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Important parameters of hydroxybutyl 4-aroyloxybenzoate ligands were calculated
and correlations were made between theoretical and experimental results. In addi-
tion, supramolecular side-chain liquid crystalline polymers of the ligands with poly(4-
vinylpyridine) were synthesized. Hydrogen bond formation was ascertained by Fourier
tranform infra-red spectroscopy. The stabilities of the complexes were determined by
thermogravimetric analysis. The mesomorphic behavior was investigated using differen-
tial scanning calorimetry, polarizing optical microscopy and X-ray diffraction analysis.
Semiempirical study revealed that a ratio of ∼1.2 in the lengths of flexible and rigid
parts of the molecules is the most favorable for a wider liquid crystal (LC) temperature
range.

Keywords Nematic complexes; PM6 semiempirical calculations; poly(4-vinylpyr-
idine); supramolecular

1. Introduction

Side chain liquid crystalline polymers (SCLCP) have been the field of immense research
for the last 20 years owing to their use as optical data storage materials [1–3] and electro-
optic light modulators [4]. These materials possess the property of film formation with
characteristically oriented pendants and hence are used as orientation layers in ferroelectric
liquid crystal displays [5]. These substances also find applications in nonlinear optics [6].
In gas chromatography and HPLC, these are used as stationary phases [7, 8].

These materials may be synthesized either by the polymerization of monomers bearing
mesogenic groups [9, 10], or by linking LC ligands to the polymer chains [11–13]. The
mesogenic ligands may be attached to the polymer backbone either through covalent
bonds or noncovalent interactions including H-bonding, ionic, ion-dipolar [14] and halogen
bonding [15]. Hydrogen-bonded SCLCPs synthesized so far involve imidazole [16, 17],

∗Address correspondence to Shahid Hameed, Department of Chemistry, Quaid-i-Azam Univer-
sity, Islamabad 45320, Pakistan. E-mail: shameed@qau.edu.pk, shahidhameed@daad-alumni.de
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94 K. Muhammad et al.

stilbazole [14, 18], or bipyridine [19] as H-bond acceptors and carboxylic acids or alcohols
as H-bond donors. The covalently bonded and supramolecular SCLCPs, both inherent the
undesirable properties of higher densities and higher mesophase temperatures, particularly
where the pendants have polar end groups.

A ligand having an ester group in conjugation with benzene rings has sufficient polarity
due to its electron withdrawing mesomeric effect. This lateral polarity causes the molecules
to arrange; a basic requirement for the induction of liquid crystallinity. Furthermore, some
double bond character may be imparted due to delocalization of electron pair of alkoxy
oxygen on one side of benzene ring to carbonyl group on the other side; thus bringing forth
some rigidity in the structure.

In the present study, some parameters of hydroxybutyl 4-aroyloxybenzoates were cal-
culated using semi-empirical method and the theoretical results were correlated with exper-
imental observations. The H-bonded complexes of the ligands with poly(4-vinylpyridine)
were prepared and studied for mesomorphic properties. The length of alkoxy end group
was varied from 1 to 12 carbon atoms to explore its effects on phase transition temperatures
and mesophase stabilities.

2. Experimental

2.1. Materials

Poly(4-vinylpyridine) was purchased from Aldrich Chemical Co. and used as such. Chlo-
roform was supplied by Riedel-deHaën from which ethanol was removed by the standard
procedure.

2.2. Characterization

The IR spectra were recorded using Thermo scientific Nicolet 6700 FT-IR spectrophotome-
ter using ATR facility. Thermogravimetric analyses were performed using Mettler Toledo
TGA 851e, and phase transition temperatures were determined using Metler Toledo DSC
823e. The LC textures were observed using a polarizing optical microscope (POM) (Olym-
pus BH-2) fitted with a Linkam hot-stage (LK-600PM). All of the photomicrographs were
taken under crossed polarizers. Wide-angle X-ray diffractograms (WAXD) were recorded
on a Geigerflex D/Max-RB diffractometer. A rotating-anode generator (Cu Kα, 12 kW) was
used as the X-ray source. The temperature was controlled by a hot-stage and the samples
were protected using nitrogen during measurements.

2.3. Synthesis

The ligands (1a–p) were synthesized in a multistep sequence [20] and characterized through
modern spectroscopic techniques. H-bonded complexes (2a–p) were prepared (Scheme 1)
in two different polymer-ligand ratios of 1:0.7 and 1:1.

2.3.1. Synthesis of Complex 2a. For synthesis of complex with polymer ligand ratio of
1:0.7, poly(4-vinylpyridine) (2 mmol, 0.21 g) and ligand 1a (1.4 mmol, 0.48 g) were dis-
solved in 10 mL ethanol-free chloroform. The mixture was refluxed for 30 min. Chloroform
was removed under reduced pressure and the complex dried in a vacuum desiccator for 48
hr. The quantities of polymer and ligand were 0.21 g and 0.69 g, respectively, for equimolar
(2 mmol) complex. IR (v̄, cm−1) 3250 (O H str.), 2938 (sp3 C H str.), 1723(C O str.),
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H-Bonded Complexes of Hydroxybutyl 4-aroyloxybenzoates 95

Scheme 1. Preparation of polymer complexes (2a–p).

1713 (C O str.), 1603, 1511, 1455 (C C arom. str.), 1260, 1224, 1219, 1158, 1062, 1018,
936, 881, 841, 758, 689.

2.3.2. Synthesis of Complex 2b. The complex 2b was prepared following the same proce-
dure as for 2a. IR (v̄, cm−1) 3330 (O H str.), 3069 (sp2 C H str.), 2934 (sp3 C H str.),
1726 (C O str.), 1715 (C O str.), 1602, 1508, 1475 (C C arom. str.), 1414, 1392, 1309,
1251, 1203, 1158, 1112, 1059, 1040, 892, 848, 818, 761, 691, 664, 562.

2.3.3. Synthesis of Complex 2c. The method of preparation of complex 2c was same as of
2a. IR (v̄, cm−1) 3402 (O H str.), 3074 (sp2 C H str.), 2934, 2872 (sp3 C H str.), 1726
(C O str.), 1713 (C O str.), 1601, 1508, 1464 (C C arom. str.), 1414, 1255, 1215, 1159,
1118, 1064, 976, 894, 845, 760, 691, 664, 557.

2.3.4. Synthesis of Complex 2d. The complex 2d was prepared in an analogous manner to
complex 2a. IR (v̄, cm−1) 3254 (O H str.), 2959, 2936, 2872 (sp3 C H str.), 1720 (C O
str.), 1602, 1510, 1466 (C C arom. str.), 1414, 1379, 1252, 1204, 1160, 1115, 1061, 945,
894, 845, 820, 760, 690, 663, 566.

2.3.5. Synthesis of Complex 2e. The complex 2e was prepared by the same method as
followed for complex 2a. IR (v̄, cm−1) 3249 (O H str.), 2952, 2862 (sp3 C H str.), 1716
(C O str.), 1605, 1510, 1472 (C C arom. str.), 1414, 1263, 1199, 1162, 1100, 1062, 1015,
877, 842, 819, 762, 690, 669.
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96 K. Muhammad et al.

2.3.6. Synthesis of Complex 2f. The complex 2f was prepared following the same proce-
dure as described for 2a. IR (v̄, cm−1) 3259 (O H str.), 2952, 2934, 2856 (sp3 C H str.),
1723 (C O str.), 1704 (C O str.), 1601, 1510, 1465 (C C arom. str.), 1414, 1306, 1269,
1242, 1203, 1159, 1118, 1058, 1006, 947, 895, 844, 820, 760, 690, 663, 563.

2.3.7. Synthesis of Complex 2g. The complex 2g was prepared by the same method as for
2a. IR (v̄, cm−1) 3287 (O H str.), 2954, 2875 (sp3 C H str.), 1732 (C O str.), 1712 (C O
str.), 1601, 1513, 1465 (C C arom. str.), 1415, 1260, 1205, 1163, 1112, 1057, 1006, 886,
845, 758, 688, 665, 569.

2.3.8. Synthesis of Complex 2h. The method for synthesis of complex 2h was same as for
2a. IR (v̄, cm−1) 3317 (O H str.), 2954, 2927, 2869 (sp3 C H str.), 1724 (C O str.), 1711
(C O str.), 1603, 1510, 1468 (C C arom. str.), 1415, 1252, 1205, 1160, 1119, 1058, 1007,
893, 842, 819, 760, 691, 666, 563.

2.3.9. Synthesis of Complex 2i. The complex 2i was prepared by the same method as for
2a. IR (v̄, cm−1) 3304 (O H str.), 2922, 2851 (sp3 C H str.), 1732 (C O str.), 1716 (C O
str.), 1602, 1513, 1470 (C C arom. str.), 1414, 1316, 1260, 1206, 1165, 1120, 1062, 1016,
888, 848, 816, 758, 684, 669, 562.

2.3.10. Synthesis of Complex 2j. The complex 2j was prepared following the same proce-
dure as for 2a. IR (v̄, cm−1) 3337 (O H str.), 2919, 2851 (sp3 C H str.), 1729 (C O str.),
1716 (C O str.), 1602, 1512, 1470 (C C arom. str.), 1414, 1262, 1209, 1165, 1117, 1058,
1016, 885, 820, 761, 689, 667, 561.

2.3.11. Synthesis of Complex 2k. The method of preparation of complex 2k was analogous
to that of 2a. IR (v̄, cm−1) 3361 (O H str.), 2917, 2851 (sp3 C H str.), 1728 (C O str.),
1709 (C O str.), 1603, 1510, 1469 (C C arom. str.), 1415, 1259, 1215, 1160, 1118, 1058,
1009, 954, 891, 845, 760, 692, 667, 568.

2.3.12. Synthesis of Complex 2l. The complex 2l was prepared following the procedure as
described for 2a. IR (v̄, cm−1) 3375 (O H str.), 2955, 2916, 2848 (sp3 C H str.), 1726
(C O str.), 1712 (C O str.), 1602, 1508, 1469 (C C arom. str.), 1416, 1334, 1279, 1248,
1212, 1158, 1119, 1077, 1035, 1009, 953, 892, 843, 760, 692, 666, 575.

2.3.13. Synthesis of Complex 2m. The complex 2m was prepared following the same
procedure as for 2a. IR (v̄, cm−1) 3403 (O H str.), 3071(sp2 C H str.), 2926, 2867 (sp3

C H str.), 1730 (C O str.), 1712 (C O str.), 1604, 1503, 1477 (C C arom. str.), 1414,
1274, 1217, 1158, 1120, 1058, 1014, 953, 895, 807, 765, 738, 665, 549.

2.3.14. Synthesis of Complex 2n. The complex 2n was prepared following the same pro-
cedure as for 2a. IR (v̄, cm−1) 3390 (O H str.), 2967, 2927, 2824 (sp3 C H str.), 1731
(C O str.), 1711 (C O str.), 1590, 1505, 1485 (C C arom. str.), 1400, 1367, 1260, 1214,
1158, 1118, 1092, 1058, 1014, 951, 889, 852, 752, 682, 536.

2.3.15. Synthesis of Complex 2o. The complex 2o was prepared following the procedure
as described for 2a. IR (v̄, cm−1) 3383 (O H str.), 3070 (sp2 C H str.), 2927, 2874, 2838
(sp3 C H str.), 1733 (C O str.), 1714 (C O str.), 1593, 1507, 1483 (C C arom. str.),
1416, 1269, 1220, 1159, 1119, 1060, 1012, 955, 919, 879, 821, 744670, 559.
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H-Bonded Complexes of Hydroxybutyl 4-aroyloxybenzoates 97

2.3.16. Synthesis of Complex 2p. The method of synthesis of complex 2p was same as for
2a. IR (v̄, cm−1) 3392 (O H str.), 2926, 2882, 2825 (sp3 C H str.), 1733 (C O str.), 1717
(C O str.), 1597, 1507, 1480 (C C arom. str.), 1414, 1365, 1272, 1229, 1212, 1160, 1119,
1094, 1060, 1013, 955, 892, 853, 798, 759, 683, 656, 510.

3. Results and Discussion

3.1. Synthesis

The formation of H–bond between poly(4-vinylpyridine) and 4-hydroxybutyl 4-
(aroyloxy)benzoates was ascertained in IR spectra by a shift in the absorption of hydroxyl
group. In all the complexes, the O H absorptions were shifted to lower wave number by
30 to 55 cm−1 when compared to the ligand itself. This may be attributed to the weakening
of O H bond due to the involvement of hydrogen atom in H-bonding with N-atom of
poly(4-vinylpyridine). The IR absorptions due to O H stretching vibrations in ligands and
complexes are given in Table 1. The other groups in the complexes show no appreciable
change in their absorption maxima.

3.2. Thermal Stabilities

Thermal stabilities of the complexes were determined by thermogravimetric analysis and
the data are given in Table 2. Thermograms for all the complexes were single stepped
involving 82% to 98% decomposition in the temperature range of 437–476 ◦C. The thermal
stability of complexes synthesized from straight chain ligands increased with increase in
the length of alkoxy group up to six carbon atoms (2h) and then decreased. The complexes
with branched alkoxy (2e and 2g) and halogen substituents (2m--p) were found less stable

Table 1. Comparison of IR absorptions of O H in ligands and complexes

Complex O H str. (Ligand) O H str. (Complex) Shift in abs.max.

2a 3297 3250 47
2b 3370 3330 40
2c 3437 3402 35
2d 3285 3254 31
2e 3281 3249 32
2f 3296 3259 37
2g 3327 3287 40
2h 3363 3317 46
2i 3334 3304 30
2j 3391 3337 54
2k 3391 3361 30
2l 3430 3375 55
2m 3435 3403 32
2n 3427 3383 44
2o 3429 3390 39
2p 3434 3392 42
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98 K. Muhammad et al.

Table 2. Thermogravimetric data of synthesized complexes (representative data)

Complex T1
a (◦C) T2

b (◦C) Extent of decomp.(%)

2b 217 476 94
2d 226 461 87
2f 232 467 88
2h 239 475 90
2i 233 469 88
2l 187 453 82
2m 207 452 93
2p 206 461 98

aInitial decomposition temperature.
bTemperature of maximum decomposition.

with initial decomposition temperatures comparable with those having longer alkoxy chain
(> C10).

3.3. Mesomorphic Properties

The mesophases and their temperature ranges were determined by differential scanning
calorimetry and polarizing optical microscopy. Better results were obtained for complexes
with polymer ligand ratio of 1:0.7 as compared to those with 1:1 ratio, where the two
phases remained separated even after long annealing periods. Complexes with straight
alkoxy chains containing 3–8 carbon atoms exhibited a large exothermic peak for melting
and another smaller peak which was assigned to LC-isotropic phase transition. Complexes
having branched alkoxy groups or halogens showed a single peak (melting transition)
in their DSC thermographs and, therefore, were nonmesomorphic. Figure 1 shows DSC
traces of representative complexes while the mesophase temperature ranges are presented
in Table 3.

The liquid crystalline phase was identified as nematic from the characteristic granular
textures observed under the optical polarizing microscope for homogenously aligned sam-
ples [21]. The textures developed for ligand 1f and some of the complexes are depicted
in Fig. 2. The focal-conic fan texture of the ligand is shown to indicate its SmA nature
for comparison purpose (Fig. 2a). H-bonded complex formation resulted in changing the

Figure 1. DSC thermographs (first heating scan, heating rate = 10 ◦C/min) of (a) 2d, (b) 2f, and (c)
2i.
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H-Bonded Complexes of Hydroxybutyl 4-aroyloxybenzoates 99

Table 3. Mesophase temperature ranges of complexes

Complex Mesophase temp. ranges/◦C

2a, 2b Nonmesomorphic
2c Nematic, 63.0–85.5
2d Nematic, 61.1–88.4
2e Nonmesomorphic
2f Nematic, 63.4–86.7
2g Nonmesomorphic
2h Nematic, 73.8–87.4
2i Nematic, 73.1–83.0
2j-2p Nonmesomorphic

smectic nature of ligands to nematic, possibly due to atacticity of the polymer main chain
which restricts close-packing of pendent mesogenic groups.

The mesophase type was confirmed by X-ray diffraction studies. The polymers with
straight alkoxy chain having 3–8 carbon atoms exhibited XRD pattern consisting of a
single diffused halo in wide-angle region (2θ = 20–21◦). No sharp peaks in either small-
or large-angle regions were observed. This result confirms that the polymers show only the
nematic phase. Figure 3 shows a representative X-ray diffractogram.

Figure 2. Optical polarizing micrographs of compounds: (a) 1f taken at 85 ◦C after annealing for
5 min at 100 ◦C, (b) 2d taken at 80 ◦C after annealing for 5 min. at 110 ◦C, (c) 2f taken at 80 ◦C after
annealing for 5 min at 100 ◦C and (d) 2h taken at 83 ◦C after annealing for 5 min at 100 ◦C.
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100 K. Muhammad et al.

Figure 3. XRD curves for a representative complex 2h (a) 26 ◦C (b) 75 ◦C (c) 80 ◦C (d) 87 ◦C.

3.4. Semiempirical Calculations on Ligands

Evaluation of structural and physical properties of compounds is critically important to
understand the liquid crystal behavior for practical applications. A semi-empirical method
available in molecular orbital package (MOPAC2009) was employed to optimize the ge-
ometry of ligands 1a–1p at parameterization method 6 (PM6) level of theory. Several
properties of ligands including the length of flexible chains (F) and rigid core (R), ratio of
flexible to rigid parts (F:R ratio), mean polarizability, dipole moment, enthalpy of forma-
tion, energy levels of frontier molecular orbitals (EHOMO and ELUMO), and their difference
(�E = EHOMO − ELUMO) were calculated and the values are given in Table 4.

The size of flexible part relative to the rigid core is an important factor for the induction
of liquid crystallinity. The lengths of hydroxybutyl and alkoxy groups were added to get the
total length of flexible component. The rigid core length was defined from oxygen atom of
alkoxy group to the carboxyl carbon of ester group, which is attached to the hydroxybutyl
moiety, as shown in the image of Table 4. The size of the rigid core was measured to
be 11.81Å. The F:R ratio varied from 0.56 in halogen containing ligands (1m–p) to 1.83
in dodecyloxy substituted ligand (1l). From these calculations and experimental observa-
tions20, it is inferred that F:R ratio ranging from 0.76 to 1.62 exhibits mesomorphism in
these compounds. The highest liquid crystal temperature range as observed for compound
1h corresponds to F:R ratio of 1.19. The ligands 1a and 1m–p with too low F/R values of
0.68 and 0.56, respectively, showed no LC behavior.

Polarizability of the molecule is a parameter which affects the optical anisotropy
(birefringence) of a macroscopic material [22]. The calculated polarizability values increase
with increase in length of alkoxy group with an average increment of 1.7A3 per CH2 group.
The polarizability values for halogen-substituted ligands (1m–p) are much smaller which
is due to electron withdrawing inductive effect of fluorine and chlorine atoms.

Dielectric anisotropy of liquid crystalline compounds is the key material parame-
ter which determines the operating voltage of LCDs and is based on dipole moment of
molecules [23]. The calculated dipole moment value of 7.0 D for ligand 1a is extraordinar-
ily small. The values for the rest molecules generally decrease with increasing alkoxy chain.
The dipole moment values for meta-haloesters are higher than those of para-substituted
ones.
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H-Bonded Complexes of Hydroxybutyl 4-aroyloxybenzoates 101

Table 4. Structural and physical properties of ligands 1a–1p using PM6 semiempirical
method. The definition of rigid and flexible parts is given in the top image. Red, grey, and

white colors represent oxygen, carbon, and hydrogen atoms, respectively

Molecule

Flexible
core length

(F) (Å)

Rigid core
length (R)

(Å) F:R

�E =
ELUMO −

EHOMO(eV)
�Hf

(kcal/mol)

Mean po-
larizability

(A3)

Dipole
moment
(Debye)

1a 8.04 11.81 0.68 8.897 −220.65939 28.67 7.00
1b 8.97 11.81 0.76 8.434 −238.00611 41.67 10.09
1c 10.35 11.81 0.88 8.456 −243.65364 43.47 9.56
1d 11.49 11.81 0.97 8.460 −248.63964 45.40 9.53
1e 10.31 11.81 0.87 8.420 −248.44161 45.51 10.44
1f 12.84 11.81 1.09 8.455 −253.79505 47.28 9.61
1g 11.46 11.81 0.97 8.454 −254.82868 47.25 9.75
1h 14.03 11.81 1.19 8.452 −258.89600 49.16 9.40
1i 16.56 11.81 1.40 8.453 −270.96812 52.90 9.28
1j 19.09 11.81 1.62 8.450 −281.33630 56.60 9.32
1k 20.40 11.81 1.73 8.449 −286.52054 58.44 9.33
1l 21.56 11.81 1.83 8.456 −291.53618 60.27 9.30
1m 6.63 11.81 0.56 8.685 −195.85275 37.96 6.43
1n 6.63 11.81 0.56 8.685 −196.76077 38.23 5.44
1o 6.63 11.81 0.56 8.761 −233.41611 35.99 6.64
1p 6.63 11.81 0.56 8.777 −235.21885 36.02 5.75

Enthalpy of formation (�Hf) is viscosity controlling factor of material which affects
switching times and power consumption of displays [24]. The calculated enthalpy values
show a regular increase with increasing alkoxy chain length. The chloro compounds 1(m,n)
have smaller �Hf values than fluoro derivatives 1(o,p) and hence predicted to be less viscous
than fluoro and alkoxy compounds.

The UV/visible absorption and ionization energies of molecules depend upon the
energy difference between their frontier molecular orbitals (�E = EHOMO − ELUMO); the
smaller the value of �E, the better photo-responsive is the molecule. Since the calculated
�E values for alkoxy compounds are almost same, therefore, the alkyl chain length has no
effect on the energies of HOMO and LUMO. The values for methoxy and halo compounds
are slightly higher.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 O

f 
G

uj
ra

t]
 a

t 1
3:

33
 1

1 
D

ec
em

be
r 

20
14

 



102 K. Muhammad et al.

4. Conclusions

Theoretical calculations of some parameters which influence LC properties were performed
on hydroxybutyl 4-aroyloxybenzoate ligands. The theoretical and experimental results
revealed that these compounds show LC behavior only when their rigid to soft part length
ratio lies in the range of 0.76–1.62. The F:R ratio of 1.19 was found to be the most favorable
for wider LC temperature ranges. The thermal and mesomorphic properties of complexes
of the ligands with poly(4-vinylpyridine) were also studied. Length of the alkoxy group was
found to have a profound effect on the thermal stabilities of alkoxy substituted complexes.
The complex 2h with hexyloxy group was found the most stable of all the complexes,
showing first sign of degradation at 239◦C. Liquid crystallinity was exhibited by complexes
with straight alkoxy group having 3–8 carbon atoms. Maximum LC temperature range was
exhibited by the complex 2d. All the mesomorphic complexes exhibited nematic phase
as indicated by the POM textures and confirmed by XRD patterns. The complexes with
longer alkoxy groups and halogen substituents were nonmesomorphic as evidenced by DSC
thermograms.
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