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Liquid-crystalline comb copolymers with lipoamino acid side chains

Synthesis and structure study

by BERNARD GALLOTY and BRIGITTE MARCHIN
Centre de Biophysique Moléculaire, C.N.R.S., 45071 Orléans Cedex 2, France

In order to obtain liquid-crystalline polymers without using classical mesogenic
groups, comb copolymers consisting of a polyacrylamide main chain and lipoamino
acid side chains have been synthesized. These copolymers were obtained by the
polymerization of lipoamino acid macromonomers. These macromonomers were
obtained from a,w-aliphatic amino acids by linking a polymerizable group at the
amino end and an a-amino acid at the carboxyl end. The macromonomers were then
transformed into comb copolymers by free-radical polymerization. These comb
copolymers exhibit mesophases both in aqueous solution and in the anhydrous
state. The range of stability and the structures of the mesophases were determined
by X-ray diffraction. Two types of structures were found, corresponding to the
lyotropic lamellar and hexagonal mesophases. The influences of the nature of
the amino acid and the water concentration on the domain of stability and the
geometrical parameters of the mesomorphic structures were investigated.

1. Introduction

The liquid-crystalline behaviour of polymers generally results from the presence,
in the polymer main chain [1] or side chains [2], of mesogenic groups identical or
similar to those found in low molecular weight thermotropic liquid crystals [3].
Recently Gallot and Douy showed that liquid-crystalline structures can be obtained
with comb copolymers that do not contain such mesogenic groups [4-6]. Our liquid-
crystalline polymers were formed by polyacrylamide or polymethacrylamide main
chains and lipopeptidic side chains; they exhibited both thermotropic and lyotropic
behaviour {5, 6].

In order to examine the relationship between the liquid-crystalline properties of
these comb copolymers and the nature of their side chains, we prepared comb
copolymers with lipoamino acid side chains. In this paper we describe the synthesis
and the liquid-crystalline behaviour of comb copolymers with a polyacrylamide main
chain and lipoamino acid side chains containing one of the following amino acids:
glycine (Gly), L-alanine (Ala) and L-tyrosine (Tyr).

2. Experimental
2.1. Materials
a-Amino acids, dicyclohexylcarbodiimide (DCCI), N-hydroxysuccinimide
(HOSu) and acryloyl chloride of the highest purity available were purchased from
Fluka. 11-Amino-undecanoic acid was purchased from Merck. Silica-gel Si60 on
aluminium plates for thin layer chromatography was purchased from Merck. Solvents
were purified by classical methods.

+ Permanent address: Laboratoire des Matériaux Organiques, B.P. 24, 69390 Vernaison,
France.
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2.2. Synthesis

Synthesis of 11-(acryloylamino)-undecanoic acid was performed by a modification
of the method of de Winter and Marien [7] using aqueous KOH solution as the
reaction solvent and toluene as the recrystallization solvent (yield 70 per cent).

Synthesis of 11-(acryloylamino)-undecanoylsuccinimidyl ester was performed by
an adaptation of the method of Paquet [8] using tetrahydrofuran (THF) as the
reaction solvent (yield 85 per cent).

Synthesis of polymerizable lipoamino acids was performed by the method des-
cribed by Paquet for the synthesis of N-palmitoylamino acids [8, 9]. The yields were
75 per cent for lipoglycine, 88 per cent for lipoalanine and 67 per cent for lipotyrosine.

Polymerization of lipoamino acids was performed in a 5 per cent methanol
solution, at 60°C, under vacuum, using a,&’-azoisobutyronitrile (AIBN) as initiator.

2.3. Measurements

The comb copolymers were dissolved in a small excess of water and when total
homogeneity had been achieved the desired concentration was obtained by very
slow evaporation at room temperature. The samples were then left at room tempera-
ture in sealed cells to ensure that equilibrium was reached. After X-ray experi-
ments the concentration of each sample was checked by evaporation to dryness under
vacuum.

X-ray diffraction was performed under vacuum with a Guinier type focussing
camera equipped with a bent quartz crystal monochromator giving a linear colli-
mation and a device for recording the diffraction patterns from samples held at
various temperatures with an accuracy of + 1°C.

3. Synthesis
The comb copolymers were obtained through the synthesis of macromonomers
followed by the free-radical polymerization of these macromonomers. The macro-
monomers are polymerizable lipoamino acids of general formula

H,C= CH—CO—NH—B—CO—NH—CIH—COOH,
R

with B = (CH,),, and R is the side chain of the amino acid: R = H for Gly, CH, for
Ala and CH,-C,H,-OH for Tyr.

3.1. Synthesis of macromonomers
Starting from o,w-aliphatic amino acids, macromonomers were prepared in three
steps: fixation of the polymerizable group at the amino end of the a,w-aliphatic amino
acid, activation of the acid group of the polymerizable acid and coupling between the
activated polymerizable acid and the a-amine group of the a-amino acid. The
products obtained at each step were characterized by infrared spectroscopy and their
purity was checked by thin layer chromatography.

(a) Fixation of the polymerizable group
The 11-amino-undecanoic acid was reacted at 0°C in aqueous KOH solution with
acryloyl chloride and the polymerizable 11-(acryloylamino)-undecanoic acid obtained
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was recrystallized in toluene

H,C=CH-COC! + H,N-B-COOH — H,C=CH-CO-NH-B-COOH.

(b) Activation of the polymerizable acid
The polymerizable acid was activated in the form of its succinimidyl ester by the
action of HOSu in THF solution at 0°C in the presence of a coupling agent (DCCI)

H,C=CH-CO-NH-B-COOH + HOSu — H,C=CH-CO-NH-B-CO-OSu.

(¢) Coupling of the a-amino acid

The polymerizable lipoamino acid was obtained by aminolysis of the polymer-
izable succinimidyl ester by the a-amine function of the a-amino acid in a water/
acetone solution, at room temperature

H,C=CH-CO-NH-B-CO-OSu + H,N-CH-COOH
%
— H,C=CH-CO-NH-B-CO-NH-CH-COOH.
®

3.2. Synthesis of comb copolymers

Comb copolymers were obtained by free-radical polymerization of the polymer-
izable lipoamino acids in methanol solution at 60°C, using AIBN as initiator. At the
end of the polymerization the carboxyl groups of the amino acids were transformed
into sodium salts by the addition of sodium hydroxide, and the comb copolymers
were isolated by lyophilization.

Gel permeation chromatography, performed in aqueous solution and using poly-
oxyethylene standards for calibration, gave molecular weight values between 20000
and 31000, polymerization degrees between 70 and 100 and polydispersity index
between 1-:35 and 1-46.

4. Structural study
At room temperature these comb copolymers exhibit mesophases in agueous
solution for water concentrations lower than about 45 per cent. The structures of the
mesophases and of the dry copolymers obtained by slow evaporation were determined
by X-ray diffraction.

4.1. Description of the structures

All of the X-ray patterns show the diffuse wide angle band characteristic of liquid
paraffinic chains [10] but, depending on the nature of the amino acid and the con-
centration, their low angle regions exhibit a set of reflections with Bragg spacings in
the ratio 1:1:1:1 characteristic of a lamellar structure, or in the ratio 1:1/3"7: 1/4'7:
1/7Y2 .. . characteristic of a hexagonal structure.

As the repeating unit of the polymers can be divided into a hydrophobic part B =
CH,-CH-CO-NH-(CH,),, and a hydrophilic part 4 = CO-NH-CHR-COONa,
the lamellar and hexagonal structures can be described as follows.
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Figure 1. Schematic representation of the lamellar structure. A, Polyacrylamide main
chain; /\, paraffinic chain; /™ , amino acid; 0000, water.

The lamellar structure consists of plane, parallel, equidistant sheets: each sheet, of
thickness d, results from the superposition of two layers; one, of thickness dy, contains
the polymer main chain and the lipidic side chains, whereas the other, of thickness d,,
contains the amino acid sodium salts and the water (figure 1).

The hexagonal structure consists of long, parallel cylinders of radius R, assembled
in a hexagonal array of parameter D. They are filled with the polymer main chain and
the lipidic side chain, and the space between the cylinders is occupied by the amino
acid sodium salts and water (figure 2).

Figure 2. Schematic representation of the hexagonal structure. Key as for figure 1.
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The lattice parameters 4 for the lamellar structure and D for the hexagonal
structure were obtained directly from the X-ray patterns. The other parameters—d,,,
dg, R, and S; and Sy (the average surface occupied by a chain at the interface for the
lamellar and hexagonal structures, respectively)—were obtained using the following
formulae based on simple geometrical considerations:

dB=
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where ¢ is the weight content of copolymer in solution, X, and Xj are weight fractions
of hydrophillic and hydrophobic chains, respectively, v, is the specific volumes of the
hydrophilic chains (v, = 0-54cm*g~"' for Gly, 0-63cm*g~! for Ala and 0-61 cm’g™!
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Figure 3. Variation with water concentration of the structural parameters of the lamellar and
hexagonal structure exhibited by comb polymers with lipotyrosine side chains. O, d,
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Figure 4. Variation with water concentration of the structural parameters of the lamellar
structure exhibited by comb polymers with lipoglycine side chains. O, d; a, d,; O, dg;
v, 8.

for Tyr), vz = 0-933cm®g™!, v is the specific volume of the solvent, M, = 210 and
N is the Avogadro number.

4.2. Influence of the water concentration
The water concentration has two types of influence: on the qualitative nature of
the mesophases and on the quantitative values of their structural parameters.

(a) Influence on the nature of the mesophases

As in the case of block copolymers [11], the type of structure is determined by the
ratio of the volumes of the hydrophilic and hydrophobic domains. The addition of
water to comb copolymers increases the relative volume of the hydrophilic domains
and is therefore able to transform a lamellar structure into a cylindrical hexagonal
one, as observed in the case of polymers with lipotyrosine side chains (figure 3).

(b) Influence on the structural parameters

As can be seen in figure 3, the increase of the water concentration involves a
discontinuity in the variation of the structural parameters at the transition between
the lamellar and the hexagonal structure, but within the domain of stability of each
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Figure 5. Influence of the nature of the amino acid on the thickness d, of the hydrophobic
lamellae and on the surface S for the lamellar structure of comb polymers. d; (A): ©, Gly;
0, Ala; &, Tyr. 5§ (A%): @, Gly; B, Ala; a, Tyr.

mesophase the structural parameters vary in a continuous way with the concentration
(figures 3 and 4).

For the lamellar structure (figures 3 and 4), when the water concentration
increases, the total thickness d of a sheet, the thickness d, of the hydrophilic layer and
the average surface S, per chain at the interface all increase, whereas the thickness d,
of the hydrophobic layer decreases as the hydrophobic chains have to keep a constant
density.

For the hexagonal structure (figure 3), when the water concentration increases, the
distance D between the cylinders and the average surface area S, both increase,
whereas the diameter 2R of the hydrophobic cylinders decreases

4.3. Influence of the nature of the amino acid
In order to analyse the influence of the nature of the amino acid we compared the
behaviour of three comb copolymers with different amino acid side chains: a hydro-
gen atom for Gly, a methyl group for Ala and a 4-hydroxyphenyl group for Tyr.
First, the Tyr-containing polymer with the bulkiest amino acid side chain forms
a lamellar and a hexagonal mesophase, whereas the Ala- and Gly-containing poly-
mers form only lamellar mesophases. The structural parameters of the lamellar
mesophases also vary with the nature of the amino acid. This is illustrated in figures
5 and 6, where the variation of the structural parameters of the lamellar structure
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Figure 6. Influence of the nature of amino acid on the total thickness d of a sheet and on the
thickness d, of the hydrophilic lamellae for the lamellar structure of comb copolymers.
d (A): 0, Gly, 0, Ala; a, Tyr. d, (A): @, Gly; B, Ala; a, Tyr.

of the three copolymers are plottd as a function of the water content:

Il —¢
L s g% ©
It can be seen that when the volume of the amino acid side chain increases from
Gly to Ala to Tyr, the surface area available for a chain at the interface increases in
a parallel way, while the thickness d, of the hydrophobic lamellae decreases to allow
the density of the hydrophobic chains to remain constant. However, Figure 6 shows
that the thickness d, of the hydrophilic lamellae also increases with the volume of the
amino acid side chain. The increase of both S and d, suggests the existence of a tilt
angle between the average direction of the side chain and the interface. Such a tilt
angle is in accord with molecular models.
Figure 6 also shows that there is a small variation of the total thickness d of a
sheet, resulting from the difference of variation between d, and d;.

4.4. Influence of the temperature
The influence of the temperature on the lamellar mesomorphic structure of dry
comb copolymers obtained by slow evaporation of the water of the lamellar meso-
phases has been studied by X-ray diffraction between 20 and 200°C.
For comb copolymers with lipoglycine or lipoalanine side chains the lamellar
structurc remains stable up to at least 200°C. For comb polymers with lipotyrosine
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side chains a transition occurs at about 150°C. This transition is characterized by the
appearance in the low angle region of X-ray patterns of a diffuse band replacing the
set of sharp reflections observed at lower temperatures. Such X-ray diagrams suggest
the existence of a nematic mesophase that remains stable until at least 200°C.
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