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Effect of the site of hydrogen-bonding on the liquid crystalline behaviour of supramolecular
complexes

X.Y. Xu, B.Y. Zhang*, L.X. Wang and W.M. Gu

The Centre for Molecular Science and Engineering, Northeastern University, Shenyang 11004, People’s Republic of China

(Received 3 September 2008; final form 10 August 2009)

Two series of hydrogen-bonded side-chain liquid crystal polymers have been prepared by mixing components
containing carboxyl acid and pyridyl-based fragments. We have focused our attention on the effect that the
position of the hydrogen bond donor or acceptor site attached to the side-chain backbone has on the hydrogen-
bonding interactions and liquid crystalline phase transitions of the system. The liquid crystalline behaviour of the
complexes is studied using Fourier transform infrared spectroscopy, differential scanning calorimetry, polarising
optical microscopy and X-ray diffraction. The results indicate that the phase transition temperatures of the
complexes are influenced by the site of hydrogen-bonding.
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1. Introduction

In recent years, liquid crystalline materials formed by

self-assembling systems via a high degree of non-cova-
lent interactions have attracted considerable attention

due to their potential scientific and technological

applications (1–7). The backbones of such self-assem-

bling polymeric systems containing non-covalently

attached moieties, in addition to covalently bonded

units, impart reversibility and temperature sensitivity

upon the system. Hydrogen-bonding is one of the

most important interactions in chemical and biologi-
cal processes and can be used to induce liquid crystal-

linity either in low molar mass organic compounds

(8, 9), or in macromolecules. These systems are pre-

pared using two suitably designed components that

are commonly called H-bond donors and H-bond

acceptors (10–21). Main-chain hydrogen-bonded

liquid crystalline polymers are mostly based on bipyr-

idyl and dicarboxylic acid fragments (10–12). Zuev
and co-workers (10) described a linear supramolecular

liquid crystalline polymer containing 4,40-bipyridine

and bis-(4-carboxyphenyloxycarbonyl) –heptanoate,

and the kinetics of nematic nucleus growth in the

melted polymer was studied. In the area of side-chain

hydrogen-bonded liquid crystalline polymers (LCPs),

pyridyl-based species have been non-covalently

‘grafted’ onto pendant aromatic acid units attached
to preformed polymer chains (6, 7, 13–21). For exam-

ple, Kato, Frechet et al. (6, 7) were particularly active

in developing a large variety of supramolecular side-

chain LCPs, generally utilising polymers with side-

chains terminated by benzoic acid groups and small

molecules containing pyridyl fragments such as

stilbazole or bipyridine. Imrie and co-workers

(13–17) reported three series of copolymers prepared

by the reaction of a mesogenic methacrylate, 6-((4-((4-

methoxyphenyl)azo)phenyl)oxy) hexyl methacrylate,

with either 4-vinylpyridine, 2-vinylpyridine or styrene

and these were blended with either a mesogenic acid, 6-
((4-((4-methoxyphenyl)azo)phenyl)oxy)hexanoic acid,

or a non-polar low molar mass liquid crystal, 4-(hex-

yloxy)-40-methoxyazobenzene: Vuilluame and Bazuin

described an ion-containing polyamphiphile, poly (o-

pyridylpyridinium dodecyl methacrylate) bromide

complexed with 4-octylphenol by hydrogen bonding

(18). Hydrogen bonding of the surfactant to the

polymer was virtually complete up to near-equimo-
lar phenol/pyridyl ratios. This is because, with the

exception of ionic interactions, hydrogen bonding is

the strongest of the non-covalent interaction forces

between two molecules. The association between the

‘donor’ and ‘acceptor’ effectively induces hydrogen

bonds that lead to a more stable structural

organisation.

In this paper, we report the formation of side-chain
liquid crystalline polymers through hydrogen bonding

between pyridine and carboxylic acid fragments. As

part of a programme aimed at investigating new supra-

molecular materials, here we focus our attention on the

influence of differing the site on the side-chain back-

bone on the hydrogen-bonding interactions and LC

phase transitions of this system. The thermal properties

of these complexes are studied by fourier transform
infrared spectroscopy (FTIR) spectra, differential scan-

ning calorimetry (DSC), polarising optical microscopy

(POM) and X-ray diffraction (XRD).
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2. Experimental

2.1 Measurements

The FTIR spectra were measured on a Spectrum One
(B) spectrometer (PerkinElmer, Foster City, CA).

1H NMR and 13C NMR spectra (300 MHz) were

obtained with a Gemini 300 spectrometer (Varian

Associates, Palo Alto, CA). Thermodynamic para-

meters were determined with a DSC 204 (Netzsch,

Hanau, Germany) equipped with a liquid nitrogen

cooling system. The heating and cooling rates were

10�C/min. A DMRX POM instrument (Leica,
Germany) equipped with a THMSE-600 hot stage

(Linkam, England) was used to observe phase transi-

tion temperatures and analyse liquid crystalline proper-

ties through the observation of optical textures. XRD

measurements were performed with nickel-filtered Cu-

Ka (l ¼ 1.542 Å) radiation with a DMAX-3A powder

diffractometer (Rigaku, Tokyo, Japan).

2.2 Monomer synthesis

2.2.1 4-pyridine-40-methylbenzoate (p-1), 4-pyridine-

40-methoxybenzoate (p-2), 4-pyridine-40-
ethoxybenzoate (p-3)

The p-1, p-2, and p-3 monomers were synthesised using
the same method. An example is presented below.

p-Toluoylbenzoyl chloride was synthesised through

the reaction of 4-methylbenzoic acid with excess thio-

nyl chloride according to the method reported by Hu

et al. (22). p-Toluoylbenzoyl chloride (0.05 mol) was

then added dropwise to a solution of 4-hydroxypyri-

dine (5.7 g, 0.06 mol) in 50 ml of tetrahydrofuran

(THF) and 20 ml of pyridine under quick stirring.
The reaction mixture was refluxed for 8 h. After the

removal of the excess solvent, the rest was poured into

excess water and neutralised with dilute hydrochloric

acid. The crude product was obtained by filtration and

washed with water to remove unreactive 4-hydroxypyr-

idine. The white solid was obtained by recrystallisation

with ethanol. Yield: 74%. Mp: 111.2�C. IR (KBr): 2921

(CH3–), 1746 (C¼O), 1609–1484 (Ar–), 1587 (pyri-
dine). 1H NMR (CDCl3) �: 2.37(t, 3H, CH3–);

7.16–7.74 (m, 4H, Ar–H); 7.26–8.57 (s, 4H, pyridine-H).
13C NMR (CDCl3) �: 20.9 (1C, pert. C); 164.0(1C,

C¼O); 116.4, 129.1, 130.2, 151.2 (8C, tert. C); 127.6,

142.9, 159.8 (3C, quat. C). Elemental analysis: cal-

culated for C12H11NO2, C 71.64, H 5.47; found, C

72.16, H 5.41%.

2.2.2. Hexanedioic acid monocholesteryl ester (c-4)

and sebacylic acid monocholesteryl ester (c-5)

Using the same method, hexanedioic acid monocho-

lesteryl ester (c-4) and sebacylic acid monocholesteryl

ester (c-5) were synthesised according to a procedure

reported elsewhere (23), which is shown in Scheme 1.

2.2.3 1-pyridine-6-cholesteryl-adipate (p-4), 1-pyridine-

6-cholesteryl-sebacate (p-5)

The 1-pyridine-6-cholesteryl-adipate (p-4) and 1-pyr-

idine-6-cholesteryl-sebacate (p-5) were synthesised by

the same method. An example is presented below. In

order to obtain p-4, the c-4 chloride (2.675 g, 0.05

mol), obtained from the reaction of c-4 and excess
thionyl chloride, was dissolved in 20 ml chloroform,

and added dropwise to a solution of 4-hydroxypyri-

dine (5.7 g, 0.06 mol) in 50 ml of THF and 20 ml of

pyridine under quick stirring. The reaction mixture

was refluxed for 8 h. After the removal of the excess

solvent, the rest was poured into excess water and

neutralised with dilute hydrochloric acid. The crude

product was obtained by filtration and washed with
water to remove unreactive 4-hydroxypyridine. The

white solid (p-4) was obtained by recrystallisation

with ethanol and dried in vacuum. Yield: 67%. Mp:

112.2�C. IR (KBr): 2928 (CH3–), 1742 (C¼O),

1611–1482 (Ar–), 1581 (pyridine). 1H NMR (CDCl3)

�: 1.58–2.27(m, 8H, –CH2–); 5.41 (m, 1H, ¼CH– in

cholesteryl); 3.87 (m, 1H, in cholesteryl); 1.21–2.03 (m,

43H, H-cholesteryl); 7.24–8.54 (m, 4H, H-pyridine).
13C NMR (CDCl3) �: 18.6, 21.3, 21.3, 22.8, 22.8 (5C,

methyl-C in cholesteryl); 21.7, 21.9, 22.1, 22.7, 28.7,

30.6, 31.9, 35.4, 38.9, 39.4, 40.2 (11C, pert. C in cho-

lesteryl); 28.1, 29.8, 30.2, 42.8, 46.2, 48.8, 50.7, 121.6

(8C, tert. C in cholesteryl); 39.6, 40.9, 148.2 (3C, quat.

C in cholesteryl); 25.2, 25.1, 32.6, 32.9 (4C, pert. C);

169.2, 172.4 (2C, C¼O); 120.6, 120.6, 152.6, 152.6,

160.5 (5C, C in pyridine). Elemental analysis: calcu-
lated for C38H57O4N, C 77.16, H 9.64; found, C 77.28,

H 9.51%.

2.3 Polymer synthesis

For the synthesis of polymers P-C and P-P, the same

method was used, which is shown in Scheme 1.

4-(Allyloxy) benzoic acid (I) and 4-pyridine-4-allyloxy-
benzoate (II) were synthesised according to a proce-

dure reported elsewhere (24, 25).

2.4 Complexes formation

Hydrogen-bonding complexes were prepared by sim-

ply mixing the two components, the proton donor and

acceptor, with exact 1:1 stoichiometry in THF,
followed by stirring for 12 h. THF was removed at

60�C, and the resulting solid was then dried in a

vacuum at 60�C. The structures of monomers and

complexes are shown in Scheme 2.
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3. Results and discussion

3.1 Spectroscopic analysis

The FTIR spectra of the acceptor, the donor and

the hydrogen-bonded complexes are shown in

Figure 1. The proton donor (P-P) forms an acid

dimer that exhibits a broad O-H band from 3250

to 3600 cm-1 and C¼O bands at about 1690 and

1730 cm-1. In contrast, the FTIR spectra for both
the hydrogen-bonded complexes, for example, P-C/

p-2 and P-P/c-5, showed two new bands centred at

about 2510 and 1920 cm-1 but did not contain the

broad peaks from 3250 to 3600 cm-1, which

CH2 O COOHCH2 CH (II)

(II)CH3 Si O

CH3CH3

CH3

OSi( )
7

H

+CH3

CH3

CH3

Si CH3 Si O

CH3

CH3

CH3

CH3

CH3

CH3

OSi Si( )

( II )

7 (P-P)

HO N CH2 OCH2 CH NCOO

+CH2 CH CH2Br
NaOH/KI

EtOH
CH2 O COOHCH2 CHHO COOH (I)

(I)CH3 Si O

CH3CH3

CH3

OSi( )
7

H

+CH3

CH3

CH3

Si CH3 Si O

CH3

CH3

CH3

CH3

CH3

CH3

OSi Si( )

(I)

7 (P-C)

CH3 COOH HO N
SOCl2 + CH3 COO NCH3 COCl (p-1)

HOOC(CH2)m COOH
SOCl2 ClOC(CH2)mCOCl + HO Chol* HOOC(CH2)mCOOChol*

c-4: m=4;  c-5: m=8

Chol*=

Chol*OOC(CH2)mCOOH
SOCl2 Chol*OOC(CH2)mCOCl Chol*OOC(CH2)mCO NO

NHO+

p-4: m=4;  p-5: m=8

Scheme 1. Synthesis routine of p-1, p-4, c-4, P-C, and P-P.
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suggests the absence of the acid dimer in the com-

plexes. Therefore, these new absorption bands are

assigned to the hydrogen-bonding interaction

between the carboxylic acid and the pyridine frag-
ments, i.e. O-H���N. The results from the FTIR

spectra clearly indicate that intermolecular hydrogen

bonding does exist in the complexes. Hydrogen

bonds have a major impact on the vibrational prop-

erties of hydrogen-bonding groups and so FTIR

spectroscopy is well suited for the study of the

influence of hydrogen bonding during mesophase

formation and isotropisation (26, 27).

3.2 Thermal properties of supramolecular complexes

P-P exhibited a nematic phase, p-4, p-5, c-4 and c-5

exhibited the cholesteric phase, while the other proton

acceptors and proton donors did not exhibit any

mesomorphic behaviour. The phase transition tem-

peratures of all the monomers are shown in Table 1.

Most complexes displayed mesogenic behaviours and

multiple phase transitions on heating and cooling,

indicating the formation of liquid crystalline phases.
The phase transitions of the complexes were studied

using DSC in combination with POM, and the transi-

tional properties are summarised in Tables 2 and 3.

CH3

CH3CH3

CH3

CH3

CH3

CH3CH3 Si

O

O

O
OSi

O

Si
7

CH2 CH2 CH2 C
H N OOC

P-C p-1

p-1

p-2

p-3

p-(4£- 5)

CH3 COO

CH3O

m=4, 8

COOCH3CH2O

N

N

N

N

COO

Chol*OOC ( CH2 )mCOO

CH3

CH3CH3

CH3

CH3

CH3

CH3CH3 Si

O

O

OOSi

O

Si
7

CH2 CH2 CH2

C
HCOO N

P-P

Chol*OOC ( CH2 )mCOOH m=4, 8

c-1

c-2

c-3

c-(4£- 5)

CH3 COOH

COOHCH3O

CH3CH2O COOH

c-1

Scheme 2. The structure of monomers and complexes.
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The glass transition temperature (Tg) and the melt
transition (Tm) for P-C/p-1, P-C/p-2, and P-C/p-3

increased gradually on increasing the length of the

spacer in the proton acceptors. For example, the Tm

for complexes P-C/p-1, P-C/p-2, and P-C/p-3

increased from 81 to 117�C, while the length of the

spacer in the acceptors increased from methyl to oxy-

ethyl. Similarly, the Tg of these complexes increased

on increasing the spacer length in the proton accep-
tors. This is because the terminal groups of the proton

acceptors change from methyl to oxyethyl, which inhi-

bits the movement of the side-chain backbone of the

complexes. The effect of lengthening the terminal

group in proton acceptors leads to the increase in the
transition temperatures. On the other hand, the Tm for

P-C/p-4 and P-C/p-5 decreased from 140 to 77�C with

the length of the spacer in the proton acceptors

increasing from four to eight alkyl units. Similarly,

Tg of the complexes P-C/p-4 and P-C/p-5 decreased

Figure 1. The Fourier transform infrared spectroscopy
spectra of P-P, p-5, P-C/p-2, and P-P/c-5.

Table 1. Thermal transition data of the monomers.

Thermal transitions, �C (corresponding enthalpy

change, J/g) from DSC

Monomer Heating Cooling

c-1 Cr 187.6 (148.5) I I 169.8 (94.9) Cr

c-2 Cr 191.5 (82.3) I I 167.4 (68.9) Cr

c-3 Cr 203.4 (184.4) I I 189.8 (26.44) Cr

c-4 Cr 127.5 (44.5) N*143.4

(1.53) I

I 139.5 (2.64) N* 73.4

(27.3) Cr

c-5 Cr 119.8 (31.1) N* 123.4

(1.24) I

I 118.6 (4.27) N* 98.3

(40.3) Cr

p-1 Cr 111.8 (106.4) I I 93.4 (38.9) Cr

p-2 Cr 102.5 (62.7) I I 74.5 (32.4) Cr

p-3 Cr 94.2 (104.9) I I 73.4 (62.4) Cr

p-4 Cr 112.2 (52.6) N*145.8

(1.59) I

I 130.5 (2.36) N* 86.4

(38.3) Cr

p-5 Cr 103.6 (30) N* 119.3

(3.11) I

I 117 (2.9) N*66.2

(15.5) Cr

DSC, differential scanning calorimetry; Cr, crystalline; N, nematic;

N*, chiral nematic; and I, isotropic.

Table 2. Thermal transition data of P-C/p-n complexes
obtained from DSC and POM analysis.

Thermal transitions, �C
(corresponding enthalpy change,

J/g) from DSC a

Thermal

transition(�C) from

POM b

Complex Heating Cooling Heating Cooling

P-P G -13.2 Cr 67 N

109 (1.36) I

c Cr 71 N

112 I

I 110 N

67 Cr

P-P/c-1 G -6.2 Cr 76 N 114

(2.98) I

I 75 N 64

(1.09)Cr

Cr 80 N

110 I

I 82 N 53

Cr

P-P/c-2 G -5.6 Cr 100 N

146 (1.68) I

c Cr 102 N

152 I

I 138 N

67 Cr

P-P/c-3 G 1.5 N 142

(2.08) I

c Cr 102

N146 I

I 146 N

59 Cr

P-P/c-4 G 7.6 Cr 112(4.09)

N*

I 100 N* Cr 108 N*

120 I

I 115 N*

43 Cr

P-P/c-5 G -5.4 Cr 75

N*102 (2.16) I

N*88 Cr Cr 84

N*112 I

I 106 N*

79 Cr

DSC, differential scanning calorimetry; POM, polarising optical

microscopy; G, glass transition temperature; Cr, crystalline; N,

nematic; N*, chiral nematic; and I, isotropic.

a, Data were obtained from the second scan; b, Heating and cooling

rates 5�C min-1.

c, No observed; d, No mesophase.

Table 3. Thermal transition data of P-P/C-n complexes
obtained from DSC and POM analysis.

Thermal transitions, �C
(corresponding enthalpy

change, J/g) from DSC a

Thermal transition �C
from POM b

Complex Heating Cooling Heating Cooling

P-C G 15 Cr 121 I c d d

P-C/p-1 G 0.3 Cr 81

(3.26) N

N 47 (0.96)

Cr

Cr 79 N

104 I

I 97 N 52

Cr

P-C/p-2 G 2.8 Cr 87

N119 (1.69) I

c Cr 76 N

122 I

I 94 N 51

Cr

P-C/p-3 G 3.8 Cr117 N

164 (2.98) I

I 122N 55

(1.35) Cr

Cr 114 N

165 I

I 121 N

50 Cr

P-C/p-4 G 9.2 Cr 140

(3.68) N*

c Cr 145

N*160 I

I 142 N*

46 Cr

P-C/p-5 G 8.4 Cr 77

N*106 (0.96)I

N* 79 Cr Cr 65 S 90

N*110 I

N* 65 Cr

DSC, differential scanning calorimetry; POM, polarising optical

microscopy; G, glass transition temperature; Cr, crystalline; N,

nematic; N*, chiral nematic; and I, isotropic.

a, Data were obtained from the second scan; b, Heating and cooling

rates 5�C min-1.

c, No observed; d, No mesophase.
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on increasing the spacer length in the proton accep-

tors. This is because the decrease in rigidity can be

offset by replacing four with eight alkyl units, and

the Tg or Tm of P-C/p-5 are dominated by the more

flexible proton acceptors p-5 compared with P-C/p-4,

which leads to the decrease in the transition

temperatures.
Similar to the behaviour of Tg and Tm of the P-C/p-

ns complexes, Tg and Tm of P-P/c-1, P-P/c-2, and P-P/

c-3 increased on increasing the spacer length in the

proton donors. Moreover, Tg and Tm of the complexes

P-P/c-4 and P-P/c-5 decreased on increasing the spacer

length in the proton donors.

Compared with P-P/c-ns, the phase transition tem-

peratures of P-C/p-ns are greater. For example, the Tg

of P-C/p-1 and P-P/c-1 were 0.3 and -6.2�C, and the

Tm of P-C/p-1 and P-P/c-1 were 81 and 76�C, respec-

tively. This is due to the hydrogen bonding differing at

the site of side attached to the polymer side chain in the

complexes. That is, as the fragment associated with

hydrogen bonding on the side-chain becomes larger,

movement of the molecular chains becomes more dif-

ficult, which consequently makes complex formation

more difficult.

3.3 Optical properties

P-C/p-1, P-C/p-2, P-C/p-3, P-P/c-1, P-P/c-2, and P-P/

c-3 showed characteristic nematic textures. Figure 2(a)
shows a threaded texture exhibited by P-C/p-1

obtained on heating to the nematic melt at 90�C.

Figure 2(b) shows the spherulitic texture of P-P/c-2,

obtained on cooling from the nematic melt. For P-C/

p-4, P-C/p-5, P-P/c-4, and P-P/c-5 complexes, chiral

nematic phases with a characteristic oil texture and

broken focal-conic fans could be clearly seen using

POM as shown in Figure 2(c) and 2(d), respectively.

3.4 X-ray diffraction analysis

The complexes were quenched to room temperature

from temperatures within the liquid crystal phase,

(a) (b)

(c) (d)

Figure 2. Polarising optical microscopy of complexes (a) P-C/p-1, (b) P-P/c-1, (c) P-C/p-4, and (d) P-P/c-5.
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and subjected to XRD experiments. The X-ray dif-

fractograms of the complexes P-C/p-1, P-P/c-1, P-C/

p-4, and P-P/c-5 are shown in Figure 3. The small-

angle region for all the complexes showed no reflec-

tions. In the wide-angle region, a reflection corre-
sponding to 2� � 20� was seen; the complexes P-C/

p-1 and P-P/c-1 showed similar XRD results, indicat-

ing the formation of a nematic phase. For complexes

P-C/p-4 and P-P/c-5, a sharp scattering at 16–18� (2�)
appeared which is characteristic of a chiral nematic

phase. The XRD results of complexes P-C/p-4 and

P-P/c-5 are consistent, therefore, with the chiral

nematic phase assignment based on the oil textures
as shown in Figure 3(c) and (d).

4. Conclusions

In this paper, we synthesised two series of hydro-

gen-bonded liquid crystalline complexes by mixing

components containing carboxyl acid and pyridine

fragments. The effects of the site of hydrogen bond-

ing attached to the side-chain backbone on phase

transition temperatures have been investigated. The
results showed that increasing the length of the

terminal group in proton donors or proton accep-

tors resulted in the phase transition shifting to a

higher temperature.
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