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SYNOPSIS 

π- Conjugated semiconducting oligomers and polymers are emerging as 

important classes of materials for applications in electronic devices such as light 

emitting diodes (LEDs), photovoltaics (PVs), field effect transistors (FETs) and so 

on.  p- Phenylenevinylenes are one of the most promising π-conjugated materials due 

to their high luminescence characteristics, thermal and optical stability, solubility in 

organic solvents, film forming tendency, easy synthetic approaches and so on. It has 

been now realized that the performance of -conjugated materials in electronic 

devices are mainly driven by the precise molecular arrangements in solid state. 

However, it is rather very challenging to obtain information on the packing of -

conjugated molecules in the solid state due to the non-availability of single crystal 

structures for these large π-conjugated molecules.  It has been a great challenge for 

synthetic chemists to design appropriate models which could self-organize in solid 

state (in a solvent free condition) and also produce their single crystal structures so 

that direct correlation between molecular packing and self-assembly could be 

established. Hence, design and 

synthesis of new π- conjugated systems 

and obtaining control over the 

supramolecular organization of these 

electronically active molecules is a 

major challenge to fine-tune and 

optimize their electrical properties for 

better device performance.  

To address the above issue, this thesis work is focused on design and 

development of new π-conjugated phenylenevinylenes and their segmented polymers 

that can self-assemble via weak non-covalent interactions in the solid state. The 

design principle was adopted in such a way so that the molecules were constructed 

using simple hydrocarbon anchoring units and the molecular assemblies were driven 

by very weak non-covalent forces. A series of oligophenylenevinylenes (OPVs) 

having tricyclodecanemethylene pendant groups were designed to trace the effect of 

Smectic-C

Nematic

Helical rings

Leaf-like

Lamellar

Crystalline
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vander Waals and π-π stacking interactions on molecular self-assembly. The role of 

OPV structures on liquid crystallinity, self-assemblies, herringbone to helical 

packing and donor-acceptor self-assemblies were explored. In addition to that a large 

number of single crystal structures were resolved to study the role of planarity and 

peripheral substitution on solid state packing of this class of OPV molecules.   

This thesis has been divided in to four major sections: 

1. Helical Supramolecular Assemblies of OPVs: The origin of two dimensional 

herringbone layers to 3D helical self-assembly in a homologous series of 

OPVs has been studied. 

2. Hierarchical Assemblies of OPV Structural Isomers: The role of OPV 

backbone planarity, CH/π hydrogen bond, and positional effect of peripheral 

substitution, alkyl chain lengths and its orientation were investigated on the 

various properties such as liquid crystallinity and solid state orders etc.   

3. Fluorocarbon versus Hydrocarbon tail in OPVs: Effort was made to 

synthesize fluorocarbon and hydrocarbon tailed OPV molecules. The role of 

tail nature on LC mesophases such as smectic, nematic and their H and J 

aggregates formations were investigated. 

4. Donor-acceptor Assemblies of Segmented OPV Polymers: The effect of 

chemical structure and polymer chain topology on donor acceptor self-

assemblies of segmented OPV polymers and perylenebisimide chromophore 

were studied. The donor-acceptor self-organization was investigated in detail 

using FRET mechanistic pathways.  

This thesis work has been organized in five chapters. Chapter-1 starts with a brief 

introduction to π-conjugated materials and their application in electronic devices. A 

detailed literature survey on different types of π-conjugated systems which are 

commonly used in electronic devices, their properties and limitations have been 

discussed. This chapter also provides a complete literature survey on supramolecular 

self-assemblies of π-conjugated molecules in solution and solid state. Towards the 

end self-organization via liquid crystal approach has been discussed as an important 

approach for molecular self-assembly of π-conjugates.  
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In the second chapter, a 

homologous series of OPVs with 

tricyclodecanemethylene pendant 

units in the aromatic core with 

variable tail length in the 

longitudinal position was 

synthesized. Detailed thermal (by 

DSC) and polarized light microscope 

(PLM) analysis were done to 

understand the effect of the structure 

on solid state packing and 

mesophase morphologies. OPVs 

exhibited systematic sigmoidal 

transition from crystalline to ring-

banded textures via cholesteric 

mesophases. Single-crystal X-ray structures of OPV molecules were resolved to find 

out the origin of sigmoidal self-assembly at the molecular level. It was found that 

self-organization of π-conjugated species underwent transformation from 2D 

herringbone layers to 3D helical twist in the liquid crystalline mesophases. Weak 

hydrogen bonding CH/π interactions were found to be an important non-covalent 

force in the molecular self-assembly. Crystallographic parameters such as pitch and 

roll angles and their displacements were determined to find out the presence of π-π 

stacking interaction. The large pitch and roll displacements completely destroyed the 

aromatic π-stacking interactions among OPV chromophores. Circular dichroism 

studies were done to confirm the helical structures produced on aligning the 

chromophores in the LC mesophases. Detailed photophysical characterization was 

done to establish identical photophysical properties in LC and single crystal 

domains. The uniqueness of the present approach was that both herringbone and 

helical assemblies could be easily varied by means of the number of carbon atoms in 
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the tails. The overall findings revealed that the CH/π interaction is a very powerful 

non-covalent interaction in supramolecular chemistry. 

The third chapter describes the role of planarity, peripheral substitution, alkyl 

chain lengths and its orientation on liquid crystallinity, inter-molecular non covalent 

forces, pitch and roll displacements and solid state packing of 

oligophenylenevinylenes (OPVs). A series of structural isomers with identical 

distyrylbenzene based aromatic core but opposite arrangement of alkyl side chains 

around the periphery was synthesized. Similarly, another series of higher 

homologues OPVs with equal substitutions in the longitudinal and vertical directions 

was also synthesized. DSC studies were done to understand the difference in packing 

properties with respect to horizontal, vertical and radial substitution of the alkyl 

chains. Polarized Light Microscope imaging was used to study the influence of 

molecular structure on its liquid crystalline properties. The increase in the alkyl chain 

length in the horizontal position induced liquid crystalline properties whereas their 

vertical structural isomers remained as crystalline solids. Radially substituted OPVs 

with equal alkyl chain substitutions in both x and y directions exhibited well-ordered 

two-dimensional lamellar textures. Single crystal XRD analysis was done to 

understand the role of planarity, alkyl chain length and its orientation on molecular 

ordering and intermolecular non-covalent interactions. Planar molecules were 

generally found to be devoid of strong CH/π and π-π interactions. On the other hand, 

non-planar molecules exhibited presence of strong CH/π interactions. The roll and 

pitch calculations were done to show that in general non planar molecules were more 

prone to show π-π stacking interactions. Further, OFET devices were constructed to 

study the effect of liquid crystalline self-assembly on charge carrier mobility. OPVs 

exhibited hundred folds increase in charge carrier mobility in LC frozen state as 

compared to drop cast films. This preliminary result showed that the LC mesophase 

approach was indeed a good concept to explore in OFET applications. 

The fourth chapter deals with the role of fluorocarbon tails and hydrocarbon 

tails on the diverse molecular self-assembly of -conjugated 

oligophenylenevinylenes. OPVs were designed with appropriate pendants in the 



(xi) 

 

aromatic core with hydrocarbon or fluorocarbon tails along the long molecular axis. 

Detailed DSC and PLM analysis was done to understand the difference between 

molecular packing and mesophase morphology among fluorocarbon (FC) and 

hydrocarbon (HC) tailed OPVs. 

HC-OPVs showed better packing 

properties than their fluorocarbon 

counterparts. Fluorocarbon tailed 

OPVs produced smectic LC 

mesophases irrespective of the pendant groups attached in the middle aromatic core. 

In contrast, in hydrocarbon tailed OPVs, both pendant geometry and along the 

middle aromatic core determined the molecular self-organization. Effort was made to 

understand the mechanism of identical smectic self-assembly using variable 

temperature wide angle XRD patterns.  Fluorocarbon tailed OPVs exhibited regular 

periodicity corresponding to equidistant planes formed in smectic LCs. Small angle 

variable temperature X-ray diffraction analysis was done to establish smectic A to a 

more ordered smectic C phase transitions. Photophysical characterizations were 

carried out to understand the formation of H and J aggregates in these FC and HC-

OPVs.  

In the fifth chapter, a series of OPV segmented polymers with identical OPV 

optical chromophores but variable alkyl chain spacers (Poly-n; n = 4, 8, and 12) were 

synthesized. A rigid polymer 

(m-PPV) was also 

synthesised by introduction 

of m-linkages along the 

polymer back bone. The 

design strategy was adopted 

in such a way that all the 

polymers had almost 

identical energy levels but varied only in their topology. The effects of chemical 

structures and polymer chain topology on donor acceptor self-assemblies of OPV 

Segmented Polymer 

Flexible Alkyl linkages

m- Polymer 

Rigid linkages

p- Polymer 

=
Stacked Assemblies

Weak donor acceptor 
complexes 

Fluorocarbon tail Hydrocarbon tail



(xii) 

 

and perylenebisimide chromophores were also studied. The macroscopic properties 

of polymers were completely different from their oligomeric OPV analogues. OPVs 

exhibited strong tendency to self-assemble in to highly order crystalline domains 

whereas the polymers were amorphous. Photophysical analysis revealed that 

segmented polymers were superior to rigid polymers and OPVs in forming strong 

inter-molecular aggregates in solution state. The flexible alkyl spacers facilitated 

segmented polymer folding. Further, the polymers were found to form D-A arrays 

with electron deficient perylenebisimide based chromophores. The stability and type 

of self-assembly in these arrays was highly dependent on the chemical structure and 

the topology of the polymer backbone. Molar ratio method was used to determine the 

composition (donor to acceptor ratio) of D-A complexes and their stability or 

association constants. Segmented polymer formed extended D-A arrays in which the 

chains folded in stacked fashion to accommodate acceptor perylene units in 3:2 

(donor: acceptor) ratio. On the other hand, the rigid polymer was found to form only 

weak 1:1 complexes. The stability constants revealed that the donor and the acceptor 

complexes formed by segmented polymer were ten times more stable than their rigid 

counterparts. Thus, the role of chemical structure and polymer chain topology on 

donor-acceptor self-assembly was established using the segmented polymer 

approach.  

The last chapter summarizes the outcome of research work carried out in the 

Ph.D. thesis.  
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1.1. Introduction to Conducting Polymers 

Polymers are important classes of materials for wide range of applications in 

plastics, textiles, coatings, paints, electric insulation and so on.  Properties like high 

tensile strength, non-wettability, high mechanical strength, elasticity, resistance 

towards acids and alkalis, facile proccessibilty and easy synthetic procedures make 

polymers an attractive class of materials. Typically, polymers are insulator in nature; 

for example, polyethylene, polypropylene and polyvinylchloride have been widely 

used for electrical insulating applications. Recent discoveries that a selective group 

of polymers having extended π-conjugation can conduct electricity like metals by 

three eminent scientists MacDiarmid, Heeger, and Shirakawa changed the entire way 

of looking at polymers as insulators.
1 

Polymeric materials with these special features 

were used for newer applications in molecular electronics such as light emitting 

diodes (LEDs), photovoltaic (PVs) and field effect transistor (FETs).
2-6

 These 

polymers could replace metals traditionally used in constructing electronic devices 

and had added advantages such as better mechanical stability, easy proccessibilty, 

low density and high impact, which were completely absent in metals or normal 

inorganic materials. The essential structural feature for a polymer to be conducting 

was that, it should have extended π-conjugated system. For example, this process has 

been explained in polyacetylene as shown in the scheme 1.1. 

 

Scheme 1.1. Electrically conducting polyacetylene and mobility of the charges in the 

backbone.  

e-
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Polyacetylene is not conducting in its nascent form; however, it could be 

converted from an insulator to conductor by exposing it to iodine vapour. The 

chemical oxidation of polyacetylene chains led to removal of an electron from 

valance band; as a result, radial cation or holes (positive chares) started migrating 

along the polymer chain. This process converted insulating polyacetylene chains in 

to electrically conducting polymeric material as shown in the scheme 1.1. This 

breakthrough discovery of conducting polyacetylene was recognized by the award of 

the Nobel Prize in chemistry in the year 2000. Polyacetylene showed amazingly 

interesting conducting properties and could be doped to achieve conductivity as high 

as that of copper. In spite of high conductivity, polyacetylene was air-sensitive and 

insoluble in common organic solvents. These drawbacks led to the search for other 

conjugating materials, which could show similar behavior but were stable and 

processable.
7-8

   

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.2. Chemical structures of various conducting oligomers and polymers. 

 

Scheme 1.2 illustrates few oligomers and polymers such as oligophenylene, 

oligothiophene, oligofluorene, oligophenylenevinylene, poly(p-phenylenevinylene), 

poly(p-phenylene), polypyrrole, polythiophene, polyfluorene and polyaniline. All the 

polymers had different optical (HOMO-LUMO) band gaps due to different π-

poly-p-phenylenevinylene poly-p-phenylene

polythiophene polyfluorene

polypyrrole polyaniline

oligofluorene

oligophenylenevinylene

oligothiophene

oligophenylene
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conjugated aromatic backbones and hence conducting polymers provided a large 

variety of structures having different photophysical and optoelectronic properties. 

Some common conducting polymers and their properties have been summarized
8b

 in 

table 1.1.  

Table 1.1. Electrical Conductivity, processibility and stability of some important 

conducting polymers. 

 

Since this thesis is focused on soluble π-conjugated materials and their self-

assembly, subsequent discussions and reviews are mainly based on systems 

belonging to polythiophenes, polyphenylenevinylenes and polyfluorenes etc.  

 

1.2. Electronic devices based on π-conjugated materials 

Conducting polymers are emerging as potential candidates for various 

applications since they combine high electrical conductivity and processibility. In 

1990, the field received a major boost when Richard Friend and Andrew Holmes 

discovered electroluminescence (EL) in π-conjugated polymers.
9-10

 They showed that 

polymers such as poly(phenylenevinylene)s emitted light on applying voltage 

between two metallic electrodes. This led to first polymer based light-emitting diode 

and the subsequent introduction of π-conjugated systems in molecular devices.
11

 

 

1.2.1. Light Emitting Diodes   

A polymer light emitting diode works on the principle of the 

electroluminescene, which involves emission of light when a π-conjugated material 

is excited by flow of electric current. The schematic diagram for single-layer electro 

Polymer Conductivity 

(S/cm) 

Stability Processibility 

Polyacetylene 1000 Poor Limited 

Polypyrrole 500-7500 Good Limited 

Polythiophene 1000 Good Excellent 

Polyphenylene 1000 Poor Limited 

Polyaniline 200 Good Limited 

Polyfluorene 1000 Good Good 

Poly(phenylenevinylene) 1000 Good Excellent 
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Figure 1.1. Device set up and conduction mechanism of light emission from a  

PLED. 

 

luminescent device using a polymer layer has been shown in the figure 1.1. A thin 

film of π-conjugated material is sandwiched between two electrodes. The anode 

consists of a layer of PEDOT-PSS coated on an ITO patterned glass substrate and the 

polymer layer is spin casted above it. The cathode
12 

is made up of a low-work 

function material such as calcium, magnesium or aluminium. In a polymer LED, 

electrons are injected into the LUMO (to form radical anions) and holes into the 

HOMO (to form radical cations) of the electroluminescent polymer, as 

diagrammatically represented in figure 1.1. The resulting charges migrate from 

polymer chain to polymer chain under the influence of the applied electric field. 

When a radical anion and a radical cation combines on a single conjugated segment, 

light is emitted.  

  

 

 

 

 

 

 

 

Scheme 1.3. Polymers with different emission colors and their π-π*band gaps. 
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Some examples of -conjugated polymers used in electroluminescent devices 

with different emission colors
4
 have been shown in the scheme 1.3. These π-

conjugated polymers have significant properties like colour tuning ability, 

mechanical stability, and flexibility etc.
13

, which were not there in inorganic and 

organic crystals. -Conjugated systems also have the added advantages such as 

brightness, wide viewing angle, high contrast and thin film forming properties. 

Though, significant advances have been made in the area of PLEDs, there are few 

challenges that remain to be addressed, such as; (i) control of molecular chain 

aggregation; (ii) enhancement of electroluminescence intensities, (iii) photo and 

thermal stability of the materials and (iv) longer lifetime for the devices and so on. 

1.2.2. Photovoltaics  

The general device setup for an organic solar cell is similar to that of a light 

emitting diode.
14

 An organic solar cell consists of an electron donating (D) and 

electron acceptor (A) layer. Upon absorption of light, an electron is transferred from 

an electron donor (p-type semiconductor) to electron acceptor (n-type 

semiconductor). This photoinduced electron transfer results in the formation of 

radical cation of the donor (D•+) and the radical anion of the acceptor (A•-) as shown 

in the figure 1.2. The photogenerated charges are then transported and collected at 

opposite electrodes leading to the flow of current.
15

 

 

Figure 1.2. (a) Device set up of a solar cell. (b) Electron transfer from donor to 

acceptor. (c) Current-voltage (I-V) curves of an organic solar cell (dark-dashed; 

illuminated,-full line)(Adopted from Hoppe et al. J. Mater. Res. 2004, 19, 1924-

1945; Gunes et al. Chem. Rev. 2007, 107, 1324-1338). 

 

e-

(a) (b) (c)
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Scheme 1.4. Various conjugated polymers and oligomers used in organic solar cells. 

 

The chemical structures of various conjugated polymers and oligomers 

commonly used for solar cell applications have been summarized in the scheme 1.4. 

Important examples of hole conducting donor-type semiconducting polymers are (i) 

derivatives of phenylenevinylene backbones such as poly[2-methoxy- 5-(3,7-

dimethyloctyloxy)]-1,4-phenylenevinylene) (MDMO-PPV), (ii) derivatives of 

thiophene chains such as poly(3-hexylthiophene) (P3HT), and (iii) derivatives of 

fluorene backbones such as (poly(9,9’-dioctylfluorene-co-bis-N,N’-(4-butylphenyl-

1,4-phenylenediamine)(PFB). Small oligomers such as phthalocyanine, pentacene, α-

sexithiophene and (E,E,E,E)-1,4-bis[(4-styryl)styryl]-2-methoxy-5-(2’-ethyl 

hexoxy)benzene have also been used successfully for solar cell devices.  

Buckminister fullerene C60 and its derivative PCBM (1-(3-methoxycarbonyl) propyl-

1-phenyl[6,6]C61) are among the most commonly used n-type semiconducting 

materials  in organic  solar cells. Buckminister fullerene C60 can be electrochemically 

p-type n-type

α-sexithiophene

Pentacene

MDMO-PPV

PTAA

P3HT

Perylene

PTCDA

NDI

PCBM C60
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reduced up to 6 electrons, but it has limited solubility. PCBM is a soluble derivative 

of C60 and has been widely used in polymer/fullerene solar cells due to its solubility. 

Among the other popular n-type π-conjugated acceptors are perylene and its 

derivatives. Some recent examples of π-conjugated donor and acceptor systems and 

their solar cell device data
16 

have been summarized in the table 1.2.  

 

Table 1.2. -Conjugated donors and acceptors and their solar cell device data. 

 

The low cost of synthesis, easy processing of films for large surface displays and 

high absorption coefficients made π-conjugated materials good chromophores for 

solar cell applications. Bulk-heterojunction solar cells based on MDMO-PPV as a 

donor and PCBM as an acceptor showed excellent power conversion efficiencies 

exceeding 2.5%.
17

 PCBM has high electron mobility compared to many other 

organic or polymer materials that can be deposited by spin coating.  

Nevertheless, there are many limitations that need to be addressed before any 

major practical application of bulk-heterojunction polymer-fullerene solar cells. A 

recent study based on MDMO-PPV/PCBM solar cells revealed appreciable 

Acceptor VOC (V)Donor FF (%) ECE (%)JSC (mA/cm2)

0.91 550.58 0.29

0.58430.76 1.77

1.00350.94 1.95

0.19350.55 0.98

P3HT Poly II

P3HT
PC-PDI

PF-PDI

MEH-PPV BBL
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degradation under accelerated lifetime testing conditions (increased temperature).
18

 

At high temperatures, PCBM molecules diffused through the MDMO-PPV matrix 

and formed large crystals leading to increased phase segregation.
18

 Therefore, 

development of new combinations of materials with easy synthetic approaches, 

better color tuning properties, increased photostability and better energy conversion 

efficiencies are some of the major challenges to be addressed.  

 

1.2.3. Organic Field Effect Transistors 

Organic field-effect transistors consisting of organic -conjugated molecules 

as active layers are emerging next generation solid state electronics.
19 

Two metal 

electrodes called source and drain are placed on the top of the -conjugated layers at 

each ends. Electrode materials are typically chosen from a variety of materials 

including metals (e.g., Au, Ag), heavily doped silicon and metallic conductive oxides 

(e.g., indium tin oxide), etc. An insulator separates the active layer from the gate 

electrode, and three terminals drain, source, and gate electrodes constitute the OFET 

configuration.
20

 The device set-up of an OFET has been shown in figure 1.3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. OFETs device configuration and typical I-V characteristics. 
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The mobility of the OFET is determined by the effective flow of charges 

from the source electrode to the drain electrode through the -conjugated active 

layer. In this process, charge carrier accumulation is highly localized at the interface 

between the organic semiconductor and the gate dielectric. Therefore, OFET could 

be regarded as a capacitor in which the semiconductor layer and the gate electrode 

act as electrodes to sandwich the gate insulator. In figure 1.3, a typical OFET data 

output for the plots of drain current (ID) vs drain voltage (VD) for various applied 

gate voltage (VG) are shown for -conjugated molecules. The drain current is 

expressed as:
20 

ID = {WCi/ 2L} x { (VG –VT)
2 

 

where, Ci is the capacitance per unit area of the dielectric layer, VT is the threshold 

voltage, and  is the field-effect mobility. From the plot of gate voltage versus 

square root of drain current, the field-effect mobility could be calculated. The inter-

section point in the x-axis provides the threshold voltages of the devices. The 

molecular structures, mobilities and packing motifs of some representative π-

conjugated materials
21

 have been summarized in the table 1.3. 

 

Table 1.2. Structures of -conjugates, packing mode and OFETs mobility. 

 

Packing mode Mobility (cm2V-1s-1)

Herringbone 2.4

1.1

-stacking

1.8

Structure

Herringbone

Herringbone

1.7
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The mobility of the first polymer OFETs was around 10
-5

 cm
2
V

-1
s

-1
, since 

then a rapid progress has been made in OFETs based on π-conjugated systems. The 

highest mobility of thin film transistors based on π-conjugated systems
 
has been 

reported to reach 10 cm
2
V

-1
s

-1 
and in single crystals up to 15-40 cm

2
V

-1
s

-1
.
21 

Incorporation of the electron-rich element such as sulphur was an important pathway 

to organic semiconductors with high performance. Planar or planar-like conjugated 

structures were generally found to be optimum for organic semiconductors with high 

mobility.
21

 

Although, a considerable amount of advancement and progress has been 

made in the field of LEDs, devices such as photovoltaics and organic field effect 

transistors remained far behind in terms of practical applications. Real devices with 

good performances for commercialization needed serious efforts in terms of 

understanding basic molecular structures of materials being used. It was realized that 

the π-conjugated materials used for these devices were synthetically good, but their 

poor solid state packing resulted in extremely low efficiencies. Therefore, apart from 

designing suitable chemical structures, self-organization of molecules in solid state 

remained a major challenge before real introduction of π-conjugates for molecular 

electronics. 

 

1.3. Molecular self-assembly in π-conjugates 

Supramolecular assembly utilizing weak non-covalent forces for making 

organized molecular architechtures is one of the most promising approaches for self-

assembly of π-conjugates.
22-24

 Weak non-covalent forces have been extensively 

studied in π-conjugated systems for molecular self-organization. Among the various 

secondary interactions, hydrogen bonds,
25

 π-π stacking,
26-29

 vander Waals,
30-32

  

hydrophobic effects
33

  and metal-ligand interactions
34-36 

have turned out to be the 

most important for self-assembly of π-conjugated molecules. These non-covalent 

forces are considerably weaker than covalent interactions ranging from 2 kJ mol
-1 

for 

dispersion interactions to 300 kJ mol
-1

 for ‘ion-ion’ interactions.
23 

The details 

summarizing the relative strength of these forces have been provided in the table 1.4. 
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Table 1.4. Summary of supramolecular interactions, their relative strengths and 

some common examples.  

 

Among the various non-covalent interactions, hydrogen bonding and π-π 

stacking are most important tools employed for self-organizing systems based on π-

conjugates. Therefore, the following sections are focused on the self-assemblies of π-

conjugated materials based on polyphenylenevinylenes, polyfluorenes, poly 

thiophenes and perylenebisimide derivatives via H-bonding and π-π stacking 

interactions.  

 

1.3.1. Hydrogen-bond assisted self-assemblies 

 Hydrogen bonding interactions can be considered a master key for molecular 

self-assembly due to its directionality and relatively predictable strength. A large 

number of functional units such as phenols, amines, trans-amides, sulphonamides, 

etc. dimerise through a single H-bond. These groups can be attached to the terminal 

ends of the building blocks for making large self-assembled structures. Similarly, 

carboxylic acids, cis and trans amides, oxalamides and urea groups have been 

incorporated in π-conjugated backbone for dimerization through two hydrogen 

bonds. Tridentate H-bonding units such as diaminotriazine exhibited significantly 

higher stabilities as compared to bidentate hydrogen bonding groups. Functional 

units that form four hydrogen bonds (quadruple hydrogen bonding units) have 

Interaction 

 

Strength (kJ/mol) Example 

Ion-ion 200-300 Tetrabutylammonium 

chloride 

Ion-dipole 50-200 Sodium [15] crown-5 

Dipole-dipole 5-50 Acetone 

Hydrogen bonding 4-120 Base pairs in DNA 

Cation-π 5-80 K
+
 in Benzene 

π-π 0-50 Benzene/graphite 

van der Waals < 5 kJmol
-1

 but varies 

depending on surface area 

Argon, packing in 

molecular crystals 

Hydrophobic depends to solvent-solvent 

interaction energy 

Cyclodextrin inclusion 

compounds 

CH/π 0.8 kcal mol
-1

 Benzene ( gaseous state) 
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become extremely popular in π-conjugated materials because of high stability 

imparted to supramolecular assemblies. Supramolecular organization of these 

electronically active π-conjugated molecules through hydrogen bonding 

interactions
37-48 

have been extensively utilized for fine-tuning and optimizing their 

electronic properties.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4. Assmebly of OPV and perylenebisimide derivatives. UV-vis (left) and 

fluoresence spectra (right) of the triad in methylcyclohexane (Adopted from 

Schenning et al. J. Am. Chem. Soc. 2002, 124, 10252-10253). 

 

Figure 1.4 shows hierarchical self-assembly of p-type oligo(p-phenylene 

vinylene) and n-type perylene bisimide into chiral fibers
49 

in which a diaminotriazine 

hydrogen bonding motif has been utilized. Perylene bisimide acceptor has two 

complementary binding sites for the diaminotriazine hydrogen-bonded moiety of 

OPV molecule. Upon photoillumination of these fibers, electron transfer takes place 

leading to charge separation within the aggregated dyes. These assemblies showed 

photoinduced electron transfer that is useful for solar cell applications.  

H-bonds

H-bonds

OPV Perylenebiimide OPV
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Figure 1.5. Chemical structures of di-UPy functionalized chromophores and a 

schematic illustration of white photoluminescence (Adopted from Abbel et al. J. Am. 

Chem. Soc. 2009, 131, 833-843). 

 

Meijer and co-workers were the first to describe a series of quadruple 

hydrogen bonding 2-ureido-4[1H]-pyrimidinone derivatives that can dimerise by 

forming four hydrogen bonds.
50a-c

 These 2-ureido-4[1H]-pyrimidinone hydrogen 

bonding groups have been utilized for making supramolecular copolymers based on 

π-conjugated oligomers as shown in the figure 1.5. Three different π-conjugated 

oligomers; a blue-emitting oligofluorene, a green-emitting oligophenylene vinylene 

and a red-emitting perylene bisimide were functionalized with self-complementary 

quadruple hydrogen bonding ureidopyrimidinone (UPy) units at both ends. The 

molecules self-assembled in solution and in the bulk, forming supramolecular white 

emissive polymers.
50c

 Light emitting diodes based on these supramolecular polymers 

were also prepared from all three types of pure materials, yielding blue, green, and 

red devices, respectively. At suitable mixing ratios of these three compounds, white 

electroluminescence was observed. 

mixing
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Figure 1.6. Molecular structure (a), photographs of TTV4 gel in decane during 

heating/cooling (b) and mobility data of TTV4 (c) (Adopted from Prasanthkumar et 

al. J. Am. Chem. Soc. 2010, 132, 8866-8867). 

 

Ajayaghosh and co-workers
51a-d 

have developed a variety of self-assembled 

materials based on oligo-phenylenevinylenes with different sizes, shapes, and 

properties. They have shown that solvent-assisted gel formation with functional 

organic molecules leading to one-dimensional fibers in oligophenylenevinylenes and 

oligothiophenes. Such fibers have improved electronic properties and are potential 

soft materials for organic electronic devices, particularly in bulk heterojunction solar 

cells. Further, trithienylenevinylenes with amide terminal groups were reported to be 

self-assembled as organogels in decane (see figure 1.6). The charge carrier mobility 

was found to be high for a sample from a decane gel when compared to that obtained 

from that of the chloroform solution.
51d 

Yagai et al. demonstrated an example of synthetic rigid π-conjugating 

molecule based on oligophenylene vinylenes utilized to make self-assembled nano 

rings and nano coils (see figure 1.7). The molecule consisted of a barbituric acid  

Gel

(a)

(b) (c)
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Figure 1.7. Schematic illustration for organization of barbituric acid substituted 

OPV in to nanorings, open-ended nanofibers, and nanocoils. (Adopted from Yagai et 

al. J. Am. Chem. Soc. 2009, 131, 5408 -5410). 

   

(BAR) hydrogen bonding head group and a wedge-shaped tridodecyloxybenzyl 

(TDB) tail.
52

 Closed ring-shaped nanostructures (nanorings) were visualized by 

atomic force microscopy (AFM) when the molecule was drop-casted or spin-coated 

onto highly oriented pyrolytic graphite (HOPG) from a methylcyclohexane solution. 

 

1.3.2. Aromatic π-π stack induced self-assembly  

The strong attractive interactions between π-systems are known as π-π 

interactions or π-π stacking.
27

 These interactions play a central role in controlling 

diverse phenomenon from biology to chemistry such as vertical base-base 

interactions in the double helical structure of the DNA, intercalation of the drugs in 

DNA, tertiary structures of the proteins, complexation of the host guest systems and 

the packing of the aromatic molecules in crystals. The origin of these interactions 

can be explained by using a simple model of charge distribution in a π system as 
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Figure 1.8. Various modes of π-π stacking in electron rich and electron deficient 

aromatics (Adopted from Martinez et al. Chem. Sci. 2012, 3, 2191-2201). 

 

proposed by Hunter and Sanders.
53

 This model is known as polar/π model. 

According to this model, in electron rich aromatic systems, the π electron density 

creates a quadrupole moment with partial negative charge above and below the 

aromatic plane and a partial positive charge around the periphery (see figure 1.8).  

Therefore, in electron rich aromatic systems, face centered stacking is disfavored due 

to large electrostatic repulsions.
53

 To avoid these large electrostatic repulsive forces, 

aromatic cores in the adjacent molecules slide out from under one another leading to 

off-centered parallel stacking or perpendicular edge to face interactions. On the other 

hand, aromatic systems that have strongly electron-withdrawing groups polarize the 

π-electron density away from the aromatic core. A reversal in the direction of the 

overall quadrupole moment results in a central area of relative electron deficiency so 

that a partial positive charge is present above and below the aromatic faces and a 

partial negative charge around the periphery. These electron deficient systems can 

undergo strong electrostatic attraction with electron-rich aromatic systems, leading to 



                                                                                             

                                                                                                                       

                                                                                                     Chapter 1 

 

                                                                            18 
 

face centered pairing.
25

 The face-centered stacking phenomenon between aromatics 

with differential polarization is known as  ‘π-stacking’ or ‘π-π interaction’ or 

‘aromatic donor-acceptor interaction’.
38

 

 

Figure 1.9. (a) Concentration-dependent UV/Vis absorption spectra of 

perylenebisimide derivative(2) in MCH at room temperature.(b) Temperature-

dependent UV/Vis absorption spectra of 2 from 0 to 90 
ο
C.(Adopted from Chen et al. 

Chem. Eur. J. 2007, 13, 436-449). 

 

π- π stacking interactions have been widely studied in the self-assembly of π- 

conjugated systems such as benzene, naphthalene,
54

 acenes, triphenylenes,
55-56

 

hexabenzocoronenes,
57

 perylene bisimide,
58-63

 naphthalene bisimide dyes,
64 

and 

phthalocyanines.
65

 The molecular self-assembly via π-stacking interactions is 

determined by several factors such as the electronic nature of the π-conjugated 

systems, the size and shape of aromatic core and peripheral substituents attached to 

the π-conjugated core. Chen et al.
66

 reported an example of a new, highly soluble 

perylne bisimide (PBI) dye (see figure 1.9) which formed extended fluorescent 

aggregates in hexane utilizing π-π stacking interactions. The highest aggregation 

constant in hexane enabled the formation of aggregated species as shown by 
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transition from non-aggregated to aggregated state in the absorption spectra in figure 

1.9a and figure 1.9b. The aggregation behavior was found to be concentration and 

temperature dependent. 

 

Figure 1.10. (a) Concentration-dependent luminescence of perylene bisimide dye in 

toluene. (Adopted from Wurthner et al. Chem. Commun. 2004, 1564-1579). (b) 

Temperature-dependent UV/Vis absorption spectra from 0 to 90 
ο
C. (Adopted from 

Herrikhuyzen et al. J. Am. Chem. Soc. 2004, 126, 10021-10027). 

 

Figure 1.10a represents another example of a strongly luminescent perylene 

bisimide dye that exhibits concentration dependent luminescent properties in toluene. 

In dilute solutions (10
-6 

M), the green emission corresponded to the presence of non-

aggregated monomers. As the concentration of the dye increased, strong π-π stacking 

interactions led to aggregation of dye molecules giving rise to red emission.
67

 Figure 

1.10b exhibits an example of an electron-deficient (n-type) perylene bisimide 

molecule forming supramolecular stacks in apolar methylcyclohexane (MCH) 

(b) 10-6 M 10-2 M

(a)
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solution. The aggregation phenomenon was confirmed by the presence of aggregated 

peaks in the concentration and temperature-dependent absorption studies.
68  

 

 

Figure 1.11. Chemical structure and photographs of gel of pentacenequinone 

derivative formed in toluene/DCM (Adopted from Bhalla et al. Appl. Mater. 

Interfaces 2013, 5, 672-679). 

 

Acenes such as pentacene and its derivatives are also among widely studied 

for self-assembling π-conjugated systems in solid state. An example of a 

pentacenequinone derivative
69 

that forms stable thermoreversible organogels via 

strong π-π stacking interactions has been illustrated in the figure 1.11. Photographs 

of gel under 365 nm UV light formed in toluene/DCM (8:2) solvent implement sol 

phase transition by heating-cooling depict strong π-π stacking among molecules. 

Though, unique supramolecular assemblies have been obtained by using 

hydrogen bonding and π-π interactions in solution state, these self-assemblies were 

predominantly solvent assisted processes. The concentration and temperature of the 

solution played an important role in determining equilibrium between individual 

molecules and aggregated stacks. The presence or absence of solvent greatly affected 

the stability of aggregates and hence transfer of these solution based assemblies to 

solid state device films is a major limitation of such solution based systems.    

 

1.4. Liquid Crystalline π-conjugated materials  

Liquid crystal aligning of π-conjugated molecules is an attractive 

methodology to make ordered molecular assemblies via solvent less processes.
70-74

 

Non- aggregated Aggregated

π-π stacking
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The molecules are heated to melt and wide varieties of molecular assemblies can be 

attained by cooling the samples under appropriate conditions. The outcome of the 

self-assemblies is visualized as nematic, smectic, cholesteric or columnar textures. 

These LC textures provide information about alignment of molecules in one 

dimensional, two dimensional, or three dimensional arrangements. Liquid crystal 

(LC) is a state of matter that has properties between those of conventional liquid and 

solid crystal.
80-81

 Liquid crystals are fluidic in nature, like a liquid, but also exhibit a 

degree of molecular order like crystalline solids as shown in the figure 1.12. Such an 

intermediate state of matter is called a "mesophase". Broadly, liquid crystals can be 

divided into two categories: thermotropic or lyotropic. Thermotropic LCs exhibit a 

phase transition into the LC phase as a function of temperature. Lyotropic LCs 

exhibit phase transitions as a function of both temperature and concentration of the 

LC molecules in a solvent. Depending on the type of ordering in mesogens, liquid 

crystals are mainly classified in to four different phases known as nematic, smectic, 

cholesteric and columnar phases.   

 

 

Figure 1.12. Schematic diagrams depicting orientation of molecules in crystalline, 

nematic, smectic, cholesteric, columnar and isotropic phases.  

 

Nematic phase: The arrangement of mesogens in a nematic phase has been shown in 

the figure 1.12.  In a nematic phase, the molecules tend to be parallel to each other. 

The molecules lack positional order, but self-align to have long range directional 

order with their long axes roughly parallel to each other. Thus, the molecules are free 

to flow and their center of mass positions are randomly distributed like a liquid, but 

the long-range directional order is preserved. Nematic phases are generally observed 

at higher temperatures.   

Isotropic

Cool

Heat

Crystal Nematic Smectic Cholesteric

Cool

Heat

Columnar

http://en.wikipedia.org/wiki/State_of_matter
http://en.wikipedia.org/wiki/Liquid
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http://en.wikipedia.org/wiki/Thermotropic
http://en.wikipedia.org/wiki/Lyotropic
http://en.wikipedia.org/wiki/Phase_transition
http://en.wikipedia.org/wiki/Concentration
http://en.wikipedia.org/wiki/Solvent
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Smectic (A and C) phase: In addition to orientational order, the molecules in 

smectic phases are arranged in layers. The molecules in each smectic layer are 

randomly distributed, but, oriented in same direction. Depending on the orientation 

of the molecules with respect to smectic layer normal, this phase can be divided in to 

smectic A or smectic C. In smectic A, the long molecular axis of the mesogens is 

parallel to the layer normal; however, in smectic C mesophases, the molecules are 

tilted with respect to layer normal by a tilt angle θ. The layer thickness of the smectic 

C phase is related to tilt angle as d = l cos θ. The ordering of the smectic A and C 

phases are both higher than the nematic phase so that they appear at a lower 

temperatures.   

Cholesteric (or chiral nematic) phase: The cholesteric N* phase can be understood 

as a chiral version of the nematic phase possessing only orientational order of the 

long molecular axis. This phase consists of local nematic layers, which are 

continuously twisted with respect to each other giving rise to helical superstructure 

with a twist axis perpendicular to local director.  

Columnar mesophases: Disk-shaped liquid crystalline molecules can orient 

themselves in a layer-like fashion known as the discotic nematic phase. If the disks 

pack into stacks, the phase is called a discotic columnar. The columns may be 

organized into rectangular or hexagonal arrays. Chiral discotic phases similar to the 

chiral nematic phases have also been reported. 

Further, depending on the shape of the molecule, LCs can be classified in to 

two categories. The molecules having “rod like” molecular shape are known as 

calamitic liquid crystals. On the other hand, molecules having disc like geometries 

are called discotic liquid crystals. A schematic model for rod like and disc like liquid 

crystalline molecules has been shown in the figure 1.13. Among the various new 

materials for organic electronics, π-conjugated liquid crystals (LCs) are currently 

viewed as new generation of organic semiconductors.
75-79

 These materials offer the 

advantages of controlling the order in the bulk at all length scales from molecular to 

macroscopic distances. π-conjugated calamitic (rod-like)LCs differ from discotic 

(disc-like) mesogens in terms of molecular shape, phase symmetry, the 

http://en.wikipedia.org/wiki/Columnar_phase
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dimensionality of their charge transport, exciton migration and in the extent of their 

orbital overlap (figure 1.13). 

 

 

 

 

 

 

 

 

 

Figure 1.13. Mesogen arrangement in calamitic and discotic liquid crystals.( 

adopted from Sergeyev et al. Chem. Soc. Rev. 2007, 36, 1902-1929). 

 

Calamitic liquid crystals are generally found to form smectic mesophases, on 

the other hand discotic LCs tend to self-organize in columnar mesophases. The 

charge transport in calamitic smectic planes is two-dimensional, but columnar 

arrangement of discotic mesogens leads to one-dimensional charge transport in 

discotic liquid crystals. The extent of frontier orbital overlap in calamitic LCs is 

moderate as compared to disc-like molecules which experience a much large orbital 

overlap than rod like molecules.  

 

 

 

 

 

 

 

 

Scheme 1.5. Chemical structures of various rod-like π- conjugated liquid crystals. 
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A common structural feature of calamitic π- conjugated mesogens is the 

presence of a relatively rigid core such as phenyl and biphenyl groups, with flexible 

alkyl or alkoxy side chains. Oligophenylenevinylenes, oligophenylenes, 

oligothiophenes, oligofluorenes, and oligophenyleneethylene based aromatic cores 

constitute important classes of calamitic π-conjugated liquid crystals.
82-88

 Among 

these multidimensional nanoarchitectures of oligothiophenes and cooperative 

conformation transition in oligophenylenethylenes were found to be more attractive.  

The chemical structures of a few important rod like π-conjugated liquid crystals have 

been summarized in the scheme 1.5c 

Figure 1.14. Polarized optical photomicrographs and XRD patterns of 

polythiophene based smectic liquid crystal at 160 
ο
C. (Adopted from Yasuda et al. 

Adv. Funct. Mater. 2009, 19, 411-419). 

. 

Yasuda et al.
89

 recently reported a series of liquid-crystalline (LC) π-

conjugated oligothiophenes bearing three or two alkoxy chains at their extreme ends.  

These polycatenar oligothiophenes formed various LC nanostructures including 

smectic, columnar, and micellar cubic phases. Their properties depended on the 

number and length of the terminal alkoxy chains. For example, tetraalkoxy 

substitution of the oligothiophene core (see figure 1.14) ensured that the molecules 

have a calamitic shape and led to the formation of layered smectic LC phases over a 

wide range of temperatures.  

n=12
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The history of discotic liquid crystals dates back to the year 1977 when 

Chandrasekhar et al. reported that not only rod-like molecules, but also compounds 

with disc-like molecular shapes formed liquid crystalline mesophases.
90  

Discotic 

LCs consists of a large planar conjugated rigid aromatic core and flexible peripheral 

chains.
91-96

 These molecules self-organized to form stacks and high electron wave 

function overlap along the stacks in the columnar phases, resulted in high charge 

carrier mobilities.
97

 The general chemical structures of some of the extensively 

studied π- conjugated discotic LC materials have been shown in the scheme 1.6.  

 

Scheme 1.6. Chemical structures of commonly used π- conjugated discotic LCs 

(Adopted from Sergeyev et al. Chem. Soc. Rev. 2007, 36, 1902-1929). 

 

Among a large variety of discotic liquid crystals that have been reported, 

triphenylene,
98 

 hexabenzocoronene
99-103 

and perylene bisimide
92

 derivatives, have 

been studied for one-dimensional transportation of charge carriers with high 

mobilities along the columns. Polycatenar oligothiophenes
104

 possessing three alkoxy  

chains at each terminal has been shown in the figure 1.15a. This molecule self-

organized into columnar liquid crystalline phase, and one-dimensional columnar 

stacks could be oriented uniaxially by mechanical shearing in the mesophases. 

Recently, an interesting example of nematic phase has been reported by Cammidge 

and coworkers in substituted triphenylenes as shown in the figure 1.15b. An enforced 

void region in the center of the macrocycle that results from bridging through the 

triphenylene 3,6-positions excluded simple columnar assembly and gave rise to 

nematic LC mesophases.
105 

Novel discotic LCs by fusing imidazole with 
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triphenylene aromatic core
106

 have also been synthesized (see figure 1.15c) 

exhibiting interesting columnar discotic mesophases. 

 

Figure 1.15. (a) Chemical structure and columnar mesophases of π-conjugated 

oligothiophenes (Yasuda et al. Chem. Commun. 2006, 3399-3401). (b) Nematic 

mesophases observed in discotic triphenylenes (Zhang et al. J. Org. Chem. 2012, 77, 

4288-4297). (c) Chemical structure and optical micrograph of a 

triphenylenoimidazole mesogen. (Kumar et al. Tetrahedron Lett. 2011, 52, 5363-

5367).  

 

Asha and coworkers
58

 synthesized a series of highly fluorescent liquid-

crystalline perylenebisimide molecules having amide or ester linkage and end-  

 

Figure 1.16. (a) Chemical structure and LC mesophases of perylenebisimide 

derivatives. (Adopted from Jancy et al. Chem. Mater. 2008, 20, 169-181 (a and b); 

Wicklein et al. J. Am. Chem. Soc. 2009, 131, 14442-14453(c); Chen et al. Chem. 

Eur. J. 2007, 13, 436- 449(d)). 

(a) (c)(b)

(a) (d)(c)(b)
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capped tridodecyloxy phenyl units as show in the figure 1.16a. The study indicated 

that the presence of a single terminal dodecyloxy phenyl substituent has a very 

stabilizing effect on the overall properties like stability of liquid crystalline phases, 

stability of aggregates formed, etc., when compared to no terminal dodecyloxy 

benzyl substitution or tridodecyloxy benzyl substitution. This was true for both the 

ester as well as amide linkage having monododecyloxy benzene substitution. 

Thelekkat and coworkers
40

 demonstrated the study of tailor-made liquid crystalline 

PBIs to elucidate structure-property relationships with respect to thermotropic 

behavior in N-substituted derivatives of PBIs (see figure 1.16b). Symmetrically and 

unsymmetrically N-substituted perylene bisimides were synthesized by two different 

synthetic strategies. The substituents used involved swallow-tail and linear alkyl or 

oligooxyethylene (OEG) substituents. The mesophases exhibited characteristic 

columnar hexagonal packing arising from π-π interactions between cofacially 

orientated perylene molecules. Wurthner and coworker
66

 synthesized a highly 

soluble PBI dye which formed extended fluorescent aggregates possessed liquid 

crystalline properties. In condensed state a hexagonal columnar LC phase (see figure 

1.16c) was observed. X-ray diffraction and AFM studies indicated that the columnar 

stacking is accomplished by rotational displacement among the molecules.  

Although, a large amount of research on π-conjugated LCs has been done, 

but questions like the exact relationships between mesogen structure and its 

morphology, the rationale behind molecular design for obtaining a specific texture 

are still debated. Various molecular designs and theories have been proposed for 

understanding structure property relationships, however, a clear understanding of 

these relationships is a missing link in the literature and there is still a long way to 

go.  

 

1.5. Solid- State assemblies of π-conjugates 

Typically, organic -conjugated molecules could pack in three different kinds 

of packing motifs such as herring bone packing with π-π overlap between adjacent 

molecules; lamellar packing with one dimensional (1D) π-stacking or lamellar 
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packing with two dimensional π-stacking.
21 

The molecular arrangements in these 

three packing motifs have been shown in the figure 1.17. Herringbone arrangement 

 

 

 

 

 

 

 

 

Figure 1.17. Packing of organic -conjugated molecules in solid state. 

is one of the most stable packing for molecules in the solid state, where adjacent 

stacks of molecules arrange in opposite directions in the unit cell. Long alkyl or 

alkoxy side chains facilitate lamellar packing due to the crystallization of 

hydrocarbon tails.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.18. (a)FET measurements and single crystal structure of pentacene 

reflecting herring bone packing. (Adopted from Lin et al. IEEE Trans. Electron 

1997, 44, 1325-1331and Meijer et al. Nature Mater. 2003, 2, 678- 682). (b)Field 

effect mobility and crystal packing of dianthra[2,3-b:2′,3′-f]thieno[3,2-b] 

thiophene.(Adopted from Sokolov et al. Nature Comm. 2011, 2:437, 1-8). 

Herringbone Lamellar Motif (1D) Lamellar packing (2D)

1.5 cm2 V-1 s-1

16 cm2 V-1 s-1

0.76 cm2 V-1 s-1

(Amr. Silicon)

(a) Pentacene

(b) Dianthra[2,3-b:2′,3′-f]thieno[3,2-b]

thiophene
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The solid state packing of π-conjugates have a direct influence on their 

charge carrier mobilities. Figure 1.18 shows the charge carrier mobilities and 

molecular arrangements in single crystals of pentacene and dianthra[2,3-b:2′,3′-

f]thieno[3,2-b] thiophene. Pentacene
107-108

 showed mobility up to 1.5 cm
2
V

-1
s

-1
, 

which was about double the mobilities reported for amorphous silicon. Single crystal 

structure analysis of pentacene showed that molecules arranged in herringbone 

motifs. Dianthra[2,3-b:2′,3′-f]thieno[3,2-b] thiophene exhibited saturation region 

hole mobilities as high as 12.3 cm
2
V

−1
s

–1
 and a linear region mobility of 16 cm

2
V

−1
s

–

1
 in single crystal OFET devices.

109
 The molecules exhibited lamellar ordering which 

gave rise to such high field effect mobilities. 

Oligo-acenes, oligo-thiophenes and oligophenylenes are among the most 

commonly used π-conjugated materials for organic electronics; therefore it is 

important to under the packing motifs of these molecules in solid state. The crystal 

structures of sexithiophene
110

 (also pentacene) showed herringbone packing motifs in 

which the molecules were found to arrange in edge-to-face fashion in two-

dimensional (2-D) layers (see figure 1.19A). These molecules showed highest charge 

carrier mobilities among π-conjugated materials. Few other important examples of 

unsubstituted π-conjugated oligomers have been summarized in the figure 1.19 

 

 

Figure 1.19.  Packing motifs of unsubstituted oligomers in their single crystals. A 

(Adopted from Horowitz et al. Chem. Mater. 1995, 7, 1337-1341); (B) Adopted from 

Wang et al. Chem. Rev. 2012, 112, 2208-2267); (C) (Adopted from Curtis et al. J. 

Am. Chem. Soc. 2004, 126, 4318-4328). 

A B C
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A common feature of A, B, and C in figure 1.19 was the absence of side 

chains or pendent groups in the aromatic core. All the three molecules arranged in 

herringbone layers. The unit cell for sexithiophene (A) belonged to space group 

P21/n and presented the herringbone packing common to a great deal of planar 

molecules.
110

 A butyl substituted derivative of benzo[1,2-b:4,5-b0]bis[b] 

benzothiophene (C) exhibited, as seen down the long molecular axis herringbone like 

structure to give a “lamellar herringbone” packing motif.
111 

 

 

Figure 1.20. Packing motifs of substituted oligomers in their single crystals. (A) and 

(C) (Adopted from Curtis et al. J. Am. Chem. Soc. 2004, 126, 4318-4328). (B) 

Adopted from Wang et al. Chem. Rev. 2012, 112, 2208-2267). 

 

It has been found the nature of the side chains, if present, greatly affected the 

solid-state packing of conjugated oligomers and polymers. If linear alkyl side chains 

are present, crystallization of the side chains promotes “lamellar” structure.  A few 

examples of substituted conjugated oligomers have been summarized in the figure 

1.20.  The structure of nonyl bithiophene (see figure 1.20A) presented lamellar 

packing and the alkyl side chains were found to be interdigitated.
111

 Interesting 

lamellar structure was observed in crystals of 1.20B, although the butyl groups were 

in the end-position instead of the side position.
21

 A view of the packing of nonyl 

bithiazole, (see figure 1.20C) molecules as seen along the crystallographic b-axis, 

depicted lamellar structure produced at such low degree of polymerization.
111 

A few studies have been done to understand solid state packing of systems 

based on phenylenevinylene aromatic cores. Vandevelde et al. studied the single 

A B C
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Figure 1.21. Packing motifs and single crystals based on oligophenylenevinylenes.  

A, B, C and D (Adopted from Vande Velde et al. Crystal Growth & Design 2004, 4, 

823-830); E (Adopted from Gill et al. Adv. Mater. 1996, 8, 212-214); F (Adopted 

from Bartholomew et al. Chem. Mater.  2000, 12, 1422-1430). 

 

crystal structures of E,E-1,4-bis[2-(2,4,6-trimethoxyphenyl)ethenyl]-2,5-

dimethoxybenzene (1.21A), E,E-1,4-bis[2-(2,4,6-trimethoxyphenyl)ethenyl]-2,5-

diisopropoxybenzene (1.21B), E,E-1,4-bis[2-(2,4,6-trimethoxyphenyl)-ethenyl]-2,5-

dihexoxybenzene (1.21C), and E,E-1,4-bis[2-(2,4,6-trimethoxyphenyl)ethenyl]-2,5-

bis(2-phenylethoxy)benzene (1.21D).
112

 Weak intramolecular hydrogen bond 

between protons belonging to olefinic bond and the ortho-methoxy groups on the 

adjacent benzene rings led to weak OCH3-π interactions. The number of such OCH3-

π interactions changed with the structure and length of the side chains. The effects of 

these interactions explained the crystal formation mechanism in this class of alkoxy 

4

A B C

D

E F
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side chain substituted OPVs. Hadziioannou et al. studied five-ring oligo(p-

phenylene-viny1ene) based liquid crystalline molecule (1.21E).
113

 The mesophase 

morphology was explained in terms of packing arrangement of the molecules in the 

unit cell. The molecule (1.21E) exhibited nematic textures and crystalized in 

monoclinic crystal system. The phenyl rings did not show π- stacking and the 

molecules were arranged in in layers parallel to the (010) plane. Bartholomew et al. 

studied a series distyrylbenzene derivates.
114

 The crystal structure of 1,4-bis(1-

cyano-2-phenylethenyl)benzene
115

 has been shown in the figure 1.21F. The molecule 

crystallised in orthorhombic crystal symmetry (Pbca). The molecule was highly 

nonplanar with cyano groups located neither in the plane of the central nor terminal 

rings. The molecule exhibited N…..H-C contacts and neighboring phenyl rings from 

different molecules arrange themselves to optimize T-type contacts.  

 

Table 1.5. Structures of -conjugates, packing mode and OFETs mobility. 

 

The packing of molecules in the solid state in the active layer was found to be 

directly correlated to their field effect mobilities. OFETs also provide an important 

insight into the charge transport mechanism of π-conjugated systems. The charge 

transport mobility of the semiconductor is one of the most important parameters that 

Packing mode Mobility (cm2V-1s-1)

Herringbone 5.1 and 40.2

Slipped -stacking 1.2 – 1.6

2D -stacking 1.0 – 1.25

Structure Solubility

Insoluble

Insoluble

Partially-soluble
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determine device performance.
115

 (see table 1.5). Hence, the understanding the 

packing of -conjugated chromophores is very important to correlate the structure-

property relationships with OFETs performance.
116-123

 Rigid highly -conjugated 

molecules are generally insoluble or poorly soluble in most common solvents. This 

induces two difficulties in the OFETs: (i) high vacuum sublimation techniques is 

usually required to fabricate OFET devices and (ii) it is almost impossible to grow 

single crystal structures of these molecules to trace the type of molecular packing. 

Among the small molecules, pentacene and its derivatives were found to be the best 

candidate so far studied for the OFETs. These molecules were found to order in the 

herringbone fashion. The substitution on the aromatic ring by aryl or alkyl units 

disturbed the packing of the chromophores.
21

 The mobility of the charges drastically 

decreased with the variation in the crystal packing. In general, a large number of -

conjugated systems are known to be active in OFETs; however, the lack of crystal 

structures hampered their structure-property correlation.  

Table 1.6. -Conjugated Polymers and their OFET mobility data. 

 

Few conducting polymers were also tested for applications in OFETs and 

their data are summarized in table 1.6. Among the polymers benzothiadiazole-

thiophene systems were known to show reasonable charge carrier mobility. 

However, their tedious synthesis and low molecular weight formation are some of 

the major hurdles to be addressed.
21 

Packing mode Mobility (cm2V-1s-1)

No information 1.2

1.72

2.56

Structure Solubility

Soluble

Soluble

Partially-soluble

No information

No information
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Figure 1.22. Schematic representation of photoluminescent enhancement in rigid 

bulky-PPV copolymers.  

 

Amrutha et al. from our laboratory had designed and developed novel bulky 

TCD based PPVs for improved solid state photoluminescence properties.
32, 124

 In this 

approach, random copolymers of MEH-PPV with 60 % substitution of TCD-units 

into the PPV backbone were synthesized (see figure 1.22).The introduction of bulky 

TCD-units into the PPV backbone reduced molecular aggregation and enhanced the 

solution and solid state photoluminescence characteristics. The rigid bulky-PPV 

polymers followed Flory-Fox trend for the glass transition and showed 

photoluminescence enhancement 4-5 times higher than that of MEH-PPV.  

 

Figure1.23. Schematic representation of photoluminescent enhancement in polymer-

oligomer binary blends. 

 

Subsequently, polymer-oligomer binary blends (figure1.23) were synthesized 

by varying the composition of the MEH-PPV and OPVs from 1 to 99 %. Absorption 

and PL spectroscopic techniques were employed to trace the aggregation properties 
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 in solvents such as toluene, tetrahydrofuran (THF), THF+methanol or THF+water 

combinations as well as in the solid state.
125

 Through selective PL excitation, both 

the effect of oligomer-to-polymer energy transfer and luminescent enhancement in 

MEH-PPV via inter-chain separation were investigated. PL studies revealed that the 

bulky OPV (BTCD-OPV) increased the emission of the PPV chain via both energy 

transfer and inter chain separation processes. 

 

 

 

 

 

 

 

 

 

Figure 1.24. Chemical structures of OPVs with different pendent groups. 

 

In an effort to understand the thermotropic liquid crystalline properties in 

oligomers, a series of bulky/ non-bulky, branched /linear alkyl chain substituted 

conjugated oligophenylenevinylenes were developed.
31,125

 More than 30 different 

molecules were synthesized for tracing the role of substituents on thermotropic liquid 

crystalline behavior of OPVs. The chemical structures of a few representative OPVs 

have been shown in the figure 1.24. The preliminary investigation revealed that 

among a dozen of examined OPV structures, OPV molecule with rigid bis-TCD units 

in the central core and flexible dodecyl chains at the outer phenyl rings (BTCD-

BDD-OPV) was found to show very unique ring banded morphology in PLM 

images, which was the first of its kind in π-conjugated materials. The ring banded 

morphology of BTCD-BDD-OPV has been shown in the figure 1.25. Electron 

microscopic (SEM and TEM) analysis confirmed lamella twisting, and the 

mechanism of ring banded structures. Photophysical studies (excitation and emission 
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and time dependent fluorescence decay) were carried out to trace the role of π-π 

interactions in OPV mesogens on the ring banded structures. Therefore, it was shown 

that the size, shape and nature of the pendant groups attached in the OPV backbone 

is a crucial factor for inducing liquid crystallinity. Hence, tricyclodecanemethanol 

(TCD-OH) was established as effective structure directing unit for achieving highly 

luminescent materials and LC phases compared to that of normal alkyl chains. 

 

 

 

 

 

 

 

Figure 1.25. Helical twisting and ring banded textures of BTCD-BDD-OPV.  

 

Highly ordered single crystals exhibited high charge carrier mobilities, but, 

major limitation of these materials is that single crystals cannot be used for large area 

applications. These rigid highly π-conjugated molecules required high purity, 

involved tedious multistep synthesis and were generally insoluble or poorly soluble 

in most common solvents due to their strong intermolecular interactions or the lack 

of flexible chains. Thus, the use of vacuum sublimation was usually required to 

fabricate devices containing such materials. High temperature vacuum deposition 

techniques required for such materials rendered them unsuitable for large area 

electronics which are feasible only with cheap and easy thin film deposition 

techniques such as controlled solvent evaporation, spin coating, drop casting or ink 

jet printing. Hence, construction of highly ordered solid state structures of π-

conjugated materials with improved charge carrier mobilities and excellent 

luminescent characteristics for optoelectronic applications is challenging problems to 

be addressed. 
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1.6. Aim of the thesis 

From the previous discussions, it is understood that the performance of -

conjugated materials in electronic devices are mainly driven by the molecular 

arrangements in solid state. Therefore, controlling molecular self-organization and 

understanding precise intermolecular forces is very important for use of these 

materials in electronic devices. However, it is rather very challenging to obtain 

information on the packing of -conjugated molecules in the solid state due to the 

non-availability of single crystal structures for these large π-conjugated molecules. It 

has been a great challenge for synthetic chemists to design appropriate models which 

could self-organize in solid state (in a solvent free condition) and also produce their 

single crystal structures so that direct correlation between molecular packing and 

self-assembly could be established. Hence, design and synthesis of new π- 

conjugated systems and obtaining control over the supramolecular organization of 

these electronically active π-conjugated molecules is a major challenge to fine-tune 

and optimize their electrical properties for better device performances.  

This thesis work is focused on design and development of new π-conjugated 

phenylenevinylenes and their segmented polymers that can self-assemble via weak 

non-covalent interactions in the solid state. Further, single crystal X-ray structures 

were resolved to understand the solid state molecular self-assemblies of these π-

conjugates. The roles of OPV skeletons on the liquid crystalline properties, planarity 

versus non-planarity, inter-molecular non covalent forces such as weak CH/π 

interactions and - stacking, pitch and roll displacements in the crystal lattices and 

photophysical characteristics were investigated in detail.  

The important aspects of the thesis are: 

1. Helical Supramolecular Assemblies of OPVs: The origin of two dimensional 

herringbone layers to 3D helical self-assembly in a homologous series of 

OPVs has been studied. 

2. Hierarchical Assemblies of OPV Structural Isomers: The role of OPV 

backbone planarity, CH/π hydrogen bond, and positional effect of peripheral 
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substitution, alkyl chain lengths and its orientation were investigated on the 

various properties such as liquid crystallinity and so on.  

3. Fluorocarbon versus Hydrocarbon tail in OPVs: Effort was made to 

synthesize fluorocarbon and hydrocarbon tailed OPV molecules. The role of 

tail nature on LC mesophases such as smectic, nematic and their H and J 

aggregates formations was investigated. 

4. Donor-acceptor Assemblies of Segmented OPV Polymers: The effect of 

chemical structure and polymer chain topology on donor acceptor self-

assemblies of segmented OPV polymers and perylenebisimide chromophore 

were studied. The donor-acceptor self-organization was investigated in detail 

using FRET mechanistic pathways.  

In the second chapter, the origin of herringbone to helical self-assembly in 

custom designed tricyclodecanemethylene OPVs has been studied at molecular level 

using single-crystal X-ray structures. Weak hydrogen bonding CH/π interactions 

were found to be an important non-covalent force in the molecular self-assembly. 

The third chapter deals with role of OPV backbone planarity and positional effect of 

peripheral substitutions on solid state packing, liquid crystallinity, intermolecular 

forces and roll/pitch displacements of a large number of OPVs. In the fourth chapter, 

fluorocarbon and hydrocarbon tailed OPV molecules with various pendents in the 

aromatic back bone were synthesised and the role of tail nature on LC mesophases 

such as smectic, nematic and their H and J aggregates formations was investigated. 

The fifth chapter describes the synthesis of various segmented OPV polymers. The 

effect of chemical structure and polymer chain topology on donor acceptor self-

assemblies of segmented OPV polymers and perylenebisimide chromophore have 

been studied using FRET mechanistic pathways. Finally, the overall conclusion of 

the thesis has been summarized.  
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Chapter 2 

Helical Supramolecular Self-assembly of OPVs in 

solid state  

 

The origin of helical self-organization in the π- conjugated oligophenylenevinylenes has 

been studied at molecular level using single crystal XRD analysis. A homologous series of 

OPVs with identical aromatic core but increasing number of carbon atoms in the 

longitudinal position was synthesized. Detailed thermal analysis (by DSC) and polarized 

light microscope (PLM) analysis revealed that OPVs exhibited systematic sigmoidal 

transition in the mesophases from crystalline to cholesteric to ring-banded textures with an 

increase in the methylene units in the alkyl chains. Single-crystal X-ray structures of OPV 

molecules were resolved to find out the origin of sigmoidal self-assembly at the molecular 

level. Further, crystallographic parameters such as pitch and roll angles and their 

displacements were determined to establish the correlation between crystal structures and 

liquid-crystalline (LC) mesophase morphology. Weak hydrogen bonding CH/π interactions 

were proven to be an important non-covalent force in the molecular self-assembly. The 

findings revealed that the self-organization of π-conjugated species underwent 

transformation from 2D herringbone layer to 3D helical twist in the liquid crystalline 

mesophases. The large pitch and roll displacements completely destroyed the aromatic π-

stacking interactions among the OPV chromophores. Circular dichroism studies on the 

OPVs revealed that the helical structures were produced only on aligning the chromophores 

in the LC mesophases. Photophysical analysis of the OPVs in LC and single crystals 

revealed that the photophysical properties were identical in both the states. This further 

confirmed similar type of self-organization in LC and single crystal domains. The 

uniqueness of the present approach is that both herringbone and helical assemblies could be 

simply varied by means of the number of carbon atoms in the tails. The overall findings 

revealed that the CH/π interaction is a very powerful non-covalent interaction in 

supramolecular chemistry.  
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2.1. Introduction 

π-Conjugated semiconducting polymers (and oligomers) are futuristic 

materials for next generation electronics such as light emitting diodes (LEDs), field 

effect transistors (FETs) and photovoltaics (PVs).
1
 The chemical structure and 

supramolecular-organization of individual molecules (or polymer chains) play a key 

role in determining the performance of these materials in electronic devices.
2,3

 

Therefore, understanding and controlling the supramolecular organization between 

individual π- conjugated molecules has become one of the most challenging research 

areas.
4,5  

The detailed literature survey on the self-assemblies of π-conjugated 

semiconducting systems has already been provided in the introduction in chapter-2. 

Unfortunately, most of the π- conjugated polymers are amorphous in nature; as a 

result, understanding the molecular interactions via X-ray diffraction technique 

becomes almost impossible. π-Conjugated oligomers are important model 

compounds for understanding the relationships between chemical structure and 

molecular ordering  of long chain π-conjugated polymers. Thus, synthesis of new π- 

conjugated synthons that produce self-organized assemblies
6-8

 and studying self-

organization at molecular level using single crystal X-ray structures are fundamental 

challenges in this field.  

Oligophenylenes
9
, oligothiophenes

10
, oligofluorenes

11
, oligophenylene 

ethylene
12

 and oligophenylenevinylene
13

 chromophores were reported for self-

organization in π-conjugated materials. Among these, multidimensional nano 

architectures of oligothiophenes
10d

 and cooperative conformation transition in 

oligopheylenethylenes
12d

 were found to be more attractive. High luminescence 

characteristics, thermal and optical stability, solubility in organic solvents, film 

forming tendency, easy synthetic approaches make OPV-chromophores very unique 

as compared to other π-conjugates.
13

 Therefore, understanding the self-assembly of 

these systems at molecular level is of paramount importance. The challenge lies in 

the fact that most of the π-conjugated oligomers did not form single-crystal 

structures, and those which produced good crystals were found to be lacking 

macroscopic self-organization such as liquid crystallinity in the solid state.
14 

Wang et 
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al. published a comprehensive review covering large number of π-conjugated 

systems to contribute to a better understanding of structure-property relationship of 

this class of compounds.
15

 The importance of the single crystal structures and 

molecular packing models were explained to facilitate better understanding on 

chromophore arrangements and their device performances. 

 

Figure 2.1. Single-crystal X-ray structure of Rubrene (A), and TIPS-PEN (B) 

(Adopted from Wang et al. Chem. Rev. 2012, 112, 2208 -2267). 

Figure 2.1 explains the molecular packing arrangements in rubrene (A) and a 

substituted acene TIPS-PEN (B). Rubrene (A) exhibited herringbone packing 

arrangement, but as the length of the substituents changed to approximately half the 

length of the acene core in (B), the packing motif changed to a two-dimensional 

lamellar structure.
15

 Gao et al. reported that the solid-state molecular packing and 

fluorescence properties of conjugated linear molecules can be tailored by introducing 

different side or end functional groups.
16

 A new type of linear compound consisting 

of thiomethyl-terminated OPV (TOPV) was synthesized. This new OPV compound 

was highly prone to form single crystals. The X-ray structure analysis (see figure 

2.2) indicated that it exhibited a rigid planar structure with extended π-conjugated 

length, which led to strong solid-state fluorescence induced by absorption of one or 

two photons. 
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Figure 2.2. Single-crystal X-ray structure of TOPV (Adopted from Gao et al. Angew. 

Chem. Int. Ed. 2010, 49, 732-735). 

 

One of the several possible approaches that have been utilized to study self-

assembly in these systems is to synthesize liquid crystalline (LC) π-conjugated 

oligomers, where direct information about the molecular orientations or mesogen 

alignments can be visualized from LC textures.
17, 18 

Such systems essentially consist 

of a rigid π- conjugated aromatic core and flexible alkyl side chains giving rise to 

thermotropic LC materials. The number of carbon atoms in the alkyl side chains can 

be uniformly varied to synthesize a homologous series of the molecules for the 

detailed understanding of self-assembling properties. Hydrogen bond inducing 

skeletons have been attached in the OPV backbone, and both H-bonding and 

aromatic π-stacking interactions have been utilized for supramolecular LC materials.
 

19,20
 Jonkheijm et al. reported spectroscopic investigation of hydrogen-bonded 

molecules and found that an organized shell of solvent played a major role toward 

self-assembly.
21

 Efforts had been put to self-organize OPVs building blocks via 

hydrogen bonding,
22-25

 π-π stacking,
26-27

 and metal-ion interactions,
28

 and the 

resultant structures were tested successfully as active layers in electronic devices.
29

 

More often, other interactions like hydrogen bonding and metal-ion interactions were 

introduced as additional secondary forces to strengthen the aromatic π-π stacking 

self-assembly.
30-31
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Hydrogen bond assisted self-assembly has been found as one of the best tools 

for making self-assembled suprastructures. However, the non-conjugated chemical 

linkages such as H-bonding units (or metal-ion units) in the π-conjugated molecules 

behaved as insulting matrix which further influenced on the performance electronic 

devices.
32

 Further, in most cases, it was very difficult to rationalize the extent of π-π 

stacking and hydrogen bonding interaction in supramolecular structures. It has been 

now widely realized that retaining the aromatic π-π stacking among the building 

blocks without compromising on the molecular self-assembly is very much essential 

for the success of these materials in electronic devices. Alkyl chains assisted self-

organization based on weak van der Waals forces is another important secondary 

interaction; however, it was not explored to its full potential. Therefore, synthesizing 

pure hydrocarbon materials, without any strongly H-bonding groups that can self-

organize in LC domains is an important problem to be addressed. Amrutha et al. 

from our research group designed and developed a series of bulky/non-bulky, 

branched/linear alkyl chain substituted conjugated oligo-phenylenevinylenes.
33-37

The 

preliminary investigation revealed that among a dozen of examined OPV structures, 

OPV molecule with rigid bis-TCD units in the central core and flexible dodecyl 

chains in the outer phenyl rings (BTCD-BDD-OPV) was found to show very unique 

ring banded morphology
33

 in PLM images, which was the first of its kind in π-

conjugated materials. However, the role of π-π stacking interactions in the aromatic 

core and the van der Waals interactions present in the alkyl tails in determining ring 

banded liquid crystallinity was not explored. Further, the exact molecular 

arrangement giving rise to this unique ring banded morphology was not found out. 

This provided us an opportunity to design OPV building blocks having identical 

aromatic cores with variable alkyl chains in the longitudinal positions.  

In this chapter, the origin of molecular self-organization in the π- conjugated 

chromophores has been studied. For this purpose, a homologous series of OPVs with 

identical aromatic core but increasing number of carbon atoms in the longitudinal 

position was synthesized as shown in the figure 2.3. 
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Figure 2.3. Diverse self- organization of OPVs in the solid state. 

The structures of the OPV synthons were very carefully chosen with three 

important components: 1) a distyrylbenzene core as π-acceptor, 2) 

tricyclodecanemethylene (TCD) bulky units in the middle as C-H donors, and 3) 

alkyl tails of different lengths as self-assembly directors (see figure 2.3). OPVs 

molecules showed sigmoidal transition from crystalline solids (n = 0-4) to ring 

banded LC textures (n = 10-15) via fan shaped cholesteric textures (n = 5-9). Single-

crystal X-ray structures of OPV molecules were resolved to trace the origin of 

sigmoidal self-assembly at the molecular level. The packing changed from 

herringbone (OPV- 4) to helical self-assembly (OPV-12), and, the presence of 

multiple CH/π interactions (in OPV-12) was identified as the main driving force for 

helical suprastructures. Pitch and roll angles were determined to find out the 

existence of π-π stacking interactions. The large pitch and roll displacements 

completely destroyed the aromatic π-stacking interactions among this series of OPV 

chromophores. Circular dichroism studies on the OPVs revealed that the helical 

structures were produced only on aligning the chromophores in the LC mesophases. 

The uniqueness of the present approach is that both herringbone and helical 

assemblies could be simply varied by means of the number of carbon atoms in the 

tails. The overall findings revealed that the CH/π interaction is a very powerful non-

covalent interaction in supramolecular chemistry.  

- conjugated core
(Fixed)

Vander Waals X = C1 to C16
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2.2. Experimental Methods 

2.2.1. Materials: 1, 8-Tricyclodecanemethanol was donated by Celanese Chemicals 

and Co. and was used without further purification. p-Toulenesuphonylchloride, 

triethylamine, hydroquinone, triethlyphosphite, potassium-t-butoxide (1M in THF), 

4-hydroxybenzaldehyde, 1-bromobutane, 1-bromopentane, 1-bromohexane, 1-

bromoheptane, 1-bromooctane, 1-bromononane, 1-bromodecane, 1-bromoundecane, 

1-bromododecane, 1-bromotridecane, 1-bromotetradecane, 1-bromopentadecane, 1-

bromohexadecane, benzaldehyde (4), 4-methoxybenzaldehyde (4a), 4-

ethoxybenzaldehyde (4b), 4-propyloxybenzaldehyde (4c)  were purchased from  

Aldrich Chemicals. HBr in glacial acetic acid, paraformaldehyde, KI, K2CO3 and 

NaOH were purchased locally. Solvents were purchased locally and purified by 

standard procedures.  

2.2.2. General Procedures: 
1
H and 

13
C NMR were recorded using 400 MHz JEOL 

NMR spectrometer. All NMR spectra were recorded in CDCl3 containing TMS as 

internal standard. Infrared spectra were recorded using Bruker FT-IR (ATR mode) 

spectrophotometer in the range of 4000-600 cm
-1

. The mass of all the OPVs was 

determined by using the Applied Biosystems 4800 PLUS MALDI TOF/TOF 

analyzer. The purity of all OPVs was checked by gel permeation chromatography 

(GPC), performed by Viscotek triple detector setup in tetrahydrofuran. TGA analysis 

was done using Perkin Elmer STA 6000 simultaneous thermal analyzer 

 

Differntial scanning calorimetry (DSC): Differential scanning calorimetry (DSC) 

measurements were performed on TA Q20 DSC. A pinch of powdered sample was 

placed in DSC aluminum pan and crimped. The data were recorded at a heating and 

cooling rate of 10 °C/min. The first heating cycle data were discarded since they 

possessed prehistory of the sample. 

 

Polarized Light Microscope (PLM) Analysis: To study the temperature dependent 

LC textures of all the OPVs, LIECA DM2500 P polarized light microscope equipped 

with Linkam TMS 94 heating-freezing stage was used. A pinch of sample was 

placed on the glass substrate, heated to melt at 10 °C/min, and kept isothermally at 

20 °C above their melting temperature for 2-3 minutes. The melt was subsequently 

cooled at 10 °C/min which leads to nucleation and further growth patterns and these 

images were continuously captured using camera.  

 

Variable Temperature XRD Analysis: Wide angle X-ray diffraction patterns at 

different temperatures were recorded using Bruker D8 Advance diffractometer with 

a copper target. The system consisted of a rotating anode generator with a copper 
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target and a wide angle powder goniometer fitted with a high temperature 

attachment. Spectra were recorded using Cu Kα radiation in the range of 2θ = 3-50° 

at a heating and cooling rate of 10 °C/min.  

 

Photophysical Characterization: Photophysical studies were performed in solution, 

LC frozen films and single crystalline samples. Absorption spectra were recorded 

using a Perkin Elmer Lambda 45 UV spectrophotometer. Steady state fluorescence 

emission and excitation spectra were recorded using a Fluorolog HORIBA JOBIN 

VYON fluorescence spectrophotometer. LC frozen samples were prepared by 

heating the samples to melt and then cooling to form thin films between two glass 

cover slips. For single crystalline samples, few single crystals were carefully sealed 

between two glass coverslips and used for studies. Fluorescence intensity decays 

were collected by time correlated single photon counting technique (TCSPC) setup 

from Horiba Jobin Yvon. Diode Laser (375 nm, IBH, UK, NanoLED-375L, with  

λmax = 375 nm) having a FWHM of 102.3 ps was used as sample excitation source. 

The fluorescence signals were collected in magic angle using a MCP-PMT 

(Hamamatsu, Japan) detector and the fluorescence decays were collected at emission 

maxima for all the samples. The quality of fit was judged by fitting parameters such 

as γ
2
 ≈ 1, as well as the visual inspection of the residuals. 

SEM images were recorded using FEI, QUANTA 200 3D scanning electron 

microscope. For SEM analysis, the samples were prepared in hot stage (at 10/min) 

under polarised light microscope on glass coverslips (to confirm the formation of 

textures), subjected to gold coating. CD spectra were recorded in solution, powder 

and LC frozen films using JASCO J-815 CD spectrophotometer under nitrogen 

atmosphere. 

Single Crystal X-ray Analysis: Bruker APEX duo CCD-X ray diffractometer 

equipped with graphite monochromator Mo Kα radiation (λ=0.71073 Å) was used 

for single crystal X-ray analysis of all the OPVs. Good quality crystals were grown 

in a mixture of DCM and methanol for OPV-4. Chloroform/methanol (2:1 v/v) was 

used for growing single crystals of OPV-12 (2:1 v/v) and OPV-8. Crystals were 

subjected to data collection at 100 K. The frames were integrated with Bruker APEX 

software package. The structures were solved by direct methods and refined with a 

full matrix least squares techniques using SHELX S v97 programs. The 

crystallographic parameters for OPV-4, OPV-8 and OPV-12 have been summarized 

in table 2.1. Crystal structures were visualized using Mercury 3.0 and Materials 

Studio software. The “pitch” and “roll” angles were measured using Mercury 3.0 

program. 
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Table 2.1. Crystallographic data and refinement parameters for OPVs.  

 

 

2.2.3. Synthesis 

 

Synthesis of 1, 8-tricyclodecanemethylenetosylate (TCD-OTs): 1,8 

Tricyclodecanemethanol (11.6, 0.07 mol) and p-toluenesulfonylchloride (13.3 g, 

0.07 mol) were dissolved in DCM (100 ml). Triethyamine (24.4 ml, 0.18 mol) was 

slowly added to the above solution under ice cold conditions. The above solution 

was stirred at room temperature for 24 h. The product was extracted in DCM and 

dried over anhydrous sodium sulphate. It was purified by passing through silica gel 

Compound OPV-12 OPV-8 OPV-4 

formula C68H98O4 C60H82O4 C52H66O4 

recrystn solv DCM/MeOH Chloroform/MeOH DCM/MeOH 

mol wt 979.50 867.29 755.05 

Colour, habit Yellow green, 

 needle 

Yellow green,  

needle 

Yellow green, 

 needle 

temp(K) 100 100 100 

system Triclinic Triclinic Monoclinic 

space group P-1 P-1 P21/n 

a, (Å) 6.508 6.05 6.2129 

b, (Å) 8.692 13.2920 9.0972 

c, (Å) 26.424 17.1809 37.164 

α, (deg) 98.525 85.157 90 

β, (deg) 92.656 81.495 93.108 

γ, (deg) 99.134 83.001 90 

V, Å
3
 1451.07 1353.66 2097.42 

d cacl ,g cm
-1

 1.121 1.064 1.19 

μ(mm
-1

) 0.07 0.06 0.07 

GOF 0.984 1.613 1.012 

Z 1 1 2 

no. of unique reflections 8972 5141 5490 

Reflections collected 27196 21421 20608 

θ range 1.34 to 24.04 1.34 to 24.04 1.34 to 24.04 

No. of refined 

parameters 

651 555 254 

R1 ( on F, I>2σ (I)) 0.1317 0.1477 0.1481 

wR2 (on F
2
, all data) 0.4437 0.4398 0.3833 
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column using 2% ethyl acetate in hexane as eluent. Yield = (79 %). m. p. = 50-52
 
C. 

1
H-NMR (CDCl3) : 7.81 ppm (d, 2H, Ar-H), 7.37 ppm (d, 2H, Ar-H), 3.84 ppm (m, 

2H, -OCH2), 2.45 -0.79 ppm (m, 18H, cyclic and aliphatic H). 
13

C-NMR (CDCl3): 

144.4, 133.5, 129.7, 127.9 (Ar-C), 73.7(-OCH2), 45.4, 44.9, 43.3, 41.1, 39.9, 34.1, 

28.8, 27.5, 26.8, 26.3, 21.6 ppm (cyclic-C). FT-IR (KBr, cm
-1

): 2925, 1600, 1508, 

1458, 1366, 1229, 1178, 1101, 1027, 959, 831, 821 and 666. GC-MS (MW =320.4): 

321.1 (M+1). 

 

Synthesis of 1, 4-bis (1, 8-tricyclodecanemethyleneoxy) benzene (1a): 

Hydroquinone (4.4 g, 0.04 mol) and NaOH (3.2 g, 0.08 mol) were dissolved in a 

mixture of water (4.8 mL) and ethanol (40 mL). TCD- tosylate (26.8 g, 0.08 mol) 

was added and the reaction mixture was refluxed for 24 h. The reaction mixture was 

poured into large amount of water, extracted in DCM and dried over anhydrous 

sodium sulphate. It was further purified by passing through silica gel column using 

0.5 % ethyl acetate in hexane as eluent. Yield = (45 %). m. p. = 125-126 °C. 
1
H 

NMR (CDCl3, 400MHz) δ: 6.7 ppm (s, 4H, Ar-H); 3.6 ppm (m, 4H, -OCH2); 2.5-

0.88 ppm (cyclic H, 30 H). 
13

C NMR (CDCl3, 100 MHz): 153.2, 115.4 (Ar-C), 72.8 

(Ar-OCH2), 45.5, 45.2, 43.7, 41.2, 40.1, 34.5, 28.9, 28.0, 26.9, 26.4 (cyclic-C). FT-

IR (KBr, cm
-1

): 2946, 2866, 2357, 1643, 1508, 1466, 1390, 1282, 1283, 1109, 1028 

and 824. GC-MS (MW = 406.60): 407.1 (M+1). 

 

Synthesis of 1, 4-bis (bromomethyl)-2, 5-di-(1, 8-tricyclodecanemethyleneoxy) 

benzene (2a): 1,4-bis(1,8-tricyclodecanemethyleneoxy)benzene (3.0 g, 7.39 mmol) 

and p-HCHO (0.8 g, 29.30 mmol) were taken in  100 ml of glacial acetic acid  and 

HBr in glacial acetic acid (5.5ml, 20.35mmol) was added using a pressure equalizing 

funnel. The reaction mixture was then refluxed for 8 h, cooled to room temperature 

and poured into large amount of water. The product precipitated as white solid, 

which was repeatedly washed with cold water to remove acidic impurities. The 

product was filtered and recrystallised from a hot saturated solution of acetone. Yield 

= (95 %). m. p. = 135-136 °C. 
1
H NMR (CDCl3, 400Hz) δ: 6.8 ppm (s, 2H, Ar-H), 

4.5 ppm (s, 4H, -CH2Br), 3.7 ppm (m, 4H, -OCH2), 2.5-1 (m, 30H, cyclic H and 

aliphatic-H). 
13

C NMR δ: (CDCl3, 100 MHz): 150.6, 127.5, 114.7 (Ar-C), 72.9 (Ar-

OCH2), 45.6, 45.2, 43.8, 41.3, 40.3, 34.6, 29.0, 28.7, 27.9, 27.0, 26.5 (cyclic-C). FT-

IR (KBr, cm
-1

): 2946, 2863, 1510, 1442, 1405, 1313, 1225, 1028 and 688.
 
GC-MS 

(MW = 592.45): 593.12 (M+1). 

 

Synthesis of 1, 4-bis (tricyclodecanemethyleneoxy)-2, 5-

Xylenetetraethyldiphosphonate (3a): 1,4-bis(bromomethyl)-2,5-di-(1,8-

tricyclodecanemethyleneoxy)benzene (2.9 g, 5.00 mmoL) and triethyl phosphite (1.6 
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g, 10 mmol) were refluxed at 150 C and excess triethyl phosphite was removed by 

applying high vacuum. The product separated as thick yellow oil. Yield = (90 %). 
1
H-NMR (CDCl3, 400 MHz) δ: 6.8 ppm (s, 2H, Ar-H), 3.9 ppm (m, 8H, -PO-OCH2), 

3.6 ppm (m, 4H, Ar-OCH2), 3.2 ppm (m, 4H, Ar-CH2P), 2.5-0.8 ppm (m, 42H, 

aliphatic).
 13

C-NMR (CDCl3, 100 MHz): 150.3, 119.4, 115 (Ar-C), 72.9 (Ar-OCH2), 

61.9(P-O-C), 45.6, 45.2, 43.8, 41.3, 40.3, 34.6, 29.0, 28.7, 27.9, 27.0, 26.5 ppm 

(cyclic-C and aliphatic carbon). FT-IR (cm
-1

): 2944, 1515, 1472, 1395, 1247, 1219, 

1032, 957, 900, 831, 646 and 533.4. GC-MS (MW = 706.83): 707.62 (M+1). 

 

Synthesis of 4-alkoxybenzaldehydes (4a-4p): Benzaldehyde (4), 4-

methoxybenzaldehyde (4a), 4-ethoxybenzaldehyde (4b), 4-propyloxybenzaldehyde 

(4c) were purchased from Aldrich Chemicals. The detailed synthesis has been 

described for 4-decyloxybenzaldehyde and other derivatives were synthesized using 

similar procedures.  

 

Synthesis of 4-decyloxybenzaldehyde (4j): 4-Hydroxy benzaldehyde (3.6 g, 0.03 

mol), anhydrous KI (4.9 g, 0.03 mol) and powdered anhydrous K2CO3 (8.3 g, 0.06 

mol) were taken in dry acetone (50.0 mL) and refluxed for 2 h under nitrogen 

atmosphere. 1-Bromodecane (6.8 mL, 0.03 mol) was added drop wise to the above 

hot reaction mixture. The reaction mixture was further refluxed for 24 h under 

nitrogen atmosphere. The product was extracted in DCM and dried over anhydrous 

sodium sulphate. It was further purified by passing through silica gel column using 

ethyl acetate (2 % v/v) in hexane as eluent. Yield = (84 %). 
1
H-NMR (CDCl3, 400 

MHz) δ: 9.85 ppm (s, 1H, Ar-CHO), 7.80 ppm (d, 2H, Ar-H), 6.97 ppm (d, 2H, Ar-

H), 4.01 ppm (t, 2H, Ar-OCH2); 1.79 ppm (m, 2H, Ar-OCH2CH2), 1.44 ppm (m, 2H, 

Ar-OCH2CH2CH2), 1.31-1.25 ppm (12H, aliphatic-H) and 0.86 ppm (t, 3H, -CH3). 
13

C-NMR (CDCl3, 100 MHz) δ: 190.8 (-CHO), 164.21, 131.9, 129.63, 114.7 (Ar-C), 

68.4 (-OCH2), 31.84, 29.5, 29.3, 28.9, 25.9, 22.6 and 14.1 (aliphatic). FT-IR (KBr, 

cm
-1

): 2924, 2854, 2731, 1694, 1601, 1577, 1509, 1467, 1428, 1393, 1311, 1258, 

1215, 1159, 1109, 1016, 832, 721 and 651. GC-MS (MW =262.19): 262.70 (M+1). 

Synthesis of 4-butoxybenzaldehyde (4d): 
1
H-NMR (CDCl3, 400 MHz) δ: 9.87 ppm 

(s, 1H, Ar-CHO), 7.83 ppm (d, 2H, Ar-H), 6.98 ppm (d, 2H, Ar-H), 4.04 ppm (t, 2H, 

Ar-OCH2), 1.80 ppm (m, 2H, Ar-OCH2CH2), 1.51 ppm (m, 2H, Ar-OCH2CH2 CH2), 

and 0.98 ppm (t, 3H,-CH3). 
13

C-NMR (CDCl3, 100 MHz) δ: 190.8 (-CHO), 164.2, 

131.9, 129.7, 114.7 (Ar-C), 68.1 (-OCH2), 31.0, 19.1and 13.8 (aliphatic). FT-IR 

(KBr, cm
-1

): 2931, 2850, 1421, 1311, 1258, 1215, 1100, 1016, 856, 832, 721 and 

651. GC-MS (MW = 178.23): 179.90 (M+1). 
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Synthesis of 4-(pentyloxy)benzaldehyde (4e): 
1
H-NMR (CDCl3, 400 MHz) δ: 9.83 

ppm (s, 1H, Ar-CHO), 7.79 ppm (d, 2H, Ar-H), 6.95 ppm (d, 2H, Ar-H), 3.99 ppm 

(t, 2H, Ar-OCH2), 1.78 ppm (m, 2H, Ar-OCH2CH2), 1.51 ppm (m, 4H, aliphatic), 

and 0.90 ppm (t, 3H, -CH3). 
13

C-NMR (CDCl3, 100 MHz) δ: 190.7 (-CHO), 164.2, 

131.9, 129.6, 114.6 (Ar-C), 68.3 (-OCH2), 28.6, 28.0, 22.3 and 13.9 (aliphatic). FT-

IR (KBr, cm
-1

): 2930, 2850, 1422, 1393, 1311, 1258, 1215, 1100, 1016, 856, 832, 

721 and 651. GC-MS (MW = 192.25): 193.05 (M+1). 

 

Synthesis of 4-(hexyloxy)benzaldehyde (4f): 
1
H-NMR (CDCl3, 400 MHz) δ: 9.87 

ppm (s, 1H, Ar-CHO), 7.82 ppm (d, 2H, Ar-H), 6.97 ppm (d, 2H, Ar-H), 4.03 ppm 

(t, 2H, Ar-OCH2), 1.81 ppm (m, 2H, Ar-OCH2CH2), 1.36-1.31 ppm (m, 6H, 

aliphatic), and 0.91 ppm (t, 3H, -CH3). 
13

C-NMR (CDCl3, 100 MHz) δ: 190.8 (-

CHO), 164.2, 131.9, 129.6, 114.8, and 114.6 (Ar-C), 68.5 (-OCH2), 31.4, 30.1, 25.5, 

22.4 and 13.9 (aliphatic). FT-IR (KBr, cm
-1

): 2932, 2852, 2730, 1422, 1393, 1258, 

1215, 1100, 1016, 856, 832, 721 and 650. GC-MS (MW = 206.28): 207.01 (M+1). 

 

Synthesis of 4-(heptyloxy)benzaldehyde (4g): 
1
H-NMR (CDCl3, 400 MHz) δ: 9.87 

ppm (s, 1H, Ar-CHO), 7.82 ppm (d, 2H, Ar-H), 6.97 ppm (d, 2H, Ar-H), 4.03 ppm 

(t, 2H, Ar-OCH2), 1.80 ppm (m, 2H, Ar-OCH2CH2), 1.48-1.42 ppm (m, 8H, 

aliphatic) and 0.86 ppm (t, 3H, -CH3). 
13

C-NMR (CDCl3, 100 MHz) δ: 190.7 (-

CHO), 164.2, 131.9, 129.6, 114.6 (Ar-C), 68.3 (-OCH2), 31.7, 28.9, 28.9, 25.8 and 

14.0 (aliphatic). FT-IR (KBr, cm
-1

): 2932, 2853, 2731, 1423, 1393, 1311, 1258, 

1215, 1159, 1100, 1016, 856, 721 and 651. GC-MS (MW = 220.31): 221.11 (M+1). 

 

Synthesis of 4-(octylloxy)benzaldehyde (4h): 
1
H-NMR (CDCl3, 400 MHz) δ: 9.87 

ppm (s, 1H, Ar-CHO), 7.82 ppm (d, 2H, Ar-H), 6.99 ppm (d, 2H, Ar-H), 4.03 ppm 

(t, 2H, Ar-OCH2), 1.79 ppm (m, 2H, Ar-OCH2CH2), 1.30-1.36 ppm (m, 10H, 

aliphatic) and 0.86 ppm (t, 3H, -CH3).
 13

C-NMR (CDCl3, 100 MHz) δ: 190.8 (-

CHO), 164.2, 131.9, 129.7, and 114.6 (Ar-C), 68.4 (-OCH2), 31.7, 31.5, 29.1, 29.0, 

and 25.9 and 14.0 (aliphatic). FT-IR (KBr, cm
-1

): 2930, 2855, 2733, 1572, 1423, 

1393, 1016, 856, 832, 721 and 651. GC-MS (MW = 234.33): 235.10 (M+1). 

Synthesis of 4-(nonyloxy)benzaldehyde (4i):
 1

H-NMR (CDCl3, 400 MHz) δ: 9.87 

ppm (s, 1H, Ar-CHO), 7.82 ppm (d, 2H, Ar-H), 6.99 ppm (d, 2H, Ar-H), 4.03 ppm 

(t, 2H, Ar-OCH2), 1.81 ppm (m, 2H, Ar-OCH2CH2), 1.28-1.48 ppm (m, 12H, 

aliphatic) and 0.88 ppm (t, 3H, -CH3). 
13

C-NMR (CDCl3, 100 MHz) δ: 190.8 (-

CHO), 164.2, 131.9, 129.6, and 114.6 (Ar-C), 68.4 (-OCH2), 31.8, 31.5, 29.4, 29.3, 

29.2, 29.0, 25.9 and 14.0 (aliphatic). FT-IR (KBr, cm
-1

): 2930, 2850, 2731, 1600, 

1573, 1428, 1393, 1311, 1258, 1215, 1159, 1100, 1016, 856, 832, 721 and 651. GC-

MS (MW = 248.36): 249.19 (M+1). 
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Synthesis of 4-(undecyloxy)benzaldehyde (4k): 
1
H-NMR (CDCl3, 400 MHz) δ: 

9.87 ppm (s, 1H, Ar-CHO), 7.82 ppm (d, 2H, Ar-H), 6.99 ppm (d, 2H, Ar-H); 4.03 

ppm (t, 2H, Ar-OCH2), 1.81 ppm (m, 2H, Ar-OCH2CH2), 1.26-1.48 ppm (m, 16H, 

aliphatic) and 0.88 ppm (t, 3H, -CH3). 
13

C-NMR (CDCl3, 100 MHz) δ: 190.8 (-

CHO), 164.2, 131.9, 129.6, and 114.7 (Ar-C), 68.4 (-OCH2), 31.8, 29.5, 29.4, 29.3, 

29.2, 29.0, 25.9, 22.6 and 14.0 (aliphatic). FT-IR (KBr, cm
-1

): 2921, 2849, 2731, 

1600, 1573, 1509, 1463, 1428, 1393, 1311, 1258, 1215, 1159, 1100, 1016, 856, 832, 

721 and 652. GC-MS (MW = 276.41): 277.20 (M+1). 

 

Synthesis of 4-(dodecyloxy)benzaldehyde (4l): 
1
H-NMR (CDCl3, 400 MHz) δ: 

9.85 ppm (s, 1H, Ar-CHO), 7.81 ppm (d, 2H, Ar-H), 6.95 ppm (d, 2H, Ar-H); 4.01 

ppm (t, 2H, Ar-OCH2), 1.79 ppm (m, 2H, Ar-OCH2CH2), 1.24-1.48 ppm (m, 18H, 

aliphatic) and 0.88 ppm (t, 3H, -CH3). 
13

C-NMR (CDCl3, 100 MHz) δ: 190.8 (-

CHO), 164.2, 131.9, 129.6, and 114.7 (Ar-C), 68.3 (-OCH2), 33.5, 31.8, 30.4, 29.4, 

29.3, 29.2, 29.0, 25.9, 22.6 and 14.1 (aliphatic). FT-IR (KBr, cm
-1

): 2922, 2849, 

2731, 1694, 1600, 1573, 1509, 1467, 1428, 1393, 1311, 1258, 1215, 1159, 1100, 

1016, 856, 832, 721 and 650. GC-MS (MW = 290.44): 291.30 (M+1). 

 

Synthesis of 4-tridecyloxybenzaldehyde (4m): 
1
H-NMR (CDCl3, 400 MHz) δ: 9.86 

ppm (s, 1H, Ar-CHO), 7.81 ppm (d, 2H, Ar-H), 6.97 ppm (d, 2H, Ar-H), 4.02 ppm 

(t, 2H, Ar-OCH2), 1.79 ppm (m, 2H, Ar-OCH2CH2), 1.44 ppm (m, 2H, Ar-

OCH2CH2 CH2), 1.31-1.25 ppm (18H, aliphatic) and 0.86 ppm (t, 3H,-CH3). 
13

C-

NMR (CDCl3, 100 MHz) δ: 190.8 (-CHO), 164.2, 131.9, 129.6, 114.7 (Ar-C), 68.4 

(-OCH2), 31.8, 29.5, 29.3, 28.9, 25.9, 22.6 and 14.1 (aliphatic). FT-IR (KBr, cm
-1

): 

2924, 2854, 2731, 1694, 1601, 1577, 1509, 1467, 1428, 1393, 1311, 1258, 1215, 

1159, 1109, 1016, 856, 832, 721 and 651. GC-MS (MW = 304.47): 305.15 (M+1). 

Synthesis of 4-(tetradecyloxy)benzaldehyde (4n): 
1
H-NMR (CDCl3, 400 MHz) δ: 

9.86 ppm (s, 1H, Ar-CHO); 7.81 ppm (d, 2H, Ar-H); 6.97 ppm (d, 2H, Ar-H); 4.02 

ppm (t, 2H, Ar-OCH2); 1.79 ppm (m, 2H, Ar-OCH2CH2); 1.43 ppm (m,2H, Ar-

OCH2CH2 CH2); 1.31-1.25 ppm (20H, aliphatic) and 0.86 ppm (t, 3H,-CH3). 
13

C-

NMR (CDCl3, 100 MHz) δ: 190.9 (-CHO), 164.3, 132.1, 129.8, 114.8 (Ar-C), 68.5 

(-OCH2), 32.01, 29.1, 26.0, 22.7 and 14.2 (aliphatic). FT-IR (KBr, cm
-1

): 2930, 

2857, 2731, 1690, 1601, 1560, 1507, 1460, 1428, 1393, 1311, 1258, 1217, 1158, 

1109, 1012, 856, 831, 717 and 649. GC-MS (MW = 318.49): 319.15 (M+1). 

Synthesis of 4-(pentadecyloxy)benzaldehyde (4o): 
1
H-NMR (CDCl3, 400 MHz) δ: 

9.86 ppm (s, 1H, Ar-CHO); 7.81 ppm (d, 2H, Ar-H); 6.97 ppm (d, 2H, Ar-H); 4.02 

ppm (t, 2H, Ar-OCH2); 1.79 ppm (m, 2H, Ar-OCH2CH2); 1.43 ppm (m,2H, Ar-
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OCH2CH2 CH2); 1.31-1.25 ppm (22H, aliphatic H) and 0.86 ppm (t, 3H, -CH3). 
13

C-

NMR (CDCl3, 100 MHz) δ: 190.9 (-CHO), 164.3, 132.0, 129.8, 114.8 (Ar-C), 68.5 

(-OCH2), 32.0, 29.8, 29.4, 29.1, 26.04, 22.8 and 14.2 (aliphatic). FT-IR (KBr, cm
-1

): 

2940, 2850, 2734, 1697, 1608, 1560, 1507, 1460, 1428, 1393, 1312, 1258, 1217, 

1158, 1109, 1012, 856, 831, 721 and 660. GC-MS (MW = 332.52): 333.16 (M+1). 

 

Synthesis of 4-(hexadecyloxy)benzaldehyde (4p): : 
1
H-NMR (CDCl3, 400 MHz) δ: 

9.86 ppm (s, 1H, Ar-CHO), 7.81 ppm (d, 2H, Ar-H), 6.97 ppm (d, 2H, Ar-H), 4.02 

ppm (t, 2H, Ar-OCH2), 1.79 ppm (m, 2H, Ar-OCH2CH2), 1.43 ppm (m,2H, Ar-

OCH2CH2 CH2), 1.31-1.25 ppm (24H, aliphatic) and 0.86 ppm (t, 3H,-CH3). 
13

C-

NMR (CDCl3, 100 MHz) δ: 190.8 (-CHO), 164.3, 132.0, 129.8, 114.8 (Ar-C), 68.5 

(-OCH2), 33.6, 32.0, 29.8, 29.4, 29.1, 26.03, 22.8 and 14.2 (aliphatic). FT-IR (KBr, 

cm
-1

): 2923, 2854, 2790, 2733, 1689, 1601, 1577, 1509, 1467, 1428, 1258, 1215, 

1157, 1109, 1016, 856, 830, 721 and 651. GC-MS (MW = 346.29): 346.91 (M+1). 

 

Synthesis of oligo-phenylenevinylenes (OPV) s:  

 

Synthesis of OPV-0: Compound 3a and benzaldehyde (0.4 g, 3.9 mmol) were taken in 

dry THF (30 mL) and kept under ice cold condition. Potassium tert- butoxide (9.6 

mL, 1M THF solution) was added dropwise to the reaction mixture under nitrogen 

atmosphere. It was stirred at 30 C for 24 h. The resultant yellow solution was 

concentrated and poured into large amount of methanol. The yellow green precipitate 

was filtered, washed with large amount of methanol until the filtrate become 

colorless. It was purified by passing though silica gel column using 1 % ethyl acetate 

in hexane as eluent. Yield = (78 %). 
1
H-NMR (CDCl3, 400MHz) δ: 7.53-6.97 ppm 

(m, 16H, Ar-H and vinylic H), 3.80-3.67 ppm (m, 4H, Ar-OCH2), 2.41-0.98 ppm (m, 

30H, cyclic-H). 
13

C-NMR (CDCl3, 100 MHz) δ:  151.3, 138.1, 129.1, 128.7, 127.7, 

126.8, 126.5, 123.8, 111.3 (Ar-C), 73.7 (Ar-OCH2-TCD) 45.7, 45.3, 44.1, 41.4, 34.8, 

32.0, 29.7, 29.5, 29.4, 29.1, 28.1 and 26.6 ppm. FT-IR (KBr, cm
-1

): 2930, 2862, 

1493, 1420, 1258, 1188, 1095, 804 and 688. MALDI-TOF-TOF-MS 

(MW=610.349): m/z = 610.380. 

 

Synthesis of OPV-1: Compound 3a (0.47 g, 66.0 mmol) and 4a (0.18 g, 132 mmol) 

were reacted as described for OPV-0. The product was purified by passing through 

silica gel column using 1 % ethyl acetate in hexane as eluent. Yield = (67 %). 
1
H-

NMR (CDCl3, 400MHz) δ: 7.46 ppm (d, 4H, Ar-H), 7.27 ppm (d, 2H, CH=CH), 7.14 

ppm (d, 2H, CH=CH), 7.05 ppm (s, 2H, Ar-H), 6.90 ppm (d, 4H, Ar-H), 3.99 ppm 

(s, 6H, Ar-OCH3), 3.82-3.75 ppm (m, 4H, Ar-OCH2-TCD), 2.50-0.88 ppm (m, 30H, 
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cyclic-H). 
13

C-NMR(CDCl3, 100 MHz) δ: 159.1, 151.1, 130.8, 128.3, 127.7, 126.6, 

121.6, 114.1, 111.0 (Ar-C), 73.6 (Ar-OCH3), 55.3(Ar-OCH2-TCD) 45.6, 45.2, 43.9, 

41.2,  34.7, 29.1, 27.9, 27.0 and 26.5 ppm. FT-IR (KBr, cm
-1

): 2924, 2862, 1605, 

1510, 1493, 1420, 1188, 1095, 971, 849, and 816. MALDI-TOF-TOF-MS (MW= 

670.92): m/z = 670.380. 

 

Synthesis of OPV-2:  Compound 3a (0.47 g, 66.0 mmol) and 4b (0.20 g, 132 mmol) 

were reacted as described for OPV-0. The product was purified by passing through 

silica gel column using 1 % ethyl acetate in hexane as eluent. Yield = (62 %). 
1
H-

NMR (CDCl3, 400MHz) δ: 7.45 ppm (d, 4H, Ar-H), 7.29 ppm (d, 2H, CH=CH), 7.13 

ppm (d, 2H, CH=CH), 7.05 ppm (s, 2H, Ar-H), 6.89 ppm (d, 4H, Ar-H), 4.06 ppm (t, 

4H, Ar-OCH2-alkyl), 3.82-3.75 ppm (m, 4H, Ar-OCH2-TCD), 2.5-0.88 ppm (m, 

36H, cyclic-H and aliphatic-H).
 13

C-NMR(CDCl3, 100 MHz) δ: 158.5, 151.2, 130.8, 

128.5, 127.7, 126.8, 121.7, 114.8, 111.1 (Ar-C), 73.7 (Ar-OCH2-alkyl), 68.2 (Ar-

OCH2-TCD) 45.8, 45.3, 44.1, 41.4, 34.8, 29.2, 28.1, 27.1, 26.6, and 14.9 ppm. FT-IR 

(KBr, cm
-1

): 2994, 2867, 1604, 1510, 1493, 1420, 1188, 1095, 971, 849, and 816. 

MALDI-TOF-TOF-MS (MW=698.97): m/z = 698.400. 

 
 
Synthesis of OPV-3:  Compound 3a (0.47 g, 66.0 mmol) and 4c (0.22 g, 132 mmol) 

were reacted as described for OPV-0. The product was purified by passing through 

silica gel column using 1 % ethyl acetate in hexane as eluent. Yield = (67%). 
1
H-

NMR (CDCl3, 400MHz) δ: 7.44 ppm (d, 4H, Ar-H), 7.27 ppm (d, 2H, CH=CH), 7.13 

ppm (d, 2H, CH=CH), 7.04 ppm (s, 2H, Ar-H), 6.88 ppm (d, 4H, Ar-H), 3.94 ppm (t, 

4H, Ar-OCH2-alkyl), 3.81-3.74 ppm (m, 4H, Ar-OCH2-TCD), 2.5-0.88 ppm (m, 

40H, cyclic-H and aliphatic-H).
 13

C-NMR (CDCl3, 100 MHz) δ: 158.7, 151.2, 130.8, 

128.5, 127.7, 126.8, 121.6, 114.8, 111.1 (Ar-C), 73.7 (Ar-OCH2-alkyl), 68.6 (Ar-

OCH2-TCD) 45.8, 45.3, 44.1, 40.4, 34.8, 29.1, 28.1, 27.1, 26.6, 22.7 and 10.6. FT-IR 

(KBr, cm
-1

): 2924, 2862, 1605, 1510, 1493, 1420, 1188, 1095, 971, 849 and 816. 

MALDI-TOF-TOF-MS (MW=727.02): m/z = 726.490.
 

 

Synthesis of OPV-4: Compound 3a (0.47 g, 66.0 mmol) and 4d (0.24 g, 132 mmol) 

were reacted as described for OPV-0. The product was purified by passing through 

silica gel column using 1 % ethyl acetate in hexane as eluent. Yield = (60 %).  
1
H-

NMR (CDCl3, 400MHz) δ: 7.45 ppm (d, 4H, Ar-H), 7.29 ppm (d, 2H, CH=CH), 7.14 

ppm (d, 2H, CH=CH), 7.05 ppm (s, 2H, Ar-H), 6.89 ppm (d, 4H, Ar-H), 3.99 ppm (t, 

4H, Ar-OCH2-alkyl), 3.82-3.75 ppm (m, 4H, Ar-OCH2-TCD), 2.5-0.88 ppm (m, 

44H, cyclic-H and aliphatic-H).
 13

C-NMR (CDCl3, 100 MHz) δ: 158.6, 151.0, 130.8, 

128.5, 127.7, 126.7, 121.4, 114.6, 110.9 (Ar-C), 73.6 (Ar-OCH2-alkyl), 68.2 (Ar-

OCH2-TCD), 45.8, 45.4, 44.1, 34.8, 32.0, 29.7, 29.5, 29.4, 29.2, 28.1, 26.6, 26.1, 
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22.4 and 14.1ppm.
 
FT-IR (KBr, cm

-1
): 2944, 2867, 1604, 1510, 1493, 1420, 1188, 

1095, 971, 849, and 816. MALDI-TOF-TOF-MS (MW =755.08): m/z = 754.470. 

 

Synthesis of OPV-5: Compound 3a (0.47 g, 66.0 mmol) and 4e (0.25 g, 132 mmol) 

were reacted as described for OPV-0. The product was purified by passing through 

silica gel column using 1 % ethyl acetate in hexane as eluent. Yield = (67 %). 
1
H-

NMR (CDCl3, 400MHz) δ: 7.37 ppm (d, 4H, Ar-H), 7.22 ppm (d, 2H, CH=CH), 7.07 

ppm (d, 2H, CH=CH), 6.98 ppm (s, 2H, Ar-H), 6.82 ppm (d, 4H, Ar-H), 3.90 ppm (t, 

4H, Ar-OCH2-alkyl), 3.68-3.75 ppm (m, 4H, Ar-OCH2-TCD), 2.5-0.88 ppm (m, 

48H, cyclic-H and aliphatic-H). 
13

C-NMR(CDCl3, 100 MHz) δ: 158.6, 151.0, 130.8, 

128.3, 127.5, 126.6, 121.4, 114.6, 110.9 (Ar-C), 73.6 (Ar-OCH2-alkyl), 67.7 (Ar-

OCH2-TCD) 45.6, 45.2, 43.9, 41.3, 40.3,  34.7, 32.0, 29.7, 29.1, 27.9, 27.1, 26.5, 

19.2 and 13.8 ppm. FT-IR (KBr, cm
-1

): 2935, 2863, 2363, 1605, 1510, 1467, 1384, 

1245, 1174, 1021, 971, 847 and 809. MALDI-TOF-TOF-MS (MW= 783.13): m/z = 

782.520. 

 

Synthesis of OPV-6: Compound 3a (0.47 g, 66.0 mmol) and 4f (0.27 g, 132 mmol) 

were reacted as described for OPV-0. The product was purified by passing through 

silica gel column using 1 % ethyl acetate in hexane as eluent. Yield = (63 %). 
1
H-

NMR (CDCl3, 400MHz) δ: 7.45 ppm (d, 4H, Ar-H), 7.28 ppm (d, 2H, CH=CH), 7.14 

ppm (d, 2H, CH=CH), 7.05 ppm (s, 2H, Ar-H), 6.89 ppm (d, 4H, Ar-H), 3.98 ppm (t, 

4H, Ar-OCH2-alkyl), 3.82-3.75 ppm (m, 4H, Ar-OCH2-TCD), 2.5-0.88 ppm (m, 

52H, cyclic-H and aliphatic-H).
 13

C-NMR(CDCl3, 100MHz) δ: 158.6, 151.0, 130.8, 

128.4, 127.6, 126.6, 121.4, 114.6, 110.9 (Ar-C), 73.6 (Ar-OCH2-alkyl), 68.2 (Ar-

OCH2-TCD) 45.6, 45.3,43.9, 41.3, 34.8, 31.6, 29.2, 29.1, 27.9, 27.1, 26.5, 25.7, 22.6 

and 14.1 ppm. FT-IR (KBr, cm
-1

): 2943, 2864, 2363, 1604, 1511, 1467, 1384, 1246, 

1174, 1026, 971, 847 and 809. MALDI-TOF-TOF-MS (MW=811.18): m/z = 

810.550. 
 

Synthesis of OPV-7: Compound 3a (0.47 g, 66.0 mmol) and 4g (0.29 g, 132 mmol) 

were reacted as described for OPV-0. Yield = (66%). 
1
H-NMR (CDCl3, 400MHz) δ: 

7.45 ppm (d, 4H, Ar-H), 7.29 ppm (d, 2H, CH=CH), 7.13 ppm (d, 2H, CH=CH), 

7.05 ppm (s, 2H, Ar-H), 6.89 ppm (d, 4H, Ar-H), 3.98 ppm (t, 4H, Ar-OCH2-alkyl), 

3.82-3.75 ppm (m, 4H, Ar-OCH2-TCD), 2.5-0.88 ppm (m, 56H, cyclic-H and 

aliphatic-H).
 13

C-NMR(CDCl3, 100 MHz) δ: 158.6, 151.0, 130.6, 128.3, 127.5, 

126.6, 121.4, 114.6, 110.9 (Ar-C), 73.6 (Ar-OCH2-alkyl), 68.2 (Ar-OCH2-TCD), 

45.6, 45.2, 43.9, 34.2, 31.6, 29.2, 29.5, 27.8, 27.1, 26.5, 25.7, 22.6 and 14.1 ppm. 

FT-IR (KBr, cm
-1

): 2930, 2859, 2363, 1604, 1510, 1467, 1384, 1244, 1174, 1026, 

971, 847, and 809.  MALDI-TOF-TOF-MS (MW=839.24): m/z = 838.578. 
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Synthesis of OPV-8: Compound 3a (0.47 g, 66.0 mmol) and 4h (0.31 g, 132 mmol)  

were reacted as described for OPV-0. Yield = (58 %). 
1
H-NMR (CDCl3, 400MHz) δ: 

7.45 ppm (d, 4H, Ar-H), 7.26 ppm (d, 2H, CH=CH), 7.13 ppm (d, 2H, CH=CH), 

7.05 ppm (s, 2H, Ar-H), 6.89 ppm (d, 4H, Ar-H), 3.97 ppm (t, 4H, Ar-OCH2-alkyl), 

3.82-3.75 ppm (m, 4H, Ar-OCH2-TCD), 2.5-0.88 ppm (m, 60H, cyclic-H and 

aliphatic-H).
 13

C-NMR (CDCl3, 100 MHz) δ: 158.6, 151.0, 130.8, 128.4, 127.6, 

126.6, 121.4, 114.6, 110.9 (Ar-C), 73.6 (Ar-OCH2-alkyl), 68.2 (Ar-OCH2-TCD), 

45.6, 45.2, 43.9, 41.3, 31.8, 29.3, 29.2, 29.1, 27.9, 27.1, 26.3, 22.6 and 14.1 ppm. 

FT-IR (KBr, cm
-1

): 2926, 2857, 2360, 1604, 1510, 1467, 1422, 1384, 1246, 1174, 

1026, 971, 847 and 809. MALDI-TOF-TOF-MS (MW=867.29): m/z = 866.640. 

 

Synthesis of OPV-9: Compound 3a (0.47 g, 66.0 mmol) and 4i (0.33 g, 132 mmol) 

were reacted as described for OPV-0. Yield = (77 %). 
1
H-NMR (CDCl3, 400MHz) δ: 

7.44 ppm (d, 4H, Ar-H), 7.30 ppm (d, 2H, CH=CH), 7.14 ppm (d, 2H, CH=CH), 

7.05 ppm (s, 2H, Ar-H), 6.88 ppm (d, 4H, Ar-H), 3.97 ppm (t, 4H, Ar-OCH2-alkyl), 

3.82-3.75 ppm (m, 4H, Ar-OCH2-TCD), 2.5-0.88 ppm (m, 64H, cyclic-H and 

aliphatic-H).
 13

C-NMR(CDCl3, 100 MHz) δ: 158.6, 151.0, 130.8, 128.4, 127.6, 

126.6, 121.4, 114.6, 110.9 (Ar-C), 73.6 (Ar-OCH2-alkyl), 68.2 (Ar-OCH2-TCD), 

45.7, 44.1, 41.4, 34.9, 31.9, 29.7, 29.5, 29.3, 29.1, 26.6, 26.1, 22.8 and 14.2 ppm. 

FT-IR (KBr, cm
-1

): 2925, 2856, 2363, 1604, 1510, 1467, 1384, 1245, 1174, 1026, 

971, 847, and 809. MALDI-TOF-TOF-MS (MW=895.34): m/z = 894.630. 

 

Synthesis of OPV-10: Compound 3a (0.47 g, 66.0 mmol) and 4j (0.35 g, 132 mmol) 

were reacted as described for OPV-0. Yield = (36 %). 
1
H-NMR (CDCl3, 400MHz) δ: 

7.45 ppm (d, 4H, Ar-H), 7.30 ppm (d, 2H, CH=CH), 7.11 ppm (d, 2H, CH=CH), 

7.05 ppm (s, 2H, Ar-H), 6.89 ppm (d, 4H, Ar-H), 3.99 ppm (t, 4H, Ar-OCH2-alkyl), 

3.82-3.75 ppm (m, 4H, Ar-OCH2-TCD), 2.5-0.88 ppm (m, 68H, cyclic-H and 

aliphatic-H).
 13

C-NMR(CDCl3, 100 MHz) δ: 158.8, 151.2, 130.8, 128.5, 127.7, 

126.8, 121.6, 114.8, 111.1 (Ar-C), 73.7 (Ar-OCH2-D), 68.2 (Ar-OCH2-TCD) 45.8, 

45.4,44.1, 34.8,32, 29.7,29.5, 29.4, 29.17, 28.1, 26.6, 26.1, 22.8, and 14.2. FT-IR 

(KBr, cm
-1

): 2924, 2855, 1605, 1510, 1469, 1245, 1178, 1018, 971, 849 and 816 

ppm. MALDI-TOF-TOF-MS (MW=923.40): m/z = 922.677. 

 

Synthesis of OPV-11: Compound 3a (0.47 g, 66.0 mmol) and 4k (0.36 g, 132 mmol)   

were reacted as described for OPV-0. Yield = (69 %). 
1
H-NMR (CDCl3, 400MHz) δ: 

7.45 ppm (d, 4H, Ar-H), 7.30 ppm (d, 2H, CH=CH), 7.14 ppm (d, 2H, CH=CH), 

7.05 ppm (s, 2H, Ar-H), 6.89 ppm (d, 4H, Ar-H), 3.98 ppm (t, 4H, Ar-OCH2-alkyl), 

3.82-3.75 ppm (m, 4H, Ar-OCH2-TCD), 2.5-0.88 ppm (m, 72H, cyclic-H and 
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aliphatic-H).
 13

C-NMR(CDCl3, 100 MHz) δ: 158.8, 151.0, 130.8, 128.4, 127.6, 

126.6, 121.4, 114.6, 110.9 (Ar-C), 73.6 (Ar-OCH2-alkyl), 68.2 (Ar-OCH2-TCD), 

45.7, 45.3, 34.9, 32.0, 29.7, 29.5, 29.4, 29.1, 28.1, 27.1, 26.1, 22.8 and 14.2.  FT-IR 

(KBr, cm
-1

): 2922, 2853, 2360, 1605, 1510, 1468, 1384, 1246, 1174, 1026, 971, 847 

and 808. MALDI-TOF-TOF-MS (MW=951.45): m/z = 950.708. 
 

Synthesis of OPV-12: Compound 3a (0.53 g, 75.0 mmol) and 4l (0.55 g, 190 mmol) 

were reacted as described for OPV-0. Yield = (90 %). 
1
H-NMR (CDCl3, 400MHz) δ: 

7.45 ppm (d, 4H, Ar-H), 7.22 ppm (d, 2H, CH=CH), 7.14 ppm (d, 2H, CH=CH), 

7.05 ppm (s, 2H, Ar-H), 6.89 ppm (d, 4H, Ar-H), 3.97 ppm (t, 4H, Ar-OCH2-alkyl), 

3.82-3.75 ppm (m, 4H, Ar-OCH2-TCD), 2.5-0.88 ppm (m, 76H, cyclic-H and 

aliphatic-H).
 13

C-NMR(CDCl3, 100 MHz) δ: 158.6, 151.0, 128.5, 127.8, 121.6, 

114.6, 110.9 (Ar-C), 73.7 (Ar-OCH2-alkyl), 68.1 (Ar-OCH2-TCD), 45.7, 45.7, 45.3, 

44.0, 41.4, 32.0, 29.9, 29.7, 29.5, 29.4, 29.1, 14.2 and 14.1. FT-IR (KBr, cm
-1

): 2921, 

2853, 2363, 1604, 1510, 1467, 1384, 1244, 1174, 1026, 971, 847 and 809. MALDI-

TOF-TOF-MS (MW=979.5): m/z = 978.717. 
 

Synthesis of OPV-13: Compound 3a (0.35 g, 0.50  mmol) and 4m (0.33 g, 1.10 

mmol) were reacted as described for OPV-0. The product was purified by 

recrystallizing from hot saturated solution of acetone. Yield = (59 %). 
1
H-NMR 

(CDCl3, 400MHz) δ: 7.45 ppm (d, 4H, Ar-H), 7.30 ppm (d, 2H, CH=CH), 7.11 ppm 

(d, 2H, CH=CH), 7.05 ppm (s, 2H, Ar-H), 6.89 ppm (d, 4H, Ar-H), 3.97 ppm (t, 4H, 

Ar-OCH2-alkyl), 3.82-3.75 ppm (m, 4H, Ar-OCH2-TCD), 2.5-0.88 (m, 80H, cyclic-

H and aliphatic-H).
 13

C-NMR (CDCl3, 100MHz) δ: 158.8, 151.1, 130.7, 128.5, 

127.7, 126.7, 121.6, 114.8, 111.1, 73.7, 68.1, 45.8, 45.4, 44.1, 41.4, 40.4, 34.9, 

32.03, 29.5, 29.1, 28.1, 23.1, 22.8 and 14.2 ppm. FT-IR (KBr, cm
-1

): 2921, 2850, 

2363, 1601, 1510, 1467, 1384, 1244, 1174, 1026, 971, 847 and 800. MALDI-TOF-

TOF-MS (MW = 1006.68): m/z = 1007.560. 

Synthesis of OPV-14: Compound 3a (0.35 g, 0.50 mmol) and 4n (0.35 g, 1.10 mmol) 

were reacted as described for OPV-0. The product was purified by recrystallizing 

from hot acetone. 
 
Yield = (58 %).

1
H-NMR (CDCl3, 400MHz) δ: 7.45 ppm (d, 4H, 

Ar-H), 7.30 ppm (d, 2H, CH=CH), 7.11 ppm (d, 2H, CH=CH), 7.05 ppm (s, 2H, Ar-

H), 6.89 ppm (d, 4H, Ar-H), 3.97 ppm (t, 4H, Ar-OCH2-alkyl), 3.82-3.75 ppm (m, 

4H, Ar-OCH2-TCD), 2.5-0.88 ppm (m, 84H, cyclic-H and aliphatic-H).
 13

C-NMR 

(CDCl3, 100MHz) δ: 158.8, 151.1, 130.7, 128.5, 127.7, 126.7, 121.6, 114.8, 111.1, 

73.7, 68.1, 45.8, 45.4, 44.1, 41.4, 40.4, 34.9, 32.0, 29.5, 29.1, 28.1, 23.1, 22.8 and 

14.2 ppm. FT-IR (KBr, cm
-1

):2916, 2851, 1605, 1508, 1240, 1179, 1015, 961, 802, 

718, 589 and 528.  MALDI-TOF-TOF-MS (MW = 1035.61): m/z = 1034.720. 
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Synthesis of OPV-15: Compound 3a (0.35 g, 0.50 mmol) and 4o (0.36 g, 1.10 mmol) 

were reacted  as described for OPV-0. The product was purified by recrystallizing 

from hot acetone. Yield = (43 %). 
1
H-NMR (CDCl3, 400MHz) δ: 7.45 ppm (d, 4H, 

Ar-H), 7.30 ppm (d, 2H, CH=CH), 7.11 ppm (d, 2H, CH=CH), 7.05 ppm (s, 2H, Ar-

H), 6.89 ppm (d, 4H, Ar-H), 3.97 ppm (t, 4H, Ar-OCH2-alkyl), 3.82-3.75 ppm (m, 

4H, Ar-OCH2-TCD), 2.5-0.88 ppm (m, 88H, cyclic-H and aliphatic-H).
 13

C-NMR 

(CDCl3, 100MHz) δ: 158.7, 151.2, 130.8, 128.5, 127.7, 126.7, 121.5, 114.7, 111.1, 

73.4, 68.1, 45.7, 45.4, 44.1, 41.4, 40.4, 34.9, 32.1, 29.8, 29.1, 26.1, 22.8 and 14.2 

ppm. FT-IR (KBr, cm
-1

):2916, 2851, 1605, 1508, 1240, 1179, 1015, 961, 802, 718, 

589, 528. MALDI-TOF-TOF-MS (MW = 1062.84):  m/z = 1063.660. 

Synthesis of OPV-16: Compound 3a (0.47 g, 66.0 mmol) and 4p (0.36 g, 132 mmol) 

were reacted as described for OPV-0. The product was purified by recrystallizing 

from hot acetone. Yield = (68 %).  
1
H-NMR (CDCl3, 400MHz) δ: 7.45 ppm (d, 4H, 

Ar-H), 7.3 ppm (d, 2H, CH=CH), 7.11 ppm (d, 2H, CH=CH), 7.05 ppm (s, 2H, Ar-

H), 6.89 (d, 4H, Ar-H), 3.99 ppm (t, 4H, Ar-OCH2-alkyl), 3.82-3.75 ppm (m, 4H, 

Ar-OCH2-TCD), 2.5-0.88 ppm (m, 92H, cyclic-H and aliphatic-H). 
13

C-NMR 

(CDCl3, 100MHz) δ: 158.6, 151.2, 130.8, 128.7, 127.7, 126.0, 121.5, 114.7, 111.1, 

73.4, 68.1, 45.7, 45.4, 44.1, 41.4, 40.0, 34.9, 32.1, 29.8, 29.1, 26.1, 22.8 and 14.1 

ppm. 
 
FT-IR (KBr, cm

-1
): 2919.4, 2851.7, 2363.9, 1604.8, 1511.1, 1467.8, 1384.1, 

1244.7, 1174.8, 1026.1, 971.8, 847.6, and 800. MALDI-TOF-TOF-MS 

(MW=1091.72): m/z = 1090.997. 
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2.3. Results and Discussion 

2.3.1. Synthesis and characterization of OPVs 

 A homologous series of tricyclodecanemethanol (TCD) based 

oligophenylenevinylenes with identical aromatic core but different number of carbon 

atoms in the longitudinal alkyl chains was synthesized as shown in the scheme 2.1.  

The synthesis started from hydroquinone which was reacted with TCD-OTs in the 

presence of base to give 1, 4-bis (1, 8-tricyclodecanemethyleneoxy) benzene (1a). 

Compound 1a was further reacted with paraformaldehyde and HBr in acetic acid to 

give corresponding bis-bromomethylated derivative (2a). Compound 2a was further 

converted to its corresponding 1, 4-bis[(alkyloxy)]-2,5-xylenediphosphonate (3a) by 

reacting with triethylphosphite. 4-alkoxybenzaldehydes (4d-4p) were synthesised by 

reacting 4-hydroxybenzaldehyde with appropriate alkybromides in the presence of 

potassium carbonate and potassium iodide in dry acetone. Compound 3a reacts under 

Wittig-Horner conditions with 4-alkoxybenzaldehydes (4a to 4p) leading to OPVs. 

The OPVs have been labelled as OPV-n, where n is the number of carbon atoms 

present in the longitudinal alkyl chains.  

  

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.1. Synthesis of oligophenylenevinylenes (OPV)s with various alkyl chains. 
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Figure 2.4: (a) 
1
H-NMR spectrum (b) 

13
C-NMR spectrum (c) MALDI-TOF-TOF 

spectrum of OPV-12. 

 

The structures of all the OPVs were confirmed by 
1
H NMR, 

13
C NMR, FT-IR 

and MALDI-TOF-TOF mass spectrometers. Figure 2.4. shows the 
1
H-NMR, 

13
C 

NMR and MALDI-TOF-TOF spectra of a representative OPV-12 sample. The inset 

shows the expanded proton spectrum of the aromatic region. The peaks at 7.45 ppm 

and 6.89 ppm corresponded to aromatic phenylene protons. The doublets at 7.30 ppm 

and 7.11 ppm belonged to vinylene protons. The protons in the middle aromatic ring 

appeared as a singlet at 7.11 ppm. The triplet at 3.99 ppm and the multiplets in the 

range of 3.82-3.75 ppm belonged to Ar-OCH2-alkyl and Ar-OCH2-TCD protons, 

respectively. The peaks for all other protons appeared below 3.75 ppm. The peak for 

terminal methyl protons belonging to alkyl side chains appeared as a triplet at 0.88 

ppm. Similarly,
 13

C-NMR spectrum of the OPV-12 exhibited the presence of 

8 7 6 5 4 3 2 1

7 . 5 7 . 4 7 . 3 7 . 2 7 . 1 7 . 0 6 . 9 6 . 8

1 8 0 1 6 0 1 4 0 1 2 0 1 0 0 8 0 6 0 4 0 2 0 0

p p m

d
e

f
g

c

a

b

a
b

c

d e f

g

OPV-12

(a)

(b)

(c)

979.71



 

 

Chapter 2 

 

70 

 

aromatic peaks at 158.6, 151.0, 128.5, 127.8, 121.6, 114.6 and 110.9 ppm, 

respectively. Ar-OCH2-TCD and Ar-OCH2-alkyl peaks appeared around 73 ppm and 

68 ppm, respectively. All the other aliphatic carbons belonging to cyclic TCD unit 

and the linear alkyl chains appeared below 50 ppm. MALDI-TOF-TOF spectrum of 

the OPV-12 confirmed the presence of molecular ion peak (M
+
) corresponding to 

MALDI-TOF-TOF-MS (MW = 979.5): m/z = 978.717. All the other OPVs were 

similarly characterised and the detailed analysis has been given earlier in the 

experimental section.  

 

Figure 2.5.  2D-NMR (HSQC-DEPT-135) spectrum of OPV-12. 

 

To further assign the structure of OPV-12, 
1
H-

13
C coupled 2D NMR (HSQC-

DEPT-135 technique) was done and shown in the figure 2.5. The 
13

 C-NMR on the 

right hand side of the spectrum possesed feature of DEPT-135 for the carbon atoms. 
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The aromatic region was expanded and all the aromatic carbon appeared positive. In 

the aliphatic region, the carbon atoms with an odd number of aliphatic protons 

appeared negative to those carbons, that have an even number of attached protons. 

The carbon atoms belonging to Ar-OCH2-alkyl (the triplet at 3.99 ppm) and the Ar-

OCH2-TCD (multiplets in the range of 3.82-3.75 ppm) appeared negative. These 

carbons have been numbered as 1 and 2 as shown in the figure 2.5. The positive 

carbons belonged to the –CH3 in the terminal chains and –CH, units found in the 

TCD groups attached on both side of the aromatic core.   

 The GPC chromatograms of all the OPVs having even number of carbon 

atoms in the alkyl tails have been shown in figure 2.6. All the chromatograms were 

recorded by dissolving the OPV samples in tetrahydrofuran. Figure 2.6 shows that all 

the chromatograms appeared as a single peak confirming high purity of these 

samples. In GPC, higher molecular weight OPVs eluted faster than lower molecular 

weight OPVs and this is beautifully reflected in the above chromatogram showing 

highest molecular weight OPV-16 to extreme left and lowest molecular weight OPV-

0 to the extreme right. All other OPVs fell in between these two extremes and 

followed a similar trend. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. GPC Chromatograms of OPVs in tetrahydrofuran at 25 C. 
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2.3.2. Thermal Properties 

To study the thermal behavior of OPV molecules, powdered samples were 

subjected to differential scanning calorimetry (DSC) analysis at 10 °C/min heating 

and cooling rates. The first heating cycle data were discarded since they possessed 

prehistory of the sample. DSC thermograms of OPV-n with n = 1, 8, 9, 11, 12, 13, 

14, 15 and 16 have been shown in the figure 2.7.  

 

 

 

 

 

 

 

 

 

Figure 2.7. DSC thermograms of OPVs in the cooling (a) and heating cycle (b). 

OPV-1, OPV-8, OPV-9, OPV-11, 12, 13, 14 and OPV-15 showed two 

crystallization peaks when cooled from the melt (see figure 2.7a). This represents the 

typical nature of thermal transitions for thermotropic liquid crystalline materials. For 

example, in OPV-12, the first peak at 115 °C and the second peak at 43 °C were 

assigned to isotropic-to-LC and LC-to crystalline transitions, respectively. OPV-13, 

OPV-14 and OPV-15, showed similar two transitions as shown by OPV-12, but the 

LC window (the temperature range at which the molecules show LC behavior) 

decreased with increasing spacer length. OPV-16 showed three peaks corresponding 

to isotropic-to-LC (at 88 °C), LC-crystalline (at 52 °C), and at very low temperature 
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crystalline-to-crystalline (at 2 °C) transition. In the heating cycle (second heating), 

OPV-9, OPV-11, and OPV-12 showed two melting transitions and OPV-16 showed 

three melting transitions (Figure 2.7b). These melting transitions were assigned to 

their reverse phase changes; for example, in OPV-11, crystalline-to-LC (at 15 °C) 

and LC-to-isotropic (at 162 °C) transitions.  

 

 

 

 

 

 

 

 

 

 

Figure 2.8. DSC thermograms of OPVs in the cooling (a) and heating cycle (b). 

The samples OPV-0, OPV-1, and OPV-8 showed two thermal transitions in 

the cooling cycle, but only one melting transition in the heating cycle, indicating 

their monotropic liquid crystalline nature.
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single transition in the heating cycle and a single transition in the cooling cycle. 

OPV-10 showed two peaks at 108 °C and 24 °C which were assigned to LC and 

crystalline phase changes. Similar trend was seen in OPV-0, but the LC window was 

too narrow to effectively resolve the two peaks. Figure 2.8b shows the DSC profiles 
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which OPVs underwent melting transitions. The melting temperatures continuously 

increased from OPV-7 to OPV-3 but started to decrease in case of OPV-2 and OPV-

0. Two important trends could be observed from the DSC analysis (i) the liquid 

crystalline active window (temperature range of isotopic-LC to LC-crystalline in the 

cooling cycle) increased from 5 to 15 °C (in OPV-1 to OPV-8) to a very wide 80 to 

125 °C (in OPV-9 to OPV-12) after which the LC window became very narrow. (ii) 

with increase in the number of methylene units in alkoxy side chains, the tendency 

for OPVs to become liquid crystalline also increased. The LC active window for 

OPV-16 was significantly small, which suggested that beyond an optimum chain 

length the tendency for liquid crystallinity in OPVs decreased.  

 

 

 

 

 

 

 

 

 

 

Figure 2.9. Odd-even oscillation of OPVs in the enthalpies and entropies of melting 

and crystallization transitions. 

The enthalpies of the melting and crystallization transitions are summarized 

in Table 2.2. The entropies of the transitions,
41
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where, ΔH is the enthalpy of the transition at the temperature T (in Kelvin scale). 

The thermal data have been provided in table 2.2. The enthalpies and entropies of the 

melting and crystallization transitions were plotted against the number of methylene 

units as shown in figure 2.9. It is interesting to note that the OPVs followed odd-even 

oscillation in their enthalpy and entropy plots. Both enthalpy and entropy of the 

melting transition were found to be very high for OPVs with even number of carbon 

atoms in the spacer compared to their odd-numbered counterparts.  

Table 2.2. DSC thermal data of OPVs at 10/min heating/cooling rate.  

 

(a)Tm is transition temperature for crystal/LC to isotropic phase change in 
ο
C. (b) 

∆Hm is the total enthalpy change from crystal to isotropic phase change in kJ/mol. 

(c) Tc is transition temperature from isotropic to crystal/LC phase change in  
ο
C (d) 

∆Hc is the total enthalpy change from isotropic to crystal phase change. (e) ∆Sm is 

the total entropy change from crystal to isotropic phase change in kJ mol
-1

 K
-1

. (f) 

∆Sc is the total entropy change from isotropic to crystal phase change. 

The highly packed structures required more energy for melting (endothermic) 

and similarly released more energy (exothermic) while crystallizing compared to 
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OPV-0 216.6 28.4 161.9 -23.3 0.058 -0.054 

OPV-1 231.9 44.8 147.9 -34.5 0.089 -0.082 

OPV-2 233.8 43.6 145.9 -37.4 0.086 -0.089 

OPV-3 232.3 47.5 193.5 -44.8 0.094 -0.096 

OPV-4 229.9 127.4 173.5 -120.3 0.250 -0.270 

OPV-5 205.6 45.4 174.8 -44.6 0.095 -0.099 

OPV-6 194.1 52.2 134.8 -43.5 0.110 -0.106 

OPV-7 174.4 40.2 112.8 -36.3 0.090 -0.094 

OPV-8 178.6 91.3 125.2 -54.7 0.200 -0.137 

OPV-9 171.8 51.4 115.2 -44.5 0.115 -0.114 

OPV-10 167.8 75.6 107.9 -66 0.170 -0.173 

OPV-11 163.7 57.0 107.2 -47.4 0.130 -0.120 

OPV-12 162.4 120.2 114.8 -107.4 0.280 -0.280 

OPV-13 164.0 66.2 38.2 -58.0 0.151 -0.149 

OPV-14 158.3 51.2 43.9 -49.5 0.118 -0.128 

OPV-15 149.7 51.3 56.1 -50.7 0.121 -0.131 

OPV-16 151.4 43.5 53.7 -47.4 0.240 -0.125 
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weakly packed molecules. This suggested that the supramolecular liquid crystalline 

π-conjugate packing of the OPV chromophores enhanced with even carbon chains. 

Further, OPVs with spacers n = 4, 8, 12, and 16 showed significantly higher energy 

terms as compared to other even  (n = 2, 6, and 10) and odd- OPVs. Hence, OPVs 

with n = 4, 8, 12, and 16 possessed higher packing in solid state and these numbers 

turned to be the magic numbers for solid state packing of OPV chromophores. Odd- 

even oscillation is typically observed in LC materials having molecular twins in 

which azobenzene,
42, 43

 biphenyl chromophores,
44

  dimeric salicylaldiamine,
45

 and 

LC polyesters
46 

connected via methylene spacers. Here, odd-even oscillation has 

been observed in the LC properties of π-conjugated materials. 

2.3.3. Polarized Light Microscopic studies 

 The PLM textures of OPVs (n=1-9) have been shown in the figure 2.10. 

OPV-0 to OPV-4 belonged to simple crystalline solids. OPV-1 started to develop 

some type of LC textures, but immediately crystallized out to produce fanlike 

textures.
38

 OPV molecules with shorter alkoxy chains (n = 0-4) did not produce 

prominent LC textures. OPV-5 to OPV-9 exhibited spherical focal conics. The 

fanlike textures with focal conics observed for OPV-5 to OPV-9 resembled the 

typical textures observed for cholesteric LC samples.
38

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10. Polarized light microscope images of OPV-1 to OPV-9.  
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Figure 2.11. Temperature dependent PLM Images for OPV-8. 

 

The temperature dependent PLM profile of OPV-8 belonging to short pitch 

cholesterics (OPV-5 to OPV-9) has been shown in the figure 2.11. OPV-8 exhibited 

spherical focal conics as nucleating sites (images at 125 
ο 

C and at 123 
ο 

C). These 

focal conics quickly impinged in to one another (at 122 
ο 
C and 121 

ο 
C) to give rise 

to fan shaped focal conic textures as shown in images at 113 
ο 
C and at 110 

ο 
C.  

 

Figure 2.12. Cholesteric Liquid crystalline textures of OPV-12 under polarized light 

microscope. 
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The detailed temperature dependent PLM profile of OPV-12 belonging to 

ring banded textures has been shown in figure 2.12. The nucleation appeared in the 

form of concentric dark and bright rings (see images at 104.5 
ο
C and at 102 

ο
C). As 

the temperature decreased, these ring banded spherulites grew outwards to give rise 

to ring banded textures. (See images from 101
ο
C and at 93.5

ο
C). Closer observation 

of these textures revealed that rings were not concentric but originated from a 

common center and continued to grow vertically outwards in a left-handed helical 

fashion. 

 

Figure 2.13. Cholesteric liquid crystalline textures of OPVs.  

The PLM images for OPV-10 to OPV-15 have been shown in the figure 2.13.  

OPV-10 to OPV-15 produced beautiful birefringence patterns consisting of 

concentric dark and bright rings. The mesophase textures for OPV-10 to OPV-15 

showed Grandjean lines whereas at large chain lengths (in OPV-16), the mesophase 

morphology was lost. The pitch lengths of helical rings gradually increased with 

increasing number of carbon atoms in the tail up to n = 15. 

From the above PLM studies, it was understood that OPVs exhibited 

systematic transition in the mesophases from crystalline to cholesteric to ring-banded 

textures with an increase in methylene units in the alkyl chains. The transformation 

in the LC morphology was obtained in OPVs having identical aromatic π-cores, and, 
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therefore, the role of the van der Waals interactions among the alkyl chain in the 

OPV chromophores are expected to play a crucial role in determining the molecular 

self-organization during the crystallization process. 

 

 

 

 

 

 

 

 

 

Figure 2.14. Sigmoidal self-assembly of OPVs.  

To further understand the nature of the molecular self-organization, the 

melting transition temperatures of the OPVs were plotted against the number of 

carbon atoms in alkyl chains and shown in figure 2.14. The melting transitions 

showed a sigmoidal relationship with the spacer length. There are two flat regions in 

the plot: (i) crystalline OPVs of shorter alkyl chains (OPV-0 to OPV-4) and (ii) ring-

banded OPVs with alkyl chains 10 ≤ n. The melting temperatures showed a sharp 

decrease from OPV-5 to OPV-9 where the molecules exist in the form of cholesteric 

LC phases. The combination of PLM textures and the sigmoidal curve indicated that 

the methylene chains attached in the longitudinal axis played a key role in self-

organizing OPVs, which transformed from crystalline solid to ring-banded 

supramolecules via cholesteric intermediates. To further understand the sigmodial 

transitions for the OPVs in the melt crystallization process, the LC temperatures 

were also plotted against the spacer length. The crystallization temperature versus 

spacer length was also fitted into a sigmoidal function; however, the data were found 
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to be more scattered. Sigmoidal transformation is usually observed in the biological 

systems, for example, in the denaturation of proteins in the presence of appropriate 

denaturant moiety.
47 

However, sigmoidal self-organization is very rare in synthetic 

macromolecules due to the lack of cooperativity between secondary interactions 

unlike biological systems. Interestingly, here, OPVs have followed typical sigmoidal 

self-organization indicating very good cooperativity among the non-covalent 

interactions present in the chromophores. 

2.3.4. Rind Banded Structures  

Ring banded spherulitic structures have been reported in commercial semi 

crystalline polymers during their crystallization from the melt.
48, 49

 Keith et al. and 

few others had carried out detailed studies on the mechanism of formation of these 

ring banded structures using theoretical, microscopic studies and computational 

simulations.
50-55

 The origin of the ring banded structure as generally accepted is due 

to the periodic twisting of lamellar crystals along the radial growth direction of the 

spherulites.
56-58 

The lamellar twisting phenomenon was correlated to surface stress,
59

 

chain folding direction of the crystal growth,
60

 periodic change of concentration 

gradient,
61

 and also the segregation of amorphous polymer chains from the crystal 

fronts of polymer binary blends.
48,62-65

 Though the twisting of the lamellar crystal 

mechanism was widely accepted in all of these cases, there seems to be no 

correlation between the structure of the materials (polymers or small molecules) for 

the appearance of ring banded patterns. Ring banded structures have also been 

observed in liquid crystalline materials. For example, few cholesteric samples were 

found to show dark lines and bright lines when helical structure changed its twist by 

angle (π). These dark lines were called Grandjean lines.
38

 Ring-banded spherulitic 

structures are not common in crystalline solids; however, recently it was observed in 

a few commercial polymers like polyethylene, polylactides, and poly(arylether 

ketones), etc.
63

 Here, the ring-banded textures are obtained from small liquid 

crystalline OPV molecules unlike earlier observed examples of semicrystalline 

commercial polymers.
64

 It is also important to note that different types of 

mechanisms were proposed for various materials. Thus, there is no common 
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explanation for the formation of banded spherulites with respect to their chemical 

structures.  

Interestingly, in the present case, these ring banded textures have been 

observed in a small molecular system in the LC temperature window and hence a 

direct correlation between ring banded textures and molecular structures can be 

made. Thus, to further confirm that the textures observed are not an artifact, the LC 

frozen samples of OPV-8 and OPV-12 were subjected to scanning electron 

microscope (SEM) analysis (figure 2.15). The crystalline vectors corresponding to 

the cholesteric phases in OPV-8 showed uniform long rectangular planks with 

thickness (600 nm). The rectangular planks were straight (length more than 10 μM) 

and loosely packed; however, all of them projected upwards in one direction. The 

SEM image of OPV-12 showed the formation of thin twisted sheets. The sheets were 

 

 

 

 

 

 

 

Figure 2.15. Scanning electron microscope images of OPV-8 and OPV-12 samples 

frozen in their LC phases.  

twisted within, tightly packed and also twisted together along the same direction. 

The crystalline vectors are typically composed of a large number of lamellae, which 

could be in thousands, and these subnanometer size species pack in the solid state to 

produce the images shown in figure 2.15. The straight planks in OPV-8 and twisted 

sheets in OPV-12 revealed that the orientation of the lamellae were obviously 

different in both the cases. SEM analysis strongly supported the existence of twisted 

lamellae in OPV-12. The twisted lamellae produced ring-banded textures whereas 

the normal packing produced cholesteric textures. 
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2.3.5. Single Crystal XRD Analysis of OPV molecules 

To trace the mechanism of self-organization and the non-covalent forces 

behind the diverse LC mesophase organization in OPVs at the molecular level, 

detailed single crystal X-ray analysis was done. OPVs belonging to each category of 

the mesophases were successfully obtained: OPV-4 (belonging to crystalline solids), 

OPV-8 (belonging to short pitch cholesterics) and OPV-12 (belonging to helical 

bands) were resolved. The crystal structures of the OPV molecules have been shown 

in the figure 2.16. 

 

Figure 2.16. Single crystal structures of OPV-4, OPV-8 and OPV-12. 

All three benzene rings in the aromatic core of the OPVs were found in the 

same plane and constituted the molecular axis. OPV-4 had symmetric structure and 

crystallized in monoclinic space group P21/n. on the other hand, OPV-8 and OPV-12 

crystallized in non-centro-symmetric triclinic crystal systems. The Tricyclodecane 

(TCD) units attached at the center of aromatic core occupied either side of the plane 

perpendicular to the aromatic backbone. The butyloxy tail in OPV-4 had one cis-

conformation, whereas the octyloxy tails in OPV-8 and the dodecyl chains in OPV-

12 were aligned in all-trans conformations.  
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Figure 2.17. Single crystal analysis and three dimensional packing of OPV-4. 

The three dimensional packing for OPV-4 molecule is shown in figure 2.17. 

The bulky TCD units protruded the -cores along the direction perpendicular to the 

molecular axis. The butyloxy tail in OPV-4 had one cis-conformation. The rigid 

planar aromatic core and the absence of long lateral side chains lead the OPV- 4 to 

arrange in “Herringbone” type packing. The herringbone arrangement is one of the 

most stable packing for molecules in the solid state when adjacent stacks of 

molecules arranged in opposite directions in the unit cell.
66

 The molecular planes in 

the adjacent stacks are inclined with respect to each other and the inclination is 

known as the herring bone angle (ξ).
67

 HB angle (ξ) is measured between molecules 

in adjacent stacks which are diagonally oriented to each other. The HB angle (ξ) for 

OPV-4 was measured as 81.40
 
which is very close to a perfect alignment of 

herringbone perpendicular sheets (ξ =90). Herringbone type packing has so far been 

observed in -conjugated molecules having no substituent in the central aromatic 

core which was considered to be an important structural parameter for the existence 

of these patterns. Interestingly, OPV-4 is a unique example in the -conjugated 

OPV-4

Herring bone angle (ξ)=81.42◦
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systems where herringbone pattern is observed despite having large bulky TCD 

substitution at the central aromatic core. 

 

Figure 2.18. Single crystal analysis and three dimensional packing of OPV-8. 

The three dimensional packing for OPV-8 has been shown in the figure 2.18. 

The unit cell for OPV-8 shows that the molecule crystallized in non-centro-

symmetric triclinic crystal system. The TCD units attached at the center occupied 

either side of the plane perpendicular to the aromatic backbone and the two alkyl 

tails present in the terminal aryl rings were on the same plane constituted by the 

aromatic rings. OPV-8 crystal consisted of one solvent molecule per structure; 

however, the solvent molecules did not involve in any type of secondary interactions. 

The octyl tails were aligned in all-trans conformation in OPV-8. The torsion angles 

from the central aromatic ring to either side were obtained as 10.9  and 11.9  in 

which confirmed that the OPV backbone was indeed planar. The increase in the tail 

OPV-8
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length from four in OPV-4 to eight in OPV-8 facilitated the inter-digitations of tails 

along the molecular axis: as a result, the molecules in OPV-8 were closely packed as 

bundles. 

 

 

 

 

 

 

 

 

 

 

Figure 2.19. Single crystal analysis and three dimensional packing of OPV-12.  

The three dimensional packing for OPV-12 has been shown in the figure 

2.19. The unit cell for OPV-12 showed that the molecule crystallized in non-centro-

symmetric triclinic crystal system. The two long dodecyl chains present in the 

terminal aryl rings were aligned in all-trans conformation in the same plane 

constituted by the aromatic rings. The torsion angles from the central aromatic ring 

to either side were obtained as 9.93 and 6.29 in OPV-12 confirming the planarity 

of the OPV backbone. In spite of being planar, there was a large difference in the 

way each of these three molecules packed with respect to the number of carbon 

atoms present in the alkyl tails. The long dodecyloxy tails in OPV-12 produced 

higher ordered structures in which the molecules were packed as columns along the 

OPV-12

N* 
Helical
Bands
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b-axis and was pushed apart in c-axis direction. The large difference in the packing 

of OPVs revealed that the custom designed OPV-TCD skeletons were very unique in 

producing diverse self-assembled structures in the solid state. 

2.3.6. Roll and Pitch Inclinations  

The packing of the planar organic molecules in the solid state could be 

described in terms of two different angles, termed as “pitch” and “roll” inclinations 

as reported by Curtis et al.
66

 A schematic diagram for the pitch and roll angle 

displacements have been shown in figure 2.20.  

 

 

 

 

 

 

 

 

Figure 2.20. Schematic model of pitch and roll displacements. 

The planar aromatic core constituted the x-y molecular plane.The axes x and y 

are perpendicular to each other and represented the short and long axes of the 

molecule, respectively (see figure 2.20). The shortest distance between two adjacent 

molecules is defined by a vector, d, and their stacking direction along the molecular 

packing is defined as a vector, z. The pitch angle (P) and its distance (dP) are 

corresponding to the molecular slipping along ZL direction and the vector, d. The roll 

angle (R) and its distance (dR) are represented between the projection of molecules in 

the short molecular axis Zs and d vector. The total slip distance, dtot= (dp
2
+dr

2
)
1/2

 and 

X

Y
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the crystallographic repeat distance, z = (dp
2
+dr

2
+d

2
)
1/2

 were obtained from the pitch 

and roll parameters.
66

  

 

Figure 2.21. Determination of Roll and Pitch displacements for OPV-12. 

The detailed procedure for the determination of dP, dR, P, R, dtot and z for 

OPV-12 have been explained in figure 2.21. In figure 2.21a; a line segment AC was 

drawn which connects the identical parts of the two adjacent molecules. Another line 

segment AB connected A to B (centroid of the middle aromatic ring of the 

neighbouring molecule). In figure 2.21b, AO is the perpendicular distance from A to 

the molecular plane of the adjacent molecule. O was now joined to B and C to define 

a new triangle OBC. OC was determined to be 6.09 Å. Similarly, in the right angle 

In ∆ AOC, 

(OC)2 = (AC)2 - (OA)2
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A

OC

2.28
6.51

B

A

O

2.288.03

A
D B

8.035

2.28
8.05

6.51

C

A

B C

O
D

6.152.28

D

O

A

B

C

7.70

6.09

(a) (b)

(c)

(d)

(e)

OC=  6.09 Å

OD=5.42, 

CD=2.76 

Now, AE=OD and AF= CD

The roll and pitch parameters as :

P = tan-1(AF/AO) = 50.42 

R= tan-1(AE/AO)= 67.14  

dp= CD= 2.76 Å, 

dR=OD= 5.42 Å

dtotal = 6.08Å, 

z = 6.50 Å

6.05

5.42
D

O

2.28

A

C

2.76

6.10 63 

R

d
Zs

ZL

Z
E

F

P

G

H

(f)



 

 

Chapter 2 

 

88 

 

∆, AOB, (in figure 2.21d), OB was determined to be 7.70 Å. Then, with the compass 

width equal to the line segment OC and the compass point on C, an arc was drawn 

near the future vertex O. Now, with the compass width equal to the line segment OB, 

and compass point on B, an arc crossing the first arc was drawn. The intersection 

point is the vertex O of the ∆OBC. Now, the angle OCD = OCB= 63
ο
 (α) was 

measured. In the Cuboid AOGFHEDC, (Figure 2.21f) A and C constituted the two 

diagonally opposite corners of a rectangular cuboid. The height of the cuboid 

constituted the interplanar distance d (= AO). A similar procedure was followed to 

calculate roll and pitch distortions in OPV-8 and OPV-4. The detailed calculations 

for the determination of roll and pitch parameters for OPV-8 and OPV-4 has been 

pictorially summarized in figure 2.22. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.22. Determination of Roll and Pitch angles for OPV-4(a, b and c) and 

OPV-8. (d, e and f ). 

OC=  5.53, OB=  7.00

OCD= 57 

OD=4.63, CD=3.01, AE=OD and 

AF= DC

The roll and pitch parameters are 

as follows:

P = tan-1(AF/AO) = 46.60 , 

R= tan-1(AE/AO)= 58.48  

dp= 3.01 Å, dR=4.63 Å
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Calculation of Roll and Pitch angles for OPV-8
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Figure 2.23. Pitch and Roll angles of OPVs (a) and Pitch and Roll distances(b)  

versus number of carbon atoms in the tail. Schematic representation of roll 

inclination in OPV-8 and OPV-12 (c) and single crystal packing of OPV-12(d).  

The plot of the pitch and roll angles versus the number of carbon atoms in 

OPV molecules has been shown in the figure 2.23. The data revealed that the 

molecules underwent a pitch angle distortion of 46.6 to 50.4 with increase in the 

number of C-atoms in the tail. On the other hand, the roll angle distortion was found 

to be much stronger and varied from 55.8 to 67.2 (~12). In figure 2.23b, the shift 

distances are plotted against the variation in the C-atoms in the tail. Among the three 

molecules, the pitch distance varied only by 0.56 Å, however, the variation in the roll 

distance, dR = 0.90 Å which was almost twice as compared to the pitch distances. 

This suggested that the effect of roll inclinations in the OPV molecules were much 

stronger compared to that of their displacement in the pitch direction. The increase in 

the tail length increased the roll angle; as a result, the OPV-12 molecules inclined 

more towards the x-axis to attain layer like self-assembly. This suggested that OPV-
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12 molecules had more tendency for packing the chromophores in a parallel layers. 

This was further evident from the OPV-12 molecular arrangements in the crystal 

lattices (see figure 2.23d) where each stack of molecules appeared as isolated pillars 

along the z-axis (direction towards d vector in figure 2.23d).  In figure 2.23b, the 

total slip distance (dtot) and crystallographic repeat distance (z) increased with the 

increase in the carbon atoms in the tail. The values of dtot and ‘z’ in all the cases were 

found to be more than 5.50 Å, which was much higher than that of the typical 

aromatic -stacking distances (<3.50 Å) observed in graphite.
68

 A schematic model 

depicting the roll inclinations has been shown in the figure 2.23.c. It was observed 

that the large increase in roll inclinations in the OPV molecules with increase in tail 

length from OPV-8 to OPV-12 led the molecules to incline more towards the x-axis 

to attain layer like self-assembly. Thus, it may be concluded that these OPV 

molecules did not possess any aromatic -stack interaction in the solid state. 

Therefore, the diversity in the self-assembly of OPV chromophores in the solid state 

was driven by secondary forces other than aromatic -stacking interactions. 

 

Figure 2.24. Cartoon diagrams of van der Waals and CH/π interactions.  

Large roll and pitch displacements completely destroyed π-π stacking 

interactions among the OPV molecules. The other possibilities for self-assembly can 

be either the van der Waals interaction present in the tails or weak CH/π interactions 

between alkyl hydrogens and aryl rings as shown in the figure 2.24. Therefore, single 

crystal X-ray structure analysis was used to trace the presence of CH/π interactions 

in these OPV molecules.  
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2.3.7. CH/π Hydrogen Bonds  

CH/π hydrogen-bond interactions constitute an important class of weak non-

covalent forces in producing well-defined secondary or tertiary structures
 69

 in bio- 

macromolecules like proteins. The interactions between C-H bonds and π systems 

with the C-H group as hydrogen donor and π ring acting as are known as CH/π 

interactions.
70

 The energy associated with CH/π interactions are much smaller (0.8 

kcal mol
-1

) relative to that of typical strong hydrogen-bonding interactions between 

OH···H or NH···H (7.8 to 3.5 kcal mol
-1

).
71

 The CH/π interactions have been 

projected as one of the main driving force in the complex formation of proteins with 

cofactors and stabilization of water molecules in the hydrophobic cavity, for 

example, for photosynthesis.
72  

The CH/π interactions were also observed in chemical 

research
73

 in organic molecules and inorganic crystals.
74

 π-conjugated oligomers (or 

polymers) are one of the most promising chemical motifs for studying CH/π 

interactions in the self-assembly approach because molecules possesed 1) rigid 

aromatic π-conjugated backbones (or extended π systems) which can serve as H-

bond acceptors and 2) flexible alkyl chains anchored on the periphery for solubility 

purposes, which can behave as H-bond donors (CH groups).  

 To trace the inter-molecular interactions accountable for the self-assembly in 

the OPVs, the close-contact between the adjacent molecules were established. The 

close contact interactions in OPV-12 molecule are shown in figure 2.25.a. Each 

OPV-12 molecule had close contact with four neighboring molecules. Two of the 

molecules (green color) lay on the same plane along the a-axis at a distance of 6.51 

Å and other two (orange color) lay above and below the plane of the central 

molecule along b-axis at 13.23 Å. Total eight CH/ interactions per molecule (2 x 4 

different types) were observed between the alkyl C-H of TCD units to the aryl rings 

or vinylene C=C bonds. Each pair of these interactions corresponded to C-H55A to 

terminal aryl ring, C-H62A and C-H51A to central aryl ring (above and below) and C- 

H64A to vinyl C=C bond. These multiple CH/ interactions extended along the b-axis 

throughout the crystal lattices. 



 

 

Chapter 2 

 

92 

 

  

Figure 2.25. CH/ interactions in OPV-12 along three dimensional crystal lattice. 

(In the orange and green molecules part of one of the TCD was omitted for clarity), 

Determination of CH/ interactions in OPV-12 for C62A (b), C51A(c), C64A(d), C55A(e). 

Four important crystallographic parameters determined the CH/π interactions: 

dc-x, θ,  and dHp-x; where dc-x is the distance between the donor carbon atom to the 

center of the acceptor -ring, θ is the angle between the ring normal and a vector 

connecting the donor carbon atom to the center of the aryl ring,  is the angle 

between C–H with the vector connecting H to ring center, and dHp-x is the projection 

of the C-H on the -ring.
69a

 The determination of these C-H/ crystallographic 

parameters have been explained in the figure 2.25b, c ,d, and e. The CH/ parameters 
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were in accordance with the literature reports
69a

 and confirmed the existence of 

multiple arm strong CH/ interaction in the OPV-12 molecules. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.26. Calculation of CH-π interactions for OPV-8. 

The close contacts and the determination of CH/ interactions in OPV-8 have 

been shown in the figure 2.26. OPV-8 showed two identical CH/ interactions per 

molecule between C-H40A to C=C bond. The CH/ interactions observed in OPV-8 

were completely different from that of OPV-12: (i) the H-acceptor i.e., vinyl C=C 

bond in OPV-8 was relatively weak
69a

 compared to that of the strong aryl ring 

acceptor in OPV-12 and (ii) the existence of multiple arm CH/ interaction locked 

the 3D movement of central aromatic core in OPV-12 which was completely absent 

in OPV-8. As a result, though OPV-8 has CH/ interactions, it did not have strong 

inter molecular locking (as seen in OPV-12) and turned out to be simple liquid 

crystalline material. OPV- 4 did not show any CH/ interactions validating required 

CH/ interactions in OPV-8
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crystallographic geometric parameters. In the absence of CH/ interactions, OPV-4 

packed in the herringbone motif. The detailed CH/π parameters have been 

summarized in the table 2.3.  

Table 2.3.  Table of CH/π parameters for OPVs. 

 

Single crystal XRD analysis clearly revealed the presence and role of CH/π 

interaction in the three dimensional packing of TCD- OPVs. The long terminal alkyl 

chains did not show any type of interactions among themselves or with aryl units (or 

with TCD units). But, van der Waals interactions which are difficult to measure may 

still play an important role in determining packing properties and molecular self-

organization.   

2.3.8. PLM images in Single crystal and Powder Samples  

Liquid crystalline mesophases were obtained via molecular self-assembly 

under solvent-free crystallization process. On the other hand, single crystals were 

grown slowly using solvent assisted processes. Therefore, it is very important to 

confirm that the LC morphologies obtained during PLM analysis are independent of 

crystallization technique. And hence, the PLM images obtained from single crystal 

and powder samples should be identical. Further, to establish the existence of CH/π 

interactions in the LC mesophase morphology, similar to the single-crystal 

structures, a direct correlation between the simulated X-ray patterns from single 

crystals and X-ray patterns obtained from powdered samples should be made. 

Sample C-H π d
c-x

 (Å)  ()  () d
Hp-x

 (Å) 

OPV-12 C-H
55A

 Aryl 3.73 15.46 161.9 0.50 

 C-H
51A

 Aryl 3.61 15.06 138.1 0.84 

 C-H
62A

 Aryl 3.46 4.83 140.0 0.27 

 C-H
64A

 C
20

= C
21

 3.64 12.57 160.0 0.33 

OPV-8 H40A C15-C16 3.67 18.90 150.30 0.61 
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Figure 2.27. LC textures of OPV-4, OPV-8 and OPV-12 grown from single crystal 

and powder samples. 

To confirm the similarity of LC textures, the mesophase morphology of the 

samples was independently analyzed using polarizing light microscope (PLM) and 

shown in figure 2.27. Single crystals of OPV-4 and OPV-8 exhibited patterns with 

respect to crystalline and cholesteric mesophases, respectively. OPV-12 exhibited 

birefringence pattern consisting of concentric dark and bright rings as shown in 

figure 2.27. This analysis suggested that the mesophase morphologies were identical 

irrespective of their sample source like single crystals or powder samples.  

The existence of CH/π interactions in the LC mesophase morphology, similar 

to the single-crystal structures, was confirmed by variable-temperature powder X-ray 

diffraction studies. The variable temperature XRD patterns for OPV-12 while 

cooling from isotropic melt has been shown in the figure 2.28a.  The temperature 

range for the experiment was chosen based on the molecule’s LC transitions in DSC 

traces. Simulated powder pattern obtained from single crystal data has been shown in 

the figure 2.28b. The sample completely melted to isotropic phase at 170 C.  Upon 

cooling from isotropic melt, in the LC active temperature range (at 110 
ο 

C), the 

sample showed very broad signals which confirmed their liquid crystalline nature. 

A comparison of LC textures grown from Single crystals and Powder 

states

OPV-8

OPV-8

OPV-12

OPV-12

OPV-4

OPV-4

Powder

Single crystals Single crystals Single crystals 

Powder Powder
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On further cooling to room temperature, intense crystalline peaks appeared in the 

wide-angle region corresponding to transition to crystalline solid.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.28. (a) Variable temperature XRD pattern (b) Single crystal powder 

pattern, and a molecular model depicting the formation of equidistant lamellae in 

OPV-12. 

A comparison of experimental XRD patterns with the simulated powder X-

ray diffraction patterns
75, 76

 based on the single crystal structure revealed that the 

miller index values for each peak in the simulated XRD plot matched very well with 

that of the variable temperature experimental plots. This confirmed that the 
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crystalline lattices in the single crystal were identical to that present in the LC 

phases. The perfect matching of single crystal structural data with the powder XRD 

confirmed the formation of crystal lattices in the LC-phases via CH/ interactions. 

Similarly, the variable temperature XRD pattern and simulated single crystal pattern 

for OPV-8 and OPV-4 showed that the miller index values for each peak in the 

simulated XRD plot matched very well with that of the variable temperature 

experimental plots. From the above analysis, it can be concluded that packing of 

chromophores in LC state is almost identical to that observed in their single crystal 

state and can be extended to explain the molecular arrangements and mesophase 

morphologies in the LC state. 

2.3.9. Mechanism of Helical rings- The Grandjean Lines  

The concentric dark and bright rings in OPV-12 are simply the Grandjean 

lines that are typically observed in chiral nematic N* liquid-crystalline mesophase.
38

 

The appearance of dark and bright lines under plane-polarized light is schematically 

illustrated in figure 2.29.
38

  

 

Figure 2.29. Formations of helical assemblies in OPV-12.   

The dark lines were observed when the helical twist changes by p. From the 

distance l between the two lines, the pitch length p of the helix could be calculated as 

l = p/2. The bright lines are observed when plane polarized light passes parallel to 

the molecular axis and the dark lines are observed when the molecules fall 

perpendicular to the direction of light.  
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Figure 2.30. A plot of number of carbon atoms versus pitch length (a) pitch length of 

the Grandjean lines versus cooling rates (b) and  time need for the formation /per 

ring versus cooling rates (c). 

Experimental conditions such as the rate of cooling play an important role in 

determining transition temperatures, enthalpy of transitions and subsequent 

formation of the Grandjean lines. A plot of Tiso-LC versus cooling rate has been 

shown in the figure 2.30a. It was observed that the temperature corresponding to 

isotropic to LC phase change gradually increased with decrease in the cooling rate 

from 103 
ο 

C at 20
ο
/min to 124 

ο 
C at 2

ο
/min. Similarly, a plot of enthalpy of 

crystallization versus the cooling rate (figure 2.30 b) exhibited that the enthalpies 

gradually increased with decrease in the cooling rates until a dramatically low value 

was observed at 2
 ο
/ min. 

To study the influence of cooling rate on the formation of Grandjean lines, 

PLM analysis was done by cooling OPV-12 at variable cooling rates. The PLM 

textures with respect to different cooling rates have been shown in the figure 2.31. It 

was observed that the textures were independent of cooling rate and similar 

Grandjean lines were produced irrespective of the cooling rate. This confirmed that 

ring banded textures was indeed a molecular property for this class of molecules.  
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Figure 2.31.  LC mesophase textures for OPV-12 at different cooling rates. 

 The PLM images of OPV-12 captured as a function of time by keeping the 

cooling rate constant at 10
 ο
/ min has been shown in the figure 2.32. The ring banded 

spherulites grew radially and vertically outwards with time.  

 

Figure 2.32. PLM images for tracing formation of Grandjean lines with capturing 

time. 
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Figure 2.33. A plot of number of carbon atoms versus pitch length (a) pitch length of 

the Grandjean lines versus cooling rates (b) and  time need for the formation /per 

ring versus cooling rates (c). 

To summarize the effect of experimental conditions on ring band formation a 

plot of pitch length versus number of carbon atoms in the alkyl side chains has been 

plotted in the figure 2.33a. The pitch lengths of helical rings gradually increased with 

increasing number of carbon atoms in the tail up to n = 5 and lost this tendency at n 

= 16 in OPV-16. The pitch length in OPV-12 was determined to be 44.7± 2.9 μm. 

The pitch length is typically constituted by hundreds and thousands of molecules in 

lamellae which subsequently twist to give helical superstructure.
38  

The pitch length 

can vary from as small as 100 nm to many micrometers. Similarly, a plot of pitch 

length of the Grandjean lines versus cooling rates (see figure 2.33b) and  time needed 

for the formation /per ring versus cooling rates (figure 2.33c) revealed that both the 

pitch lengths as well as time/per ring versus cooling rates followed a straight line 

with almost zero slopes. This confirmed that the variation in the experimental 

conditions did not affect the nature of the morphology and pitch length of the 

Grandjean lines. Formation of the helical assembly was not affected by cooling from 

the isotropic state under either non isothermal or isothermal conditions. Hence, the 

ring-banded self-assemblies in the TCD-OPVs are a molecular property which is 

driven by both the number of carbon atoms in the alkyl chain and CH/π interactions.  
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2.3.10. Circular Dichroism Analysis 

Circular dichroism (CD) spectra of the OPVs were recorded to gain more 

insight into their LC mesophase helical morphology. The CD spectra of OPV 

samples were recorded in toluene and in the solid state (fine powder) have been 

shown in the figure 2.34a and 2.34b.  

 

Figure 2.34. CD spectra of OPV-2, OPV-4, OPV-8 and OPV-12 in toluene (a) and 

in powder states (b) Solid state CD spectra of aligned OPV samples in their LC state 

(c). 

The absence of CD signals in solution state confirmed that no helical self-

organization existed in the solution state (see figure 2.34a). Therefore, the presence 

of weak chiral center in the TCD units (at the bridging carbon atom ArOCH2C*H) 

did not provide any additional advantages for molecular self-assembly in solution. In 

the powder state (see figure 2.34b), the samples showed very weak CD signals. The 

samples showed only weak positive cotton effect in the case of OPV-2 and OPV-4 

and weak negative cotton effect in the case of OPV-8 and OPV-12. The CD spectra 

of OPVs in LC frozen state have been shown in Figure 2.34c. On aligning the 

molecules in the thin layer (OPV-4) or LC mesophase (OPV-8 and OPV-12; samples 
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were made as per the method described for PLM studies), self-organization became 

predominant and strong CD signals emerged from OPV- 4, 8 and OPV-12. OPV-4 

showed a strong positive Cotton effect with maximum at 345 nm and zero crossing 

at 295 nm. This indicated that the OPV-4 molecules were arranged as right-handed 

sheet-like structures. In contrast, OPV-8 and OPV-12 showed intense negative CD 

signals corresponding to absorption of left circularly polarized light (negative Cotton 

effect). The CD spectrum of OPV-12 showed two strong negative bands at 357 and 

408 nm and a weak positive band at 275 nm (OPV-8 also showed a similar trend). 

The features of these negative signals in OPV-12 (and also in OPV-8 and OPV-11) 

confirmed that the molecules were arranged in the left-handed helical assembly. An 

important observation was that OPV-2, which is a simple crystalline solid, did not 

give any strong CD signal even in LC aligned state. Hence, the helical lines observed 

under the plane-polarized illumination in OPV-12 molecules (see Figure 2.34) are 

nothing but helical self-assemblies of the lamella in the solid state. This further 

confirmed that CD signals observed in the case of OPV-4, OPV-8 and OPV-12 are a 

direct consequence of self-organization in the LC state. Thus, a perfect correlation 

between the LC helical mesophase (observed under PLM) with the helical 

supramolecular structures (in CD signals) was established in solid-state self-

assembly. 

Based on the above analysis a schematic model depicting the change in self-

assembly with respect to the number of carbon atoms in the terminal alkyl chains 

have been proposed in the figure 2.35. 

Figure 2.35.  Representation of chain length driven self-assembly in OPVs. 
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Diverse self-assembly was achieved by only varying the number of carbon 

atoms in the tails. Increasing the number of carbon atoms in the tails transformed the 

chromophore packing from herringbone to left-handed helical twist in the chiral 

nematic mesophase. On the other hand, on decreasing the tail length, the 

chromophores organized in highly packed herringbone patterns. For longer alkyl 

chains (n>14), the packing of the chromophore were no longer controlled by the tails 

and the molecular self-assemblies were lost. 

2.3.11. Photophysical Analysis 

The OPV building block is a highly luminescent π-conjugated unit, and 

therefore, photophysical characterization such as absorption, excitation, emission, 

and time resolved fluorescence decay measurements were employed to trace 

molecular self-organization in the liquid crystalline phase.
77

 The absorption and the 

emission spectra in solution and solid state have been shown in the figure 2.36.  

Figure 2.36. Absorption and emission spectra of OPVs in toluene (a), Absorption (c) 

Emission spectra in the LC frozen films(d) (excitation= 380 nm). Plot of emission 

wavelengths versus number of carbon atoms in the alkyl chain. The emission spectra 

in solution state for all the samples were exactly overlying on each other.  
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Figure 2.36a showed that the absorption and the emission spectra of all the 

OPVs were identical in solution state. This suggested that the molecules were in 

molecularly dissolved state and there was no difference in the photophysical 

properties. In the solid state, the photophysical properties were studied up to OPV-12 

because the transition from herringbone to helical self-assembly was observed up to 

the chain length twelve, beyond which the self-organization was lost. Thin films of 

OPVs were prepared on a glass substrate, as described earlier in PLM studies. Figure 

2.36b shows the emission spectra of OPVs in solid state. OPV-0 and OPV-1 were 

omitted for the photophysical studies due to the following reasons: (i) OPV-0 did not 

have alkoxy units in the peripheral phenyl ring and (ii) the Ar-OCH3 inductive effect 

causes π-electronic structure of OPV-1 to be different from that of other OPVs. The 

emission spectra of OPVs were very broad and therefore, to quantify the extent of 

the red or blue shift among the OPV samples, emission wavelengths (in nm) at PL 

intensities of 0.8 and 1.0 were compared in their normalized spectra.  

The plots of the emission wavelengths at PL intensities 0.8 and 1.0 have been 

given in figure 2.36d. Two important observations could be made from the emission 

spectra of OPV-n films: (a) both the plots in figure 2.36d showed odd-even 

oscillation in the emission wavelength with respect to the number of carbon atoms in 

the alkyl chains and (b) OPV-8 and OPV-12 were distinctly blue-shifted compared to 

all other OPVs. Interestingly, the odd-even oscillation in the emission spectra was 

not restricted to any particular type of LC texture. It was observed across the entire 

series in crystalline solids (OPV-2 to OPV-4), cholesteric LCs (OPV-5 to OPV-9), 

and ring-banded LCs (OPV-10 to OPV-12). The comparison of the odd-even 

oscillation behavior in the enthalpy plots and emission spectra (in Figure 2.36d) 

revealed that the highly crystalline and packed samples showed more blue shift 

compared to that of less crystalline counterparts. The extent of the blue shift was 

observed to be very large in OPV-8 and OPV-12, which possessed highly packed 

structures with higher energy terms. The highly packed structures were expected to 

possess strong π-overlap among the OPV- chromophores, which led to a blue shift in 

their emission spectra (OPV-8 and OPV-12) compared to the spectra of the weakly 
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packed samples (OPV-9 and OPV-11). A large number of PL experiments were 

carried out to verify the reproducibility of the odd-even oscillation behavior in the 

emission spectra. More than four sets of newly prepared LC films for each OPV 

samples were subjected to photoluminescence studies. Since the absorption spectra 

of the OPVs were very broad from 320 to 420 nm, the emission spectra were also 

collected by exciting the samples at 320, 340, 360, 380, 400, 420, and 440 nm. 

Though there is a slight deviation in the wavelength of the emission spectra, all these 

control experiments showed perfect reproducibility in the odd-even oscillation in 

their emission spectra. Therefore, the odd-even oscillation in the PL spectra was not 

an artifact; it is a molecular property that arose via the differences in the molecular 

packing among the OPV chromophores. The highly packed even numbered OPV-n 

molecules showed a blue shift compared to that of less or weakly packed odd 

number counterparts. The extent of the packing and blue shift was found to be 

predominant for alkyl chain lengths n = 8 and n = 12.  

Table 2.4. Photophysical measurements of  OPV samples in solid films and toulene.  

 

 

(a and b) Measured in the LC frozen film at 25 C.  

 

Time dependent fluorescence decay measurements were carried out by the 

TCSPC technique using 370 nm nano-LED light sources. The thin films of samples 

employed for the PL studies were used for the fluorescence decay measurements. At 

least two sets of samples were subjected for each OPV to confirm the reproducibility 

Sample Absorbance
a 

λmax(nm) 

Emission
b
 

 λmax (nm) 
1 (ns) 2 (ns) χ

2
 

OPV- 2 392 500 0.30 1.19 1.003 

OPV- 3 389 495 0.26 1.26 1.010 

OPV- 4 388 499 1.19 2.34 1.001 

OPV- 5 387 492 0.39 1.36 1.140 

OPV- 6 390 494 0.40 1.48 1.001 

OPV- 7 391 513 0.27 1.21 1.001 

OPV- 8 390 478 0.41 1.95 1.001 

OPV- 9 392 494 0.39 1.60 1.056 

OPV- 10 389 491 0.33 1.47 1.005 

OPV- 11 390 493 0.40 1.62 1.054 

OPV- 12 387 473 0.36 1.77 1.020 
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of the decay profiles. The decay profiles for few representative OPV molecules are 

shown in figure 2.37.  

 

Figure 2.37. Fluorescence decay profiles of OPVs (a and b), plot of life times versus 

the number of the carbon atoms in the alkyl chains (c). 

 

All the decay data followed a bi-exponential fit and their lifetime values are 

summarized in Table 2.4. All the OPV samples typically showed a fast decay with a 

lifetime of τ1 = 0.28-0.40 ns and slow second decay with τ2 = 1.2-2.4 ns. The τ1 and τ2 

values matched with that of the earlier reports for OPV systems.
33

 The τ1 and τ2 

values were plotted against the number of carbon atoms in the alkyl chains and 

shown in Figure 2.37c. The overall trend of the lifetime values showed that the decay 

is faster for odd-OPVs when compared to their even-OPV counterparts. Among all 

the OPVs, the τ2 values for OPV-8 (1.95 ns) and OPV-12 (1.77 ns) were found to be 

much higher, indicating their high luminescent characteristics. All the above analysis 

confirmed their strong self-organization for the existence of H-type aggregates in 

these two OPVs. Nevertheless, it has been proven in the present system that the 
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difference in the alkyl chain packing in the π-conjugated OPV backbone resulted in 

the difference in LC textures, molecular packing, and subsequently, their 

photophysical properties.  

Photophysical characterization of OPV chromophores in single crystal state 

showed that the emission spectra of OPV-4, OPV-8 and OPV-12 in both LC phase 

and single crystals were almost identical with maxima at 490 nm. TCSPC technique 

revealed that the OPV chromphores showed relatively identical lifetime values 

irrespective of their occupancy either in the herringbone sheets (in OPV-4) or in the 

helical self-assembly (OPV-12 and OPV-8). The absence of aromatic -stack 

interactions (responsible for photophysical variation) among the chromophores 

accounted for this similarity in PL characteristics. Thus, without altering luminescent 

characteristics of the -conjugated chromophores, diverse self-assembly was 

achieved by only varying the number of carbons atoms in the tails.  
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2.4. Conclusion 

In conclusion, a new series of bulky π- conjugated oligophenylenevinylenes 

(OPVs) based on tricylodecanemethylene units with variable alkyl chain lengths in 

the longitudinal position were synthesized. DSC analysis revealed that the enthalpies 

and entropies of the melting and isotropic-to-LC transitions interestingly followed 

odd-even oscillation. OPV molecules with shorter alkoxy chains (n =0-4) were found 

to be crystalline solids. OPV-5 to OPV-9 produced fan shaped textures with focal 

conics and ring banded LC textures were observed for OPV-10 to OPV-15. The plot 

of melting temperatures against spacer length (n) showed a sigmoidal transition from 

crystalline to ring banded OPVs. Single crystal X-ray analysis revealed that solid 

state packing changed from herring bone (OPV-4) to helical self-assembly in OPV-

12. Direct evidence for the CH/π interaction was established on the basis of crystal 

structures of OPVs. The existence of multiple-arm CH/π interaction was identified as 

the main driving force for helical self-assembly in the liquid-crystalline phase. 

Crystallographic parameters such as pitch and roll angles and their displacements 

were determined to find out the existence of π-stacking interactions. The large pitch 

and roll displacements completely destroyed the aromatic π-stacking interactions 

among the OPV chromophores. The larger roll displacements (67.28
ο
) caused the 

OPV-12 molecules to incline towards the crystallographic b axis.  

The existence of left-handed helicity in OPV-12 was further proved by a 

circular dichroism (CD) investigation in the solid state. CD studies revealed that the 

helical structures were produced only on aligning the chromophores in the LC 

mesophases, and were completely lost in solution. OPV-4 adopted a herringbone 

layer pattern and forms right-handed sheet-like structures. The uniqueness of the 

present approach is that both herringbone and helical assemblies could be simply 

varied by means of the number of carbon atoms in the tails. Though the approach 

demonstrated here is not restricted to any particular type of π-conjugated oligomers. 

The overall findings revealed that the CH/π interaction is a very powerful non-

covalent interaction in supramolecular chemistry.  
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Chapter 3 

Hierarchical Assemblies of OPV Structural Isomers  

The role of OPV backbone planarity, CH/π hydrogen bond, and positional effect of 

peripheral substitution, alkyl chain lengths and its orientation were investigated on the solid 

state packing. A series of structural isomers with identical distyrylbenzene based aromatic 

core but opposite arrangement of alkyl side chains around the periphery were synthesized. 

Higher homologues OPVs with equal substitutions in the longitudinal and vertical directions 

were also synthesized. DSC analysis was done to understand the difference in packing 

properties with respect to horizontal, vertical and radial substitution of the alkyl chains. 

PLM imaging was used to study the influence of molecular structure on its liquid crystalline 

properties. The increase in the alkyl chain length in the horizontal position induced liquid 

crystallinity in the OPVs; however, the corresponding vertical structural isomers remained 

crystalline in nature. Radially substituted OPVs with equal alkyl chain substitutions in both 

x and y directions exhibited well-ordered two-dimensional lamellar textures. Single crystal 

XRD analysis was done to understand the role of planarity, alkyl chain length and its 

orientation on molecular ordering and intermolecular non-covalent interactions. Planar 

molecules were generally found to be devoid of strong CH/π and π-π interactions. On the 

other hand, non-planar molecules exhibited presence of strong CH/π interactions. Roll and 

pitch calculations were done to show that non-planar molecules were more prone to show π-

π stacking interactions in this class of molecules. Further, OFET devices were constructed to 

study the effect of liquid crystalline self-assembly on charge carrier mobility. OPVs 

exhibited hundred fold increases in charge carrier mobility in LC frozen state as compared 

to drop cast films. This preliminary result showed that the LC self-organization of molecules 

may turn out to be a very useful tool for solid state packing in electronic devices. 
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3.1. Introduction 

π-Conjugated oligomers and polymers are emerging organic materials for 

optoelectronic applications.
1-6

 Organic field-effect transistors (OFETs) are one of the 

major emerging solid state electronic devices for next generation of cheap and 

flexible organic circuits consisting of an organic semiconducting layer along with a 

gate insulator layer.
7-14

 The mobility of the organic semiconductor is the key 

parameter for efficient OFETs.
15

 This important parameter is extremely dependent 

on the packing (arrangement) of the organic molecules in the solid state.
16

 Four 

different kinds of packing motifs commonly found in semiconducting organic 

molecules
17-19

 such as face to edge herring bone packing without π-π overlap (A), 

herring bone packing with π-π overlap between adjacent molecules (B), lamellar 

packing with one dimensional π-stacking (C), and lamellar packing with two 

dimensional π- stacking (D). Among all the four packing motifs, lamellar packing 

with two dimensional π-stacking has been found to be most efficient for charge 

transport.
18 

 

Figure 3.1. Molecular packing motifs in crystals (Crystal structure information and 

cif file for NBTh was taken from Curtis et al. J. Am. Chem. Soc. 2004, 4318-4328). 

 

Acenes
20

 and fused arenes of aromatic hydrocarbons are well known to show 

ideal transistor behaviors when employed in OFETs. Figure 3.1 exhibits the chemical 

Pentacene

Herringbone 

3 D packing

Lamellar

NBTh

(a) (b)

3 D packing



 

 

Chapter3 

 

                                                                119 
 

structure of pentacene and its packing in herringbone crystalline motif. Kelly et al. 

reported mobilities up to 5.0 cm
2
 V

-1
 s

-1
 when polycrystalline films of pentacene 

were used in OFETs.
21

 One disadvantage of using these higher acenes such as 

pentacene was its high sensitivity to light. For example, pentacene easily formed 

dimers and trimers in ambient conditions and could be oxidized into 6,13-

pentacenequinone (PQ).  Moreover, the solubility of pentacene was also very poor in 

common organic solvents.
22

 The result is that the purification of pentacene was 

highly challenging (ultrapure pentacene was almost impossible to obtain due to the 

existence of PQ). Therefore, introduction of flexible alkyl chains in π-conjugated 

semiconducting molecules is a very important tool in enhancing solubility and 

processibility. Figure 3.1b shows the structure of nonyl bithiophene with long alkyl 

chains along the periphery of the aromatic core. The presence of long nonyl alkyl 

chains promoted interdigitation and molecules packed in 2D lamellar packing 

motif.
23 

  

 

Figure 3.2. Molecular architectures of π-conjugates and their solid state assembly.   

 

Typically, -conjugated systems are comprised of two chemical units: (i) a 

rigid aromatic conjugated backbone and (ii) flexible alkyl chains anchored for 

solubility purpose (see figure 3.2). Fully aromatic systems are generally planar and 

exhibit periodicity in their crystal lattices.
24-25

 Though, such systems are known to 

show high charge carrier mobilities, they are largely insoluble in common organic 

solvents restricting their processability in devices.
24-25 

On the other hand, the 
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substitution of appropriate alkyl chains in the periphery of the -conjugated chains 

enhances their solubility in common organic solvents which further facilitates 

processing via solution casting techniques.  

 

Another important consequence of alkyl chain alignment is planarity or non-

planarity of molecular backbone. Planar molecules can pack more densely than 

twisted or non-planar molecules which have a direct influence on the packing of 

these molecules in solid state. From the above discussion, it was understood that 

peripheral substitution around the semi conducting aromatic core played an 

important role in determining planarity, solid state packing, solubility and 

processibility of these electronically important materials. Several examples have 

been reported in literature, which independently studied the role of alkyl side chains 

on packing of semiconducting molecules.
26-37

 However, the reports based on the 

influence of planarity, chain length; nature and orientation of peripheral alkyl side 

chains for the packing of a single aromatic core are limited. Therefore, the control of 

packing mode of the organic semiconductors in the solid state is a very important 

factor for better charge transport between molecules. Unfortunately, many of the so 

far developed OFET materials were found to be insoluble or sparingly soluble in 

common solvents, and therefore, they could not be processed easily.
24-25

 Further, 

these reported molecules were sluggish to crystallize; as the consequence, the 

molecular packing in the solid state was understood only at a premature level. This is 

the main limitation in the developments of -conjugated organic materials for 

efficient solid state electronic applications such as OFETs. In the previous chapter, 

the role of van der Waals and π-π stacking interactions on self-assembly of a 

homologues series of oligophenylenevinylenes with tricyclodecanemethylene 

pendant units was studied. The length of the alkyl chain was varied for a fixed 

aromatic pendant group (TCD) and hence it was difficult to generalize packing 

parameters for OPV based π-conjugated systems.  
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Figure 3.3. Models depicting orientation of peripheral alkyl side chains in structural 

isomers and higher homologues.  

 

 In this chapter, simple OPV-conjugates consisting of different hydrocarbon 

alkyl chains in the middle and the longitudinal position have been designed as shown 

in the figure 3.3. The influence of planarity, chain length and its orientation on 

molecular packing of a large number of oligophenylenevinylenes (OPVs) was 

elaborately studied using single crystal XRD analysis. A series of structural isomers 

with identical distyrylbenzene based aromatic core but opposite arrangement of alkyl 

side chains around the periphery was synthesized (see figure 3.3). Similarly, another 

series of higher homologues OPVs with equal substitutions in the longitudinal and 

vertical directions was also synthesized. DSC studies were done to understand the 

difference in packing properties with respect to horizontal, vertical and radial 

substitution of the alkyl chains. DSC analysis revealed that among the structural 

isomers, horizontally substituted OPVs showed higher melting and crystallization 

temperatures as compared to vertically substituted counterparts suggesting better 

packing properties. PLM imaging was used to study the influence of molecular 

structure on its liquid crystalline properties. The increase in the alkyl chain length in 

the horizontal position induced liquid crystalline properties whereas their vertical 

HomologuesIsomers

Aromatic domain (fixed)

Aliphatic domain (vary both x-y)

OR’= alkyl chain length in the vertical direction
OR = alkyl chain length in the horizontal direction
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structural isomers remained as crystalline solids. Radially substituted OPVs with 

equal alkyl chain substitutions in both x and y directions exhibited well-ordered two-

dimensional lamellar textures. Single crystal XRD analysis was done to understand 

the role of planarity, alkyl chain length and its orientation on molecular ordering and 

intermolecular non-covalent interactions. Planar molecules were generally found to 

be devoid of strong CH/π and π-π interactions. On the other hand, non-planar 

molecules exhibited presence of strong CH/π interactions. Roll and pitch calculations 

revealed that these molecules also showed the presence of π-π stacking interactions. 

Among vertically substituted OPVs, as the number of carbon atoms in the vertical 

alkyl chain increased from (n = 1) to (n = 4 and 11), the molecular locking changed 

from square planar to zigzag (angular) to 1D linear fashion. The three dimensional 

arrangements of OPV-C1-C11 molecules were found as inseparable tightly packed 

bundles of π-conjugated sheets. On the other hand, OPV-C11-C11 showed layer-like 

packing in the x-y plane. Further, OFET was constructed to study the effect of 

molecular alignment on charge carrier mobility. OPV-C1-C11 exhibited hundred 

folds increase in charge carrier mobility in LC frozen state as compared to drop cast 

films. These preliminary results showed the potential of the liquid crystalline 

organization of organic molecules for high charge carrier mobility in OFET 

applications.  
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3.2. Experimental Methods 

3.2.1. Materials: hydroquinone, 1-bromobutane, 1-bromooctane, 1-bromoundecane, 

triethylphosphite, potassium-t-butoxide (1M in THF), 4-hydroxybenzaldehyde, 4-

methoxy benzaldehyde were purchased from Aldrich Chemicals. HBr in glacial 

acetic acid, paraformaldehyde, KI, K2CO3, dimethylsulphate and NaOH were 

purchased locally. Solvents were also purchased locally and were purified by 

standard procedures.  

 

3.2.2. General Procedures: 
1
H and 

13
C-NMR were recorded using 400 MHz JEOL 

NMR spectrometer. All NMR spectra were recorded in CDCl3 containing TMS as 

internal standard. Infrared spectra were recorded using Bruker FT-IR (ATR mode) 

spectrophotometer in the range of 4000-600 cm
-1

. The mass of all the OPVs was 

determined by using the Applied Biosystems 4800 PLUS MALDI TOF/TOF 

analyzer. The purity of all OPVs was checked by gel permeation chromatography 

(GPC) which was performed using Viscotek triple detector setup in THF. TGA 

analysis was done using Perkin Elmer STA 6000 simultaneous thermal analyzer. 

CHN analysis for all the oligophenylenevinylenes was done by using Elementor 

Vario EL cube analyzer. 

 

Differential scanning calorimetry: Differential scanning calorimetry (DSC) 

measurements were performed on TA Q20 DSC. A pinch of powdered sample was 

placed in DSC aluminum pan and crimped. The data were recorded at a heating and 

cooling rate of 10 °C/min. The first heating cycle data were discarded since they 

possessed prehistory of the sample. 

 

Polarized Light Microscope Analysis: To study the temperature dependent LC 

textures of all the OPVs, LIECA DM 2500 P polarized light microscope equipped 

with Linkam TMS 94 heating-freezing stage was used. A pinch of sample was 

placed on the glass substrate, heated to melt at 10 °C/min, and kept isothermally 20 

°C above their melting temperature for 2-3 minutes. The melt was then cooled at 10 

°C/min and PLM images were continuously captured using camera.  

 

Photophysical Analysis: Absorption spectra were recorded using a Perkin Elmer 

Lambda 45 UV spectrophotometer. Steady state fluorescence emission and 

excitation spectra were recorded using a Fluorolog HORIBA JOBIN VYON 

fluorescence spectrophotometer in LC frozen samples.  

 

Single Crystal X-ray Analysis: Bruker APEX duo CCD-X ray diffractometer 

equipped with graphite monochromator Mo Kα radiation (λ=0.71073 Å) was used 

for single crystal X-ray analysis of all the OPVs. Good quality crystals were grown 
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in a mixture of DCM and methanol (2:1 v/v) for all the samples. Crystals were 

grown using the slow evaporation technique and subjected to data collection at 100 

K. The frames were integrated with Bruker APEX software package. The structures 

were solved by direct methods and refined with a full matrix least squares techniques 

using SHELX SV97 programs. The detailed crystallographic parameters for all the 

OPVs have been summarized in table 3.1 and table 3.2. Crystal structures were 

visualized using Mercury 3.0 and Materials Studio software. The “pitch” and “roll” 

angles were measured using Mercury 3.0 program. 

 

Table 3.1.  Single crystal X-ray parameters for OPVs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compound OPV-C11-C11 OPV-C1-C11 OPV-C8-C11 

formula C66H106O4 C46H66O4 C60H94O4 

recrystn solv DCM/MeOH DCM/MeOH DCM/MeOH 

mol wt 963.55 683.01 879.39 

Colour, habit Yellow green, 

needle 

Yellow green, 

needle 

Yellow green, 

needle 

temp(K) 100 100 100 

system Triclinic Triclinic Triclinic 

space group P-1 P-1 P-1 

a, (Å) 10.368 8.51 9.177 

b, (Å) 10.466 11.02 11.558 

c, (Å) 16.040 11.05 12.788 

α, (deg) 71.355 81.73 91.887 

β, (deg) 84.295 79.66 93.410 

γ, (deg) 64.438 79.72 105.928 

V, Å
3
 1486.4 996 1300.29 

d cacl ,g cm
-1

 1.076 1.138 0.218 

μ(mm
-1

) 0.06 0.07 0.015 

GOF 0.996 1.119 1.039 

Z 2 2 2 

Unique reflections 4668 3444 6881 

Reflections collected 21096 7913 21.677 

θ range 1.34 to 24.04 1.34 to 24.04 1.34 to 24.04 

Refined parameters 318 228 292 

R1 ( on F, I>2σ (I)) 0.0432 0.2274 0.0448 

wR2 (on F
2
, all data) 0.1099 0.6354 0.1120 
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Table 3.2.  Single crystal X-ray parameters for OPVs.  

 

Photophysical Analysis: Absorption spectra were recorded using a Perkin Elmer 

Lambda 45 UV spectrophotometer. Steady state fluorescence emission and 

excitation spectra were recorded using a Fluorolog HORIBA JOBIN VYON 

fluorescence spectrophotometer. For these photophysical studies, LC frozen samples 

were prepared by heating the samples to melt and then cooling to form thin films 

between two glass cover slips. 

 

Field Effect transistor Measurements: The Field effect transistors (FETs) were 

fabricated by drop casting thin films of sample on prefabricated substrates. For 

Compound OPV-C1-C1 OPV-C4-C1 OPV-C11-C1 OPV-C8-C8 

formula C26H26 O4 C32H38 O4 C46H66 O4 C54H82 O4 

recrystn solv DCM/MeOH DCM/MeOH DCM/MeOH DCM/MeOH 

mol wt 402.48 486.64 683.01 795.23 

Colour, habit Yellow green, 

needle 

Yellow green, 

needle 

Yellow green, 

needle 

Yellow green, 

needle 

temp(K) 100 100 100 100 

system Triclinic Orthorhombic Triclinic Triclinic 

space group P-1 Pbca P-1 P-1 

a, (Å) 10.585 11.953 9.477 12.764 

b, (Å) 10.707 7.692 14.859 13.807 

c, (Å) 10.769 28.926 15.911 15.778 

α, (deg) 113.064 90 65.093 100.392 

β, (deg) 90.912 90 81.565 107.908 

γ, (deg) 109.700 90 80.637 107.313 

V, Å
3
 1041.67 2659.53 1997.59 2410.22 

d cacl ,g cm
-1

 1.283 1.215 0.568 1.096 

μ(mm
-1

) 0.085 0.078 0.035 0.067 

GOF 1.039 1.022 4.598 0.931 

Z 2 8 1 2 

Unique reflections 5051 3302 64.1 4579 

Reflections collected 12571 37265 13224 11933 

θ range 1.34 to 24.04 1.34 to 24.04 1.34 to 24.04 1.34 to 24.04 

Rrefined parameters 276 166 455 528 

R1 ( on F, I>2σ (I)) 0.0425 0.0380 0.1425 0.0777 

wR2 (on F
2
, all data) 0.1003 0.0957 0.2023 0.1613 
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measurements in LC state, the samples were frozen in LC state by heating and 

cooling on prefabricated substrates. The FET comprised of heavily n-doped silicon 

as gate and 210 nm thick SiO2 as gate oxide. The capacitance of the gate oxide was 

14 nF cm
-2

. The source and drain electrodes were made up of 30 nm thick gold, 

which was evaporated on top of a 10 nm thick ITO adhesion layer. The width and 

length of the channel were 10 mm and 2.5 mm, respectively. A semi probe station 

LA-150 with tungsten micro needles and micromanipulators was used to make 

contact with source, drain and gate electrodes. An Agilent 4156 C semiconductor 

probe analyzer was used to measure the I-V characteristics of the transistor.  

3.2.3. Synthesis 

Synthesis of 1, 4-dimethoxybenzene (1b): 4-methoxy phenol (24.8 g, 0.20 mol) and 

KOH (16.8 g, 0.30 mol) were taken in methanol (70 mL) under ice cold conditions. 

Dimethyl sulphate (38.5 mL, 0.40 mol) was added dropwise to this reaction mixture. 

This reaction mixture was stirred at room temperature for 48 h, extracted into 

dichloromethane, and washed with 5% NaOH solution. The organic layer was dried 

over anhydrous sodium sulphate and condensed to get white solid. The product was 

further purified by passing through silica gel column using ethyl acetate (1 % v/v) in 

hexane as eluent. m. p. = 56 -57 
ο
C. Yield = (82 %). 

1
H-NMR (CDCl3, 400MHz) δ: 

6.8 ppm (s, 4H, Ar-H) and 3.7 ppm (s, 6H, OCH3).
 13

C-NMR (CDCl3, 100MHz) δ: 

153.7, 114.6 (Ar-C) and 55.7 (OCH3). FT-IR (KBr, cm
-1

): 3012, 2947, 2910, 2827, 

1977, 1866, 1505, 1450, 1414, 1293, 1210, 1182, 1109, 1035, 804 and 582. MALDI-

TOF-TOF-MS (MW = 138.16): m/z = 138.88 (M
+
) using TiO2 matrix. 

 

Synthesis of 1, 4-dibutoxybenzene (1c): Hydroquinone (11.0 g, 0.10 mol) and KOH 

(22.4 g, 0.40 mol) were taken in 30 mL of DMSO under ice cold conditions. 1-

Bromobutane (23.7 mL, 0.22 mol) was added dropwise to this reaction mixture. This 

reaction mixture was then stirred at room temperature for 48 h, extracted in 

dichloromethane, and washed with 5% NaOH solution. The organic layer was dried 

over anhydrous sodium sulphate and condensed to get product. It was further 

purified by passing through silica gel column using ethyl acetate (1 % v/v) in hexane 

as eluent. Yield = (60%). 
1
H-NMR (CDCl3, 400MHz) δ: 6.8 ppm (s, 4H, Ar-H),  3.9 

ppm (t, 4H, OCH2),  1.7 ppm (m, 4H,  OCH2CH2), 1.4 ppm (m, 4H, OCH2CH2CH2), 

0.9 ppm  (t, 6H, CH3).
13

C-NMR (CDCl3, 100MHz) δ: 2933, 2871, 2021, 1868, 1505, 

1467, 1392, 1288, 1221, 1120, 1073, 1035, 970, 904, 153.3, 115.4 (Ar-C), 68.4 

(OCH3), 31.6, 19.4 and 13.9 ppm. FT-IR (KBr, cm
-1

): 869 and 760. MALDI-TOF-

TOF-MS (MW = 222.32): m/z = 245.41 (M
+ 

+ 23). 
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Synthesis of 1, 4-bis(octyloxy)benzene (1d): 1-Bromooctane (15.3 mL, 0.08 mol) 

was reacted with hydroquinone (4.4 g, 0.04 mol)  and KOH (8.9 g, 0.16 mol) in 

DMSO as described for 1c. Yield = (22 %). m. p. = 58-61 
ο
C. 

1
H-NMR (CDCl3, 

400MHz) δ: 6.8 ppm (s, 4H, Ar-H), 3.9 ppm (t, 4H, OCH2), 1.7 ppm (m, 4H, 

OCH2CH2), 1.5-1.0 ppm (m, 20H, aliphatic-H) and 0.8 ppm (t, 6H, CH3).
 13

C-NMR 

(CDCl3, 100MHz) δ: 153.2, 115.4 (Ar-C), 68.71 (OCH3), 31.9, 29.5, 29.3, 26.1, 22.7 

and 14.2 ppm. FT-IR (KBr, cm
-1

): 2921, 2856, 1504, 1466, 1369, 1287, 1223, 1116, 

1026, 824, 765, 723, and 646. MALDI-TOF-TOF-MS (MW = 334.54): m/z = 357.24 

(M
+ 

+ 23). 

 

Synthesis of 1, 4-bis(undecyloxy)benzene (1e): 1-Bromoundecane (38.5 mL, 0.40 

mol) was reacted with hydroquinone (2.2 g, 0.02 mol)  and KOH (4.5 g, 0.08 mol) as 

described for 1c. m. p. = 78-80 
ο
C. Yield = (67%). 

1
H-NMR (CDCl3, 400MHz) δ: 

6.8 ppm (s, 4H, Ar-H), 3.9 ppm (t, 4H, OCH2) , 1.7 ppm (m, 4H,  OCH2CH2), 1.5-

1.0 ppm (m, 32H, aliphatic H) and 0.8 ppm (t, 6H, CH3).
 13

C-NMR (CDCl3, 

100MHz) δ: 153.1, 115.3 (Ar-C), 68.6 (OCH3), 31.9, 29.6, 29.4, 29.3, 26.0, 22.7 and 

14.1 ppm. FT-IR (KBr, cm
-1

): 2952, 2932, 2916, 2847, 1512, 1472, 1463, 1395, 

1288, 1238, 1160, 1111, 1092, 1051, 1030, 1017, 986, 829, 821, 769, 728, 719, 538, 

509 and 505. MALDI-TOF-TOF-MS (MW = 418.71): m/z = 441.34 (M
+ 

+ 23). 

 

Synthesis of 1, 4-bis (bromomethyl)-2, 5-dimethoxy benzene (2b): 1b (2.7 g, 0.02 

mol) and paraformaldehyde (2.4 g, 0.08 mol) were reacted with HBr in acetic acid 

(10.8 mL, 0.04 mol) following the procedure as described for 2a. It was 

recrystallised from hot acetone. Yield = (64 %). 
1
H-NMR (CDCl3, 400MHz) δ: 6.8 

ppm (s, 2H, Ar-H); 4.5 ppm (s, 2H, CH2Br) and 3.8 ppm (s, 6H, OCH3).
 13

C-NMR 

(CDCl3, 100MHz) δ: 151.2, 127.3, 113.8 (Ar-C), 56.2 (OCH3) and 28.6 (CH2Br) 

ppm. FT-IR (KBr, cm
-1

): 1505, 1460, 1427, 1401, 1317, 1225, 1204, 1177, 1147, 

1038, 889, 873, 717 and 663. MALDI-TOF-TOF-MS (MW = 324.01): m/z = 363.12 

(M
+ 

+ 39). 

 

Synthesis of 1, 4-bis(bromomethyl)-2,5-dibutoxybenzene (2c): 1c (4.44 g, 0.02 

mol) and paraformaldehyde (2.4 g, 0.08 mol) were reacted with HBr in acetic acid 

(25 mL, 0.05 mol) following the procedure described for 2a. The product was 

purified by recrystallizing from hot acetone. Yield = (78 %). 
1
H-NMR (CDCl3, 

400MHz) δ: 6.8 ppm (s, 2H, Ar-H), 4.5 ppm (s, 4H, CH2Br), 3.9 ppm (t, 4H, 

OCH2), 1.8 ppm (m, 4H, OCH2CH2), 1.53 ppm (m, 4H, OCH2 OCH2CH2), and 0.98 

ppm (t, 6H, -CH3 ). 
13

C-NMR (CDCl3, 100 MHz) δ: 147.7, 128.1, 114.1(Ar-C), 

69.08 (Ar-O-CH2), 29.7 (CH2Br), 31.8, 19.4 and 14.2 ppm. FT-IR (KBr, cm
-1

): 

2957, 2931, 2871, 1504, 1469, 1393, 1289, 1217, 1119, 1071, 1037, 1011, 971, 904, 
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825, 762, 528, 515, 481, 449 and 428. MALDI-TOF-TOF-MS (MW = 408.17): m/z 

= 447.21 (M
+ 

+ 39). 

 

Synthesis of 1, 4-bis(bromomethyl)-2,5-bis(octyloxy)benzene (2d): 1d (2.2 g, 7.50 

mmol) and paraformaldehyde (0.8 g, 26.50 mmol) were reacted with HBr in glacial 

acetic acid (3.6 mL, 0.01 mol) following the procedure as described for 2a. The 

product was further purified by recrystallising from hot acetone. m. p. = 86
 ο

C-88 
ο
C. 

Yield = (52 %). 
1
H-NMR (CDCl3, 400MHz) δ: 6.8 ppm (s, 2H, Ar-H), 4.5 ppm (s, 

4H, CH2Br), 3.9 ppm (t, 4H, OCH2), 1.8 ppm (m, 4H, OCH2CH2), 1.5-1.0 ppm (m, 

20H, aliphatic H) and 0.8 ppm (t, 6H, CH3).
 13

C-NMR (CDCl3, 100MHz) δ:150.7, 

127.6, 114.7 (Ar-C), 69.1 (Ar-O-CH2), 31.9 (CH2Br), 29.4, 29.3, 28.8, 26.1, 22.7 

and 14.2 ppm. FT-IR (KBr, cm
-1

): 2917, 2850, 1507, 1467, 1400, 1312, 1210, 1127, 

1036, 1001, 904, 858, 723 and 685. MALDI-TOF-TOF-MS (MW = 520.38): m/z = 

559.16 (M
+ 

+ 39). 

 

Synthesis of 1, 4-bis(bromomethyl)-2,5-bis(undecyloxy)benzene (2e): 1e (2.4 g, 

0.08 mol) and paraformaldehyde (2.4 g, 0.08 mol) were reacted with  HBr in acetic 

acid (4.0 mL, 0.02 mol) following the procedure as described for 2a. The product 

was purified by recrystallizing from hot acetone. m. p. = 96
ο
C-99 

ο
C. Yield= (46 %). 

1
H-NMR (CDCl3, 400MHz) δ: 6.8 ppm (s, 2H, Ar-H), 4.5 ppm (s, 4H, CH2Br), 3.9 

ppm (t, 4H, OCH2), 1.8 ppm (m, 4H, OCH2CH2), 1.5-1.0 ppm (m, 32H, aliphatic C) 

and 0.87 ppm (t, 6H, -CH3 ). 
13

C-NMR (CDCl3, 100MHz) δ:150.7, 127.6, 114.7(Ar-

C), 69.08 (Ar-O-CH2), 32.0 (CH2Br), 29.7, 29.7, 29.4, 28.8, 26.1, 22.7 and 14.2 

ppm. FT-IR (KBr, cm
-1

): 2913, 2845, 1509, 1467, 1411, 1396, 1224, 1206, 1050, 

1027, 860, 726, 718 and 687. MALDI-TOF-TOF-MS (MW = 718.92): m/z = 757.97 

(M
+ 

+ 39). 

 

Synthesis of tetraethyl (2, 5-dimethoxy-1, 4-phenylene)bis (methylene) di 

phosphonate (3b): 2b (1.5 g, 3.10 mmol) and triethyl phosphite (4.5 mL, 25.80 

mmol) were reacted as described for 3a. m. p. = 113-115 
ο
C. Yield = (78 %). 

1
H-

NMR (CDCl3, 400MHz) δ: 6.8 ppm (s, 2H, aromatic), 4.0 ppm (m, 8H, 

POCH2CH3), 3.7 ppm (s, 6H, OCH3), 3.1 ppm (d, 4H, Ar-CH2P) and 1.2 ppm (t, 

12H, POCH2CH3). 
13

C-NMR (CDCl3, 100MHz) δ: 150.9, 119.3, 113.9 (Ar-C), 61.8 

(POCH2CH3), 56.1(OCH3), 27.1, 25.7 and 16.3 ppm. FT-IR (KBr, cm
-1

): 2980, 

2899, 2834, 1511, 1470, 1409, 1389, 1262, 1216, 1026, 959, 877, 813, 762, 722, 

697, 627 and 582. MALDI-TOF-TOF-MS (MW = 438.16): m/z = 461.20 (M
+ 

+ 23). 

Synthesis of tetraethyl (2, 5- dibutoxy)-1,4-phenylene)bis(methylene) 

diphosphonate (3c): 2c (3.1 g, 7.50 mmol) and triethyl phosphite (3.1 g, 18.80 

mmol) ) were reacted as described for 3a. Yield = (86 %).  
1
H-NMR (CDCl3, 
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400MHz) δ: 6.9 ppm (s, 2H, Ar-H), 4.0 ppm (m, 8H, POCH2CH3), 3.8 ppm (t, 4H, 

OCH2), 3.1 ppm (d, 4H, CH2P), 1.7-1.1 ppm (m, 20H, aliphatic and POCH2CH3) 

and 0.9 ppm (t, 6H, -CH2-CH3).
 13

C-NMR (CDCl3, 100MHz) δ: 150.3, 119.4, 114.9 

(Ar-C), 68.6 (OCH2), 61.9 (POCH2CH3), 31.6, 26.9, 25.5, 19.4, 16.4, and 13.9 ppm. 

FT-IR (KBr, cm
-1

): 3464, 2961, 2933, 2872, 1510, 1472, 1392, 1306, 1209, 1164, 

1098, 1020, 956, 904, 827 and 782. MALDI-TOF-TOF-MS (MW = 522.55): m/z = 

545.27 (M
+ 

+ 23) and 561.24(M
+ 

+ 39). 

 

Synthesis of tetraethyl (2, 5-bis (octyloxy)-1,4-phenylene)bis(methylene) 

diphosphonate (3d): 2d (1.5 g, 2.99 mmol) and triethyl phosphite (0.1 g, 5.98 

mmol)  were reacted as described for 3a. m. p = 56-58 
ο
C. Yield = (94 %). 

1
H-NMR 

(CDCl3, 400MHz) δ: 6.9 ppm (s, 2H, Ar-H), 4.0 ppm ( m, 8H, POCH2CH3) , 3.9 

ppm (t, 4H, OCH2), 3.1 ppm (d, 4H, CH2P), 1.7-1.2 ppm (m, 36 H, aliphatic and 

POCH2CH3) and 0.8 ppm (t, 6H, -CH2-CH3); 
13

C-NMR (CDCl3, 100MHz) δ:150.4, 

119.5, 114.9, 69.1 (OCH2), 61.9 (POCH2CH3), 31.9, 31.0, 29.5, 29.3, 26.9, 26.2, 

25.6, 22.7, 16.4 and14.1 ppm. FT-IR (KBr, cm
-1

): 3469, 2959, 2925, 2867, 1509, 

1465, 1391, 1247, 1210, 1163, 1097, 1023, 956, 890, 782, 726, and 648. MALDI-

TOF-TOF-MS (MW = 634.76): m/z = 657.47 (M
+ 

+ 23). 

 

Synthesis of tetraethyl (2, 5-bis (undecyloxy)-1,4-phenylene)bis(methylene) 

diphosphonate (3e): 2e (1.5 g, 2.50 mmol) and triethyl phosphite (0.9 g, 5.30 mmol) 

were reacted as described for 3a. m. p. = 111-113 
ο
C. Yield = (94 %).  

1
H-NMR 

(CDCl3, 400MHz) δ: 6.9 ppm (s, 2H, Ar-H), 4.0 ppm ( m, 8H, POCH2CH3), 3.9 

ppm (t, 4H, OCH2), 3.1 ppm (d, 4H, CH2P), 1.7-1.2 ppm (m, 48H, aliphatic and 

POCH2CH3) and 0.8 ppm (t, 6H, -CH2-CH3).
 13

C-NMR (CDCl3, 100MHz) δ: 150.3, 

119.4, 119.4, 119.4, 114.9 (Ar-C), 68.9 (OCH2), 61.9 (POCH2CH3), 31.9, 29.6, 

29.5, 29.4, 29.3, 26.9, 26.1, 22.7, 16.4, 16.3 and 14.1 ppm. FT-IR (KBr, cm
-1

): 2916, 

2849, 1516, 1471, 1392, 1241, 1223, 1053, 1032, 956, 891, 839, 788, 745, 719, and 

647. MALDI-TOF-TOF-MS (MW = 718.92): m/z = 741.55 (M
+ 

+ 23). 

 

The synthetic procedures for the synthesis of 4-methoxy benzaldehyde (4a), 

4-butoxy benzaldehyde (4d), 4-octyloxy benzaldehyde (4h), 4-undecyloxy 

benzaldehyde (4k) have been described in chapter-2.  

 

Synthesis of oligo-phenylenevinylenes (OPV)s:  

 

Synthesis of 4,4’-(1E, 1’E)-2,2’-(2,5-dimethoxy-1,4-phenylene)bis (ethane2,1diyl) 

bis(undecyloxybenzene) (OPV-C1-C1): 3b (2.4 g, 2.40 mmol) and 4a (0.7 g, 5.50 

mmol) were taken in dry THF (20 mL) and kept under ice cold condition. Potassium 
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tert-butoxide (16 mL, 1M THF solution) was added dropwise to the reaction mixture 

under nitrogen atmosphere and the stirring was continued at 30 °C for 24 h. The 

resultant yellow green solution was concentrated and poured into a large amount of 

methanol. The yellow green precipitate was filtered and washed with a large amount 

of methanol until the filtrate become colorless. The product was purified by 

recrystallizing from hot saturated solution of acetone. Yield = (31 %). 
1
H NMR 

(CDCl3, 400 MHz), δ: 7.49 ppm (d, 4H, Ar-H), 7.35 ppm (d, 2H, CH=CH), 7.11 

ppm (s, 2H, Ar-H), 7.07 ppm (d, 2H, CH=CH), 6.90 ppm (d, 4H, Ar-H), 3.92  ppm 

(s, 6H, OCH3), 3.83 ppm (s, 6H, OCH3). 
13

C-NMR (CDCl3,100MHz) δ: 159.2, 

151.4, 130.8, 128.4, 127.8, 126.5, 121.2, 114.2, 108.9, 56.5 and  55.4 ppm. FT-IR 

(KBr, cm
-1

): 2918, 1595, 1497, 1453, 1402, 1334, 1205, 1159, 1026, 952, 813, 674, 

629 and 535. MALDI-TOF-TOF-MS (MW = 402.48): m/z = 402.16. Anal. Calcd for 

C26H26 O4: C, 77.59; H, 6.51. Found: C, 78.01; H, 6.63. 

 

Synthesis of 4,4’-(1E, 1’E)-2,2’-(2,5-dibutoxy1,4-phenylene)bis(ethene-2,1-

diyl)bis(methoxybenzene) (OPV-C4-C1): 3c (1.0 g, 2.00 mmol), 4a (0.6 g, 4.40 

mmol) and  Potassium tert-butoxide (12 mL, 1M THF solution) were reacted as 

described for OPV-C1-C1. Yield = (80 %). 
1
H NMR (CDCl3, 400 MHz), δ: 7.46 

ppm (d, 4H, Ar-H), 7.31 ppm (d, 2H, CH = CH), 7.09 ppm (s, 2H, Ar-H), 7.04 ppm 

(d, 2H, CH=CH), 6.89 ppm (d, 4H, Ar-H), 4.04  ppm (t, 4H, OCH2), 3.82 ppm (s, 

6H, OCH3), 1.84 ppm (m, 4H, OCH2-CH2-CH2), 1.55 ppm m, 4H, OCH2-CH2-CH2) 

and 1.01 ppm (t, 6H, CH3). 
13

C-NMR (CDCl3, 100MHz) δ: 159.2, 151.0, 130.9, 

128.1, 127.8, 126.8, 121.4, 114.2, 110.4, 69.3, 55.4, 31.7, 19.6 and 14.1 ppm FT-IR 

(KBr, cm
-1

): 2958, 1695, 1595, 1565, 1497, 1457, 1408, 1288, 1237, 1192, 1026, 

959, 845 and 812. MALDI-TOF-TOF-MS (MW = 486.64): m/z = 486.33. Anal. 

Calcd for C32H38 O4: C, 78.98; H, 7.87. Found: C, 79.10; H, 8.48. 

 

Synthesis of 4,4’-(1E, 1’E)-2,2’-(2,5-bis(octyloxy)-1,4-phenylene)bis(ethene-2,1-

diyl)bis(methoxybenzene) (OPV-C8-C1): 3d (0.2 g, 0.33 mmol), 4a (0.1 g, 0.73 

mmol) and potassium tert-butoxide (2 mL, 1M THF solution) were reacted as 

described for OPV-C1-C1. Yield = (24 %). 
1
H NMR (CDCl3, 400 MHz), δ: 7.45 

ppm (d, 4H, Ar-H), 7.31 ppm (d, 2H, CH=CH), 7.09 ppm (s, 2H, Ar-H), 7.06 ppm 

(d, 2H, CH=CH), 6.89 ppm (d, 4H, Ar-H), 4.04  ppm (t, 4H, OCH2), 3.83 ppm (s, 

6H, OCH3), 1.86 ppm (m, 4H, OCH2-CH2-CH2), 1.4-1.2 ppm (m, 20H, aliphatic-H) 

and 0.87 ppm (t, 6H, CH3). 
13

C-NMR (CDCl3,100MHz) δ: 159.2, 151.0, 130.9, 

128.2, 127.7, 126.8, 121.5, 114.2, 110.5, 69.7, 55.4, 31.9, 29.6, 29.4, 26.4, 22.7 and 

14.2 ppm. FT-IR (KBr, cm
-1

): 2921, 2850, 2314, 1600, 1506, 1458, 1405, 1330, 

1244, 1205, 1161, 1039, 959, 812, 724, 680 and 582. MALDI-TOF-TOF-MS (MW = 
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598.85): m/z = 598.47. Anal. Calcd for C40H54 O4: C, 80.22; H, 9.09. Found: C, 

79.80; H, 8.48. 

 

Synthesis of 4,4’-(1E, 1’E)-2,2’-(2,5-bis(undecyloxy)-1,4-phenylene)bis(ethene-

2,1-diyl)bis(methoxybenzene) (OPV-C11-C1): 3e (0.4 g, 0.50 mmol), 4a (0.2  g, 

1.10 mmol) and potassium tert-butoxide (3 mL, 1M THF solution) were reacted as 

described for OPV-C1-C1. Yield = (75 %). 
1
H NMR (CDCl3, 400 MHz), δ: 7.45 (d, 

4H, Ar-H), 7.33 (d, 2H, CH=CH), 7.08 (s, 2H, Ar-H), 7.06 (d, 2H, CH=CH), 6.89 

(d, 4H, Ar-H), 4.02  (t, 4H, OCH2), 3.82 (s, 4H, OCH3), 1.85(m, 4H, OCH2-CH2-

CH2), 1.6-1.3 (m, 32H, aliphatic-H), 0.86 (t, 6H, CH3). 
13

C-NMR (CDCl3,100MHz) 

δ: 159.1,151.0, 130.9, 128.2, 127.8, 126.9, 121.5, 114.7, 110.5, 69.7, 55.4, 32.02, 

29.8, 29.5, 26.39, 22.8 and 14.2. FT-IR (KBr, cm
-1

):  2912, 2848, 1598, 1501, 1419, 

1334, 1246, 1205, 1154, 1028, 961, 847, 764, 717 and 534.  MALDI-TOF-TOF-MS 

(MW = 683.01): m/z = 682.55 Anal. Calcd for C46H66 O4: C, 80.89; H, 9.74. Found: 

C, 81.29; H, 9.66.  

 

Synthesis of 4,4’-(1E, 1’E)-2,2’-(2,5-bis(methoxy)-1,4-phenylene)bis(ethene-2,1-

diyl)bis(butyloxy benzene) (OPV-C1-C4): 3b (1.2 g, 2.50 mmol), 4d (0.9 g, 5.50 

mmol) and potassium tert-butoxide (15 mL, 1M THF solution) were reacted as 

described for OPV-C1-C1. Yield= (80 %). 
1
H NMR (CDCl3, 400 MHz), δ: 7.46 

ppm (d, 4H, Ar-H), 7.32 ppm (d, 2H, CH=CH), 7.09 ppm (s, 2H, Ar-H), 7.04 ppm 

(d, 2H, CH=CH), 6.87 ppm (d, 4H, Ar-H), 3.96  ppm (t, 4H, OCH2), 3.90 ppm (s, 

6H, OCH3), 1.78 ppm (m, 4H, OCH2-CH2-CH2), 1.7-1.2 ppm (m, 4H, aliphatic-H) 

and 0.88 ppm (t, 6H, CH3). 
13

C-NMR (CDCl3,100MHz) δ: 158.8, 151.4, 130.6, 

128.4, 127.8, 126.6, 121.0, 114.7, 108.9, 68.1, 56.4, 22.7 and 14.2 ppm. FT-IR (KBr, 

cm
-1

): 2921, 2850, 2314, 1602, 1508, 1460, 1405, 1339, 1244, 1205, 959, 810, 680 

and 582. MALDI-TOF-TOF-MS (MW = 486.64): m/z = 486.42. Anal. Calcd for 

C32H38 O4: C, 78.98; H, 7.87. Found: C, 79.01; H, 8.48. 

 

Synthesis of 4,4’-(1E, 1’E)-2,2’-(2,5-bis(methoxy)-1,4-phenylene)bis(ethene-2,1-

diyl)bis(octyloxy benzene) (OPV-C1-C8): 3b (1.2 g, 2.50 mmol) and 4h (1.3 g, 

5.50 mmol) and potassium tert-butoxide (15 mL, 1M THF solution) were reacted as 

described for OPV-C1-C1. Yield = (83 %). 
1
H NMR (CDCl3, 400 MHz), δ: 7.46 

ppm (d, 4H, Ar-H), 7.32 ppm (d, 2H, CH=CH), 7.09 ppm (s, 2H, Ar-H), 7.04 ppm 

(d, 2H, CH=CH), 6.87 ppm (d, 4H, Ar-H), 3.96  ppm (t, 4H, OCH2), 3.90 ppm (s, 

6H, OCH3), 1.78 ppm (m, 4H, OCH2-CH2-CH2), 1.7-1.2 ppm (m, 20H, aliphatic-H) 

and 0.88 ppm (t, 6H, CH3). 
13

C-NMR (CDCl3, 100MHz) δ: 158.8, 151.4, 130.6, 

128.4, 127.8, 126.6, 121.0, 114.7, 108.9, 68.1, 56.4, 31.9, 29.4, 26.1, 22.7 and 14.2 

ppm. FT-IR (KBr, cm
-1

): 2920, 2852, 2314, 1600, 1508, 1460, 1405, 1339, 1244, 
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1205, 1161, 1039, 959, 812, 724, 680 and 582. MALDI-TOF-TOF-MS (MW = 

598.85): m/z = 598.46. Anal. Calcd for C40H54 O4: C, 80.22; H, 9.09. Found: C, 

80.12; H, 8.98. 

 

Synthesis of 4,4’-(1E, 1’E)-2,2’-(2,5-dimethoxy-1,4-phenylene)bis(ethane-2,1-

diyl)bis(undecyloxy benzene) (OPV-C1-C11): 3b (0.4 g, 1.00 mmol) was reacted 

with 4-undecyloxybenzaldehyde (0.6 g, 2.10 mmol)  were reacted as described for 

OPV-C1-C1. The product was purified by passing through a silica gel column using 

1% ethyl acetate in hexane as eluent. Yield = (85 %). 
1
H NMR (CDCl3, 400 MHz), 

δ: 7.46 ppm (d, 4H, Ar-H), 7.32 ppm (d, 2H, CH=CH), 7.09 ppm (s, 2H, Ar-H), 

7.05 ppm (d, 2H, CH=CH), 6.87 ppm (d, 4H, Ar-H), 3.95  ppm (t, 4H, Ar-OCH2-

alkyl), 3.90 ppm (s, 6H, Ar-OCH3), 1.77-0.8 ppm (m, 42H, aliphatic-H). 
13

C-NMR 

(CDCl3,100MHz) δ: 158.7, 151.3, 130.4, 128.3, 127.7, 126.5, 120.9, 114.6, 108.8 

(Ar-C), 68.0 (OCH2), 56.3(OCH3), 31.9, 29.6, 29.5, 29.4, 29.3, 29.2, 26.0, 22.7 and 

14.1 ppm. FT-IR (KBr, cm
-1

): 2921, 2846, 1595, 1502, 1460, 1398, 1244, 1204, 

1167, 1114, 1043, 1012, 959, 842, 809 and 726. MALDI-TOF-TOF-MS (MW = 

683.01): m/z = 682.45. Anal. Calcd for C46H66 O4: C, 80.89; H, 9.74. Found: C, 

81.16; H, 9.48. 

 

Synthesis of 4,4’-(1E, 1’E)-2,2’-(2,5-dibutoxy-1,4-phenylene)bis (ethene-2,1-

diyl)bis(butoxybenzene) (OPV-C4-C4): 3c (1.0 g, 2.00 mmol), 4d (0.8 g, 4.38 

mmol) and potassium tert-butoxide (12 mL, 1M THF solution) were reacted as 

described for OPV-C1-C1. Yield = (79%). 
1
H NMR (CDCl3, 400 MHz), δ: 7.44 

ppm (d, 4H, Ar-H), 7.32 ppm (d, 2H, CH=CH), 7.08 ppm (s, 2H, Ar-H), 7.04 ppm 

(d, 2H, CH=CH), 6.88 ppm (d, 4H, Ar-H), 4.03 ppm (t, 4H, OCH2), 3.97 ppm (t, 

4H, OCH2), 1.84 ppm (m, 4H, OCH2CH2CH2), 1.77 ppm (m, 4H, OCH2CH2CH2), 

1.7-1.4 ppm (m, 8H, aliphatic H), 0.97 ppm (m, 12H, CH3).
 13

C-NMR (CDCl3, 

100MHz) δ: 158.8, 150.9, 130.7, 128.2, 127.7, 126.9, 121.3, 114.7, 110.4, 69.2, 67.8, 

31.7, 31.4,  19.6 and 13.9. FT-IR (KBr, cm
-1

): 3315, 2930, 2864, 2483, 1597, 1504, 

1460, 1389, 1349, 1293, 1239, 1207, 1169, 1120, 1036, 1006, 966, 847, 800 and 746. 

MALDI-TOF-TOF-MS (MW = 570.80): m/z = 570.42 Anal. Calcd for C38H50 O4: C, 

79.96; H, 8.83. Found: C, 80.11; H, 9.33. 

 

Synthesis of 4,4’-(1E, 1’E)-2,2’-(2,5-bis(octyloxy)-1,4-phenylene)bis (ethane-

2,1diyl)bis(octyloxybenzene) (OPV-C8-C8): 3d (0.3 g, 0.50 mmol), 4h (0.2 g, 1.10 

mmol) and potassium tert-butoxide (3 mL, 1M THF solution) were reacted as 

described for OPV-C1-C1. Yield = (66 %). 
1
H NMR (CDCl3, 400 MHz), δ: 7.44 

ppm (d, 4H, Ar-H), 7.32 ppm (d, 2H, CH=CH), 7.08 ppm (s, 2H, Ar-H), 7.05 ppm 

(d, 2H, CH=CH), 6.87 ppm (d, 4H,  Ar-H), 4.02 ppm (t, 4H, OCH2), 3.96 ppm (t, 
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4H, OCH2), 1.86 ppm (m, 4H, OCH2CH2CH2 ), 1.79 ppm (m, 4H, OCH2CH2CH2), 

1.7-1.4 ppm (m, 40H, aliphatic-H), 0.87 ppm (t, 12H, CH3). 
13

C-NMR (CDCl3, 

100MHz) δ: 158.8, 151.0, 130.7, 128.2, 127.7, 126.9, 121.4, 114.7,110.5, 69.7, 68.1, 

31.9, 29.5, 26.4, 26.1, 22.7 and 14.2 ppm. FT-IR (KBr, cm
-1

): 3040, 2916, 2851, 

1599, 1504, 1459, 1415, 1293, 1201, 1023, 962, 815, 718, 589 and 527. MALDI-

TOF-TOF-MS (MW = 795.23): m/z = 794.75. Anal. Calcd for C54H82 O4: C, 81.56; 

H, 10.39. Found: C, 82.11; H, 10.33. 

 

Synthesis of 4,4’-(1E, 1’E)-2,2’-(2,5-bis(undecyloxy)-1,4-phenylene)bis(ethene-

2,1-diyl)bis(undecyloxy benzene) (OPV-C11-C11): 3e (0.1 g, 1.30 mmol), 4k and 

potassium tert-butoxide (8.0 mL, 1M THF solution) were reacted as described for 

OPV-C1-C1. Yield = (31 %). 
1
H NMR (CDCl3, 400 MHz), δ: 7.45 ppm (d, 4H, Ar-

H), 7.30 ppm (d, 2H, CH=CH), 7.09 ppm (s, 2H, Ar-H), 7.08 ppm (d, 2H, 

CH=CH), 6.88 ppm (d, 4H, Ar-H), 4.03  ppm (t, 4H, OCH2), 3.97 ppm (t, 4H, 

OCH2), 1.86 ppm (m, 4H, OCH2-CH2-CH2), 1.79 ppm (m, 4H, OCH2-CH2-CH2 ), 

1.6-1.2 ppm (m, 64H, aliphatic-H) and 0.87 ppm (t, 12H, CH3). 
13

C-NMR 

(CDCl3,100MHz) δ: 158.7, 156.5, 150.9, 130.6, 128.1, 127.6, 126.7, 121.2, 114.6, 

113.8, 110.4, 69.6, 68.0, 53.2, 50.8, 31.9, 29.6, 29.6, 29.6, 29.3, 29.3, 22.6 and 14.1 

ppm. FT-IR (KBr, cm
-1

): 2919, 2851, 1604, 1573, 1509, 1467, 1423, 1391, 1296, 

1244, 1202, 1173, 1110, 1017, 962, 845, 818, 800, 723 and 594. MALDI-TOF-TOF-

MS (MW = 963.55): m/z = 962.49. Anal. Calcd for C66H106 O4: C, 82.27; H, 11.09. 

Found: C, 82.67; H, 11.21. 

 

Synthesis of 4,4’-(1E, 1’E)-2,2’-(2,5-bis(octyloxy)-1,4-phenylene)bis (ethene-2,1-

diyl) bis( undecyloxybenzene) (OPV-C8-C11): 3d (0.6 g, 1.00 mmol) was reacted 

with 4-undecyloxybenzaldehyde (0.6 g, 2.20 mmol)  as described for OPV-C1-C1. 

Yield = (42 %). 
1
H NMR (CDCl3, 400 MHz), δ: 7.43 ppm (d, 4H, Ar-H), 7.30 ppm 

(d, 2H, CH=CH), 7.08 ppm (s, 2H, Ar-H), 7.05 ppm (d, 2H, CH=CH), 6.87 ppm (d, 

4H, Ar-H), 4.02  ppm (t, 4H, OCH2), 3.96 ppm (t, 4H, OCH2), 1.86 ppm (m, 4H, 

OCH2-CH2-CH2), 1.79 ppm (m, 4H, OCH2-CH2-CH2 ), 1.6-1.2 ppm (m, 52H, 

aliphatic-H) and 0.87 ppm (t, 12H, CH3). 
13

C-NMR (CDCl3,100MHz) δ: 158.8, 

150.9, 130.7, 128.2, 127.7, 126.9, 121.3, 114.7, 110.5, 69.7, 68.1, 32, 31.04, 29.4, 

26.39, 22.78 and 14.2 ppm. FT-IR (KBr, cm
-1

):2919, 2849, 1600, 1503, 1463, 1416, 

1387, 1293, 1240, 1192, 1170, 1110, 1049, 1009, 961, 843, 815, 721, 666 and 634. 

MALDI-TOF-TOF-MS (MW = 879.39): m/z = 878.79. Anal. Calcd for C60H94O4: C, 

81.95; H, 10.77 Found: C, 81.57; H, 11.01. 
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3.3. Results and Discussion 

3.3.1. Synthesis and characterisation of OPVs: 

Oligophenylenevinylenes (OPV) molecules consisting of identical 

distrylbenzene based aromatic core but different alkyl side chain substitutions at their 

periphery were synthesized by Wittig-Horner reaction as shown in scheme 3.1. The 

synthesis started from hydroquinone which was reacted with corresponding alkyl 

bromides to give 1, 4-bis(alkyloxy)benzenes (1b-1e). Compound 1b-e were further 

reacted with paraformaldehyde and HBr in acetic acid to get their corresponding bis-

bromomethylated compounds (2b-2e). These compounds were further converted into 

their corresponding 1, 4-bis[(alkyloxy)]-2,5-xylenediphosphonates (3b-3e) by 

reacting with triethyl phosphite. (3b-3e) reacts under Wittig-Horner condition with 

4-alkoxybenzaldehydes (synthesis for these mono aldehydes has already been 

described in chapter 2) leading to OPVs.  

 

Scheme 3.1. Synthesis of OPVs with different peripheral alkyl domains. 

  

The OPVs were named as OPV-CY-CX, where Y is the number of carbon 

atoms present in the vertical alkyl chains and X is the number of carbon atoms 
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present in the horizontal alkyl chains. A series of structural isomers was synthesized 

by interchanging the aliphatic chains in vertical and horizontal positions. Each pair 

consisted of molecules that have same chemical formula, but opposite arrangement 

of short and long alkyl chains in the middle and the terminal aromatic rings. The 

horizontal isomers had longer aliphatic chains placed parallel to the aromatic core. 

The chemical structures of horizontal OPVs, where the number of carbon atoms in 

vertical direction (Y) was fixed, and the aliphatic chains increased in X-direction 

have been shown in the figure 3.4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. Chemical structures of  horizontal OPV isomers.  

 

Similarly, the chemical structures of the vertical isomers in which the alkyl 

chain length increased along the y-direction have been shown in the figure 3.5. In the 

vertical isomers, the longer aliphatic chains were placed perpendicular to the 

aromatic domain. Here, again the aromatic domain was fixed, but the aliphatic 

domain increased in y-direction. The (X, Y) for the pair of structural isomers are  

OPV-C1-C4

OPV-C1-C8

OPV-C1-C11

OPV-C1-C1
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Figure 3.5. Chemical structures of  vertical  structural isomers.  

 

(C1, C4) and (C4, C1) to give rise to OPV-C1-C4 and OPV-C4-C1; (C1, C8) and 

(C8, C1) for OPV-C1-C8 and OPV-C8-C1; and (C1, C11) and (C11, C1) for OPV-

C1- C11 and OPV-C11-C1. Another series of higher homologues was also 

synthesized in which the number of carbon atoms in horizontal and vertical 

directions was kept identical. The structures of all the homologues OPVs have been 

shown in figure 3.6. When X = Y, and the series included (X, Y) = (C1, C1), (C4, 

C4) (C8, C8) and (C11, C11) to give rise to OPV-C1-C1, OPV-C4-C4, OPV-C8-C8 

and OPV-C11-C11. 

 

 

Figure 3.6. Chemical structures higher homologues OPVs. 

OPV-C8-C1

OPV-C4-C1

OPV-C11-C1

OPV-C1-C1

OPV-C1-C1

OPV-C4-C4

OPV-C8-C8

OPV-C11-C11
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Figure 3.7. 
1
H-NMR spectrum of OPV-C1-C11(a) 

1
H-NMR spectrum of OPV-C11-

C1 (b) 
13

C-NMR spectrum of OPV-C1-C11(c) 
13

C-NMR spectrum of OPV-C11-C1. 

 

The OPVs were characterised by 
1
H, and 

13
C analysis. Figure 3.7a and 3.7b 

compared the 
1
H NMR spectra of a representative pair of structural isomers (OPV-

C1-C11 and OPV-C11-C1). The insets showed the expanded proton spectra of the 

aromatic regions. For OPV-C1-C11, the peaks at 7.47 ppm and 6.89 ppm 

corresponded  to aromatic phenylene protons. The doublets at 7.35 ppm and 7.05 as a 

ppm belonged to vinylene protons. The protons in the middle aromatic ring appeared 

singlet at 7.11 ppm. A comparison of the aromatic region in OPV-C1-C11 with its 

structural isomer revealed that the singlet (peak c) for protons in the middle aromatic 
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ring was shifted downfield as compared to OPV-C11-C1. The other aromatic peaks 

were found to be same. A similar comparison of the alkoxy protons again reflected 

that the singlet for OCH3 protons at 3.9 ppm was shifted downfield (≈ 0.1 ppm) in 

vertical isomer. The triplet for Ar-OCH2-alkyl protons appeared at 4.1 ppm. The 

peaks for all other protons appeared below 3.75 ppm.
 13

C-NMR spectrum of the 

OPV-C11-C1 and OPV-C1- C11 also exhibited similar downfield shifts. Similar 

trend was observed for all other structural isomers, indicating that the middle 

aromatic ring in the horizontal isomers isomers was slightly more electron deficient 

as compared to their vertical counterparts. MALDI-TOF-TOF spectrum of all the 

OPVs confirmed the presence of molecular ion peak (M
+
). The data for MALDI-

TOF-TOF spectra and CHN analysis for all the OPVs have been given in the 

experimental section. 

 

 

 

 

 

 

 

 

 

Figure 3.8. GPC chromatograms of OPVs in tetrahydrofuran at 25 
ο
C.  

 

The GPC chromatograms of higher homologues series have been shown in 

the figure 3.8. All the chromatograms were recorded by dissolving the OPV samples 

in tetrahydrofuran. Figure 3.8 shows that all the chromatograms appeared as a single 

peak confirming high purity of these samples. In GPC, higher molecular weight 

OPVs eluted faster than lower molecular weight OPVs and this is beautifully 

reflected in the above chromatogram showing highest molecular weight OPV-C11-

c11 to extreme left and lowest molecular weight OPV-C1-C1 to the extreme right. 
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The GPC chromatogram of OPV-C8-C8 and OPV-C4-C4 followed a similar trend 

fell in between these two extremes. 

Table 3.3. Table for characterisation parameters of OPVs. 

 

3.3.2. Thermal Properties  

The OPVs were subjected to DSC analysis at 10/min heating and cooling 

cycles. The DSC thermograms of each pair of structural isomers have been shown in 

figure 3.9.  

 

 

 

 

 

 

 

 

 

 

Figure 3.9. DSC profiles of structural isomers. 

Sample OR1 OR2 Molecular  

formula 

Elemental Analysis MALDI-TOF-TOF-

MS  

    theoretical found  
OPV-C1-C4 OCH3 OC4H9 C32H38 O4 

 

 C, 78.98 ; 

H, 7.87 

C, 79.01 

H, 8.48 

(MW = 486.64): m/z = 

486.42. 

OPV-C4-C1 OC4H9 OCH3 C32H38 O4 C, 78.98;  

H, 7.87 

C, 79.10; 

H, 8.48. 

MW = 486.64): m/z = 

486.33. 

OPV-C1-C8 OCH3 OC8H17 C40H54 O4  

 

 

C, 80.22 ; 

H, 9.09  

C, 80.12; 

H, 8.98. 

MW = 598.85): m/z = 

598.46. 

fOPV-C8-C1 OC8H17 OCH3 . C40H54 O4 
 

C, 80.22;  
H, 9.09 

C, 79.85; 
H, 8.48. 

 (MW = 598.85): m/z = 
598.47. 

OPV-C1-C11 OCH3 OC11H23 C46H66 O4 

 

C, 80.89;  

H,9.74 

C, 81.16;  

H, 9.48 

(MW = 683.01): m/z = 

682.45. 

OPV-C11-C1 OC11H23 OCH3 C46H66 O4 C, 80.89;  
H, 9.74.  

C, 81.29;  
H, 9.66 

 (MW = 683.01): m/z = 
682.55 

OPV-C1-C1 OCH3 OCH3 C26H26 O4 C, 77.59;  

H, 6.51 

C, 78.01;  

H, 6.63 

 (MW = 402.48): m/z = 

402.16. 

OPV-C4-C4 OC4H9 OC4H9 C38H50 O4  
 

C, 79.96;  
H, 8.83 

C, 80.11; 
H, 9.33. 

 (MW = 570.80): m/z = 
570.42 

OPV-C8-C8 OC8H17 OC8H17 C54H82 O4 C, 81.56; H, 

10.39. 

C, 82.11; 

H,10.33 

 (MW = 795.23): m/z = 

794.75. 

OPV-C11-C11 OC11H23 OC11H23 C66H106 O4  

 

C,82.27; 

H,11.09 

C,82.67 

H,11.21 

 (MW = 963.55): m/z = 

962.49. 
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OPV-C1-C4 (Tm = 199°C, Tc = 190°C) and OPV-C4-C1 (Tm= 159 °C, Tc=151 °C) 

exhibited a single endotherm and a single exotherm corresponding to melting and 

crystallization transitions (see figure 3.9a). Similarly, OPV-C1-C8 and OPV-C8-C1 

exhibited single melting and crystallization peaks in their respective heating and 

cooling cycles (see figure 3.9b). As the number of carbon atoms increased to C11 

(see figure 3.9c), the vertical isomer OPV-C11-C1 started exhibiting two transitions 

in the heating at 86.3°C and 91.8 °C, which was completely reversible in the cooling 

cycle.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10. DSC profiles of higher homologues OPVs. 

 

The DSC profiles of higher homologues have been shown in figure 3.10, the 

transition temperatures decreased gradually with increase in the number of the 

carbon atoms in both x and y-direction. OPV-C1-C1 exhibited single melting 

transition (Tm = 217.6 °C, ∆Hm1 = 48.9 kJmol
-1

) in the heating cycle and a single 

crystallization transition (Tc1 = 208.1°C, ∆Hc1 = 45.2 kJmol
-1

) in the cooling cycle 

corresponding to normal crystalline solid. As the number of carbon atoms increased 

to 4, 8, and 11 in both the horizontal and vertical directions equally, the transition 

temperatures were found to decrease and the enthalpies of transition increased. 
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Further, with increase in the alkyl domain, multiple transitions corresponding to 

several phase transformations are observed during heating and cooling cycles. The 

thermal data for all the OPVs in respective heating and cooling cycle have been 

summarized in the table 3.3.  

 

Table 3.4. DSC thermal data of OPVs at 10/min heating/cooling Rate. 

 

(*) These molecule showed multiple crystal to crystal transitions. The thermal data 

for the transition observed in the heating cycle have been summarised as follows: T1 

= 270.01 K, ∆H1 = 2.56 kJ mol
-1

; T2  = 326.33K, ∆H2 =17.26 kJ mol
-1 

 for OPV-C11-

C1. T1 = 239.52 K, ∆H1 = 1.14 kJ mol
-1

; T2  = 261.79 K, ∆H2 = 1.17 kJ mol
-1

 for 

OPV-C8-C8. T1 = 302.1 K, ∆H1 = 10.4 kJ mol
-1

 for OPV-C11-C11. 

(#) These molecule showed multiple crystal to crystal transitions. The thermal data 

for the transition observed in the cooling cycle have been summarised as follows: T1  

= 366.18 K, ∆H1 = 1.14 kJ mol
-1 

 for OPV-C1-C4. T1  = 266.6 K, ∆H1 = 0.51 kJ mol
-1

 

for OPV-C8-C8. T1 = 263.1 K, ∆H1 = 7.2 kJ mol
-1 

for OPV-C11-C11. 

a)Tm1 is temperature for crystal to LC phase change measured in °C. (b) Tm2 is 

temperature for LC to Isotropic phase change measured in °C. (c) ∆Hm1 is the 

enthalpy change for crystal to LC phase change in kJ/mol. (d) ∆Hm2 is the enthalpy 

change for LC to Isotropic phase change in kJ/mol. (e) Tc1 is temperature for 

isotropic to LC phase change measured in °C. (f) Tc2 is temperature for LC to crystal 

phase change measured in °C. (g) ∆Hc1 is the enthalpy changes for isotropic to LC 

phase change in kJ/mol. (h) ∆Hc2 is the enthalpy change during LC to crystal phase 

change in kJ/mol.  

Sample Heating cycle Cooling cycle 

 Tm1 ∆Hm1 Tm2 ∆Hm2  Tc1 ∆Hc1 Tc2 ∆Hc2 
OPV-C1-C4 174.9 1.02 198.7 69.2 190.8 68.4 154.4

#
 0.9

#
 

OPV-C4-C1 - - 157.2 50.2 150.8 50.2 - - 
OPV-C1-C8 - - 136.9 73.2 117.6 68.4 - - 

OPV-C8-C1 - - 123.6 57.3 92.6 49.4 - - 

OPV-C1-C11 - - 113.1 82.8 100.0 78.3 - - 

OPV-C11-C1 86.3* 41.9* 91.8 4.5 67.6 42.6 32.2 16.6 

OPV-C1-C1 - - 197.6 48.9 208.1 45.2 195.6 0.2 

OPV-C4-C4 109.0 4.2 159.4 56.5 147.1 53.3 96.8 3.2 

OPV-C8-C8 32.6* 5.4* 99.9 58.3 80.6 44.8 22.8
# 
 5.5

#
 

OPV-C11-C11 71.1* 16.9* 86.7 71.2 74.3 45.7 25.4
#
 10.9

#
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The transition temperatures, enthalpy, and entropy of melting and 

crystallization constituted important parameters in determining packing stability. To 

find a general relationship on how these thermodynamic properties changed with 

variation in peripheral side chains, these parameters were plotted against the number 

of carbon atoms in both the directions as shown in the figure 3.11.  

 

Figure 3.11. 3D plots comparing the transition temperatures (a and b), enthalpy (c 

and d) and entropy (e and f) in respective melting and crystallization cycles. 
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The variation in the thermodynamic property (in z-direction) was plotted as a 

function of x (the no. of carbon atoms in the horizontal alkyl chains) and y (the 

number of carbon atoms in the vertical alkyl chains). Figure 3.11a compared the 

melting points of OPVs against the number of carbon atoms in vertical and 

horizontal alkyl chains. The melting points of OPVs gradually decreased in 

horizontal, vertical and radial direction as indicated by the curved lines in blue, green 

and red respectively. This observation was attributed to increasing flexibility with 

increased alkyl chain length. Figure 3.11b showed that the trend remained same for 

crystallization temperatures in the cooling cycle.  

Another important thermodynamic property such as the enthalpy increased in 

all the three directions as the number of carbon atoms increased. Among the 

structural isomers, OPVs having longer alkyl chains substituted along the horizontal 

direction of the aromatic core showed higher melting and crystallization enthalpies 

as compared to vertically substituted counterparts. (See figure 3.11c. and figure 

3.11d). The enthalpies of melting were 15-16 kJ/mol higher for horizontal isomers as 

compared to vertical isomers. The effect was even more pronounced in enthaplies of 

crystallization as seen in the figure 3.11d. A plot of change in entropies in heating 

and cooling cycles (see figure 3.11e and figure 3.11f) revealed that entropies 

increased gradually with increasing carbon chain lengths in horizontal, vertical and 

radial directions.   

The above thermal analysis suggested that substitution of longer alkyl chains 

along the horizontal direction of the aromatic core tended to increase packing among 

this class of OPV chromophores. In contrast, introduction of long alkyl chains in the 

vertical direction (or along the short molecular axis) destabilized molecular packing 

resulting in lower transition temperatures and lower enthalpies of transitions. 

Horizontal isomers underwent more compact packing than vertical molecules. 

Highly packed structures needed more energy for melting as well as expelled larger 

amount of heat during crystallization. This trend could be attributed to the fact that 

longer alkyl tails tend to crystallize among themselves leading to better stability and 

packing properties.  
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3.3.3. Polarised Light Microscope Analysis  

To study the temperature dependent LC textures, the OPVs were subjected to 

polarized light microscopic analysis with a programmable hot stage. The sample was 

placed on the glass substrate, heated to melt at 10 °C/min and kept isothermally at 

20 °C above their melting temperature for 2-3 minutes. The melt was subsequently 

cooled at 10 °C/min to capture the images using high resolution camera. The detailed 

temperature dependent LC textures for OPV-C1-C11 have been shown in figure 

3.12. OPV-C1-C11 exhibited spherical droplets as nucleating sites (see images at 

105.5 C at 105 C). These droplets quickly impinged on neighboring droplets (at 

104.5 C) to give rise to schlieren nematic liquid crystalline textures
38

 observed at 

104 C and 103.5 C. The LC temperature window was 2.5  and as the temperature 

decreased to 103C, crystalline phases started to appear. These nematic LC phases 

were observed only at high temperatures and therefore these materials are high 

temperature LC materials. At room temperature, the textures resembled those of 

normal crystalline solids.   

 

Figure 3.12. Temperature dependent PLM profile of OPV-C1-C11 in cooling cycle. 
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The nucleation and subsequent growth patterns of all horizontal isomers have 

been shown in the figure 3.13. OPV-C1-C1 exhibited sharp needle like nucleation at 

212C, the rapid growth of crystalline vectors resulted in the formation of typical 

crystalline images at room temperature (see image at 211 C and at 40 C). OPV-C1-

C4 exhibited  nucleation at 145C. The growth patterns at 140.5 C indicated that the 

sample has some tendency toward liquid crystallinity, but as the temperature 

decreased sharp crystalline vectors were observed. As the alkyl chain length 

increased further to C8, the molecule became liquid crystalline in nature and 

Schlieren nematic liquid crystalline textures were observed at 117.5C. The liquid 

crystalline window was small (around 4C) and further decreased in temperature 

resulted in growth of  crystalline mesophases.  

 

Figure 3.13. Temperature dependent PLM profiles of  OPV-C1-C1(a), OPV-C1-C4 

(b) and  OPV-C1-C11(c) in the cooling cycle. 
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Figure 3.14. Temperature dependent PLM profiles of  OPV-C4-C1(a), OPV-C8-C1 

(b) and  OPV-C11-C1(c) in the cooling cycle. 

The PLM images for nucleation and subsequent growth patterns for the 

vertical isomers (with increase in alkyl chain length in the vertical direction) have 

been shown in the  figure 3.14.The nucleation was sharp needle like in the case of 

OPV-C4-C1. The growth pattern at 134 C and the PLM images at room temperature 

confirmed crystalline behaviour for OPV-C4-C1. OPV-C8-C1 exhibited spherulitic 

nucleation, these nuclei quickly grew to give crystalline images as seen in the images 

at 78C and 40C. As the number of carbon atoms increased futher in the vertical 

direction (OPV-C11-C1), similar crystalline behaviour was observed as seen for the 

lower vertical counterparts. The PLM Analysis for radially substituted OPVs, when 

the chain length grows equally in both the directions has been shown in the figure 

3.15. OPV-C4-C4 exhibited sharp layer like nucleation at 135C, on further cooling, 

the sample started exhibiting lamellar like textures. These textures were completly 
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 destroyed as the sample cooled to room temperature. On increasing the chain length 

to C8 in both the directions, the tendency to form lamellae increased as shown in the 

image at 60C. However, the lamellae were not stable at room temperature. OPV-

C11-C11, exhibited  oval shaped nucleiation resulting in the formation of leaf like 

LC textures at 70 to 65 C. On subsequent cooling below 60 C in the LC active 

temperature window, these leaf like textures transformed into well ordered two-

dimensional lamellar textures (see  image at 42 C).  

 

Figure 3.15. Temperature dependent PLM profiles of of  OPV-C4-C4(a), OPV-C8-

C8 (b) and  OPV-C11-C11(c) in the cooling cycle. 
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Figure 3.16. Summary of mesoscopic ordering as a function of X and Y. 

 

and crystallization temperatures as compared to vertical isomers. Increasing alkyl 

chain length along the horizontal (x) direction induced LC properties. Vertical 

isomers were found to be crystalline in nature. This difference in mesoscopic 

ordering could be attributed to the difference in the position of long alkyl chains. 

Horizontal OPVs were I shaped and could rapidly spin around their long molecular 

axis.
39 

This spinning movement is important for the generation of stable LC phases 

as spinning suppressed crystallization at lower temperatures. However, introduction 

of large alkyl chain  interactions in the direction perpendicular to the aromatic core 

suppressed the molecular spinning leading to destablisation of LC phase and direct 

transition to crystalline phase. Radially substituted OPVs showed gradual increase in 

enthalpies with increase in carbon chain lengths. The PLM analysis revealed that 

equal substitution in both x and y directions resulted in well ordered two-

dimensional lamellar textures. Therefore, it is not just the alkyl chain length but 

orientation in which the chain length is put that is very crucial in inducing liquid 

crystallinity and solid state packing.   
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3.3.4. Single crystal XRD Analysis of OPVs  

From the detailed PLM and DSC analysis, it was understood that position of 

peripheral alkyl side chains played a key role in determining packing properties of 

the molecules. To understand the effect of longitudinal, vertical and radial alignment 

of alkyl chains on the intermolecular packing of the molecules, detailed single crystal 

X- ray analysis of a large number of OPV chromophores was done. Figure 3.17 is a 

schematic diagram that classified all the OPV structures broadly in to two types. This 

classification depended on the angle subtended by two terminal rings A and B  (see 

figure 3.17a) on the central aromatic ring.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.17. Models explaining roll and pitch calculations for non-planar (c) and 

planar molecules (b).  

A c

A B C

A ≠ c ≠ 0

A = c ≠ 0

A = c ≈ 0

(a)

X

Y

d

ZsZL

d

P

R
Z

Pitch (P) and Roll (R)

(c)

d

X

Y

Zs

ZL

d

P

R
Z

Pitch (P) and Roll (R)

(b)



 

 

Chapter3 

 

                                                                150 
 

The three phenyl rings have been labelled as A, B, and C in the order of 

increasing carbon atom number for unsymmetrical structures. For symmetric 

structures, the rings were labelled as A, B, A.  When  
A 

≈ 
c 

≈ 0, the molecules 

were planar, in such cases, the roll and pitch inclinations could be directly calculated 

using the roll and pitch model
23

 shown in the figure 3.17b. But, when,  
A 

≠ 
c 
≠ 0 or 

 
A 

≈ 
c 

≠ 0, the molecular backbone became non-planar. In these cases, roll and 

pitch inclinations have been calculated with respect to the centroid of the central 

neighbouring aromatic rings that are parallel to each  other. This model has been 

diagrammatically shown  in the figure 3.17c.  

 

 

 

 

 

 

 

 

 

 

Figure 3.18.  X-ray crystal structure and 3-D packing of OPV-C1-C1. 
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aromatic ring in opposite directions giving rise to a non-planar molecule. The 

torsional angles of the central aromatic ring with the terminal aromatic rings were 

measured to be 34.02° (
A
) and 62.59° (

B
), respectively, (see figure 3.18b). 

Intermolecular close contacts in the single crystal structure revealed a total of four 

CH-π interactions present between four adjacent neighboring molecules. The CH/π 

interactions involved donors and phenyl rings as π-acceptors in an almost 

perpendicular (83. 47°) edge to face arrangement.
40a

 The three dimensional packing 

of the molecules (see figure 3.18c) reflected head to tail arrangement of the 

molecules, interlocked through four strong CH/π interactions in a square planar 

fashion (shown in white lines in figure 3.18c). The expanded image showed the 

square plane formed by four such CH/π interactions (see figure 3.18d). The 

molecules were continuously interlocked in a linear fashion to form long one 

dimensional molecular pipe, however, no strong CH/π interactions were found 

between adjacent molecular pipes. The pictorial model in figure 3.18e showed that 

molecules arranged in head to tail fashion with A to C interlocking of the rings.  

 

 

 

 

 

 

 

 

 

 

Figure 3.19. X-ray crystal structure and 3-D packing of OPV-C4-C1. 
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On increasing the number of carbon atoms in the vertical direction from C1 

to C4, in the case of OPV-C4-C1, the crystal system became orthorhombic and the 

molecule belonged to centrosymmetric space group Pbca. The unit cell for OPV-C4-

C1 has been shown in figue 3.19a. In contrast to OPV-C1-C1, the two terminal 

aromatic rings in OPV-C4-C1 moved out of the plane of the middle aromatic ring in 

the same direction giving rise to a symmetric non-planar molecule. The angles 

subtended by terminal aromatic rings on the central aromatic ring were equal and  

measured to be 37.68° (see figure 3.19b). The three dimensional packing of a large 

number of  molecules revealed that an extensive network of CH/π interactions 

resulted in the formation of zig-zag chains of OPV molecules (see figure 3.19c). The 

CH/π interactions were directed in an angular fashion subtending an angle of 104.8° 

relative to each other. A detailed analysis of these interactions revealed that the 

molecules were locked through four identical CH/π interactions involving Ar-C-H6 

as donor and the terminal phenyl ring as π-acceptor system. A pictorial model in 

figure 3.19d exhibits that each central OPV molecule was locked by four 

surrounding neighboring molecules through four strong CH/π interactions. These 

four neighboring molecules were oriented in an opposite direction to that of the 

central OPV molecule. The CH/π geometric parameters dc-x, θ,  and dHp-x involving 

H6 donor atom have been calculated as dc-x = 3.64, θ = 4.65°,  = 135.46° and dHp-x = 

0.75Å, respectively.  

As the chain length increased further in OPV-C11-C1, a drastic change in 

molecular packing was observed. Figure 3.20a shows the X-ray single crystal 

structure and the unit cell for OPV-C11-C1. The molecules were found to exist as 

molecular dimers; each molecular dimer consisted of two molecules with different 

aromatic systems. The two terminal aromatic rings of the each molecule moved out 

of the plane of the middle aromatic ring equally and in the same direction giving rise 

to a non-planar molecule. The torsional angles were measured to be 29.50° for one 

such aromatic system (System1), but the terminal rings lay in the same plane.  For  
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Figure 3.20.  X-ray crystal structure and 3-D packing of OPV-C11-C1. 

 

the second molecule, the torsional angles between the terminal and the central rings 

were measured to be 38.63 (System 2), but the two terminal rings were present in 
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3.20b. The undecyloxy chains present in the middle aromatic core moved out of the 
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molecule showed two strong Aryl-CH/π interactions and two weak CH/π interactions 

involving the double bonds. In contrast, the lower counterparts, OPV-C1-C1 and 

OPV-C4-C1, showed all strong Aryl CH/π type interactions. The CH/π interactions 

between Aryl-H26 – terminal aromatic ring (dc-x = 3.42 Å, θ = 8.05 , = 137.32 and 

dHp-x = 0.34 Å) and Aryl H28 – C7 = C8 are d c-x = 3.58 Å, θ = 20.23 , = 135.57 

and dHp-x = 0.819 Å, respectively. The terminal rings of the neighboring molecules 

rotated towards each other and were oriented almost perpendicular to each other 

leading to edge to face π-stacking of neighboring molecules in T-shaped fashion. 

From the above single crystal analysis, it can be concluded that as the number of 

carbon atoms in the vertical alkyl chain increased from 1 to 4 to 11, the molecular 

locking changed from square planar to zigzag (angular) to 1D linear fashion.The 

lower counterparts exhibited only strong aryl-type CH-π interactions. However, in 

OPV-C11-C1 weaker CH/π interactions between double bonds and aryl H-atoms 

were also observed.  

 

To study the effect of horizontal substitution on molecular packing, single 

crystal structures of OPV-C11-C11 and OPV-C1-C11 were analyzed as shown in the 

in the figure 3.21. Both molecules crystallized in the triclinic lattice in the space 

group of P-1. Side views of these molecules revealed that all three benzene rings in 

the aromatic backbone lay in the same plane. The torsion angles from the central ring 

to either side were obtained as 1.39
ο
 for OPV-C11-C11 and 5.64

ο
 for OPV-C1-C11 

respectively, which confirmed their co planarity. In case of OPV-C11-C11, the two 

undecyl chains present in the terminal aryl rings along the longitudinal position lay 

on the same plane of the three aromatic rings. The two other alkoxy units (undecyl or 

methoxy) present in the middle ring projected perpendicular on either side of the 

plane defined by the aromatic rings. To further understand the molecular packing, 

the unit cells were built in three dimensions along the crystallographic axes. The 3D 

arrangements of OPV-C1-C11 molecules were found as inseparable tightly packed 

bundles of π-conjugated sheets. On the other hand, OPV-C11-C11 showed layer-like 

packing in the x–y plane, which further protruded along the c axis by the long 
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undecyl chains in the middle aromatic ring. Each layer was separated by 16.04 Å, 

which was almost identical to the c-axis length in the unit cell. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.21. X-ray crystal structure of OPV-C1-C11 and OPV-C11-C11 and their 

3D packing. 
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found between the middle aromatic ring with hydrogen atoms H11A of the undecyl 

alkyl chains that lay along the molecular axis. To determine CH/π  parameters in the 

present case, vectors were drawn as shown in the inset of figure 3.22 and the values 

were calculated as: dc-x=3.79 Å; θ =21.49
 O

; Φ=150.25
O
 and dHp-x=0.73 Å. These 

values are within the range typically acceptable for CH/ π interactions (literature 

values are: dc-x <4 Å; θ <25
O
; Φ >120

O
 and dHp_x<1.20 Å). [2, 4] This provided direct 

evidence for the existence of strong CH/π interactions in the OPV-C11-C11 

molecule. 

Figure 3.22. CH/ type weak hydrogen bonding in OPV single crystal 
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obtained as 3.64 Å. The adjacent molecules in OPV-C1-C11 were not oriented along 

the plane and they were separated by 3.78 and 7.08 Å. These intermolecular 

distances were much larger than that of 3.41 Å that is observed for strong π-π 

interactions in graphite. Therefore, the existence of strong aromatic π-π interactions 

among the OPV molecules was not possible. It is very important to note that despite 

both OPV molecules being planar, the large intermolecular distance made them less 

favorable to self-organize by aromatic π-π interactions. The lack of the direct face-to-

face π-π stacking between the aromatic planes confirmed the orientation of 

molecules along the b axis as in J-type aggregates. Hence, CH/ π interactions are the 

predominant secondary interactions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.23. X-ray crystal structure of OPV-C8-C8 and OPV-C8-C11and their 3D 

packing. 
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terminal rings giving rise to a non-planar OPV chromophore. The torsional angles of 

the central aromatic ring with the terminal aromatic rings were 45.71° and 45.71°, 

respectively. One of the terminal C8-alkyl tails had two carbons in gauche 

conformation. Octyl chains attached to the terminal rings lay along the molecular 

axis, but the octyl chains attached to the central aromatic rings protruded one above 

and one below the molecular plane. CH/π interactions were observed between H22 

(donor) – Aryl (central), H2 (Aryl) – C12=C15 (acceptor) and H35A - C4=C7 (acceptor). 

The three dimensional packing of these molecules showed lamellar/(ladder like) 

packing in which the molecules were interdigitated and arranged in parallel fashion 

along the long molecular axis. On the other hand, in OPV-C8-C11, the three 

aromatic rings constituting the aromatic core lay in the same plane to give rise to a 

planar OPV. The 3D packing of the molecules depicted that molecules were loosely 

packed in layer like pattern. Based on the above single crystal analysis, the CH/π 

parameters for all the OPVs have been summarized in table 3.4. 

 

Table 3.5.  CH/π parameters for OPVs. 

 

(a) dc-x is the distance between the donor carbon atom to the center of the acceptor π 

ring (b) θ is the angle between the ring normal and a vector connecting the donor 

carbon atom to the centre of the ring (c) φ is the angle between C-H with the vector 

connecting H to the ring centre (d) dHp-x  is the projection of the C-H on the π ring. 

Sample Donor Acceptor dc-x 
(Å) 

θ φ dHp-x  
(Å) 

No. ψA ψB 

 

OPV-C1-C1 H6(Aryl) Aryl (C) 3.746 16.48° 152.5° 0.82 2 34.02 62.59(-) 

 H18(Aryl) Aryl (A) 3.592 12.60° 151.3° 0.40 2 - - 

OPV-C4-C1 H6(Aryl) Aryl (A) 3.633 4.65 135.5 0.75 4 37.68 37.68 

 H6(Aryl) Aryl (A) 3.633 4.65 135.5 0.75 4 37.68 37.68 

OPV-C11-C1 H26(Aryl) Aryl (A) 3.423 8.05 137.3 0.34 2 29.50 29.50 

 H28(Aryl) C7=C8 3.582 20.23 135.6 0.81 2 38.63 38.63 

OPV-C8-C8 H22(Aryl) Aryl (B) 3.695 22.85 140.5 0.86 2 - - 

 H2(Aryl) C12=C15 3.465 15.18 138.9 0.36 2 45.71 45.71 

 H35A(Alkyl) C4=C7 3.787 2.94 158.8 0.38 2 - - 
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3.3.5. Roll and Pitch Displacements 

It is understood from the detailed single crystal XRD analysis that conjugated 

oligomers can adopt a planar or non-planar conformation in solid state, depending on 

the alignment of the peripheral alkyl chains. The three dimensional packing in single 

crystals revealed that a direct on top or cofacial stacking of the molecules is 

energetically not favorable. Direct placement of molecules right one under another ( 

cofacial stacking) places regions of like electron density on adjacent molecules in 

close proximity, leading to unfavorable electrostatic interactions. To minimize these 

electrostatic interactions molecules tend to slip from one under another and the π- 

stacks distort away from ideal on top stacking motif.  

The slippage of molecules relative to one another can be studied in terms of 

pitch and roll inclinations as explained in the chapter 2. For planar molecules, the 

roll and the pitch parameters have been calculated by connecting two identical parts 

in the neighboring molecules. For non-planar OPVs,  roll and pitch inclinations have 

been calculated with respect to the centroid of the central neighbouring aromatic 

rings that are parallel to each other. Figure 3.24 shows the calculation of roll and 

pitch parameters for one such non-planar  molecule OPV-C1-C1. The middle phenyl 

rings of the two neighbouring molecules are parallel to each other.  

 

 

Figure 3.24. Calcution of roll and pitch parameters for OPV-C1-C1.  
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The distance between the two parallel planes passing through the central rings is 

termed and measured as d. The line connecting the two centroids constituted the z-

axis. These parameters were fitted to standard cube model as shown in the figure 

3.24b. and using previous mathematical expressions (explained in chapter 2), the 

mathematical values of P, R, dp, dR, dtot and z were calculated.  A similar method was 

adopted to calculate the roll and pitch parameters for all the non- planar OPVs. These 

pitch and roll parameters have been summarised in the table 3.5. 

 

Table 3.6.  Pitch and roll  parameters for OPVs. 

 

  

 

 

 

 

 

 

 

  

The  pitch and roll parameters were  plotted as a function of longitudinal, 

vertical and radial growth as shown in the figure 3.25. Along the longitudinal 

direction, a drastic increase in roll and pitch prameters was observed from OPV-C1-

C1 to OPV-C1-C11. The pitch and roll angles for OPV-C1-C1 are 22.69 
ο 

and 35.9 
ο
, 

which is < 45
ο
 required for π-π stacking. The interplanar distance between the two 

neighbouring molecules was found to be 3.47 Å and was very close to 3.41 Å 

observed in graphite. However, as the alkyl chain length increased longitudinally to 

C11, large pitch and roll angles (83.74
ο 

and 81.48
ο
)  in OPV-C1-C11 resulted in 

large slip distance along both the long and the short molecular axis. As a 

consequence, the adjacent molecules in OPV-C1-C11, slided completly in x and y-

directions, leaving no π-π overlap. For vertically substituted OPVs, the roll and pitch 

displacements remained almost constant irrespective of the alkyl chain length in the  

Sample  dp dR P R dtot z 

OPV-C1-C1 1.45 2.51 22.69 35.90 2.90 4.52 

OPV-C4-C1 1.36 5.89 18.74 55.77 6.04 7.25 

OPV-C11-C1 1.44 2.83 22.49 39.13 3.17 4.70 

OPV-C1-C11 9.51 6.96 83.74 81.48 11.78 5.64 

OPV-C8-C8 5.74 3.32 52.80 37.27 6.62 7.93 

OPV-C11-C11 9.64 1.40 68.74 20.45 9.57 10.44 

OPV-C8-C11 7.77 3.46 65.75 44.67 8.51 9.20 
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Figure 3.25. Plot of pitch and roll inclinations. 

 

middle aromatic ring. OPV-C4-C1 showed dramatically low roll angle distortions as 

compared to its lower or higher analogues. The significantly low values of roll 

parameters in OPV-C4-C1 led to strong π-π stacking interactions. Among the 

radially substituted OPVs, the pitch angles increased gradually from 22.69
ο
 to 52.8

 ο
 

to 68.74
 ο

 for OPV-C1-C1, OPV-C4-C4 and OPV-C11-C11, respectively. This 

indicated that as the molecular backbone tends towards planarity, molecular planes 

shift or distorted away from direct cofacial stacking. The roll angle distortions were 

less than 45
 ο

 in all the three cases. The large values of dtot and z, completly destroy 

π-π stacking interactions in OPV-C8-C8 and OPV-C11-C11.  

 

A plot of angle subtended by two terminal rings on the central aromatic ring 

() for longitudinally, vertically and radially substituted OPVs has been shown in the 

figure 3.26. Among the vertical isomers, the two terminal aromatic rings of the OPV-

C1-C1 moved out of the plane of the middle aromatic ring in opposite directions 

giving rise to a non-planar molecule. The torsional angle of the central aromatic ring 
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with the terminal aromatic rings were measured to be 34.02° (
A
) and 62.59° (

B
), 

respectively.  

 

Figure 3.26. Plot of torsional angles(for A and B, refer to the figure 3.17). 

 

In contrast to OPV-C1-C1, the two terminal aromatic rings of in OPV-C4-C1 

moved out of the plane of the middle aromatic ring in the same direction giving rise 

to a symmetric non-planar molecule. The angles subtended by terminal aromatic 

rings on the central aromatic ring were equal and  measured to be 37.68°. OPV-C11-

C1 existed as molecular dimer with two molecules with different aromatic systems. 

The two terminal aromatic rings of the each molecule moves out of the plane of the 

middle aromatic ring equally and in the same direction giving rise to a non-planar 

molecule. The torsional angles were measured to be 29.50° for one such aromatic 

system (System1), but the terminal rings lie in the same plane.  For the second 

molecule, the torsional angles between the terminal and the central rings was 

measured to be 38.63 (System2), but the two terminal rings were present in two 

different parallel planes separated by a distance of 1.85 Å. As the chain length grew 

longitudianally, the torsional angles decreased to a large extent and the  molecules 
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tended towards more planarity. Among the radially substituted isomers OPV-C8-C8 

was found to have highest torsional twist leading to a completly twisted molecule.  

 

Figure 3.27. Relationships between planarity, CH/π and π-π interactions in OPVs.  

 

Based on the above single crystal XRD analysis, it can be concluded that 

planarity, alkyl chain length and the orientation in which the alkyl chains are 

substituted relative to the aromatic core played an important role in determining 

packing properties. In most of the cases, it was observed that planar molecules were 

devoid of strong CH/π interactions. However, the presence of a bulky pendant group 

in the middle aromatic core, might give rise to some weak CH/π H-bonding 

interactions in which alkyl hydrogen atoms from the pendant group served as weak 

H- bond donors. TCD substituted OPVs discussed in chapter 2 to belong to this 

category of molecules. Such systems were also found to lack π-π stacking 

interactions. On the other hand, non-planar molecules exhibited presence of strong 

CH/π interactions. In all the cases, strong aryl-type CH/π interactions were observed. 

However, in a few cases, weaker CH/π interactions between double bonds and aryl 

H-atoms were also observed in addition to strong aryl-type CH/π interactions. The 

roll and pitch calculations revealed that these molecules also showed the presence of 

π-π stacking interactions.  Very few crystal structures are available for π-conjugated 

systems, which have identical aromatic backbone. This is for the first time such a 
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good correlation between solid state properties of a large number of OPVs based on 

single aromatic chromophore has been made.  

 

3.3.6. Photophysical Analysis 

The emission and excitation spectra of a few representative OPV structural 

isomers and higher homologues have been shown in the figure 3.28.  

 

Figure 3.28. (a) Emission and (b) Excitation spectra of structural isomers. (c) 

Emission and (d) excitation of higher homologues in LC films. 

 

To study the photophysical characteristics of the samples in the solid state, 

LC films of OPVs were cast on the glass substrates as described for PLM studies. 

The emission spectra of the OPV LC films were recorded by exciting at 380 nm. The 

emission spectra of higher homologues OPVs has been in the Figure 3.28a and 

emission spectra of higher homologues OPVs has been in the Figure 3.28c. OPV-C1-

C1 exhibited emission maximum at 504 nm. Similarly, OPV-C8-C8 and OPV-C11-

C11 exhibited emission maxima at 535 nm and 504 nm. The excitation spectra of the 

samples have been shown in figure 3.28b and 3.28d. The spectra were found to be 

very broad as similar to observed in earlier reports.
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can be concluded from the photophysical analysis: The photophysical properties of 

the all the OPVs were found almost identical. The emission or the absorption 

properties were independent of the planarity or the non-planarity of the aromatic 

back bone. For example OPV-C1-C11 was planar and its structural isomer was non-

planar, however, both exhibited similar emission characteristics. A similar trend was 

found among the pairs of structural isomers. The similarity in the photophysical 

properties could be attributed to weak π-π stacking interactions between the 

molecules which is the major non-covalent force responsible for change in 

absorption or emission characteristic in this class of molecules. Hence, in the present 

study without affecting the photophysical properties, diverse molecular self-

assembly was achieved in the solid state.  

 

3.3.7. Field Effect Transistor Measurements  

As a proof of concept, preliminary studies were done and field effect 

transistors (FET) were fabricated by drop casting thin films of sample on 

prefabricated substrates. For measurements in LC state, the samples were frozen in 

LC state on prefabricated substrates. OFET was constructed for the OPV-C1-C11 

and the device data for drop cast film and LC frozen state has been shown is the 

figure 3.28. The plots of drain current (ID) vs drain voltage (VD) for various applied 

gate voltage (VG) have been shown in the figure 3.28a and 3.28b. The drain current 

is expressed as:
41 

ID = {WCi/ 2L} x { (VG –VT)
 2

 

 

Where, Ci is the capacitance per unit area of the dielectric layer, VT is the threshold 

voltage, and  is the field-effect mobility. From the plot of gate voltage versus 

square root of drain current, the field-effect mobility was calculated. The inter-

section point in the x-axis provides the threshold voltages of the devices. The charge 

carrier mobility calculated using both Linear and Saturated Regime method showed 
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Figure 3.29. Field effect transistor measurements for OPV-C1-C11 in dropcast (a) 

and LC frozen film(b).  

 

that the mobility in drop cast film of OPV-C1-C11 was of the order of 10
-5

 cm
2
/Vs. 

As the sample was frozen in LC state as shown in the figure 3.28b, the charge carrier 

mobility increased to the order of 10
-3

 cm
2
/Vs. Hundred folds increase in charge 

carrier mobility in LC frozen state was observed as compared to drop cast films in 

field effect transistors. The values of the mobilities were found low because the 

measurements were done in open air atmosphere.  Nevertheless, these preliminary 

results showed that the potential of self-organization via LC mesophase approach can 

be very useful for molecular devices. And hence, the effect of alignment of 

chromophores was visible by hundered folds increase in the charge carrier mobility.  
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3.4. Conclusion 

In this chapter, a detailed investigation on the role of planarity, peripheral 

substitution, alkyl chain lengths and its orientation on liquid crystallinity, inter-

molecular non covalent forces, pitch and roll displacements and solid state packing 

of oligophenylenevinylenes (OPVs) has been done. A series of structural isomers 

with identical distyrylbenzene based aromatic core but opposite arrangement of alkyl 

side chains around the periphery was synthesized. Similarly, another series of higher 

homologues OPVs with equal substitutions in the longitudinal and vertical directions 

was also synthesized. Detailed DSC studies were done to understand the difference 

in packing properties with respect to horizontal, vertical and radial substitution of the 

alkyl chains. DSC analysis revealed among the structural isomers, horizontally 

substituted OPVs showed higher melting and crystallization temperatures as 

compared to vertically substituted counterparts suggesting better packing properties. 

PLM studied showed that increasing alkyl chain length in the horizontal direction 

induced LC properties as compared to the vertical isomers which remain crystalline 

in nature. Radially substituted OPVs with equal alkyl chain substitution in both x and 

y directions exhibited well ordered two-dimensional lamellar textures. 

Single crystal XRD analysis was done to understand the role of planarity, 

alkyl chain length and its orientation on molecular ordering and intermolecular non-

covalent interactions. Planar molecules were generally found to be devoid of strong 

CH/π and π-π interactions. On the other hand, non-planar molecules exhibited 

presence of strong CH/π interactions. Detailed roll and pitch calculations were done 

to show that in general non planar molecules were more prone to show π-π stacking 

interactions. Further, OFET devices were constructed to study the effect of liquid 

crystalline self-assembly on charge carrier mobility. OPVs exhibited hundred fold 

increases in charge carrier mobility in LC frozen state as compared to drop cast 

films. This preliminary result showed that the LC mesophase approach was indeed a 

good concept to explore OFET applications.  
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Chapter 4 

Fluorocarbon Versus Hydrocarbon tails on the Self-

assembly of OPVs 

 

The role of fluorocarbon tails on the diverse molecular self-assembly of -conjugated 

oligophenylenevinylenes(OPVs) has been studied. OPVs were designed with appropriate 

pendants in the aromatic core with hydrocarbon or fluorocarbon tails along the long 

molecular axis. Thermal analysis revealed that hydrocarbon tail OPVs showed higher 

enthalpies of transitions as compared to their fluorocarbon counterparts suggesting better 

packing properties. Polarised light microscope (PLM) analysis showed that fluorocarbon 

tail OPVs produced identical SmC LC mesophases irrespective of the pendent groups 

attached in the middle aromatic core. In contrast, for hydrocarbon tailed OPVs, both 

pendent geometry and their length in the middle aromatic core determined the molecular 

self-organization. Variable temperature wide angle XRD patterns of fluorocarbon tail OPVs 

exhibited regular periodicity corresponding to equidistant planes formed in smectic LCs. 

Small angle variable temperature X-ray diffraction analysis confirmed transition from SmA 

to a more ordered SmC mesophase. Solid state photophysical analysis confirmed the 

formation of H and J aggregates in FC and HC-OPVs, respectively. Time resolved 

fluorescence decay measurements confirmed longer life time for H-type smectic OPVs 

compared to that of loosely packed one-dimensional nematic hydrocarbon tailed OPVs. In a 

nut shell, diverse molecular self-assembly of aromatic -conjugated units via weak 

secondary forces was established.  
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4.1. Introduction 

π-Conjugated liquid crystals (LCs) are emerging new soft materials for 

optoelectronic applications.
1-6

 These materials combine the self organizing abilities 

of LCs and the semiconducting properties of π-conjugated materials.
7-14

 They are 

typically self-organised by weak non-covalent interactions such as hydrogen 

bonding
15-19

, metal-ion interactions
20-26

, aromatic π-stacking
27-28

 and van der Waals 

forces
29-31

 etc. Fluoro-substituted liquid crystals constitute an important and exciting 

class of LCs, where fluoro substituents are introduced in liquid crystal structures.
32 

The incorporation of fluoro groups is one of the several useful tools that have been 

utilized to modify physical properties of LCs such as melting points, mesophase 

morphology, transition temperatures, dielectric anisotropy and optical anisotropy. 

Fluorine is the most electronegative of all the elements (3.98) which confer a high 

dipole moment on the C–F bond. The fluoro substituent has a low polarizability that 

leads to low intermolecular dispersion interactions. The van der Waals radius of 

fluorine atom is 1.47 Å (smallest after hydrogen); therefore, a fluoro substituent can 

be easily incorporated in hydrocarbons to give fluorocarbons.   

Perfluoro chains are stiff and more rigid than hydrocarbon tails. There are 

many different positions in a liquid crystal structure where a fluoro substituent can 

be located, such as (i) a terminal position, (ii) within a terminal chain, as part of a 

semi-fluorinated or as a perfluorinated chain, (iii) as part of a linking group, (iv) or in 

a lateral position in the core section. A key feature of almost all the liquid crystalline 

materials is amphiphilicity in the molecule.
33-34

 A molecule having two chemically 

different molecular parts that are incompatible with each other is said to be 

amphiphilic. Typically, liquid crystals consist of a rigid aromatic core and flexible 

aliphatic side chains in which the nanosegregation between the rigid and flexible 

parts leads to the formation of different LC mesophases.
35-38

 Introduction of 

incompatible segments such as perfluorinated side chains or oligomeric siloxane end 

groups further promotes the formation of LC mesophases. Fluorine atoms are 

incorporated in the molecule through perfluorinated alkyl side and the fluorophobic 

effects
39-42

 act as additional non-covalent interactions that drive the self assembly. 
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Figure 4.1. Liquid-crystalline honeycomb structures composed of cylinders having 

hexagonal, pentagonal, and square cross section. (Adopted from Xiaohong et al. J. 

Am. Chem. Soc. 2011, 133, 7872 –7881). 

 

Xiaohong et al
43

 utilized the lateral fluorocarbon side tails to synthesize T-

shaped bolaamphiphiles composed of a biphenyl rigid core, a semiperfluorinated 

lateral chain, two polar 1, 2-diol groups in the terminal positions and flexible alkyl 

spacers connecting the polar groups with the biphenyl core. The influence of spacer 

length and position of the spacer on the self-assembly in liquid-crystalline phases 

was studied as shown in figure 4.1. These LC phases represented polygonal cylinder 

phases where the aromatic cores together with the aliphatic spacers make up the 

walls of polygonal honeycombs fused at the edges by the hydrogen-bonding diol 

groups and enclosing cells filled by the semi perfluorinated lateral chains A series of 

four different columnar phases (Colhex/p6mm, Colrec/p2gg, Colsqu/p4gm and 

Colsqu/p4mm), representing liquid crystalline honeycomb structures composed of 

cylinders having hexagonal, pentagonal, and square cross section, were found on 

increasing the spacer length.  

Perfluorinated tails have also been used to control of self-assembly of 

columnar mesogenic systems, stabilize mesophases, improve alignment behavior and 

increase phase separation. Figure 4.2 exhibits an example of a disc like molecule 1 

(C3-symmetrical 3,3′-bis(acylamino)-2,2′-bipyridine) possessing three peripheral 

fluorinated alkyl chains.
44
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Figure 4.2. Mixed helical self-assemblies of fluorinated and hydocarbon discotics 

(Adopted from Vanhoutem et al. Org. Biomol. Chem. 2012, 10, 5898 -5908). 

 

It was found that fluorinated disc (1), when mixed with another hydrocarbon 

disc (2) allowed the formation of mixed helical discotic self-assemblies in 

fluorinated solvents (see figure 4.2). The helical assemblies of the mixed aggregates 

were found to be more stable compared to hydrocarbon discs alone. 

 

 

 

Figure 4.3. Polyphilic molecules composed of p-terphenyl core with 

semiperfluorinated sidechains exhibiting hexagonal columnar mesophases(Adopted 

from Prehm et al. J. Am. Chem. Soc. 2011, 133, 7872-7881). 

1

2
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Recently, Prehm et al.
45

 reported the formation of hexagonal columnar phases 

composed of amphiphilic molecule based on p-terphenyl core as shown in figure 4.3. 

Two series of polyphilic molecules composed of a rigid and linear p-terphenyl core, 

terminated at both ends with polar glycerol groups and two branched fluorinated and 

a nonfluorinated chains were synthesized. Hexagonal columnar phases were formed 

by all molecules at high temperatures.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. Schematic models for fluorocarbon and hydrocarbon tailed OPVs.  

 

In this chapter, the role of fluorocarbon tails on the diverse molecular self-

assembly of -conjugated OPVs has been studied. OPVs were designed with 

appropriate pendants in the aromatic core with hydrocarbon or fluorocarbon tails 

along the long molecular axis as shown in the figure 4.4. Detailed DSC and PLM 

analysis was done to understand the thermal and liquid crystalline properties of 

OPVs. Hydrocarbon tail OPVs showed higher enthalpies (H) of transitions as 

compared to their fluorocarbon counterparts suggesting better packing properties. 

PLM analysis revealed that fluorocarbon tail OPVs produced identical SmC liquid 

crystalline mesophases irrespective of the pendent groups attached in the middle 

aromatic core. In contrast, for hydrocarbon tailed OPVs, both pendent geometry and 

Hydrocarbon tail OPVs

Fluorocarbon tail OPVs

=
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their length in the middle aromatic core determined the molecular self-organization 

rather than the flexible tail in the longitudinal position (see figure 4.5).  

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. Weak-force-driven diverse self assembly in π- conjugates. 

 

Wide angle and small angle XRD analysis was done to understand the 

diverse self assembly shown by the OPVs. Variable temperature wide angle XRD 

patterns of fluorocarbon tail OPVs exhibited regular periodicity in diffraction peaks 

corresponding to equidistant planes formed in smectic LCs. Small angle variable 

temperature X-ray diffraction analysis showed that the molecules underwent a 

transition from SmA to a more ordered SmC mesophase. Photophysical analysis was 

done to understand the diffrence in mesogen packing in solution and soild state. 

Solid state photophysical analysis confirmed the formation of H and J aggregates in 

FC and HC-OPVs, respectively. Time resolved fluorescence decay measurements 

confirmed longer life time for H-type smectic OPVs compared to that of loosely 

packed one-dimensional nematic hydrocarbon tailed OPVs. In a nut shell, diverse 

molecular self-assembly of aromatic -conjugated units via weak secondary forces 

was established.  
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4.2. Experimental Methods 

 

4.2.1.Materials: 2-Norbornanemethanol, p-toluenesuphonylchloride, triethylamine, 

hydroquinone, 1-bromooctane, 1-bromoundecane, 2-ethylhexyl bromide, 

triethylphosphite, potassium-t-butoxide (1M in THF), 4-(4,4,5,5,6,6, 7,7,8,8,9,9,10, 

10,11,11,11-heptadecafluoroundecyloxy)benzaldehyde and 4-hydroxybenzaldehyde 

were purchased from  Aldrich Chemicals. HBr in glacial acetic acid, para 

formaldehyde, KI, K2CO3, Dimethylsulphate and NaOH were purchased locally. 

Solvents were also purchased locally and were purified by standard procedures.  

 

4.2.2. General Procedures: 
1
H and 

13
C NMR were recorded using 400 MHz JEOL 

NMR spectrometer. All NMR spectra were recorded in CDCl3 containing TMS as 

internal standard. Infrared spectra were recorded using Bruker FT-IR (ATR mode) 

spectrophotometer in the range of 4000-600 cm
-1

. The mass of all the OPVs was 

determined by using the Applied Biosystems 4800 PLUS MALDI TOF/TOF 

analyzer. The purity of OPVs was checked by gel permeation chromatography 

(GPC) performed using Viscotek triple detector setup in tetrahydrofuran. TGA 

analysis was done using Perkin Elmer STA 6000 simultaneous thermal analyzer.  

 

Differential scanning calorimetry (DSC): Differential scanning calorimetry (DSC) 

measurements were performed on TA Q20 DSC. A pinch of powdered sample was 

placed in DSC aluminum pan and crimped. The data were recorded at a heating and 

cooling rate of 10 °C/min. The first heating cycle data were discarded since they 

possessed prehistory of the sample. 

 

Polarized Light Microscope (PLM) Analysis: To study the temperature dependent 

LC textures of all the OPVs, LIECA DM2500 P polarized light microscope equipped 

with Linkam TMS 94 heating-freezing stage was used. A pinch of sample was 

placed on the glass substrate, heated to melt at 10 °C/min, and kept isothermally at 

20 °C above their melting temperature for 2-3 minutes. The melt was subsequently 

cooled at 10 °C/min which leads to nucleation and further growth patterns and these 

images were continuously captured using camera.  

 

Wide Angle Variable Temperature XRD Analysis: Wide angle X-ray diffraction 

patterns were recorded using Bruker D8 Advance diffractometer with a copper 

target. The system consisted of a rotating anode generator with a copper target and a 

wide angle powder goniometer fitted with a high temperature attachment. Spectra 

were recorded using Cu Kα radiation in the range of 2θ = 3-50° at a heating and 

cooling rate of 10°C/min.  
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Small Angle Variable Temperature XRD Analysis: SAXS measurements were 

made using a Bruker Nanostar (Cu Kα radiation). The Nanostar was equipped with 

18 kW rotating anode generator and a 2D multiwire detector, with a sample-detector 

distance of roughly 1 m. The entire X-ray flight path, including the sample chamber 

was evacuated to minimize air scattering. Samples were placed in capillary and were 

mounted on the Bruker heating stage. 2-dimensional SAXS data was azimuthally 

averaged, and 1-D data was presented after background subtraction. 

 

Photophysical Analysis: Absorption spectra were recorded using a Perkin Elmer 

Lambda 45 UV spectrophotometer. Steady state fluorescence emission and 

excitation spectra were recorded using a Fluorolog HORIBA JOBIN VYON 

fluorescence spectrophotometer. For these photophysical studies, LC frozen samples 

were prepared by heating the samples to melt and then cooling to form thin films 

between two glass cover slips. Fluorescence intensity decays were collected by time 

correlated single photon counting technique (TCSPC) setup from Horiba Jobin 

Yvon. 375 nm diode Laser (IBH, UK, NanoLED-375L, with a λmax = 375 nm) 

having a FWHM of 102.3 ps as a sample excitation source. The fluorescence signals 

were collected in magic angle using a MCP-PMT (Hamamatsu, Japan) detector and 

the fluorescence decays were collected at emission maxima for all the samples. The 

quality of fit was judged by fitting parameters such as γ
2
 ≈ 1, as well as the visual 

inspection of the residuals.  

  

4.2.3. Synthesis 

 

The synthesis for compounds 1a, 2a, 3a and 4k have been reported in 

chapter-2. The synthetic procedures for compounds 1b, 1d, 1e, 2b, 2d, 2e, 3b, 3d 

and 3e have been reported in chapter-3.  

 

Synthesis of 1, 4-bis(2-ethyl-hexyloxy)benzene (1f): 2-Ethylhexylbromide (57.9 

mL, 0.30 mol) was reacted with hydroquinone (11.0 g, 0.10 mol)  and KOH (22.4 g, 

0.40 mol) in DMSO as described for 1c. Yield = (11%). 
1
H-NMR (CDCl3, 

400MHz) δ: 6.8 ppm (s, 4H, Ar-H), 3.7 ppm (m, 4H, OCH2), 1.7 ppm (m, 2H, 

OCH2CH) and 1.5 - 0.8 ppm (m, 28H, aliphatic-H) ppm.
 13

C-NMR (CDCl3, 

100MHz) δ: 153.3, 115.3(Ar-C), 71.09 (OCH2), 40.9, 39.4, 39.1, 31.8, 30.5, 29.1, 

28.8, 26.9, 25.1, 23.8, 23.0, 22.8, 14.1, 14.0, 11.1 and 10.9 ppm. FT-IR (KBr, cm
-1

): 

2957, 2924, 2864, 1506, 1465, 1382, 1285, 1221, 1109, 1037, 928, 822, and 779. 

MALDI-TOF-TOF-MS (MW = 334.54): m/z = 357.25 (M
+ 

+ 23). 
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Synthesis of (1S, 4R)-bicyclo[2.2.1]heptane-2-ylmethyl benzene sulphonate (NB-

OTs) : 2-Norbornanemethanol (15.1 g, 0.12 mol) and p-toluene sulfonyl chloride 

(22.9 g, 0.12mol) were taken in 80 mL of dichloromethane. Triethylamine (24.2 g, 

0.24 mol) was added drop wise under ice cold conditions. This reaction mixture was 

then stirred at room temperature, poured in 100 mL of water and extracted in 

dichloromethane. The organic layer was then dried over anhydrous sodium sulphate 

and condensed to get product. It was further purified by passing through silica gel 

column using ethyl acetate (1 % v/v) in hexane as eluent. Yield = (59%). 
1
H-NMR 

(CDCl3, 400MHz) δ: 7.7 ppm (d, 2H, Ar-H), 7.3 ppm (d, 2H, Ar-H), 3.5-4.2 ppm 

(m, 2H, -OCH2), 2.5 ppm -0.5 ppm (m, 14H, cyclic-H and CH3). 
13

C-NMR 

(CDCl3,100MHz) δ:144.7, 133.3, 129.8, 127.9 (Ar-C), 73.5, 72.5 (-OCH2), 41.0, 

39.6, 38.1, 36.6, 35.1, 33.3, 29.8, 29.5, 22.4 and 21.7 ppm. FT-IR (KBr, cm
-1

): 2952, 

2924, 2872, 1598, 1455, 1356, 1302, 1174, 1098, 1020, 943, 813, and 662.  MALDI-

TOF-TOF-MS (MW = 280.38): m/z = 319.07 (M
+ 

+ 39). 

 

Synthesis of (1S, 4R)-bicyclo[2.2.1]heptane-2-ylmethoxy)-4-(bicyclo[2.2.1] 

heptane-2-ylmethoxy)benzene (1g): Hydroquinone (3.3 g, 0.03 mol),  NaOH (2.6 

g, 0.07 mol) and NB-OTs (17.6 g, 0.06 mol) were dissolved in ethanol (45 mL) and 

water (5 mL). The mixture was refluxed for 36 h at 80 
ο
C. It was extracted in DCM. 

The organic layer was dried over anhydrous sodium sulphate and the product was 

further purified by passing through silica gel column using ethyl acetate (1 % v/v) in 

hexane as eluent. Yield = (17 %). m. p.  = 95-97 
ο
C.

 1
H-NMR (CDCl3, 400MHz) δ: 

6.8 ppm (m, 4H, Ar-H), 3.9-3.4 ppm (m, 4H, -OCH2), 2.5 ppm -0.5 ppm (m, 22H, 

cyclic-H).
 13

C-NMR (CDCl3, 100MHz) δ:153.4, 144.7, 133.3, 129.9, 127.9, 115.8 

(Ar-C), 72.5, 70.9(-OCH2), 41.7, 41.1, 39.8, 39.4, 38.4, 36.8, 36.3, 35.3, 34.3, 33.9, 

33.3, 29.8, 28.9, 22.8, 22.4 and 21.8 ppm. FT-IR (KBr, cm
-1

): 2945, 2908, 2866, 

1501, 1457, 1388, 1285, 1214, 1111, 1026, 954, 816, 775 and 668. MALDI-TOF-

TOF-MS (MW = 326.47): m/z = 349.12 (M
+ 

+ 23) 

 

Synthesis of 1, 4-bis(bromomethyl)-2,5-bis(2-ethylhexyloxy)benzene (2f): 1f (0.8 

g, 0.03 mol) and paraformaldehyde (0.8 g, 26.50 mmol) were reacted with HBr in 

acetic acid (5.4 mL, 0.02 mol) following the procedure as described for 2a. The 

product was further purified by recrystallising from hot saturated solution of acetone.  

Yield = (34%). 
1
H-NMR (CDCl3, 400MHz) δ: 6.8 ppm (s, 2H, Ar-H), 4.5 ppm (s, 

4H, CH2Br), 3.6-3.4 ppm (dd, 4H, OCH2), 1.75 ppm (m, 2H, OCH2CH), 1.5 - 0.88 

ppm (m, 22H, aliphatic), and 0.87 ppm (t, 6H, CH3).
 13

C-NMR (CDCl3,100MHz) 

δ:150.7, 127.3, 114.1 (Ar-C), 70.8(Ar-O-CH2), 40.9, 39.5, 39.1, 31.8, 30.6, 29.1, 

28.8, 25.1, 24.0, 23.05, 22.8, 14.1, 14.06, 11.2 and 10.8 ppm. FT-IR (KBr, cm
-1

): 
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2956, 2923, 2866, 1505, 1459, 1405, 1313, 1264, 1220, 1115, 1033, 1 904, 871, 770, 

731 and 686. MALDI-TOF-TOF-MS (MW = 520.38): m/z = 559.10 (M
+ 

+ 39). 

 

Synthesis of 2-((4-((1S,4R)-bicyclo[2.2.1]heptane-2-ylmethoxy)-4-(bicyclo[2.2.1] 

heptane-2,5-bis(bromomethyl)phenoxy)methylbicyclo[2.2.1] heptanes(2g): 1g 

(1.1 g, 3.30 mmol) and paraformaldehyde (0.4 g, 13.2 mmol) were reacted with HBr 

in acetic acid (4.9 mL, 9.90 mmol) following the procedure as described for 2a. The 

product was recrystallised from a saturated solution of acetone. Yield = (17%). m. p. 

= 159-161 
ο
C. 

 1
H-NMR (CDCl3, 400MHz) δ: 6.85- 6.82 ppm (m, 2H, Ar-H), 4.5 

ppm (m, 4H, CH2Br), 4.0 -2.3 ppm (m, 4H, OCH2), 2.5 ppm -0.5 ppm (m, 22H, 

cyclic-H).
 13

C-NMR (CDCl3, 100MHz) δ: 150.8, 127.6, 114.7 (Ar-C), 72.7, 70.9 

(OCH2), 41.8, 38.7, 36.3, 35.5, 29.9, 28.9 and 22.8 ppm. FT-IR (KBr, cm
-1

): 2944, 

2865, 2308, 2006, 1738, 1505, 1471, 1444, 1405, 1308, 1221, 1196, 1018, 913, 859 

and 683. MALDI-TOF-TOF-MS (MW = 512.32): m/z = 535.04 (M
+ 

+ 23) 

 

Synthesis of tetraethyl (2, 5-bis (2-ethylhexyloxy)-1,4-phenylene)bis(methylene) 

diphosphonate (3f) : 2f (1.5 g, 2.87 mmol) and triethyl phosphite (0.1 g, 5.75 mmol) 

were reacted as described for 3a. Yield: (54 %). 
1
H-NMR (CDCl3, 400MHz) δ: 6.8 

ppm (s, 2H, Ar-H), 3.9 ppm ( m, 8H, POCH2CH3) ; 3.7 ppm (t, 4H, OCH2), 3.1 ppm 

(d, 4H, CH2P), 1.7-1.2 ppm (m, 36 H, aliphatic and POCH2CH3) and 0.8 ppm (t, 

6H, -CH2-CH3). 
13

C-NMR (CDCl3, 100MHz) δ:150.5, 119.4, 114.8, 71.2 (OCH2), 

61.9 (POCH2CH3), 39.7, 30.7, 29.2, 26.9, 25.5, 23.9, 23.1, 16.4, 14.2 and 11.2 ppm. 

FT-IR (KBr, cm
-1

): 3469, 2959, 2925, 2867, 1509, 1465, 1391, 1247, 1210, 1163, 

1097, 1023, 956, 890, 782, 726, and 648. MALDI-TOF-TOF-MS (MW = 634.76): 

m/z = 657.47 (M
+ 

+ 23) 

 

Synthesis of tetra ethyl(2-((1S,4R)-bicyclo[2.2.1.]heptanes-2-ylmethoxy)-5-

(bicycle[2.2.1]heptan-2-ylmethoxy)-1,4-phenylene)bis(methylene)diphosphonate 

(3g): 2g (0.3 g, 0.50 mmol) and triethyl phosphite (0.2 mL, 1.09 mmol) were reacted 

as described for 3a. Yield = (95 %). 
1
H-NMR (CDCl3, 400MHz) δ: 6.91-6.87 ppm 

(m, 2H, Ar-H), 4.1 ppm ( m, 8H, POCH2CH3), 3.9-3.5 ppm (m, 4H, OCH2), 3.2 

ppm (d, 4H, CH2P) and 2.5-0.5 ppm (m, 22H, Cyclic H).
 13

C-NMR (CDCl3, 

100MHz) δ: 150.4, 119.4, 115.1, 72.8, 63.7, 62.2, 61.6, 58.5, 41.9, 39.6, 38.6, 36.2, 

35.4, 34.3, 33.8, 29.9, 28.9, 25.6, 22.8, 18.4  and 16.2 ppm. FT-IR (KBr, cm
-1

): 2950, 

2869, 1509, 1466, 1393, 1210, 1021, 964, 820, 729, 645. MALDI-TOF-TOF-MS 

(MW = 626.31): m/z = 649.38 (M
+ 

+ 23). 

Synthesis of oligo-phenylenevinylenes: The synthetic procedures for OPV-C1-

C11(renamed here as OPV-HC-C1), OPV-C8-C11 (renamed here as OPV-HC-C8) 

and OPV-C11-C11(renamed here as OPV-HC-C11) have been provided in the 
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chapter 3. Similarly, detailed synthetic procedure for OPV-11 (renamed here as 

OPV-HC-TCD) in chapter 2.  

 

Synthesis of 4,4’-(1E, 1’E)-2,2’-(2,5-bis(2-ethylhexyloxy)-1,4-

phenylene)bis(ethene-2,1-diyl)bis(undecyloxy benzene) (OPV-HC-EH):  3f (1.3 

g, 2.00 mmol) was reacted with 4k (1.2 g, 2.20 mmol)  as described for OPV-C1-

C1. Yield = (59 %). 
1
H NMR (CDCl3, 400 MHz), δ: 7.42 ppm (d, 4H, Ar-H), 7.30 

ppm (d, 2H, CH=CH), 7.07 ppm (s, 2H, Ar-H), 7.07 ppm (d, 2H, CH=CH), 6.86 

ppm (d, 4H, Ar-H), 3.95  ppm (t, 4H, OCH2-CH2), 3.90 ppm (d, 4H, OCH2-CH), 

and 1.9 - 0.86 ppm (m, 72H, aliphatic-H) .
13

C-NMR (CDCl3,100MHz) δ: 158.7, 

150.9, 130.7, 128.01, 127.5, 126.6, 121.2, 114.6, 110.0, 68.04, 39.7, 31.9, 29.6, 29.4, 

29.3, 29.2, 22.6, 14.1 and 11.3 ppm . FT-IR (KBr, cm
-1

): 2920, 2850, 1600, 1571, 

1507, 1463, 1418, 1388, 1292, 1239, 1193, 1170, 1111, 960, 845, 816, 788, 725 and 

590. MALDI-TOF-TOF-MS (MW = 879.39): m/z = 878.71. Anal. Calcd for C60H94 

O4: C, 81.95; H, 11.09. Found: C, 81.81; H, 10.94. 

 

Synthesis of 2-((4((1S,4R)-bicyclo[2.2.1.]heptane-2-yl)methoxy)-2,5-bis(4-

undecyloxy) styryl)phenoxy)methyl)bicyclo[2.2.1]heptane (OPV-HC-NB): 3g 

(0.2 g, 0.32 mmol) was reacted with 4k (0.2 g, 0.70 mmol)  as described for OPV-

C1-C1. Yield = (42 %). 
1
H NMR (CDCl3, 400 MHz), δ: 7.43 ppm (d, 4H, Ar-H), 

7.30 ppm (d, 2H, CH=CH), 7.05 ppm (s, 2H, Ar-H), 7.07 ppm (d, 2H, CH=CH), 

6.88 ppm (d, 4H, Ar-H), 4.03 ppm and 3.89 -3.72 ppm (m, 4H, OCH2-NB), 3.96 

ppm (t, 4H, OCH2), 0.8- 2.5 ppm (m, 64H, aliphatic and cyclic-H).
 13

C-NMR 

(CDCl3,100MHz) δ: 158.7, 151.2, 130.7, 127.7, 126.9, 121.5, 114.7, 110.9, 110.7, 

73.6, 71.6,  68.2, 41.9, 39.5, 38.8, 36.3, 34.5, 32.0, 29.9, 29.4, 26.1, 22.8 and 14 

ppm. FT-IR (KBr, cm
-1

): 2922, 2855, 1603, 1509, 1467, 1420, 1390, 1294, 1246, 

1201, 1173, 1111, 1025, 962, 925, 845, 816 and 722. MALDI-TOF-TOF-MS (MW = 

879.39): m/z = 878.71. MALDI-TOF-TOF-MS (MW = 871.35): m/z = 870.79. Anal. 

Calcd for C60H86 O4: C, 82.71; H, 9.95. Found: C, 82.68; H, 10.05. 

 

Synthesis of 4,4’-(1E,1’E)-2,2’-(2,5-bis(undecyloxy-1,4-phenylene)bis(ethane-

2,1-diyl)bis((4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11-heptadecaundecyloxybenzene): 

(OPV-FC-C11): 3e (0.2 g, 0.33 mmol) was reacted with 4-(4,4,5,5,6,6,7, 

7,8,8,9,9,10,10,11,11,11-heptadecafluoroundecyloxy)benzaldehyde (0.4 g, 0.69 

mmol)  as described for OPV-C1-C1. Yield = (47 %). 
1
H NMR (CDCl3, 400 MHz), 

δ: 7.46 ppm (d, 4H, Ar-H), 7.34 ppm (d, 2H, CH=CH), 7.09 ppm (s, 2H, Ar-H), 

7.08 ppm (d, 2H, CH=CH), 6.88 ppm (d, 4H, Ar-H), 4.05 ppm (m, 8H, OCH2), 2.4 

-1.0 ppm (m, 44H, aliphatic-H) and 0.87 ppm (t, 6H, CH3). 
13

C-NMR 

(CDCl3,100MHz): 127.7, 121.4, 114.6, 69.6, 66.3, 34.8, 31.9, 29.6, 29.5, 29.4, 29.3, 



                                                     

   

                                                                                                               Chapter4 

 

                                                              183 

 

26.2, 22.6, 20.6 and 14.0 ppm.
 19

F NMR (CDCl3) : -80.6 (3F), -114.2 (2F), -121.6 

(2F), -121.8 (4F), -122.6 (2F), -123.3 (2F) and -125.9 ppm (2F).  FT-IR (KBr, cm
-1

): 

2922, 2852, 1602, 1510, 1466, 1420, 1374, 1332, 1292, 1240, 1198, 1141, 1054, 

1026, 967, 850, 818 and 655. MALDI-TOF-TOF-MS (MW = 1575.22): m/z = 

1573.90.  

 

Synthesis of 4,4’-(1E, 1’E)-2,2’-(2,5-bis(octyloxy)-1,4-phenylene)bis (ethene-2,1-

diyl) bis((4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-heptadecafluoroundecyloxy 

benzene) (OPV-FC-C8): 3d (0.3 g, 0.50 mmol) was reacted with 4-

(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-heptadecafluoroundecyloxy)benzaldehyde 

(0.6 g, 1.05 mmol)  as described for OPV-C1-C1. Yield = (53 %). 
1
H NMR 

(CDCl3, 400 MHz) δ: 7.43 ppm (d, 4H, Ar-H), 7.30 ppm (d, 2H, CH=CH), 7.07 

ppm (s, 2H, Ar-H), 7.03 ppm (d, 2H, CH=CH), 6.87 ppm (d, 4H, Ar-H), 4.02 ppm 

(t, 4H, OCH2), 3.95  ppm (t, 4H, OCH2), 2.0-1.2 ppm (m, 32H, aliphatic-H) and 

0.87 ppm (t, 6H, CH3). 
19

F NMR (CDCl3) : -80.6 (3F), -114.28 (2F), -121.63 (2F), -

121.84 (4F), -122.64 (2F), -123.35 (2F) and -126.02 ppm (2F). FT-IR (KBr, cm
-1

): 

2925, 2857, 1603, 1509, 1463, 1420, 1379, 1333, 1293, 1240, 1142, 1027, 968, 851, 

819, 706 and 657. MALDI-TOF-TOF-MS (MW = 1491.06): m/z = 1490.46.  

 

Synthesis of 4,4’-(1E,1’E)-2,2’-(2,5-bis(2-ethylhexyloxy-1,4-phenylene)bis 

(ethane-2,1-diyl)bis((4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11-heptadeca undecyloxy) 

benzene)(OPV-FC-EH): 3f (0.2 g, 0.33 mmol) was reacted with 4-

(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-heptadecafluoroundecyloxy) benzaldehyde 

(0.4 g, 0.69 mmol)  as described for OPV-C1-C1. Yield = (40 %). 
1
H NMR 

(CDCl3, 400 MHz), δ: 7.44 ppm (d, 4H, Ar-H), 7.35 ppm (d, 2H, CH=CH), 7.09 

ppm (s, 2H, Ar-H), 7.08 ppm (d, 2H, CH=CH), 6.88 ppm (d, 4H, Ar-H), 4.02  ppm 

(t, 4H,OCH2CH2), 3.92 ppm (d, 4H,OCH2CH) 2.2-0.8 ppm (m, 32H, aliphatic-H) 

and 0.89 ppm (t, 6H, CH3). 
13

C-NMR (CDCl3,100MHz):  150.8, 150.9, 131.2, 127.9, 

127.6, 126.7, 121.6, 114.6, 110.0, 71.7, 66.3, 39.7, 30.9, 29.2, 28.0, 24.2, 23.1, 20.5, 

14.1 and 11.3 ppm. 
 19

F NMR (CDCl3): -80.6 (3F), -114.2 (2F), -121.6 (2F), -121.8 

(4F), -122.6 (2F), -123.2 (2F) and -125.9 ppm (2F).  FT-IR (KBr, cm
-1

): 2959, 2929, 

2866, 1603, 1511, 1462, 1422, 1377, 1333, 1238, 1240, 1196, 1142, 1028, 966, 933, 

847, 816, 774, 729, 703, 657 and 583. MALDI-TOF-TOF-MS (MW = 1491.06): m/z 

= 1490.32.  

 

Synthesis of (1S,4R)- 2-((4-(2-bicyclo[2.2.1.]heptane-2-yl)ethyl)-2,5-bis(4-

(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-heptadecafluoroundecyloxy styryl) 

phenoxy)methyl) bicyclo[2.2.1]heptane (OPV-FC-NB): 3g (0.2 g, 0.32 mmol) was  

reacted with 4-(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-heptadecafluoroundecyloxy) 
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benzaldehyde (0.4 g, 0.70 mmol)  as described for OPV-C1-C1. Yield = (5 %). 
1
H 

NMR (CDCl3, 400 MHz), δ: 7.45 ppm (d, 4H, Ar-H), 7.31 ppm (d, 2H, CH=CH), 

7.08 ppm (d, 2H, CH=CH), 7.05 ppm (s, 2H, Ar-H), 6.88 ppm (d, 4H, Ar-H), 4.06  

ppm (t, 4H, OCH2CH2), 4.0 -3.6 ppm (m, 4H,OCH2CH) and 2.5-0.8 ppm (m, 30H, 

cyclic-H).
 13

C-NMR (CDCl3,100MHz):  131.4, 127.8, 114.7, 101.3, 66.4, 41.9, 38.8, 

35.5, 34.4, 28.9, 25.1 and 20.7 ppm. 
 19

F NMR (CDCl3): -80.6 (3F), -114.2 (2F), -

121.6 (2F), -121.8 (4F), -122.6 (2F), -123.3 (2F) and -126.1 ppm (2F). FT-IR (KBr, 

cm
-1

): 2951, 1603, 1509, 1201, 1145, 1026, 970, 841 and 657. MALDI-TOF-TOF-

MS (MW = 1483.00): m/z = 1482.48.  

 

Synthesis of 4,4’-(1E,1’E)-2,2’-(2,5-dimethoxy-1,4-phenylene)bis(ethane-2,1-

diyl)bis((4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11-heptadecaundecyloxy)benzene) 

(OPV-FC-C1): 3b (0.4 g, 1.00 mmol)  was reacted with 4-(4,4,5,5,6,6,7,7,8,8,9,9, 

10,10,11,11,11-heptadecafluoroundecyloxy)benzaldehyde (1.2 g, 2.20 mmol)  as 

described for OPV-C1-C1. Yield = (10 %). 
1
H NMR (CDCl3, 400 MHz), δ: 7.49 

ppm (d, 4H, Ar-H), 7.35 ppm (d, 2H, CH=CH), 7.11 ppm (s, 2H, Ar-H), 7.08 ppm 

(d, 2H, CH=CH), 6.85 ppm (d, 4H, Ar-H), 4.07 ppm (t, 4H, Ar-OCH2-alkyl), 3.92 

ppm (s, 6H, Ar-OCH3), 2.45 ppm (m, 4H, O-CH2-CH2) and 2.11 ppm (m, 4H, O-

CH2-CH2-CH2).
 19

F NMR (CDCl3): -80.6 (3F), -114.2 (2F), -121.6 (2F), -121.8 (4F), 

-122.6 (2F), -123.3 (2F) and -126.1 ppm (2F). FT-IR (KBr, cm
-1

): 1602, 1509, 1461, 

1413, 1377, 1332, 1294, 1241, 1199, 1142, 1026, 966, 849, 818, 702, 654, and 592. 

MALDI-TOF-TOF-MS (MW = 1294.69): m/z = 1293.99.  

 

Synthesis of OPV-FC-TCD: 3a (0.5 g, 0.66 mmol) was reacted with 4-

(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-heptadecafluoroundecyloxy)benzaldehyde 

(0.8 g, 1.32 mmol) as described for OPV-C1-C1. The product was purified by 

passing though a silica gel column using 1% ethyl acetate in hexane as eluent. Yield 

= (25 %). 
1
H NMR (CDCl3, 400 MHz), δ: 7.46 ppm (d, 4H, Ar-H), 7.31 ppm (d, 2H, 

CH=CH), 7.15 ppm (d, 2H, CH=CH), 7.05 (s, 2H, Ar-H),  6.89 ppm (d, 4H, Ar-H), 

4.06 ppm (m, 4H, OCH2-CH2), 3.83 -3.75 ppm (m, 4H, OCH2-TCD) and 2.4 -1.0 

ppm (m, 38H, Cyclic and aliphatic-H). 
19

F NMR (CDCl3): -80.6 (3F), -114.3 (2F), -

121.6 (2F), -121.8 (4F), -122.6 (2F), -123.3 (2F) and -126.0 ppm (2F). FT-IR (KBr, 

cm
-1

): 2948, 2869, 1605, 1510, 1480, 1455, 1383, 1371, 1331, 1289, 1224, 1199, 

1173, 1115, 1057, 1028, 971, 847, 819, 803, 747, 721, 703, 655, 622, 575 and 557. 

MALDI-TOF-TOF-MS (MW = 1563.13): m/z = 1562.25. 
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4.3. Results and Discussion 

4.3.1. Synthesis and structure characterisation of OPVs 

Two series of OPVs consisting of hydrocarbon and fluorocarbon tails were 

synthesized by multi-step reactions as shown in scheme 4.1. The OPVs were referred 

as OPV-HC-Cx or OPV-FC-Cx, in which HC and FC stand for hydrocarbon and 

fluorocarbon tails, respectively. Cx =C1, C8 or C11 represented the number of 

carbon atoms present in the linear chains as methyl, n-octyl and n-undecyl units. 2-

Ethylhexyl and norbornane methyl are referred to as EH and NB instead of Cx. 

 

Scheme 4.1. Synthesis of hydrocarbon and fluorocarbon tailed OPVs 

 

The structures of all the OPVs have been shown in figure 4.6. The terminal 

alkyl tails were kept same in all the OPVs, but the middle pendent group is varied 

from methoxy, linear octyloxy, undecyloxy, cyclic norbornane, tricyclodecane and 
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branched ethyl hexyl pendents. Similarly, in the hydrocarbon tail OPVs, the fluorine 

atoms in the fluorocarbon tails were replaced with hydrogen atoms to give rise to a 

completly hydrocarbon tail, but the OPVs differ from each other in having diffrent 

middle pendent groups. 

 

Figure 4.6. Chemical structures of  fluorocarbon and hydrocarbon tailed OPVs. 

 

The OPVs were characterised by 
1
H, 

13
C and 

19
F NMR analysis. Figure 4.7a. 

and 4.7b. shows the 
1
H, and 

19
F-NMR  spectra of a representative fluorocarbon tailed 

molecule (OPV-FC-C11).  Similarly, figure 4.7c. and 4.7d. shows the 
1
H, and 

13
C-

NMR spectra of its corresponding hydrocarbon tailed molecule (OPV-HC-C11).  The 

insets showed the expanded proton spectra of the aromatic regions. The peaks at 7.45 

ppm and 6.89 ppm corresponded to aromatic phenylene protons. The doublets at 7.30 

ppm and 7.11 ppm belonged to vinylene protons. The protons in the middle aromatic 

ring appeared as a singlet at 7.11 ppm. The peak pattern for the aromatic region was 

found to be the same in case of hydrocarbon and fluorocarbon OPVs. A comparison 
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of alkoxy protons in HC and FC-OPVs in figure 4.7.a and 4.7.c. revealed that in the 

case of HC-OPVs, the alkoxy protons appeared as two well resolved triplets at 3.9 

ppm and 4.1 ppm belonging to Ar-OCH2-alkyl protons. However, in the case of FC-

OPVs, the two alkoxy proton triplets merged to give rise to a  multiplet. The peaks 

for all other protons appeared below 3.75 ppm.
 13

C-NMR spectrum of the OPV-HC-

C11 was used to characterise the carbon atoms in HC-OPVs , but  
13

 C-NMR 

spectrum for FC-OPVs were poorly resolved and hence further characterisation was 

done using 
19

F- NMR spectrum. The three terminal fluorine atoms appeared at -80.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7. 
1
H-NMR spectrum of OPV-FC-C11 (a) 

19
F-NMR spectrum of OPV-FC-

C11 (b) 
1
H-NMR spectrum of OPV-HC-C11 (c) 

13
C-NMR spectrum of OPV-HC-C11. 
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Similarly, all the fluorine atoms belonging to other carbon atoms appered at  -114.2 

(2F), -121.6 (2F), -121.8 (4F), -122.6 (2F), -123.3 (2F) and -126.1 ppm (2F), 

respectively. All the other HC and FC OPVs followed the same peak patterns in their 

1
H, 

13
C and 

19
F NMR spectra and the detailed analysis for other OPVs have been 

given in the experimental section.  

GPC Chromatograms of hydrocarbon and fluorocarbon tail OPVs have been 

shown in figure 4.8. All the chromatograms showed a single peak confirming high 

purity of these samples. The molecular weight of  fluorocarbon tail OPVs was higher 

than their corresponding hydrocarbon tail OPVs because of which the fluorocarbon 

tail OPVs eluted faster than HC-OPVs. The TGA profiles for the hydrocarbon as 

well as fluorocarbon OPVs have been shown in figure 4.8c and 4.8d, respectively. 

Thermo gravimetric analysis revealed that both fluorocarbon and hydrocarbon OPVs 

were stable at high temperatures up to 300 
ο
C. 

 

Figure 4.8. GPC chromatograms of fluorocarbon tailed OPVs (a) and of 

hydrocarbon tailed OPVs in tetrahydrofuran at 25 C (b). TGA profiles of 

fluorocarbon tailed OPVs (c) and of hydrocarbon tailed OPVs (d). 
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4.3.2. Thermal Properties 

Thermal transitions in OPVs were studied by differential scanning 

calorimetry (DSC). The DSC profiles at 10
o 

min
-1

 heating and cooling rates have 

been shown in figure 4.9. OPVs with fluorocarbon tails showed two thermal 

transitions in heating and cooling cycles suggesting their thermotropic LC nature 

(see figure 4.9.a and b). OPV-FC-C1 showed two transitions at 210.5 °C and 

153.6 °C in the cooling cycle for the isotropic-to-LC and LC-to-crystalline phase 

transitions, respectively. In the subsequent heating cycle, these two transitions 

appeared at 182.4 °C and 212.0 °C with respect to crystal-to-LC and LC-to-isotropic 

phase changes. The change in the chain length or cyclic nature of middle alkoxy unit 

(from C1 to C11, C8 or NB) decreased the LC-transition window by almost 60 to 80 

C in the case of FC-OPVs. Among the three C8 carbon atom pendants, the OPVs 

having branched side chain unit ethylhexyl was found to show only a single 

transition in the heating and cooling cycles as similar to crystalline solids. OPV-FC- 

 

Figure 4.9. DSC thermograms of fluorocarbon OPVs in cooling cycle (a), in heating 

cycle (b) and of hydrocarbon OPVs in cooling cycle (c), in heating cycle (d) 

recorded at 10 /min heating/cooling rates. 
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TCD did not show two transitons in the DSC profile, but its smectic LC nature was 

confirmed by PLM analysis and is discussed later in this chapter. The peak transition 

temperatures and their enthalpies for fluorocarbon OPVs in both heating and cooling 

cycles have been summarized in Table 4.1. 

 

 Table 4.1. DSC thermal data of FC tail OPVs at 10/min heating/cooling Rate.  

 

(a)Tm1 is temperature for crystal to LC phase change measured in °C. (b)Tm2 is 

temperature for LC to Isotropic phase change measured in °C. (c) ∆Hm1 is the 

enthalpy change for crystal to LC phase change in kJ/mol. (d) ∆Hm2 is the enthalpy 

change for LC to Isotropic phase change in kJ/mol.(e) Tc1 is temperature for 

isotropic to LC phase change measured in °C.(f) Tc2 is temperature for LC to crystal 

phase change measured in °C. (g) ∆Hc1 is the enthalpy changes for isotropic to LC 

phase change in kJ/mol. (h) ∆Hc2   is the enthalpy change during LC to crystal phase 

change in kJ/mol. (i) Td is the thermal decomposition temperature measured in °C. 

The DSC thermograms of the hydrocarbon OPV series showed completely 

different types of LC trends compared to that of the fluorocarbon tailed OPVs. Three 

transitions were found in OPV-HC-C11 and all these transitions were completely 

reversible in the subsequent heating cycles. OPV-HC-NB showed two thermal 

transitions in heating cycle, however, the second transition (LC-to-crys) was found to  

be very weak in the cooling cycle. Similarly, OPV-HC-C1 was also found to show 

only predominant isotropic-to-LC transition (at 100 °C) and LC-to- isotropic (at 

113 °C) in the cooling and heating cycles, respectively (the LC properties of these 

compounds were confirmed by PLM studies). OPV-HC-EH (also OPV-HC-C8) was 

a crystalline solid similar to its fluorocarbon counterpart OPV-FC-EH. DSC analysis 

 Heating Cycle Cooling Cycle  

FC-OPVs Tm1
a
 Tm2

b
 ∆Hm1

c
 

 

∆Hm2
 d

 

 

Tc1
e
 Tc2

f
 ∆Hc1

g
 

 

∆Hc2
h

 

 

Td
 i
 

OPV-FC-NB 147.8 163.9 9.6 0.6 151.1 118.8 1.8 17.6 363.9 

OPV-FC-C1 182.4 211.9 59.6 5.1 210.4 153.7 5.4 56.7 350.1 

OPV-FC- C11 136.7 148.3 67.6 1.2 142.1 111.6 6.6 68.7 331.4 

OPV-FC- EH - 134.9 - 78.4 111.9 - 67.1 - 368.9 

OPV-FC- C8 144.1 152.6 84.6 3.7 146.4 121.4 7.2 63.3 349.4 

OPV-FC- TCD - 180.7 - - 179.9 - - - 360.2 
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suggested that branched side chains (ethylhexyl unit) in OPVs hindered the packing 

of chromophores and restricted the formation of LC mesophases. The peak transition 

temperatures and their enthalpies for hydrocarbon OPVs in both heating and cooling 

cycles are summarized in Table 4.2. The comparison of the enthalpies of thermal  

 

 Table 4.2. DSC thermal data of HC tail OPVs at 10/min heating/cooling Rate 

 

* A small crystal to crystal transition was observed at Tc3 = -10 °C. # A small crystal 

to crystal transition was observed at ∆Hc3 =7.2 kJ mol
-1

. 

(a)Tm1 is temperature for crystal to crystal phase change measured in °C. (b) Tm2 is 

temperature for Cry to LC phase change measured in °C. (c)Tm3 is temperature for 

LC to Isotropic phase change measured in °C. (d) ∆Hm1 is the enthalpy change for 

crystal to crystal phase change in kJ/mol.(e) ∆Hm2 is the enthalpy change during 

crystal to LC phase change in kJ/mol. (f) ∆Hm3 is the enthalpy change during LC to 

Isotropic phase change in kJ/mol. (g) Tc1 is temperature for isotropic to LC phase 

change measured in °C. (h) Tc2 is temperature for LC to crystal phase change 

measured in °C. (i) Tc3 is temperature for crystal to crystal phase change measured 

in °C. (j) ∆Hc1 is the enthalpy changes during isotropic to LC phase change 

measured in kJ/mol.(k) ∆Hc2  is the enthalpy change during LC to crystal phase 

change measured in kJ/mol.(l) ∆Hc3  is the enthalpy change during crystal to crystal 

phase change measured in kJ/mol  

transitions (see table 4.1 ,4.2) and the peak intensities in figure 4.9 indicated that all 

the fluorocarbon OPVs, in general, underwent less energetic crystallization process 

initially (isotropic-to-LC) followed by larger crystallization during LC-to-crystalline 

phase. Unlike in the fluorocarbon tailed OPVs, the HC -OPV series was 

 Heating Cycle Cooling Cycle  

HC-OPVs Tm2
a
 Tm3

b
 ∆Hm2

c
 

 

∆Hm3
 d

 

 

Tc1
e
 Tc2

f
 ∆Hc1

g
 

 

∆Hc2
h

 

 

Td 

OPV-HC-NB 111.2 123.4 30.3 21.1 90.8 77.6 46.0 0.17 388.5 

OPV-HC-C1  111.9  90.9 99.8 52.8 87.0 0.75 313.9 

OPV-HC- C11 71.05 86.8 10.4 71.2 74.3 25.4
*
 45.7 10.86

#
 404.1 

OPV-HC- EH  101.1  86.3 91.1  84.7 - 370.9 

OPV-HC- C8 79.8 89.8 35.6 66.5 74.4  85.5 - 374.6 

OPV-HC- 

TCD 
13.5 161.0 1.3 42.2 108.6 0.5 44.2 0.17 388.1 
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characterized by a strong isotropic-to-LC phase transition followed by weak LC-to-

crystalline phase. This suggested that the nature of the flexible tail attached in the 

longitudinal position of OPVs dictated the types of crystal packing while cooling 

from isotropic molten state.  

 

 

 

 

 

 

 

 

 

Figure 4.10. (a) Plot of enthalpy of melting against the type of pendent groups. (b) 

Plot of enthalpy of crystallization against the type of pendent groups.  

 

In order to understand the role of the pendant groups on the packing of the 

OPV chromophores, the enthalpies of melting and crystallization transitions were 

plotted against the type of pendent groups (see Figure 4.10). Among the hydrocarbon 

OPV series, the enthalpies of melting (or crystallization) of OPVs followed the 

order: NB ≈ TCD < C1 = EH < C8 = C11 . The enthalpies of the transitions in 

fluorocarbon tailed OPVs followed the trend: NB < C11 <C8 = C1 = EH = TCD, 

which was almost similar to that of the hydrocarbon tailed series. The enthalpies 

(H) of the transitions were directly associated with the packing of the 

chromophores, and therefore based on their values in the tables (4.1 and 4.2) and 

figure 4.9, it may be concluded that the hydrocarbon tails produced high crystalline 

samples compared to that of the fluorocarbon tails. Further, the OPVs with alkyl 

chains substitution in the middle core (methoxy, undecyloxy, and octyloxy) have 

much higher enthalpy values than their cycloaliphatic systems (NB). It suggested 

that though the cycloaliphatic system was capable of inducing LC-mesophase in 

OPVs, the chromophore packing was relatively weak compared to their linear chain 

analogues.
7-14
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4.3.3. Polarised Light Microscopic Analysis 

The temperature dependent LC textures of the OPVs were studied by PLM 

analysis with a programmable hot stage. The LC textures of OPV-FC-C11 have been  

shown in figure 4.11. The nucleation of the OPV-FC-C11 from isotropic phase 

appeared as smectic batonnets (at 147 C)  which subsequently grew both in lateral 

and longitudinal directions as smectic A (SmA) type images (at 145 C). On further 

cooling (or holding at this temperature isothermally), the morphology transformed 

into fan-shaped smectic-C (SmC) LC mesophases (see image at 140 C).
46

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11. PLM images of OPV-FC-C11 at 10/min in cooling cycle. 

 

The nucleation and subsequent growth patterns for OPV-FC-C1, OPV-FC-C8 

and, OPV-FC-NB have been shown in the figure 4.12. All the OPVs showed similar 

nucleation and growth patterns as observed for OPV-FC-C11. The nucleation of the 

OPV-FC-C1 from isotropic phase appeared at 207 C, and  the transition to smectic 

phase occured at 198 C. Similary, OPV-FC-C8 and  OPV-FC-NB exhibited smectic 

batonnets at 155 C and 173 C,  respectively. The nucleation and crystal growth 

patterns of all the fluorinated molecules were found to be almost identical. The slight 

differences in the orientation of the crystalline vectors in the smectic phases and 

variation in the optical birefringence among fluorinated OPVs were attributed to 
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their difference in the pendant units attached in the central aromatic ring. Thus, the 

formations of identical SmC LC mesophases irrespective of the pendent groups 

attached in the middle aromatic core suggested that the molecular self-assembly was 

predominately directed by the fluorocarbon tail rather than pendent units.  

 

Figure 4.12. PLM images of nucleation and subsequent growth for OPV-FC-C1 (a) 

OPV-FC-C8 (b) and  OPV-FC-NB(c) at 10/min.  

 

In contrast, the nucleation and growth patterns of HC-OPVs were completly 

different from FC-OPVs. The PLM images for hydrocarbon OPVs have been shown 

in figure 4.13. OPV-HC-C1 exhibited spherical droplets as nucleating sites, these 

droplets quickly impinged on neighboring droplets to give rise to Schlieren nematic 

liquid crystalline textures. The detailed temperature dependent LC textures for OPV-

HC- C1 have already been explained in the chapter-3. Figure 4.13. shows the detailed 

temperature dependent PLM images for OPV-HC-C11. The shape and nature of the 

nuclei in OPV-HC-C11 was very much different from oily droplets and the oval-

shaped nuclei resulted in the formation of a leaf-like LC texture at 70
ο
 to 65C. The 

nuclei in OPV-HC-C11 had almost identical aspect ratio (length/width) = 2.3 (see 

image at 77 C) and the growth of these oval shaped nuclei resulted in the formation 

of leaf like LC texture at 70 to 65 C. On subsequent cooling below 60 C in the LC 

active temperature window, these leaf like textures transformed into well  ordered 
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two-dimensional lamellar textures (see  image at 42 C). This lamellar texture 

persisted at 25 C for more than two days. The comparison of the LC textures with 

DSC temperature profile (see Figure 4.9c. and 4.9d) suggested that the morphology 

transformation from leaf to lamellar ordering actually occurred in the LC active 

temperature window. 

 

Figure 4.13. Temperature dependent PLM profile of OPV-HC-C11. 

The nucleation and crystal growth patterns of other HC-OPVs have been shown in  

figure 4.14. OPV-HC-C1 exhibited spherical droplets as nucleating sites and gave 

 

Figure 4.14. PLM images of nucleation and subsequent growth forOPV-HC-C1 (a) , 

OPV-HC-C8 (b) and OPV-HC-NB (c) at 10/min.  
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rise to schlieren nematic liquid crystalline textures. OPV-HC-NB and  OPV-HC-C8 

showed leaf-like nucleation at 94 C and 75 C, which quickly grew to produce 

flower paddle-like textures. These textures were stable and  remained unchanged 

until room temperature. The LC patterns for these samples at room temperature are 

shown in the figure 4.14. OPV-HC-EH did not show any LC characteristic textures 

and their images were found to be similar to crystalline solids.  

 

 

 

 

 

 

 

 

 

Figure 4.15. PLM images of OPV-HC-TCD and OPV-FC-TCD at 10/min  

 

A comparison of nucleation and LC growth patterns of TCD substituted 

fluorocarbon and hydrocarbon OPV has been shown in the figure 4.15. OPV-HC-

TCD exhibited ring banded nucleation and gave rise to ring banded LC mesophases. 

In contrast, OPV-FC -TCD appeared as smectic batonnets from isotropic phase (at 

186 C)  which subsequently grew both in lateral and longitudinal directions as 

smectic type images (at 185 C). The PLM images exhibited by OPV-FC-TCD were 

similar to its other fluorocarbon counterparts, but the LC  window was found to be 

very small (≈ 1-2 C). Two important points could be derived from the LC textures: 

(i) in hydrocarbon tailed OPVs, both pendent geometry and their length in the middle 

aromatic core determined the molecular self-organization rather than the flexible tail 

in the longitudinal position and (ii) in fluorocarbon tailed OPVs, the stiff and rigid 

nature of tail dominated the self-organization and the nature of pendants had less 

influence.  
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 4.3.4.Variable temperature XRD Analysis 

Fluorocarbon-tailed OPVs in smectic LC phases were subjected to variable 

temperature powder X-ray diffraction. The X-ray diffraction patterns of OPV-FC- 

C11 in the respective LC temperature range are shown in Figure 4.16a. Upon cooling 

from isotropic melt, in the LC active temperature range (at 150 
ο 

C), the sample 

showed very broad signals which confirmed their liquid crystalline nature. Upon 

further cooling, intense crystalline peaks appeared in the wide-angle region in a 

regular periodic fashion corresponding to layer like packing (see Figure 4.16a). To 

determine smectic layer thickness and the optical tilt angle of mesophases, 

 

 

Figure 4.16. Variable-temperature wide-angle X-ray patterns (a), 2D electron- 

density diagram (b) and small-angle X-ray diffraction patterns (c) of OPV-FC-C11. A 

mesogen packing model describing the SmA to SmC transformation (d). 
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OPV-FC-C11 was further subjected to variable-temperature small-angle X-ray 

diffraction analysis. The two-dimensional electron density diagram at 40 
ο
C (see 

figure 4.16b) and the small angle analysis at 150, 125, 100 and 40 
ο
C are shown in 

figure 4.16.c. In figure 4.16c, the fundamental peak corresponding to the 001 lattice 

was observed at 2 θ = 2.52
ο
 (dA = 35.01 Å, at 150 

ο
C). At 125

ο
C, the peak was shifted 

to 2θ = 2.80 (dc spacing = 31.51 Å), which indicated that the molecules underwent a 

transition from SmA to a more ordered SmC phase. Upon further cooling, the peak 

position did not change much, which confirmed the formation of stable layer-like 

arrangements. According to the classic rigid-rod model, the SmA-to-SmC phase 

transition is accompanied by a contraction of the layer spacing d that scales with the 

cosine of the tilt angle θ (see Figure 4.16d).
46, 47-49

 Comparing the SmC and SmA 

layer spacing, the tilt angle of the molecules in the SmC mesophase was calculated 

as θ=cos
-1

dC/dA, with dC and dA being the layer thickness in the SmC and SmA 

phases. The phase transition was accompanied by 11% reduction in the interlayer 

shrinkage ((dA-dC)/dA) ×100) which is typically observed in a SmA to SmC 

transition. The tilt angle was calculated as θ = 25.18
ο
, which was in accordance to 

the range of θ ( 25 to 35
ο
) typically reported in earlier examples.

7-14
 This confirmed 

that the peak shift in the small angle patterns is corresponding to the phase transition 

from SmA to SmC. Based on the 001 fundamental peak at 2θ = 2.52 (dA = 35.01 Å, 

in small angle diffraction), the wide angle XRD patterns peaks were assigned for 

002, 003···007 layers, respectively (see Figure 4.16a.).  

The detailed variable temperature XRD patterns of other fluorocarbon tail 

OPVs exhibited similar regular periodicity in diffraction peaks corresponding to 

equidistant planes formed in their respective smectic LC windows. The peaks were 

indexed in series as 001, 002, 003, 004, 005 and 006 corresponding to smectic layer 

planes. The X-ray diffraction pattern for OPV-FC-C1 could not be recorded due to 

experimental difficulties. Based on the above analysis, it may be summarized that all 

the fluorocarbon- tailed OPV mesogens arranged in two-dimensional layers (as H-

type organization) leading to the formation of SmA textures, which transformed into 

a SmC mesophase at lower temperature.  
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The single-crystal X-ray analysis for OPV-HC-C11 and OPV-HC-C1 has been 

explained in the previous chapter. Single crystal X-ray structures were determined 

for the crystals (in the solid state) that were grown by using solvent-assisted 

processes. On the other hand, liquid-crystalline mesophases were obtained by 

molecular self-assembly under a solvent- free crystallization process (in the solid 

state). Therefore, it is very important to establish correlation between the single 

crystal X-ray structures with those crystal lattices generated in the LC phases. To 

identify the liquid crystalline crystal lattices, the OPVs were subjected to variable 

temperature wide-angle powder X-ray diffraction analysis. Variable-temperature 

wide-angle XRD patterns for OPV-HC-C11 are shown in Figure 4.17a. The sample 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17. a) Variable-temperature powder X-ray diffraction patterns of OPV-HC-

C11 (b) Simulated X-ray diffraction pattern for OPV-HC-C11 based on the single-

crystal data. c) PLM images of OPV-HC-C11 captured while cooling from isotropic 

(molten state). 

was completely melted at 110 
ο
C. Upon cooling from isotropic melt, in the LC active 

temperature range (at 90 
ο 

C), the sample showed very broad signals which 

confirmed their liquid crystalline nature. Upon further cooling crystalline peaks 
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started to appear at 80 
ο
C. These peaks became sharp and intense at 70 

ο
C. The 

intense peaks were found at 2 θ = 8.2 (d=10.76 Å, two close peaks), 10.2, 11.6, 17.6, 

20.1, 23.5 and 25.7
ο
. At much lower temperatures 60–40 

ο
C, the two close peaks at 

2θ = 8.2 to 5.6
ο
 were completely shifted to the low-angle region at 2θ = 5.6 (d = 

16.04 Å) and 5.98 (d = 15.4 Å) without affecting other peaks in the region from 2θ = 

10–25
O
. The comparison of PLM images at 81, 57 and 45 

ο
C along with the X-ray 

diffraction  pattern revealed that the shift in the low-angle peaks from 2θ = 8.2 to 

5.6
ο
 were due to higher order the lamellar textures. Powder X-ray diffraction patterns 

were computationally simulated based on single-crystal structure (for OPV-HC-C11) 

and plotted along with experimental XRD patterns in Figure 4.17b.
50-51

 The miller 

index values for each peak in the simulated XRD plot matched very well with that of 

the variable temperature experimental plots. This confirmed that the crystalline 

lattices in the single crystal were identical to those present in the LC-phases. The 

comparison of the PLM images and WXRD analysis suggested that the peaks at 2θ = 

5.6
ο 

were corresponding to the 001 fundamental lamellae layer in the lamellar LC 

textures of OPV-HC-C11 (see PLM picture at 45 
ο
C). This further proved that the 

formation of the 001 fundamental peak in the XRD pattern of LC texture 

corresponded to the layer arrangements of OPV-HC-C11 as seen in figure 4.13.  

Similarly, OPV-HC-C1 was also subjected to XRD analysis. The single 

crystal powder pattern, variable temperature XRD pattern and corresponding PLM 

images showing nucleation and formation of nematic textures for OPV- HC-C1 have 

been shown in figure 4.18. Upon cooling from the isotropic melt corresponding to 

nematic  liquid crystalline window broad signal in the small angle region  which 

confirmed the LC nature of the sample. Upon further cooling, intense crystalline 

peaks appeared in the wide-angle region corresponding to appearance of crystalline 

phases. (see Figure 4.18a). The peaks in variable temperature XRD were indexed 

using simulated powder pattern from its single crystal structure. The planes 001, 01-

1, and 02-1 could be exactly assigned in the wide angle X-ray pattern establishing 

correlation between the single crystal structure and LC mesophase ordering. 

However, no sharp peaks in the low-angle regions were observed below 2 θ < 10
ο 

for 
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self-organized structures. The variable temperature XRD patterns of other 

hydrocarbon tail OPVs (OPV-HC-NB, OPV-HC-C11, OPV-HC-C8) showed similar 

peak patterns in low angle and wide angle regions suggesting similar lamellar self- 

organization. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.18. a) Variable-temperature powder X-ray diffraction patterns of OPV-HC-

C1. b) Simulated X-ray diffraction pattern for OPV-HC-C1 based on the single crystal 

data. c) PLM images of OPV-HC-C1 captured while cooling from isotropic (molten 

state). 

 

The perfect matching of single-crystal structural data with the powder XRD 

proved that the crystal lattices in the LC phases were organized through strong CH/π 

interactions while cooling from isotropic melt. Therefore, for the first time, such 

good correlation between the single-crystal structure and LC mesophase ordering has 

been established in π- conjugated skeletons. An important feature of all these LC 

compounds was that the LC morphologies were observed only at high temperatures 

and therefore these are high temperature liquid crystalline materials. 
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4.3.5. Photophysical Analysis  

Both hydrocarbon and fluorocarbon-tailed OPVs were subjected to 

photophysical studies in solution (toluene) and in the LC frozen films. The 

absorbance, excitation and emission spectra of OPVs in solution state have been 

shown in figure 4.19. The absorption, emission and excitation spectra were found to 

be almost identical, which suggested that the chromophores did not possess any 

intermolecular ordering in solution state.  

 

Figure 4.19. Absorption (a), excitation (b) and emission (c) spectra of hydrocarbon 

tailed OPVs in toluene recorded at 25
ο
C. Absorption (d), excitation (e) and emission 

(f) spectra of fluorocarbon tailed OPVs in toluene recorded at 25
ο
C.  
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The quantum yields of the samples were determined by using quinine sulfate as the 

reference. The quantum yields of the OPV samples lie in the range between 0.40– 

0.50 and these values matched with earlier reports.
29-31,52

 Table 4.3 summarises the 

absorption, steady state fluorescence and lifetime data obtained for OPV samples in 

toluene.  

 

Table 4.3. Photophysical measurements of  OPV samples in toluene. 

  

(a)Measured in toluene for 0.1 O.D. solution at 25 C. (b)Measured in toluene for 

0.1 O.D. solution at 25 C, excitation wavelength = 380 nm. (c) Quantum yield was 

determined using quinine sulfate as standard at 25 C. (d) decay lifetime obtained by 

fitting with single exponential decay. The data were collected by exciting with 375 

nm laser diode source. 

To study the photophysical characteristics of the samples in the solid state, 

LC films of OPVs were cast on the glass substrates as described for PLM studies.  

The emission and excitation spectra of a few representative OPVs have been shown 

in the figure 4.20. The emission spectra of the OPV LC films were recorded by 

exciting at 380 nm. It was found that the emission spectra of the hydrocarbon tailed 

OPVs were 20-40 nm red shifted relative to their fluorocarbon counterparts (see 

figure 4.20a and figure 4.20b). The trend was uniformly observed among all the 

hydrocarbon tail OPVs. The excitation spectra (see figure 4.20c and figure 4.20d) 

were found to be very broad as similar to observed in earlier reports,
 29-31

 but the 

Sample Absorbance
a 

λmax(nm) 

Emission
b 

λmax(nm) 

Φ
c
 τ1

d
 γ

2
 

OPV-HC-C1 390 445 0.41 1.24 1.09 

OPV-FC-C1 390 443 0.52 1.28 1.04 

OPV-HC-NB 395 447 0.57 1.29 1.03 

OPV-FC-NB 393 445 0.46 1.31 1.04 

OPV-HC- C11 402 447 0.51 1.29 1.04 

OPV-FC- C11 394 446 0.45 1.31 1.02 

OPV-HC- EH 396 447 0.47 1.29 1.09 

OPV-FC- EH 388 447 0.45 1.31 1.08 

OPV-HC- C8 395 446 0.41 1.29 1.09 

OPV-FC- C8 394 446 0.54 1.31 1.09 

OPV-HC- TCD 400 443 0.43 1.27 1.08 

OPV-FC- TCD 396 440 0.49 1.30 1.07 
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onset of the absorbance spectra for hydrocarbon tailed OPVs were found 20-35 nm 

red shifted as compared to FC-OPVs. The reason for the shift in the emission color 

was attributed to the difference in the OPV molecular packing.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.20. Emission of HC (a) and FC (b) OPVs. Excitation spectra of HC (c) and 

of FC-OPV (d) in LC films. 

 

Based on above analysis, a general model for molecular packing in 

fluorocarbon and hydrocarbon tail OPVs has been proposed and shown in the figure 

4.21.  

 

Figure 4.21. Schematic representation of H and J aggregates formed by FC and HC 

OPVs. ( blue and green emission color obtained by exciting the samples with a hand-

held UV lamp at 365 nm in FC and HC OPVs, respectively). 
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All fluorinated OPV molecules exhibited layer-like self-assembly in the smectic LC 

phase and the molecules were packed parallel as in H-type aggregates. On the other 

hand, the hydrocarbon-tailed OPV molecules were orientated in slip-through 

arrangements as in J-type aggregates. The photographs of the OPV samples in vials 

in figure 4.21 clearly showed the difference in emission color obtained by exciting 

the samples with a hand-held UV lamp at 365 nm. The blue emission from the 

fluorocarbon OPVs and yellowish/green from the hydrocarbon OPVs directly 

provided evidence of the difference in their H- and J-type aggregates in the solid 

state. As observed in the photophysical properties of OPVs in chapter3 (figure 3.28), 

in the present case also among the HCs the variation was negligible. However, a 

comparison of HC versus FC- OPVs, there is significant difference in H and J 

aggregates.  

The fluorescence intensity decays for FC and HC-OPV molecules in the LC 

frozen films are shown in Figure 4.22 a–d.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.22. Time-resolved fluorescent decay profiles of the OPVs in solid state. 
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Time-dependent fluorescence decay measurements were carried out by the TCSPC 

technique by using a 375 nm diode laser as the excitation source and the 

fluorescence intensity decays were collected at emission maxima. The overall 

observation of the decay profiles clearly indicated that the fluorocarbon tailed OPVs 

had more stable emission characteristics relative to those of the hydrocarbon OPVs. 

The decay profiles were fit into multi-exponential decay models and all the OPVs 

either fitted to bi or triexponential fits. Table 4.4 summarises the absorption, steady 

state fluorescence and lifetime data obtained for OPV samples in LC films. The 

fluorescent decay profiles of OPVs in solution (monomer emission) were found to be 

almost identical with single exponential decay with lifetimes in the range of 1.2–1.3 

ns.
29-31,52

 This further confirmed that OPV molecules do not possess any self-

assembly in the solution state.
52 

 

 

 Table 4.4. Photophysical measurements of  OPV samples in solid films.  

 

 

(a)Measured in the LC frozen film at 25 C. Since the spectra are very broad, a 

tangent is drawn on the on-set of the absorption to determine the values. (b) 

Measured in the LC frozen film at 25 C, excitation wavelength = 380 nm. The 

emission spectra showed more than one peak and the peak maxima were taken 

corresponding to the first emission peak. (c) Fluorescent decay lifetime obtained by 

fitting with multi-exponential decay. The data were collected by exciting with 375 nm 

laser diode source in the LC frozen film. 

Sample Absorbance
a 

λmax(nm) 

Emission
b 

λmax(nm) 

τ1
c
 τ2

c
 τ3

c
 γ

2
 

OPV-HC-C1 480 485 0.72 1.76 - 1.08 

OPV-FC-C1 460 458 1.20 0.33 4.09 0.99 

OPV-HC-NB 512 506 1.13 3.48 - 1.08 

OPV-FC-NB 486 470 1.58 0.414 8.87 1.11 

OPV-HC- C11 512 504 0.44 1.08 - 1.05 

OPV-FC- C11 458 484 0.83 1.68 - 1.01 

OPV-HC- EH 508 506 0.44 1.07 - 1.03 

OPV-FC- EH 463 483 0.41 1.38 - 1.09 

OPV-HC- C8 510 511 0.17 1.15 - 1.02 

OPV-FC- C8 470 490 0.46 1.27 - 1.08 

OPV-FC- TCD 383 503 0.39 1.65 - 1.04 

OPV-HC- TCD 381 498 0.40 1.62 - 1.05 
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In the solid state, the τ1, τ2 and τ3 values for the fluorocarbon OPVs were almost 

twice compared to that of hydrocarbon OPVs. The fluorocarbon tail OPVs were 

closely packed in H-aggregate form, and therefore, the possibility for the 

orientational relaxation is very less in the solid state. On the other hand, the slip 

through arrangements in the J-aggregates of the hydrocarbon tail possessed a high 

degree of freedom for molecular orientation in the excited state. As a consequence, 

the J-aggregated hydrocarbon-tailed OPVs showed fast decay in the time-resolved 

fluorescence measurements. 

In summary, diverse molecular self-assembly of hydrocarbon and 

fluorocarbon tail OPVs through weak non-covalent forces was establihed. DSC 

analysis revealed that hydrocarbon tails OPVs packed better than fluorocarbon 

OPVs. Fluorocarbon tail OPVs produced identical smectic mesophases, where as, 

hydrocarbon tailed OPVs produced diverse LC mesophases. Photophysical analysis 

revealed the presence of H and J- aggregates in FC and HC-OPVs. H-type smectic 

OPVs showed longer life times as compared to hydrocarbon tailed OPVs.  
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4.4. Conclusion 

This chapter investigated the non covalent forces responsible for diverse 

mesoscopic self-organization in hydrocarbon and fluorocarbon π-conjugated OPV 

building blocks. OPVs were designed with appropriate pendants in the aromatic core 

with hydrocarbon or fluorocarbon tails to self-organize in thermotropic liquid 

crystalline phases. Thermal analysis revealed that hydrocarbon tails OPVs showed 

higher enthalpies (H) of the transitions as compared to their fluorocarbon 

counterparts. PLM Analysis showed that  fluorocarbon tail OPVs produced identical 

SmC LC mesophases irrespective of the pendent groups attached in the middle 

aromatic core. In contrast, for hydrocarbon tailed OPVs, both pendent geometry and 

their length in the middle aromatic core determined the molecular self-organization 

rather than the flexible tail in the longitudinal position.  

Variable temperature wide angle XRD patterns of fluorocarbon tail OPVs 

exhibited regular periodicity in diffraction peaks corresponding to equidistant planes 

formed  in smectic LCs. Small-angle variable-temperature X-ray diffraction analysis 

showed that the molecules underwent a transition from SmA to a more ordered SmC 

mesophase. Comparing the SmC and SmA layer spacing, the tilt angle of the 

molecules in the SmC mesophase was calculated as θ = 25.18
ο
, corresponding to 

11% interlayer shrinkage. Powder X-ray diffraction patterns were computationally 

simulated based on single crystal structure for OPV-HC-C11 and OPV-HC-C1. When 

plotted along with experimental XRD patterns, the miller index values for each peak 

in the simulated XRD plot matched very well with that of the variable temperature 

experimental plots. This confirmed that the crystalline lattices in the single crystals 

were identical to those present in the LC mesophases. Photophysical analysis 

confirmed the formation of H and J aggregates in FC and HC-OPVs, respectively. 

Time resolved fluorescence decay measurements confirmed longer lifetime for H-

type smectic OPVs compared to that of loosely packed one-dimensional nematic 

hydrocarbon tailed OPVs. In a nut shell, diverse molecular self-assembly of aromatic 

-conjugated units via weak secondary forces was established.  
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Chapter 5 

Donor-acceptor Assemblies of Segmented OPV 

Polymers and Perylenebisimides 

 

The effect of chemical structure and polymer chain topology on donor-acceptor self-

organization of segmented OPV polymers and perylenebisimide chromophore was 

investigated. A series of OPV segmented polymers with identical OPV optical 

chromophores, but, different alkyl chain segments (Poly-n, n = 4, 8, and 12) was 

synthesised. Poly-0 (without any alkyl segment) was synthesised as m-PPV utilizing the 1,3 

linkages by introduction of m-linkages along the polymer back bone. The design strategy 

was adopted in such a way so that all the polymers had almost identical energy levels but 

differed in their topology. Differential scanning calorimetry was done to understand the 

diffrence in thermal properties from small oligomers to polymers. OPVs exhibited strong 

tendency to self-assemble in to highly order crystalline domains whereas the polymers were 

found amorphous. Photophysical analysis was done to understand the effect of chemical 

structure and chain topology of polymer on its aggregation properties. Photophysical 

analysis revealed that segmented polymers were superior to rigid polymers and OPVs in 

forming strong inter-molecular aggregates in solution state. Polymers were found to form D-

A arrays with electron deficient perylene bisimide based chromophore. The chemical 

structure and the topology of the polymer backbone determined the stability and type of self-

assembly in these donor-acceptor arrays. The composition (donor to acceptor ratio), 

stability and association constants of D-A complexes were detremined by Molar ratio 

method. Segmented polymer formed extended D-A arrays in which the chains folded in 

stacked fashion to accommodate acceptor perylene units in 3: 2 (donor: acceptor) ratio. On 

the other hand, the rigid polymer was found to form only weak 1:1 complexes.The stability 

constants revealed that the donor and the acceptor complexes formed by segmented polymer 

were ten times more stable than their rigid counterparts. Hence, the role of chemical 

structure and topology of polymer chains on donor-acceptor self-assembly was established. 
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5. 1. Introduction 

 Supramolecular ordering of donor (D) and acceptor (A) molecules in to well-

defined architechtures was first used in the field of crystal engineering for 

fundamental studies at molecular level.
1
 Crystal engineers were among the first to 

study the charge transfer in ordered D-A mixtures. Following the experimental 

observation of charge transfer complexes, a large number of aromatic complexes 

were studied for understanding the arrangement of donor and acceptor molecules in 

small aromatic and polymeric systems. A few very good examples of donor-acceptor 

systems
2-9 

based on small organic molecules and polymers have been shown in the 

figure 5.1. 

 

Figure 5.1: Donor-acceptor self-assembly in small organic molecules and polymers. 

(Adopted from Hunter et al. J. Chem. Soc. Perkin Trans. 2001, 2, 651-669; Ghosh et 

al. Angew. Chem. Int. Ed. 2004, 43, 3264-3268; Lokey et al. Nature 1995, 375, 303-

305). 

 

A common feature of all the small molecule based donor-acceptor systems 

was that electron cloud of one molecule (donor) was approximately centred over the 

edges of the second molecule
2
 (acceptor) as shown in figure 5.1a-e. Benzene (D) and 

(a) (b) (c)

(d) (e)

(f)

(g)

(h)
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hexafluorobenzene (A)
10

 were found to arrange in a cofacial manner with alternating 

donor and acceptor units maximising electrostatic interactions (see figure 5.1f). 

Ghosh et al.
3
 designed and synthesized segmented donor-acceptor polyimides (5g) 

which folded via weak intrachain interactions leading to stacking of aromatic donor 

and acceptor segments. Iverson and co-workers demonstrated folding in 5h by 

intrachain aromatic donor-acceptor charge-transfer interactions. The system 

consisted of electron acceptor (naphthalene-1,8 : 4,5-tetracarboxylic diimide) and 

electron donor (1,5-dialkoxynaphthalene) units with alternating arrangement of D-A 

groups.
4
 

 

Figure 5.2: General device set up of a solar cell and arrangement of donor and 

acceptor layers in films.   

 

With the introduction of π-conjugated systems in electronic devices,
11-16

 π-

conjugated D-A arrays have become one of the most important components in opto-

electronic devices such as solar cells.
17-23

 An organic solar cell consists of an electro 

donating p-type molecule and electron accepting n-type molecule. In a solar cell, 

light induced electron-hole generation, separation and migration of charges leads to 

conversion of light to electrical energy (see figure 5.2).
24

 The devices consisting of 

molecular or polymeric organic compounds as active parts exhibited very low 

efficiencies due to random arrangement of donor and acceptor molecules. This 

haphazard arrangement led to recombination, before charges can reach their 

respective electrodes. An ideal case would require a perfectly aligned donor and 

acceptor layer where the charges can hop effectively leading to better charge 
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transport. Therefore, creating well-ordered D-A assemblies exhibiting energy and 

electron transfer has become extremely important for efficient organic solar cells.  

Important examples of hole conducting donor-type semiconducting polymers 

are (i) derivatives of phenylene vinylene backbones such as poly[2-methoxy-5-(3,7-

dimethyloctyloxy)]-1,4- phenyleneviny lene) (MDMOPPV), (ii) derivatives of 

thiophene chains such as poly (3-hexyl thiophene) (P3HT), and (iii) derivatives of 

fluorene backbones such as (poly(9,9’-dioctyl fluorene-co-bis-N,N’-(4-butylphenyl-

1,4-phenylenediamine)(PFB). In addition to semiconducting polymers, small 

oligomers such as phthalocyanine, pentacene, α-sexithiophene etc. have also been 

used successfully for solar cell devices. Buckminister fullerene (C60) and its 

derivative PCBM (1-(3-methoxy carbonyl)propyl-1-phenyl[6,6]C61) are among the 

most commonly used n-type semiconducting materials. Buckminister fullerene has 

limited solubility and, therefore, PCBM, a soluble derivative of C60 has been widely 

used.
25

 Among the other n-type acceptors, perylene and its derivatives are becoming 

increasingly popular.  

 

Figure 5.3. Schematic representation of covalently or non-covalently linked donor-

acceptor systems. 

 

Various methodologies have been employed to obtain functional donor-

acceptor architectures in π-conjugated systems. The donor and the acceptor groups 

can be either connected covalently or non-covalently using weak non-covalent forces 

as shown in the figure 5.3. The most commonly used strategy is to covalently 

connect donor and acceptor units into either oligomers or polymers.
26-28

 For example, 

perylene bisimide has been included into the PPV main chain to form covalently 
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linked donor-acceptor co-polymer
29

as shown in the figure 5.4a. The resulting 

copolymer was characterized by highly efficient electron-transfer to the perylene 

moiety. Figure 5.4b shows another example of a covalently linked donor-acceptor 

polymer with dangling perylene units on a blend of PPV and poly-fluorene.
30

 

Covalently linked donor-acceptor systems have been known to form stable 

assemblies, but tedious multistep synthesis and rigorous alteration in electro-optical 

properties of individual donor and acceptor chromophores are some of the issues to 

be addressed in covalently linked systems.  

 

Figure 5.4: Chemical structures of covalently linked (a and b) donor-acceptor 

copolymers (Adopted from Hoeben et al. Chem. Rev. 2005, 105, 1491-1546). 

Supramolecular donor-acceptor-donor array of oligo(p-phenylene vinylene)and 

perylene bisimide units(c) (Wurthner et al. J. Am. Chem. Soc. 2004, 126, 10611-

1061). 

 

As an alternative to covalent incorporation of acceptors, physical blending of 

fluorescent or phosphorescent
31

 dyes into polymer films has gained a lot of 

importance. Doping PPV-LEDs with small amounts of porphyrin
32

 or boronic dyes
33

 

led to sensitized emission from the guest molecules as a consequence of energy 

(c)

(a) (b)
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transfer with high efficiencies. Welter and coworkers
34

 elegantly applied this 

principle to an electroluminescent device containing a PPV doped with dinuclear 

ruthenium complexes. However, phase separation in physically blended systems was 

known to drastically reduce energy transfer efficiency and led to a distortion of the 

emitted color. The use of non-covalent interactions such as H-bonding,
35-37

 metal 

coordination
38

 and electrostatic interactions to assemble donor and acceptor moieties 

is another important approach for making D-A arrays. Figure 5.4c exhibits an 

example of a supramolecular D-A-D array consisting of an oligo(p-phenylene 

vinylene) donor and a perylene bisimide as acceptor. A diaminotriazine hydrogen 

bonding motif has been utilized for hierarchical self-assembly of donor and acceptor 

units into chiral fibers.  

Figure 5.5. Various donor-acceptor polymers and oligomers based on 

perylenebisimide derivatives as n-type material. (Adopted from (a) Huettner et al. J. 

Phys. Chem. B 2012, 116, 10070−10078; (b) Lindner et al. Macromolecules, 2004, 

37, 8832; (c) Asha et al. Chem. Eur. J. 2002, 8, 3353-3361). 

 

Perylene bisimide derivates are among the best n-type semiconductors 

available to date.
39, 40

 Perylene bis imide derivatives exhibit excellent aggregating 

properties and have been extensively used for making self-assembled π-conjugated 

donor acceptor systems.
41-48

 For example, figure 5.5a exhibits an example of block 

copolymer consisting of a poly (3-hexylthiophene) (P3HT) as donor block coupled to 

(a) (b)

(c)
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a polymerized perylene bisimide acrylate (PPerAcr) acceptor.
49

 Lindner et al
 
have 

utilized block copolymers with poly (triphenylamine) as the donor and a highly 

soluble polymerisable perylene bisimide derivative to give soluble donor-acceptor 

block copolymers (5.5b) exhibiting all important requirements for photovoltaic 

applications.
50

 Asha et al. synthesized a donor-acceptor-donor triad molecule (figure 

5.5c) with a perylene bisimide derivative as electron acceptor, and an oligo(p-

phenylene vinylene) (OPV) derivative as electron donor.
51

 From the above 

discussion it becomes clear that donor acceptor assemblies based on perylene 

bisimide derivatives are important constituents for molecular electronics such as 

organic solar cells. Despite significant advances in self-assembly of donor-acceptor 

systems, processibility in to thin films is a major challenge. Therefore, designing and 

making new processable donor-acceptor systems are important tasks to be addressed. 

In this chapter, donor acceptor self-assemblies of segmented OPV polymers 

with perylenebisimide chromophore has been investigated. A series of OPV 

segmented polymers with identical OPV optical chromophores but variable alkyl 

chain spacers (OPVn, n = 4, 8, and 12) were synthesized. A rigid polymer (m-PPV) 

was also synthesised by introduction of m-linkages along the polymer back bone as 

shown in the figure 5.6.  

 

Figure 5.6: Schematic representation of segmented OPV polymers.  

 

The design strategy was adopted in such a way so that all the polymers had almost 

identical energy levels but differed in their topology. This facilitated the study on 

effects of chemical structures and polymer chain topology on donor acceptor self-
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assembly of OPV and perylenebisimide chromophores. The macroscopic properties 

of polymers were completely different from their oligomeric OPV analogues. OPVs 

exhibited strong tendency to self-assemble in to highly order crystalline domains 

whereas the polymers were amorphous. Photophysical analysis was done to 

understand the effect of chemical structure and chain topology of polymer on its 

aggregation properties. Photophysical analysis revealed that segmented polymers 

were superior to rigid polymers and OPVs in forming strong inter-molecular 

aggregates in solution state. The flexible alkyl spacers facilitated segmented polymer 

(Poly-12) to fold in a helical fashion upon addition of bad solvent methanol. The 

interdigitated OPV chromophores in polymer chains arrange in J-type fashion.  

 

Figure 5.7: Donor-acceptor self-assembly in segmented OPV and rigid polymers. 

 

Polymers were found to form D-A arrays with electron deficient perylene bisimide 

based chromophore, but the stability and type of self-assembly in these arrays was 

highly dependent on the chemical structure and the topology of the polymer 

backbone (see figure 5.7). Molar ratio method was used to determine the 

composition (donor to acceptor ratio) of D-A complexes and their stability or 

association constants. Segmented polymer formed extended D-A arrays in which the 
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chains folded in stacked fashion to accommodate acceptor perylene units in 3:2 

(donor:acceptor) ratio. On the other hand, the rigid polymer was found to form only 

weak 1:1 complexes. The stability constant between the donor and the acceptor 

molecules in the above D-A arrays was calculated by using Scatchard equation. The 

stability constants revealed that the donor and the acceptor complexes formed by 

segmented polymer were ten times more stable than their rigid counterparts. Thus, 

the role of chemical structure and polymer chain topology on donor-acceptor self-

assembly was established using the segmented polymer approach.  
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5.2. Experimental Methods 

5.2.1. Materials: 1, 8-tricyclodecanemethanol was donated by Celanese Chemicals 

and Co. and was used without further purification. Hydroquinone, p-

toulenesuphonylchloride, triethylamine, triethylphosphite, 1, 4-dibrombutane, 1, 8-

dibromoctane, 1,12-dibromododecane, 4-hydroxybenzaldehyde, potassium-t-

butoxide (1M in THF), isophthaldehyde and terephthaldehyde were purchased from 

Aldrich Chemicals. HBr in glacial acetic acid, paraformaldehyde, KI, K2CO3, and 

NaOH were purchased locally. Solvents were also purchased locally and were 

purified by standard procedures. Perylenebisimide molecule used for photophysical 

analysis was donated by Dr. Asha, S. K. group at NCL. Compound 3a was 

synthesized according to our earlier procedures described in chapter-2.  

 

5.2.2. General Procedures: 
1
H and 

13
C NMR were recorded using 400 MHz JEOL 

NMR spectrometer. All NMR spectra were recorded in CDCl3 containing TMS as 

internal standard. Infrared spectra were recorded using a Thermo-Scientific Nicolet 

6700 FT-IR spectrometer in solid state in KBr in the range of 4000-600 cm
-1

. The 

mass of all the precursors was determined by using the Applied Biosystems 4800 

PLUS MALDI TOF/TOF analyzer. The purity and molecular weights of polymers 

were determined using gel permeation chromatography (GPC) which was performed 

using Viscotek triple detector setup in tetrahydrofuran. TGA analysis was done using 

Perkin Elmer STA 6000 simultaneous Thermal Analyzer. CV Analysis was done 

using BASI epsilon cyclic voltameter.  

 

Differential scanning calorimetry (DSC): Differential scanning calorimetry (DSC) 

measurements were performed on TA Q20 DSC. A pinch of powdered sample was 

placed in DSC aluminum pan and crimped. The data were recorded at a heating and 

cooling rate of 10 °C/min. The first heating cycle data were discarded since they 

possessed prehistory of the sample. 

 

Photophysical Analysis: Absorption spectra were recorded using a Perkin Elmer 

Lambda 45 UV spectrophotometer. Steady state fluorescence emission and 

excitation spectra were recorded using a Fluorolog HORIBA JOBIN VYON 

fluorescence spectrophotometer. For photophysical studies in solid state, 

homogeneous drop cast films of oligomers and polymers were prepared on quartz 

plate. Solvent induced photophysical analysis was done by choosing THF /Methanol 

combination as good and bad solvent mixture. The absorption and emission spectra 

of samples were recorded at different solvent compositions in THF/MeOH mixture 

(from 0 to 100% v/v). For concentration dependent photophysical analysis, 
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absorption and the emission spectra were recorded by  keeping concentrations of the 

donor (1.0× 10
-5

 mol L
-1

) and acceptor (1.0× 10
-5

 mol L
-1

) fixed and varying the  

THF/MeOH mixture (from 0 to 100% v/v). Fluorescence intensity decays were 

collected by time correlated single photon counting technique (TCSPC) setup from 

Horiba Jobin Yvon. 375 nm diode Laser (IBH, UK, NanoLED-375L, with a λmax = 

375 nm) having a FWHM of 102.3 ps as a sample excitation source. The 

fluorescence signals were collected in magic angle using a MCP-PMT (Hamamatsu, 

Japan) detector and the fluorescence decays were collected at emission maxima for 

all the samples. The quality of fit was judged by fitting parameters such as γ
2
 ≈ 1, as 

well as the visual inspection of the residuals. 

5.2.3. Synthesis  

The synthesis for tetraethyl-1,4-bis (1,8-tricyclodecanemethyleneoxy)-2, 5-

xylenediphosphonate (3a) and OPV-12 has been described in detail in the chapter-2.  

 

Synthesis of 4, 4’-(butane-1,4-diylbis(oxy))dibenzaldehyde(5a): 4-hydroxy 

benzaldehyde (4.8 g, 0.04 mol), anhydrous KI (6.6 g, 0.04 mol), and powdered 

anhydrous K2CO3 (11.0 g, 0.08 mol) were taken in dry acetone (60.0 mL) and 

refluxed for 2 h under  nitrogen atmosphere. 1, 4-dibromobutane (4.3 g, 0.02 mol) 

was added dropwise to the above hot reaction mixture. The reaction mixture was 

further refluxed for 24 h under a nitrogen atmosphere. It was cooled, acetone was 

removed under vacuum, and the residue was poured into water (100 mL). It was 

extracted into dichloromethane and washed with NaOH (150 mL, 2% solution) and 

with brine. The organic layer was dried over anhydrous Na2SO4 and condensed to 

get a pale yellow liquid as product. It was further purified by passing through a silica 

gel column using ethyl acetate (8% v/v) in hexane as eluent. Yield = (60 %).
 1

H 

NMR (CDCl3, 400 MHz), δ: 9.90 ppm (s, 2H, CHO), 7.85 ppm (d, 4H, Ar-H), 7.00 

ppm (d, 4H, Ar-H), 4.14  ppm (t, 4H, OCH2), 2.05 ppm (m, 4H, -CH2CH2-).
 13

C-

NMR (CDCl3,100 MHz) δ:191.1, 164.2, 132.3, 130.2, 115.1, 68.1, 29.1. FT-IR 

(KBr, cm
-1

): 2945, 1693, 1574, 1500, 1470, 1420, 1386, 1310, 1100, 1029, 990, 854, 

780, 725, 649, 613 and 508. MALDI-TOF-TOF-MS (MW = 298.33): m/z = 337.00 

(M+39). 

 

Synthesis of 4, 4’-(octane-1, 8-diylbis(oxy))dibenzaldehyde (5b): 4-

hydroxybenzaldehyde (4.8 g, 0.04 mol), anhydrous KI (6.6 g, 0.04 mol), and 

powdered anhydrous K2CO3 (11.0 g, 0.08 mol) were reacted with 1, 8-dibromoctane 

(5.4 g, 0.02 mol) as described for 5a. m. p. = 84 to 85°C. Yield = (55 %).
 1

H NMR 

(CDCl3, 400 MHz), δ: 9.88 ppm (s, 2H, CHO), 7.83 ppm (d, 4H, Ar-H), 6.98 ppm 

(d, 4H, Ar-H), 4.04  ppm (t, 4H, OCH2), 1.80 ppm (m, 4H, OCH2CH2) and 1.43 -

1.28 ppm (m, 8H, aliphatic-H).
 13

C-NMR (CDCl3,100 MHz) δ: 191.12, 164.45, 
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132.05, 129.79, 114.96, 68.36, 29.06, 25.95. FT-IR (KBr, cm
-1

): 2946, 1690, 1574, 

1500, 1470, 1420, 1387, 1310, 1211, 1156, 1105, 1029, 997, 854, 780, 725, 649, 614 

and 510. MALDI-TOF-TOF-MS (MW = 354): m/z = 393.14 (M+39). 

 

Synthesis of 4-4’-(dodecane-1,12-diylbis(oxy))dibenzaldehyde(5c): 4-hydroxy 

benzaldehyde (4.8 g, 0.04 mol), anhydrous KI (6.6 g, 0.04 mol), and powdered 

anhydrous K2CO3 (11.0 g, 0.08 mol) were reacted with 1,12-dibromododecane (6.5 

g, 0.02 mol) as described for 5a. m. p. = 75 to 76°C. Yield = (31 %). 
1
H NMR 

(CDCl3, 400 MHz), δ: 9.86 ppm (s, 2H, CHO), 7.82 ppm (d, 4H, Ar-H), 6.97 ppm 

(d, 4H, Ar-H), 4.02  ppm (t, 4H, OCH2), 1.79 ppm (m, 4H, OCH2CH2) and 1.43 -

1.28 ppm (m, 16H, aliphatic-H).
 13

C-NMR (CDCl3, 100 MHz), δ: 190.8, 164.2, 

131.9, 129.7, 114.7, 68.4, 29.5, 29.3, 29.0 and 25.9. FT-IR (KBr, cm
-1

): 2943, 1697, 

1574, 1509, 1469, 1427, 1392, 1317, 1212, 1161, 1108, 1029, 997, 855, 788, 725, 

649, 614 and 515. MALDI-TOF-TOF-MS (MW =410): m/z = 449.217(M+39). 

 

Synthesis of Poly-4: Compound 3a (0.50 g, 0.71 mmol) and 5a (0.21 g, 0.71 mmol) 

were taken in dry THF (30 mL) and kept under ice cold condition. Potassium tert-

butoxide (3.96 mL, 1M THF solution) was added dropwise to the reaction mixture 

under nitrogen atmosphere and the stirring was continued at 30 °C for 24 h. The 

resultant yellow solution was concentrated and poured into a large amount of 

methanol. The yellow precipitate was redissolved in minimum amount of THF but 

some of the polymer remained undissolved. It was filtered and the soluble portion 

was reprecipitated in hexane. Yield = 30 mg. 
1
H NMR and 

13
C NMR could not be 

recorded due to insoluble nature of the sample. FT-IR (KBr, cm
-1

): 3035, 2939, 

2860, 2365, 1600, 1543, 1508, 1252, 1173, 1065, 1030, 971 and 453. 

 

Synthesis of Poly-8: Compound 3a (0.47 g, 0.67 mmol) and 5b (0.24 g, 0.67 mmol) 

were taken in dry THF (30 mL) and kept under ice cold condition. Potassium tert-

butoxide (3.96 mL, 1M THF solution) was added dropwise to the reaction mixture 

under a nitrogen atmosphere and the stirring was continued at 30 °C for 24 h. The 

resultant yellow solution was concentrated and poured into a large amount of 

methanol. The yellow precipitate redissolved in minimum amount of THF but some 

of the polymer remained undissolved. It was filtered and the soluble portion was 

reprecipitated in hexane. Yield = 24 mg. 
1
H NMR (CDCl3, 400 MHz), δ: 7.45 ppm 

(d, 4H, Ar-H), 7.29 ppm (d, 2H, CH=CH), 7.13 ppm (d, 2H, CH=CH), 7.05 ppm (s, 

2H, Ar-H), 6.89 ppm (d, 4H, Ar-H), 3.98  ppm (t, 4H, OCH2), 3.84-3.72 ppm (m, 

4H, OCH2-TCD) and 2.3 -1.2 ppm (m, Cyclic and aliphatic-H).
 
FT-IR (KBr, cm

-1
): 

3037, 2939, 2859, 2365, 1604, 1543, 1510, 1252, 1173, 1065, 1033, 967 and 461. 
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Synthesis of Poly-12: Compound 3a (0.47 g, 0.67 mmol) and 5b (0.27 g, 0.67 

mmol) were taken in dry THF (30 mL) and kept under ice cold condition. Potassium 

tert-butoxide (3.96 mL, 1M THF solution) was added dropwise to the reaction 

mixture under a nitrogen atmosphere and the stirring was continued at 30 °C for 12 

h. The resultant yellow green solution was concentrated and poured into a large 

amount of methanol. The yellow green precipitate was redissolved in minimum 

amount of THF and reprecipitated in hexane. Yield= 110 mg. 
1
H NMR (CDCl3, 400 

MHz), δ: 7.45 ppm (d, 4H, Ar-H), 7.30 ppm (d, 2H, CH=CH), 7.12 ppm (d, 2H, 

CH=CH), 7.05 ppm (s, 2H, Ar-H), 6.89 ppm (d, 4H, Ar-H), 3.98  ppm (t, 4H, 

OCH2), 3.84-3.72 ppm (m, 4H, OCH2-TCD) and 2.4 -1.3 ppm (m, Cyclic and 

aliphatic-H).
 13

C-NMR (CDCl3, 100 MHz) δ: 158.7, 150.1, 130.7, 128.4, 127.5, 

126.6, 121.5, 114.6, 110.9, 68.0, 43.9, 41.3, 34.7, 30.9, 29.6, 29.4, 29.2, 29.1, 28.0, 

and 26.5 ppm. FT-IR (KBr, cm
-1

): 2936, 2859, 1604, 1511, 1472, 1387, 1299, 1252, 

1173, 1032, 966, 845 and 815.  

 

Synthesis of m-PPV: Compound 3a (0.50 g, 0.71 mmol) and isophthalaldehyde 

(0.09 g, 0.71 mmol) were taken in dry THF (30 mL) and kept under ice cold 

condition. Potassium tert-butoxide (4.25 mL, 1M THF solution) was added dropwise 

to the reaction mixture under nitrogen atmosphere and the stirring was continued at 

30 °C for 24 h. The resultant yellow green solution was concentrated and poured into 

a large amount of methanol. The yellow green precipitate was filtered and washed 

with a large amount of methanol until the filtrate become colorless. The product was 

redissolved in minimum amount of THF and reprecipitated in hexane. 
1
H NMR 

(CDCl3, 400 MHz), δ: 7.67-6.81 ppm (m, Ar-H and vinylic H), 3.77 ppm (t, 4H, 

OCH2-TCD) and 2.4 -1.3 ppm (m, 30 H, Cyclic H).
 13

C-NMR (CDCl3, 100 MHz) δ: 

151.34, 150.30, 138.4, 129.0, 123.9, 73.5, 67.9, 45.7, 45.2, 44.0, 41.3, 40.3, 34.8, 

34.7, 29.1, 27.9, 27.0 and 26.5 ppm. FT-IR (KBr, cm
-1

): 2944, 2862, 2361, 2340, 

1497, 1420, 1198, 1028 and 964.  

 

Synthesis of p-PPV:
 
Compound 3a (0.50 g, 0.71 mmol) and terephthalaldehyde 

were taken in dry THF (30 mL) and kept under ice cold condition. Potassium tert-

butoxide (4.25 mL, 1M THF solution) was added dropwise to the reaction mixture 

under nitrogen atmosphere and the stirring was continued at 30 °C for 24 h. The 

resultant yellow green solution was concentrated and poured into a large amount of 

methanol, filtered and reprecipitated in hexane. Yield = 280 mg.
 1

H NMR (CDCl3, 

400 MHz), δ: 7.52-6.73 ppm (m, Ar-H and vinylic H), 3.75 ppm (t, 4H, OCH2-

TCD) and 2.4 -1.3 ppm (m, 30 H, Cyclic H).
 
FT-IR (KBr, cm

-1
): 2941, 2860, 2364, 

2342, 1655, 1561, 1543, 1199, 1049, 1028 and 964.
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5. 3. Results and Discussion 

5.3.1. Synthesis and structure characterisation of Polymers 

The reaction scheme for the synthesis of polymers is depicted in scheme 5.1. 

4-hydroxybenzaldehyde was reacted with dibromoalkanes to give a series of 

segmented dialdehydes (5a-c) with different alkyl spacers such as x = 4, 8, and 12. 

5a-c were reacted with compound (3a) via Wittig-Horner reaction to give a series of 

segmented polymers named as Poly-4 (x = 4), Poly-8 (x = 8), and Poly-12 (x = 12). 

The detailed synthetic procedures for synthesis of 3a and oligomers have been 

explained in chapter-2. Poly-0 (without any alkyl segment) can be synthesised either 

as poly-p-phenyleneyinylene (p-PPV) having para linkages between the OPV units 

or as m-PPV utilizing the 1, 3 linkages. 3a was reacted terephthaldehyde to give  p-

PPV and isophthalaldehyde to give m-PPV. Hereafter, Poly-0 with m- and p-

linkages are called m-PPV and p-PPV, respectively.  

 

Scheme 5.1. Synthesis of polymers. 
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Figure 5.8. (a) 
1
H-NMR spectrum of Poly-12 (b) 

13
C-NMR spectrum of Poly-12. 

Figure 5.8a shows the 
1
H-NMR spectra of the Poly-12. The inset showed the 

expanded proton spectrum of the aromatic region. The peaks at 7.45 ppm and 6.89 

ppm corresponded to aromatic phenylene protons. The doublets at 7.30 ppm and 7.11 

ppm belonged to vinylene protons. The triplet at 3.99 ppm and the multiplets in the 

range of 3.82-3.75 ppm belonged to Ar-OCH2-alkyl and Ar-OCH2-TCD protons, 

respectively. The peaks for all other protons appeared below 3.75 ppm. Similarly,
 
in 

figure 5.8b, 
13

C-NMR spectrum of the Poly-12 exhibited the presence of aromatic 

peaks at 158.6, 151.0, 128.5, 127.8, 121.6, 114.6, 110.9 ppm, respectively. Ar-

OCH2-TCD and Ar-OCH2-alkyl peaks appeared around 73 ppm and 68 ppm, 

respectively. All the other aliphatic carbons belonging to cyclic TCD unit and the 

linear alkyl chains appeared below 50 ppm. Other oligomers and  polymers followed 

the same peak patterns in their 
1
H and  

13
C- NMR spectra and the detailed analysis 

have been given in the experimental section. 
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5.3.2. Molecular weight Determination 

The molecular weights of the polymers were determined by gel permeation 

chromatography (GPC)  in tetrahydrofuran using both RI and UV-Vis detectors and 

polystyrene as standards for calliberate. The GPC chromatograms of the polymers 

have been shown in the figure 5.9. The number and weight average molecular 

weights (Mn and Mw), polydispersities, number average degree of polymerization (n) 

and thermal properties of the polymers have been summarized in table 5.1.  

 

 

 

 

 

 

 

 

Figure 5.9. GPC Chromatograms of polymers in tetrahydrofuran at 25 C. 

The molecular weight of Poly-12 was found to be much higher (Mw = 

56,000) compared to that of Poly-8 (Mw = 16,400) and m-PPV (Mw = 15,700). The 

reason for the formation of the high molecular weight for Poly-12 was attributed to 

the high solubility induced by the long dodecyl alkyl segment compared to shorter 

octyl units. Poly-8 was partially soluble and the data indicated the molecualr weight 

obtained by dissolving the soluble fraction of the polymer. Poly-4 was completly 

insoluble and the GPC chromatogram exhibited the presence of monomer peaks. p-

PPV was insoluble in THF and therfore its molecular weight could not be 

determined. The low molecular weight of m-PPV was attributed to presence of m-

linkages. The incorporation of a 1,3-unit in the conjugated polymeric chains may 
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inherently limit the formation of high molecular weight polymers due to steric 

hindrance. A similar trend was earlier observed in the polycondensation of meta-

linkage in π-conjugated polymers.
52-58

 The photophysical properties of the π-

conjugated polymers are known to attain the maxima with 6-8 aryl units.
53-58

 In the 

present system, the average chain length of n = 12 carries almost 25 aryl units in m-

PPV and Poly-8 chains which is sufficient enough for the studying their 

photophysical characteristics.  

Table 5.1. Molecular weights and thermal properties of the polymers. 

 
 

 

 

 

 (a) Molecular weights were determined by GPC in THF at 30 °C using polystyrene 

as standards. (b) Number average degree of polymerization (n) (c) Decomposition 

temperature at 10% weight loss. (d) Glass transition temperature from DSC 

analysis. (e) Poly-4 showed extremely low soublity in THF. (f) Poly-8 was only 

partially souble in THF. 

5.3.3. Thermal Properties  

Thermal gravimetric analysis confirmed that all the polymers were stable up 

to 350°C. The TGA profiles of the polymers are shown in figure 5.10a. The thermal 

transitions were studied by using differential scanning caloriemetry. DSC 

thermograms of the polymers at 10 
ο
C/min heating and cooling rate have been shown 

in the figure 5.10b. m-PPV showed highest glass transition temperature at 166°C. A 

plot of glass transition temperatures against the type of polymer has been shown in 

the figure 5.10c. As the length of the alkyl segment increased from zero to twelve, 

the glass transition temperatures gradually decreased from m-PPV (Poly-0) at 166°C 

to 102 °C in Poly-12. Among the segmented polymers, glass transition temperatures 

decreased with increasing flexibility/mobility of the polymer chains, for example, 

Polymer Mn
a
 Mw

a
 Mn/Mw N

b
 TD

c 

(C) 
Tg

d 

(C) 

Poly-4
e
 2500 3900 1.5 4 360 130 

Poly-8
f

 8600 16400 1.9 12 352 126 

Poly-12 20700 56000 2.7 25 349 102 

m-PPV 6400 15700 2.4 12 347 166 
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Poly-4 at 130°C, Poly-8 (126 °C) and Poly-12 at 102 °C. A comparison of the DSC 

thermograms of polymers with their oligomeric analogues (OPV-8 and OPV-12 

reported in chapter-2) revealed that OPVs were found  liquid crystalline in nature, 

but corresponding polymers turned out to be amorphous. All the polymers were 

found amorphous in nature irrespective of the nature of linkage (m-linkage or alkyl 

segments) between the OPV chromophores. The trend was found to be similar in the 

cooling cycle. The high Tg values observed for above polymers confirmed high 

thermal stability of all the polymers. 

 

Figure 5.10. (a) TGA profiles of polymers. (b) DSC thermograms of polymers at 

10 °C/min in the heating cycle. (c)Plot of Tg versus the type of polymer. 

 

From the above thermal analysis, it can be concluded that the macroscopic 

properties of polymers differed significantly from their oligomeric analogues. High 

molecular weight, polydisperse polymer chains were sluggish to crystallize. 

Polymers formed amorphous films, whereas OPVs had a strong tendency to self-

assemble in to highly ordered crystalline domains as evidenced from the single 

crystals of such systems reported in earlier chapters.  
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5.3.4. Photophysical Characterization  

As seen in the GPC analysis, p-PPV and Poly-4 were completely insoluble 

and hence these polymers were not taken for further photophysical studies. The 

photophysical properties (absorption and emission) of the other samples were studied  

in solution as well as in the solid state (in film).  

 

Figure 5.11. Absorption spectra (a) and emission spectra (b) of samples in THF at 

25 C. Absorption spectra (c) and emission spectra (d) of samples in solid films. 

 

The absortion spectra of the samples in the solution and solid state are given 

in figure 5.11 and the data are summarized in table 5.2. Figure 5.11a exhibited that 

the absorption spectra for polymers and OPV-12 in solution state were similar with 

absorption maxima at 393 nm corresponding to OPV unit. This suggested that the 

chromophores did not possess any intermolecular ordering in solution. In figure 

5.11b, the emission maxima (λmax) for OPV-12 and Poly-12 was found at 444 nm. 

The emission spectrum of Poly-8 was slightly red shifted as compared to other 

polymers. The  absorption and emission spectra of OPV-12, Poly-8, Poly-12 and m-
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PPV recorded in thin solid films have been shown in figure 5.11c and 5.11d,  

respectively. The absorption spectra in solid state were broad as compared to 

solution state. A comparison of the emission spectra in solution and solid state 

revealed that OPV-12 and Poly-12 exhibited a strong 50 nm red shift in the emission 

spectra in solid films as compared to THF. Similarly, Poly-8 and m-PPV exhibited 

strong red shift in the emission spectra as compared to solution state. The strong red 

shift in the spectra was attributed to aggregation of molecular chains leading to 

formation of J-aggregates. An interesting observation in the above analysis revealed 

that the photophysical properties of the segmented Poly-12 in solution state and solid 

films were identical to its oligomeric counterpart OPV-12. It is clear from the above 

photophysical analysis that OPV-12, m-PPV and Poly-12 were completely soluble 

and had similar optical band gap. Therefore, these polymers were carefully selected 

to study the influence of topology and polymer back bone on self-assembly 

properties using photophysical tools.   

 

Table 5.2. Photophysical measurements of  OPV and polymer samples in THF and 

films. 

  

 

 

 

 

 

 

(a)Measured in THF for 0.1 O.D. solution at 25 C. (b)Measured in THF for 0.1 

O.D. solution at 25 C, excitation wavelength = 393 nm. (c) Quantum yield was 

determined using quinine sulfate as standard at 25 C. 

 

5.3.5. Solvent Induced Molecular Self-assembly  

π-Conjugated polymers are important p-type materials for opto-electronic 

applications. The mesoscopic ordering of the polymer chains play a crucial role in 

Sample In THF
 

In Film 

max(Abs)
a
 

(nm) 

max
b
(Em)

 

(nm) 

Φ
c 

max(Abs) 

(nm) 

 

max
c
(Em) 

(nm) 

Poly-12 393 444 0.37 393 498 

Poly-8 393 487 0.33 393 550 

m-PPV 398 443 0.39 393 530 

OPV-12 393 444 0.42 380 498 
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determining the electronic properties of these materials, which, in turn, depends upon 

the intermolecular chain-chain interactions. Therefore, understanding intermolecular 

interactions present between individual polymer chains has become a major 

challenge to understand the self-assembling properties in this class of materials. 

Several external stimuli such as temperature, pH, and solvent combination have been 

utilized to bring the polymer chains close to each other.  

 

Figure 5.12. Cartoon diagram for polymer chain dynamics in good and bad 

solvents.  

Among all the approaches, solvent induced aggregation is an important 

approach to study intermolecular chain-chain packing interactions. This approach 

provides a close estimate of polymer chain interactions that may be present in solid 

state. A schematic model exhibiting the effect of good and bad solvent conditions on 

polymer chain dynamics has been shown in the figure 5.12. In this method, isolation 

or aggregation of polymer chains can be controlled by choosing the appropriate 

combination of good and bad solvent.
59

 In a good solvent, the polymer chains are 

molecularly dissolved and exist in open conformations. Upon addition of bad solvent 

molecular chromophores tend to aggregate due to solvent induced self-organization. 

For this purpose, THF /Methanol combination was chosen as good and bad solvent 

mixture and photophysical techniques were employed to study the aggregation 

properties by exploiting the OPV optical chromophore unit present in the polymers. 

 

Bad 
Solvent
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Figure 5.13. Absorption spectra of OPV-12 (a),Poly-8 (b), m-ppv (c) and  Poly-12 

(d) at different solvent composition in THF/MeOH mixture (from 0 to 100% v/v). 

 

Figure 5.13 shows the absorption spectra of samples at different solvent 

composition in THF/MeOH mixture (from 0 to 100% v/v).  In a good solvent, such 

as THF, the polymer chains were molecularly dissolved and the absorption 

maximum (λmax) of OPV unit was found at 393 nm in all the cases. (See figure 5.13a-

d.). As the concentration of the poor solvent increased, the absorption spectra for 

OPV-12 and m-PPV remained almost unchanged (See figure 5.13a and 5.13c). Poly-

8 exhibited slight spectral broadening with increase in the concentration of methanol, 

but a distinct isosbestic point was not observed (See figure 5.13b). In the case of 

Poly-12, as the concentration of methanol increased up to 20% (v/v), a red shift and 

broadening of absorption band occured, with a distinct vibrational shoulder at 417 
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nm (see figure 5.13d). The presence of an isosbestic point at 425 nm provided 

evidence that two different phases (molecularly dissolved polymer chains and 

aggregated) existed in solution.  

 

Figure 5.14. Emission spectra of OPV-12 (a) Poly-8 (b), m-ppv (c) and  Poly-12 (d) 

at different solvent composition in THF/MeOH mixture (from 0 to 100% v/v). 

Photographs of polymer solutions in vials were captured under UV light.  

 

The emision spectra of OPV-12, Poly-8, m-PPV and Poly12 at different 

solvent composition in THF/MeOH (from 0 to 100% v/v) have been shown in figure 

5.14. The emission maximum was found at 444 nm in case of OPV-12, m-PPV and 

Poly-12 corresponding to λmax for the OPV chromophore in THF. As the 

concentration of bad solvent methanol increased, the emission spectra of OPV-12 

and m-PPV remained unchanged (see 5.14a and 5.14b). The photographs of solution 

vials captured on UV irradiation of these samples showed that the color of the 

polymer solutions remained blue (irrespective of the solvent composition). In 
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contrast, addition of methanol drastically affected the emission spectra of Poly-8 and 

Poly-12. At lower concentrations of methanol (up to 10 %), Poly-12 showed 

emission maximum at 444 nm. The emission spectrum was similar to its 

corresponding oligophenylenevinylene (OPV-12) molecule suggesting presence of 

isolated molecular chromophores (OPV segments) in the polymer backbone. As the 

concentration of methanol increased to 20 %, the emission spectrum exhibited a 

drastic 55 nm red shift. The emission maximum shifted to 498 nm and a new peak 

appeared at 530 nm, indicating the presence of aggregated species. The emission 

maximum of aggregated polymer chains was found at 498 nm and remained 

unchanged once the transition point was achieved at 20/80 (MeOH/THF (v/v)). At 50 

% concentration of methanol, the peak at 444 nm disappeared completely suggested 

that the OPV segments were fully stacked and there were no free and isolated optical 

chromophores. The colour of the polymer solution gradually changed from blue to 

green and the transition point was observed at 20 % MeOH in THF in as seen in vials 

shown in figure 5.14d. The decrease in PL intensity with increasing concentration of 

methanol was attributed to increase in quenching due to bad solvent effect. Poly-8 

exhibited aggregation similar to Poly-12, but the polymer solution contained both 

aggregated chains and isolated molecular chains as depicted by mixed emission from 

aggregated and isolated species at different compositions.  

 

Figure 5.15. Models displaying aggregation properties for Poly-12, m-PPV and 

OPV-12 in good and bad solvent conditions.  
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Three important trends can be observed from the above photo physical 

analysis- (1) the segmented polymers were superior to rigid polymers or their 

oligomeric counterparts in forming aggregates in solution. (2) The photophysical 

properties were similar in aggregated and solid state, therefore, by studying the 

solution state properties, a close idea about the photophysical properties in solid state 

can be obtained which are important for device applications. (3) The photophysical 

properties of the segmented Poly-12 in solution state aggregates and solid films were 

identical to its oligomer (OPV-12). Based on above analysis, a model depicting the 

self-assembly of OPV-12, m-PPV and Poly-12 has been proposed in the figure 5.15. 

The flexible alkyl spacers facilitated segmented polymer (Poly-12) to fold in a 

helical fashion upon addition of bad solvent methanol. The interdigitated OPV 

chromophores in polymer chains arranged in J-type fashion. This J-type arrangement 

was also seen in the X-ray single crystal structure of OPV-12. As Poly-12 and its 

oligomer OPV-12 had identical photophysical properties in aggregated and solid 

state, X-ray single crystal structure of OPV-12 can be used to predict chain packing 

in Poly-12. On the other hand, the rigid m-PPV and OPV-12 failed to aggregate even 

at high concentrations of methanol and existed as isolated chains or chromophores.  

 

5.3.6. Donor- Acceptor Self-assembly  

Polymers consisting of OPV chromophores are electron rich p-type 

molecules and are widely used for constructing donor acceptor arrays with electron 

deficient molecules.
41,42

 Perylene bisimides are among some of the best n-type 

semiconductors.
39-40

 Polymers containing oligo(p-phenylene vinylene) units are 

electron rich in nature and can form D-A arrays with electron deficient perylene bis 

imide based chromophores. For this purpose, a custom designed perylenebisimide 

based chromophore (PERY), was used for D-A self-assembly. The PERY molecule 

was synthesized using perylenetetracarboxylic acid dianhydride with dodecylamine 

in the presence of catalytic amounts of imidazole at 110 
ο
C as reported in earlier 

procedures (free sample was donated from Dr. Asha Syamakumari’s group from 

NCL-Pune).
41
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Figure 5.16. Chemical structure of PERY (a), absorption (b)  plot of absorption 

maximum against amount of methanol in the solvent mixture (c) and emission 

spectra (d) at different solvent composition in THF/MeOH mixture (from 0 to 100% 

v/v). 

 

The general chemical structure of PERY has been shown in the figure 5.16a. 

The number of carbon atoms in the terminal alkyl chains was kept equal to the alkyl 

segment length to promote alkyl chain-chain interactions. Figure 5.16b exhibited the 

absorption spectrum of PERY at different solvent composition of THF/MeOH (from 

0 to 100% v/v). The absorption spectrum showed four well resolved absorption 

bands corresponding to 0–0 (S1←S0) at 520 nm, 0–1 (S1←S0) at 484 nm, 0–2 

(S1←S0) at 456 nm, and 0–3 (S1←S0) at 425 nm. The areas under each of the 

absorption peaks were measured and the relative areas were calculated by dividing a 

particular peak area by total area of all the peaks. The relative areas corresponding to 

the peaks at 520 nm, 484 nm, 456 nm, and 425 nm were 50.8%, 35.4%, 11.4% and 

2.4% respectively. Thus, a good spectral overlap with the emission spectra of the 

polymers was observed. As the concentration of methanol increased up to 60%, the 

molecules started aggregating and a new peak appeared at around 575 nm. The inset 

showed a plot of absorption maximum against amount of methanol in the solvent 
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mixture. A clear transition from molecularly dissolved PERY chromophores to 

aggregated state was observed above 40/60(v/v) THF/Methanol. Figure 5.16d shows 

the emission spectra at different solvent composition in THF/MeOH mixture (from 0 

to 100% v/v). Emission maximum was observed at 531 nm corresponding to 0-0 

transition. The peak at 569 nm corresponded to 0-1 transition. The above 

photophysical analysis suggested that PERY can form efficient donor-acceptor self-

assemblies with segmented and rigid polymers.  

The formation of these D-A arrays can be visualized in terms of the energy 

transfer or electron transfer that may occur when such donor acceptor molecules are 

in close vicinity of each other. After photoexcitation of the donor in D-A arrays, self-

emission from the donor can be quenched by either a singlet-energy transfer reaction 

(kET) to the PERY chromophore or a charge separation (kCS) to a charge-separated 

state (CSS) in which an electron is transferred from the donor to the acceptor unit. 

(see figure 5.17).  The energy transfer from a singlet-excited donor to an acceptor 

occurs via dipole-dipole resonance interactions and is known as FRET (fluorescence 

resonance energy transfer). The Jablonski diagram explaining mechanism of 

fluorescence energy resonance transfer has been shown in the figure 5.17. The rate 

(kET or kCS) at which these processes occur can give an estimate about the stability of 

these aggregates. Among several factors that determine the rate of energy transfer 

(kET), the spectral overlap between the emission spectrum of the donor and the 

absorption spectrum of the acceptor plays a crucial role.  

 

Figure 5.17. Schematic representation of energy levels of donor and acceptor 

molecules and FRET process. 
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Figure 5.18 exhibits the absorption and the emission spectra of PERY, Poly-12-

PERY and m-PPV-PERY mixtures in 70/30 (THF/CH3OH) solvent system. The 

concemtration of PERY and polymers was kept fixed at 1.0× 10
-5

 mol L
-1

. The 

absorption maximum for OPV and perylene were observed at 393 nm and 520 nm, 

respectively. The transitions belonging to each of the chromophores could be easily 

distinguished in the absorption spectra of the mixtures. An important observation 

from the absorption spectra revealed that at 70/30 (THF/CH3OH), PERY solution 

remained unaggregated, however, the mixtures showed aggrgation peaks from both 

polymers and perylene. The emission spectra were recorded by exciting at the 

absorption maximum of donor. PERY did not emit strongly when excited at donor’s 

maximum as seen from the intensity at 575 nm. But in the mixtures, strong emission 

from perylene at 575 nm was observed, which suggested energy transfer from donor 

to acceptor.  

 

Figure 5.18. Absorption(a) and emission(b) spectra of Poly12-PERY, m-PPV-PERY 

and PERY in THF/MeOH mixture (70/30 v/v). 

 

Photophysical analysis was done to find out and quantify the D-A arrays 

formed by these polymer-PERY systems. Figure 5.19a and 5.19b show the 

absorption and the emission spectra of Poly12-PERY mixtures by keeping 

concentrations of the donor (1.0× 10
-5

 mol L
-1

) and acceptor (1.0× 10
-5

 mol L
-1

) fixed 

and varying the THF/MeOH mixture (from 0 to 100% v/v). The absorption spectra 
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 Figure 5.19. (a) Absorption and (b) emission spectra of Poly12-PERY.  (c) 

Absorption and (d) emission spectra of m-PPV-PERY at different solvent 

composition in THF/MeOH mixture (from 0 to 100% v/v). 

 

of Poly-12-PERY mixture in figure 5.19a exhibited a red shift and broadening of 

absorption band corresponding to OPV units confirmed aggregation of Poly-12. 

Similarly, a new peak at 575 nm appeared corresponding to perylene aggregation. 

Therefore, both Poly-12 and perylene aggregated in solution, but the aggregates were 

homogeneously dissolved. The inset in figure 5.19a exhibited a plot of absorbance 

recorded at 575 nm versus the concentration of THF in the solvent mixture. The 

absorbance intensity from the acceptor increased, even though the concentration of 

the acceptor was kept constant. This clearly revealed that energy was transferred 

from Poly-12 to PERY. On the other hand, the absorption spectrum of m-PPV-PERY 

mixture (see figure 5.19c) failed to show any significant spectral red shift or a clear 

isosbestic point. The emission for these D-A solutions have been shown in the 5.19b 

and 5.19d. The emission spectra in figure 5.19b showed that the self-emission from 

the donor traced at 444 nm underwent large decrease in Poly-12 as compared to m-
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PPV. The other important observation was that the D-A mixtures were highly 

emissive even at higher methanol concentration in case of Poly-12 (see vials). Poly-

12 chains prevented π-π stacking in PERY molecules by stabilizing them into D-A 

arrays, and hence precipitation of individual polymeric chains or perylene molecules 

was inhibited even on increasing polarity of the solvent. On the other hand, m-PPV-

PERY mixtures exhibited large quenching (see photograph in the vials) suggesting 

precipitation of chromophores.  

 

Figure 5.20. Models depicting D-A complexes in Poly-12 and m-PPV. 

 

Based on the above analysis, a model for the formation of donor-acceptor 

arrays has been proposed in the figure 5.20. Poly-12 formed extended D-A 

aggregates in which the Poly-12 chains folded in helical fashion to accommodate 

acceptor units. The aggregates were uniformly dissolved in solution state. However, 

in the case of m-PPV, precipitation of chromophores resulted in large quenching in 

emission intensity resulting in weak donor- acceptor complexes scattered along the 

polymer chain.  

 

5.3.7. Molar Ratio Method  

The relative ratio of donor-acceptor units in the D-A arrays was found out by 

using Molar Ratio method.  Detailed concentration dependent photophysical analysis 

was done, in which the solvent composition was fixed at THF/CH3OH (70/30 (v/v)) 
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and the concentration of polymer was varied from 1.0× 10
-6 

mol L
-1

(A) to1.0× 10
-4 

mol L
-1

(I), keeping the concentration of perylene constant at 1.0× 10
-5

 mol L
-1

, in all  

 

Figure 5.21. Absorption and Emission spectra of Poly12-PERY (a and b). 

Absorption and emission spectra of m-PPV-PERY mixtures (c and d) at different 

concentrations of polymer in THF/MeOH mixture (70/30, v/v). 

 

the cases. Figure 5.21a exhibited the absorption spectra of Poly12-PERY mixtures. 

An intense absorption band was observed at 393nm, which was attributed to the 

OPV unit present in the polymer. The transitions corresponding to the PERY moiety 

were located at 520nm corresponding to 0–0 (S1←S0), with a vibronic shoulder at 

486 nm. The transitions belonging to each of the chromophores could be easily 

distinguished in the absorption spectra and the absorption intensity of Poly-12 

increased with increase in the polymer concentration. Figure 5.21b exhibited the 

emission spectra of these D-A mixtures by exciting at 393 nm to ensure selective 

excitation of the OPV units. It was found that with increase in the concentration of 

polymer, the fluorescence intensity at 535 nm, corresponding to 0-0 transition from 

perylene gradually increased, even though the amount of perylene was kept constant. 

This indicated that there was partial energy transfer from Poly-12 to PERY which 
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resulted in increase in emission from acceptor. This energy transfer also confirmed 

that there was indeed formation of donor-acceptor arrays because of electrostatic 

interactions between the electron rich donor molecules and the electron deficient 

acceptor PERY molecules. Figure 5.21c and 5.21d exhibited the absorption and the 

emission spectra of m-PPV and PERY mixtures under the same conditions. The 

trend was found to be the same, however the emission intensity from acceptor at 535 

nm was significantly lower suggesting that the D-A complexes formed by m-PPV 

were relatively weak. 

The composition (donor to acceptor ratio) in the above D-A complexes was 

calculated by using Molar Ratio method. The PL intensity at 535 nm of each solution 

(in figure 5.21b and 5.21d) was measured and the fluorescence intensity from PERY 

due to energy transfer from polymers was determined using the following equation: 

IET = IDA-[ID+ IA] 

where, IET = fluorescence intensity from A due to energy transfer; IDA = total 

fluorescence intensity from D-A mixture at 535 nm; ID = [I495× {I495/I535}], 

theoretical fluorescence intensity from D at 535 nm, IA = fluorescence intensity from 

A at 535 nm. 

 

Figure 5.22. (a) Mole Ratio plots for polymers. (b) Models depicting D-A complexes 

in Poly-12 and m-PPV. 

 

Figure 5.22 exhibits a plot of IET plotted versus the mole ratio of the polymers. The 

linear portions of the curves were extrapolated to locate the break point. The break 
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point in the slope of the curve gave the mole ratio corresponding to the combining 

ratio of the complex. The combining ratio for Poly-12-PERY and m-PPV- PERY 

complexes was found to be 3: 2 and 1:1, respectively. From above analysis, it can be 

concluded that Poly-12 formed extended D-A arrays in which the Poly-12 chains 

folded in helical fashion to accommodate acceptor units. The model depicting the 

formation of one such 3:2 complex has been shown in figure 5.22b. On the other 

hand, m-PPV formed only weak 1:1 complexes scattered along the polymer chains. 

Figure 5.23. Scatchard plots for Poly-12(a) and m-PPV (b) for the determination of 

stability constants. 

 

To further quantify the formation of these D-A arrays, the stability constant 

between the donor and the acceptor molecules was calculated by using a rearranged 

form of Benesi-Hildebrand equation known as the Scatchard equation.
60

 This 

equation makes use of the fluorescence spectroscopic method for the evaluation of 

stability constants.  According to the Scatchard Equation, 

(F/F0)-1/[S] = (kRS/ks) KRS - KRS (F/F0), 

where, F is the total intensity of fluorescence from donor, acceptor and complex; F0 

is the fluorescence intensity when both the complex and the acceptor are fluorescent 

and KRS is the stability constant. According to this equation, from a linear plot of 

(F/F0)-1/[S] against (F/F0) the stability constant can be calculated as the slope of the 

each plot. Figure 5.23a and 5.23b showed the Scatchard plots for Poly-12 and m-

PPV and the determination of stability constants from the slopes of each plot. The 

stability constant for Poly12-PERY was found to be 2.5×10
5
, whereas the stability 

constant for m-PPV-PERY was determined to be 4.9× 10
4
. These values suggested 
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that the D-A complexes formed in the case segmented polymer were ten times more 

stable as compared to the D-A arrays formed by rigid m-PPV. Above analysis clearly 

bought out the importance of an appropriate polymer scaffold i.e. the chemical 

structure, the flexibility and an optimum spacer length interconnecting the electron 

rich chromophores, that can fold to accommodate the electron deficient perylene bis 

imide molecules.  

  

5.3.8. TCSPC Analysis 

Time-dependent fluorescence decay measurements were carried out by the 

TCSPC technique by using a 375 nm diode laser as the excitation source. The 

fluorescence intensity decays were collected at emission maxima for polymer 

samples as shown in the figure 5.24a and 5.24c.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.24. Life time decay profiles of Poly-12 (a) Poly12-PERY (b) m-PPV (c) and 

m-PPV-PERY (d) at different solvent composition in THF/MeOH mixture. 

 

The D-A mixtures were excited at 393 nm to ensure selective excitation of the OPV 

units and fluorescence decays were collected at emission maximum of polymer as 

well as PERY. (see figures 5.24b and 5.24d). The decays were collected at four 
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different concentrations (in THF; 10%, 20% and 40% methanol in THF) for 

aggregated and non-aggregated states. The decay data were fitted using DAS 6 

software and followed bi-exponential fit with γ
2
 ≈ 1.  The lifetime data and γ

2
 are 

summarized in table 5.3. The lifetime data suggests that Poly-12 exhibited a bi-

exponential fit corresponding to the formation of a short lived and a longer lifetime 

species. At 0 and 10% concentration of methanol (in non- aggregated state), the 

lifetime values were low such that τ1 and τ2 values were 0.5 and 1.4 ns, respectively. 

As the concentration of methanol increased to 20% and 40%, there was a significant 

increase in the lifetime. On the other hand, the lifetime values remained almost 

unchanged in the case of m-PPV. In the case of mixtures, the solutions were excited 

Table 5.3. life time data for polymers and donor-acceptor mixtures.   

 

(a) Fluorescent decay lifetime obtained by collecting at emission maximum for 

donor. (b) Fluorescent decay lifetime obtained by collecting at emission maximum 

for acceptor by fitting with multi-exponential decay. The data were collected by 

exciting with 375 nm Laser diode source. 

at the absorption maximum of donor (393 nm) for selective excitation of OPV 

chromophore. The intensity decays were collected both at donor and acceptor’s 

Sample % 

 (CH3OH) 

% 

 (THF) 

τ1
a
 τ2

a
 γ

2
 τ1

b
 τ2

b
 γ

2
 

Poly-12   0 100 0.58 1.44 1.26 - - - 

Poly -12 10 90 0.50 1.44 1.09 - - - 

Poly -12 20 80 1.08 1.77 1.04 - - - 

Poly- 12 40 60 0.95 1.75 1.04 - - - 

m-PPV   0 100 0.77 1.71 1.46 - - - 

m-PPV   10 90 0.41 1.47 1.14 - - - 

m-PPV   20 80 0.37 1.48 1.13 - - - 

m-PPV   40 60 0.33 1.53 1.36 - - - 

Poly-12 -PERY 0 100 0.52 1.39 1.01 1.71 4.87 1.49 

Poly-12 -PERY 10 90 0.59 1.51 1.07 1.73 4.60 1.45 

Poly-12 –PERY 20 80 0.54 1.58 1.30 1.39 3.72 1.12 

Poly-12 -PERY 40 60 0.45 1.46 1.51 1.22 2.96 1.13 

m-PPV –PERY 0 100 0.58 1.54 1.05 1.32 4.0 1.04 

m-PPV –PERY 10 90 0.34 1.42 1.06 1.23 4.02 1.08 

m-PPV –PERY 20 80 0.32 1.44 1.02 1.21 3.92 1.07 

m-PPV -PERY 40 60 0.28 1.50 1.01 0.92 3.14 1.11 
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emission maximum. This data has been summarized in the table 5.3. The lifetime 

data clearly indicated emission from acceptor PERY molecule on selective excitation 

of OPV chromophore in D-A mixtures. This observation further confirmed the 

formation of donor-acceptor self-assembly and energy transfer from OPV segmented 

polymers to PERY molecules. Thus in the present case, formation of donor-acceptor 

arrays was beautifully shown by TCSPC analysis. 

In summary, the effects of chemical structures and polymer chain topology 

on donor-acceptor self-assemblies of OPV and perylenebisimide chromophores were 

studied using FRET mechanistic pathways. Segmented polymers were superior to 

rigid polymers and OPVs in forming strong inter-molecular aggregates in solution 

state. The flexible alkyl spacers facilitated chain folding in segmented polymers 

resulting in strong D-A arrays with electron deficient perylenebisimide based 

chromophores. Molar ratio method was used to determine the composition (donor to 

acceptor ratio) of D-A complexes and their stability or association constants. Poly-12 

formed extended D-A arrays in which the polymer chains folded in helical fashion to 

accommodate acceptor PERY units in 3:2 (donor: acceptor) ratio. On the other hand, 

rigid m-PPV formed only weak 1:1 complexes scattered along the polymer chain 

backbone. The stability constants revealed that the donor and the acceptor complexes 

formed by segmented polymer were ten times more stable than their rigid 

counterparts. Fluorescence lifetime decay measurements further supported the 

formation of D-A arrays. Hence, donor-acceptor self-assembly of novel segmented 

polymers was traced through FRET mechanistic pathways.  
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5.4. Conclusion 

A series of OPV segmented polymers with identical OPV optical 

chromophores but variable alkyl chain spacers (n = 4, 8, and 12) were synthesised.  

A rigid polymer (m-PPV, n = 0) was also synthesised by introduction of m-linkages 

along the polymer back bone. The polymers were designed in such a way so that all 

the polymers had almost identical optical energy levels but differed in polymer chain 

topology. DSC analysis revealed that the macroscopic properties of polymers differ 

significantly from their oligomeric analogues. High molecular weight, polydisperse 

polymer chains were sluggish to crystallize and formed amorphous films; whereas, 

OPVs were found to have a strong tendency to self-assemble in to highly ordered 

crystalline domains. The effects of chemical structures and polymer chain topology 

on donor-acceptor self-assemblies of OPV and perylenebisimide chromophores was 

studied by photophysical analysis. Photophysical analysis revealed that segmented 

polymers were superior to rigid polymers and OPVs in forming strong inter-

molecular aggregates in solution state. The flexible alkyl spacers facilitated 

segmented polymer folding. Further, the Polymers were found to form D-A arrays 

with electron deficient perylenebisimide based chromophores. The stability and type 

of self-assembly in these arrays was highly dependent on the chemical structure and 

the topology of the polymer backbone. Molar ratio method was used to determine the 

composition (donor to acceptor ratio) of D-A complexes and their stability or 

association constants. Segmented polymer formed extended D-A arrays in which the 

chains folded in stacked fashion to accommodate acceptor perylene units in 3:2 

(donor:acceptor) ratio. On the other hand, the rigid polymer was found to form only 

weak 1:1 complexes. The stability constants revealed that the donor and the acceptor 

complexes formed by segmented polymer were ten times more stable than their rigid 

counterparts. Thus, the role of chemical structure and polymer chain topology on 

donor-acceptor self-assembly was established using the segmented polymer 

approach. 
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The thesis entitled “Supramolecular Assemblies of -conjugated 

Phenylenevinylenes in Solid State” deals with design and development of new π- 

conjugated phenylenevinylenes and their segmented polymers that can self-assemble 

via weak non-covalent interactions in the solid state. A large number of custom 

designed oligophenylenevinylenes and segmented PPV polymers were synthesized 

for understanding π-conjugated self-assemblies in the solid state. The design 

principle was adopted in such a way such that the molecules were constructed using 

simple hydrocarbon anchoring units so that the molecular assemblies were driven by 

very weak non-covalent forces.  

A homologous series of oligophenylenevinylenes (OPV-n) with 

tricyclodecanemethylene pendent units in the aromatic core and variable tail length 

in the longitudinal position was synthesized to trace the effect of vander Waals and 

π-π stacking interactions on self-assembly. Thermal (by DSC) and polarized light 

microscope analysis were done to understand the effect of the structure on solid state 

packing and mesophase morphologies. OPV molecules showed sigmoidal transition 

from crystalline solids (n = 0-4) to ring banded LC mesophases (n = 10-15) via fan 

shaped cholesteric textures (n = 5-9). Single-crystal X-ray structures of OPV 

molecules were resolved to trace the origin of sigmoidal self-assembly at the 

molecular level. The packing changed from herringbone (OPV- 4) to helical self-

assembly (OPV-12), and, the presence of multiple CH/π interactions (in OPV-12) 

was identified as the main driving force for helical suprastructures. Pitch and roll 

angles were determined to find out the existence of π-π stacking interactions. The 

large pitch and roll displacements completely destroyed the aromatic π-stacking 

interactions among this series of OPV chromophores. Circular dichroism studies on 

the OPVs confirmed that the helical structures were produced only on aligning the 

chromophores in the LC mesophases. The uniqueness of the present approach was 

that the type of self-assembly (herringbone or helical) could be tuned by just varying 

the number of carbon atoms in the tails. 
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To study the role of planarity, peripheral substitution and its orientation on 

solid state packing and intermolecular non-covalent forces in OPVs: a series of 

longitudinal, vertical and radial OPVs was synthesized by different alkyl side chains 

arrangements around the periphery. DSC analysis and PLM imaging revealed that 

horizontal isomers packed better than vertical isomers. Increasing n (no. of carbon 

atoms present in alkyl chain length) along the longitudinal direction favored liquid 

crystallinity as compared to vertical isomers, which were crystalline in nature. 

Radially substituted OPVs exhibited well-ordered two dimensional lamellar textures. 

Single crystal XRD analysis revealed that planar molecules were generally devoid of 

strong CH/π and π-π interactions. However, non-planar molecules exhibited strong 

CH/π interactions. Roll and pitch inclinations showed that non-planar molecules 

were more prone to show π-π stacking interactions. Further, OFET devices were 

constructed from OPVs by using LC and drop cast films. OPVs exhibited hundred 

folds increase in mobility in LC frozen state as compared to drop cast films. This 

preliminary result showed that the LC self-organization of molecules can be an 

effective tool for solid state packing in electronic devices. 

To study the role of tail nature on LC mesophases, a series of OPVs were 

designed with hydrocarbon or fluorocarbon tails. Thermal analysis revealed that 

hydrocarbon tail OPVs packed better as compared to their fluorocarbon counterparts. 

PLM analysis revealed that fluorocarbon tail OPVs produced identical SmC LC 

mesophases irrespective of the pendent groups attached in the middle aromatic core. 

In contrast, for hydrocarbon tailed OPVs produced diverse self-assembly depending 

on pendent group present in the middle aromatic core. Variable temperature wide 

angle XRD patterns of fluorocarbon tail OPVs exhibited regular periodicity 

corresponding to equidistant planes formed in smectic LCs. Small angle variable 

temperature X-ray diffraction analysis confirmed transition from SmA to a more 

ordered SmC mesophase. Solid state photophysical analysis confirmed the formation 

of H and J aggregates in FC and HC-OPVs, respectively. Time resolved fluorescence 

decay measurements confirmed longer life time for H-type smectic OPVs compared 

to that of loosely packed one-dimensional nematic hydrocarbon tailed OPVs. Hence, 
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diverse molecular self-assembly of aromatic π-conjugated units via weak secondary 

forces was attained. 

Towards the end, the effect of chemical structure and polymer chain topology 

on donor-acceptor self-assemblies of segmented OPV polymers and 

perylenebisimide chromophores was studied. A series of OPV segmented polymers 

(Poly-n) with identical OPV optical chromophores, but, different alkyl chain 

segments (n = 4, 8, and 12) was synthesized. Poly-0 (rigid polymer without any alkyl 

segment) was synthesized as m-PPV having m-linkages along the polymer back 

bone. All the polymers had almost identical energy levels, but, differed in their 

topology. DSC analysis revealed that OPVs self-assembled in to highly order 

crystalline domains, but, polymers formed amorphous films. Photophysical analysis 

revealed that segmented polymers were superior to rigid polymers and OPVs in 

forming strong inter-molecular aggregates in solution state. The chemical structure 

and the topology of the polymer backbone determined the stability and type of 

donor-acceptor self-assembly perylene bisimide based chromophore. Segmented 

polymer formed extended D-A arrays to accommodate acceptor perylene units in 3: 

2 (donor: acceptor) ratio. In contrast, the rigid polymer was found to form only weak 

1:1 complexes. The stability constant for D-A arrays formed by segmented polymer 

was ten times higher than rigid m-PPV. Hence, the role of chemical structure and 

topology of polymer chains on donor-acceptor self-assembly was established.  

In short, this thesis work is focused on design and development of new π-

conjugated phenylenevinylenes to trace the origin of supramolecular self-assembly at 

molecular level. The role of OPV backbone planarity, CH/π hydrogen bond, and 

positional effect of peripheral substitution, alkyl chain lengths and its orientation 

were investigated on the various properties such as liquid crystallinity, solid state 

packing and so on. The OPV materials developed in the thesis are very important 

class of organic skeletons for understanding molecular self-assembly processes. LC-

OPV molecules, FC-OPVs, segmented OPV polymers and their donor-acceptor 

assemblies can be explored for various applications in optoelectronics.  



   

   

                                                                                              Conclusion and future directions 

 

258 

 

Future directions 

π-Conjugated semiconducting oligomers and polymers are new generation 

electronic materials for potential applications in electronic devices such as light 

emitting diodes (LEDs), photovoltaics (PVs), field effect transistors (FETs), 

biological and chemical sensors etc. Solid state self-assembly of -conjugated 

organic polymers and small molecules into hierarchical architectures is being 

extensively used for making molecular devices in solid state electronics.
 
The optical 

and electronic features of devices such as organic field-effect transistors (OFETs) 

made up of these -conjugated materials could be directly correlated to the precise 

arrangements of molecules in the solid state.
 
 Non-covalent forces such as hydrogen 

bonding, aromatic - stacking, hydrophilic/hydrophobic and van der Waals 

interactions are regularly employed as tools for obtaining self-assembled 

suprastructures used in these devices.  

Regardless of the rapid progress of π-conjugated systems and their 

application in organic devices, there remain several challenges for the application of 

these materials in organic electronics. For example, the mobility of π-conjugated 

systems still lags behind their inorganic counterparts and designing π-conjugated 
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systems with even high mobility remains a hard task. In this attempt, synthesizing 

new hybrid materials having metal ions incorporated in organic π-conjugated 

molecules would be a useful concept to explore for highly conducting organic 

materials. OPVs with terminal polyethyleneglycol chains or with crown ether groups 

in the π-conjugated backbones can incorporate metal ions in the polymeric chain 

backbones. The resulting π-conjugated materials can show enhanced charge carrier 

mobility/conductivity due to the presence of metallic conductors and better 

processibility resulting due to soluble organic oligomers and polymers. Moreover, 

OPVs with crown ether functional groups can also be very useful for metal ion 

sensing applications.  

Another important challenge to be addressed is the charge transport 

mechanism of π-conjugated systems in organic devices which requires an 

understanding of relationships among chemical structure, molecular packing, 

intermolecular interactions, and charge transport properties. In this thesis new π-

conjugated phenylenevinylenes were synthesized that self- assembled to produce 

well defined supra structures for applications in opto-electronics.  Intense effort was 

put to optimize chemical structure, understanding the origin of self-assembly using 

single crystal XRD analysis and explore the role of non-covalent interactions in self-

organization. It was understood that the mobility of the organic semiconductor is the 

key parameter for efficient electronic devices. This important parameter is extremely 

dependent on the packing (arrangement) of the organic molecules in the solid state. 

Therefore, the control of packing mode of the organic semiconductors in the solid 

state is a very important factor for better charge transport between molecules. The 

future research requires detailed understanding of structure property relationships 

and hence single crystal X-ray analysis of a large number of π- conjugated skeletons 

is very important for understanding precise molecular arrangements  

Typically, π-conjugated systems are comprised of two chemical units: (i) a 

rigid aromatic conjugated backbone and (ii) flexible alkyl chains anchored for 

solubility purpose. Without the alkyl chains, the aromatic molecules were found 



   

   

                                                                                              Conclusion and future directions 

 

260 

 

insoluble which restrict their processability in devices. These aromatic-aliphatic 

systems self-organized via two in-built non-covalent forces: (i) π-stacking via rigid 

aromatic core backbone and (ii) van der Waals interactions among the alkyl chains. 

Most often, these two non-covalent forces were found not strong enough to bring the 

desired self-assembly in π-conjugated materials; for example purely hydrocarbon 

OPVs do not form D-A arrays with purely hydrocarbon perylene based molecules. 

Incorporation of secondary forces like strong hydrogen bonding units may result in 

strong donor acceptor self-assembly. Various donor acceptor self-assemblies can be 

studied by using different acceptor molecules such as naphthalene based dyes, 

Buckminister fullerene C60 and its derivative PCBM (1-(3-methoxycarbonyl) propyl-

1-phenyl[6,6]C61) for photovoltaic applications.  

 

 Building I-V measurement units and device fabrication setup for the OFETs 

fabrication and device characterization. Field effect mobility measurements provide 

direct information on structure property relations between molecular packing and 

charge carrier mobility for fundamental understanding and optimizing chemical 

structures. The liquid crystalline materials are particularly important since self-

organized structures could be obtained in the solid state via melt crystallization 

process. Hence, the active transport layer in the solid state electronics like OFETs 

could be easily fabricated in the LC mesophase. Photovoltaic technology is another 
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important approach based on -conjugated molecules for alternative source of 

electrical energy and offers great potential as a renewable and inexpensive energy 

sources. For the generation of electrical power by illumination, it is necessary to 

spatially separate the electron-hole pair generated in the absorption process before 

the recombination takes place.  

 

Low cost homemade set up for making photovoltaic devices can be 

constructed which can be inexpensively used for directly measuring electrical and 

photovoltaic responses. The outcome of the research will fuel fundamental research 

in the area of solid state self-assembly and also their application in molecular 

electronics.  
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