-efficient techniques such as spin/spray-coating are advantageous for
practical applications of these materials. While polymers form very stable films with
better morphology and mechanical stability, the challenges in purification and poor
solubility of such materials restrict their wide applications. On the other hand, small
molecules and discrete oligomers, which show excellent photophysical and
electrochemical features combined with the option of synthetically tuning their
structure and properties, are compromised in the quality and morphological as well
as the mechanical stability of the films. Crosslinkable small molecules bridge these
two classes of molecules where, the synthesis, functionalization, purification and film
casting can be done in a similar way as small molecules, cross-linking of which
addresses the morphological and mechanical stabilities. The primary focus of this
thesis revolves around the molecular design, synthesis, and structural role of
triphenylamine-based materials in the development of solution-processable, solvent-
resistant, and stable organic thin films for organic electronic devices such as
electrochromic devices, PSCs, and OLEDs.

The research presented in this thesis makes a substantial contribution to the

field of triphenylamine-based charge transport materials in organic electronic
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devices. In this work, we successfully employed two sets of electrochromic derivatives
and two sets of hole-transporting materials for electrochromic device, solar cell, and
OLED applications. The properties of these synthesized materials were thoroughly
characterized employing various analytical and spectroscopic methods. The
thermally cross-linkable molecules formed rigid, uniform, and transparent films with
high solvent resistance and exhibited excellent thermal and electrochemical stability
upon cross-linking. When compared to other derivatives, the hyper-cross-linked films
performed better as an electrochromic layer and hole transporting material,
demonstrating the importance of a cross-linking techniques in the device
performance. The materials also served as hole-injecting/transporting layers in
OLEDs and Perovskite solar cells, respectively, ensuring the effective hole

transporting ability of the synthesized materials.
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CHAPTER 2

Effect of Hyper-crosslinking on the Electrochromic Device

Properties of Carbazole-Diphenylamine Derivatives
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2.1. Abstract

Triphenylamine derivatives are promising organic electrochromic (EC)
materials due to their easy synthesis, low oxidation potentials, high charge carrier
mobilities, electrochemical stability, coloration efficiency and tunability of
electrochromic properties via substitution. Further, the cross-linking strategy
provides added advantage to the small molecule-based EC devices in terms of better-
quality EC films with enhanced electrochromic properties. Herein, we discuss the
electrochromic properties of two carbazole-diphenylamine derivatives, C-Sty2, and
C-Sty3 with two and three thermally cross-linkable styryl units, respectively,
following a donor-m-donor (D-m-D) design, where both carbazole moiety and cross-
linking styrene groups modulate the photophysical and electrochromic properties.

Both the styryl derivatives formed rigid, uniform and transparent films with high
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solvent resistance and exhibited excellent thermal and electrochemical stability upon
cross-linking. C-Sty3, with three cross-linkable styryl units could form more extended
cross-links leading to hyper-crosslinked films with distinct, regular and porous
morphology compared to C-Sty2. Spectroelectrochemical studies of the films showed
a color change from a transparent colorless state to an initial light-yellow color and
then a final dark blue color with color contrast of 65% at 890 nm for C-Sty2 and 78%
at 850 nm for C-Sty3. The hyper-crosslinked films of C-Sty3 demonstrated enhanced
coloration efficiency (248 cm?/C), optical contrast and open circuit memory
compared to C-Sty2. Electrochemical Impedance Spectroscopy (EIS) analysis showed
lower solution and charge transfer resistances (Rs & Rct, respectively) for hyper-
crosslinked films of C-Sty3 indicating higher conductivity and ion diffusion compared
to C-Sty2. Thus, a comparison of the electrochromic properties of two polymers with
the same electroactive groups reveal the significance of hyper-crosslinking in the
electrochromic properties of these cross-linked polymers. Furthermore, the EC
properties of the hyper-crosslinked donor-n-donor derivative, C-Sty3 was compared
to previously reported molecules, demonstrating the importance of highly branched

conducting polymers for electrochromic applications.
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2.2. Introduction

Electrochromic (EC) devices respond to applied voltage through changes in
their optical properties such as transmittance, reflectance and absorbance. Novel
materials are being developed for electrochromic devices due to their applications in
smart windows, anti-glazing mirrors, e-papers, display devices etc.1-3 Among various
classes of materials exhibiting electrochromic properties, organic small molecules
possess beneficial features like ease of structural tuning, solution processability,
intense coloration and fast switching.#> Despite these advantages, EC device
fabrication with small organic molecules suffer from poor film and device quality,

which detrimentally affect their overall EC performance.
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Figure 2.1. (A) Donor-mi-Donor design of organic small molecules and Electrochromic
devices of cross-linkable Donor-m-Donor type small organic molecules (B and C)
reported from our group, utilizing cross-linking strategy for overcoming film and

device stability issues. (Adapted from reference 6 and 7)
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In the recent past, we and several other groups have utilized the cross-linking
strategy with small organic molecules for overcoming film and device stability issues
of Electrochromic devices (Figure 2.1A).6-10 The attachment of cross-linking groups
like siloxane, oxetane, benzocyclobutene, benzoxazine, and styrene endows the films
of these molecules with excellent solvent resistance. Previously, we demonstrated the
multicolour electrochromism of fluorene-diphenylamine derivatives (Figure 2.1B)®
and transmissive-to-black  electrochromic and fluorescent  to-dark
electrofluorochromic dual behaviours of a tetraphenylethene-diphenylamine
derivative(Figure 2.1).7 All these derivatives were incorporated with two thermally
cross-linkable styryl moieties that ensured flawless film formation with excellent
color contrast and electrochromic switching stabilities.

Introducing more than two cross-linkable groups in the monomer molecules
can result in extensively cross-linked polymers with improved charge transfer and
conductivity properties resulting in subsequent enhancement in electrochromic
properties such as coloration efficiency, contrast ratios, lifetime and response times.
Hyper-crosslinked polymers are reported to have greater ionic and electron
conductivity due to their highly branched and microporous structure.l1-13 For
example, Fei Wang and group compared the electrochromic properties of linear and
star structured poly(3,4-ethylenedioxythiophene-didodecyloxybenzenes) (PEBs) and
demonstrated that the star polymer has superior thermal stability, processability, and
durability in addition to the electrochromic qualities of its linear parent.14 Metin Ak
and group discovered the superior optoelectronic and electrochromic properties of a
star shaped polymer (TCA) due to its more conjugated three-dimensional shape and

extremely branched structure in comparison with linear analogues.1>
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Another challenge in EC technology for applications like smart windows,
eyewear, display devices, etc. is the development of darker shades from a thin film
with a transparent initial state. Several attempts of fine-tuning of the optoelectronic
properties of electroactive materials and devices have been reported in the past
decade by leading research groups around the globe.16-18 Reynolds’ group have
uncovered many elements affecting the electrochromic properties like coloration,
switching kinetics and optical contrast in organic electrochromic polymers.219-23
Yanjun Hou et al. reported an organic-inorganic hybrid EC material (PDPAP-TEOSPU)
which switched from initial colorless state to dark blue, with an optical transmittance
change up to 84% and coloration efficiency of 188 cm? C-1.24 Similarly, conjugated
polymer based on cross-linked poly(4-vinyltriphenylamine) and tungsten trioxide,
widely used electrochromic polymers like, PANI, PolyProDOT-Me2, and polyimides
are reported to exhibit transparent to dark switching with high contrast ratio.2>-27
Corrente et al. reported new organic mixed valence compounds (MVs), featuring two
or three amino redox centres bridged by a dibenzofulvene (DBF) unit.28 The electro-
optical properties of these MVs were fine-tuned through functionalization on the
exocyclic fulvene bond of the DBF moiety, allowing all three redox centres to
participate in electron transfer processes based on the applied voltage. These MVs
were used to fabricate transmissive-to-black switching electrochromic devices with
intermediate color switching characteristics. Notably, these devices exhibited
absorption across the entire NIR range (800 - 2200 nm) through the excitation of
highly charged triphenylamine radical species, leading to intense intervalence charge
transfer transitions. The devices demonstrated high optical contrast, fast response

times, and excellent switching stability over 10,000 cycles (Figure 2.2A).

79



Electrochromic Properties of Cross-linkable Carbazole-Diphenylamine Derivatives

AL e o n ﬁ

ni
ANZ PH2 PN ™I

! -

ON STATE: High contrast EC devices

All Black .| pFULNIR =
R R B T = N —
| = i,
| g
B) C) Bleached state Colored statg
! +2.0V
100 Wmm‘ ! S
90 3 ooV “ 2.0V |
80 ‘
@ ? 100 —_—-20V +05V +08V—+1.1V—414V|
& 701 | ) —_ 1.6V —+1.8V —+1.9V ——2.0V
® 60{ ¢ Plla = X 80+
2 I h I \ 5
ol 4 | ]
= 50 | ‘w 3 lr O 604
g 40 - ? " Oxigation | g
§ 30 - | \ Reduction l L E 40
Fo20] ¢ £
i 9 | c 201
P S A ‘ S
0 T T - T ; o i
400 600 800 1000 1200 400 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)

Figure 2.2. Examples for electrochromic devices exhibiting transparent to dark
switching with high contrast ratio. (A) The electro-optical properties of
dibenzofulvene based MV systems with high optical contrast; (B) Colorless-to-colored
switching of electrochromic polymer film PI-1a and (C) PVTPA-Cl and WOs color-

complementary electrochromic devices. (Adapted from reference 28, 29 and 30)

A facile strategy has been developed by Qiang Zhang et al. to create colorless-to-
colored switching electrochromic polyimides by incorporating alicyclic non-linear-
twisted structures for minimizing the charge transfer complex formation.2° The
resulting electrochromic polymer film (PI-1a) exhibited a high contrast ratio of up to
91.4% from 380 to 780 nm and up to 96.8% at 798 nm. The asymmetric structure of
Pl-1a film enabled fast electrochemical and electrochromic behaviors, with a
switching and bleaching time of 1.3 s and 1.1 s, respectively, attributed to loose chain

stacking and enhanced counterion penetration. The colorless-to-black electrochromic
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device based on PI-1a demonstrated an overall integrated contrast ratio of up to 80%
(Figure 2.2B).

Jinming Zengand  group developed a polymer called Poly(4-
vinyltriphenylamine) (PVTPA) and used them to fabricate color-complementary
electrochromic devices (ECDs) with ethyl viologen (EV) or tungsten trioxide (W03).30
The ECDs showed reversible color changes between colorless and black, high optical
contrast in the visible and near-infrared region, and fast switching times. Among the
ECDs, ECD 5, based on PVTPA-Cl and WOs films, exhibited the highest optical contrast
in the near-infrared region and shorter switching time (Figure 2.2C).

Wide band-gap, triphenylamine derivatives are a well-studied class of organic
EC materials due to their high charge carrier mobilities, low oxidation potentials,
reversible redox properties, transparent to visible color-switching with high optical
contrast, thermal and electrochemical stability, and tunability of electrochromic
properties via easy substitution.31-33 In our earlier work, we have adopted a donor-m-
donor design strategy for the design of cross-linkable electrochromic molecules, with
two diphenylamine donor groups bridged by a m-core, such as fluorene, and
tetraphenylethylene and two styrene moieties that can be cross-linked are attached
to the diphenylamine groups.®’ The m-core in these derivatives influence the
electrochromic properties via differential electronic coupling of the donor units in the
neutral and oxidized states. In the current design, we have introduced N-substituted
carbazole as the m-core and two and three styrene groups are attached to the
diphenylamine and carbazole part, which is shown to have significant role in
controlling the EC parameters, both in film and device conditions (Chart 2.1).

Carbazole provides through-bond conjugation enabling efficient coupling of the

two donor-units and an easy derivatization route to attach alkyl or other cross-
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linkable moieties as pendent groups. Carbazole derivatives are widely used as hole-

transporting materials in organic photovoltaics 3438 and as host and active materials
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Chart 2.1. Molecular structures of C-OMe, C-Sty2, C-Sty3.
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in light emitting diode applications.39-42 Electrochromic polymer materials based on
carbazole have been explored in many ways as electroactive films. For example,
electrochemically polymerized long poly-carbazole chains,#3-4> copolymers from
carbazole and different monomers like thiophene, bithiophene, and 3,4-
ethylenedioxythiophene (EDOT),#047 small molecules and polymers of carbazole as
centre core and side chain have been studied for their electrochromic properties.48-52
Although, cross-linkable, carbazole-triarylamine derivatives are used as hole
transporting materials for Perovskite solar cells,>3 electrochromic applications of
these derivatives are not reported. In the present work, we report three carbazole-
diphenylamine derivatives (Chart 2.1; C-OMe, C-Sty2, C-Sty3) which were
synthesized via palladium-catalysed Buchwald-Hartwig cross-coupling amination
reactions (Scheme 2.1) and characterized through 1H and 13C NMR, HRMS, FT-IR and

CHN elemental analysis (detailed synthesis and characterisation are discussed in
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Experimental Section). The optical, electrochemical, and electrochromic properties

of these derivatives were thoroughly investigated in solution, film, and device states.
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Among the three derivatives, C-OMe has no styrene group attached to it and
acts as a model compound for comparing the properties with C-Sty2 and C-Sty3. A
comparative analysis of the electrochromic properties of cross-linked C-Sty2 and
hyper-crosslinked C-Sty3 polymers with the same electroactive groups highlight the
significance of hyper-crosslinking in the EC films. C-Sty3, with three styryl sub-units,
forms rigid and smoother films with reduced roughness, compact surface, better

coloration efficiency, optical contrast and, open circuit memory compared to C-Sty2.

2.3. Results and Discussion

The carbazole-diphenylamine derivatives were synthesized in good yields by a
modified Buchwald-Hartwig coupling reaction as per Scheme 2.1. 9-hexyl-
N2,N?,N7,N7-tetrakis(4-methoxyphenyl)-9H-carbazole-2,7-diamine (C-OMe) and 9-
hexyl-N? N7-bis(4-methoxyphenyl)-N? N7-bis(4-((4vinylbenzyl)oxy)phenyl)-9H-
carbazole-2,7diamine (C-Sty2) were synthesised from the reaction between 2,7-
Dibromo-9-hexyl-9H-carbazole and the corresponding diphenylamine derivatives.
N?,N7-bis(4-methoxyphenyl)-9-(4-vinylbenzyl)-N? N7-bis(4-((4-vinylbenzyl)oxy)
phenyl)-9H-carbazole-2,7-diamine (C-Sty3) was synthesized from the coupling
reaction between 2,7-dibromo-9-(4-vinylbenzyl)-9H-carbazole and 4-methoxy-N-(4-
(4-vinylbenzyloxy)phenyl)aniline. The structures of C-OMe, C-Sty2 and C-Sty3 were
characterized by 'H and 13C NMR, HRMS, FT-IR, and CHN-elemental analysis
techniques.

The solution state absorption properties of C-OMe, C-Sty2, and C-Sty3 were
studied in different solvents like DMF, THF, chlorobenzene, and toluene. Absorption
spectra of these D-mt-D derivatives showed slight negative solvatochromism indicating

minor perturbations in the dipole moments during excitation process. For example,
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C-Sty3 showed an absorption maximum of 394 nm in toluene, with a blue shift of 8
nm in more polar DMF. The observed negative solvatochromism could be due to a
larger dipole moment and better stabilization of the ground state in polar solvents,
which is observed prior in 2,7-donor substituted carbazole derivatives.>455 These
derivatives showed negligible absorption beyond 450 nm, ensuring complete
transparency in the visible range. Further, these derivatives were moderately
fluorescent both in solid state and solution with emission maxima in the 410 nm - 425
nm range and 1% - 10% solid state fluorescence quantum yields (Table 2.1 & Figure

2.3).

Table 2.1. Absorption and emission properties in different solvents and solid-state quantum

yield. *
Compounds Aaps » M A » M D, %
(&, M-lcm?)
DMF THF CB Tol DMF | THF | CB | Tol

C-OMe 387 388 390 392 423 418 | 416 | 414 | 10+£0.02
(3.2 x 10% (39x10% | (3.2x10% | (4.3x10%

C-Sty2 386 388 390 392 424 419 | 415 | 413 | 25+0.02
(2.5 x 10%) (35x10% | (2.6x10% | (3.9x10%

C-Sty3 386 390 392 394 425 | 420 | 417 | 415 |0.98+0.02
(2.1 x 104 (3.3x10% (2.4 x 10%) (3.5x10%

* CB: Chlorobenzene, @r: Fluorescence quantum yield in solid state.

However, their fluorescence was significantly quenched in annealed,
amorphous films and devices, due to self-quenching. Solution state cyclic
voltammetry and square wave analysis of all the carbazole-diphenylamine derivatives
showed two reversible anodic peaks at 0.55 V and 0.8 V corresponding to the
formation of polarons and bipolarons, respectively (Figures 2.4A and 2.4B). In

general, organic small molecules form poor quality films on glass, ITO and FTO
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Figure 2.3. Normalized absorption spectra of (A) C-OMe, (B) C-Sty2 and (C) C-Sty3
in DMF, THF, Chlorobenzene and Toluene and Emission spectra of (D) C-OMe, (E) C-
Sty2 and (F) C-Sty3 in DMF, THF, Chlorobenzene and Toluene.

A)
3{ —— C-OMe 0_0-
<2 —— C-Sty2
1 ——cC-sty3
= Loz
= e
E 04 )
= .04
-1 4 o
O-1 O
-2 -0.6
00 02 04 06 08 10 1.2 00 02 04 06 08 10
Potential, VV Potential, VV

Figure 2.4. (A) Cyclic voltammograms of C-OMe, C-Sty2 and C-Sty3 in
Chlorobenzene, supporting electrolyte 0.1 M TBAPFs, scan rate 50 mV s1 and (B)
square wave voltammograms of C-OMe, C-Sty2, and C-Sty3 in chlorobenzene,

supporting electrolyte 0.1 M TBAPFs.

substrates, which are unfavourable for fabrication of efficient electrochromic devices.
Thermal cross-linking of small molecules is shown to be an effective strategy to

improve film, thermal, electrochemical and long-term operational stabilities of
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electrochromic devices. Two/three styrene moieties were introduced in C-Sty2/C-
Sty3 structural design to understand the effect of cross-linkable functionalities in the
film formation and electrochromic device properties. The formation of stable,
thermally cross-linked films were confirmed via DSC, FT-IR, WAXD, UV-VIS and AFM
analyses. Here onwards, the films formed via thermal cross-linking of C-Sty2 and C-
Sty3 are represented as C-Sty2x and C-Sty3x, respectively. DSC analysis showed an
endothermic melting curve at 141 °C for C-OMe, whereas the melting temperature
shifted to lower temperatures for the other two derivatives (C-Sty2, 94 °C and C-Sty3,
109 °C). The cross-linking temperatures were observed after melting transition at 166

°C for C-Sty2 and 153 °C and 170 °C for C-Sty3 and was absent for C-OMe (Figure 2.5).

1.5

—

Endo down

0 50 100 150 200 250
Temperature, 0C

Figure 2.5. DSC heating curves of C-OMe, C-Sty2 and C-Sty3 with a heating rate of 10

°C min'! under N2 atmosphere.

FT-IR spectrum of the compounds before and after thermal cross-linking
displayed the absence of peaks attributed to the out-of-plane deformation vibration
of the vinyl group present in the monomer. The peaks at 991 cm-! and 909 cm! of C-
Sty2 and 989 cm'! and 911 cm! of C-Sty3 were significantly attenuated after

polymerisation indicating efficient cross-linking of the films (Figures 2.6A & 2.6B).
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Figure 2.6. Normalized FT-IR spectra of (A) C-Sty3 and (B) C-Sty2 before and after
cross-linking.

Wide-angle X-ray diffraction (WAXD) studies of C-Sty2 and C-Sty3, before and
after thermal cross-linking showed the change from a more crystalline phase to an

amorphous phase after thermal annealing (Figures 2.7A & 2.7B).
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Figure 2.7. Wide-angle x-ray diffraction (WAXD) pattern of (A) C-Sty3 and (B) C-Sty2
before and after cross-linking and UV-VIS absorption spectra of (C) C-Sty3 and (D) C-

Sty2 before and after cross-linking and after rinsing with chlorobenzene.
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The UV-VIS absorption spectra of thin films of C-Sty2 and C-Sty3 on quartz
substrates with and without thermal annealing above 150 °C showed slight changes
in absorbance with apparent hypsochromic shift after cross-linking. These changes
indicate the reorganization of the chromophores in the amorphous state, leading to
better surface coverage after cross-linking.” The absorption spectra of cross-linked
films before and after washing with chlorobenzene showed negligible changes in
absorbance indicating high solvent resistance of the cross-linked films (Figures 2.7C
& 2.7D). On the other hand, non-crosslinked films of all derivatives are readily
dissolved in most organic solvents.

CV and square wave analysis of cross-linked films on FTO displayed two
reversible peaks with half-wave potentials at 0.5 Vand 0.76 V for C-Sty2x and 0.56 V
and 0.8 V for C-Sty3x, which are attributed to successive one electron oxidations of
the two diphenylamine units leading to mono- and di-cationic, oxidized states. The

cyclic voltammograms and square wave analysis of the films are shown in Figure 2.8.
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Figure 2.8. (A) Cyclic voltammograms of C-Sty2x and C-Sty3x films on FTO in 0.1 M
TBAPFe¢ /acetonitrile, scan rate 50 mV s and (B) Square wave voltammograms of C-

Sty2x and C-Sty3x films on FTO substrate.

Electrochemical stability of the cross-linked films were determined by

performing continuous 500 switching cycles in 0.1 M TBAPFs/acetonitrile and both
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the films demonstrated very good switching stability with negligible changes at 20 s
pulse width with a transmittance loss of 3% for C-Sty2x and 1% for C-Sty3x at 890
nm and 850 nm, respectively, indicating the material’s stability towards voltage
switching (Figure 2.9). Both materials showed switching stability comparable with
the reported triphenylamine-based electrochromic materials prepared by

electropolymerization and thermal annealing methods.>6:57
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Figure 2.9. Switching analyses of (A) C-Sty2x and (D) C-Sty3x at 890 nm and 850 nm,
respectively, at 20 s pulse width for 500 cycles and zoomed images of few cycles of
(B) C-Sty2x and (C) C-Sty3x switching analyses.

Film morphology plays an important role in modifying the electrochromic
properties of the polymer. The surface morphology changes upon thermal cross-
linking were further probed by AFM analysis (Figure 2.10), which showed better
surface alignment upon cross-linking with an apparent reduction in surface
roughness values. For example, for C-Sty2 /C-Sty2x, arithmetic roughness average of

the surface, Ra changed from 2.76 nm to 1.97 nm and root mean square surface

90



Chapter 2

roughness, Rq changed from 3.4 nm to 2.51 nm while for C-Sty3/C-Sty3x, Ra changed
from 0.357 nm to 0.141 nm and Rq changed from 0.449 nm to 0.172 nm. C-Sty3 after
polymerisation formed cross-linked films with lower roughness and thickness than
C-Sty2. Both the films exhibited rigid and regular morphology with C-Sty3x having
clear grains and a compact surface when compared to C-Sty2x (Figures 2.10C and

2.10F).
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2.3 nm 3 735.1 pm

-2.5nm 5 -775.0 prr

Height

D) E)
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—p
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Height Height

Figure 2.10. AFM images of (A) C-Sty2 and (D) C-Sty3 before cross-linking; (B) C-
Sty2x and (E) C-Sty3x after cross-linking and zoomed and 3D images of (C) C-Sty2x
and (F) C-Sty3x.

Thermal stability of these derivatives were probed via thermogravimetric
analysis (TGA) and the decomposition temperature (Td) at 5% weight loss under
nitrogen were found to be 380 °C, 410 °C and 427 °C for C-OMe, C-Sty2 and C-Sty3,
respectively (Figure 2.11). Both the cross-linkable derivatives, C-Sty2 and C-Sty3

displayed good thermal stability without much weight loss up to 400 °C. The film state
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photoluminescence (PL) spectra of C-Sty2 and C-Sty3, before and after thermal cross-
linking, exhibited complete quenching of the fluorescence after cross-linking, due to

enhanced aggregation induced quenching in the amorphous, cross-linked polymer

(Figure 2.12).
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Figure 2.11. TGA heating curves of (A) C-OMe, (B) C-Sty3 and C) C-Sty2.
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Figure 2.13. Spectroelectrochemical responses of (A) C-Sty2x and (B) C-Sty3x films
on FTO (thickness of the films used are 150+10 nm and 130+10 nm for C-Sty2x and
C-Sty3x, respectively); Transmittance spectra of (C) C-Sty2x and (D) C-Sty3x films at
colored (1.5 V) and bleached state (0 V) (the thickness of the C-Sty2x and C-Sty3x

films used for transmittance study are 245+10 nm and 230+10 nm, respectively).

The spectroelectrochemical responses of the films on FTO substrates were
studied by applying different potentials from 0 V to 1.5 V (Figures 2.13A & 2.13B). C-
Sty2x and C-Sty3x showed similar absorption changes against the applied potentials.
For C-Sty2x, the initial neutral state has an absorption maximum of around 372 nm,
the absorbance of which gradually decreases with an increase in the applied potential
from 0 Vto 1.5 V. During 0 V- 0.8V, absorption around 483 nm and a long wavelength
absorption band above 1000 nm developed, which correspond to the mono-cation

formation and the film color changed from a transmissive colorless to a transparent
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light-yellow state. From 0.8 V to 1.5 V, broad absorption covering from 600 nm to
1100 nm with two peaks around 830 nm and 987 nm were formed, and the color of
the film changed from yellow to dark blue (Figure 2.13A). Similarly, the neutral state
of C-Sty3x displayed an absorbance maximum around 375 nm, which gradually
decreased upon applying voltage from 0 V to 0.85 V, with concomitant formation of
new absorptions around 477 nm and above 1000 nm. Further increase in voltage from
0.85 V to 1.5V, resulting in a broad absorption peak in the visible-NIR range with
absorbance maxima around 830 nm and 987 nm. The color of the C-Sty3x film has
varied due to differences in absorbance in a similar manner as C-Sty2x, with a
significantly deeper blue during the second oxidation (Figure 2.13B). The
transmittance changes of the films in coloured (1.5 V) and bleached state (0 V)
showed a contrast difference (AT%) of 65% at 890 nm for C-Sty2x and 78% at 850
nm for C-Sty3x films on FTO substrates (Figures 2.13C & 2.13D).

The coloration efficiency of the films were calculated using the equation 2.1 for

coloration efficiency (),

AOD

n =", =log [Th/Tcl/Qd Equation 2.1

where Tb and Tc are the transmittance of the films in the bleached and coloured states
at a particular wavelength, respectively and Qd is the amount of charge transferred
per unit area. Coloration efficiency was determined to be 162 cm?2/C for C-Sty2x at
890 nm, and 248 cm?2/C for C-Sty3x at 850 nm. The double-potential-step
chronoamperometry of the films were conducted in order to find out the charge (area

under the curve) and are shown in Figure 2.14.

%94



Chapter 2

C-Sty2, at 890 nm

200 400 600 800 1000 1200 1400
Time, s

H\\HH\'HH“WMWHH ‘HH”' ««'
SM w I vrm i

0 800 1000 1200 1400
Tlme S

[\

©
o

Current, mA
i S

H

Figure 2.14. Chronoamperometry plot of (A) C-Sty2x (Qd = 4.36 x 10-3 C.cm2) and
(B) C-Sty3x (Qd =4.04 x 10-3 C.cm-2) films.
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Figure 2.15. (A) Device architecture and Images of the devices (B) C-Sty2 and (C) C-
Sty3 at applied potentials of 0, 0.9, and 2 V.

Despite of having a thinner film than C-Sty2x (film thickness = 245+10 nm), C-

Sty3x (film thickness = 230£10 nm) produced high contrast of transmittance changes
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with the highest degree of coloration efficiency at 850 nm, demonstrating the impact
of charge transfer in different kind of cross-linked films. Electrochromic devices were
fabricated by following the architecture, FTO/Electrolyte/EC layer/FTO as shown in
Figure 2.15A. Materials were spin-coated on electrodes, thermally cross-linked and
then used as the electrochromic layer. The thickness of the C-Sty2x and C-Sty3x films
used for the device fabrication were 245+10 nm and 230+£10 nm, respectively. Figures
2.15B & 2.15C show the photographs of the devices at 0 V, 0.9 V, and 2 V and the
corresponding transmittance spectra demonstrated a change in transmittance of 61%
for C-Sty2x device and 70% for C-Sty3x device at 890 nm and 850 nm, respectively

(Figures 2.16A & 2.16B).
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Figure 2.16. Transmittance spectra of (A) C-Sty2x and (B) C-Sty3x devices in

coloured and bleached state.

The color of the devices changed from transparent (0 V) to transmissive yellow
(0.9 V) to dark blue (2 V) in both cases with L*a*b* values for the colors under
different applied voltages as follows. C-Sty2x device showed L*: 86.74, a*: -1.46, b*:
9.07 at 0 V; L*: 86.95, a*: -6.14, b*: 20.6 at 0.9 V and L*: 42.73, a*: -7.6, b*:-11.97 at 2
V whereas, C-Sty3x device showed L*: 86.36, a*: -1.23, b*: 9.1, L*: 86.68, a*: -6.02, b*:
20.78 and L*: 38.03, a*: -8.9, b*: -15.20 at 0 V, 0.9 V and 2 V, respectively. The

spectroelectrochemical response of the C-Sty2x and C-Sty3x devices to various
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applied potentials showed similar changes as that of the corresponding FTO films

(Figures 2.17A & 2.17B).
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Figure 2.17. Spectroelectrochemical response of (A) C-Sty2x and (B) C-Sty3x
devices.
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Figure 2.18. (A) CV analyses of C-Sty2x and C-Sty3x devices at a scan rate of 50
mVs1 and Transmittance spectra of (B) C-Sty2 and (C) C-Sty3 devices at 890 nm
and 850 nm, respectively with the pulse widths of 20, 10, 5 s.
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The cyclic voltammetry analysis of the devices exhibited two peaks around 0.9
V and 2 V corresponding to the mono-cation and di-cation formation (Figure 2.18A).
The multiple cyclic switching of the devices revealed the stability and switching time
through the transmittance measurements with respect to time at different pulse
widths. The transmittance changes (%AT) at 20 s, 10 s, and 5 s pulse width at 890 nm
(C-Sty2x device) and 850 nm (C-Sty3x device) showed minor loss in transmittance.
For example, the C-Sty2x device exhibited a transmittance loss of 3% from 20 s to 10
s and 6% from 10 s to 5 s pulse width change (Figure 2.18B) and for C-Sty3x device,
5% and 3% reductions were observed for 20 s to 10 s and 10 s to 5 s change in pulse

width, respectively (Figure 2.18C).
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Figure 2.19. Switching analyses of (A) C-Sty2x at 890 nm and (B) C-Sty3x at 850 nm
devices at 20 s pulse width for 100 cycles and electrochromic switching time of (C) C-
Sty2 and (D) C-Sty3 devices at 890 nm and 850 nm, respectively.

C-Sty2x and C-Sty3x devices showed reasonably good stability and reversibility

over 100 cycles at a switching pulse width of 20 s (Figures 2.19A & 2.19B). Both C-

Sty2x and C-Sty3x devices demonstrated a transmittance loss of 6% and 4% after 100
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cycles at 890 nm and 850 nm, respectively. The coloration and bleaching time
required for the C-Sty2x device at 890 nm were found to be 3.1 s and 5.8 s (Figure
2.19C), and that of C-Sty3x device at 850 nm were 2.8 s and 4.4 s, respectively (Figure
2.19D). Further, the open-circuit memory of the devices were studied by monitoring
the transmittance change of the oxidized state of both C-Sty2x and C-Sty3x devices at
890 nm and 850 nm, respectively for over 2 hours and 20 minutes. The C-Sty2x and
C-Sty3x devices retained 75% and 90% of the initial color even after many hours

under open-circuit conditions, respectively (Figures 2.20A & 2.20B).
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Figure 2.20. Open circuit memory of devices: (A) C-Sty2 at 890 nm and (B) C-Sty3 at
850 nm.

A comparison of the spectroelectrochemical and device properties of C-Sty2x
and C-Sty3x showed that C-Sty3x, with three cross-linkable styrene units form
smoother films with rigid and compact surface and exhibited better thermal stability,
darker color in the oxidized state, higher coloration efficiency and open circuit
memory. Electrochemical impedance spectroscopy (EIS) can be employed to evaluate
the electrical conductivity and ion transport of the crosslinked films. The Nyquist
plots obtained via EIS analysis show the impedance spectra for C-Sty2x and C-Sty3x

measured in conventional three electrode configuration in the frequency range of 100
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kHz to 10 MHz. The experimental and model-based Nyquist plots and equivalent

circuit fitted are shown in Figure 2.21.
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Figure 2.21. (A) Nyquist plots of C-Sty2x and C-Sty3x films on FTO in 0.1 M TBAPFs
/acetonitrile measured in a frequency range of 100 kHz to 10 MHz and (B) The
experimental and model-based Nyquist plots and the equivalent circuit obtained from

EC-Lab Software (active surface area of the film is 5 cm?2).

The impedance spectra can be divided into two regions: a semicircle arc in the
high-frequency zone and a straight line in the low-frequency region. The equivalent
series resistance (ESR), or Rs, is given by the intercept on the real axis in the high
frequency range and consists of the inherent resistances of the electroactive material,
the bulk resistance of the electrolyte, and the contact resistance at the
electrode/electrolyte interface. Second, the diameter of a semicircle in the high-
frequency range can be used to determine the charge transfer resistance (Rct), which
results from electron diffusion. Third, the slope of the EIS curve in the low-frequency
region can be used to represent Warburg resistance (W), which represents the

diffusion of redox species in the electrolyte.>859 The C-Sty2x and C-Sty3x circuit
model obtained after the fitting of Nyquist plots using the EC-Lab Software is
R1+Q1/(R2+#W)+Qz2/R3, where Q1 and Q2 are the constant phase element (CPE)

representing capacitance of the electrochemical double layer, R1 is the solution

100



Chapter 2

resistance and Rz is the charge transfer resistance.®0-62 The high frequency part gives
the Rs values of 44.02 () and 34.55 Q by C-Sty2x and C-Sty3x, respectively and the
fitted Rct values for C-Sty2x and C-Sty3x are 101.7 Q and 62.99 (), respectively. The
absence of a prominent semi-circle arc in the high frequency area and low charge
transfer resistance indicate fast charge transfer at the film-electrolyte interface,
implying improved conductivity of C-Sty3x.63

Further comparison of device properties of the carbazole-diphenylamine
derivatives with previously reported D-m-D derivatives with fluorene® and
tetraphenylethylene” mt-cores revealed that the m-core and nature of crosslinking has
significant influence on the EC device properties. For example, derivatives with cross-
linkable fluorene core (FDOMe-X)® showed transparent to dark blue coloration upon
oxidation, while TPOSt-X with tetraphenylethylene core’ exhibited a transparent to
dark grey electrochromism along with significant electrofluorochromism from a
highly fluorescent neutral state to dark oxidized state. Compared to these derivatives,
C-Sty2x and C-Sty3x showed significantly different coloration properties with a
transparent to dark blue electrochromic change upon oxidation with significant
absorption spanning the visible range (Figure 2.22). Compared to all other
derivatives, hyper-crosslinked C-Sty3x showed better coloration efficiency and
optical contrast with a significantly lower switching response time for coloration and
bleaching. Thus, the D-m-D design strategy with multiple cross-linking units and
different m- cores provide a series of organic EC materials with tuneable properties

(Table 2.2).
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Figure 2.22. Device photographs, spectroelectrochemical response and molecular

structure of (A) FDOMe, (B) TPOSt and (C) C-Sty3.

Table 2.2. Comparison of electrochromic properties

Compounds Coloration AT% (device), Color coordinates Response times (device),
efficiency Film thickness (device) Seconds
(Film), cm?/C C B
FD 117 (at 760nm) 61% at 760nm, 5.8 2.3
60 -70 nm
FDOMe 179 (at 760nm) 58% at 910 nm, 10.4 3.2
60 -70 nm
TPOSt 52 % at 555 nm L*=97, a*= -5b*= 16 42 8.1
1555 nm (neutral)
L*=41, a*=2,b*=8
(coloured)
C-Sty2 162 (at 890nm) 61% at 890nm, L*: 86.74, a*: —1.46, 3.1 5.8
245+10 nm b*:9.07 (neutral)
L*: 42.73, a*: -7.6, b*: -
11.97 (coloured)
C-Sty3 248 (at 850nm) 70% at 850nm, L*: 86.36, a*: —1.23, b*: 2.8 4.4
230+10 nm 9.1 (neutral)
L*: 38.03, a*: -8.9, b*: -
15.20 (coloured)
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2.4. Conclusions

In conclusion, we have developed and discussed the electrochromic properties of two
donor-n-donor type carbazole-diphenylamine derivatives, C-Sty2, and C-Sty3
incorporated with two and three styryl units, respectively, and compared the cross-linking
effect on electrochromic properties. The cross-linking properties were examined
thoroughly with different techniques like FT-IR, DSC, AFM, WAXD, etc. The CV and
spectroelectrochemical studies of C-Sty2x and C-Sty3x film and device revealed mono-
and di-cation formation with color change from a colorless, transparent initial state to a
transmissive yellow and then to dark blue. The maximum color contrast obtained from the
transmittance plot is 62% at 890 nm for the C-Sty2x device and 70% at 850 nm for the C-
Sty3x device. The devices exhibited good switching stability with low switching voltages,
relatively low switching time and excellent open circuit memory. In contrast to C-Sty2, C-
Sty3 with three styryl subunits forms films that are rigid, smooth and compact surface with
reduced thickness, regular morphology and clear grains. The C-Sty3x performed better in
terms of coloration efficiency, optical contrast, and open circuit memory. The EIS studies
showed fast charge transfer at the C-Sty3 film-electrolyte interface than C-Sty2 films with
Rt values of 62.99 Q and 101.7 Q, respectively, corroborating the enhanced EC properties
of C-Sty3 film-based devices. The electrochromic performances of C-Sty3 polymer were
compared to previously reported D- © -D systems with fluorene and tetraphenylethylene as
n- cores and two cross-linkable styrene moieties, demonstrating the strategy to aid a new
material design for obtaining electrochromic materials with higher coloration efficiency,
contrast and optical memory. Thus, the derivatives with their easy synthesis, solution
processability, extensive cross-linked and stable film formation having increased solvent
resistance, good coloration efficiency, and optical contrast and open circuit memory give

the potential for these materials to turn out to be suitable for electrochromic applications.
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2.5. Experimental Section
2.5.1. Materials and Methods

All chemicals and solvents were purchased from Sigma-Aldrich, TCI-India Pvt.
Ltd., Merck, Spectrochem Pvt. Ltd. and used as received. FTO substrate with surface
resistivity of 8(/sq was purchased from Sigma-Aldrich and cleaned by
ultrasonication with water, acetone, and isopropyl alcohol for 15 minutes each.
Moisture and oxygen-sensitive reactions were carried out under an argon atmosphere
in dry solvents. 1H and 13C nuclear magnetic resonance (NMR) spectra were recorded
at 300K on a DPX 500 MHz spectrometer with tetramethylsilane as the internal
standard. ESI-HRMS spectra were recorded from a JEOL JSM 600. Infrared spectra
were recorded in the solid-state (KBr) using Shimadzu IR Prestige- 21 Fourier
Transform Infrared Spectrophotometer. The solution state absorbance
measurements were done on a Shimadzu UV-Vis spectrophotometer (UV-2600) and
the film state absorbance and transmittance measurements were done using an Ocean
Optics UV-VIS modular spectrometer (DH-2000-BAL). The fluorescence quantum
yield of the powder samples was calculated using a calibrated integrating sphere in
the SPEX Fluorolog spectrofluorometer. The absolute quantum yield was determined
on the basis of de Mello method. DSC analyses were done using TA instruments DSC
Q2000 model with intra cooler facility. Thermogravimetric analyses (TGA) were
performed on a Shimadzu, DTG-60 instrument under a nitrogen atmosphere at a
heating rate of 10 °C/minute. WAXD analysis was done using XEUSS SAXS/WAXS
system by Xenocs, using Ni-filtered Cu Ka radiation (A=0.15405 nm) and 1D pattern
was generated from the 2D images using Fit2D software. The thickness of the samples
was measured using the Dektak XT profilometer. AFM images of the films before and

after annealing were recorded using an AFM-Bruker Multitop Nanoscope V
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instrument operating under tapping mode and the roughness of the films were found
out using Nanoscope Analysis 1.5 software. Cyclic Voltammetry (CV, BASI CV-50W)
for liquid state samples were performed under argon atmosphere using 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPFs¢) in acetonitrile as supporting
electrolyte, glassy carbon as working electrode, Ag/AgCl electrode as reference
electrode and platinum wire as counter electrode with a scan rate of 50 mV/s. Cyclic
voltammetry of the films and devices were performed on PARSTAT 4000A
Potentiostat. Spectroelectrochemistry of electrochromic devices and films were
recorded on Ocean Optics Spectrometer DH-2000-BAL using a PARSTAT 4000A
Potentiostat for the electrochemical redox process. Spectroelectrochemical responses
of the films were done by dipping the cross-linked films in 0.1 M TBAPFs in dry
acetonitrile solution using Ag/AgCl electrode and Pt wire as reference electrode and
counter electrode, respectively. The blank was done using bare FTO in 0.1 M TBAPFs
in dry acetonitrile solution in a cuvette having 1 cm path length. The L*a*b* values for
the colours under different applied voltages were found out using a HunterLab -
UltraScan VIS Spectrophotometer, 110 V/220 V w/SAV & UV control, and EasyMatch
QC version 4.0 software. The EIS was measured in the frequency range of 100 kHz to
10 MHz An electrochemical cell of three-electrode system using Ag/AgCl as reference
electrode, Pt wire as counter electrode and films coated on FTO substrates as working
electrode in a 0.1 M TBAPFs/Acetonitrile electrolyte were used. The measurements

were conducted in a CHI660E series electrochemical workstation.

2.5.2. Electrolyte Preparation
The electrolyte used for the electrochromic devices were prepared by adding 20

wt% LiClO4 and 30 wt% of propylene carbonate to the measured amount of PMMA

105



Electrochromic Properties of Cross-linkable Carbazole-Diphenylamine Derivatives

(Mw =120000) in THF (2 g PMMA + 0.2 g LiCl04 + 300 pL propylene carbonate in 20
mL THF) and the was stirred at 80 °C till complete dissolution, followed by stirring at
room temperature overnight. PMMA and LiClO4 were dried under vacuum for 12 h at
90 °C and 110 °C, respectively before use. The mixture was poured into a clean petri
dish and the solvent was allowed to evaporate at room temperature. The required

amount of electrolyte film was peeled off from the petri dish and used.

2.5.3. Electrochromic Device Fabrication

The electrochromic devices were fabricated using FTO-coated glass substrates
as the working electrodes and followed the architecture Glass/FTO/electrolyte/EC
layer/FTO/Glass. After cleaning the electrodes (2.5 cm x 2.5 cm FTO-coated glass
slide) by sonicating with water, acetone, and isopropyl alcohol for 15 minutes each,
the electrodes were annealed at 500 °C followed by UV-ozone treatment. Solutions of
C-Sty2 or C-Sty3 (150 mg/ml) in chlorobenzene were spin-coated at 1500 rpm for 30
seconds. The spin-coated transparent thin films were then kept for polymerization in
a glovebox by annealing at respective temperatures for 30 minutes. The prepared
solid electrolyte was sandwiched between the cross-linked film and counter FTO
electrode. To prevent the diffusion of oxygen and moisture into the fabricated device,
commercial epoxy is used for sealing the edges of the devices. Copper tape was
applied to both sides of the bare FTO for efficient and uniform electrical contact while

connecting to the potentiostat.
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2.5.4. Synthesis and Characterization of the Molecules

2.5.4a. Synthesis of 2, 7-Dibromo-9-hexyl-carbazole (1)

H
N
Br Br NaH, DMF N
- > B B
n- hexyl bromide, RT r r
Yield = 86%
(1)

Scheme 2.2.

2,7 - Dibromo-9H-carbazole (1 g, 3.07 mmol) and NaH (1.02 g, 4.23 mmol) were
transferred to a 100 ml two neck flask and subjected to three vacuum/nitrogen refill
cycles in order to remove water and oxygen. Anhydrous DMF was added (50 mL)
followed by 1-bromohexane (0.67 g, 3.9 mmol) and the mixture was stirred for 4 h at
130 °C. The reaction mixture was diluted with water and extracted with ethyl acetate.
Then the combined organic layer was dried over sodium sulphate and the solvent was
evaporated and dried under reduced pressure. Column chromatography on Si-gel

(SiO2, Hexane/ EtOAc, 8:2) gave Compound 1 as white solid (Yield = 86%).

1H NMR (CD3CN, 500 MHz): 6 =8.01 (d, 2H, ] = 8.5 Hz), 7.74 (s, 2H), 7.36 (d, 2H, ] = 8.5

Hz), 4.28 (t, 2H, ] = 7.5 Hz), 1.79 (t, 2H, ] = 7 Hz), 1.29 (m, 6H), 0.85 (t, 3H, J = 7.5 Hz).

13C NMR (125 MHz, Acetone-ds): 6 = 141.57, 122.34,121.80, 121.28, 119.35, 112.37,

42.81,31.37,26.42, 22.35, 13.35.
ESI-HRMS: m/z calculated for (C1sH19Brz2N): 409.1582, m/z found: 409.3215.

2.5.4b. Synthesis of 9-hexyl-N?, NZN7,N7-tetrakis(4-methoxyphenyl)-9H-
carbazole-2,7-diamine (2) (C-OMe)

107



Electrochromic Properties of Cross-linkable Carbazole-Diphenylamine Derivatives

/

0/
BrBr + HN KO' Bu, Pd(OAc),/ [(t-Bu)3PH]BF4
N Q Toluene, Reflux
Yield = 67%
/O (2) (C-OMe) /

Scheme 2.3.

N-Hexyl-2,7-dibromocarbazole (1) (1.5 g, 3.66 mmol), bis (4-methoxy phenyl)
amine (2.5 g, 10.98 mmol), potassium tert-butoxide (1.23 g, 10.98 mmol), Pd(0OAc)2
(0.16 g, 0.732 mmol), and ((t-Bu)sPH)BF4 (0.42 g, 1.464 mmol) were transferred to a
250 ml three neck flask and was subjected to three vacuum/Argon refill cycles in
order to remove water and oxygen. Anhydrous toluene was added (60 mL), and the
mixture was stirred for 12 h at 110 °C or until the reaction was complete by TLC
analysis. The product was collected by extraction with addition of ethylacetate and
DI-water, followed by a brine solution. The toluene/ethylacetate layer was dried with
anhydrous sodium sulphate, filtered, concentrated and dried under reduced pressure.
The collected crude solids were purified by column chromatography. (hexane/EtOAc,
9:1) to give a pale-yellow solid (Yield = 67%).
1H NMR (500 MHz, Acetone-de): 6 = 7.784 (d, 2H, ] = 8.5 Hz), 6.98 (d, 9H, ] = 8.5 Hz),
6.88 (d, 8H,J =9 Hz), 6.7-6.65 (m, 3H), 3.97 (t, 2H, ] = 7 Hz), 3.78 (s, 12H), 1.6 (t, 2H, ]
= 6.58 Hz), 1.15 (m, 6H), 0.81 (t, 3H, J = 7 Hz).
13C NMR (125 MHz, Acetone-ds): 6 = 155.67, 146.63, 141.93, 141.84, 125.71, 119.75,
117.74,114.77,117.57, 102.28, 54.81, 42.05, 31.26, 26.45, 22.23, 13.35.

ESI-HRMS: m/z calculated for C46H47N304: 705.3567, m/z found: 705.3458.
CHN Analysis: Calculated CHN (%) for C46H47N304: C, 78.27; H, 6.71; N, 5.93, Found:

C, 78.14; H, 6.54; N, 5.74.
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2.5.4c. Synthesis of 1-bromo-4-(4-vinylbenzyloxy)benzene (3)

/ NaOH / DMSO OO—Br
Br OH . -
cl Benzyltriethylammoniumchloride, RT /

Yield = 81%
(3)

Scheme 2.4.

4-bromophenol (3 g, 17.3 mmol) in dimethyl sulfoxide (DMSO, 50 ml) was
degassed with nitrogen for 30 min, and then benzyltriethylammoniumchloride (0.39
g, 1.73 mmol) and aqueous NaOH (50 wt%, 34.6 mmol) were added. After the reaction
mixture turned red, 4-vinylbenzyl chloride (3.96 g, 25.95 mmol, 3.65 ml) was added.
The mixture was stirred for 12 h at room temperature. The product was collected by
extraction with addition of DCM and DI-water, followed by a brine solution. The
combined organic layers were dried over anhydrous sodium sulphate, filtered, and
dried under vacuum. Further purification of the residue by column chromatography
over silica gel (8% ethylacetate-hexane) yielded compound 2 as white solid (Yield =
81%).
1H NMR (500 MHz, Acetone-de): 6 = 7.46 (dd, ] = 8 Hz, 2H), 7.42 (m, 4H), 6.84 (m, 2H),
6.71 (m, 1H), 5.7 (d, /= 17.5 Hz, 1H), 5.23 (d, /= 11 Hz, 1H), 5.13 (s, 2H).
13C NMR (125 MHz, Acetone-ds) 6 = 158.17, 136.55, 136.70,132.20, 127.84, 126.26,
116.98,113.52,112.39, 69.57.
ESI-HRMS: m/z calculated: 288.0150, m/z Found: 288.2905.

2.5.4d. Synthesis of 4-methoxy-N-(4-(4-vinylbenzyloxy)phenyl)aniline (4)

Br
X
\ KO' Bu, Pd(OAc), / [(t-Bu);PH|BF. 0 o\/©/\
o NH, + . 2 - = =
o Toluene, Reflux
/ N
H X
< > Yield = 60%
4)

Scheme 2.5.
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In a 100 ml three neck flask, 1-bromo-4-(4-vinylbenzyloxy)benzene (3 g, 10.41
mmol), p-anisidine (1.92 g, 15.62 mmol), KO'Bu (2.4 g, 20.83 mmol), Pd(0OAc)2 (0.24
g, 1.04 mmol) and ((¢-Bu)3PH)BF4 (0.9 g, 3.12mmol) were added and was subjected
to three vacuum/Argon refill cycles in order to remove water and oxygen. Anhydrous
toluene was added (60 mL), and the mixture was stirred for 24 h at 110 °C or until the
reaction was complete by TLC. After cooling to room temperature, the solution was
poured into water and extracted with dichloromethane. The combined organic layers
were dried over anhydrous sodium sulphate, filtered, and dried under vacuum. The
residue was purified by column chromatography on neutral alumina (15% Ethyl

acetate - hexane) to yield white solid (yield = 60%).

1H NMR (500 MHz, Acetone-ds): 6 = 7.46 (dd, ] = 16.5 Hz, 4H), 6.99 (m, 4H), 6.91 (m,
2H), 6.83 (m, 2H), 6.81 (s, 1H), 5.8 (d, / = 17.5 Hz, 1H), 5.27 (d, ] = 11 Hz, 1H), 5.06 (s,
2H), 3.75 (s, 3H).

13C NMR (125 MHz, Acetone-ds) & = 153.94, 152.77, 138.9, 138.84, 138.17,
137.66,137.06, 136.64, 127.72, 126.18, 118.93, 118.88, 118.35, 118.31. 115.69,

114.47,113.29, 69.76, 54.83.
ESI-HRMS: m/z calculated for C22H21NO2: 331.1572, m/z Found: 332.1656.

2.5.4e. Synthesis of  9-hexyl-N2 N7-bis(4-methoxyphenyl)-N?,N7-bis(4-
((4vinylbenzyl)oxy)phenyl)-9H-carbazole-2,7diamine (5) (C-Sty2)

| /
(o}
/©/ KO' Bu, Pd(OAc), / [(+-Bu);PH|BF O—
Br Br + HN -
N

© Toluene, Reflux °@N e NQ

N \
0
Yield = 56% 0
=

(o]
N 5)(csty2)

Scheme 2.6.
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N-Hexyl-2,7-dibromocarbazole (0.4 g 0.9776 mmol), 4-methoxy-N- (4-((4-
vinylbenzyl) oxy)phenyl)aniline (0.8 g, 2.44 mmol), potassium tert-butoxide (0.27 g,
2.44 mmol), Pd(OAc)2 (0.04 g, 0.1955 mmol), and (¢-Bu)sPHBF4 (0.12 g, 0.391 mmol)
were transferred to a 100 mL three neck round bottom flask. The flask was subjected
to three vacuum/ Argon refill cycles in order to remove water and oxygen. Anhydrous
toluene was added (30 mL), and the mixture was stirred for 12 h at 110 °C or until the
reaction was complete by TLC analysis. The product was collected by extraction with
addition of ethylacetate and DI-water, followed by a brine solution. The toluene-
ethylacetate layer was dried with anhydrous sodium sulphate, filtered, and
concentrated. The collected crude solids were purified by column chromatography
(hexane: ethylacetate, 9:1) to give a pale-yellow solid (Yield: 56%).
1H NMR (500 MHz, Acetone-d¢): 6 = 7.82 (d, 2H, J = 8.5 Hz), 7.5 (m, 8H), 7.05 (m, 8H),
6.97 (d, ] =9 Hz, 6H), 6.88 (d, / = 9 Hz, 4H), 6.8 (m, 4H), 5.84 (d, /] = 18 Hz, 2H), 5.15
(d,J=11Hz, 2H), 5.1 (s, 4H), 3.99 (m, 2H), 3.79 (s, 6H), 1.62 (t, ] = 6.58 Hz, 2H), 1.192
(m, 6H), 0.795 (3H, t, / = 7 Hz).
13C NMR (125 MHz, Acetone-ds): 6= 155.73, 154.66, 146.56, 142.14, 141.94, 141.75,
137.30, 137.18, 136.62, 127.79, 126.22, 125.85, 125.51, 119.81, 117.79, 115.58,
114.86,114.59, 113.40, 102.38.

ESI-HRMS: m/z calculated for Ce2Hs9N304: 909.4506, m/z found: 909.4384.
CHN Analysis: Calculated CHN (%) for Ce2Hs9N304: C, 82.82; H, 6.53; N, 4.62, Found:

C,81.46; H, 6.36; N, 4.55.
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2.5.4f. Synthesis of 2,7-dibromo-9-(4-vinylbenzyl)-9H-carbazole (6)

AN
(o]
H
N NaH, DMF N
Br Br + an » Br Br
60°C

(6)
Yield = 80%

Scheme 2.7.

In a 100 ml two neck flask, 2, 7-dibromocarbazole (1 g, 3.07 mmol) was
dissolved in DMF (25 ml) at RT and NaH (0.09 g, 3.68 mmol) was slowly added to the
solution. After addition of NaH, 4-chloromethyl styrene (0.56 g, 3.68mmol) was added
to the reaction mixture. The reaction was stirred at 60 °C for 10 hours. It is then
poured into aqueous NH4Cl solution and extracted with chloroform. The collected
crude solids were dried with NazS04, and concentrated. Column was carried out in
ethylacetate:hexane (1:9) to give a white solid (Yield: 80%).
1H NMR (CDClIs3, 500 MHz): 6 = 7.95 (d, 2H, ] = 8.5 Hz), 7.49 (s, 2H), 7.36 (m, 4H), 7.05
(d, 2H,J=8Hz), 6,67 (m, 1H), 5.7 (d, 1H,J = 17.5 Hz), 5.41 (s, 2H), 5.23 (d, 1H, /= 10.5
Hz).

ESI-HRMS: m/z calculated for (C21H1sBr2N): 443.1585, m/z found: 443.3346.

2.5.4g. Synthesis of N2,N7-bis(4-methoxyphenyl)-9-(4-vinylbenzyl)-N?,N7-bis(4-
((4-vinylbenzyl)oxy)phenyl)-9H-carbazole-2,7-diamine (7) (C-Sty3)

\
Jalls Oy
N + HN KO' Bu, Pd(OAc), / [(t-Bu);PH|BF - Q N ®
BrBr Q Toluene, Reflux NN

-0 Yield = 59% o)

(7) (C-Sty3)
N\

Scheme 2.8.
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2,7-dibromo-9-(4-vinylbenzyl)-9H-carbazole (0.1 g, 0.2 mmol), 4-methoxy-N-
(4-(4-vinylbenzyloxy)phenyl)aniline (0.19 g, 0.5 mmol), potassium tert butoxide
(0.07 g, 0.5 mmol), Pd (OAc)2 (0.005 g, 0.2 mmol) and (¢-Busz)PHBF4 (0.02 g, 0.06
mmol) were transferred to a 100 mL three neck round bottom flask. The flask was
subjected to three vacuum/Argon refill cycles in order to remove water and oxygen.
Anhydrous toluene was added and the mixture was stirred for 12 h at 110 °C or until
the reaction was complete by TLC analysis. The product was collected by extraction
with addition of ethylacetate and DI-water, followed by a brine solution. The toluene-
ethylacetate layer was dried with anhydrous sodium sulphate, filtered, and
concentrated. The collected crude solids were purified by column chromatography
(hexane: ethylacetate, 7:3) to give a pale yellow solid (Yield = 59%).
1H NMR (500 MHz, Acetone-ds): 6 = 7.82 (d, 2H, = 8.5 Hz), 7.5 (m, 8H), 7.3 (d, 2H, J =
8.5 Hz), 7.02 (m, 10H), 7.00 (m, 6H), 6.88 (d, 4H, ] =9 Hz), 6.75 (m, 5H), 5.85 (s, 2H),
5.8 (m, 1H), 5.23 (m, 5H), 5.08 (s, 4H), 3.77 (s, 6H).
13C NMR (125 MHz, Acetone-ds): 6 = 155.80, 154.73, 146.65, 142.14, 141.99, 141.57,
137.32,137.19,136.62,136.55,127.79,126.22,125.95,125.6,119.81,117.85, 115.60,
114.86, 114.60, 113.38, 102.44, 69.64, 54.83, 45.52.
ESI-HRMS: m/z calculated for CesHs5N304: 941.4193, m/z found: 941.4212.
CHN Analysis: Calculated CHN (%) for CesHssN304: C, 82.86; H, 5.88; N, 4.46, Found:

C,82.07; H, 5.83; N, 4.44.
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2.5.5. NMR and ESI-HRMS Spectra of C-OMe, C-Sty2 and C-Sty3
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Figure 2.28. 13C NMR of C-Sty3 in acetone-ds.
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Relative Abundance

Figure 2.30. ESI-HRMS of C-Sty3.
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Terpyridine Appended Tetraphenylethylene-
Diphenylamine Derivatives and their Iron Metallo-

polymers: Photophysical and Electrochromic Properties
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3.1. Abstract

Designing ligands with varying numbers of coordination sites can result in
metallo-polymers (MPs) with linear and branched structures and these structural
differences can have a significant impact on their thermal, morphological, and
electrochromic characteristics. In this regard, two tetraphenylethylene-
diphenylamine-terpyridine based ligands, TPE-TPy2 and TPE-TPy4, having two and
four terpyridine units attached to the diarylamine moiety, were synthesised, and their
photophysical, thermal, electrochemical, and metal interaction studies were

investigated in this chapter. The linear and hyperbranched Fe(ll)-based metallo-
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polymers were prepared by complexing Fe(II) salt with a 1:1 ratio of TPE-TPy2 and
a 2:1 ratio of TPE-TPy4, respectively. The obtained metallo-polymers were fully
characterized using techniques like UV-Vis absorption, Fourier-Transform infrared
spectroscopy (FT-IR), 1H NMR and X-ray photoelectron spectroscopy (XPS). The cyclic
voltammetry of the metallo-polymer films prepared by spray coating on FTO
substrates revealed a single reversible redox peak with half-wave potentials 0of 0.72 V
and 0.70 V for TPE-TPy2-Fe and TPE-TPy4-Fe, respectively. Peaks corresponding to
triphenylamine oxidations and metal ion oxidation overlap in the same region, at all
scan rates for the polymer films. Both the metallo-polymer films on FTO showed
surface-confined electrochemical processes as the rate determining step with a
reversible color change from dark greyish blue to yellow for TPE-TPy2-Fe and purple
to green for TPE-TPy4-Fe. The spectroelectrochemistry of the films revealed
concomitant changes corresponding to the Fe(II) to Fe(Ill) oxidation and oxidation of
triphenylamine groups. Both the polymers demonstrated remarkable stability
without significant transmittance loss for more than 300 switching cycles.
Hyperbranched polymers of TPE-TPy4-Fe have electrochromic features
predominantly due to triphenylamine oxidation including open circuit memory and
near-infrared absorption. These hyperbranched polymers also exhibited better
coloration efficiency (243 cm2C-1 at 585 nm) and shorter electrochromic switching
times (2.8 s for oxidation and 0.9 s for reduction) compared to linear metallo-

polymers of TPE-TPy2-Fe.
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3.2. Introduction

The development of materials with advanced properties is becoming
increasingly appealing as a result of their technological applications. Scientists are
fascinated by the fast-growing field of synthetic organic polymers and the intriguing
potential for creating novel, easily processed materials by introducing metal ions to
synthetic polymer strands. They are commonly employed as photo- and
electroluminescent materials, photovoltaic materials, high refractive index and non-
linear optical materials, liquid crystalline materials, precursors to functional ceramic
materials, and stimuli-responsive materials.] Stimuli-responsive materials are
becoming more important for a variety of applications due to their capacity to change
functionalities when subjected to external stimuli. Metallo-polymers (MPs) have
several unique benefits in this field due to the combinations of advantageous
properties of both metal complexes and polymers. These materials have several
applications in memory devices technology,?3 biological sensors,*> electrochromic,®
8 photochromic?1% and thermochromic!l-14 devices, etc. Electrochromic materials,
which change color in response to electric stimuli, are widely used in smart windows,
display devices, electrochromic sensors, energy storage devices etc.1> Among the
other electrochromic materials such as metal oxides (WOs, NiO, MoOs, and V20s),
organic molecules (triphenylamine and viologen derivatives), and conducting
polymers (PEDOT, PANI, PPy, PTh etc),1® metallo-polymers have well defined redox
properties and intense coloration. Metallo-polymers can undergo a variety of
electronic transitions, including MLCT in which an electron is transferred from the
metal centre’s partially filled d-orbital to the organic ligand's vacant m* orbital. This

transition involves an alteration in the metal's oxidation state, which may result in a
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shift in the absorption spectrum towards higher energy. LMCT is another transition
that occurs when an electron is transferred from the filled m to the empty d* orbital of
the organic ligand and metal center, respectively. Metallo-polymers containing
conjugated organic ligands exhibit m-m* transitions in the organic ligand molecules,
and metal with partially filed d orbital undergoes d-d* transitions. Figure 3.1
illustrates the probable electronic transitions that most MPs exhibit during EC

process.1’

ML|CT —_—

TM ,”’

Potential
o
AN
&%
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Figure 3.1. The electronic transitions during the EC process in Metallo-polymers.

(Adapted from reference 17)

MLCT transitions in metallo-polymers are more intense because they are both
spin- and Laporte-allowed transitions. The spin selection rule states that transitions
between two energy states with the same spin multiplicity are allowed (AS=0) and
MLCT transitions obey this rule. Laporte's selection rule states that transitions occur
between states with different symmetry or parity, where changes in dipole and
transition momentum integral are non-zero. That is, a transition happens when two
states have different parity or symmetry (p-d, s-p, d-f, etc.). Since the d-d/s-s
transition involved similar parity changes, it is Laporte forbidden.

Electrochromic devices made of metallo-polymers provide versatile and

promising solutions for a variety of applications. Ying-Chih Liao and his group
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demonstrated the possibility to create displays using an all-solution technique by
utilising metallo-polymers as EC materials.18 They used inkjet printing techniques to
create multicolour EC devices out of two primary colours derived from Fe and Ru-
based terpyridine metallo-polymers (Figure 3.2A). Masayoshi Higuchi and group
demonstrated EC properties of a hybrid terpyridine ligand based polymer consisting
of Fe(II) or Ru(Il) ions.1® The device exhibited five color display in a potential range
of -2.5 to 2.5V. Using these EC polymers, they produced various kinds of display sizes,

including a 10-inch panel (Figure 3.2B).
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Figure 3.2. (A) Multicolour EC films with EC subpixels: structure of the metallo-
polymers, fabrication techniques and photographs of the devices and (B) Ru-Fe
multicolour EC device structure, color change and photograph of the large area device.

(Adapted from reference 18 and 19)
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The properties of MPs depend on the ligand design and the transition metal
used. To obtain desirable structural arrangements, organic ligands in metallo-
polymers are frequently designed to have specific symmetries and bonding
directions. For example, ligands having two, three, four, or six-fold symmetry and
bonding orientations can be developed. This symmetry and bonding arrangement

allow the ligands to establish specific connections with the metal centres (Figure
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Figure 3.3. Schematic illustration of different metallo-polymers formed from ligands
with different number of coordination sites. (Adapted from reference 20 and

modified)

Research efforts over the last decade have revealed that the ligand structure has
a considerable impact on the EC characteristics of metallo-polymers. 2,2":6',2"-
Terpyridine based N-hetero aromatics have been extensively used as a tridentate
ligand for d-block metal ions and play a key role in tuning the electronic and steric
properties of metallo-polymers. Masayoshi Higuchi and his group have reported
various iron-terpyridine metallo-polymers having distinct structures and
electrochromic properties. For example, they synthesised metallo-supramolecular

polymers with three-dimensional structures (FeL1ss%L215%) that exhibited a highly
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porous structure and facilitated smooth ionic transport during the redox process.
These characteristics resulted in better electrochromic properties compared to a 1-D
linear polymer (Figure 3.4A).21 Similarly, zigzag-structured, triphenylamine-
terpyridine ligand-based Fe-polymers (polyFe-N and polyRu-N) with NIR
absorption?? (Figure 3.4B), a single step synthesised 3D-iron polymer using an
asymmetrical ditopic ligand containing terpyridine and phenanthroline (Figure
3.4C),23 nanocomposites made up from a linear, iron(Il)-polymer, named as polyFe
and imidazoline derived material (Figure 3.4D)23 and a highly dense, hexagonal
tritopic ligand with branched Fe(Il) coordination (Figure 3.4E)22 are some reported

examples of metallo-polymers with unique structures and electrochromic properties.
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Figure 3.4. Structures of different electrochromic iron-terpyridine metallo-polymers.
(A) 3D-MPs formed from different ligand-metal ratios; (B) zigzag-structured MP; (C)
PolyFe-3D; (D) Linear polyFe and (E) Fe(II) coordination nanosheet, reported by
Masayoshi Higuchi and group. (Adapted from references 21-24)
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Design of metallo-polymers using triphenylamine moiety with 2,2:6,2"-
terpyridine as the peripheral arms gained attention of the researchers since the
corresponding metallo-polymers can achieve combined properties like multiple color
change, NIR absorption, good contrast ratio, optical memory and stability. The
relationship between structure and performance in terpyridine-triphenylamine
complexes in electrochromic behaviour have been studied by leading groups. 8324-26
Tao et al. reported a series of “D-m-A-n-D” complexes formed from terpyridine and
triphenylamine (D) moieties and proved that ligands containing triphenylamine with
rigid structure showed enhanced memory ability and long-term stability (p-FeL1)
(Figure 3.5A). The spectroelectrochemistry of the polymers showed a drop in MLCT
absorption and a new broad IVCT absorption band formation due to TPA oxidation at
potentials ranging from 0 to 2 V. The strength of the IVCT band changed with ligand

modification, as shown in Figure 3.5B.27
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Figure 3.5. (A) Structural design and photographs of electrochromic hybrid-polymer
films and (B) Spectroelectrochemistry of Fe-polymer films at voltages ranging from 0

to 2 V. (Adapted from reference 28)
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Shankar and group demonstrated distinct electrical conductivities and excellent
operational stability under continuous cycling by varying the ligand structures in
metallo-polymers.2829 Three tetraterpyridine ligands, each with variations in their
core architecture (phenyl, tetraphenylethynyl, and bithiophene) were developed. The
electrochromic metallo-polymers containing Fe2* as the coordinating metal ion,
exhibited good molecular permeability and spectroelectrochemical properties, which
were directly influenced by the specific ligand structure used. The electrochromic
films of phenyl-based ligand exhibited remarkably high coloration efficiency (up to
1050 cm?/C) and superior optical contrast (up to 76%), accompanied by a color-to-
color redox transition. The Metallo-polymer produced from TPE-based ligand
achieved the highest volumetric capacitance up to 544.6 F cm-3 at a current density of

1 A g1 and energy density up to 75.5 mWh cm-3.

3.2.1. The Randles-Sevcik Equation and Electrochemical Processes

In cyclic voltammetry, electrochemical processes can be classified into two main
categories: diffusion and surface-controlled process. Diffusional processes involve the
transport of electroactive species to and from the electrode surface, i.e., mass
transport is responsible for controlling this process. The rate of the electrochemical
reaction is limited by the diffusion of particles in the electrolyte solution. Surface-
controlled processes take place when the electrochemical reaction happens right at
the electrode surface without significant involvement of mass transport. The kinetics
of the surface reactions (oxidation/reduction) in these processes regulate the current
response and act as the rate determining step. Both processes are scan-rate
dependent. The Randles-Sevcik equation (Equation 3.1) is used in electrochemistry to

analyze and interpret the current response to scan rate.3031
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nFkFvD
RT

ip = 0.4463 nFAC Equation (3.1)

ip = Peak current (Amperes)
n = Number of electrons transferred in a redox cycle
F = Faraday’s constant (96485.339 C/mol)
R = Universal gas constant (8.31447 ] K mol1)
T = Absolute temperature
A = The electrode surface area in working (cm?)
C = Molar concentration of redox-active species (mol/cm?3)
D = The diffusion coefficient (cm?/s)
v =Scan rate (V/s)
The plot of peak current vs square root of scan-rate for a diffusion-controlled
redox system exhibits a linear trend. If the peak current is linearly proportional to the

scan rate, the rate is determined by the kinetically controlled surface reaction.
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Figure 3.6. Molecular structures of (A) TPE-TPy2 and (B) TPE-TPy4 ligands;
Schematic representation of (C) TPE-TPy2-Fe and (D) TPE-TPy4-Fe metallo-

polymers formed from the complexation.
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Incorporating multiple terpyridine units into a ligand can significantly influence
the molecular structure, electronic and electrochromic properties of the resulting
complex. Herein, we present the synthesis and characterization of two Terpyridine
appended Tetraphenylethylene-Diphenylamine derivatives as ligands and their Fe(II)
ion based metallo-polymers. The tetraphenylethene core group is chosen for the
current EC design based on its favourable spectroelectrochemistry. Figure 3.6 shows
the structures of the ligands TPE-TPy2 and TPE-TPy4 and a schematic illustration of
their metallo-polymer structures. First one is a linear polymer prepared by 1:1
complexation of Fe2* and TPE-TPy2 ligand and the other is a hyperbranched metallo-
polymer formed from the 1:2 complexation of ligand TPE-TPy4 and Fe2*. Prepared
metallo-polymers were thoroughly characterised using different techniques such as,
UV-Vis absorption, FT-IR, 1H NMR and XPS. The spectroelectrochemistry of the films
revealed concomitant changes corresponding to the Fe(Il) to Fe(Ill) and
triphenylamine oxidation. Remarkably, hyperbranched metallo-polymer showed
electrochromic features predominantly due to triphenylamine oxidation like high
open circuit memory and NIR absorption. The hyperbranched TPE-TPy4-Fe metallo-
polymer outperformed the linear TPE-TPy2-Fe metallo-polymer in terms of open

circuit memory, coloration efficiency and switching time.

3.3. Results and Discussion

The ligands, TPE-TPy2 and TPE-TPy4, were synthesized by Pd catalyzed,
Buchwald-Hartwig cross-coupling reactions as shown in Scheme 3.1. For example
4,4’-(1,2-diphenylethylene-1,2-diyl)bis(N-(4-([2,2":6’,2”-terpyridin]4’-yl)phenyl)-N-
(4-methoxyphenyl)aniline; TPE-TPy2) was synthesized by the coupling between 1,2-

bis(4-bromophenyl)-1,2-diphenylethylene and 4-([2,2’:6’,2"-terpyridin]-4’-yl)-N-(4-
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methoxyphenyl)aniline  while  4,4'-(1,2-diphenylethene-1,2-diyl)bis(N,N-bis(4-
([2,2":6',2"-terpyridin]-4'-yl)phenyl)aniline; TPE-TPy4) was synthesized by the
coupling  between  4,4'-(1,2-diphenylethene-1,2-diyl)dianiline = and  4'-(4

bromophenyl)-2,2":6',2"-terpyridine.
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Scheme 3.1. Synthesis of TPE-TPy2 and TPE-TPy4 molecules.
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The characteristic UV-Vis absorption spectra for ligand molecules in solution

and in solid state are given in Figure 3.7A and 3.7B.
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Figure 3.7. (A) Absorption spectra of TPE-TPy2 and TPE-TPy4 in THF; (B) Solid state
absorption spectra of TPE-TPy2 and TPE-TPy4 and (C) Normalized fluorescence
spectra of TPE-TPy2 and TPE-TPy4 in THF (excitation at 360 nm 370 nm for TPE-
TPy2 and TPE-TPy4, respectively).

TPE-TPy2 THF solutions showed an absorption maximum of 360 nm with
negligible absorption above 420 nm ensuring transparency in the visible region.
Absorption spectrum of TPE-TPy4 in THF showed a 10 nm red shift with a maximum
around 370 nm. The peaks at 360 nm for TPE-TPy2 and 370 nm for TPE-TPy4 were
assigned to the m-m* transition and the red shift in the m-t* absorption for the TPE-
TPy4 ligand is due to the increased molecular conjugation. The solid-state absorption
spectra of the ligands were broad compared to the solution state with absorption
maxima for both ligands cantered at 383 nm. The emission spectra of the ligands were
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obtained in THF, as shown in Figure 3.7C, and both TPE-TPy2 and TPE-TPy4 showed
blue fluorescent emission bands at 455 nm and 476 nm, respectively. Notably, TPE-
TPy2 showed a narrow emission (FWHM = 62 nm) compared to TPE-TPy4 (FWHM
= 110 nm), probably due to the extended conjugation and differential degree of

excited state planarization for these two ligands.
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Figure 3.8. Emission spectra of (A) TPE-TPy2 and (B) TPE-TPy4 in THF and different
THF /water mixtures; Photographs of the (C) TPE-TPy2 and (D) TPE-TPy4 in 0, 10,
30, 50, 70 and 90 percentage THF/water mixtures taken under UV illumination;
Dependence of fluorescence intensity on solvent compositions of the THF/water

mixtures for (E) TPE-TPy2 and (F) TPE-TPy4 at their emission maximum, Aem.

138



Chapter 3

Tetraphenylethene (TPE), the core we have selected for the ligands is a typical
AlE-active unit that has been extensively studied and applied in various fields such as
sensors and electroluminescent devices. We have probed the basic AIE-behavior of
these ligands in various THF-water mixtures (Figure 3.8). Both the ligands are soluble
in organic solvents like THF, toluene, DCM, DMSO, and acetone, whereas they are
partially soluble in methanol and insoluble in water. The benzene rings of the
tetraphenylethylene moiety can rotate around the central olefin in a good solvent,
which non-radiatively deactivates the excited state of TPE molecules and renders
them weakly emissive or non-emissive. For example, in THF both TPE-TPy2 and TPE-
TPy4 showed weak fluorescence with maxima at 455 nm and 476 nm, respectively.
In THF-water mixtures, significant changes in fluorescence maxima and intensity of
TPE-TPy2 and TPE-TPy4 were observed with increasing the water fraction. As
shown in Figure 3.8A and Figure 3.8B, the fluorescence intensity of both ligands
showed an initial decrease with an increase in the fraction of water up to 60%,
followed by a significant enhancement of fluorescence at higher water fractions. At a
water fraction of 90%, the emission intensities of both TPE-TPy2 and TPE-TPy4,
respectively were 8 and 3-folds higher, than in pure THF. TPE-TPy4 has four bulky
terpyridine units connected to the TPE core, whereas TPE-TPy2 has two and the
bulkiness imposes a barrier for intramolecular rotations of the phenyl ring in TPE. As
expected, TPE-TPy2 demonstrated lower fluorescence maximum in THF and greater
enhancement in fluorescence intensity in higher water fractions accompanied with a
larger red shift in its fluorescence maximum compared to TPE-TPy4. The
photographs of ligands in different THF /water mixtures under UV light are shown in

Figures 3.8C and 3.8D. Figures 3.8E and 3.8F show the plots of ligand fluorescence
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intensity dependency at their emission maximum (Aem) on different THF /water
mixtures.

A closer look at the changes in fluorescence maximum of TPE-TPy2 and TPE-
TPy4 reveals an interesting trend. For example, the fluorescence maximum of TPE-
TPy2 in pure THF (470 nm) changes to 515 nm in 10% water-fraction, followed by
an aggregation caused quenching up to 60% water-fraction. At 90% water fraction
TPE-TPy2 showed a fluorescence maximum of 540 nm with an enhanced
fluorescence (AIE) compared to that of THF solutions. Similar trend was observed for
TPE-TPy4 with an initial change of fluorescence maximum from 450 nm in THF to
490 nm in 10% water-fraction and a final change to 465 nm in 90% water fraction,
with an initial quenching (ACQ) followed by an enhancement (AIE). The initial
changes in fluorescence could be attributed to the changes in ground and excited state
molecular structure due to solvent polarity changes, while the latter changes
correspond to the hydrophobic aggregation leading to AIE.32:33

Figure 3.9A depicts the thermal properties of the ligands determined by TGA
under nitrogen at a heating rate of 10 °C min-1. The TGA thermograms revealed that
the decomposition temperatures (Tds%) of the ligands TPE-TPy2 and TPE-TPy4 are
435 °C and 455 °C, respectively, indicating the high temperature stability of the
ligands. Their respective melting points measured using a calibrated digital melting
point apparatus were found to be 260 °C and 310 °C. TPE-TPy4 exhibited higher
temperature resistance than TPE-TPy2. The cyclic voltammograms of the ligands in
chlorobenzene with 0.1 M TBAPF¢ showed two well-resolved reversible peaks with
half-wave potentials around 0.47 V and 0.78 V for TPE-TPy2 and 0.43 V and 0.72 V
for TPE-TPy4, indicating the radical cation and dication formation in the
triphenylamine units (Figure 3.9B).
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Figure 3.9. (A) TGA thermograms of the ligands TPE-TPy2 and TPE-TPy4 and (B)
Cyclic voltammograms of the ligands TPE-TPy2 and TPE-TPy4 in 0.1 M TBAPFs in

chlorobenzene at 50 mV/s scan rate.

The changes in UV-Vis spectra of ligands upon titration with Fe2+ions are shown
in Figure 3.10. The concentrations of both ligands were kept constant at 5 uM and the
titration was performed by gradually adding Fe(II) salt solution. TPE-TPy2 and TPE-
TPy4 exhibited absorption spectra with maxima at 360 nm and 370 nm, respectively.
Titration of Fe2* with TPE-TPy2 molecule revealed the enhancement of characteristic
iron metallo-polymer bands at 585 nm (MLCT) and 430 nm,27:3% with a gradual
decrease in absorbance at 360 nm (Figure 3.10A). These bands ultimately achieved
their maximum with the addition of up to 1 equivalent of iron (II) salt. Figure 3.10B
depicts the variation in absorption maximum at 585 nm with regard to the
concentration of Fe2*. The maximum absorption value was attained at an equivalent
molar concentration, and further addition had no effect on absorption. The binding
stoichiometry of TPE-TPy2 to Fe?* is therefore determined to be 1:1. Further, TPE-
TPy4 also demonstrated the formation of new bands at 580 nm and 420 nm, upon
addition of Fe2* ions (Figure 3.10C), with concomitant decrease of absorbance at 370

nm. The characteristic MLCT for TPE-TPy4 - Fe(II) complex at 580 nm gets saturated
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when the concentration of iron (II) solution is more than 9 uM (approximately twice
the concentration of the ligand), indicating a 1:2 stoichiometry for the interaction
between TPE-TPy4 and Fe2* ions. The plot of the variation in the absorption

maximum at 580 nm with the addition of Fe2* is shown in Figure 3.10D.
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Figure 3.10. UV-Vis absorption spectra of (A) TPE-TPy2 and (B) TPE-TPy4 in
presence of different concentrations of Fe(II) in THF. [TPE-TPy2] and [TPE-TPy4]| =

5 uM; The variation in absorption maximum vs [Fe2*] recorded at (C) 585 nm for TPE-

TPy2, and (D) 580 nm for TPE-TPy4.

As terpyridine is a renowned metal chelating ligand, we have explored the
interactions of Fe2* with TPE-TPy2 and TPE-TPy4 and found out the binding
stoichiometry for the ligands and Fe2* using the Job’s plot method.3>36 In order to
determine the stoichiometry, the mole fraction of Fe2+* is varied from 0 to 1, while the

sum of the concentrations of Fe?* and ligand is kept constant (5 uM). The Job’s plot of
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the ligand TPE-TPy2 and metal ion showed a maximum absorbance when the mole
fraction of the Fe2* reached 0.5 at 585 nm, indicating a 1:1 binding stoichiometry
between the Fe2* ion and TPE-TPy2 (Figure 3.11A). While in the case of TPE-TPy4,
the mole fraction of Fe?* at the maximum absorbance measured at 580 nm was 0.66,

reflecting a 2:1 stoichiometry between the Fe2+ and ligand (Figure 3.11B).

A) B)
E ]| = TPETPYZFe £ « TPE-TPY4:Fe
o 0.121
o0 o
Lo [e0]
Lo
®) 0.08; @ 0.081
3 @
c (&)
3 S
E 0.041 3 0.041
: 2
< 0.00 . . , . ' < 0.00 . . . , ,
00 02 04 06 08 10 12 00 02 04 06 08 10 12
Mole fraction of Fe2* Mole fraction of Fe2*

Figure 3.11. Dependence of the absorbance at 585 nm and 580 nm for (A) TPE-TPy2
and (B) TPE-TPy4, respectively, vs the Fe2* mole fraction (ratio of concentration of

Fe2* ion to that of the total ligand and Fe? (5 uM).
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Figure 3.12. UV-Vis absorption spectra of TPE-TPy2-Fe and TPE-TPy4-Fe polymers

in acetonitrile.

The metallo-polymers TPE-TPy2 and TPE-TPy4 were synthesized by refluxing
the ligands with iron(II) perchlorate hydrate in 1:1 and 1:2 molar ratios of TPE-TPy2

and TPE-TPy4, respectively. Then a saturated solution of ammonium
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hexafluorophosphate in water was added and the iron-hexafluorophosphate salt of
the respective polymers were precipitated out. Synthetic details are discussed in
detail in the experimental section. The characteristic UV-Vis spectra of the metallo-

polymers in acetonitrile are shown in Figure 3.12.
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Figure 3.13. Concentration dependent UV spectra of (A) TPE-TPy2-Fe and (C) TPE-
TPy4-Fe [5 -30 uM] and the linear correlation between the MLCT band intensity and
concentration of (B) TPE-TPy2-Fe and (D) TPE-TPy4-Fe.

The strong peaks in the range of 580/585 nm by both the MPs were caused by
MLCT - transition from the metal centers to the unfilled m*- based LUMO of the ligand,
with high extinction coefficients of 4.7 x 10# M-1 cm-! for TPE-TPy2-Fe and 6.3 x 104
M-1 cm! for TPE-TPy4-Fe. These characteristics align with typical MLCT band
formations, characterized by intense and strong absorption bands in the visible

region, accompanied by high molar extinction coefficients (¢ ~ 104 M-1 cm1), (Figure
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3.13).37 The spectra of the synthesized MPs match those of the ligand - iron salt
titration, confirming the metal - ligand interactions.

Furthermore, the iron-terpyridine polymers were studied using 1H NMR
spectroscopy and the downfield shifting and broadened spectrum revealed the ligand
- metal coordinative interaction. TPE-TPy4-Fe polymers displayed more broad
signals than TPE-TPy2-Fe polymers because of a reduction in tumbling speed on the

NMR time scale, confirming extensive polymerization (Figure 3.14).3839
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Figure 3.14. 1H NMR spectrum of (A) TPE-TPy2 in CDCl3 and (B) TPE-TPy2-Fe in
acetonitrile-ds; 1H NMR spectrum of (C) TPE-TPy4 in CDCls3 and (D) TPE-TPy4-Fe in

acetonitrile-ds.

FT-IR analyses of monomers and polymers were used to acquire further
confirmation regarding polymer formation and are shown in Figures 3.15A and 3.15B.
The C=C stretching frequencies of TPE-TPy2 and TPE-TPy4 are slightly shifted to
1589 cm! and 1590 cm'l, respectively, after polymerization.2>40 TGA analyses of
metallo-polymers were performed in a N2 atmosphere (Figure 3.15C). Both polymers

lost nearly 20% of their weight when the temperature was elevated to 500 °C. When
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the temperature was raised to 1000 °C, additional 35% loss in TPE-TPy2-Fe and 25%
loss in TPE-TPy4-Fe was observed due to the breakdown of the polymers' main
aromatic moieties.#041 Compared to linear TPE-TPy2-Fe, the hyperbranched TPE-

TPy4-Fe polymer showed greater thermal stability similar to its parent ligand.
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Figure 3.15. FT-IR spectra of (A) TPE-TPy2-Fe and (B) TPE-TPy4-Fe; (C) TGA
analysis of the metallo-polymers.

The qualitative and quantitative analyses of the elements of both ligands and
MPs were examined by means of XPS. XPS data of both the ligands and metallo-
polymers showed the characteristic peaks corresponding to nitrogen. N 1s XPS
spectra of both the ligands showed two nitrogen species correspond to terpyridine -
nitrogen and triphenylamine - nitrogen at 398 eV and 400 eV, respectively. The ratio
of the two N 1s (Ntpa 1s:Nterpyridine 15) peaks of TPE-TPy2-Fe and TPE-TPy4-Fe were
1:3.19 and1:6.3, which is very close to the ideal values (1:3 for TPE-TPy2-Fe and 1:6
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for TPE-TPy4-Fe) as in Figures 3.16A and 3.16C. However, the N 1s peaks of metallo-

polymer showed one extra peak at 399 eV, which represents the Fe(Il)-coordinated

nitrogen (Figures 3.16B and 3.16D).
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Figure 3.16. HR-XPS spectra of N 1s of (A) TPE-TPy4; (B) TPE-TPy4-Fe; (C) TPE-

TPy2 and (D) TPE-TPy2-Fe.

The peaks at 398 eV correspond to the free terpyridine-nitrogen due to the

incomplete coordination. The ratio of the coordinated and uncoordinated terpyridine

N 1s peaks of metallo-polymers reflects the level of degree of coordination in these

assemblies. TPE-TPy2-Fe exhibited a ratio of ~1:5.9 free terpyridine and coordinated

nitrogen, while TPE-TPy4-Fe showed a ratio of ~1:8.5. The lower ratio of free

terpyridine nitrogen for TPE-TPy4-Fe indicates that TPE-TPy4-Fe has been

polymerized more extensively than TPE-TPy2-Fe.
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The surface morphology of the spray coated films were analyzed using AFM.
Figure 3.17 shows the AFM images and the inset images are the photographs of the
spray coated films on FTO. The AFM images of hyperbranched TPE-TPy4-Fe polymer
showed uniformly distributed grain like structures with root mean square average
(Rq) and arithmetic average (Ra) values of 30.2 nm and 23.9 nm, respectively. TPE-
TPy2-Fe showed comparatively higher roughness values with more clustered grains.

The Rq and Ra values of TPE TPy2-Fe were 33.7 nm and 25.3 nm, respectively.

TPE-TPy4-Fe

Figure 3.17. Atomic force microscopy (AFM) images showing the surface
morphology of spray coated (A) TPE-TPy2-Fe and (B) TPE-TPy4-Fe films on FTO;

Inset images are the photographs of spray coated polymer films.

The CV of the films were performed using a three-electrode setup using Ag/AgCl
and Pt wire as reference and counter electrode, respectively, in an aqueous solution
of 0.1 M LiClOx4 electrolyte. At 50 mV/s scan rate, both polymers exhibited reversible
redox peaks with halfwave potentials of 0.72 V and 0.7 V for TPE-TPy2-Fe and TPE-
TPy4-Fe, respectively. Peaks corresponding to triphenylamine oxidations and metal
ion oxidation overlap in the same region at all scan rates for the polymer films and are
shown in Figures 3.18A and 3.18B. To further understand the process, we examined
the relationship between the anodic (ipa) and cathodic (ipc) peak currents with scan

rate. The rate-determining step can be the diffusion of ionic species from the bulk
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solution to the electrode surface when the peak currents are linearly proportional to

the square root of the scan rate, whereas when the peak currents are linearly
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Figure 3.18. Cyclic voltammograms of metallo-polymers constructed from (A) TPE-TPy2-Fe
and (B) TPE-TPy4-Fe at different scan rates; Linear correlation between the current
densities and scan rate (C and D) and exponential correlation between the current densities
and square root of scan rate (E and F) for TPE-TPy2-Fe and TPE-TPy4-Fe, respectively. All
experiments were carried out using Ag/AgCl and Pt wire as reference and counter electrode,

respectively. 0.1 M LiClO4in water was used as the supporting electrolyte.
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proportional to the scan rate, the rate-determining step becomes the surface -
controlled or kinetically controlled electrochemical process.2%41 The Figures 3.18C -
3.18F indicate that peak currents increase linearly with scan rate and nonlinearly
with the square root of scan rate. These studies proved that the redox process in both
films are based on surface-confined electrochemical processes that are not
constrained by the diffusion of ions in bulk solution.

During the cyclic voltammetry experiments, the redox process was followed by
areversible color change from a dark greyish blue to yellow in the case of TPE-TPy2-
Fe polymer and purple to green in the case of TPE-TPy4-Fe polymer. The
photographs of the film at 0 V and 1.2 V in 0.1 M LiClOs-water electrolyte and the
associated CIE coordinates are shown in Figures 3.19A - 3.19D. The cyclic
voltammogram of metallo-polymer films at a 50 mV/s scan rate demonstrated good
electrochemical stability in an aqueous solution of 0.1 M LiClO4 electrolyte even after
50 CV cycles (Figures 3.19E and 3.19F). EC characteristics of the metallo-polymers
were further investigated using a spectro-electrochemical experiment in an aqueous
solution of 0.1 M LiClO4 electrolyte with a Pt (counter electrode) and Ag/AgCl
(reference electrode). The spectral variations were examined using potentials ranging
from 0 V to 1.2 V. Both polymers showed an MLCT charge transition band in their
neutral states at 0 V. As the potential increased, the TPE-TPy2-Fe polymer changed
color from a dark greyish blue to yellow, along with a reduction in the MLCT band and
emergence of two additional bands. The typical TPA oxidation band developed as a
small, but wide band from 800 nm to 1000 nm, with a maximum at 880 nm (Figure
3.20A). TPE-TPy4-Fe polymers demonstrated a broad absorption band ranging from
690 nm to 1000 nm with higher absorption intensity and a maximum at 790 nm,
compared to TPE-TPy2-Fe polymers. At the same time, a small absorption peak at
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Figure 3.19. The photographs of the (A)TPE-TPy2-Fe and (B) TPE-TPy4-Fe
polymers spray coated on FTO substrates at 0 V and 1.2 V in an aqueous solution of
0.1 M LiClO4 electrolyte; CIE color coordinates of the (C) TPE-TPy2-Fe and (D) TPE-
TPy4-Fe films at 0 Vand 1.2 V; 50 CV cycles of (E) TPE-TPy2-Fe and (F) TPE-TPy4Fe

films at a scan rate of 50 mV/s.

480 nm appeared, which was connected with the oxidation of Fe(Il) ions (Figure

3.20B). A color change from purple to green was observed during the redox processes.
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The films' spectroelectrochemistry indicated simultaneous changes associated with

the oxidation of triphenylamine groups and the Fe(II).
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Figure 3.20. UV-Vis absorption spectral changes of (A) TPE-TPy2-Fe and (B) TPE-
TPy4-Fe films spray coated on FTO substrate at various applied potentials from 0 V
to 1.2 V; Transmittance spectra of (C) TPE-TPy2-Fe and (D) TPE-TPy4-Fe polymers
on FTO substrates in their oxidised (1.2 V) and reduced (0 V) state.

The transmittance study was carried out to understand the optical contrast of
polymers in their oxidized and reduced states. TPE-TPy2-Fe and TPE-TPy4-Fe
polymers demonstrated about 18.7% and 5% change in transmittance at 585 nm and
580 nm, respectively, while TPE-TPy4-Fe polymer demonstrated 7% transmittance
change at 790 nm, as shown in the Figures 3.20C and 3.20D.

To investigate the cyclic stability, we measured the change in transmittance of

the MLCT peak at their respective wavelengths while the potential was cycled
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between 0 Vand 1.2 V at a 10 s pulse width. Even after 300 cycles, both TPE-TPy4-Fe

and TPE-TPy2-Fe films displayed stable color change with no substantial decrease in

transmittance, as illustrated in Figures 3.21A - 3.21C.

ST I

500 Cycles

Figure 3.21. Electrochromic switching experiments for (A) TPE-TPy2-Fe (at 585
nm) and (B) TPE-TPy4-Fe (at 580 nm) films on FTO for 300 and 500 switching cycles,

respectively with 10 s pulse width; (C) A secondary plot showing the variation in

stability with the number of switching cycles.

The time required for the coloration/bleach to reach more than 90% of its
maximum color for TPE-TPy2-Fe and TPE-TPy4-Fe, respectively, were 3.4 s and 2.8
s for oxidation and 1 s and 0.9 s for reduction. The single coloration and bleaching
cycles are shown in Figures 3.22A and 3.22B. The memory ability of electrochromic
TPE-TPy2-Fe and TPE-TPy4-Fe polymer films were examined, which may be
described as the films' capability to maintain the transmittance after the potential was
switched off. The TPE-TPy2-Fe film had a shorter memory than the TPE-TPy4-Fe
film, which took less than 30 seconds to regain the initial transmittance. In the case of
TPE-TPy4-Fe, 75% of the oxidation state transmittance remained unchanged more
than half an hour after the applied voltage was removed (Figure 3.22C). This implies

that the ligand alters a material's optical memory regardless of the binding metal ion.
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As the ligand's rigidity rises, so does the stability of the oxidation state of the metal

ion (Fe3+), which improves the electrochromic film's memory.

A) B)
[—TPE-TPy2-Fe o — TPE-TPy4-Fe

=
o

N
~

e

S ! S N
I— S - ! a: f
@ 18 X 153 & 81 B
o = Il o ° =)
C [ C S 1. N
© I © © & B I
g, & 5 g |i A
= 3 £ 615 S
0 2] < It
e | c K
< 1 © l ot l
S S "
61 4 ' : = : : O
. 34s | s 41 T 285 095
30 35 40 30 35 40
Time, s Time, s
C)

o

El-o' \ --- TPE-TPy4-Fe

- |k --. TPE-Tpy2-Fe

3 ' Potential released Py

c . ] seeme.

I “

E )

€05

[72]

c

IS

S

= !

e L 1.2V applied

— ""\—., s o e o AT

©0.0- /

z . v .

0 1000 2000 3000

Time, s
Figure 3.22. The response times for the (A) TPE-TPy2-Fe (at 585 nm) and (B) TPE-
TPy4-Fe (at 580 nm) polymers on FTO substrates at 10 s pulse width and (C) Optical
memory effect of the metallo-polymers on FTO after the potential at 1.2 V vs Ag/AgCl

was released (measured at their MLCT wavelength).

From the film studies, we observed that TPE-TPy4-Fe polymer possesses
dominant triphenylamine characteristic features such as NIR absorption in
spectroelectrochemistry experiments and better optical memory than TPE-TPy2- Fe
polymer.27 The coloration efficiency (1) is defined as the degree of optical density
change (AOD) caused by the electronic charge that is injected or ejected (Qd ). The
coloration efficiency (n) values of the spray coated metallo-polymer films on FTO in

an aqueous solution of 0.1 M LiClO4 electrolyte were calculated. The charge density
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for TPE-TPy2-Fe and TPE-TPy4-Fe, obtained from the chronoamperometric studies
(Figure 3.23) were 3.067 x 103 C/cm? and 1.45 x 10-3 C/cm?, respectively. The
hyperbranched metallo-polymer TPE-TPy4-Fe showed higher coloration efficiency
with a value of 243 cm? C-1 at 580 nm than linear TPE-TPy2-Fe which has a coloration
efficiency of 205 cm?2 C-1 measure at 585 nm.
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Figure 3.23. The chronoamperometric studies of (A) TPE-TPy4-Fe and (B) TPE-
TPy2-Fe polymers on FTO substrates at 10 s pulse width; (Electrode area used was 5

cm?).

3.4. Conclusions

Two Fe(ll)-based metallo-polymers with TPE-Diphenylamine-Terpyridine
ligands (TPE-TPy2-Fe and TPE-TPy4-Fe) were synthesized and the structures were
confirmed by UV-Vis absorption, FT-IR, TH NMR and XPS studies. The surface-
confined electrochemical processes were detected via the non-linear connection
between the peak current and the root of the scan rate during the redox processes.
The CV analyses showed a reversible redox peak and color change with AT% of 18.7%
and 5% at 585 nm and 580 nm, respectively, for TPE-TPy2-Fe and TPE-TPy4-Fe
polymers. The hyperbranched TPE-TPy4-Fe metallo-polymer displayed better open
circuit memory (75% of the oxidation state transmittance remained unchanged for
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more than 30 minutes), a lower switching time (2.8 s for oxidation and 0.9 s for
reduction) and higher coloration efficiency (243 cm? C-1 at 585 nm) than that of the
TPE-TPy2-Fe linear polymer. These results reveal the effect of ligand structures on
the characteristics of metallo-polymers via changing the structure, as well as a
molecular design for an electrochromic material with high open circuit memory and

shorter switching kinetics.

3.5. Experimental Section
3.5.1. Materials and Methods

The chemicals and solvents used in the study were purchased from Sigma-
Aldrich, Merck, Spectrochem, and Alfa Aesar. Unless specifically mentioned, all
reagents were used as received without further purification. Dry solvents and an
argon environment were used to perform moisture- and oxygen-sensitive reactions.
Organic extracts were dried using anhydrous sodium or magnesium sulfate powder,
while solvents were removed under reduced pressure using a rotary evaporator. The
FTO substrate, with a surface resistivity of 10 /sq, was purchased from Sigma-
Aldrich. Prior to use, the FTO substrate underwent a cleaning process involving
sonication in water, acetone, and isopropyl alcohol for 15 minutes each. The proton
(1H) and carbon-13 (13C) nuclear magnetic resonance (NMR) spectra were acquired
at 300K on a DPX 500 MHz spectrometer using tetramethylsilane as the internal
standard. ESI-HRMS spectra were obtained using a JEOL JSM 600. Shimadzu IR
Prestige- 21 Fourier Transform Infrared Spectrophotometer was used to record
infrared spectra in solid-state (KBr). The solution state absorbance was measured
with a Shimadzu UV-Vis spectrophotometer (UV-2600), and the film state absorbance

and transmittance were measured with an Ocean Optics UV-VIS modular
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spectrophotometer (DH-2000-BAL). TGA studies were carried out using a Shimadzu
DTG-60 instrument in a nitrogen atmosphere at a heating rate of 10 °C/minute. The
thickness of the samples were measured using Dektak XT profilometer. AFM images
of the films were captured using an AFM-Bruker Multitop Nanoscope V instrument in
tapping mode, and the roughness of the films was determined using Nanoscope
Analysis 1.5 software. Spray coating was carried out using the Nordson EFD EV Series
automated dispensing system and the programs were created using the Dispense
Motion software. The electrolyte for the electrochemical experiments was made by
dissolving the calculated amount of anhydrous lithium perchlorate (LiClO4) of
analytical reagent grade in Millipore Milli-Q water. Under Argon atmosphere, cyclic
voltammetry was performed on liquid and film samples using 0.1 M TBAPFe in
chlorobenzene and an aqueous solution of 0.1 M LiCLO4 as supporting electrolyte,
respectively, glassy carbon as working electrode, Ag/AgCl electrode as reference
electrode and platinum wire as counter electrode on PARSTAT 4000A Potentiostat.
The Ocean Optics Spectrometer DH-2000-BAL was used to record the
spectroelectrochemistry of electrochromic polymer films and for the electrochemical
redox process, a PARSTAT 4000A Potentiostat was used. The film’s
spectroelectrochemical responses were measured by immersing them in 0.1 M LiClO4
aqueous solution and using an Ag/AgCl electrode and a Pt wire as the reference and
counter electrodes, respectively. The blank measurement was performed in a cuvette
with a 1 cm path length using bare FTO in an aqueous solution of 0.1 M LiClO4. The
CIE coordinate values for the colors were determined using a HunterLab - UltraScan
VIS Spectrophotometer, 110V/220 Vw/SAV & UV control, and EasyMatch QC version
4.0 software. X-ray photoelectron spectroscopy, PHI 5000 VersaProbe II, ULVAC-PHI

Inc., USA was used for recording the high-resolution spectra of the major elements
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which is equipped with a microfocused (200 pM, 15 KV) monochromatic Al-Ka X-ray

source (hv = 1486.6 eV) and the data was processed using PHI's Multipak software.

3.5.2. Synthesis of Metallo-polymers

In a two-necked round-bottom flask, an equimolar amount of the ligand, TPE-
TPy2 (200 mg, 0.17 mmol) or TPE-TPy4 (200 mg, 0.125 mmol) in THF and Iron (II)
perchlorate hydrate (Fe(ClO4)2- 6H20) in methanol (42.7 mg, 0.17 mmol for TPE-
TPy2-Fe preparation and 63.7 mg, 0.25 mmol for TPE-TPy4-Fe preparation) were
heated to reflux overnight at 67 °C. The reaction solution was cooled to room
temperature and a  saturated aqueous  solution of ammonium
hexafluorophosphate was added and stirred for one hour. The solution was filtered
and the precipitate was washed with water and ether. Finally, the solid was dried

under vacuum for overnight.

3.5.3. Polymer Film Preparation

By using the spray coating technique, the polymer films were prepared on
cleaned FTO (resistivity ~10 (/cm?2). The bare FTO substrates were exposed to a
UV/ozone chamber for 2 minutes before being sprayed, and then an acetonitrile
solution of the metallo-polymers (1 mg/ml) was sprayed over the substrates. A 100
ml solution of the metallo-polymers was prepared and filtered to remove small,
insoluble particles using a micro syringe filter. The thickness of the films measured
using profilometer and TPE-TPy2-Fe and TPE-TPy4-Fe were found to be 145+6 nm

and 1575 nm, respectively.
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3.5.4. Synthesis and Characterization of the Molecules

3.5.4.a. Synthesis of 1,2-bis(4-bromophenyl)-1,2-diphenylethylene (1)
o
Zn,TiCl,/ THF
—>
Br B

Scheme 3.2.

(Yield = 75%)

In a three-neck RB flask with an argon atmosphere, a suspension of Zinc powder
(6.3 g, 95.74 mmol) in THF (240 ml) was prepared. TiCls (10.5 ml, 95.74 mmol) was
then added dropwise to the suspension. The resultant mixture was refluxed for 4
hours, cooled to room temperature, and then slowly added to a solution of 4-
bromobenzophenone (5.00 g, 19.15 mmol) in THF (50 ml). Following a 14-hour
period of refluxing, the mixture was cooled to room temperature, diluted with
chloroform and saturated sodium bicarbonate solution (until no bubbles emerged),
and stirred for 5 hours. The resultant mixture was then extracted with chloroform
and water after being filtered through a celite pad. The mixed organic layer was then
dried over the solvent and Na2S0s. The white crude product was then purified by
column chromatography using hexane as eluting solvent. The compound was
obtained as a white powder (yield = 75%).
1H NMR (500 MHz, acetone-d¢): 6 = 7.33 (4H, m), 6 = 7.13 (6H, m), 6 = 7.03 (4H, m),
= 6.97 (4H, m).

ESI-HRMS: m/z calculated for (C26H18Br2): 489.9775, Found: 489.9710.
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3.5.4.b. Synthesis of 4- ([2, 2:6’, 2"-terpyridin]-4’-yl)-N-(4-methoxyphenyl)-

aniline (2)

N N
Br- Z IN
\ AN
o} NH, + | KO Bu, Pd(OAc),/ [(t-Bu);PH]BF
2 Ax N T '
oluene, Reflux
7z
X | NH (2)
" o
o (Yield = 80%)
Scheme 3.3.

4’-(4-bromophenyl) 2,2’: 6’,2” terpyridine (1.5 g, 3.86 mmol), p-anisidine (0.72
g, 5.80 mmol), KOtBu (0.87 g, 7.8 mmol) and Pd(0OAc)2 (0.09 g, 0.38 mmol) were taken
in a 100 ml two neck flask fitted with a septum. Toluene (10 ml) and tritert-
butylphosphine tetrafluoroborate (0.34 g, 1.1 mmol) were added and the reaction
was refluxed for 24 h under nitrogen atmosphere. After cooling to room temperature,
the solution was poured into water and extracted with dichloromethane. The
combined organic layers were dried over anhydrous sodium sulphate, filtered and
dried under vacuum. The residue was purified by column chromatography over silica
gel (50% ethyl acetate-hexane) to yield a brown powder (yield = 80%).
1H NMR (500 MHz, CDCl3): 6 =8.74 (2H, m), 6=8.73 (2H, s), 6 = 8.68 (2H, m), § = 7.89
(2H,m),6=7.83 (2H,m),6=7.36 (d,J] =6 Hz, 2H), 6§ =7.14 (d, /=8 Hz, 2 Hz), 6§ = 7.00
(d,J=9Hz, 2H), §=6.91 (d,] =9 Hz, 2H), § = 3.83 (3H, s).

ESI-HRMS: m/z calculated for (C2sH22N40): 430.1794, Found: 431.1817.
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3.5.4.c. Synthesis of 4,4’-(1,2-diphenylethylene-1,2-diyl)bis(N-(4-([2,2’:6’,2"-
terpyridin] 4’-yl) phenyl)-N-(4-methoxyphenyl)aniline) (TPE-TPy2)

' | ) ¢
J 0 - Cr
o - Ql oa Q
Toluene, Reflux N o—
KO! Bu, Pd(OAc),/ [(t-Bu);PH|BF, O
@ (3)
R

TPE-TPy2
(Yield = 76%)
R = terpyridine

Scheme 3.4.

1,2-bis (4-bromophenyl)-1,2-diphenylethylene (0.5 g 1.01 mmol), 4-
([2,2:6’,2"-terpyridin]-4’-yl)-N-(4-methoxyphenyl)aniline (1.1g, 2.54 mmol), KO'Bu
(0.3 g, 2.54 mmol) and Pd(OAc)z, (0.02 g, 0.1 mmol) were taken in a 100 ml two neck
flask fitted with a septum. Toluene (10 ml) and tritert-butylphosphine
tetrafluoroborate (0.1 g, 0.3 mmol) were added and the reaction was refluxed for 24
h under nitrogen atmosphere. After cooling to room temperature, the solution was
poured into water and extracted with dichloromethane. The combined organic layers
were dried over anhydrous sodium sulphate filtered and dried under vacuum. The
residue was purified by column chromatography over silica gel (50% ethyl acetate-
hexane) to yield yellow powder (yield = 76%).
1H NMR (500 MHz, CDCl3): 6 = 8.72 (4H, m), 6 = 8.6 (4H, m), 6 =8.57 (4H, s), § =7.81
(4H,m),6=7.8(4H,m),6=7.7 (4H,m),6=7.68 (4H,m),6=7.4 (d,J=7 Hz, 4H), 6 =
7.3(d,J=7.8Hz 4H) (d,J=7.8Hz 4H) ),6=6.94 (d,J=8 Hz,4H),§=692 (d,/=8.1
Hz, 4H), 6 = 6.85 (4H, m), 6 = 6.83 (d, ] = 7 Hz, 4H), 6 = 3.74 (6H, s).
13CNMR (125 MHz, CDCl3): 6= 149.22, 149.13, 148.99, 145.79, 143.8,140.09, 138.71,

136.85, 136.70, 132.35, 131.44, 130.59, 127.91, 127.66, 127.52, 127.36, 126.41,
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123.74,123.62,122.93,121.93,121.36,121.26,118.35,117.96,114.86, 114.80, 55.44.

MALDI-TOF: m/z calculated for (Cs2H60Ns0O2): 1189.4839, Found: 1189.4922.

3.5.4.d. Synthesis of 4,4'-(1,2-diphenylethene-1,2-diyl)dianiline (4)

I sVl
Conc.HCI/ Sn i
—>
®
HoN 4)

(Yield = 70%)
Scheme 3.5.

4-aminobenzophenone (1 g, 5.1 mmol) was dissolved in concentrated
hydrochloric acid (30 mL) at 60 °C under stirring, followed by the addition of tin
powder (2.4 g, 20 mmol), and the reaction mixture was stirred at 75 °C for 5 h. After
cooling, the mixture was vacuum filtrated and washed by NaOH (1 M) and H:20. After
drying overnight at room temperature, compound was obtained as a greenish yellow
powder in 65% yield.
1H NMR (500 MHz, CD30D): 6 = 6.57 (d, / = 8.5 Hz, 4H), 7.05 (s, 4H), 7.38 (m, 4H), 7.5
(m, 2H), 7.53 (m, 4H), 7.58 (d, / = 8 Hz, 4H).

ESI-HRMS: m/z calculated for (C26H22N2): 362.1817, Found: 363.1861.
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3.5.4.e Synthesis of 4,4'-(1,2-diphenylethene-1,2-diyl)bis(N,N-bis(4-([2,2":6',2"-

terpyridin]-4'-yl)phenyl)aniline) (TPE-TPy4)
R

Q

< Q i
¢

B
@ " H,N
N

N

KO' Bu, Pd(OAc),/ [(t- -Bu);PHIBF, __

Toluene, Reflux

Q O

Q TPE-TPy4
(5)

(Yield = 72%)
R = terpyridine

N . |
(C

Scheme 3.6.

TPE-2NH2 (0.36 g, 0.98 mmol), 4’-(4-bromophenyl)2,2":6’,2"terpyridine (1.7 g,
1.4.41 mmol), KO'Bu (0.33 g, 2.94 mmol) and Pd(OAc)z (0.067 g, 0.294 mmol) were
taken in 100 ml two neck flask fitted with a septum. Toluene (10 ml) and tri-tert-
butylphosphine (0.09 g, 0.294 mmol) were added and the reaction mixture was
refluxed for 24 h under nitrogen atmosphere. After cooling to room temperature, the
solution was poured into water and extracted with dichloromethane. The combined
organic layers were dried over anhydrous sodium sulphate. TPE-TPy4 was obtained
as a yellowish powder with 72% yield.
1H NMR (500 MHz, Toluene, ds): 6 = 8.92 (m, 8H), 8.90 (s, 8H), 8.56 (m, 8H), 8.52 (d,
J=9Hz, 4H), 8.50 (m, 8H), 8.47 (d, J = 8.5 Hz, 8H), 8.40 (m, 8H), 7.44 (d, ] = 8Hz, 8H),
7.39 (m, 8H), 7.17(m, 2H), 7.38 (d, 8 Hz, 4H).
13C NMR (125 MHz, CDCls): 6 = 207.32, 156.24, 156.00, 149.15, 136.89, 134.51,
132.07,131.93, 129.78, 128.68, 128.22, 125.61, 123.86, 121.36, 118.56, 77.29, 77.03,
76.78,30.31, 30.15, 30.00.

MALDI-TOF: m/z calculated for (Ci10H74N14): 1591.6254, Found: 1591.596.
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3.5.5. NMR and Mass Spectra of TPE-TPy4 and TPE-TPy2
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Figure 3.24.H NMR of TPE-TPy4 in toluene ds.
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Figure 3.25. MALDI-TOF of TPE-TPy4.
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Figure 3.27. 'H NMR of TPE-TPy2 in CDCls.
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CHAPTER 4A

]
Cross-linkable, Carbazole-Diphenylamine Derivatives as
Dopant Free, Hole Transporting Materials for Perovskite

Solar Cells

Planar p-i-n

4A.1. Abstract

Hole-transporting layer (HTL) with a stable film structure, appropriate energy
level, excellent hole mobility and optical transparency is essential for achieving high-
performance Perovskite solar cells (PSC) with long-term stability. The development
of a cross-linkable HTL, with high thermal stability and solvent resistance, which can
perform effective hole extraction while serving as a protective barrier, is a promising
approach. HTMs based on triphenylamine (TPA)-derivatives are extensively utilized
to increase the stability and performance of Perovskite solar cells due to their
superior thermal stability and tunable optoelectronic properties. The current Chapter

focuses on the application of styrene attached carbazole-diphenylamine derivatives,
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C-Sty2 and C-Sty3 (previously discussed in Chapter 2) as thermally cross-linkable,
hole-transport materials for Perovskite solar cells. These molecules are specifically
designed to exhibit thermal cross-linking properties, which allows for the formation
of stable and durable hole-transporting layers in PSC devices. The performance of the
PSC devices were optimized by varying several parameters, including weight
percentage of the hole-transporting material, spin-coating speed (rpm) and annealing
temperature. Optimized p-i-n PSC devices of C-Sty3 and C-Sty2 showed power
conversion efficiencies (PCE) of 16.1% and 15.2%, respectively in comparison with
the standard HTM, PTAA based device with PCE of 18.8%. The device incorporating
C-Sty3 derivative demonstrated higher performance compared to C-Sty2 derivative,
which can be attributed to the lower charge transfer resistance and higher
conductivity across the hyper-cross-linked C-Sty3-based films. This chapter
highlights the influence of different parameters on PSC device performance and
demonstrates the potential of these materials to enhance the efficiency of PSCs

through the formation of stable and conductive hole-transporting layers.
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4A.2. Introduction

Perovskite solar cells exhibit remarkable photovoltaic performance, with high
power conversion efficiencies achieved in a relatively short period of development.
This has piqued a great interest in investigating their potential for wide usage in solar
energy applications. Currently, the PCE of perovskite-based solar cells has made
significant progress, reaching up to 26%. Furthermore, the development of tandem
solar cells combining perovskite with silicon (Si) has achieved 33.7% according to
NREL.? The PSCs are divided in to n-i-p and p-i-n architectures depending on the
arrangement of the layers in the devices. In n-i-p devices, the HTM is positioned over
the perovskite layer. Due to the rough surface of the perovskite layer and the need to
prevent metal diffusion into the perovskite, a thick HTM film (typically in the 200 -
370 nm range) is required to achieve full coverage and protection.2# In this
configuration, high mobility becomes particularly important for the HTM, along with
other general requirements such as suitable energy levels, good solubility, smooth
film morphology, and thermal stability. The choice of HTM for each device can differ
according to the requirements.> Representative examples for n-i-p and p-i-n devices
are given in Figure 4A. Presently, the highest PCE of 26% is achieved by an n-i-p
structured PSC, based on Spiro-OMeTAD hole transporting material (Figure 4A.1A).6
Spiro-OMeTAD based n-i-p PSC typically needs to be doped with additives such as t-
BP, Li-TFSI, and cobalt complexes to enhance its performance due to its low mobility.
The hygroscopic nature of the dopants effects the stability of the device.” On the other
hand, in p-i-n devices, the HTM film can be much thinner and as a result, mobility is
not the most important requirement in this configuration, whereas energy level

alignment, solvent resistance, transparency and stable film formation become more
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important.8 Polymeric, dopant free arylamine derivatives, for example PTAA and
Poly-TPD have been widely used as p-i-n device HTMs due to wide bandgaps, good
hole mobility, thermal stability and solution processability.?10 High solubility can
both be an advantage and disadvantage during the solution based device fabrication
process. Initial solution-based film formation is facilitated by good solubility, whereas
the fabrication of subsequent layers by solution processing can perturb the film
quality by partial dissolution of the HTL. The highest published power conversion
efficiency value reported so far for p-i-n PSCs is 25.0% by Li et al. (Figure 4A.1B).11
They enhanced the performance and stability of inverted perovskite solar cells
through the functionalization of multi-cation and halide perovskite interfaces using a
ferrocene based organometallic compound. The devices maintained over 98% of their
initial efficiency after continuous operation at the maximum power point for 1500
hours under simulated sunlight. This indicates that p-i-n PSCs have made significant

progress and are approaching the performance levels of the best regular, n-i-p PSCs.

A)  Spiro-OMeTAD (n-i-p) B) PTAA (p-i-n) C)  Me0-2PACz (p-i-n)
OMe OMe

MeO—{_\ M= §<L

Me- —N /_QX—N \ jOMe
Ohde Ole

Spiro-OMeTAD
Perovskites

Figure 4A.1. Device structures and HTMs used in highest PCE Perovskite solar cells
based on (A) n-i-p and (B) and (C) p-i-n structures. (Adapted from reference 6,11 and
15)
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The exploration of the p-i-n configuration offers new possibilities for improving
the efficiency and overall performance of perovskite solar cells. However, as
indicated, the solubility of HTMs make them susceptible to partial dissolution or
etching when exposed to certain solvents used in subsequent steps of the fabrication
process, such as DMF and DMSO. The synthetic cost of these materials also can impact
the commercial viability and large-scale applications. Techniques such as cross-
linking of small molecules and self-assembled monolayers (SAM) are widely used to
develop stable HTM layers on the substrates, which can perform effective hole
extraction while serving as a protective barrier.12-14 The best p-i-n Perovskite solar
cell efficiency achieved among SAM based techniques is 24.6%, which used a self-
assembled monolayer of MeO-2PACz  ((2-(3,6-Dimethoxy-9H-carbazol-9-
yl)ethyl)phosphonic acid) as the HTM (Figure 4A.1C).15

Wakamiya’s group reported two p-i-n perovskite solar cells fabricated using two
triple-cation, mixed halide lead Perovskites (low-Br material (Br/l 1:11) with a bandgap of
1.57 eV and a high-Br formulation (Br/I 1:2) with a bandgap of 1.72 eV) and compared
their device properties.’® A self-assembled monolayer (MeO-2PACz) was used as hole
extraction layer with a focus on ambient light-harvesting applications. The perovskite with
lower bromide content exhibited higher power conversion efficiency of 19.1% and
operational stability (Figure 4A.2A). Geguziene et al. demonstrated the hole transporting
properties of two cross-linkable carbazole-diphenylamine derivatives.!” Compound with
three carbazole units and two methoxy groups named as V1205, whereas compound with
five carbazole moieties without methoxy group named as V1206 . The cross-linked films
of HTMs displayed good resistance towards organic solvents and V1205 based device

exhibited a PCE of 16.9% (Figure 4A.2B).
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Figure 4A.2. p-i-n structure-based Perovskite solar cell devices with (A) self-
assembled monolayer of MeO-2PACz and (B) thermally cross-linked carbazole-

styrene derivatives. (Adapted from reference 16 and 17)

4A.2.1. Mixed Halide Hybrid Perovskites for Perovskite Solar Cells
Methylammonium lead iodide (MAPbI3) is one of the most widely studied and
extensively utilized Perovskite materials in the field of Perovskite solar cells.
Presently, the efficiency of MAPbIs falls within the approximate range of 20%.
Researchers have been exploring various strategies to further enhance the
performance of PSCs by replacing or mixing of different cations and anions in the
Perovskite lattice.18-20 By introducing different cation and anion species into the
Perovskite structure, the bandgap of the materials can be tuned, which allows better
matching of the solar spectrum and improved light absorption. Additionally, changing
the composition can also affect the charge transporting energy levels within the
Perovskite, influencing charge carrier mobility and reducing recombination losses.21
Formamidinium lead iodide (FAPbI3) is known to have a narrower bandgap which
makes it potentially suitable for improved light harvesting and absorption of a
broader range of solar radiation. However, FAPbI3 faces stability issues as it
undergoes a spontaneous phase transition at room temperature, shifting from its
light-absorbing black a-phase Perovskite form to a non-perovskite yellow §-phase
that is not photoactive.2223 [n 2015, Seok and group demonstrated that the stability of
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the a-phase FAPbIs perovskite can be improved by incorporating a small amount of
MAPDbBr3 into the FAPDbI3 lattice ((FAPDbI3)1-x(MAPbBrs)x) to form a mixed
composition perovskite.24# Michael Saliba and his research team have successfully
formulated an efficient Perovskite material with a mixed composition
(Cs0.0sMAo0.16FA0.79Pbl2.49Bro.51).2> They introduced caesium ions which improved the
stability of the Perovskite by reducing the transition from the a to 6-phase, which
enhanced the long-term performance and durability of the Perovskite solar cells with

21.1% PCE and ~18% after 250 hours under operational conditions.

A) B)
Spiro-OMeTAD Gold

PCE = 20.6%
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Figure 4A.3. (A) Device structure and (B) current density vs voltage graph showing
the efficiency change after several days of iodine-rich mixed composition metal-
halide perovskite (Cso.os FAoso MAo.1s Pblz7s Brozs) based Perovskite solar cells.

(Adapted from reference 8)

An iodine-rich mixed composition Perovskite (Cso.0s FAo.so MAo.15 Pbl2.75 Bro.2s)
with 11:1 ration of iodide to bromide ions and bandgap of 1.57 eV was used for the
PSC in the current chapter.2627 The composition ratio of the Perovskite materials is
usually analysed using neutron activation analysis (NAA) technique. Wakamiya and

team used this type of Perovskites into devices that utilized tin(IV) oxide substrates
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for electron transport layers and resulted in enhanced device performance.?8 Aging
the Perovskite solar cells in the ambient atmosphere over several days enhanced the
device performance from 14.9% to 20.6% due to the shift in the energy levels within
the Perovskite material that improved charge transport and reduced charge carrier

recombination (Figure 4A.3).
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Figure 4A.4. I-V characteristic curve of a solar cell showing open-circuit voltage (Voc),
short-circuit current (Jsc), maximum power point (mpp), voltage at maximum power

(Vmp) and current at maximum power (Jmp). (Adapted from reference 29)

Perovskite solar cells have several key parameters that are used to evaluate
their performance. Figure 4A.4 shows the current-voltage characteristics of solar
cells.2? Commonly measured parameters are:

(i) Open-circuit voltage (Voc): Voc is the maximum voltage that can be obtained
from the solar cell when there is no external load connected. It represents the
potential difference across the terminals of the solar cell.

(ii) Short-circuit current (Jsc): Jsc is the current flowing through the solar cell
when the terminals are shorted together (i.e., no voltage across the terminals).

It represents the maximum current that the solar cell can deliver under short-
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circuit conditions. Short-circuit current depends on the incident photon on the
solar cell.

(iii) Fill factor (FF): FF is a measure of how effectively the solar cell can convert
incident light into electrical power. It is calculated by dividing the maximum
power output (Pmax) of the solar cell by the product of Voc and Jsc (Equation
4A.1). Pmax can be expressed as the product of Jmpp and Vmpp, where mpp is

maximum power point of the cell.

1%
FF = Jmpp Vmpp Equation 4A.1
]SCVOC

(iv) Power conversion efficiency (PCE%): PCE is a critical measure for solar cells
thatreflects the proportion of incident sunlight converted into usable electrical
energy. It is calculated by dividing the solar cell's maximum power output

(Pmax) by the incident solar power (Pin) (Equation 4A.2).

P. J Vi FF V, )
PCE% — max _ mpp *mpp — JscVoc Equatlon 4A.2
in Pin Pin

In this chapter, two thermally cross-linkable, hole-transporting materials
derived from carbazole and diphenylamine moieties, namely C-Sty3 and C-Sty2
(Figure 4A.5), are discussed. Carbazole-based derivatives have already found
successful applications in OLEDs, OFETSs, and DSSCs due to excellent charge-transport
properties, high chemical stability, and the ability to easily modify its structure with
various functional groups.39-33 The performance of Perovskite solar cell incorporating
these materials was optimized by adjusting several parameters such as weight
percentage of the hole-transporting material, spin-coating speed (rpm), and
annealing temperature. By varying these parameters, we were able to enhance the

performance of the PSC devices. The power conversion efficiencies achieved by the
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optimized C-Sty3 and C-Sty2 devices were 16.1% and 15.2%, respectively. These
efficiencies were compared to a reference device based on widely used hole-
transporting material, PTAA, which exhibited a PCE of 18.8%. The device containing
C-Sty3 derivative outperformed the C-Sty2 derivative due to increased conductivity
and ion diffusion across the hyper-cross-linked C-Sty3-based films. The chapter also
highlights the impact of various factors on the performance of the PSC devices and
demonstrates how thermally cross-linkable hole-transporting materials can be used

to form stable and conductive hole-transporting layers.

4A.3. Results and Discussion

,,@« f@@« ~
@Q @Q

C-Sty2 CSt;\q

Figure 4A.5. Chemical structures of C-Sty2 and C-Sty3.

The hole transporting materials C-Sty2 and C-Sty3 (Figure 4A.5) have two or
three styryl units which can undergo thermal polymerization. Both HTMs showed
good solubility in common organic solvents, which benefitted the solution processing
of these materials. The synthesis and detailed characterization of C-Sty2 and C-Sty3

have been explained in Chapter 2 (Session 2.5.4; Page 33).

4A.3.1. Thermal, Photophysical and Electrochemical Properties
Both carbazole derivatives, C-Sty3 and C-Sty2, exhibited minimal absorption
beyond 450 nm. The enhanced transparency of the cross-linked films formed from

three weight percentage solutions (3 mg/ml, 5 mg/ml and 10 mg/ml) showed >95%
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transmittance in the visible region as shown in Figure 4A.6. This makes the hole-
transporting material layer to allow incident light to pass through without significant
absorption loss. In the p-i-n architecture of Perovskite solar cells, the light first
traverses the thin HTM layer before reaching the Perovskite layer. Transparent HTM
layers ensure maximum light absorption by the Perovskite layer, increasing the

overall efficiency of the PSC device.
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Figure 4A.6. Transmittance plots of cross-linked (A) C-Sty2 and (B) C-Sty3 films

formed from different weight percentage solutions.

The thermal stability of the materials were investigated through TGA analysis
in nitrogen atmosphere (Chapter 2; Figure 2.11). TGA showed excellent thermal
stability with decomposition temperature at 410 °C and 427 °C for C-Sty2 and C-Sty3,
respectively, which is high enough to tolerate normal PSC processing conditions. The
cross-linking ability and the insoluble polymeric films were thoroughly characterized
using techniques like FT-IR, WAXD, UV-Vis, AFM analyses (Chapter 2; Figures 2.6, 2.7
and 2.10). Electrochemical impedance spectroscopy was used to study the electrical
conductivity and ion transport of the cross-linked films (Chapter 2; Figure 2.21). The
hyperbranched C-Sty3 films showed low charge transfer resistance compared to C-

Sty2 indicating the improved conductivity. The details of these experiments and
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characterizations are given in Chapter 2. Table 4A.1 presents a concise summary of

the photophysical and thermal studies conducted on these materials.

Table 4A.1. Photophysical and thermal properties of carbazole-diphenylamine
derivatives. (CB: Chlorobenzene, @r: Fluorescence quantum yield in solid state)

Compounds A,ps (M) Ao (nM) b, Ty
€(Mtcm) (%) (°c)
DMF THF CB Tol DMF | THF | CIB | Tol
C-Sty2 386 388 390 392 424 | 419 | 415 | 413 | 2.5+0.02 | 410

(2.5x10% | (3.5x10% | (2.6 x10% | (3.9 x 107)

C-Sty3 386 390 392 394 425 | 420 | 417 | 415 | 0.98+0.02 | 427
(21x10% | (3.3x10%) | (2.4x10%) | (3.5x 10%)

The redox potentials of the polymers were calculated by utilizing the
experimental data from solid-state UV-vis absorption spectra and CV using -4.8 eV as
the HOMO of ferrocene against vacuum vs the Ag/AgCl reference electrode. We have
used the longest absorption wavelength, Aonset to determine the optical band gap
energy using the equation, AE= 1242 /Aonset. The oxidation potentials (Eox) were
obtained from cyclic voltammetry and the molecule's HOMO energy levels using
Equation 4A.3.

Enomo = — [(48 — Eoxrerrocene) + Eox ] Equation 4A.3
where, EoxFerrocene and Eox. are the onset oxidation potential of ferrocene and material,
respectively. 4.8 eV is the absolute oxidation potential of ferrocene with respect to
vacuum. LUMO values are obtained by adding the HOMO energy to AE value. C-Sty2
and C-Sty3 in solution state showed HOMO energy values of -4.9 eV and -4.95 eV,
respectively, whereas cross-linked polymers display marginally deeper HOMO energy
levels of 5.01 eV and 5.11 eV by C-Sty2 and C-Sty3, respectively. The deeper HOMO
energy level of cross-linked polymers likely reduces potential voltage loss, implying a

greater Voc in the related Perovskite solar cell devices.? The stabilized structure of the
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molecules was theoretically computed using DFT calculations with the B3LYP
exchange-correlation functional and a 6-311G basis set using Gaussian 09W.34 The
HOMO-LUMO energy distribution and the calculated energy levels are given in Figure
4A.7. Both the HTMs exhibited suitable energy levels with respect to the valence band

energy of the Perovskite materials used (VB=-5.56 eV and CB=-3.9 eV).
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Figure 4A.7. HOMO-LUMO energy distribution on stabilized structures and the

optically calculated energy values of monomers and cross-linked polymers.

In Perovskite solar cells, DMF is the commonly used solvent for Perovskite
precursor preparation and film deposition, and hence it is important to consider the
resistance of the HTM layer towards DMF. In p-i-n device structure of PSCs, Perovskite
is coated over the thin HTM layer. A stable, solvent resistive HTM gives more stability
to the PSC devices by avoiding partial washing or etching when exposed to certain
solvents used in subsequent steps of the fabrication process. In this context, we

examined the solvent (DMF) resistance of the cross-linked films (200° annealing
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temperature) formed from three weight percentage solutions (3 mg/ml, 5 mg/ml and
10 mg/ml) by comparing the UV-Vis absorption of the cross-linked materials before
and after washing with DMF. The results showed an improved solvent resistance after

cross-linking (Figures 4A.8A and 4A.8B).
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Figure 4A.8. Absorbance spectra of the cross-linked films of (A) C-Sty2 and (B) C-
Sty3 before and after rinsing with DMF; Water contact angle of the films of C-Sty3 (C)

before and (D) after annealing.

We further determined the hydrophobicity of the C-Sty3 polymer through water
contact angle measurements. As shown in Figures 4A.8C and 4A.8D, cross-linked films
exhibited a significantly increased contact angle of  101.29, which is larger than
commercially used PEDOT:PSS (x7.9°), PTAA (*85°) and spiro-OMeTAD (x76.1°).35:36
This result confirms the hydrophobic nature of the synthesized HTMs. While such an

enhanced hydrophobic character of HTM films is highly beneficial in n-i-p
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architecture, it could adversely affect the p-i-n devices due to poor wetting of the
Perovskite precursor solutions leading to lower quality Perovskite films.
4A.3.2. Photovoltaic Performance of Devices

To analyse the photovoltaic device performance of the developed HTMs, we
fabricated the Perovskite solar cells with a typical planar p-i-n device configuration of
FTO/HTM/Perovskite(Cso.0sFAoso MAo.15Pbl2.75Bro.25)/Ceo/BCP/Ag, without any
dopants/additives to HTM layer. The Experimental Section provides detailed
information on device fabrication. The device architecture and energy level diagram

of the fabricated devices are shown in Figure 4A.9.

A) B)

Energy (eV)

Figure 4A.9. (A) Schematic representation of the layered Perovskite device

architecture and (B) Energy band diagram.

A mixed-composition perovskite material was used, with cesium,
formamidinium (FA), and methylammonium (MA) cations and a I/Br ratio of 11:1. As
shown in Figure 4A.9B, the HOMO levels of cross-linked HTL match the valence band
energy of Perovskite (-5.56), implying that effective hole extraction from Perovskite
to HTL is achievable. Furthermore, the cross-linked HTL's high LUMO values may

efficiently block electrons, enabling higher charge selectivity while preventing charge
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recombination and current leakage. A BCP layer was utilized as a hole-blocking layer,
and an additional Ceo layer was added in order to facilitate improved electron
extraction at the Perovskite/TiOz interface.37.38

To optimize the PSC device fabrication, we have used C-Sty3, by systematically
varying various factors such as weight percentage, spin coating speed (rpm) and
annealing temperature of the hole transporting material. Careful analysis of the
results enabled us to identify the optimal conditions for the HTM layer, leading to
notable enhancements in various device parameters, including power conversion
efficiency (PCE), short-circuit current density (Jsc), open-circuit voltage (Voc), and fill
factor (FF). This investigation revealed the substantial impact of these variables on

the performance of Perovskite solar cells.
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Figure 4A.10. J-V characteristics of devices based on different weight percentage of

C-Sty3 HTM recorded under irradiation of AM 1.5G light.

The weight percentage of the HTM solution affects the film thickness and
morphology of the HTM layer. An optimal HTM thickness ensures increased
performance of the devices and it can have effect on hole extraction, series resistance,
film morphology, surface coverage and light absorption. Evaluation of the PSC device

performance was performed by using different weight percentage solutions of C-Sty3
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(0.25 mg, 0.5 mg, 1 mg, 2 mg, 5 mg and 10 mg) per ml of the chlorobenzene solutions
at 3000 rpm, 200 °C annealing temperature and 30 min annealing time (Figure 4A.10).
The best efficiency was shown by the device prepared from 2 mg/ml solution with a
champion cell PCE of 14.28%, Voc 0of 0.92 V, Jsc of 20.20 mA cm-2 and a FF of 0.77. The
photocurrent density-voltage (J-V) plot of the PSCs and the performance parameters

obtained are given in Figure 4A.10 and Table 4A.2.

Table 4A.2. |-V curve parameters of Perovskite solar cells fabricated from different
weight percentage of C-Sty3 HTM.

Weight Joe Vo (V) FF PCE (%)
(mg/ml)  (mA/cm?)
0.25 19.57 0.92 0.75 13.51
0.5 18.79 0.94 0.71 12.47
1 21.18 0.85 0.78 13.94
2 20.20 0.92 0.77 14.28
5 20.12 0.90 0.70 12.61
10 18.06 0.90 0.66 10.69

In the subsequent stage of the optimization of the fabrication process, we varied
the spin-coating speed of the C-Sty3 HTM deposition (1000 rpm, 3000 rpm, and 5000
rpm) and used 2 mg/ml of the material, annealing temperature of 200 °C and
annealing duration of 30 minutes. Higher spin-coating speeds were expected to yield
thinner and more uniform HTM films, which could facilitate efficient hole extraction.
On the other hand, lower spin-coating speeds can lead to thicker films, potentially
increasing the likelihood of charge recombination. All the PSC devices fabricated
during these experiments showed PCEs in the 14%-16% range and the device with C-
Sty3 spin coated at 5000 rpm exhibited the highest PCE value of 15.22% (Figure
4A.11 and Table 4A.3). Although the Voc of the 5000-rpm PSC device (0.91 V) was

slightly lower compared to the devices spun at 3000 and 1000 rpm (0.92 V and 0.94
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V, respectively), the 5000-rpm devices demonstrated a higher PCE% with a Fill Factor
(FF) of 0.79 and Jsc of 21.08 mA cm-. The film thickness attained at these optimum

conditions measured using a profilometer was 10 nm.
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Figure 4A.11. J-V characteristics of devices based on different spinning rate of HTM

coating, recorded under irradiation of AM 1.5G light.

Table 4A.3. J-V curve parameters of Perovskite solar cells fabricated from different
spinning rate (rpm) of HTM.

rpm Jsc Voc (V) FF PCE (%)
(mA/cm?)

1000 21.03 0.94 0.74 14.60

3000 20.20 0.92 0.77 14.28

5000 21.08 0.91 0.79 15.22

The performance of the devices showed a significant improvement after being
stored in ambient air conditions (<25% relative humidity) without encapsulation for
a period of 3-4 days.28 This aging effect is demonstrated in Figure 4A.12 and Table 4.
The initial PCE by the devices at 1000, 3000 and 5000 rpm were 10.32%, 11.66% and
12.64%, respectively. The devices showed great improvement in PCE upon aging and
the third day measurements showed values of 14.60% (1000rpm), 14.28% (3000

rpm) and 15.22% (5000 rpm).
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Figure 4A.12. |-V characteristics of devices fabricated using the HTMs prepared from
(A) 1000; (B) 3000 and (C) 5000 rpm, as fabricated and after 3 days of aging. The

measurements were recorded under irradiation of AM 1.5G light.

Table 4A.4. J-V curve parameters of Perovskite solar cells fabricated from different
spinning rate (rpm) of HTM as fabricated and after 3 days of aging.

rpm

1000

3000

5000

Day

w O W O w o

Jsc Voc (V) FF
(mA/cm?)
20.08 0.73 0.71
21.03 0.94 0.74
20.24 0.79 0.73
20.20 0.92 0.77
20.20 0.80 0.79
21.08 0.91 0.79

PCE (%) Rs (Q cm?)
10.32 4.42
14.60 4.70
11.66 4.89
14.28 4.57
12.64 3.80
15.22 3.83

Rsh (Q cm?)

445.44
509.61
737.28
765.90
797.18
947.22

When perovskite layers are annealed, a substantial amount of surface Pblz is

formed, which can have a passivation effect on the Perovskite layer. This excess Pbl2

interacts with the perovskite structure and helps to passivate defects and grain

boundaries, reducing recombination and improving charge transport. Thus, the
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enhanced performance of the PSC devices upon aging can be attributed to the
increased Rsh (small leakage in current caused by material defects, impurities, or non-
uniformity in the device structure, known as shunt resistance), which is generally
considered as a recombination resistance under strong illumination. The
recombination resistance increased in all the cases from 445.44 Q cm? to 509.61 Q
cm? (1000 rpm), 737.28 Q cm? to 765.90 Q cm? (3000 rpm) and 797.18 Q cm? to
947.22 2 cm? (5000 rpm) due to the reduction in charge recombination effects. The
energy level alignment shift between the valence and conduction bands of the
perovskite layer also played a crucial role in enhancing the performance of the device

by influencing the charge extraction process.283°
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Figure 4A.13. J-V characteristics of devices based on different annealing temperature

of HTM, recorded under irradiation of AM 1.5G light.

Table 4A.5. J-V curve parameters of Perovskite solar cell fabricated from different
annealing temperature of HTM.

Annealing Jsc Voc (V) FF PCE (%)
temperature (°C) (mA/cm?)
200 21.08 0.91 0.79 15.22
180 19.63 0.93 0.74 13.48
150 18.10 0.92 0.78 13.08
120 20.28 0.98 0.76 15.21
110 19.44 1.02 0.81 16.12
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The degree of thermal annealing plays a crucial role in the cross-linking reaction
process of hole transporting materials and significantly affects the quality of HTM
films. To determine the optimal cross-linking temperature, J-V curves of solar cells
incorporating C-Sty3 as the HTM were analysed at different cross-linking
temperatures. The results, shown in Figure 4A.13 and Table 4A.5, indicated that the
solar cells achieved the highest PCE of 16.12% with a remarkable FF value of 0.81, Voc
of 1.02 'V, and Jsc of 19.44 mA cm-2 at an optimum annealing temperature of 110 °C. It
is noteworthy that this annealing temperature was significantly lower than the
crosslinking temperature (170 °C). The observed differences in device parameters
can be attributed to the dewetting of the Perovskite precursor solutions over HTM
films at higher thermal annealing temperatures leading to poor quality films.
Optimized PSC fabrication conditions with higher temperature annealing at 200 °C for

30 min, yielded slightly lower PCE of 15.22%.

A) B)
C-Sty3 without annealing 38.2° C-Sty3 at 110° annealing 51.4°

C)
C-Sty3 at 200° annealing 56.8°

Figure 4A.14. Contact angles of DMF on (A) C-Sty3 film without thermal cross-links;
(B) C-Sty3 film cross-linked at 110 °C and (C) C-Sty3 film cross-linked at 200 °C.

To further investigate the effect of annealing temperature, DMF contact angle

measurements were conducted on HTM films prepared at 200 °C and 110 °C
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annealing temperatures, using 2 mg/ml HTM solutions and a spin-coating speed of
5000 rpm (Figure 4A.14). The HTMs subjected to the lower annealing temperature of
110 °C displayed a lower contact angle value of 51.4° compared to those annealed at
200 °C (contact angle of 56.8°). The film without thermal cross-linking exhibited a
DMF contact angle of 38.2°. These experiments demonstrated the change in the
contact angle with the annealing temperature and subsequent correlation with the
performance of the perovskite solar cells incorporating these HTMs. The devices
using HTMs with higher contact angle (from the 200 °C annealing) demonstrated
lower PCE% compared to the devices using HTMs with lower contact angles (from the
110 °C annealing). The lower PCE% could be attributed to the dewetting of the
Perovskite precursor solution on the HTM surface leading to visible imperfections
during the Perovskite film formation. Dewetting refers to the incomplete spreading

and coverage of a liquid on a substrate, resulting in the formation of droplets or beads

instead. ®®
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Figure 4A.15. |-V characteristics of (A) C-Sty2 devices based on different annealing
temperature of HTM; (B) PTAA based devices recorded under irradiation of AM 1.5G
light.

Under the same optimized conditions (2 mg/ml; 5000 rpm & 110 °C thermal

annealing for 30 min), we have fabricated Perovskite solar cells using C-Sty2 as the
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HTM. The device with 110 °C thermal annealing of the C-Sty2 HTM exhibited a slightly
lower PCE of 15.16% compared to C-Sty3, with a FF of 0.78, Voc of 0.95 V, and Jsc of

20.3 mA/cm?. These results are shown in Figure 4A.15A and Table 4A.6.

Table 4A.6. J-V curve parameters of Perovskite solar cell fabricated from C-Sty2 at
different annealing temperature.

Annealing Jsc Voc (V) FF PCE (%)
temperature  (mA/cm?)
(°C)
110 20.30 0.95 0.78 15.16
200 20.28 0.90 0.79 14.39

Table 4A.7. J-V curve parameters of Perovskite solar cell using standard PTAA as
HTM, fabricated under the similar conditions (5000 rpm, 2 mg/ml).

PTAA Jsc Voc (V) FF PCE (%)
(mA/cm?)
Forward 22.59 1.04 0.80 18.82
Reverse 22.40 1.05 0.80 18.79

To provide a reference point, we compared the performance of the C-Sty2 and
C-Sty3 devices to PSC devices fabricated with commercially available and widely used
HTM, PTAA under similar fabrication conditions. The PTAA-based devices
demonstrated a PCE of 18.8% with a FF of 0.8, Voc of 1 V, and Jsc of 22.5 mA/cm?, which
is comparable to that of the C-Sty3-based devices (Figure 4A.15B and Table 4A.7),
providing insights into the relative performance of the different HTM materials. Major
differences between the C-Sty3 / C-Sty2 based devices and standard PTAA device is
in the Voc, which could be due to the better band alignment of PTAA with the
Perovskite material we used.4041

Figure 4A.16A presents a cross-sectional SEM image of the C-Sty3 device

architecture. The thickness of each layer may be approximately estimated as follows:
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the HTL layer appears to be in the range of 10-15 nm (not clearly resolved), the
Perovskite layer is approximately 550-600 nm thick, the Ceo layer measures around
20 nm, and the BCP layer has a thickness of approximately 8 nm. The Ceo and BCP
layers formed a 30 nm crust on the top surface of the perovskite. The Ag electrode
exhibited partial delamination, which likely occurred during the cutting process

conducted prior to the SEM measurements.16
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Figure 4A.16. (A) Cross sectional SEM image of p-i-n based device with cross-linked
C-Sty3 HTM (inset shows the zoomed image of the separate layers in the device); (B)
Top-view SEM images of perovskite films spin coated on cross-linked C-Sty3 HTM.
(The inset shows the zoomed (1pm) scale bar image) and (C-D) AFM images of the
cross-linked films of C-STy2 and C-STy3 at the optimum conditions (2mg/ml, 5000
rpm, 110°C, =15 nm thickness).

Figure 4A.16B shows top-view SEM images of the Perovskite layer coated on top
of cross-linked C-Sty3 HTM. The homogeneous morphology of the film with the entire

surface coverage demonstrated the benefit of crosslinked HTMs in generating
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compact and homogeneous films. Further, AFM was used to investigate the
morphology of the cross-linked films. The films featured a consistently dispersed

grain-like structure and a uniform surface morphology (Figure 4A.16C).

4A.4. Conclusions

Two cross-linkable carbazole - diphenylamine derivatives were utilized as
HTMs in planar p-i-n type Perovskite solar cells. Different parameters, such as the
weight percentage of the hole-transporting material, spin-coating speed (rpm), and
annealing temperature, were optimized to enhance the performance of PSC devices.
The dopant free PSCs of C-Sty3 and C-Sty2 showed power conversion efficiencies
(PCE) of 16.1% and 15.2%, respectively in comparison with the standard HTM, PTAA
based device with PCE of 18.8%. The improved performance observed in the device
containing the C-Sty3 derivative compared to C-Sty2, can be attributed to the
enhanced conductivity and superior ion diffusion within the hyper-cross-linked
CSty3-based films. This chapter emphasizes the impact of various factors on the
performance of PSC devices and highlights the promising use of low-cost, cross-
linkable triphenylamine-based compounds as dopant-free hole-transport materials

for efficient and stable PSCs.

4A.5. Experimental Section
4A.5.1. Materials and Methods

Synthesis, photophysical and electrochemical studies were conducted in CSIR-
NIIST, whereas the Perovskite solar cells were fabricated in Kyoto University, Japan
under the guidance of Prof. Atsushi Wakamiya. Chapter 2 provides a comprehensive
explanation of the synthesis and detailed characterization of C-Sty2 and C-Sty3. Cyclic

voltammetry measurements were conducted on a PARSTAT 4000A Potentiostat to
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study the electrochemical properties. The experiments were performed under Argon
using 0.1 M tetrabutylammonium hexafluorophosphate (TBAPFs) in acetonitrile as
the supporting electrolyte. A reference electrode of Ag/AgCl and a platinum wire
counter electrode were employed. The scan rate used was 50 mV/s. Optical
estimation of energy levels was carried out using UV-Vis spectra obtained from a
Shimadzu UV-Vis spectrophotometer (UV-2600) and cyclic voltammetry. The AFM
images of the films were acquired using an AFM-Bruker Multitop Nanoscope V
instrument operating in tapping mode. The transmittance of the cross-linked films
were recorded using an Ocean Optics Spectrometer DH-2000-BAL. Contact angles
were measured using a DSA30E-contact angle goniometer instrument. The materials
used for device fabrication were utilized as received without undergoing additional
purification steps. Cesium iodide (Csl), methylammonium bromide (MABr, >98.0%),
lead(II) bromide (PbBr2, >98.0%), lead(1I) iodide (Pblz, 99.99%, trace metals basis),
formamidinium lead iodide (8-FAPbIs), and bathocuproine (BCP) were procured from
Tokyo Chemical Industry Co., Ltd. (TCI). ATR Company provided the sublimed
fullerene Ceo (99.99% purity). Sigma-Aldrich supplied poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA), while dehydrated dimethylsulfoxide (DMSO, super
dehydrated) was purchased from FUJIFILM Wako Pure Chemical Co., Ltd.
Dimethylformamide (DMF) and chlorobenzene were obtained from Kanto Chemical
Co., Inc. All solvents were degassed by bubbling Ar gas for 1 hour and further dried
using molecular sieves in an Ar-filled glove box (02, H20 < 0.1 ppm) prior to usage.
Scanning electron microscopy (SEM) analysis was conducted using a Hitachi S8010
ultra-high-resolution scanning electron microscope (Hitachi High-Tech Corporation).
AM1.5G light was generated with a Bunkoukeiki SMO-250PV solar simulator viaa 150
W Xe lamp. Bunkoukeiki BS-520BK reference silicon photodiode with an IR-cut filter
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was used to calibrate the light intensity. Attenuation over a wide range of intensity
was enabled by using various neutral density filters (100, 40, 20, 10, 5, and 1%
transmittance) in combination with the variable aperture built into the solar
simulator. J-V curves were obtained using a Keithley 2450 source meter. Forward and

reverse scans were measured between -0.1 and 1.2 V at a scan rate of 50 mV s-1.

4A.5.2. Preparation of Cso.05FA0.830MAo.15Pbl2.75Bro.25 Solution

The precursor solution was prepared by dissolving CsI (34 mg, 0.14 mmol),
MABTr (45 mg, 0.40 mmol), PbBrz (51 mg, 0.14 mmol), Pbl2 (187 mg, 0.41 mmol), and
0-FAPDI3 (1380 mg, 2.18 mmol) in a mixture of DMF (1.6 mL) and DMSO (0.48 mL) in
a 3:1 ratio. The solution was then stirred at 70 °C for 5 min. and then at 40 °C for 30

minutes and subsequently filtered using a 0.45 pm PTFE filter.

4A.5.3. p-i-n Device Fabrication

Glass/FTO substrates (with a sheet resistance of 10 Q sq-1, AGC Inc.) underwent
a series of cleaning steps. First, they were etched using zinc powder and HCl (6 M in
de-ionized water). Then, the substrates are sequentially cleaned by immersing them
in water, acetone, detergent solution (Semico Clean 56, Furuuchi chemical), water,
and isopropanol, followed by ultrasonic treatment for 15 minutes. Afterward, the
substrates were dried using an air gun and subjected to plasma treatment
immediately before the deposition of HTM.

To deposit the hole transporting material, a solution of chlorobenzene was spin-
coated onto the plasma-treated FTO substrates, followed by heating on a hot plate at
various temperatures for 30 minutes. For the PTAA devices, the hole transporting

material PTAA (2 mg mL-1 in anhydrous toluene) was spin-coated (5000 rpm) onto
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the substrates and then heated on a hot plate at 100 °C for 10 minutes. The detailed
profile of the spin coating program is shown in Figure 4A.17.
5000 rpm, 30 s

1 1
40 °C | :
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Figure 4A.17. Profile for the spin coating program of HTM layer deposition.

100 pL. DMF was added to slides prior to spin coating for increasing the
wettability of Perovskite precursor solution. A thin film of Perovskite layer was
prepared by spin-coating 190 pL Perovskite precursor solution onto the C-Sty2/C-
Sty2 /PTAA coated FTO substrate and spread evenly. Just before completing the spin-
coating process at 3000 rpm, 300 pL of chlorobenzene antisolvent was dripped onto
the rotating substrate. The films were subsequently annealed on a hot plate at 150 °C
for 10 minutes. The detailed profile of the spin coating program is shown in Figure
4A.18.
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Figure 4A.18. Profile for the spin coating program of Perovskite layer deposition.

Under an inert atmosphere, the samples were transferred to a vacuum
deposition chamber, where thermal evaporation was used to deposit 20 nm of Ceo
(deposition rate: 0.05 nm s-1) and 8 nm of BCP (deposition rate: 0.01 nm s-1). Finally,
a top electrode was created by depositing 100 nm of silver (deposition rate: 0.005 nm

s'1) through a shadow mask.
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]
TPE-Diphenylamine Derivatives as Solution-Processable
Hole Injectors with Better Charge Balance for Organic

Light Emitting Diodes (OLEDs)
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4B.1. Abstract

Charge injection and transport layers with optimum carrier transport
properties are essential for stable and efficient OLED devices. In this Chapter, we
discuss two tetraphenylethylene-diphenylamine derivatives, TPOMe and TPOSt
having four and two methoxy substituents, respectively and explored their potential
as solution processable hole injection layers (HILs) for OLEDs. Standard, Alq3-based
green OLEDs with a simple device design were used to demonstrate the properties of
the synthesized HILs, in comparison with a commercially available standard HIL, m-
MTDATA. TPOMe based device exhibited a current efficiency of 4.2 cd /A, while TPOSt

based device showed 3.81 cd/A at 10 mA/cm2. Both the above devices showed better
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performance compared to a control device fabricated with the standard HIL, m-
MTDATA which showed a relatively lower current efficiency value (1.70 cd/A at 10
mA/cm?2). Similarly, the maximum EQE of TPOMe (1.77%) and TPOSt (1.55%) were
higher than that of the m-MTDATA based device (1.40%). Although m-MTDATA
device has better luminance and hole mobility compared to TPOMe and TPOSt
devices, the optimum charge balance in the latter devices lead to better current
efficiency and EQE. This study signifies the importance of device engineering with
compatible layers and optimum charge transport properties for efficient OLED

devices.
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4B.2. Introduction

Organic light-emitting diodes (OLEDs) have been the subject of intense research
for quite a few decades due to their possible applications as emissive components in
displays and solid-state lighting. Multi-layer structured devices exhibit higher
performance and device efficiency than single-layered devices.12 Each layer serves a
specific purpose, such as charge injection through a hole or electron injection layer,
charge transport through a hole or electron transport layer, carrier blocking layers,
and the emissive layer emits light as the holes and electrons recombine. There are
mainly two types of processing technologies for OLEDs, vacuum deposition and
solution processing,3 the former being the most common technique since it offers easy
fabrication of multi-layered devices and offers high purity. Whereas conditions such
as high vacuum, high temperature, and material wastage increase the complexity of
the device fabrication, hindering the growth of large area fabrication of OLED devices.
45 In the present scenario, solution processed small molecular OLEDs are drawing
much more research attention, since they have advantages like low-cost and large
area fabrication, high processing efficiency, low material consumption and possible
fabrication on flexible substrates.6

The hole injection layer in OLED is an interface between the hole transport layer
(HTL) and indium tin oxide (ITO) anode, which is used to modify the charge injection
from the electrode to improve the injection of holes and electrons into the organic
layers. It can also influence the current efficiency, operational voltage, and stability of
the devices.”8 To date, several kinds of organic and inorganic based materials have
been reported for the HIL in OLEDs.?-12 HILs based on triphenylamine (TPA), such as

4,4’,4”-tris[N-(naphthalene-2-yl)-N-phenyl-amino]|triphenylamine (2-TNATA),

205



Hole Injecting Properties of TPE-Diphenylamine Derivatives for OLEDs

4,4’,4”-tris(N-3-methylphenyl-N-phenyl-amino)triphenylamine (m-MTDATA) and
several other materials like (hexaazatriphenylene-hexacarbonitrile (HATCN), Spiro-
OMeTAD, NiOx, CuSCN, and modified PEDOT:PSS have been used as HILs in OLEDs.13-
17 TPA has been extensively used as HTM/HTL because of their excellent electron
donating ability, low ionisation potential, high hole mobility, stable morphology and
attractive thermal properties.1819 Recently, TPE-bearing triphenylamine end caps

have proven their potential as efficient HTMs in perovskite solar cells.20-23

4B.2.1. Charge Balance in OLEDs

The hole-electron balance in the emissive zone is also crucial for the
development of high-efficiency OLEDs, which could be attained by fine-tuning the
charge injection barriers in OLEDs.24-26 [t refers to maintaining an equilibrium
between the injection of electrons and holes into the emissive layer of the OLED,
ensuring that recombination and light emission occur with high efficiency. In OLEDs,
electrons are injected from the cathode (negative electrode) and holes are injected
from the anode (positive electrode) into the emissive layer, which consists of organic
materials capable of emitting light. To achieve charge balance, the total electrical
current flowing into the device should be balanced. This means that the rate of
electron injection should be equal to the rate of hole injection. The choice of organic
emitter materials plays a crucial role in achieving the charge balance. The energy
levels and electron and hole mobilities of the emitter material should be compatible
with the adjacent transport layers, allowing for efficient charge injection and
recombination. If the energy alignment is shifted too much towards one type of
carrier, it can result in an imbalance in charge carriers. Improving the injection of

carriers that are already in excess can increase the absolute luminance of an OLED
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device by promoting a higher probability of charge recombination, but it can have a
negative impact on the efficiency of the device due to an imbalanced distribution of
charge carriers.

Yu-Tai Tao et al. discovered the significance of fine-tuning the work function of
ITO in OLED devices using self-assembled monolayers of 1-butylphosphonic acid,
4,4’,4”-trifluoro-1-butylphosphonic acid and a binary mixture of them for
understanding and optimising charge carrier balance.2” When ITO was treated with
single-component monolayer of 4,4’,4”-trifluorobutyl-1-phosphonic acid, the
injection barrier between the electrode and the hole transport layer was the lowest.
Depending on HTL or HIL utilized, different anode modifications led to varying
maximum device currents and luminance efficiencies because of the shift in
hole/electron carrier balance. They showed that, it was preferable to increase the
number of minor carriers rather than major carriers in situations where charge
carrier balance could not be reached to enhance both luminance efficiency and power
efficiency. Figure 4B.1A shows the energy level distribution of OLED devices with
modified ITO. Byungmin Ahn and group demonstrated that the charge balance in the
emission layer of an efficient device employing an exciplex system can be regulated
by controlling the mixing ratio of electron (ET) and hole (HT) transporting host
materials based on their respective charge transport properties.28 They have
identified the optimal conditions for achieving both efficient charge balance and
enhanced device lifetime in exciplex-based OLED systems by carefully considering the
transport properties of each layer, optimizing the mixing ratio of host materials and
understanding the energy level alignment. Figure 4B.1B shows the proposed energy
level diagram and chemical structure of HT hosts, such as DP-BCZ and BPP-BCZ, ET

hosts, including PTZP-PCZ, BTPP-PCZ, and PTZP-BCZ and Ir-complex dopant.
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Figure 4B.1. (A) Energy level distribution of OLED devices with modified ITO; (B)
Energy level diagram and chemical structure of HT hosts and Ir-complex dopant and
(C) J-V curves of hole only and electron only devices showing the current density

difference. (Adapted from references 27, 28 and 29)

Won Ho Lee et al. reported that optimised thickness of the electron transporting
layer is essential for achieving charge balancing and recombination zone confinement
in the emissive layer for improved efficiency in green phosphorescent-OLEDs.2° A 40
nm thick 2,2°,2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) -
incorporated device displayed greater exciton confinement and charge balance,
resulting in an improved EQE of 23.4% at 1000 cd/m?2. Franky So et al. used a single-
carrier device to evaluate the charge balance in blue-phosphorescent devices and
discovered that carrier transport is considerably hole dominated. The hole mobility
of TAPC is approximately 10,000 times higher (~1.0 x 10-2 cm?2 V-1 s1) than the
electron mobility of BCP (5.5 x 10-6 cm?2 V-1 s-1), representing a significant difference
in their charge transport properties (Figure 4B.1C).30 Thus, they enhanced the charge

balance and maximum current efficiency to 60 cd A-1 at a luminance of 500 cd m-2 by
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using a high-mobility, high triplet-energy electron transporting material (3TPYMB ~
6.77 x 10> cm?2 V-1 s71).

In this work, we introduce two solution-processable hole injection layers
derived from tetraphenylethylene - diphenylamine moieties equipped with methoxy
groups in the periphery arms, and discovered that the hole injection layer has a
considerable influence on the OLED efficiency. The derivatives satisfied the conditions
for a good HIL used in OLEDs, such as, high thermal stability, suitable energy levels,
transmittance above 80%, and reasonable hole mobility. Furthermore, the HIL
properties were compared with those of a commercially available HIL, 4,4’,4”-Tris[(3-
methylphenyl)phenylamino]triphenylamine (m-MTDATA) and the OLED devices
using the synthesised molecules exhibited better current efficiency and external
quantum efficiency (EQE) compared to m-MTDATA-based devices. The results give

new insights into the design principles of novel HIL materials for OLEDs.

4B.3. Results and Discussion

TPE-diphenylamine derivatives, TPOMe and TPOSt (Figure 4B.2) were
synthesised by modified Buchward-Hartwig coupling reactions as reported earlier.31
The core moiety, 1,2-bis(4-bromophenyl)-1,2-diphenylethene, was synthesised by
the McMurry reaction and TPOMe was synthesised in good yields by the palladium-
catalysed coupling of 1,2-bis(4-bromophenyl)-1,2-diphenylethene with 4,4’-
dimethoxydiphenylaniline in toluene. On the other hand, TPOSt was synthesised by
the reaction of 1,2-bis (4-bromophenyl)-1,2-diphenylethene with 4-methoxy-N-(4-
(4- vinylbenzyloxy)phenyl)aniline.3!

For both derivatives, A mixture of E-Z isomers were obtained from the final

reaction step and were used for optoelectronic studies without further separation.
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The obtained TPE derivatives were soluble in most of the organic solvents. The
materials showed high melting transition temperatures and thermal decomposition
temperatures (Tds%), defined as the temperature at which 5% mass loss occurs. The
basic photophysical, and electrochemical and thermal properties of these molecules
were studied in detail and reported by our group earlier (Table 4B.1), where TPOSt

was used as an electrochromic material.3!

LiF (0.8 nm)
Alg; (60 nm)

Figure 4B.2. Device configuration for the OLED with TPOMe, TPOSt, and m-
MTDATA layer and their chemical structures.

Table 4B.1. Photophysical, thermal and electrochemical properties of the

synthesized molecules. *

Compound Aps (nm), (g, cm M) Aem Optically Theoretically
film state Dy Tyse, Calculated Calculated
Toluene Chlorobenzene DMF (nm) (%) (°C) (eV) (eV)

HOMO LUMO | HOMO LUMO

TPOMe 375 370 363 543 0.50+£0.02 | 384 | -5.0 -1.9 -4.75 -1.38
(3.08 x 10%) (2.99 x 10%) (3.34x 10%)

TPOSt 379 369 367 540 0.47+0.02 | 336 | -5.03 -2.0 | -4.77 -1.33
(2.80 x 10%) (2.61 x 10%) (3.06 x 10%)

* (Taken from reference 31) Aabs: absorption maximum, €: molar extinction coefficient,

Aem: emission maximum of thin film, @r: quantum yield of fluorescence in film state

Ta: decomposition temperature.

210




Chapter 4B

A) B)
1001 — TPOMe
- - TPOSt
@ 80 < 2
Q 3
S 50. TPOMe N
g — TPOSt % 0
£ 404 =
2] >
S 201 O
j -
=
400 600 800 1000 0.0 0.4 08 1.2
Wavelength, nm Potential, V
C) D)
008 — TPOMe 4 — Ferrocene
< — TPOSt <
24
=02 3
= )
C C
(5] L o4
— S
= -0.41 -
> >
@) @)
-2
0.6
0.0 0.4 0.8 12 0 300 600 900 1200
Potential, V Potential, V

Figure 4B.3. (A) Transmittance spectra of TPOMe and TPOSt films; (B) CV and (C)
Square wave analyses of TPOMe and TPOSt in chlorobenzene with supporting
electrolyte 0.1 M TBAPFs and (D) CV of ferrocene in acetonitrile with supporting
electrolyte 0.1 M TBAPFe.

The UV-VIS absorption maxima of TPOMe and TPOSt in solution state showed
two maxima around 279 and 369 nm, and the absorption ranges of the materials in
both solid and solution state showed negligible absorption beyond 450 nm, which is
optimal for a good HIL.31 Also, the transmittance spectra of the molecules exhibited
moderate transmittance (above 55%) from 350 to 490 nm, and beyond that a higher
transmittance of above 80% was observed (Figure 4B.3A). Electrochemical analyses
of TPOMe and TPOSt were conducted using cyclic voltammetry and square wave
analysis. CV showed the characteristic two electron oxidation peaks of
triphenylamine at 0.68 V and 0.69 V by TPOMe and TPOSt, respectively, whereas

square wave analyses of TPOMe and TPOSt showed peaks with potentials around
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0.69 Vand 0.7 V, respectively (Figures 4B.3B & 4B.3C).31 The band-gap energies of the
molecules in eV were obtained from the longest absorption wavelength, Aonset using
the equation, AE= 1242 /Aonset and then the HOMO energy levels were calculated from
the oxidation potential by taking ferrocene as the standard with an energy level value
of 4.8 eV against vacuum vs the Ag/AgCl reference electrode (CV of ferrocene is shown
in Figure 4B.3D for reference). The LUMO energy level was then derived from the
HOMO and bandgap values (Table 4B.1). The optically determined HOMO and LUMO
energy values were subsequently utilized in the OLED device design in this chapter.
Further, the geometry optimizations and theoretical calculations of the energy levels
were performed at the DFT level with the B3LYP exchange-correlation functional and
a 6-311G basis set using Gaussian 09W. Both the molecules showed well separated
HOMO and LUMO energy levels with HOMO orbitals mainly located over the
triphenylamine moiety, and LUMO orbitals mostly distributed over the TPE core
(Figure 4B.4A). TPOMe and TPOSt showed theoretically calculated HOMO energies
of -4.75 eV and -4.77 eV, and LUMO energies of -1.38 eV and -1.33 eV, respectively.
AFM analysis was used to investigate the morphology of the films spin-coated from
chlorobenzene solutions. These films displayed a uniform and smooth surface with
low roughness values, fewer crystalline islands and pinholes (image Rq values of 2.77
nm for TPOMe and 2.45 nm for TPOSt, and image Ra values of 2.32 nm and 2.07 nm
for TPOMe and TPOSt, respectively), demonstrating good film-forming ability by the
material (Figures 4B.4B & 4B.4(C).

Water contact angle measurements of the spin coated films on ITO were
conducted. Both showed an intermediate non-wettability with the water having

contact angle values higher than 70° (TPOMe - 72.6° & TPOSt - 73.7°), which prevents
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the water absorption from the environment and thus helps to improve the device

stability (Figures 4B.4D & 4B.4E).

A)

Energy

Figure 4B.4. (A) Electron density distributions for frontier molecular orbitals of
TPOMe and TPOSt based on DFT B3LYP/6-311G(d,p) level calculations; Tapping
mode AFM images (3D) of (B) TPOMe and (C) TPOSt films on ITO substrates, spin

coated from chlorobenzene solutions; water contact angle measurements of the spin

coated (D) TPOMe and (E) TPOSt films.

In order to understand the hole-injecting capability of the materials, we
fabricated the classical single carrier devices based with the following structure:
ITO/HIL (100 nm)/N,N'-Bis(naphthalen-1-yl)-N,N'-bis(phenyl)-benzidine (NPB) (60
nm)/Al (100 nm) as shown in Figure 4B.5A.
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Figure 4B.5. (A) Schematic representation of hole only device architecture and (B)

Current density-voltage (J-V) characteristics of the hole-only devices.

We have chosen a commercially available standard material, m-MTDATA, and
the devices based on m-MTDATA were used as the reference devices.3233 m-MTDATA
is a star-burst amine used as a hole injecting layer between the hole transport layer
(HTL) and the transparent anode, usually ITO, that possesses similar HOMO-LUMO
values as the synthesised HIL materials. The hole mobility of the pristine m-MTDATA
is in the range of (2-4) x 10-> cm?2 V-1 s-1 with a HOMO energy level of -5.1 eV and a
LUMO level of -2 eV, making it a suitable hole injecting layer for OLED applications.2:34
Hole-only devices of the synthesised materials and m-MTDATA could give more
information about the hole transporting properties. The J-V characteristics of the m-
MTDATA based hole-only device showed increased current density and better
performance than the devices with TPOMe and TPOSt, indicating the better hole
transporting ability of m-MTDATA compared to our molecules (Figure 4B.5B). The
values of hole mobility of the materials were calculated according to the SCLC model,
where the current, I can be expressed as shown in Equation 4B.1

2

9 14 .
I = g,ueffeoerA = Equation 4B.1
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where peg is the charge carrier mobility at zero field, €0 = 8.854 x 10-12 Fm-1lis the
permittivity of free space, ¢r is the relative dielectric constant of the thin film (&r = 3
for conventional semiconductors), and d is the thickness of the thin film. Using
Equation 4B.1, m-MTDATA is found to have a hole mobility of 5.95 x 10-> cm2 V-1s-1,
while TPOMe and TPOSt exhibited slightly lower values of 1.46 x 10-¢ cm2V-1s-1, and
1.06 x 10 cm2V-1s1, respectively. The results indicate that the synthesised materials
have approached the charge transport properties of m-MTDATA. However, the
external quantum efficiency (EQE, next) of OLED is given by Equation 4B.Z,

Next = YNr1 * Noc Equation 4B.2

where, y is the charge balance factor, nsis the fluorescence efficiency, and noc is the
outcoupling efficiency. It means the performance of an OLED is not only determined
by the conductivity of the injection and transport layers, and the fluorescence
efficiency of the emitter but also by the balanced charge transport and carrier
confinement or carrier blocking. In this work, calculations for EQE were made using
the relations obtained from previous reports.35-37

Figures 4B.6A, 4B.6B & 4B.6C show the energy level diagrams of the OLED
devices fabricated using TPOMe, TPOSt, and m-MTDATA, as HIL. Both of the newly
designed materials show similar HOMO and LUMO values lying between the HOMO of
ITO (-4.7 eV) and that of NPB (-5.5 eV), which are appropriate for the HOMO of a hole
injecting layer. All devices had a configuration, ITO/ HIL (25 nm)/ NPB (10 nm)/ Alg3
(60 nm)/ LiF (0.8 nm)/ Al (120 nm). N,N'-Di(1- naphthyl)-N,N'-diphenyl-(1,1’-
biphenyl)-4,4'-diamine (NPB) acts as the hole transporting material, tris(8-

hydroxyquinoline) aluminum(III) (Alq3) serves as both emissive layer (EML) and the
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electron transport layer (ETL), lithium fluoride (LiF) forms the EIL and ITO and Al act

as anode and cathode, respectively.
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Figure 4B.6. Energy level diagrams of (A) TPOMe; (B) TPOSt and (C) m-MTDATA
based OLED devices and (D) Luminance of the OLED devices with respect to voltage.

Device with m-MTDATA as the HIL showed higher luminance compared to the
devices with TPOMe and TPOSt. Maximum luminance of 15,000 cd/m? at 14 V was
obtained for m-MTDATA based device, whereas devices with TPOMe and TPOSt as
HILs had a maximum luminance of nearly 9000 cd/m?2 and 7000 cd/m?, respectively
at 15 V (Figure 4B.6D). Higher luminance in m-MTDATA device may be due to the
higher hole mobility and enhanced carrier transport in the HIL.

The electroluminescence spectra of TPOMe, TPOSt and m-MTDATA devices
showed respective maxima at 540 nm, 548 nm and 532 nm, with Commission

Internationale de L’Eclairage (CIE) coordinates of x = 0.38 and y = 0.53 for TPOMe
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device,x=0.37 and y = 0.53 for TPOSt device and x = 0.34 and y = 0.56 for m-MTDATA
device (Figures 4B.7A & 4B.7B). Shifts in the peak emission wavelengths can be
attributed to weak microcavity effects and shifts in the recombination zone within the

OLED device stack.3® Images of the fabricated OLED devices are shown in Figure

4B.7C.
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Figure 4B.7. (A) CIE chromaticity diagram, and (B) Electroluminescence spectra of
the TPOMe, TPOSt and m-MTDATA based OLED devices and (C) Photographs of the
TPOMe, TPOSt based OLED devices.

A comparison of the current density, external quantum efficiency (EQE), and
current efficiency of the devices are shown in Figure 4B.8. Device with m-MTDATA as
the HIL showed higher current density and lower turn on voltage. However, the EQE
and current efficiency of m-MTDATA device was lower compared to devices with
TPOMe and TPOSt. Device based on TPOMe exhibited a maximum EQE of 1.77%,

which was higher than the EQE maxima of TPOSt device (1.55%) and m-MTDATA
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device (1.40%). The current efficiency of the devices fabricated with TPE-
diphenylamine derivatives displayed a value of 4.2 cd/A and 3.81 cd/A at 10 mA/cm?
for TPOMe and TPOSt devices, respectively, and both were much better than device

with m-MTDATA (1.70 cd/A at 10 mA/cm?2).
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Figure 4B.8. Plots of (A) Current density vs voltage; (B) EQE vs luminance and (C)
Current efficiency vs current density of TPOMe, TPOSt and m-MTDATA based OLED

devices.

In 2017, Shan et al. reported a device that used m-MTDATA as HIL with a 40 nm
thickness and has the device structure as ITO/ m-MTDATA (40 nm)/ NPB (10 nm)/
Alq3 (60 nm)/ LiF (0.8 nm)/ Al (120 nm). This device achieved a maximum current
efficiency of approximately 4 cd/A. Our m-MTDATA device, which has the same device
architecture but a different m-MTDATA layer thickness of 25 nm, demonstrated

greater current efficiency (4.45 cd/A) than the device reported by Shan et al. They
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further improved the current efficiency to 10.40 cd/A by using Cul-doped m-MTDATA
HIL and fluorescent dopants like C-545T in the emissive Alg3 layer.10

The better performance in the current and external quantum efficiencies of the
TPE-diphenylamine derivatives than the m-MTDATA based reference device
originates from the excellent charge balance happening in the emissive layer. Air
stable and solution processable molecules like TPOMe and TPOSt are important for

fabricating cost effective and stable device structures.

4B.4. Conclusions

In summary, we have reported two tetraphenylethylene-diphenylamine
derivatives with four and two methoxy substituents (TPOMe and TPOSt) and
demonstrated their potential as hole injection layers for OLEDs. Alq3 based green
OLEDs were fabricated with the newly synthesized HILs and with a commercially
available standard HIL, m-MTDATA. The devices with TPOMe and TPOSt exhibited
improved current efficiency and EQE than m-MTDATA based device although m-
MTDATA based device has better luminance and hole mobility. This indicates that a
better charge balance occurs in the emissive layer of TPE-diphenylamine based OLED
devices. The present results may serve as guidelines for designing suitable HIL
materials with better charge balance factor. Most importantly, molecules with good
stability in air and solution processable properties can be explored for cost-effective
and stable device architectures. The OLED used in the current study has a simple
design meant only for the comparison of the HIL materials, and the device
performance can be further improved by modifying the active layers with the addition

of dopants.
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4B.5. Experimental Section
4B.5.1. Materials and Methods

The synthesis and detailed characterization of TPOMe and TPOSt have been
explained in the previously reported literature from our group.3! The redox potentials
of the materials were obtained by using cyclic voltammetry (BASI CV-50W) at room
temperature with 0.1 M tetrabutylammonium hexafluorophosphate (TBAPFs) in
acetonitrile as a supporting electrolyte, Ag/AgCl and platinum wire as the reference
and counter electrode, respectively. The working electrode was prepared by spin-
coating the materials onto FTO substrates. The energy levels were estimated optically
from UV-Vis spectra (Shimadzu UV-Vis spectrophotometer, UV-2600) and cyclic
voltammetry. AFM images of the films were record-ed using an AFM-Bruker Multitop
Nanoscope V instrument operating in tapping mode, and the roughness of the films
was found using Nanoscope Analysis 1.5 software. The thickness of the films was
measured using a Dektak XT profilometer. Thermal evaporation of the materials on
the cleaned substrates was done under high vacuum condition (pressure < 2x10-6
Torr) in an Angstrom Engineering Thermal Evaporation System. Device parameters
were measured by using a Spectroradiometer SpectraScan PR655 interfaced with a
Keithely 2400. Spectrofluorometer FLUOROLOG-3 was used for photoluminescence
measurements. All chemicals and solvents were purchased from Sigma-Aldrich,
Merck, Spectrochem Pvt Ltd. and Luminescence Technology Corp., Taiwan. Patterned

ITO glasses were purchased from KINTEC, Hong Kong.

4B.5.2. Device Fabrication
OLEDs were fabricated on pre-patterned ITO substrates, which act as the anode.

Cleaning of substrates has been done with detergent and sonication with chloroform,
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iso propyl alcohol, and deionized water for 15 minutes each. After UV ozone treatment
for 15 minutes, hole injection layers TPOMe and TPOSt dissolved in chlorobenzene
(25 mg/ml) were spin coated on the pre-patterned ITO substrates. Subsequently, the
samples were dried for 1 hour at 60 °C in air. In m-MTDATA based OLED device, m-
MTDATA layer was deposited by thermal evaporation. For each device, subsequent
organic layers and an Al electrode were deposited by thermal evaporation under high
vacuum conditions. In order to resist possible degradation of devices in the air,
encapsulation of the devices has been done with UV curable EPOTEK epoxy and cover
glass. Encapsulated devices were measured in air using a Spectrascan PR-655
spectroradiometer ((Photo Research Inc.) integrated with the Keithley 2400 source
meter and a PC. Hole-only devices (HODs) were prepared by the same procedure. All

of the measurements were carried out at room temperature.
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Organic materials have garnered a lot of attention in the past couple of decades, owing to advancements in
material design and purification, which have strengthened material performance in various organic electronic devices.
Charge injection/transport materials and electroactive materials compatible with device fabrication conditions are
essential components in many organic electronic devices such as electrochromic devices, Perovskite solar cells and
organic light emitting diodes. In this sense, triphenylamine derivatives with twisted molecular conformations and
multiple amine centres have drawn specific interest as organic charge transport materials. The triphenylamine moiety
acts as a good electron donor unit with easy oxidizability, hole mobility, and compatible energy levels, color tunability
and redox stability enabling TPA derivatives to achieve the highest efficiency and performance among photovoltaics,
OLEDs and electrochromic systems. In this regard, the design and development of triphenylamine-based derivatives
with features that could potentially enhance device performance are essential for improving the capabilities of organic
materials for future applications. The Chapter 1 provides an overview on triphenylamine based organic compounds,
their synthesis, optical and electronic properties and classifications based on specific literature survey. It also discusses
the role of triphenylamine derivatives as hole transporting/injecting and electrochromic materials in solar cells, OLEDs
and electrochromic devices, respectively.

In chapter 2, We successfully developed two cross-linkable, triphenylamine derivatives based on a donor-m-
donor (D-m-D) type molecular design (C-Sty2 and C-Sty3) and investigated of the effects of m -core and hyper-cross-
linking on the electrochromic properties of the thin films and devices. The hyper-cross-linked films of C-
Sty3 demonstrated enhanced coloration efficiency, optical contrast, and open-circuit memory compared to C-Sty2.
Electrochemical impedance spectroscopy analysis showed lower solution and charge-transfer resistances for hyper-
cross-linked films of C-Sty3, indicating higher conductivity and ion diffusion compared to C-Sty2.

Designing ligands with varying numbers of coordination sites can result in metallopolymers with linear and
branched structures and these structural differences can have a significant impact on their photophysical, thermal,
morphological, and electrochromic characteristics. In this regard, in Chapter 3, two tetraphenylethylene-
diphenylamine-terpyridine based ligands, TPE-TPy2 and TPE-TPy4, having two and four terpyridine units attached to
the diphenylamine moiety, were synthesised, and their photophysical, electrochemical, and metal interaction
properties were investigated. Hyperbranched metallo-polymers of TPE-TPy4-Fe exhibited better colouration
efficiency and shorter electrochromic switching times compared to linear metallopolymers of TPE-TPy2-Fe.

To understand the structure-property relations of triphenylamine derivatives with carbazole (C-Sty2 and C-
Sty3) or tetraphenylethylene core (TPOMe and TPOSt) groups, we used two sets of triphenylamine derivatives as hole
transport/injection materials for Perovskite Solar Cells and Organic Light Emitting Diodes in Chapter4A and
Chapter4B, respectively. The devices incorporating the synthesized materials demonstrated efficient hole
transporting/injecting properties in Perovskite solar cells and OLEDs, respectively and indicated their versatile

applications in organic electronics.
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ABSTRACT: Triphenylamine derivatives are promising organic °@ Q° 1
electrochromic (EC) materials due to their easy synthesis, low ~~ M 05y, . 2v .
oxidation potentials, high charge-carrier mobilities, electrochemical S @ (©) ¢ ‘ ‘
stability, coloration efficiency, and tunability of EC properties via - S|} —0V,—085V,—15V
substitution. Further, the cross-linking strategy provides an added X4 ¥ty '=§
advantage to the small-molecule-based EC devices in terms of 7" ,; x# A il 2
O

better-quality EC films with enhanced EC properties. Herein, we r NS g > (2 <
discuss the EC properties of two carbazole—diphenylamine =%+ # e

HIGH stability, 0

derivatives, C-Sty2 and C-Sty3, with two and three thermally * qoﬁs,ta‘?”ﬂy' . 200 600 800 1000
cross-linkable styryl units, respectively, following a donor—z—  surface coverage and surface coverage and Wavelength, nm

donor (D—z—D) design, where both the carbazole moiety and “"™ uniformity

cross-linking styrene groups modulate the photophysical and EC

properties. Both styryl derivatives formed rigid, uniform, and transparent films with high solvent resistance and exhibited excellent
thermal and electrochemical stability upon cross-linking. C-Sty3, with three cross-linkable styryl units, could form more extended
cross-links, leading to hyper-cross-linked films with distinct, regular, and porous morphology compared to C-Sty2.
Spectroelectrochemical studies of the films showed a color change from a transparent colorless state to an initial light-yellow
color and then a final dark-blue color with a color contrast of 65% at 890 nm for C-Sty2 and 78% at 850 nm for C-Sty3. The hyper-
cross-linked films of C-Sty3 demonstrated enhanced coloration efficiency (248 cm?/C), optical contrast, and open-circuit memory
compared to C-Sty2. Electrochemical impedance spectroscopy analysis showed lower solution and charge-transfer resistances (R,
and R, respectively) for hyper-cross-linked films of C-Sty3, indicating higher conductivity and ion diffusion compared to C-Sty2.
Thus, a comparison of the EC properties of two polymers with the same electroactive groups reveals the significance of hyper-cross-
linking in the EC properties of these cross-linked polymers. Furthermore, the EC properties of the hyper-cross-linked D—z—D
derivative, C-Sty3, were compared to those of previously reported molecules, demonstrating the importance of highly branched
conducting polymers for EC applications.

KEYWORDS: electrochromism, triphenylamine, carbazole, styrene, thermal polymerization, hyper-cross-linking, electrochromic devices,
electrochemical impedance spectroscopy

1. INTRODUCTION endows the films of these molecules with excellent solvent
resistance. Previously, we demonstrated the multicolor electro-
chromism of fluorene—diphenylamine derivatives® and trans-
missive-to-black EC and fluorescent to-dark electrofluorochro-
mic dual behavior of a tetraphenylethene—diphenylamine
derivative.” All of these derivatives were incorporated with
two thermally cross-linkable styryl moieties that ensured
flawless film formation with excellent color contrast and EC
switching stabilities. Introducing more than two cross-linkable
groups in the monomer molecules can result in extensively

Electrochromic (EC) devices respond to the applied voltage
through changes in their optical properties such as trans-
mittance, reflectance, and absorbance. Novel materials are
being developed for EC devices due to their applications in
smart windows, antiglazing mirrors, e-papers, display devices,
etc.' > Among the various classes of materials exhibiting EC
properties, organic small molecules possess beneficial features
like ease of structural tuning, solution processability, intense
coloration, and fast switching.“’5 Despite these advantages, EC
device fabrication with small organic molecules suffers from -,
poor film and device quality, which detrimentally affects their Received: February 28, 2023
overall EC performance. In the recent past, we and several Accepted:  April 21, 2023
other groups utilized the cross-linking strategy with small Published: May 8, 2023
organic molecules to overcome film and device stability

issues.®'° Hence, the attachment of cross-linking groups like

siloxane, oxetane, benzocyclobutene, benzoxazine, and styrene

=

© 2023 American Chemical Society https://doi.org/10.1021/acsapm.3c00393
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Chart 1. Molecular Structures of C-OMe, C-Sty2, and C-Sty3

Qo A

Y

\

CsH13

C-OMe

3

/

@“@ﬁﬂ

@ Q

CsH13

C-Sty2

ool

@ 2

cross-linked polymers with improved charge-transfer and
conductivity properties, resulting in subsequent enhancement
in EC properties such as coloration efficiency, contrast ratios,
lifetimes, and response times. Hyper-cross-linked polymers are
reported to have greater ionic and electron conductivity due to
their highly branched and microporous structure."' ™" For
example, Wang’s group compared the EC properties of linear-
and star-structured poly(3,4-ethylenedioxythiophene—didode-
cyloxybenzenes) and demonstrated that the star polymer has
superior thermal stability, processability, and durability in
addition to the EC qualities of its linear parent.'* AK’s group
discovered the superior optoelectronic and EC properties of a
star-shaped polymer, N',N°N>-tris(2,5-di(thiophen-2-yl)-1H-
pyrrol-1-yl)benzene-1,3,5-tricarboxamide (TCA) due to its
more conjugated three-dimensional shape and extremely
branched structure in comparison with linear analogues."

Another challenge in the EC technology for applications like
smart windows, eyewear, display devices, etc., is the develop-
ment of darker shades from a thin film with a transparent initial
state. Several attempts of fine-tuning of the optoelectronic
properties of electroactive materials and devices have been
reported in the past decade by leading research groups around
the globe."®™'® Reynolds’ group have uncovered many
elements affecting the EC properties like coloration, switchin
kinetics, and optical contrast in organic EC polymers.z’lg_z‘
Hou et al. reported an organic—inorganic hybrid EC material
(PDPAP-TEOSPU), which switched from the initial colorless
state to dark blue, with an optical transmittance change of up
to 84% and a coloration efficiency of 188 cm?/C.** Similarly, a
conjugated polymer based on cross-linked poly(4-vinyl-
triphenylamine) and tungsten trioxide™ and widely used EC
polymers like PANI, PolyProDOT-Me2,”® and polyimides®’
are reported to exhibit transparent-to-dark switching with high
contrast ratios.

Wide-band-gap triphenylamine derivatives are a well-studied
class of organic EC materials due to their high charge-carrier

4171

—0 C-Sty3

mobilities, low oxidation potentials, reversible redox properties,
transparent-to-visible color switching with high optical
contrast, thermal and electrochemical stability, and tunability
of the EC properties via easy substitution.”® " In our earlier
work, we adopted a donor—z—donor (D—z—D) design
strategy for the design of cross-linkable EC molecules, with
two diphenylamine donor groups bridged by a 7 core, such as
fluorene and tetraphenylethylene, and two styrene moieties
that can be cross-linked attached to the diphenylamine
groups.”” The 7 core in these derivatives influence the EC
properties via differential electronic coupling of the donor units
in the neutral and oxidized states. In the current design, we
introduced N-substituted carbazole as the 7 core, and two and
three styrene groups are attached to the diphenylamine and
carbazole parts, which is shown to have a significant role in
controlling the EC parameters in both film and device
conditions (Chart 1). Carbazole provides through-bond
conjugation enabling efficient coupling of the two donor
units and an easy derivatization route to attach alkyl or other
cross-linkable moieties as pendent groups. Carbazole deriva-
tives are widely used as hole-transporting materials in organic
photovoltaics® ~** and as host and active materials in light-
emitting-diode applications.”*™** EC polymer materials based
on carbazole have been explored in many ways as electroactive
films. For example, electrochemically polymerized long
polycarbazole chains,**™** copolymers from carbazole and
different monomers like thiophene, bithiophene, and 3,4
ethylenedioxythiophene,*”** and small molecules and poly-
mers of carbazole as the center core and side chain have been
studied for their EC properties.45_49 Although cross-linkable,
carbazole—triarylamine derivatives are used as hole-trans-
porting materials for Pervoskite solar cells,”® EC applications
of these derivatives are not reported. In the present work, we
report three carbazole—diphenylamine derivatives (Chart 1; C-
OMe, C-Sty2, and C-Sty3), which were synthesized via
palladium-catalyzed Buchwald—Hartwig cross-coupling amina-

https://doi.org/10.1021/acsapm.3c00393
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tion reactions and characterized through 'H and *C NMR,
electrospray ionization mass spectrometry (ESI-MS), Fourier
transform infrared (FT-IR) spectroscopy, and CHN elemental
analysis. The optical, electrochemical, and EC properties of
these derivatives were thoroughly investigated in solution, film,
and device states. Among the three derivatives, C-OMe has no
styrene group attached to it and acts as a model compound for
comparing the properties with C-Sty2 and C-Sty3. A
comparative analysis of the EC properties of cross-linked C-
Sty2 and hyper-cross-linked C-Sty3 polymers with the same
electroactive groups highlights the significance of hyper-cross-
linking in the EC films. C-Sty3, with three styryl subunits,
forms rigid and smoother films with reduced roughness,
compact surface, better coloration efliciency, optical contrast,
and open-circuit memory compared to C-Sty2.

2. EXPERIMENTAL SECTION

All chemicals and solvents were purchased from Sigma-Aldrich, TCI-
India Pvt. Ltd., Merck, and Spectrochem Pvt. Ltd. and used as
received. The fluorine-doped tin oxide (FTO) substrate with a surface
resistivity of 8 €/sq was purchased from Sigma-Aldrich and cleaned
by ultrasonication with water, acetone, and isopropyl alcohol for 15
min each. Moisture- and oxygen-sensitive reactions were carried out
under an argon atmosphere in dry solvents. Details of the synthetic
procedures and characterization are described in the Supporting
Information.

'H and C NMR spectra were recorded at 300 K on a DPX 500
MHz spectrometer with tetramethylsilane as the internal standard.
Electrospray ionization high-resolution mass spectrometry (ESI-
HRMS) spectra were recorded with a JEOL JSM 600 spectrometer.
IR spectra were recorded in the solid state (KBr) using a Shimadzu IR
Prestige- 21 FT-IR spectrophotometer. The solution-state absorbance
measurements were done on a Shimadzu UV—vis spectrophotometer
(UV-2600), and the film-state absorbance and transmittance
measurements were done using an Ocean Optics UV—vis modular
spectrometer (DH-2000-BAL). The fluorescence quantum yield of
the powder samples was calculated using a calibrated integrating
sphere in a SPEX Fluorolog spectrofluorometer. The absolute
quantum yield was determined on the basis of the de Mello method.
Differential scanning calorimetry (DSC) analyses were done using a
TA Instruments DSC Q2000 model with an intracooler facility.
Thermogravimetric analysis (TGA) was performed on a Shimadzu
DTG-60 instrument under a nitrogen atmosphere at a heating rate of
10 °C/min. Wide-angle X-ray diffraction (WAXD) analysis was done
using a XEUSS small-angle X-ray scattering (SAXS)/wide-angle
scattering (WAXS) system by Xenocs using Nifiltered Cu Ka
radiation (4 = 0.15405S nm), and a one-dimensional pattern was
generated from the two-dimensional images using Fit2D software.
The thickness of the samples was measured using the Dektak XT
profilometer. Atomic force microscopy (AFM) images of the films
before and after annealing were recorded using an AFM-Bruker
Multitop Nanoscope V instrument operating under tapping mode,
and the roughness of the films was found using Nanoscope Analysis 1.5
software. Cyclic voltammetry (CV; BASI CV-S0W) for liquid-state
samples was performed under an argon atmosphere using 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPF) in acetonitrile
as the supporting electrolyte, glassy carbon as the working electrode,
Ag/AgCl electrode as the reference electrode, and platinum wire as
the counter electrode under an argon atmosphere with a scan rate of
50 mV/s. Cyclic voltammograms of the films and devices were
obtained on a PARSTAT 4000A potentiostat. The spectroelec-
trochemistry of EC devices and films was recorded on an Ocean
Optics DH-2000-BAL spectrometer using a PARSTAT 4000A
potentiostat for the electrochemical redox process. Spectroelectro-
chemical responses of the films were done by dipping the cross-linked
films in a 0.1 M TBAPF in dry acetonitrile solution using Ag/AgCl
and platinum wire as the reference and counter electrodes,
respectively. The blank was done using bare FTO in a 0.1 M
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TBAPF in dry acetonitrile solution in a cuvette having a 1 cm path
length. The L*a*b* values for the colors under different applied
voltages were found using a Bench Top Color spectrophotometer
with an UltraScan vis sensor, 110 V/220 V w/SAV and UV control,
and EasyMatch QC, version 4.0, software. Electrochemical impedance
spectroscopy (EIS) was measured in the frequency range of 100 kHz
to 10 mHz. An electrochemical cell of a three-electrode system using
Ag/AgCl as the reference electrode, platinum wire as the counter
electrode, and films coated on FTO substrates as the working
electrode in a 0.1 M TBAPF, /acetonitrile electrolyte was used. The
measurements were conducted in a CHIG60E series electrochemical
workstation.

2.1. Electrolyte Preparation. The electrolyte used for the EC
devices was prepared by adding 20 wt % LiClO, and 30 wt %
propylene carbonate to the measured amount of poly(methyl
methacrylate) (PMMA; M,, = 120000), dissolved in tetrahydrofuran
(2 g of PMMA + 0.2 g of LiClO, + 300 uL of propylene carbonate in
20 mL of THF), and stirred at 80 °C until complete dissolution,
followed by stirring at room temperature overnight. PMMA and
LiClIO, were dried under vacuum for 12 h at 90 and 110 °C,
respectively, before use. The mixture was poured into a clean Petri
dish, and the solvent was allowed to evaporate at room temperature.
The required amount of electrolyte film was peeled from the Petri
dish and used.

2.2. EC Device Fabrication. The EC devices were fabricated
using FTO-coated glass substrates as the working electrodes and
followed the architecture glass/FTO/electrolyte/EC layer/FTO/
glass. After cleaning of the electrodes (2.5 cm X 2.5 cm FTO-coated
glass slide) by sonicating with water, acetone, and isopropyl alcohol
for 15 min each, the electrodes were annealed at 500 °C, followed by
UV-ozone treatment. Solutions of C-Sty2 or C-Sty3 (150 mg/mL) in
chlorobenzene were spin-coated at 1500 rpm for 30 s. The spin-
coated transparent thin films were then kept for polymerization in a
glovebox by annealing at the respective temperatures for 30 min. The
prepared solid electrolyte was sandwiched between the cross-linked
film and FTO counter electrode. To prevent the diffusion of oxygen
and moisture into the fabricated device, commercial epoxy was used
to seal the edges of the devices. Copper tape was applied to both sides
of the bare FTO for efficient and uniform electrical contact while
connected to the potentiostat.

3. RESULTS AND DISCUSSION

The carbazole—diphenylamine derivatives were synthesized in
good yields by a modified Buchwald—Hartwig coupling
reaction as per Scheme S1. 9-Hexyl-N?,N?N’,N’-tetrakis(4-
methoxyphenyl)-9H-carbazole-2,7-diamine (C-OMe) and 9-
hexyl-N?,N7-bis(4-methoxyphenyl)-N? N7-bis[4-
[(4vinylbenzyl)oxy]phenyl]-9H-carbazole-2,7-diamine (C-
Sty2) were synthesized from the reaction between 2,7-
dibromo-9-hexyl-9H-carbazole and the corresponding diphe-
nylamine derivatives. N*N’-bis(4-methoxyphenyl)-9-(4-vinyl-
benzyl)-N* N’-bis[4-[ (4-vinylbenzyl) oxy |phenyl]-9H-carba-
zole-2,7-diamine (C-Sty3) was synthesized from the coupling
reaction between 2,7-dibromo-9-(4-vinylbenzyl)-9H-carbazole
and 4-methoxy-N-[4-(4-vinylbenzyloxy)phenyl]aniline. The
structures of C-OMe, C-Sty2, and C-Sty3 were characterized
by 'H and "*C NMR, ESI-MS (Figures S1—S4), FT-IR, and
CHN elemental analysis techniques.

The solution-state absorption properties of C-OMe, C-Sty2,
and C-Sty3 were studied in different solvents like N,N-
dimethylformamide (DMF), THF, chlorobenzene, and toluene
(Figure SS and Table S1). Absorption spectra of these D—z—
D derivatives showed slight negative solvatochromism,
indicating minor perturbations in the dipole moments during
the excitation process. For example, C-Sty3 showed an
absorption maximum of 394 nm in toluene, with a blue shift
of 8 nm in the more polar DMF. The observed negative
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Figure 1. (A) Cyclic voltammograms of C-OMe, C-Sty2, and C-Sty3 in chlorobenzene (supporting electrolyte 0.1 M TBAPF; scan rate SO mV/
s). (B) Square-wave voltammograms of C-OMe, C-Sty2, and C-Sty3 in chlorobenzene (supporting electrolyte 0.1 M TBAPF). (C) DSC heating
curves of C-OMe, C-Sty2, and C-Sty3 with a heating rate of 10 °C/min under a nitrogen atmosphere.
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Figure 2. (A) Normalized FT-IR spectra of C-Sty3 before and after cross-linking. (B) WAXD pattern of C-Sty3 before and after cross-linking. (C)
UV—vis absorption spectra of C-Sty3 before and after cross-linking and after rinsing with chlorobenzene. (D) Cyclic voltammograms of C-Sty2x
and C-Sty3x films on FTO in 0.1 M TBAPF,/acetonitrile (scan rate SO mV/s).

solvatochromism could be due to a larger dipole moment and
better stabilization of the ground state in polar solvents, which
is observed prior to 2,7-donor-substituted carbazole deriva-
tives.”””> These derivatives showed negligible absorption
beyond 450 nm, ensuring complete transparency in the visible
range. Further, these derivatives were moderately fluorescent in
both the solid state and solution with emission maxima in the
410—425 nm range and 1-10% solid-state fluorescence
quantum vyields (Figure S6 and Table S1). However, their
fluorescence were significantly quenched in annealed amor-
phous films and devices due to self-quenching. Solution-state
CV and square-wave voltammetry analysis of all of the
carbazole—diphenylamine derivatives showed two reversible
anodic peaks corresponding to the formation of polarons and
bipolarons at 0.55 and 0.8 V, respectively (Figure 1A,B).

In general, organic small molecules form poor quality films
on glass, indium-doped tin oxide, and FTO substrates, which is
unfavorable for the fabrication of efficient EC devices. Thermal
cross-linking of small molecules is shown to be an effective
strategy to improve the film, thermal, electrochemical, and
long-term operational stabilities of EC devices. Two/three
styrene moieties were introduced in a C-Sty2/C-Sty3
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structural design to understand the effect of cross-linkable
functionalities in the film formation and EC device properties.
The formation of stable, thermally cross-linked films was
confirmed via DSC, FT-IR, WAXD, UV-vis, and AFM
analyses. Here onward, the films formed via thermal cross-
linking of C-Sty2 and C-Sty3 are represented as C-Sty2x and
C-Sty3x, respectively. DSC analysis showed an endothermic
melting curve at 141 °C for C-OMe, whereas the melting
temperature shifted to lower temperatures for the other two
derivatives (C-Sty2 at 94 °C and C-Sty3 at 109 °C). The
cross-linking temperature was observed after melting tran-
sitions at 166 °C for C-Sty2 and 153 and 170 °C for C-Sty3,
which was absent for C-OMe (Figure 1C). FT-IR spectra of
the compounds before and after thermal cross-linking
displayed the absence of peaks attributed to the out-of-plane
deformation vibration of the vinyl group present in the
monomer. The peaks at 991 and 909 cm™" of C-Sty2 and 989
and 911 cm™' of C-Sty3 were significantly attenuated after
polymerization, indicating efficient cross-linking of the films
(Figures 2A and S7A). WAXD studies of C-Sty2 and C-Sty3,
before and after thermal cross-linking, showed a change from a
more crystalline phase to an amorphous phase after thermal
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Figure 3. Spectroelectrochemical responses of (A) C-Sty2x and (B) C-Sty3x films on FTO (the thicknesses of the films used are 150 + 10 and 130
+ 10 nm for C-Sty2x and C-Sty3x, respectively) and transmittance spectra of (C) C-Sty2x and (D) C-Sty3x films at the colored (1.5 V) and
bleached (0 V) states. The thicknesses of the C-Sty2x and C-Sty3x films used for transmittance study are 245 + 10 and 230 + 10 nm, respectively.

annealing (Figures 2B and S7B). The UV-—vis absorption
spectra of thin films of C-Sty2 and C-Sty3 on quartz substrates
with and without thermal annealing above 150 °C showed
slight changes in absorbance with apparent hypsochromic shift
after cross-linking. These changes indicate reorganization of
the chromophores in the amorphous state, leading to better
surface coverage after cross-linking.” The absorption spectra of
cross-linked films before and after washing with chlorobenzene
showed negligible changes in absorbance, indicating a high
solvent resistance of the cross-linked films (Figures 2C and
S8). On the other hand, non-cross-linked films of all
derivatives are readily dissolved in most organic solvents.
Square-wave voltammetry analysis displayed two reversible
peaks with half-wave potentials at 0.5 and 0.76 V for C-Sty2x
and 0.56 and 0.8 V for C-Sty3x, which are attributed to
successive one-electron oxidations of the two diphenylamine
units (Figure S9), leading to mono- and dicationic oxidized
states. The cyclic voltammograms of the films are shown in
Figure 2D. The electrochemical stability of the cross-linked
films was determined by performing continuous 500 switching
cycles in 0.1 M TBAPF¢/acetonitrile, and both films
demonstrated very good switching stability with negligible
changes at 20 s pulse width with a transmittance loss of 3% for
C-Sty2x and 1% for C-Sty3x at 890 and 850 nm, respectively,
indicating the materials’ stability toward voltage switching
(Figure S10). Both materials showed comparable switching
stability with reported triphenylamine-based EC materials
prepared by electropolymerization and thermal annealing
methods.”>>* The film morphology plays an important role
in modifying the EC properties of the polymer. The surface
morphology changes upon thermal cross-linking were further
probed by AFM analysis (Figure S11), which showed better
surface alignment upon cross-linking with an apparent
reduction in surface roughness values. For example, for C-
Sty2/C-Sty2x, the arithmetic roughness average of the surface
(R,) changed from 2.76 to 1.97 nm and the root-mean-square
surface roughness (R,) changed from 3.4 to 2.51 nm, while for
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C-Sty3/C-Sty3x, R, changed from 0.357 to 0.141 nm and R,
changed from 0.449 to 0.172 nm. C-Sty3 after polymerization
formed cross-linked films with lower roughness and thickness
than C-Sty2. Both films exhibited rigid and regular
morphology, with C-Sty3x having clear grains and a compact
surface compared to C-Sty2x (Figure SI1C,F). The thermal
stability of these derivatives were probed via TGA, and the
decomposition temperature (T3) at 5% weight loss under
nitrogen was found to be 380, 410, and 427 °C for C-OMe, C-
Sty2, and C-Sty3, respectively (Figure S12). Both cross-
linkable derivatives, C-Sty2 and C-Sty3, displayed good
thermal stability without much weight loss up to 400 °C.
The film-state photoluminescence spectra of C-Sty2 and C-
Sty3, before and after thermal cross-linking, exhibited
complete quenching of the fluorescence after cross-linking,
due to enhanced aggregation-induced quenching in the
amorphous, cross-linked polymer (Figure S13).

The spectroelectrochemical responses of the films on FTO
substrates were studied by applying different potentials from 0
to 1.5 V (Figure 3A,B). C-Sty2x and C-Sty3x showed similar
absorption changes against the applied potentials. For C-Sty2x,
the initial neutral state has an absorption maximum of around
372 nm, the absorbance of which gradually decreases with an
increase in the applied potential from 0 to 1.5 V. From 0 to 0.8
V, absorption around 483 nm and a long-wavelength
absorption band above 1000 nm developed, which correspond
to monocation formation, and the film color changed from a
transmissive colorless to a transparent light-yellow state. From
0.8 to 1.5V, a broad absorption covering from 600 to 1100 nm
with two peaks around 830 and 987 nm was formed, and the
color of the film changed from yellow to dark blue (Figure
3A). Similarly, the neutral state of C-Sty3x displayed an
absorbance maximum around 375 nm, which gradually
decreased when voltages from 0 to 0.85 V were applied, with
concomitant formation of new absorptions around 477 nm and
above 1000 nm. A further increase in voltage from 0.85 to 1.5
V, resulting in a broad absorption peak in the visible—near-IR
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range with absorbance maxima around 830 and 987 nm. The
color of the C-Sty3x film has varied due to differences in
absorbance in a manner similar to that of C-Sty2x, with a
significantly deeper blue during the second oxidation (Figure
3B). The transmittance changes of the films in the colored (1.5
V) and bleached (0 V) states showed a contrast difference (AT
%) of 65% at 890 nm for C-Sty2x and 78% at 850 nm for C-
Sty3x on FTO substrates (Figure 3C,D). The coloration
efficiency of the films was calculated using the formula for the
coloration efficiency, 1 = log(T,,/T.)/Qy where T}, and T, are
the transmittances of the films in the bleached and colored
states at a particular wavelength, respectively, and Qy is the
amount of charge transfer per unit area. The coloration
efficiency was determined to be 162 cm?/C for C-Sty2x at 890
nm and 248 cm?/C for C-Sty3x at 850 nm. The double-
potential-step chronoamperometry of the films was conducted
in order to find the charge (area under the curve) and is shown
in Figure S14. Despite having a thinner film than C-Sty2x (film
thickness = 245 + 10 nm), C-Sty3x (film thickness = 230 + 10
nm) produced a high contrast of transmittance changes with
the highest degree of coloration efficiency at 850 nm,
demonstrating the impact of charge transfer in different
kinds of cross-linked films.

EC devices were fabricated by following the architecture
FTO/electrolyte/EC layer/FTO, as shown in Figure 4.

Glass

Electrochromic material

& s Electrolyte

FTO

——— Glass

09V

Figure 4. Device architecture and images of the devices (A) C-Sty2
and (B) C-Sty3 at applied potentials of 0, 0.9, and 2 V.

Materials were spin-coated onto electrodes, thermally cross-
linked, and then used as the EC layer. The thickness of the C-
Sty2x and C-Sty3x films used for device fabrication were 245
+ 10 and 230 + 10 nm, respectively. Figures 4A and 4B show
photographs of the devices at 0, 0.9, and 2 V, and the
corresponding transmittance spectra demonstrated a change in
transmittance of 61% for the C-Sty2x device and 70% for the
C-Sty3x devices at 890 and 850 nm, respectively (Figure
S15A,B). The color of the devices changed from transparent (0
V) to transmissive yellow (0.9 V) to dark blue (2 V) in both
cases with L*a*b* values for the colors under different applied
voltages as follows. The C-Sty2x device showed L* = 86.74, a*
—1.46, and b* = 9.07 at 0 V, L* = 86.95, a* = —6.14, and b*
=20.6at 0.9V, and L* = 42.73, a* = —7.6, and b* = —11.97 at
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2 V, whereas the C-Sty3x device showed L* = 86.36, a* =
—1.23, and b* = 9.1, L* = 86.68, a* = —6.02, and b* = 20.78,
and L* = 38.03, a* = —8.9, and b* = —15.20 at 0, 0.9, and 2 V,
respectively. The spectroelectrochemical response of the C-
Sty2x and C-Sty3x devices to various applied potentials
showed changes similar to those of the corresponding FTO
films (Figure S1SC,D). CV analysis of the devices exhibited
two peaks around 0.9 and 2 V corresponding to monocation
and dication formation (Figure S16). Multiple cyclic switching
of the devices revealed the stability and switching time through
transmittance measurements with respect to time at different
pulse widths. The transmittance changes (% AT) at 20, 10,
and S s pulse widths at 890 nm (C-Sty2x device) and 850 nm
(C-Sty3x device) showed minor losses in transmittance. For
example, the C-Sty2x device exhibited a transmittance loss of
3% from 20 to 10 s and 6% from 10 to S s pulse-width change
(Figure SA), and for the C-Sty3x device, 5% and 3%
reductions were observed for from 20 to 10 s and from 10
to S s changes in the pulse width, respectively (Figure SB). The
C-Sty2x and C-Sty3x devices showed reasonably good stability
and reversibility over 100 cycles at a switching pulse width of
20 s (Figure S17A,B). Both C-Sty2x and C-Sty3x devices
demonstrated transmittance losses of 6% and 4% after 100
cycles at 890 and 850 nm, respectively. The coloration and
bleaching time required for the C-Sty2x device at 890 nm were
found to be 3.1 and 5.8 s (Figure SC), and those of the C-
Sty3x device at 850 nm were 2.8 and 4.4 s, respectively (Figure
SD). Further, the open-circuit memory of the devices was
studied by monitoring the transmittance change of the
oxidized state of both the C-Sty2x and C-Sty3x devices at
890 and 850 nm, respectively, for over 2 h and 20 min. The C-
Sty2x and C-Sty3x devices retained 75% and 90% of the initial
color even after many hours under open-circuit conditions,
respectively (Figure S18A,B).

A comparison of the spectroelectrochemical and device
properties of C-Sty2x and C-Sty3x showed that C-Sty3x, with
three cross-linkable styrene units, forms smoother films with
rigid and compact surface and exhibited better thermal
stability, darker color in the oxidized state, higher coloration
efficiency, and open-circuit memory. EIS can be employed to
evaluate the electrical conductivity and ion transport of the
cross-linked films. The Nyquist plots obtained via EIS show
the impedance spectra for C-Sty2x and C-Sty3x measured in a
conventional three-electrode configuration in the frequency
range of 100 kHz to 10 mHz. The experimental and model-
based Nyquist plots and equivalent circuit fitted are shown in
Figure 6. The impedance spectra can be divided into two
regions: a semicircle arc in the high-frequency zone and a
straight line in the low-frequency region. The equivalent series
resistance, or R, is given by the intercept on the real axis in the
high-frequency range and consists of the inherent resistances of
the electroactive material, the bulk resistance of the electrolyte,
and the contact resistance at the electrode/electrolyte
interface. The diameter of a semicircle in the high-frequency
range can be used to determine the charge-transfer resistance
(R.), which results from electron diffusion. The slope of the
EIS curve in the low-frequency region can be used to represent
the Warburg resistance (W), which represents the diffusion of
redox species in the electrolyte.>*® The C-Sty2x and C-Sty3x
circuit models obtained after the fitting of Nyquist plots using
EC-Lab software is R; + Q,/(R, + W) + Q,/R;, where Q, and
Q, are the constant-phase elements representing the
capacitance of the electrochemical double layer, R, is the
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Figure 5. Transmittance spectra of the (A) C-Sty2 and (B) C-Sty3 devices at 890 and 850 nm, respectively, with pulse widths of 20, 10, and § s.
EC switching of the (C) C-Sty2 and (D) C-Sty3 devices at 890 and 850 nm, respectively.
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Figure 6. (A) Nyquist plots of the C-Sty2x and C-Sty3x films on FTO in 0.1 M TBAPF/acetonitrile measured in a frequency range of 100 kHz to
10 MHz. (B) Experimental and model-based Nyquist plots and the equivalent circuit obtained from EC-Lab software (the active surface area of the

film is 5 cm?).

solution resistance, and R, is the charge-transfer resist-
ance.”’ ™ The high-frequency part gives R; values of 44.02
and 34.55 Q for C-Sty2x and C-Sty3x, respectively, and the
fitted R, values for C-Sty2x and C-Sty3x are 101.7 and 62.99
Q, respectively. The absence of a prominent semicircle arc in
the high-frequency area and low charge-transfer resistance
indicates fast charge transfer at the film/electrolyte interface,
implying improved conductivity of C-Sty3x.%

A further comparison of the device properties of the
carbazole—diphenylamine derivatives with previously reported
D—7—D derivatives with fluorene® and tetraphenylethylene’ 7
cores revealed that the z core and nature of cross-linking have
a significant influence on the EC device properties. For
example, derivatives with a cross-linkable fluorene core
(FDOMe-X)® showed transparent-to-dark-blue coloration
upon oxidation, while TPOSt-X with a tetraphenylethylene
core’ exhibited a transparent-to-dark-gray electrochromism
along with significant electrofluorochromism from a highly
fluorescent neutral state to a dark oxidized state. Compared to
these derivatives, C-Sty2x and C-Sty3x showed significantly
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different coloration properties with a transparent-to-dark-blue
EC change upon oxidation, with significant absorption
spanning the visible range (Figure S19). Compared to all
other derivatives, hyper-cross-linked C-Sty3x showed better
coloration efficiency and optical contrast, with a significantly
lower switching response time for coloration and bleaching.
Thus, the D—7—D design strategy with multiple cross-linking
units and different 7 cores provides a series of organic EC
materials with tunable properties (Table S2).

4. CONCLUSIONS

In conclusion, we have developed and discussed the EC
properties of two D—a—D-type carbazole—diphenylamine
derivatives, C-Sty2 and C-Sty3, incorporated with two and
three styryl units, respectively, and compared the cross-linking
effect on the EC properties. The cross-linking properties were
examined thoroughly with different techniques like FT-IR,
DSC, AFM, WAXD, etc. The CV and spectroelectrochemical
studies of the C-Sty2x and C-Sty3x films and devices revealed
mono- and dication formation with a color change from a
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colorless, transparent initial state to a transmissive yellow and
then to dark blue. The maximum color contrast obtained from
the transmittance plot is 62% at 890 nm for the C-Sty2x device
and 70% at 850 nm for the C-Sty3x device. The devices
exhibited good switching stability with low switching voltages,
relatively low switching time, and excellent open-circuit
memory. In contrast to C-Sty2, C-Sty3 with three styryl
subunits forms films that are rigid, smooth, and compact with
reduced thickness, regular morphology, and clear grains. C-
Sty3x performed better in terms of coloration efficiency,
optical contrast, and open-circuit memory. The EIS studies
showed fast charge transfer at the C-Sty3 film/electrolyte
interface than C-Sty2 films with R values of 62.99 and 101.7
€, respectively, corroborating the enhanced EC properties of
C-Sty3 film-based devices. The EC performances of the C-
Sty3 polymer were compared to those of previously reported
D—7—D systems with fluorene and tetraphenylethylene as z
cores and two cross-linkable styrene moieties, demonstrating
the strategy to aid a new material design for obtaining EC
materials with higher coloration efficiency, contrast, and optical
memory. Thus, the derivatives with their easy synthesis,
solution processability, extensive cross-linked and stable film
formation having increased solvent resistance, good coloration
efficiency, and optical contrast, and open-circuit memory give
the potential for these materials to turn out to be suitable for
EC applications.
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