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PREFACE

PREFACE

The bottom-up self-assembly of donor-acceptor semiconducting materials into well-
defined nanoscale assemblies is crucial for several optoelectronic applications. In this
regard the templated self-assembly approach using polymeric supports like the poly(4-
vinyl pyridine) (P4VP) to develop supramolecular comb assemblies of small molecules
with the polymer is very promising. Pioneering work has been reported from the group of
Ikkala and ten Brinke et. al who studied hierarchical architecture formation between
small surfactant molecules and P4VP or its block copolymer with polystyrene—PS-b-
P4VP. Initial reports of extending the benefits of this supramolecular comb polymer
assembly to assemblies incorporating semiconducting materials were promising.

Although self-assembly of small donor and acceptor molecules using strong
complementary hydrogen bonding interactions were pursued as a means of arriving at the
desired ‘ideal’ active layer morphology in the early stages of development of materials
for photovoltaic assemblies, it was quickly realized that such strong interactions were
counterproductive in improving the mobility or solar cell efficiency of devices made
using them as active layer. However weakly interacting moieties incorporated into donor
and acceptor molecules could be expected to result in the desired ideal organization if
there were multiple sites of interaction. Thus, the pyridine unit on the polymer P4VP
scaffold results in supramolecular comb polymer complexes with hydroxyl or carboxyl
functionalized small molecules, even though the pyridine-hydroxyl interaction is weak in
nature. Assemblies of the ‘n’ type rylene bisimides with P4VP or mixed donor-acceptor
assemblies with P4VP were explored for their improvement in charge transport upon
complex formation. It was observed in all the P4VP complexes that the non-covalent
interaction resulted in altered molecular packing compared to pristine small molecule as
observed using wide angle X-ray diffraction studies. Furthermore, the concept of polymer
as a templating scaffold could be extended to complexes of only donor and acceptor small
molecules, where the donor was designed with polymerizable units, which could be
polymerized after it formed a complex with the acceptor molecules. The mobility values
as measured using space charge limited current (SCLC) studies indicated improvement as
a result of the supramolecular assembly.

In this thesis work, the polymer and small molecular complexes were made in
suitable solvent under ambient conditions. Structural characterization was carried out
using FT-IR and *H NMR analysis; micro structure analysis was done by wide angle X-
ray diffraction (WXRD) and small angle X-ray scattering (SAXS) studies. Transmission
electron microscope (TEM) was recorded to understand the morphology of the
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PREFACE

supramolecular complexes. Charge carrier mobility [Electron (ue) and hole (un)] was
measured via SCLC and OFET method.
Chapter 1 gives a brief introduction about organic electronics. This section

includes organic electronics and their use, charge transport mechanism, challenges and
opportunities, effect of self-assembly in device performances, types of organic
semiconductor devices, optoelectronic devices (organic light emitting diode, organic field
effect transistor, organic photovoltaic devices), techniques to measure the mobility in
organic semiconductors are discussed. Synthetic approaches, optical, electrochemical and
semiconducting properties of some specific (n-type and p-type) semiconducting materials,
naphthalenediimide (n-type), perylenediimide (n-type) and oligo (p-phenylene vinylene)
(p-type) are discussed in detail with latest literature examples including small molecules
and polymers.

Chapter 2 explains the

composites formation of # {.@“ @J{ {_@f‘%’@_}
! A\ . /oHoN .,

unsymmetrically substituted n- Y’ Yy
type naphthalenemonoimide [R=l
(NMI) and naphthalenediimide

(NDI) small molecule with polybenzimidazole (PBI) with the help of noncovalent

N
|

R R

hydrogen bonded interaction. The resultant composites formed stable nanostructures with
capability to form good transparent free standing film over a large area with reasonable
semiconducting characteristics. PBI-NMI composite showed space charge limited current
(SCLC) mobility in the order of 107 cm?Vs, which was similar to that of the pristine
naphthalenemonoimide (NMI) alone.
Chapter 3 describes the supramolecular crosslinked polymer network formation
between Poly(4-vinyl pyridine) (P4VP) and symmetric Perylene bisimide or naphthalene
bisimide molecules with free —-OH
*’\mm* “_- group at both the termini.
‘ | Complex formation was
confirmed by FT-IR and *H NMR

‘ ‘ ‘ * spectroscopy. Micro structure of
L7 the complex was analyzed with
B - - "

the help of wide angle X-ray

diffraction (WXRD). Transmission electron microscopy (TEM) was used to study the thin

film morphology of supramolecular polymer network. Effect of self-organization on bulk
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PREFACE

mobility was measured via SCLC which showed electron mobility in the order of 102 and
10 cm?/Vs, which were 2-3 orders higher in magnitude compared to the pristine rylene
bisimide molecules.

In chapter 4, an acceptor molecule based on perylene bisimide was developed with free
—OH group at the termini (UPBI-PDP). A donor molecule based on oligo(p-phenylene vinylene
was also developed with hydroxyl (-OH) group at one of the termini (OPVCN-OH). Supra-
molecular nano organization of UPBI-PDP and OPVCN-OH with the polymer matrix of Poly(4-

vinyl pyridine) (P4VP) was achieved
with the help of noncovalent
interaction like H-bonding and =-n
stacking. FT-IR and 'H NMR

spectroscopy ~ were used  for

confirmation of complex formation.
Small angle X-ray scattering (SAXS) and wide angle X-ray diffraction (WXRD) were used to
understand the solid state supramolecular structure. Thin film morphology of the donor-acceptor
complexes with P4VP showed nice lamellar arrangement in the range of < 10 nm. Effect of self-
organization of donor acceptor assembly on bulk mobility was measured via SCLC method and
highest hole mobility (w,) was obtained in the order of 102 cm%/Vs.

In chapter 5, a nanostructured supramolecular donor-acceptor assemblies were formed
when an oligo(p-phenylenevinylene) (OPVM-OH) complementarily functionalized with
hydroxyl unit and polymerizable methacrylamide unit at the other termini was complexed with

unsymmetrical N-substituted

W ?ﬁ) ‘( . pyridine functionalized
; perylenebisimide (UPBI-Py). The
.M)m,{ntﬂ"

cgé);mm ((%% ; ; M resulting supramolecular cor;1plex
;3 ',; {; @;3);3;3 L. [UPBI-Py (OPVM-OH)J1, upon

™ bhotoinduced polymerization
formed well-defined supramolecular polymeric nanostructures. Wide angle X-ray diffraction
analysis indicated changes in cell parameters of OPVM-OH upon complex formation. Thin film
morphology showed the uniform lamellar organization in the domain range < 10 nm for 1:1
molecular complex as well as the supramolecular polymer complex. The donor-acceptor
supramolecular complex [UPBI-Py (OPVM-OH)]i, exhibited space charge limited current
(SCLC) with a bulk mobility estimate which was two orders of magnitude higher accompanied by
a higher photoconductivity yield compared to the pristine UPBI-Py. Thus, a versatile method to

obtain spatially defined organization of n and p-type semiconductor materials was developed
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based on suitably functionalized donor and acceptor molecules resulting in improved photocurrent
response using self-assembly.
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CHAPTER 1 INTRODUCTION

1.1 Introduction to Organic Electronics

1.1.1 History and Discovery

A remarkable technological maturity has been achieved with the help of organic
semiconductors in the field of high-tech electronics. The main driving force for todays’
fast growing world mainly depends on microelectronics, which was introduced for the
first time in the 20™ century. The field effect transistor is the basic building block for
many electronic devices. This great discovery was made by Julius Lilienfeld in 1926.
Thereafter, the silicon industry has been trying to downsize the device retaining high
performance. However, single crystalline silicon is very difficult to fabricate in a large
area with high degree of flexibility at low cost. The challenges in the single crystalline
silicon research propelled the search for alternate choices like organic materials that could
exhibit reasonably good electronic behaviour. This gave birth to a new area of electronics
and in the 20" century, C. H. Lewis introduced the term “Molecular electronics” for the
first time at a conference organized by the US air force." IBM introduced the concept of
molecular electronics in 1974. However, organic electronics was unable to make high
impact in the market. In this direction, the greatest discovery of semiconducting polymer
was done by the polymer chemist Hideki Shirakawa, an inorganic chemist Alan
MacDiarmid and a physicist Alan Heeger in 1977.2 They showed that polyacetelene could
conduct electricity in its oxidized state (using iodine as an oxidant). After this discovery,
the semiconducting polymers have made a significant impact in the history of molecular
electronics. In 2000, Hideki Shirakawa, Alan MacDiarmid and Alan Heeger were
awarded the Nobel Prize for their greatest discovery in the field of molecular electronics.
The organic electronics field started mainly in the late 1970s with the introduction of
various devices such as organic light emitting diodes (OLEDs),*® organic field effect
transistor (OFETs),”*® organic photovoltaics (OPVs).'*?° After this revolution in the field
of conducting polymers, many kinds of conjugated polymers were developed which have
advanced their technological applications. In this direction, the first discovery of polymer
light emitting diode from poly (phenylevinylene) was made by Burroughes et al.?* A few
years later, Saraciftci et al. proved the photoinduced electron transfer from conducting
polymer to Cgo.2?° Charge separated state of donor polymer and Cgo Was also confirmed
from the subsequent guenching of photoluminescence after interaction of donor polymer
with Cgo. The conjugated polymers were classified broadly in three categories (i) first
generation, (ii) second generation and (iii) third generation by Heeger.?® The first

generation includes polyacetylene, the second generation is focused on the processability
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CHAPTER 1 INTRODUCTION

and solubility of the polymers and copolymers like poly (alkylthiophene) and poly
(phenylenevinylene). The structures of some important first, second and third generation
semiconducting polymers are shown in Chart 1.1. The third generation appeared with
more complex molecular structures. Along with that, many optoelectronic devices were

27-35 14-20

developed like solution and solid state laser, organic photovoltaic devices (OPVs),

organic light emitting diode (OLED),*® organic field effect transistor (OFET),”™® sensors,

m@wm

CH

@ O=C>=ON"+ rﬁw

P (k)

CyHy,

Chart 1.1 Some of the important first, second and third Generation semiconducting
polymers with molecular structures (a) Polyacetelene (PA); (b) Polyparaphenylene (PPP);
(c) Polyparaphenylene vinylene (PPV); (d) Polypyrrole (PPy); (e) Polythiophene (PT); (f)
Poly (3-alkyl) thiophene (P3AT) (R= Me, Bu etc.); (g) Poly (2, 5 dioxy)paraphenylene
vinylene (e.g. MEH-PPV); (h) Polyfluorene (PFO); (i) Polyethylene dioxythiophene
(PEDOT) (j) Polyaniline (PANI) (k) NDI based polymer P(NDI20D-T2)

%42 photo detectors (PD)***® etc. Among all these electronic devices, OLEDs have been
used heavily in modern electronics, such as mobile phones, thin display and light
industry. The drastic improvements in the design and development of the organic
electronics since the time of their discovery has helped to improve the performance of
organic semiconductor based devices like plastic solar cell, radio frequency identification

tags (RFID), light weight ultrathin television display etc.
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1.1.2 Organic Electronics: Usefulness

Due to their unique properties like processability, good physical properties etc., organic
electronics has created a huge impact in industry and the electronic market. Organic
semiconductors have some unique difference with respect to conventional inorganic
semiconductors, which is tabulated in table 1.1. These differences make the organic
electronic field more useful in modern electronic industry and they have some notable
features such as:

Tablel.1: Differences between conventional electronics and organic electronics.

Conventional Inorganic Electronics Organic Electronics
High Cost Reduced cost
Complex technique of processing Simple processing
Small area fabrication Large area fabrication
No Mechanical flexibility Mechanical flexibility
Heavy weight Light weight
Good performance Average performance

a) Synthetic tuneability: desired organic semiconducting molecule or polymers can be
prepared by a variety of methods and can be tuned very easily by easy synthetic strategy.

b) Processability: Organic semiconductor can be processed into large area electronics

with the help of very simple and easy techniques like solution drop casting,*” *®

10, 49

spin
coating, screen printing, ink-jet printing and vacuum deposition.

c) Self-assembly: Self-assembly is a mandatory criteria to get good device performance
which can be controlled very easily in organic semiconductor materials at very low length
scale. A variety of self-assembled structures can be achieved by simple variations in small
molecule as well as polymers.®*>*

Figure 1.1 depicts the chart for the broad range of applications of organic semi
conducting materials. Some of the most fruitful and potential applications of organic
electronics include organic light emitting diodes (OLEDS), sensors, organic field effect

transistors (OFETS), plastic solar cell devices (PSCDs), and radio-frequency identificat-
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Organic Electronics
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Power Sensors OLED & Display Memory
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Figure 1.1: Organic electronics and its broad range of applications.

ion (RF-1D) tags.™ Because of their low cost fabrication and good performance, it is very
promising to develop an electronic device like OLEDs, OFETs etc. However, several
technological challenges have to be overcome to improve their performances for
commercialization. Specially, organic thin film transistor (OTFT) is not good enough to
commercialize due to its low charge carrier mobility, high contact resistance, problem in
the fabrication process and device stability. It is very true that device performances of
organic semiconductors are poor compared to silicon. Therefore, organic semiconductors
are not expected to overcome the performance of silicon based semiconductors because
silicon industry is aimed for high performance and high—end smart products, whereas

organic semiconductor industry is aimed for cost-effective, low-end disposable products.

1.1.3 Charge Transport in Organic Semiconductor

Organic semiconductors can be classified broadly into two categories, (a) small molecules
or oligomers, generally processed in vacuum and (b) polymers, generally processed by
wet chemical technique. Carrier mobility is the key characteristics of charge transport in
organic semiconductors. Charge transport can be defined as the movement of charges in a
material by applying an external electric field. Different mechanistic pathways are
available for transporting of charges. Semiconducting polymers can be described in terms
of energy band which is shown schematically in figure 1.2. Typically these bands are
generated due to overlap of m-orbitals in conjugated polymer. According to band theory,
solids are mainly divided into three sections (a) conductor, (b) semiconductor and (c)
insulator depending upon the abundance of electron present in valence band and the
conduction band. All the available electrons present in materials fill the conduction band
at 0 Kelvin. In metals the forbidden gap or band gap (Eg), which simply explains the
overlap of the valence band and the conduction band (Eg) = 0 eV. Hence the electron can

readily conduct electricity from the partially filled conduction band. This band gap
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between valence band and conduction band is very high (> 4 eV) for insulator. The

energy gap is too high for an electron to jump from valence band to conduction band in

Metal Semiconductor Insulator

&————=FEnergy (eV)

Figure 1.2: Energy band diagram of metals, insulators and semiconductors.

the insulator. As a result, insulators are very poor for electrical conductance at ambient
temperatures. In case of semiconductors conduction bands are completely empty and
valence bands are rich in electrons. HOMO and LUMO energy levels can be defined as
the highest occupied molecular orbital of the valence band and the lowest unoccupied
molecular orbital of conduction band respectively. By applying some external voltage it is
possible to transfer electrons from valence band to conduction band (Eg = < 3 eV) for
semiconductors. A band like charge transport mechanism is observed in the highly
crystalline inorganic materials like silicon (Si), Germanium (Ge) etc., due to their very
strong covalent bond with energy as high as 76 kcal/mol. The resultant mobility is very
high in the order of 10° cm?/V/s for these materials. On the other hand, organic polymers
are amorphous in nature and charge transport follow mainly the hopping mechanism at
higher temperature which limits the mobility in the order of 1-10 cm?/Vs.>® Conjugated
polymers contain alternate double and single bonds in its backbone and charge transport
occurs after suitable doping. Overlapping of the sp® hybridized orbital of alternating o
and un-hybridized = orbitals makes a continuous path for the movement of free electrons.
Orbital overlapping of two adjacent P, orbitals of two carbon atoms generates one low
lying n-bonding (HOMO) and high energy n*-anti-bonding orbital (LUMO), which leads
to the delocalization of the electrons in the polymer backbone. The high HOMO-LUMO
energy gap makes conventional polymers act as insulators. The conducting class of
polymers shows conducting behaviour due to the delocalization of = electrons into their
backbone which reasonably reduces the HOMO-LUMO energy gap. Due to lack of

intrinsic charge carriers, conjugated polymers need doping for charge conduction. Doping
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can be done by partial oxidation at HOMO or partial reduction at LUMO to create
charges into the active material which will be able to transport charge. Various chemical
and electrochemical methods are available for doping of conjugated polymers.®’
Generally, iodine or alkali vapour is used for chemical doping. Electrochemical doping is
achieved by applying an electric potential between polymer coated electrode and
reference electrode immersed in an electrolytic solution. Photo doping is also possible,
wherein photo excitation of electrons from HOMO to LUMO of the active polymer
generates a charge bound state called exciton. For example, Polyaniline (PANI) shows
very high conductivity among conjugated polymers in the moderately oxidized
emeraldine base form.*® This form of PANI consists of equal ratios of imine (=N-) and
amine (—NH-) sites. Bipolaron (dication salt) can be formed after protonic acid doping at
imine site. Finally, rearrangement of bipolaron results in polaron lattice (polysemiquinone
radical-cation salt) as shown in figure 1.3. This resultant emeraldine structure shows very

good conductivity in the order of 10> S/cm and it is reasonably good with respect to com-

OO

(Polyemeraldine)

H*A- lProtonation

N* N* N N—
H H
A A

(Bipolaron form)

lDissociation of bipolaron to form two polarons

H H H H
N: N: N N—
A A

(Polaron form)

Resonance forms of delocalized polaron lattice
H H H H
N N: N N&=
A A

Figure 1.3: Neutral and charged state structure of polyaniline (PANI) after doping.

mon polymers (< 10° S/cm). Now it is almost accepted that charge carriers move

through the localized defect state known as polarons,®®

whereas crystalline organic
semiconductor materials follow the band like charge transport mechanism. The charge

transport mechanism is not so well understood for the disordered organic semiconducting
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polymers and it is considered that charge transport happens via hopping mechanism at
high temperature state.

1.2 Types of Organic Semiconductor Devices

Organic semiconductors are mainly divided into three categories: (a) organic light
emitting diodes (OLEDs), (b) organic field effect transistor (OFETs) and (c) organic
photovoltaics (OPVs).

1.2.1 Organic Light Emitting Diodes

Tungsten filament bulbs are one of the important sources of lighting system which
consume more power. Present lighting system uses around 33% of the total electricity
produced. Organic light emitting diode (OLED) which is eco-friendly, self-illuminating
can solve the problem of more power consumption in contrast to tungsten or fluorescent
lamp to some extent. OLEDs are extremely thin with good emission even in solid state.
OLEDs are one of the most studied devices for solid state lighting which basically
originates from organic small molecules or semiconducting polymers. Interest in
developing the polymer based OLEDs are growing fast due to low cost fabrication like
inject printing, spin coating over the traditional vapor deposition. OLEDs are the most
successful among the organic semiconductor devices and has been already
commercialized. It has been used in many commercial applications like LED light,
mobile phone display, portable digital media player, digital cameras, television (TV)
screen etc. Flexible display can be made from OLEDs. Structurally OLEDs can be
divided in four categories (a) single-layer, (b) double-layer, (c) triple-layer and (d) multi-
layer OLEDs. Active layer should have very high quantum efficiency with good electron
or hole transport properties to get better device performance. In two layer OLEDs, n-type
materials transport electrons and p-type materials transport holes. Recombination of
electron-hole pair occurs at the interface of two layers which produces the energy in the
form of light. Different colour band can be produced by varying the HOMO-LUMO
energy gap of the active layer.®® ® Three-layer and multi-layer OLEDs are somewhat
complex in their configuration. Polymer based OLED configuration is shown
schematically in figure 1.4. The substrate is generally a transparent conducting ITO
coated glass with high work function ¢, = 4.7 — 4.9 eV. Anode is also transparent and
injects holes into the organic layer. Ca and Al are generally used as cathode materials

which actually helps to minimize the energy gap between the LUMO of organic materials
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OLED device operation (energy diagram)
Conducting Emissive polymer
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Figure 1.4: OLED device configuration and operation principle.

and Fermi-level of metal resulting in better electron injection. In 1960, Pope et al. from
New York University observed electroluminescence in single crystals of anthracene under
vacuum.®® Later on in 1965, double injection recombination electroluminescence of
anthracene single crystal was developed by Helfrich et al.®® In 1987, the first double layer
OLED was made by Ching W. Tang and Steven Van Slyke at Eastman Kodak.®*
Afterwards, polymeric OLEDs made a significant contribution to fundamental science as

well as in industry.
1.2.2 Organic Field Effect Transistor

Transistors are the basic building blocks for modern integrated circuit. It is used as signal
amplifiers or molecular switches. Apart from this, OFET is a very popular and important
device architecture to extract the mobility of semiconducting materials. Field effect is a
phenomenon where conductivity of a semiconducting material changes with varying
electric field. OFETs are made up of three terminals namely source, drain and gate with a
semiconductor layer and insulating layer situated in between semiconductor and gate.
OFETs can be fabricated in four possible ways, namely, (a) bottom gate top contact, (b)
top gate bottom contact, (c) bottom gate bottom contact and (d) top gate top contact as
depicted in figure 1.5. The source and drain electrode are separated by semiconducting
layer called channel length. The potential difference between source and drain is called
source-drain voltage (Vps) and the developed potential between source and gate is called
source-gate voltage (Vgs). A certain amount of voltage is applied to gate to control the
current flow between source and drain. p-types are the most common among the variety
of OFETs due to their high hole mobility. A negative voltage (greater in magnitude than
the threshold voltage) is applied to gate which generates positive charges in the
conducting channel and holes are transported across source and drain electrode. In case of
n-type OFETS, positive gate voltage creates negative charges in the conducting channel.

In most of the cases, the initial gate voltage is not sufficient to allow the electron or holes
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S“bstrate

Figure 1.5: Schematic representation of device configuration fabricated for OFET
(bottom gate top contact, top gate bottom contact, bottom gate bottom contact and top

gate top contact).

to flow from source to drain. The minimum voltage required for the electrons or holes to
flow between source and drain at gate electrode is called threshold voltage. Upon
application of voltage between source and drain (Vps << Vs-V7), current increases
linearly between source and drain. This linear region is known as “ohmic region” (shown
in figure 1.6a). With further increase of drain voltage (Vps = Vs-V71) a point appears
called “pinch-off” point (figure 1.6b) where the drain current reaches its maximum value.
With further increase in drain voltage (Vps >> Vs-VT1) no increase in current occurs
which is known as saturation regime (figure 1.6¢) in typical OFETSs. The output curves

represent the drain-source current (Ips) versus drain voltage (Vps) as a function of gate

( ) (b) Channel ( ) Chann
" EhwcuualBl-o | BV B0 | [pnngr | St B0 | rtureton

—_— - 1 =
-:iu s 'i. o mc.am ¢

Linear

(Vy <<V V) (V> V) Vos = (Ve = VeV (Vo> V) Vs = (Vi > VeV (V> V) Vs

Figure 1.6: Linear, pinch off and saturation region of a transistor operation at different

source to drain voltage (Vps).

voltage (Vg) (figure 1.6). It contains two regions called linear region and saturation

region.®® The charge carrier mobility can be extracted from both regions as follows:
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Ips = % uCs [(Vg — Vp) — %]VDS (linear region) — (1)

Where, W is the width and L is the length of the semiconductor channel; p is the charge
carrier mobility; Cs represents the capacitance per unit area of insulating layer; V+ is the
threshold voltage. Charge carrier mobility can also be calculated from the slope of this

transfer curve as

a1 w
vee = 1 MCs Vbs (2)

The above equations (1) and (2) are applicable only for linear region (Vps << Vg-Vr).
Saturation region (Vps << Vs-V7) output curve can be defined as

w
Ips = 7 uCs (Vg — Vr)? 3)

Equation (3) can be used to extract the charge carrier mobility from saturation region of
transfer curve. Similarly, from the slope (I2%* vs V;) of saturation region one can extract
the charge carrier mobility. Interface between the materials fabricated in OFET plays an
important role to give better output curves. Dielectric layer also has a significant role for
the performance of the OFET. Especially for the n-type materials, hydroxyl groups
present in dielectric can act as traps for electron. Charge carrier mobility (), threshold
voltage (V1) and lo/los ratio are the governing factors to characterize the performance of
the OFET. Charge carrier mobility in the order of 0.1-1.0 cm?Vs are considered as good
for device application. Good switching behaviour of the OFET depends on high 1on/los
ratio and ideally this should be in the order of 10%.°" Practically most of the organic
semiconducting materials are very poor in performance. Many factors are responsible for
the poor device performance out of which some are inherent poor charge carrier mobility
of semiconductors, morphology of the active materials, contact resistance between the
semiconductor and electrode interface, etc. Materials with higher degree of crystallinity
or long range lamellar ordering are highly desirable for the better performance in OFET

device.
1.2.3 Organic Photovoltaics

Organic photo voltaic solar cells represent a transformative technology that aims to serve
as an earth-abundant and low-energy-production photovoltaic solution. This technology
has the potential to provide flexible, low cost solid state power generator than first- and

second-generation solar technologies. The working principle of organic photovoltaics is
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exactly opposite to OLEDs where, light energy transforms directly into electrical energy.
A solar cell device is the device which converts sunlight directly to electrical energy by
the photovoltaic effect. This was first discovered by Becquerel in 1839 on silver chloride
electrode in an electrolyte solution.?® The first solar cell device was made by Fritts.
Organic solar cell can be broadly divided into three categories: (i) Flat-Heterojunction
solar cell®® ™ (ii) Bulk-Heterojunction (BHJ) solar cell’*™ and (iii) Dye-sensitized solar

8082 holymers,®*

cells.”*"® Materials used in organic photovoltaic cells are small molecule,
8 organic-inorganic hybrid materials, etc. Polymer solar cells generally consists of four
layers: Glass, ITO, active layer, calcium or aluminium (figure 1.7).% The glass substrate
serves as a supporting layer in the solar cell device and it should not possess any
absorption in the visible region, since the solar cell device uses this light to generate
power. Transparent polymers, can also be used as more flexible supporting layers in
photovoltaic devices. Aluminium and ITO (indium tin oxide) serves as electrodes in the
photovoltaic cell. The built-in electric field generally generated by the difference in the

- + 2

_:‘,_“3

Aerm

A
Active Layer

Figure 1.7: Schematic representation of organic solar cell device and the working

principle.

metals” work functions used in solar cell. This generated electric field is used to
dissociate the excitons. Excitons are generated after the absorption of light by active
layer. The ITO layer is transparent in the visible origin like glass. Its built-in electric field
and the device performance can be further increased by introducing calcium and
PEDQOT:PSS (poly[3,4-(ethylenedioxy)-thiophene]:poly(styrene sulfonate)) into solar cell
device. The active layer in this polymer solar cell consists of a donor-acceptor system.
Different types of systems like P3HT, MEH-PPV, CN-PPV, OPV, FT8BT are used as

donors and PCBM, perylenediimide, naphthalenediimide, diketo pyrrole are used as

13|Page



CHAPTER 1 INTRODUCTION

acceptors.®% A polymer solar cell is a type of flexible solar cell made up of polymer
that produces electricity from sunlight by the photovoltaic effect. Currently, high grade
silicon crystals, similar to the materials (wafer silicon) used in the production of computer
chips and integrated circuits, are also used to make the commercial solar cell devices. But
due to their high cost and production complexicity; some alternate photovoltaic

technologies are needed. Polymer solar cells (PSC)Y* 0

is one of the possible
replacements. Inorganic solar cells are not easily processable and are very expensive,
therefore it becomes challenging for scientists to develop organic solar cells of high
efficiency like the inorganic silicon solar cell as well as make it cost effective. The major
breakthrough in the field of organic photovoltaics was done by Tang et al. by introducing
the first heterojunction organic solar cell with power conversion efficiency (PCE) of
1%." In this direction, in 2010 power conversion efficiency was achieved up to 8.3 %
from the group of Konarka which they further increased to 10.7 %."% In the current state
OPVs, power conversion efficiency (PCE) has reached up to ~11 % and ~20 % for a
single cell or even higher for tandem cell by proper tuning of the material properties like
band gap, charge mobility, morphology etc. Fabrication of the organic solar cell is
another challenge to get better efficiency. ~ 50 % efficiency is lost during the fabrication
of a solar cell from a champion device to large area device. This loss is mainly due to
improper metrology during large volume fabrication process. Translation efficiency is
very poor in flexible solar cell device because of very high resistance of ITO coated
plastic. In addition, due to the brittle nature of the ITO it is not a suitable electrode for
flexible solar cell. Development of new transparent and robust flexible electrode material
is required to produce viable product in organic photovoltaics. Diffusion of exciton is one
of the most important steps for better charge separation in active layer of a solar cell. This
step typically depends on the nanoscopic arrangement of the donor-acceptor in the length
scale of <10 nm where the exciton lifetime is essentially high. Therefore, active layer
morphology is crucial to provide better power conversion efficiency.’®® For example,
bilayer solar cell (figure 1.8a) made up of individual donor (D) and acceptor (A) layer
creates a large interface barrier for which the effective dissociation of excitons generated
at the D-A interface fails. BHJ device architecture (figure 1.8b) somehow solved this
problem by reducing the D-A interface barrier or more specifically grain boundaries.
Particularly, in this case D-A were intimately mixed together to form a composite, which
was then used as active layer.'® Therefore, several interfaces were created between donor

and acceptor at desired length scale. This way, efficiency was improved significantly in
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organic solar cell device and highest efficiency achieved was 9.48 %.'*° However BHJ
device architecture faces the problem of phase separation between D-A over a long
period. This problem can be solved by introducing the ideal BHJ device (figure 1.8c),
where donor and acceptor are expected to form a well-organized micro phase separated
structure at the length scale of 10-20 nm, comparable to exciton diffusion length.
Improvement in efficiency was observed from normal BHJ to ideal BHJ for same D-A
blend. This clearly tells the impact of active layer morphology in the efficiency of an

organic solar cell which is one of the important aspect of ongoing research to improve

power conversion efficiency.

o

O

’[Tw_ml il

Figure 1.8: Device architecture of (a) bilayer, (b) bulk-heterojunction (BHJ) and (c) ideal
BHJ solar cell.

Figure 1.9 represents the typical current vs voltage (J vs V) curve for organic solar cell in
dark and under illumination. Under dark basically there is no current flow and the curve
crosses the origin. Upon illumination, the J-V curve is shifted to the fourth quadrant of
the J-V plot as shown in figure 1.9. Much valuable information can be extracted like the
open circuit voltage (Voc), short circuit current (Jsc) and power conversion efficiency
(PCE). Largest power output can be calculated by multiplying voltage and current at
maximum power point (MPP) as shown in figure 1.9. Power conversion efficiency can be

calculated by the following equation:

PCE = FF Jsc-Voc (4)

PiN

Where FF is the fill factor (FF = Jupp. Vipe/Pin and Jupp and Viypp = current and voltage

at maximum power point) and Py = input power.
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Figure 1.9: Current vs voltage (J-V) characteristics of organic solar cell under dark and

illumination.
1.3 Different Techniques to Measure the Mobility in Organic Semiconductors

Charge carrier mobility is a key parameter that contributes to the performance of organic
optoelectronic and electronic devices fabricated from variety of organic small molecules
and polymers. Charge carrier mobility is therefore very much essential to improve
performance in OLEDs, OPVs and OFETSs. Characterization of carrier mobility in organic
semiconductors is essential from the context of academia as well as industry. Carrier
mobility (u) can be defined as movement of charged particle through a medium under the

applied electric field. Charge carrier mobility can be expressed as:
n= - (5)

Where, v is the drift velocity of the charge carrier and E represents applied electric field.
Alternative techniques are applied to extract the carrier mobility of organic
semiconductors, such as, space charge limited current (SCLC), organic field effect
transistor (OFET), double injection (Dol), carrier extraction by linearly increasing voltage
(CELIV), photogenerated charges in CELIV (photo CELIV), time of flight (TOF),
impedance spectroscopy (IS) and pulse-radiolysis time-resolved microwave conductivity.

Among all, we have used SCLC and OFET for the measurement of our compounds.

SCLC technique consists of one charge injection contact and one injection
blocking contact. Active organic semiconducting material with thickness around 200 nm
to 2 um is sandwiched between two electrodes similar to diode configuration as shown in

figure 1.10a. It has been found from theoretical calculation as well as experiment, that the
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injection barrier for a SCLC device should not exceed the value 0.3 e."** Figure 1.10b
represents the J-V diagram of different regions of a typical SCLC measurement. In the

Ohmic regime, the generated current is proportional to the applied electric field (J o< V).

(a) (b) 0] Trap-free SCLC .-
— 2 ey
NE 0
‘:-3- _.: VTFI.
<. scLc
— 10° . _‘;J-""| .

Ohmic .- -
J=g¢e pn(9V*/8L°) =% a2 2
! V(V)

Figure 1.10: (a) SCLC diode configuration and (b) typical J-V characteristics of SCLC

measurement.

The space-charge-limited-current regime (SCLC) generates when the equilibrium charge
concentration (before charge injection) is negligible compared to the injected charge
concentration. After applying the voltage in the injecting electrode, a space charge cloud
is generated which dies out very rapidly away from the electrode. In this portion, the
current increases linearly with square of the electric field (J < VV?). By increasing the
voltage, trap levels present in the active layer is filled. With further increment in applied
voltage called trap-free voltage limit (Vrr.), all traps are filled and the device generates
the trap-free SCLC. The above figure 1.10b summarizes the process. Charge carrier

mobility can be extracted from Mott-Gurney equation as follows:

9Vv2
Jscc = €0 & 1 ISE (6)

Where Jscic is the current density, g9 and &, are the permittivity of free space and relative
dielectric constant respectively, u is the charge carrier mobility (electron or hole), V is the

applied voltage and L is the thickness of the device.

OFET measurement can be used to extract the charge carrier mobility for organic

semiconducting materials which was discussed already in section 1.2.2.
1.4 Charge Carrier Mobility and Molecular Packing

The performance of organic semiconducting materials largely depends on charge carrier
mobility of that material. All electronic devices like OLEDs, OFETs, OPVs etc, demand
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high charge carrier mobility for better performance in actual devices. Mobility of organic
semiconductor majorly depends on two factors (i) transfer integral and (ii) reorganization
energy. The first one involves the splitting of HOMO and LUMO and reorganization
energy is the energy loss when a charge carrier passes through semiconductor material.
Reorganization energy largely depends on conjugation length and packing of the material.
It has been seen that, larger the transfer integral and smaller the reorganization energy
higher the mobility. So, transfer integral and reorganization energy are largely dependent
on molecular packing of organic semiconducting materials. Therefore, molecular packing
is an important factor to improve charge carrier mobility. Millions of organic
semiconductors can be made with the help of modern technology, addressing the structure
property relationship which is one of the logical way to select the better candidate for
device applications. The interactions among the neighboring molecules develop through
noncovalent interaction like n-7 interaction, H-bonding interaction, van der waal forces,
etc. Different interactions develop different packing which influence carrier mobilities. It
is of great interest to investigate the molecular packing for the ultimate design of organic
semiconductors with higher mobility. More research is required to understand the effect
of microscopic structure on macroscopic mobility. Four kinds of packing motifs are
observed for organic semiconducting materials as shown in figure 1.11 (a) herringbone

packing (without -t overlap); (b) herringbone stackpacking with n-mt overlap (slipped ©
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Figure 1.11: Different kinds of packing motif in crystal (a) herringbone packing (without
n-n overlap); (b) herringbone packing with n-m overlap (slipped m stack); (c) Lamellar

organization with 1-D = stack and (d) Lamellar packing with 2-D

stack); (c) Lamellar organization with 1-D & stack and (d) Lamellar packing with 2-D
stack. It is believed that lamellar packing with 2-D 7 stacks is the most efficient
organization to produce better charge carrier mobility.**? Particularly in this case, the
transfer integral reaches maxima and charge carrier travels to the respected electrodes via

the shortest route (straight line). Both molecular arrangement and morphology of the
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active material plays very important role in the performance of organic electronic devices.
Direct measurement of charge carrier mobility as a function of intermolecular proximity
and molecular orientation is only allowed for single crystalline structure. In OFET
measurement to get efficient charge transport, organic semiconductors should pack along
the direction of current (preferred orientation is edge-on). Figure 1.12 represents a
possible mechanism for the efficient charge transport by taking a polymer as an example.

Single crystalline structure with perfect molecular packing, minimum amount of trap

(<)

(a)

Alkyl stacking direction s

Conjugation direction ==

Figure 1.12: (a) Possible charge transport mechanisms in crystalline polymer films (using

P3HT for illustration); (b) Face-on packing and (c) edge-on packing of the polymer with

respect to substrates.™

state and no grain boundaries surely facilitates the carrier mobility rather than a thin film.
For example, oligo thiophene crystal structure shows higher mobility at high temperature
with respect to low temperature phase structure.™* Different solid state packing of rubrene

are also known to result in higher mobilities.™*

1.5 Organic Semiconductors and Their Types

Organic semiconductors are the class of compounds having ability to conduct electrons.
These molecules show conductivity in a very broad window 10 to 10° Q* cm™ which
lies in between that of metal and insulators. Organic semiconductors are interesting to
study as their fabrication and processing are much easier than inorganic semiconductors.
The building block of organic semiconductors is © bonded molecules, made up mainly by
carbon and hydrogen. Organic semiconductors are mainly classified into two categories
(1) small molecule based semiconductors and (ii) polymer based semiconductors. Small
molecule based semiconductors are always attractive due to minimum steps in synthesis
with very high degree of purity. They show definite molecular weight even after changing
from one batch to another. Packing motifs are very precise in a small molecular

semiconductor system. Furthermore, one can easily control the structural engineering of a
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small molecular semiconductor with the help of simple organic transformations. They
possess a definite melting and therefore can be fabricated easily by vacuum deposition
technique. Morphology of thin film can be easily controlled by varying the evaporation
rate of the semiconductors. Lower evaporation rate is beneficial to make a uniform film
with less grain boundaries. Highly crystalline semiconductors facilitate charge conduction
by making a compact and definite channel for the movement of charges. Ordered band
like charge transport results in high charge carrier mobility in device. Small molecule
based semiconductors can be classified further into three categories, (i) linear fused ring
compounds; (ii) two dimensional fused ring compounds and (iii) heterocyclic oligomers.
The linear fused ring compound, pentacene exhibited very high thin film mobility of 2
cm?/Vs. Rylenebisimides (mainly perylene and naphthalene) are n-type two dimensional
fused ring compounds that have shown reasonable electron mobility in different device
configuration.'® Heterocyclic oligomers, for example hexamer of 2,5-linked thiophene
exhibited p-type semiconductor properties and further attachment of long alkyl chain (n-
hexyl) at the termini of the oligo thiophene improved the mobility in OFET device.'*’
Polymer based semiconductors have numerous degrees of advantages over small
molecules based semiconductors. They are easily solution processable from many organic
solvents. They simplify the process of fabrication with the help of cost effective
techniques like spin coating, screen printing, inject printing, etc. Viscosity of a polymeric
material is always higher than small molecule which really helps to fabricate large area
device. Dendrimers are also used as organic semiconductors. A comparison between
small molecular semiconductor and polymeric semiconductor is depicted in figure 1.13. It
shows that vapor deposited small molecules (n-type) resulted in high charge carrier
mobility (~1 cm?/Vs) compared to polymers.*® Organic semiconductors can be divided
further into three categories on the basis of their electronic properties and charge carrier
mobility namely (i) electron deficient or n-type; (ii) electron rich or p-type and (iii)

amipolar (able to transport both hole and electron).
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Figure 1.13: Chart of mobility values of n-type small molecules and polymeric

semiconductors.
1.5.1 n-Type Semiconductor

Organic n-type semiconductors are known to transport electrons. They always prefer to
accept electron as they are electron deficient in nature. N-type semiconductors are equally
important as p-type semiconductors in any p-n junction device. From the beginning of
organic semiconductor research, p-type semiconductors were studied extensively
compared to n-type semiconductors. Recently, many developments were done on n-type
semiconductors to improve their performance, stability, etc. Most of the n-type organic
semiconductors are not air stable due to diffusion of negative charge generated by water
and oxygen present in the air. However, this problem was solved partly by giving more
effort into the design principal of n-type semiconducting materials.®® *® Nevertheless,
there are certain desirable aspects that apply across the spectrum of n-type
semiconductors which include air stability, easy synthesis, high carrier mobility, phase
stability etc. All these factors are not the inherent properties of semiconductors alone but
also are the properties of the device physics. Therefore, it is important to understand the

device configuration and processing with manipulation of molecular structure to obtain
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good device output. Some of the concepts related to the improvements of n-type
semiconducting device performance are as follows: (a) Concept 1: n-type organic
semiconductor should be electron deficient. This character does not have that much
importance on the carrier mobility of an electron transporter. Charge injection in the
electrode necessarily depends on the electron deficiency of a n-type material since
electron deficient materials with low lying LUMO can be reduced more easily than
electron rich material. Furthermore, after reduction of the electron deficient materials they
are hard to reduce further (thermodynamically less reactive) and will be stable in oxygen
and water. Literature shows that materials with reduction potential lower than that of
oxygen or water are stable in air.**® *2° The mobility of organic semiconductors is majorly
measured at ambient temperature where charges move via thermally activated hopping
mechanism. In this process electron transfer mainly depends on the electronic coupling
and reorganization energy of the molecules which can be explained properly by Marcus
theory.®® (b) Concept 2: Strong electronic coupling between molecules with highly
delocalised 7w electrons (m-m stacking) is a necessary criterion to improve electron
mobility. However, in some cases it was observed that effective overlap was present
without extensive n-7 interaction whereas strong m overlap lacked effective overlap in
wave function. Brédas pointed out this phenomenon that one must not only consider the
orbital overlap through space, but also consider the phase relation of the corresponding
orbital for each molecule.®® *** Therefore it is not necessary that extensive m stacking is
required to produce high mobility. This discussion suggested that examination of a
semiconducting material designed for high mobility applications should look in depth for
precise nature of m stacking rather than simple m stacking interaction. (¢) Concept 3:
More electron deficient n-type semiconductors facilitate the electron injection. More
precisely, electron deficiency means the position of the energy level, namely HOMO-
LUMO of the material. Linear extension of the @ conjugated system results in the rise in
HOMO and lowering of LUMO level, which make the material easily oxidisable as well
as reducable. Ambipolar materials can be implemented easily by this strategy where the
molecule is able to transport both hole and electron. LUMO energy level can be reduced
effectively by introducing m acceptors (eg. carbonyls, cyano etc.) with smaller impact on
HOMO level. This causes effective mixing of the n* of acceptor and LUMO of
conjugated m system results in stabilised LUMO of the © acceptor molecule. Many other
methods are there to modify the HOMO-LUMO energy level of electron deficient

material to make it more electron deficient for better charge injection.®® *# Figure 1.14
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represents some typical n-type semiconductors used in OFET applications. n-type organic
semiconductor based on Fullerene (Cso) (N1) and its derivative have shown electron
mobility of 5 cm?/Vs. This important class of Cg derivatives exhibited very high on-off
(lon/lof) ratio of 10°-10° in OFET device.'”® Rylenediimides mainly perylene and
naphthalenediimide are the next promising n-type semiconducting material. Many PDI
and NDI based small molecule semiconductors have been developed and studied by the
research group of Dodabalapur in detail.*** The highest electron mobility was found to be
0.57 cm?/Vs for compound N2 under ambient conditions.**® In 1996, Katz, Dodabalapur
and co-workers reported the N3 and N4 with OFET mobility in the order of 102 cm?/Vs
deposited at a substrate temperature of 55 °C under vacuum.'® Later on tremendous
development was carried out to increase the mobility of NDI based semiconductors. In
2008, Shukla et al. reported an NDI based semiconductor (N5) with mobility up to 6.2
cm?/Vs (OFET mobility) under a continuous flow of argon (Ar) with relative humidity of
22 9%.%2" It showed on/off ratio in the order of 10°. Furthermore, Zhu et al. reported core-
expanded NDI small molecule semiconductors (N6 and N7) which exhibited electron
mobility from 0.12 cm?/Vs to 0.51 cm?/Vs under different ambient conditions in solution
processed OTFTs. N8 with fluorophenylethyl substitution at imide position showed
mobility up to 0.23 cm?/Vs - 0.57 cm?/V/s.*?® Recently, Marder and co-workers reported
bis(NDI) derivatives with conjugated bridging groups based on fused heterocycle ring
systems (N9) with solution processed OFET mobility of 1.5 cm?/Vs.'?° NDI derivatives
based on unsymmetrical substitution at imide positions (N10) also exhibited promising n-
type mobility of 0.10 cm?/Vs.**® Naphthalene (NDI-8CN2) (N11) and perylenediimides
(PDI-CN2) (N12) substituted with cyano group also exhibited reasonable electron
mobility up to 0.15 cm?/Vs.'¥™%* OFET measured for single crystal of N13 showed
electron mobility of 6 and 3 cm?Vs in vacuum and air respectively.”** Horowitz et al
reported n-type semiconductor based on PDI with electron mobility in the order of 10®
cm?/Vs. In 2004, Daniel Frisbie et al. synthesised three PDI derivatives with variations in
alkyl chain length at imide position as shown in.** Devices were fabricated as bottom
gate top contact configuration. All the PDI derivatives, namely N14, N15 and N16,
exhibited very high electron mobility up to 0.1, 0.6 and 0.2 cm?/Vs respectively in linear
regime. No p-channel conduction was observed for any of the PDI derivatives. Air stable
N,N’-dioctyl-3,4,9,10-perylene tetracarboxylic diimide (PTCDI C8H)exhibited electron
mobility up to 0.6 cm?/V/s with on/off ratio >10° in a bottom contact configuration.*® The

same PDI derivatives showed increased mobility up to 1.7 cm?Vs in nitrogen
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atmosphere.'*> Michael R. Wasielewski and co-workers synthesized bay substituted PDI

derivatives with —CN (N17 and N18) as shown in. Both N17 and N18 (air stable) showed

reasonably high mobility of 0.1 cm?/V/s and 0.64 cm?®/V/s respectively.'®
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Figure 1.14: Examples of n-type semiconductors based on small molecules with

structure.
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High charge carrier mobility was observed for small molecule semiconductors
based on NDI and PDI. Mainly OFET mobility was obtained from NDI, PDI based small
molecule semiconductors for vacuum deposited thin films. This technique is somewhat
expensive and needs several optimization to get uniform morphology of thin film. On the
other hand, solution process techniques like inject printing, spin coating, flexographic
printing etc., are less expensive and easy. This method is more successful for polymers as
their solution viscosity is higher than that of small molecules.**" ** In addition large area
roll to roll production is also possible for polymeric semiconductors. Recently, PDI and
NDI based polymers exhibited high mobility comparable to small molecules. Further
development is required to improve the performance of polymeric n-type semiconductors.
In 2003, n-channel TFT-active ladder poly(benzobisimidazo-benzophenanthroline) BBL
(pN-1) (figure 1.15) was introduced for the first time by Jenekhe et al. This acceptor
polymer showed electron mobility in the order of 0.1 cm?Vs in thin film state.*
However, limited solubility of this polymer (soluble only in strong acidic solutions like
methane sulfonic acid: MSA) restricted their use in electronic device. Marder et al. first
introduced PDI based polymer (pN-2) with electron mobility as high as 1.3 x 10 cm?/Vs
with on/off current ratio > 10*. For the investigation of solar cell characteristics, they used
pN-2 as acceptor and bi(thienylenevinylene)-substituted polythiophene as donor.**° Bulk
heterojunction (BHJ) device exhibited a fill factor (FF) of 0.39, Voc 0f 0.63 V and Jsc of
4.2 mA/cm?. This solar cell device showed average power conversion efficiency of more
than 1 %. Alternating copolymer of PDI bearing tert—butyloxy side chain at core position
(pN-3) was reported from the Mikroyannidis research group with SCLC mobility of 8.5 x
10 cm?/Vs. BHJ solar cell was fabricated using this copolymer pN-3 which exhibited
PCE of 2.23 %."! More than 2 % solar cell efficiency was achieved with PDI based
copolymer pN-4 used as electron transporting material in BHJ solar cell.*® **? Facchetti
et al. independently developed a NDI-based polymer P(NDI20D-T2) (pN-5) which
exhibited OFET mobility of 0.85 cm?Vs in top-gate/bottom-contact device
configuration.*®* Bulk mobility was also measured for this copolymer via SCLC method
which exhibited electron mobility up to 5 x 10 cm? Vs. Further, this copolymer was
commercialized as PolyeraActivink (N2200) for printed OFETs. In this direction,
Luscombe reported a series of polymers by varying the thiophene units in pN-5 polymer
backbone. Among the series of NDI-oligothiophene based copolymers, PNDI-3Ph (pN-6)
showed the OFET mobility as high as 0.076 cm?/Vs in bottom-gate/top-contact device

architecture.”™ Very recently, Jenekhe et al. reported a NDI-selenophene based
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copolymer (PNDIS-HD) (pN-7) which showed a record efficiency of 3.3 % in all polymer
solar cells where they used thiazolothiazole copolymer (PSEHTT) as the donor material.

ks

0-CH,,

1AV 8’8 Z

CH,,

cH, (pN-4) CH, (pN-5) C,H, (pN-6) CH,, (pN-7)

Figure 1.15: Example of NDI and PDI based main chain semiconducting polymers.

Most of the n-type polymers reported based on PDI and NDI are either main-chain
polymer or bay substituted copolymer. Some literature is available where PDI was used
as a pendant group in side-chain polymer. Thelakkat et al. introduced PDI as pendant
group in side-chain polymer. They synthesised the homopolymer of perylene acrylate
(PPerAcr) and its diblock copolymer with polystyrene (PS-b-PPerAcr) via stable free-
radical polymerization (SFRP) technique (Nitroxide mediated radical polymerization)
(figure 1.16). These side-chain polymers exhibited highest electron mobility up to 1.2 x

10 cm?/Vs at 210 °C under inert atmosphere.'*®
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Figure-1.16: Molecular structures of side-chain polymer PPerAcr and PS-b-PPerAcr.
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1.5.2 p-Type Semiconductor

P-type organic semiconductors or hole transporting materials are electron rich in nature
and always like to donate electrons to other materials to generate holes. So, low ionization
potential along with low electron affinity makes a material superior for hole transport.
Parameters like electron affinity (EA), energy gap (Eg) and ionization potential (IP) are
important factors to understand and control the optical and electrical properties of
conducting polymers. Eg is important to understand the optical transition and intrinsic
electrical properties and IP value can help to determine whether a p-type dopant is
capable of ionizing the polymer chain. One can obtain EA by subtracting the IP from Eg,
which is also important to understand the doping process.'*® For example poly(3-
hexylthiophene) exhibited p-type character with low ionization potential of 5.2 eV.'*’
Materials with homo energy level of 4.8 to 5.2 eV favours hole injection. In the past few
decades, many research groups have carried out extensive research for the development
of p-type or hole transporting semiconductors. Figure 1.17 shows some chemical
structures of p-type semiconductors used in OFETSs. Pentacene derivatives (shown in
figure 1.17 P1) showed very high hole mobility upto 5 cm?/Vs with on/off (lon/lof) ratio
of 108.1*® Thieono [3,2-b] thieno- [2°,3>:4,5] thieno [2,3-d] thiophene derivatives (P2)
exhibited the best OFET mobility of 0.14 cm?/Vs.*® Fong et al. synthesised a dialkylated
tetrathienoacene (P3) based copolymer which showed hole mobility up to 0.3 cm?/Vs.**°
H. Sirringhaus et al. reported the effect of orientation on hole mobility of polymeric
semiconductor hexyl substituted poly(thiophene) (P4). They observed the increment of
hole mobility from 0.05 cm?Vs to 0.1 cm?Vs with changing orientation of the
semiconductor coated on respective substrate.™®
semiconductor based on dithieno[3,2-b:20,30-d]thiophene and thiophene units (P5) with
high mobility of 2x10% cm?Vs.*' Poly (2,5 bis(3-alkylthiophen-2yl)thieno [3,2-b]
thiophene) PBTTT (P6) was synthesised and crystallized from its liquid crystalline phase

losip et al. reported a p-type

which exhibited hole mobility up to 0.6 cm?/V/s.**?> Very less number of reports based on
OPV molecules are there for the application of semiconducors. However, the polymeric
analogue namely poly (p-phenylene vinylene) (PPV) has been used as an active
semiconductor in solar cell devices. The first BHJ solar cell was made by random mixing
of MEH-PPV (p-type) and Ceo (n-type).™®* Later on MDMO-PPV was developed as an
active p-type material in solar cell devices. Meijer et al., developed donor-acceptor self-
assembled system with hydrogen bonding units. They reported a donor-acceptor system
based on OPV (BOPVUP) (P7) and methanofullerene phenyl-[6,6]-Cs;-butyric acid
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methyl ester (PCBM) (P7). They prepared spin coated film by mixing these two materials
with 1:2.8 weight ratio in chlorobenzene for the photovoltaic measurement.™
Polyethylene-dioxythiophene polystyrenesulfonate (PEDOT:PSS, 90 nm) was used as a
conducting layer for the above device mesurement.
ITO/PEDOT:PSS/BOPVUP:PCBM/AI device configuration showed a diode behaviour
with high rectification ratio of 1 x 10° at +2 V. PCE was very poor for this system with
lsc and Voc of 0.32 mA/cm? and 0.82 V respectively. René A. J. Janssen et al. reported a
OPV-Cg system (OPV4-Cgo) (P8) with very low power conversion efficiency with Isc
and Voc of 235 puA/cm? and 650 mV respectively.’®® In photovoltaic cell, device
efficiency generally depends on charge-carrier generation and mobility. These two factors
can be improved by ordering of the m-conjugated materials in the molecular level. So
ordering of the active m-conjugated chromophore along the side chain of the polymer can
increase the charge carrier mobility to improve device efficiency in solar cell.®” **® Apart
from these p-type materials many other derivatives like BODIPY, diketopyrrolopyroles

150

(DPP), squarene, methalphthalocynine,™" tripenylene derivavtive etc., were successfully

synthesised and used as hole transporting semiconductors.
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Figure 1.17: Examples of p-type semiconductors with molecular structure.
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1.5.3 Ambipolar Semiconductor

Ambipolar semiconductors are the class of semiconductors which can transport both
holes and electrons depending upon the applied voltage. The design principle for n-type
organic semiconductor is also applicable to develop ambipolar materials. One main
criteria to make an ambipolar material is to decrease the LUMO energy levels with the
help of electron withdrawing group with simultenious balancing of HOMO energy level
which can favour hole injection. For example, core-substituted naphthalenediimide
containing copolymer PNDI-T(Bz)T exhibited ambipolar charge transport properties with
electron mobility of 0.05 cm?Vs and hole mobility up to 0.03 cm?Vs.*®" There are
several other examples for ambipolarity in organic semiconducting materials, which are

not delved upon in the present thesis work.

1.6 Aim of the Thesis

The detailed discussion presented in this chapter clearly suggest the potential of the
rylenediimide and oligo (p-phenylene vinylene) for different electronic applications.
Many supramolecular w-conjugated architectures were made from the basic building
blocks of NDI, PDI and OPV, which were used for applications in devices like sensors
and OLEDs, in addition to eliciting fundamental understanding of processes involved in
energy transfer, host-guest interaction etc,. Along with n-7 interaction, hydrogen bonding
(H-bonding) is also an important tool for constructing one dimensional (1D) structures
which can help in improving charge carrier mobility along the self-assembled molecular
stacks of the respective m-conjugated molecules. The role of the H-bonding in charge
transport mechanism of a supramolecular n-conjugated system is not fully understood.
Though the solution processability is very poor for small molecular system, small
molecules based on PDI or NDI have exhibited better device performances as compared
to their polymeric analogues. In general, main chain conjugated polymers are very easy to
solution process and are used extensively in devices, but they typically exhibit low
mobility with respect to their small molecular analogue. Device performances can also be
developed by attaching the active m-conjugated molecule to the side chain of a comb
polymer or block copolymer through covalent attachment. However, this approach is
difficult in terms of their synthesis since the =m-conjugated molecules have limited
solubility in common organic solvents. The covalently linked sidechain can also reduce

the chain mobility of the polymer which restricts the packing of the attached mn-conjugated
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molecules required for better charge carrier mobility. This problem can be overcome by
attaching the small n-conjugated molecules as a pendant group to a polymer backbone via
noncovalent hydrogen bonding interaction or electrostatic interaction. In this regards,
sidechain polymers based on PDI, NDI or OPV still do not find much application in
electronic devices. Therefore, it is important to develop new strategies to get high
performance and cost effective p-type, n-type or p-n type polymeric materials for
different electronic applications.

The present thesis work is mainly focused on the design, synthesis and
investigation of new categories of supramolecular sidechain polymers based on PDI, NDI
and OPV to understand the effect of hydrogen bonded self-assembly in the charge
transport properties for the applications in optoelectronics. More specifically, this
dissertation mainly targets the detailed investigation of the structure property relationship
in supramolecular comb polymers based on PDI, NDI and OPV. Varieties of small
molecules were synthesised based on PDI, NDI and OPV to make the supramolecular
structure and studied the effect of molecular packing, thin film morphology in charge

transport properties. These objectives were carried out in four different chapters.

The first chapter explains the hydrogen bonded complex formation of
unsymmetrically  substituted n-type naphthalenemonoimide (NMI) and
naphthalenediimide (NDI) small molecule with polybenzimidazole. Large area (3cm x
3cm) transparent free standing film was made from Polybenzimidazole-NMI composite.
The complex showed nano structure morphology upon observation under TEM imaging.
Detailed studies were carried out to understand molecular packing and thin film
morphology of the supramolecular composites. Polybenzimidazole-NMI and
Polybenzimidazole-NDI composites showed n-type mobility in SCLC and OFET
measurement respectively. However, the observed electron mobility was not so promising
for further applications, therefore a different polymer backbone - namely P4VP was
chosen as the polymer template for complexation, which was taken up in the next chapter.
P4VP was complexed with various types of derivatives based on PDI, NDI and OPV
small molecules. The third working chapter explains the improvement in charge carrier
mobility in P4VP-PDI and P4VP-NDI supramolecular crosslinked polymer network
which was made via noncovalent H-bonded interaction among the —OH group of
rylenediimides and nitrogen atom of P4VP. This particular work involved the synthesis of

symmetric perylenediimide and naphthalenediimide with free —OH group at the termini.
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Supramolecular crosslinked polymer networks were made by complementary hydrogen
bonding of symmetric rylenebisimides with P4VP. Detailed studies were done to
understand the microstructure and thin film morphology of the supramolecularly
crosslinked polymer networks. SCLC measurement for both rylenediimide complexes
showed 2 orders increment in the electron mobility with respect to their small molecular
counterpart. The fourth chapter details the design and synthesis of donor OPV and
acceptor PDI molecules to construct donor-acceptor nano structures in the P4VP polymer
backbone. The complex formation was confirmed with the help of FT-IR and *H NMR
spectroscopic techniques. Small angle X-ray scattering (SAXS) and wide angle X-ray
diffraction (WXRD) techniques were used for understanding packing of the donor-
acceptor mixed complexes. TEM studies showed the lamellar arrangement of donor-
acceptor in the P4VP polymer backbone. The mixed donor-acceptor complex achieved
reasonably high hole mobility (u,) which was measured by SCLC method. In the last
chapter nanostructured supramolecular donor-acceptor assembly was made without the
aid of any templating polymer. This nano organization was formed when an
unsymmetrically functionalized oligo(p-phenylenevinylene) (OPVM-OH) was complexed
with unsymmetrical N-substituted pyridine functionalized perylenediimide (UPBI-Py).
The resultant supramolecular complex was subjected to photo polymerization with an UV
spot curing setup. SAXS and WXRD were recorded to understand the molecular packing
of the donor-acceptor small molecular complex as well as supramolecular polymer
complex. The nanoscale organization of the donor/acceptor could be visualized using the
TEM imaging. The supramolecular complex exhibited a higher order of electron mobility
with respect to its pristine state. Thus, a versatile method was developed to construct nano
structure of suitably functionalized donor and acceptor materials with improvement in
photocurrent response. Chapter six gives an overall conclusion and summary of the thesis

work.
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Poly(benzimidazole)/ Naphthalene-imide
Semiconducting Composite by Complementary

Hydrogen Bonding.
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2.1 Abstract

Composites of unsymmetrically substituted n-type naphthalenemonoimide (NM1)
and naphthalenediimide (NDI) with polybenzimidazole (PBImz) were formed with the
help of supramolecular interaction like hydrogen bonding, m-m interaction etc. The
resultant composites were subjected to FT-IR and *H NMR spectroscopic analysis for the
confirmation of composite formation. Wide angle X-ray diffraction (WXRD) was
recorded to understand the microstructure of the polymer composites. Thin film
morphology of NMI and NDI composites with polybenzimidazole were clearly
visualized with the help of transmission electron microscopy (TEM) which showed
composite nanoparticle with size range of 100-200 nm. The composite made from NMI
and polybenzimidazole (PBImz-NMI) formed transparent free standing film over a large
area with semiconducting characteristics. The effect of self-organization of donor
acceptor assembly on bulk mobility was measured via SCLC method. PBImz-NMI
composite showed space charge limited current (SCLC) mobility in the order of 107
cm?/Vs, which was similar to that of the pristine naphthalenemonoimide (NM1) alone.
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2.2 Introduction

Polymeric materials are in high demand for large area optoelectronic and other
energy related applications due to their mechanical flexibility and solution
processability.**® On the other hand, small-molecule organic semiconductors are known
to exhibit high charge carrier mobility.***® They have the ability to pack more precisely
and in well-defined molecular motifs. The improved charge carrier mobility is accounted
for by high level of crystallinity. However, the processing is not simple and scalable to
large area electronics. For example, the state of art mobility achieved in single crystal of
small molecules is not possible to reproduce in large array of electronic device due to
formation of grain boundaries in thin film which limits charge transport.?*?" There may
also be another issue of thin film uniformity. Polymers are known to form uniform film
with very less device to device variation over large area. However, inherent disorder and
poor crystallinity in polymeric materials tend to give lower charge carrier mobility.
Therefore, the composite of small molecule/polymer to combine the electrical properties
of small molecule and processability of polymer offers promising route to achieve desired
optoelectronic material. The composite of organic semiconducting molecule (p-type or n-
type) with polymer matrix by supramolecular interaction is an emerging strategy which
showed promising performance in optoelectronic devices.”*3* The naphthalenediimide
containing small molecules are extensively used as n-type semiconductor due to their
high electron affinity and charge carrier mobility. In this study, polybenzimidazole
(PBImz) was chosen as the polymer matrix to embed naphthalenemonoimide (NMI) and
naphthalenediimide (NDI) small molecules. Polybenzimidazole (PBImz) belongs to the
heterocyclic rigid polymer family which exhibits high thermal, mechanical and chemical
stability.***® Moreover, PBImz has excellent film forming capability and its solution
casted membrane finds several commercial applications. For example, acid doped PBImz
membrane has become very popular solid polymer electrolyte in fuel cell application due
to their high ionic (proton) conductivity.®*® Additionally, PBImz has been extensively
used as matrix to dope highly conducting materials such as graphene and carbon
nanotube.**** In this chapter, we have explored the use of commercially important
PBImz polymer to form supramolecular composite with n-type naphthalenemonoimide
with one terminal substituted with 2-ethyl hexyl amine (NMI) and naphthalenediimide
(NDI) with one terminal substituted with 2-ethyl hexyl and -N—H at the other termini.
The imidazole linkage of PBImz possess proton donor (N-H) moiety which exhibited

hydrogen bonding interaction with (C=0) group of NMI and formed freestanding
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supramolecular composite film. The evidences of supramolecular interaction between
PBImz-NMI and PBImz-NDI in composite were obtained by FTIR and NMR. Nano
structure of the composite PBImz-NMI and PBImz-NDI were confirmed by
transmission electron microscope (TEM) measurement. XRD analysis was performed to
understand the microstructure of both the composites. The semiconducting nature of
composite was characterized by SCLC measurement.

2.3 Experimental

2.3.1 Materials:

All the chemicals were purchased from Aldrich and used as received. Analytical grade
solvents were used for the synthesis and used after drying. Procedure for the synthesis of
the unsymmetrical naphthalenemonoimide (NMI), naphthalenediimide (NDI) and
polybenzimidazole (PBImz) are given in scheme 2.1a, 2.1b and 2.1c.

2.3.2 Sample Preparation:

Both small molecules — NMI and NDI and polymer PBImz were dried at 110 °C in
vacuum oven for 3 days. NMI and NDI were mixed separately with PBImz in dry
DMSO and then the resultant solutions were heated up to 60 °C and stirred for 24 hours at
this temperature. After completion of 24 hours, solvent was removed by slow evaporation
of DMF at 75 °C on a petri dish. The resultant supramolecular polymer composites were
dried further in vacuum oven at 80 °C for 3 days. The dried complexes were stored in
desiccator.

2.3.3 Instrumentation Techniques:

Infrared spectra were collected for all the samples using a Bruker a-T spectrophotometer
in the range of 4000-400 cm™. Supramolecular polymer composites PBImz-NMI and
PBImz-NDI were mixed with KBr to make pellets. *"H NMR and **C NMR spectra were
recorded in DMSO-dg using Bruker AVAENS 400 MHz spectrophotometer. Chemical
shifts (0) are reported in ppm at 298 K, with trace amount of tetramethylsilane (TMS) as
internal standard. MALDI-TOF analysis was carried out on a VVoyager-De-STRMALDI-
TOF (Applied Biosystems, Framingham, MA, USA) instrument equipped with 337 nm
pulsed nitrogen laser used for desorption and ionization. The data was collected in
reflector mode with an accelerating voltage of 25 kV. Micromolar solutions of the
compound in DMF was mixed with 2,5-dihydroxy benzene (DHB) matrix and spotted on
stainless steel MALDI plate and dried well. Wide Angle X-ray Diffractograms (WXRD)
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was obtained using a Rigaku, MicroMax-007HF with high intensity Microfocus rotating
anode X-ray generator. All the samples were recorded in the (20) range of 3—50 degrees
and data was collected with the help of Control Win software. A Rigaku, R-axis V™"
detector was employed in wide-angle experiments. The radiation used was CuKa (1.54
A) with a Ni filter, and the data collection was carried out using an Aluminium holder.
Transmission Electron microscopy (TEM) was done using an FEI-Tecnai' V-F20 electron
microscope operating at 200 kV. The thermal stability of the PBImz and all composites
with pristine  NMI and NDI were analysed using PerkinElmer STA-6000
thermogravimetric analyser (TGA) under a nitrogen atmosphere from 40-800 °C at a
heating rate of 10 °C/min.

2.3.4 SCLC Device Fabrication:

Electron only mobility was measured via SCLC method. The glass substrate was cleaned
in distilled water, detergent, deionised water, acetone and isopropyl alcohol for 10-15 min
each with ultrasonication. Cleaned glass substrates were dried in oven at 100 °C about 60
min. Al/polymer composite/Al diode configuration was used for the measurement of
electron mobilities of the polymer composites and pristine molecules. Supramolecular
polymer composites were dissolved in DMSO and filtered through PTFE membrane (0.45
micron) and clear solution was then dropcast on Al coated glass substrate to measure
electron mobility. The drop casted substrates were annealed on a hot plate at 70 °C for 45
min followed by drying in vacuum at 10" mbar pressure for 3 hrs. On top of the active
layer, Al layer (100 nm thick) was deposited by thermal evaporation in vacuum chamber
at 10° mbar for electron-only device with the help of a shadow mask. The current and
voltage (J-V) were measured using an Agilent semiconductor parameter analyser model
4156 C and semiprobe probe station. The Mott-Gurney law was used to extract the

electron mobility as follows:

9y2
8L3

J=goeru
Where &, = permittivity of the free space (8.854 x 10™? F/m); ¢, = relative dielectric
constant of the thin film which is assumed to be 3; u = charge carrier (hole and electron)
mobility; V = voltage drop across the device and L = thickness of the organic composites
layer.
2.3.5 Synthesis:

(i) Synthesis of Naphthalenemonoimide (NMI):
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1, 4, 5, 8-Naphthalenetetracarboxylic dianhydride (NDA) (5 gm; 1.86 x 10 mol) and
zinc acetate (Zn(OAc),) (0.41 gm; 1.86 x 10° mol) were taken in a one neck round
bottom (RB) flask. N, N-Dimethylacetamide (DMAc) (350 ml) was added to that
resultant solid mixture. Resultant dispersed solution was heated further to 120 °C. 2-
Ethylhexyl amine (3.05 ml; 1.86 x 10 mol) was added to that resultant solution at 120
°C and stirred further for 2 h at this temperature. After 2 h, DMAc was distilled off with
the help of vacuum at 120 °C. After distillation of DMAc, methanol was added to that
pasty mass in RB flask and stirred for 3-4 h at room temperature. The resultant solution
was filtered off with suction filtration method. Solid brown powder was obtained which
was further purified by column chromatography, where silica (mesh size - 100:200) was
used as a stationary phase and dichloromethane: hexane (50: 50) mixture as a mobile
phase. Yield = 60%. Melting Point = 115 °C. FT-IR (KBr Palate, cm™) = 3121, 3085,
3046, 2961, 2923, 2861, 1971, 1792, 1761, 1708, 1668, 1625, 1579, 1513, 1448, 1374,
1332, 1284, 1238, 1182, 1152, 1097, 1024, 924, 883, 805, 762, 707, 661. "H NMR (400
MHz, DMSO-ds, 8): 8.69 (s, 4H); 4.00 (d, 2H); 1.85 (m, 1H); 1.27 (m, 8H); 0.88 (t, 6H)
ppm. 3¢ NMR (400 MHz, DMSO-dg, 0): 162.71, 159.66, 131.81, 130.51, 129.20,
128.46, 126.98, 126.10, 123.72, 43.75, 37.19, 30.08, 28.04, 23.52, 22.38, 13.87, 10.41
ppm. MALDI-TOF MS (Calcd m/z 379); Found m/z — 380.19 [M+1], 402 [M+Na], 418
[M+K]. Elemental analysis calculated (%): C 69.64, H 5.58, N 3.69; found: C 69.24, H
5.12, N 4.13.

(i) Synthesis of Naphthalenediimide (NDI):

Naphthalenemonoimide (NMI) (500 mg) was added into a solution of ammonium
hydroxide (NH4OH) (33 v/v %, 30 mL) at room temperature (r.t). The resultant dispersed
solution was stirred for 4-5 hours at room temperature. After finishing the reaction, the
solid precipitate was filtered through vacuum and washed thoroughly by large excess of
water. The shiny powder was further dried in vacuum oven at 80 °C for 3 days. Yield = >
90 %. Melting Point = > 200 °C. FT-IR (KBr Palate, cm™) = 3169, 3122, 3065, 2951,
2923, 2853, 1691, 1650, 1575, 1516, 1444, 1373, 1333, 1262, 1230, 1187, 1085, 1057,
1019, 988, 953, 891, 855, 803, 765, 689, 645. *H NMR (400 MHz, DMSO-ds, 5): 12.11
(s, 1H) 8.66 (dd, 4H); 4.00 (d, 2H); 1.85 (m, 1H); 1.27 (m, 8H); 0.88 (t, 6H) ppm.
MALDI-TOF MS (Calcd m/z 378.16); Found m/z — 378.55 [M]. Elemental analysis
calculated (%): C 69.83, H 5.86, N 7.40; found: C 69.28, H 5.85, N 7.66.
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(i1i) Synthesis of Polybenzimidazole (PBImz):

Polyphosphoric acid (PPA) was used to synthesise PBImz by solution polycondensation
method. PPA was used as a condensation agent as well as polymerization solvent.** *2 A
three-necked flask was taken fitted with an overhead stirrer with nitrogen (N2) inlet and
CaCl, drying tube. 150 g of PPA was taken in the three neck flask and the flask
temperature was increased slowly to 120 °C. 3, 3'-Diaminobenzidine (DAB) (5.0 g, 2.33
x 10% mol) was added to PPA and stirred for an hour. Dicarboxylic acid (3.87 gm, 2.33 x
102 mol) was added to that resultant viscous mixture. Temperature of the reaction
mixture was slowly raised to 170 °C and stirred further for 5 h at this temperature. Again
temperature was further increased to 200 °C and stirred for 12 h. After completion of the
polymerization, viscous solution was added to stirred water. The resultant polymer fiber
was washed thoroughly with water till the pH became near to neutral. The fibrous
polymer was dipped in 10% aqueous NaHCOj3 for overnight to extract any small amounts
of acid left in the polymer. Afterwards the polymer fiber was again washed with fresh
water until the pH became neutral. The resultant polymer was further stirred in acetone
for 12 h to extract the water. Acetone washed polymer was put in vacuum oven for 72 h
at 110 °C. The final PBImz polymer was characterized by *H and *C NMR, FT-IR
spectroscopic techniques. Molecular weight was determined with the help of viscosity
measurement procedure. Yield = 60%. FT-IR (KBr Palate, cm™) = 3610, 3399, 3144,
3050, 2956, 2893, 2525, 2321, 1960, 1883, 1618, 1533, 1437, 1407, 1372, 1282, 1227,
1174, 1101, 968, 955, 901, 856, 798, 689. 'H NMR (400 MHz, DMSO-ds, 8): 13.27 (s,
1H); 9.16 (t, 1H); 8.31 (m, 2H); 8.03 (s, 1H); 7.84-7.61 (m, 6H) ppm. *C NMR (400
MHz, DMSO-dg, 6): 151.41, 144.58, 143.18, 135.97, 134.56, 130.99, 129.69, 121.79,
119.18, 117.02, 111.83, 109.54 ppm. Molecular weight of PBImz (Viscosity
measurement method, Solvent used conc. H,SO,), M,, = 98000 (with respect t0 Nreq
=1.704).

(iv) Synthesis of Composite (PBI-NM1);.05:

PBImz (2 mole) and NMI (1 mole) were taken in a one necked RB flask under nitrogen
(N2) atmosphere. Dry DMSO was added to the solid mixture and heated up to 65 °C and
stirred further for 24 h at this temperature under N, atmosphere. After composite
formation solvent was evaporated on hot plate and dry film was kept in vacuum oven at

80 °C for 3 days. Dry film was used further for characterization.
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(v) Synthesis of Composite (PBImz-NM1);.;:
1 mole each of PBImz and NMI were taken and procedure was same as described above.
(vi) Synthesis of Composite (PBImz-NMl);.,:

1 mole of PBImz and 2 moles of NMI were taken and followed the same procedure as
described above.

(vii) Synthesis of Composite (PBImz-NDl);.95:

2 moles of PBImz and 1 mole of NDI were taken and followed the same procedure as
described above for the Synthesis of Composite (PBImz-NM1)1.5.

(viii) Synthesis of Composite (PBI-NDI)1:1:

1 mole each of PBImz and NDI were taken and followed the same procedure as
described above.

(ix) Synthesis of Composite (PBImz-NDI);.2:

1 mole of PBImz and 2 moles of NDI were taken and followed the same procedure as

described above.

(@)
0 0 0 0
Q 2- Ethyl Hexylamine O
o [0) o N
O DMAc, 120 °C, 2h Q
(o) o) Zn(OAc), (o) o)
(b)
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o) 0 \/(/\/ le) o)
(O wonoms e
o N-R HN N
O O
(o) (o) (o) o)

(c)

HZN NH2 HOOC@COOH N N
T
PPA N n
H,N NH,
A H
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Scheme 2.1: Synthesis of (a) NMI, (b) NDI and (c) PBImz
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2.4 Results and Discussion

2.4.1 Synthesis and Characterization

NMI, NDI and PBImz were synthesised as depicted in scheme 2.1. The detailed
synthetic procedures are given in section 2.3.5. As shown in scheme 2.2, the 1:1
composites were prepared by dissolving equal mole ratios of PBImz and NMI or NDI in
dry dimethyl sulfoxide (DMSO). The resultant solution was heated and stirred at 65 °C
for 24 h under nitrogen (N2) atmosphere. The hot solution was filtered into petri dish; the
free standing composite film was obtained after complete evaporation of DMSO at 75 °C.
The composites incorporating higher and lower content of NMI and NDI (1:2 and 1:0.5)
were also prepared. However, the higher NMI and NDI containing composites (1:2) were
brittle in nature compared to 1:1 and 1:0.5. The NMI/NDI small molecules were
structurally characterized by *H NMR (figure 2.1a, 2.1b) and FT-IR spectroscopy and the
purity was confirmed from the elemental analysis. *H NMR spectra of all the composites,
PBImz, NMI and NDI were recorded at room temperature by dissolving in deuterated
dimethyl sulfoxide (DMSO-ds). Figure 2.2 shows the expanded *H NMR spectra of 1:0.5,
1:1 and 1:2 composite named as (PBImz-NMl)i.05, (PBImz-NM1)1.1, (PBImz-NM1);.,
along with NM1I and PBImz. The polymer PBImz exhibited bunch of proton signals in
the aromatic region at 9.16 (singlet), 8.31 (multiplet), 8.30 (singlet), 7.84 (multiplet), 7.64
(multiplet) ppm.*®, whereas NM1 showed single peak at 8.69 ppm corresponding to the
aromatic core proton. Upon composite formation the *H NMR spectra of (PBlmz-

NMI);.; showed considerable peak broadening compared to PBImz and NMI alone,

(@) (b)
T PR
4 0‘2_/_\ 4 0‘2_/_\
Dry DMSO,
65 °C, 24h

sy ol ool
8w 0P

Dry DMSO,

Poly (Benzimidazole) Poly (Benzimidazole)
\ v v | 65 °C, 24h

Scheme 2.2: Preparation of (a) PBImz-NMI and (b) PBImz-NDI composites.
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Figure 2.1: *H NMR spectra of (a) NMI and (b) NDI in DMSO-ds.
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Figure 2.2: "H NMR spectra (7.0 to 14.0 ppm) of PBImz, NMI and all three complexes

(PBImz-NM1)1.05, (PBIMmz-NM1);.; and (PBImz-NM1);.».
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which indicated that successful composite formation has occurred in solution.
Furthermore, two new high intensity peaks appeared in the spectrum at 8.56 (doublet) and
8.19 (doublet) ppm. Composite (PBImz-NMI)i.» and (PBImz-NMl)..3 also exhibited
similar behaviour like (PBImz-NMIl);.;. These two new peaks in composite could be
assigned to aggregates of NMI which occurred due to interaction of NMI in PBImz
matrix through hydrogen bonding. The inner aromatic core proton of aggregated NMI
appeared at lower ppm (8.56 and 8.19) value compared to free NMI (8.69 ppm).
Moreover, the number of aromatic protons of NMI (4 protons) at 8.69 ppm were
drastically reduced with concomitant increase in number of protons for aggregated NMI
which confirmed the existence of more aggregated NMI species in composite. The above
evidence clearly confirmed the formation of NMI/PBImz composite through hydrogen
bonding which was stable in solution. PBImz-NDI composites did not exhibit the same
kind of behaviour like NMI/PBImz composite. Figure 2.3 compares the expanded ‘H
NMR spectra of 1:0.5 [(PBImz-NDI)1.05], 1:1 [(PBImz-NDI)1.1] and 1:2 [(PBImz-NDlI);
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Figure 2.3: *H NMR spectra (7.0 to 14.0 ppm) of PBImz, NDI and all three complexes
(PBImz-NDI)1-05, (PBImz-NDI);:; and (PBImz-NDI);:5.
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2] composites along with pristine NDI and PBImz. The aromatic protons of NDI
appeared at 8.66 ppm as doublet of doublet which remained intact after composite
formation between NDI and PBImz. None of the three composites showed any
significant changes in the spectra. No peak corresponding to NDI aggregates appeared
upon complex formation as was observed for the NMI complex. This clearly indicated
that with little variation in structure from NMI to NDI the interaction pathway with
PBImz has been changed significantly.

To obtain further insight into the supramolecular interaction between PBImz-
NMI and PBImz-NDI composites in solid state, the composite films were characterized
by FT-IR spectroscopy. Figure 2.4a and 2.4b shows the FT-IR spectra of PBImz, NMI
and all three composites (PBImz-NMl)1.05, (PBImz-NMl);; and (PBImz-NMI);.,. FT-
IR spectra of NM1 showed four major peaks at 1793 cm™, 1761 cm™, 1708 cm™ and 1668
cm in the functional group region for (C=0) stretching vibration. They were assigned as
belonging to two types of carbonyl groups present in NMI; the high frequency peaks at
1793 cm™ and 1761 cm™ were assigned for the (C=0) group of anhydride linkage and the
lower frequency peaks at 1708 cm™ and 1668 cm™ corresponded to (C=0) group of imide
linkage. The parent polymer PBImz did not have IR absorption in the functional group
region (1800 cm™ to 1650 cm™). The anhydride carbonyl groups of NMI was more
accessible to form hydrogen bonding with (N-H) moiety of PBImz as compared to the
more sterically hindered (2-ethylhexyl) imide carbonyl. As expected, upon composite
formation the peaks corresponding to anhydride carbonyl (1793 cm™ and 1761 cm™)
shifted to lower frequency (1787 cm™ and 1751 cm™) in (PBImz-NM1)1.; composite,
whereas peaks at 1708 cm™ and 1668 cm™ for imide carbonyl did not shift reasonably
which confirmed the selective interaction of anhydride carbonyl group with PBImz.
Similar results were also obtained for other composites incorporating lower and higher
amounts of NMI; (PBImz-NMl)1.05 and (PBImz-NMI);., as depicted in figure 2.4a. The
supramolecular interaction in composite was further analysed by monitoring N-H
stretching frequency of PBImz between 3600-3000 cm™ (figure 2.4b). As shown in figure
2.4b, PBImz exhibited two absorption for N-H stretching frequency; one broad
absorption at 3144 cm™ for intermolecular hydrogen bonded N-H group and another
relatively sharp absorption at 3410 cm™ for free N-H group*, NMI did not show
absorption in this region (3144 cm™ and 3410 cm™). Interestingly, the N-H peak for self-
associated PBImz (intermolecular hydrogen bonding) disappeared in composite which

gave clear evidence for interaction of imide (N-H) with NMI. Figure 2.4c and 2.4d
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compares the FT-IR spectra of all three PBImz-NDI composites along with PBImz and
NDI. FT-IR spectra of NDI showed two major absorption at 1691 cm™, 1649 cm™ in the
functional group region for (C=0) stretching vibration. Upon composite formation the
peaks corresponding to imide carbonyl (1691 cm™ and 1649 cm™) shifted to higher
frequency (1698 cm™ and 1659 cm™) in all three composites of PBImz and NDI.
Similarly, N-H stretching frequency of PBImz between 3600-3000 cm™ (figure 2.4d)
showed a shift in absorption for free N-H stretching vibration (3410 cm™) in IR spectrum.
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Figure 2.4: Comparison of FT-IR of (a-b) NMI, (PBImz-NM1)1.05, (PBImz-NM1)1.;
and (PBImz-NMl);.; and (c-d) NDI, (PBImz-NDl);.05, (PBImz-NDI);;; and (PBImz-
NDI)1., with PBImz.

Intermolecular hydrogen boding is known to impart inherent rigidity to PBImz
chain. However, upon disruption of self-association of PBImz by interaction with NMI
or NDI, the composites lost rigidity which was evident from thermogravimetric analysis
(TGA). The TGA curve shown in figure 2.5a for composites (PBImz-NMI)1.05, (PBImz-

NMI);.; and (PBImz-NMI);., depicts the decomposition occurring at relatively lower
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temperature than pristine PBImz. Similarly, all three composites made from PBImz and
NDI showed a decrease in decomposition temperature compared to pristine PBImz in
TGA analysis (figure 2.5b).
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Figure 2.5: Thermogravimetric analysis of PBImz, (a) NMI, (PBImz-NMl)i.s,
(PBImz-NM1);.; and (PBImz-NMl)1.; and (b) NDI, (PBImz-NDlI)1.05, (PBImz-NDI);;
and (PBImz-NDI);.».

2.4.2 Micro Structure Analysis

Molecular packing and crystalline nature of composite was analysed by wide angle X-ray
diffraction (WXRD). The measurement was carried out for the free standing films of all
composites and PBImz whereas the powder WXRD was recorded for NMI and NDI.
Figure 2.6a shows the 1D WXRD patterns of all composites of NMI with PBImz along
with PBImz and NMI. NMI (Figure 2.6a) and NDI (Figure 2.6b) showed multiple and
intense peaks in WXRD which indicated their high crystalline nature. On the other hand,
PBImz exhibited typical amorphous nature which was evident from the broad peak at 20
= 20° in WXRD. However, the composite showed relatively high intense peaks in
WXRD. It showed two major peaks, out of which the new peak that appeared at 20 = 25°
was not present in pristine NMI and accounted for strong n-n interaction between NMI
aromatic cores in composite. It is to be noted that the hydrogen bond association between
PBImz and NMI drove the NMI core to form large aggregates in composite via n-n
stacking. Furthermore, low d spacing value (3.38 A; 20 = 26.34) calculated for n-n
stacking distance in 1:1 composite indicated better electronic coupling between NDI
cores. The composite incorporating lower and higher content of NMI showed =n-n
stacking peak along with slight change in d spacing value (3.36 A and 3.43 A at 26 =
26.51° and 25.93°). The WXRD pattern obtained for PBImz-NDI complexes showed
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similar kind of diffraction pattern with pristine NDI molecule (figure 2.6b). All the three
composites (PBImz-NDlI)1.05, (PBImz-NDI);.; and (PBImz-NDI);, showed multiple
diffraction peaks in the WXRD window which confirmed their crystalline nature.
However, n-n stacking was not observed (encircled region in figure 2.6b) in PBImz-NDI
composites as well as pristine NDI molecule. This clearly indicated that strong n-m
interaction was present in PBImz-NMI composite which helped it to form better
aggregates of NMI in the PBImz backbone whereas, it was absent in PBImz-NDI

composite system.
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Figure 2.6: WXRD pattern of PBImz, (a) NMI, (PBImz-NM1)1.05, (PBImz-NMI);1.1
and (PBImz-NMl)1:» and (b) NDI, (PBImz-NDI)1.05, (PBImz-NDI);.; and (PBImz-
NDI);:5.

2.4.3 Thin Film Morphology

Microstructures formed within the composites were characterized by transmission
electron microscopy (TEM). Samples were dropcast from DMSO solution (1 mg/ml) onto
copper grids. Figure 2.7 and figure 2.8 depicts the TEM images of all PBImz-NMI and
PBImz-NDI composites along with pristine NMI, NDI and PBImz on copper grid. The
samples were air dried followed by drying in vacuum oven at 75 °C for 12 h to remove all
traces of solvent. NMI and NDI showed large plate like crystalline morphology (figure
2.8e-f and figure 2.8g-h). On the other hand, all the PBImz-NMI composites (PBImz-
NMD105 (PBImz-NMI);; and (PBImz-NMI)1., exhibited uniform nano-spherical
morphology (figure 2.7a-1), whereas PBImz-NDI composites exhibited fused spherical
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Figure 2.7: TEM images of (a-d) (PBImz-NMl)i.05, (e-h) (PBImz-NMl)y4, (i-1)
(PBImz-NM1)y:2, (m-p) (PBImz-NDI)1.05, (g-t) (PBImz-NDI);:; and (u-x) (PBImz-
NDI);, dropcast from DMSO.

morphology (figure 2.7m-x) under TEM. The nano-sphere exhibited average size of ~
30-100 nm in all PBImz-NMI and PBImz-NDI composites. The formation of nano-

spheres in PBImz-NMI composite was accounted by hydrogen bonding interaction and
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self-aggregation of NMI core due to n-n stacking. The significant change in morphology
for all the composites compared to their respective pristine state confirmed the formation
of hydrogen bonded composites between small molecule (NM1 or NDI) and PBImz.

500 nm 4

Figure 2.8: TEM images of (a-d) PBImz, (e-f) NMI and (g-h) NDI dropcast from
DMSO.

2.4.4 Charge Carrier Mobility Using Space Charge Limited Current (SCLC)
Measurements

The semiconducting behaviour of nano-composites was characterized by measuring the
bulk electron conductivity. Electron mobility was measured via space charge limited
current (SCLC) method with device configuration Al/ active layer/ Al structure. Samples
(pristine NMI/NDI and the corresponding supramolecular complexes) were prepared
from DMF at a concentration of 12 mg/ml, filtered through PTFE (0.45 pm) membrane
and drop cast directly on the aluminium coated substrate to get smooth films with average
thickness of ~ 1.5-2.0 microns. An average of 3 to 4 devices were prepared and used for
measurement for each individual samples. The summary of device parameters including
film thickness and maximum and average electron mobility obtained from SCLC are
given in table 2.1. The measurement was done for (PBImz-NM1);.; composite and NMI
small molecule whereas, (PBImz-NDI);.; composite short circuited as they did not form
uniform films on the aluminium coated substrate. Therefore, OFET measurement was
carried out for NDI and (PBImz-NDI);.; composite. OFET was fabricated with device
configuration Au/ active layer/ polystyrene/ SiO,/ Si structure. The (PBImz-NDI);.;
composite showed the OFET mobility in the order of 10 cm?/Vs (table 2.2) which is one
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order less with respect to pristine NDI small molecule. The (PBImz-NMl)1.1 composite
and NMI were drop casted from DMSO and sandwiched between two aluminium
electrodes. The obtained J-V characteristics are shown in figure 2.9 and values are
tabulated in table 2.1. NMI small molecule exhibited very poor film forming ability;
however few devices could be measured, which showed average SCLC electron mobility
in the order of 107 cm?/Vs. The composite (PBImz-NMI);.; showed good film forming
ability over a large area and exhibited electron mobility of 1 x 107 cm?/Vs, which clearly
demonstrated that NMI small molecule transferred its semiconducting nature to 1:1
polymer composite while retaining the electron mobility in the order of 107 cm?/Vs.
Pristine NDI exhibited mobility in the range of 10* cm?Vs (OFET) whereas pristine
NMI exhibited mobility in the order of 107 cm?Vs (SCLC) only. However, it is not
correct to compare mobilities measured by different techniques as it is known that OFET
tends to give higher numbers compared to SCLC.* *® Although both NMI and NDI
formed composites with PBImz, based on evidences from 'H NMR, XRD etc.,
NMI/PBImz formed better composites with good film forming property compared to
NDI/PBImz composites. Therefore, NMI/PBImz composites exhibited mobility of the

same order as the pristine NMI, which was not observed with the NDI/PBImz

composites.
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Figure 2.9: J-V characteristics for electron only mobility of (a) NMI and (b) (PBImz-
NMI)1.; composite.
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Table 2.1: Summary of device parameters of (PBImz-NMI);.1 composite and NMI.

Electron only device
with Al/ active layer/ Al
Sample Maximum mobility  Average mobility Film Thickness
NENE Hemax [CM*/V/S] He avg [CM?/VS] [micron]
NMI 5.3x 10”7 1.2x 107 1.5-2.0
(PBImz-NM1)1., 1.0x 10”7 1.0x 10”7 1.6-2.0

Table 2.2: OFET characteristics of (PBImz-NDI);.; composite and NDI.

Electron only device with
Au/ active layer/ polystyrene/ SiO,/ Si
Sample Linear regime Saturetion regime lon/lore

Name
Me max ( Me,avg) [CmZ/ Vs] Me max (Me avg) [CmZ/VS]
NDI 8.5 x 10™ (6.28 x 10™) 7.1x 10" (4.28 x 10™) 5.8 x 10°
(PBImz-NDI);.1 4.7x10° (2.5 x107) 7.7x10° (5.1 x 10°) 3.5x 10*

2.5 Conclusion

In conclusion, a polymer composite comprising of electrically active NMI and NDI small
molecule into PBImz matrix via supramolecular interaction was demonstrated. FTIR
results showed the evidences of intermolecular hydrogen bonding between PBImz and
NMI and NDI. Strong n-r stacking interaction occurring between NMI core drove the
self-assembly within composites which were stable from solution to solid state. TEM
images showed formation of uniform nano-spherical morphology. PBImz/NMI nano-
composite was capable to form large area free standing film with semiconducting
property. To the best of our knowledge this is the first demonstration of using
commercially important PBImz polymer to from composite with organic semiconducting
molecule. The semiconducting property could be further improved by applying this
strategy to form composites of other wide range rylenemonoimides including

perylenemonoimide with PBImz.
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CHAPTER 3 SUPRAMOLECULAR CROSSLINKED POLYMER AND CHARGE CARRIER MOBILITY

gékfﬁ’r 3

Improved Charge Carrier Mobility in Liquid
Crystalline Supramolecular Crosslinked Polymer

Complexes of Ditopic Rylenebisimides and P4VP
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3.1 Abstract

Pentadecyl phenol substituted ditopic hydrogen bonding acceptors
perylenebisimide and naphthalenebisimide (PBI-PDP and NBI-PDP) were synthesised to
form supramolecular crosslinked network with poly(4-vinyl pyridine) (P4VP). The
pristine PBI-PDP was grown as single crystals from DCM-MeOH (dichloromethane-
methanol) mixture at room temperature, which revealed a P2; space group. Single crystal
assembly of PBI-PDP did not show any n-7 interaction as the alkyl chains of pentadecyl
phenol shielded the aromatic perylene core from both sides. Thermotropic liquid
crystalline phase was observed for NBI-PDP, whereas both NBI-PDP and PBI-PDP
exhibited lyotropic liquid crystalline behaviour in tetrahydrofuran (THF). The liquid
crystalline phases were characterized by differential Scanning Calorimeter (DSC),
polarized light microscopy (PLM) and X-ray diffraction (XRD) studies. Supramolecular
crosslinked polymer networks (P4VP-PBI and P4VP-NBI) made from hydrogen bonding
interaction of PBI-PDP or NBI-PDP with P4VP preserved the liquid crystalline phases in
THF. Thin film morphology revealed the presence of layer structure of P4VP-PBI and
P4VP-NBI complexes dropcasted from DMF. The charge carrier mobility was measured
for the P4VP complexes via space charge limited current (SCLC) measurement technique
which showed a two order increase in the electron mobility with respect to their pristine

states.
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3.2 Introduction

Solution processable nanostructured functional materials are the building blocks
for organic and large area electronics. Organic semiconducting materials based on small
molecules have many advantages over their polymeric analogue like high purity, well
defined structure and strong tendency to crystallize. Therefore it is highly desirable to
develop polymeric materials with better organization of the desired semiconductors to
improve the device performance. Noncovalent interactions like hydrogen bonding is one
of the important approaches to build a supramolecular polymer network with the help of
crosslinkable building blocks.”” Multifunctional small molecules with complimentary
functionalities or polymers with supramolecular interacting sites can be the building
blocks to make various types of supramolecular structures. Poly(4-vinyl pyridine) is one
of the most studied polymer as a building block to form various types of hierarchical
structures via noncovalent interaction.>™® P4VP is also known to form thermoreversible
supramolecular polymer gels with the help of noncovalent interaction through the lone
pair of pyridine nitrogen.'” In most of the cases, supramolecular polymer gels are
subjected to test their thermoreversibilities, self-healing abilities etc.’®* Less number of
reports are there for the supramolecular bulk materials with respect to soft supramolecular
gel networks made from the noncovalent interactions. Self-assembly of P4VP with -
conjugated small molecules clearly depicted an enhancement in charge carrier mobility
with respect to their pristine small molecular state.** > 2* Multiple site of interaction
between P4VP backbone and semiconducting small molecule helps to build a highly
ordered supramolecular polymer network.

Liquid crystalline ordering allows the semiconducting material to self-organize
into 2D and 3D arrangements which can improve processability and self-healing
properties.?* The effect of self-assembly on their liquid crystalline phase was explored for
the interaction between P4VP and small liquid crystalline molecules.®?° The
supramolecular polymer network made up of P4VP and ditopic liquid crystalline
semiconducting molecule is a very interesting system to study the effect of self-assembly
on both liquid crystalline properties as well as charge carrier mobility. In the present
chapter, a supramolecular mesogenic crosslinked polymer network was made by
hydrogen bonding interaction of symmetric rylenebisimides (PBI-PDP and NBI-PDP)
with Poly(4-vinyl pyridine) (P4VP). This particular work involves the synthesis of
symmetric perylenebisimide and naphthalenebisimide with free —OH group at the termini.

Mono functionalized Rylenebisimides are well known to form P4VP-rylenebisimide
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supramolecular complex with the help of directional hydrogen bonding and =n-n
interaction which results in lamellar organization with many fold increase in the charge
carrier mobility with respect to their pristine small molecular state.''?* The PBI-PDP and
NBI-PDP (the ditopic hydrogen bond donor) acted as supramolecular crosslinking agent
to PAVP (the multiple hydrogen bond acceptor) backbone. Solution state mixing of the
ditopic hydrogen bond donor (PBI-PDP or NBI-PDP) and acceptor (P4VP) produced the
supramolecular crosslinked polymer network. Complex formation was confirmed by FT-
IR spectroscopy. Both the PBI-PDP and NBI-PDP exhibited mesomorphic behavior
which further helped to understand the packing ability of the semiconducting mesogen in
supramolecular crosslinked polymer networks. Detailed DSC, POM and XRD were
undertaken to understand the packing behavior and micro structure of the supramolecular
polymer networks. Transmission electron microscopy (TEM) was used to study the thin
film morphology of supramolecular polymer network. The effect of self-organization on
bulk mobility was measured via SCLC which showed electron mobility in the order of 10
% and 10™ cm?Vs, which were two orders higher in magnitude compared to the pristine

rylenebisimide molecules.

3.3 Experimental

3.3.1 Materials:

All the chemicals were purchased from Aldrich and used as received. Analytical grade
solvents were used for the synthesis and used after drying. Procedure for the synthesis of
the symmetrical perylenebisimide (PBI-PDP) and naphthalenebisimide (NBI-PDP) are
given in scheme 3.1a and scheme 3.1b.

3.3.2 Sample Preparation:

Both small molecules — PBI-PDP and NBI-PDP and polymer P4VP were dried at 60 °C
in vacuum oven for 2 days. PBI-PDP and NBI-PDP were mixed separately with P4VP in
dry DMF and then the resultant solutions were heated up to 55 °C and stirred for 24 hours
at this temperature. After completion of 24 hours, solvent was removed by slow
evaporation of DMF at 65 °C on a petri dish. The resultant supramolecular polymer
complexes were dried further in vacuum oven at 60 °C for 2 days. The dried complexes

were stored in desiccator.
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3.3.3 Instrumentation Techniques:

Infrared spectra were collected for all the samples using a Bruker a-T spectrophotometer
in the range of 4000-400 cm™. Supramolecular polymer complexes P4VP-PBI and
P4VP-NBI were mixed with KBr to make pellets. *"H NMR spectra were recorded in
CDClI; using Bruker AVAENS 400 MHz spectrophotometer. Chemical shifts (8) are
reported in ppm at 298 K, with trace amount of tetramethylsilane (TMS) as internal
standard. MALDI-TOF analysis was carried out on a Voyager-De-STRMALDI-TOF
(Applied Biosystems, Framingham, MA, USA) instrument equipped with 337 nm pulsed
nitrogen laser used for desorption and ionization. The data was collected in reflector
mode with an accelerating voltage of 25 kV. Micromolar solutions of the compound in
THF was mixed with 2,5-dihydroxy benzene (DHB) matrix and spotted on stainless steel
MALDI plate and dried well. Gel permeation chromatography (GPC) of all samples were
performed using Viscotek VE 1122 pump, Viscotek VE 3580 RI detector and Viscotek
VE 3210 UV/vis detector in tetrahydrofuran (THF) as a solvent, using polystyrene as
standards. Wide Angle X-ray Diffractogram (WXRD) was obtained using a Rigaku,
MicroMax-007HF with high intensity Microfocus rotating anode X-ray generator. All the
samples were recorded in the (20) range of 3—50 degrees and data was collected with the
help of Control Win software. A Rigaku, R-axis IV*" detector was employed in wide-
angle experiments. The radiation used was CuKa (1.54 A) with a Ni filter, and the data
collection was carried out using an Aluminium holder. Transmission Electron microscopy
(TEM) was done using an FEI-Tecnai'“-F20 electron microscope operating at 200 kV.
The thermal stability of the PBI-PDP and NBI-PDP were analysed using PerkinElmer
STA-6000 thermogravimetric analyser (TGA) under a nitrogen atmosphere from 40-800
°C at a heating rate of 10 °C/min. Differential Scanning colorimetry was done in TA Q10
machine. Indium standard was used to calibrate the DSC instrument before measurement
of the sample. Typically 2-3 mg of the powdered NBI-PDP sample was taken in an
aluminium pan and subjected to DSC analysis at 10 °C /min heating and cooling rates in
the temperature range -50 °C to 300 °C under nitrogen (N) atmosphere.

3.3.4 SCLC Device Fabrication:

Electron only mobility was measured via SCLC method. The glass substrate was cleaned
in distilled water, detergent, deionised water, acetone and isopropyl alcohol for 10-15 min
each with ultrasonication. Cleaned glass substrates were dried in oven at 100 °C for about

60 min. Al/active layer/Al diode configuration was used for the measurement of electron
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mobilities of the supramolecularly crosslinked polymers and pristine molecules.
Supramolecular crosslinked polymers were dissolved in DMF and filtered through PTFE
membrane (0.45 micron) and clear solution was then dropcast on Al coated glass
substrate to measure electron mobility. The drop casted substrates were annealed on a hot
plate at 60 °C for 30 min followed by drying in vacuum at 10™ mbar pressure for 3 hrs.
On top of the active layer, Al layer (100 nm thick) was deposited by thermal evaporation
in vacuum chamber at 10 mbar for electron-only device with the help of a shadow mask.
The current and voltage (J-V) were measured using an Agilent semiconductor parameter
analyser model 4156 C and semiprobe probe station. The Mott-Gurney law was used to
extract the electron mobility as follows:

J=gp&ru el

Where g, = permittivity of the free space (8.854 x 10" F/m); ¢, = relative dielectric
constant of the thin film which is assumed to be 3; p = charge carrier (hole and electron)
mobility; V = voltage drop across the device and L = thickness of the organic composite

layer.

3.3.5 Synthesis:

(i) Synthesis of Pentadecyl phenol substituted symmetrical PBI-PDP:

(a) Synthesis of 4-amino-3-pentadecyl phenol:

3-pentadecylphenol (10 gm), potassium hydroxide (10 gm) and 95% ethyl alcohol (80
mL) were taken together into a one-necked, round-bottom flask and cooled to 4 °C. To
the resultant reaction mixture diazonium chloride prepared from sulphanilic acid
dihydrate was added dropwise at 4 °C. The reaction mixture was stirred further for 2
hours at that temperature and then heated up to 75 °C. A saturated solution of sodium
dithionite (25 gm) was added to the red dye solution at 75 °C. The reaction mixture was
stirred further for 30 minutes till the colour changed to orange. After 30 minutes, 80 mL
acetic acid was added to that and refluxed for 1 hour. The resultant reaction mixture was
poured into crushed ice and then the solid product was filtered by vacuum. The solid
product was dried in vacuum oven at 50 °C for 2-3 hours. Yield: 75%. FT-IR (ATR eco
ZnSe, cm™): 3434, 3349, 3298, 1644, 1583, 1419, 1336, 912,730, 678. 'H NMR (200
MHz, CDCls3 3): 7.22 (d, 1H), 6.56-6.44 (m, 2H), 2.68 (t, 2H), 1.63 (t, 2H), 1.37-1.21 (m,
24H), 0.87 (t, 3H) ppm. *C NMR (200 MHz, CDCls, §): 147.9, 138.1, 125.9, 118.0,
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111.9, 30.5, 29.9, 23.2, 14.7 ppm. MALDI-TOF MS (Calcd Mol Wt: 319.29); found Mol
Wt: 320.37 [M+1].

(b) Synthesis of PBI-PDP:

Perylene bis anhydride (PBA) (10 gm; 2.55 x 10 mole) was taken in a one necked round
bottom (RB) flask with 0.5 gm of zinc acetate [Zn(OAc)]. 150 gm Imidazole was added
to that. The resultant mixture was heated upto 160 °C and then 4-amino 3-
pentadecylphenol (16.29 gm; 5.09 x 10 mole) was added to the molten reaction mixture
and further stirred for 12 hour at 160 °C (Scheme 3.1a) under nitrogen (N2) atmosphere.
After 12 hr, the reaction mixture was allowed to cool down to room temperature and then
2N HCL was added followed by stirring at room temperature for another 5-6 h. The dark
red precipitate was filtered through vaccum filtration assembly and washed throughly
with water and methanol. The solid mass was dried and purified through column
chromatography using dichloromethane-methanol (DCM-MeOH = 98-2) as a mobile
phase. Yield = 55%. Melting Point >300 °C. FT-IR (ATR eco ZnSe, cm™) = 3349, 2919,
2849, 1700, 1656, 1587, 1501, 1457, 1434, 1400, 1354, 1297, 1251, 1177, 1127, 1092,
1021, 964, 861, 811, 750, 721. *H NMR(400 MHz, CDCI5+TFA, §): 8.89 (m, 8H); 6.88 —
7.10 (m, 6H); 2.37 (t, 4H); 1.51 (t, 4H); 1.19 — 1.08 (m, 48H); 0.84 (t, 6H)."*C NMR(400
MHz, CDCI3+TFA, 6): 164.86, 159.98, 159.56, 159.14, 158.72, 156.23, 142.09, 135.67,
133.03, 129.79, 126.69, 125.61, 124.07, 122.80, 118.83, 116.91, 115.99, 114.41, 113.16,
110.33, 67.26, 31.89, 31.02, 29.66, 24.33, 22.65, 14.03 ppm. MALDI-TOF MS (Calcd
Mol Wt: 995.33); Found Mol Wt: 995.42 [M], 1018.42 [M+Na], 1034.29 [M+K]. Single
crystal was obtained for this compound and data will be given in later section of the
chapter.

(c) Synthesis of NBI-PDP:

Naphthalenebisanhydride (NBA) (10 gm; 3.73 x 10 mole) was taken in a one necked
round bottom (RB) flask with 0.5 gm of zinc acetate [Zn(OAc),], and 150 mL dimethyl
acetamide (DMAc) was added to it. The resultant mixture was heated upto 120 °C and
then 4-amino 3-pentadecylphenol (23.83 gm; 7.46 x 10 mole) was added to that reaction
mixture and further stirred for 12 hour at 120 °C (Scheme 3.1b) under nitrogen (Ny)
atmosphere. After 12 hr, the reaction mixture was allowed to cool down to room
temperature and DMAc was removed by vacuum distillation. Methanol was added to the
dark brown precipitate and stirred for 2-3 hour. The precipitate was filtered by vaccum
filtration assembly and washed throughly with methanol. The solid mass was dried and

purified through combi flash column chromatography using dichloromethane-methanol
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(DCM-MeOH = 98-5) as a mobile phase. Yield = 60%. Melting Point = 280 °C. FT-IR
(ATR eco ZnSe, cm™) = 3360, 3319, 2918, 2851, 1709, 1658, 1581, 1497, 1448, 1344,
1297, 1243, 1201, 1085, 1031, 979, 870, 830, 761, 707. *H NMR(400 MHz, CDCls, 9):
8.86 (m, 8H); 6.76 — 7.04 (m, 6H); 5.40 (s, 2H); 2.37 (t, 4H); 1.53 (t, 4H); 1.11 — 1.22 (m,
48H); 0.86 (t, 6H)."*C NMR(400 MHz, CDCls, &): 163.13, 156.44, 147.14, 141.76,
131.57, 129.63, 126.98, 125.82, 116.77, 114.30, 31.90, 31.15, 29.66, 29.34, 22.68, 14.10,
11.30ppm. MALDI-TOF MS (Calcd Mol Wt: 871.55); Found Mol Wt: 872.43 [M+1],
894.29 [M+Na].

(i) Synthesis of P4VP-Rylenebisimide complex:

Rylenebisimides (1 mol ratio) and P4VP (2 mol ratio) were taken in a two necked round
bottom (RB) flask and charged with nitrogen (N2). Dry dimethyl formamide (DMF) was
added to the solid mixture. The resultant solution mixture was heated upto 55 °C and
stirred further for 24 hours at this temperature (shown in scheme 3a and 3b). After
complex formation, DMF was removed by heating and the powder was dried further in
vacuum oven for one day at 60 °C. Finally the dried powder was used for further

characterization.

3.4 Results and Discussion

3.4.1 Synthesis and Characterization

The ditopic hydrogen bond donors, 3-pentadecylphenol group substituted symmetrical
perylenebisimide and symmetric naphthalenebisimide were synthesized as described in
section 3.3.5 (a) and 3.3.5 (b). The ditopic perylene and naphthalenebisimide molecules
were named as PBI-PDP and NBI-PDP respectively. Detailed structural characterization
of PBI-PDP including 'H and **C NMR spectra and MALDI-TOF are shown in figure
3.1a, 3.1b and 3.2a. Similarly, structural characterization of NBI-PDP including *H and
3¢ NMR and MALDI-TOF are shown in figure 3.1c, 3.1d and 3.2b. The high level of
purity of NBI-PDP was confirmed by the single peak in gel permeation chromatography
(GPC) (figure 3.2c).
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Figure 3.1: (a) *H and (b) *C NMR spectra of PBI-PDP in CDCl3+TFA and (c) *H and
(d) *C NMR spectra of NBI-PDP in CDCls.
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Figure 3.2: MALDI-TOF spectra of (a) PBI-PDP and (b) NBI-PDP and (c) Gel

permeation Ch

romatography of NBI-PDP recorded in THF.

Thermogravimetric ananlysis (TGA ) was performed (30 °C to 800 °C under nitrogen
atmosphere) for PBI-PDP and NBI-PDP for the study of their thermal stability. Figure
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3.3 shows the high thermal stability of both rylenebisimides up to 400 °C. PBI-PDP
could be grown as a single crystal in DCM-methanol (98:2) mixture. It showed a space
group of P2; with cell parameters a = 10.3523(5); b = 15.8324(8); ¢ = 18.6542(9) and a. =
90.00; B =114.671(4); y = 90.00. Figure 3.5 represents the single crystal structure of PBI-

% Weight Loss

T T T T T T T E— T T T — T
100 200 300 400 500 600 700
Temperature (°C)

Figure 3.3: Thermogravimetric ananlysis (TGA) of PBI-PDP and NBI-PDP

PDP (molecular length 22.42 A). It could be seen from figure 3.4a that the C15 alkyl
chain masked the aromatic core of the PBI-PDP from either side. The distance between
perylene core was found to be 10.35 A and 18.65 A along ‘a’ and ‘c’ direction
respectively. The packing along ‘a’, ‘b’and ‘c’ direction clearly indicated the absence of
n-1 interaction between aromatic cores of the PBI-PDP molecule. Attempts in growing
the single crystals of NBI-PDP was unsuccessful. However, powder X-ray diffraction

data could be made use of to explore the bulk packing in NBI-PDP as detailed in later se-

Figure 3.4: Single crystal structure of PBI-PDP (a) single molecule (b) packing along ‘a’

direction (c) packing along ‘c’ direction.
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ction. Supramolecular crosslinked polymer complexes were prepared by mixing of
rylenebisimide (1 mole) with P4VP (2 moles) in mimimum amount of dry N, N-dimethyl
formamide (DMF) as described in section 3.3.2 (Scheme 3.2a and 3.2b). The complexes
were named as P4VP-PBI and P4VP-NBI.

(a) CisHs3;

OOHO:<NH2 SOOI

o . 0 HO N . N OH
' Q Imidazole, 160 °C O Q

o) (o] 12h (0] (0]

PBI-PDP Crathy
C 15H3 1

O O
HO N N OH
DMAc, 120 °C '
12h o o

CiHy  NBI-PDP Ci4Hy

Scheme 3.1: Synthesis of (a) PBI-PDP and (b) NBI-PDP
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Scheme 3.2: Preparation of supramolecular polymer complexes (a) P4VP-PBI complex
and (b) P4VP-NBI complex.

The formation of supramolecular complex was confirmed by FT-IR spectroscopy.

There are many evidences where FT-IR was used for the confirmation of hydrogen bonds
between the nitrogen atom of P4VP and phenolic -OH group on pentadecyl phenol
[P4VP(PDP),)].*> ** Two pyridine stretching vibrational bands at 993 cm™ (v, vibration
band)*® and 1413 cm™ * are generally examined for the confirmation of hydrogen bond in
this system. Figure 3.5 compares the FT-IR spectra (1 weight % on KBr pellet) of pristine
PBI-PDP, NBI-PDP and their supramolecular polymer complex along with P4VP. Both
the pristine rylenebisimide molecules did not show IR absorption at 993 cm™. The free
pyridine absorption peak at 993 cm™ was shifted to higher wave number (1009 cm™ and
1016 cm™ respectively) for both the P4VP-PBI and P4VP-NBI complexes. Similar kind
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of shifts in pyridine stretching vibration (characteristic of hydrogen bonded pyridine)
were demostrated for the supramolecular polymer complex formed between P4VP and

unsymmetrical perylenebisimide.?

0.30 0.30

PavpP (a) (b) PavP

—— PBI-PDP NBI-PDP
0254 —— (P4VP-PBI), —— (P4VP-NBI),  [-025
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Figure 3.5: Comparison of the FT-IR spectra of the complexes with the pristine
molecules (a) P4VP-PBI complex and (b) PAVP-NBI complex in the region 930 — 1044
cm™,
3.4.2 Microstructure Analysis

Wide angle X-ray diffraction data was collected in the range 26 = 3 -30° for the powder
samples of the pristine rylenebisimides as well as the corresponding complexes with
P4VP to get a better insight of the micro structure of the complexes. P4VP is amorphous
in nature, and had only two broad diffraction in WXRD region.!! Figure 3.6 compares the
WXRD pattern of PBI-PDP and P4VP-PBI (figure 3.6a) and NBI-PDP and P4VP-NBI
(figure 3.6b). Several numbers of sharp diffraction peaks were observed for PBI-PDP
molecule in the entire 20 region (26 = 3-33°), whereas no of peaks were reduced
significantly in P4VP-PBI polymer complex. Inset of figure 3.6a exhibited the first
diffraction peak (negligable intensity) at 20 = 3.96° (d = 22.29 A). However, it was
prominant in the samples dropcast from THF (discussed later on). A comparison of
WXRD pattern between powder sample of PBI-PDP and simulated XRD pattern
obtained from the single crystal data is shown in figure 3.7, which clearly shows the
absence of diffraction peaks at 20 range from 3-8°. This clearly indicated that the bulk
powder of PBI-PDP had mixed phases present - the single crystal phase as well as the
phase obtained from THF. The first order reflection of PBI-PDP was observed at a ‘d’
spacing of 22.29 A which was shifted to d = 24.27 A (20 = 3.64°) after complex
formation with P4VP. One new diffraction peak at 20 = 21.65° (d = 4.1 A) (arrow mark

77| Page



CHAPTER 3 SUPRAMOLECULAR CROSSLINKED POLYMER AND CHARGE CARRIER MOBILITY

in figure 3.6a) appeared for the P4VP-PBI complex, which could be assigned for the - &t

stacking distance of the PBI-PDP aromatic core.

—— P4VP-PBI
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Figure 3.6: WXRD of (a) PBI-PDP, P4VP-PBI complex and (b) NBI-PDP, P4AVP-NBI
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Figure 3.7: Comparison of WXRD plot of PBI-PDP in powder state and generated from
single crystal XRD.

Figure 3.6b compares the WXRD pattern of NBI-PDP and P4VP-NBI complex.
The first diffraction peak appeared at 20 = 4.39° (d = 20.07A) for pristine NBI-PDP,
which was shifted to higher ‘d’ spacing [20 = 3.14° (d = 28.08 A)] in P4VP-NBI
complex. Thus both the rylenebisimide molecules exhibited an expansion upon
complexation indicating the unfolding of the P4VP polymer chains and its intercalation
into the rylenebisimide domains to accommodate hydrogen bonding at either ends of the

ditopic rylenebisimides.
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The rylenebisimide molecules with long alkyl substitution are known to show
mesogenic behaviour. Better charge transport could be observed for a liquid crystalline
semiconductor if the liquid crystalline character could be retained until room temperature.
Differential scanning calorimetric (DSC) analysis was performed to understand the
thermotropic phase behavior. PBI-PDP was unable to show the thermotropic behaviour
because of its very high melting point (> 400 °C). The lower analogue NBI-PDP had a
melting point ~ 280 °C due to its lower extent of rigidity compared to PBI-PDP
molecule. Figure 3.8 represents the second heating and first cooling cycles in the DSC

thermogram of NBI-PDP. The heating cycle showed a sharp melting at 287 °C with an

3
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Figure 3.8: DSC thermogram of NBI-PDP in the second heating and cooling cycle at 10

°C min™ under nitrogen atmosphere.

enthalpy value of 53.82 KJ/mol, while multiple transitions were observed in the cooling
cycle. The multiple transition in cooling cycle indicated the presence of liquid crystalline
phases. Total enthalpy calculated for heating and cooling cycle were 53.82 KJ/mol and
52.21 KJ/mol respectively. Focal conic or spherulitic type textures was observed in the
PLM images collected for the thermotropic liquid crystalline phases of NBI-PDP
molecule (figure 3.9) which was stable up to room temperature from the isotropic melt.
Since the melting transition of 280 °C was too high to be beneficial for aligning the
sample in the liquid crystalline order on a device substrate, alternate strategies for
attaining the liquid crystalline order was sought out. Another type of liquid crystalline
ordering known as lyotropic liquid crystal phase can be achieved by dissolving the
mesogen in suitable solvent instead of temperature. Various solvent systems were tried to
attain the lyotropic phases for both rylenebisimide molecules and it was observed that

tetrahydrofuran (THF) was the suitable solvent which could bring out the lyotropic order-
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Figure 3.9: Polarized light microscopic images of NBI-PDP (under crossed polarizer) at

various temperatures.

ing in PBI-PDP and NBI-PDP. NBI-PDP (5 weight % solution in THF) showed
birefringent phases under polarized light microscope (PLM) (figure 3.10a-d). The lytropic
phase of NBI-PDP was found to be stable even after slow evaporation of the solvent.
WXRD data was collected for both lyotropic (THF dropcast sample) and thermotropic
(the solid obtained at room temperature upon cooling from its isotropic state) liquid
crystal phases of NBI-PDP. A comparison of WXRD pattern of NBI-PDP in the thermal

)

200 pm =

Figure 3.10: Polarized light microscopic images (under crossed polarizer) of 5 weight %
solution of (a-d) NBI-PDP and (e-h) P4VP-NBI complex in THF.
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and lyotropic mesophases along with the as-solvent drop cast powder is depicted in
figure 3.11 in the range 20 = 5-30°. The inset compares their first order reflection.
Thermotropic sample exhibited layered ordering with d spacing 26.69 A; 13.85 A; 9.34
A (ratio of 1: 1/2 : 1/3: 1/ 4) (20 = 3.31°; 6.38°; 9.47°) in WXRD pattern. The lyotropic
sample also showed the presence of several sharp peaks with layered ordering at 20 =

3.43°;6.67°; 10.25° with d spacing = 25.72 A; 13.23 A; 8.61 A. Unlike the as-solvent

0.4
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25.72 A —— NBI-PDP Thermo
1 NBI-PDP Powder

o
w
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Figure 3.11: Comparison of WXRD plot of NBI-PDP in powder state (NBI-PDP
Powder), drop casted from THF (NBI-PDP THF) and cooled after melting (NBI-PDP

Thermo).

recrystallized sample, the WXRD pattern of thermotropic and THF dropcasted sample
were very similar. Sharp reflections were also observed in the wide angle region in the 26
= 18-25° range, which usually reflects the ordering of the alkyl chains. Smectic liquid
crystals are characterized by the layered ordering and they exhibit large enthalpies of
transition in their DSC thermogram. However, the lower ordered smectic phases like
SmA and SmC generally show only a diffuse halo in the wide angle region, whereas some
higher ordered Smectic phases are known to exhibit several peaks in their XRD pattern
due to more regular packing of mesogens.3* * Therefore, the layered LC phase exhibited
by NBI-PDP could be attributed to higher ordered Smectic phase.* Figure 3.10e-h shows
the lyotropic textures obtained for P4VP-NBI from THF. Figure 3.12a compares the
WXRD pattern of NBI-PDP and P4VP-NBI dropcast from THF solutions. It could be
seen that P4AVP-NBI also exhibited layered ordering with sharp reflections at 20 = 3.27°;
6.36°; 9.47° corresponding to d spacing of 27.05 A; 13.89 A; 9.33 A respectively. A
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sharp peak was observed around 20 = 20.91° corresponding to d spacing of 4.24 A, which
could be attributed to the m-mt stacking interaction of the naphthalene aromatic cores.
Significantly, this peak was absent in the WXRD pattern of P4VP-NBI prepared from
DMF (figure 3.6b).

27.05 A _ — PBI- L15
015 () NBI-PDP THF |\ o o0 & PBI-PDP THF (b)
| — P4VP-NBI — P4VP-PBI

01541 13.89 A
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Figure 3.12: WXRD of (a) NBI-PDP, P4VP-NBI complex and (b) PBI-PDP, P4VP-
PBI complex from THF drop casted film (5 wt. % solution in THF).

Pristine PBI-PDP as well as its supramolecular complex P4VP-PBI in THF
exhibited birefringence, as shown in figure 3.13. Figure 3.12b compares the WXRD
pattern for THF dropcast samples of PBI-PDP and P4VP-PBI  Diffraction pattern of
PBI-PDP showed reflections at 20 = 3.70°, 4.82°, 7.24° and 8.24° corresponding to ‘d’
spacing of 23.88 A, 18.33 A, 12.20 A, 10.69 A with n-n stacking at 20 = 21.74° (d = 4.09

200 pm 200 pm 4 200 pm 200 pm

200'gm 200 pm

Figure 3.13: Polarized light microscopic images (under crossed polarizer) of 5 weight %

solution (a-d) PBI-PDP and (e-h) P4VP-PBI in THF.

82|Page



CHAPTER 3 SUPRAMOLECULAR CROSSLINKED POLYMER AND CHARGE CARRIER MOBILITY

A). The layered organization that was observed in pristine NBI-PDP was not observed in
PBI-PDP (THF). On the other hand, the WXRD pattern of the P4VP-PBI complex
showed peaks at 27.58 A, 15.05 A, 10.86 A and 7.82 A, which were in the approximate
ratio of 1: 1/2: 1/3: 1/ 4. This confirmed the lamellar ordering in the PBI supramolecular
complex. The n-n stacking peak which was observed at d spacing of 4.1 A for the PBI
supramolecular complex dropcast from DMF (figure 3.6a), was surprisingly not so
prominent in the organization from THF.

3.4.3 Thin Film Morphology
Thin film morphology of the supramolecular polymer complexes were examined by tran-

10 nm

10 nm S nm
—

s Eotts

10'nm

Figure 3.14: TEM images of (a-d) P4VP-PBI complex, (e-h) P4AVP-NBI complex (i-j)
PBI-PDP and (k-I) NBI-PDP dropcast from DMF and (m-n) PBI-PDP, (0-p) NBI-PDP,
(g-r) P4VP-PBI complex and (s-t) P4VP-NBI complex dropcast from THF.
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smission electron microscopy (TEM) imaging. Samples were dropcast from DMF as well
as THF solution (2 mg/ml) onto copper grids. Figure 3.14a-l and figure 3.14m-t depicts
the TEM images dropcast from DMF and THF respectively. The samples were air dried
followed by drying in vacuum oven at 55 °C for 12 h to remove all traces of solvent,
following which they were stained with the help of iodine vapor to improve the contrast
of the image.*” Figure 3.14a-d and figure 3.14e-h show the layered morphology with
alternate dark and light lines in the < 10 nm length scale obtained for P4VP-PBI and
P4VP-NBI respectively. This observation was in confirmation with the layered structure
obtained from WXRD also. Neither the pristine rylenebisimides nor the amorphous P4VP

exhibited any specific morphology under identical conditions.

3.4.4 Charge Carrier Mobility of Complexes: Space Charge Limited Current
(SCLC) Measurements

Electron mobility was measured via space charge limited current (SCLC) method with
device configuration Al/ active layer/ Al structure. Samples (pristine rylenebisimides and
the corresponding supramolecular complexes) were prepared from DMF at a
concentration of 8 mg/ml, filtered through PTFE (0.45 pm) membrane and dropcast
directly on the aluminium coated substrate to get smooth films with average thickness of
~1.9-2.4 microns. An average of 3 to 4 devices were prepared and used for measurement
of each individual sample. The summary of device parameters including film thickness

and maximum and average electron mobility obtained from SCLC are given in table 3.1.

Table 3.1: Summary of device parameters

Electron only device
with Al/ active layer/ Al
Sample Maximum mobility ~ Average mobility Film Thickness
Name Bermas [CTPVS] poag [cmPVS] [micron]
UPBI-PDP 2.12 x 10-5 9.77x10-6 1.9
P4VP- PBI Complex 1.17 x 10-3 1.03 x 10-3 2.4
NBI-PDP 3.27 x 10-6 2.85x 10-6 2.2
P4VP-NBI Complex 2.20x 10-4 1.65x10-4 2.4

Figure 3.15a-d depicts the J-V characteristics of PBI-PDP, NBI-PDP, and P4VP-PBI
and P4VP-NBI complexes. An average electron transport mobility of 9.77 x 10° cm?/V/s
(~1 x 10®° cm?/V/s) was obtained for the pristine PBI-PDP, which was enhanced by two
orders of magnitude to 1.03 x 10° cm?Vs in P4VP-PBI. The pristine NBI-PDP
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exhibited an average electron mobility of 2.85 x 10® cm?Vs. In the supramolecular
complex P4VP-NBI, the average electron mobility value was enhanced by an order of
two to 1.65 x 10 cm?/Vs. Thus, both the supramolecular crosslinked polymer networks
exhibited higher mobilities compared to the pristine rylenebisimides. This observation is
in line with our own previous observation of enhancement in mobility upon
supramolecular complex formation of unsymmetrical perylenebisimide with P4VP.
Since the supramolecular complexes exhibited liquid crystalline ordering upon solvent
treatment with THF, SCLC mobility measurements were attempted for THF dropcast
samples. Samples and devices were prepared under similar conditions as that from DMF.
Unfortunately PBI-PDP and its complex did not give uniform films, which could be used
for SCLC device studies. NBI-PDP and P4VP-NBI, exhibited mobility values of 4.60 x
10® cm?/Vs and 2.16 x 10™ cm?/Vs respectively, which were very similar to the values
obtained from DMF.
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Figure 3.15: J-V characteristics for electron only mobility of (a) PBI-PDP (b) P4VP-
PBI complex (c) NBI-PDP (d) P4VP-NBI complex.
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The poor electron mobility value for pristine PBI-PDP could be justified from the
orientation of the C15 alkyl chains across the perylene aromatic core on either side,
almost insulating the m-electron cloud. The intercalation of the P4VP chains upon
hydrogen bond induced network formation stretched the PBI-PDP molecule (increase in
d spacing of the first order peak observed in WXRD by ~ 2 A upon complexation),
reorienting the alkyl chains and facilitating the m-r interaction. This was clearly reflected

in the SCLC mobility values which showed a two-fold increase.

3.5 Conclusions

Supramolecularly crosslinked polymer networks were developed between commercially
available polymer —P4VP and ditopic rylenebisimides with the help of hydrogen bonding
interaction between the nitrogen atom on P4VP and hydroxyl moieties on
rylenebisimides. The complexations were confirmed by FT-IR studies and bulk structure
was analyzed using WXRD. Thin film morphology (TEM) revealed the layer structure
formation in supramolecular polymer networks. Mesomorphic behavior observed in the
pristine molecules was retained in the complexes P4VP-PBI and P4VP-NBI which was
confirmed by POM and WXRD. It is expected that multiple sites of interaction, as is
possible along the P4VP polymer backbone, can make up for the lack of strong individual
point sites of interaction,”® resulting in overall improvement in alignment. The WXRD
studies of the complexes versus pristine systems clearly demonstrated stretching of the
rylenebisimide molecules due to hydrogen bonded intercalation of P4VP polymer chains.
This was manifested as a two fold increase of electron transport ability; . = 1.03 x 107
cm’/V's for P4VP-PBI compared to p, ~ 1.0 x 10° cm?/Vs for pristine PBI derivative.
Compared to a covalently crosslinked donor acceptor polymer network, which would
have remained intractable, the solution processable supramolecular crosslinks allowed for

the dynamic behavior and mesomorphic properties to be retained after crosslinking.

86| Page



CHAPTER 3 SUPRAMOLECULAR CROSSLINKED POLYMER AND CHARGE CARRIER MOBILITY

3.6 References

1. Voorhaar, L.; Hoogenboom, R. Chem. Soc. Rev. 2016, 45, 4013 — 4031.

2. Rossowab, T.; Seiffert, S. Polym. Chem. 2014, 5, 3018 — 3029.

3. Seiffert, S.; Sprakel, J. Chem. Soc. Rev. 2012, 41, 909 — 930.

4. Patra, D.; Ramesh, M.; Sahu, D.; Padhy, H.; Chu, C-W.; Wei, K-H.; Lin, H-C. Polymer
2012, 53, 1219 - 1228.

5. Shibata, M.; Kimura, Y.; Yaginuma, D. Polymer 2004, 45, 7571-7577.

6. Xu, D.; Hawk, J. L.; Loveless, D. M.; Jeon, S. L.; Craig, S. L. Macromolecules 2010,
43, 3556-3565.

7. Hackelbusch, S.; Rossow, T.; van Assenbergh, P.; Seiffert, S. Macromolecules 2013,
46, 6273—6286.

8. Maki-Ontto, R.; de Moel, K.; Polushkin, E.; van Ekenstein, G. A.; ten Brinke, G.;
Ikkala, O. Adv. Mater. 2002, 14, 357-361.

9. Kuo, S-W.; Lin, C-L.; Chang, F-C. Polymer 2002, 43, 3943-3949.

10. de Moel, K.; Maki-Ontto, R.; Stamm, M.; Ikkala, O.; ten Brinke, G. Macromolecules
2001, 34, 2892-2900.

11. Narayan, R.; Kumar, P.; Narayan, K. S.; Asha, S. K. J. Mater. Chem. C 2014, 2,
6511-6519.

12. Ikkala, O.; Ruokolainen, J.; Torkkeli, M.; Tanner, J.; Serimaa, R.; ten Brinke, G.
Colloids Surfaces A 1999, 147, 241-248.

13. Wu, S.; Bubeck, C. Macromolecules 2013, 46, 3512—-3518.

14. Tran, H.; Gopinadhan, M.; Majewski, P. W.; Shade, R.; Steffes, V.; Osuji, C. O;
Campos, L. M. ACS Nano 2013, 7, 5514-5521.

15. Luyten, M. C.; van Ekenstein, G. O. R. A.; ten Brinke, G.; Ruokolainen, J.; Ikkala,
O.; Torkkeli, M. Serimaa, R. Macromolecules 1999, 32, 4404-4410.

16. Rancatore, B. J.; Mauldin, C. E.; Tung, S-H.; Wang, C.; Hexemer, A.; Strzalka, J.;
Fréchet, J. M. J.; Xu, T. ACS Nano 2010, 4, 2721-2729.

17. Noro, A.; Matsushima, S.; He, X.; Hayashi, M.; Matsushita, Y. Macromolecules
2013, 46, 8304—-8310.

18. Noro, A.; Matsushita, Y.; Lodge, T. P. Macromolecules 2008, 41, 5839-5844.

19. Leia, Y.; Lodge, T. P. Soft Matter 2012, 8, 2110-2120.

20. Zhan, J.; Zhang, M.; Zhou, M.; Liu, B.; Chen, D.; Liu, Y.; Chen, Q.; Qiu, H.; Yin, S.
Macromol. Rapid Commun. 2014, 35, 1424—1429.

87| Page



CHAPTER 3 SUPRAMOLECULAR CROSSLINKED POLYMER AND CHARGE CARRIER MOBILITY

21. Zhang, M.; Xu, D.; Yan, X.; Chen, J.; Dong, S.; Zheng, B.; Huang, F. Angew. Chem.
2012, 124, 7117 —7121.

22. Narayan, R.; Kumar, P.; Narayan, K. S.; Asha, S. K. Adv. Funct. Mater. 2013, 23,
2033-2043.

23. Saibal, B.; Chithiravel, S.; Asha. S. K. J Polym Sci Part A: Polym Chem. 2016, 54,
2403-2412.

24. Bushby, R. J.; Kelly, S. M.; O’Neill, M (Eds.). Liquid Crystalline Semiconductors.
Materials, properties and applications.Springer Series in Material Science 2013,
Vol.169.

25. lkkala, O.; Ruokolainen, J.; ten Brinke, G.; Torkkeli, M.; Serimaa. R.
Macromolecules 1995, 28, 7088-7094.

26. Ouskova, E.; Vapaavuori, J.; Kaivola, M. Optical Materials Express 2011, 1, 1463-
1470.

27. Li, J.; Ou, X.; Sims, S.; Li, W.; Wu, L. RSC Adv. 2014, 4, 56998-57008.

28. Bazuin, C. G.; Brandys, F. A. Chem. Mater. 1992, 4, 970-972.

29. Bazuin, C. G.; Brandys, F. A.; Eve, T. M.; Plante, M. Macromol. Symp. 1994, 84,183-
196.

30. Saibal, B.; Ashar, A. Z.; Devi, R. N.; Narayan, K. S.; Asha, S. K. ACS Appl. Mater.
Interfaces 2014, 6, 19434-19448.

31. Bhavsar, G. A.; Asha, S. K. Chem. Eur. J. 2011, 17, 12646 — 12658.

32. Ruotsalainen, T.; Torkkeli, M.; Serimaa, R.; Mékeld, T.; M&ki-Ontto, R,;
Ruokolainen, J.; ten Brinke, G.; Ikkala, O. Macromolecules 2003, 36, 9437-9442.

33. Groppo, E.; Uddin, M. J.; Zavorotynska, O.; Damin, A.; Vitillo, J. G.; Spoto, G.;
Zecchina, A. J. Phys. Chem. C 2008, 112, 19493-19500.

34. Nardele, C. G.; Asha, S. K. J. Phys. Chem. B 2014, 118, 1670—1684.

35. Xie, H-L.; Jie, C-K_; Yu, J-Q.; Liu, X-B.; Zhang, H-L.; Shen, Z.; Chen, E-Q.; Zhou,
Q. F. J. Am. Chem. Soc. 20 10, 132, 8071-8080.

36. Kapernaum, N.; Knecht, F.; Hartley, C. S.; Roberts, J. C.; Lemieux, R. P.;
Giesselmann, F. J. Org. Chem. 2012, 8, 1118-1125.

37. Huang, W-H.; Chen, P-Y.; Tung, S-H. Macromolecules 2012, 45, 1562—1569.

88| Page



CHAPTER 4 D-A COMB POLYMER COMPLEX AND CHARGE CARRIER MOBILITY

gékfz@r #

P4VP and Oligo(Phenylenevinylene)-Perylenebisimide
Mixed Donor-Acceptor Supramolecular Comb Polymer

Complexes with Improved Charge Carrier Mobility
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4.1 Abstract

Random donor-acceptor (D-A) supramolecular comb polymers were formed when
hydroxyl functionalized donor and acceptor small molecules based on
Oligo(Phenylenevinylene) (named OPVCN-OH) and Perylenebisimide (named UPBI-
PDP) respectively, were complexed with Poly(4-vinyl pyridine) (P4VP). A series of
random D-A supramolecular comb polymers were formed by varying the ratios of UPBI-
PDP and OPVCN-OH with P4VP. A 100 % P4VP-donor polymer complex
(P4VP(OPV10)) and a 100 % P4VP-acceptor polymer complex (P4VP(UPBI4 o)) were
also synthesized and characterized. Complex formation was confirmed by FT-IR and *H
NMR spectroscopy. Solid state structural studies carried out using small angle X-ray
scattering (SAXS) and wide angle X-ray diffraction (WXRD) experiments revealed
altered packing of the D and A molecules in the complexes. Transmission electron
microscopy (TEM) images showed lamellar structures in the < 10 nm scale for the
P4VP(OPV1 ), PAVP(UPBI100) and mixed P4VP (D-A) complexes. The effect of the
nanoscopic D-A self-assembly on the bulk mobility of the materials was probed using
SCLC measurements. The mixed D-A random complexes exhibited ambipolar charge
transport characteristics with higher values for the average bulk hole mobility estimate.
P4VP(OPV, s + UPBIq5) exhibited an average hole mobility in the order of 102 cm?® V'

15T and electron mobility 10°cm?V's™.
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4.2 Introduction

Noncovalent interactions like the hydrogen bonding and ionic interactions have
been used to develop ‘bottle-brush’ polymeric structures between linear polymers and
small surfactant molecules.™ 2 Poly(4-vinyl pyridine) (P4VP) is the most widely studied
polymer that has been explored for the hydrogen bonding interactions of the pyridine
nitrogen with aromatic hydroxyl or carboxyl units of small surfactant molecules.®* Most
of these studies focused on the self-organization in the bulk state.*** In the recent years
this self-assembly has been utilized to bring together m-conjugated molecules in a
‘supramolecular comb polymer’ architecture with promising improvements in their
charge carrier mobilities. For instance, our research group successfully demonstrated
complexation of hydroxyl functionalized perylene and naphthalenebisimides with P4VP
resulting in lamellar organization of the ‘n’ type rylenebisimides in the 5-10 nm domain
range, with improved conductance.'® " The bulk structure of the supramolecular comb
polymer complex analyzed using small and wide angle X-ray diffraction revealed
retention of the highly crystalline nature of the rylenebisimide molecules despite its self-
assembly within the amorphous confines of the P4VP polymer chains. This self-assembly
approach of small w-conjugated molecules with P4VP has thus demonstrated its
effectiveness in the preparation of functional n- type semiconducting polymeric materials
that exhibited crystallinity and processability along with high charge transport mobilities
suitable for application in optoelectronics. Other examples of self-assembly of P4VP with
7 conjugated organic semiconducting materials include those reported by Xu et al. where
oligothiophene was self-assembled with PS-b-P4VP.*® One of the main objectives in the
organic semiconducting material research is the ability to assemble donor (D) and
acceptor (A) m-conjugated materials in the nanoscopic length scale that promotes
increased charge separation as well as long range pathway for charge transport to the
respective electrodes. In the last decade, when the organic optoelectronic research was in
the initial stages, a lot of interest was focused on the self-assembly approach to assemble
small molecules or oligomers of donor and acceptor molecules.*®?* Noted among them
was the approach of incorporating complementary hydrogen bonding moieties like the
imide and ureido pyrimidinone (UPI) pair into donor-acceptor (D-A) pairs like
perylenebisimide (PBI acceptor) and oligo(p-phenylenevinylene) (OPV donor) introduced
by Meijer et al.?> 2 The melamine-barbiturate/cyanurate and diaminopyrimidine-thymine

pairs also were studied in this pursuit for D-A nano self-assembly.?* > Although the
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association constant for these complementary hydrogen bonding D-A pairs were very
high, they were plagued by formation of homo-stacks of the donor or acceptor leading to
unwanted aggregation and macro phase separation and poor device performance.
Sometimes, non-ideal lateral organization of the co-aggregated donor and acceptor
aromatic units on the substrate surface was also believed to be the cause of the poor

26, 27

device performance. Organogels based on =w conjugated donor and acceptor

semiconducting molecules 2

also have been tested for their ability to form ‘self-sorted’
p-n junction nanowires; however besides an efficient photoresponse no other device
performance of such systems have been reported.*® Compared to the large number of
reports on small molecule based D-A self-assembly, those based on self-assembled
polymeric D-A systems are very few. Blends of PBI with P3HT have been studied for
their ambipolar charge transport characteristics in thin film field effect transistors.*

The P4VP based donor-acceptor assembly is expected to overcome the issue of
processability while retaining the crystalline ordering of the donor and acceptor small
molecules, which is considered as one of the major drawbacks of high molecular weight
conjugated polymers. Although high molecular weight conjugated polymers afford
processability, they are generally amorphous or exhibit improper ordering of their
crystalline domains thereby limiting the mobility of charge carriers. The present work
highlights random D-A supramolecular comb polymers formed between donor molecules
based on OPV (named OPVCN-OH) and acceptor molecules based on PBI (named
UPBI-PDP), which were designed with hydroxyl moieties at one of their termini to form
complexes with P4VP. A series of random D-A supramolecular comb polymers were
formed by varying the ratios of UPBI-PDP and OPVCN-OH with P4VP. Complex
formation was confirmed by FT-IR and *H NMR spectroscopy; solid state supramolecular
structural characterization was carried out by small angle X-ray scattering (SAXS) and
wide angle X-ray diffraction (WXRD) experiments. A D-A small molecular complex was
also formed without P4VP so as to compare the self-organizing behavior of the D-A
assembly in the presence and absence of the templating polymer. Transmission electron
microscopy (TEM) was used to determine thin film morphology of the supramolecular D-
A polymer complexes as well as the D-A small molecule complex. The effect of the
nanoscopic D-A self-assembly on the bulk mobility of the material was probed using

SCLC measurements. The random D-A supramolecular comb polymers exhibited
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lamellar organization in the size range < 10 nm as confirmed by TEM images and
improved electron and hole transport ability compared to the pristine molecules.

4.3 Experimental

4.3.1 Materials:

Aldrich chemicals required for the synthesis were used as received. All solvents
used were of analytical grade and were carefully dried before use. Procedure for the
synthesis of the unsymmetrical oligo(p-phenylenevinylene) (OPVCN-OH) is described
in section 4.3.4.

4.3.2 Instrumentation Techniques:

The details of the instrumentation techniques used for the characterization of the
small molecules and complexes like the FTIR spectroscopy, '"H NMR, MALDI-TOF,
Wide Angle X-ray Diffractograms (WXRD), Transmission Electron microscopy (TEM)
and Gel Permeation Chromatography (GPC) were exactly identical as explained in
chapter 2 and chapter 3. Small angle X-ray scattering (SAXS) was employed to
investigate the phase behavior of the complexes. The scattering experiments were
conducted on a three pinhole collimated Bruker Nanostar machine equipped with rotating
copper anode, operating at 45 kV and 100 mA providing characteristic Ka radiation of
1.54 A. The measurements were carried out in the normal resolution mode having a q
range of 0.011-0.2 A™. The bulk sample was taken in between two Kaptan film. The
scattered data was collected using a 2-D Histar detector and later converted from 2D to
1D by azimuthal averaging using Bruker software. 1D data presented after background
subtraction is plotted as I v/s q, where q = (4n/A) Sin6, A is the wavelength of the incident
X-rays and 20 is the scattering angle. A Perkin-Elmer Lambda 35 UV spectrophotometer
was used for measuring absorption spectrum. Steady-state fluorescence studies and time-
resolved fluorescence lifetime measurements were conducted on a Horiba Jobin Yvon
Fluorolog 3 spectrophotometer having a 450 W Xenon lamp. The steady-state emission
and fluorescence lifetime decay analysis were carried out in DMF as well as in thin film
drop casted from DMF. Throughout the experiments, emission and excitation slit width
was maintained at 1 nm, and the data were obtained in “S1/R1” mode.

4.3.3 SCLC Device Fabrication:

The ITO and glass substrate was cleaned in distilled water, detergent, deionised
water, acetone and isopropyl alcohol for 10 min each with ultrasonication. The cleaned
substrates were kept in oven at 100 °C for 45 min. The SCLC mobilities of the pristine

and composites films were determined using the following diode configuration for hole-
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only device ITO/PEDOT:PSS/active layer/Au and for electron only device
Al/polymer/Al sandwiched structures. Composites solutions were drop casted from DMF
(Dimethylformamide) on ITO/PEDOT:PSS (for hole mobility) and Al (for electron
mobility). The drop casted substrates were annealed on a hot plate at 60°C for 30 min
followed by drying in vacuum at 10™ mbar pressure for 3 hrs to completely remove the
solvent. 100 nm Au and Al layer were deposited for hole-only and electron-only device
respectively through a shadow mask on top of the composite layers by thermal
evaporation in vacuum chamber at 10° mbar. The current and voltage (J-V) were
measured using an Agilent semiconductor parameter analyser model 4156 C and
semiprobe probe station. The hole and electron mobility was determined by fitting the J-V
curve into the Mott-Gurney law.
J = gogr 1 (9V8L3)

Where ¢, is the permittivity of the free space (8.854 x 10™ F/m), ¢, is the relative
dielectric constant of the thin film which is assumed to be 3 (a typical value for organic
semiconductor) p is the charge carrier (hole and electron) mobility, V is the voltage drop

across the device and L is the thickness of the organic composites layer.

4.3.4 Synthesis
(i) Synthesis of Unsymmetrical OPVCN-OH:
(a) Synthesis of para-MEM-oxy benzaldehyde:

Para hydroxy benzaldehyde (0.5 gm; 4.1x10™ mol) and dry THF was taken in a
one necked round bottom flask and kept under nitrogen (N,) atmosphere. In another two
necked round bottom flask, sodium hydride (NaH) (0.19gm; 8.2x10° mol) was taken
under N, atmosphere to which dry THF was added. The para hydroxy benzaldehyde
(solution in THF) was then added to the NaH/THF solution under N, atmosphere, under
ice-cold condition. 2-Ethoxymethoxy ethylene chloride (MEM-CI) (0.71mL; 6.15 mol)
was added to the resultant reaction mixture under N, atmosphere. After addition the
reaction was brought to room temperature and stirred for further 12 hr. The crude mixture
was purified using column chromatography (10 % Pet ether Ethyl acetate mixture). Yield
=70 %. FT-IR (ATR eco ZnSe, cm™) = 2883, 2821, 2739, 1686, 1598, 1580, 1503, 1453,
1426, 1394, 1366, 1308, 1229, 1158, 1099, 1027, 970, 830, 757, 731, 657. *H NMR (200
MHz, CDCls, 8): 9.92 (s, 1H; CHO), 7.90-7.83 (td, 2H; CH), 7.22-2.17 (td, 2H; CH), 5.38
(s, 1H), 3.86 (m, 2H), 3.59 (m, 2H), 3.39 (s, 3H) ppm.

(b) Synthesis of Phosphonium salt of Methyl 4-(bromomethyl) benzoate:
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Methyl 4-(bromomethyl) benzoate (1gm; 4.0x10° mol) was taken in a one necked
round bottom flask to which was added the reagent triethylphosphite, P(OEt)s (1.03mL;
6.0x10° mol). The reaction mixture was heated to 130-140 °C in an oil bath under N,
atmosphere and stirred for 24 hr. Vacuum distillation was done to remove the excess
P(OEt)s. Yield > 95 %. FT-IR (ATR eco ZnSe, cm™) = 3455, 2985, 2913, 1717, 1611,
1437, 1277, 1243, 1185, 1106, 1018, 955, 866, 807, 764, 700, 633. "H NMR (200 MHz,
CDCls, 3): 7.96 (d, 2H); 7.34 (d, 2H); 3.97 (m, 4H); 3.86 (s, 3H); 3.21 (d, 2H); 1.19 (4,
6H) ppm.

(c) Synthesis of MEM-UOPV2-COOMe (Wittig Horner Reaction):

NaH (0.38 gm; 1.56x10 mol) was taken in a two necked round bottom flask
under nitrogen atmosphere. Phosphonate ester of Methyl 4-(bromomethyl) benzoate (0.73
gm; 2.4x10° mol) and Para MEM-oxy benzaldehyde (0.5 gm; 2.4x10 mol) were taken in
another one necked round bottom flask under N, atmosphere. Dry THF was added to both
round bottom flasks under N, atmosphere. The mixture of aldehyde and phosphonium salt
was added to the NaH under N atmosphere at 0 °C. After addition the resultant reaction
mixture was stirred for 1-2 hr. After removing the ice bath the reaction was further stirred
for 12 hr. After completion of the reaction (which was followed by thin layer
chromatography - TLC), the product was purified by crystallization from cold methanol
(MeOH). Yield = 25 %. Melting Point = 115 °C. FT-IR (ATR eco ZnSe, cm™) = 3407,
2922, 2852, 2813, 2063, 1932, 1712, 1592, 1507, 1433, 1368, 1277, 1243, 1167, 1105,
962, 874, 841, 811, 763, 718, 696, 665, 638. 'H NMR (200 MHz, CDCls, §): 8.02-6.95
(m, 10H); 5.29 (s, 2H); 3.91 (s, 3H); 3.81 (m, 2H); 3.53 (m, 2H); 3.37 (s, 3H) ppm. *C
NMR (200 MHz, CDCls, 8): 166.89, 157.35, 142.07, 130.64, 129.97, 128.54, 128.00,
126.04, 116.46, 93.34, 71.56, 67.69, 59.00, 52.01 ppm. MALDI-TOF MS (Calcd m/z
342.38); Found m/z — 341.89 [M], 364.87 [M+Na], 381.17 [M+K].

(d) Reduction of MEM-UOPV2-COOMe by Lithium Aluminium Hydride (LAH):

LAH (0.08 gm; 2.2x10 mol) was taken in a two necked round bottom flask under
N, atmosphere. MEM-OPV2-COOMe (0.3 gm; 8.8 x10™ mol) was dissolved in dry THF
under N, atmosphere. MEM-OPV2-COOMe solution in THF was added to the LAH
under N, atmosphere at 0 °C. After addition, ice bath was removed and stirred further for
6-7 hr at room temperature and reaction followed by TLC. After completion of the
reaction the product was obtained as a white crystalline material, giving single spot in
TLC and used as such for the next step. Yield > 95 %. Melting Point = 130 °C. FT-IR
(ATR eco ZnSe, cm™) = 3290, 3021, 2922, 2872, 2854, 2812, 1680, 1599, 1574, 1511,
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1454, 1415, 1365, 1297, 1244, 1200, 1162, 1111, 1029, 988, 967, 828, 777, 725, 638,
608. 'H NMR (200 MHz, CDCls, §): 7.50-6.92 (m, 10H); 5.28 (s, 2H); 4.69 (s, 2H); 3.83
(m, 2H); 3.55 (m, 2H); 3.37 (s, 3H) ppm. *C NMR (200 MHz, CDCls, §): 156.85,
139.93, 136.92, 131.15, 128.08, 127.61, 127.30, 126.39, 116.39, 93.36, 71.54, 67.61,
65.02, 58.95, 29.64 ppm. MALDI-TOF MS (Calcd m/z 314.37); Found m/z — 314.10
[M], 337.08 [M+Na], 353.38 [M+K].

(e) Synthesis of MEM-UOPV2-CHO:

MEM-OPV2-CH,OH (0.15gm; 4.8x10* mol), MnO; (0.21 gm; 2.4x10° mol)
(activated), KMnO4 (0.076 gm; 4.8x10 mol) were taken in a one necked round bottom
flask. Dry DCM was added to the solid mixture under N, atmosphere and stirred for 48 hr
at room temperature. The product was passed through sintered funnel with cilate. The
final product was obtained as a green colored solid and used as such without further
purification for the next step. Yield > 95 %. Melting Point = 60 °C. FT-IR (ATR eco
ZnSe, cm™) = 3029, 2922, 2853, 2732, 1745, 1691, 1593, 1564, 1508, 1457, 1419, 1388,
1304, 1219, 1163, 1100, 983, 875, 830, 801, 732, 703, 653, 624. *H NMR (200 MHz,
CDCls, 8): 10.00 (s, 1H); 7.89-7.02 (m, 10H); 5.32 (s, 2H); 3.85 (m, 2H); 3.58 (m, 2H);
3.40 (s, 3H) ppm.

() Synthesis of 4-(Bromo methyl) benzonitrile:

4-(Hydroxy methyl) benzonitrile (2.0 gm; 1.5x102 mol) and carbon tetra bromide
(CBry) (5.5 gm; 1.65x10 mol) were taken in a two neck round bottom flask and tripheny!
phosphine (PPhs) (4.3 gm; 1.65x10 mol) was taken in a solid addition funnel. Dry DCM
was added to the solid mixture under N, atmosphere. PPh; was added slowly by solid
addition funnel at room temperature. The resultant reaction mixture was stirred further for
8 hr at room temperature and reaction followed by TLC. The product was purified
through silica column with pet ether and ethyl acetate (5 %) as mobile phase. Yield > 95
%. FT-IR (ATR eco ZnSe, cm™) = 3359, 2963, 2922, 2853, 2220, 1931, 1643, 1501,
1411, 1262, 1223, 1094, 841, 805, 728, 687. *H NMR (200 MHz, CDCls, 8): 7.66 (d,
2H); 7.51 (d, 2H); 4.47 (s, 2H) ppm.

(9) Synthesis of phosphonate ester of 4-(Bromo methyl) benzonitrile:

4-(Bromo methyl) benzonitrile (0.44 gm; 2.22x10° mol) was taken in a one
necked round bottom flask to which was added the reagent tryethylphosphite, P(OEt)3
(0.76 mL; 4.45x10° mol). This reaction mixture was heated to 130-140 °C in an oil bath
under N, atmosphere and stirred for 24 hr. Vacuum distillation was done to remove the
excess P(OEt)s. Yield > 95 %. FT-IR (ATR eco ZnSe, cm™) = 3451, 2985, 2914, 2228,
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1608, 1505, 1449, 1397, 1234, 1163, 1097, 1018, 956, 855, 784, 727. *H NMR (200
MHz, CDCls, 4): 7.52 (d, 2H); 7.30 (d, 2H); 3.98 (m, 4H); 3.16 (d, 2H); 0.99 (t, 6H) ppm.
(h) Synthesis of MEM-UOPV3-CN:

NaH (0.45 gm; 1.87x10 mol) was taken in a two necked round bottom flask
under nitrogen atmosphere. MEM-OPV2-CHO (0.9 gm; 2.88x10" mol) and Phosphonate
ester of 4-(Bromo methyl) benzonitrile (1.21 gm; 2.88x10™ mol) were taken in a one
necked round bottom flask under N, atmosphere. Dry THF was added to both round
bottom flask under N, atmosphere. The mixture of aldehyde and phosphonium salt was
added to the NaH under N, atmosphere at 0 °C. After addition, the resultant reaction
mixture was stirred for 1-2 hr. After removing the ice bath the reaction was further stirred
for 12 hr. After completion of the reaction (followed by TLC) the product was purified by
column chromatography (silica as stationary phase) (Petether:DCM = 50:50). Yield = 80
%. Melting Point > 200 °C. FT-IR (ATR eco ZnSe, cm™) = 3385, 3016, 2925, 2879,
2809, 2215, 1592, 1509, 1458, 1419, 1301, 1245, 1168, 1113, 1023, 969, 834. 'H NMR
(200 MHz, CDCls, 8): 7.66-6.93 (m, 14H); 5.29 (s, 2H); 3.28 (m, 2H); 3.56 (m, 2H); 3.37
(s, 3H) ppm. *C NMR (200 MHz, CDCls, ): 157.08, 141.88, 137.99, 135.21, 132.47,
131.99, 131.03, 128.71, 127.76, 127.26, 126.70, 126.32, 119.04, 116.46, 110.43, 93.39,
71.59, 67.68, 59.01 ppm. MALDI-TOF MS (Calcd m/z 411.49); Found m/z — 411.05
[M].

(i) Synthesis of OPVCN-OH:

(0.1 gm; 2.43 x 10™ mole) MEM-UOPV3-CN (this compound was synthesised
using reported procedure)'was taken in a one necked round bottom (RB) flask. It was
dissolved in dicholoro methane (DCM) at room temperature. Trifluoro acetic acid (TFA)
(0.14 gm; 1.21 x 10 mole) was added to it and stirred for 24 hr at room temperature.
After 24 hr, the reaction mixture was filtered through whatman filter paper and washed
several times with DCM. The product was dried and soxhlet extraction was done using
chloroform (CHCI3) for 7 days to remove unreacted precursor (MEM-UOPV3-CN). The
pure product was dried again in vaccum oven for 48 hr at a temperature of 55 °C. Then
this dried product was used for further studies. Yield = 80 %. Melting Point > 200 °C.
FT-IR (ATR eco ZnSe, cm™) = 3397, 3355, 3192, 3092, 3032, 2951, 2900, 2835, 2322,
2245, 1927, 1922, 1835, 1791, 1734, 1677, 1642, 1590, 1517, 1453, 1422, 1362, 1349,
1285, 12134, 1221, 1173, 1107, 969, 876, 840, 723, 625. *H NMR(400 MHz, CDCls, 8):
7.80-6.75 (m, 16H) ppm.**C NMR(400 MHz, CDCls, 8): 157.49, 142.04, 137.87, 135.03,
132.66, 131.97, 128.99, 128.03, 127.41, 127.07, 126.47, 126.26, 124.61, 119.12, 116.39,
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115.61, 109.29 ppm. MALDI-TOF MS (Calcd Mol Wt: 323.38); found Mol Wt: 323.34
[M], 361.96 [M+K], HRMS in acetonitrile for C,3H17ON (calcd m/z: 323.1310); Found
m/z: 323.1308.
(i) Synthesis of unsymmetrical perylenebisimide UPBI-PDP:
(a) Synthesis of 4-amino-3-pentadecyl phenol:

This particular synthesis was described in chapter 3 in section 3.3.5 (a). Yield: 75
%. FT-IR (ATR eco ZnSe, cm™): 3434, 3349, 3298, 1644, 1583, 1419, 1336, 912,730,
678. 'H NMR (200 MHz, CDCl; 8): 7.22 (d, 1H), 6.56-6.44 (m, 2H), 2.68 (t, 2H), 1.63 (t,
2H), 1.37-1.21 (m, 24H), 0.87 (t, 3H) ppm. *C NMR (200 MHz, CDCls, 5): 147.9,
138.1, 125.9, 118.0, 111.9, 30.5, 29.9, 23.2, 14.7 ppm. MALDI-TOF MS (Calcd Mol Wt:
319.29); found Mol Wt: 320.37 [M+1].
(b) Synthesis of symmetrical 2-ethylhexyl perylenebisimide molecule:

PTCDA (10 gm, 2.55 x 10 mole), 2-ethyl-1-hexylamine (6.59 gm, 5.09 x 107
mole) and 0.5 gm Zn(OAc), were taken in a round bottom flask, and N,N’-
Dimethylacetamide (DMAc) (~ 500 ml) was added to it. The resultant solution was
stirred for 10-12 hours at 110 °C. After completion of the reaction, DMAc was removed
by vacuum distillation and HCL (400mL, 2N) was added to the solid mixture and stirred
for 3-4 hr. The resultant solution was filtered using vacuum filtration and the dark red
precipitate was washed thoroughly with water and methanol. This solid mass was dried in
air and further dried in vacuum oven at 110 °C. Yield: 95 %. FT-IR (ATR eco ZnSe, cm’
1): 2957, 2929, 2852, 1710, 1657, 1602, 1577, 1514, 1448, 1334, 1252, 1185, 1088, 1022,
794, 744, 648. *H NMR (200 MHz, CDCls, 8): 8.62 (m, 8H), 4.13(m, 4H), 1.21 (m, 2H),
0.97-0.86 (t, 12H), 1.46-1.30 (m, 16H) ppm. *C NMR (200 MHz, CDCls, §): 160.1,
135.9, 131.1, 129.6, 48.0, 36.7, 32.0, 29.6, 23.2, 15.1 ppm. MALDI-TOF MS (Dithranol
matrix); (Calcd Mol Wt: 614.77); found Mol Wt: 615.89 [M+1].
(c) Synthesis of mono 2-ethylhexyl unsymmetrical perylene imide anhydride:

Symmetrical ethylhexyl perylenebisimide (6.0 gm, 9.76 x 10° mole) was
dispersed in 170 mL tertiary butanol (t-BuOH) and refluxed with solid KOH (5.48 gm,
9.76 x 10 mole) until the solution turned wine red color. The hot reaction mixture was
slowly cooled to room temperature and stirred further with 100 mL acetic acid (AcOH)
and 300 mL 2N HCI for 3-4 hours. The reaction mixture was filtered and washed
thoroughly with water until the filtrate was neutral. This solid mass was dried further in
vacuum oven at 120 °C for 24 hours. The product was purified by column

chromatography (silica as a stationary phase) (CHCIs/ Acetic acid 10:1). Yield: 55 %.
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FT-IR (ATR eco ZnSe, cm'l): 2958, 2936, 2853, 1775, 1736, 1712, 1660, 1600, 1583,
1509, 1450, 1333, 1253, 1185, 1090, 1020, 795, 744, 649. 'H NMR (200 MHz, CDCl; +
TFA 298K) &: 8.79 (m, 8H), 4.13 (m, 2H), 1.96 (m, 1H), 1.47-1.30 (m, 16H), 0.95-0.86
(t, 6H) ppm. **C NMR (200 MHz, CDCls+ TFA) &: 161.0, 150.1, 131.5, 130.1, 130.0,
124.1, 56.3, 32.0, 29.9, 27.1, 25.2, 22.9, 15.2 ppm. MALDI-TOF MS (Dithranol matrix);
(Calcd Mol Wt: 503.54); found Mol Wit: 526.44 [M+Na].

(d) Synthesis of unsymmetrical perylenebisimide UPBI-PDP:

The unsymmetrical imide-anhydride perylene (5 gm, 9.93 x 10 mole), 4-amino-
3-pentadecylphenol (4.76 gm, 1.49 x 10 mole) and 0.3 gram Zn(OAc), were taken in a
single necked round bottom flask along with 35 gram of imidazole. The resultant solid
mixture was heated up to 160 °C and stirred further for 8 hours at that temperature under
N, atmosphere. After completion, reaction mixture was cooled down to room temperature
and stirred further with 2N HCI for 4-5 hours. The dark red precipitate was filtered under
vacuum and washed repeatedly with water and methanol and dried in vacuum oven at 120
°C. Column chromatography was used to purify the product (silica as a stationary phase)
(CHClI;3 as mobile phase). Yield: 60 %. M.P.: 320 °C. FT-IR (ATR eco ZnSe, cm™): 3367,
3110, 3048, 2970, 2938, 2867, 1707, 1664, 1595, 1504, 1468, 1445, 1407, 1356, 1305,
1259, 1186, 1100, 1026, 977, 862, 810, 750, 724, 636. *H NMR (200 MHz, CDCls, 5):
8.73-8.58 (m, 8H), 6.70-7.15 (m, 3H), 4.16 (m, 2H), 2.38 (t, 2H), 1.96 (m, 1H), 0.81-1.43
(m, 43H) ppm. *C NMR (200 MHz, CDCls, §): 166.5, 165.6, 162.3, 157.1, 156.0, 145.1,
134.7, 131.3, 130.9, 128.5, 125.7, 126.2, 121.6, 114.3, 106.5, 54.9, 33.1, 32.0, 30.1, 28.1,
22.6, 14.8. MALDI-TOF MS (Dithranol matrix); (Calcd Mol Wt: 805.05); found Mol Wt:
806.46 [M+1], 828.45 [M+Na].

4.3.5 Sample Preparation:

The donor and acceptor small molecules - OPVCN-OH and UPBI-PDP were
dried at 60 °C in vacuum oven for 2 days. The random D-A complexes were prepared by
first dissolving OPVCN-OH and UPBI-PDP in dry DMF followed by addition of
required amount of P4VP in DMF. The resultant solution was stirred at 55 °C for 24 h.
Afterwards the solvent was slowly evaporated on a petri dish on a hot plate at 65 °C and
dried further in vacuum oven at 65 °C for 2 days. The dried complex was stored in

desiccator. Apart from the mixed D-A complexes, the 100 % complex of donor
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(OPVCN-OH) and acceptor (UPBI-PDP) with P4VP were also prepared by maintaining
the same reaction conditions as described above.

4.4 Results and Discussion

4.4.1 Synthesis and Characterization

The acceptor molecule - UPBI-PDP based on unsymmetrical perylenebisimide was
designed with one side hydrogen bondable unit and synthesized as described in section
4.3.4. The donor molecule — OPVCN-OH based on oligo(p-phenylene vinylene) (OPV)
was designed with cyanide (CN) group at one end and hydrogen bondable hydroxyl unit
at the other termini. It was synthesized as mentioned in section 4.3.4. The structure of
OPVCN-OH was confirmed based on 'H and *C NMR, MALDI-TOF (Figure-4.1a, b
and 4.2a) measurements and purity was confirmed by single peak in the size exclusion
chromatogram (SEC recorded in DMF, Figure 4.2b). Figure 4.1a shows the labeled
proton NMR spectra of OPVCN-OH. Due to poor solubility in chloroform, the *H NMR
spectra of OPVCN-OH was recorded in deuterated dimethyl sulfoxide (DMSO-dg). The
OPV aromatic protons appeared in the range 7.80-6.75 ppm. The structure and purity of
UPBI-PDP was confirmed by 'H NMR, MALDI-TOF and gel permeation
chromatography as shown in figure 4.3, 4.4a, 4.4b respectively. Supramolecular
complexes of OPVCN-OH and UPBI-PDP with P4VP were prepared by dissolving

(a) 3,4?-‘

Z.Sfl—l

A w DMSO-dg *
7.804 " 7.42
M?_Uh 6.759
Ak M

16.00

1 7. 3. .5 3. 2.5 2. ]
b 39.51
( ) 128.03 1

127.41 DMSO-dg *

Chemical Shift (ppm)

Figure 4.1: (a) *H NMR and (b) *C NMR spectra of OPVVCN-OH in DMSO-ds.
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various molar ratios of OPVCN-OH, UPBI-PDP and P4VP in minimum amount of dry
N, N-dimethyl formamide (DMF), stirring at 55 °C for 24 h (Scheme 4.1), followed by

heating to remove solvent and further drying in vacuum at 55 °C for 48 h. For the D-A
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Figure 4.2: (a) MALDI-TOF and (b) Gel permeation Chromatography (recorded in
DMF) of OPVCN-OH

random supramolecular comb polymer complexes, the total molar ratio of OPVCN-OH +
UPBI-PDP was fixed to be 1.00, which was complexed with 1.00 molar equivalent of
P4VP. Thus, PAVP(OPV, 2 + UPBIg75), PAVP(OPV( 50 + UPBIlg50) and P4VP(OPVy 75
+ UPBIy25) were prepared (note that for reasons of simplification, the name OPVCN-OH
and UPBI-PDP have been shortened to OPV and UPBI respectively in the complexes).
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Figure 4.3: (a) *H NMR spectra of UPBI-PDP in CDCls.
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4.4: (a) MALDI-TOF and (b) Gel permeation Chromatography (recorded in THF) of
UPBI-PDP

The subscripts in all complexes denoted the theoretical molar ratio of UPBI-PDP and
OPVCN-OH with P4VP polymer. A 1:1 complex of OPVCN-OH with P4VP i.e.,
P4VP(OPV100) was also prepared following the same procedure, but without UPBI-
PDP. The complementary 100 % acceptor-P4VP complex P4VP(UPBI;o) was also
freshly prepared and the data has been included in the discussions for sake of comparison.
Although OPVCN-OH had very poor or no solubility in chloroform, its complexes with
P4VP were completely soluble in chloroform; therefore structural characterization using
proton NMR spectra in CDCI; was possible. The improved solubility could be considered

as preliminary evidence for complex formation. A 1:1 (molar) donor-acceptor complex of

H;C Acceptor (A) C14Hz9

+ " DryDMF,
24 h,55°C
Ne Q \ O / O o

Donor (D) Supramolecular D-A Polymer Complex

Scheme 4.1: Synthesis of supra molecular polymer complexes P4VP(OPV,+UPBI,),
where ‘x” and ‘y’ = 1.0, 0.75, 0.50, 0.25, 0.00 and ‘x+y’ = 1.

D and A alone without P4VP was prepared (OPVys0 + UPBloso) following the same
experimental procedure as that for the P4VP(OPVys50 + UPBIg50) complex except that
P4AVP was not added. Figure 4.5 compares the proton NMR spectra of P4VP and
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P4VP(OPV1 ) in CDCl3, where the spectrum of OPVCN-OH in DMSO-dg also was
included for comparison. P4VP exhibited two broad NMR signals at 6.38 and 8.32 ppm

corresponding to four aromatic protons of pyridine ring, which showed an upfield shift to

725
-1

P4VP(OPV, )

Chemical Shift (ppm)

Figure 4.5: 'H NMR spectra of OPVCN-OH in DMSO-ds; P4VP(OPV1 ) and P4VP in
CDCls.

6.30 and 8.24 ppm upon complex formation. Figure 4.6 compares the expanded aromatic
region (6-9.5 ppm) in the proton NMR spectra of the small molecule D-A complex as
well as the mixed D-A complexes with P4VP and both the 100 % complexes -
P4VP(UPBI10) and P4VP(OPV1 ) recorded in CDClI; at a concentration of ~4 mg/mL
(the full range NMR spectra are given in Figure 4.7). The proton NMR spectra of the
100 % acceptor-P4VP complex P4VP(UPBIy o) at high concentrations (15 mg/mL)
exhibited broadening of the aromatic peaks of the perylene along with upfield chemical
shift compared to the pristine UPBI-PDP molecule. Considering the lower solubility of
the mixed complexes, the proton NMR spectra of PAVP(UPBI; o) was also recorded at
lower concentrations at which the changes in chemical shift were not so obvious. The
effect of the presence of UPBI-PDP on the chemical shift of OPVCN-OH could be very
clearly traced from the proton NMR spectra of the D-A complexes. For instance,
OPVCN-OH had sharp peaks in the region 7.38-7.54 ppm in its 100% complex with
P4AVP- P4VP(OPVig0), where UPBI-PDP did not exhibit any peaks. A significant

downfield shift was observed for these peaks, in the mixed complexes, which are traced
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Figure 4.6: Expanded aromatic region in the 'H NMR spectra of complexes in CDCls;

concentration ~4 mg/mL.

by dotted lines in the figure 4.6. Addition of 25 mole % UPBI-PDP into P4VP(OPV1 )
resulted in a downfield shift of the peaks at 7.54, 7.41 and 7.28 ppm to 7.62, 7.49 and

7.40 ppm respectively. Similar shifts were observed for the aromatic proton peaks

corresponding to the pentadecyl phenol moiety of UPBI-PDP at 6.75 ppm; however the
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Figure 4.7: Comparison of *H NMR spectra (0.50-9.50 ppm) of all complexes with

PAVP.

peaks below 7.25 ppm were overlaid by peaks from both UPBI-PDP and OPVCN-OH

making it difficult to assign the peaks clearly. It was noticeable that the OPV protons
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exhibited similar shifts in its small molecule complex with perylenebisimide even in the
absence of P4VP. Comparing the proton NMR spectra of (OPVy50 + UPBloso) with that
of PAVP(OPV, 50 + UPBIgsp), the proton shifts were similar in both spectra, except for
the lower intensity for the OPV protons in the former due to the comparatively lower
solubility of OPVCN-OH. In all its complexes irrespective of small molecule or
polymeric, the entire aromatic protons of OPVCN-OH were affected by the presence of
the UPBI-PDP. In contrast, only the pentadecyl phenol moiety seemed to register the
presence of the rigid aromatic molecules of OPVCN-OH with the perylene aromatic
protons remaining almost unaffected in the mixed complexes. This could be due to the
fact that the pentadecyl phenol moiety and the perylene aromatic core were out of plane
(90°) with respect to each other.

Formation of the complex could also be confirmed by FTIR spectroscopy. In
general, the absorption at 993 cm™ in PAVP is assigned to the pyridine ring stretching
vibration (vy vibrational band).*? Figure 4.8a compares the expanded region from 1020-
959 cm™ in the normalized FTIR spectra of P4AVP, OPVCN-OH and P4VP(OPV1 o)
highlighting the shift in the pyridine ring stretching vibration upon complex formation.
Pristine OPVCN-OH and UPBI-PDP did not have any peaks in this region. Upon
complex formation a shift to higher frequency (997 cm™) was observed for the pyridine
ring stretching band. Similar shifts to higher frequency were also observed in the case of
the mixed complexes. P4VP has other characteristic pyridine vibrational bands at 1556
cm™, 1490 cm™ etc, which were shifted or altered in the complexes as shown in figure
4.8b and 4.8c; however these regions were complicated by characteristic vibrations of
OPVCN-OH and UPBI-PDP also. The shift in the hydroxyl band of the phenolic moiety
can also be examined to trace the hydrogen bonding interaction. Feng-Chih Chang et.al
studied the hydrogen bonding interaction between P4VP and Novalac type phenolic resin,
which is known to contain free phenol groups using FTIR spectroscopy.®® They observed
the free phenolic stretching band as a shoulder at 3525 cm™ and a broad band centered at
3450 cm* was observed from hydrogen bonded hydroxyl band in the phenolic resin.
Upon interaction with pyridine units from P4VP, this hydroxyl band shifted further to
lower wavenumbers at 3250 cm™. The average hydrogen bonding strength for the
pyridine / phenolic interaction is higher compared to phenolic/phenolic interaction. Figure
4.8d shows the expanded region from 4000-2800 cm ™ in the FTIR spectra of all mixed D-
A complexes (including 100 % complex of OPVCN-OH and UPBI-PDP) along with
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their pristine molecules OPVCN-OH and UPBI-PDP. The spectrum of P4VP also is
included for comparison. OPVCN-OH showed a sharp band at 3349 cm™
(phenolic/phenolic) with a shoulder at 3394 cm™ (free hydroxyl). In the 100 % complex
with P4VP, an overall broadening was observed in this range; however a sharp peak was
noticeable at 3324 cm™. The pristine UPBI-PDP did not exhibit two peaks in the 4000-
2800 cm™ range; only a single sharp band was observed at 3378 cm™. In its 100 %
complex with P4VP, a shift was observed to lower wavenumber at 3364 cm™. In the
mixed complexes, the peak position of the broad hydroxyl band was observed (figure
4.8d) in between that for the pristine UPBI-PDP and OPVCN-OH molecules.
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Figure 4.8: FT-IR spectra of OPVCN-OH, UPBI-PDP and all complexes with P4VP.

4.4.2 Absorption and Emission in Thin Films

Solutions of the pristine donor and acceptor molecules were prepared in DMF as solvent
maintaining 0.1 OD at the absorption maxima of the OPV molecule i.e. 380 nm or 525
nm for the PBI molecule. Thin films also were prepared by drop casting from DMF,

where the concentration was maintained at 2 mg/mL. Figure 4.9a shows the normalized
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absorption spectra of the pristine donor and acceptor molecules in DMF solution as well
as in the form of thin drop cast films. In solution OPVCN-OH exhibited absorption
maximum at 380 nm, which was blue shifted to 330 nm in the film indicating
aggregation.®* 3 UPBI-PDP exhibited typical features of perylenebisimide absorption
with peaks at 525, 490 and 459 nm in DMF solution. However, in thin film drop cast
from DMF, the pattern was totally different with blue shifted peak maxima and presence
of additional red shifted peak. The aggregation pattern of UPBI-PDP in thin film
exhibited features of both H (blue shifted 0-0 absor-

(a) = OPVCN-OH, Film P4vpP OPVCN-OH P4VP (OPV, ) (b)

—— UPBI-PDP, Film — —_
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Figure 4.9: Normalized absorption spectra of (a) OPVCN-OH and UPBI-PDP in DMF
solution (straight line) as well as in thin drop cast films (dotted line). (b) drop cast films
(from DMF) of P4VP, OPVCN-OH, UPBI-PDP and all complexes with P4VP

ption band) and J (appearance of new red shifted bands around 560 and 580 nm) type
aggregates.®*® However, we have attributed it to H type aggregates based on elaborate
solution studies involving variable temperature absorption studies etc, which were
reported previously.®® The absorption spectra of drop cast films of the 100 % P4VP
complexes of the donor and acceptor as well as that for the mixed D-A complexes are
shown in figure 4.9b. Since the mobility measurements and powder XRD data (to be
discussed later on) were taken for samples in the solid state, the photophysical data of the
various complexes in film form is presented here. The absorption spectrum of P4VP alone
is included in the figure 4.9b for the sake of comparison. The absorption spectra of the
mixed D-A complexes indicated similar features as that of the pristine molecules, with no
charge transfer band present indicating absence of any interaction between the donor and
acceptor in the ground state. In thin films all the mixed complexes indicated aggregated

nature for both donor and acceptor units. Figure 4.10 shows the emission spectra of films
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of all D-A P4VP complexes along with that of OPVCN-OH and UPBI-PDP. Figure
4.10d shows the emission with peak around 510-520 nm and 500 nm for OPVCN-OH
and P4VP(OPV1 o) respectively upon excitation at 330 nm. Figure 4.10e and figure 4.10f
shows the excitation of UPBI-PDP and P4VP(UPBIlig) at the OPV absorption
wavelength of 330 nm, exhibiting intense emission indicating that selective excitation of
the donor was not possible in the mixed D-A complexes. Aggregated perylene emission
beyond 600 nm was observed upon excitation at 330 nm. Direct excitation of perylene
chromophore ~ 500 nm also resulted in the aggregate emission with peak maximum at
607 nm with almost similar intensity as that for the indirect excitation at 330 nm. Figure
4.10a-10c compares the emission from the mixed D-A complexes upon excitation at the
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Figure 4.10: Fluorescence spectra of (a) PAVP(OPV; 75+ UPBI2s), (b) PAVP(OPV( 5 +
UPBlgs0), (€) PAVP(OPVy 25 + UPBIg75), (d) OPVCN-OH, P4VP(OPV ), (¢) UPBI-
PDP and (f) PAVP(UPBIy) recorded as thin films drop cast from DMF excited at

different wavelengths.

OPV absorption wavelength (330 nm) and at the perylene absorption wavelength ~ 500

nm. Direct excitation at the perylene absorption wavelength ~ 500 nm resulted in
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aggregate emission beyond 600 nm for all the mixed D-A complexes. Upon excitation at
330 nm, aggregate emission of perylene was observed beyond 600 nm for the complex
with lowest OPV content i.e. PAVP(OPVy 25 + UPBIlg75). As the OPV amount increased,
OPV emission in the 400 — 550 nm region also increased as observed in P4VP(OPVqso +
UPBlg50), and P4VP(OPV 75 + UPBIg25).

4.4.3 WXRD Analysis

Micro structure analysis of the complexes was done by both wide angle X-ray diffraction
(WXRD) and small angle X-ray scattering (SAXS) in powder state at room temperature
in the range 20 = 0.1-35°. Figure 4.11 show the SAXS scattering plot for all the
complexes along with that of P4AVP and both pristine D and A molecules. UPBI-PDP had
a first order peak at g = 0.1901 A™, while OPVCN-OH had a first order peak of low
intensity at q = 0.1516 A™. These maxima of OPVCN-OH and UPBI-PDP corresponded
to ‘d’ spacing of 41.42 A and 33.03A respectively. The peak at d spacing 41.42 A
corresponding to OPVCN-OH was completely absent in PAVP(OPV10) as well as the
mixed D-A complexes. Figure 4.12 shows the WXRD

2.2 {——PavP(OPV,  +UPBI )
_ 20]——PaveoPV,_+upBI )
8 1g ]~ P4VP(OPV, +UPBI, )
N ——pave(upsl, )
= 61— ursi-PoP OPVCN-OH
€ 14]——PaVPOPV, ) P4VP
=
o 12-
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2 o8-
2 o6+
S
= 04
c ]
— 02
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T T T T T T T T T T T
0.10 0.12 0.14 0.16 0.18 0.20 0.22

Scattering vector, g/(A™)
Figure 4.11: SAXS pattern of different complexes with P4VP: P4VP(UPBI);
P4VP(OPVo25+UPBlo7s);  PAVP(OPVoso+UPBloso);  PAVP(OPVo75+UPBIo2s5);
P4VP(OPV1 o).

plot covering the wide angle region 26 = 2-33° of all complexes. Both OPVCN-OH and
UPBI-PDP were crystalline with several sharp peaks in the entire region of 20 = 2-33°,
whereas P4VP was completely amorphous in nature.'® Figure 4.12a shows the expanded

20 region from 2-6.5°, to get a clear view of the 20 < 3° range. The first diffraction peak
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at 20 = 2.10° (d = 41.96 A) (observed at q = 0. 1516 A™ in the SAXS plot) for pristine
OPVCN-OH was partially cut in the WXRD. The observation of the disappearance of the
first peak of OPVCN-OH at 20 = 2.10° (d = 41.96 A) upon complex formation in
P4VP(OPV1o) from SAXS was confirmed in the WXRD pattern also. The first
diffraction for P4VP(OPV1 ) was observed at 20 = 3.59° (d = 24.57 A). The SAXS exp-
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Figure 4.12: WXRD of OPVCN-OH, UPBI-PDP and different complexes with
P4AVP: PAVP(UPBI10); P4VP(OPV25+tUPBIlg75); P4VP(OPV(s50+UPBIlgs0);
P4VP(OPV, 75+UPBIlg 25); P4AVP(OPV1 ). (a) 26 = 2-6.5° and (b) 26 = 2-33°.

eriment had confirmed the absence of any reflection below 26 = 2°. Comparing the plots
for OPVCN-OH and P4VP(OPV1), (figure 4.13a) it could be seen that the peak
positions were altered for the latter in the entire 26 = 2-35° region. OPVCN-OH showed
a sharp high intense reflection at 26 = 23.92° (d = 3.71 A), which could be considered as
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Figure 4.13: (a) Comparison of WXRD plot of OPVCN-OH and P4VP(OPVy). (b)
Comparison of WXRD plot of (OPVq 50+ UPBIg50) with PAVP(OPV 50+ UPBlgsp).
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the n-n stacking length in the crystal lattice® (as indicated by arrow in figure 4.13a).
Complex formation with P4VP altered the crystal packing of OPVCN-OH, as indicated
by the altered peak pattern in P4AVP(OPV1 ). The m-n stacking distance increased to d =
3.76 A (20 = 23.62°) indicated by the dotted circle in figure 4.13a, to accommodate the
polymer chains of P4VP. The Figure 4.12 also shows the diffraction pattern for all the
mixed D-A complexes. The low angle region in the WXRD pattern of the mixed
complexes was dominated by the intense reflection corresponding to UPBI-PDP, which
showed a gradual increase in d spacing from 30.29 A to 33.32 A in going from the 100 %
PBI complex P4VP(UPBI1o) to the mixed complex with highest OPV content i.e.
P4VP(OPV, 75 + UPBIg2s). This reflection lay in between that of the pristine UPBI-PDP
and OPVCN-OH molecules of 31.49 A to 41.96 A respectively. The peak pattern of the
mixed D-A complexes were not a simple sum of the reflections of the individual pristine
D or A molecule, but were shifted compared to either of the parent molecules. For
instance, the m-n stacking distance of d = 3.71 A in OPVCN-OH increased to d = 3.76 A
(20 = 23.64°) in the mixed D-A complexes. The altered powder XRD pattern in the mixed
D-A complexes indicated altered packing which was not only influenced by the polymer
chains but also by the presence of each other. The fact that the packing of the donor and
acceptor were affected by the presence of each other even in the absence of P4VP could
be established by studying the WXRD data of the (OPV(s0 + UPBlgs0), which did not
have the polymer template of P4VP. Figure 4.13b compares the WXRD pattern of
(OPVys50 + UPBIgsp) with that of PAVP(OPV50 + UPBIgs0). Although peak patterns
were similar, small shift was observed in the d spacing for the peak corresponding to the
perylene bisimide at d = 30.03 A (20 = 2.94°). This indicated that the packing of the
molecules were affected by the presence of each other. The table 4.1(a-h) gives the d
spacing calculated for all the complexes and pristine molecules. It could be seen from the
data in the table that the peak positions for (OPVs0 + UPBIlgs50) was different compared
to PAVP(OPVys0 + UPBIlgsp) as well as pristine OPVCN-OH and UPBI-PDP. The
notable observation from the WXRD pattern of the mixed D-A complexes was the
retention of the crystalline nature of the donor and acceptor components in all of them
despite the presence of the amorphous P4VP chains. It has generally been understood
with small surfactant molecule-P4VP complexes that, upon interaction with the polymer
back bone, the small surfactant molecules can restrict the polymer chain motion and

influence the overall packing.'® Diffraction packing distances are affected by the perfect
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balance between the polymer chain and interactive surfactant. Additionally, tabulating the

d spacing in the complexes indicated a layered periodicity as detailed in the Table 4.1.
Among the different complexes, the 100 % P4VP-donor complex - P4VP(OPV1 o)
exhibited the highest periodic structure (up to 5" order). TEM images (to be discussed

below) also confirmed the clear lamellar structure of all complexes.

Table 4.1: Wide angle X-ray diffraction (WXRD) data os (a) UPBI-PDP, (b) OPVCN-
OH and different complexes with P4VP: (c) P4VP(UPBI1 ), (d) PAVP(OPV1), (e)
P4VP(OPVg25+tUPBIg75), (f) PAVP(OPV(75tUPBIg25), (g) P4VP(OPV,s50+UPBIgs0),

(h) (OPV(50+UPBIo 50).

(a) UPBI-PDP (b) OPVCN-OH
SINo 20 (deg) d-Spacing (A) | SINo 20 (deg) d-Spacing (A)

1 2.80 31.49 1 2.10 41.96
2 5.49 16.06 2 4.29 20.56
3 7.10 12.44 3 6.53 13.52
4 9.51 9.29 4 8.76 10.08
5 13.22 6.69 5 13.10 6.75
6 14.39 6.15 6 14.15 6.25
7 15.45 5.73 7 15.29 5.79
8 16.35 5.42 8 19.54 4.54
9 18.88 4.69 9 20.20 4.39
10 19.51 4.54 10 20.73 4.28
11 20.45 4,34 11 23.92 3.71
12 22.56 3.94 12 28.74 3.10
13 24.99 3.56 13 29.66 3.01
14 25.69 3.46 14 30.37 2.94
15 26.17 3.40 15 32.78 2.73
16 26.77 3.33 -- -- --
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(C) PAVP(UPBI: oo) (d) PAVP(OPV1 o)
SINo 20 (deg) d-Spacing (A) | SINo 20 (deg) d-Spacing (A)

1 2.91 30.29 1 3.59 24.57
2 5.44 16.21 2 7.36 11.99
3 5.81 15.21 3 14.89 5.94
4 8.40 10.51 4 19.11 4.64
5 9.69 9.12 5 19.85 4.47
6 14.92 5.93 6 21.17 4.19
7 15.50 5.71 7 23.62 3.76
8 16.38 5.40 8 24.71 3.59
9 19.00 4.67 9 28.66 3.11
10 19.58 4.53 10 29.53 3.02
11 20.55 4.32 11 30.15 2.96
12 22.70 3.91 12 31.02 2.88
13 25.00 3.56 13 32.56 2.74
14 25.71 3.46 — ~ —

15 26.75 3.33 = = =

(€) P4VP(OPVo 5+UPBI; 75) (f) PAVP(OPVo 5+ UPBly )
SINo 20 (deg) d-Spacing (A) | SINo 20 (deg) d-Spacing (A)

1 291 30.29 1 3.59 24.57
2 5.43 16.26 2 4.06 21.76
3 8.25 10.70 3 5.51 16.01
4 9.55 9.25 4 8.23 10.73
5 13.16 6.72 5 9.45 9.35
6 15.36 5.78 6 14.64 6.04
7 18.93 4.68 7 15.32 577
8 19.87 4.46 8 18.82 4,71
9 21.13 4.20 9 19.79 4.48
10 22.62 3.93 10 21.10 4.20
11 23.64 3.76 11 22.51 3.95
12 24.98 3.56 12 23.68 3.75
13 25.45 3.49 13 24.80 3.58
- = = 14 25.47 3.49
- - - 15 2883 3.09
- - - 16 29.60 3.01
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(9) PAVP(OPV,50+UPBIg ) (h) (OPV(50+UPBIg )
SINo 20 (deg) d-Spacing(A) | SINo 20 (deg) d-Spacing (A)
1 2.92 30.26 1 2.94 30.03
2 4.09 21.56 2 4.49 19.65
3 5.55 15.92 3 5.59 15.80
4 6.88 12.83 4 7.26 12.18
5 8.41 10.50 5 8.38 10.55
6 9.59 9.21 6 9.73 9.09
7 10.33 8.55 7 10.59 8.35
8 13.14 6.73 8 14.13 6.26
9 14.84 5.96 9 13.32 6.64
10 15.40 5.75 10 14.44 6.13
11 16.29 5.43 11 15.51 5.71
12 18.89 4.69 12 16.51 5.37
13 19.97 4.44 13 19.01 4.67
14 21.20 4.18 14 19.92 4.45
15 22.58 3.93 15 20.47 4.34
16 23.64 3.76 16 22.66 3.92
17 24.98 3.56 17 23.79 3.74
18 25.61 3.47 18 24.82 3.58
19 26.67 3.34 19 25.58 3.48
20 28.90 3.08 20 27.13 3.28
21 29.57 3.02 21 28.79 3.10
-- -- -- 22 29.73 3.00

4.4.4 Thin Film Morphology

Thin film morphology of all complexes was analyzed by transmission electron
microscopy (TEM). All the complexes were drop cast (1 mg/ml) on copper (Cu) TEM
grids from dimethylformamide (DMF) as a solvent. Selective staining of the P4VP
polymer was done with the help of iodine (I,) vapor to get better contrast.** Figure 4.14
shows nice lamellar morphology on TEM grids in the length scale of <5 nm. The dark
line corresponded to P4VP polymer backbone selectively stained by I, vapor and the
bright line corresponded to OPVCN-OH and UPBI-PDP molecules. The statistically
averaged line thickness of the dark and bright lines in TEM images of the complexes was

determined from the histogram of instrument software, which is given in table 4.2. It
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Figure 4.14: TEM images of (a-b) P4AVP(OPV1.), (c-d) PAVP(OPV,75+UPBIg2s), (e-f)
P4AVP(OPV50tUPBIloso), (g-h) P4VP(OPVg25+UPBlg7s), (i-)) P4VP(UPBI 1_00)16
(Reproduced with permission from the publisher)’ (k-l) (OPVO.SO+UPB|0.50), (m_n) OPVCN-OH, (0_p)
UPBI-PDP.

showed good agreement with the d spacing values obtained from the WXRD data. The
PAVP(OPV1 ) complex showed average line width of 44 + 15 A from the TEM images,

which correlated very well with the d” spacing of pristine OPVCN-OH (41.96 A). The

Table 4.2: d-spacing values of all complexes from TEM.

Compound Name Average d-spacing (A)
PAVP(OPV100) 44
PAVP(OPV,75+UPBIg25) 98
PAVP(OPV,50+UPBIgs0) 25
PAVP(OPV,5+UPBIg 75) 26
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mixed D-A complexes P4VP(OPVy25+tUPBIlg75) and P4VP(OPV,s5+UPBIlgs0) gave
line widths of 26 + 3 A and 25 + 3 A, which were close to the d spacing of 31.53 A and
30.26 A respectively observed for the complexes from WXRD. The WXRD data of the
D-A complexes had indicated that the pattern was dominated by the intense reflection
corresponding to UPBI-PDP. For the complex P4AVP(OPV,75+UPBIg25), the lines in the
TEM images crisscrossed or appeared overlaid so that calculation of the average line
width became difficult. In the TEM images, P4VP alone did not show any definite
morphology. Both monomers OPVCN-OH and UPBI-PDP also did not exhibit any
characteristic morphology under identical conditions. Similarly, (OPVs0+UPBIg50) also
did not exhibit any specific morphology upon being dropcast on TEM grids under
identical conditions as that for the complexes with P4VP. Figures 4.14k-1, 4.14m-n and
4.140-p shows the TEM images of (OPVys0+UPBIgs0), OPVCN-OH and UPBI-PDP

respectively, drop cast from DMF solution.

4.45 Charge Carrier Mobility using Space Charge Limited Current (SCLC)
Measurements

The electron as well as hole mobility of the donor-acceptor polymer complex was
determined using space charge limited current (SCLC) measurements of electron only
(Al/ active layer/ Al structure) and hole only (ITO/ PEDOT:PSS/Active layer/Au)
devices respectively. All samples were dissolved in DMF and drop cast directly on the
substrate to afford films of average thickness ~1.2 — 2 microns. An average of 4-5 devices
was prepared for each sample. All J-V characteristics for electron and hole mobility are
given in the figure 4.15 and figure 4.16 respectively. The electron mobility of the pristine
acceptor UPBI-PDP was determined in an electron only device having the configuration
Al/ active layer/ Al structure. Table 4.3 gives the summary of device parameters
including the film thickness and maximum and average bulk electron and hole mobility
estimates with standard deviation. Pristine UPBI-PDP formed uniform films and devices
were made with average thickness of 1.5 — 2 microns. The average electron mobility from
the SCLC measurements was estimated to be 2.28 x 10 cm® V*s™. The 100 % complex
of UPBI-PDP with P4VP - P4VP(UPBI,qo) exhibited average mobility which was an
order higher at 1.99 x 10%cm? V?*s™. Introduction of OPVCN-OH into the P4VP-UPBI
complex resulted in reduction of average bulk electron mobility estimate to ~ 10°cm?® V'’
s?in P4AVP(OPVy25+ UPBlg75) and PAVP(OPVoso+ UPBlgso). PAVP(OPV, 75+ UPB

118 |Page



CHAPTER 4 D-A COMB POLYMER COMPLEX AND CHARGE CARRIER MOBILITY
0,020
—l— UPBI-PDP - 0030 —.—P4VP(UPBIMD)
I/ ]
a - b /
—~ 0015 Nl —~ 0025
< - <
£ e £
s -~ S o
< - < o
= 0010 _m” -
- 0015 4
-
- L
=" A
0.005 = 0.010 - o
e
0.005 o
ML
0,000 4 -
0.000 4 [
T T T T T T T T T T T
0 100 200 300 400 500 600 700 0 5 10 15 20 2
\X\2) \\8)
oonne | T PAVPIOPY, +UPBI, ) 000016 { i~ PAVP(OPV, +UPBI ) -
,l) 0.00014 -| "
C - e
< e << o000z "
§ o000 .’.r' g -
< - I 000010 -
< " — -
” 0.0002 ..l" ’ ™ 0.00008 ..‘.-
- o
- 0.00006 -| o
. "
0.0001 - ...-' 0.00004 -
0.00002 -|
0.0000 | 0.00000 -|
. . -0.00002 . . . .
0 5 10 15 20 25 0 5 10 15 20 25
v (V) v (V)
0.000014 0.0000025
—B— P4VP(OPV, +UPBI, ) . (OPV, +UPBI, )
0000012 | - _u-"
(e) " 0.0000020 (f)
—~ - —~
< 0.000010 - o <
£ - £
s el S ooooors
M B
$ 0.000008 - - e 3
=] - L]
0.000006 -| ™
T 0.0000010 |
0.000004 | o
0000002 0.0000005 -|
0.000000 -|
0.0000000 -|
-0.000002 T T T T T T T T T T T T
0 5 10 15 20 2 2 0 2 4 6 8 10 12 14 16 18
\X\2) \X\2)

Figure 4.15: J-V characteristics for electron only mobility of (a) UPBI-PDP (b)
PAVP(UPBlig) (c) P4AVP(OPV(25+UPBlo75) (d) P4VP(OPVos0+tUPBlgsg) (€)
PAVP(OPV,75+UPBIg 25) (f) (OPV(50+UPBI 50).

lo.25) exhibited average electron mobilities of 3.7 x 107 cm?V*s™. It should be mentioned

here that the complexes with higher OPV content exhibited poor film forming ability.

This fact along with the reduced amounts of the ‘n’ type material could be attributed as

the reason for the reduced average bulk electron carrier mobility for the complexes with

higher donor component. Note that the thin films of the complexes did not reflect poor

film-forming tendencies as they formed nice lamellar morphologies as observed in the

TEM images of all the complexes. The pristine OPVCN-OH as well as its 100 %
complex with P4VP- (P4VP-OPV1 o) did not form good quality thick films which could
be used for the SCLC device measurements. Therefore, the hole-transport ability was
estimated only for the three D-A complexes - P4VP(OPV, 25 + UPBIg 75), PAVP(OPV 50
+ UPBl50) and P4VP(OPV, 75 + UPBIg25) using the device configuration ITO/PEDOT:
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Figure 4.16: J-V characteristics for hole only mobility of (a) P4VP(OPV,25+UPBIg 75)
(b) P4VP(OPV0_50+UPB|0_50) (C) P4VP(OPV0_75+UPB|0_25) (d) (OPV0_50+UPB|0_50).

PSS/Active layer/Au. Reasonably high average hole-mobility estimate of 1.19 x 10%cm?
Vst (one of the highest values reported for oligo(phenylene vinylene) based donor
systems) was obtained for the complex with high perylene content P4AVP(OPVgs +
UPBIg75). Thus, the donor-acceptor complex P4VP(OPVy 25 + UPBIg75) exhibited both
electron and hole transport mobilities of average values 8.58 x 10°cm?® Vs and 1.19 x
10%cm? Vst respectively. The hole mobilities of P4VP(OPVoso + UPBlgso) and
P4VP(OPVy 75 + UPBIg25) complexes were 1.25 x 10°cm?® V?*s? and 3.71 x 10 cm?
s respectively. The fact that hole mobility of the complex decreased with increasing
OPV content was rather contradictory; a probable reason for this anomalous observation
could be the poor film (thick) forming capability of complexes with higher OPV content.
The role of P4VP in enabling good film processability became evident from the mobility
data for the D-A complex without P4VP. The average bulk electron and hole mobilities
for (OPVos0+ UPBlgso) were 1.08 x 10°cm? Vs and 1.17 x 10°cm? V!s™ respectively.
Although the electron mobilities were in the similar order compared to P4VP(OPV s +
UPBl50) the hole mobility was three orders lower. In fact the hole mobility was the
lowest among all the samples studied. In these D-A systems, the most critical factor
seems to be the influence that the presence of each (D or A) has on the ordering of the

other in the active layer. In the P4AVP-PBI/OPV supramolecular comb polymers that we
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Table 4.3: Summary of device parameters

Electron only device
with Al/ active layer/ Al

Sample Name Maximum Average Standard Film
mobili'gy He.max mobili;cy He.avq deviation Thi_ckness
(cm Ns)4 (cm Ns)4 . (micron)
UPBI-PDP 40x10° 2.3x10 +0.9 x 10° 15-2
P4VP- UPBI, o 34x107 1.9x107 +0.9x 10° 0.9
P4VP(OPV, 5+ UPBly75) 1.1x10" 8.6 x 107 +1.7 x 107 1.2
P4VP(OPV, 50+ UPBIg50) 5.5x10° 3.4x10° +1.0x 107 1.3
PAVP(OPV, 75+ UPBI ;5) 5.4x107 3.7x107 +1.5x 107 2
(OPV, 50+ UPBIg 50) 1.3x107 1.1x107 +0.2x10° 15-2

Hole only device with
ITO/ PEDOT:PSS/ active layer/ Au

Sample Name Maximum Average Standard Film
mobilitzy h.max mobili'gy Hh.avg deviation Thickness
(cm?/Vs) (cm?/Vs) (micron)
P4VP(OPV, 5+ UPBI( 75) 1.4x107 1.2x107 +0.2 x 10° 11
P4AVP(OPV, 50+ UPBlg50) 1.7x10° 1.3x10° +0.4 x 107 12
P4VP(OPV, 75+ UPBly5) 45x107 3.7x107 +0.9 x 10 1.0
(OPV, 50+ UPBIg50) 2.3x10° 1.2x10° +0.6 x 10°° 1.3

have examined, the hole transport was found to be more dominant compared to the
electron transport for all the various D and A combinations. Two order reduction in
electron mobility was observed in going from P4VP(UPBIlig) to P4VP(OPVo2s +
UPBIy75) upon incorporation of 25 mole percentage of OPV units, which suggested
disruption of ordered PBI domains in the latter due to introduction of OPVCN-OH.
However, its hole carrier mobility was the highest, suggesting that the small amounts of
OPVCN-OH were better organized among larger domains of PBI. In fact, among the
three P4VP mixed D-A complexes, PAVP(OPV,25 + UPBIg5), had the best hole and

electron mobility.

4.5 Conclusions

A self-assembly route for assembling donor and acceptor © conjugated molecules onto
high molecular weight commercially available polymer like poly(4-vinyl pyridine)
(P4VP) to afford materials with improved charge transport capabilities was presented.
Hydroxyl functionalized oligo(phenylenevinylene) (OPV) and perylenebisimide (PBI) as

donor and acceptor respectively were complexed with P4VP via hydrogen bonding
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interaction. Unlike the strong, multiple hydrogen bonded motifs with large association
constants introduced in D-A molecules previously explored in literature, the hydrogen
bonding interaction of pyridine-hydroxyl pair is weak. Although improved charge carrier
mobilities have been reported for strongly hydrogen bonded D-A systems compared to
their non-hydrogen bonded counterparts, their solar cell performance have mostly been
poor.**3 This has been attributed to unwanted aggregation and phase separation in these
strongly interacting systems. Although the pyridine-hydroxyl group interaction between
P4VP and donor OPV and acceptor PBI derivatives reported in the current work was
weak in nature, the multiple sites of interaction on the templating polymer backbone was
successful in achieving a lamellar organization in the domain range < 10 nm. The visual
evidence for donor — acceptor self-assembly in the domain range < 10 nm could be
obtained from TEM images. P4VP not only acted as a supramolecular comb polymer
template but also provided processability to the complex. The clear evidence of the
important role of P4VP in this donor- acceptor assembly was highlighted by the
performance of a donor-acceptor alone complex without P4VP — ((OPVgs0 + UPBIlgs0)).
The film forming ability of (OPVos0 + UPBlgso) was very poor and the SCLC mobility
showed very poor electron and hole mobility compared to the analogous donor- acceptor
complex with P4VP — (P4VP(OPVys0 + UPBIgs0)). The bulk mobility estimate from
SCLC device studies showed that hole transport was more favored in the P4VP mixed
donor-acceptor complex. The higher hole carrier mobility compared to electron carrier
mobility in mixed D-A complexes with higher acceptor component could be attributed to
better film quality afforded by the improved packing of both the donor and acceptor when

the amount of D was less.
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Nanostructured Donor-Acceptor Self Assembly with

Improved Photoconductivity

This chapter has been adapted from following publication

B. Saibal, A. Z. Ashar, R. Nandini Devi, K. S. Narayan, S. K. Asha. ACS Appl. Mater. Interfaces
2014, 6, 19434—19448.
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5.1 Abstract

Nanostructured supramolecular donor-acceptor assemblies were formed when an
unsymmetrical N-substituted pyridine functionalized perylenebisimide (UPBI-Py) was
complexed  with  oligo(p-phenylenevinylene)  (OPVM-OH)  complementarily
functionalized with hydroxyl unit and polymerizable methacrylamide unit at the two
termini. The resulting supramolecular complex [UPBI-Py (OPVM-OH)]io upon
polymerization by irradiation in presence of photoinitiator formed well-defined
supramolecular polymeric nanostructures. Self-assembly studies using fluorescence
emission from thin film samples showed that subtle structural changes occurred on the
OPV donor moiety following polymerization. The 1:1 supramolecular complex showed
red-shifted aggregate emission from both OPV (~ 500 nm) and PBI (~640 nm) units,
whereas the OPV aggregate emission was replaced by intense monomeric emission (~
430 nm) upon polymerizing the methacrylamide units on the OPVM-OH. The bulk
structure was studied using wide angle X-ray diffraction (WXRD). Complex formation
resulted in distinct changes in the cell parameters of OPVM-OH. In contrast, a physical
mixture of 1 mole each of OPVM-OH and UPBI-Py prepared by mixing the powdered
solid samples together showed only a combination of reflections from both parent
molecules. Thin film morphology of the 1:1 molecular complex as well as the
supramolecular polymer complex showed uniform lamellar structures in the domain range
< 10 nm. The donor-acceptor supramolecular complex [UPBI-Py (OPVM-OH)]io
exhibited space charge limited current (SCLC) with a bulk mobility estimate an order of
magnitude higher accompanied by a higher photoconductivity yield compared to the
pristine UPBI-Py. This is a very versatile method to obtain spatially defined organization
of n and p-type semiconductor materials based on suitably functionalized donor and

acceptor molecules resulting in improved photocurrent response using self-assembly.
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5.2 Introduction

The bottom-up self-assembly of donor-acceptor semiconducting materials is a
very challenging task that is being pursued by researchers worldwide.'® Well-defined and
reproducible nanoscale assemblies of donor-acceptor semiconducting materials are
crucial for several devices in the optoelectronic applications.'™ From the perspective of
device applications, it is highly desirable to translate the self-assembly of small molecules
to processable polymers, which is a non-trivial task. A promising approach in this regard
has been the one pioneered by the group of Ikkala and ten Brinke et. al to form
hierarchical architectures of small surfactant molecules with block copolymers.®*?
Recently, we reported well defined nano organization of n-type semiconductors based on
perylenebisimide with the polymer poly(4-vinyl pyridine) (P4VP), resulting in lamellar
structures in the domain range of 5-10 nm with a clear trend of higher conductance
compared to the pristine PBI molecule.*® Ting Xu and Fréchet et al attached suitably
functionalized p-type organic semiconductor - oligothiophene to P4VP resulting in
solution processable nanostructured semiconductor composites with charge carrier
mobilities comparable to the existing semiconductors already used in OPV devices.'* *°
Both these approaches took aid of the self-assembly afforded by the nanoscale phase
separation of the small molecule and preformed polymer. There are several interesting
articles in literature whereby the larger length scale phase separation afforded by block
copolymers were combined with the small length scale phase separation of small
molecules and mesogens to obtain higher degree of organization.'®?* The critical
challenge however is to replicate the success achieved independently for the donor (D) or
acceptor (A) alone materials in an effective donor-acceptor combination where the wide
D-A interface would afford increased charge separation and at the same time provide long
range pathway for transport of the generated charges to the respective electrodes. The
increasing numbers of research articles along this direction is proof to the fact that this is
a rich area with scope for further exploitation.?® *

In the present work we report the self-assembly of complementarily functionalized
donor and acceptor materials based on oligo(p-phenylenevinylene) (OPV) and
perylenebisimide (PBI) respectively. The aim here was to assemble the donor and
acceptor molecules so as to increase the interface between them in the domain of 5-10 nm
and then translate the self-assembly of the small molecules to that of the polymer, at the
same time retaining the crystallinity of the small molecules. This challenging task

required design of tailor-made donor and acceptor small molecules with built-in
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capabilities for spontaneous self-assembly as well as functionalities to aid in further
hierarchical organization via polymerization. Towards this end the donor molecule based
on oligo(p-phenylenevinylene) was functionalized with hydrogen bondable hydroxyl
moiety at one end and polymerizable methacrylamide units at the other termini. The
acceptor molecule based on perylenebisimide was functionalized with complementary
pyridine units at one terminus and solubilizing branched alkyl chains at the other termini.
The 1:1 donor-acceptor complex was further subjected to photopolymerization in
presence of photoinitiator. The complex formation and polymerization were followed in
the bulk by FTIR and in solution using proton NMR spectroscopy. Photophysical studies
involving UV Vis absorption and fluorescence emission were studied in solution as well
as in thin film samples to understand the self-assembly between the donor and acceptor
units in the 1:1 supramolecular complex as well as its polymer. Bulk structure analyses
were conducted by wide angle X-ray diffraction (WXRD) experiments. The thin film
morphology of the 1:1 donor-acceptor complex and its supramolecular polymer was
investigated using TEM imaging which showed the presence of lamellar organization of
donor-acceptor nanostructures in the length scale of 5-10 nm. Systematic investigation of
the effect of improved self-assembly on the photocurrent response of the materials was
also undertaken. The study presented here is a viable route towards semiconducting
donor-acceptor materials with crystallinity and processability affording better
photoinduced charge separation.

5.3 Experimental Section

5.3.1 Materials:

All chemicals were purchased from Aldrich and used as received. All solvents used were
of analytical grade and carefully dried before use. Synthetic procedure to prepare the
unsymmetrical oligo(p-phenylenevinylene) (OPVM-OH) and unsymmetrical N-
substituted Perylenebisimide (UPBI-Py) is given in section 5.3.4.

5.3.2 Instrumentation Techniques:

The details of the instrumentation techniques used for the characterization of the small
molecules, complexes and polymer complexes like the FTIR spectroscopy, *H NMR, **C
NMR, MALDI-TOF, Gel permeation chromatography (GPC), Wide Angle X-ray
Diffractograms (WXRD), Small angle X-ray scattering (SAXS), Transmission Electron
microscopy (TEM), absorption and fluorescence studies were exactly identical as
explained in chapter 2 and chapter 4. HRMS (ESI) were recorded on ORBITRAP mass

analyser (Thermo Scientific, Q Exactive). Mass spectra were measured with ESI
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ionization in MSQ LCMS mass spectrometer. Elemental analysis was done by
Thermofinnigan flash EA 1112 series CHNS analyser. The photo polymerization was
performed with DYMAX Blue Wave 75 watt short arc mercury vapor lamp as light
source with an output wavelength in the range 280-450 nm. The fluorescence lifetime
studies were carried out for samples drop cast as films from DMF. Nano LED of 370 nm
was used for fluorescence lifetime measurements and data was collected at 450 nm
(OPV) and 625 nm (PBI). The decay curves were obtained by the time correlated single
photon counting (TCSPC) technique. Fluorescence lifetime values were determined by
deconvoluting the data with exponential decay using DAS6 decay analysis software. The
quality of fit was judged by fitting parameters such as y*> =~ 1, as well as the visual
inspection of the residuals and autocorrelations.

5.3.3 SCLC Device Fabrication:

SCLC mobility and AC photocurrent measurements were performed on ITO/polymer
(complex)/Al sandwiched structures. Polymer / complex solution was drop casted from
ODCB (Ortho dichlorobenzene) on cleaned ITO (sheet resistance 15 Qsq™). Aluminum
top contacts with thickness of 80 nm and area ~ 6x102 cm?® were thermally evaporated on
to the polymer through shadow mask, at the rate of 1 A/sec and under pressure of 5x10°°
mbar. Thickness of the polymer coatings (1-4 um) were measured using Dektak surface
profiler. SCLC and photocurrent measurements were carried out while keeping device in
vacuum (10 mbar). Incident light from Tungsten —halogen source was modulated at 20
Hz and the photocurrent was measured using a lock-in Amplifier (Stanford SR830). The
data was normalized to incident photon density using a commercial calibrated photodiode
under similar experimental conditions.

5.3.4 Synthesis:

(i) Synthesis of Hydroxyl Methacrylic amide Unsymmetrical OPV3 (OPVM-OH):

(a) Synthesis of MEM-UOPV3-CN:

The synthesis of MEM-UOPV3-CN was already described in Section 4.3.4 (i) Synthesis
of unsymmetrical OPVCN-OH (a) to (h) (chapter 4)

(b) Synthesis of MEM-UOPV3-CH;NH,:

LAH (0.14 gm; 3.66x10™ mol) was taken in a two necked round bottom flask
under N, atmosphere. MEM-OPV3-CN (0.5 gm; 1.22x10° mol) was dissolved in dry
THF under N, atmosphere. MEM-OPV3-CN solution in THF was added to the LAH

under N, atmosphere at 0 °C. After addition ice bath was removed and stirred further for
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7-8 hr at room temperature and the reaction was monitered by TLC. After completion of
the reaction green coloured material was obtained. The resultant was used as such for the
next reaction. Yield > 95 %. Melting Point > 200 °C. FT-IR (ATR eco ZnSe, cm™) =
3369, 3270, 2922, 2855, 1601, 1510, 1457, 1419, 1374, 1243, 1168, 1109, 1002, 970,
833, 753, 720. *H NMR (200 MHz, CDCls, 5): 7.48-6.92 (m, 14H); 5.28 (s, 2H); 4.69 (d,
2H); 3.87-3.57 (m, 4H); 3.37 (s, 3H) ppm.

(c) Synthesis of MEM- Methacrylic amide Unsymmetrical OPV3 (MEM-UOPV3-
MAmM):

Methacrylic acid (0.02 gm; 2.4x10™ mol) was taken in a two necked round bottom
flask with EDCI (0.12 gm; 6.0x10™* mol) and dry DCM under nitrogen atmosphere.
MEM-OPV3-CH;NH, (0.1 gm; 2.4x10™ mol) and DMAP (0.006 gm:; 4.8x10" mol) were
taken in a one neck round bottom flask under N, atmosphere and then dry DCM was
added. This resultant solution was added to the two necked round bottom flask under N
atmosphere in ice cold condition. After addition, ice bath was removed and further stirred
for 48 hr and the reaction was monitored by TLC. The compound was purified by column
chromatography (DCM:MeOH = 99.5:0.5). Yield = 55 %. Melting Point > 200 °C. FT-IR
(ATR eco ZnSe, cm™) = 3297, 2957, 2923, 2859, 1720, 1653, 1612, 1544, 1513, 1432,
1366, 1303, 1253, 1164, 1096, 1006, 970, 798, 704, 659. "H NMR (200 MHz, CDCls, 8):
7.51-7.00 (m, 14H); 5.73 (s, 1H); 5.36 (s, 1H); 5.28 (s, 2H); 4.52 (d, 2H); 3.82 (m, 2H);
3.56 (m, 2H); 3.38 (s, 3H); 1.99 (s, 3H) ppm. *C NMR (200 MHz, DMSO-ds, §): 203.40,
167.48, 164.23, 155.38, 154.49, 149.85, 127.52, 126.30, 118.12, 114.85, 107.96, 93.36,
71.69, 67.48, 59.11, 47.83, 17.99 ppm. MALDI-TOF MS (Calcd m/z 483.59); Found m/z
—483.89 [M], 506.62 [M+Na], 522.25 [M+K].

(d) Synthesis of Hydroxyl Methacrylic amide Unsymmetrical OPV3 (OPVM-OH):

MEM-OPV3-MAm (0.41 gm; 8.4x10™ mol) was taken in a two necked round
bottom flask under N2 atmosphere. Dry DCM was added to the R.B flask followed by
trifluro acetic acid (0.32 mL; 4.19x10mol). This resultant reaction mixture was further
stirred for 48 hr at room temperature. After completion of reaction DCM was evaporated
by rota vap and reprecipited from methanol to get the pure product. Yield = 50 %.
Melting Point > 200 °C. FT-IR (KBr Pallate, cm™) = 3831, 3476, 3317, 3021, 2880, 2819,
1653, 1597, 1547, 1518, 1429, 1359, 1327, 1230, 1171, 1109, 1062, 1016, 966, 834, 785,
709, 659. 'H NMR (400 MHz, DMSO-ds, 8): 8.51 (t, 1H); 7.56-6.75 (m, 16H); 5.73 (s,
1H); 5.37 (s, 1H); 4.34 (d, 2H); 1.89 (s, 3H) ppm. *C NMR (200 MHz, DMSO-ds, 5):
202.50, 167.44, 163.28, 157.34, 156.19, 147.95, 127.51, 126.32, 119.22, 115.55, 108.76,
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46.72, 18.67 ppm. MALDI-TOF MS (Calcd m/z 395.19); Found m/z — 395.90 [M+1].
HRMS in Acetonitrile (Calcd m/z 395.19); Found m/z — 396.19 [M+1], 418.18 [M+Na],
434.15 [M+K].

(if) Synthesis of Octyl dodecyl Aminopyridyl unsymmetrical Perylenebisimide
(UPBI-Py):

(a) Synthesis of 2-Octyl-dodecyl ethyl bromide:

Triphenyl phosphine (PPhs) (61.5 gm; 0.23 mol) was taken in a three necked
round bottom flask in DCM and purged with N, for 15 minutes followed by addition of
bromine (12 mL; 0.23 mol). 2-octyl-dodecyl ethanol (70 mL; 0.23 mol) was added drop
wise to that reaction mixture. The resultant reaction mixture was stirred for overnight
under N, atmosphere. After completion of reaction DCM was evaporated. The product
was purified with the help of column chromatography using hexane as a mobile phase.
Yield = 90%. *H NMR (200 MHz, CDCls, 5): 4.68 (s, 2H); 1.99 (t, 1H); 1.27 (m, 38H);
0.88 (t, 3H) ppm.

(b) Synthesis of N-(2-octyl-dodecyl) phthalimide:

K-phthalimide (13.2 gm; 7.6x102 mol) and 2-octyl-dodecyl bromide (25.0 gm;
6.92x10 mol) were taken in a two necked round bottom flask. Dry DMF was added to
the solid mixture under N, atmosphere. The resultant reaction mixture was stirred for 16
hr at 90 °C. After completion of reaction reaction mixture was extracted with DCM
repeatedly. The combined organic layer was washed with 0.2 N KOH solution and then
washed with saturated ammonium chloride solution and dried over sodium sulphate. The
product was purified by column chromatography, DCM-Hexane (70:30) as a mobile
phase. Yield = 60%. 'H NMR (200 MHz, CDCls, §): 7.81-7.71 (m, 4H); 3.57 (d, 2H);
1.86 (s, 1H); 1.22 (m, 38H); 0.86 (t, 6H) ppm.

(c) Synthesis of 2-octyl-dodecyl ethyl amine:

N-(2-octyl-dodecyl) phthalimide (28.0 gm; 6.5x10% mol)and hydrazine hydrate
(16.39 gm; 0.33 mol) were taken in a one necked round bottom flask containing
methanol. The reaction mixture was stirred for 18 hr at 95 °C. After completion of the
reaction, methanol was evaporated and DCM was added. DCM solution was washed with
10% KOH solution. Aqueous layers were combined and extracted with DCM. The
combined organic layer was washed with brine solution and dried over sodium sulphate.
Yield = 50%. FT-IR (ATR eco ZnSe, cm™) = 3296, 2920, 2854, 1668, 1543, 1460, 1378,
1305, 1042, 722. *H NMR (200 MHz, CDCls, 8): 2.57 (t, 2H); 1.24 (m, 38H); 0.86 (t, 6H)
ppm.
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(d) Synthesis of bisOctyl dodecyl Perylene bismide (OD-SPBI):

Perylene dianhydride (5.0 gm; 1.27x10? mol) and Octyl dodecyl amine (8.35gm;
2.81x10 mol) were taken in a one necked round bottom flask and dimethylacetamide
(DMAC) was added. The resultant reaction mixture was heated to 90 °C and stirred for 12
hr. After completion of reaction, DMAc was vacuum distilled off at 100 °C. The solid
product was washed with methanol. Yield > 95%. FT-IR (ATR eco ZnSe, cm™) = 3465,
3116, 2923, 2853, 1769, 1695, 1654, 1590, 1506, 1438, 1403, 1341, 1301, 1242, 1152,
1122, 1084, 1020, 857, 808, 742, 640. *H NMR (200 MHz, CDCls, §): 8.63-8.50 (m, 8H);
3.83 (d, 4H); 1.99 (m, 2H); 1.32-1.19 (m, 64H); 0.83 (t, 12H) ppm.

(e) Synthesis of Mono Octyl dodecyl unsymmetrical Perylene imide anhydride:

Octyl dodecyl symmetrical Perylenebismide (8.0 gm; 8.4x10mol) and t-butanol
(25 ml per mmol of perylene imide anhydride) were taken in a one necked round bottom
flask and heated up to 90 °C. KOH (~2.4 gm; 4.2x10 mol) was added at 90 °C and after
20 min aceticacid was added to the reaction mixture followed by 2 hr stirring. After that
2N HCL was added to the resultant mixture and washed with water until acid free. The
product was purified by column using DCM as a mobile phase. Yield = 30%. Melting
Point > 200 °C. FT-IR (ATR eco ZnSe, cm™) = 3071, 2919, 2851, 1763, 1733, 1692,
1651, 1586, 1505, 1456, 1437, 1402, 1378, 1347, 1315, 1237, 1145, 1120, 1071, 1010,
854, 804, 731, 634. 'H NMR (200 MHz, CDCls, 8): 8.74-8.64 (m, 8H); 4.15 (d, 2H); 2.00
(m, 1H); 1.34-1.20 (m, 32H); 0.83 (t, 6H) ppm. *C NMR (200 MHz, CDCls, 8): 184.31,
177.64, 173.22, 163.69, 159.14, 136.26, 132.18, 131.42, 126.36, 123.87, 123.02, 119.47,
69.13, 62.47, 52.99, 44.74, 36.63, 31.72, 30.03, 29.63, 29.33, 26.51, 26.03, 22.65, 14.09
ppm. MALDI-TOF MS (Calcd m/z 671.86); found m/z — 672.66 [M+1].

(F) Synthesis of Octyl dodecyl Aminopyridyl unsymmetrical Perylene bisimide (UPBI-
Py):

Mono Octyl dodecyl unsymmetrical Perylene imide anhydride (0.76 gm; 1.12x10°
® mol), 4-aminopyridine (0.16 gm; 1.68x10™ mol), imidazole (6-7 gm per 1 gm of
unsymmetrical perylene imide anhydride) and catalytic amount of zinc acetate (0.076 gm;
1.12x10™) were taken in a one necked round bottom flask under N, atmosphere and
heated up to 160 °C followed by stirring for 12 hr at that temperature. After completion of
reaction 2 N HCL was added and finally product was purified by column chromatography
using DCM-Methanol (1:3) mixture as a mobile phase. Yield = 55 %. Melting Point >
200 °C. FT-IR (KBr Pallate, cm™) = 3415, 2959, 2922, 2856, 1704, 1661, 1590, 1490,
1457, 1433, 1396, 1355, 1255, 1190, 1158, 1125, 1076, 966, 932, 857, 813, 776, 740,
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697, 643. '"H NMR (400 MHz, CDCls, 5): 8.88 (d, 2H); 8.69-8.45 (m, 8H); 7.42 (d, 2H);
4.14 (d, 2H); 1.99 (m, 1H); 1.33-1.20 (m, 32H); 0.83 (t, 6H) ppm. **C NMR (200 MHz,
CDCls, 9): 163.22, 162.53, 151.12, 134.75, 133.48, 131.50, 130.84, 129.48, 127.70,
125.98, 124.09, 123.33, 122.70, 31.87, 29.31, 26.46, 22.64, 14.07 ppm. MALDI-TOF MS
(Calcd m/z 747.40); found m/z — 748.52 [M+1].

(iii) Synthesis of 1:1 complex:

Unsymmetrical oligo(p-phenylenevinylene) (OPVM-OH) and unsymmetrical N-
substituted perylenebisimide (UPBI-Py) were kept in vacuum oven for 2 days at 60 °C.
1:1 complex [UPBI-Py (OPVM-OH)]1 0 was prepared from dry THF solution, where 1.0
denoted the number of PBI molecules per OPV molecule (theoretically). OPVM-OH was
first dissolved in THF to which required amount of UPBI-Py was added and the solution
was stirred at 60 °C for 24 h. The solvent was slowly evaporated on a petri dish placed on
a hot plate at 60 °C and dried further in vacuum oven at 65 °C for 2 days. After 2 days,
the dried complex was stored in desiccator. To get the supramolecular polymer complex
[UPBI-Py Poly(OPVM-OH)]10, the dried [UPBI-Py (OPVM-OH)]1o complex was
dissolved in dry THF. 0.2 equivalents of 2,2-diethoxyacetophenone as photoinitiator was
added to it and the solution irradiated for 15-min using DYMAX Blue Wave 75 light
source. The solvent was evaporated on a hot plate at 60 °C and washed with hexane to
remove unreacted photoinitiator. Thereafter the sample was dried in vacuum oven at 65
°C for 2 days and stored in desiccator.

(iv) Thermal Polymerization

20 mg (1.7 x10™* moles) [UPBI-Py (OPVM-OH)]1, was taken in a round bottom
flask with 3 ml of dry THF. 0.4 mg (3.4 x10° moles) of BPO was added and
polymerization carried out at 65 °C under nitrogen atmosphere. After 24 hr the polymer
was worked up by removing the solvent, washing the precipitate with hexane and drying
under vacuum oven. *H NMR (400 MHz, CDCls, §): 8.91 (d, 2H); 8.68 (m, 8H); 8.06 (d,
2H); 7.51-6.65 (m, 16H), 5.72 (s, 1H); 5.36 (s, 1H), 4.50 (s, 2H); 4.13 (d, 2H), 2.34 (m,
1H); 1.26 (m, 32H); 0.87 (t, 6H) ppm.

(v) Synthesis of Complex [UPBI-Py,, (OPVM-OH)1]:

UPBI-Py (1.34 x 10™ moles) and OPVM-OH (6.68 x 10®° moles) were taken
together in a two necked round bottom flask. Dry THF was added to that in N
environment and stirred for 24 h at 55 °C. After 24 hr THF was evaporated on petridish

and dried further in vaccum oven at 55 °C for 48 hr and used further as such. *H NMR
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(400 MHz, CDCls, 8): 8.94 (d, 2H); 8.74 (m, 8H); 8.04 (d, 2H); 7.40-6.99 (m, 16H); 5.42
(s, 1H): 5.19 (s, 1H); 4.56 (d, 2H); 4.14 (d, 2H); 2.32 (m, 1H); 1.41-1.10 (m, 32H); 0.87
(m, 9H) ppm.

(vi) Synthesis of Complex [UPBI-Py; o (OPVM-OH),]:

UPBI-Py (1.34 x 10 moles) and OPVM-OH (2.67 x 10™ moles) were taken
together in a two necked round bottom flask. Dry THF was added to that in N
environment and stirred for 24 h at 55 °C. After 24 hr THF was evaporated on petridish
and dried further in vaccum oven at 55 °C for 48 hr and used further as such. *H NMR
(400 MHz, CDCls, 8): 8.94 (d, 2H); 8.75 (m, 8H); 8.06 (d, 2H); 7.42-7.00 (m, 16H); 5.77
(s, 1H); 5.41 (s, 1H); 4.53 (d, 2H); 4.16 (d, 2H); 2.35 (m, 1H); 1.41-1.11 (m, 32H); 0.88
(m, 9H) ppm.

5.4 Results and Discussion
5.4.1 Synthesis and Characterization
The donor molecule OPVM-OH based on oligo(p-phenylenevinylene) (OPV) was
synthesized as shown in Scheme 5.1 with polymerizable methacrylamide groups at one
end and hydrogen bondable hydroxyl unit at the other termini. The acceptor molecule
UPBI-Py based on unsymmetrical N-substituted perylenebisimide (PBI) was synthesized
in reasonable yield and purity following the procedure shown in Scheme 5.2. The donor
and acceptor molecules were subjected to repeated column chromatographic purification
to obtain the final molecules in extremely pure form. The structure was confirmed by
proton NMR (Figure 5.1), MALDI-TOF (Figure 5.2a, b) and purity was confirmed by
HRMS/elemental analysis and size exclusion chromatogram (SEC) (Figure 5.2c). Figure
5.1 shows the labelled proton NMR spectra of the OPV and PBI molecules. Due to poor
solubility in chloroform, the 1H NMR spectra of OPVM-OH was recorded in dimethyl
sulfoxide (DMSO-dg). The OPV aromatic protons as well as vinylic protons appeared in
the range 7.56-6.75 ppm and the methacrylic protons appeared as two singlets at 5.73 and
5.37 ppm. In the proton NMR spectra of UPBI-Py, the eight aromatic protons of perylene
core appeared as four doublets in the region 8.64-8.43 ppm, while the aromatic protons of
the pyridine ring appeared as doublets at 8.87 and 7.42 ppm.

The supramolecular assembly of n-type organic semiconductor perylenebisimide
(PBI) with p-type organic semiconductor oligo(p-phenylenevinylene) (OPV), involving
non-covalent secondary interactions such as hydrogen-bonding and =-m stacking

interactions were investigated. The complex was prepared by dissolving 1:1 molar ratio
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Figure 5.2: MALDI-TOF of (a) OPVM-OH; (b) UPBI-Py and (c) GPC of UPBI-Py and

OPVM-OH.

of UPBI-Py and OPVM-OH in dry tetrahydrofuran (THF) as solvent, stirring at 60 °C

for 24 h, followed by removal of solvent by heating (scheme 5.3). The complex was
named [UPBI-Py (OPVM-OH)]1.0, where 1.0 denoted the theoretical 1:1 ratio of UPBI-
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Py and OPVM-OH. Successful complex formation was indicated by the improved
solubility of the complex compared to the respective pure components. Detailed structural

C.H,,

|Step (a) = Complexation] | THF, 60 °C, 24 h

PO g Qw}.‘.

[UPBI-Py (OPVM-OH)]

Lo

[Step (b) = Polymerization] | hv 2,2- diethoxyacetophenone

$O oo Lotgptfs

UPBI-Py Poly(OPVM-OH)]|

1.0

Scheme 5.3: Structure of complex [UPBI-Py (OPVM-OH)]io formed by the
unsymmetrical UPBI-Py with OPVM-OH [Step (a) complexation] and Photo
polymerization of the 1:1 complex [UPBI-Py (OPVM-OH)]io to yield [UPBI-Py
Poly(OPVM-0OH)]1, [Step (b) polymerization].

characterization of the complex was carried out using proton NMR spectroscopy (figure
5.1) in deuterated chloroform, in which the complex was now soluble, in contrast to the
poor solubility of OPVM-OH. The amino pyridine aromatic ring protons at 8.87 (H,py)
and 7.42 (Hg.py) ppm in UPBI-Py?* shifted down field to 8.90 and 7.72 ppm respectively
upon complex formation. The down field shift of the inner pyridine protons from 7.42 to
7.72 ppm was rather surprising. A two-dimensional correlation spectroscopy (COSY)
experiment on [UPBI-Py (OPVM-OH)];, in CDCl3+DMSO-dg showed a cross coupling
of the two peaks at 7.72 and 8.90 ppm confirming that they were indeed the aromatic
protons of the pyridine ring of UPBI-Py. An overall broadening of all the peaks was also
surprisingly observed in the complex.

The formation of the complex was traced by FTIR spectroscopy also. The
pyridine ring in UPBI-Py has a symmetric ring stretching vibration at 1093 cm™.% In
general, the nitrogen atom in pyridine derivatives like 4-vinyl pyridine, has a pyridine
breathing mode ~ 996 cm™.26 The absorption at 1093 cm™ in UPBI-Py was assigned to

the pyridine ring stretching vibration based on comparison with a symmetric
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perylenebisimide molecule having only alkyl substitution on both termini, which lacked
the absorption at 1093 cm™ (Figure 5.3a). After complexation, a shift to higher wave-
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Figure 5.3: Comparison of FT-IR of: (a) UPBI-Py and SPBI; (b-c) UPBI-Py, OPVM-
OH and 1:1 complex [UPBI-Py (OPVM-OH)]10; (d) OPVM-OH, homo Poly(OPVM-
OH), 1:1 complex [UPBI-Py (OPVM-OH)]1o and supramolecular polymer complex
[UPBI-Py Poly(OPVM-OH)]1,0

number (1105 cm™) was observed upon hydrogen bonding interaction with the phenol
unit of OPVM-OH (Figure 5.3b). Other characteristic pyridine C=N symmetric
stretching vibration at 1271 cm™ and 1511 cm™ were difficult to trace due to considerable
overlap from other OPV stretching vibrations. Hydrogen bonding interaction of the >C=0
group in the amide linkage in OPVM-OH was ruled out as this stretching vibration at
1656 cm™ (Figure 5.3c) remained unchanged upon complex formation clearly indicating

its lack of participation in any non-covalent interaction.

5.4.2 Polymerization
The photoinduced polymerization of the 1:1 OPV-PBI complex was carried out in

the presence of photoinitiator 2,2 diethoxyacetophenone. A dry THF solution of the
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complex (10 mg in 3 mL) with 0.2 equiv of photoinitiator was irradiated for 15 min using
a DYMAX Blue Wave 75 light source (Scheme 5.3 [Step (b)]). Afterward, the solvent
was removed; the residue washed with hexane to remove the photoinitiator and then the
sample was analysed using FTIR as well as proton NMR spectroscopic techniques. The
same photopolymerization experiment was repeated under identical conditions for the
OPV molecule OPVM-OH also. Upon evaporation of the solvent THF at the end of 15
min of irradiation, followed by hexane washing, a film of the homopolymer poly(OPVM-
OH) was obtained. This homo polymer of OPV was completely insoluble in common
organic solvents such as chloroform, dimethylformamide (DMF) and THF. Hence
structural characterization using proton NMR spectroscopy was unfortunately not
possible. However, the FTIR spectra was recorded of the solid homopolymer sample and
compared with that of the supramolecular polymer complex. The supramolecular polymer
complex is represented as [UPBI-Py poly(OPVM-OH)]io to indicate that the
polymerization occurred on the OPVM-OH moiety. The disappearance of the
characteristic methacrylate double bond at 836 cm™ was followed using FTIR
spectra.?”?® Figure 5.3d compares the expanded normalized FTIR spectra of solid samples
of the complex before and after photopolymerization along with that of OPVM-OH. The
spectra were normalized at 965 cm™* corresponding to OPV vibrations, where UPBI-Py
did not have any absorbance. The peak at 836 cm* was clearly observable in the 1:1
complex [UPBI-Py (OPVM-OH)]1 but was reduced in intensity in the supramolecular
polymer complex [UPBI-Py poly(OPVMOH)]1,. In the polymer, a broad peak at 812
cm * corresponding to UPBI-Py was observed. It was difficult to trace the extent of
polymerization from the FTIR spectra due to the close overlap of other peaks.

An attempt was made to characterize the supramolecular complex and polymer
using gel permeation chromatography (GPC). The Figure 5.4a compares the gel
permeation chromatograms of the [UPBI-Py (OPVM-OH)].o and [UPBIPy
poly(OPVM-OH)];, along with that of UPBI-Py and OPVM-OH recorded in THF — a
solvent in which all the samples were soluble. The difference in molar mass between
UPBI-Py and OPVM-OH was not so large so that their chromatograms overlapped to a
large extent with very narrow time difference in their elution. The SEC chromatograms of
[UPBI-Py (OPVM-OH)]io and [UPBI-Py poly(OPVMOH)]io were broader and
appeared in between that of the starting components. GPC is expected to differentiate a

mixture of two different compounds provided they differ considerably in their masses.
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Figure 5.4: GPC of (a) UPBI-Py, OPVM-OH, [UPBI-Py (OPVM-OH)]1, and [UPBI-
Py poly(OPVM-OH)]io (b) 1:1 Physical mixture of UPBI-Py and OPVM-OH,
polymer of 1:1 Physical mixture of UPBI-Py and OPVM-OH in THF.

The narrow difference in mass of the two components involved in the supramolecular
complex formation made their molecular weight characterization by GPC not reliable. In
fact, a 1:1 molar mixture of UPBI-Py and OPVM-OH was prepared by mixing the
powdered solid samples together. A solution of this sample was then prepared for GPC
analysis in THF and injected into the GPC column. A part of the solid mixture was
dissolved in THF and subjected to photopolymerization under conditions identical to that
described earlier. This sample named as phymix polymer was also analysed for its
molecular weight by injecting into the GPC column. Figure 5.4b compares the GPC
chromatograms of the 1:1 physical mixture of UPBI-Py + OPVM-OH and phymix
polymer sample. The GPC chromatograms appeared in between that of UPBI-Py and
OPVM-OH. Even the 1:1 UPBI-Py + OPVM-OH did not appear as two separate peaks
or as a peak with a shoulder demonstrating that the mass difference between UPBI-Py
and OPVM-OH was not large enough for the GPC to differentiate among them.
However, it should also be mentioned here that besides the lack of sensitivity of our GPC

instrument to differentiate between the two low molecular weight samples, GPC would
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not be a good choice for characterizing self-assembly in very dilute samples. Self-
assembly being a dynamic process, complexation is not favoured under very dilute
conditions. Noticeable from the GPC data was the shift in the chromatogram of the
supramolecular polymer to higher molecular weight compared to that of OPVM-OH
clearly demonstrating that at least oligomers were formed.

The 'H NMR spectra of the supramolecular polymer complex [UPBI-Py
poly(OPVM-OH)];1, was recorded in CDCI3; and compared with that of the complex as
shown in Figure 5.5a,c (expanded region from 4.0 to 9.5 ppm). The proton NMR spectra
showed the presence of unreacted methacrylate double bond in the polymer, but its
intensity had reduced compared to the OPV aromatic protons. The extent of double bond
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Figure 5.5: Comparison of the *H NMR spectra of [UPBI-Py (OPVM-OH)]., with the
supramolecular polymer [UPBI-Py poly(OPVM-OH)]. prepared thermally as well as
by photopolymerization recorded at 25 °C in CDCl; as well as in mixture of
CDCI3/DMSO-ds.
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conversion was estimated from the proton NMR integration values of the methacrylic
peaks with respect to the peak at 4.5 ppm corresponding to two protons next to the amide
linkage in OPVM-OH. The extent of polymerization was calculated to be around 48%.
Free radical polymerization using BPO as the initiator and THF as solvent was also
carried out to see if higher conversion could be achieved thermally. Figure 5.5b shows the
proton NMR spectra of the supramolecular polymer complex synthesized thermally. The
proton NMR spectra of the polymers covering the full chemical shift range are given in
the figure 5.6. The extent of thermal polymerization was calculated to be ~30%. Another
noticeable observation from the comparison of the proton NMR spectra of the complex
and the polymer was the further downfield shift of the Hgpy of UPBI-Py from 7.72 to
8.06 ppm upon polymerization. This shift was observed for both the thermally
polymerized sample as well as photopolymerized sample ruling out any photodegradation
of the sample as the reason for this downfield shift by 0.34 ppm. Compared to the pristine
UPBI-Py, the overall shift upon polymerization after complex formation was ~0.64 ppm,
which was quite surprising considering the fact that the point of polymerization was on
the OPV, which was spatially farther apart from UPBI-Py. Figure 5.5d also shows the
proton NMR spectra of the polymer recorded in a mixture of solvents, namely,
CDCI3/DMSO-ds. Addition of a few drops of DMSO-dg improved the solubility of the
polymer considerably allowing higher concentration to be maintained. COSY
experiments were conducted on the supramolecular polymer complex (in the solvent
mixture CDCIls/DMSO-ds) to identify through space couplings within the sample. Figure
5.7 shows the COSY spectra highlighting the aromatic region of the [UPBI-Py
poly(OPVM-OH)]10. In addition to the cross coupling of the two peaks at 7.72 and 8.90
ppm corresponding to the H,.py and Hg.py protons of the pyridine ring of UPBI-Py, which
was observed for the 1:1 complex, new off-diagonal peaks were observed connecting
resonances from UPBI-Py and OPVM-OH. This is shown encircled in figure 5.7
indicating that the Hg.p, protons of the pyridine ring of UPBI-Py at 8.02 ppm was
spatially close to the aromatic protons of OPVM-OH at 7.30 ppm. This could explain the
large downfield shift of 0.64 ppm observed for the Hz.py protons of the pyridine ring of
UPBI-Py upon polymerization followed by complexation with OPVM-OH.
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Figure 5.6: Comparison of the full range *H NMR spectra of [UPBI-Py (OPVM-OH)]1,0
with the supramolecular polymer complex [UPBI-Py poly(OPVM-OH)]io prepared
thermally as well as by photopolymerization recorded at 25 °C in CDClI; as well as in
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Figure 5.7: COSY spectra of [UPBI-Py poly(OPVM-OH)]1, showing selected NOE
extract of the aromatic region (400 MHz, CDCI3/DMSO-ds, 298K). The peaks showing

diagonal cross coupling is encircled.
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5.4.3 Photophysical Characterization
Photophysical studies involving UV—visible absorption and fluorescence spectroscopy
measurements were undertaken to get more insight into the nature of self-assembly of the
donor—acceptor complex formed by UPBI-Py and OPVM-OH. DMF was used as the
solvent for the photophysical studies since OPVM-OH had better solubility in DMF.
Figure 5.8a shows the normalized absorption spectra of UPBI-Py and OPVM-OH taken
in solution in DMF as well as drop cast as thin films from DMF. In solution, the
absorption spectra of OPVM-OH was characterized by a broad spectra with peak at 375
nm, while UPBI-Py exhibited characteristic absorption of isolated perylenebisimide
chromophore with peaks in the range 400-530 nm. The absorption spectrum in the solid
state had more vibrational fine structures and the absorption maximum was blue-shifted
from 375 in solution to ~325 nm in film for OPVM-OH indicating H type aggregation.”
In the case of films of UPBI-Py, the absorption was broad, and the peak intensities of the
A"~ and A’~! changed compared with that of the solution spectrum. The ratio of the
peak intensities of absorbance A"”°/A°~! lower than 1.6 is generally taken as an
indication for aggregation.’** The value of this ratio in the film was 1.03, suggesting
aggregation in the solid state. The peak maxima blue-shifted and a new red-shifted peak
appeared at 547 nm, which were features attributed to rotationally shifted face-to-face
aggregates.®® The normalized absorption spectra of drop cast films (from DMF) of the 1:1
complex [UPBI-Py (OPVM-OH)]., exhibited features corresponding to both the OPV
and PBI chromophores. The normalized absorption spectra comparing the features of
OPVM-OH, UPBI-Py, and [UPBI-Py (OPVM-OH)]1 are given in Figure 5.8b, while
the absorption spectra plotted as a function of molar extinction coefficient (to highlight
the contribution of each chromophore) is given in Figure 5.8c. No charge transfer band
was observed in the absorption spectra of films of the DA complex indicating the absence
of electronic communication between donor and acceptor moieties in the ground state.®
The OPV absorption in the range 280 to 400 nm was more broadened due to the
overlapping absorption of PBI also occurring in the same range. It was clear that both the
OPV and PBI chromophores were aggregated in the 1:1 complex also since they were
blue-shifted and exhibited features similar to that of the aggregated starting materials.
Figure 5.9 compares the emission spectra of OPVM-OH, UPBI-Py, [UPBI-Py
(OPVM-OH)]10, and [UPBI-Py poly(OPVM-OH)]1, upon excitation at both the OPV
(368 nm in DMF solution and 375 nm in film) and PBI (~555 nm) emission wavelengths

as drop cast films from DMF. The figure also includes the emission spectra recorded in
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Figure 5.8: (a) Absorption spectrum of OPVM-OH and UPBI-Py in DMF solution and
dropcasted (from DMF) film. (b) Comparison of absorption spectrum of drop cast film of
[UPBI-Py (OPVM-OH)].10, [UPBI-Py Poly(OPVM-OH)]1 along with that of OPVM-
OH and UPBI-Py (c) Excitation Spectrum of 1:1 Complex [UPBI-Py (OPVM-OH)]10.

DMF solution for all samples upon excitation at the OPV absorption maximum of 368
nm. OPVM-OH exhibited strong emission with maximum at 445 nm in DMF solution
(Figure 5.9a). In the solid state upon excitation at 375 nm, the OPV monomer emission at
445 nm was suppressed and a broad redshifted aggregate emission was observed with
peak at 500 nm. The blue-shifted absorption together with the red-shifted emission in film
compared to that in solution has been shown to be due to existence of H type aggregates
in film.** Upon excitation at the OPV wavelength ~375 nm, UPBI-Py exhibited intense
emission (both DMF solution as well as film), which indicated that selective excitation of
the OPV chromophore was not feasible. Two small peaks were observed at 410 and 430
nm along with typical emission of perylenebisimides with peak maxima at 534, 576, 626
nm in DMF (Figure 5.9b). However, in the solid state the PBI monomer emission at 534
nm was hugely suppressed, and a red-shifted intense broad emission was observed at 638

nm indicating aggregate formation. Upon excitation at 510 nm corresponding to PBI
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absorption wavelength maximum, the emission peak shape remained the same showing

aggregate emission at 638 nm, but the intensity was slightly higher.
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Figure 5.9: Fluorescence spectrum of (a) OPVM-OH, (b) UPBI-Py, (c) [UPBI-Py
(OPVM-OH)]10 and (d) [UPBI-Py Poly(OPVM-OH)]1o upon excitation at different
wavelengths in DMF solution and as drop cast films from DMF.

Figure 5.9c compares the emission from the 1:1 supramolecular donor—acceptor
complex [UPBI-Py (OPVM-OH)]io upon excitation around 370 nm both in DMF
solution and as films. The emission from the film was considerably quenched compared
to that in solution; therefore, the emission spectra collected in DMF had to be scaled
down by a factor of 30 to plot them together. The emission from the D—A complex in
DMF solution was very similar to that of the emission from molecularly dissolved
OPVM-OH collected in DMF with maximum at 445 nm. However, a small shoulder was
observed around 550 nm corresponding to emission from molecularly dissolved UPBI-
Py. Although selective excitation of OPV was not possible and PBI chromophore also

could be excited by excitation at 368 nm, a part of the PBI emission upon excitation at
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368 nm could have contribution from energy transfer occurring from OPV to PBI also.
This was supported by the observation of OPV absorption band in the excitation spectra
of [UPBI-Py (OPVM-OH)]1 collected while monitoring the PBI emission at 540 nm
(Figure 5.8d). Upon excitation at 375 nm, the emission from films of [UPBI-Py (OPVM-
OH)]1.0 exhibited broad emission centered at 525 nm with shoulder at 430 and 620 nm.
The emission of OPV at 525 nm was quenched 36 times in [UPBI-Py (OPVM-OH)]i,
compared to that in the OPVM-OH alone. This was an indication of energy transfer from
OPVM-OH to UPBI-Py in the film state in the 1:1 supramolecular complex.
Unambiguous identification of the nature of origin of the peak around 420 nm was not
easy since PBI as well as unaggregated OPV had emission in the same region. However,
the shoulder at 630 nm could be attributed to the aggregate emission occurring from PBI
units as could be confirmed from the emission spectra collected by exciting at 555 nm
corresponding to PBI.

An attempt was made to obtain evidence for energy transfer from OPVM-OH to
UPBI-Py in [UPBI-Py (OPVM-OH)]1, from the fluorescence emission lifetime decay
studies. The sample films were excited using a nano LED source of 370 nm and
monitored at the OPV emission of 450 nm as well PBI emission of 625 nm. Although the
best fits were obtained to be biexponential, the most prominent species (a; = 0.99) in
OPVM-OH film had a lifetime of 0.42 ns (table 5.1). This was much lower compared to
the fluorescence emission decay value of 1.01 ns observed for OPVM-OH in solution
(DMF).* The reduced lifetime for the emitting species confirmed quenching due to
aggregation in the solid state. The 1:1 supramolecular donor—acceptor complex [UPBIPy
(OPVM-0OH)]10 was also excited at 370 nm and the decay observed both at the OPV

Table 5.1: Parameters (t: decay time, a: pre-exponential factor, *: chi-squared value)

retrieved from the biexponential fit obtained by using nano LED 370 nm for excitation

Monitored at 450 nm Monitored at 625 nm
Sample Topv 1 (NS) Topv 2 (NS) Tpei1 (NS Tpai2 (NS) 12
(o) (a2) (o1) (02)
OPVM-OH 1.01(0.64) 0.92(0.36) 0.97
(DMF solution)
OPVM-OH 0.42(0.99) 5.41(0.01) 1.41
(film)
UPBI-Py 0.54 (0.97)  6.97 (0.03) 1.11 (0.98) 160.94 (0.02) 1.51;1.22
(film)
[UPBI-Py 0.48 (0.98)  6.25(0.02) 1.11 (0.98) 164.88 (0.02) 1.37;1.28
(OPVM-OH)]1.0
(film)
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emission region of 450 nm and PBI emission region of 625 nm. At the OPV emission
region of 450 nm, an emission lifetime decay of 0.48 ns (a1 = 0.98) was observed, while
at the PBI emission region of 625 nm, a decay of 1.11 ns (a; = 0.98) was observed. The
increase in OPV emission lifetime decay values instead of the expected decrease in the
donor—acceptor complex could be understood by studying the lifetime decay profile of
UPBI-Py upon excitation at 370 nm. Upon exciting UPBI-Py at the OPV absorption
wavelength of 370 nm, a decay time of 0.54 ns (a3 = 0.97) was observed, which made
establishment of existence of energy transfer from OPV chromophore to PBI impossible.
The observed emission from PBI (at 625 nm) upon excitation at 370 nm also could not be
unambiguously attributed to energy transfer process, because UPBI-Py alone exhibited
emission at 625 nm with a lifetime decay of 1.11 ns (a; = 0.98) for the 370 nm excitation.
However, the increased extent (36 times) of the OPV fluorescence quenching at 525 nm
in [UPBI-Py (OPVM-OH)]10 compared to that in the OPVM-OH alone gave indirect
evidence for the existence of energy transfer channels between OPV and PBI in the 1:1
supramolecular donor— acceptor complex. The supramolecular polymeric complex
[UPBI-Py poly(OPVM-OH)]1o, which was obtained by photopolymerization of the
[UPBI-Py (OPVM-OH)]io complex, was also subjected to photophysical
characterization. Figure 5.8b shows the absorption spectra of thin film sample of the
polymer along with that of the 1:1 complex. Figure 5.9d shows, the emission in DMF
solution (excitation: 368 nm; scaled down by a factor of 15) was very similar to that of
[UPBI-Py (OPVM-OH)]1o with OPV emission peak at 445 nm having a shoulder peak
at 550 nm corresponding to emission from molecularly dissolved perylenebisimide. The
emission spectrum of thin film samples of the polymer was different from that of thin
films of the 1:1 supramolecular complex. The monomeric OPV emission was observed
with an almost complete suppression of the OPV aggregate emission beyond 500 nm in
the polymer film. The emission was characterized by two peaks in its emission spectra,
one at 429 nm with a shoulder at 417 nm and another peak at 618 nm corresponding to
aggregated PBI emission. Although PBI also exhibited emission around 420 nm, based on
the higher intensity of emission with respect to the PBI aggregate emission at 618 nm the
peaks at 429 nm could be attributed to nonaggregated OPV emission. The OPV
monomeric emission at 429 nm was very similar to that of OPVM-OH in dilute solution
with peak at 430 nm. The emission spectra of the insoluble homopolymer poly(OPVM-
OH) (produced by the photopolymerization of OPVM-OH) was recorded as solid

powder sample and compared with that of the supramolecular polymer complex. Figure
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5.10a compares the emission from thin film sample of [UPBI-Py poly(OPVM-OH)]1,
along with that of the emission from powder sample of poly(OPVM-OH). The
homopolymer poly(OPVM-OH) was characterized by two peaks in the emission spectra—
one at 503 nm identical with that of thin film of its monomer OPVM-OH and another
new red-shifted peak at 570 nm. The new red-shifted peak could have its origin in
excimer luminescence originating from polymer interchain excitations.® % It is
interesting to analyse the emission characteristics of the supramolecular donor— acceptor
polymer in the context of the behaviour of the donor homopolymer. Although the starting
donor—acceptor supramolecular complex exhibited red-shifted aggregate emission of
OPV, this aggregate was disrupted upon polymerization. It was evident that the
donor—acceptor small molecule assembly upon polymerization of the donor units
exhibited a drastic change in emission characteristics of the donor, reflecting the change
in organization of the donor units brought about by covalent linkage of their
methacrylamide backbone. In order to rule out the role of the solvent (DMF) used for
preparing the sample films influencing their self-organization, the 1:1 supramolecular
donor—acceptor complex and its polymer films were prepared from another solvent—ortho
dichlorobenzene (ODCB)-a solvent from which devices were prepared for bulk mobility
estimate (described later). Figure 5.10b compares the emission at 375 nm from the sample
films of 1:1 supramolecular donor—acceptor complex and its polymer prepared from both
DMF and ODCB. The emission characteristics were similar in both sets of films

suggesting that the changes observed in the emission spectra of the polymer was not
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Figure 5.10: (a) Fluorescence spectrum of [UPBI-Py (OPVM-OH)]1.0 and
Poly(OPVM-OH) and (b) [UPBI-Py (OPVM-OH)]1.0 and Poly(OPVM-OH) in DMF
and ODCB.
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brought about by solvent effect, but it had its origin in the changes in organization of the
donor occurring due to polymerization. Thus, the photophysical studies involving
emission from thin film samples established the donor—acceptor assembly in the 1:1
supramolecular complex as well as provided evidence for subtle changes occurring in
their self-assembly upon covalent linkage of the methacrylamide units into a polymeric
backbone in the donor moieties.

5.4.4 Bulk Structure Analysis

Figure 5.11a shows the normalized WXRD patterns for UPBI-Py, OPVM-OH, and the
1:1 complex [UPBI-Py (OPVM-OH)]1o measured at room temperature (25 °C) in the
range 20 = 2.5-35°. OPVM-OH did not exhibit any peak below 20 = 3°, which was
independently confirmed by small-angle X-ray scattering (SAXS) analysis (given in
Figure 5.12a). Compared to UPBIPy, OPVM-OH was more crystalline with several
sharp peaks covering the entire 20 range from 2.5 to 35°. Attempts to index UPBI-Py
were not successful; however, most of the peaks in the pattern of OPVM- OH could be

successfully indexed and fitted to a monoclinic crystal lattice with cell parameters a
29.843(24), b = 3.613(3), ¢ = 25.709(23), and P = 122.74(5)0. The reflection at 20
24.62° (d = 3.61 A), indicated by arrow in Figure 5.11a, which was indexed as the (010)

peak corresponded to the n—m interaction of closely stacked aromatic units, which is the

typical m—= stacking distance reported for OPV units in the literature.*” ® The energy
minimized conformation and length scale of both the OPVM-OH and UPBI-Py
molecules were obtained with the help of DFT (B3LYP/6-31G (d.p.)) calculation, which
are shown in Figure 5.12b. OPVM-OH had the methacrylamide moiety out of plane of
the three OPV rings and the length of the molecule in the plane from the —CH, to O—H
was ~19 A. However, the indexed cell lengths in the ac plane were much bigger than the
molecular length as derived from computational studies indicating a more complex
structure possibly a centred one. The 1:1 complex [UPBI-Py (OPVM-OH)]., had peak
pattern that was different from that of the OPVM-OH (although peaks corresponding to
UPBI-Py was more or less intact), especially in the region of 25-28° corresponding to
stacking distances. [UPBI-Py (OPVM-OH)]1, could be indexed to a monoclinic cell
without taking into consideration the peaks from UPBI-Py. The cell parameters for the
1:1 complex [UPBI-Py (OPVM-OH)]io was a = 34.774(21), b = 4.537(3), ¢ =
16.987(10), and p = 118.13(5)°. The n— stacking distance increased to a d spacing 4.537
A corresponding to 26 = 19.572° (dotted line in Figure 5.11a) in [UPBI-Py (OPVM-
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OH)]10. The angle B, also changed from 122.74° in OPVM-OH to 118.13° in the 1:1
complex [UPBI-Py (OPVM-OH)]i, indicating changes in the packing pattern upon
complex formation. In order to further confirm the complex formation, two more
complexes with varying mole ratios of the two molecules UPBI-Py and OPVM-OH were
synthesized. They were [UPBI-Py;, (OPVM-OH),,] and [UPBI-Py,, (OPVM-OH)4].
Figure 5.11b shows the stack plot of the normalized reflections of the three

24
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Figure 5.11: Wide angle X-ray diffraction pattern recorded at 25 °C (26 from 2 to 35°)
for (a) OPVM-OH, UPBI-Py, and 1:1 complex [UPBI-Py (OPVM-HO)]1, (b) the three
complexes [UPBI-Py (OPVM-HO)]10, [UPBI-Py;:o (OPVM-OH),,] and [UPBI-Py, 0
(OPVM-OH)1 0]

complexes expanded in the range 26 = 3.5-35°. It could be seen that all three complexes
exhibited complex peak pattern compared to the parent molecules indicating multiple
phases. [UPBI-Py,, (OPVM-OH), o], which had higher molar ratio of UPBI-Py was less
crystalline compared to the other complexes although the emergence of the crystalline
peaks of the complex phase could be clearly observed. On the other hand, the [UPBI-
Py10 (OPVM-OH),0] with higher molar ratio of OPVM-OH exhibited several sharp
peaks that were not present in either OPVM-OH or UPBI-Py. An attempt was made to
index these two complexes and the results in comparison with OPV and 1:1 complex are
tabulated in table 5.2. Distinct changes in the cell parameters could be discerned as
OPVM-OH/UPBI-Py ratio changed in the complex clearly demonstrating the interaction
existing between the two parent molecules UPBI-Py and OPVM-OH resulting in

formation of new complexes.
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Figure 5.12: (a) SAXS data of OPVM-OH and UPBI-Py (b) DFT (B3LYP/6-31G (d.p.))
calculated energy minimized structures of OPVM-OH (top) and UPBI-Py (bottom)

Table 5.2: Summary of unit cell parameters of OPVM-OH and three D-A complexes

Sample Name a (A) b (A) c(A) B Vv
OPVM-OH 29.843(24)  3.613(3)  25.709(23) 122.74(5) 233L.71
[UPBI-Py,, (OPVM-OH),o] 31.675(19) 4.920(3)  17.326(20) 104.37(8) 2616.06
[UPBI-Py (OPVM-HO).,  34.774(21) 4537(3)  16.97(10) 118.13(5) 2363.51
[UPBI-Py,, (OPVM-OH).o]  33.07(16)  4.387(4)  16.214(18) 98.68(19) 2325.59

The solid physical mixture of 1 mol each of UPBI-Py and OPVM-OH (prepared by
mixing the powdered solid samples together), which was used earlier for the GPC
experiments was studied for the WXRD reflections. Figure 5.13a compares the WXRD
pattern of this mixture with that of OPVM-OH and UPBI-Py. Unlike the three
complexes discussed previously, the solid physical mixture was a combination of
reflections from both UPBI-Py and OPVM-OH and no shift was observed for the n—=n
stacking reflection ~26 = 24° suggesting that complexation had not occurred in the
physical mixture. Figure 5.13b compares the WXRD data of the supramolecular polymer
[UPBI-Py poly(OPVM-OH)],o with that of the 1:1 complex [UPBI-Py (OPVM-
OH)]10. An overall reduction in crystallinity was observed in the polymer compared to
the 1:1 complex. This could be attributed to the presence of the flexible methacrylate
polymer backbone. Table 5.3a-f gives the entire Bragg reflections and their corresponding
‘d” spacings for the donor, acceptor, the supramolecular polymer, as well as the various

complexes.
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Figure 5.13: Wide angle X-ray diffraction pattern of (a) OPVM-OH, UPBI-Py and 1:1

(OPVM-OH:UPBI-Py) physical m

(degrees)

ixture; (b) [UPBI-Py (OPVM-OH)];p, and
supramolecular polymer complex [UPBI-Py Poly(OPVM-OH)]; o recorded at 25 °C.

Table 5.3: Wide angle X-ray diffraction (WXRD) data of (a) OPVM-OH, (b) UPBI-Py,
(c) [UPBI-Py (OPVM-OH)]1o, (d) [UPBI-Py Poly(OPVM-OH)]1o, (€) [UPBI-Pyi,
(OPVM-0OH),,] and (f) [UPBI-Py, (OPVM-OH),].

(a) OPVM-OH (b) UPBI-Py

SL 20 value d-spacing value hkl 20 value  d-spacing value (A)
No © (A) values @)

1 3.64 24.24 10-1 3.70 23.84
2 6.90 12.80 10-2 4.59 19.21
3 10.34 8.55 20-3 6.29 14.02
4 12.76 6.93 40-3 7.41 11.92
5 14.14 6.26 400 9.01 9.80
6 15.79 5.61 50-1 11.94 7.40
7 17.20 5.15 203 16.38 5.40
8 18.56 4.77 104 17.49 5.06
9 20.10 441 303 18.31 4.84
10 21.02 4.22 70-4 25.75 3.45
11 24.62 3.61 010 27.13 3.28
12 29.39 3.04 51-1 41.90 2.15
13 29.98 2.98 90-1 - -
14 30.97 2.88 107 -

15 40.67 2.22 41-9 -

16 42.79 2.11 120-11 -
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(c) [UPBI-Py (OPVM-OH)]1.,0 (d) [UPBI-Py Poly(OPVM-
OH)]10
SL 20 value d-spacing hkl 20 value d-spacing value (A)
No ©) value (A) values ©)
1 2.86 30.86 100 3.503 25.1989
2 5.89 14.96 001 4.328 20.4006
3 7.82 11.29 30-1 5.956 14.8261
4 11.79 7.49 002 7.055 12.5198
5 14.39 6.14 500 8.841 9.9945
6 15.83 5.59 20-3 10.018 8.8225
7 18.20 4.86 70-1 10.783 8.1981
8 19.57 4.53 010 16.630 5.3264
9 20.11 441 402 18.004 4.9231
10 20.92 4.24 40-4 20.440 4.3416
11 21.80 4.07 60-4 23.717 3.7485
12 23.92 3.71 51-2 25.887 3.4389
13 25.34 3.51 41-3 27.093 3.2950
14 28.95 3.08 213 42.093 2.1449
15 29.58 3.02 110-4 -- --
16 30.19 2.96 71-4 -- --

(e) [UPB'-Pylo (OPVM-OH)Z()] (f) [U PBI-Py,, (OPVM'OH)]_Q]
SL 20 value d-spacing hkl 20 value  d-spacing hkl
No © value (A) values @) value (A) values

1 2.87 30.78 100 2.71 32.57 100
2 5.35 16.51 10-1 5.76 15.34 10-1
3 6.60 13.38 101 6.52 13.54 101
4 11.84 71.47 30-2 8.27 10.69 201
5 14.42 6.13 500 10.95 8.07 10-2
6 15.84 5.59 003 20.23 4.39 010
7 18.24 4.86 110 23.62 3.76 204
8 19.58 4,53 70-1 41.56 2.17 021
9 20.16 4.40 31-1 -- -- --
10 20.87 4.25 012 -- -- --
11 21.82 4.07 403 -- -- --
12 23.16 3.84 510 -- -- --
13 23.93 3.71 51-2 -- -- --
14 25.33 3.51 90-1 -- -- --
15 28.97 3.08 51-4 -- -- --
16 30.21 2.95 513 -- -- --
17 31.17 2.87 40-6 -- -- --

5.4.5 Thin Film Morphology

Thin film morphology of the complex and supramolecular polymer were analysed using
transmission electron microscopy (TEM). The 1:1 OPV:PBI complex was drop cast (2
mg/mL DMF solution) onto the copper grid and subjected to selective staining using
Osmium tetroxide (0sO4).> Striated nanostructure in the length scale of <10 nm formed

by the lamellar structure of the complex was observed covering large area of the grid as
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shown in Figure 5.14a—d. The dark lines corresponded to OPV layers stained by OsO4
while the bright lines corresponded to those of crystalline perylene units. The statistically
averaged thickness of the dark and bright region measured from the TEM image using the
instrument software was ~18 A. The starting materials OPVM-OH and UPBI-Py did not
exhibit any characteristic morphology under identical conditions. Figure 5.14i-1 and
5.14m—p shows the TEM images of drop cast samples of UPBI-Py and OPVM-OH on
TEM grids. Therefore, it was obvious that the donor (OPV) and acceptor (PBI) had
formed well developed alternating parallel nanostructured lamellae as a result of the self-
assembly. There are reports in literature on the large area self-assembly of small organic
molecules where the self-assembly in solution was translated in thin films upon
processing.*® * Hydrogen bond directed supramolecular self-assembly between oligo(p-
phenylenevinylene) containing ureidotriazine and perylenebisimide were shown to form

lamellar structures as well as chiral stacks.*** The thin film morphology of the polymer

S0nm

2 2
20 nm Ol 20 nm

100nm

Figure 5.14: TEM images of (a-d) 1:1 complex [UPBI-Py (OPVM-OH)].o; (e-h)
supramolecular polymer complex [UPBI-Py Poly(OPVM-OH)].,; (i-I) UPBI-Py and
(m-p) OPVM-OH.
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formed by thermal polymerization as well as photopolymerization was also analysed
using TEM. Figure 5.14e—h shows the images for the supramolecular polymer which was
stained using OsO,. Beautiful lamellar striations were visible covering large area of the
grid for the supramolecular polymer complex also. The average thickness of the bright
and dark area determined using the instrument software was ~18 A. The length scale of
~18 A observed in the TEM images correlated very well with the molecular length of
UPBI-Py and OPVM-OH obtained using DFT (B3LYP/6-31G (d.p.)) calculation (figure
5.12h).

5.4.6 Electron Mobility and Photoconductivity Studies

The charge carrier mobility in the small molecule UPBI-Py, the 1:1 D—A supramolecular
complex [UPBI-Py (OPVM-OH)];o and the D—A supramolecular polymer complex
[UPBI-Py poly-(OPVM-OH)]1o was evaluated using space charge limited current
(SCLC) measurements. The current voltage characteristics of the devices made were
measured in dark as well as under illumination. Space charge regime in J(V) was
observed in [UPBI-Py (OPVM-OH)].1o and [UPBI-Py poly(OPVM-OH)].1, for the
devices tested and mobility was estimated from J(V) relationship measured under dark
condition. Table 5.4 summarizes the device parameters, and figure 5.15 gives the photo
current vs bias voltage curve of the samples. The pristine UPBI-Py exhibited SCLC with
a bulk mobility estimate of ~ 10

Table 5.4: Summary of device parameters

Electron only device with ITO/Active layer/Al
Sample Name Maximum mobility Average mobility Mean
He max (CMZ/VS) He avg (CM?/VS) deviation
UPBI-Py 2.08 x 10 1.62x 10™ +4x 107
[UPBI-Py (OPVM-OH)]., 8x 107 7x 107 +5x 10
[UPBI-Py Poly(OPVM-OH)]; 6.2x10" 5.11x 107 +9x 107
UPBI-Py [UPBI-Py poly(OPVM-OH)]
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0.014 A‘A‘:.. '..-° ............
o® -

L
1E-3{ 1‘.’;,”'.
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Figure 5.15: Photo Current Vs Bias voltage curve of UPBI-Py, 1:1 complex [UPBI-Py
(OPVM-OH)]1,0 and supramolecular polymer complex [UPBI-Py poly(OPVM-OH)].0
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“ cm’/Vs whereas the mobility estimate was an order higher for [UPBI-Py (OPVM-
OH)]10 ~ 107 cm?Vs. The polymer complex [UPBI-Py poly(OPVM-OH)]1, exhibited
mobility ~10™* cm?/Vs. The intensity dependence of the photocurrent response of these
samples also reveal interesting trends with a superlinear response in case of D—A
complex and poly(D-A) complex. Figure 5.16 compares the photocurrent response of
UPBI-Py, [UPBI-Py (OPVM-OH)]10, and [UPBIPY poly(OPVM-OH)]1, and table 5.5
lists the maximum mobility pemax (CM?/Vs) under irradiation at two different light
intensities. Higher photocurrent response was observed for [UPBI-Py (OPVM-OH)]10
and [UPBI-Py poly(OPVM-OH)]1 0 with high responsivity (=1 pA/W) compared to the
pristine acceptor UPBI-Py device. The higher photocurrent could be attributed to the
facile photoinduced charge generation and separation factors prevailing in the D—A
system. The network required for independent electron and hole transport however is
constrained leading to sizable trapping and recombination losses, and can be the cause for
the superlinear intensity dependence. Additionally, the presence of the insulating
methacrylate polymer backbone in case of the supramolecular D—A polymer complex
could also lower the mobility and photocurrent magnitude compared to the observed
trends in case of the D—A complex. In short, the observed trend in the different systems
provides a guide toward design of appropriate D—A building blocks for efficient

optoelectronic properties.

a0l ™ [UPBI-Py (OPVM-OH)];
' e - UPBI-Py Poly(OPVM-OH)]; P
4 UPBI-Py L
2.5 = °
g - ,'.: ®
= 20+ . " P L
2 15- J e
< P
o Ea o \*
S 1.0 R
051w
T T T T T T T T T
0.0 0.4 0.8 1.2 1.6

log (Intensity)
Figure 5.16: Photoconductive characterization upon irradiation with increasing power

density at -2V bias (normalized photocurrent in pA and Intensity in m\W/cm?).
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Table 5.5: Photoconductivity characterization in the dark and under white light

irradiation of increasing intensity

Sample Name Maximum Maximum mobility =~ Maximum mobility  Responsi
mobility Hemax (CM?/V/S) Memax (CM?/V/S) vity
Me max (under irradiation;  (under irradiation; (nA/W)
(cm?/Vs) Intensity 0.2 Intensity 1.1
(in dark) mwW/cm?) mwW/cm?)
UPBI-Py 2.08 x 10™ 4.53 x10™ 1.13x 107 10
[UPBI-Py (OPVM- 8 x10° 2.4%x107 5.4 %107 1000
OH)lio
[UPBI-Py 6.2x 10" 1.7x 10" 457 x 107 100
Poly(OPVM-OH)]1,

5.5 Conclusion

In conclusion, we have shown that donor and acceptor small molecules based on
complementarily functionalized oligo(p-phenylenevinylene) (OPVM-OH) and N-
substituted perylenebisimide (UPBI-Py) for hydrogen bonding interactions could be
organized into lamellar structures in the domain range 5 to 10 nm using the concept of
supramolecular assembly. A 1:1 supramolecular complex of OPVM-OH and UPBI-Py
was prepared, structurally characterized and further subjected to polymerization thermally
as well as by photo irradiation resulting in supramolecular donor—acceptor complex
polymer. The homopolymer of the donor alone without complexation with the acceptor
UPBI-Py resulted in an insoluble polymer which could not be fully characterized.
Complexation improved the solubility of the donor—acceptor polymer by several folds.
The emission from thin drop cast films of the 1:1 donor—acceptor complex was
considerably quenched compared to the donor alone or acceptor alone thin film samples.
The emission spectra of thin film samples of the supramolecular polymer complex
exhibited subtle organizational changes occurring in the donor (OPV) emission upon its
polymerization. Compared to the red-shifted aggregate emission from OPV observed in
[UPBI-Py (OPVM-OH)]io, the supramolecular polymer [UPBI-Py poly(OPVM-
OH)]10 exhibited monomeric OPV emission indicating that the self-assembly of OPV
was disrupted upon polymerization due to the formation of methacrylamide linkage in the
backbone. Solid state measurements such as FTIR and WXRD and thin film morphology
using TEM were undertaken to understand the self-organization. WXRD studies showed
that donor—acceptor complex formation between UPBI-Py and OPVM-OH resulted in
distinct changes in the cell parameters of OPVM-OH. Polymerization of the donor within

the supramolecular D—A complex resulted in a reduction in overall crystallinity in the
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supramolecular complex polymer. Photo response measurements of the D-A
supramolecular complex indicated a clear trend of higher conductance compared to
pristine UPBI-Py. This is the first time that such superior lamellar organization of the
donor and acceptor organic semiconducting molecules has been achieved without the aid
of a templating polymer or block copolymer. The highlight of this approach was the
improved processability afforded by the improved solubility of the D—A supramolecular
complex compared to the donor or acceptor alone, while at the same time maintaining the
crystalline organization also. This concept is extendable to the analogous
complementarily functionalized donor—acceptor pairs (such as oligothiophene and
perylene/naphthalenebisimides), which can be further polymerized in order to facilitate
processability.
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Several optoelectronic applications demand the well-defined nanoscale assemblies of
semiconducting materials. Well-defined nano structure of semiconducting materials can
be achieved with the help of templated assembly with polymer support (e.g. poly(4-vinyl
pyridine) (P4VP)). Ikkala and ten Brinke et. al studied many hierarchical architecture
formation between small surfactant molecules and P4VP or its block copolymer with
polystyrene—PS-b-PAVP. Some p-type and n-type semiconducting materials were
incorporated to the polymer back bone of P4VP which showed promising results for the
improvement in device performance. In this context, the thesis entitled “Improving
Charge Transport via Self-assembly in Semiconducting Donor/Acceptor
Supramolecular Polymers” describes the design and synthesis of n-type (perylene and
naphthalenebisimide) and p-type materials (oligo (p-phenylenevinylene)) followed by
formation of nano organization of these materials into polymer matrix via non covalent
interaction like hydrogen bonding. These n-type and p-type materials retained their small
molecular properties like crystallinity with the attractive processing advantages of
polymers. These materials can find applications in various types of optoelectronic
devices.

Initially in this work, two types of naphthalene molecules were synthesised
namely naphthalenemonoimide (NMI) and naphthalenediimide (NDI) which were
incorporated noncovalently into the back bone of polybenzimidazole (PBImz).
PBImz/NMI supramolecular composites formed free standing film where as PBImz/NDI
composites did not form free standing film. The noncovalent hydrogen bonding among
PBImz and NMI/NDI was confirmed by FTIR and *H NMR spectroscopy. Strong n-n
interaction was observed for PBImz/NMI composites which was evident from WXRD.
The strong n-m stacking interaction occurring between the NMI core drove the self-
assembly within the composite, which was stable in solution as well as solid state.
Uniform nano-spherical morphology was observed for PBImz/NMI and PBImz/NDI
composites under transmission electron microscope. Both composites exhibited
semiconducting properties. To the best of our knowledge this is the first demonstration of
using commercially important PBImz polymer to from composite with organic
semiconducting molecule. The semiconducting properties of these composites can be
tuned and improved further by changing the semiconducting materials over a wide range.
However, the low value of charge carrier mobility (~ 107 cm?/Vs) promoted the search
for new polymer backbone capable of supporting better charge carrier mobility with
respect to the pristine state.

In the second chapter, symmetric ditopic hydrogen bondable rylenebisimides
(perylenebisimide (PBI-PDP) and naphthalenebisimide(NBI-PDP)) were developed with
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free aromatic —OH group at both termini. A supramolecular crosslinked polymer network
was developed by mixing the rylenebisimide with Poly(4-vinyl pyridine) (P4VP) making
use of noncovalent interaction like hydrogen bonding and zn-x interaction etc. Complex
formation was confirmed by FT-IR spectroscopy. Single crystals of PBI-PDP could be
grown with space group of P2;. Thermotropic liquid crystalline behavior was observed in
naphthalenebisimide derivative (NBI-PDP), while both PBI-PDP and NBI-PDP
exhibited lyotropic liquid crystalline behaviour in tetrahydrofuran (THF). The liquid
crystalline behaviour was characterized using combination of differential scanning
calorimeter (DSC), polarized light microscopy (PLM) and X-ray diffraction (XRD)
studies. Both supramolecular polymer crosslinked networks peserved their mesomorphic
behaviour in THF. Layered morphology was observed in rylenebisimide-P4VP
complexes as observed under TEM. A stretching of the rylenebisimide molecules was
observed after complex formation with P4VP backbone which was evidenced from
WXRD studies. This improvement in organization resulted in high electron mobility in
P4VP-PBI complex (i, = 1.03 x 10 cm?/Vs) compared to its pristine state (e ~ 1.0 X
10®° cm?/Vs). Thus liquid crystalline rylenebisimide based supramolecular crosslinked
polymer network with layered structure was successfully fabricated.

Third chapter introduced supramolecular polymer complex with donor and
acceptor material into P4VP backbone with improvement in charge carrier mobility. It
described the synthesis of acceptor molecule, based on unsymmetrical perylenebisimide
with pentadecyl unit having free —-OH group and 2-ethylhexyl alkyl chain at either termini
(UPBI-PDP). A donor molecule, Oligo(p-phenylene vinylene) with hydroxyl (-OH)
group and cyanide (-CN) group at either termini (OPVCN-OH) was also developed.
Supra-molecular self-assembled nano organization of UPBI-PDP, OPVCN-OH in to the
polymer matrix of P4AVP was obtained with the help of noncovalent interaction like H-
bonding and 7-m interaction. FT-IR and H NMR spectroscopy were used for
confirmation of complex formation. Small angle X-ray scattering (SAXS) and wide angle
X-ray diffraction (WXRD) were used to understand the solid state supramolecular
organization. Thin film morphology of all donor-acceptor complexes with P4VP was
clearly visualized with the help of transmission electron microscopy (TEM), which
showed nice lamellar arrangement in the range < 10 nm. Absorption and fluorescence
spectroscopy studies showed the effect of self-assembly on energy transfer between donor
and acceptor molecule complexed with P4VP. Effect of self-organization of donor
acceptor assembly on bulk mobility was measured via SCLC method and highest hole
mobility (1) was obtained in the order of 10 cm?/Vs.
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In the final working chapter, the insulating polymer chain P4VP was removed and
a donor-acceptor nanostructured supramolecular assemblies were formed between
oligo(p-phenylenevinylene) (OPVM-OH) complementarily functionalized with hydroxyl
unit at one termini and polymerizable methacrylamide unit at other termini and an
unsymmetric perylenebisimide functionalized with pyridine at one termini (UPBI-Py) via
hydrogen-bonding interaction. The resulting supramolecular complex [UPBI-Py
(OPVM-OH)]10 was subjected to polymerization in presence of suitable photoinitiator.
FTIR spectroscopy was used for the confirmation of complex formation. The
polymerization of the supramolecular D-A complex was confirmed from the
disappearance of methacrylate double bond in FT-IR as well as "H NMR spectroscopy.
The bulk structure and morphology of the supramolecular polymer complex [UPBI-Py
Poly(OPVM-0OH)];, was studied using small angle X-ray scattering (SAXS) and wide
angle X-ray diffraction (WXRD), which revealed the highly crystalline nature of the
polymer as well as the appearance of a new reflection corresponding to n-n stacking of
the rigid aromatic core at a ‘d’ spacing of 3.76 A. The 1:1 small molecular complex as
well as polymer complex showed uniform lamellar structures in the domain range <5 nm
under transmission electron microscope (TEM). The electron mobility as well as
photocurrent response of the acceptor part was investigated to understand the effect of
self-assembly in charge transport behavior for [UPBI-Py (OPVM-OH)]1,, [UPBI-Py
Poly(OPVM-OH)]10 and pristine UPBI-Py. The space charge limited current (SCLC)
bulk mobility estimated for donor-acceptor supramolecular complex [UPBI-Py (OPVM-
OH)]1.0 was one order higher in magnitude with respect to the pristine UPBI-Py. Thus, a
simple and facile method was developed to obtain nanostructured n-type and p-type
semiconductor materials based on perylenebisimide and oligo(p-phenylenevinylene) with
improved photocurrent response without the aid of templated self-assembly.

To conclude, this thesis work mainly focused on the development of special
arrangement of the active n-type and p-type semiconducting materials in nanoscale to
improve the charge carrier mobility in actual devices. A facile and easy route was
developed to get nanostructured semiconductor assemblies with the help of noncovalent
approach. The structure-property relationship was studied in depth with the help of
several advanced techniques. All the supramolecular complexes developed in this work
were examined for device performance, which showed an overall increase in charge

carrier mobility with respect to their pristine small molecular state.
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