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Methacrylamidoundecanoylbiphenylmonomerwassynthesizedfrom1l-aminoundecanoicacid,andX-ray
diffractionshowedthat it exhibitsonlycrystallinestructures.Itsradicalpolymerization,followedbyn.m.r.
and g.p.c.,providedcomb-likepolymersand theirmacromolecularcharacteristicsweredetermined.Their
thermotropicbehaviourwas studiedby X-raydiffractionand the X-ray informationshowedthat they
exhibit,as a functionof temperature,an ordered,perpendicular,monolayer,smecticS~l phaseand a
disordered,perpendicular,monolayer,smecticSAIphase.Comparisonwithpolyacrylamidepolymerswith
thesamesidechainsshowedthat,if thetwotypesofpolymersexhibittwosmecticphases(anorderedanda
disorderedone),asa functionoftemperature,thenatureofthemainchainsdeterminesthetypesofsmectic
structuresof thepolymers.Polyacrylamidepolymersexhibittwotiltedbilayersmecticmesophases:S12and
SC2,insteadof the twoperpendicularmonolayersmecticphasesS~land SAIexhibitedby polymethacryl-
amidepolymers.~ 1997ElsevierScienceLtd.
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INTRODUCTION

Recently, we showed that comb-like polymers
polyacrylamide main chains and lipobiphenyl
chains of general formula:

(cH2-yH)p

with
side

CO–NH–(CH2)~0–COO–C6H~ ‘C(jH4-R

exhibit between room temperature and isotropization
temperature two smectic mesophasesl’2.Furthermore,
the type of smecticphases is governed by the nature of
the substituent R. For R=H, the polymers exhibit a
double layer ordered tilted smecticS12and a double layer
disordered tilted smecticSC2.For R=CN, the polymers
exhibit a double layer disordered tilted smecticSC2and a
double layer disordered perpendicular smectic S.42.For
R=0–CH2CH(CH3)–C2 H5, the polymers exhibit a
double layer ordered tilted smectic S~2 and a double
layer disordered tilted smectic SC2,these two structures
being chiral when the substituent R is chiral.

On the contrary, Russian authors deduced,from an i.r.
spectroscopystudy, that poly(p-biphenylu-methacryloyl-
amino dodecanoate) forms two crystallinemodifications
with melting points at 55 and 77°C and at higher
temperaturesan isotropicmeltingpoint3-5.

In order to understand the surprising difference of
behaviour of polyacrylamide and polymethacrylamide
comb-like polymers with the same mesogenic groups,

*To whom correspondenceshould be addressed

we undertook the synthesis and study of methacryla-
mide polymers of low polydispersity. In the present
paper we will describe the synthesis and the structural
study by X-ray diffraction of methacrylamide comb-
like polymers with the repeating unit:

CHZ–C(CH3)–CO–NH– (CH2)10–COO–

C6H4– C6H5

and compare their thermotropic behaviour with that of
the corresponding polyacrylamide.

EXPERIMENTAL
Materials

Dicyclohexylcarbodiimide(DCC), pyrolidinopyridine
(PPY), 11-aminoundecanoicacid and 4-hydroxybiphenyl
from Aldrichwereused as received.Methacryloylchloride
from Aldrich was distilled under vacuum to eliminate
inhibitors. a, a’-Azobisisobutyronitrile (AIBN, 99°/0
purum fromMerck)wasrecrystallizedbeforeuse.Solvents
were purifiedby the usual methods.

Synthesisof the monomer
KOH (11g, 196mmol)was dissolvedin 300ml water,

then IOg (50mmol) 11-aminoundecanoicacid (I) was
added and the solution cooled to O°C and 7.5ml
(75mmol) methacryloylchloride were added dropwise
under agitation, After 4h reaction at O“C,1N HC1was
added until pH 2 was obtained, the precipitate formed
was filtered, washed with cold HC1 and dried under
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Figure 1 ‘H n.m.r. spectra at 250MHz of the monomer III in CDC13

vacuum. The precipitate was dissolved in 250ml ethyl
acetate, washed with slightlyacidifiedwater. The organic
phase was dried on MgSOa(yield84!4.).T.1.c.:I?f= 0.28,
eluant CHC13/MeOH (10/1); FTLr., cm–l: 3305, 1650,
1530 (amide); 2920 (aliphatic chain); 1695 (carboxylic
acid); 1610(C= C). IH n.m.r., 250MHz (MeOD, TMS)
ppm: 1.3 (m, 12H); 1.56(m, 4H); 1.9 (s, 3H, CH3–C=);
2.2 (t, 2H); 3.2 (m, 2H); 5.3 and 5.6 (s, 2H, = CH2);8 (s,
IH, NH).

11-Methacryloylamidoundecanoic acid (II) (5.4g,
20mmol) was dissolvedin IOOmldry CH2C12under an
inert nitrogen atmosphere and degassed, then 3.4g
(20mmol) 4-hydroxybiphenyland 3.Og (20mmol) PPY
were added. The solution was cooled to O°Cand 4.1g
(20mmol) DCC in solution in 20ml CH2C12was added
dropwise.After 5h at O“Cand 72h at room temperature
the solution was filtered off to eliminate the DCU
precipitate, the filtratewaswashed at firstwith 0.5N HC1
and then with saturated NaHC03; the organic solution
was dried on MgSOd and evaporated. The product was
recrystallizedfrom acetonitrile.The precipitate obtained
by cooling was filtered off, washed with acetonitrileand
dried under vacuum (yield 54%). T.1.c.: Rf = 0.38,
eluant: AcOEt/CbH12/CHC13(3/3/5); FTi.r., cm-l:
3300, 1650, 1540(amide); 2920, 2850 (aliphatic chain),
1750, 1020 (ester); 1615 (C=C), 1585 (aromatic). IH
n.m.r., 250MHz (CHC13,TMS) ppm: 1.3(m, 16H);1.95
(s, 3H, CH3–C=); 2.6 (t, 2H); 3.3(m,2H); 5.3,5.6 (s,2H,
=CH2); 7.1, 7.4, 7.6 (m, 9H, aromatic) (Figure1).

Ii7f
1 0

Polymerization
Polymerizationunder argon. Monomer (III) (2g)

was solubilized in 10ml THF and degassed under
argon, then 0.05g of AIBN was added. The solution
was maintained at 65°C for 150h under argon and
agitation. Several samples were taken at various
reaction times and divided into two parts. The first
one was analysed by g.p.c. and the degree of conversion
was deduced from the surface areas of the monomer
and polymer pikes. The THF from the second one
was evaporated and n.m.r. spectra recorded in CDC13
on a Brucker apparatus operating at 250MHz. The
degree of conversion was determined from the ratio of
the vinyl protons and ester Q proton at 2.6ppm. The
polymer AL.21 was recovered by precipitation in
methanol (3 times).

Polymerizationunder vacuum. Monomer (III) (2g)
was solubilized in 10ml chloroform, 0.05g of AIBN
was added and the solution degassed under vacuum.
The solution was maintained at 65°C for 150h under
vacuum and agitation. The polymer AL.22 was
recovered by precipitation in methanol (3 times).

Characterizationof thepolymers
Polymerswere characterized by IH n.m.r. at 250MHz

(CDC1,, TMS) ppm: 1.3 (m, 16H); 2.6 (t, 2H); 3.3 (m,
2H); 7.1, 7.4, 7.6 (m, 9H, aromatic). The molecular
characteristics of the polymers (tin, ~W and tiW/tiJ

3494 POLYMER Volume 38 Number 141997



Liquid-crystalline polymethacrylamides: B. Gallot and A.-L. Lenclud

1oo- A
~o

0
A

80-
~0 A

#

60- *8

40- 0

;
20”8 O&c

) ARMN

01
0 50 100 150

TIME (Hour)

Figure 2 Conversion–time curve, from g.p.c. (dots) and n.m.r.
(triangles), of the polymerizationunder argon in THF solution of the
rnono-merIII - -
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Figure 3 G.p.c. chromatogram, in THF solution, of the polymer
AL.22.The refractiveindexdifferenceAn (in arbitrarv units). is DIOtted,. .
as a function of the elution volume V in ml

were determined by light scattering (Brookhaven) in
THF, and gelpermeation chromatography (g.p.c.)in the
THF (PSS gel mixed b columns) using polystyrene
calibration.

X-ray dljjiraction
X-ray diffraction experiments were performed on

unoriented samples with two types of camera: a
Guinier-type camera and a pinhole camera.

The Guinier-type focusing camera operated under
vacuum, was equipped with a bent quartz monochro-
mator (reflection 101) giving a linear collimation of

Figure 4 Pinhole camera powder X-ray diagram of the monomer III
(distancesample-film = 64mm)

strictly monochromatic X-rays (CuK@l,A= 1.54~) and
a device for recording the diffraction patterns from
samples at various temperatures between 20 and 200”C
with an accuracy of 1°C.

The pinhole camera was specially designed in the
laboratory to operate with capillaries containing
powder or oriented samples%under vacuum, with a Ni
filtered Cu beam (2 = 1.54A) and was equipped with
the same heating device as the Guinier camera.

Severalexposureswere made in order to measure the
strongest and the weakest reflections. Intensities of the
reflections were measured with a laboratory built
microdensitometer specially designed to analyse X-ray
diagrams provided by linear focusing and pinhole
cameras. Experimental amplitudes of diffraction of the
differentorders of reflectionson the smecticlayers were
corrected for the Lorentz-polarization factorb and
normalized so that the strongest one had an amplitude
of one (Table 1).

RESULTS
Synthesisof polymers

The preparation of monomers involved two steps.
In the first step, 1l-aminoundecanoic acid (1) was

transformed into the polymerizable acid (II) upon
nucleophilicsubstitution between methacryloylchloride
and its amino group in KOH aqueous solution at basic
pH to increase the reactivity of the amine.

In the second step, the polymerizable acid (II) was

Table 1

AL.22 al a2 a3 a4 d (ti) a (A)

SB1 o 1 0.52 0.20 31.2 5.5
SA1 0.51 1 30.3 5.3

an = normalizedamplitudesof the reflections
d = thicknessof the smecticlayers
a = distance betweenside chains
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esterified by 4-hydroxybiphenyl in the presence of a
coupling agent, DCC, and PPY, whose electronic
doublet from the nitrogen atom modifiesthe equilibrium
of the reaction by the formation of N-acylpyridinium
salts that are more electrophilic and increase both the
rate of reaction and the reaction yield7’8

HZN–(CHJIO-COOH (I)
H2C=C(CH3)–COCI

1

H2C=C(CH3)–CO–NH– (CHJIO-COOH (II)
HO–C6H4-C6H5

J’
DCC, PPY

HZC=C(CH3)–CO–NH– (CH2)10–

COO–C6HQ–C6H5 (111)

The polymerization of the monomer (III) was carried
out with AIBN initiator at 65°C by two methods: (a)
under vacuum in chloroform solution, and (b) under
argon in THF solution, to allow the measurement of the
degree of conversion of the monomer as a function of
time.

Polymerization kinetics were followed by two
methods: IH n.m.r. and g.p.c. IH n.m.r. allowed
quantification of the monomer consumption through
the decrease of the vinylprotons. We found that, within
the limit of accuracy of the n.m.r., a degreeof conversion
of 100°/0was obtained in 150h. G.p.c. allowed the
determination of the degree of conversion of the
monomer from the surfacesof the pikes of the monomer
(SJ and of the polymer (SP)by the formula:

?40conversion =
100SP(MP+ Mm)

(~p+ &J~p
Figure2 gives the variation of the conversion vs time

for the polymer AL.21 and shows that the results
obtained by the two methods are in good agreement.

Comparison of the molecular characteristics of the
polymer AL.22 prepared by polymerization under
vacuum in chloroform solution (X. = 17800 and
Mw = 23 100)with those of the polymerAL.21 prepared
under an inert atmosphere of argon in THF solution
(AZ.= 19700 and tiw = 24000) shows that the
molecular weights and the degrees of polymerization
are pretty high and similar for the two polymersand the
polymerizationindexis rather low (1.2–1.3)as illustrated
by the g.p.c. chromatogram of Figure3.

Structureof the monomer
All X-ray patterns recorded at temperatures between

room temperature and 105°Cexhibited, in the low angle
domain, two sharp reflectionsthat can be indexed as the
001 and 003 reflections of a lamellar structure of
thickness d = 30.2A and in the wide-angle domain a
set of sharp reflectionstypical of a crystalline structure
(Figure4). At higher temperature all diffraction signals
disappeared. So the monomer exhibited a lamellar
crystalline structure until its melting temperature at
105”Cand no mesophase.

Liquidcrystallinebehaviourof thepolymers
All X-ray patterns recorded at temperatures between

room temperature and the isotropization temperature
exhibit, in the low angle domain, two or three sharp
reflections and in the wide angle domain a sharp
reflection (Figure 5) or a diffuse band (Figure 6)
depending upon temperature.
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Figure7 Projections of the electron densityprofilescorrespondingto the eight differentsign combinationsof an for the polymer AL.22 in the SBl
phase

lamellar structure with a layer thickness d = 30.3~
independent of temperature, the wide angle band
observed at temperatures between about 98°C and the
isotropization is characteristic of a disordered smectic
structure (smecti$A or C)9 with an average side chains
distance a = 5.3A.

The comparison betweenthe thicknessd of the smectic
layersand the length of the repeating unit of the polymer

(L= 29A) measured on CPK models shows that d is
nearly equal to L (d/L = 1.07 and 1.04, respective, for
the two mesophases).So the smecticstructures are of the
monolayer perpendicular ordered SB1type for the first
phase and of the monolayer perpendicular disordered
SA1type for the second one.

In order to gain further information about the smectic
structureswe derived the intensityprofilesp(z) along the

POLYMER Volume 38 Number 141997 3497

—-.



Liquid-crystalline polymethacrylamides: B. Gallot and A.-L. Lenclud

(a) (b)

p(z)
2 –

++ p(z)
2 –

+

o – o –

-2 – Zld
1

-2 – Zld
1 1 ) I I

o 0.5 1 0 0.5 1

(c) (d)
I I I

t

p(z)
2

+-

‘n n ‘1
I I

-2 zld -2 zld
I I I I I I

o 0.5 1 0 0.5

Figure 8 Projections of the electron density profilescorrespondingto the four different sign combinations of an for the polymer A1.22in the S~l
phase

direction z perpendicular to the smectic planes from
the intensities of the low angle reflections of X-ray
diagrams2.

Taking into account the fact that as many mesogenic
cores are pointing in the +Z and –z direction, and that
we measure only the fluctuationsaround PO,the average
electron densityl”p(z) is given by:

p(z) = ~ ancos(n27rz/d)

Experimentally we measure the intensity of the
diffraction orders so we lose the phase. Due to the
symmetry of the electron density distribution, the phase
factor and the structure factor must be Oor m,so a. are
real, but may be positiveor negative.The phase problem
then reduces to the choice of the right combinations of
sign for a. (n = 1,2,3, 4). For instance p + – + – will
correspond to the combination where al and a3 are
chosen positivewhile a2and a4are chosen negative.

For the first phase (S~l), we observe three orders of
diffraction so we obtain eight combinations of sign for
a., that is to say eight electron density profiles p(z)
(Figure 7).

For the second phase (SAI),we observe two orders of
diffractionso we obtain four combinationsof signfor a.,
that is to say four electrondensityprofilesp(z) (Figure8).

In order to choose, between the electron density
profiles, the physically acceptable ones, we have calcu-
lated the electron density of the different parts of the
repeating unit of the polymerby dividingtheir number of
electrons by t~eir lengthsmeasured on CPK modgls.We
found: 6.4e- A-l for the paraffinic spacer, 9e- A-’ for
the mesogenicgroups, and for the main chain 11e- A-l
in the case of a phase separation with the spacer and 7.4
e– A–l in the absence of such a phase separation.

Therefore. the electron densitv txofiles will exhibit a. .
central maximum for the mesogeniccores,

3498 POLYMER Volume 38 Number 14
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by minimums for paraffinic spacers and maximums for
the main chains, the amplitude of whichwillbe related to
the degree of phase separation between the main chains
and the spacers.

For the S~l phase (Figure7) the four electron density
(7e–h) must be rejected as they exhibit a minimum for
the mesogenic cores and maxima for the spacers. The
electrondensityprofile(7c)must be rejectedas it exhibits
a minimumfor the mesogeniccores. The electron density
profile(7d)must be rejected as it exhibitsminima for the
main chains. The electron density profile (7a) can be
rejected as its central maximum is much too sharp and
would correspond to a partial mixing of the mesogenic
cores and the spacers. The electron density profile (7b),
corresponding to p + + + +, exhibits a central max-
imum for the meso~eniccores. surrounded bv minima
for paraffinic spacer; and maxima for the ma[n chains.
Furthermore, the maxima corresponding to the main
chains are higher than the central maximum due to the
mesogeniccoresand suggesta completephase separation
betweenthe main chainsand the spacersin the SBIphase.

For the SA1phase (Figure8) the two electron density
profiles (8c and d) must be rejected as they exhibit a
minima for the mesogeniccores and the main chains and
maxima for the spacers.The electron densityprofiles(8a
and b) both exhibita central maximumfor the mesogenic
cores, surrounded by minimums for paraffinic spacers
and maxima for the main chains but differ bv the
respective amplitudes of the maxima due t; the
mesogenic cores and the main chains. The electron
density profiles (4a) correspond to a complete phase
separation between the main chains and the spacers
while the electron density profile (4b) corresponds to a
partial mixingof the main chains and the spacers.Such a
partial mixing would explain the differenceof aspect of
the low angle region of the X-ray diagrams of the two
phases (3 reflections002, 003 and 004 for the SB1phase
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Figure 9 Variation with temperature (heating: full symbols and
cooling: open symbols) of the layer thickness d of the smecticphases
for the polymer AL.22

but 2 reflections001 and 002 for the SAlphase). So the
(4b) profile (p – +) is preferred.

So the study of the electron density profilesof the SB1
and SA1phases shows that whereas the SB1phase is
characterized by a phase separation between the main
chains and the spacers, the SA1phase presents a partial
mixing between the main chains and the spacers. Such a
difference of compatibility between main chains and
spacers in the two mesophasesprobably results from the
differenceof rigidity of the main chains in the S~l and
SAIphases in agreement with a T~at about 90”C.

Infiuenceof temperature
Within the whole range of existenceof one phase (SB1

or SA1), the thickness d of the smectic layers is
independent of temperature and remains constant as

illustrated by Figure9. The values of d found on heating
were reversible on cooling. Furthermore, the small
decreaseof the thicknessd of the layers, at the transition
S~!-+ SA1,is in agreementwith a partial mixing of main
chains and spacers in the SAI phase.

CONCLUSIONS

If we compare the thermotropic behaviour of the
acrylamideand methacrylamidepolymerswith the same
sidechainsof undecanoyl-biphenyl,we observethat both
typesof polymersexhibittwo mesophasesas a functionof
temperature. Furthermore, the two types of polymers
exhibit,successively,an ordered and a disorderedsmectic
phase. Nevertheless,the nature of the mesophasesvaries
with the nature of the main chains. Polyacrylarnide
polymers exhibit two tilted bilayer smectic phases: S12
and Sc21,whereas polymethacrylamidepolymersexhibit
two perpendicularmonolayersmecticphases:SB1and SA1.
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