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Synopsis

Electrochromic materials which reversibly modulate optical transmittance by applying
potentials are the key components for energy saving and colour-tuning applications,
especially in smart window technology which switch between dark state and a colourless
state to control solar heat and increasing the energy efficiency of buildings sectors.
Organic ECMs include conducting polymers and small organic molecules that have a
large degree of conjugation have the advantages of good optical switching, fast response
time, flexible device fabrication, large coloration efficiency, low driving voltage, and
easy molecular design. The present thesis deals with electroactive and photoactive
Triphenylamine based different donor acceptor donor based EC polymers which are
synthesized by oxidative electrochemical deposition method on conducting surface.
Triphenylamine based DAD type EC polymers exhibit strong colour change at low
working potential. All works embodied in thesis have been performed in School of
Applied and Interdisciplinary Sciences (SAIS) of Indian Association for the Cultivation
of Science, Jadavpur, Kolkata-700032 under the supervision of Prof. Sudip Malik.

This thesis is divided into five chapters. Chapter 1, introduces a brief discussion about
Electrochromism, different types of Electrochromic materials, literature on Triphenyl
amine based EC materials, the important parameters which control the Electrochromism,
Electrodeposited polymerization technique, the appearance of different colours with
voltage change, the mechanism of colour change, Electrochromism with device

fabrication.

Chapter 2, deals with the characterization technique after monomer formation like NMR,
MALDI-TOF, HRMS, FTIR. FESEM and AFM technique for polymer film morphology
characterization and photo physical UV-Vis spectroscopy for film absorbance
characterization. Electrochemical technique like Cyclic Voltametry,
Chronoampherometry and Spectro-electrochemical technique for checking EC

performance.



Chapter 3 describes the influence of number of electropolymerizable group of the donor
side on electrochromic behaviors, three donor-acceptor-donor type monomers containing
isonaphthalene diimide as acceptor core and electro-polymerizable triphenyl amine (TPA)
as the donor moiety have been designed and successfully synthesized via imidization of
isonaphthalene anhydride with corresponding TPA derivatives. Three polymers show
multi-electrochromic properties in a reversible manner with the colour change from
colourless to brown to blue at low working potential. Spectro-electrochemistry studies of
these films have revealed the high optical contrast (51.4%, 69.8 %, 84.5% respectively) of
these polymers with the very fast bleaching (less than 1 s) and coloration (less than 2 s)
time with very high coloration efficiencies. The electro switching stability has been

performed up to 500 cycles and activity loses only 10% after 3000 s.

Chapter 4 presents the effect of different acceptor core like pyromellitic dianhydride,
naphthalenetetracarboxylic dianhydride, perylenetetracarboxylic dianhydride and terminal
triphenylamine based three DAD type monomers which are subsequently
electropolymerized on conductive glass surface to have polymers which are explored by
cyclic voltammetry studies. Density functional theory (DFT) studies disclose that HOMO
is localized solely on triphenylamine unit which accounts for the electropolymerization
process upon oxidation. Besides, TD-DFT calculations unveil the responsible electronic
transitions for electrochromism in the polymers. Three polymers exhibit the reversible
multiple colour changes of colourless to brown to deep blue in the anodic region by
applying voltage 0 to 1 to 1.2 V and also colourless to deep pink in the cathodic region
(voltage window of 0 to -2 V) with attractive response times, optical contrast, switching
stabilities, and coloration efficiencies. These polymers can be switched upto 10,000
cycles with the colouration efficiency 800 cm?/C in the anodic process and 600 cycles for
the cathodic process in a three electrodes configuration.

In_Chapter 5, Several triphenylamine end capped to substituted central naphthalene
tetracarboxylic diimide based four donor - acceptor - donor type electroactive monomers
have been designed and developed to explore the effect of substituent on the formation of
electro-polymers and subsequent the chromic effect of prepared films on the conductive
surface. Initially, with the help of density functional theory (DFT) studies, it has observed

that HOMO is located over triphenylamine unit, responsible electropolymerization
iv



process upon oxidation, LUMO is residing on the central naphthalene core, and all
substituents are not coplanar with naphthalene moiety. Also, the band gap energy is
gradually decreased with the effect of strong electron withdrawing substituents on NDI
core. In three electrode configuration, reversible multiple colour changes of brown to
deep blue by applying voltage 0 to 1.1 V and also brown to deep pink with the voltage
change of 0 to -2 V are investigated with relatively good response times, optical contrast,

switching stabilities, and coloration efficiencies.

Chapter 6 represents the overall work summary with future scope.
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Saving energy in automobile industry and building sectors mainly focus on
maintaining comfortable and healthy indoor environment. Reversible modulation of
the indoor environment is one of the suitable approaches to adjust it according to our
daily needs. Now-a-days, it is possible to a greater extent with the integration of so-
called chromogenic technologies into daily used items like automobiles, glazing in
buildings, planes and various electronic displays as they can change their optical
properties in a response to different external stimuli namely temperature
(thermochromism), light (photochromism), external potential (electrochromism) and
polymer dispersed liquid crystals. Among various chromogenic technologies,
electrochromism has been considered to be superior compared to other technologies
as electrochromic technology allows user friendly control of switching which is not

directly possible by means of thermochromism or photochromism.
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1.0. INTRODUCTION

With the progress of modern display technologies, the electrochromic display which
IS a non-emissive display, has received considerable attention [1-5]. The working
principle of this display is based on a redox mechanism to produce colour and
transmittance changes those present in displayed content [6-18]. Commercialized
displays namely liquid crystal, organic and inorganic (quantum-dot) light-emitting
diode displays and some other non-emissive displays like electrophoretic and
dielectrophoretic, electro-wetting and photonic crystal displays and recently used EC
displays are still in the preliminary stage and practically non-viable [19-27]. EC

displays are the potential candidates for the long-awaited next-generation displays.

1.01. Electrochromism: discovery and applications

Discovery: The term “Electrochromism” was first coined by Platt in 1961 but the first
change ofcolour by electrochemical means was observed by Kobosew and
Nekrassowin 1930 due to electrochemical reduction of a bulk tungsten oxide. In 1969,
Deb demonstrated the electrochromism with tungsten oxide films and it was really the
true birth of electrochromic technology. In 1971, Blanc and Staebler produced an
electrochromic effect which was superior to most of the previously published report.
Nowadays, Deb’s paper form 1973 is quoted as the work responsible for the true birth
of electrochromic technology. In 1972, Beegle succeeded in developing a display with
identical counter and working electrodes. In 1975, a significant progress was achieved
by Faughan et al. in the field of the electrochromic display device. People interest
towards electrochromic materials was gradually increasing in the mid 1980 when they
apply power efficient EC smart windows in building blocks consisting two electrodes

and electrolytes.
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1.02. Applications

The phenomenon of electrochromism is associated with some reversible colour
change by some redox reaction in presence of external voltage. Even this term
includes the modulation of the electromagnetic spectrum [28], this will be restricted to
the visible region. The electro active moiety is either reduced or oxidized by an
external voltage. The redox forms exhibit different transitions between the ground

state and excited states.

1000

800 4

600 4

400 4

Number of articles

200 4

CI T L T T T T
1970 1980 1990 2000 2010 2020

Year

Fig.1.01. Number of published articles on EC fields from 1970 to 2021.

Therefore, the redox forms require certain energy for electronic transition, by
absorbing photons from electromagnetic spectrum, a colour change occurs in the
visible region [29-32]. In the last few decades, EC materials have great interest as
electronic paper and smart window for the automobiles and building sectors, optical
information and storage device, rear viewed mirrors, helmet visors, protective
eyewear, air craft canopies, climate adaptive building shell (CABS) [33-37]. Fig.1.01.
represents the number of published articles on EC fields from 1970 to 2021.

1.03. Commercialization:

Smart windows have been produced by the renowned company, View Inc., Sage

Electrochromics Inc. USA, but their practical applicability was limited for long-term

4
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cycle switching process, nearly 100 000 cycles are needed for application purpose
[38, 39]. EC windows developed by Sage Glass are pass the test ASTM-E-2141-06.

Electrochromic antiglare mirrors (rear viewed) have reached the market successfully
and widely commoditised by many branded vehicles. This requires very fast
switching times which is less than 5s and the temperature requires in between +10 to
+40°C. Companies like Gentex and Donnelly have showed bluish coloured that
requires continuous power supply for maintaining its coloration. Another EC systems
like smart sunglasses and tint-visor helmets provide visual comfort for the driver [40-
42].

Pixel displays
Electrochromic =
devices 'o’;‘« Commercialized
displays
Electrochromic \\ 9
materials
A2 E o = On Sale !I!
) ¢ = 5 98 &
- (22N
v ; (C-Ju
: N Segmented
displays

Fig.1.02. Advantages and values of electrochromic materials and corresponding developmental
trajectory from electrochromic devices to mainstream display prototypes (segmented displays and pixel

displays) and commercialized displays.

In informative display panels like in airports, shops, rail stations, city squares, EC
displays have a great applicability due to their prominent view from any viewing
angle having paper-like appearance. EC materials which offer colourless-to gray or
black electrochromism, provide multicoloured behaviour for maintaining device

architecture which remains a challenge till now [43].

Currently two display prototypes are existing, one is segmented display and another is
pixel display shown in Fig.1.02. In According to different working strategy and
information storage capacities, these two prototypes are divided. Compared to
antiglare rear view mirrors, smart windows, an ideal electrochromic display has high

performance requirements, as for examples, faster switching capability, faster

5
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response times for fast information transferring and better cycle stability and also high

durability to support their for lifetime, and high optical contrast for having an

enjoyable reading moment. Admittedly, EC displays till have far away to reach for

practical application due to its immature and imperfect presentation at this stage.

1.04. Advantages of Electrochromic display over others

The comparison of Electrochromic display with other displays is showing in Table

1.1. Some properties of ECD is comparable to the LCD with extra advantage that

different colours form without adding external dyes, does not depending on viewing

angle [44].

Table 1.1. A comparison of EC display with other displays

Serial no | property | ECDs EP FELC DSLC DS
displays | displays | displays | displays
1 Viewing Wide Wide Narrow | Narrow | Narrow
angle
2 Colour Two or | Two dye B/W B/W
more
3 Operating | dc pulse | dcpulse |ac ac ac
mode
4 Voltage 0.25-20 | 30-80 2-10 10-30 2-30
(V)
5 Memory | Yes Yes No/Yes No/Yes No
6 Write 100-1000 | 60 20 20 20
time (ms)
7 Erase 100-500 | 30 1-500 100 30
time (ms)
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ECDs = Electro chromic displays

EP = Electro phoretic displays

FELC = Field effect liquid crystal displays

DSLC = Dynamic scattering liquid crystal displays

DS = Dipole suspension displays

1.05. Main classes of EC material:
There are mainly three types of EC materials.

a. Inorganic based EC materials which includes transition metal oxides, prussian blue

system,

b. Organic based EC material which includes viologen, conjugated conducting

polymers,

c. Transition metal coordination complexes.

1.05.01. Transtion metal oxides

Many transition metal oxide films are electrochemically switched to a non-
stoichiometric redox state which has an intense electronic absorption band due to
optical intervalence charge transfer [45, 46]. Among them transition metal oxides
have been one of the most widely studied classes of EC materials. Depending on the
metal oxide, either anodic or cathodic colouration is observed, Cr, Mn, Fe, Co, Ni,
Rh, and Ir are anodically colouring, whereas Ti, Nb, Mo, Ta, and W are cathodically
colouring. There are two principally different kinds of EC oxides: those referred to as
‘cathodic’ and colouring under ion insertion, and the ‘anodic’ ones that colour under
ion extraction. For the electrochromism of WO; although there is still controversy
about the detailed colouration mechanism, it is generally accepted that the injection
and extraction of electrons and metal cations (Li*, H) play a key role [47-49].

Fig.1.03. represents tungsten oxide film used in flight window.
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WOz +x(Li*+e&) —— LixWiugWx¥ O3

At low x, the films show an intense blue colour because of photo effected inter-
valence charge transfer between WY and WV sites. At higher x, insertion irreversibly

forms a metallic bronze which is red or golden in colour.

R e <

Fig.1.03. Tungsten oxide film used in flight window.

Tungsten trioxide coatings have been produced by different deposition techniques like
thermal evaporation in vacuo, electrochemical oxidation of tungsten metal, chemical
vapour deposition (CVD), sol-gel methods and by RF-sputtering. When tungsten
oxides mixed with other metal (like Ti, Li, C, N, V, Ni, Nb, Mo, Ru, Sn, Ta,
polyoxometalates) have improved the EC properties that those of the pure oxide [50-
52]. The addition of Ti with tungsten leads to enhanced cyclic stability by stabilizing
a highly disordered structure. Electrochromism of mixed W-Ti oxide has been
reported for films made from W-Ti oxide core shell nanorods and on WOs3-TiO-
nanocomposites and nanotube arrays. Investigators also have been reported on W
oxide containing coinage metal nanoparticles of Ag, Pt, and Au that are capable of
giving Plasmon induced optical absorption of visible light. Hybrid materials also have
been developed such as WOs-Hw where, Hy indicates PEDOT : PSS, chitosan (PEO),
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PBZT, PANI or an electropolymerized deposit. Many other thin film transition metal

oxides are electrochromic [53-56], for example oxides of molybdenum and vanadium,

MoOs + X (M*+€&) —————MxM0" (1) MoYx O3
(transparent) (blue)
V205 + X (M*+6) ———» MyV20s

(yellow) (pale blue)

Here, the intensely absorbing redox state is produced on reduction. In contrast, group
8 metal oxides become coloured on electrochemical oxidation, as in the case of
hydrated iridium oxide (strictly iridium hydroxide). Mechanism for colouration is

proton extraction and anion insertion routes being proposed in the following equation.

Ir(OH); ——— 1Ir02.H 0 + H" + &
(transparent) (blue black)

Ir(OH)3; + OHF —— » 1r02.H20 + H20 + ¢
(transparent) (blue black)

Iridium oxide is too expensive for most applications, even if diluted with less costly
Sn or Ta. However, Ni oxide is adjudged as a good alternative as discovered many
years ago. Ni oxide based films are used in several of today’s smart windows with EC
properties. A major present aim is the development of ‘smart windows’ for control of
thermal conditions within a building, thereby reducing winter heating and summer
cooling requirements. Glass manufacturers have recognised this opportunity, with the
Pilkington Technology Centre having produced a prototype electrochromic window
(dimensions 0.7 X 1 m) which when coloured is capable of reducing light
transmission by a factor of four. In the development of such variable transmission
windows, glass companies favour the sputtering technique because it is already in

place for the production of a range of coatings for architectural glazing [57-60].
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1.05.02. Prussian blue

Prussian blue is a number of polynuclear transition metal hexacyanometallates that
form an insoluble mixed-valence compound. PB thin films are generally formed by
electrochemical reduction of solutions containing iron (iii) and hexacyanoferrate ions.
Reduction of PB vyields Prussian white (PW), also known as Everitt’s salt, which
appears transparent as a thin film. The intense blue colour in the [Fe"Fe!'(CN)g]
chromophore of PB is due to an intervalence charge-transfer (CT) absorption band
centred at 690 nm. The aqueous solution of PB[Fe'"Fe'"'(CN)e] is reduces, where by
PB[Fe""Fe''(CN)g] is deposited in form of blue film and electro neutrality in solution

is solely maintained by K* present in the electrolyte.

[Fe"Fe(CN)e]° +&&¢ —— [Fe''Fe''(CN)e]

Partial electrochemical oxidation of PB produces Prussian green, known as Berlin
green. Generally, Prussian green has a fixed composition with anion, for thin films
there is a continuous composition range between PB and Prussian brown, which
becomes a golden yellow in the fully oxidised form. The latter is also obtained by
electrochemical oxidation of a particularly pure form of PB in the following equation.

[Fe"'Fe"(CN)s] —— [Fe'"'Fe"(CN)s]® + €
Prussian blue Prussian brown

Reduction of PB yields Prussian white, also known as Everitt’s salt, which appears

transparent as a thin film according to the following equation,

[Fe""Fe'CN)i] +&=  ——> [Fe'Fe'(CN)J>

(Prussian blue) (Prussian white)
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Replacing the coordinate iron in the PB framework with other transition metals results
in a distinct Prussian blue analogue (PBA) showing a different colour and is used as
in modified electrode studies. As majority are expected to be electrochromic,
absorption spectra as a function of redox state have rarely been reported and only
ruthenium purple [iron (I11) hexacyanoruthenate (I11)] and osmium purple [iron (I11)
hexacyanoosmate (I1)] are used in ECDs. Moreover, Ruthenium hexacyanoferrate
(Ru-PBA) changes its colour from transparent to purple. Co-PBA produces pale green
to reddish brown, Cu-PBA reveals pale yellow to red and Ni-PBA created transparent
to yellow electrochromism [61]. With increasing voltage to +0.50 V, the original PB
peak shifts to higher wavelengths continuously with decreasing absorption, but 425
nm peak increases, due to the increasing [Fe'""Fe''(CN)s] absorption.

1.05.03. Organic EC materials

1.05.03.01. Viologen systems

4,4 " bipyridylium salts is known as ‘Viologens’. The compound is named as 1,1 ' -
disubstituent-4,4' -bipyridylium if two substitution on nitrogen are same, and 1-
substituent- 1' substituent- 4,4 ' -bipyridylium they should differ. The prototype, 1,1 ' -
dimethyl-4,4 ' -bipyridylium, is known as methyl viologen (MV). Among three redox
states, the dication form is the most stable and colourless (scheme 1.1). Electron
transfer by reduction to viologen forms coloured radical cations. Due to the
delocalisation of the radical electron, through the IT framework of the bipyridyl
nucleus, the dication form is stable.

Electrochromism for viologens is due to the viologen dications, the radical has a
positive charge which is delocalised. Colouration is arising from intra-molecular
charge transfer. Alkyl groups promote a violet colour where as aryl groups impart a
green colour to the radical cation. The colour intensity have exhibited by double
reduction of viologen is less, since no optical transfer occurs in the visible
wavelengths. For display purpose, the write and erase efficiency of any ECDs using
small alkyl chain viologens such as MV in aqg. electrolytes should be low due to that
both dicationic and mono radical cation are highly soluble. Improvements can be

made in MV ECDs by reducing the rate, at which the radical will perform electron
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transfer diffusion away from electrode and also in the solution either by taking the
dication on the surface of an electrode, another way is by immaobilising the viologen
within a semi-solid electrolyte like Nafion.

F{-—N*;\ / \ —R

Scheme 1.1. Three common redox states of viologen.

High response times are not essential in EC car rear viewed mirrors and in ‘smart
windows’. Gentex’s commercialised auto-dimming ‘Night Vision Safety’ mirror
functions by solution electrochromism. A cationic viologen provides cathodic
colouring EC material, with a —ve ly charged phenylene diamine acting as anodically
colouring EC material. Gentex Corporation is marketing rear view mirrors to 16 main
vehicle manufacturers. NVS mirrors are available on 95 modelled vehicles. This
company also have produced wing mirrors, from 1987 to the end of 1996, 10 million
EC mirrors have been sold. Now a day, commercial application such as railway
termini, long term data displays are now use a nano structured EC organic/inorganic
dual system, where EC groups like phophonated viologens and phenothiazine
molecules attach to a very high surface area porous film [62, 63]. Here two metal

oxides have been used, one at —ve glass electrode and another is at +ve electrode.
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Negative electrode is coated with TiO2 which is coated with layer of viologen
molecules. The +ve electrode is added with another crystalline film which is making
from antimony doped tin dioxide. This film has phosphonated phenothiazine
molecules layer. Normally, these molecules show a light yellow colour, but on
oxidation, they turn red. The EC cell is sealed with an electrolyte. ECD switched from
colourless to deeply coloured state by applying voltage 1.2 V. This is due to the
viologen reduction, turning blue and on oxidation the phenothiazine turns red. Overall
result is blue-red colour, when the potential is reversed the colour will remove. This
cycle repeated for several times without no significant degradation. The colour exists
for greater than 600 s although removal of the voltage [64].

The disadvantage of viologen electrochrome is that once the dual EC colouration
process has started, the electrochromes will diffuse away and mixed with the
intervening solution. Therefore, ECD requires a small amount of current flow for the
removal of the colour, electro active systems lost by mutual redox reaction. Bleaching
occurs when the circuit is open by homogeneous electron transfer to the bulk solution.
A photosensitive detector is kept to monitor dazzling incident. However, this will be
triggered in daylight, causes unwanted darkening. To avoid this problem, a second
looking detector is employed, which operated when daylight is programmed it cancels

the operation of controlling sensor.

1.05.03.02. Conducting polymers

Conducting polymers have been known since 1862, when electrochemical synthesis
of polyaniline yields a black coloured powdered. After discovery of metallic like
conductivity of polyacetylene by Hideki Shirakawa, Alan Heeger and Alan
MacDiarmid in 1977 that led to Nobel prize in Chemistry in 2000 [65, 66]. The three
pioneers explained lucidly that conjugated polymers became conductive if C-atoms
were linked through alternative single and double bonds and e s were removed or
introduced by redox processes. Heeger et.al demonstrated that the conductivity of
trans poly acetylene increased seven orders in magnitude upon iodine doping.

Electrochemical oxidation of aromatic molecules like thiophene, pyrrole, furan,

aniline, azulene, carbazole, indole forms novel conducting polymers. On oxidation,
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conducting polymers ‘doped’ with balancing counter anions and it possess a

delocalised band structure, the band gap between valence band and conduction band

determines the optical properties. Oxidation introduces polarons those are major

charge carriers. On reduction, the neutral ‘undoped’ electrically insulator forms.

Theory of conjugated conducting polymers

Band Theory

Depending on conductivity, materials can be divided into 3 categories, conductors,

semiconductors, insulators. Band theory explains the conductivity of a polymeric

material. According to the band theory, when two half filled orbitals are overlapped,

new orbital is produced, one is at lower energy and another is at higher energy. The

energy difference is calculated by how much extend of orbital overlapping occurs.

_a

Increasing energy

overlap

conduction
band

Fermi energy (¢ 2and gap

valence
band

metal semiconductor insulator

Fig.1.04. Band structure schematic diagram.

Two electrons move to lower energy orbital which is the bonding orbital and the

higher

energy orbital is an anti-bonding orbital. The energy gap between HOMO and

LUMO is known as band gap (Eg). It is also the difference in energy between the

valence band (VB) and the conduction bands (CB) (Fig.1.04). For metal, valence
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band and conduction band are overlapped. For insulator, band gap is very high (Eg >
3.0 eV). When the band gap neither high nor near to zero (Eqg = 1.30 eV), this type of
material is called semiconductor. For this situation, electron may be thermally excited
and create an empty hole in the upper band [67-70].

Mechanism of conduction
Charge Carriers

The conduction behaviour of the conjugated conducting polymers can be defined by
the concept of solitons, polarons and bipolarons [71]. During doping in CPs, Solitons,
Polarons and Bipolaron named conjugated defect has been formed. Solitons can be

divided into 3 categories.

a. Neutral soliton, S=1/2
b. Positive soliton, S=0
c. Negative soliton, S=0

Charged Solitons are spinless but neutral ones have spin but no charge. By oxidation,
an e is removed from its localized state and positively charged Soliton forms and
similarly when an electron is inserted by reduction, negatively charged Soliton is
produced. Conductivity of CPs increases by the formation of Polarons. A radical
cation is known as Polaron that is partially delocalized over some polymer segment.
After removal, e from the top of the VB of a CP, a vacancy is created, when an
electron is removed that does not delocalize completely. When an e is removed from
an oxidized polymer containing the polaron, 2 things may happen, firstly, this e will
create another independent polaron or from the first polaron level to create special
dication which is called a bipolaron. Generally, a low doping level of polymers
generate polarons, but bipolarons is produced by higher dopping levels. The bipolaron
is structurally deformed. The bipolaron containing two +ve charges are depended pair.
Polarons and bipolarons are mobile and can enter to the polymer network by

resonance in presence of an electric field. If much more bipolarons are produced
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which create narrow bipolaron bands in the band gap and easy to conduct the electron

throughout the system.

1.05.03.02.a. Polypyrrole(s)

The electrochromic properties of polypyrrole are investigated using thin-film
polypyrrole prepared by electrochemical polymerisation of pyrrole from acetonitrile
solution. The oxidative electropolymerisation process is initiated by monomer
oxidation to yield a radical-cation species [72] (Scheme 1.2). Polypyrrole generate in
its oxidised conducting form, follows a mechanism that is believed to involve either
radical-cation/radical-cation coupling or attack of radical-cation on neutral monomer.
Polypyrrole thickness is controlled through the charge passed, further film growth
occurring at the polypyrrole-solution interface. Doped (oxidised) polypyrrole is blue-
violet, on electrochemical reduction yielding the yellow-green. Removal of all dopant
anions from polypyrrole yields a pale yellow film, however, complete de-doping is
only achieved if films are extremely thin. This means that polypyrrole of thickness
commensurate with device construction (> 1 pm) has a low contrast ratio [73]. The
electrochromism of polypyrrole is unlikely to be exploited, mainly due to the
degradation of the film on repetitive colour switching. Conducting polymers with
improved electrochromic properties are however formed on electrochemical
polymerisation of 3,4-disubstituted pyrroles. PPy show lower oxidation than
thiophene analogues. The addition of oxygen at the 3, 4 position lowers the band gap
of the resulting polymer. For Poly(3,4 ethylenedioxy)pyrrole, insertion of charge
compensating anions exhibit a bright red colour in its neutral state and a light blue
transmissive state upon oxidation and has a band gap of 2.05, 0.65 eV lower than the
pyrrole [74, 75]. Substitution at nitrogen of pyrrole has adverse effect due to the
breaking of conjugation. The increase band gap of polymer results in the absorbance
of the transition blue shifted and the intra gap polaron and bipolaron transitions

occurring in the visible region.
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Scheme 1.2. Mechanism of polymer formation from pyrrole.

1.05.03.02.b. Polythiophene(s)

As for polypyrrole, polythiophene thin films may be prepared by the electrochemical
oxidation of solution monomer. Tuning of colour states is possible by suitable choice
of thiophene monomer. For example, the electrochromic properties of polymer films
prepared from 3-methylthiophene-based oligomers are strongly dependent on the
relative positions of methyl groups on the polymer backbone. In research directed to
using the same electrochromic material for both the working and counter electrodes, a
series of conducting polymer films based on 3-(p-X-phenyl)thiophene monomers (R =
-H, -CgHi7, -CusH29) have been investigated [76]. The presence of
electronwithdrawing groups on the phenyl ring serves to assist the stabilisation of the
n-doped state and these materials can be both reversibly reduced and oxidized (n- and
p-doped).
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Table 1.2. Monomers and their colours in different states

Polymer hax/nm and colour

Monomer Oxidised Reduced
Thiophene 730 470

Blue Red
3-Methylthiophene 750 480

Deep blue Red
3.4-Dimethylthiophene 750 620

Dark blue Pale brown
2,2’-Bithiophene 680 460

Blue—grey Red—orange

A large number of substituted thiophenes have been synthesized such as poly(3
substituted thiophenes) and poly(3,4 disubstituted thiophenes). Thin polymeric films
in the doped state are blue and red in the undopped state. However, 3 methylthiophene
has lower oxidation potential than the parent thiophene. Poly (3 methylthiophene) is
purple (Table 1.2) when an absorption maximum at 530 nm (2.34 eV) and turns pale
blue on oxidation. Investigation on structural modifications of the PTh, for colour and
properties tuning has been carried out. For regioregular P3MT and P3HT, both

exhibit red in their neutral states.

P3MT reveals a dark blue on oxidation, P3HT exhibits a light blue colour. On the
contrary, both PEDOT and PProDOT switch between dark blue and a highly P3MT
reveals a dark blue on oxidation, P3HT exhibits a light blue colour. On the contrary,
both PEDOT and PProDOT switch between dark blue and a highly transmissive and
near colourless state. Fig. shows the spectroelectrochemical series for an
alkylenedioxy substituted thiophene polymer, poly (3,4 (ethylenedioxy) thiophene).
The undopped polymer’s shows strong absorption at 2.0 eV due to II- I[T* interband
transition [77-79].
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After doping, the interband transition decreases and two new optical transitions
appear at lower energy, corresponding to the formation of polaron. Further oxidation
leads to formation of bipolaron and lower energies absorption appears (Fig. 1.05).
Facile tuning of the steric effects and effective conjugation we can tune band gaps of
the poly thiophene. For instance, utilization of shorter side chains facilitates the
relaxation of steric distortions, resulting in a red shift of the absorption and colour
transition from orange to red [80]. A large number of polymers displaying vibrant
hues of orange, red, magenta and purple (Table 1.3) within the intermediate range of

the visible spectrum were thus generated.

Table 1.3. Monomers and their colours in different states

Monomer Polymer colour

(figure does not represent the

molecule’s stereochemistry) Oxidised Reduced
! ‘\; Pale blue Purple
S

g Violet Yellow
s s

/A /A Blue Red
s S

/ \ / N\ Blue Orange
S S

() S W/ W Blue Yellow
S S ] ]

!\ /A /A 8 Violet Yellow
s 3 5 8

Ef S},\ f{"sj‘,: ,\:‘" S\} \“’ S\E Blue—violet Yellow

TN NN Y Blue

Yellow—-orange
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Fig.1.05. Spectroelectrochemistry for a poly[3,4-(ethylenedioxy)thiophene] (PEDOT) film on tin-
doped indium oxide (ITO)/glass.

PEDOT or its copolymers are unique example as they have relatively lower band gap
than PTh itself owing the presence of two oxygen atoms adjacent to thiophene units

[81]. Scheme 2 represents some ProDOT based derivatives.
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Scheme 1.2. ProDOT based derivatives.
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Compared to other substituted PThs, these materials exhibit excellent stability in the
doped state, which is associated with high conductivity. Tuning of colour can be
obtained by careful selection of the heterocyclic moieties forming the backbone. Fine
tuning is highly accomplished by the proper choice of electron donating or electron
withdrawing units at the B positions and the steric chains for control of steric

interactions and distortions.

1.05.03.02.c. Polyaniline(s)

The electrical and electrochromic properties of polyaniline not only depend on its
oxidation state, but also on its protonation state, and hence the pH of the electrolyte
used. The electrochemistry of polyaniline thin films has been extensively investigated
in aqueous acid solutions and in organic media, and several redox mechanisms
involving protonation- deprotonation and/or anion ingress/egress have been proposed.
Polyaniline films are polyelectrochromic (transparent yellow to green to dark blue to
black), the yellow-green transition being durable to repetitive colour switching. The
two low-wavelength spectral bands observed in the polyanilines are assigned to an
aromatic n-n* transition (330 nm) related to the extent of conjugation between the
adjacent rings in the polymer chain, and to radical cations formed in the polymer
matrix (440 nm). With increase in applied potential the 330 nm band absorbance
decreases. Beyond +0.30 V the conducting region is entered; the 440 nm band
decreases as a broad free carrier electron band and a 800 nm is introduced.
Polyaniline has been combined with PB in complementary ECDs that exhibit deep
blue, green electrochromism." Electrochromic compatibility is obtained by combining
the coloured oxidised state of the polymer with the blue PB and the bleached reduced
state of the polymer with PG. Whilst electropolymerisation is a suitable method for
the preparation of relatively low surface area electrochromic conducting polymer
films, it may not be suitable for fabricating large-area coatings. Significant effort
therefore goes into the synthesis of soluble conducting polymers such as poly (O-
methoxy aniline) which can then be deposited as thin films by casting from solution.
In a novel approach large-area electrochromic coatings have been prepared by

incorporating polyaniline into polyacrylate-silica hybrid sol-gel networks using
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suspended particles or solutions and then spray or brush coating onto ITO surfaces
[82, 83]. Silane functional groups on the polyacrylate chain act as coupling and cross-
linking agents to improve surface adhesion and mechanical properties of the resulting

composite coatings.

1.05.03.02.d. Metallopolymers

Transition metal coordination complexes are potentially useful electrochromic
materials because of their intense colouration and redox reactivity. Chromophoric
properties typically arise from low-energy metal-to-ligand charge transfer (MLCT),
intervalence CT, intra ligand excitation, and related visible region electronic
transitions. Because these transitions involve valence electrons, chromophoric
characteristics are altered or eliminated upon oxidation or reduction of the complex.
While these spectroscopic and redox properties alone would be sufficient for direct

use of transition metal complexes in solution-phase ECDs, polymeric systems have

Table 1.4. Comparison between inorganic and polymeric EC materials.

Property Inorganic materials Organic polymers

Method of preparation Needs sophisticated | The material can be easily
techniques like vacuum | prepared by  simple
evaporation, spray | chemical, electrochemical
pyrolysis, sputtering etc. polymerization and the
films can be obtained by
simple techniques such as
dip coating, spin coating

etc.

Processibility ~ of  the | The materials are poor in | The materials can be

materials processability. processed very easily.

Cost for making the final | High as compared to the | Low cost as compared to

product polymer based devices. the inorganic materials.

Colours obtained Limited number of colours | Colours depends on the
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are available from a given

material.

doping percentage, choice
0s the monomer, operating
potential therefore large
number of colours are

available for polymeric

material.

Contrast Contrast is moderate. Very high contrast can be
obtained.

Switching time (ms) 10-750 10-120

Lifetime 103-10° 10*-10° cycles

also been investigated [84]. Many schemes have been described for the preparation of
thin-film ‘metallopolymers’, the reductive electropolymerisation of suitable
polypyridyl complexes being a particularly versatile technique. Vinyl-substituted
pyridyl ligands are generally employed, although metallopolymers have also been
formed from chloro-substituted pyridyl ligands, electrochemically initiated carbon-
halide bond cleavage. In either case, electrochemical reduction of their metal
complexes generated radicals leading to carbon-carbon bond formation and
oligomerisation. Oligomers above a critical size are insoluble and thus thin films of
the electroactive metallopolymer are produced on the electrode surface. Repetitive
cyclic voltammograms (CVs) for a typical electropolymerisation process, the film
thickness increases with CV scan number owing to the electrocatalytic reduction of
the fresh solution metal complex monomer by the growing electroactive polymer. The
steady increase in current is attributable to the combined electroactivity of the orange
polymeric film and the inward-diffusing metal complex monomer. The electroactivity
of the resulting modified electrode is stable on transfer to pure supporting electrolyte
solution, transparent electrochromicity being observed. The colour of such
metallopolymer films may be selected by suitable choice of the metal (e.g. M = Fe,
red; M = Ru, orange; M = Os, green). Electrochromicity results from loss of the
MLCT absorption band on switching between the M(l) and the M(Il) redox states.

Interestingly, the chromophoric properties of the coloured state of such
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supramolecular metallopolymers are modified on binding of Group I/1l metal cations
by the crown ether groups. In a recent development, spatial electrochromism has been
demonstrated in metallopolymeric films. Contact lithography can be used to spatially
control the photosubstitution process to form laterally resolved bicomponent films
with image resolution below 10 pm. Dramatic changes occur in the colours and redox
potentials of such ruthenium complexes upon substitution of chloride for the pyridine
ligands. Striped patterns of variable colours are observed on addressing such films
with a sequence of potentials. Table 1.4. represents the Comparison between

inorganic and polymeric EC materials.

1.06. Important parameters for EC display:

1.06.01. Electrochromic Contrast

Optical contrast is the percent of transmittance change at a particular wavelength (Fig.
1.06 and Fig.1.07). The EC contrast is one of the important parameter for overall
performance of an electro-chrome. Transmittance are recorded by applying square-
wave voltage to the polymer film kept in spectrophotometer. Spectro-electrochemistry
that monitors the origination of polarons, bipolarons by applying voltage, can be

utilized to measure the transmittance change. As

Optical modulation
\ &
Contrast ratio

P AN

‘ Response time | Electrochromic | Coloration
display \ efficiency
Durability
\ &
Lifetime

Fig.1.06. Performance indexes for EC display including optical modulation and contrast ratio, response
time, coloration efficiency, and durability and lifetime.
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optical transition in long wavelength is associated with some charge-carrier

production, EC contrast has been evaluated in NIR region.

% Transmittance

400 500 €00 700 800
Wavelength (nm)

Fig.1.07. Representation of Optical Contrast.

1.06.02. Coloration Efficiency (CE)

Coloration efficiency is one of the crucial parameter for detecting the performance of
an electrochromic material. CE value is used for the comparison of the performances
of different EC materials. The proportionality of the absorbance change to the ejected
charge density at a particular wavelength for an electrochrome, is known as coloration
efficiency [85, 86]. CE value is an inherent property of an electrochromic material,
the quantitative measurement of the EC contrast and CE is estimated through the

following equations:

o

40b= [w)

20D ()
b= Q4

Where, Qq is in C cm™, CE is in cm? C, and Ty and Tc are the bleached and coloured

state transmittance values respectively.
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Higher CE value suggests that a little amount of charge need to make a large amount
of transmittance change of an EC material, that is related to the injected charge and
the contrast ratio. Most of the EC contrast is calculated from the first 90% of the
overall optical change such that smaller charge density windows can be used for more
representative CE values. The measurement of the injected/ejected charge is
calculated from the chronoamperometry technique while square-wave potential-steps

between bleached state and coloured state are applied.

1.06.03. Switching Times

Switching time means the time taken for an electrochromic material to switch in
between two different redox states (Fig. 1.08). The time requires to reach in coloured
state is known as colouration time (tc) and to reach its bleached state is known as
bleaching time (tv). Switching time depends on some parameters, like the capability of
an electrolyte to conduct electrons and ions and the diffusion of the ionic species
around the EC layer. Along with device architecture, cell configuration and the extent
of the bias applied, thickness and morphology of the EC layer also affect optical
change. Rapid EC switching in sub-second order desires for display applications. EC
shutters for optoelectronic communication and other applications like switchable

window technology is less demanding [87].

10 15 20 25 30 35 40 45 50
Time (s)

Fig.1.08. Representation of Switching times.
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1.06.04. Cycle Stability

An ECM must undergo stable redox cycling for its repeating switching steps (Fig.
1.09). A rapid loss of EC contrast may occur due to the degradation of any redox
components which affect the full performance. Degradation occurred due to water and
oxygen interaction, high potentials etc. Also, degradation of the electrode material and
evaporation of electrolyte reduces cycle stability. Redox cycling may be improved by
thin-film depositions with homogeneity, smoothness, and thickness. Long-term cycle
stability are measured in a three electrode cell via repeated cycling of potential. ECDs
must be sealed to minimize solvent evaporation and areal oxidations. Charge

compensation around the device extends its lifetime.

70 740 nm
:\:60
o 50
2
§ 40
= 30
§ 20
- 10

0
0.00

v v

38.00k 76.00k 114.00k
Time (s)

Fig.1.09. Representation of Cycle stability.

1.06.05. Optical Memory

Optical memory means the propensity of an EC system to retain its coloured state
although the external bias is removed, also known as open-circuit memory. In absence
of applied voltage, electrochromes will freely diffuse by self-erasing mechanism thats
why Solution based ECDs exhibit their coloured state to bleach state rapidly. On the
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other hand, conjugated polymers are good adhered into the electrode surface which
minimizes self-erasing effect.

1.06.06. Durability and Lifetime:

Durability refers to the ability of a material to withstand an unfavorable external
environment. For example, the requirements of the international equipment durability
standard, American Society for Testing and Materials (ASTM) E2141-14 for ECDs
should be satisfied. An eligible EC display should be able to work under certain
extreme conditions including temperature (from —40 to 80 °C), humidity (reaching
80%), and even some degree of external force. At the same time, organic materials
generally have imperfect photostabilities, especially to ultraviolet (UV) rays and
oxygen, which is an inherent disadvantage that needs to be addressed urgently.
Moreover, the lifetimes are also critical parameters. On one hand, the electro-optical
switching capacity of an ECD should be maintained after coloring-bleaching cycles.
To meet the demand of high-intensity information switching in future practical
applications, the ideal reversibility (cyclic life) of EC displays should reach at least
10*-108 cycles without significant optical degradation.

1.06.07.Quantification of colour

Another important parameter is the development of coloration during redox process.
A colour description is difficult due to its subjective nature. The objective colour
absorption do not suggest a clear intuition into the human eye. Colorimetry measures
human eye’s sensitivity towards light. A colour is predicted and quantified by using
three attributes, a) the hue which is the wavelength associated with some colour, b)
the saturation which is the relative levels of black and white and c) luminance which
is the brightness of colour [88].

For CIE (Commission Internationale de 1’Eclairage) calculation has established
several colour spaces expressed in terms of XYZ tristimulus concept, based on the
three-component theory of colour vision (blue, green and red). CIE 1976 colour space
represents the relation between green (- a*) and red (+ a*), and between blue (- b*)
and yellow (+ b*), while L* value indicates the lightness [Fig. 1.10]. The values of a*

and b* increase with the saturation of colour, whereas the 0, 0 value corresponds to an
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ideal achromatic sample (i.e., neutral colours such as gray or black). Although colour
is a three-dimensional phenomenon, colour spaces are usually represented graphically
separated into two attributes, chromaticity and luminance, in such a way that can be
more easily visualized in a two dimensional space [89]. Thus, chromaticity which
represents the hue and saturation are represented in a two-dimensional space, while
the luminance which describes the brightness of the colour is set at a fixed value (e.g.,
xy chromaticity diagrams).

Black
L*=0

Fig. 1.10. 1976 CIE L*a*b* colour space used for colorimetric analysis.

1.07. Electrochromic device fabrication

Electrochromic displays have been constructed by a transparent electrode coated with
a layer of EC materials, transparent semi solid gel electrolytes and an EC material for
counter electrode. Electrochromic devices consist of one transparent electrode with a
cathode material and anode material and ion conducting electrolyte. When one
electrode is oxidised then the other is reduced by applying electric potential, which

leads a device switch in between a neutral colour and the oxidized colour. The
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conductive electrolyte provides separation between cathode and anode as well as it is
a source of ions to balance the oxidation and reduction process. 0.512 g lithium
perchlorate and 2.8 g poly methyl methacrylate is dissolved in 6.65 ml propylene
carbonate and 28 ml dry acetonitrile is pipetted and let it to dry under room
temperature for 15 minutes. By sandwiching two substrates, one is with polymer film
and gel electrolyte, the device is fabricated. The device was covered using parafilm
spacer. The schematic diagram of fabricated device in Fig.1.11.

ITO Glass

_I. Electrolyte
Gel

ECM layer

ITO Glass

Fig.1.11. Schematic diagram of an ECD.

With increasing the demand of wearable and stretchable displays, EC e-skins, and
highly foldable EC films, technologies have targeted in soft EC devices (Fig.1.12 and
Fig.1.13) ITO or FTO coated glass cannot be used in these innovative ECDs because
of the brittle and rigid nature of the conducting glasses. An innovative concepts,
foldable, flexible, and stretchable conductors with high conductivity and transparency
are very crucial. ITO-coated poly (ethylene terephthalate) (PET), a flexible substrate,
can do excellent EC performance [90]. Various flexible and transparent electrodes
have been invented substituting ITO and FTO like carbon nanotubes [91], graphene
[92, 93] conducting polymers [94] metal nano wires [95, 96] and metal grids [97, 98]
etc.
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Twisted I Crumu

Fig.1.12. Stretchable devices being twisted and crumpled, showing excellent mechanical robustness.

H Display Pixels ‘
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PDMS

Textile
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Fig.1.13. (a) Schematic of the electrochromic electrode implanted onto wearable textiles. (b) Example
images showing the ability to control the coloration/bleaching of individual display pixels and their

mechanical stabilities against deformations such as crumpling. Scale bars for display pixels: 2 mm.

1.08. Electrochemical Polymerisation:

Advance electronic devices like sensors, OLED, organic solar cells are increasing the
interest about electrosynthetic conjugated conducting polymers. Electrochemical
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polymerization is a less time consuming technique by which polymerization of a
monomer solution occurs electrochemical oxidation method within a potential
window without using any catalyst or polymerisation agents. The potential is
generally applied by Cyclic Voltametry. The polymer is formed on working electrode.
The growth of the polymer film is simply tuned by the number of CV scans. An easy
to use method for electro-synthesis conducting polymer preparation [99-108, 109].
Electro-chemically polymerized materials show the unique morphology, physical,
electrochemical properties that are making the films amenable to different
applications [110]. Because of this oxidation is current-induced, EP is a green
methodology [111-115]. As no toxic oxidant is used, the technique produces real-time
controlled conducting polymer film with high purity [116]. The polymer film exhibits

excellent electronic, optical, magnetic and rheological properties [117].

1.08.01. General Principle of Electrochemical Polymerization:

Electropolymerization occurs by a general accepted mechanism by forming radical
cation by monomer oxidation on a electrode surface (Scheme 1.3). The EP method
can be divided into 2 groups, one is anodic EP and another is cathodic EP. Anodic EP
is one of the best method for oxidizing monomer to make conducting polymers. This

method starts by forming of radical cation from a monomer [118, 119].
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Scheme 1.3 Mechanism for the anodic electrochemical polymerization of polyaniline.

The growth involves coupling between radical cations. The radical cation reacts either
with  neighbouring cations or with neutral monomer. The cathodic
electropolymerization is used rarely for synthesising CP. Although, this process
involves reductive electrosynthetic processes which lead to polymer formation with
low yield. Only Poly (p-phenylene vinylenes) (PPVs), used for OLED [120, 124], are
produced by the cathodic electropolymerization method.

1.08.02. Electrodes Materials:

A conventional 3 electrode electro-chemical cell is taken. Working electrode (WE) on
which the desired reaction happens, be an inert metal like Au, Pt, Ti (Fig. 1.14) [125-
131], a C- material like glassy carbon, Pyrolytic graphite and boron-doped diamond
[132-138], a conducting glass like indium tin oxide (ITO) [139-141]. WE surface
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nature influences the oxidation of the monomer, polymerization rate, and the polymer
film formation. The alloys used is limited for WE due to the high potential requires
for monomer oxidation. The reference electrode (RE) measures working electrode
potential. It is prepared from a silver wire immersed in 3 M Ag/AgCI solution, when
aqueous electrolyte is used. Silver wire wire is used as pseudo reference electrodes

when the EP medium is organic. The

BDD  Ag Au Pt GC PG

Fig.1.14. Examples of working electrodes used for the electropolymerization of conducting polymers.

counter electrode should be an inert material, like Pt wire. To close the circuit in an

EC cell, counter electrode is used.

1.08.03. Supporting Electrolyte Solution:

EP is an useful technique for synthesizing electro-active polymers. The growth of the
polymer films, morphology, properties are influenced by supporting electrolyte. It is
also an important parameter and optimized when designing the electrochemical
polymerization protocol. Supporting electrolytes used for aqueous and organic
solvents for different monomers are listed in Table 1.5. Addition with aqueous and
organic medium, microemulsion medium is also a new approach for EP. Some studies

identified aqueous medium is ideal for the electrosynthesis of CP because of low
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pollution and applicability for large-scale applications. But, some limitations are there
including low solubility in water of many organic molecules. Micro-emulsion is
suggested as supporting electrolyte for EP, in order to solve the solubility problem in

aqueous media.

Table 1.5. Relationship between solvent and polymerization

Medium Electrolyte Polymer

Organic solution Tetrabutyl ammonium Poly TPA and poly
perchlorate/ACN or DCM,
tetramethylammonium
trifluoromethane-sulfonate/ACN,
tetrabutylammonium hexafluoro
phosphate/acetonitrile or DCM.

carbazole

ACN, DCM, nitrobenzene, and | Polypyrrole, polyindole
propylene carbonate

Aqueous solution H2SO4, HCI, HNOgs, copper (II) | PANI
nitrate, sodium sulfate, sodium
sulfate/sodium perchlorate, lithium
perchlorate, sodium  benzoate,
propylene carbonate/lithium
perchlorate, phosphoric acid and
trifluoroacetic acid

1.08.04. Solvent:

The cell contains solvent in addition to supporting electrolyte, in which the monomer
is dissolved. Electrochemical reaction rate is affected by the solvent where the
monomer is dissolved [142]. Depending on the nucleophilicity and polarity of
solvents, the solvent is chosen [143]. The above two things determine the interaction
of the solvent with radical cation intermediates. Solvent is chosen according to the
solubility of the monomer, which must be highly pure and O free to avoid areal

reaction with the radical which forms hydroxides.
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1.08.05. Reactivity of the Monomer :

The monomers used for EP are aromatic in nature (Table 1.6). The coupling reaction
involves here is aromatic electrophilic substitution reaction. If the nucleophilic
character of the solvent (scheme 1.4) Table 1.6. The electrophilic reactivity sites of
some monomers and their idealized polymer structures obtained on the material
surface.

N (D

X or X

»  Polymer formed

Nucleophilic solvent

» No Polymer formed

Scheme 1.4. Reactivity of the monomer depending on the solvent.
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Table 1.6: Reactivity of the monomer depending on the solvent

Monomer

Electrophilic reactive site(s)

Ideal polymer structure
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Monomer Electrophilic reactive site(s) | Ideal polymer structure
o] 0] 0] O
s s” "

Ethylenedioxythiophene

Phenylenevinylene
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H
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1.08.06. Choice of monomer

For electrochemical polymerisation, monomers having relatively lower anodic
oxidation potential (less than 2 V) are picked up and are susceptible to electrophilic
substitution reaction that lead to produce conjugated polymers. Table 1.7 shows that
the electrochemically polymerizable reported so far have peak potential below 2.1 V.
The advantage of low peak potential is that low peak potential avoids complications
in the polymerisation arising from the oxidative decomposition of the solvent and the
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electrolyte. Another factor is all the monomer being aromatic in nature undergoes

electrophilic substitution reaction by maintaining the aromaticity.

Table 1.7. Electrochemical data for some heterocyclic and aromatic monomers

Monomer Oxidation potential (V) vs SCE
Pyrrole 1.20
Bipyrrole 0.55
Thiophene 2.07
Azulene 0.91
Pyrene 1.30
Carbazole 1.82
Fluorene 1.62
Fluoranthene 1.83
Aniline 0.71
Triphenylamine 0.98

1.08.07. Techniques for Electrochemical Polymerization

Electrochemical polymerization is an important method for the synthesis of
electroactive polymer films, the properties of the film depend on the choice of
technique. Generally, galvano-static, potentio-static, or potentio-dynamic techniques

are employed for electrochemical polymerization.

1.08.07. a. Galvanostatic Polymerization Technique

At a constant current, Galvanostatic polymerization is performed and it results the
formation of a doped polymer [144]. The advantage of this technique is that it is
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simple, suitable for practical application, and the thickness of the polymer film can be
controlled by specifying the polymerization time. The current density should be
chosen properly to avoid an increase the resistance at the electrode surface which may

affect the intermediate reactions [145].

1.08.07. b. Potentiostatic Polymerization Technique:

Potentiostatic technique involves polymerization reaction takes place at a constant
potential. The applied potential should be such that it oxidizes the monomer, as the
polymerization process is initiated by the monomer oxidation. Also, the potential
should be such that it avoids secondary reactions [146]. Linear sweep voltammetry
(LSV) is used to oxidize the monomer. The potential window within which electro-
polymerization occurs without the over oxidation of the monomer which may impede
the polymerization process or cause undesired reactions to take place. Some
monomers are easily oxidized. Over oxidation may lead to the formation of polymers
with reduced electro activity and conductivity. In addition, over oxidation may lead to
the formation of hydroxyl and oxo derivatives as well as dimer and trimer products
rather than the desired polymer.

1.08.07. c. Potentiodynamic Technique:

Potentiodynamic technique involves by using cyclic Voltammetry (CV). A cyclic
change is occurring of the monomer exposed on the electrode by the applied voltage
within a potential window by switching between oxidative and reductive scans.
Thickness of the deposited film depends on the number of CV cycles operated.
Depending on the reaction mechanism, Potentio-dynamic polymerization results in

the formation of Cyclic Voltammograms with some characterization peaks.

1.08.08. Monomer Concentration:

Monomer concentration is also an important parameter for the electropolymerization
process and the polymer films formed is conductive [147]. The current density
increases with increasing the monomer concentration that is because of the faster

dimerization, which can be expressed by the following equations:
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(1 —a)nF(E — Eocv)
RT

fﬂ = fDE‘

io = nFA Chulk (1—a) Chu]k (a) k,
R 0

where i, is the oxidation current, io is the exchange current, ka is the rate of oxidation,
R is the ideal gas constant, T is the temperature, Cr and Co are concentration of the
reduced and oxidized monomer, respectively, A is area, F is the Faraday constant, n is
the number of electrons exchanged, a is charge transfer coefficient, E is the oxidation

potential, and EOCV is the open circuit voltage.

However, for some conducting polymers, increase in monomer concentration results
in a decrease in the oxidation potential. In addition, pH is used to control the critical
potential beyond which the degradation of the polymer can occur during
polymerization [148]. Indeed, when polymerization takes place at low pH, the
potential exceeds the critical value. The potential subsequently decreases with time to
a constant potential value, which is low enough to prevent the degradation of the
polymer chain. On the other hand, at high pH, the opposite behaviour is observed,
where the increased deposition of insulating polymer species reduces the conductivity
of the working electrode. This increases the polymerization potential, resulting in the
degradation of the already deposited polymer film, due to the formation of hetero
junctions or other unusual chemical bonds [149]. Other parameters, like the rate of the
polymerization reaction and the cathodic charge determine the mechanisms of

polymer growth.

1.08.09. Doping effect on electrochemical polymerization:

Doping involves the introduction of a species called dopant or counter ions into a
polymer structure. This occurs usually stoichiometrically in order to compensate the
positive charge of the polymeric species to attain electro-neutrality. The insertion of

dopants into a polymer is one way of improving its properties, such as morphology,
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conductivity, electrochemical activity, and the rate of polymerization [150]. The
dopant should be both chemically and electrochemically stable within the potential
range for the polymerization process. Beside the enhancement of the conductivity and
the electro-activity of a polymer, counter ion dopants have significant effect on the
polymer growth rate and its redox characteristics. The doping of a conductive
polymer is classified as either chemical or electrochemical doping. Chemical doping
is more frequently achieved by exposing the polymer to an oxidant (such as iodine or
bromine), and less frequently by using a reductant (typically an alkali metal). In
electrochemical doping, on the other hand, a polymer film deposited on a working
electrode is suspended in an electrolyte solution (in which the polymer is insoluble)
along with separate counter and reference electrodes. An electric potential difference
is created which charges the polymer and causes appropriate counter ions from the
electrolyte to enter the polymer. This charge transfer process creates a localized
negative (n-doping) or positive (p-doping) charge on the polymer. This often leads to
the distortion of the bonding structure of the polymer backbone and the formation of
polarons and bipolarons which can delocalize along the polymer chain or in an
electric field. Electrochemical n-doping is far more common because of the ease of
excluding oxygen from a solvent in a sealed flask. The interaction between the
polymer and the p-type dopant usually leads to the partial oxidation of the organic
polymer n-backbone. The transfer of electrons from the valence band of the polymer
to the acceptor dopant leads to the delocalization of holes within the polymer
backbone and the enhancement of the conductivity of the polymer system [151]. The
illustration of the concept of n- and p-doping is as shown in Fig. 1.15. Many dopants
such as anthracene sulfonic acid, benzene sulfonic acid, chloride ion, dibenzene
sulfonic acid, hydrochloric acid, methane sulfonic acid, naphthalene sulfonic acid,
perchloric acid, poly (acrylic acid), poly (aniline sulfonic acid), poly (4-styrene
sulfonic acid) (PSSA), poly (vinyl sulfonic acid), p-toluene sulfonic acid and sulfuric
acid) have been used in the electrochemical doping of polymers [152-155].
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1.08.10. Mode of Initial Scan:

When monomer is electropolymerized onto an electrode surface, different coloured
polymer films are obtained. The colour of the polymer depends on the initial scan
direction. When the scan is cathodically carried out, p-doped polymer film is formed,
while when the scan is anodically carried out, the polymer formed is neutral. Both

formed p-doped and neutral polymer

Conduction conduction
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Fig.15. Schematic representation of the n- and p-doping processes.

vary in solubility, electrochemical properties, and conductivity. Other factors
influence EP reactions include temperature and the nature of substituents of the
monomer. Temperature affects the kinetics of the polymerization reaction process and
also determine the extent of the undesired side reactions. For example, the oxygen
species in the reaction medium are sensitive to high temperature, they can easily react
with free radicals formed from anodic processes, thus decreasing the polymerization

efficiency [156]. On the other hand, the rate of polymerization increases with
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temperature due to improved conductivity and electro-activity of the monomer at high

temperatures.

1.08.11. Advantages of EP process:

In the electrochemical process, the synthesis as well as modification is done in one
step. Electrochemical oxidation of a monomer produces free radical which is adsorbed
on the electrode surface. The film thickness can be controlled, and a multilayer film is
also obtained within few minutes by using a tiny amount of monomer on the surface
of electrode. The polymer films can easily be characterized. For chemically
synthesise, further purification and characterization is required to confirm the product
formation. Another advantage is that the polymer film formed exhibits some physical
properties those are inherent to metals or semiconductors [157].

1.08.12. Disadvantages:

The disadvantage of EP is that the polymer film is formed with very low yield and
insoluble in most of the organic solvents. Also for large scale and large area polymer

film production, this method is not suitable.

Another widely employed polymerisation technique is chemical polymerisation.
Other techniques are also used to synthesize conjugated polymers including
photochemical polymerisation, metathesis polymerisation, plasma, pyrolysis and solid
state polymerisation.

1.09. Chemical polymerisation:

To obtain solution processable EC polymers, such as the Suzuki-Miyaura cross
coupling reaction, 2+2 cyclo-dimerization and the oxidative coupling reaction were
employed. For synthesis of conduction polymer by chemical polymerisation method
one has to use stoichiometric amount of oxidising reagent. Oxidative chemical
polymerisation is the low cost, simple and normally used in the synthesis of EC
polymers. Heterocyclic monomers are usually polymerised with FeCls as the chemical

oxidant although other oxidants can also be employed. Although chemically prepared
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polymers are more laborious to synthesize, there are significant advantages presented
by this method. Chemically prepared polymers allow for more complete
characterisation, including elucidating the molecular weight, thermal characteristics
like crystallization, thermal stability, Ty, and analysis of the polymer end groups
[Table 1.8]. Furthermore, solution processability of chemically prepared polymers
facilitates practical large scale film preparation. Some drawback of chemically
synthesized polymers are products are generally in power form ultimately decreasing
the intrinsic  propertied of the materials obtained such as having very low
conductivity and also an abundance of side reactions occurring during chemical

oxidation polymerisation of hetero-cycles including formation of coupling defects

along the backbone.

Table 1.8. Comparison between Electrochemical and chemical polymerisation

Electrochemical polymerisation

Chemical polymerisation

Time taking for polymerisation is very

less. It will occur in few minutes.

More time is required for chemical

polymerisation.

No catalyst is required, polymerisation
occurs by wusing a little amount of

monomer.

Catalyst is required, polymerisation

requires a certain amount of monomer.

The synthesis and modification can be

done in one step.

3. The synthesis and modification can

not be done in a single step.

No further product purification and
characterization is required to confirm the

product formation.

4. Polymer purification and
characterization is required to confirm the

product formation.

Yield of polymer formed is very less and
the product is insoluble in most of the

organic solvent.

5. Yield of polymer formed is high.

For large area polymer film coating, this
method is not suitable.

6. Polymer film may be coated in large

area by vacuum deposition, spray

coating, ink jet printing method.
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1.10. The Optimization and Innovation of Manufacturing Technologies

Other manufacturing technologies for EC materials include vacuum evaporation,
magnetron sputtering, solution processing, sol—gel method and so on. Different
processes will affect the performance and manufacturing cost to varying degrees.
Therefore, the optimization and innovation in manufacturing technologies are also

important for enhancing the commercial potential of future EC displays.

To date, there are two prototypes, one is a) segmented displays and another is b) pixel
displays for future EC displays, which serve as carriers of emerging EC materials and
devices. EC segmented display is a relatively simple display mode, it is used to
display some fixed graphics, numbers or letters. This display can also achieve
dynamic switching of some contents through simple control of inputted electrical
signals. A classic example is the segmented alphanumeric display. Currently, EC
segmented displays have attracted widespread attention due to their remarkable
application potential in the aesthetic design of intelligent displays with vivid colour
and fantastic patterns, although information capacity is not as good as that of
pixelated displays. The key point in fabricating EC segmented displays is to prepare
EC patterns. According to the working principle of ECDs, several necessary processes
must be met, (i) electron transfer on electrodes and at electrode/active material
interfaces, (ii) electrochemically driven redox processes of active materials, and (iii)

ion transfer inside the device.

1.10.1. Electrode Patterning

Segmented displays can be realized with the electrode patterning strategy by limiting
the interfacial electron transfer between EC materials and electrodes, as shown in Fig.
1.16. Electrode patterning is a simple and convenient process to quickly obtain the
anticipated EC patterned (segmented) displays (Fig.1.16). This strategy avoids the
complicated synthesis or modification in patterning active materials and does not

depend on the structures and properties of related materials. Therefore, it exhibits
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attractive application potential in simple EC devices/ displays. There are many
approaches for fabricating patterned electrodes, such as laser etching, inkjet printing,
and template-assisted coating/printing methods. As a good verification of the above
approaches, Pooi S. Lee’s group have fabricated patterned Ag NW electrodes and
further have demonstrated the first stretchable and wearable patterned WO3z ECDs.
Sean X. A. Zhang, Yu-Mo Zhang, and coauthors demonstrated various EC segmented
displays (e.g., electronic billboards, eye glasses, e-readers, and shelf labels) based on
patterned 1TO electrodes prepared by laser/chemical etching. In 2020, Masayoshi
Higuchi and coauthors have reported an interesting EC “flower” display based on
[Fe(11)/Os(I1)] supramolecular polymers as EC materials and patterned ITO
electrodes. Three patterns have been realized through point-to-point control of
different circuits. It is commendable that this display could completely implement the

reversible change in different colors under different applied voltages (Fig. 1.17).
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Fig.1.16. Schematic of EC segmented displays and related fabrication strategies including electrode

patterning and active material patterning.

On the other hand, its disadvantage is that the resistance of the patterned electrode
after etching will increases, especially when the size of the etched patterns is very

small.
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1.10.2. Active Material Patterning

In the fabrication of EC segmented displays, even pixel displays, the active material
patterning strategy is widely used. To achieve this strategy, many advanced
processing technologies (e.g., printing and coating, photolithography, etc.) have been
reported and applied. Because the size of the required single patterns/ pixels varies
depending on the application scenario, there is no uniform size standard that can be
used as the judging criterion in this field. For instance, the required size of an EC
pattern/pixel is on the order of micrometers when the display is used as an electronic
screen for mobile phones or monitors, but is on the order of millimeters (even

centimeters) when used as a large area electronic billboard.
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Fig.1.17. Copyright 2019 Springer Nature. The structure and images of EC segmented display with

different colour information at different voltages.

1.10.3. Printing and Coating

As typical solution-processing strategies, conventional printing and coating
techniques have wide applications in the fabrication of ECDs and in other fields. With

these techniques, the strict production environment and expensive equipment required
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for traditional processing (for example, vacuum evaporation and magnetron
sputtering) can be efficiently avoided. Based on the differences in manufacturing
processes, printing and coating techniques can be divided into two types: (i) coating
techniques and (ii) digital printing techniques. The first type mainly includes blade
coating, slot-die coating, spin coating, spray coating, etc. Coating techniques play an
important role in roll-to-roll or simple solution-processing for ECDs. Furthermore,
some representative EC patterned/segmented display prototypes were fabricated with
these techniques. The realization of fine EC patterns is inseparable from additional
patterning processes (e.g., printing templates). Unlike the aforementioned coating
techniques, digital printing techniques (such as inkjet printing, dispensing printing,
and 3D printing) have the advantage of simple and efficient direct-patterning. These
techniques have shown incredible applications in the solution-processing of active
materials for EC segmented displays.

Inkjet printing has achieved remarkable progress in the fabrication of printed circuit
boards (PCBs), electronic components, solar cells, and other functional materials.
With this technology, quantitative droplets of functional inks are ejected out from
digital-circuit-controlled nozzle(s) and dropped on substrates to form the desired
patterns. In this process, the compatibility of EC inks, printing equipment, and
substrates is the key factor. In addition, the relevant material (ink) should maintain the
appropriate physical and chemical properties before/during/after printing. The
properties described herein include solubility, viscosity, corrosion resistance,
electrical resistivity, and compatibility of different components. To date, the inkjet
printing technique has shown outstanding application potential in the processing of
commonly used EC materials (including small organic molecules, CPs, and even
inorganic materials) and related auxiliary materials (such as electrolytes, ion storage

materials, elasticizers/flow promoters, and suspending/dispersing agents).

Next I will discuess about triphenyl amine and TPA based EC systems as my thesis

work contains TPA based EC polymers.
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1.11. TPA based EC polymers:

The three dimensional, propeller-shaped triphenylamine (TPA) is a promising
optoelectronic molecule [Fig.1.18] for its good thermal and morphological stability
[158-160]. Being a good electron donating properties, TPA derivatives are used in
semiconducting industry [161-167]. Unsubstituted TPA is readily oxidized to form
radical cation on application of potential [168-175]. This radical cation resonates and
dimerizes to form tetraphenyl benzidine (TPB) (Scheme 1.5) [176, 177]. Two
consecutive oxidation of TPB radical cation occur to form a spinless dication in the

second step. The TPB is easily oxidized rather than TPA and undergoes further

oxidations give TPB* and TPB*2.
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Scheme 1.5. Mechanism of TPB formation.
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Fig.1.18. TPA and electrochromism.

Radical cation of TPA explains the electrical transport properties. A hole injection
from the electrode results a temporal transformation of a neutal molecule to a radical
cation. This charge carrier hopping between molecules is considered as an internal
redox reactions. Semiconductor properties of TPA derivatives are evidenced from
quantum chemical calculations that show a better planarity of TPA than sp®
hybridization [178-180], which indicates a significant contribution of sp?
hybridization by n-m conjugation, which increases the semiconducting properties.
Among all cathodically and anodically TPA containing polymers, TPA is far
extensively studied ECM for smart window application as an anodically colouring
material due to its low material cost, high EC efficiency, cycle stability and
reversibility large dynamic range. There are so many techniques are available to
prepare TPA containing EC thin films. Majority of method is categorized into
physical, chemical and electrochemical thin films. Most noticeable properties of
electro-active polymers based on TPA are either electrochromic or
electrofluorochromic in nature. The detailed survey of TPA based EC systems like
aromatic polyimides and/or polyamides, epoxy resins, various conjugated polymers,
different metal complexes, poly-siloxane gels as well as various small molecules have

been discussed in the following section.
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1.11.1. Triphenylamine based polyimides

Aromatic poly-imides are considered as a pivotal class of materials as it can be
appraised as a possible substitute to glass and metals in mainly in the semiconductor
and electric packaging industry [181-193]. The formation of charge transfer (CT)
complex is due to the strong intra and intermolecular interactions between electron-
accepting dianhydrideand electron-donating diamine moieties. In 1991, Vasilenko
first prepared TPA-based Poly-imides, followed by Nishikata [194, 195] from 4,4'-
diaminoTPA and different tetracarboxylic dianhydrides [Scheme 1.6]. TPA
containing materials are generally colourless unless they undergo some form of
charge transfer interaction with an electron deficient acceptor species. By contrast,
electron rich TPAs are easily oxidized to form stable radical cations and the oxidation
process is always associated with a noticeable colour change. In 2002, Liou et al.
reported first article to describe the EC property of the polymers containing TPA
derivatives [196].

_@éﬁ““n oL orrE
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Scheme 1.6. Different polyimides.

These polyimides (Pls) are mostly thermally stable and soluble in polar solvents with
very high glass-transition temperatures (Tg). Almost all of the thermally stable Pls are
organo soluble and they can easily be solution cast into tough as well as flexible films.
The PI films exhibit two reversible redox couples with the change of colour from pale

yellowish to green and blue. They also show excellent EC stability [197-202]. Liou

52



Chapter-1

and Hsiao synthesized some TPA and/or triarylamine containing high-performance

Poly-imides [Scheme 1.7].
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Fig.1.19. Cyclic voltammetric diagrams of P7 and its EC behaviours at various applied potentials.
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Lower oxidation potentials with improved electrochemical stability have been
observed for two types of Pls namely piperidine (P3-a) and morpholine (P3-b)
substituted TPA. In addition, bulky tert-butyl (P3-c) or electron-donating methoxy
(P3-d) substituents incorporated at the electrochemically active C-3 and C-6 sites of
the carbazole unit also could prevent the coupling reactions of carbazoles, resulting in
greatly improved redox and EC stability of the obtained Pls [203-207]. Three novel
solution-processable Pls P3e containing TPA and pendant viologen moieties have
been prepared from the newly synthesized diamine and three commercially available
dianhydrides. The obtained multi-coloured films have revealed ambipolar
electrochemical behaviour with coloration changes from a transmissive neutral state
to the cyan/magenta/yellow redox states, implying great potential for application in
smart windows and displays [208-215]. The stabilization of oxidized cationic radical
is less feasible in DPA-based Poly-imides compared to TPA-based ones as DPA-
based Pls lack an extra phenyl ring for resonance. Furthermore, due to the presence
unrecoverable protons at the amino groups, DPA-based Pls exhibit lower
electrochemical stability compared to TPA-based ones in the non-acidic electrolyte
solution [216-220]. The organo soluble Pls namely P7films have demonstrated high
thermal stability and glass-transition temperatures. Reversible electrochemical
oxidation and electrochromism have displayed by the P7 films both in the visible
(Fig. 1.19) as well as near-infrared (NIR) regions with a considerably high coloration
efficiency, contrast ratio along with low switching time, and extraordinary stability
which is an essential requirement for long-term EC operation. These merits of P7
films make them a potential candidate for practically viable electronics applications
[221-224].

1.11.2. Electropolymerized poly (triphenylamine)s

Nelson and Adams et al. have pioneered the work on unsubstituted TPA. Liou and
Hsiao have demonstrated that introducing electron-donating substituent to
triarylamine moieties can efficiently prevent the well-known formation of TPB [225,
226] from the unstable radical cation radical from TPA. The concept of radical

coupling can be exploited to design and develop electropolymerizable monomers by
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linking two or more unsubstituted TPA units with an electron-withdrawing core.
Moreover, TPA core can easily be combined with thiophene, ethylene dioxy
thiophene, dithienyl pyrrole, and chalcogenophene (Se, Te) derivatives through
simple electrochemical processes as shown in Schemes 1.8 and 1.9 [227-236].
Carbazole is another type of arylamine. Ambrose and Nelson have first systematically
investigated the effect of substitution on carbazole and its N-substituted derivatives in
1968 [237]. The oxidative dimerization reaction has been extensively used to fabricate
electro-active polymer films on the electrode surface. This fabrication technique is
advantageous for the electroploymerization of unprotected TPA and N-

phenylcarbazole.

Hsiao’s group have first reported a series of TPA and N-phenyl carbazole compounds
with amide, imide, and ester units to achieve the EC polymer films via this facile

electropolymerization [Scheme 1.10] [238].

Oxidative electrochemical polymerisation is also affected by the orientation of amide
linkage and the structure of terminal TPA unit [239]. The electro-deposited film
exhibited reversible electrochemical oxidation and strong colour changes having high
colouration. Besides amide and imide functional group can act as a linkage between
TPA carbazole and triptycene group [Scheme 1.11]. Electrosynthesis and
electrochromic properties of 1,4 bis (3,4 dicarboxyphenoxy) triptycene units as a
interior core and TPA as a Electroactive site are deposited onto the working electrode
during polymerization and showing anodically colouring by applying low external

voltage.
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Oxidative electrochemical polymerisation is also affected by the orientation of amide
linkage and the structure of terminal TPA unit [240-246]. The electro-deposited film
have exhibited reversible electrochemical oxidation and strong colour changes having
high colouration. Besides amide and imide functional group can act as a linkage
between TPA carbazole and triptycene group. Electrosynthesis and electrochromic
properties of 1,4 bis (3,4 dicarboxyphenoxy) triptycene units as a interior core and
TPA (scheme 1.11) as a electroactive site are deposited onto the working electrode
during polymerization and showing anodically colouring by applying low external
voltage [247-266].
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1.11.3. Triphenylamine-based metal complexes

Smart molecules which exhibit multiple redox reaction with distinguishable redox
states at low driving voltages have received great attention recently [267-270]. Till
now finding and understanding of four or more redox states have been challenging.
To obtain molecules displaying multiple redox processes at relatively low potentials,
solution-based measurements should be conducted by surface-confined technologies
for practical applications. Polypyridyl ruthenium complexes with a Ru—-C bond,
denoted as cyclometalated ruthenium complexes, are particularly capable of achieving
multistate redox processes in molecular switches [271, 272]. The presence of the Ru—
C bond in cyclometalated ruthenium complexes could greatly lower the Ru(llI/II)
potential and give rise to diruthenium or ruthenium-amine [273-275] complexes with
three redox states. These complexes with strong absorptions in the visible and NIR
regions are promising as EC materials for fiber-optic communications. Recently,
Zhong et al. have successfully prepared a star shaped tris-cyclometalated ruthenium
complex M1 with a redox-active triaryl amine core, which showed four redox states in

a low potential region (Scheme 1.12).

The complex M1 and the electropolymerized films of the vinyl-functionalized
complex M2 both display four consecutive one-electron anodic redox couples at low
potentials, functioning as a molecular redox switch with up to five well-separated
states. Leung and Su have reported a convenient and effective method to access
conjugated polymers containing electron donating accepting pairs from a TPA-based
ruthenium complex M3. The diphenyl amino group in M3 is beneficial for
electropolymerization to give donor—acceptor polymers, and the resulting
polymerized-M3 also have demonstrated interesting EC and photo responsive

behaviour.

Zhong have synthesized six metallic terpyridine-based complexes M4 with two TPA
end groups could produce four terminal active sites for the purpose of following

electrochemical polymerization. The EC memory ability depends on both the rigidity
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and length of these TPA-based moieties. Meanwhile, the TPA-based moieties with
more rigid and conjugated linkages effectively increase intra-molecular CT from the
TPA group (D) to the metallic terpyridine (A) that is beneficial for stabilizing the
oxidized states (i.e., Ru**, Fe*") of metallic terpyridine and thus enhance the memory

ability of the EC films.

In addition, cyclometalated ruthenium complex M5 with a redox-active arylamine
substituent and three carboxylic acid groups have demonstrated feasibility as a self-
assembling monolayer on ITO electrode surfaces for fabricating NIR EC three state
switching. The obtained monolayer film has exhibited intense NIR absorption with
long optical retention time at each oxidation state. Thus, this approach can provide an
excellent molecular platform for the construction of a surface-confined flip-flop
system with high ON/OFF ratios, which is attractive for the preparation of NIR EC

and memory devices at the molecular scale.
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1.11.4. Triphenylamine-based molecules

Molecules reveal physical responses under stimuli have been widely investigated as
promising functional switching and memory devices [276, 277]. Redox-active
materials have received great attention due to the prospects as electronic devices
[278-284].

M6 is rapidly oxidized in aqueousls solution to generate the coloured form, M6""
radical cation and it reduces back to the original colourless M6 by aqueous I” solution.
Aqueous I3~ or I electrochemically generated in an external two-compartment cell
could be pumped through the window cavity to form the redox-flow EC window
between coloured and colourless states (Fig. 1.20).
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Hiroto and Shinokubo have reported the synthesis of m-extended N, N'-diaryl
dihydrophenazines M7, which exhibited dramatic conformational and three-state NIR
absorption changes by both chemical and electrochemical stimuli [285]. Upon
chemical oxidation, the change of optical absorption has been confirmed in a two-step
procedure, and the NMR analysis has demonstrated a conformational change upon
oxidation, which is also supported by theoretical calculations. Such molecules with
interesting NIR EC behaviour and dramatic conformational changes caused by an
electrochemical stimulus are promising for applying in low-energy molecular memory

and molecular actuator devices.

A series of dyes M8 with intra-molecular CT between AQ and TPA units have been
synthesized by the Suzuki reaction, which are ideal candidates as probes for the
detection of less polar solvents [286]. Cyclic Voltammetry and DFT calculation
simply that these dyes could be potentially applied in the wide field of

optoelectronics.

In order to obtain several redox and protonation states, three amino groups were
incorporated into M9 as well as two biphenyl linkages, which allow an extended
electron delocalization and a better stabilization of its redox states. M9 has found to
exhibit three redox states with EC of colourless, yellow, green, and blue, and three
protonated states. In addition, the fluorescence switches at different oxidation and
protonation states have been also investigated. The molecular orbital energy levels
and excitation energies have been calculated and the fluorescence intensity decreases
with the formation of the CT state. The spectro-electrochemical results have indicated

that M10 reveals good EC stability with colour changes from yellow to blue.

Wan et al. have reported three D—A molecules M11 with different AQ imide arms
connected to the TPA core [287]. These compounds showed high solubility in
common organic solvents due to the propeller-like structures. CV results have
revealed that all these compounds exhibit three redox peaks, two in the cathodic

regime owing to the formation of AQ imide radical anions and dianions, respectively,
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and one in the positive regime corresponding to the TPA radical cations.
Spectroelectrochemical measurements have demonstrated that the intra-molecular CT
absorption is tuned electrochemically. In addition, the multiple EC colour and
intensive NIR absorptions can be achieved in one single ambipolar molecule due to
the formation of radical cations and radical anions in the oxidation and reduction

process, respectively.

TPA based Schiff bases containing pyrrole, thiophene, or furan moieties have been
synthesized and have revealed interesting EC behaviours with an obvious colour
change from pale yellow (scheme 1.13) at neutral form to red at oxidative form. In
addition, all the obtained compounds display multiple colour changes at different pH
values and the results show a perfect linear relationship between the absorption and
proton concentration. Thus, these new Schiff bases can be used as proton detection
and EC materials due to their sensitive acido-chromic properties [288—-290].

In addition, the Pt-ethynyl complexes containing up to four redox-active TPA cores
have been prepared by oxidative addition followed by the Cul-catalyzed dehydro
halogenation reaction. The complexes undergo a single electrochemical process for
each chemically distinct type of TPA in the molecular backbone. The perfect
reversibility of the larger systems indicates that they can be used as charge storage
materials and are capable of releasing up to four electrons.

1.12. Current status, challenges, and proposed solutions

The field of electrochromic materials have a few scientific and technological
challenges that need to be addressed by both materials optimization/exploration and
device engineering methods, to further improve the optical performance and stability
of the ECDs in order to meet the demands of large-scale, cost-effective and

commercialised applications.

1.12.1. lon-trapping

The electron for oxidation/reduction processes of both the polymer and the transition

metal oxide based electrochromic films are accompanied by counter-ion de-
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/intercalations to maintain charge-neutrality. Upon repeated cycling, transition metal
oxides and polymer based electrochromic layers indicate a decrease of the optical
contrast along with a decrease in charge density. For metal-oxide, counter-ions being
bound to trap-sites, are affected by both the intrinsic properties of the materials.
Applying sufficient over potential for long time have driven out ions in ‘‘shallow”’
traps, reviving the performance to a certain extent [291] In organic conjugated
polymers, cations and anions are trapped and absorbed on polymers to form compact
and dense microstructures, which prevent further intercalation of counter ions,
resulting in less electro-active sites. Cycling performance can be improved by forming
a more porous morphology [292], reducing the interaction time between polymers and
counter ions by using a lower concentration of electrolyte, applying a smaller voltage,
or reducing the anodic or cathodic polarisation time. Decreasing interaction between
polymers and counter ions also decrease the optical contrast. Up to now, the strategies
investigated for both inorganic and organic materials do not provide a permanent
solution. Further investigations are warranted for the study of the ion-trapping
phenomena and the design of EC materials with minimum trap sites.

1.12.2. Optical memory

The optical memory means the tendency of an electrochromic materials to maintain
its coloured or bleached states after removing the external bias [293]. Self-bleaching
are commonly observed in small molecule based ECDs which can easily diffuse into
electrolyte and undergo electron transfer [294]. For conjugated electrochromic
materials, self-bleaching and self-colouring [295, 296] phenomena have been
observed due to spontaneous electron transfer from the ECPs to the transparent
conductive substrates. In order to maintain the optical state of the ECDs, refreshing
potential pulses can be applied, which increases the power consumption of the
devices. While side-chain modifications of the electrochromic polymers could
effectively tune the HOMO levels of the electrochromic materials to address the self-
bleaching issue, chemical modifications inevitably change their colour and
electrochemical properties [297]. Alternatively, a general protocol with the

combination of cathodic polarisation and surface modification of the conductive
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substrate has been proposed to minimise the self-bleaching of ECPs, as cathodic
polarisation closes up the opening conformation of ECPs after electrochemical
conditioning. Partial surface modifications impede the spontaneous charge transfer

between the ECPs and the conductive substrates [298].

1.12.3. Residual colour and black-to-transmissive switching

This is difficult for high band gap polymers, as high potentials may be required for
complete bleaching. The higher potentials may decrease device life time. For
anodically colouring materials, which are already transmissive in the neutral state
with oxidation leading to colouration. However, the presence of the intermediate
colours makes it not suitable for most applications, and similar issues related to the
cathodically colouring polymers may be encountered. Although colour tuning for a
specifically coloured polymer can be achieved based on the understanding of polymer
compositions and structures, obtaining a polymer that can be switched between black
and transmissive state can be nontrivial, as it requires high absorption over the visible
region in the neutral state, and suppression of the absorbance in the bleached state.
The reversible and controlled tuning of such broad absorption has been demonstrated
using triarylamine based polymers, donor—acceptor based conjugated polymers, [299].
However, challenges in controlling the optical contrast, switching time, and
uniformity of colour transition for the black-to-transmissive switching ECPs may
arise when using these approaches.

1.12.4. Environmental stability

Electrochromic windows can be integrated to buildings for energy saving purposes.
However, the high production cost has become one of the biggest barriers to market
penetration [300]. One way to compensate the high cost is to extend their lifespan and
save energy in the long run. In general, lifetimes greater than 20 years are targeted for
energy saving applications. To achieve long-term stable performances, the thermal
and photo- stabilities of the ECDs need to be considered. Unfortunately,
investigations on the thermal stability of the ECDs are scarce and not many

conclusions and clues from the instability of materials at high temperature have been
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drawn [301]. One factor that plays an important role in multiple layered ECDs is the
thermal expansion coefficients. Different components integrated within a single
electrochromic device can have very different thermal coefficients, which causes
problems in mechanical and physical stabilities upon heating and cooling cycles.
Photostability of the electrochromic materials is another key factor that determines the
lifetime of the ECDs used in outdoor conditions. The photochemical breakdown of
the conjugation in the polymers is known as a combinatory effect of oxygen, moisture
and light, which induces oxidation of the alkyl side chains, leading to chain scission
and/or loss of conjugation in the backbone [302]. ECPs with relatively lower lying
HOMO levels typically have better photochemical stability, although the position of
the HOMO level is not necessarily correlated with the photochemical stability [303-
305]. To address the issues of the photochemical degradation of electrochromic
materials, the encapsulation of devices in an inert atmosphere is required for the

fabrication and assembly of the ECDs, which further increase the cost of the device.

Aims and perspective:

Electrochromic materials which reversibly modulate optical transmittance by applying
potentials are the key components for energy saving and colour-tuning applications,
especially in smart window technology which switch between dark state and a
colourless state to control solar heat and increasing the energy efficiency of buildings
sectors. Organic ECMs include conducting polymers and small organic molecules that
have a large degree of conjugation have the advantages of good optical switching, fast
response time, flexible device fabrication, large coloration efficiency, low driving
voltage, and easy molecular design. The present thesis deals with electroactive and
photoactive Triphenylamine based different donor acceptor donor based EC polymers
which are synthesized by oxidative electrochemical deposition method on conducting
surface. Triphenylamine based DAD type EC polymers exhibit strong colour change
at low working potential.

This thesis is divided into six chapters. Chapter 1, introduces a brief discussion

about Electrochromism, different types of Electrochromic materials, literature on
Triphenyl amine based EC materials, the important parameters which control the

Electrochromism, Electrodeposited polymerization technique, the appearance of
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different colours with voltage change, the mechanism of colour change,

Electrochromism with device fabrication.

Chapter 2, deals with the characterization technique after monomer formation like
NMR, MALDI-TOF, FTIR. FESEM and AFM technique for polymer film
morphology characterization and photo physical UV-Vis spectroscopy for film
absorbance characterization. Electrochemical technique like Cyclic Voltametry,
Chronoampherometry and Spectro-electrochemical technique for checking EC

performance.

Chapter 3 describes the influence of number of electropolymerizable group of the
donor side on electrochromic behaviors, three donor-acceptor-donor type monomers
containing isonaphthalene diimide as acceptor core and electro-polymerizable
triphenyl amine (TPA) as the donor moiety have been designed and successfully
synthesized via imidization of isonaphthalene anhydride with corresponding TPA
derivatives. Three polymers show multi-electrochromic properties in a reversible
manner with the colour change from colourless to brown to blue at low working
potential. Spectro-electrochemistry studies of these films have revealed the high
optical contrast (51.4%, 69.8 %, 84.5% respectively) of these polymers with the very
fast bleaching (less than 1 s) and coloration (less than 2 s) time with very high
coloration efficiencies. The electro switching stability has been performed up to 500

cycles and activity loses only 10% after 3000 s.

Chapter 4 presents the effect of different acceptor core like pyromellitic dianhydride,
naphthalenetetracarboxylic dianhydride, perylenetetracarboxylic dianhydride and
terminal triphenylamine based three DAD type monomers which are subsequently
electropolymerized on conductive glass surface to have polymers which are explored
by cyclic voltammetry studies. Density functional theory (DFT) studies disclose that
HOMO is localized solely on triphenylamine unit which accounts for the
electropolymerization process upon oxidation. Besides, TD-DFT calculations unveil
the responsible electronic transitions for electrochromism in the polymers. Three

polymers exhibit the reversible multiple colour changes of colourless to brown to
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deep blue in the anodic region by applying voltage 0 to 1 to 1.2 V and also colourless
to deep pink in the cathodic region (voltage window of 0 to -2 V) with attractive
response times, optical contrast, switching stabilities, and coloration efficiencies.
These polymers can be switched upto 10,000 cycles with the colouration efficiency
800 cm?/C in the anodic process and 600 cycles for the cathodic process in a three

electrodes configuration.

In Chapter 5, Several triphenylamine end capped to substituted central naphthalene
tetracarboxylic diimide based four donor - acceptor - donor type electroactive
monomers have been designed and developed to explore the effect of substituent on
the formation of electro-polymers and subsequent the chromic effect of prepared films
on the conductive surface. Initially, with the help of density functional theory (DFT)
studies, it has observed that HOMO is located over triphenylamine unit, responsible
electropolymerization process upon oxidation, LUMO is residing on the central
naphthalene core, and all substituents are not coplanar with naphthalene moiety. Also,
the band gap energy is gradually decreased with the effect of strong electron
withdrawing substituents on NDI core. In three electrode configuration, reversible
multiple colour changes of brown to deep blue by applying voltage 0 to 1.1 V and
also brown to deep pink with the voltage change of 0 to -2 V are investigated with
relatively good response times, optical contrast, switching stabilities, and coloration

efficiencies.

Chapter 6 represents the overall work summary with future scope.
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After synthesizing the monomers, different characterization techniques like NMR,
FTIR and MALDI-TOF were employed. The electrochemical techniques like Cyclic
Voltammetry, Chronoampherometry and Spectroelectrochemistry (combination CV
and UV-Vis spectroscopy) were carried out to measure the electrochromic
parameters. The morphology of the polymer film was checked by FESEM and AFM.
All the techniques have discussed briefly in this chapter.

2.01. Nuclear magnetic resonance (NMR)

Nuclear magnetic resonance (NMR) spectroscopy is an analytical technique used to
detect structure of a molecule. It was first demonstrated by Isidor I. Rabi in 1938. In
early days, NMR spectroscopy progressed concurrently with advances in many other
fields, such as mathematics, physics and informatics. NMR spectroscopy is based on
the interaction of an externally applied radiofrequency radiation with internal
frequency of atomic nuclei. During this interaction there is an exchange of energy
which leads to a change in an intrinsic property of the atomic nuclei called nuclear
spin. The nuclear spin can be defined by a quantum number (I), which varies
depending on the isotope. The nuclei with | # 0 are detectable by NMR spectroscopy
(NMR-active nuclei, such as *H, ?H, *3C and **N). These NMR-active nuclei behave
like a tiny magnet with magnetic dipoles, capable of aligning with external magnetic
fields by a process called magnetization. The force of those tiny magnets is defined by

a constant known as the magnetogyric ratio (y), whose value depends on the isotope.

Nuclear spins of some NMR-active nuclei are able to adopt two different orientations
when they align to an external magnetic field (Bo). One orientation corresponds to the
lowest energy level of the nucleus (parallel to the external magnetic field), and the
other one is associated to the highest energy level of the nucleus (anti parallel to the
external magnetic field). The difference between energy levels (AE) depends on the
magnetic field and the magnetogyric ratio and affects the sensitivity of the technique.
Magnetic resonance is achieved when nuclei are irradiated with radiofrequency. This
causes transitions between energy levels, which involves changes in the orientation of

nuclear spins.
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Fig.2.01. Nuclear spin behavior under the influence of an external magnetic field (left panel). Scheme
of a basic NMR experiment in which the magnetization is transferred to the xy plane upon the
application of a magnetic pulse (right panel).

When atomic nuclei are under the effect of a magnetic field, nuclear magnetic dipoles
are not statically aligned with the magnetic field Bo, but rather move like a spinning
top (precession movement) around an axis parallel to the direction of the field. The
frequency of this precession movement, called Larmor frequency (vp), is defined by
the magnetogyric ratio and the magnetic field. As a consequence of this precession
movement, the magnetic vector (u) associated with the nuclear magnetic dipoles
possesses a component parallel to the magnetic field (u;) and another component
perpendicular to the magnetic field (pxy), with this last one having a net value of zero
in the absence of external perturbations. In an NMR experiment, it is not possible to
measure the signal in the z direction, as the magnetic field is too intense in that
direction. Therefore, it is necessary to transfer the magnetization of the z component
to the xy plane.

For this purpose, a magnetic pulse containing frequencies close to the Larmor
frequency is applied perpendicular to Boto reach the resonance of nuclear spins,
which generates a non-zero pixy component. After this pulse, a relaxation process takes
place and the uxy component gradually recovers its net value of zero [Fig.2.01, right
panel]. As a consequence of this relaxation, energy is emitted as radiofrequency,
producing a characteristic signal called free induction decay (FID) which is registered
by the detector. This FID is subsequently transformed into a plot of intensities versus
frequencies known as an NMR spectrum. The position of resonance peaks on the
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scale of frequency or magnetic field depend on the local magnetic fields that were
result of the nature and location of the atomic groups in the vicinity of the protons.
The shifting in the resonance is known as chemical shifts. Chemical shifts were
measured in parts per million in frequencies on a scale labelled. The chemical shift is
measured with respect to the internal standard tetramethyl silane (TMS) [Fig.2.02].

The relation between chemical shift and radiofrequency is,

d = [(frequency of signal — frequency of standard) / spectrometer frequency]*106.

| Shield 2
Downfield m

Chemical Shift 6 (ppm)

Fig. 2.02. NMR scale represents upfield and downfield

NMR spectrometers consist of three main components: a superconducting magnet, a
probe and a complex electronic system (console) controlled by a workstation [Fig.
2.03]. The magnet is responsible for the generation of a strong magnetic field that
aligns the nuclear spins of the atoms present in the sample. Nowadays, the magnets
used in NMR spectroscopy are based on superconducting materials, and thus, they
require very low temperatures to work (around 4 K). For this reason, NMR
spectrometers contain a cooling system composed of an inner jacket filled with liquid
helium which is refrigerated by an additional jacket filled with liquid nitrogen, and

many layers of thermal isolating materials.
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Sample

Probe
Section

Workstation NMR Console Magnet

Fig. 2.03. General design of an NMR spectrometer with its principal components.

The superconducting magnet surrounds a cylindrical chamber known as the “probe”,
which is a crucial component of the instrument. The sample is introduced into the
probe and thus placed under the influence of the magnetic field. Additionally, the

probe contains a series of magnetic coils that are also located around the sample.

These coils have multiple purposes. On one hand, they are used to irradiate the
radiofrequency pulses and to detect and collect the NMR signal emitted by the
sample. On the other hand, they also enable control of the magnetic field homogeneity

and the application of pulse gradients that are used in some NMR experiments.

In this thesis, 'H and *C spectra were recorded by 300 MHz, 400 MHz, 500 MHz,
600 MHz Bruker instrument.

2.02. Matrix-assisted laser desorption/ionization (MALDI)

Mass spectrometry is an analytical technique in which samples are ionized into
charged molecules and ratio of their mass-to-charge (m/z) can be measured. In
MALDI-TOF mass spectrometry, the ion source is matrix-assisted laser
desorption/ionization (MALDI), and the mass analyzer is time-of-flight (TOF)

analyzer. MALDI is a soft ionization that involves a laser striking a matrix of small
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molecules to make the analyte molecules into the gas phase without fragmenting or
decomposing them. Some biomolecules are too large and can decompose when
heated, and traditional techniques will fragment or destroy macromolecules. MALDI
is appropriate to analyze biomolecules like peptides, lipids, saccharides, or other

organic molecules.

The principle of MALDI

The analyte is embedded in a very large excess of a matrix compound deposited on a
solid surface called a target, usually made of a conducting metal and having spots for
several different samples to be applied [Fig.2.04]. After a very brief laser pulse, the
irradiated spot is rapidly heated and becomes vibrationally excited. The matrix
molecules energetically ablated from the surface of the sample, absorb the laser
energy and carry the analyte molecules into the gas phase as well. During the ablation
process, the analyte molecules are usually ionized by being protonated or
deprotonated with the nearby matrix molecules. The most common MALDI

ionization format is for analyte molecules to carry a single positive charge.

Types of laser commonly used in MALDI

Lasers of both ultraviolet (UV) and infrared (IR) wavelengths are in use, but UV
lasers are by far the most important light sources in analytical MALDI. Among these,
nitrogen lasers and frequency-tripled or quadrupled Nd: Yag lasers often serve for the

majority of applications.

Commonly used MALDI matrix substance

It is believed that the first function of the matrix essentially is to dilute and isolate
analyte molecules from each other. This occurs during solvent evaporation and
concomitant formation of a solid solution. Then, upon laser irradiation, it functions as
a mediator for energy absorption. The choice of the right matrix is key to the success
in MALDI. In general, highly polar analytes work better with highly polar matrices,

and nonpolar analytes are preferably combined with nonpolar matrices. The most
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commonly used matrixes are a-Cyano-4-hydroxycinnamic acid, 2,5-dihydroxybenzoic

acid, 3,5-dimethoxy-4-hydroxycinnamic acid, and 2,6-dihydroxyacetophenone,

diathranol.

Laser beam
g
o Desolvation &
- H . . . .
_% Desorption - .... ionization .. b to Mass
o Lt E——
3 B .. - analyzer
\ i /
o—=@

Proton Transfer

@ Analyte spots
® Matrix spots

Fig.2.04. Schematic representation of MALDI TOF spectroscopy.

The analyte should be soluble to at least about 0.1 mg/ml in some solvent. And the
matrix is dissolved to yield either a saturated solution or a concentration of about 10
mg/ml. The solution of the analyte is then admixed to that of the matrix. For
optimized MALDI spectra, the molar matrix-to-analyte ratio is normally adjusted as
to fall into the range from 1000: 1 to 100,000: 1. And then the mixture is then spotted
onto a metal target plate for analysis. After drying, the mixture of the sample and
matrix co-crystallizes and forms a solid deposit of sample embedded into the matrix.
The plate is subsequently loaded into the MALDI-TOF instrument and analyzed by
software associated with the respective system. The MALDI leads to the sublimation
and ionization of both the sample and matrix. These generated ions are separated
depending on m/z through a TOF analyzer, and a spectral representation of these ions

is generated and analyzed by the MS software, generating an MS profile. The ion
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masses (mass to charge ratio) were determined by measuring their TOF, which is

longer for larger molecules than for smaller ones for the identical initial energies.

In my thesis, the mass of the derivatives were measured by Bruker Ultraflex Treme

MALDI instrument and the matrix was used is diathranol.

2.03. Fourier transform infrared (FTIR) spectroscopy:

FTIR spectroscopy has been used to determine the functional groups present in a
molecule. The FTIR instrument consists of one infrared (IR) light source, one beam
splitter, one fixed mirror and one movable mirror [Fig.05]. Those bonds in a molecule
are IR active which can changes the dipole moment of the molecules under the
irradiation of the electromagnetic radiation. When the molecules are excited by
infrared radiation, then it becomes move lower to higher vibration level, consequently
we get the infrared absorption spectra. The vibrational level is associated with number
of rotational level. The term wavelength or wave number can be used to express the
absorption of the infrared radiation and the intensity of the band observed in the FTIR
spectrum is expressed in terms of transmittance (T) or absorbance (A). In this thesis,
Perkin Elmer FTIR C120947 was operated; very dilute sample solution was used of

the frequency range 400-4000 cm.
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Fig.2.05. Schematic diagram of IR instrumentation.
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2.04. Field Emission Scanning Electron Microscope (FESEM):

The SEM is a high vacuum instrument (less than 107 Pa in the gun zone). The
vacuum allows electron movement along the column without scattering and helps
prevent discharges inside the gun zone. The function of the electron gun is to provide
a large and stable current in a small beam. There are two classes of emission source,
a) Thermionic emitter and b) Field emitter. Depending upon the emitter the
instrument are categories into scanning electron microscope (SEM) where thermionic
emitter is working and field emission scanning electron microscope (FESEM) where
field emitter is working. Thermionic emitters use electrical current to heat up a
filament (most common filaments are Tungsten and Lanthanum hexaboride).
Thermionic sources have relative low brightness, evaporation of cathode material and
thermal drift during operation. Field emission is one way of generating electrons that
avoids these problems. A field emission gun (FEG) also generating electrons which is
cold cathode field emitter. FESEM uses field emission gun producing a cleaner
image, less electrostatic distortions and spatial resolution less than 2 nm [Fig.2.06].
Nanotechnology has strongly driven the development of recent electron microscopy
with demands, not only for increasing resolution but also for more information from
the sample. In electron microscopes use a beam of highly energetic electrons to probe
objects on a very fine scale. In standard electron microscopes, electrons are mostly
generated by heating a tungsten filament. But in a field emission electron microscope,
cold source is employed. Field emission is the emission of electrons from the surface
of a conductor caused by a strong electric field. An extremely thin and sharp tungsten
needle works as a cathode. The FE source reasonably combines with scanning
electron microscope whose development has been supported by advances in
secondary electron detector technology. The acceleration voltage between cathode
and anode is commonly in the order of magnitude of 0.5 to 30 kV and the apparatus
requires an extreme vacuum in the column of the microscope. Therefore, the FE

scanning electron microscope is very useful tool for high resolution surface.
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Scanning Electron Microscope
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Fig.2.06. Schematic representation of SEM

In my thesis, surface morphology of the polymer sample was carried out by JEOL
JSM 6700F FESEM instrument operating at 5 kV in secondary electron mode. The
sample was prepared on ITO coated glass by electropolymerization at very slow scan
(0.020 mV/s) for 8 cycles. The sample was dried in vacuum oven for overnight.

2.05. Atomic force microscopy (AFM):

Atomic force microscopy (AFM) is a very high resolution type of scanning probe
microscopy technique. The topology of the dried sample were studied using atomic
force microscope (Veeco, model AP0100). AFM provide 3D profile morphology of
materials. The AFM instrument was conducted in the non contact mode at a resonance

frequency of the tip end of 250 KHz [Fig.2.07]. Before going to instrument the dilute
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analyte samples solution was electropolymerized on ITO surface. Then the samples

were dried over night at room temperature and finally in vacuum.

Substrate
Fig.2.07. Schematic diagram of AFM.

2.06. UV-VIS Spectroscopy:

Ultraviolet-visible spectroscopy refers to absorption spectroscopy or reflectance
spectroscopy in the ultraviolet-visible spectral region. Ultraviolet-visible (UV-VIS)
spectroscopy is an analytical method that can measure the analyte quantity depending
on the amount of light received by the analyte. UV visible spectroscopy is more
important because of its versatility, speed, accuracy and cost effectiveness. When UV
visible light passes through the sample solution some of the light is absorbed by the
sample and rest part of the light transmit through the solution [Fig.2.08].

i —

e Electric | Computer
. Light Current ;
Light for Signal
Source ' — Processing
& CQutput

Fig.2.08. Schematic representation of UV Visible spectroscopy.
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In UV Visible spectroscopy, Lambert Beer’s law is used to measure the absorbance of
the light absorbing sample solution. In my thesis, all UV measurement of all
monomers and polymers was done in Agilent 8453 and the UV for

spectroelectrochemistry was done by ocean optics in our lab.

2.07. Cyclic Voltammetry:

In the cyclic voltametry technique, three electrodes are employed, working electrode,
reference electrode and counter or auxiliary electrode. Cyclic voltametry is a type of
electrochemical measurement, where the working electrode potential is ramped
linearly versus time. In CV experiment, the current flows between two electrodes (the
working and counter electrodes) is plotted on the x axis. The resulting plot (X axis vs
Y axis) is called a cyclic voltammogram, which is sometimes described as an
electrochemical spectrum [Fig.2.09]. The current which flows, particularly at the

current peaks, is often directly proportional to the analyte solution concentration.

Cyclic Voltammogram

Faradaic EPG Anodic (oxidation)
- Positive Current

Current
Capacitive (analyte)

< |Current
~~. |(background) Pre s
-
1= r_)._—\ :
g:" el T /’M‘;otential / Vv
3 o
E Ipc
Cathodic (reduction)
— Negative Current ipc

Fig.2.09. Cyclic Voltammogram.

The CV technique is widely used for acquiring qualitative information about
electrochemical reactions. The cyclic voltametry provide considerable information on
the thermodynamics of redox processes and the kinetics of heterogeneous electron

transfer reactions. Electrochemical oxidation occurs during application of increasingly
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positive voltage whereas the reverse process corresponds to electrochemical
reduction. Critical information on the Electroactive polymers that can be obtained
from CV measurements includes the oxidation and reduction onsets for the
compulsion of HOMO and LUMO energy levels respectively, indicating the
accessibility of the monomers or polymer towards oxidation or reduction. A shallower
HOMO and deeper LUMO level facilitates oxidation and reduction respectively.
Approximation of the oxidation and reduction onsets involves the determination of

intersection point of the tangent lines between the baseline and the current signals. For

one.

a highly reversible redox reaction, the ration of anodic and cathodic current is close to
Electrode connections
Holes for degassing

7 i hi\
or reagent addition

== [P Teflon cap

Glass solution reservoir
——— Electrolyte solution

Working electrode

\ = Reference electrode
Counter elctrode

Fig.2.10. CV cell containing three electrodes.

The energy of HOMO can be determined from cyclic voltammetry. The equation for
HOMO and LUMO energy levels computation based on the oxidation and reduction

onsets were
HOMO = - (Eonset ox VS ferrocene) - 4.8 eV

LUMO = - (Eonset red VS ferrocene) - 4.8 eV
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The value 4.8 is used in the equation as the reversible ferrocene/ferrocenium redox
couple is taken to occur at -4.8 eV relative to the vacuum level. In most cases
reduction peaks were not clearly observed for conjugated polymers, the LUMO of the

polymer is approximated from the optical band gap using equation,
Band gap = HOMO - LUMO

CV was performed with a three electrode cell configuration in CHI6087E under inert
atm, to negate any effects arising from the presence of oxygen and moisture. A carbon
coated platinum disk or ITO coated glass, pt wire, silver wire were employed as the
working, counter and reference electrode [Fig.2.10]. Polymer films on working
electrode were prepared from monomer solution (5*10*M) monomers in 0.1 M
BusNCIO4/DCM solutions via cyclic voltammetry repetitive cyclic at a scan rate of 50
mV/s for ten or twenty cycles. The polymer was deposited onto the surface of the
working electrode, the deposited polymer film was rinsed with plenty of acetone,
DCM and MeOH for the removal of unreacted monomer, inorganic salts and other
organic impurities. Fresh polymer films were employed for oxidation and reduction
CV scans in 0.1 M TBAP/ACN. Calibration of the reference electrode was carried out
before CV measurement. This was done by dissolving ferrocene into the 0.1 M
TBAP/ACN electrolyte solvent couple to form an approx 5 mM solution. A CV scan
was carried out between the potentials to measure the oxidation potential of ferrocene-

ferrocenium couple. All measurements were recorded at a scan rate of 50 mV/s.

2.08. Spectroelectrochemistry:

Spectroelectrochemistry refers to a technique that is used to trace the optical and
electronic changes in the polymer upon electrochemical doing/dedoping. The
spectroelectrochemical graphs provide key information on the electronic states of the
conducting polymer such as the intrinsic band gap and intra band electronic
transitions by tracking the formation of polarons and bipolarons bands upon

oxidation/reduction, as well as the operation potentials for the electrochromic devices.
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Fig. 2.11. Spectroelectrochemical schematic diagram.

Spectro electrochemical studies were generally performed using a UV-Vis
spectrophotometer as well as a potentiostat [Fig.2.11 and Fig.2.12]. Experimentally
baseline is first recorded with blank devices or electrode placed at both the reference

and sample cell compartments and held by double sided

Potentiostat

Working H
Electrode Reference
Electrode
Counter 1
Electrode f Tf
L &
~ 7 O
- " f/
Excitati
xcitation Sample Detector
Source

Fig.2.12. Spectroelectrochemical set up.
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tapes. Subsequently, the device at the sample cell compartment was replaced by the
fabricated polymeric ECD or polymer coated ITO electrode with counter and
reference electrodes were connected. In-situ measurements of the UV-Vis spectra of
the polymers were controlled by potentiostat. Measurements of the spectra were

started after a time lapse of 10s.

2.09. Chronoampherometry:

In Chronoampherometry, the potential applied to the working electrode was stepped
and the resulting current and charge occurring at the electrode was monitored as a
function of time [Fig.2.13]. The total charge consumed within a time range was
computed from the integration of the current time. The charge density can be
calculated from chronoampherometry curve which is needed for colouration
efficiency measurement. The current response to the applied potentials generally
exists as a spike followed by an exponential decay form as the electrochemical
reaction occurred rapidly at the electrode surface followed by time dependent
diffusion of charges across the bulk of the polymer film.

High potential High potential

>
I —Pulse width —x—Pulse width =
: (*) ()
o |Initial
1 "
potential E Low potential
| Step 1 ] Step 2 | Step 3 |
0 Time (s)

Fig.2.13. Chronoampherometry plot.

105



Chapter-2

In my thesis work, all chronoampherometry measurements on the ECDs were coupled
with the recording of the transmittance time profiles using the spectrophotometer. A
two electrode cell configuration was utilized with the counter and reference electrodes
shorted. The polymer coated ITO substrate acted as the working electrode whereas the

second ITO substrate acts as the counter reference electrode.
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Design, Synthesis, and Electrochromic Behaviours of
Donor-Acceptor-Donor type Triphenylamine iso-

Naphthalenediimide Derivatives

The work reported in current chapter was published in ChemElectroChem 2020, 7,
4144-4152.
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3.1. Indoduction

Upon applying voltage, optical properties such as transmittance/reflectance of some
materials are changed in a persistent and reversible manner, this phenomenon is
known as electrochromism and the materials responsible for this process are known as
electrochromic materials. Change of optical property comes with the electrochemical
oxidation or reduction process [1, 2]. As this phenomenon is associated with some
colour change, so it can be a potentially good candidate in display technology, optical
switching device, sensors, protective eye wear, smart windows, memory elements [3-
10]. Different type of inorganic metal oxides especially transition metal oxides such
as tungsten oxide (WOs3), nickel oxide (NiO or Ni203), V20s, NbOs, Ir(OH)s [11, 12],
mixed valance metal complexes, organic small molecules and conjugated polymers
are commercialized [13-16]. In the recent decade, small molecular organic derivatives
having electropolymerizable groups have shown tremendous interest as an
electrochromic material and they are enjoying such as the ease of processing, the
different colour shade owing to the chemical modification, relatively good value of
coloration efficiency, comparable optical contrasts, improved switching speeds [17-
19]. The propeller-shaped triphenylamine (TPA) has become a promising
optoelectronic molecule for emerging electronic applications owing to the
prerequisites of its good thermal and morphological stability [20-27]. Incorporation
of bulky, packing disruptive and three- dimensional TPA moieties in polymer
backbone helps to solubilise all polymers in organic solvents, and exhibits excellent
thin-film-forming capability. Electron-rich TPA derivatives are easily oxidized to
form stable polarons and bipolaron, and the oxidation process is always associated
with a noticeable colour change in the visible region [28]. They have a broad range of
material systems, including high-performance polymers (aromatic polyimides or
polyamides), conjugated polymers, epoxy resins, polysiloxane gels, metal complexes,
and small molecules and nearly all these EC materials reveal specific and interesting
EC properties. In the present chapter, three donor-acceptor-donor based monomers
(Fig. 3.1) were designed and the central iso-napthalene diimide was taken as acceptor
moiety and electro polymerizable TPA was taken as donor unit with the expectation

to achieve the enhanced the coloration efficiency, optical contrast, cyclic stability
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with increasing either with number of TPA units sequentially or the conjugation
length of the donor part from TPA21SO to TPAsISO. By applying voltage, the TPA
units should be oxidized and form radical cation which underwent dimerization to
produce tetraphenylbenzidine (TPB) [29-34]. For the propagation of the
polymerization process, it was recently experienced that two factors were crucial, a)
the stability of the TPB radical cation and b) non-conjugation of TPA radical with the
central acceptor moiety [35]. The electrochromism of the electro deposited polymers
of TPA21SO, TPA4ISO, TPA6ISO possibly came from the combination effect of the
TPA unit and iso-naphthalene unit. The reason for choosing iso-naphthalene unit was
that it was neutral and absorbed ultra-violet light at a potential in which TPA is
oxidized, as a consequence, it did not contribute any absorption in the bleached state.
All the synthesized monomers were subjected to oxidative electro-polymerization
process by applying potential through cyclic voltammetry (CV) and multi-colour
electrochromism with very less response time and with high coloration efficiencies

were explored.
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Fig. 3.01. Chemical structure of TPA21SO, TPA4ISO, TPA6ISO.
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To the best of our knowledge, there was no report on the electrochromic behaviours
of TPA  based iso-naphthalenediimide  derivatives and  subsequent
eletropolymerization. Hence, the investigation of electrochromic behaviours utilizing
polymers made of these derivatives might lead to the development of the novel class

of electrochromic material.

3.2. Results and discussion

3.2.1. Synthesis of Monomers

Three monomers TPA21SO, TPA4ISO, TPAsISO were synthesized by the
condensation of iso-naphthalene dianhydride with D1, D2 and D3 in dry DMF with
relatively good yield according to the following scheme shown in Fig. 3.02a. Iso-
naphthalene dianhydride was prepared from the starting material 2,6 dimethyl
naphthalene whose formation was confirmed by the appearance of the peak at 268.75
(Fig. 3.12) in the mass spectra. D1 was synthesized from the precursor diphenyl
amine which showed the characteristic peaks of triphenyl amine as well as the peak
corresponding to the free amine unit at 5.264 ppm in the *H NMR spectra (Fig. 3.15).
D2 and D3 were synthesized by the Suzuki coupling from the borolane derivative of
TPA (Fig. 3.14). The formation of the product D2 and D3 was confirmed by the
appearance of the signal at 5.58 and 5.16 ppm which was due to the free -NH; unit of
D2 and D3 respectively and disappearance of the proton signals at 1.29 ppm (12
protons) of the TPA-borolane unit in the *H NMR spectra (Fig.3.16-Fig.3.17). Also
all the synthesized molecules were well characterized by NMR and MALDI-TOF
mass spectra. Details of the procedure and characterization data were provided in the

experimental section of Fig. 3.02b and Fig. 3.18-Fig. 3.20.

3.2.2. Optical Properties of Monomers

UV-Visible spectra of the three monomers were measured in DCM (5x10*M)
solution. Firstly, we performed the UV spectra of the only three donor units (D1, D2,
D3) with absorption maxima at 300 nm, 310 and 338 nm, 310 and 342 nm
respectively. From the absorption spectra of TPA21SO, TPA4ISO, TPAsISO, it was

observed that there were two absorption peaks (Fig. 3.03a) at 305 nm, 332 nm and
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310 nm, 342 nm and 310 nm, 343 nm for the monomer TPA21SO, TPA4ISO,
TPA6sISO respectively, among those at 305 and 310 nm absorption band is
characteristic of TPA itself and 332, 342 and 343 nm is due to the absorption of the n-

7* transition [36].
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Fig. 3.02. a) Synthesis scheme and b) representative MALDI-TOF spectra of TPA21SO, TPA4ISO,
TPAsISO.

3.2.3. Electrodeposition of the Polymeric Films and Cyclic Voltammetry Studies

Electro-polymerizations of the monomers were carried out in a three-electrode system
having ITO coated glass slides as working electrode, Ag/AgCl, as reference electrode
and Pt wire as counter electrode using monomer solution (5x10* mol) in electrolytic
solution of TBAP. The solution was purged with nitrogen gas for 20 min prior to the
start of electro-polymerization. With the increasing number of CV scans, peak
currents were increased and polymer film was deposited on the surface of working
electrode (ITO). For all monomers, similar trend of increasing peak current densities
with the increasing the number of scan was observed and it indicated the formation of
polymers for all cases (Fig. 3.03b). The film thickness was easily tuned by controlling

the number of the CV scans. During the electropolymerization process of the three

114



Chapter-3

monomers, an oxidation peak was observed at 1.18 V in the first positive scan and it
was the one electron oxidation of triphenyl amine unit. For the negative potential scan
of the first cycle, two peaks appeared at 0.88 V, 0.80 V for TPA21SO, 0.93 V and 0.8
V for the TPA4ISO and 0.93 V, 0.70 V for the TPAsISO (Fig. 3.06) and those were
due to the subsequent oxidation of tetraphenyl benzidine (TPB) unit formed by the
rapid oxidative coupling between TPA units (Fig. 3.04). TPB unit was produced by
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Fig. 3.03. a) Absorption spectra of all the three monomers in DCM solution (5x10* M), (Inset:
absorption spectra of D1, D2 and D3). b) CV recorded for 20 scan cycles using ITO as the working
electrode, TBAP as supporting electrolytes at scan rate of 50 mV/s for the monomers TPA:ISO,
TPA4ISO, TPAsISO respectively.

the oxidation of TPA, exhibited lower oxidation potential than the original TPA unit

because of its more extended m-conjugation [37].

3.2.4. Energy-Minimized Structure

From the energy minimized structures and the HOMO and LUMO molecular orbitals,
it was predicted that the LUMO was centralized on the isonaphthalene unit and the
HOMO was localized on the terminal triphenylamine unit (Fig. 3.05) for all of the
three monomers which facilitated the electropolymerization process. The energy of
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the HOMO, LUMO and band gap obtained from DFT calculation was shown in Table

¢ 9 0
SAs SAs o

2 Q - Qﬂp + 2H'
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Fig. 3.04. Possible mechanism of electro-polymerization process involved for TPANISO derivatives
(n=2, 4 and 6).

The experimental band gap of the monomers were also estimated from the UV-Vis
spectroscopy and the energy level of the HOMO (experimental) was calculated from
the cyclic voltammetry using Ferrocene/Ferrocenium ion as external standard. The
absorption edges are at 367, 382 and 400 nm respectively for TPA21SO, TPA4ISO,
TPA6ISO. The band gaps calculated from absorption edges were 3.37, 3.24 and 3.10
eV respectively. The experimentally obtained results were more or less closer to the
theoretical values. It has also observed that with increasing the number of TPA units
in donor part from TPA21SO to TPAsISO the band gap was also decreased. The
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calculated HOMO energy levels of TPA21SO, TPA4ISO, TPAsISO were -5.56, -5.57
and -5.58 eV and LUMO energy levels were -2.19, -2.33 and -2.48 eV respectively.
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Fig. 3.05. Optimized structures and HOMO-LUMO levels derived by DFT calculations of all TPA,ISO
derivatives (n = 2, 4 and 6).

3.2.5. Optical and Electrochemistry of the Polymer Films

Polymer films deposited on ITO surface from the electropolymerization process were
subsequently washed with DCM, ethanol and acetone to remove the unreacted
monomer and oligomers. Optical behaviours of the polymer films were investigated
by UV-Vis spectroscopy. Electrochemical behaviours of the deposited films from the
three monomers were investigated by CV measurements in 0.1M TBAP in ACN
solution. Absorption peaks obtained from p-TPA21SO, p- TPA4ISO, p-TPAsISO
were appeared at 362, 369 and 370 nm respectively and those were attributed due to

the m-n* transition of TPA backbone. Absorption edges of the three polymeric films
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were exhibited at 423, 424 and 435 nm (Fig. 3.06a) from which the calculated band
gaps were 2.93, 2.92, 2.85 eV (Table 3.1).
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Fig. 3.06. a) Absorption spectra of the monomer and polymer of TPA21SO, TPA4ISO, TPAsISO at 0
V (Inset: cyclic voltammetry of the cast film of individual polymer in 0.1 M TBAP/ACN solution (WE
: Pt, CE: Pt wire, RE : Ag wire ) at a scan rate 100 mVs™. b) CV plot of polymers on Pt working
electrode in 0.1 M TBAP/ACN at different scan rate ranging from 50 mV/s to 500 mV/s (inset: plot of
peak current Vs scan rate).

3.2.6. Scan Rate-Dependent Studies

CV studies of p-TPA21SO, p-TPA4ISO, p-TPAsISO were performed by varying
scan rate from 50-500 mV/s on Pt working electrode, Pt wire and Ag/AgCl were used
as counter and reference electrode in 0.1 M TBAP/ACN solution. The scan rate
dependent plot Fig. 3.06b vividly demonstrated that with increasing scan rate, peak
current was increasing. A linear plot was obtained upon plotting cathodic or anodic
peak current vs scan rate (inset of Fig. 3.06b, absolute value of linear correlation
coefficient in each plot was ~0.993:0.003) and it suggested the reversible nature of the
redox process occurring in the chains of those polymers without any diffusion limits
[38].
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Band gap calculation

Table 3.1. Estimation of HOMO and LUMO levels and band gap

Compounds | UV-vis Oxidation  potential | Band gap | HOMO LUMO
wavelength (V) (DFT/ (DFT/ (DFT/ Exp)
(nm) Exp) (ev) | Exp) (ev) | (ev)
Amax | Aonset | Eonset | E120x1 | E1/20x2
TPA2ISO (330 [367 |1.00 |1.17 - 1.93/3.37 |-5.03/ -|-3.10/-2.19
5.56
p- 362 423 |0.71 |1.15 - -/2.93 -/ -5.54 -1-2.61
TPA21SO
TPA4ISO 343 382 |1.01 |1.18 - 1.80/3.24 | -493/ -|-3.13/-2.33
5.57
p- 369 |424 |0.66 |1.13 - -12.92 -/ -5.52 -1-2.60
TPA4ISO
TPAsISO 355 400 |1.04 |1.19 - 1.60/3.10 |-4.71/ -|-3.10/-2.48
5.58
p- 370 | 435 |0.63 |1.12 - -/2.85 -/ -5.51 -1-2.66
TPAsISO

UV-vis absorption maximum and onset wavelengths for the monomers and polymer films. Read from the first CV scans,
in acetonitrile at a scan rate of 50 mV/s (versus Ag/AgCl). Optical band gap was calculated from absorption edge. Eg =
1240/20nset . The HOMO and LUMO energy levels were calculated from Eox values of CV diagrams and were
referenced to ferrocene (4.8 ev relative to vacuum energy level, Eonset = 0.37 V, E1/2 Fc= 0.41 V in acetonitrile. E

=-[ (E1/20x1 - 0.41)+4.8] (ev); E + Band gap energy) (ev).

HOMO Lumo =~ Enomo
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3.2.7. Spectroelectrochemistry of Polymer Films

Spectroelectrochemistry studies with the help of integrated system of UV with CV
system, were performed to understand the change of electronic structure as well as
optical behavior of the electro generated polymeric film on ITO surface during
electrochemical oxidation process with varying voltage using three electrode
configuration in 0.1M TBAP/ACN electrolytic solution. As long as, no voltage was
applied, single peak was appeared at 360, 359 and 376 nm (Fig. 3.07) for p-
TPA21SO, p- TPA4ISO and p-TPAsISO, respectively and those were the n-m*
transition peak of the TPA unit present in the respective polymer backbone. Once, the
voltage was gradually increased, intensity of that absorption band of polymer is
gradually decreased. At 1.0 V, a new peak appeared at 489, 491 and 493 nm for p-
TPA21SO, p-TPA4ISO and p-TPAsISO respectively, signature of TBP radical
cation. The colour of the polymer film was concurrently changed to brown for all the

Cases.
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Fig. 3.07. Top panel: Change of absorption of the polymer films of p-TPA21SO, p- TPA4ISO and p-
TPA6ISO on ITO-coated glass in 0.1 M TBAP/ACN solution. Bottom panel: change of colour of the
same polymer film under applying potentials (0 V, 1V and 1.2 V).
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Further, the potential was enhanced to 1.2 V, the absorption intensities around 489,
491, 493 nm gradually diminished with the appearance of a new broad band at 737,
745 and

740 nm with the extended tail in the NIR region, indicating the formation of the TPB
dication with the colour change brown to deep blue [39]. On increasing potential
more, no extra peak was observed. Color changes of the polymer films were
reversible in nature upon oxidation and reduction and it was clearly perceived by

naked eye. No special protection due to oxygen or humidity was required.

3.2.8. Electrochromic Switching of the Polymer Film

Electro-chromic switching studies were performed to determine the response time
(coloration and bleaching time) by double step chronoampherometry method with the
combination of UV-Vis technique and the change of transmittance at a particular
wavelength with time using voltage ramping between 0 to 1.2 V for a pulse time 15 s
in 0.1IM TBAP/ACN solution. The coloration transmittance (the turn on state)
obtained for p-TPA21SO, p-TPA4ISO, p-TPAsISO were 19, 7.2 and 15% and the
bleaching transmittance (the turn off state) were 70.4, 77 and 99.5% (Fig. 3.08a)
respectively for the first potential switching step. In addition, the calculated optical
contrasts were 51.4, 69.8 and 84.5% respectively for the three polymers, revealing
that upon increasing TPA in polymer, optical contrast was enhanced to ~85%. Such a
high value of optical contrast was scarcely seen for organic electrochromic material.
Estimated times required for 95% full transmittance change for p TPAzISO, p-
TPA4ISO, p-TPAsISO were 1.28, 0.9 and 1.96 s for coloration step and 0.73, 0.57
and 0.51 s for bleaching step (Fig. 3.08b). Such a small time for coloration/bleaching
was significantly excellent for organic materials. Coloration efficiency (r) was a
useful parameter for determining the quality of an electrochromic material. The
determination of the coloration efficiency was calculated according to the following
Equation [1, 2, 40, 41],

_Aop _, Ty
n =G, =log/q,
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Where, AOD was the change of optical absorbance and Qg4 (mC/cm?) was the
injected/ejected charge during the redox process which was calculated from chrono-
amperometric plot. T, and T. were the percentage (%) of transmittance of the
bleaching state and coloration state. Generally, the electrochromic material with high
optical change and low value of ejected charge was expected for high coloration
efficiency. Calculated coloration efficiency for all the three polymers were 203, 397
and 410 cm?/C respectively at the wave length ~370 nm and all data were summarized
in Table 3.2.
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Fig. 3.08. a) Transmittance change during switching process of the polymers p-TPA:21SO, p-
TPA4ISO, p-TPA6ISO in switching time 15 s in 0.1 M TBAP/ CAN using ITO-coated glass as
working electrode, Pt wire as counter electrode Ag/AgCl as reference electrode at 740 nm wavelength
from 0 V to 1.2 V and b) represented their corresponding tc, t, values.
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Fig. 3.09. a) Cyclic stability performance of the polymers p-TPA21SO, p-TPA4ISO, p-TPAsISO in
0.1 M TBAP/ACN using ITO-coated glass as WE, Pt wire as CE, Ag wire as pseudo-RE at 740 nm
wavelength from 0 V to 1.2 V. b) Transmittance change by varying switching time of the polymers p-
TPA21SO, p-TPA4ISO, p-TPAsISO in switching time in 0.1 M TBAP/ ACN using ITO-coated glass
as WE, Pt wire as CE, Ag/AgCl as RE at 740 nm wavelength from0Vto 1.2 V.
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Fig. 3.10. Transmittance change during switching process of the solid state device obtained from p-
TPA:21SO, p-TPA4ISO, p-TPAsISO in switching time 15 s at 740 nm wave length from 0 VV to 2.5 V.

With increasing the number of TPA units in the polymer matrix, the value of
coloration efficiency was increased and the highest value (410 cm?/C) was observed
for p-TPAsISO. Less than one second time required for bleaching/coloration process
and the substantial value of coloration efficiency was extremely rare for the small
organic based electrochromic derivatives [35, 42]. The cyclic stability of the
electrochromic material was measured by potential step chronoampherometry with

absorption studies. It was operated between 0 to 1.2 V at 740 nm for ~5000 s (or 500
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cycles). It was observed that the activities loss were 10% after 3000s for p-TPA21SO,
3300s for p-TPA4ISO and 3600s for p-TPAsISO respectively (Fig.3.09a). The
switching potential between 0 and 1.2 V i.e. between neutral and fully oxidized state
of the polymer films of p-TPA21SO, p-TPA4ISO, p-TPAsISO were alternated by
varying switching interval and monitoring the change of the transmittance. With
decreasing the pulse width (20, 10, 5 and 2.5 s) the value of A%T was decreased as
shown in Fig.3.09b. Whereas, values of A%T were more or less fixed for p-
TPA4ISO, p-TPA6ISO films, though, it was tested for ~200 s.

Table 3.2. Electrochromic parameters of the polymers p-TPA21SO, p-TPA4ISO, p-
TPA6ISO

Polymers A? AT% | Response Q CE®
max(nm) TimeP AOD® | 9%(mCcm=2 | (cm?/C)
)
tc (s) | tu(s)
p-TPA:ISO 362 514 1.28 |0.73 | 0.57 2.8 203
p-TPA4ISO 369 69.8 0.9 0.57 |1.03 2.6 397
p- TPAGISO 370 84.5 196 |0.51 |0.82 2.0 410

[a] Wavelength of absorption maximum. [b] Time for 95 % of the full-transmittance change. [c] Optical density change

(AOD) = Log [T and T were the maximum transmittance in the oxidized

bleached / T colored ], where Tcolored bleached

and neutral states respectively. [d] Q g Was the ejected charge obtained from chronoampherometry measurement. [e]

Coloration efficiency (CE) = AOD/Qd.
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3.2.9. Solid State Device

To demonstrate the electrochromic phenomenon, a solid-state device was prepared
utilizing the conducting gel electrolyte made of PMMA and LiClO4 as plasticized
with propylene carbonate. Firstly, the polymer was electrodeposited on ITO coated
glass and dried properly. Gel electrolyte was spread on it and was cured. Two coated
sides of ITO glass were sandwiched to make the device that was sealed by epoxy
resin [43, 44]. Upon the applying the potential, the devices exhibited brown color at
the semi oxidized state and deep blue color at the fully oxidized state and the entire
process was occurring reversibly (Fig.3.11) for several times. Upon increasing
voltage from 0 to 1.5 V, the color changed from colorless to brown for TPA moieties,
further increase of voltage to 2.5 V, color changed from brown to dark blue. Again,
when the potential was subsequently set back at 0 V, the polymer film reverted to its

initial color.

(a)

Fig. 3.11. Electrochromism of solid-state electrochromic device of (a) p-TPA:ISO, (b) p- TPA4ISO,
(c) p-TPA6ISO.
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In the case of reverse potential, change of initial color was relatively faster than the
oxidized color. Reversible color changes were perceived by naked eye for several
times. Further, Cyclic stability studies of the devices were carried out at 740 nm from
0to 2.5V (Fig. 3.10). Stability studies were performed up to 300s for TPA21SO, 600s
for TPA4I1SO and 980s for TPAsISO. In case of solid-state device, the relatively
higher potential was required to drive electrochromism process, it was possibly owing
to the lower ionic mobility of electrolyte in the semi-solid phase (gel phase). From the
above results, it was overwhelmingly realized the potential utilization of all three

polymers for the making electrochromic devices and optical display.

3.3. Conclusions

Three donor-acceptor-donor type monomers (TPA21SO, TPAsISO, TPAsISO)
containing isonaphthalene diimide as acceptor core and electro-polymerizable
triphenyl amine as the donor moiety were designed and successfully synthesized via
imidization of isonaphthalene anhydride with corresponding triphenylamine
derivatives to check the influence of multiple TPA units on the electrochromic
behaviours. Energy optimized structure borne out by DFT calculation indicated that
electron density of HOMO was centralized on the triphenyl amine unit only. Polymer
films from three monomers were electrodeposited on ITO/glass electrodes and were
characterized by CV studies. Three polymers revealed multi electrochromic properties
in a reversible manner with the colour change from colourless to brown to blue at low
working potential. The spectroelectrochemistry studies of the polymer films obtained
from p- TPA21SO, p-TPA4ISO, p-TPAsISO on ITO surface suggested the high
optical contrast (51.4, 69.8 and 84.5% respectively) of the three polymers with the
very fast bleaching (less than 1 s) and coloration time with relatively higher value of
coloration efficiencies (~410 cm?/C) that were tuned by inserting number of TPA unit
in the monomer. The electro switching stability was performed and activity loss was
only 10% after 3000 s. To demonstrate the potential of organic materials, a solid-state
device was fabricated and it showed electrochromism in a very nice way without

taking any precaution from air or moisture.
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3.4  Experimental Section

3.4.1. Materials and instrumentations

Diphenylamine, triphenylamine (TPA), Pd(PPhs)s, bis (pinacolato) diboron,
Pd(dppf)Cl., CuCN, calcium hydride, tetra-butyl ammonium perchlorate (BusNCIOa,
TBAP), lithium perchlorate (LiClO4), polymethylmethacrylate (PMMA), silver
chloride (AgCl) were purchased from Sigma Aldrich and used as received. 4-fluoro
nitrobenzene, benzophenone, sodium hydride (NaH), sodium borohydride (NaBHa4),
potassium acetate (KOAc), sodium carbonate (NaxCOs), potassium dichromate
(K2Cr207), sodium hydroxide (NaOH) were purchased from Merck chemicals. 2,6
dimethyl naphthalene was purchased from TCI Chemicals (India) Pvt. Ltd. N-bromo
succinimide was purchased from Avra chemical which was used by recrystallization.
The solvents like acetonitrile (ACN), dichloromethane (DCM), methanol (MeOH),
dimethyl acetamide (DMAC), tetra-hydro furan (THF), dioxane, dimethyl formamide
(DMF) and analytical grade reagents were used without further purification. DMF,
acetonitrile, DCM and dioxane were dried by using calcium hydride and dry THF was
obtained from the refluxing with sodium and benzophenone. The 'H- and **C-NMR
spectra were recorded on a Bruker 500 or 400 MHz spectrometer using chloroform- d
(CDCl3), dimethyl sulphoxide-d (DMSO-ds) as solvent and tetramethylsilane (TMS)
as an internal standard. MALDI-TOF (matrix assisted laser desorption ionization
time-of-flight) mass spectrometry was carried out with Bruker Daltonics ultra-
flextreme. Fourier transformed infrared (FT-IR) spectra were measured on a Horiba
FT- 720 FT-IR spectrometer with KBr pellets. The UV-visible absorption spectrum
was recorded on an Ocean Optics DH-mini UV-VIS-NIR light source and Ocean
Optics flame Miniature Spectrometer. The electrochemical measurements were
performed by using a CHI 6087E electrochemical workstation in a conventional three
electrode cell containing 0.1M LiCIO4/ACN or DCM solution as the supporting
electrolyte. Indium tin oxide (ITO) coated glass (MTI corporation Ltd., Rs,15 Q-1)
was used as working electrode, cleaned by double distilled water, ethanol and acetone
successively with sonication. In general, electrochemical polymerization of the
monomers was performed with the use of a three-electrode cell ITO coated glass

slides as working electrode and Ag/AgCl, as reference electrode, Pt wire as counter
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electrode using 1 mM monomer solution in 0.1M electrolytic solution of TBAP in
distilled DCM via repetitive cycling with the potential barrier from 0 to 1.5 V at a
scan rate 50 mVs™ at room temperature. Ferrocene was used as an external reference
for calibration (+0.44 V vs Ag/AgCl). The solid state device was prepared utilizing a
transparent and conducting gel electrolyte having PMMA and LiCIO4 as plasticized
with propylene carbonate. Firstly, the polymer was electrodeposited on ITO coated
glass, rinsed with DCM and acetone to remove the monomers and oligomers and then
dried properly. The gel electrolyte was spread on the polymer coated ITO surface and
was kept on normal air for 30 minutes and after that it was kept on oven for 1 hour at
60°C. The conducting side of another ITO glass was sandwiched over it. Finally, the

device was sealed by an epoxy resin.
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3.4.2. Synthesis:
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Synthesis of 1, 5 dibromo 2, 6 dimethyl naphthalene : To a cold solution (-10°C) of
2, 6 dimethyl naphthalene (730 mg, 4.67 mmol) in carbon tetrachloride (12 ml)
catalytic amount iron powder (13 g, 0.23 mmol) and iodine (30 mg, 0.23 mmol) was
added. Bromine solution (0.46 ml, 9.34 mmol) in carbon tetrachloride (8.4 ml) was
added in a drop wise manner. After adding, the solution was allowed to stir at room
temperature and stirred for 6 hrs. Aqueous solution of sodium hydrogen carbonate
solution was added to the reaction mixture and extracted with CHCls, dried and
concentrated the crude product. The pure product was obtained by recrystalized the

crude product in chloroform with 82% yield (1.20 g).

IH NMR: (400 MHz, CDCl3, TMS) & (ppm): 8.20 (2H, d), 7.427 (2H, d), 2.622 (6H,
S),

13C NMR: (100 MHz, CDCls, TMS) & (ppm): 136.07, 132.14, 129.96, 126.53,
124.11.

Synthesis of 2,6-dimethylnapthalene-1,5-dicarbonitrile : To the solution of 1,5
dibromo-2,6- dimethylnaphthalene (560 mg, 1.78 mmol) in dry DMF (4 ml) copper
cyanide (0.36 g, 4.10 mmol) was added. The solution was allowed to elevate to 160°
C and stirred for 18 hrs. After cooled to room temperature, the solution was poured
into water. Filtered the turbid, washed the filter cake with ag. ammonia (15 wt %)
solution. The pure 1, 5-Dicyano-2, 6-dimethylnaphthalene was obtained after
purifying the filter cake by column chromatography on silica gel with the yield of
80% (294 mg).

'H NMR: (400 MHz, CDCls, TMS) & (ppm): 8.322 (2H, d), 7.60 (2H, d), 2.80 (6H,
s),

13C NMR: (100 MHz, CDCls, TMS) & (ppm): 143.87, 130.99, 130.49, 129.45,
116.38, 110.33.

Synthesis of 1,2,5,6-naphthalenetetracarboxylic acid : To a 20 ml Teflon liner
autoclave 1,5- Dicyano-2,6-dimethylnaphthalene (330 mg, 1.60 mmol), potassium
dichromate (1.88 g, 6.40 mmol), sodium hydroxide (121.44 mg, 3.17 mmol) and 6.3

130



Chapter-3

ml water was taken. The mixture was stirred for 30 min at room temperature and was
sealed in the stainless steel autoclave. Then it was elevated to 200°C for 10 h. After
cooled to room temperature, the mixture was filtered and the basic filtrate was washed
with ether (4 ml). At last, the crude 1,2,5,6-naphthalenetetracarboxylic acid was
obtained by reprecipitating the water layer with concentrated hydrochloric acid. The
light yellow solid was collected by filtration with a yield of 50% (243 mg). The
product was applied to the next reaction without further purification.

Synthesis of 1,2,5,6-naphthalenetetracarboxylic dianhydride (A) : The solution of
1,2,5,6- naphthalenetetracarboxylic acid (150 mg, 0.5 mmol) in acetic anhydride (15
ml) was refluxing for 4 hrs. After cooling the mixture at room temperature, the
product was collected by filtration and the filter cake was washed with methanol
several times. The light yellow solid was obtained after dried in vacuum oven with a
yield of 70% (94 mg) and it was applied for the next reaction without further
purification.

Mass (MALDI-TOF): m/z calculated 268.18, found 268.75.

Synthesis of 4- bromo N,N diphenyl aniline : Triphenylamine (3 g, 12 mmol) was
dissolved in 30 ml distilled DMF, kept in low temperature bath at 0° C. 4 ml DMF
solution of recrystallized NBS (2.13 g, 12 mmol) was added slowly to it. The reaction
mixture was stirred at room temperature for 6 hrs. Distilled water was added to it in
ice cold condition, a white ppt was obtained which was filtered, dried on oven,
recrystallized in pet ether. A white shiny crystal was obtained with 98 % vyield (3.81
9)-

I1H NMR: (400 MHz, CDCls, TMS) & (ppm): 7.35 (2H, d), 7.28 (4H, m), 7.08 (6H,
m), 6.97 (2H, d),

13C NMR: (100 MHz, CDCls, TMS) & (ppm): 147.55, 147.20, 132.29, 129.51, 125.27,
124.57, 123.38, 114.92.

Synthesis of TPA - Borolane: In a two neck round bottomed flask, 4-bromo N,N

diphenyl aniline (636 mg, 1.95 mmol), Bis (pinacolato) diboron (597 mg, 2.35 mmol),
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Pd(dppf)Cl2 (78.54 mg, 0.09 mmol), KOAc (1.15 g, 11.74 mmol) was taken and
inerted properly in N2 atm. 8 ml dry dioxane was added to it and refluxed for 24 hrs at
110°C. After cooling the reaction mixture at room temperature, a dilute HCI solution
was added and extracted with DCM and water. The crude product was purified by
column chromatography using 1:1 (pet ether:ethyl acetate) with 70 % vyield (506.8
mag).

IH NMR: (400 MHz, DMSO-ds, TMS) & (ppm): 7.551 (2H, d), 7.32 (4H, 1), 7.115
(2H, t), 7.05 (4H, d), 6.89 (2H, d), 1.29 (12H, s),

13C NMR: (100 MHz, DMSO-ds, TMS) & (ppm): 150.10, 146.60, 135.68, 129.56,
124.84, 123.76, 120.61, 83.26, 24.56.

Synthesis of 2, 6-dibromo 4 —nitrobenzenamine: To a stirring solution of p-
nitroaniline (2 g, 14.48 mmol) in 18 ml of glacial acetic acid, bromine (1.48 ml, 28.96
mmol) in glacial acetic (11 ml) acid was added portion wise upto 5 hrs. A heavy
precipitate was formed after one third addition of bromine within one hour and the ppt
was dissolved in hot water (4 ml) and then remaining bromine was added. After 2 hrs,
remaining bromine was added. Again heavy precipitate was appeared; it was
redissolved in hot water and stirred it for 1 hr. After completion of the reaction, the
reaction mixture was poured into the slurry of water and ice. After washing with
water and air drying, the compound was recrystallized from chloroform to give a
niddle shaped yellow shiny crystals with 92 % vyield (3.94 g).

'H NMR: (400 MHz, CDCls, TMS) § (ppm): 8.35 (2H, S), 5.27 (2H, S),

13C NMR: (100 MHz, CDCl3, TMS) & (ppm): 159.55, 142.5, 126.30, 122.81.

Mass (MALDI-TOF): m/z calculated 295.92, found 295.80.

Synthesis of 1, 3-dibromo-5-nitrobenzene: To a stirred boiling mixture of 2, 6-
dibromo-4-nitroaniline (1.7 g, 5.78 mmol) absolute ethanol (19 ml) and concentrated
sulphuric acid (1.95 ml), sodium nitrite (1.28 g, 18.65 mmol) was added in portions as
rapidly as foaming would permit. After refluxed at 90°C for 36 hrs, the mixture was
allowed to cool, poured into ice water and the solids were collected by filtration. The
residue was thoroughly washed with water and the 3, 5 dibromo nitrobenzene was

separated from remaining inorganic salts by dissolving it in boiling ethanol and
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filtering in hot condition. It produced yellow solid product after drying in vacuum
oven. The yellow solid product was purified by column chromatography using 10:1
(hexane:chloroform) as eluent. The desired product was obtained with 82 % yield
(1.33 9).

'H NMR: (400 MHz, CDCls, TMS) & (ppm): 8.326 (2H, d), 7.99 (1H, 1),

13C NMR: (100 MHz, CDCl3, TMS) & (ppm): 152.78, 141.4, 126.1, 125.8.

Mass (MALDI-TOF): m/z calculated 280.9, found 281.

Synthesis of 3, 5-dibromoaniline : To a solution of 3, 5 dibromonitrobenzene (1.15
g, 4.09 mmol) in ethanol (10 ml) and THF (10 ml) stirred under air tin chloride
dehydrate (4.57 g, 20.27 mmol) was added slowly in portion wise. The mixture was
allowed to stir at room temperature for 20 hrs. The solvent was then evaporated in
vacuum and an ag. NaOH solution was added to neutralize it. After stirring the
mixture, it was extracted with diethyl ether. The combined organic phase was dried
over sodium sulphate, filtered and dried. The product was purified by column
chromatography in 5:2 (pet ether:DCM) with 78 % yield (800 mg).

1H NMR: (400 MHz, CDCls, TMS) & (ppm): 7.01 (1H, t), 6.74 (2H, d), 3.77 (2H, br),
13C NMR: (100 MHz, CDCls, TMS) & (ppm): 148.73, 123.44, 123.70, 116.66.

Mass (MALDI-TOF): m/z calculated 250.92, found 250.77.

Synthesis of N-(4-nitrophenyl)-n-phenylbenzenamine : In nitrogen atm., diphenyl
amine (5.07 g, 30 mmol) was dissolved in 30 ml DMAc , to it NaH (1.12 g, 46.8
mmol) was added, stirred the solution at room temperature for 30 mins and then
placed it at low temperature bath. 4-fluoro nitrobenzene (5.07 g, 36 mmol) in 30 ml
DMAC was added dropwise to that mixture. It was then refluxed for overnight at 100°
C. After cooling the reaction at room temperature, it was poured into ice cold HCI
solution. The crude product was collected by filtration. It was purified by column
chromatography using 6:4 (pet ether : chloroform) giving orange crystalline product
with 84% vyield (7.31 Q).
H NMR: (400 MHz, DMSO-d6, TMS) & (ppm): 8.07 (2H, d), 7.45 (t, ArH, 4H),
7.30-7.25 (m, ArH, 6H), 6.80 (d, ArH, 2H),
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13C NMR: (100 MHz, DMSO-d6, TMS) & (ppm): 154.33, 146.20, 140.10, 130.66,
128.60, 126.30, 124.41, 118.56.

Synthesis of 4-bromo-N-(4-bromophenyl)-N-(4-nitrophenyl)benzenamine : N-(4-
nitrophenyl)-n-phenyl benzenamine (3.5 g, 12.05 mmol) was dissolved in distilled
DMF (30 ml) and kept it on low temperature bath. Recrystallized NBS (4.72 g, 26.53
mmol) was dissolved in DMF (22 ml). It was added drop wise to the reaction mixture.
After complete addition of NBS the reaction mixture was stirred at room temperature
for 48 hrs. The crude product was purified by column chromatography using
Chloroform as eluent. The product was recrystallized in chloroform giving orange
shinny crystal with 82 % yield (4.42 g).

'H NMR: (400 MHz, CDCls, TMS) & (ppm): 8.31 (d, 6H), 7.16 (d, 6H),

13C NMR: (100 MHz, CDCls, TMS) & (ppm): 152.69, 144.69, 141.34, 133.22,
127.74,125.78, 119.37, 117.88.

Synthesis of N,N-(bis(4-bromophenyl) benzene-1,4-diamine : 4-bromo-N-(4-
bromophenyl)-N-(4- nitrophenyl) benzenamine (2.54 g, 5.64 mmol) was dissolved in
86 ml of absolute EtOH, SnCl, (11 g, 33.85 mmol) was added to it. The reaction
mixture was refluxed at 80°C for 24 hrs. After completion of the reaction, it was
filtered, washed with water, dried on vacuum oven, purified by column
chromatography using 1:1 (pet ether : DCM) as eluent with 78 % yield (1.83 g).

'H NMR: (400 MHz, CDCl3z, TMS) & (ppm): 7.24 (4H, d ), 6.88 (4H, d), 6.61 (4H,
d),

13C NMR: (100 MHz, CDCls, TMS) & (ppm): 146.93, 143.84, 137.34, 132.06,
127.91, 126.58, 123.9, 120.88, 116.33, 114.21, 112.78.

Mass (MALDI-TOF): m/z calculated 418.59, found 418.62.

Synthesis of D1: To a 200 ml absolute ethanol solution of N-(4-nitrophenyl)-n phenyl
benzenamine (2.16 g, 7.34 mmol), hydrazine hydrate (15.12 ml) was added. The
reaction mixture was kept on an ice bath. 10% Pd/C (86.4 mg) catalyst was added to it
slowly. It was refluxed for overnight at 100° C. The reaction mixture was filtered over
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the celite powder bed to absorb Pd/C. After cooling the filtrate, distilled water was
added to it. Upon keeping it for several hours, a yellow precipitate that was appeared
was filtered, washed and dried in vacuum oven (1.9 g, 99% yield). The product was
used for next step without further purification.

'H NMR: (400 MHz, CDClIs3, TMS) & (ppm): 7.24 (4H, d), 6.89 (8H, t), 6.61 (2H, 1),
5.264 -NH, s);

13C NMR: (100 MHz, CDCI3, TMS) & (ppm): 146.93, 143.84, 137.34, 132.06,
127.91, 123.90, 120.88, 119.02, 116.10, 114.21, 112.78;

Mass (MALDI-TOF): m/z calculated 260.33, found 260.65.

Synthesis of D2: TPA-borolane (800 mg, 2.16 mmol), 3,5 dibromo aniline (208 mg,
0.83 mmol), Pd(PPhz)s4 (144 mg, 0.10 mmol) was inerted properly with nitrogen gas
for 30 minutes. Dry THF (20 ml) was added to it in stirring condition. Aqueous
solution of K>CO3 (830 mg in 3 ml water) was dropwise added to the reaction
mixture. It was refluxed for 48 hrs at 95°C. After the reaction completion, it was
extracted with DCM and water. The product was purified by column chromatography
using pet-ether: CHCIz (1:1) with 68% yield (326 mg).

'H NMR: (400 MHz, DMSO-d6, TMS) & (ppm): 7.52 (4H, d), 7.31 (8H, d), 7.04 (16
H, m), 6.77 (2H, s), 5.58 (NH, s), 5.30 (1H, s);

13C NMR: (100 MHz, DMSO-d6, TMS) & (ppm): 147.07, 140.83, 135.14, 129.46,
127.47, 123.40, 121.80, 110.65, 122.99;

Mass (MALDI-TOF): m/z calculated 579.73, found 579.48.

Synthesis of D3: TPA-borolane (582 mg, 1.567 mmol), N,N (bis(4- bromophenyl)
benzene-1,4-diamine (252 mg, 0.60 mmol), Pd(PPh3)s (105 mg, 0.1 mmol) was
inerted properly with nitrogen gas for 30 minutes. Dry THF (15 ml) was added to it in
stirring condition. Aqueous solution of K>COsz (600 mg in 2 ml water) was added
dropwise to the reaction mixture. It was refluxed for 48 hrs at 95°C. After the reaction
completion, it was extracted with DCM and water. The product was purified by

column chromatography using pet-ether: CHCIs (1:1) with 62% yield (279 mg).
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'H NMR: (400 MHz, DMSOd6, TMS) & (ppm): 7.337 (16H, m), 7.07 (20H, m), 6.62
(4H, d), 5.160 (NH, s);

13C NMR: (100 MHz, DMSO-d6, TMS) & (ppm) 147.60, 136.26, 134.58, 132.85,
130.02, 129.79, 128.70, 127.38, 125.42, 124.39, 123.52, 122.17, 115.57;

Mass (MALDI-TOF): m/z calculated 746.94, found 746.33.

Synthesis of TPA21SO: In a 50 ml round bottom flask, D1 (80 mg, 0.28 mmol) and
1,2,5,6-naphthalenetetracarboxylic dianhydride (30 mg, 0.11 mmol) were taken and
inerted properly with nitrogen gas, dry DMF (2 ml) was added to it, heated for 24 hrs
at 140 °C. After cooling the reaction mixture, MeOH was added to it, a yellow
colored precipitate that was appeared at the bottom, was filtered and dried on oven.
The precipitate was purified by column chromatography using mixture of pet-ether:
DCM (1:1) with 55% yield (46 mg).

'H NMR: (400 MHz, CDCls, TMS) & (ppm): 9.49 (2H, d), 8.24 (2H, d), 7.31 (12 H,
m), 7.19 (12 H, m), 7.08 (4H, m);

13C NMR: (100 MHz, CDCls, TMS) & (ppm): 147.49, 132.64, 129.60, 127.48,
125.20, 123.74, 123.09, 122.43;

Mass (MALDI-TOF): m/z calculated 753.20, found 753.33.

Synthesis of TPA4ISO: In a 50 ml round bottom flask, D2 (81.16 mg, 0.14 mmol),
1,2,5,6-naphthalenetetracarboxylic dianhydride (15 mg, 0.06 mmol) was taken and
inerted properly with nitrogen, dry DMF (1.2 ml) was added to it, heated for 24 hrs at
140°C. After cooling the reaction mixture, MeOH was added to it, a brown colored
precipitate was appeared and it was filtered and dried in air and vacuum oven. The
precipitate was purified by column chromatography using the mixture of pet-ether:
ethylacetate (2:1) with 52% yield (41 mg).

H NMR: (400 MHz, CDCls, TMS) & (ppm): 9.55 (2H, d), 8.26 (2H, d), 7.82 (2H, s),
7.62 (4H, s), 7.54 (8H, d), 7.30 (8H, m), 7.15 (24H, m), 7.04 (16 H, m);

Mass (MALDI-TOF): m/z calculated 1391.61, found 1391.05.

Synthesis of TPAsISO: In a 50 ml round bottom flask, D3 (76.5 mg, 0.102 mmol),

1,2,5,6-naphthalenetetracarboxylic dianhydride (11 mg, 0.041 mmol) was taken and
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inerted properly with nitrogen, dry DMF (1.2 ml) was added to it, heated for 24 hrs at
140°C. After cooling the reaction mixture, MeOH was added to it, a brown coloured
precipitate that was appeared at the bottom of the flask, was filtered and dried in air
and vacuum oven for the overnight. The precipitate was purified by column
chromatography by CHCIz with 49% yield (35 mg).

!H NMR: (400 MHz, CDCls, TMS) & (ppm): 9.51 (2H, d), 8.27 (2H, d), 7.55 (24H,
m), 7.49 (4H, s), 7.37 (24H, d), 7.30 (8H, m), 7.15 (20 H, m);

13C NMR: (100 MHz, CDCls, TMS) & (ppm): 168.18, 167.31, 147.12, 146.20,
136.01, 134.67, 132.64, 131.35, 129.34, 127.72, 127.42, 125.24, 125.54, 124.41,
124.33, 124.09, 123.09;

MS (MALDI-TOF): m/z calculated 1726.04, found 1726.06.

Mass data of 1,2.5.6-Naphthalenetetracarboxylic Dianhydride:

SN-ANH
SN-ANH 4 (0.040) Sm (Mn, 2x3.00); Cm (3:7)

100

TOF MS ES+
326.6920 3546838 691

o 0

314.7466
370.6514
295.7691

268.7570 342.6503

196.8332
2248063 481.8753
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Fig. 3.13. HRMS mass spectra of 1,2,5,6-naphthalenetetracarboxylic dianhydride.
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NMR and Mass data of TPA-borolane:
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Fig. 3.14. a) 'H NMR, b) *C NMR spectra of TPA — Borolane in DMSO-d6.
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NMR and Mass data of D1
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Fig. 3.16. a)'H NMR, b) 3C NMR in DMSO-d6 and MALDI-TOF spectra of D2.
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NMR and Mass data of D3
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Fig. 3.18. a)'H NMR, b)*C NMR in CDCIl3 and MALDI-TOF spectra of TPA21SO.
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NMR and Mass data of TPA4I1SO
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Fig. 3.19. a) 'H NMR in CDCl; and b) MALDI-TOF spectra of TPA41SO.
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NMR and Mass data of TPAsISO
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Fig. 3.20. a) 'H NMR, *C NMR in CDCls and b) MALDI-TOF spectra of TPAsISO.
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Fully organic electroactive monomers for
electrochromic behaviors having high coloration
efficiency and long cycle stability towards flexible

Solid-State electrochromic device

The work reported in this chapter is published in Journal of Electroanalytical
Chemistry 918 (2022) 116484
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4.1. Introduction

Reversible and persistent colour changes happening by the materials in response to
the external electric field through a redox mechanism are known as electrochromic
material [1]. Electrochromic materials have been visualized for the wvarious
applications, such as EC smart windows [2], auto-dimming rear view mirrors [3],
energy storage devices [4], camouflage, and information storage [5-9]. Specially, the
EC materials in the near-infrared (NIR) region have potentially used in many civil and
military areas [10-11]. Apart from the usual colour switching behaviour of the EC
materials, they keep their own places in smart technological device applications such
as multi-usage in memory [12], supercapacitor [13], solar cell [14]. Switchable
electrochromic (EC) smart windows which allow the view of outsides, however,
regulate glare, light and heat gains of insides, are the urgent need as these
significantly help to reduce the energy use of the building as well as to maintain the
impact of heating/cooling/ lighting demand for construction sectors [15-17]. EC
smart windows are visualized as potentially a good candidate for their abilities to
adjust the dynamic modulation of the spectral properties within the visible and
infrared ranges. It allows appropriate control of the penetration of solar radiation
within the building [18]. Up to date, there are many systems, such as transition metal
oxides [19-20], conducting polymers [21-22], macromolecules, and their
corresponding metal complexes [23], small molecules [24-25] have been
investigated. As this phenomenon relies primarily on electron extraction/release
process, inorganic counterparts are always enjoying superiority and WO3/LiClO4 pair
is extensively utilized for electrochromic devices [26]. Recent interest is switched
towards fully organic based material due to the solution processibility, multichromic
behaviour and faster switching operation [27-30]. Moreover, organic materials are
interested because they may be explicitly printed [31], sprayed [32], drop casted [33]
or spin coated [34] onto patterned substrates and also structurally tuned at the level of
monomer design, whereas, the conventional inorganic materials suffer from a) the
limitation of colour shade upon potential change and b) the involvement of tedious
fabrication costly processes. To have a superior EC material, it should have high

optical contrast (the degree of relative transmittance change during the switching
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process), low response time (required to change switching between the coloured state
and bleached state), long term cycle stability (intact of optical contrast and charge
density upon repetitive switching) and high colouration efficiency (optical change per
unit charge density) [35-36]. During the design of the novel electrochromic materials,
colouration efficiency that is simply explained as the minimum charge required per
unit area to occur redox reaction between coloured state and bleached state, is not
generally considered as important parameter. Higher the value of colouration
efficiency at the specific wavelength will lower the switching the states and the better
will be the EC material.

Previously from our group, we have reported a series of novel redox-active
TPA based isonaphthalene molecules and established that TPA4ISO exhibits the
enhanced long-term cycle stability as well as coloration efficiency with optimal (four)
TPA units [37]. Instead of keeping, single TPA unit as the electropolymerizable
group, the incorporation of bulky, packing disruptive and two TPA units on each side
of monomer may help to form polymer on conducting surface and may enhance thin-
film-forming capability [38-39]. Hence, from earlier studies it has been realized that
right choice of TPA derivative (consisted of four TPA units) may enhance the long-
term stability as well as coloration efficiency of electroactive polymers. The electro
and photo-active behaviours of monomers have been studied intensively and it is
shown that the resulting radical cations formed after oxidation are stable and exhibit a
noticeable colour change during the oxidation redox process in the visible region [40].
Motivated by these studies, three triphenylamine (TPA) based (consisted of four TPA
units) organic donor—acceptor (D—A-D) based systems have been developed by
varying the central arylimide acceptor cores (pyromellitic, naphthalene, perylene) to
further improve the values of above mentioned parameters namely coloration
efficiency and long-term stability towards the development of practically viable fully
organic EC material (Fig. 4.01).

In the designed three D-A-D based systems, TPA is in non-conjugated
from the central acceptor moiety to prevent the delocalization of the radical cation
generated from the TPA oxidation process which is further confirmed by TD-DFT
studies. All three monomers undergo oxidative electro-polymerization process by

applying appropriate voltage to form polymers and electrochromic studies of prepared
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Fig. 4.01. Chemical structures of TPAsPYRO, TPAsNDI, TPALPERY.

polymers originating from both terminal TPA part via anodic oxidation process and
also central acceptor part via cathodic reduction process have been explored. All
polymers exhibit excellent optical modulation of >60% and long-life stability up to
10,000 cycles without any attenuation, multi-electrochromism with very high
colouration efficiency (800 cm?/C) for both cathodic and anodic response in a three-
electrode configuration. Furthermore, successful fabrication of 5 x 5 cm? solid-state
EC device for p-TPAsNDI as well as solid state flexible device which is operated at a
potential range from 0 to 2.5 V with reversible multiple EC colour change and the AT
degraded only 9% after 4000 switching cycles, rest two solid-state ECDs have been

assembled to show the potential of these derivatives as organic based multichromism.
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4.2. Results and discussion

4.2.1. Synthesis of Monomers

The monomers TPA4PYRO, TPAs«NDI, TPAPERY were synthesized by the
condensation of pyromellitic dianhydride, naphthalenetetracarboxylic dianhydride,
perylenetetracarboxylic dianhydride respectively with our designed TPA moiety (D)
in dry DMF under heating condition with good yield and the scheme shown in
Fig.4.21. The final products were characterized by NMR, MALDI - TOF mass and
FT-IR results (Figs. 4.02, 4.23-4.26). The appearance of the peak at 1341.16, 1390.55
and 1515.81 (Figs. 4.23, 4.24, 4.25) for TPA4PYRO, TPAi:NDI, TPA4PERY
respectively in MALDI TOF mass spectra, confirmed the formation of the product
which further supported by the *H NMR and *C NMR signals. Due to limited
solubility of TPA4PERY, good quality of 3C NMR was not achieved. The donor part
(D) was synthesized by the cross coupling reaction from the borolane derivative of
TPA and 3, 5 dibromo aniline which was synthesized from 4 amino nitrobenzene as
precursor (Fig. 4.22). The formation of the product was confirmed by the appearance
of the signal at 5.58 ppm which was due to the free NH> unit and disappearance of the
proton signals at 1.29 ppm (12 protons) of the TPA-borolane unit in the 'H NMR
spectra. The TPA borolane was formed by the reaction of bis pinacolato diboron with
1 bromo TPA which was formed from the bromination of TPA. FTIR spectra also
suggested the characteristic imide ring carbonyl stretching frequency (Fig.4.02). UV—
Visible absorption spectra measured in DCM (5x10* M) solution revealed that all
three monomers of TPAsPYRO, TPA4NDI, TPAsPERY produced two absorption
peaks at 310 and 338 nm from the donor part (Fig. 4.04, panel 1). The first absorption
band was the characteristic peak of TPA and the second one was due to the absorption
of the m-n* transition. The shoulder peak at 382 nm was due to the naphthalene
moiety and 481 nm and 517 nm were originating from perylene moiety. The
experimental band gap of the monomer was also estimated from the UV-Vis
spectroscopy and the energy level of the HOMO has been calculated from the cyclic
voltammetry using Ferrocene/Ferrocenium ion as external standard. The band gaps
calculated from absorption edges as well as the HOMO and LUMO energy levels of
TPA4sPYRO, TPAsNDI, TPA4PERY were provided in Table 4.2.
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Fig. 4.02. FTIR spectra of TPAsPYRO, TPAsNDI, TPAPERY derivatives.
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4.2.2. Optical study and electrochemistry of the polymer films

After electropolymerization on ITO coated glass, the polymer films were
subsequently washed with DCM, ethanol and acetone to remove the unreacted
monomer and oligomers. The film thickness was tuned by controlling the number of
the CV scans. During the electropolymerization process, an oxidation was observed at
near about 1.1 V in the first positive scan (Fig. 4.04, panel 2) due to the one electron
oxidation of triphenyl amine unit. For the negative potential scan of the first cycle,
two peaks appeared in CV were possibly due to the subsequent oxidation of
tetraphenyl benzidine (TPB) unit formed by the rapid oxidative coupling between
TPA units. Optical behaviours of the polymer films measured by UV-Vis
spectroscopy revealed absorption peaks nearly 345 nm attributed due to the m-n*
transition [41, 42] of TPA backbone (Fig. 4.05) and presence of shoulder at 385 and
505 nm was indicating the incorporation of naphthalene and perylene moiety into the
respective monomer. Overall morphology and roughness of film were investigated by
FESEM and AFM (Fig. 4.03), the surface was coated with spherical shaped films and
the roughness owing to the electropolymerization was relatively enhanced for all three

polymers.

620nm
T

Fig. 4.03. Surface topology of a) p-TPA4PYRO, b) p-TPA4NDI, c) p-TPA4PERY on ITO coated
glass and FESEM images of d) p-TPA4PYRO, e) p-TPA4NDI and d) p-TPA4PERY.
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Fig. 4.04. Panel 1: Absorption spectra of the monomers, Panel 2: CV for 10 scan cycles using ITO as
the working electrode, TBAP as supporting electrolytes at scan rate of 50 mV/s, Panel 3: Scan-rate-
dependent (50-500 mV/s) CV spectra of a thin film deposited on ITO investigated in three-electrode
systems with Inset: linear correlations between the peak current and the scan rate during oxidation (top)
and reduction (bottom) processes (R? > 0.98 for fitting).

Electrochemical behaviours of the deposited films were investigated by cyclic
voltametry in 0.1 M TBAP in ACN solution. The oxidation peaks were appeared at
145, 142, 1.53 V and reduction peaks were appeared at 0.68, 0.70, 0.53 V
respectively for TPA4PYRO, TPA4sNDI, TPA4PERY (Fig. 4.05). Scan rate dependent
studies of the three polymer films have performed from 50 to 500 mV/s on ITO
working electrode, Pt wire as counter and Ag/AgCI as reference electrode in 0.1 M
TBAP/ACN solution (Fig. 4.04, panel 3). The peak current values are increased with
increasing the scan rate. The reversible peak current intensity is linearly increased
with the scan number for both positive and negative direction of all three polymers

suggesting the reversible nature of the polymerisation process without any diffusion
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limit [43]. The linear dependence plot upon plotting peak current vs scan rate is in
inset of Fig. 4.04.
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Fig. 4.05. CV of the cast film of individual polymer in 0.1 M TBAP/ACN solution (WE: Pt, CE: Pt
wire, RE: Ag wire) at a scan rate 50 mV/s. UV-Vis spectra of the polymers.

Electrochromism of polymer films: The anodic electrochromic performances of the
polymer films were evaluated using a three-electrode electrochemical cell where
polymer-coated ITO glass was served as the working electrode, Ag/AgCIl wire was
used as the reference electrode and Pt wire was employed as the counter electrode in
0.1 M TBAP/ACN electrolyte solution. When no voltage was applied, the peak was
appeared at 357 nm for p-TPAsPYRO, 361 nm for p-TPAsNDI and 333 and 486 nm
for p-TPA4PERY and those were for the n-n* transition peak of the TPA unit present
in the respective polymer backbone (Fig. 4.06). With increasing the voltage, the
intensity of this absorption band was gradually decreased. When the voltage was
changing from 0 V to near about 1 V, a new absorption peak, that was appeared at
approx 490 nm for the three polymer films, was the signature of the = — polaron
transition for reversible redox of the TPA moiety (TPA <« TPA™). The colour of the
polymer film was consequently changed to brown for p-TPAsPYRO and p-TPAsNDI
(Fig. 4.07a, 4.08a). However, for the p-TPA4PERY (Fig. 4.09a) the brown colour
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change of the polymer film was not clearly observed because of the red colour of the
polymer film itself. Again, the potential was further enhanced to 1.2 V, the absorption
band around 490 nm gradually diminished with the appearance of a new broad band at
near about 750 nm with the extended tail in the NIR region, indicating the presence of
TPB dication with the colour change from brown to deep blue. Further on increasing
the voltage, no extra peak was observed. The above discussed EC behaviour in the
anodic region was associated to the redox process in the TPA portion. The cathodic
EC performance of the polymer films were evaluated also using a three-electrode
electrochemical cell where polymer-coated ITO — PET served as the working
electrode, Ag/AgCl used as the reference electrode and Pt wire used as the counter
electrode in 0.1 M TBAP DMF electrolyte solution. At 0.0 V, an absorption peak was
appeared to the same position of the anodic process for the three polymers. With
increasing the bias from 0 V to —2 V, a deep pink colour (Figs. 4.07a, 4.08a, 4.09a)
was developed due to the cathodic reduction of the central ring (pyromellitic,
naphthalene, perylene ring) of the three polymers at the absorption band 545 nm. The
new peak was appeared at —1.8 V and intensified at —2 V. The spectro-
electrochemistry experiments were carried out at room temperature without taking

any external precaution for avoiding moisture or air. To determine the optical
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Fig. 4.06. Change of absorption of the polymer films on ITO-coated glass in 0.1 M TBAP/ACN
solution with voltage change.

contrast, response time (coloration and bleaching time), colouration efficiencies and
the behaviours of the polymer films upon applying positive (anodic) and negative
(cathodic) voltage, EC switching studies were performed by CV method with the
combination of UV-Vis spectroscopy and the change of transmittance at a fixed

wavelength (740 nm) with time using voltage ramping between 0 and 1.2 V for a
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pulse width 10 s in 0.1 M TBAP in ACN solution for the anodic process and 0 to—2 V
with pulse time 10 s in 0.1 M TBAP in DMF solution for the cathodic process at 536
nm. A reversible colour changed from colourless to deep blue was observed for the
polymer film in anodic process and colourless to deep pink in the cathodic process.
The turn on state coloration transmittance obtained for p- TPA4PYRO, p-TPAsNDI,
p-TPA4sPERY were 2.9%, 8.8% and 6.5% for anodic colouring (Figs. 4.07b, 4.08Db,

4.09b) and 6.9%, 2.6%, 9.3% for cathodic colouring (Fig. 4.12) and the turn off state
bleaching
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Fig. 4.07. p-TPA4PYRO system: (a) photographs of the film for both cathodic and anodic process, (b)
transmittance spectra at 740 nm with pulse width of 10 s, (c) Response time colouration (tc) and
bleaching (tb), In each case, the applied voltage was switched between 0 and 1.2 V. (d) Long term

cyclic stability over 10,000 cycles upon applying voltages of 0/1.2 V with pulse width of 10 s, (e)
Transmittance change (AT, %) at different pulse widths.
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transmittance were 72%, 75% and 74% (Figs. 4.07b, 4.08b, 4.09b) respectively for
anodic and 65%, 50%, 61% for the cathodic switching (Fig. 4.10) for the first
potential switching step. The calculated values of optical contrast for the polymers
were 69.1%, 66.2% and 67.5% respectively for anodic and 58.1%, 47.4%, 51.7% for
cathodic switching. The coloration and bleaching times required for 95% full
transmittance change for p- TPA4PYRO, p-TPAsNDI, p-TPA4sPERY were 7.25, 5.14
and 7.01 sand 2.24, 1.71 and 4.37 s (Figs. 4.08c, 4.09¢) at 740 nm and 15, 3.64, 8.2 s
and 6.91, 4.97, 9.0 s at 536 nm (Fig. 4.10). The coloration and bleaching times were
relatively higher for those fully organic polymers as compared to inorganic metal
oxides. An important EC parameter for knowing the quality of an EC material was
coloration efficiency (n). The higher value of colouration efficiency better would be

the EC material. This parameter could be determined by the following equation [44].
_aop _, T,
=20 =log/q,

where, Ty, and T were the % of transmittance of the bleaching state and coloration
state, AOD was the optical absorbance change and Q4 (MC/ cm™2) was the ejected
charge during the redox process and Qg was calculated from chrono-ampherometric
plot (Fig. 4.11). The obtained coloration efficiencies for the polymers were 771.06,
847.16 and 783 cm?/C respectively for the colour changed from colourless to blue and
290, 558, 385 cm?/C respectively for the colour change from colourless to pink. This
excellent value of colouration efficiency was quite rare for purely organic based
electrochromic materials. It predicted that those polymers could be commercialized as

a good EC materials. All data were summarized in Table 4.1.
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Fig. 4.08. p-TPAsNDI system: (a) photographs of the film for both cathodic and anodic process, (b)
transmittance spectra at 740 nm, (c) Response time colouration (tc) and bleaching (ty), In each case, the
applied voltage was switched between 0 and 1.2 V. (d) Long term cyclic stability over 10,000 cycles

upon applying voltages of 0/1.2 V with pulse width of 10 s, (e) Transmittance change (AT, %) at
different pulse widths.
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Fig. 4.09. p-TPA4PERY system: (a) photographs of the film for both cathodic and anodic process, (b)
transmittance spectra at 740 nm, (c) Response time colouration (tc) and bleaching (ty), In each case, the
applied voltage was switched between 0 and 1.2 V. (d) Long term cyclic stability over 10,000 cycles
upon applying voltages of 0/1.2 V with pulse width of 10 s, (e) transmittance change (AT, %) at

different pulse widths.
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Fig. 4.10. Transmittance change during switching process of the polymers in pulse width of 10s, ITO-

coated glass as working electrode, Pt wire as counter electrode Ag/AgCI as reference electrode at 536
nm wavelength and their corresponding tc, t, values.
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Fig. 4.11. Chrono-ampherometry studies of three polymer films.

The cycle stabilities of all those polymer films were tested for 10,000 switching
cycles for the anodic colour change with a pulse width of 10 s at 740 nm between
0/1.2 V. The stability lost after 10,000 cycles was 42.57% for p-TPA4PYRO, 18.3%
for p-TPA4sNDI and 32% for p-TPA4PERY (Fig. 4.07d, 4.08d, 4.09d). The stability
of the polymer films also checked in the cathodic with a pulse width of 10 s at 536 nm
for 300 cycles for TPA4sPYRO and p-TPAsNDI and 600 cycles for p-TPA4PERY
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(Fig. 4.12) between the working potential 0 to —2 V. EC properties of our polymers
were compared to some reported best performing EC materials [45-54], i.e., transition
metal oxides, organic polymers, metal organic supramolecular polymers (Table 4.5)

to show significant enhancement of coloration efficiency and switching performances.

C
) b) ) 1o
704 536 nm 50 60 536 nm
=s60 z 8
o 40 350
8 50 8 2
=
£40_ g 30 §40
E 301 £ 20 £30
g g 520
& 204 £ 19 E
-
104 10
0
0 r r L T T 1 0+ y v J
0 1000 2000 3000 1000_ 2000 3000 0 2000_, 4000 6000
Time (s) Time (s) Time (s)

Fig. 4.12. Cathodic cyclic stability over 600 cycles upon applying voltages of 0/-2 V with a holding
time of 10 s of a) p-TPA4PYRO, b) p-TPA4NDI, c) p-TPA4PERY.

Table 4.1. EC parameters of the polymers p- TPA4PYRO, p-TPAsNDI, p-
TPA4PERY

Polymers A? AT% | Response Q% CE®
max(nm) TimeP AOD¢ | (mC/cm?) | (cm?/C)
te(s) | to
(s)
p- 740 69.1% |7.25 | 224 | 1391 |1.80 771
TPA4PYRO 545 58.1 15 6.91 | 0.880 |3.06 290
%
p-TPA4NDI 740 66.2% |5.14 |1.71 |0.898 | 1.06 847
545 47.4 364 | 497 135 |243 558
%
p- TPA4PERY | 740 67.5% |7.01 | 437 | 107 1.36 783
545 51.7 8.2 9.0 0816 |2.12 385
%

Wavelength of absorption maximum. Time for 95 % of the full-transmittance change. Optical density change (AOD) =
Log [T bleached / T colored 1, where Tcolored and T bleached Vere the maximum transmittance in the oxidized and
neutral states respectively. Q g was the ejected charge obtained from chronoampherometry measurement. Coloration

efficiency (CE) = AOD/Qd.
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With decreasing the pulse width (20 s, 10's, 55, 2.5 ), the value of A%T is decreased.
The time varying switching potential was carried out between 0 and 1.2 V at 740

a)

b)

Q o

] @
A{ﬁg OXI_A

Q o

@©

Fig. 4.13. a) Mechanism for anodic and cathodic colour change and b) Possible chemical structure of
p-TPA4NDI (broken lines indicate another possibility for bond formation).
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nm of the polymer films of p-TPA4PYRO, p-TPA4sNDI, p-TPA4PERY and monitoring
the transmittance change (Figs. 4.07e, 4.08e, 4.09e). With decreasing the pulse width
2.5 s, the value of A%T was decreased. Retention of the AT was observed with the
pulse width of 20 to 5 s for all the three polymers. The mechanism of anodic and
cathodic colour change and the represented structure of the polymer formed were
shown in Fig. 4.13a and Fig. 4.13b.

Computational details: All the DFT studies were performed using Gaussian 16 suite
of programs [55]. The geometry optimization of both the monomers and polymers
was carried out employing hybrid DFT functional namely B3LYP [56] and 6-31G(d)
basis set [57]. Harmonic vibrational frequency analysis exhibited that all the minima
structures had zero imaginary vibrational frequencies ensuring absence of any saddle
point in the optimized structures. The optimized geometries were used for time-
dependent DFT (TD-DFT) calculations to generate UV—Vis spectra. The TD-DFT
calculations were performed using mPW1PBE/cc-PVDZ level of theory which was
considered to be the benchmarking combination of functional and basis set for TD-
DFT investigation of organic electrochromic materials [58, 59]. Polymer films were
modelled considering the polymerization of two triphenylamine (TPA) unit along one
side of the core moieties while the other side was terminated with hydrogen as similar
sort of polymerization would occur on the other side of core moieties. Based on
earlier studies, it could be assumed that there would be minimum structural changes
during oxidation and reduction of the polymer films and hence UV-Vis absorption
data of radical cation and anion states were calculated using the optimized geometries
of neutral polymers with inclusion of charge [60, 61]. Semi-oxidized and fully-
oxidized states were considered with inclusion of +2 and +4 charges in the modelled
polymers while charges on radical anion and dianion species were —1 and —2

respectively as shown in Fig. 4.16.
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Computational studies: To get a better understanding about the electro
polymerization process of the monomeric species namely TPAsPYRO, TPAsNDI and
TPA4PERY, density functional theory (DFT) studies were performed to calculate the
HOMO and LUMO distributions as well as HOMO-LUMO gaps (i.e. band gaps) of
those monomers. As evident from Fig. 4.14, the HOMO orbitals were localized on the
terminal TPA units of the monomers while LUMO was concentrated on the central
acceptor moieties. The position of HOMO orbitals on TPA unit vividly indicated that
the oxidation of TPA unit was more feasible through electron donation compared to
the oxidation of central core moieties and hence polymerization propagated through
the oxidation of TPA units of the monomers. The calculated energies of HOMO,
LUMO energy levels and the corresponding HOMO LUMO gaps were shown in
Table 4.3 which nicely corroborated with the experimentally determined optical and
electrochemical band gaps. The UV-Vis absorption spectra of the monomers were
also simulated from TD-DFT calculations. As shown in Fig. 4.15a, the simulated
absorption spectra of monomers exhibited peak maxima at 340, 344 nm respectively
for TPAsPYRO and TPAsNDI while two absorption maxima were present at 340 and
505 nm for TPA4PERY. Those simulated peak maxima were comparable to
experimentally determined data. However, two key transitions with high oscillator
strength were observed for TPA4sPYRO at around 310 and 340 nm. Peak at 310 nm
with oscillator strength f=0.17 was due to HOMO-3 to LUMO+5 transition while that
of 340 nm (f = 0.99) originated from two transitions HOMO to LUMO + 4 and
HOMO-1 to LUMO + 3. On the contrary, peak maxima at 340 nm (f = 1.70) for
TPA4NDI was primarily formed by the HOMO-2 to LUMO + 4 excitation. In case of
TPA4PERY, the excited state at around 340 nm with f = 1.08 was found to contain
HOMO-2 to LUMO + 5 transition while transition at 505 nm was from HOMO-4 to
LUMO. For all the monomers, the most intense transition with high oscillator strength
at around 340 nm assigned to w-m* transition. To further elucidate the absorption
behaviour of polymers namely p-TPAsPYRO, p-TPAsNDI and p-TPA4PERY,
TDDFT calculations were performed on the modelled polymers (Fig. 4.16). Fig. 4.15
displayed the calculated UV—Vis absorption spectra of all the polymers in the neutral,
semi-oxidized and fully-oxidized states. As evident form spectral data, there was a

bathochromic or red shift of absorption spectra along with generation of new
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transitions at higher wavelengths for all the oxidized polymers compared to their
neutral analogues. Neutral p- TPAsPYRO was found to have most intense and
significant transition at around 360 nm with an oscillator strength of 2.15 while a red-
shift of 8 nm was observed for its semi-oxidized state with f=1.22. Besides, a new
weaker transition developed at 570 nm with f = 0.06. However, the fully oxidized
state exhibited significantly higher red-shift of the spectrum in higher wavelength
visible region or near IR region. This phenomenon was in line with previously
reported studies. It was noteworthy to mention that transitions beyond visible region
(>800 nm) was not discussed in the current study. Similar results were obtained for p-
TPA4NDI. On the contrary, for p-TPA4PERY two significant transitions occured at
around 367 (f = 0.87) and 505 nm (f = 0.80). Interestingly, the oscillator strengths for
those two transitions were equivalent indicating dominance of higher wavelength
transition compared to its neutral analogue where higher oscillator strength (f = 1.12)
was observed for transition around 367 nm (f = 0.87 at 502 nm). To further elucidate
the impact of oxidation on the change of colour of the polymers, the positions of
HOMO, LUMO and their corresponding HOMO-LUMO energy gaps were
determined for neutral as well as oxidized states. As shown in Table 4.3, significant
lowering of HOMO and LUMO energies took place with progressive oxidation of the
polymers from neutral to fully oxidized states. Additionally, HOMO and LUMO
energy levels came closer with significant lowering of HOMO-LUMO energy gaps
(following the order: neutral > semi-oxidized> fully-oxidized) upon oxidation of
polymers justifying red shifts of the adsorption spectra. The observation was in
accordance with earlier studies. Based on TD-DFT analysis on the modelled polymer
structures, it was qualitatively concluded that significant lowering of HOMO and
LUMO energy levels as well as HOMO-LUMO energy gaps upon oxidation caused
high intensity electronic transitions at lower energy visible wavelength region

resulting in different colours in the polymer.
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Band gap calculation:

Table 4.2.: Estimation of HOMO and LUMO levels and band gap

Monomers UV-vis Oxidation Band | HOMO LUMO
wavelength | potential (V) gap (Exp) (ev) | (Exp) (ev)
(nm) (Exp)
(ev)
Amax | Aonset | Eonset | E1/20x1
TPAPYRO [340 |380 |093 |1.10 3.26 -5.49 -2.23
TPAsNDI 344 1382 |09 |1.11 3.24 -5.5 -2.26
TPA/PERY | 516 |530 |1.04 |1.20 2.33 -5.59 -3.26

UV-vis absorption maximum and onset wavelengths for the monomers and polymer films. Read from the first CV scans,
in acetonitrile at a scan rate of 50 mV/s (versus Ag/AgCl). Optical band gap was calculated from absorption edge.Eg =
1240/20nset . The HOMO and LUMO energy levels were calculated from Eox values of CV diagrams and were
referenced to ferrocene (4.8 ev relative to vacuum energy level, Eonset = 0.37 V, E1/2Fc: 0.41 V in acetonitrile. E
=-[ (E1/20x1 - 0.41)+4.8] (ev); E

HOMO

+ Band gap energy) (ev).
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Fig. 4.14. DFT optimized geometries and HOMO-LUMO molecular orbital diagrams of the monomers.
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Fig. 4.15. Calculated UV-Vis absorption spectra of (a) monomers, (b-d) polymers at different
oxidation states at mPW1PBE/cc-PVDZ level of theory.

Table 4.3. DFT determined HOMO and LUMO energy levels and calculated HOMO-
LUMO gaps (band gaps) of monomers at mPW1PBE/cc-PVDZ level of theory.

Monomers HOMO (eV) LUMO (eV) HOMO-LUMO
gap (band gap) in
eV
TPAsPYRO -5.36 -3.18 2.18
TPA4NDI -5.35 -3.38 1.97
TPA4PERY -5.31 -3.53 1.78
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Table 4.4. DFT determined HOMO and LUMO energy levels and calculated HOMO-
LUMO gaps (band gaps) of modelled polymers at different oxidation states at

mPW1PBE/cc-PVDZ level of theory.

Polymers States HOMO LUMO HOMO-LUMO
gap (band gap)
Neutral -5.16 -3.22 1.94
p-TPA4sPYRO | Semi-oxidized -8.73 -8.44 0.29
Fully-oxidized -12.19 -11.97 0.22
Neutral -5.15 -3.48 1.67
p-TPAsNDI Semi-oxidized -8.71 -8.43 0.28
Fully-oxidized -12.14 -11.85 0.27
Neutral -5.13 -3.61 1.52
p-TPAsPERY | Semi-oxidized -8.43 -8.20 0.23
Fully-oxidized -11.41 -11.19 0.22
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Fig. 4.16: DFT optimized geometries of different modelled polymers (a) p-TPA4PYRO, (b) p-
TPAsNDI, (c) p-TPAPERY.

Solid-state ECD: For commercial utilization, it was very much important to fabricate
ECDs exhibiting proper response with high AT. Therefore, besides the EC study in
solution state, solid-state ECD was fabricated with gel electrolyte following the
working principle of two electrode system. At the initial stage, the polymer was
electrodeposited on ITO coated glass, rinsed with DCM and acetone to remove the
monomers and oligomers and then dried properly. The transparent conducting gel
electrolyte prepared from PMMA and LiClOg4 plasticized with propylene carbonate
was spread on the polymer deposited side of ITO glass acted as working electrode,
was sandwiched with ITO coated side of another ITO glass acted as counter electrode
and was sealed by epoxy resin and kept on oven for 1 h at 60 °C.
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Fig. 4.17. For p-TPA,NDI: (a) Schematic diagram of the device formation, (b) Device (5 x 5 cm?)
colour change with applying Voltage, (c) Represent CV of the device, (d) Cyclic stability over 4000
cycles upon applying voltages of 0/2.5 V with a holding time of 10 s. (¢) Voltage dependent
Transmittance changes.

The fabricated devices (5x5 cm?) exhibited the EC change from colourless to brown
by applying 1.5 V and colourless to deep blue by applying 2.5 V in a reversible way
(Fig.4.17b). Cyclic voltametric studies of the three devices (Fig. 4.17c, 4.19) were
performed at the potential windows from 0 to 2.5 V. The oxidation peaks appeared at
2.26, 1.85, 2.21 V respectively and reduction peak appeared at 2.05, 1.55, 1.72 V
respectively for the three devices. Further, the device from p-TPAsNDI (5 x 5 cm?)
showed an extremely high cyclic stability with an almost unchanged AT (9%) for
4000 cycles from 0 to 2.2 V at 740 nm wavelength. The AT value changed only 7%
after 2000 cycles and 9% after 4000 cycles for ECD made of p-TPA4NDI (Fig.
4.17d). The corresponding current flow between cathodes and anodes revealed a
constant charge flow with time and it indicates a proper charge balance between two
electrodes. Voltage dependent UV-Vis absorption studies also supported the colour
changing to colourless brown and dark blue at 1.5 V and 2.5 V respectively with
generation of the peaks at 500 and 740 nm (Fig. 4.17e).
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(a) (b)

Fig. 4.18. The colour of the flexible device made of p-TPA4NDI on PET-ITO at applying voltage (a)
1.5V and (b) 2.5V, respectively.
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Fig. 4.19. a) b) CV studies from device of p-TPA4PYRO and p-TPA4PERY.
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Fig. 4.20. CV from the flexible device of p-TPA4NDI at different bending angle with potential
window a) 0-1.5 V and b) 0-3.0 V.
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The solid-state device made of p-TPA4sNDI on PET-ITO (area = 4 cm x 2.5 cm, Fig.
4.18) was fabricated also to demonstrate the flexibility nature of device. It was
observed from CV studies at various bending angles (45°, 60°, 120° 180°) that device
made of p-TPAsNDI reveal the same peak position in CV with different bending
angles like at 1.5 V and 2.5 V (Fig. 4.20) and it suggested that there was no damage
of the EC polymer film upon bending at different angles. Clearly, from the ECD study
of p-TPAsNDI exhibited a high optical contrast, rapid switching times, and long-life
stability. The ECD device (p-TPA4NDI) was comparable to various reported metal
organic based ECDs showing high cycle stability but it was a rare example of pure

organic based ECD showing high cycle stability with high coloration efficiency.

Comparative Studies based on literature surveys

Table 4.5. Electrochromic properties of our material in comparison with other ECMs.

Materials Polymer Colouration  Device Device References

binding unit efficiency performance switching
(operating performance
voltage)

TPAsNDI TPA 847 0/+25V 4000 cycles This work

TPA6ISO TPA 410 0/+25V 90 cycles (37)

TPACNANT TPA 371 0/+2.5V (38)

TPAANT TPA 222 0/+1.6 V (39

CONASHSs TPA based 123 -0.5/3.0V (45)
terpyridine

- Dioxythiophe  --- -1/+1V 900 cycles (46)

Conjugated ne and

polymer Dioxypyrrole

Small Viologen 274 0/1.2v 10,000 cycles  (47)

organic

molecule

Metal oxide  WOs3 118 (48)

Metal- Polypyridyl/ 474 —-25Vto+3 75cycles (49)

organic Fe, Ru and \/

Molecular Os

assemblies
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Donor Aromatic 303 (50)
Acceptor diimide

conjugated

polymer

1,3,5-tris(4-  Pyridine 327 (51)
pyridylium)b

romides

NDI cored Pyridine 201 -1.4Vto0V 720 cycles (61)
pyridinium

salt

various Viologen -l6VtoOV (52)
substituent

benzene

PEB Thiophene 1240 (53)

4.3. Conclusion

In summary, three donor - acceptor - donor (D-A-D) based moieties (TPA4sPYRO,
TPAsNDI, TPA4PERY) were synthesized by the convenient condensation of
pyromellitic dianhydride, naphthalenetetracarboxylic dianhydride,
perylenetetracarboxylic dianhydride respectively with the designed TPA based donor
moiety in dry DMF. All the synthesized molecules were characterized by and *H, *C
NMR, MALDI - TOF mass and FTIR results. Electropolymerized films made of
individual moiety on ITO glass surface were checked by absorption and spectro-
electrochemistry techniques. To have energy minimized structure and to rationalize
the mechanism of electropolymerization, DFT studies were performed. It revealed
that HOMO was exclusively located on the TPA unit and it facilitated the electro-
oxidation process to form polymer films. The electrochromic behaviours of the
deposited polymers on ITO revealed reversible colour change of colourless to brown
to deep blue in the anodic region by applying voltage 0 to 0.9 V to 1.2 V and also
colourless to deep pink in the cathodic region with the voltage change of 0 to -2 V
with high optical contrast (up to 67%), low switching times, and high coloration
efficiencies (up to 847 cm?/C). The reversibility of the electrochromic transition was
shown for several switching cycles (10,000 cycles for anodic and 600 cycles for
cathodic process) for p-TPA;NDI film. The fabrication of 5 x 5 cm? solid-state
electrochromic device and solid state flexible device operated at a potential range of 0

to 2.5 V was successfully demonstrated by exhibiting a reversible electrochromic
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colour change with the retention of 91% after 4000 switching cycles for p-TPAsNDI.
Interestingly, simulated absorption spectra from TDDFT calculations disclosed that
bathochromic shifts of the absorption peak of the polymer upon oxidation was mainly
responsible for the electrochromic behaviour. Moreover, substantial lowering of
HOMO and LUMO energy levels as well as HOMO-LUMO gaps of the polymers in
their oxidized states caused high intensity electronic transitions to occur in the visible
wavelength region originating different colours. Overall, the present work introduced
a series of fully organic based EC systems which showed excellent EC parameters.
The highest electrochemical stability of the ECD made of p-TPAsNDI might provide
a hint that it might compete as potential EC materials for next-generation display
applications along with the promising application in energy-saving buildings, smart

windows, traffic signs, electronic paper, sunglasses, and so forth.
4.4. Experimental section

4.4.1. Materials required

Triphenylamine (TPA), Pd(PPhs)s, bis (pinacolato) diboron, Pd(dppf)Cl2, calcium
hydride, tetra-butyl ammonium perchlorate (TBAP), lithium perchlorate (LiClO4),
polymethylmethacrylate (PMMA), silver chloride (AgCl), propylene carbonate,
pyromellitic dianhydride, naphthalenetetracarboxylic dianhydride,
perylenetetracarboxylic dianhydride were purchased from Sigma Aldrich and used as
received. Benzophenone, potassium acetate (KOAc), sodium carbonate (Na.COs),
sodium hydroxide (NaOH), sodium sulphate (NaSOa4), liquid bromine (Br),
concentrated sulphuric acid (H2SO4), conc. HCI, acetic acid were purchased from
Merck chemicals. N-bromo succinimide was purchased from Avra chemicals which
was used after recrystallization. 4-Nitroaniline, SnCl, were purchased from Avra
chemicals. Bulk solvents like acetonitrile (ACN), dichloromethane (DCM),
chloroform (CHCIs), methanol (MeOH), tetra-hydrofuran (THF), dioxane, dimethyl
formamide (DMF), diethyl ether, pet ether and analytical grade reagents were used
without further purification. DMF, acetonitrile, DCM and 1, 4-dioxane were dried by
anhydrous calcium hydride and THF was drying by refluxing with sodium and

benzophenone. Indium tin oxide (ITO) coated glass (MTI Corporation Ltd.) was used
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as working electrode, cleaned by double distilled water, ethanol and acetone
successively with sonication. 1TO coated polyethylene terephthalate film (ITO-PET)
was also used as working electrode purchased from Sigma Aldrich.

4.4.2. Measurements

The H and 3C NMR spectra were recorded on a Bruker 500 or 400 MHz
spectrometer using chloroform-d (CDCls), dimethyl sulphoxide-d (DMSO ds), N, N-
dimethyl formamide (DMF-d-) as solvent and tetramethylsilane (TMS) as an internal
standard. MALDI-TOF (matrix assisted laser desorption ionization time-of-flight)
mass spectrometry was carried out with Bruker Daltonics ultraflextreme. Fourier
transformed infrared (FT-IR) spectra were measured on a Horiba FT- 720 FT-IR
spectrometer with KBr pellets. The UV-visible absorption spectrum was recorded on
an Ocean Optics DH-mini UV-VIS-NIR light source and Ocean Optics flame
Miniature Spectrometer. The electrochemical measurements were performed by using

a CHIB087E electrochemical workstation.

Preparation of polymer film on conductive surface: Polymer films were formed on
transparent indium tin oxide (ITO)-coated glass (resistivity 8 €/ cm?) by
electropolymerisation process. Before film preparation, ITO glasses were cleaned
with acetone, isopropanol, ethanol and doubled distilled water with sonication and
dried on oven. The electrochemical workstation was first calibrated using Ferrocene
as an external standard (+0.44 V vs Ag/AgCl). With the use of a three-electrode cell,
ITO coated glass slides as working electrode and Ag/AgCl as reference electrode, Pt
wire as counter electrode using 5 x 10* M monomer solution in 0.1 M electrolytic
TBAP solution in dry DCM, the polymer was deposited on ITO glass via repetitive
number of cycles with the potential barrier from 0 to 1.5 V at a scan rate 50 mV/s at
room temperature with purging nitrogen gas. Using ITO-PET as working electrode,
the electropolymerisation was performed at the identical condition method. With the
increasing no of CV scans, peak current was also increased and the deposition of the

polymer films on ITO surface was noticed.
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A. Synthesis:
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Fig. 4.21. Synthesis scheme of TPA4PYRO, TPA4NDI and TPA4PERY.
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4.4.3. Synthesis

Synthesis of TPA4PYRO: In a two necked round bottom flask, D (65 mg, 0.112
mmol), pyromellitic dianhydride (10 mg, 0.045 mmol) were taken under nitrogen gas,
dry DMF (2 ml) was added to it, heated for 18 hrs at 140 °C. After cooling the
reaction mixture, MeOH was added dropwise to it, a brown coloured precipitate was
appeared, it was filtered and dried in vacuum oven. The precipitate was purified by
column chromatography using the mixture of pet ether and DCM (2:1) with yield
55% (33 mg).

IH NMR (400 MHz, CDCls, TMS) & (ppm)): 8.46 (2H, s), 8.02 (2H, s), 7.32-7.27
(12H, d), 7.17-7.15 (32H, m), 7.10-7.06 (16H, m).

13C NMR (100 MHz, CDCls, TMS) & (ppm)): 163.23, 147.71, 129.49, 129.41,
128.16, 127.49, 124.96, 124.76, 124.69, 124.49, 123.81, 123.32, 123.23, 123.04.
Mass (MALDI-TOF, diathranol matrix): m/z calculated 1341.55, found 1341.16.
FTIR (cm™): 2917, 1772, 1724, 1597, 1499, 1333.

Synthesis of TPA4NDI: In a two necked round bottom flask, D (27 mg, 0.046 mmol),

naphthalenetetracarboxylic dianhydride (5 mg, 0.018 mmol) were taken under
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nitrogen gas, dry DMF (2 ml) was added to it, heated for 24 hrs at 140 °C. After
cooling the reaction mixture, MeOH was added to it, a blue coloured precipitate was
appeared, it was filtered and dried in vacuum oven. The precipitate was purified by
column chromatography using the mixture of pet ether and DCM (1:1) with yield
62% (40 mg).

IH NMR: (400 MHz, CDCls, TMS) & (ppm)): 8.89 (4H, s), 7.90 (2H, s), 7.56-7.54
(8H, m), 7.50 (6H, s), 7.35 (4H, d), 7.29-7.26 (6H, m), 7.15-7.14 (4H, m), 7.13-7.12
(20H, m), 7.04 (10 H, m).

13C NMR: (100 MHz, CDCls, TMS) & (ppm)): 163.23, 147.87-147.76, 142.93,
134.13, 131.67, 129.46, 128.19, 127.29, 125.22, 124.70, 123.88, 123.24.

Mass (MALDI-TOF, diathranol matrix): m/z calculated 1391.61, found 1390.55.
FTIR (cm™): 2930, 1727, 1680, 1576, 1484, 1330.

Synthesis of TPAPERY: In a round bottom flask, D (18 mg, 0.031 mmol),
Perylenetetracarboxylic dianhydride (5 mg, 0.012 mmol) were inert properly with
nitrogen, dry DMF (4 ml) was added to it, heated for 48 hrs at 155 °C. After cooling
the reaction mixture, MeOH was added to it, a red coloured precipitate was appeared,
it was filtered and dried in vacuum oven with yield 40% (19 mg).

'H NMR: (400 MHz, DMFd7, & (ppm)): 8.49 (4H, s), 8.35 (4H, s), 7.83 (2H, d),
7.79 (8H, m), 7.68-7.65 (6H, t), 7.38-7.34 (4H, d), 7.34 (6H, m), 7.13 (4H, m), 7.10
(20H, m), 6.96 (10H, m).

Mass (MALDI-TOF, diathranol matrix): m/z calculated 1515.75, found 1515.81.
FTIR (cm™): 2925, 1720, 1670, 1590, 1484, 1302.
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B. NMR, MASS and IR spectra:
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Effect of Substituents of Naphthalene
Diimide derivatives on Electrochromic
behaviours observed in Proto-type devices

The work reported in this chapter is under revision in Journal of Electroanalytical
Chemistry.
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5.1. Indoduction

Recently, electrochromic materials (ECMs) which reversibly changed optical
transmission with a small applied voltage, sparked the technology of switchable
thin-film coating on glass or plastic as EC panels integrated few advantages such
as i) modulation of the daylight, ii) reduction of energy use or electricals loads in
climate adaptive buildings and iii) beautification together to generate ‘“‘smart
window” [1], [2], [3], [4], [5], [6], [7], [8]. Similarly, EC also provided the boost
to electrochromic displays, electronic paper, anti-glare glass. However, making
thin-film coating on the wide area with tens or thousands switching cycles was a
tremendous challenge for material scientists or technologists [9], [10], [11], [12].
Initial efforts were made with inorganic metal oxides (mainly WO3) or metal
ligand complexes by taking the advantage of good optical switching, fast response
time, low driving voltage [13], [14], [15], [16], [17], [18]. The inorganic based
ECMs suffered from the effect of multichromic behaviours as well as
processability [19]. As a result, organic based ECs which enjoyed the explicit
advantage of spin coating, printing, spraying onto pre-patterned panels or
substrates, were recently visualized as the next generation electrochromic
materials having good optical switching [20], fast response time, flexibility, high
coloration efficiency, low driving voltage, solution processability, easy molecular
design and derivability [21], [22], [23]. To address those issues, donor-acceptor
based systems which were extensively applied in field-effect transistors (FETS),
molecular electronic devices, liquid crystalline devices, colorimetric sensing [24],
[25], [26], [27]. Among different IT acceptor molecules, Naphthalene diimide
(NDI) was a broad interest because of its high electron affinity, good charge-
carrier mobility, and excellent thermal oxidative stability [28], [29], [30], [31].
Through proper incorporation of electro-active unit excellent electrochromic
properties could be achieved in the NDI derivatives. Generally, due to the electron
deficiency of the NDI, substitution on the naphthalene core could effectively
change the lowest unoccupied molecular orbitals (LUMOSs) and ensuing optical

and electrical performances [32], [33].
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Recently, we reported a novel NDI and four triphenylamine based (TPAsNDI)
derivatives which exhibited extremely high cycle stability (10,000 cycles) with the
excellent coloration efficiency (847cm?/C). Recently, Zhiyong Guo and Hongbing
Zhan group reported pyrrole core-substituted NDI group and unsubstituted NDI group
and due to interaction with the counter ion with the pyrrole nitrogen atom after
oxidation, extra stabilisation was achieved towards the EC behaviour than the
unsubstituted NDI [34]. Earlier studies indicated the alteration of HOMO-LUMO
level with the replacement of alkoxy /alkyl amines that, the replacement of both
alkoxy donors with alkyl amines in NDI might dramatically increase the HOMO and
LUMO levels and endow them with redox reversibility [35].

In the present chapter, four core substituted NDI based derivatives (BRTPANDI,
CNTPANDI, PHTPANDI, NPYTPANDI) were designed [Fig.5.01], prepared and
investigated their electrochemical and electrochromic behaviour in combination with
density functional theory (DFT) calculations. Incorporation of bulky, packing
disruptive and two TPA units on each side of monomer might help to form polymer
on conducting surface and might enhance thin-film-forming capability [36]. TPA was
in non-conjugated from the central acceptor to prevent the delocalization of the
radical cation generated from the TPA oxidation process. A catalyst free, simple
oxidative electro-polymerization technique was employed to polymerize all the
monomers by applying appropriate voltage for a controllable film thickness. For an
ECM, the switching-time performance and stability were the foundation of evaluating
their quality which could be improved by decreasing the band gap energy for a donor
acceptor system [37]. DFT studies as well as experimental calculation suggested that
substituted NDI derivatives by electron withdrawing group like -CN, -Br group
decreased the band gap energy and electron donating group like —Ph, -Npy increase
the same. Therefore, CNTPANDI showed good electrochemical and electrochromic
properties with high coloration efficiency (560 cm?/C) as well as prevented the
degradation of optical contrast after long term switching (1200 cycles) in oxidation by
creating electron deficiency in the acceptor core with proper alignment of the LUMO
orbital along with decreasing the band gap energy tremendously by increasing the
energy of the LUMO level. Besides, the device from p-CNTPANDI exhibited the EC
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memory in open-circuit condition with 50% retention of its coloured state (blue

colour) until 27 min. Therefore it might find a
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Fig. 5.01. Chemical structures of BRTPANDI, CNTPANDI, PHTPANDI, NPYTPANDI.

practical application in EC smart windows, auto-dimming rear view mirrors,
sunglasses, traffic sign, military security equipment, energy storage devices,
camouflage, and information storage systems [38], [39], [40], [41], [42], [43].

5.2.  RESULTS AND DISCUSSION:

For the preparation of four electro-active monomer, first NDA was brominated with
DBH to form 2,6-dibromo-1,4,5,8-naphthalene tetracarboxylic dianhydride, indicated
by the appearance of the peak at 8.75 ppm in *H-NMR [Fig. 5.15]. Again 4-amino
TPA was formed from diphenyl amine according to the reported method [35]. 4-
amino TPA was condensed with NDA in dry DMF medium to form BRTPANDI
(31% yield) and the formation was confirmed the presence of peaks at 7.30, 7.28, 7.16
and 7.08 ppm assigned to TPA moieties in NMR studies. Subsequently, the bromo
group was substituted by cyano group by using CuCN to form CNTPANDI (86%
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yield), indicated by the presence of cyanide stretching at 2260 cm™ in FTIR.
PHTPANDI was prepared by the substitution of the bromo group of BRTPANDI with
phenyl group using phenyl boronic acid and the overwhelming presence of 7.49, 7.44,
7.30, 7.14, 7.09 ppm in 'H-NMR revealed clearly its formation. Finally,
NPYTPANDI was formed by the reaction of BRTPANDI with 4 amino pyridine. The
resulting product was confirmed using *H and 3C NMR [Fig.5.16-5.19], mass spectra
and Fourier-transform infrared (FTIR) spectroscopy [Fig.5.02].
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Fig. 5.02. FT-IR spectra of (a) BRTPANDI, (b) CNTPANDI, (c) PHTPANDI and (d)
NPYTPANDI.
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5.2.1. Theoretical studies:

DFT studies were conducted using Gaussian 16 suite of programs [44]. The geometry
optimization of all the monomers were carried out employing hybrid DFT functional
namely B3LYP [45] and 6-31G(d) basis set [46]. Harmonic vibrational frequency
analysis exhibited that all the minima structures reached to zero imaginary vibrational
frequencies ensuring absence of any saddle point in the optimized structures. DFT
calculations suggested the optimized molecular structures of BRTPANDI,
CNTPANDI, PHTPANDI, NPYTPANDI and subsequent the distribution of the
frontier molecular orbitals [Fig.5.03]. The HOMO levels were on the TPA portion
with the energy of -5.45, -5.56, -5.37, -5.46 eV for BRTPANDI, CNTPANDI,
PHTPANDI, NPYTPANDI. The electron cloud for the molecular orbital of LUMO
was mainly distributed on the NDI core. Substitution of the NDI core with different

electron donating as well as withdrawing group varied the LUMO energy level.
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Fig.5.03. DFT optimized geometries and HOMO-LUMO molecular orbital diagrams of the monomers.

Among them, the substitution with cyano group tremendously decreased the LUMO
energy level owing to the extensive conjugation with cyanide groups, however,
phenyl and pyridyl were not coplanar with naphthalene core. The substituent orbitals

occupied on the LUMO orbital and did not overlap with the HOMO energy level. The
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calculated band gaps were found to be 1.62, 1.15, 1.84 and 1.89 eV for BRTPANDI,
CNTPANDI, PHTPANDI, NPYTPANDI respectively.

5.2.2. Electrochemical polymerization

After getting significant information of the electron cloud distribution over the
moieties from TD- DFT studies, a simple, less time taking, catalyst free
polymerization technique was employed. Knowing about the oxidation potential of
TPA, the electrochemical polymerization (EP) was carried out in a three-electrode cell
(ITO coated glass as working electrode and Ag wire as reference electrode, Pt wire as
counter electrode) keeping the monomer concentration of 5x10* molar in 0.1 (M)
TBAP dry DCM solution within the voltage window of 0 to 1.5 V for 10 cycles. Prior
to film preparation, ITO glasses were cleaned with acetone, isopropanol, ethanol and
doubled distilled water and dried on oven. In the repetitive CV scans, gradual increase
of the peak current with successive cycles indicated the linkage of the TPA units to
form the polymer film on the conductive surface (ITO). In the first CV oxidation scan,
only one peak was appeared, indicative of typical oxidation of TPA unit to form mono
radical cation. In order to have successful electro-polymerization (EP) process, the
radical cation should not be migrated towards the central acceptor core and it was
prevented by the presence of one node at imide nitrogen atoms of NDI. In the

remaining cycles, two oxidation waves which were appeared in the redox process,

were the successive oxidation of the benzidine group revealing the formation of the
linear polymers. Due to the strong electron withdrawing effect of the CN and Br
group present in the acceptor core, higher oxidation potentials were needed to the
corresponding monomers of BRTPANDI, CNTPANDI than that of the remaining two
electro-active monomers [Fig.5.04]. The electro-polymerized film morphology was
investigated by FESEM. Fig.5.07b-5.07c and Fig.5.08b-5.08c exhibited sphere-like
protuberance for p-BRTPANDI, p-CNTPANDI while p-PHTPANDI showed sphere
shaped smooth surface morphology [Fig.5.09b, 5.09c]| and p-NPYTPANDI revealed a
rough surface morphology [Fig. 5.10b, 5.10c]. Those totally different surface
morphologies illustrated the discrepancy in the EP process.
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Fig.5.04. Electropolymerisation of the four monomers for making polymers with the voltage window 0
to15V.

5.2.3. Electro-optical properties of polymer films

Electrochemical behaviours of the polymer films were studied by the CV technique
using three electrode system (ITO coated film as working electrode, Pt wire as
counter and Ag/AgCl as reference electrode in TBAP/ACN solution and all the
polymers revealed similar redox processes [Fig.5.05]. One reversible oxidation peak
at around 1.4 V, 160 V, 1.26 V, 1.23 V for p-BRTPANDI, p-CNTPANDI, p-
PHTPANDI, p-NPYTPANDI might be ascribed as the formation of [TPA]?** radical
cation [47]. The polymer film made of the cyano substituted NDI derivative showed
the higher oxidation potential owing to the strong electron withdrawing effect of the -
CN group. The scan-rate dependence studies of the polymer films were carried out at
various scan rate (50-250 mV/s) [Fig.5.06]. With increasing the rate of scan, peak
current density was increased or decreased during the oxidation / reduction process. A

linear dependence of the peak current as a function of the scan rate for all the
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polymers [Fig.5.06] indicated the reversibility nature of the electrochemical processes

without any diffusion-limit [48].
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5.2.4. Spectro-electrochemistry

The in-situ absorption spectra of the four EC systems (polymer made from
BRTPANDI, CNTPANDI, PHTPANDI, NPYTPANDI) were studied with a
conventional three electrode configuration combined with absorption spectrometer to
investigate the spectral changes upon applying voltage from 0.0 to 1.8 V [Fig.5.07a,
5.08a, 5.09a, 5.10a]. When no voltage was applied i.e at 0 V, one absorption peak
was centred at approximately 360 nm, assigned to the m- n* transition of the NDI
core. The absorption band showed a red-shift compared to the peak of NDA at 335
nm which was possibly owing to the increase in the extent of conjugation. As the
applied voltage was increased to 0.9 V, the position of absorption peak remained
same with the reduction of the value of absorbance at 360 nm. Once, potential was
increased around 1 V, a broad absorption band at 490 nm was appeared owing to the n
- ©* transition, and its intensity was also enhanced with the increasing applied
potential. However, the colour change associated to this transition was not properly
realized due to the greenish colour of the film itself. Further increasing the positive
potential to 1.1 V for p-BRTPANDI, p-PHTPANDI, p-NPYTPANDI and 1.2 V for p-
CNTPANDI, a new broad peak at around 710 nm was gradually developed with the
colour change to intense blue indicating the formation of [TPA]?**radical dication
within the polymer matrix. At the cathodic potential at -1.8 V for NDA, a bright pink
colour was observed due to the n-p* transition of NDI core and its intensity was
increased with the decreasing applied potential and was reached to saturation near to
applied potential at -2 V. It demonstrated that NDI core was the main electrochromic
active unit during electrochemical reduction, the possible reason was considered to be
the high electron mobility of the NDI unit [49].

211



Chapter-5

=
=

N w
N I

Absorbance (a.u)

04 v T T T T
300 400 500 600 700 800
Wavelength (nm)

D¢, €) 5 D s
£ 50 £ 40 a0 te=2.245
® Py © 3
g 401 g g
< © 30+ < 304
5 g 2l 1
E 204 s 201 § 1 itp=t.07s
it = = H
10 101 10—
0 4000 8000 12000 0 200 400 600 800 1000 60 80 _100 120 140
Time (s) Time (s) Time (s)

Fig. 5.07. For p-BRTPANDI: (a) Spectroelectrochemistry studies and inset is the photographs of the
colour change of the film with voltage, (b) and (c¢) FESEM images, (d) Long term cyclic stability with a
pulse width of 10 s, (e) Switching studies, (f) Response time colouration (tc) and bleaching (tp).

The optical contrast was investigated by applying square wave potential steps at
appropriate specific wavelengths within a fixed voltage window. EC switching study
were performed by double step chrono-ampherometry method with the combination
of UV-Vis spectroscopy and the change of transmittance at a fixed wavelength (710
nm) was monitored with voltage ramping between 0 to 1.2 V for a pulse width 10 s in
0.1 M TBAP in ACN solution. The turn on state coloration transmittance obtained for
p-BRTPANDI, p-CNTPANDI, p-PHTPANDI, p-NPYTPANDI were 9 %, 3 %, 17 %,
34 % and the turn off state bleaching transmittance were 47 %, 44 %, 60 %, 83 %
[Fig. 5.07e, 5.08e, 5.09¢, 5.10¢] respectively for the first potential switching step. The
calculated values of optical contrast for the polymers were 38 %, 41 %, 43%, 49 %
respectively. The coloration time (t) / bleaching time (t,) for p-BRTPANDI, p-
CNTPANDI, p-PHTPANDI, p-NPYTPANDI films at 710 nm were found to be 2.24
§/1.07 s, 5.98 s/5.02 s, 1.98 s/0.44 s, 0.55 s/0.50s respectively [Fig. 5.07f, 5.08f, 5.09f,
5.10f]. Due to strong electron withdrawing effect of the cyano group, p-CNTPANDI
slowed down the oxidation resulting the higher value of bleaching and colouration

times. While electron donating aryl substituent in p-PHTPANDI and the presence of
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N donating centre in p-NPYTPANDI facilitated the electron transfer process,
resulting the fast response time from p-PHTPANDI, p-NPYTPANDI polymers.
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Fig. 5.08. For p-CNTPANDI: (a) Spectroelectrochemistry studies and inset is the photographs of the
colour change of the film with voltage, (b) FESEM image, (c) Film thickness from FESEM, (d) Long

term cyclic stability with a holding time of 10 s, (e) Switching studies, (f) Response time colouration
(tc) and bleaching (tb).

The repeated electrochromic cycling of the polymers were tested with a pulse width
10 s at 710 nm for positive potential at 0 to 1.2 V. The stability was continued upto
1200 cycles for p-BRTPANDI and p-CNTPANDI, 800 cycles for p-PHTPANDI and
200 cycles for p-NPYTPANDI [Fig. 5.07d, 5.08d, 5.09d, 5.10d]. The reduction of
stability after 1200 cycles was only 2 % for p-CNTPANDI. The stability of the
polymer film was tested between the working potential 0 to -2 V with a pulse width of
10 s at 536 nm, in the negative potential switching, it was performed upto 160 cycles
for p-BRTPANDI and 100 cycles for p-CNTPANDI, 300 cycles for p-PHTPANDI
and 400 cycles for p-NPYTPANDI [Fig. 5.11]. The radical anion generated on the
NDI core was inhibited to migrate to some extend towards the core by the strong
electron withdrawing effect of cyano group. As a result, p-CNTPANDI showed the
least cycle stability on electrochemical reduction.
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Fig. 5.09. For p-PHTPANDI : (a) Spectro electrochemistry studies and inset is the photographs of the
colour change of the film with voltage, (b) FESEM image, (c) Film thickness from FESEM, (d) Long
term cyclic stability with a holding time of 10 s, (e) Switching studies, (f) Response time colouration
(tc) and bleaching (tb).

An important EC parameter, the coloration efficiency () was determined by the

following equation [50]. For a good EC material, it should have high colouration
efficiency.

40D _
=43 logT/Q

Where, AOD was the optical absorbance change and Q4 (MC/ cm) was the ejected
charge during the redox process which was calculated from chrono-ampherometric
plot [Fig. 5.12] and T, and T was the % of transmittance of the bleaching state and
coloration state. The calculated coloration efficiency for the polymers were 307, 560,
302, 232 cm?/C respectively for p-BRTPANDI, p-CNTPANDI, p-PHTPANDI, p-
NPYTPANDI and values of colouration efficiencies were more higher than the
unsubstituted TPANDI based derivative reported by Zhiyong Guo and Hongbing
Zhan group [34]. All results were summarized in Table 5.1 and EC performances of
our material was compared with other reported TPA based works in Table 5.2.
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Fig. 5.10. For p-NPYTPANDI : (a) Spectro-electrochemistry studies and inset is the photographs of
the colour change of the film with voltage, (b) FESEM image, (c) Film thickness from FESEM, (d)
Long term cyclic stability with a holding time of 10 s, (e) Switching studies, (f) Response time
colouration (tc) and bleaching (to).

TABLE 5.1: EC parameters of the polymers

Polymers Amax(nm) | AT% | te(S) | to(s) | AOD | Qa(mCcm?) | CE(cm?/C)
p-BRTPANDI | 710 38 2.24 |1 1.07 | 0.67 2.18 307
p-CNTPANDI | 710 41 5.98 | 5.02 | 1.23 2.20 560
p-PHTPANDI | 710 43 198 | 0.44 | 0.55 1.8 302

p- 710 49 0.55]0.50 | 0.38 1.65 232
NPYTPANDI

Wavelength of absorption maximum. Time for 95 % of the full-transmittance change. Optical density change (AOD) =

Log [T bleached / T colored 1, whe
neutral states respectively. Q g was the ejected charge obtained from chronoampherometry measurement. Coloration
efficiency (CE) = AOD/Qd.

re Tcolored

and T

bleached

were the maximum transmittance in the oxidized and
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5.2.5. Solid-State ECD: Having a good colouration efficiency and maintain almost
constant optical contrast value for long term switching process, p-CNTPANDI was
considered to be commercialized by making solid state electrochromic device.
Initially, the polymer was electrodeposited on ITO coated glass, rinsed with DCM and
acetone to remove the monomer and oligomer and then dried properly. The
transparent conducting gel electrolyte prepared from PMMA and LiClO4 plasticized
with propylene carbonate was spread on the polymer deposited side of ITO glass
acted as working electrode, was sandwiched with ITO coated side of another ITO
glass acted as counter electrode and was sealed by epoxy resin and kept on oven for 1
hr at 60°C. The colour change of the fabricated device with dimension 2*2 cm?
[Fig.5.13a] was clearly visible nearly at 2.2 V and cyclic voltametric studies of the
device were performed at the potential windows from 0 to 3 V. The small but
significant oxidation peak was appeared at 2.20 V and reduction peak was at 1.63 V

respectively [Fig. 5.13b].

5.2.6.0Optical Memory of ECD: High optical memory for an ECD was an important
parameter for the commercialization of a smart window. If an ECD, in a particular
redox state having a colour or bleach state retained its originality in open-circuit
condition (without applying voltage) for a long time, it might deliver a power-
efficient or saving device. EC memory of p-CNTPANDI was considered for
monitoring the absorbance change in open circuit condition after reaching the
coloured state at 2.2 V. The absorbance change with time in open circuit condition
started from the completely coloured state [Fig.5.13c]. The gradual decrease of the
absorbance peak and blue green colour with time were due to the self-reduction by the
residual electrons from the electrode at open-circuit conditions [51]. However, the
ECD exhibited 50% retention of its colour till 27 min and returned its original state

after 30 mins.
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Fig. 5.13. For p-CNTPANDI : (a) CV spectra of the fabricated device, (b) Optical memory studies
with time, (c) Device colour change with applying Voltage.

5.3.  Conclusion:

Core substituted NDI-based monomers BRTPANDI, CNTPANDI, PHTPANDI,
NPYTPANDI were electrodeposited on ITO surface to explore the effect of
substitution on NDI core. By analyzing the electrochemical behaviour and theoretical
calculation of the designed monomers, substitution with electron withdrawing group
like Br and CN lowered the LUMO energy level and subsequently reduced the band
gap energy as the LUMO was on the acceptor core and all substituents were not
coplanar with naphthalene moiety. The reversible multiple colour change of brown to
deep blue in the anodic region by applying voltage 0 to 1.1 V and also brown to deep
pink in the cathodic region with the voltage change of 0 to -2 V were unambiguously
explored with relatively good response times, optical contrast, switching stabilities,
and coloration efficiencies. p-CNTPANDI could be switched upto 1200 cycles with
the optimum colouration efficiency 560 cm?/C in the anodic process and 300 cycles
for the cathodic process in a three electrodes configuration. Prototype solid-state

device made of p-CNTPANDI demonstrated the electrochromism operated at a
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potential range of 0 to 2.2 V with multiple colour change and also it exhibited the EC
memory in open-circuit condition with 50% retention of its coloured state until 27
min. The improvement of the EC properties by mainly electron withdrawing
substitution of NDI core suggested a new class of fully organic based EC material for

the next generation display device.

Table 5.2. Comparative studies based on literature surveys

Materials Binding Colouration  Operating 2 electrode References

unit efficiency voltage (V)  cycle

stability

CNTPANDI TPA 560 0/+2.2V This work
TPA6ISO TPA 410 0/+25V 90 cycles (36)
TPACNANT TPA 371 0/+25V (28)
TPAANT TPA 222 0/+1.6 V (52)
TPAsNDI TPA 847 0/+25V 4000 cycles (35)
DPyNDI- TPA 306 (34)
TPA
Small Viologen 274 0/1.2v 10,000 cycles  (53)
organic
molecule
TPA-2Cz TPA 59 (54)
Donor Aromatic 303 (55)
Acceptor diimide
conjugated
polymer
1,3,5-tris(4-  Pyridine 327 (56)
pyridylium)b
romides
NDI cored Pyridine 201 -1.4Vto0V 720 cycles (57)
pyridinium

219



Chapter-5

salt
Various Viologen -16VtoOV (58)

substituent
benzene

5.4. Experimental Section

5.4.1. Materials required

Naphthalene tetracarboxylic dianhydride (NDA), triphenylamine (TPA), Pd(PPhs)a,
calcium hydride, tetrabutyl ammonium perchlorate (TBAP), lithium perchlorate
(LiClO4), polymethylmethacrylate (PMMA), propylene carbonate, phenyl boronic
acid, 4 amino pyridine, Pd/C were purchased from Sigma Aldrich and used as
received. Benzophenone, potassium carbonate (K2COs3), sodium hydroxide (NaOH),
sodium sulphate (Na2SOs), concentrated sulphuric acid (H2SOs), acetic acid, CuCN,
hydrazine hydrate were purchased from Merck chemicals. 4 fluoro nitrobenzene,
NaH, 1,3-dibromo-5,5- dimethyl hydantoin (DBH) were purchased from Avra
chemicals. Bulk solvents like acetonitrile (ACN), dichloromethane (DCM),
chloroform (CHCIls), methanol (MeOH), tetrahydrofuran (THF), dioxane, dimethyl
formamide (DMF) and analytical grade reagents were used without further
purification. DMF, ACN, DCM and 1, 4-dioxane were dried by anhydrous calcium
hydride and THF was dried by refluxing with sodium and benzophenone. Indium tin
oxide (ITO) coated glass (MTI Corporation Ltd.) was cleaned by double distilled
water, ethanol and acetone.

5.4.2. Measurements

The H and ¥C-NMR spectra were recorded on a Bruker 500 or 400 MHz
spectrometer in chloroform-d (CDCIs), dimethyl sulphoxide-d (DMSO-ds) with tetra
methylsilane (TMS) as an internal standard. MALDI-TOF (matrix assisted laser
desorption ionization time-of-flight) mass spectrometry was carried out with Bruker
Daltonics Ultra flextreme (laser intensity 80%). Fourier transformed infrared (FT-IR)
spectra were measured on a Horiba FT-720 FT-IR spectrometer. The UV-visible
absorption spectrum was recorded on an Ocean Optics DH-mini UV-VIS-NIR light

source and Ocean Optics flame Miniature Spectrometer. The electrochemical
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measurements were performed by using a CHI6087E electrochemical workstation in

both 3 and 2 electrode system).

Scheme of synthesis:
@(,5@
OO 4 amino TPA Oe Br
H2S04 acetic acnd Br~ § §
heating 0”N~0

Q2,0 Q2,0
©

O5N.O 0N.O
N Ph
Oe CuCN Phenyl boronic acid Oe
NC -~ — BRTPANDIT> Ph
O”N™0 Reflux O N~0
Pd(PPh;),
Reflux
@N @ 4 amino pyridine N
Dioxane @ @
Reflux
CNTPANDI @ @ PHTPANDI
N
O N OH
N™~ N
QLSO G
HO N0
QO
NPYTPANDI

Fig. 5.14. Synthesis scheme of four electro active monomers.
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5.4.3. Synthesis Procedure:

2,6-Dibromo-1,4,5,8-naphthalenetetracarboxylic Dianhydride:

In two necked RB flask, NDA (2.68 g, 10 mmol) was added to 25 ml concentrated
sulfuric acid at room temperature, the mixture was stirred at room temperature for few
minutes. DBH (3.57 g, 15 mmol) was added over a period of 1 h. The resulting yellow
solution was stirred at 50°C for 10 h. The mixture was poured into ice cold water to
precipitate the solid. The precipitated solid was filtered, washed with water then with
methanol, and finally dried in vacuum. The crude product was recrystalized in DMF.
Finally obtained pure product is 3.55 g with yield 81%.

'H NMR: (400 MHz, DMSOds, TMS) & (ppm): 8.75 (s, 2H).

Synthesis of BRTPANDI: In a two necked round bottom flask, 2,6-Dibromo-1,4,5,8-
naphthalenetetracarboxylic Dianhydride (50mg, 0.117 mmol), 4 amino TPA (78 mg,
0.3 mmol) were taken under nitrogen atmosphere, acetic acid (2 ml) was added to it,
heated for 4 hrs at 120°C. After cooling the reaction mixture, it was added to the ice
cold water, a blue ppt was appeared and filtered. It was recrystalized in MeOH and
dried in vacuum oven to have the title product of BRTPANDI with yield 31% (33
6mg).

IH NMR: (400 MHz, CDCls, TMS) & (ppm): 8.84 (2H, s), 7.30 (8H, m), 7.28 (6H,
m), 7.16 (10H, m), 7.08 (4H, d).

13C NMR (100 MHz, CDCls, TMS) & (ppm): 163.23, 147.42, 131.57, 129.62,
129.07, 125.38, 125.26, 123.90, 123.12, 122.88, 121.35.

Mass (MALDI-TOF, diathranol matrix): m/z calculated 910.61, found 910.

IR (cm™): 3058, 1751, 1715, 1587, 1489, 1272.

Synthesis of CNTPANDI: In a two necked round bottom flask, BRTPANDI (40 mg,
0.043 mmol), CuCN (20 mg, 0.219 mmol) were taken under nitrogen gas, dry DMF
(3 ml) was added to it, refluxed for 24 hrs at 160°C. After completion of the reaction,
aqueous ammonium hydroxide solution was added to the reaction mixture to remove
the Cu*? ion and it was filtered, a brown coloured product was obtained which was

dried in vacuum oven. The obtained product was yield 86 % (30 mg).
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'H NMR: (400 MHz, CDClz, TMS) & (ppm): 8.85 (2H, s), 7.52 (8H, m), 7.22 (4H,
d), 7.15 (6H, m), 7.09 (10H, d).

13C NMR: (100 MHz, CDCls, TMS) & (ppm): 153.20, 144.65, 141.46, 140.86,
135.29, 128.69, 127.57, 126.10, 125.86, 123.70, 120.60, 119.71, 109.83.

Mass (MALDI-TOF, diathranol matrix): m/z calculated 802.83, found 803.

FTIR (cm™): 2260, 1657, 1587, 1498, 1456, 1281, 1320.

Synthesis of PHTPANDI: In a round bottom flask, BRTPANDI (50 mg, 0.054
mmol), Phenylboronic acid (30.11 mg, 0.247 mmol), Pd(PPhs)s (2 mg) were inerted
properly with nitrogen for 30 mins, dry 1,4 dioxane (5 ml) was added to it followed
by addition of 22.38 mg (0.162 mmol) K>COz dissolved in 0.7 ml of water and heated
for 24 hrs at 110°C. After cooling the reaction mixture, it was extracted with DCM
and water and evaporated the DCM part. The crude product was purified by column
chromatography with 1: 1 DCM and pet ether and the pure product was dried in
vacuum oven with yield 39 % (19 mg).

'H NMR: (400 MHz, CDCls, & (ppm): 8.84 (2H, s), 7.49 (10H, m), 7.44 (6H, m),
7.30 (6H, m), 7.14 (6H, m), 7.09 (10H, d).

13C NMR: (100 MHz, CDClz, TMS) & (ppm): 163.23, 147.47, 132.38, 129.54,
129.25, 128.64, 127.98, 125.74, 125.44, 125.30, 123.81, 123.72, 122.79, 122.71.
Mass (MALDI-TOF, diathranol matrix): m/z calculated 905.01, found 905.

FTIR (cm™): 2962, 1714, 1674, 1585, 1487, 1314.

Synthesis of NPYTPANDI: In a two necked round bottom flask, BRTPANDI (50
mg, 0.054 mmol), 4 amino pyridine (130 mg, 1.373 mmol) were inerted properly with
nitrogen, dry dioxane (2 ml) was added to it, refluxed for 12 hrs at 110°C. After
cooling the reaction mixture, MeOH was added to it, a dark brown coloured
precipitate was appeared, it was filtered, washed with MeOH and dried in vacuum
oven with yield 60% (30 mg).

'H NMR: (400 MHz, CDCls) & (ppm): 8.84 (2H, s), 8.56 (4H, s), 7.36 (8H, m), 7.22
(4H, d), 7.11 (6H, m), 7.08 (10H, d), 6.50 (4H, s), 4.11 (2H, s).
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13C NMR: (100 MHz, CDCl3, TMS) & (ppm): 163.23, 151.43, 147.61, 147.46,
131.54, 131.01, 129.58, 129.14, 125.36, 125.11, 123.80, 122.91.

Mass (MALDI-TOF, diathranol matrix): m/z calculated 937.01, found 938.

FTIR (cm™): 3061, 1641, 1586, 1488, 1273, 1202.

NMR, MASS spectra:

8.750
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Fig. 5.15. i)'H NMR spectra of 2,6-dibromo-1,4,5,8-naphthalene tetracarboxylic dianhydride.
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Summary and Conclusions

Saving energy in automobile industry and building sectors mainly focus on maintaining
comfortable and healthy indoor environment. Reversible modulation of the indoor environment
is one of the suitable approaches to adjust it according to our daily needs. Now-a-days, it is
possible to a greater extent with the integration of so-called chromogenic technologies into
daily used items like automobiles, glazing in buildings, planes and various electronic displays
as they can change their optical properties in a response to different external stimuli namely
temperature (thermochromism), light (photochromism), external potential (electrochromism)
and polymer dispersed liquid crystals. Among various chromogenic technologies,
electrochromism has been considered to be superior compared to other technologies as
electrochromic technology allows user friendly control of switching which is not directly

possible by means of thermochromism or photochromism.

Chapter 3 describes the influence of number of electropolymerizable groups of the donor side
on electrochromic behaviors, three donor-acceptor-donor type monomers containing
isonaphthalene diimide as acceptor core and electro-polymerizable triphenyl amine (TPA) as
the donor moiety have been designed and successfully synthesized via imidization of
isonaphthalene anhydride with corresponding TPA derivatives. Three polymers show multi-
electrochromic properties in a reversible manner with the colour change from colourless to
brown to blue at low working potential. Spectro-electrochemistry studies of these films have
revealed the high optical contrast (51.4%, 69.8 %, 84.5% respectively) of these polymers with
the very fast bleaching (less than 1 s) and coloration (less than 2 s) time with very high
coloration efficiencies. The electro switching stability has been performed up to 500 cycles and
activity loses only 10% after 3000 s.

Chapter 4 presents the effect of different acceptor core like pyromellitic dianhydride,
naphthalenetetracarboxylic dianhydride, perylenetetracarboxylic dianhydride and terminal
triphenylamine based three DAD type monomers which are subsequently electropolymerized
on conductive glass surface to have polymers which are explored by cyclic voltammetry
studies. Density functional theory (DFT) studies disclose that HOMO is localized solely on

triphenylamine unit which accounts for the electropolymerization process upon oxidation.
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Besides, TD-DFT calculations unveil the responsible electronic transitions for
electrochromism in the polymers. Three polymers exhibit the reversible multiple colour
changes of colourless to brown to deep blue in the anodic region by applying voltage 0 to 1 to
1.2 V and also colourless to deep pink in the cathodic region (voltage window of 0 to -2 V)
with attractive response times, optical contrast, switching stabilities, and coloration
efficiencies. These polymers can be switched upto 10,000 cycles with the colouration
efficiency 800 cm?/C in the anodic process and 600 cycles for the cathodic process in a three

electrodes configuration.

In_Chapter 5, Several triphenylamine end capped to substituted central naphthalene
tetracarboxylic diimide based four donor - acceptor - donor type electroactive monomers have
been designed and developed to explore the effect of substituent on the formation of electro-
polymers and subsequent the chromic effect of prepared films on the conductive surface.
Initially, with the help of density functional theory (DFT) studies, it has observed that HOMO
Is located over triphenylamine unit, responsible electropolymerization process upon oxidation,
LUMO is residing on the central naphthalene core, and all substituents are not coplanar with
naphthalene moiety. Also, the band gap energy is gradually decreased with the effect of strong
electron withdrawing substituents on NDI core. In three electrode configuration, reversible
multiple colour changes of brown to deep blue by applying voltage 0 to 1.1 V and also brown
to deep pink with the voltage change of 0 to -2 V are investigated with relatively good response

times, optical contrast, switching stabilities, and coloration efficiencies.
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Future Directions

As is well-known, the commercialization of EC displays has been explored for a long
time. In the 1970s, Philips Research Laboratories reported the first simple
monochrome protype EC digital display based on heptyl viologen. The display had a
respectable high CR (20:1), short erasure times (ranging from 10 to 50 ms), and good
reversibility (more than 105 cycles). The successful demonstration of this display
product has greatly stimulated global interest in EC materials and boosted related
R&D and commercialization. However, there are still problems that need to be
solved. The first problem is that the self-aggregate and crystallize of viologen
derivatives during their EC process, which seriously affects the cyclic life. The second
problem is that related EC reaction is usually carried out in a solution or gel.
Therefore, the active molecules easily diffuse away from the electrode. This blurs the
displayed image and hinders it from being quickly erased by the current. At the same
time, this problem also induces significant challenges and difficulties in
manufacturing processes such as device sealing. The third problem is how to maintain
the long term memory effect (bistability) of the displayed information. In response to
the above technical problems, in 2003, NTera Ltd. developed a representative
viologen-based EC display called NanoChromics. The displays demonstrated good
cyclic life and durability. For example, the blue one could undergo 50,000 cycles at
both room temperature and 50 °C; its contrast was maintained for more than 888 h
under constant voltage, which indicated a good service life.

In 2006, Cambridge Research Laboratory of Epson, Seiko- Epson Corporation, and
NTera Ltd. coreported a QVGA AMbased EC display with a high resolution of 200
dpi. The display was successfully driven with integrated driver electronics fabricated
by low-temperature polysilicon thin-film transistor (LTPS-TFT) technology. The
display also showed high contrast, high image quality, wide viewing angle, etc. In
addition, a remarkable image retention time (bistability) was obtained: the displayed
image could be partially read after 3 days without voltage treatment.

In 2008, Samsung Advanced Institute of Technology produced a 4.5-in. EC display
driven by PM. The signal crosstalk problem was impressively solved by using the
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isolated gel electrolytes. Next, RICOH Company developed a multilayer EC display
(mECD) consisting of display units based on subtractive color mixing theory. In this
work, researchers demonstrated the use of a 3.5-in. QVGA LTPS-TFT AM panel as
the driving module. Each TFT-driven mECD unit was cleverly constructed from a
shared counter electrode unit and three vertically stacked (cyan, magenta, and yellow)
EC units (where each display unit is composed of a pair of EC substrates and a
corresponding working electrode).

To date, the most widely known commercial ECDs are the antiglare rearview mirror
and EC porthole on the Boeing 787 Dreamliner. These ECDs can automatically adjust
the brightness, thereby eliminating dangerous glare from the rear vehicle headlights or
improving the comfort level within the aircraft. Gentex has been extensively involved
in the above two fields for many years and has been widely accepted in the
marketplace. In addition, the rise of emerging companies (Heliotrope Technologies,
Tynt Technologies, MiRuo China, Chromo- Genics, SageGlass, etc.) has also
continuously added vitality into this field. In recent years, EC smart windows have
been applied to the windows of cars and buildings. The grayscale ability of EC
materials/devices makes it possible to control the transmittance of these “glasses” as
needed. For example, Ambilight Inc. offers large-area (1.9 m?) EC sunroofs for
electrical vehicles created through roll-to-roll manufacturing processes. This
successful product has laid an important foundation for further development of EC
displays.

EC technologies have also begun to play an important role in portable consumer
electronics such as mobile phones. In January 2020, the first smart concept phone
equipped with EC technology was launched by OnePlus (as OnePlus Concept One).
In this phone, the back camera module is hidden under an EC module and only
appears when in use. This improves the overall look/feel of the device. Additionally,
the color-switching speed is only 0.7 s, which does not affect the shooting process. At
present, several mobile phone manufacturers are attempting to integrate EC
technologies. For example, Ambilight Inc. teamed up with OPPO to successfully
achieve mass production of an EC phone back cover with color-variable pictures

(between silver and magenta).
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In addition, existing commercialized EC display devices are mainly concentrated in
electronic price tags, flexible electronic paper, etc. Ynvisible, Acero, and NTera Ltd.,
have made considerable effort and achieved great progress in developing these
printing EC products. In summary, with the efforts of many related R&D teams, rapid
progress has been made in the industrialization process of EC materials/devices.
Although these products may not be displays or just low-end display components,
they all represent the commercial development of electrochromics. This has paved the

way for the realization of full-color EC displays in the future.
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