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Abstract A series of six photo-crosslinkable thermotropic
liquid crystalline copolyesters were prepared by polyconden-
sation method at room temperature using tetra-n-
butylammonium bromide as the phase transfer catalyst.
The diacid chloride involved in this process was adipoyl
chloride, the common diol (diol-1), also referred to as
bischalcone diol, used was 3,3′-benzene-1,4-diylbis[1-(4-
hydroxyphenyl)prop-2-en-1-one] and six different
arylidene diols were involved as varying diols (diol-2),
in the ratio 2:1:1. The common diol and the six
arylidene diols were synthesized by the acid-catalyzed
Claisen-Schmidt synthesis. The inherent viscosity ηinh
of these six copolyesters was found between 0.35 and
0.45. The microstructure of the repeating unit present in
the copolyester chain was confirmed by FT-IR, 1H–
NMR and 13C–NMR spectroscopic techniques. Thermal
transition temperatures, resolved from the DSC thermo-
grams, were found to be well above room temperature.
Optical polarizing microscopy was employed to estab-
lish the liquid crystalline property and all the polymers
were found to have nematic phase. The photo-
crosslinking behaviour of these copolyesters was studied

in DMF solution at different time intervals. The
copolyesters having methoxy group in them absorb
UV-A rays (315–400 nm) for a longer duration, which
promotes them to be good candidates for UV filters and
sunscreens.
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Introduction

Photo-crosslinkable polymeric materials have attracted
the attention of the scientific community for more than
half a century [1]. They are employed in photocurable
paints [2], photoresists [3], printing plates [4], and so
on. A systematic survey of literature indicates that cer-
tain moieties such as arylidene-keto group [5], chalcone
mesogen [6], cinnamate group [7], stilbene group [8],
Schiff base [9], azobenzothiazole [10] and propargyl
group [11] are found to be responsible for photo-
crosslinking behaviour. Chalcone moiety is a versatile
chromophore, and this is incorporated in the polymeric
main chain [12] and also as a pendant moiety or side
chain in the polymeric system [13]. Photo-crosslinkable
chalcone moiety is involved in the synthesis of many
types of polymeric materials such as polyimides [14],
polyphosphazenes [15], poly(arylene-ethers) [16],
copolyphosphoramide esters [17], poly(arylene ether sulfone)
[18], poly(amide-imide)s [19], poly(ester-amides) [20], and
acryamide polymers [21]. Photocrosslinkable diarylidene part
is roped in the main chain or as pendant units in flame-retardant
poly(benzylidene phosphoramide ester)s [22] and
hyperbranched benzylidene polyesters [23]. Non-linear optical-
ly active polymeric systems are generated from bis(hydroxy-
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arylidene)alkanones [24], azo-bisbenzylidene polymers, and
[25] polyethers [26] are only a few of rich literature available
in this area. Recently we have reported the synthesis
and characterization of thermotrophic liquid crystalline
copolyesters containing arylidene-keto and monochalcone
moieties [27].

However, there are no reports available to indicate
the synthesis and characterization of copolyesters con-
taining bischalcone and arylidene-keto moiety in the
main chain. Hence, synthesis and characterization of a
few liquid crystalline copolyesters containing photo-
crosslinkable arylidene-keto and chalcone moiety in the
main chain are studied and the results are presented
here. The idea of incorporation of rigid rods [28] and
flexible spacers [29] is carefully executed in the synthe-
sis of copolyesters to achieve thermotropic liquid crys-
talline property.

Methods and materials

Materials

Adipoyl chloride, terephthalaldehyde (Sigma Aldrich),
cyclohexanone, cyclopentanone, acetone, 4-hydroxy-
acetophenone (Spectrochem Puriss grade), 3-methoxy-4-
hydroxy benzaldehyde (vanillin), 4-hydroxybenzaldehyde
(Loba Chemie AR), tetra-n-butylammonium bromide
(EMerck), sulphuric acid and sodium hydroxide (Rankem) were
used as received. All other materials were used after purification
[30].

Methods

Synthesis of arylidene diols

The six arylidene-keto diols utilized in this work were synthe-
sized by the standard procedure [31] available in the literature
to ensure good yield. A typical synthesis of an arylidene diol
by acid catalyzed Claisen-Schmidt condensation is mentioned
here. The same method was adopted to synthesise other
monomers as well.

Synthesis of 2,6-bis(4-hydroxybenzylidene)cyclohexanone
(BHCH)

Cyclohexanone 0.98 g (0.01 mol) and 4-hydroxybenzaldehyde
2.44 g (0.02 mol) were dissolved in 20 mL of methanol. To the
methanolic solution kept on an ice bath, concentrated
sulphuric acid (2 mL) was added in drops in 2 min.
During the addition an exothermic reaction was set in,

the mixture was shaken and the temperature was kept
under 20 °C. The reaction mixture was kept in ambient
temperature for 12 h. The solid separated out was
washed with water and recrystallized from methanol. Yield:
92%; m.p. >250 °C; IR (KBr) 3383, (b, O-H), 1651(s, C = O)
cm−1; 1H NMR (400 MHz, DMSO-d6) δ 3.11 (s, 4H), 6.88–
7.65 (m, 10H) and 9.61 (s, 2H).

The same method was adopted to synthesise other mono-
mers as well by varying the ketone and aldehyde.

2,6-bis(4-hydroxy-3-methoxybenzylidene)cyclohexanone
(BVCH)

Cyclohexanone 1.0 mL (0.01 mol) and vanillin 3.04 g
(0.02 mol). Yield: 86%, m.p. 182 °C; IR (KBr) 3383 (b,
OH), 1652 (s, C = O) cm−1; 1H NMR (400 MHz, DMSO-
d6) 2.93 (s, 4H), 3.91 (s, 6H), 6.92–7.79 (m, 10H) and 9.61 (s,
2H).

2,5-bis(4-hydroxybenzylidene)cyclopentanone (BHCP)

Cy c l o p e n t a n o n e 0 . 9 mL ( 0 . 0 1 mo l ) a n d 4 -
hydroxybenzaldehyde 2.44 g (0.02 mol). Yield: 92%, m.p.
>250 °C; IR (KBr) 3300 (b, O-H), 1667(s, C = O) cm−1; 1H
NMR (400 MHz, DMSO-d6) 3.11 (s, 4H), 6.85–7.67 (m,
10H) and 9.61 (s, 2H).

2,5-bis(4-hydroxy-3-methoxybenzylidene)cyclopentanone
(BVCP)

Cyclopentanone 0.9 mL (0.01 mol) and vanillin 3.04 g
(0.02 mol). Yield: 89% m.p. 212 °C; IR (KBr) 3448 (b,
OH), 1667 (s, C = O) cm−1; 1H NMR (400 MHz, CDCl3)
3.10 (s, 4H), 3.94 (s, 6H), 6.63–7.94 (m, 10H) and 9.61 (s,
2H).

1,5-bis(4-hydroxyphenyl)penta-1,4-dien-3-one (BHAC)

Acetone 0.75 mL (0.01 mol) and 4-hydroxybenzaldehyde
2.44 g (0.02 mol). Yield: 93% m.p. 241 °C; IR (KBr) 3452
(b, O-H), 1658 (s, C = O) cm−1; 1H NMR (400MHz, DMSO-
d6) 6.82–6.96 (dd, 4H, −CH = CH-), 7.49–8.33 (m, 8H, aro-
matic) and 9.61 (s, 2H).

1,5-bis(4-hydroxy-3-methoxyphenyl)penta-1,4-dien-3-one
(BVAC)

Acetone 0.75 mL (0.01 mol) and vanillin 3.44 g (0.02 mol).
Yield: 92% m.p. 161 °C; IR (KBr) 3446 (b, O-H) 1658 (s,
C = O) cm−1; 1H NMR (400 MHz, DMSO-d6) 3.94 (s, 6H),
6.72–7.14 (dd, 4H, −CH = CH-), 7.52–8.89 (m, 6H, aromatic)
and 9.60 (s, 2H).
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A general scheme for the synthesis of bisbenzylidene diols
is presented here.

General structure of copolyesters is represented below.

Synthesis of bischalcone diol

xThe bischalcone diol namely 3,3′-benzene-1,4-diylbis[1-(4-
hydroxyphenyl)prop-2-en-1-one] (BHAP) associated with
this work was synthesized by the usage of appropriate proce-
dure [32].

Synthesis of BHAP

Dry HCl gas was passed through a well-cooled and stirred
solution of 4-hydroxyacetophenone 16.32 g (0.12 mol) and
terephthalaldehyde 8.04 g (0.06 mol) in 50 mL of dry metha-
nol for 10 min. The BHAP was separated out as solid by the
addition of ice-cold water. It was washed with double-distilled
water and then re-crystallized from hot methanol. Yield: 92%,
m.p.: 262–264 °C; IR (KBr) 3450 (b, O–H), 1655 (s, C = O)

cm−1; 1H NMR (DMSO-d6) δ 6.93–6.96 (dd, 2H, −CH = CH–),
δ 7.45–7.99 (m, 12H, aromatic) and δ 10.03 (s, 2H, −OH).

Synthesis of copolyesters

The copolyesters were all prepared by phase transfer catalyzed
polycondensation method reported in literature [33]. The typ-
ical procedure for the synthesis of copolyester PABHH is pre-
sented here. The common diol, BHAP, namely diol-I
(0.002 mol) and the varying diol, BHCH, namely diol II
(0.002 mol) were dissolved in double distilled water
(25 mL) containing dissolved sodium hydroxide (0.004 mol)
taken in a three necked 100 mL round bottomed flask. The
mixture was stirred continuously at room temperature for
30 min in nitrogen atmosphere. A solution of 2 mL of 2%
tetra-n-butylammonium bromide was added and stirred.
About 25 mL solution containing adipoyl chloride
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Table 1 Monomer and polymer
codes (Common diacid chloride is
Adipoyl chloride)

m X Common Diol (Diol – I) Varying Diol (Diol – II) Copolyester Code ηinh.

3 H BHAP BHCH PABHH 0.35

3 OCH3 BHAP BVCH PABHV 0.41

2 H BHAP BHCP PABPH 0.40

2 OCH3 BHAP BVCP PABPV 0.45

0 H BHAP BHAC PABCH 0.35

0 OCH3 BHAP BVAC PABCV 0.42
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Table 2 Solubility of copolyesters in common organic solvents

Copolyester CH3CN DMF DMSO DMAc C6H6 CHCl3 Acetone CH3OH ODCB EtOAc

PABHH ++ ++ ++ ++ − − +− − +− +−
PABHV ++ ++ ++ ++ − − +− − +− +−
PABPH ++ +− +− +− − − +− − +− +−
PABPV ++ ++ ++ ++ − − +− − +− +−
PABCH ++ ++ +− ++ − − ++ − +− +−
PABCV ++ ++ ++ ++ − +− ++ +− +− +−

Soluble ++; Partially soluble +−; Insoluble –

Fig. 1 FT-IR spectra of
copolyesters
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(0.004 mol) in dichloromethane was added using a pressure
equalizer with constant stirring. The mixture was maintained
at room temperature with continuous stirring for 3 h and it was
cooled and poured into 300 mL of methanol. The copolyester
got precipitated; it was filtered, washed with methanol and
then dried in vacuum pump at ambient temperature.

The remaining five copolyesters were all prepared by
employing the above method.Monomers used in the preparation
of copolyesters alongwith polymer code are presented in Table 1.

Characterisation techniques

Shimadzu 8400 and JASCO Model P-4600 FT-IR in-
strument were utilized to record the FT-IR spectra of

all the monomers and the six copolyesters in KBr pel-
lets. Bruker Avance instrument was involved to record
the 1H–NMR at 400 MHz and 13C–NMR at 75 MHz.
To record 1H–NMR and 13C–NMR spectra, all the six
copolyesters were dissolved in DMSO-d6. DSC thermo-
grams were recorded at the rate of heating 20 °C/min in
nitrogen atmosphere using Dupont 2000 model Perkin
Elmer Thermal Analyser. Olympus BX 51 Optical
Polarizing Microscope attached with Linkem hot stage
was employed to record the optical polarizing micro-
graph of the copolyesters. The UV light from a
125 W - 365 nm mercury lamp at a distance of 9 cm
in Heber Annular Photochemical reactor model HVAR 123
was irradiated on copolyesters in DMF solution of

Fig. 2 FT-IR spectra of monomers BHAC and BHAP
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concentration 0.02 gdL−1 at different time intervals to study
their photocrosslinking behaviour. Photocrosslinking kinetics

wa s s t u d i e d b y on JASCO V650 UV-Vi s i b l e
spectrophotometer.

Fig. 3 1H–NMR spectrum of the copolyester PABPV

Fig. 4 13C–NMR spectrum of the copolyester PABHV
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Results and discussion

The amorphous copolyesters when tested for their solubility
(0.1 g/10 mL) disclosed that they were insoluble in non-
polar solvents, sparingly soluble in moderately polar
solvents and completely soluble in highly polar solvents
(Table 2).

Inherent viscosity (ηinh) values for the copolyesters were
determined at 30 °C in DMF of concentration 0.1 gdL−1 using
Ubbelohde viscometer, which are found between 0.35 and
0.45. The (ηinh) values are related to the molecular weights
and rigidity of the polymers [34]. The copolyesters derived
from monomers having methoxy groups such as PABHV,
PABPV and PABCV show higher (ηinh) values. This trend is
attributed to interlocking effect offered by methoxy group [35].
Similar observation is made by Murugavel and coworkers [22]
in a series of poly(benzylidene phosphoramide ester)s contain-
ing a benzylidene chromophore in the main chain.

FT-IR spectra of all the six monomers and copolyesters in
KBr pellets are recorded between 400 and 4000 cm−1 and the
results are produced here. The ester linkage resulting from the
polycondenzation of diols and adipoyl chloride appears be-
tween 1752 and 1762 cm−1 due to strong stretching vibration
of C = O in the FT-IR spectra. FT-IR spectra of all the
copolyesters are given in Fig. 1.

The carbonyl stretching frequency of ester linkage in
copolyester PABHH is observed at 1755 cm−1

, whereas that
of PABPV is observed at 1760 cm−1. This may be accounted
for as follows: the difference in stretching frequency is due to
the presence of methoxy group in the monomeric unit of 2,6-
bis(4-hydroxy-3-methoxybenzylidene)cyclohexanone
(BVCH) as shown below. The 3-methoxy group in the
benzylidene moiety withdraws electron density by – I effect
from the ring, which in turn withdraws electron density from
the phenoxy oxygen atom of ester linkage and decreases elec-
tron density at acyl group. As a consequence, the carbonyl
group of the ester group absorbs at higher frequency when
compared to copolyester derived from unsubstituted monomer
of 2,6-bis(4-hydroxybenzylidene)cyclohexanone (BHCH). It
should be noted that the methoxy oxygen is not in a position to
exert the mesomeric effect as it goes out of plane due to steric
interaction it encounters with adipate chain.

FT-IR spectra of typical two monomers, BHAC and BHAP
are given in Fig. 2 for comparison. (FTIR spectra of remaining

four monomers are given in ESM). BHAC and BHAP have their
keto carbonyl stretching frequencies at 1700 cm−1 and
1655 cm−1 respectively. The copolyesters have both the two
carbonyl groups; one in benzylidene part which is observed at
1700 cm−1 and the other in bischalcone part, observed at
1655 cm−1, which clearly shows that both these monomers are
incorporated in the copolyesters. The C-H bending of aromatic
rings has a signal at 818–819 cm−1. The signal around 1600 cm−1

is due to olefinic group. The absorption at ῡ= 1193–1219 cm−1 is
due to ester C-O stretching vibration. The broad peaks at 3250–
3370 cm−1 are due to O-H stretching of end OH groups.

In the 1H–NMR spectra, the methylene protons of the di-
acid part are observed at δ 1.2–2.2 ppm. The methylene pro-
tons of cyclopentanone and cyclohexanone rings of
diarylidene moieties absorb at δ 2.2–3.2 ppm [36]. The
deshielded vinylic protons of chalcone moiety due to the pres-
ence of electron-withdrawing keto groups and phenyl rings at
adjacent positions absorb at δ 6.7–7.3 ppm [37, 38]. The
arylidene protons of diarylidene keto moieties resonate at δ
7.5–7.7 [39]. The methoxy protons of diarylidenealkanone
system derived from vanillin absorb at δ 3.7–3.9 ppm. The
aromatic protons of diarylidene ketones and chalcone, absorb

Fig. 5 DSC Thermograms of the copolyesters
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at δ 7.1–8.4 ppm. A typical 1H–NMR spectrum of the
copolyester PABPV is presented in Fig. 3. (1H–NMR spectra
of all other polymers are given in ESM). In all the spectra a
very intense signal at δ 3.45 ppm is due to methyl protons of
deuterated DMSO-d6, which is used as solvent and a signal at
δ 2.56 ppm is due to protons of water, which may be an
impurity in DMSO [26].

The 13C–NMR spectra of the copolyesters show a signal at
δ 170–175, which is due to the carbonyl carbon of the ester
group conspicuously indicating that the arylidene-keto and
chalcone moieties are incorporated in the polymeric back-
bone. The signal at δ 185–190 ppm is due to the carbonyl
carbon of the arylidene keto and chalcone moieties.

Aromatic carbons of diarylidene and chalcone parts absorb
at δ 115–140 ppm [39]. 13C–NMR spectrum of the
copolyesters PABHV is represented in Fig. 4. (13C–NMR
spectra of all other polymers are given in ESM).

Figure 5 represents the thermograms of these copolyesters,
which give adequate information on thermal transition tem-
peratures, namely the glass transition temperature (Tg),
mesophase formation temperature (Tm) and isotropic temper-
ature (Tiso). The glass transition temperature (Tg) of all the
copolyesters is above room temperature. The copolyesters
synthesized from divanillidene alkanones show higher Tg than
copolyesters of simple diarylidene alkanones. This is due the
interlocking effect offered by the methoxy group in vanillin

Fig. 6 Polarized light micrograph of a PABHH at 224 °C, b PABHVat 268 °C c PABPVat 224 °C d PABCH at 216 °C

Table 3 Phase transition
temperatures of copolymers from
DSC thermograms

S.
No.

Copolyester
Code

Glass Transition
Temperature, Tg (°C)

Mesophase Formation
Temperature, Tm (°C)

Isotropic
Temperature, Tiso (°C)

1 PABHH 74.3 172.8, 204.1 239.6

2 PABHV 102.6 142.9, 266.8 300.2

3 PABPH 73.8 178.8, 269.6 286.9

4 PABPV 110.0 136.9, 255.7 283.7

5 PABCH 77.2 168.4, 179.4 -

6 PABCV 91.0 123.1, 145.3 195.7
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moiety [35]. Once Tg is crossed, the unsubstituted copolyesters
show higher phase transition temperatures when compared to
methoxy substituted ones, as the former are more rigid than the
latter due to the easier stacking of aromatic rings over the other
[40]. After the interlocking is released the methoxy substituents
tend to force the chains out of phase and reduce the intermolec-
ular forces of attraction [41, 42], thereby reducing the melting
temperature (Table 3).

Figure 6a-d represent the optical polarizing micrographs of
the copolysters, (also refer ESM) which throws light on the
nematic formation in the tiny blobs and flowing fluidic ap-
pearance that is generated above Tm to unveil that it is typical
of thermotropic liquid crystalline material.

Photo-crosslinking studies

Figure 7a-d represent the overlaid UV-vis spectra of the
copolyesters at different time of exposure to light. The

absorbance decreased with increase in time of irradiation, con-
vincing that there is photo-crosslinking by 2π + 2π cycloaddition

Fig. 7 UV-vis spectra of copolyesters a PABHV b PABPV c PABCH and d PABCVat different time of irradiation

Fig. 8 Rates of photocrosslinking of copolyesters
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between the olefinic bonds of the arylideneketo and chalcone
units [43, 44]. The plots of [(Ao – At)/Ao] against the time dura-
tion of irradiation impresses on the extent of crosslinking,
where Ao is initial absorbance and At values are absor-
bance values for different times of irradiation. Fig. 8
represents rate of crosslinking due to the irradiation of
ultraviolet light on the copolyesters.

The plots show that the crosslinking is faster in the begin-
ning and it gradually slows down after 5–8 min. This
may be due to the freedom in the form of flexibility
available in the beginning than after getting crosslinked
here and there. The copolyesters derived from vanillin-
based diarylidenealkanonediols show gradual decrease in ab-
sorption, whereas the other copolyesters show steeper de-
crease. This is attributed to the hindrance by methoxy group’s
bulkiness during photo-crosslinking [45]. When the
unsubtituted copolyesters are compared, the crosslinking is
in the order PABCH > PABHH > PABPH. Other workers
[46, 47] have reported that cyclopentanone-bearing polymers
crosslink faster than the ones that have cyclohexanone rings.
They have correlated the sizes of the rings with the rates
(smaller the ring faster the rate). But in the present work, the
cyclohexanone ring systems show faster crosslinking ability.
This may be attributed to the consequence of copolymeriza-
tion by the incorporation of bischalcone system in to the
copolyester [47].

A closer look at the UV spectra of copolyester PABPH
(Fig. 9) shows that there are two peaks merge to give a
humped peak. The peak at 377 nm is due to diarylidene
(BHCP) system in the copolyester and the one at 361 nm is
due to bischalcone part. During photolysis the peak at longer
wavelength decreases faster than the peak at shorter wave-
length, that suggests the BHCP part (which contains the
cyclopentanone ring) of the polymer undergoes faster
crosslinking, which is in conformity with others’ report [46,
47]. Whereas the peak due to bischalcone system takes longer
time to decrease in intensity. In other copolyesters such dis-
tinction is not noticed. This explains the deviation from the
trend observed by other researchers.

The copolyesters PABHV, PABPV and PABCV having
methoxy groups in their bisbenzylidenealkanone parts, absorb
at UV-A (315–400 nm) region for longer duration. Due to the
nondistruction of chromophore (Fig. 10) by cycloaddition due
to the mismatch offered by copolymerization [47], makes
them good candidates for UV filters and sunscreens.

It is to be noted that PABCV is derived from BVAC,
which is prepared from acetone a chemical cheaper
when compared to cyclopentanone or cyclohexanone.
The combination of bichalcone unit and methoxy-
substituted bisbenzylidenealkanone parts in the copolymer
yields materials that absorb at UV-A region. This property
can be exploited in the commercial production of UV filtering
materials.

Conclusions

A series of six copolyesters were synthesized using a diacid
chloride, diol-1 and diol-2. The dicarboxylic acid chloride
used was adipoyl chloride, the diol-1 used was BHPP. The
diol-2 used were BHAC, BVAC, BHCP, BVCP, BHCH and
BVCH. The copolyesters were characterized by viscosity and
spectral data. The DSC thermograms identify phase transition
temperatures and were helpful in OPM analysis. The OPM
studies indicate nematic liquid crystalline phase formed in
copolyesters. In the photo-crosslinking studies it was found
that the copolyesters ABHV, ABPV and ABCV having
methoxy group absorb UV-A rays longer, which promotes
them to be good candidates for UV filters, sunscreens and
photoresists.

Fig. 9 UV-vis spectra of copolyester PABPH at different intervals of
exposure to light

Fig. 10 A representation of
mismatch of copolyesters
resulting in undestroyed
chromophores (rounded in red)
by photolysis
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