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Abstract
As it is well known that, materials that have liquid crystalline properties are early discovered long time ago. These type of materials can 
carry both type of different types of matter (conventional liquid and solid crystal). Upon inserting such properly to the backbone of any 
polymer structure. It can enhance its amazing properties to be considered as one of the most and effective smart materials in the last few 
decades. The current work presents a short summary about the historical overview and some important basic fundamentals of liquid 
crystalline materials and its different types of calcifications. In addition, a detailed study about liquid crystalline polymers (LCps) have 
been described classifications and synthetic method. Both types of these polymers were discussed including main chain or side chain 
polymers. The effects of mesogenic groups, structural unit, substituents and flexible spacers on the thermotropic properties were also 
displayed. Finally, a brief overview for the ethers, arylidenes, arylidene-ethers, azomethine-ethers, and hydrazone-ethers containing 
liquid crystalline polymers and their copolymers was illustrated.
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Abbreviations
LC, Liquid crystal; LCP, Liquid crystalline polymer; N, Nematic; MCLCP, Main chain liquid crystalline polymer; SCLCP, Side chain 
liquid crystalline polymer; Sm, Smectic; N*, Cholesteric; 2-D, Two dimensions; TBAH, Tetrabutylammonium hydroxide; DHAB, 
4,4′-Dihydroxyazobenzene; DN, 2,7-Dihydroxy naphthalene; DBP, 4,4′-Dihydroxybenzophenone; DPCH, 1,1′-Bis(4-hydroxyphenyl)
cyclohexane; DMF, N,N-Dimethylformamide; TEA, Triethylamine; FT-IR, Fourier transform infrared spectroscopy; 1H NMR, 
Proton nuclear magnetic resonance; 13C NMR, Carbon-13 nuclear magnetic resonance; FPAEKLCP, Thermotropic liquid crystalline 
poly(aryl-ether-ketone) having 3-(trifluoromethyl)phenyl group;TMS, Tetramethylenesulphone; TBAB, Tetrabutylammonium 
bromide; TDAI, Tris(dioxa-3,6-heptyl)amine; ISFET, Ion sensitive field effect transistors; (EBr2)n α,α′-dibrominateddiesters (n 
is the number of methylene groups); P388 and L1210; Murine leukemia cancer cells; TGA, Thermogravimetric analysis; POM, 
Polarized optical microscope; DSC, Differential scanning calorimetry; PDT, Polymer decomposition temperature; Tg, Glass transition 
temperature; Ti, Isotropization temperature; TEM, Transmission electron microscope; XRD, X-ray diffraction technique; DTG, 
Differential thermogravimetric analysis; DTA, Differential thermal analysis; TMA, Thermomechanical analysis; PI, Polyimide; 
PMDA, Pyromelliticdianhdride; PBa, Polybenzoxazine; UV-Vis, Ultraviolet-visible spectroscopy
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Introduction
Liquid crystal is a unique state of matter that has properties 
between those of conventional liquid and those of solid crystal. 
In the crystalline solid state, the constituent molecules occupy 
specific sites in a three dimensional lattice (positional orders) 
and points their axes in fixed directions (orientational orders) 
as illustrated in Figure 1A.1,2 Liquid crystal phases which are 
considered as a true discrete state of matter, possess orientational 
order (tendency of the molecules to point along a common 
direction called the director n) and in some cases various degrees 
of positional molecular orderings3 in one or two dimensions as 
shown in Figure 1B & 1C. On the other hand, in the isotropic 
liquid state, the molecules move randomly and rotate freely 
about all possible directions 1(d)). Thus, liquid crystals (LCs) 
have been defined as ‘’orientationally ordered liquids’’ or 
‘’positionally disordered crystals’’ that combine the properties 
of both the crystalline (optical and electrical anisotropy) and the 
liquid (molecular mobility and fluidity) states.4–7 This results in 
the anisotropy of the physical properties (the measured physical 
properties in different directions will not be the same), which 
have led to their widespread applications.8,9

Figure 1 Schematic representation of molecular packing in the (A) 
crystals, (B) & (C) liquid crystals and (D) liquid state.

Historical overview
Liquid crystals were discovered since more than 100 years by 
the Austrian botanist Reinitzer (1888). He observed a peculiar 
thermal behavior of the crystalline cholesteryl benzoate ester10,11 
where, it melted into a cloudy liquid at 145 °C and then as the 
temperature increased to 178 °C, suddenly became clear. This 
process was completely reversible and when cooling down, the 
substance transformed into an opaque liquid and finally became 
a white solid crystal. This strange behavior of the cholesteryl 
benzoate puzzled Reinitzer so, sent the sample to German 
physicist Otto Lemann, who later made detailed observations of 
this compound by using a polarizing microscope with a heating 
unit 2). Otto Lemann deduced that this compound must have a 
new state of matter in the indicated temperature range. A few 
years later, Lemann named this state of matter as ‘’liquid crystal’’ 
(1900)12 and this work was completed in a book published in 
1921(Figure 2).13 

Figure 2 The proposed experimental setup of the used polarizing 
microscope.14,15

At the beginning, the majority of researchers only interested 
in the theoretical study of the nature of the LC state, the study 
of their structural organization, elucidation of the relationship 
between the molecular constitution and physical properties of 
liquid crystals. After that, the unique properties of liquid crystals 
due to the high anisotropy and lability of the molecular structure 
encouraged them to find extensive areas of practical application. 
LC compounds have the ability to respond rapidly to changes 
in temperature, mechanical stress, electromagnetic radiation, 
and even chemical environment is now widely used for the 
construction of special thermo–indicators, devices for information 
recording in electro–nics, optoelectronics, display technology, and 
so on. LC televisions, LC monitors of personal computers, and 
large and small portable displays for mobile electronic equipment 
(telephones, games, video and photo apparatus, and personal 
productivity tools) are only a part of the technical devices based 
on liquid crystals. It can now be said without exaggeration that a 
number of branches of modern technologies would be unthinkable 
without the use of liquid crystals.16–22

Classification of liquid crystals
Liquid crystalline materials are fundamentally divided into two 
categories, thermotropic and lyotropic mesophases.2,23–25 The term 
‘’mesophase’’ originates from the Greek word meso, meaning ‘’in 
between’’ (the crystal and the liquid phases).25

Thermotropic liquid crystal phases are obtained by temperature 
variation, thermodynamically stable mesophases which appear 
both on heating and cooling are termed enantiotropic, while 
the thermotropic mesophases that appear only on cooling are 
monotropic . On the other hand, lyotropic phases form by 
dissolving a compound in a suitable solvent under a given 
temperature and concentration. Most of lyotropic mesophases 
are mixtures, whereas many of the reported thermotropic liquid 
crystals are single compounds.15,23 Some mesogens may exhibit 
both lyotropic and thermotropic phases; these materials are named 
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amphotropic.23,25 To date, some 80000 different compounds, low 
molecular mass as well as polymeric materials, exhibiting liquid 
crystal properties have been reported. Most of these are collected 
in many literature Liquid Crystals: Stegemeyer,27 Collings & 
Hird,7 Chandrasekhar,28 De Gennes & Prost,29 the Handbook of 
Liquid Crystals,30 the monograph of Petrov.31 All terminological 
definitions which are related to liquid crystals and LC polymers 
are summarized in IUPAC document.32

Lyotropic liquid crystal
Compounds forming lyotropic mesophases are amphiphilic which 
consist of a flexible hydrophobic tail and a polar hydrophilic head 
group (Figure 3) within the same molecule.23,24 Tail is an alkyl 
chain with 6 to 20 methylene groups in most cases while, the head 
may be ionic or zwitter ion or non–ionic group as shown in Figure 
4.23

Figure 3 Graphical representation of an amphiphilc compound.23

Figure 4 Examples for polar hydrophilic head group.23

Different lyotropic mesophases can be obtained depending on 
the molecular structure, solvent, concentration and temperature. 
Their formation is caused by the separation of the two different 
parts ((hydrophilic and hydrophobic) of the molecules. At low 
concentration, the added amphiphilc compounds into a polar 
solvent form a true molecular mixture because their molecules are 
dispersed randomly without any ordering. At higher concentration, 
the molecules are assembled spontaneously and the polar groups 
occupy the interface towards polar the solvent forming small 
aggregates with finite size called micelles or vesicles (Figure 5A). 
When the concentration of the amphiphilic molecules is further 
increased, the micelles can turn to disc–like, cylindrical (Figure 
5B) and plate–like supramolecular aggregrates which organize 
themselves forming different mesophases such as nematic, cubic, 
hexagonal columnar (Figure 5C) and lamellar (Figure 5D).24,33 
Dissolution of soap in water is the typical example of a lyotropic 
phase.23,24

Thermotropic liquid crystals
Thermotropic LCs has a relatively great attention because 
they are realized, handled and very important in fabricating 
display devices. Compounds which have thermotropic liquid 
crystalline properties do not loss of their long range positional 
and orientational orders on heating to transform into the isotropic 

liquid phase spontaneously but rather exhibit a step–wise decay 
with increasing temperature of the long–range positional order 
in the first, second or third dimension and finally the long–range 
orientational order leading to an isotropic melt as shown in 
Figure 6. This indicate that such compounds do not show a single 
transition from solid to liquid but rather a series of transitions 
involving LC phases with the mechanical and symmetry 
properties intermediate between those of liquid and a crystal.23

Figure 5 Some typical LC lyotropic structures formed by amphiphlic 
molecules in water solutions (A) micelle; (B) cylindric micelle; (C) 
hexagonal packing of cylindric micells; (D) lamellar liquid crystal.

Figure 6 Transitions from solid to the liquid state by increasing the 
temperature.

Systematic investigations have proven that the LC property 
is existed only in those compounds whose molecules have a 
pronounced anisometric shape (having unequal axes). Changes 
in the conformation of these molecules should not substantially 
affect their anisometric shape; so, a relatively rigid molecular 
structure is required. This means that such compounds usually 
contain a rigid part (aromatic cores and some non–aromatic cores) 
in addition to flexible regions. These two parts are combined in 
a specific way to achieve an anisometric shape of the molecule 
giving what is known as the mesogenic group (Figure 7).23,34 

The thermotropic liquid crystals can be classified in different 
ways: in terms of their molecular size (as low and high molecular 
weight compounds), molecular shape of the constituent molecules 
(calamitic, discotic, sanidic and banana mesogens) and according 
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to the mesophase type (nematic, cholesteric, smectic, columnar, 
and cubic mesophase etc.).23

Figure 7 Examples of typical mesogenic groups.

Classification of thermotropic LC according to the molecular 
shape: Thermtropic LCs are generally classified with respect to 
the molecular shape of the constituent molecules, being called 
calamitic for rod–like, discotic for disk–like, sanidic for board– 
or lath–like and banana–shaped molecules which was discovered 
in this century (Figure 8).15,23,25,34

Figure 8 Classification of thermotropic LCs according to the molecular 
shape.

The structural feature of the majority of both rod–like and board–
shaped LCs (Figure 9) is a relatively rigid core RC1 and RC2 
which can be aromatic (one, two or even three benzene rings) or 
alicyclic rings chemically linked directly or via linking units L 
such as (CH=CH, CH=N, –NH–CO– and –COO–), in addition 
to two flexible end units R and R’, often alkyl or alkoxy chains 
[23–25, 34]. The terminal groups can also be polar (e. g., CN, F, 
N=CO, N=CS, NO2, etc.). In some special cases, lateral units X 
and Y are incorporated in the main molecular structure such as 
(e. g., F, Cl, CN, CH3, etc.).23,25 Examples of typical rod–shaped 
molecules are shown in Figure 10.

In discotic mesogens, four to eight terminal groups are attached 
to a rigid disk–like core with a suitable linkage.23–25 as shown in 
Figure 11. Banana mesogen consists of bent molecules, in which 
two mesogenic groups are linked through a semi–rigid group in 
such a way as not to be collinear25,27,35–38 as shown in Figure 12.

Classification of thermotropic LC with respect to the type 
of mesophase: Depending on the degree of orientational and 

positional order of the molecules, the mesophases can be divided 
into nematic, smectic, cholesteric, columnar, cubic and bent–core 
(banana) LC phases. Nematic, smectic and cholesteric are the 
most common mesophases.2,15,23,24

Figure 9 Graphical representation of rod-like and board-like structure.

Figure 10 Examples of typical rod-like molecules.

Figure 11 Examples of discotic molecules.

A. Nematic (N) mesophase: In the nematic phase, the 
molecules have no positional order but, they have long–range 
orientational order. These molecules are oriented about a 
particular direction called the director, n as displayed in Figure 
13.2,24,25,39 The Nematic phase is seen as schlieren, marble and 
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pseudoisotropic textures.25 This phase occurs just below the 
isotropic phase but more viscose.

B. Smectic (Sm) mesophase: In the smectic mesophases, the 
molecules are positionally ordered along one direction; 
therefore, they tend to align themselves in layers or planes. 
These layers can slide over one another in a manner similar 
to that of soap. The motion of molecules is restricted to 
within these planes.2,25,31 This mesophase has more order of 
molecules than that of the nematic phase so it can be called 
“solid–like”. There are many types of smectic mesophases 
which are characterized depending on the molecular 
arrangements within the layer, such as smectic A (SmA), 
smectic B (SmB), and smectic C (SmC).19,25 For example, 
In the SmA mesophase, the orientation of the molecules is 
parallel to the normal layer, while in the SmC mesophase it is 
tilted7 as shown in Figure 14.

C. Cholesteric (N*) mesophase: Cholesteric mesophase 
consists of nematic mesogenic molecules containing a chiral 
center; so, it is called as a chiral nematic phase. It can also be 
obtained by doping optically active molecules in the nematic 
LC. This type of liquid crystalline phases was first observed 
in cholesterol derivatives. In this system, the neighboring 
molecules tend to align at a slight angle at one another. This 
result in the formation of a structure which can be visualized as 
a stack of very thin 2–D nematic–like layers with the director 
in each layer twisted in a regular way with respect to those 
above and below forming a helix. The molecules are aligned 
perpendicular to the axis of the helix (Figure 15).2,25,36,39

Figure 12 Graphical representation of banana-shaped mesogen.

Figure 13 Schematic representation of the molecular order in the N phase 
of the calamitic LCs.

Figure 14 Schematic representation of the molecular order in both the 
SmA and SmC phases of the calamitic LCs.

Figure 15 Graphical representation of cholesteric phase and helical 
structure.

Identification of thermotropic mesophases: Different techniques 
are required to be used in the precise characterization of LC 
phases because of the quite narrow structural differences between 
liquid crystal phases. The polarizing optical microscope (POM) is 
the most commonly used device to identify the LC phases which 
reveals the characteristic optical texture of a mesophase. The 
optical textures are usually observed in thin layers of the sample 
between two glass plates, pretreated for either homogeneous or 
homeotropic alignment of the molecules. Differential scanning 
calorimetry (DSC) is a complementary tool to microscopic 
studies to know the precise phase transition temperature and the 
enthalpy change associated with the transition.15,25 Diffraction 
studies such as X–ray, electron and neutron radiations15,25,40 can 
be used to obtain structural information such as relative molecular 
positions, the presence of long–range positional order, the quality 
of preferred molecular orientation, etc. for clear identification 
of mesophases. X–rays are probably the most suitable and 
widely used whereas electrons and neutrons have advantages 
in particular situations. Moreover, there are other experimental 
techniques such as electro–optic measurements, nuclear magnetic 
resonance (NMR) spectroscopy etc., which also may be used in 
the characterization of mesophase.

Liquid crystalline polymers
Liquid crystalline polymers (LCPs) are a class of materials that 
combine the properties of polymers with those of liquid crystals. 
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These “hybrids” (physico–chemical mixture) show the same 
mesophases characteristic of ordinary liquid crystals and still 
retain many of the useful and versatile properties of polymers.41 
At the beginning, it was believed that the formation of these 
LC polymers is difficult to achieve because the polymer chains 
have a tendency to adopt in rondom coil conformations in a melt 
(easily change their conformations due to heat movement that 
are not favorable in LC formation), while LC–phases possess 
an orientational and/or a positional long–range order. In 1956, 
Paul Flory suggested the ability of forming such these polymeric 
materials which exist in liquid crystal state and still have a high 
degree of order from his studies of the thermodynamic properties of 
solutions of polymers.42 He received the Nobel Prize for chemistry 
in 1974 as a result of his studies on the relationships between 
polymer structure and properties. He predicted that the polymers 
which consist of rigid–rods molecules should form anisotropic 
ordered solutions depending on both the temperature and the 
axial ratio of the rod–like chain.43 These theoritical predictions 
concerning the formation of anisotropic LC phases in polymer 
solutions were experimentally detected for the first time at the 
research laboratories of Courtaulds Ltd. in the UK in solutions of 
certain polypeptides.44 Poly(γ–benzyl–L–glutamate) (Figure 16) 
has been the subject of the most studies of this class where the 
rod–like structures in solutions are formed by the stable helical 
conformation of the polymer molecules. As Flory predicted, the 
spontanuous packing of these stable helices leads to anisotropic 
liquid crystalline properties of their solutions. This kind of LC 
polymers is now known as “Lyotropic” which is different from 
those which form LC melts and are termed “Thermotropic”.44,45

Figure 16 Structure of poly(γ-benzyl-L-glutamate).

As mentioned in the previous section, the main structural feature 
of low–molar–mass liquid crystals is predetermined by the 
existence of the anisometric mesogens or mesogenic groups. 
The molecular engineering has proven that the efficient way of 
producing LCPs with the desired properties can be carried out 
by introducing mesogenic units, such as rod–like or disc–like 
mesogens derived from low molecular weight compounds, 
into polymer chains as monomer units. The majority of such 
macromolecules that can easily form LC phase are rigid–rod 
polymers in which the length of the Kuhn segment of the chain, 
l, is much greater than the thickness (diameter) of the chain, d, 
(Figure 17) such as aromatic polyamide (poly (1,4–benzamide)). 
This type of macromolecules can be used only in forming 
lyotropic liquid crystals because they are characterized by high 
melting points close to the decomposition temperatures. In some 
cases, LC phases cannot be observed in spite of the presence 
of mesogenic groups in the polymer backbone. The tendency 
of the polymer to form random coil conformations will disrupt 
the alignment of the mesogens and effect on the LC behavior. 
After that, the researchers directed their attention to the creation 

of thermotropic LCPs by the chemical bonding of both flexible 
and rigid–rod fragments in the same macromolecule. The flexible 
part may be long aliphatic or oxyaliphatic groups which reduce 
the rigidity of the macromolecules and so diminish their melting 
points. The flexible fragment which is known as “spacer”, provide 
the rigid mesogenic groups with sufficient mobility to their self–
organization in the LC phase.24,34,46,47

Figure 17 Rigid-rod LC polymer.

The study of LC polymers is of interest in its own right, motivated 
by the need to clarify the nature and specific features of LC state 
of macromolecular compounds.48,49 Moreover, the possibility of 
creating polymeric systems, combining the unique properties 
of low–molecular–mass liquid crystals and macromolecular 
compounds, making it feasible to produce films, fibers, and 
coatings with extraordinary features. For example, it is well 
known that the utilization of low–molecular–mass thermotropic 
liquid crystals requires special hermetic protective shells 
(electro–optical cells, microcapsules, etc.) that maintain their 
shape and protect LC compounds from external influences. On 
the other hand, thermotropic LC polymers do not need for such 
sandwich–like constructions, due to combining the properties 
of low–molecular–mass liquid crystals and the polymeric 
body in such single individual material. This resulted in new 
perspectives for their application.50,51 such as production of 
self–reinforced plastics based on LC polymers with main–chain 
mesogenic groups and the use of comb–shaped LC polymers as 
new photoactive materials for optics, optoelectronics, photonics, 
holography, display technology, telecommunications systems, and 
other no–less important areas of modern engineering.52–55 Many 
studies exclusively interseted LC polymers, including dozens of 
monographs, thematic collections of articles, encyclopedias, and 
review papers and some of them are listed in references.56–58

Classification of liquid crystalline polymers (LCPs)
LC polymers can be classified in different ways: in terms of 
their structure (amphiphilic–lyotropic or non–amphiphilic–
thermotropic), the phase as in the case of low–molecular–mass 
liquid crystals (nematic, smectic and chlosteric) and according to 
the mesogenic groups as proposed by Gray and Winsor.43,59

According to the kind of mesogenic groups: The most 
widespread classification of these macromolecules depends on 
the strategy of incorporating the mesogenic units into the polymer 
chain. There are two fundamentally different types:

1. Main chain liquid crystalline polymer (MCLCP) in which 
the mesogenic groups are embedded into the backbone of a 
polymer chain (Figure 18A).
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2. Side chain liquid crystalline polymer (SCLCP) or (comb–
shaped LC polymers) where the mesogens are attached to the 
main chain as side groups (Figure 18B).24,34,60,61

Figure 18 Schematic representation of macromolecules of LC polymers 
with (a) main-chain and (b) side-chain mesogenic groups (comb-shaped 
LC polymers). (1) mesogenic group, (2) spacer, and (3) main chain.

Moreover, the mesogens are linked to the polymer or the 
copolymer backbone in different positions; it can be either 
longitudinally or laterally attached into the polymeric system. 
This leads to MCLCPs with a longitudinal connection (end–on) 
of the mesogens are end–on MCLCPs and those with lateral 
connection (side–on) are called side–on MCLCPs. Similarly, for 
SCLCPs, there are also end–on SCLCPs and side–on SCLCPs, 
as displayed in Table 1.24,60,61 Later, the researchers directed 
their attention to the synthesis of polymer systems with a more 
complex architecture by introducing other moieties featuring 
their own functional properties with mesogenic groups into 
macromolecules60 as shown below.

Table 1 Schematic illustration of structural models of liquid crystalline 
polymers

Main chain liquid crystalline polymers
These polymers are formed by incorporating mesogenic units 
only in the backbone of the polymer chain. A MCLCP is formed 
by linking together suitable relatively rigid units (mesogens) 

directly such as poly(hydroxynaphthoic acid) (Figure 19A) or 
through appropriate functional groups (spacer) such as poly(p–
phenyleneterephthalate) (Figure 19B).24,62

The majority of macromolecules in the first type tend to be highly 
crystalline and have high melting points near to the decomposition 
temperature of the polymers. For example, the melting point of 
poly (hydroxynaphthoic acid) is 610°C which was measured 
by DSC (scan rate of 80°C/min to minimize degradation). So, 
such polymers can only form lyotropic liquid crystalline phases 
in a comparatively concentrated solution.24,63–66 This apparently 
led to an immediate search for synthesis of thermotropic LCPs 
which can be used in manufacturing companies to form fibers 
with extraordinary mechanical properties. Roviello and Sirigu in 
1975.67

Figure 19 Schematic representation of main chain LCP consists of rigid 
units (a) directly linked and (b) linked through spacer.

Iintroduced the first report in a scientific journal of the preparation 
and properties of a MCLCP and this paper followed shortly by 
large number of reports in this topic. Furthermore, they attempted 
to deduce the structural property relationship of this compounds.68

In order to design thermotropic MCLCPs with lower melting point 
to a melt processable range without destroying LC formation, 
there are three possible ways:24,34,63,65,66,68–72 (1) introduction of 
flexible spacers between the mesogenic units into the polymer 
chain such as alkyl or alkoxy groups (Figure 20A). As the length 
of the flexible chain increases, the melting point of the polymer 
decrease and the tendency of mesogenic groups to order increase; 
(2) incorporation of substituents into the monomers (Figure 
20B) or nonlinear aromatic units (benzene rings with ortho or 
meta substituents) acting as kinks (Figure 20C) leading to the 
disruption of the linear constitution of the main chain; and (3) 
combination of monomers (copolymerization) containing either 
different types of mesogenic units or of monomers with either two 
different types of flexible spacers or two different types of rigid 
molecular structures in which one of the monomers is mesogenic 
and the other is not because of its non–linear structure (Figure 
20D). Moreover, the introduction of oxygen or sulfur atoms into 
the polymer chain (Figure 20E) is also a very effective method for 
making macromolecules more flexible.
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A. Effects of mesogenic groups on thermotropic properties: 
The mesogenic groups of polymers are responsible for their 
liquid crystallinity, determine within what range the transition 
temperature for a thermotropic polymer will occur and what 
type of mesophase can be formed.69 Such mesogens of a 
liquid crystalline polymer may be aromatic (one, two or even 
three benzene rings), alicyclic rings or different heterocyclic 
fragments chemically linked directly such as biphenyl and 
terphenyl or via linking units such as imino, azo, azoxy, ester 
and trans vinylene groups in a linear array. It may also contain 
naphthalene rings such as 2,6–naphthalene. Substituents 

such as F, Cl, Br, CH3, OCH3, phenyl or n–alkyl groups may 
be introduced into the mesogenic groups. In some cases, 
highly polar groups such as –CN and –NO2 can be used as 
substituents in these rigid cores. Spacers have been used to 
separate these mesogenic groups in the polymer chain can be 
attached to through functional groups. The most commonly 
used functional groups are ester and ether groups in addition 
to amide, imine, urethane and carbonate groups which are 
recently used. The flexible spacer may be alkyl or alkoxy or 
siloxane groups such as polymethylene, poly (ethylene oxide) 
and polysiloxane spacers, respectively.63,69

Figure 20 Some examples of chemical modifying to reducing rigidity of rod main chain polymers.

Figure 21 Schematic representation of the general structure of a liquid crystalline polymer having both a linear rigid mesogenic group and a flexible 
spacer in the main chain.

From a review of the results of studies, the effect of three different 
types of modifications of the chemical strucure of mesogenic 
units on the liquid crystalline properties of thermotropic main 
chain polymers have been investigated using polyesters as 
example.68,69,73,74 They include changes in 

i. Structural units;

ii. Length of mesogen and its aspect ratio (length to width 
ratio); and 

iii. The presence of lateral substituents. The researchers 
found that even a slight change in the chemical structure 
of mesogenic units can lead to a significant change in the 
thermal properties of the mesophase.68,73,75,76

B. Effect of the structural unit: By comparing the clearing 
temperature Ti of a group of different but closely related 
aromatic esters connected through decamethylene spacer, 
small changes in the structure of mesogen result in profound 
changes in Ti. These observations can be briefed in (1) the 

coplanar geometry of mesogenic units of polymer stabilizes 
the mesophase (higher Ti) because these mesogens have an 
effective molecular packing and alignment in the liquid crystal 
phase;77 (2) increasing the length of the linear mesogenic group 
increases the thermal stability of the liquid crystal mesophase. 
This means that, mesophase behavior can be affected by 
modifying both rigidity and the length of the mesogen, which 
is generally described in terms of the length–to–width ratio of 
the molecular structure of the mesogen.75,78,79

C. Effect of substituents: The presence of substituents in the 
mesogenic units effect on the thermal behavior of the mesophase 
of the main chain polymers. This effect depends on the size and 
the type of substituent and the mesogen involved.The earlier 
studies.24,65,68,69,74,76,78,80–85 deduced that (1) the introduction of 
substituents in the mesogens resulted in depression in both the 
melting point and the clearing temperature of the polymer; (2) 
increasing the size of the substituent decreases the value of Ti; 
(3) there is additivity of substituent effect, when the presence 
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of two substituents of the same type, Ti lowers twice. These 
results can be attributed to the steric effects of the substituents 
which increase the separation of mesogenic groups in adjacent 
polymer chains. This in turn limits the molecular packing of 
mesogens and disrupts the regularity of the repeating units 
within the polymer. In case of substituted polymers with 
highly polar groups such as –CN and –NO2, the clearing 
temperatures are higher than those of the methyl–substituted 
polymers due to the dipolar interactions between neighboring 
polar substituents.69

D. Effect of flexible spacers on thermotropic properties: The 
effects of the type and the length of the flexible spacers on 
the thermotropic properties of main chain polymers have 
been extensively investigated. These studies.24,61,68,72,75,76,86–99 
documented that: (1) the transition temperatures decrease as 
the length of the spacer increase but for polymethylene spacers, 
this decrease is accompanied by an even–odd effect. That is, 
the transition temperatures of polymers with an even number 
of methylene units are higher than those with an odd number 
of the same series. This can be attributed to the decrease in 
the molecular rigidity; (2) the spacer plays an important 
role in determining the nature of the mesophase of LCP. For 
some types of mesogens, the increase of the spacer length is 
accompanied by change from nematic to smectic mesophase. 
The longer flexible spacers result in higher degree of freedom 
to the mesogenic units which permit their alignment to form 
smectic layers. All thermotropic main–chain LC polymers 
are obtained by polycondensation technique of different 
bifunctional compounds consisting of rigid (mesogenic) and 
flexible fragments (spacers).24

E. Effect of copolymerization on thermotropic properties: 
From all previous studies,24,69,82,100 coplymerization of different 
types of mesogenic units or of monomers with either two 
different types of flexible spacers or two different types of 
rigid molecular structures in which one of the monomers 
is mesogenic and the other is not because of its non–linear 
structure results in depression the melting temperature. In 
addition, copolymers have wider temperature ranges of 
mesophase stability. This is due to the copolymerzation cause 
frustrated chain packing. In case of copolymerization of 
mesogen with non mesogenic unit, polymer must not contain 
less than 50–60% mesogenic units to be able to form a stable 
thermotropic mesophase.

Side chain liquid crystalline polymers (comb–
shaped)
In SCLCPs, the mesogenic units groups are linked to an existing 
polymer backbone either directly (Figure 22A) or via flexible 
spacer units Figure 22(B). The direct attachment of mesogens with 
the backbone.101,102 except in a few cases103,104 gives polymers with 
high glass transition temperatures. LC formation is suppressed 
because the coupling of steric interactions between the side 
groups, the tendency toward a statistical distribution of chain 
conformations hinders the ordered arrangement of the mesogens. 
Introduction of flexible spacers allows the main chain motion 
to occur without disturbance of the anisotropic arrangement of 
the side chains; in turn the polymer may exhibit LC properties. 
Typical spacer groups consist of between 3 and 12 methylene 
units. However, oligooxyethylene105–108 or oligosiloxane106 units 

may be used to enhance the degree of decoupling through a 
more flexible spacer. This type of liquid crystalline polymers is 
considered as functional thermotropic LC system.

Figure 22 Schematic molecular structure of SCLCP 1- mesogenic group, 
2- backbone and 3- spacer.

Synthesis of liquid crystalline polymers with flexible 
spacers in the polymers backbone
In initial studies, the researchers directed their attention to the 
synthesis of LC polymers by the development of various methods 
for incorporating only rod–like mesogenic groups, which are 
responsible for the formation of LC phase, into main and side 
branches of polymer chains. In most cases, they used already 
known low molar mass liquid crystals which are functionalized 
with groups able to undergo polycondensation (Scheme 1).34 The 
most preferred reactions led to yielding

Scheme 1 Synthesis of compounds 1 (A) and 2 (B).

This direct, linear, rigid attachment of mesogenic groups leads 
to the formation of polymers with high anisometry of molecules, 
so, their liquid crystalline–isotropic phase transition temperatures 
are above their decomposition temperature. As a result, the 
liquid crystalline phase often cannot be reached even in the 
case of oligomers. In order to obtain the liquid crystalline state 
with these types of polymers, scientists began to modifying 
the rigid, rod–shaped basic structure to decrease the transition 
temperature. As mentioned above, the three ways of modification 
are introduction of flexible spacers between the mesogenic 
units, incorporation of substituents into the monomers and 
copolymerization.24,34,63,65,66,68–72 It should be noted that usually it is 
necessary to use a combination of at least two of these approaches 
to lower the melting point sufficiently for melt processability.63 
Later, macromolecules of these compounds contain, as a rule, 
flexible and rigid (mesogenic) fragments (in the form of rods, 
disks, and boards) chemically linked via different ways. There are 
two main basic approaches which result in the synthesis of liquid 
crystalline polymers containing mesogenic groups and flexible 
spacer in the main chain.62

I. The polycondensation of two bifunctional compounds 
consisting of rigid (mesogenic) and flexible fragments 
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(spacers) (such as methylene, methylene oxide and dimethyl 
siloxane groups which decrease the melting point and enhance 
the thermal stability of mesophase) (Scheme 2A).

II. It involves the formation of mesogenic units as a result 
of polycondensation reaction of two different monomers 
containing no typical rigid mesogens (Scheme 2B).

Scheme 2 Synthesis of polyesters 3 (A) and 4 (B).

Sometimes a transification process is used to yield MCLCPs. 
For example, the copolymer was obtained by inserting inserting 
oxybenzoate units into poly(ethylene terephthalate) 5 (Scheme 3). 
Furthermore, copolymers consisting of rigid–rod fragments and 
felxible units can be prepared by copolycondensation reactions of 
different aromatic bifunctional compounds.24

Scheme 3 Synthesis of polyester 6.

More than three decades have already passed since the appearance 
of the first publications devoted to the synthesis and study of 
thermotropic LC polymers containing mesogenic groups. A 
great quantity of studies devoted exclusively to the synthesis 
and investigation of main chain liquid crystalline polymers. 
These polymers including: polyesters, polyethers, polyamides, 
polyurethanes, polysiloxanes, polyamines, polythioether. 
In addition, the hybrid polymers like poly(ether–ester)s, 

poly(amide–esters)s, poly(imid–ester)s, poly (azomethine–ether)
s were synthesized.109–117

Synthesis of liquid crystalline polyethers and 
copolyethers with flexible spacers in the main chain
Flory42 was the first one to introducing concept of the liquid 
crystalline polymers in 1956. He stated that the ability of the 
polymers which consist of rigid–rod molecules to form lyotropic 
liquid crystalline phase at a critical concentration. Another 
milestone in this field was passed in 1975 when de Genne118 
suggested that thermotropic main chain LC polymers could be 
made by a combination of rigid and flexible units. At the same year, 
Roviello & Sirigu67 introduced the first example of thermotropic 
LC main chain polymers, that is, polyalkanoates of p,p’–
dihydroxy–α,α’–dimethylbenzalazine. This paper was shortly 
followed by the synthesis of several series of main chain liquid 
crystalline polymers and copolymers. MCLCPs of the ester type 
were the most widely synthesized because they can be prepared 
by the traditional methods of condensation polymerization. 
In addition, other MCLCPs have been synthesized such as 
polyazomethines,80,119 polyesteramides,120–122 polyaminoesters,123 

polyetheresters,124 polythioesters,125 polyamides126 and 
polyisocyanates.127,128 Since then, Percec et al.,129 Jonsson et al.,130 
Keller132 actively engaged the sythesis of thermotropic polyethers 
containing rod–like mesogens. However, LC polyethers have 
been studied to a much lesser degree. Shaffer & Percec133,134 after 
performing extensive work on these polymers stated that the 
main advantages of LC polyethers over LC polyesters are lower 
melting temperatures, a broader mesophase stability range and 
higher solubility.

The traditional rigid rod–like mesogenic units are composed 
of linearly aromatic or cycloaliphatic rings connected by rigid 
linking groups, which provide a linear and eventually planar 
conformation to the resulting polyether compounds.135 This rigid 
unit does not have to exhibit liquid crystallinity to be used as a 
mesogenic unit in LC polymers.136 It must, however, contain an 
appreciable amount of rigidity, non–coplanar structure units,137 
asymmetrical shape138 and even complex architectures.139 In 
earlier publications, Percec et al.,140,141 discussed additional 
classes of rod–like main chain liquid crystalline polyethers 
containing mesogenic groups with and without flexible spacers 
based on conformational isomerization. Such a novel class of 
macromolecules was provided by hyperbranched and dendritic 
polyethers143 which displayed liquid crystallinity. These types of 
LC polyethers of based on conformational isomerization were 
thoroughly reviewed in Percec publications.139,14–144

The advancement of research in main chain liquid crystalline 
polyethers created an interest in macro cyclic145 main chain liquid 
crystalline polymers. The first examples of cyclic main chain liquid 
crystalline oligomers146 was synthesized from 1–(4–hydroxy–4’–
biphenyl)–2–(4–hydroxyphenyl)butane with dibromoalkanes. 
Subsequently side chain liquid crystalline polyethers containing 
supramolecular quasi–rigid–rod–like mesogens,147 monodisperse 
LC polyethers,148 and LC crown ethers were also attained 
much attention. In addition to that, main chain polyethers of an 
elastomeric network also gained considerable interest.149 These 
LC polyethers have been an important subject for fundamental 
and technological studies because of their unique anisotropic, 
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optical, electrical, and mechanical properties.150 Thermotropic 
polyethers with photosensitive groups find wide applications 
in photoresists to make integrated circuits, printing plates, 
photocurable coatings, photorecorders photoconductors, energy–
exchange materials, photosensitizers for organic synthesis, and 
liquid crystal displays. Photosensitivity, solubility, and thermal 
stability are the prime requirements for the applications of these 
polymers in the above mentioned field.151 Most of the studies 
of main chain LC polyethers to date have been concerned with 
materials in which the mesogenic groups are attached to a flexible 
polymer backbone. They classified into two major categories: 
(1) species with rigid mesogenic groups incorporated into the 
backbone structure (main chain liquid crystalline polyether); (2) 
polyethers with mesogenic units in the side–group structure (side 
chain liquid crystalline polyethers).152 The present work deals 
with polymers of the first type motivated by their theoretical and 
technological significance.153 To obtain the mesophases of these 
polymers, introduction of flexible spacer groups between the rigid 
mesogens of polymer is necessary to provide the rigid mesogenic 
groups with sufficient mobility to their self–organization in the 
LC phase.24,34,46,47

Percec & Yourd154 presented the first series of experiments which 
prove that the synthesis of MCLCPs does not require rigid 

rod–like mesogens. Mesophases can be obtained for polymers 
containing flexible structural units which exhibit conformational 
isomerism when their most stable conformer adopts an extended 
linear conformation. They prepared quasi–rigid polyethers and 
copolyethers based on methyl– and/or phenylhydroquinone 7 and 
trans and/or cis–1,4–bis ((methylsulfonyl) methyl) cyclohexane 
8 through phase–transfer–catalyzed polyetherification reaction. 
The methylene ether units inserted within the polyether backbone 
exhibit anti (extended) and gauche (kinked) as the two most 
thermodynamically stable conformers which are in dynamic 
equilibrium (Figure 23). The ratio between these two conformers 
allows the overall conformation of the polymers to be extended, 
and therefore they exhibit thermotropic liquid crystallinity 
(Scheme 4).

Figure 23 Structure of the anti and gauche conformers of the flexible 
mesogenic unit.

Scheme 4 Synthesis of polyether 9 and copolyether 10.
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Zurber & Percec155,156 prepared and described a new series 
of main chain liquid crystal polyethers based on 1–(4–
hydroxyphenyl)–2–(2’–chloro–4’–hydroxyphenyl) dioxyethane 
11 through its polymerization with a series of 1,5; 1,6; 1,7; and 
1,8–dibromoalkanes. In addition, the copolymer was synthesized 
(Schemes 5 & 6).

Scheme 5 Synthesis of polyethers 12.

Scheme 6 Synthesis of polyether 13.

Percec et al.157 synthesized a series of thermotropic polyethers and 
copolyethers based on 4,4’–dihydroxy–α–methylstilbene (HMS) 
by polymerization and copolymerization with flexible spacers 
containing odd number of methylene units [e.g. HMS–XY (AB)]. 
Where X is the number of methylene units in one of the spacer 
while, Y is the number of methylene units in the other spacer, and 
A/B refers to the molar ratio of the two spacers (Scheme 7).

Virgil Percec & Masaya Kawasumi139 synthesized and described the 
first thermotropic liquid crystalline dendrimer exhibiting a nematic 
mesophase. This was carried out by using homopolymerization 
of the monomer l0–bromo–1–(4–hydroxy–4’–biphenylyl)–2–(4–
hydroxyphenyl)decane (TPD–b) followed by in situ alkylation 
of the phenol chain ends. This monomer represents a mesogenic 
unit based on conformational isomerism.135,140,141,158–160 The phase 
behavior of the resulting dendrimer with different chain ends 
(TPD–b–X, whose X indicates the structure of the chain end which 
may be Ph–CH2– or methylene units) will be compared to that of 
its linear model compounds. This linear polymer was synthesized 
by the polyetherification of 1–(4–hydroxy–4’–biphe–nylyl)–2–
(4–hydroxyphenyl)decane (TPD) with α,w–dibromoalkanes 
containing an X number of methylene units (TPD–X, where X 
= 6–10).

Catanescu et al.,161 synthesized a new series of polyethers based 
on bis (2–chloroethyl) ether and various bisphenols, by using 
phase transfer catalysis technique in liquid/liquid system. Only 
the polymers with azobenzene and biphenyl units exhibited 

crystalline mesophases, the others displayed semi–crystalline or 
amorphous structures (Scheme 8).

Scheme 7 Synthesis of polyethers 15,16,17.

The polymers were characterized by 1H–NMR, DSC and optical 
microscopy in polarized light. The molecular weights of the 
samples were low, situated in the oligomer domain. Chatti et 
al.162 synthesized a new LC polyether by polycondensation of 
isosorbide 19 with 1,8–dibromo or dimesyl octane under phase 
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transfer catalysis with increased efficiency when performed under 
microwave activation (Scheme 9).

Scheme 8 Synthesis of polyethers 18.

Scheme 9 Synthesis of polyether 20.

In 2004 Chatti et al.,163 synthesized different new LC polyethers 
from numerous polycondensations of aliphatic diol of isosorbide 
and 1,8–dimesyl octane or other aliphatic dibromo and 
disulphonated alkylating agent that was performed under phase 
transfer catalytic conditions (Schemes 10&11).

Scheme 10 Synthesis of polyether 21.

Murakami et al.,164 prepared a new type of main chain 
thermotropic LC polyether EBMB–10 which is composed of 
3,3’–dimethyl–4,4’–biphenyl units as mesogen and 10 methylene 
sequences as spacer. This polymer was synthesized by the 
polymerization of 3,3’–dimethyl–4,4’–dihydroxybiphenyl (22) 
and 1,10–dibromodecane in a two phase system containing each 
monomer in each phase using a phase transfer catalyst (Scheme 
12). This polymer has a glassy phase, which was investigated by 
using DSC, Wide angle X–ray diffractometry, and solid–state l3C 
NMR spectroscopy.

Alazaroaie et al.,165 investigated the relationship between the 
structure of macromolecular chain and its ability to generate 
a mesophase, when mesogens with an azobenzene structure 
are implied. They synthesized a series of polymers by phase 
transfer catalysis starting from 1,9–dichlorononane and different 
bisphenols (Scheme 12 ).

Scheme 11 Synthesis of polyether 23.

Scheme 12 Synthesis of polyethers 24.

The resulting polymers had been characterized by 1H NMR 
spectroscopy, DSC, polarized optical microscopy and 
thermogravimetric analysis. Theoretical conformational studies, 
using molecular simulations had also been performed. Due to 
the particular geometry of bis(azobenzene) units, they are better 
mesogenic groups as compared with the azobenzene ones.

In 2005 Nicolae et al.,166 studied the thermal stability of some 
aromatic copolyethers containing a propylenic spacer. The 
copolymers were prepared by using phase transfer catalysis 
technique starting from 1,3–dibromopropan and various 
bisphenols such as 4,4’–dihydroxyazobenzen (DHAB); 2,7–
dihydroxynaphthalene

(DN); 4,4’–dihydroxy (benzophenone) (DBP) and 1,1’–bis(4–
hydroxyphenyl)cyclohexane (DPCH) (Scheme 13).

Alazaroaie & Nicolae167 studied the relationship between the 
structure and supramolecular ordering of some aromatic polyethers 
containing flexible spacer. These polymers were synthesized 
using a phase transfer catalysis technique, in a liquid=liquid 
system, starting from 1,4–dichlorobutane or 1,5–dichloropentane 
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and various bisphenols such as 4,4’–dihydroxyazobenzene 
(DHAB), 4,4’–dihydroxydiphenyl (DHD), bisphenol A (BPA), 
and 2,7–dihydroxynaphtyl (DN) (Scheme 14).

All these polymers were investigated by using 1H NMR, DSC, 
and optical microscopy in polarized light. Some samples 
containing azobenzene moieties showed LC properties, while 
the majority of them resulted as semi–crystalline compounds. 
If a bent bisphenol was used (BPA) to obtain homopolymers or 
copolymers, only amorphous products were obtained. The low 
thermal stability of the LC compounds led to some difficulties 

regarding the characterization of the mesophase. Generally, 
the copolymerization reaction influenced only the crystalline 
melting points, the isotropization temperature of the LC polymers 
being situated near their thermal degradation limit. Rao & 
Sabeena168 prepared and described a series of polyether ether 
ketone and polyether ether ketone copolymers. These polymers 
were prepared by the nucleophilic substitution reaction of 4,4’–
difluorobenzophenone with various mole proportions of both 
hydroquinone and methyl hydroquinone hydroquinone using 
sulfolane solvent in the presence of anhydrous K2CO3 (Scheme 
16).38

Scheme 13 Synthesis of polyethers 25.

Scheme 14 Synthesis of polyethers 26.

Scheme 15 Synthesis of polyethers 27.
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Scheme 16 Synthesis of polyethers 28.

Ravikrishnan et al.,169 synthesized a series of liquid crystalline 
and photoactive polymers from biphenylphosphorodichloridate 
with various 4,4’–bis(m–hydroxyalkyloxy)stilbenes (m = 2, 4, 6, 
8, 10) in chloroform by solution polycondensation method using 
an acid scavenger (Scheme 17).

The resultant polymers were characterized by inherent viscosity, 

FT–IR, 1H, 13C and 31P NMR spectroscopies. The liquid crystalline 
(LC) properties were investigated using both POM and DSC and 
it was documented that only polymers which contain higher 
methylene chain (m= 6, 8, 10) of the five synthesized polymers 
exhibited LC properties. They also studied the thermal stability 
and the photochemical properties of these polymers using UV and 
fluorescence spectroscopy for these polymers.

Scheme 17 The synthetic route of FPAEKLCP 29.

Jiashuang et al.,170 was motivated to synthesize poly(ether ether 
ketone) (PEEK) because it is one of the most types of high–
performance engineering thermoplastics. In addition, it has 
extensive applications in the aviation, automotive, medical, 
and electrical industries owing to the excellent mechanical 
performance, good thermal stability, and chemical resistance.170 
Therefore, PEEK fibers have a unique combination of mechanical 
properties that are stable under extreme environmental conditions. 

In the past few decades, numerous efforts have been devoted 
to improving their mechanical properties by the changes of 
processing parameters. They found drawbacks associated with 
their processing and applications such as high melting temperature 
and high melt viscosity.171–174 Thermotropic liquid crystalline 
poly(aryl ether ketone) copolymers (FPAEKLCP) (Scheme 18) 
are excellent candidates for the processing aids due to the unique 
rod–like molecule, anisotropy, low melt viscosity, a high degree 
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of order in the melt under shear and elongational flow fields.175–178 
Moreover, the matched processing temperature and the similar 
structure with PEEK resin, but also decreases the melt viscosity 
of PEEK, thereby improves the spinnability and the quality of 
as–spun fibers to obtain a high–performance PEEK fiber.

Scheme 18 Synthesis of polyethers 30.

Ismail et al.,179 synthesized new aromatic polyethers which 
were obtained with good yields by interfacial polycondensation 
of (EBr2)n α,α′–dibrominated diesters (n being the number of 
methylene units) and bisphenol A (bis(4–hydroxyphenylether) 
or catechol (2–hydroxyphenol) with various catalysts 
[Aliquat (Tricaprylmethylammonium chloride), TBAB 
(tetrabutylammonium bromide), and TDA1 (Tris(dioxa–3,6–
heptyl)amine)] (Scheme 19). These polymers can be used in 
many applications, for instance as tensioactives agents,180 ion 
exchangers,181 and ion sensitive field effect transistors (ISFET).182

Scheme 19 Synthesis of poly(arylidene-ether)s 31.

Liquid crystalline polymers and copolymers 
containing bisarylidene cycloalkanone moiety
In recent papers, the researchers have been directed their attention 
to the synthesis and investigating of new series of polymers and 

copolymers containing bisarylidene cycloalkanone moiety. This 
is because the special features of polymers bearing this unit. The 
bisarylidene cycloalkanone mesogenic unit contributes to the LC 
properties and facilitates photochemical reactions of the polymer 
chains under the influence of UV irradiation.183–186 Furthermore; 
it was documented as medical therapy and chemotherapy. This 
has been resulted in potential applications of these polymers in 
biology, chemistry, materials science and technology.187 Samdahl 
was the first one who synthesized the bis–arylidene cycloalkanone 
molecule in 1928.188,189 In 1969, Borden et al introduced this 
molecule into a macromolecular architecture.190,191

The photosensitivity of such polymers or copolymers is based 
on the electron density of the photo–chromophores present in 
the polymer backbone. This mesogenic group has the ability to 
go in reversible or irreversible chemical transformations under 
irradiation with light. Such transformations may include (E/Z) 
isomerization reactions, cyclization, photo–crosslinking, photo–
dimerization, photo–dissociation and photo–association of the 
polymer chains. Photoirradiation reactions in organic polymers 
are always accompanied by certain changes in physical and 
chemical properties.183–186 Many authors studied the synthesis and 
characterization of bisarylidene containing side–chain and main 
chain polymers with structural variations.

The list of architecture types includes polyesters.192,193 
poly(phosphate esters),116,194–201 poly(azomethine–ethers),202 
polyphosphoramides,203–205 polysulfonates,187 poly(siloxane 
ethers),206 and side chain methacrylate polymers.207–215 The 
advantage of this class of mesogenic group is their high rigidity 
which enhance the thermal stability and possibility of facile 
structure modification.187 Many application areas have appeared 
for utilization of this type of polymer. It was established to be 
utilized in the field of optical and electronic devices,216 such as 
the development of polymer–based smart materials, reversible 
and irreversible information storage media, holographic 
applications and liquid crystalline display devices.217,218 The 
bisarylidene cycloalkanone molecules were discovered to be 
important in medicinal applications. Ramanan et al. documented 
that the bisarylidene molecule has anti–inflammatory effect. 
The continuous search for novel and cost effective drugs against 
diseases, bisarylidene cycloalkanone was found to have a 
promising cytotoxicity effect. Dimmock et al. reported that the 
bisarylidene cycloalkanone can be used as a potential cytotoxic 
analogue against human tumour cells espacially towards colon 
cancer and leukemic cancer cells.219,220 They have synthesized a 
series of synthesized a series of 2,6–bisarylidene cycloalkanones 
and related compounds containing one or two substituents at the 
four position of the cyclohexyl ring. These compunds showed 
cytotoxic activity against murine P388 and L1210 cells as well 
as human Molt 4/C8 and CEM T–lymphocytes. About 25 times 
higher activity than the reference drug, namely carmustine, was 
observed to a number of human tumours in vitro, particularly 
towards human colon cancer and leukemic cells, for some 
representative compounds.

This class of compounds exerts their bioactivity by the reaction 
with cellular thiols. This can result in inhibition of protein 
syntheses and enzyme inactivation, eventually leading to cell 
death.221 Researchers discovered that there is a structure–
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bioactivity relationship. Previous work showed that the presence 
of electron attracting groups in the phenyl rings and substituents 
at position four of the cyclohexanone ring is the most structural 
features which influence the bioactivity of these compounds. 
Furthermore, the theory of sequential cytotoxicity, which states 
that successive chemical attacks of cellular constituents, may be 
highly deleterious to malignant cells. This means that the increase 
in the number of thiol alkylation sites, increase the potency of 
these compounds.

A range of polymers, bearing this moiety, were synthesized with 
backbone architectural variations and characterized for their 
liquid crystalline (LC) and other properties. These polymers can 
be classified as multifunctional materials.

Synthesis of liquid crystalline poly (arylidene–
ether)s and copoly(arylidene–ether)s with flexible 
spacers in the polymers backbone
Aly & Hammam222 synthesized a new series of poly(arylidene–
ether)s containing cyclopentanone by polycondensation of 
4,4’–diformyl–α,ω–diphenoxyalkane and 4,4’–diformyl–2,2’–
dimethoxy–α,ω–diphenoxyalkane with cyclopentanone (Schemes 
19).

The thermotropic liquid crystalline properties of these polymers 
were examined by DSC, polarized optical microscopy using a 
heating unit, and thermogravimetric analyses. In addition, some 

polymers showed some degree of crystallinity when examined 
by X–ray diffraction technique. Also, Aly223 prepared two novel 
series of poly(arylidene–ether)s and copoly(arylidene–ether)
s via polycondensation of 4,4’–diformyl–α,ω–diphenoxyalkane 
and 4,4’–diformyl–2,2’–dimethoxy–α,ω–diphenoxyalkane with 
cyclohexanone and/or cyclopentanone (Schemes 20 & 21).

Scheme 20 Synthesis of poly(arylidene-ether)s 32.

Scheme 21 Synthesis of copoly(arylidene-ether)s 33.

Aly & El–Kashef 224 synthesized two novel series of 
poly(arylidene–ether)s and copoly(arylidene–ether)s from N–
methylpiperidone and/or cyclohexanone, respectively. The first 
series (homopolymers) was derived from 4,4’–diformyl–α,ω–
diphenoxyalkane or 4,4’–diformyl–2,2’–dimethoxy–α,ω–
diphenoxyalkane with N–methylpiperidone. The second series 
(copolymers) was derived from the diphenoxyalkanes with N–
methylpiperidone and cyclohexanone (Schemes 22 & 23).

The polymers had been characterized by DSC measurements 
and microscopic observation under polarized light which 
demonstrated that all of the polymers and copolymers exhibited 
thermotropic liquid crystalline properties. Poly(arylidene–ether)
s form nematic mesophase over a wide temperature range in 

contrast to the corresponding copoly(arylidene–ether)s. Carmen 
et al.,206 synthesized new arylidene–siloxane polyethers by 
polycondensation reactions, starting from α,ω–bis(chloromethyl)
polydimethylsiloxanes with different molecular weights and 2,6–
bis(4–hydroxybenzylidene)cyclohexanone (Scheme 24).

The structure of the resulting polymers was confirmed by IR 
and 1H–NMR spectroscopy and their thermal properties and 
mesophase behavior were studied by TGA, DSC, and polarizing 
optical microscopy. Depending on the length of the siloxane 
spacer, some of the obtained compounds exhibited thermotropic 
liquid–crystalline properties. A decrease of the transition 
temperatures values was observed as the spacer length increased. 
The photochemical behavior of the siloxane polyethers was 
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studied by ultraviolet absorption spectroscopy. Srinivasa & 
Samui183 synthesized a series of main chain photoactive liquid 
crystalline polyethers, containing rigid bisarylidene photoactive 
mesogen and flexible methylene spacers by polycondensation of 
bisarylidene diols and dibromoalkanes (Schemes 25).

The polyethers were characterized with 1H NMR, gel permeation 
chromatography (GPC), differential scanning calorimeter 
(DSC), thermo gravimetric analyzer (TGA), and polarized 
optical microscopy. Moreover, photoactive properties were 
investigated by using UV–vis spectroscopy. They found that 
steric hinderance caused by the substituents decreased the 
photoactivity as the number of substituents increased. Balaji 
& Murugavel225 synthesized two series of photosensitive main 
chain liquid crystalline poly(benzylidene–ether)s by Claisen–
Schmidt polycondensation reaction of 4,4’–Diformyl–α,ω–
diphenoxyalkanes (series 1) and 4,4’–diformyl–2,2’–dimethoxy–
α,ω–diphenoxyalkanes (series 2) with acetone, cyclopentanone 
and cyclohexanone. The diformyl precursors were synthesized 
from 4–hydroxybenzaldehyde or and dibromoalkanes of varying 
spacer lengths.

Scheme 22 Synthesis of poly(arylidene-ether)s 34.

Scheme 23 Synthesis of copoly(arylidene-ether)s 35.

Scheme 24 Synthesis of arylidene-siloxane polyethers 36.
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Scheme 25  Synthesis of polymers 37.

The formation of these poly(benzylidene–ether)s was confirmed 
by FTIR, 1H NMR, and 13C NMR spectral techniques. Their 
thermal and LC properties were investigated by using DSC, 
TGA, POM, and XRD techniques. The TGA results revealed 
that cyclopentanone containing polymers are more stable than 
acetone and cyclohexanone containing polymers, in addition, 
showed that series 1 polyethers displayed better stability 
when compared to series 2 polyethers. DSC analysis showed 
that the isotropic temperature decreases as the spacer length 
increases. The POM observations of some of these polymers 
exhibited schlieren nematic and nematic oily streak textures. 
Photoisomerization reaction was followed by UV–Visible 
spectrophotometer and found that E/Z isomerization is prevailed 
in the system. Fluorescence study showed that the polymers 
exhibit double emission in the visible region and proved that 
the methylene spacer have not influenced the photosensitive and 
photoluminescence properties of series 1, on contrary in series 
2, fluorescence study proved that the methylene spacer have 
influenced the photosensitive and photoluminescence properties 
of the system and the length of spacers had a significant influence 
on their emission. Al–Muaikel & Aly226 synthesized a homologous 
series of thermotropic liquid crystalline copoly(arylidene–ether)
s based on 4–tert–butylcyclohexanone moiety by solution 
polycondensation of 4,4’–diformyl–α,ω–diphenoxyalkanes or 
4,4’–diformyl–2,2’–dimethoxy–α,ω–diphenoxyalkanes with the 
4–tert–butyl–cyclohexanone and cyclopentanone (Schemes 26 & 
27).

Also Aly227 prepared a series of thermally stable thermotropic 
liquid crystalline poly(arylidene–ether)s and copoly(arylidene–
ether)s by solution polycondensation of 4,4’–diformyl–α,ω–
diphenoxyalkanes or 4,4’–diformyl–2,2’–dimethoxy–α,ω–
diphenoxyalkanes with 4–tertiary–butylcyclohexanone and/or 
4–methyl cyclohexanone, respectively (Schemes 28-30).

Recently Kimura et al.,185 synthesized a novel series of photoactive 
polymers containing 2,6–bis(benzylidene)–1–cyclohexanone in 
the main chain 43 and investigated as a photoalignment layer 
for polymerizable liquid crystals and liquid crystalline polymers. 
These polymers were easily prepared by thermal polymerization 
under mild conditions of the bis–azide and different diols 
diacrylate without the use of catalysts.

Scheme 26  Synthesis of polymers 38.

Scheme 27  Synthesis of polymers 39.

Synthesis of liquid crystalline poly(azomethine–
ether)s with flexible spacers in the main chain
Polyazomethines belong to a class of materials that are known 
for their excellent thermal stability, good mechanical strength, 
and environmental resistance.228–230 and more particularly 
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as promising materials with optoelectronic and photonic 
applications.231 Many of these polymers form mesomorfic phases 
on heating (thermotropic liquid crystalline polymers). However, 
their high melting points and low solubility usually make them 
inaccessible for processing by conventional methods. In order 
to improve their process ability, several approaches, such as the 
introduction into the main chain of flexible aliphatic segments or 
bulky lateral substituents have been attempted.232,233 Guillion and 
Skoulios.234 prepared the first poly(azomethine–ether)s 44 from 
4,4`–diformyl–1,10–diphenoxydecane and benzidine (Scheme 
32).

Scheme 28  Synthesis of polymers 40.

Scheme 29  Synthesis of polymers 41.

Also, terephthalaldehyde was reacted with 4,4`–diamino–α,ω–
diphenoxyalkane to obtain poly(azomethine–ether)s 45 (Scheme 
33). Poly (azomethine–ether)s 46 – 48 were also obtained from 
the polycondensation of 1,m–bis(4–amino–3–methylphenoxy)
alkanes with terephthalaldehyde; 1,2–bis(4–formylphenoxy)
ethane or 4,4`–biphenyldicarboxaldehyde (Scheme 34). 
The mesophoric properties were studied as a function of 
diphenoxyalkane spacers length. Analysis by DSC and optical 
polarized microscopy demonstrated that the poly(azomethine–
ether)s form nematic mesophases over wide temperature ranges. 
Both the Tm and Ti values increased as the length of the flexible 
aliphatic spacers decreased; and also decreased with introduction 
of the methoxy group as a substituent in the polymer main chain. 
Li & Chang235 described the preparation of poly (azomethine–

ether)s 49 with rod–like segments connected by a short alkaline 
oxide spacers or insertion of methoxy group at the ortho position 
of the phenyl group (Scheme 35).

Scheme 30  Synthesis of copolymers 42.

Scheme 31  photoactive polymers 43 containing 2,6-bis(benzylidene)-1- 
cyclohexanone.

The thermotropic liquid crystalline properties of the polymer were 
examined by DSC, OPM and TGA. Aly &Ahmed236 synthesized 
a series of polyazomethines 50 and 51 containing flexible spacers 
through polycondensation of diformyl–α,ω–diphenoxyalkanes 
with 2,5–bis(m–aminobenzylidene) cyclopentanone and 2,6–
bis(m–aminobenzylidene) cyclohexanone (Scheme 36). 

The polymers were characterized by IR spectroscopy, viscosity 
measurements, differential scanning calorimetry DSC and 
optical polarized microscopy OPM. The mesomorphic 
properties of these polymers were studied as a function of the 
diphenoxyalkanes space length. Analysis by differential scanning 
calorimetry and optical polarized microscopy demonstrated that 
the poly (azomethine–ether)s form nematic mesophases over 
wide temperature ranges. Jayanthi & Kishore237 synthesized a 
new hydroxy functionalized liquid crystalline poly(azomethine–
ether)s 52 by solution polycondensation between dialdehyde 
and diamine (Scheme 37). An attempt was made to synthesize 
metal–containing liquid crystalline polymer networks 53 and 54 
based on a new hydroxyl functionalized thermotropic polymer. 
This polymer exhibited nematic mesophase. DSC studies showed 
that the networks exhibited mesomorphic behavior up to 30 mol 
% of Cu(II). Similar networks were also formed by complexation 
of the polymer with various other metals like Co, Ni, Cd and Zn 
(Scheme 38). In 2003 Choi et al.,238 synthesized twelve azomethine 
polymers containing Banana–Shaped mesogen 55 as a repeating 
unit by polycondensation between different bisaldehyde and 
bisamine molecules (Scheme 39). The mesomorphic properties 
of these polymers were studied. The obtained polymers were 
characterized by FT/IR and NMR spectrophotometry, differential 
scanning calorimetry (DSC), optical microscopy and X–ray 
diffractometry.
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Scheme 32  Synthesis of poly (azomethine-ether)s 44.

Scheme 33  Synthesis of poly(azomethine-ether)s 45.

Scheme 34  Synthesis of poly(azomethine-ether)s 46-48.
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Scheme 35  Synthesis of poly(azomethine-ether)s 49.

Scheme 36  Synthesis of poly(azomethine-ether)s 50, 51.
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Scheme 37  Synthesis of hydroxy functionalized liquid crystalline poly(azomethine-ether)s 52.

Scheme 38  Synthesis of poly(azomethine-ether)s 53, 54.

Scheme 39  Synthesis of azomethine polymers containing Banana-Shaped mesogen

According to the importance of liquid crystalline poly 
(azomethine–ether)s, 56 Sauer et al.,239 used temperature 
modulated differential scanning calorimetry (TMDSC), variable 
heating rate DSC, and trapping atomic force microscopy (AFM) 
to study thermal and morphological properties of liquid crystalline 
polymer including both polyester and azomethine groups. This 
polymer was prepared from terephthaldehyde and 1,7–bis (4–
amino–3–methylphenoxy)heptane as reported in (Scheme 40).240

Synthesis of liquid crystalline poly(hydrazone–
ether)s with flexible spacers in the main chain
Literature survey reveals that, a few authors are interested in 
the synthesis of liquid crystalline poly(hydrazone–ether)s. 
Troy & Stevens241 synthesized poly (N, N–diacylhydrazone)
s from the reaction of pyromellitic dianhydride (PMDA) and 
benzophenone–3,3́,4,4́–tetracarboxylic dianhydride (BTDA) 
with terephthalaldehyde dihydrazone (TDH). In principle, 
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these polymers (57 and 58) can also be prepared from the 
corresponding N,Ń–diaminodiimides of PMDA and BTDA with 
terephthalaldehyde (Scheme 41A,B).

The synthesis and characterisation of new liquid crystalline 
poly(hydrazone–ether)s 59 has been recently reported by 
Al–Muaikel.241 In this synthesis of new homologous series of 
thermotropic liquid crystalline poly(hydrazone–ether)s based 
on 1,3,4–thiadiazole moiety in the main chain, by solution 
polycondensation of various diformyl–diphenoxyalkanes with 
2,5–bis(mercapto–acetichydrazide)–1,3,4–thiadiazole was 
reported (Scheme 42).

The phase behavior of these polymers was studied by differential 
scanning calorimetry (DSC), optical polarizing microscopy using 
a heated stage, and thermogravimetric analyses. Almost all the 
polymers exhibited thermotropic liquid crystalline properties. Scheme 40  Synthesis of liquid crystalline poly (azomethine-ether)s 56.

Scheme 41A&B  Synthesis of poly(N, N-diacylhydrazone)s 57 and 58.
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Scheme 42  Synthesis of liquid crystalline poly(hydrazone-ether)s 59.

Conclusions
LCPs are highly appreciated to be synthesized as one of the 
most important smart materials in various fields of industrials 
applications. The polymer chains gain important behaviors upon 
carrying out LC properties. The important basic fundamentals 
about LC and LCPs have been displayed in this work; this 
includes variable types of classifications. The effects of 
mesogenic groups, structural unit, substituents and flexible 
spacers on the thermotropic properties also displayed. Moreover, 
the major synthetic methods for different types of LCPs were 
discussed in details including variable monomeric units with 
flexable spacers in the polymers main chains. This includes 
ethers linkage, bisarylidene cycloalkanone, arylidene–ethers, 
azomethine–ethers, and hydrazone–ethers moieties. All descried 
LCPs show many important characters which can be used in a lot 
of industrials applications.

Acknowledgments
None.

Conflicts of interest
Authors declare there is no conflict of interest.

References
1. Raynes P. liquid crystals. Chandrasekhar S. 2nd edn. UK: Cambridge 

University Press; 1992.

2. Andrienko D. Introduction to liquid crystals. Germany: IMPRS 
School, Bad Marienberg; 2006.

3. Donnio B, Buathong S, Izabela Bury I, et al. Liquid crystalline 
dendrimers. Chemical Society Reviews. 2007;36(9):1495–1513.

4. Chandrasekhar S. Biaxial nematic liquid crystals in low molecular 
weight thermotropic systems. Molecular Crystals and Liquid 
Crystals. 1994;243(1):1–9.

5. Chandrasekhar S. Liquid Crystals. 2nd edn. UK: Cambridge 
University Press: 1992.

6. De Gennes PG, Prost J. The physics of liquid crystals. UK: Clarendon 
Press; 1995.

7. Collings PJ, Hird M. Introduction to liquid crystals: chemistry and 
physics. USA: CRC Press; 1997:

8. Serrano JL, Sierra T. Switchable columnar metallomesogens. 
Chemistry A European Journal. 2000;6(5):759–766.

9. Saupe A. Recent results in the field of liquid crystals. Angewandte 
Chemie International Edition. 1968;7(2):97–112.

10. Goodby JW, Gray GW, Spiess HW, et al. Guide to the nomenclature 
and classification of liquid crystals. Willey: Handbook of Liquid 
Crystals Set; 1998. p. 17–23.

11. Reinitzer F. Beiträge zur kenntniss des cholesterins. Monatshefte für 
Chemie/Chemical Monthly. 1888;9(1):421–441.

12. Lehmann O. Structure, system and magnetic behaviour of liquid 
crystals and their miscibility in solid crystals. Annalen der Physik 
(series 4). 1900;2:649–705.

13. Lehmann O. Flüssige Kristalle und ihr scheinbares Leben. 
Forschungsergebnisse, dargestellt in einem Kinofilm von O. 
Lehmann. Mit 161 Abbildungen im Text, 72 S. Verlag Leopold Voß, 
Leipzig 1921. Angewandte Chemie. 1923;36(9):139.

14. Oswald P, Dequidt A. Measurement of the continuous Lehmann 
rotation of cholesteric droplets subjected to a temperature gradient. 
Physical Review Letters. 2008;100(21):217802.

15. Khened S, Deshpande V. A Simple Experiment to Study Liquid 
Crystal Phase Transitions. Physics Education. 2007;181.

16. Imrie C. Handbook of Liquid Crystals. Demus D, editor. Toronto: 
Wiley-VC; 1998. p. 801.

17. Hird M, Toyne KJ. Fluoro substitution in thermotropic liquid 
crystals. Molecular Crystals and Liquid Crystals. 1998;323(1):1–67.

18. Riza NA. Optical time delay units for phased array antennas. 
Google Patents, 1993.

19. Kirsch P, Bremer M. Nematic liquid crystals for active matrix 
displays: molecular design and synthesis. Angewandte Chemie 
International Edition. 2000;39(23):4216–4235.

20. Becker ME. Display-metrology for liquid-crystal-television-screens. 
Displays. 2005;26(4):197–207.

21. Sellinger A, Tamaki R, Laine RM, et al. Heck coupling of 
haloaromatics with octavinylsilsesquioxane: solution processable 
nanocomposites for application in electroluminescent devices. 
Chemical Communications. 2005;29:370–3702.

22. Kumar S, Naidu JJ. Synthesis of the first anthraquinone copper 
complex displaying a columnar phase induced by noncovalent 
π-π interactions. Molecular Crystals and Liquid Crystal. 
2002;378(1):123–128.



Liquid crystalline behavior of polymers: fundamentals, synthesis 
and characterizations

 27

23. Bahadur B. Liquid crystals: applications and uses. World Scientific. 
1990;424.

24. Valery S. Liquid Crystalline Polymers. In: Saleem Hashmi editor. 
Oxford: Elsevier; 2016. pp. 1–46. 

25. Dierking I. Textures of liquid crystals. USA: John Wiley & Sons; 
2003.

26. Hsieh FM. 2009: p. 1–148.

27. Hiltrop K, Hasse J, Stegemeyer H. On the alignment of thermotropic 
nematic and smectic liquid crystals on lecithin coated surfaces. 
Berichte der Bunsengesellschaft für physikalische Chemie. 
1994;98(2):209–213.

28. Schadt M. Field-effect liquid-crystal displays and liquid-crystal 
materials: key technologies of the 1990s. Displays. 1992;13(1):11–
34.

29. De Gennes P, Prost J. The physics of liquid crystals. New York: 
Oxford University Press; 1993. p. 48.

30. De Gennes P, Sarma G. Tentative model for the smectic B phase. 
Physics Letters A. 1972;38(4):219–220.

31. Hendus H, Schnell G, Thurn H, et al. Neuere physikalische 
Untersuchungen an Hochpolymeren. Ergebnisse der exakten 
Naturwissenschaften. 1959;31:220–380.

32. Barón M. Definitions of basic terms relating to low-molar-mass and 
polymer liquid crystals (IUPAC Recommendations 2001). Pure and 
Applied Chemistry. 2001;73(5):845–895.

33. Vorländer D. Kristallinisch-flüssige substanzen. Enke. 1908. p. 60.

34. Finkelmann H. Liquid crystalline polymers. Angewandte Chemie 
International Edition in English. 1987;26(9):816–824.

35. Tschierske C. 6 Non-conventional soft matter. Annual Reports 
Section” C”(Physical Chemistry), 2001;97:191–267.

36. Niori T, Sekine T, Watanabe J, et al., Distinct ferroelectric smectic 
liquid crystals consisting of banana shaped achiral molecules. 
Journal of materials chemistry. 1996;6(7):1231–1233.

37. Pelzl G, Diele S, Weissflog W. Banana‐Shaped Compounds—A 
New Field of Liquid Crystals. Advanced materials. 1999;11(9):707–
724.

38. Fodor Csorba K, Vajda A, Giancarlo Galli, et al. Ester‐type 
banana‐shaped monomers and investigations of their electro‐
optical properties. Macromolecular Chemistry and Physics. 
2002;203(10‐11):1556–1563.

39. Wojtowicz PJ, Sheng P, Priestley E, Introduction to liquid crystals. 
1975.

40. Agrawal A, Barron AR. Wide Angle X-ray Diffraction Studies of 
Liquid Crystals. OpenStax CNX, 2013.

41. Stegemeyer H. Topics in Physical Chemistry. Liquid crystals. 1994. 

42. Flory P, Proc R Soc. 1956.

43. Gray GW, Winsor PA. Liquid crystals & plastic crystals. Chichester: 
Ellis Horwood; 1974. 

44. Robinson C. Liquid-crystalline structures in solutions of a 
polypeptide. Transactions of the Faraday Society. 1956;52:571–592.

45. Barrall E. Liquid Crystals and Plastic Crystals. Ellis Horwood Ld: 
Chlchester; 1974. p. 254–306.

46. Gleim W, Finkelmann H, McArdle C. Side Chain Liquid Crystal 
Polymers. Blackie and Son Ltd: Glasgow; 1989.

47. Wendorff JH, Finkelmann H, Ringsdorf H. Model considerations and 
examples of enantiotropic liquid crystalline polymers, in Crystals 
That Flow: Classic Papers from the History of Liquid Crystals. 2004. 
p. 707–712.

48. Shibaev V. Some new physico-chemical aspects of side chain 
liquid crystal polymers. Molecular Crystals and Liquid Crystals. 
1994;243(1):201–230.

49. Shibaev V. Comb-Shaped Liquid-Crystal Polymers. Liquid-Crystal 
Polymers. 1993. p. 193–249.

50. Wang X, Zhou Q. Liquid crystalline polymers. World Scientific. 
2004.

51. Shibayev V, Byelyayev S. Prospects for the use of functional liquid 
crystal polymers and composites. Review. Polymer science USSR. 
1990;32(12):2384–2428.

52. Broer DJ. New functional polymers for liquid crystal displays review 
of some recent developments. Macromolecular Symposia. 2000.

53. Ichimura K. Photoalignment of liquid-crystal systems. Chemical 
reviews. 2000;100(5):1847–1874.

54. Shibaev V. Liquid-crystalline polymers: Past, present, and future. 
Polymer Science Series A. 2009;51(11-12):1131–1193.

55. Shibaev V. Electrooptical and photooptical properties of polymer 
liquid crystals. International Journal of Polymeric Materials. 
2000;45(3-4):307–347.

56. Shibayev V, Plate N. Liquid crystalline polymers. Polymer Science 
USSR. 1977;19(5):1065–1122.

57. Demus D. Handbook of Liquid Crystals, Low Molecular Weight 
Liquid Crystals I: Calamitic Liquid Crystals. John Wiley & Sons. 
2011.

58. Skulachev V. Soros Educational Journal. ISSEP. 1996;2:4–10.

59. Sage I, Gray G. Thermotropic Liquid Crystals. In: GW Gray, John 
Wiley, editors, 1987. p. 64.

60. Shibaev V. Liquid-crystalline polymers: Past, present, and future. 
Polymer Science Series A. 2009;51(11-12):1131.

61. Chen XF. Mesogen-jacketed liquid crystalline polymers. Chemical 
Society Reviews. 2010;39(8):3072–3101.

62. Hussein MA. Review on: liquid crystalline polyazomethines 
polymers. Basics, syntheses and characterization. Designed 
Monomers and Polymers. 2012;15(5):431–463.

63. Noël C, Navard P. Liquid crystal polymers. Progress in polymer 
science. 1991;16(1):55–110.

64. Preston J. Rigid chain polymers. Macromolecular Materials and 
Engineering. 1982;109(1):1–19.

65. Vandenberg EJ. Contemporary topics in polymer science. Springer 
Science & Business Media. 2012; 5.

66. Jackson WJ. Liquid Crystal Polymers. IV. Liquid Crystalline 
Aromatic Polyesters. Polymer International. 1980;12(4):154–162.

67. Roviello A, Sirigu A, Mesophasic structures in polymers. A 
preliminary account on the mesophases of some poly‐alkanoates 
of p, p’‐di‐hydroxy‐α,α’‐di‐methyl benzalazine. Journal of 
Polymer Science: Polymer Letters Edition. 1975;13(8):455–463.

68. Lenz RW. Synthesis and properties of thermotropic liquid crystal 
polymers with main chain mesogenic units. Polymer Journal. 
1985;17(1):105–115.



Liquid crystalline behavior of polymers: fundamentals, synthesis 
and characterizations

 28

69. Ober CK, Jung-Il Jin, Qifeng Zhou, et al. Liquid crystal polymers 
with flexible spacers in the main chain. Liquid Crystal Polymers. 
1984;103–146.

70. Varshney S. J Macromol Sci Rev Macromol Chem Phys. 
1986;C26(4):551.

71. Koide N. Synthesis, characterization and some aspects for application 
of polymer liquid crystals. Molecular Crystals and Liquid Crystals. 
1986;139(1-2):47–80.

72. Roviello A, Sirigu A. Mesophasic structures in polymers. A 
preliminary account on the mesophases of some poly‐alkanoates 
of p, p’‐di‐hydroxy‐α, α’‐di‐methyl benzalazine. Journal of 
Polymer Science Part C: Polymer Letters. 1975;13(8):455–463.

73. Jin JI, Antoun S, Ober C, et al. Thermotropic liquid crystalline 
polyesters with rigid or flexible spacer groups. British Polymer 
Journal. 1980;12(4):132–146.

74. Majnusz J, Catala J, Lenz R. Liquid crystal polymers—11. 
Structure-property relationships in a series of thermotropic poly 
(2-n-alkyl-1, 4-phenylene terephthalates). European polymer 
journal. 1983;19(10-11):1043–1046.

75. Ober C, Jin J, Lenz R. Either Dyad or Triad Aromatic Ester 
Mesogenic Units and. Polymer Journal. 1982;14(1):9–17.

76. Antoun S, Lenz R, Jin JI. Liquid crystal polymers. IV. Thermotropic 
polyesters with flexible spacers in the main chain. Journal of Polymer 
Science: Polymer Chemistry Edition. 1981;19(8):1901–1920.

77. Luckhurst G, Gray GW. The molecular physics of liquid crystals. 
Academic press. 1979;62.

78. Jo BW, Lenz RW, Jin JI. Liquid crystal polymers, 7. Thermotropic 
polyesters with main chain phenyl‐1, 4‐phenylene, 4, 4′‐
biphenylylene, and 1,1′‐binaphthyl‐4, 4′‐ylene units. 
Macromolecular Rapid Communications. 1982;3(1):23–27.

79. Ober C, Robert W. Lenz, Giancardo Galli, et al. Liquid-crystalline 
polymers. 12. Polyesters with either alternating or random orientation 
of mesogenic units. Macromolecules. 1983;16(7):1034–1036.

80. Millaud B, Thierry A, Skoulios A. Role De La Masse Moleculaire 
Dans L’apparition Des Phases Nematiques Thermotropes. Molecular 
Crystals and Liquid Crystals. 1978;41(10):263–268.

81. Furukawa A, Lenz RW. Liquid crystal polymers 23. Steric and polar 
effects of large substituents in thermotropic aromatic polyesters with 
decamethylene spacers. Macromolecular Symposia. 1986;2(1):3‒20.

82. Zhou QF, Lenz RW. Liquid crystal polymers. 15. Synthesis and 
liquid crystalline properties of alkyl‐substituted polyesters. 
Journal of Polymer Science: Polymer Chemistry Edition. 
1983;21(11):3313‒3320.

83. Vilasagar S, Blumstein A. Cholesteric, thermotropic polymers 
with mesogenic moieties and flexible spacers in the main chain. 
Molecular Crystals and Liquid Crystals. 1980;56(8):263‒269.

84. Blumstein A, Vilasagar S. Nematic and Cholesteric Thermotropic 
Azoxy Polyesters with Moderately Low Transition Temperatures. 
Molecular Crystals and Liquid Crystals. 1981;72(1):1‒8.

85. Kricheldorf HR, Erxleben J. Influence of bond angles on the 
stability of nematic phases of aromatic polyesters. Polymer. 
1990;31(5):944‒948.

86. Griffin AC, Havens SJ. Mesogenic polymers. III. Thermal properties 
and synthesis of three homologous series of thermotropic liquid 
crystalline “backbone” polyesters. Journal of Polymer Science: 
Polymer Physics Edition. 1981;19(6):951‒969.

87. Lenz RW. Structure-order relationships in liquid crystalline 
polyesters. Pure and applied chemistry. 1985;57(11):1537‒1544.

88. Griffin AC, Havens SJ. Polymeric Liquid Crystals Structurally 
Related to 4-Alkoxyphenyl 4′-Alkoxybenzoates. Molecular Crystals 
and Liquid Crystals. 1979;49(8):239‒246.

89. Roviello A, Sirigu A. Odd‐even effects in polymeric liquid crystals. 
Macromolecular Chemistry and Physics. 1982;183(4):895‒904.

90. Strzelecki L, Van Luyen D. Influence de la structure sur les 
proprietes mesomorphes des polyesters—I. European Polymer 
Journal. 1980;16(4):299‒302.

91. Blumstein A, Thomas O. Odd-even effect in thermotropic liquid 
crystalline 4, 4’-dihydroxy-2, 2’-dimethylazoxybenzene-alkanedioic 
acid polymer. Macromolecules. 1982;15(5):1264‒1267.

92. Jin JI, Choi EJ, Ryu SC, et al. Thermotropic Main Chain Polyesters 
with Polymethylene Spacers and Their Low Molecular Weight 
Model Compounds—Odd-Even Effect of Polymethylene Spacers. 
Polymer journal. 1986;18(1):63‒70.

93. Jackson W, H Kuhfuss. J Polym Sci Polym Chem, Ed., 1976. 14: p. 
2043.

94. Krigbaum W, Asrar J, Toriumi H, et al. Aromatic polyesters forming 
thermotropic smectic mesophases. Journal of Polymer Science Part 
C: Polymer Letters. 1982;20(2):109‒115.

95. Griffin A, Havens SJ. Phase studies of polymer/small‐
molecule liquid‐crystalline mixtures by differential scanning 
calorimetry. Journal of Polymer Science: Polymer Letters Edition. 
1980;18(4):259‒263.

96. Meurisse P, Noel C, Monnerie L, et al. Polymers with mesogenic 
elements and flexible spacers in the main chain: Aromatic‐aliphatic 
polyesters. Polymer International. 1981;13(2):55‒63.

97. Galli G, Chiellini E, Ober CK, et al. Structurally ordered 
thermotropic polyesters of glycol ethers. Makromol Chem. 
1982;183(11):2693‒2708.

98. Jo BW, Jin JI, Lenz R. Liquid crystal polymers—VI.: Synthesis and 
properties of main chain thermotropic polyesters with disiloxane 
spacers. European Polymer Journal. 1982;18(3):233‒239.

99. Finkelmann H, Rehage G. Investigations on liquid crystalline 
polysiloxanes, 1. Synthesis and characterization of linear 
polymers. Die Makromolekulare Chemie, Rapid Communications. 
1980;1(1):31‒34.

100. Lenz RW, Jin JI. Liquid Crystal Polymers. 3. Thermotropic Rigid 
Aromatic Copolyesters with Bisphenol Spacers. Macromolecules. 
1981;14(5):1405‒1411.

101. Blumstein A. Mesomorphic order in polymers and polymerization in 
liquid crystalline media. ACS. 1978:74.

102. Shibaev V, Plate N. liquid-crystalline polymers (review). 
vysokomolekulyarnye soedineniya seriya a. 1977;19(5):923‒972.

103. Cser F, Nyitrai K, Seyfried E, et al. Polymerization in Liquid-
Crystals. 3. Structural studies on some azoxyacrylate polymers. 
European Polymer Journal. 1976;82(5):207‒210.

104. Shibayev V, Freidzon YS, Plate N. Dokl. AN S~ SR, 1976. 227: p. 
1412.

105. Kostromin S, Shibaev V, Plate N. Thermotropic liquid-crystalline 
polymers XXVI. Synthesis of comb-like polymers with oxygen 
containing spacers and a study of their phase transitions. Liquid 
Crystals. 1987;2(2):195‒200.



Liquid crystalline behavior of polymers: fundamentals, synthesis 
and characterizations

 29

106. Engel M, Hisgen B, keller W, et al. Synthesis, structure and properties 
of liquid crystalline polymers. Pure and Applied Chemistry. 
1985;57(7):1009‒1014.

107. Percec V, Rodriguez-Parada JM, Ericsson C. Synthesis and 
characterization of liquid crystalline poly (p-vinylbenzyl ether) s. 
Polymer Bulletin. 1987;17(4):347‒352.

108. Rodriguez‐Parada JM, V Percec. Poly (vinyl ether) s and poly 
(propenyl ether) s containing mesogenic groups: A new class of 
side‐chain liquid‐crystalline polymers. Journal of Polymer 
Science Part A: Polymer Chemistry. 1986;24(6):1363–1378.

109. Brecl M, Zigon M, Malavasic T. Side chain liquid crystal 
polyurethanes with azobenzene mesogenic moieties: Influence of 
spacer length on hydrogen bonding at different temperatures. Journal 
of Polymer Science Part A: Polymer Chemistry. 1998;36(12):2135–
2146.

110. Bracon F. Highly fluorinated monomers precursors of side‐chain 
liquid crystalline polysiloxanes. Journal of Polymer Science Part A: 
Polymer Chemistry. 1999;37(24):4487–4496.

111. Dong D. Synthesis and characterization of thermotropic liquid 
crystalline poly (ester imide) s. Journal of Polymer Science Part A: 
Polymer Chemistry. 1999;37(2):211–218.

112. Kricheldorf HR, A Gerken, H Karhinen. LC‐polyimides XXXIV. 
Noncrystalline thermotropic copoly (ester‐imide) s based on 
PET. Journal of Polymer Science Part A: Polymer Chemistry. 
1998;36(11):1813–1820.

113. Sun SJ, YC Liao, TC Chang. Studies on the synthesis and properties 
of thermotropic liquid crystalline polycarbonates. VII. Liquid 
crystalline polycarbonates and poly (ester‐carbonate) s derived 
from various mesogenic groups. Journal of Polymer Science Part A: 
Polymer Chemistry. 2000;38(10):1852–1860.

114. Karayannidis GP, EA Psalida. Chain extension of recycled poly 
(ethylene terephthalate) with 2, 2′‐(1, 4‐phenylene) bis (2‐
oxazoline). Journal of applied polymer science. 2000;77(10):2206–
2211.

115. Jung H. Properties of crosslinked polyurethanes synthesized from 4, 
4′‐diphenylmethane diisocyanate and polyester polyol. Journal of 
applied polymer science. 2000;78(3):624–630.

116. Sakthivel P, P Kannan. Investigation on thermotropic liquid 
crystalline and photocrosslinkable polyarylidene arylphosphate 
esters containing cyclohexanone units. Polymer. 2005;46(23):9821–
9830.

117. Mehdipour-Ataei S, R Maleki-Moghaddam, M Nami. Synthesis 
and characterization of heat resistant, pyridine-based polyimides 
with preformed ether and ester groups. European polymer journal. 
2005;41(5):1024–1029.

118. De Gennes P. Réflexions sur un type de polymères nématiques. CR 
Acad Sci Ser B. 1975;281(101):2.

119. Griffin A. mesogenic polymers. 6. 2 series of isomeric 
polyazomethines. Molecular crystals and liquid crystals. 
1984;105(1-4):305–314.

120. Jackson W, H Kuhfuss. Liquid crystal polymers. III. Preparation and 
properties of poly (ester amides) from p‐aminobenzoic acid and 
poly (ethylene terephthalate). Journal of Applied Polymer Science. 
1980;25(8):1685–1694.

121. Sek D, A Wolinska, H Janeczek. Structure-liquid crystalline 
properties relationship of polyesteramides. J Polym Mater. 
1986;3:225–233.

122. Khan A, J McIntyre, A Milburn. Transitions in linear thermotropic 
polyesteramides. Polymer. 1983;24(12):1610–1614.

123. Giancarlo Galli, Michele Laus, Annino Sante Angeloni G, et al. 
Thermotropic poly (β‐aminoester) s containing azoxy groups. Die 
Makromolekulare Chemie, Rapid Communications. 1983;4(10): 
681–686.

124. Jedliński Z, J Franek, P Kuziw. Liquid crystalline polymers, 1. 
Synthesis and structure‐properties relationship in some liquid 
crystalline polyetheresters. Die Makromolekulare Chemie. 
1986;187(10):2317-2324.

125. Angeloni AS, M Laus, E Burgin, et al., Monotropic liquid crystalline 
poly (β-thioester) s containing bis (p-oxybenzoate) mesogenic units. 
Polymer Bulletin. 1985;13(2):131–137.

126. Griffin AC, TR Britt, GA Campbell. Mesogenic Polymers. 5. 
1Thermotropic Polyamide Liquid Crystals and Analogous Small 
Molecule Diamides. Molecular Crystals and Liquid Crystals. 
1982;82(4):145–150.

127. Aharoni, S.M., Rigid backbone polymers. X. Transitions in bulk 
polyisocyanates. Journal of Polymer Science: Polymer Physics 
Edition. 1980;18(6):1303–1310.

128. Aharoni SM. Rigid-backbone polymers. 8. X-ray studies of poly 
(n-alkyl isocyanates). Macromolecules. 1981;14(1):222–224.

129. Percec V, TD Shaffer, H Nava. Functional polymers and sequential 
copolymers by phase transfer catalysis. 10. Polyethers of mesogenic 
bisphenols: A new class of main‐chain liquid crystalline 
polymers. Journal of Polymer Science: Polymer Letters Edition. 
1984;22(12):637–647.

130. Shaffer TD, V Percec. Functional polymers and sequential 
copolymers by phase transfer catalysis. 14. Thermotropic polyethers 
and copolyethers based on 4, 4′‐dihydroxybiphenyl. Journal of 
Polymer Science: Polymer Letters Edition. 1985;23(4):185-194.

131.  Haakan Jonsson, Per Erik Werner, Ulf W Gedde, et al. Synthesis 
and structure of thermotropic main-chain polyethers based on bis 
(4-hydroxyphenoxy)-p-xylene. Macromolecules. 1989;22(4):1683–
1689.

132. Keller P. Polyethers based on 4, 4′‐dihydroxyazoxybenzene: A new 
class of liquid crystalline main chain polymers. Die Makromolekulare 
Chemie. Rapid Communications. 1985;6(4):255–259.

133. Shaffer TD, Percec V. Functional polymers and sequential copolymers 
by phase transfer catalysis, 13.† Thermotropic copolyethers from 
4,4′‐dihydroxy‐α‐methylstilbene and α,ω‐dibromoalkanes. 
Macromalecular rapid communication. 1985;6(2):97–104.

134. 4′‐dihydroxy‐α‐methylstilbene and α, ω‐dibromoalkanes. Die 
Makromolekulare Chemie, Rapid Communications, 1985. 6(2): p. 
97–104.

135. Percec V, H Nava, H Jonsson. Functional polymers and sequential 
copolymers by phase transfer catalysis.24.The influence of molecular 
weight on the thermotropic properties of a random copolyether 
based on 1, 5‐dibromopentane,1,7‐dibromoheptane,and4,4′‐
dihydroxy‐α‐methylstilbene. Journal of Polymer Science Part A: 
Polymer Chemistry. 1987;25(7):1943‒1965.

136. Percec V, R Yourd. Liquid crystalline polyethers based on 
conformational isomerism.2.Thermotropic polyethers and 
copolyethers based on 1‒(4‒hydroxyphenyl)‒2‒(2‒methyl‒4‒
hydroxyphenyl) ethane and flexible spacers containing an odd 
number of methylene units. Macromolecules. 1989;22(2):524‒537.

137. He Z, F Davis, G Mitchell. Influence of side‒chain bearing units on 
the phase behavior of a series of copoly (ester ether) s. European 
polymer journal. 1996;32(6):735‒746.

138. Raghu A. Synthesis and characterization of novel polyurethanes 



Liquid crystalline behavior of polymers: fundamentals, synthesis 
and characterizations

 30

based on 2, 6‐bis (4‐hydroxybenzylidene) cyclohexanone hard 
segments. Journal of applied polymer science. 2007;104(1):81‒88.

139. Raghu A. Synthesis and characterization of novel polyurethanes 
based on N1, N4‐bis [(4‐hydroxyphenyl) methylene] 
succinohydrazide hard segment. Journal of applied polymer science. 
2008;110(4):2315‒2320.

140. Percec V, M Kawasumi. Synthesis and characterization of a 
thermotropic nematic liquid crystalline dendrimeric polymer. 
Macromolecules. 1992;25(15):3843‒3850.

141. Percec V, Y Tsuda. Liquid‒crystalline polyethers based on 
conformational isomerism. 10. Synthesis and determination of the 
virtual mesophases of polyethers based on 1‒(4‒hydroxyphenyl)‒2‒
(2‒methyl‒4‒hydroxyphenyl) ethane and. Alpha omega.‒
dibromoalkanes containing from 17 to 20 methylene units. 
Macromolecules. 1990;23(14):3509‒3520.

142. Percec V, M Kawasumi. Liquid‒crystalline polyethers based 
on conformational isomerism. 18. Polyethers based on a 
combined mesogenic unit containing rigid and flexible groups: 
1‒(4‒hydroxy‒4’‒biphenyl)‒2‒(4‒hydroxyphenyl) butane. 
Macromolecules. 1991;24(23):6318‒6324.

143. Percec V. Synthesis and characterization of branched liquid‒
crystalline polyethers containing cyclotetraveratrylene‒based disk‒
like mesogens. Macromolecules. 1992;25(3):1164‒1176.

144. Percec V, P Chu, M Kawasumi. Toward” willowlike” thermotropic 
dendrimers. Macromolecules. 1994;27(16):4441‒4453. 

145. Percec V. Rational design of the first nonspherical dendrimer 
which displays calamitic nematic and smectic thermotropic liquid 
crystalline phases. Journal of the American Chemical Society. 
1995;117(46):11441‒11454.

146. Percec V. Synthesis and characterization of cyclic liquid crystalline 
oligomers based on 1‒(4‒hydroxy‒4’‒biphenylyl)‒2‒(4‒
hydroxyphenyl) butane and 1, 10‒dibromodecane. Macromolecules. 
1992;25(15):3851‒3861.

147. Percec V, A Asandei, P Chu. Design of side chain and main chain 
liquid crystalline polymers containing supramolecular quasi‒rigid‒
rodlike mesogens obtained from collapsed main chain macrocyclics. 
Macromolecules. 1996;29(11):3736‒3750.

148. Percec V, Asandei. Monodisperse Linear Liquid Crystalline 
Polyethers via a Repetitive 2 n Geometric Growth Algorithm. 
Macromolecules. 1997;30(25):7701‒7720.

149. Percec V, Turkaly P, Asandei. Macrocyclization overrides the 
polymer effect in the stabilization of liquid crystalline (LC) phases 
with a novel odd‒even alternation. A demonstration with LC crown 
ethers. Macromolecules. 1997;30(4):943‒952.

150. Percec V. Molecular design of novel liquid crystalline polymers 
with complex architecture:Macrocyclics and dendrimers. Pure and 
applied chemistry. 1995;67(12):2031‒2038.

151. Sun Q. Lyotropic liquid crystalline poly (aryl ether ketone) 
copolymer containing phthalazinone moiety and biphenyl mesogen. 
European polymer journal. 2007;43(8):3683‒3687.

152. Murugavel S, Swaminathan C, Kannan P. Synthesis and 
characterization of photo‒crosslinkable poly (benzylidene 
phosphoramide ester) s. Polymer. 1997;38(20):5179‒5183.

153. Lin LL, Hong JL. Thermotropic copolyesters containing 
spirobicromane moieties:synthesis and primary characterizations. 
Polymer. 2000; 41(7):2419‒2430.

154. Han H, Bhowmik PK. Wholly aromatic liquid‒crystalline polyesters. 
Progress in polymer science. 1997;22(7):1431‒1502.

155. Percec V, Yourd R. Liquid crystalline polyethers based on 
conformational isomerism. 1. Quasi‒rigid polyethers containing 
methyleneoxy units. Macromolecules. 1988;21(12):3379‒3386.

156. Zuber M, Percec V. Main Chain Liquid‒Crystalline Polymers. 
1. Polyethers Based on 1‒(4‒Hydroxyphenyl)‒2‒(2‒Cl‒4‒
Hydroxyphenyl) Ethane and Flexible Spacers Containing an Odd (5 
and 7) Number of Methylene Units. Science international‒lahore. 
1995;7:39‒39.

157. Zuber M, Percec V. Main Chain Liquid‒Crystalline Polymers. 
2. Polyethers Based on 1‒(4‒Hydroxyphenyl)‒2‒(2‒Cl‒4‒
Hydroxyphenyl) Ethane and Flexible Spacers Containing an Even (6 
and 8) Number of Methylene Units. Science international‒lahore. 
1995;7:43‒43.

158. Percec V. Synthesis and Characterization of Thermotropic Polyethers 
and Copolyethers Based on 4, 4′‒dihydroxy‒α‒methylstilbene and 
Flexible. 67 Spacers Containing Odd Numbers of Methylene Units. 
Molecular crystals and liquid crystals. 1991;205(1):47‒66.

159. Percec V, Yourd R. Liquid crystalline polyethers and copolyethers 
based on conformational isomerism. 3. The influence of thermal 
history on the phase transitions of the thermotropic polyethers and 
copolyethers based on 1‒(4‒hydroxyphenyl)‒2‒(2‒methyl‒4‒
hydroxyphenyl) ethane and flexible spacers containing an odd number 
of methylene units. Macromolecules. 1989;22(8):3229‒3242.

160. Percec V, Tsuda Y. Liquid crystalline polyethers based on 
conformational isomerism. 6. Influence of copolymer composition 
of a ternary copolyether based on 1‒(4‒hydroxyphenyl)‒2‒(2‒
methyl‒4‒hydroxyphenyl) ethane, 1, 5‒dibromopentane, 1, 7‒
dibromoheptane, and 1, 9‒dibromononane on its mesomorphic 
phase transitions. Macromolecules. 1990;23(1):5‒12.

161. Percec V. Liquid‒crystalline polyethers based on conformational 
isomerism. Part 22—Hexagonal columnar mesophase in polyethers 
and copolyethers based on 1, 4‒bis [2‒(4‒hydroxyphenyl) ethyl] 
benzene, 1, 2‒bis (4‒hydroxyphenyl) ethane and 1, 9‒dibromononane. 
Journal of Materials Chemistry. 1992;2(4):407‒414.

162. Catanescu O. Liquid crystalline polymers, 9. Synthesis and thermal 
behavior of some oligomers containing a diethyletheric spacer. Die 
Angewandte Makromolekulare Chemie. 1999;273(1):91‒95.

163. Chatti S. Efficient synthesis of polyethers from isosorbide by 
microwave‒assisted phase transfer catalysis. European polymer 
journal. 2002;38(9):1851‒1861.

164. Chatti S. Microwave‒assisted polycondensation of aliphatic diols 
of isosorbide with aliphatic disulphonylesters via phase‒transfer 
catalysis. European polymer journal. 2004;40(3):561‒577.

165. Murakami M. Formation of the liquid crystalline glassy phase and 
cold crystallization of a new crystal form from the glassy phase 
for thermotropic liquid crystalline polyether. Polymer journal. 
2003;35(12):951‒959.

166. Alazaroaie S. Liquid crystalline polymers:14. Synthesis and thermal 
behaviour of some polyethers containing azo‒mesogens. European 
polymer journal. 2003;39(7):1333‒1339.

167. Hurduc N. Thermal behavior of some aromatic copolyethers 
containing a propylenic spacer. Central European Journal of 
Chemistry. 2005;3(1):53‒62.

168. Alazaroaie S. Phase transfer catalysis in the polycondensation 
processes. XXV. The relationship between structure and 
supramolecular ordering of some aromatic polyethers containing 
flexible spacer. Journal of Macromolecular Science, Part A. 
2003;40(11):1241‒1252.



Liquid crystalline behavior of polymers: fundamentals, synthesis 
and characterizations

 31

169. Rao V. Synthesis and properties of poly (aryl ether ether ketone) 
copolymers with pendant methyl groups. European polymer journal. 
2004;40(11):2645‒2651.

170. Ravikrishnan A, Sudhakara P, Kannan P. Liquid crystalline and 
photoactive poly [4, 4′‒stilbeneoxy] alkylbiphenylphosphates. 
Polymer Degradation and Stability. 2008;93(8):1564‒1570.

171. Luan J. Preparation and characterization of high‐performance poly 
(ether ether ketone) fibers with improved spinnability based on 
thermotropic liquid crystalline poly (aryl ether ketone) copolymer. 
Journal of Applied Polymer Science. 2013;130(2):1406‒1414.

172. Grasser W, Schmidt HW, Giesa R. Fibers spun from poly (ethylene 
terephthalate) blended with a thermotropic liquid crystalline 
copolyester with non‒coplanar biphenylene units. Polymer. 
2001;42(21):8517‒8527.

173. Cattanach J, Guff G, Cogswell F. The processing of thermoplastics 
containing high loadings of long and continuous reinforcing fibers. 
Journal of polymer engineering. 1986;6(1‒4):345‒362.

174. Macosko, C.W. and R.G. Larson, Rheology: principles, 
measurements, and applications. 1994.

175. Ma, G., et al., Effect of the addition of silane coupling agents on 
the properties of wollastonite‐reinforced poly (ether ether ketone) 
composites. Polymer Engineering & Science, 2011. 51(6): p. 1051-
1058.

176. Kalika, D.S., et al., Structural, dielectric, and rheological 
characterization of a thermotropic polyester displaying smectic A, 
nematic, and isotropic phases. Macromolecules, 1990. 23(25): p. 
5192-5200.

177. Guskey, S.M. and H. Winter, Transient shear behavior of a 
thermotropic liquid crystalline polymer in the nematic state. Journal 
of Rheology (1978-present), 1991. 35(6): p. 1191-1207.

178. Bhattarcharya, S. and A. Misra, Rheological properties of a liquid 
crystalline copolyester. Polymer Engineering & Science, 1990. 
30(2): p. 124-128.

179. Wewerka, A., et al., Side-chain liquid-crystalline homopolymers and 
copolymers. Structure and rheology. Macromolecules, 2001. 34(23): 
p. 8129-8137.

180. Ismail, M., et al., Synthesis and chemical modification of new 
functional aromatic polyethers by phase transfer catalysis. Designed 
Monomers and Polymers, 2015. 18(1): p. 1-5.

181. Shin, M.J., J.G. Kim, and J.S. Shin, Amperometric cholesterol 
biosensor using layer-by-layer adsorption technique on polyaniline-
coated polyester films. International Journal of Polymeric Materials, 
2013. 62(3): p. 140-144.

182. Perumal, B. and D. Sangeetha, Surface modification of sulfonated 
polystyrene ethylene butylene polystyrene membranes by layer-by-
layer assembly of polysulfone for application in direct methanol fuel 
cell. International Journal of Polymeric Materials and Polymeric 
Biomaterials, 2013. 62(8): p. 462-467.

183. Jain S, Bajpai A. Designing polyethylene glycol (PEG)–plasticized 
membranes of poly (vinyl alcohol-g-methyl methacrylate) and 
investigation of water sorption and blood compatibility behaviors. 
Designed Monomers and Polymers. 2013. 16(5):436‒446.

184. Rao VS, Samui A. Structure–property relationship of photoactive 
liquid crystalline polyethers containing benzylidene moiety. 
Journal of Polymer Science Part A: Polymer Chemistry, 
2009;47(8):2143‒2155.

185. Shibaev V. Liquid-crystalline polymer systems: From the past to the 
present. Polymer Science Series A. 2014;56(6):727‒762.

186. Kimura Y, Kuboyama K, Ougizawa T. Photoinduced alignment of 
polymerisable liquid crystals on photoreactive polymers containing 
2, 6-bis (benzylidene)-1-cyclohexanone units in the main chain. 
Liquid Crystals. 2016;43(5):587‒597.

187. Subramanian B. Main-chain liquid crystalline copolymers: synthesis 
and comparative study of the mesomorphic properties and non-
linear optical properties. Liquid Crystals. 2016;43(12):1791‒1803.

188. Murali M. Samui AB. Bisbenzylidene cycloalkanone: a versatile 
molecule as a polymer building block. Journal of Materials 
Chemistry. 2010. 20(14):2714‒2737.

189. Samdahl BD. Divanillydene Compounds of Cyclohexanone, 
Comprising Several New Indicators. J. Pharm. Chim. 
1928;7:162‒173.

190. Samdahl B. Chim. 1928;7:163.

191. Borden DG. Merrill SH, Unruh CC. Light-sensitive polymers having 
a linear chain containing the styryl ketone group. Google Patents. 
1969.

192. Borden DG, Merrill SH, Unruh CC. Lithographic printing plate 
prepared from linear light-sensitive polymers containing the styryl 
ketone group. Google Patents. 1972.

193. Kishore K, Novel photocrosslinkable liquid-crystalline 
polymers: poly [bis (benzylidene)] esters. Macromolecules. 
1993;26(12):2995‒3003.

194. Borden DG. Design of photocrosslinkable polyesters with 
specific absorptions. Journal of Applied Polymer Science. 
1978;22(1):239‒251.

195. Kishore K. Synthesis and characterization of photo-crosslinkable 
main-chain liquid-crystalline polymers containing bis (benzylidene) 
cycloalkanone units. Polymer. 1995;36(9):1903‒1910.

196. Osman MA. Othman, Abd-Alla M. Arylidene polymers. XV. Optical 
band gap and structural relationship of new polyester films of 
dibenzylidenecyclohexanone. Journal of Physics D Applied Physics. 
1991;24(7):1203.

197. Abd-Alla MA, Aly KI, Hammam AS, Arylidene Polymers 
VII. Synthesis and Characterization of New Polyesters of 
Diarylidenecycloalkanones Containing an Azo Group in the Main 
Chain. High Performance Polymers. 1989;1(4):323‒334.

198. Murali M. Samui A. Synthesis, photochemical and phase behavior 
of linear and hyperbranched photoactive benzylidene liquid‐
crystalline polyesters. Journal of Polymer Science Part Polymer 
Chemistry. 2006;44(13):3986‒3994.

199. Balamurugan R. Kannan P. Photoreactive main chain liquid 
crystalline polyesters containing oxadiazole and bis (benzylidene) 
cycloalkanone units. Journal of Polymer Science Part Polymer 
Chemistry. 2008;46(17):5760‒5775.

200. Sakthivel P. Kannan P. Novel thermotropic liquid crystalline‐
cum‐photocrosslinkable polyvanillylidene alkyl/arylphosphate 
esters. Journal of Polymer Science Part Polymer Chemistry. 
2004;42(20):5215‒5226.

201. Osman M, Othman A, Abd-Alla M. Arylidene polymers: 15. Optical 
band gap and structural relationship of new polyester films of 
dibenzylidenecyclohexanone. Polymer. 1992;33(1):52‒56.

202. Osman M, Othman A, Abd-Alla M. Temperature dependence 
of absorption spectra and optical parameters for polyester films 
of dibenzylidene cyclohexanone. High Performance Polymers. 
1997;9(4):397‒411.



Liquid crystalline behavior of polymers: fundamentals, synthesis 
and characterizations

 32

203. Aly KI, Khalaf AA, Alkskas IA. Liquid crystalline polymers VII. 
Thermotropic liquid crystalline poly (azomethine-ether) s containing 
dibenzylidene derivatives in the main chain. European polymer 
journal. 2003;39(5):1035‒1044.

204. Kannan P, Murugavel S. Studies on photo‐crosslinkable 
polyphosphoramide esters containing divanillylidene cycloalkanone 
units. Polymer international. 1996;40(4):287‒293.

205. Murugavel S. Synthesis and spectral, thermal, and photocrosslinking 
studies of poly (benzylidene phosphoramide ester)s. Journal of 
applied polymer science. 1997;65(11):2151‒2157.

206. Kannan P. Murugavel S. Studies on photocrosslinkable‐
cum‐flame retardant poly (benzylidene phosphoramide ester) 
s. Journal of Polymer Science Part A: Polymer Chemistry. 
1999;37(16):3285‒3291.

207. Racles C. New arylidene–siloxane polyethers: Liquid‐crystalline 
and photosensitive properties. Journal of applied polymer science. 
2003;90(11):3093‒3099.

208. Kishore K, A new class of photo-cross-linkable side chain liquid 
crystalline polymers containing bis (benzylidene) cyclohexanone 
units. Macromolecules. 1995;28(4):806‒815.

209. Broer D, Heynderickx I. Three-dimensionally ordered polymer 
networks with a helicoidal structure. Macromolecules. 
1990;23(9):2474‒2477.

210. Heynderickx I, Broer D. The use of cholesterically-ordered polymer 
networks in practical applications. Molecular Crystals and Liquid 
Crystals.1991;203(1):113‒126.

211. Hikmet RA, Lub J, Broer DJ. Anisotropic networks formed by 
photo polymerization of liquid‐crystalline molecules. Advanced 
Materials. 1991;3(7‐8):392‒394.

212. Arun A, Reddy B. Photocurable and thermally stable polymers 
based on 1, 4‐pentadien‐3‐one‐1‐p‐hydroxyphenyl‐5‐p‐
phenyl methacrylate: Copolymerization with ethyl acrylate. 
Journal of Polymer Science Part A: Polymer Chemistry. 
2003;41(11):1632‒1640.

213. Arun A, Reddy B. The influence of comonomer (2‐hydroxyethyl 
acrylate) and keto group on photocrosslinking property of arylidene 
polymers. Journal of Polymer Science Part A: Polymer Chemistry. 
2004;42(14):3433‒3444.

214. Kosaka YT. Kato, Uryu T. Synthesis and the smectic mesophase of 
copolymers containing a mesogenic (carbazolylmethylene) aniline 
group as the electron donor and a (4’-nitrobenzylidene) aniline group 
as the electron acceptor. Macromolecules. 1994;27(10):2658‒2663.

215. Bobrovsky AY, Boiko NI, Shibaev VP, Chiral nematic 
copolymers with photoreversible and irreversible changing of 
helical supramolecular structure pitch. Chemistry of materials. 
2001;13(6):1998‒2001.

216. Bobrovsky A, Boiko N, Shibaev V. A new type of multifunctional 
material based on dual photochromism of ternary chiral photochromic 
liquid crystalline copolymers for optical data recording and storage. 
Journal of Materials Chemistry, 2000;10(5):1075‒1081.

217. McArdle CB. Side chain liquid crystal polymers. Springer Science 
& Business Media; 1990.

218. Parra M, Hidalgo PI, Soto‐BustamanteEA, et al. Novel chiral 
calamitic liquid crystalline oxadiazoles as ferroelectric materials. 
Liquid Crystals. 2008;35(10):1251–1262.

219. Rasmussen PH, Ramanujam PS, Hvilsted S, et al. A remarkably 
efficient azobenzene peptide for holographic information storage. 

Journal of the American Chemical Society. 1999;121(20):4738–
4743.

220. Dimmock JR, Kumar P, Nazarali AJ, et al. Cytotoxic 2, 6-bis 
(arylidene) cyclohexanones and related compounds. European 
Journal of Medicinal Chemistry. 2000;35(11):967–977.

221. Dimmock JR, Padmanilayam MP, Zello GA, et al. Cytotoxic 
analogues of 2, 6-bis (arylidene) cyclohexanones. Eur J Med Chem. 
2003;38(2):169–177.

222. Shenton D, Grant CM. Protein S-thiolation targets glycolysis 
and protein synthesis in response to oxidative stress in the yeast 
Saccharomyces cerevisiae. Biochem J. 2003;374(2):513–519.

223. Aly KI, Hammam AS. Liquid crystalline polymers: I. Main chain 
thermotropic poly (arylidene-ether) s containing cyclopentanone 
moiety linked with polymethylene spacers. European Polymer 
Journal. 2000;36(9):1933–1942.

224. Aly KI. Liquid crystalline polymers. 3. Synthesis and liquid crystal 
properties of thermotropic poly (arylidene-ether) s and copolymers 
containing cycloalkanone moiety in the polymer backbone. 
Journal of macromolecular science. Pure and Applied Chemistry. 
2001;37(1–2).

225. Aly KI, Hammam AS. Liquid crystalline polymers. IV. Thermotropic 
liquid crystalline poly (arylidene-ether) s and copolymers containing 
N-methylpiperidone linked to the main chain through spacers of 
various lengths. Journal of macromolecular science. Pure and 
Applied Chemistry. 2001;38(8):785–806.

226. Balaji K, Murugavel S. Synthesis and characterization of 
photosensitive liquid crystalline poly (benzylidene‐ether) s with 
alkanones and methylene spacers in the main chain. Journal of 
Polymer Science Part A: Polymer Chemistry. 2011;49(22):4809–
4819.

227. Al-Muaikel NS, KI Aly. Liquid Crystalline Polymers XIII Main Chain 
Thermotropic Copoly (Arylidene-Ether) s Containing 4-Teriary 
Butyl-Cyclohexanone Moiety Linked with Polymethylene Spacers. 
Open Journal of Organic Polymer Materials. 2013;3(1):19–26.

228. Morgan PW, Kwolek SL, Plecher TC. Aromatic azomethine polymers 
and fibers. Macromolecules. 1987;20(4):729–739.

229. Wojkowski PW. Aromatic-aliphatic azomethine ether polymers and 
fibers. Macromolecules. 1987;20(4);740–748.

230. Yeakel KG, Mani RS, Allen RD, et al. Synthesis and characterization 
of processable aromatic poly(azomethine)s with ether linkages. 
Macromolecular Chemistry and Physics. 1993;194(10):2779-2787.

231. Yang CJ, Jenekhe SA. Conjugated Aromatic Polyimines. 2. Synthesis, 
Structure, and Properties of New Aromatic Polyazomethines. 
Macromolecules. 1995;28(4):1180–1196.

232. Barbera J, Oriol L, Serrano JL. Hydroxy-functionalized 
liquidcrystalline polyazomethines I. Synthesis, characterization 
and structure-mesogenic behaviour relationship. Liquid Crystals. 
1992;12(1):37–47.

233. Parks SB, Kim H, Zin WC, et al. Synthesis and properties of 
polyazomethines having flexible (n-alkyloxy)methyl side chains. 
Macromolecules. 1993;26(7):627–1632.

234. Guillion D, Skoulios A. Mesophases Smectiques Thermotropes de 
Polybases de Schiff. Molecule Cryst Liq Cryst. 1978;49(4):119–123.

235. Li CH, Chang TC. Studies on thermotropic liquid crystalline 
polymers-Part II. Synthesis and properties of poly(azomethine-
ether). European Polymer Journal. 1991;27(1):35–39.



Liquid crystalline behavior of polymers: fundamentals, synthesis 
and characterizations

 33

236. Aly KI, Ahmed RA. Liquid crystalline polymers V. Thermotropic 
liquid crystalline poly(azomethine-ether)s containing a 
cycloalkanone moiety in the polymer backbone. Liquid Crystals. 
2000;27(4):451–458.

237. Jayanthi GS, Kishore KJ. Synthesis and mesogenic behavior of 
metal‐containing liquid crystalline networks. Applied Polymer 
Science. 1996;60(6):791–798.

238. Choi EJ, Ahn JC, Chien LC, et al. Main Chain Polymers Containing 
Banana-Shaped Mesogens:  Synthesis and Mesomorphic Properties. 
Macromolecules. 2004;37(1):71–78.

239. Sauer BB, Kampert WG, Mclean RS. Thermal and morphological 
properties of main chain liquid crystalline polymers. Polymer. 
2003;44(9):2721–2738.

240. Biswas A, Gardner KH, Wojtkowshi PW. Liquid Crystalline 
Polymers. In: Weiss RA, Ober CK, editors. ACS Symposium Series 
435. Washington DC: American Chemical Society; 1990.

241. Troy RC, Stevens MP. Poly(N,N‐diacylhydrazone)s:Polymers 
containing imide and imine functions linked by nitrogen–
nitrogen bonds. J of Polymer Science: Polymer Letters Edition. 
1984;22(2):113–118.

242. Al-Muaikel NS. Thermotropic liquid crystalline poly (hydrazone–
ether)s containing thiadiazole moiety in the main chain. Polymer 
International. 2004;53(3):301–306.


