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ABSTRACT

Organic electronics is a relatively new branch of modern electronics and
has immensely advantageous against inorganic electronics. Unlike them,
organic electronics have comparatively low cost of production, high
flexibility, high tunability and many more. One of the main fields emerging
from this topic is Organic Light Emitting Diodes (OLEDs) and especially
blue luminescence is one of the features which are pretty challenging and a
very active research field within the topic itself. This thesis work was done
in order to achieve blue luminescent discotic liquid. We used thiophene
based discotic liquid crystals in order to achieve this very property since
thiophene derivatives upon tweaking can show luminescence over a wide
range of spectrum. We synthesized three different molecules of thiophene
based benzene derivatives which show inconsistency only in the chain
lengths at the periphery.

The aim of the first chapter is to introduce readers to the basics of Liquid
Crystals and primarily address Discotic Liquid Crystals (DLCs).

The second chapter addresses the instrumentation techniques and
summarizes the theories associated with it.

Chapter three of the thesis deals with the synthesis and characterization
of the derivatives. The details of the experimental procedures have been
added, and spectral, thermal, photo-physical, electrochemical behavior has
been analyzed. The results shown in this chapter confirms the blue
luminescent behavior of the compounds synthesized along with its DLC
properties.

The final part of the thesis consists of the conclusions, future outlook and

appendices.
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Chapter 1

INTRODUCTION

1.1 State of Matter:

A state of matter scientifically suggests one distinct form in which a matter or material
can exist in nature. Solid, liquid and gas are the three states commonly encountered in daily
life (plasma being considered as the fourth one). But for some special substances, an
intermediate state can also be found which has properties between the liquids and solid

crystals.

A solid is a state of matter where the atoms or the molecules of the substance is very
closely bound to each other by very strong intermolecular forces, so great that the molecules
cannot leave the closely packed system i.e. lattice. This also implies that the molecules has
the least amount of kinetic energy available amongst all the other states. If the translational
and rotational degrees of freedoms are concerned, then all six of them (translation along
three axes and rotation in three planes) are restricted in a solid except for plastic crystals
where rotation of molecules which forms the lattice doesn’t break the symmetry of the

lattice.

Liquid is the state of matter in which a substance shows fluidic behavior but occupies a
nearly fixed volume which essentially means it’s almost incompressible, although some
adiabatic changes can compress some liquids to a considerable amount. In case of liquids,
all six of the translational and rotational degrees are allowed, i.e. they are irregularly
oriented (Isotropic). This is actually a consequence of increased temperature environment

than its solid form which cancels out most of the strong intermolecular forces.!

When the constituents of a substance are fairly distant from each other, resulting in the

negligible amount of interaction in between molecules is declared as a gaseous phase.



1.2 To Liquid Crystals:

As the name suggests, liquid crystals bear properties of two different phases and appears
as an intermediate phase between isotropic liquid and crystalline solid. It possesses definite
amount of viscosity which is a critical property of fluids and shows anisotropy which a

characteristic of crystals. These types of in-between phases are termed as “mesophase”.2

a. b. e d.

Figure 1.1: (a) Crystal (3D lattice), (b) smectic LC phase (2D lattice), (c) nematic Phase
(orientation is present), (d) isotropic (no orientation).

In solid crystals three dimensional ordering (rotational and translational) whereas
traditional liquids have no ordering at all. However, liquid crystals does have somewhat
ordering in a long range but not all of the degrees of freedom can be found at the same time.
Depending on the degrees present, liquid crystals have different sub phases.

The liquid crystal molecules tend to show an average alignment towards a particular
direction or axis called ‘director’ and denoted as ‘n’. The molecular axis may or may not
align with the director ‘n’ but will always be at an angle ‘O’ and the value of this angle cannot

exceed 90°.



1.2.1 Order Parameter

The theoretical analysis of liquid crystals in terms of entropy and
free energy in order to predict different phase transitions gives rise
to a quantity called order parameter, usually depicted as ‘S’. This
order parameter is actually an average value of the second Legendre
polynomial which comes from the Rodrigues’ formula.

3cos?0 -1

S=<P2(cose)>=<#>

Figure 1.2: Director and tilt angle.

The angle O is the director-molecular axis angle as mentioned above. From the formula
itself, it can be understood that S can obtain all the values possible from 0 to 1. For a perfectly
ordered crystal, S=1 and isotropic liquid, S=0; and © being all the possible distribution in

between 0 to 90, it can be written that 0 < § < 1 for liquid crystals.

1.3 Types of Liquid Crystals:

Liquid crystals can be classified on the basis of their molecular weight/mass, such as
higher molecular weight and lower molecular weight. They can also be divided in further
class as described in Figure 1.3. Liquid crystal is phase and can be achieved not only in
molecules but also in a composite systems such as binary or ternary mixtures. Depending on
that liquid crystals can be classified as thermotropic liquid crystals and lyotropic liquid
crystals. As the name suggests, thermotropic LC phases are achieved by perturbing

temperature.>#
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Figure 1.3: Classification of liquid crystals.

The term “lyotropic” essentially means water mixtures i.e. apart from using temperature
to achieve liquid crystal phase, varying concentration can also lead to the same goal. This
essentially means that lyotropic LCs are composites. In the solid crystals water molecules are
added in such a concentration that it perturbs the lattice just a bit to make it mobile. More
addition makes it a solution. Sometimes addition of solvent to a powder of a substance
enhances nano-structure formation which shows liquid crystalline behavior as shown in some

chromonic LCs.

herringbon
nematic cholesteric smectic smectic C columnar

Figure 1.4: Molecular assemblies of liquid crystals showing different mesophases. (Adapted
from Ref. 5).

Liquid crystals can also be subdivided based on the shapes of its core, e.g. rod like

calamitic, disc shaped discotic and banana shaped bent-core.



1.4 Thermotropic Liquid Crystals

As the name suggests, thermotropic means changes when heat is involved. When
temperature is increased, the crystal structure loses its degrees of freedom one by one and
upon losing all of them, it becomes a liquid which is in scientific terms, called isotropic.
Needless to say that the difference in the degrees of freedom gives rise to different sub phases.

The more the degrees, the closer it is to the crystal phase.

To attain a thermotropic behavior, a compound must possess some necessary
characteristics. The compound has to have a rigid core e.g. aromatic cores, biological
structures which have specific structures and doesn’t alter such as cholesterols.® Depending
on the shape of the core, thermotropic LCs can be divided into three main subclasses i.e. rod
like, discotic and bent-core. The main characteristics which gives the property of a liquid
crystal is the flexible alkyl chains which are meant to be attached to/around the rigid core.
More numbers of chains and the length of the chains have a huge impact on the temperature
boundaries of the respective Liquid crystal. Longer the chain, less is isotropic to liquid crystal
(nematic) transition temperature. Chirality in the chains or in the core also induces different

opto-mechanical properties.

Since my work is mostly on the disc shaped columnar mesogens, it is highly necessary to

introduce the readers with the discotic liquid crystals.
1.5 Discotic Liquid Crystals

As mentioned earlier, DLCs have a rigid core which are generally aromatic in nature
which has at least six long aliphatic chains attached with itself. This attachment can be direct
or can be via different linking groups such as ether, ester or alkyne linkages. Even if the core
is not planar, it is very important to minimize the overall height of the disc, which if not
maintained, can prevent effective packing in between molecules, i.e. prevents columnar

phase formation. More than 50 different cores are reported in the literature.’



Cyclohexane as a DLC core shows us that puckering in the central core, can lead to a good
packing, enough to show us columnar packing. However, hexabenzocoronene shows us good

n-stacking can also lead us to columnar packing.®

(i) Cr68.5Col, 199.5 | (i) Cr 96 Coly, 430 |

Figure 1.5: (i) Cyclohexane as the simplest core; (ii) hexabenzocoronene being one of the

complex cores.

DLC shows mainly discotic nematic phase and columnar discotic phase (common) which
has several sub phases.® °In nematic discotic phase, the stacking does not play any role
whatsoever. In Columnar phase, the stacking makes a column, and depending on the way the
columns are aggregated, it can have hexagonal, rectangular etc. arrangements which can be

understood from the Figure 1.6 given below.
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Figure 1.6: (a) m-Stacking in a columnar assembly, (b) disc shaped molecules exhibiting
nematic and columnar assembly, (c) columnar hexagonal packing, (d) columnar rectangular
assembly. (Redrawn from Ref. 11).

Columnar mesophases also have different other Assemblies such as oblique assemblies,
helical assemblies generated in chiral molecules and plastic phases can also be sub phases of
the previous phases. Although hexagonal assembly is relatively general, rectangular phase

requires more recognition to specific sites which helps them to pack efficiently.*2
1.6 Organic Electronics

Organic electronics is a relatively new field of technology which deals with synthesis,
characterization and application of organic molecules which show desirable electronic
conductivity. In comparison to traditional inorganic electronic, it has promisingly low cost to
synthesize and fabricate and promisingly high flexibility. Some of them are highly stable

even on high temperatures.™®

Conductive Polymers are one of the branches where polymers having long pi-network is
generally used which makes it intrinsically conductive. The structures of the compounds can
be tweaked to have desirable conductivity and some can be modified to show even

electroluminescence.*



Organic Light Emitting Diodes (OLEDs) are another class of organic electronics where
the difference in HOMO-LUMO band gap in the same compound can be exploited in order
to emit light as energy. Fluorescent and phosphorescent compounds are very commonly used
since the band gap of the compounds are well within reach and can be excited while

expending very low energy.*®

Anode HTL ETL | Cathode

Lumo |@- @

LUMO ©_

© | HOMO
© _o|Homo

a. b.

Figure 1.7: (a) Schematic representation of allowed electron flow through a columnar
assembly, (b) working principle of OLEDs.

Organic field-effect transistors (OFET) uses organic molecules as conducting or
semiconducting material. A field-effect transistor behaves as if a capacitor is attached to a
conducting channel in between a source and a sink electrode. Voltage applied on the gate

electrodes control how many charge carriers should be flowing through the system.

The goal of this project is to build a molecule that shows DLC properties as well as a

suitable band gap to show blue luminescence suitable for OLED fabrication.



Chapter 2

RESULTS AND DISCUSSIONS

2.1 Introduction

To be able to apply as a material which can show properties such as aggregation induced
emission (AIE), the material has to have a chromophore as the core of the discotic liquid
crystal. Although there are more than fifty different cores reported having different
luminescent properties out of which blue luminescent ones are highly of interest and reported
very few in numbers. There are countless research articles showing that the thiophene
moieties can be tweaked in order to achieve the desired luminescence.!’ This motivated us to
synthesize DLCs based on thiophene and we came up with 1,3,5-Tri(5’-bromo-2’-
thieneyl)benzene (TPN) as our core. To give it the properties of DLCs, mesogens are attached

to the thiophene moieties via alkyne linkage.
2.2 Experimental Procedure

The synthesis scheme is described in details in the following scheme given below. The
first step is a text book reaction commonly known as Stille coupling.*®The reaction following
is just a bromination approach by N-bromosuccinimide.

Scheme 1: Schematic representation of synthesizing TPN core. Reagents used: (i) 2-
(tributylstannyl)thiophene, Pd(PPhs).Cl,, dry DMF; (ii) NBS, TMS-CI, CHsCN, r.t, 2 h.

9



2.2.1 Synthesis of 1,3,5-Tri(2’-thieneyl)benzene

2-(Tributylstannyl)thiophene (6.06 ml, 19.0597 mmol) was poured into a solution made
up of 1,3,5-tribromobenzene (1.5 g, 4.765 mmol) and Pd(PPhs).Cl» (237.804 mg, 0.3388
mmol) in anhydrous DMF kept in nitrogen atmosphere maintained inside a 100ml RB flask.
The temperature of the resulting mixture was increased to 100 °C at least for 16 hrs. After
cooling the mixture down to room temperature, extraction was performed using ether and
water. The organic solution thus collected, was dehydrated over anhydrous Na>SOs and
amassed using a rotary evaporator. The mixture was then purified by column
chromatography (ethyl Acetate: hexane 0.6:99.4) and obtained the product (yield 54.33%) as
beige solid. Proton NMR (*H, 400 MHz, CDCls, § ppm): 7.77 (s, 3H), 7.45 (d, J = 3.56 Hz,
3H), 7.38 (d, J = 5.08 Hz, 3H), 7.16 (t, J = 4.68 Hz, 3H).

2.2.2 Synthesis of 1,3,5-Tri(5’-bromo-2’-thieneyl)benzene

In complete deprivation of light, 1 (430.5 mg, 1.3267 mmol) was poured into a mixture
of NBS (630.48 mg, 3.5424 mmol) in dry CH3CN (25 ml) kept in a 100 ml two necked RB,
where slight TMSCI (0.1 ml) driblets were put in to initiate the reaction. This entire setup
was kept in room temperature and constant stirring was done for 2 hrs.!® CH3CN was gotten
rid of using rotary evaporator and the organic solution remaining was treated with
DCM/water in order to carry out extraction several times and was dehydrated over anhydrous
sodium sulphate. The mixture was then filtered out using column chromatography in (EtOAc:
hexane = 0.3: 99.7) and 2 was procured (yield 67.13%) as a beige colored solid. NMR (*H,
400 MHz, CDCls, 8 ppm): 7.54 (s, 3H), 7.15 (d, J = 3.84 Hz, 3H), 7.10 (d, J = 3.88 Hz, 3H).

2.2.3 Synthesis of the Mesogens

Synthesis of the mesogen 5-ethynyl-1,2,3-trialkoxybenzene was done as the following
schematic diagram represents. First step involves alkylation process in slightly basic medium.
The following is a Corey-Fuchs reaction which ends up giving us 5-ethynyl-1,2,3-
trialkoxybenzene. In order to get different derivatives, the carbon chains used in the first step
was varied as 10C, 12C and 14C.%°

10



OH OR OR OR
HO OH .. RO OR = RO OR . RO OR
(i) (i) (iii)
—_— —_ > e
CHO CHO

Br = | | 51 R= C10H21
3 Br 4 5.2 R=CypHys
5.3 R= C14H29

Scheme 2: Schematic representation of synthesizing 5-ethynyl-1,2,3-trialkoxybenzene.
Reagents used: (i) R-Br, Ko:COs, dry DMF, K1, 90-95 °C, 20 hrs; (ii) CBrs, PPhs, DCM (dry), 0-5 °C,
20-25 mins; (iii) n-butyl lithium, dry THF, r.t., 48 h.

2.2.4 Synthesis of TPN derivatives

RO OR Dry EtsN,
Pd(PPh3)4, Cul

24 hrs

6.1 R= CqgHyy
6.2 R= CyyHys
RO OR 6.3 R=Cy4Hyg

Scheme 3: Schematic representation of synthesizing TPN derivatives.
Synthesis of 1,3,5-tris(5-((3,4,5-tris(decyloxy)phenyl)ethynyl)thiophen-2-yl)benzene

45 ml of dry triethylamine and 15 ml of dry DMF was taken into a 100ml two necked RB
and nitrogen gas was purged into it for 10-15 mins, compound 2 (305.79 mg, 0.545 mmol)
was dissolved into the mixture by applying slight heating. Then Pd(PPh3)4 (48.534 mg, 0.077
mmol), Cul (9.35 mg, 0.049 mmol), 5.1 (1.4 g, 2.452 mmol) were added respectively. Then
the temperature of the mixture was increased up to 90 °C, left for reflux for 24 hrs.?:?2 Upon
completion, the setup was brought back to room temperature and the solvent was gotten rid
of inarotary evaporator. The mixture left was extracted using diethyl ether/water, dehydrated

11



over anhydrous Na»;SO4 and purification was performed using column chromatography
(neutral alumina, ethyl acetate: hexane- 4.5: 95.5) and yellow colored product 6.1 was
obtained (yield 36.15%). *H NMR (400 MHz, methylene chloride-dz, & ppm): 7.78 (s, 3H),
7.42 (d, J = 3.72 Hz, 3H), 7.34 (d, J = 3.88Hz, 3H), 6.78 (s, 6H), 4.04-3.99 (m, 18H), 1.87-
1.74 (m, 18H), 1.58-1.30 (m, 18H), 1.21-1.17 (m, 126H), 0.93-0.89 (m, 27H). 1*C (100MHz,
chloroform-d, 8 ppm): 153.06, 144.14, 139.31, 135.33, 132.83, 124.02, 123.60, 122.69,
117.07, 109.88, 94.82, 81.35, 73.59, 69.14, 31.98, 31.95, 30.34, 29.78, 29.72, 29.68, 29.63,
29.43, 29.40, 29.34, 26.11, 22.73, 14.16.

Synthesis of 1,3,5-tris(5-((3,4,5-tris(dodecyloxy)phenyl)ethynyl)thiophen-2-yl)benzene

Compound 6.2 was obtained by following the process similar to 6.1 which required 2
(182.94 mg, 0.326 mmol), Pd(PPhs)s (22.65 mg, 0.0196 mmol), Cul (5.588 mg, 0.0293
mmol), 5.2 (961.046 mg, 1.467 mmol); yield = 33.15%. *H NMR (400 MHz, methylene
chloride-dz, & ppm): 7.78 (s, 3H), ), 7.42 (d, J = 3.8 Hz, 3H), 7.34 (d, J = 3.8 Hz, 3H), 6.79
(s, 6H), 4.03-3.98 (m, 18H), 1.88-1.74 (m, 18H), 1.52-1.49 (m, 18H), 1.31 (m, 162H), 0.93-
0.90 (m, 27H). $3C (100MHz, chloroform-d, & ppm): 153.05, 144.12, 139.33, 135.33, 132.81,
124.01, 123.60, 122.70, 117.06, 112.73, 109.90, 94.81, 81.34, 73.59, 69.15, 60.83, 31.95,
30.34, 29.78, 29.73, 29.67, 29.62, 29.43, 29.40, 29.34, 26.11, 22.72, 18.08, 14.15.

Synthesis of 1,3,5-tris(5-((3,4,5-tris(tetradecyloxy)phenyl)ethynyl)thiophen-2-

yl)benzene

Compound 6.3 was obtained by following the process similar to 6.1 which required 2
(236.17 mg, 0.421 mmol), Pd(PPhs)s (37.452 mg, 0.0324 mmol), Cul (7.218 mg, 0.0379
mmol), 5.3 (1.4 g, 1.894 mmol), yield = 37.47%. *H NMR (400 MHz, methylene chloride-
dz, & ppm): 7.78 (s, 3H), ), 7.42 (d, J = 3.76 Hz, 3H), 7.34 (d, J = 3.84 Hz, 3H), 6.78 (s, 6H),
4.03-3.98 (m, 18H), 1.88-1.72 (m, 18H), 1.58-1.50 (m, 18H), 1.31 (m, 198H), 0.93-0.91 (m,
27H). *C (100MHz, chloroform-d, & ppm): 153.07, 147.91, 144.14, 139.42, 139.34, 137.64,
135.34, 134.28, 132.82, 130.62, 124.02, 123.61, 123.14, 122.70, 119.89, 117.07, 111.51,
109.91, 102.37, 94.81, 82.37, 81.34, 73.59, 69.16, 64.58, 31.96, 30.34, 29.78, 29.74, 29.70,

29.68, 29.63, 29.43, 29.35, 27.83, 26.12, 22.73, 14.16.
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2.3 Thermal Analysis
2.3.1 Polarizing Optical Microscopy Studies

Polarizing optical microscopy operates in a unique manner where two crossed polarizers
are used and the sample has to be put in between the crossed polarizer. The mesophases show

different textures under this setup and can be identified.

Liquid crystalline materials are optically anisotropic, which means that it has different
optical properties (e.g. refractive index) depending on the position of the observation made.
Now in the microscope, the light source used is unpolarized. When it passes through the first
filter, it becomes linearly polarized. Another linear polarizer is placed in such a way that the
axis of polarization is perpendicular to the previous one. Hence, in absence of any sample,

the output should be black (Figure 2.1) i.e. no light should come out from the eye-piece.?®

Vertically polarized Horizontally polarized
" Y. |
- ‘ | ’ | > X * No output
T \/ | RN '
= | - | I s —tae——p Net output
l \

Sample

Figure 2.1: Working principle of polarizing optical microscopy.

When the sample is placed in between the cross-polarizers, the polarized light from the
first filter has to pass through the sample and when it does, two different light of different

polarization emerges out from the sample, one having the same polarization as the light from

13



the first which gets blocked by the second filter which has polarizing axis perpendicular to
it. However, the other light i.e. extraordinary light has slightly tweaked polarization that
allows it to pass through the second filter. That is the origin of textures which is different for
different phases of the same compound, but has similarity in the same phase of different

molecules.

The sample shows slight movement when pressure or stress is exerted on the sample
which makes it different from crystals. All the samples were mounted as thin films produced
by putting the samples into the customized cell of a clean glass slide and a clean cover slip
in which all of them show sickle shaped textures (Figure 2.2) on cooling the isotropic melt
to room temperature which confirms that the assemblies formed by the samples 6.1-6.3 are

essentially columnar in nature.

Figure 2.2: Polarizing optical micrographs of the samples (a) 6.1 at 25 °C (b) 6.2 at 25 °C (c)
6.3 at 25 °C on cooling the isotropic melts to room temperature.

2.3.2 Differential Scanning Calorimetric Studies

As the name suggests, this technique is a calorimetric process which essentially implies
that measurement of heat change is involved. When a material changes the phase, extra
energy is required/released in order to break/forming the intermolecular bonds or interaction.
This calorimetric process works on the principle mentioned earlier and detects the abrupt heat

change which corresponds to the extra heat change.?*

DSC experiment gives out a curve of heat flux versus the temperature change. When the

sample goes from a ordered structure to a lower ordered structure, it takes some extra energy
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(endothermic process) to break the intermolecular interactions and that’s why a crest is
observed in the curve; whenever there is a transition from a disordered structure to an ordered

one, a through is observed in the curve as it releases some energy (exothermic process).

In the apparatus itself, the sample is measured against a reference (Figure 2.3) where a
continuous heat flux is maintained. The goal of the instrument is to measure the heat
absorbed/released by the sample while keeping both the sample and reference at sample
temperature which is done for a large spectrum of temperature.

Atmosphere Control

Furnace Furnace Programmer
: — Sample | : :
Aluminium :
__pan
sensor |i Sensor ||| Cooling
£ Control
[
Sensor Amplifier Data Qutput

Figure 2.3: Schematic representation of the working principle of DSC.

DSC studies were performed on the samples (6.1-6.3) to pinpoint the transition
temperature and the enthalpy exchanged during the process. From mesophase the transition
occurs to give rise to the isotropic phase on the heating cycle and this happens at temperatures

81.1°C, 82.8°C and 77.5 °C for the samples 6.1-6.3 respectively. The reverse transformation
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occurs on cooling the isotropic melt at temperatures 69.7 °C, 72.5 °C and 68.9 °C for the
samples 6.1-6.3 as described in the Figure 2.4 and Table 2.1.

60 < 60 60
(= = (=
z {d £"1b g
E 5 E E 50
= 50 = 50 = 50
- =] -
2 40 < < 40
= = 40 = 401
= o\e® = =}
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= 1 E‘ 30 = 1
=z =
g —Heati_ng E ——Heating g —Heati_ng
= 204 ——Cooling = 204 —Cooling] = 204 ——Cooling
25 0 25 50 75 100 25 0 25 50 75 100 25 0 25 50 75 100

Temperature (°C) Temperature (°C) Temperature (°C)

Figure 2.4: Thermograms obtained from DSC studies (a) 6.1, (b) 6.2 and (c) 6.3; all the
cycles were measured at an interval of 10 °C/min (Abbreviations used: Colop = columnar
oblique; | = isotropic).

TABLE 2.1: Summarized data of phase transitions of 6.1-6.3

Compounds On Heating On Cooling
6.1 Colop 81.1 Iso 1s0 69.7 Colop
6.2 Colo 82.8 Iso Iso 72.5 Colop
6.3 Colo 77.5 Is0 Iso0 68.9 Colop

2 The temperature shown in the table is given in °C. ® Abbreviations used: Cole= columnar oblique; Iso=
Isotropic.

2.3.3 Thermo-gravimetric Analysis (TGA)

TGA analysis was carried out on the samples 6.1-6.3 in order to check stability under
exposure to high temperatures. Compound 6.2 was recorded as the most stable among all
three samples with 5% weight loss at 345 °C and 6.1 was the least stable one with 5% weight
loss recorded at 328 °C. Compound 6.3 was recorded to have 5% weight loss at temperature
334 °C (Figure 2.5).
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Figure 2.5: TGA plots of (a) 6.1, (b) 6.2 and (c) 6.3. The experiments were carried out under
an inert nitrogen atmosphere, with heating and cooling rates of 10 °C/min.

2.3.4 X-ray diffraction Studies:

Crystals are a three dimensional network of atoms or molecules where they are specific
distances apart from each other. However, it simply implies that the 3D lattice is basically a
large number of planes are apart to each other by a specific distance which constant to that
material. This applies to the liquid crystalline materials as well since they do have a long
range ordering.? Now, the reflection of x-ray can occur from the molecules in each plane
and the reflections from two adjacent planes, in order to a constructive interference, has to

follow the rule which is
ZdhleinG = nl

This law is also known as Bragg’s law where, d is the distance between planes described
by the Miller indices h, k and 1.2° © is the angle of incidence, A is the wavelength of the X-ray
used and n is any possible integer. The distance in between the layers can thus be found if
other constraints are known. These spacing helps us to find the nature of the assemblies and
the phases and gives oneself valuable information on lattice parameters, crystallinity, size

and shape, necessary for characterization of liquid crystals.?’

The small angle x-ray scattering (SAXS) and wide angle x-ray scattering (WAXS)
experiments has been performed to deduce the detailed structure of the assembly of
compound 6.1, 6.2 and 6.3. The x-ray diffraction pattern of compound 6.1 in the mesophase
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temperature range exhibits four peaks in small angle region. These peaks could be indexed
on two dimensional oblique lattice. The d-spacings are calculated by using the relation % =

1 [ h?  k? 2hkCosa
(Sina)? * a2 b2 ab

] where d. is calculated d-spacing, a, b and angle o are the lattice

parameters of the oblique lattice.

The calculated lattice parameters at temperature 25 °C at are found to be a =34.35 A b =
28.25 A and a = 78.19° (Figure 2.6a, Table 2.2). Moreover, there is one broad peak, h,, in
wide angle region of spacing 4.84 A, appears due to fluid alkyl chain-chain correlation. And
there is also one broad hump he, with spacing 3.75 A, indicative of the m-m interactions
between disc cores, confirming the columnar nature of assembly. Therefore the structure of
the assembly of 6.1 in the mesophase is columnar oblique (Colop).

Similarly, compound 6.2 found to exhibit columnar oblique phase in their mesophase
region. Moreover, the calculated lattice parameters at temperature 25 °C at are found to be a
=36.34 A, b =29.60 A and o = 77.93°, details are given in the Figure 2.6b & Table 2.3.

Further, the compound 6.3 also show exhibit columnar oblique phase in their mesophase
region. Moreover, the calculated lattice parameters at temperature 25 °C at are found to be a
=44.12 A, b=39.53 A and o = 69.84°, details are given in the Figure 2.6¢c & Table 2.4.
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Figure 2.6: Small angle and wide angle (inset) x-ray diffraction pattern of compound (a) 6.1,
(b) 6.2 and (c) 6.3 at 25 °C.

TABLE 2.2: The observed and calculated d-spacings & planes of the diffraction peaks of
6.1 in oblique lattice observed at 25 °C. The lattice parameter are a = 34.35 A, b = 28.25 A
and o= 78.19°.

d-spacing d-spacing Relative Phase
(hk) Experimental Calculated Intensity Multiplicity ®(hk)
dobs (A) dear (R) I(hK)
10 33.62 33.63 100.00 2 0
11 23.89 23.89 2.16 2 0
-11 19.49 19.49 2.60 2 0
20 16.87 16.81 1.87 2 T
ha 4.84 Fluid alkyl chain
he 3.75 TT-Tt interaction
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TABLE 2.3: The observed and calculated d-spacings & planes of the diffraction peaks of
6.2 in oblique lattice observed at 25 °C. The lattice parameter are a = 36.34 A, b = 29.60 A
and o= 77.93°.

d-spacing d-spacing Relative Phase
(hk) Experimental Calculated Intensity Multiplicity ®(hk)
dobs (A) dear (R) I(hk)

10 35.54 35.54 100.00 2 0
11 25.17 25.17 2.13 2 0
-11 20.45 20.45 1.79 2 0
20 17.75 17.77 1.44 2 T

ha 4.92 Fluid glkyl

chain
he 3.80 7-7 interaction

TABLE 2.4: The observed and calculated d-spacings & planes of the diffraction peaks of
6.3 in oblique lattice observed at 25 °C. The lattice parameter are a = 44.12 A, b = 39.53 A
and a = 69.84°,

d-spacing d-spacing Relative Phase
(hk) Experimental Calculated Intensity  Multiplicity ®(hk)
dobs (A) deal (A) I(hK)

10 41.42 41.42 37.30 2 0

01 37.11 37.11 100.00 2 0

11 34.09 34.09 96.14 2 0

20 20.79 20.71 2.45 2 T

02 18.44 18.55 2.61 2 T

Fluid alkyl
ha 4.88 chain
hc 3.73 7-T interaction

2.4 Photo-Physical Studies
2.4.1 Absorption and Emission Studies

This spectroscopic technique is a measure of diminishment of the intensity of light after
passing through a material or solution. UV-Vis spectrum corresponds to energy levels and

electronic excitation depending on the chemical bonds present in the substance to be
20



analysed. In case of UV-Vis spectrophotometry, the transitions that ensues in, occurring as a
consequence of absorbing electro-magnetic radiation in UV-Vis region, are transitions
happening in intra-molecular electronic energy states. Upon absorbing energy by a molecule,
an electron is upgraded from an already filled molecular orbital to a vacant orbital with higher
potential energy. The most probable electronic transition is to the lowest unoccupied
molecular orbital (LUMO) from the highest occupied molecular orbital (HOMO).

The extent of light absorption rises up with the rise in the population of molecules capable
of drawing the light of a specific wavelength in. Furthermore, the extent at which light is
being absorbed is directly proportional to how well a molecule can absorbs light in a specific
wavelength. This gives rise to the Beer-Lambert’s law, which asserts that at a given
wavelength, the amount of absorption varies linearly with the sample concentration
absorbing that wavelength and the length traversed by the light through that very sample

which corresponds to the cell dimension.
A =¢gCl

A = Measure of diminishment of intensity of the incident light i.e. Absorbance= loglO(IT");

lo = intensity of the waves during irradiation; | = intensity of the radiation after attenuation; |
= dimension of the cell containing sample (in centimetres); ¢ = sample concentration, in

mol/litre; € = molar absorption coefficient (M™* cm™ where M = mol L?).%8

This technique cannot identify the unknown compound completely and exclusively.
However, the use of very small quantities of the sample and rapid analysis of unknown

compounds makes this a common routine analytical technique.

Fluorescence spectroscopy deals with the phenomenon called fluorescence occurring in a
molecule which basically is a sort of luminescence originated due to excitation of a molecule
by photons to an excited state. The emission spectrum provides information on qualitative as
well as quantitative analysis which is a plot where emission is mapped against the wavelength
for a known excitation.2After absorption of the given wavelength, a range of vibrational

energy levels of the excited state gets occupied, resulting in relaxation to the lowest of the
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vibrational levels (known as vibrational relaxation). This phenomenon where emission of
light occurs due to the relaxation of the molecule to the singlet ground state from a singlet

excited one, is known as Fluorescence and it lasts for a few nanoseconds.

Optical properties of all the TPN derivatives (6.1-6.3) were performed in solution phase
in dichloromethane.®°All the derivatives show similar crests in both of the absorption and
emission spectra independent of the chains used as described in the Table 2.5 and Figure
2.7. The most probable transition i.e. HOMO-LUMO transition is a primary transition and

requires the wavelength (A max) of 357, 357 and 358 nm for 6.1-6.3 which is in UV region
(<380 nm).

Upon exciting the samples to the (Amax) the emission spectra was recorded and all three
of them emits at 428 nm which expresses the fact that the emission is occurring in the blue

region of the visible spectra.
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Figure 2.7: Photoluminescence spectra of the compounds 6.1-6.3; (a)-(d) absorption and

emission spectra of 6.1; (b)-(e) absorption and emission spectra of 6.2; (c)-(f) absorption and
emission spectra of 6.3.
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TABLE 2.5: Summary of photoluminescence data

Compound A max, excitation A max, emission
6.1 357 nm 428 nm
6.2 357 nm 428 nm
6.3 358 nm 428 nm

2.4.2 Electrochemical Studies

As the name suggests, this process is a well-known and frequently performed
electrochemical approach which is employed whenever redox processes are involved in a
molecule. Here the potential of a working electrode is cycled and current originated is
measured. The experimental setup for CVV measurements includes a single chamber equipped
with Ag/AgNQO3, platinum wire and glassy carbon are used as reference electrode, counter
electrode and working electrode respectively.®**? Thus by using this analytical technique one

can measure Ereq (reduction potential) and Eox (oxidation potential).

For organic semiconductors, HOMO represents a band where oxidation process takes
place which involves the energy essential for extracting an electron from a molecule to
infinity, whereas LUMO represents a band where reduction process occurs which requires
the proper energy to insert an electron to a molecule from infinity.>® In this light, CV can be
used to estimate not only the energy band gap (the HOMO-LUMO gap), but also the
individual energy values of HOMO and LUMO of the organic compounds.3*

Cyclic voltammetry was performed on all the samples (6.1-6.3) which required milimolar
solution, prepared by dissolving the respective compounds into HPLC DCM solution of
TBAP (0.1M). The scanning was done at a rate of 50 mVs?. Tetrabutylammonium
hexafluorophosphate or TBAP is used as a supporting electrolyte. The oxidation cycle onset
and the reduction cycle onset were considered for the calculation of HOMO and LUMO
levels (Figure 2.8 & Table 2.6).

Eyomo = —(4.8 — E1

E,Fc,Fc+

+ ond,onset)
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Erumo = _(4-8 - E%,FC,FC+ +Ered,onset)

AEg,CV = Erumo — Enomo

Ferrocene (Fc) is used as a known as standard to calculate the energy of each of bands (i.e.
HOMO and LUMO). The energy is supplied to the system in the form of potential which is
applied externally through a source. When the reduction occurs, Fc* has to take electron from
a cathode. But in order to make that possible, the energy of the electrons in the cathode has
to have the energy which matches with the LUMO of Fc, which is achieved by increasing
the potential difference itself. The force which drives this process is the difference in energy
in between the electrode and the MO bands.
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Figure 2.8: Cyclic voltammograms of (a) 6.1, (b) 6.2 and (c) 6.3 in solution of TBAP (0.1
M) in HPLC DCM at a scanning rate 50 mVs=.

The band gap thus found can be correlated with the band gap that can be calculated from

the Absorption Spectra. The following table summarizes the discussion.

Table 2.6: Comparing band gap from UV-Vis and CV of compound 6.1-6.3.

Compound Amax AEguv ELumo EHomo AEgcv
6.1 357 nm 3.47 eV -3.44 eV -548eV  2.04eV
6.2 357 nm 3.47eV -3.42 eV -5.49 eV 2.07 eV
6.3 358 nm 3.46 eV -3.43 eV -5.47 eV 2.04 eV
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2.4.3 OLED Device Fabrication

As all the compounds are showing very good emissive property, we have fabricated the
OLEDs based on compound 6.1 in order to see their electroluminescence (EL) behaviour and
device performance. The devices were fabricated in the structure of ITO/PEDOT:PSS/
compound 6.1 doped in CBP/TPBI/LiF/Al, as shown in Figure 2.9a. We have used four
different wt% of emitter (6.1) i.e. 1 wt%, 3 wt%, 5 wt% and 100 wt%. Upon variation of
emitter (6.1) wt% it is observed that at 3 wt% it exhibited best device performance with EQE
of 3.7% showing deep-blue colour emission having (CIE) coordinate (0.16, 0.12) (Figure

2.9). The summary of all the device performances were listed in Table 2.7.
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Figure 2.9: (a) Diagram of energy-level of emitter 6.1 used with (CBP) host for fabrication
of the device. (b) luminance-voltage, (c) Current density-voltage, (d) current efficiency-
luminance, (e) power efficiency-luminance and (f) electroluminescence plots of the solution-
processed OLED devices using CBP host with 1, 3, 5 and 100 wt% 6.1 dopant concentrations.
Inset of (f) shows EL emission of the OLED device. (OLED device fabrication studies were
performed in collaboration with Prof. J.H. Jou and his team from NTHU, Taiwan).
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Table 2.7: Effect of doping concentration on the power efficiency (PE), current efficiency
(CE), external quantum efficiency (EQE), CIE coordinates, and maximum luminance of
solution-processed OLED devices with the CBP host for 6.1.

Dopant

Turn-on

(Sv ?(22') Vo(l\t/?ge PEmmax\/lvclilzggiX {Agl?;)n;ax P(Fraoiﬁvclllz é(gl)/flclé 5:))0 coor(élliﬁates M(?cj' rlr_ﬁl)”n
1 4.5 1.6/2.3/3.2 1.4/2.2/3.2 (0.16, 0.08) 1403
3 4.1 3.7/4.0/3.7 2.7/3.9/3.7 (0.16, 0.12) 2424
5 4.1 3.0/4.2/3.2 2.9/4.1/3.2 (0.16, 0.16) 2564
100 3.6 1.7/2.4/0.2 1.4/2.3/0.1 (0.24,0.41) 256

26




Chapter 3

CONCLUSION

We have thus successfully synthesized all the derivatives of TPN series, which show DLC
properties especially exhibiting blue luminescence. Characterization of all of the samples
were brought to fruition by NMR, DSC, XRD, POM and TGA. Photo-physical studies were
performed using UV-Vis spectroscopy, fluorescence and electrochemical characterization
was done by cyclic voltammetry studies. The samples showed blue luminescence when
irradiated in UV chamber, which opens up a new possibility as a potential material in OLED

devices.
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APPENDICES

L1 NMR of compound 1
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2 11 NMR of compound 2
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3. THNMR of compound 6.1
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13¢ NMR of Compound 6.1

¥1'69
65'EL-

J_

70

SE'18

C8'P6—

88'60T

LOLTT~
69'T2T,

09'EZT~\:
zo've1”

E8'CET
££'SET
TE'6ET
PT PRI~

90'EST-

|

110

b

|

50 40 30 20 10

60

90 80
f1 (ppm)

100

170 160 150 140 130 120

180

32



4. THNMR of compound 6.2
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13C NMR of the compound 6.2
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5. 1HNMR of compound 6.3
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13C NMR of the compound 6.3
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