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Résumé. 2014 Une série homologue de trois poly(méthacrylates) liquides cristallins à groupes mésogènes
latéraux a été étudiée par diffraction des rayons X. Les groupes mésogènes constitués par des groupes 4’-
méthoxybiphénylyle étaient reliés au squelette macromoléculaire par des espaceurs souples de nature oligo-
oxyéthyléniques. La structure smectique E monocouche de ces polymères a été analysée en termes de
conformations du squelette macromoléculaire. Les groupes latéraux sont tous situés du même côté par rapport
à la chaîne principale, et conduisent à des éléments de structure ayant la forme de rubans. Les rubans sont
assemblés côte à côte avec les groupes mésogènes pointant alternativement vers le haut et vers le bas.

Abstract. 2014 A homologous series of three side-chain liquid crystalline poly(methacrylates) with 4’-

methoxybiphenylyl pendant mesogenic groups and oligo(ethylene-oxide) flexible spacers has been studied by
X-ray diffraction. These polymers were shown to form a single layered smectic E structure, which has been
analysed in terms of polymer chain conformation. The pendant groups were found to all hang on the same side
of the polymer backbone to form ribbons, which are assembled side by side with an alternating up and down
orientation of the pendant groups.

J. Phys. France 49 (1988) 1455-1466 AOÚT 1988, P

Classification

Physics Abstracts
61.30 - 61.40 - 61.10

1. Introduction.

Side-chain liquid crystalline polymers have attracted
considerable attention during the last few years [1-
5]. Many articles have been published so far dealing
with the synthesis of novel combinations of mesogen-
ic groups, polymer backbones, flexible spacers, and
aliphatic endgroups. Also, many articles have been
devoted to the study of the general liquid crystalline
behaviour of these polymers, by techniques such as
optical microscopy and differential scanning calori-
metry. As for structural determinations by X-ray
diffraction, a fair number of studies have been

reported in the literature [6-9] ; but little systematic
work has been carried out on homologous series of
carefully characterized polymers. To contribute to
this active field of research, our laboratory has

recently undertaken a systematic study of side-chain
liquid crystalline poly(methacrylates). The synthesis
[10], the physico-chemical characterization [11], the
thermal analysis [12], and some preliminary structur-
al investigations [13-15] of these polymers have

already been described and discussed.

The present paper is concerned with the detailed
structural analysis of a short homologous series of
poly(methacrylate) side-chain liquid crystalline poly-
mers. After a thorough discussion of some structural
concepts currently used in the field of side-chain

polymers, several general considerations will be

developed concerning the tacticity of polymer chains.
In a second part, the samples and experimental X-
ray techniques used will be presented. In a third
part, the X-ray results obtained will be described
and analysed in terms of crystallographic structures
and polymer chain conformations.

2. Situation of the problem.

Before discussing this work, it is worth recalling two
main results which have been published to date in
the literature for the structure of side-chain liquid
crystalline polymers. The first is summarized by the
ideas developed in a general paper by Finkelmann
[3] and deals with the conformation of the polymer
chain and the role of the flexible spacer. The second
concerns the configuration of the pendant groups
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with respect to the polymer backbone in smectic
mesophases and is presented in the papers by
Shibaev [4] and Zugenmaier [6]. In addition to these
results which apply to the particular case of side-
chain liquid crystalline polymers, it is also useful to
recall some classical considerations about the

stereochemistry of polymer chains in general [16].

2.1 ROLE OF THE FLEXIBLE SPACER. - In the

amorphous state, polymer chains usually tend to

adopt a three-dimensional random-coil confor-

mation ; on the other hand, rod-like mesogens tend
to orient themselves parallel to one another to form
nematic mesophases and, eventually, to pack in

superposed layers to produce smectic liquid crystals.
In side-chain liquid crystalline polymers, these ten-
dencies are thought to conflict with each other.

Consequently, the presence of flexible spacers in the
macromolecules is thought to be essential for the
formation of liquid crystals, as it would induce
mechanical decoupling of the mesogenic pendant
groups from the polymer backbone, hence allowing
mesogenic groups to order freely [3].

Concerning the presence of the flexible spacer, we
believe that it can explain, to a large extent, the
occurrence of smectic phases, but that it is not able
to justify the formation of nematic phases. First,
from a thermodynamic point of view, it has been
established [17-18] that classical polymers have very
low solubility in low-molecular weight mesomorphic
phases. Now, binding mesogenic groups to polymer
molecules through flexible spacers suppresses macro-
scopic phase separation, but this, of course, can by
no means be taken as an indication that the two

species have become compatible with one another.
The same situation is encountered with soap-like
substances [19] (including rod-like smectogens [20]),
where the two incompatible constituent parts of the
molecules persist in repelling one another despite
their covalent linkage, giving rise to the well-known
amphiphilic character. As a result, there is local

segregation of the two incompatible moieties of the
soap molecules with creation of an interface and
formation of smectic-like ordering. Applied to side-
chain polymers, this means that, even if there were
complete mechanical decoupling of the pendant
groups from the backbone, the incompatibility of
these species would favor the formation of interfaces,
thus of smectic phases, and correlatively, that it

would disfavour the absence of positional corre-

lations among the molecules, thus the formation of
nematic phases.

Second, from another thermodynamic argument,
it is well-known that, in lyotropic systems of rod-like
macromolecules, nematic liquid crystals are only
obtained at solvent concentrations which increase
with the aspect ratio of the rods [21, 22]. This

explains why low-molecular weight nematic phases,

for which the aspect ratio of the rods (typically,
about 3) is close to unity, are destroyed upon
addition of very little solvent (typically, less than a
few percent) [23]. In side-chain polymers, the corre-
sponding solvent content is considerable, as it is the
sum of the polymer backbone and spacer concen-
trations. This leads one to wonder whether side-

chain polymers are able to produce classical nematic
phases, with the pendant groups oriented in a

common direction.

Third, from a purely geometrical point of view,
one can easily conceive the formation of smectic
mesophases with side-chain liquid crystalline poly-
mers, but not of classical nematic ones. Indeed, in
the case of smectics, the mesogenic pendant groups,
which are next to each other along the polymer
backbone, can very well be in lateral register and
arrange themselves in layers. The polymer chains
should then be confined to just lying in between the
layers. This will be discussed further below. In the
case of nematics on the other hand, the mesogenic
groups should, by definition, be parallel but

positionally uncorrelated, especially in the direction
of their elongational axis. With short-spacer side-
chain polymers where nematics are reported to

occur, this is impossible since adjacent pendant
groups are attached to the backbone at distances

which are small compared to their length. Further-
more, the polymer backbone, whose lateral bulki-
ness is at least equal to that of the pendant groups,
can hardly clear its path through the parallel pendant
groups to approach a random coil conformation
without greatly disturbing the nematic ordering of
the mesogenic moieties.

2.2 THE HERRING-BONE CONFIGURATION. - Re-

garding the configuration of the pendant groups with
respect to the polymer main chain, these are typically
described as emerging alternately from opposite
sides of the polymer backbone in a sort of herring-
bone arrangement. The smectic layers consist of

such ribbon-like polymer molecules either packed
side by side to give double layers of pendant groups,
or intercalated to give single layers [4, 6, 24] (Fig.1).
From a geometrical point of view, we believe this

configuration is indeed quite plausible as it takes
into account the lateral thickness of the pendant
groups (about 5 A) compared to their chemical

repeat distance (about 2.5 A) along the polymer
backbone. The herring-bone arrangement seems to
reasonably satisfy the requirement for the pendant
groups to pack efficiently, with a lateral approach
distance corresponding to their size, and without
undue strain of the polymer main chain. One is,
however, drawn to ask whether this is the only
arrangement possible for the pendant groups to fill
the space, and furthermore, how this arrangement is
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Fig. 1. - The herring-bone model: a, side-view of a

single polymer chain ; b, end-on view of a single polymer
chain ; c, intercalated single-layered packing ; d, double-
layered packing.

affected by the stereochemical configuration of the
backbone.

2.3 STEREOCHEMISTRY OF POLYMERS (1). -

Through systematic X-ray diffraction work, Natta
and coworkers [16] came to the conclusion that in
crystalline isotactic vinyl polymers, the conformation
of the polymer chains is helical, as shown in figure 2.
This is consistent with the fact that successive

monomer units have the same steric configuration,
and can therefore be deduced from one another by a
simple rotation and translation, the twist of the helix
being related to the bulkiness of the side groups, X,
and to their interaction. As for the crystalline
syndiotactic polymers, the conclusion was that the
polymer chains have a conformation which presents
a glide-plane symmetry, as shown in figure 3. This is
consistent with the fact that successive monomer

units have opposite steric configurations, and need
therefore to be deduced from one another through
symmetry operations involving the presence of cen-
ters of inversion.

As the polymers used in this study have

poly(methacrylate) backbones, it is useful to recall

tacticity and conformational results concerning
poly(methyl methacrylate), PMMA, which is the
most extensively studied member of the series, and
perhaps the simplest representative of the

poly(methacrylate) backbone :

Highly isotactic PMMA is extremely difficult to
thermally crystallize in the bulk [27]. It has nonethe-
less been crystallized from solution [28-32]. Using X-
ray diffraction, it was shown to form a structure with
a double-strand helix, each strand being a 101 helix
[33]. Pure, highly syndiotactic PMMA is impossible

to thermally crystallize in the bulk as was the case for
isotactic PMMA. It has, however, also been crystal-
lized in the presence of a solvent [34]. By X-ray
diffraction, the structure was found to be complex,
involving a local chain conformation near the all-
trans conformation inferred from conformational

energy calculations [35], that is similar to the chain
conformation shown in figure 3. Although PMMA

(1) In head-to-tail polymerized vinyl polymers,
-1-CH-,-C*HX _jp I asymmetric carbon atoms (C*) are
alternated with methylenic groups along the polymer
backbone. From a stereochemical point of view, the atoms
covalently bonded to C* give rise to two elementary
configurational units, one being the mirror image of the
other (R = rectus, S = sinister). The occurrence of a

given configuration around each tetrahedral C* atom is
determined once and for all during the polymerization
process. The tacticity of the polymer chain is defined by
the distribution of these two enantiomeric configurations
along the polymer chain [16]. It is of importance to note
the difference between configuration (tacticity) and con-
formation of polymer chains (random coil). The first
describes the local stereochemical arrangement of atoms
within the chain, whereas the second refers to the global
shape of the polymer chain and is determined by internal
rotations around the backbone C-C* covalent bounds.

Though the tacticity can affect the conformation of the
polymer chain through the interactions between atoms,
changes in conformation never affect the tacticity.
A group of two successive configurational units in the

polymer chain are said to form a meso dyad (m) if the
configuration of the backbone C* atoms involved is the
same (m = RR or SS) or a racemic dyad (r) if the

configuration is different (r = RS or SR). Just as the term
dyad refers to dimers in the polymer chain, the term triad
refers to trimers. There are three types of triads possible :
the isotactic triads (i) if the three successive C* atoms are
in the same RRR or SSS configuration (mm) ; the

syndiotactic triads (s) if the successive C* atoms are in an
alternating RSR or SRS configuration (rr) ; and the
heterotactic triads (h) if the C* atoms are in a RRS, SRR,
RSS, or SSR configuration (mr or rm). The tacticity of a
given polymer is defined by the relative proportion of i, s,
and h triads measured by N.M.R. [25]. For example,
ideally isotactic and syndiotactic polymers contain 100 % i
and s triads respectively ; ideally atactic polymers contain
equal amounts of elementary R and S configurational units
randomly distributed along the polymer chain, correspond-
ing to 50, 25, and 25 % of h, i, and s triads, respectively. It
should be noted, however, that in common use, polymers
are said to be isotactic or syndiotactic when they are simply
rich in i or s triads, otherwise they are said to be atactic.

In most polymerization processes of vinylic monomers,
neither ideally isotactic or syndiotactic, nor ideally atactic
polymers are formed. As a rule, because of their geometri-
cal irregularity these polymers are unable to crystallize,
remaining in the amorphous state. However, there are
now classical chemical synthetic routes to synthesize vinyl
polymers with high isotactic or syndiotactic triad contents
[26]. These polymers often crystallize due to their regular
character.
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Fig. 2. - Molecular CPK model showing the helical chain configuration of isotactic poly(methylmethacrylate).

Fig. 3. - The structure of syndiotactic 1, 2-polybutadiene
+CH2-CH(CH====CH2)*. Filled circles represent
the backbone carbon atoms, and empty circles represent
carbon atoms in the pendant vinyl group (adapted from
Ref. [16] with permission of editor).

structural behaviour is rather complicated, it never-
theless generally follows the behaviour of other vinyl
polymers : isotactic PMMA has a helical confor-
mation and syndiotactic PMMA has a local confor-
mation close to the glide-plane type.
Normal free-radically polymerized PMMA has

about 66 % syndiotactic triads [36, 37] and is

amorphous. Wide-angle X-ray scattering analysis of
an amorphous PMMA sample with similar tacticity
has shown that, in spite of the amorphous state of
the material, the conformation of the backbone is

regular on a local scale of about 8 to 10 monomer

units [38]. This conformation (Fig. 4) is near the all-
trans energy-minimum conformation proposed in
reference [35]. With both the methyl and ester

groups on the same side of the main chain, a small
curvature is induced in the backbone due to the
steric hindrance of the first atoms next to the main
chain. This curvature is sufficient to hinder a com-

plete filling of the space in a crystalline way, and
thus leads to an amorphous material.

Fig. 4. - Schematic view of the local syndiotactic confor-
mation of poly(methylmethacrylate) taken from re-

ference [38]. Zig-zag line represents the polymer
backbone, empty circles represent the methyl groups and
rectangles the ester groups.

3. Experimental.

3.1 MATERIALS. - The poly(methacrylates) used
in the present work were all free radically
polymerized [10]. They are indicated in the following
by the abbreviation PM-n ; they have 4’-methoxybi-
phenylyl mesogenic pendant groups and

oligo(ethylene oxide) spacers of various lengths :
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The physico-chemical properties of the polymers
were studied by light scattering and size exclusion
gel permeation chromatography [11]. Their tacticity
was determined by nuclear magnetic resonance [10].
Experimental data on molecular weights, polydisper-
sities, and tacticities are shown in table I.

Table I. - Molecular weights, polydispersities, and
tacticities of the polymers studied.

The thermotropic polymorphism of the polymers,
including glass transitions, was studied by differential
scanning calorimetry (DSC), optical microscopy,
and dilatometry [12]. Using previous structural ob-
servations [13-15] and results to be discussed below,
this polymorphism can be described as follows :

3.2 X-RAY DIFFRACTION. - The X-ray diffraction
study of the PM-n polymers was carried out on
unoriented powder samples and on fibers drawn
from the polymer melt. Attempts were also made to
magnetically orient specimens. Diffraction patterns
were photographically recorded with three types of
cameras. The first was a Guinier focusing camera
equipped with a bent quartz monochromator and
using Cu-K« 1 radiation from a PW1009 Philips
generator. The second was a Searle camera with

toroidal optics using Ni-filtered copper radiation
from an Elliott GX20 rotating anode generator.
Both of these cameras were used with unoriented

powder samples and had electronically controlled
ovens allowing the heating of the samples in the
temperature range from 25 to 300 °C within an

accuracy of 1 °C.
The third camera was a custom-made camera

equipped with two bent gold-plated glass mirrors
crossed to give a point- focused direct beam. It used
Ni-filtered copper radiation from an Elliott GX20

generator. With a sample to film distance of
100 mm, it was aligned to allow registration of Bragg
reflections in the spacing range from 3 to 100 A with
a resolution of about 1 000 A. Fiber samples were
mounted in a modified Mettler FP52 heating stage
whose temperature was electronically controlled
within 0.1 °C.

4. Results and discussion.

4.1 X-RAY DIAGRAMS. - X-ray diffraction patterns
were registered for powder samples of PM-2, PM-3,
and PM-4 at a variety of temperatures between room
temperature and the clearing point. Above T9,
structural equilibrium was reached fairly rapidly and
annealing did not produce significant changes in the
patterns. Likewise, temperature did not seem to
appreciably affect the structural parameters. The

patterns (Fig. 5) all consisted of a series of three

equidistant sharp reflections in the small-angle re-
gion, corresponding to lamellar spacings of 23.0,
26.9, and 29.8 A for PM-2, PM-3, and PM-4 respect-
ively, and of three rather sharp reflections in the
wide-angle region corresponding to spacings of 4.54,
4.01, and 3.23 A. The intensity sequence of the
small-angle reflections was very weak, medium, and
very weak respectively, with a tendency for the third
harmonic to decrease in intensity as the spacer
length increases. The wide-angle intensities were

strong, medium, and weak respectively.
In order to get more information about the

structure of the polymers, much effort was given to
obtaining oriented samples. Along this line, orien-
tation by slow cooling from the melt in magnetic
fields up to 4.2 T turned out to be unsuccessful,
presumably due to the absence of nematic phases or,
perhaps, also due to the rather high viscosity of the
medium. However, significant orientation was ob-

Fig. 5. - Guinier X-ray diffraction powder pattern of PM-2.
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tained by pulling fibers from the melt. The X-ray
patterns registered show that the small-angle reflec-
tions present little arcing and are equatorial with
respect to the draw direction, while the wide-angle
reflections are highly arced, with little reinforcement
in the meridian direction (Fig. 6). Bragg spacings
and intensities corresponded to those determined
from the powder patterns.

Fig. 6. - Fiber X-ray diffraction diagram of PM-4. Arrow
indicates the draw direction.

4.2 SMECTIC ORDERING OF THE PENDANT GROUPS.
This section is mainly concerned with the ordering
of the polymer mesogenic groups alone ; the order-
ing of the backbone itself will be considered more
extensively in the next sections. The X-ray diagrams
registered closely resemble those obtained with low-
molecular weight rod-like smectogens. They are

indicative of an ordered smectic structure, in agree-
ment with the microscopic observations of the tex-
tures [12-14].
The thickness of the smectic layers measured

varies linearly with the spacer length (Fig. 7). The
slope of the corresponding line gives the projected
length of one ethylene oxide repeat unit in the

spacer along the layer normal, while the Y-intercept
(d for n = 0) gives the thickness of the polymer
backbone and methoxybiphenylyl sublayers super-
posed. The d spacings for the polymers corresponded
exactly to the length of one monomeric unit in the
fully extended conformation. This suggests that the
smectic structure corresponds to single layers of

pendant mesogenic groups oriented perpendicular to
the layers.
The three wide-angle X-ray reflections are ident-

ical for the three polymers and are therefore inde-

u 4

Fig. 7. - Layer thickness, d, as a function of the number,
n, of ethylene-oxide repeat units in the spacer. Filled circle
represents the layer thickness of PM-0 (from Ref. [15]).

pendent of the length of the pendant groups. They
can be interpreted as corresponding to the two-

dimensional lateral packing of the mesogenic
moieties. Their angular position in the X-ray patterns
and their intensity sequence are in close agreement
with the observations by Doucet et al. [39] on the
smectic E phase of low-molecular weight mesogens.
The smectic E structure described involves a lateral

packing of the molecules within the layers according
to a two-dimensional pseudo-centered rectangular
lattice. The wide-angle reflections of the three

polymers can be indexed as 110, 200, and 210
reflections of a two-dimensional rectangular lattice
with the cell parameters a = 8.02 A and b = 5.54 A
(Fig. 8). With two pendant groups per unit cell, this
gives a molecular area per pendant group of

S =a* b/2 = 22.2 A2. This molecular area corres-
ponds very well with the value of 21.8 A 2 deduced
from the cell parameters given by Doucet for the
low-molecular weight smectic E mesogens.

Concerning the stacking of the smectic layers, it is
worth noting that, in classical smectic E mesophases,
the ordered smectic layers are positionally correlated
in the three-dimensional space. This gives rise to a
true three-dimensional orthorhombic crystal. The

Fig. 8. - Two-dimensional pseudo-centered rectangular
lattice. Open circles represent the pendant groups seen
end-on and thick lines represent schematically the polymer
backbone and the flexible spacer ; dashed lines indicate

backbone and spacers from layer below.
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three-dimensional correlation is manifested in the X-

ray patterns by the presence of hkl reflections,
particularly the 111, 201, and 211 reflections, which
appear as satellites of the 110, 200, and 210 ones. In
the case of the polymers studied in this section, both
the powder and fiber X-ray patterns show no evi-
dence of hkl reflections. It seems, therefore, that
three-dimensional correlations between the layers of
pendant groups are either absent here or extremely
weak.

4.3 CONFORMATION OF THE POLYMER CHAINS. -

The smectic structure of the polymers has so fair,
been interpreted in terms of layering and lateral

packing of the pendant groups alone. Before describ-
ing the way the polymer molecules as a whole are
arranged in the smectic layers, it is necessary to
consider the conformation of the backbone and its
relation to the pendant groups.
To deal with the backbone, the most obvious

route is first to use the classical description of
smectic side-chain liquid crystals [6], summarized in
section 2.2 and shown in figure 1. The polymer
backbone and the attached pendant groups are

described to adopt a sort of planar herring-bone
configuration. The smectic layers are formed by
these planar ribbon-like herring-bone polymer units
packed side by side. Depending on whether the
ribbons are in lateral register (Fig. 1d), or interca-
lated, partially overlapping (Fig. lc), the stacking
period of the lamellar system should correspond to
the length of either two or one fully extended
pendant groups.

Experimental evidence obtained in the present
work with the PM-2, PM-3, and PM-4 polymers is
not in favour of such a classical description. As
discussed in the previous section, the thickness of
the smectic layers measured corresponds to the

length of one extended pendant group, thus preclud-
ing the double-layer model illustrated in figure 1d.
On the other hand, the intercalated herring-bone
model shown in figure 1c is unacceptable as well.
Indeed, it should give rise to strong three-dimen-
sional correlations between pendant-group sub-

layers. This is contrary to the observed lack of hkl
Bragg reflections presented above. Intercalation.
should also make it very difficult for the smectic

layers to slide over one another. This is contrary to
the observation under a microscope that the smectic
E phase could be sheared, and to the orientation
obtained in X-ray fiber diagrams corresponding to
the smectic layers all oriented by shear parallel to
the draw direction.
Another true single-layer model can be envisaged,

however, which is in agreement with the observed
single-layer arrangement of the pendant groups.
This model has already been proposed for alkyl side-
chain polymers [40, 41] but was immediately rejected

as being unlikely. Here the pendant groups all hang
on the same side of the polymer backbone. As they
are too bulky to arrange in a single row, the pendant
groups are laterally displaced in an alternate fashion
to form a staggered double row as shown in figure 9.
This allows for the pendant groups to stand at an
approach distance of about 5 A, compatible with
their steric hindrance and also with their chemical

repeat distance along the backbone.

Fig. 9. - Schematic view of the ribbon-like configuration
of the PM-n polymers.

Before going further, it is necessary to ask whether
one is allowed to place the pendant groups either on
the same side of the backbone or in the herring-bone
configuration at liberty, without considering the
stereochemical implications of the model first. In
this context, it is of particular importance to consider
the role of the backbone tacticity. Indeed, as discus-
sed in section 2.3, tacticity plays a decisive part in
the conformation and the ordering of polymer chains
in the solid state : isotactic polymers usually form
helices, while syndiotactic ones lead as a rule to glide
planes.

In order to analyse the effect of tacticity, the CPK
molecular models were constructed for the PM-2

polymer with various tacticities. For an isotactic

backbone, the polymer was found to form a helical
conformation as was expected. For the true atactic
PM-2, the polymer was found to adopt a very
irregular conformation. In both cases, in spite of the
presence of flexible spacers (at least for the spacer
lengths considered in this work), the pendant groups
could not be oriented parallel to one another as
required for smectic layering. As for the syndiotactic
material, the CPK molecular models gave a very
regular conformation with the pendant groups paral-
lel to one another and on the same side of the
backbone as needed for the formation of single-
layered smectics (Fig. 10). It should be noted that
this conformation is in agreement with that proposed
by Windle [38] for amorphous PMMA.
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Fig. 10. - CPK molecular model of syndiotactic PM-2
polymer.

As with PMMA [38], the CPK molecular models
of PM-2 showed a small curvature of the polymer
backbone, with both the a-methyl and pendant
groups on the convex side. The curvature is con-
nected with steric hindrance effects, largely coming
from the first atoms next to the main chain, and
results in an appreciable splay distortion of the

pendant groups. Small increases in the bond angles
between successive backbone carbon atoms spread
slightly the distance between pendant groups, thus
relieving the steric hindrance and decreasing the
splay distortion. Using energy data from con-

formational analysis of PMMA [35] and from splay
elastic distortion calculations by continuum theory
[42], it can be seen that such angular distortions to
straighten out the backbone are entirely possible. In
the case of PMMA the straightening out of the
backbone does not occur, presumably because of the
lack of elastically interacting rigid rod-like pendant
groups.
The above analysis concerns the conformation of

pure syndiotactic materials. The PM-2, PM-3, and
PM-4 polymers have only about 55 % syndiotactic
triads, that is about 75 % racemic dyads. On the
average, this means that in these polymers, supposed
to be globally syndiotactic, there is one meso defect
every four dyads. To check how much the presence
of meso defects changes the conformation, the CPK
models of eight successive PM-2 monomeric units
were constructed in a syndiotactic structure with one
meso defect every two, three, and four dyads
respectively. It was clear that defect levels of less
than one meso per three dyads led to conformations
(Fig. 11) still very regular and similar to those
obtained with pure syndiotactic polymers. Significant
departures from the shape of pure syndiotactic

Fig. 11. - CPK molecular model of syndiotactic PM-2
polymer with one meso defect (shown by arrows) every
four dyads.

material occurred at higher defect levels. The PM-n
polymers considered in the present work are there-
fore perfectly interpretable in terms of the syndiotac-
tic model.
To this point, the pendant groups have been

described to hang parallel to each other on the same
side of the polymer backbone, and the main chain
conformation has been shown to be easily taken as
that of the purely syndiotactic polymer backbone.
This leads to an overall ribbon-like shape for the
polymer chain as shown in figure 9. In other words,
the PM-n polymer molecules form ribbons, the ideal
length of which is related to the degree of polymeri-
zation (from about 500 to 1 000 A). The width of a
ribbon corresponds to the length of one extended
monomeric unit (from about 15 to 30 A), and its
thickness to roughly twice the lateral bulkiness of the
pendant groups (about 8 to 9 A). It is these ribbons
that now have to be considered as being the structur-
al units of the smectic layers.

4.4 ORDERING OF THE POLYMER CHAINS. - Com-

bining the above information, the structural model
presented in figure 12 was proposed for the PM-2,
PM-3, and PM-4 polymers. The ribbon-like polymer
chains are packed side by side with the polymer
backbone parallel to the smectic layers and the
mesogenic groups perpendicular to them. The rigid
biphenylyl groups are in lateral register with one
another forming the two-dimensional pseudo-re-
ctangular lattice shown in figure 8. The polymer
backbones are also in register with one another,
lying in planes located between the biphenylyl
sublayers, in the center of the disordered sublayer
formed by the ethylene oxide spacers and the
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Fig. 12. - Schematic representation of the single layered
smectic structure of the PM-n polymers. Filled circles

represent the polymer backbones viewed end-on, wavy
lines represent the flexible spacers, rectangles represent
the mesogenic pendant groups, and small open circles
represent the terminal methoxy groups.

methoxy terminal groups. The ribbons within a layer
are oriented in an up and down fashion, analogous
to a paraelectric or antiferroelectric arrangement.
This model is thought to be the most plausible
explanation of the experimental data obtained in the
present work and to be in agreement with common
knowledge of liquid crystals and considerations that
will be discussed below.
The up and down orientation of the pendant

groups of adjacent ribbons in a layer is similar to that
seen in the case of lyotropic smectic B mesophases of
polysoaps [43] where the ionic polymer chains with
pendant aliphatic moieties also have a ribbon-like
shape. Such an up and down orientation is quite
common in the liquid crystalline field for anisotropic
rod-like molecules. The only exceptions known to
this rule are the special cases of double-layered
smectics (where the molecules are oriented in the
same direction in each sublayer) [20] and chiral
smectics C [44]. The question now is whether the up
and down orientation of the ribbons is random or

alternating. By simple density arguments, it is clear
that the orientation should be mostly of an alternat-
ing nature. Indeed, from dilatometry experiments
[12], the flexible ethylene oxide spacers have been
shown to be disordered. The random conformation
of the flexible spacers implies large molecular areas
and greatly disfavors the same orientation for adjac-
ent ribbons which would involve tight packing of the
spacer portions of the ribbons and small molecular
areas. If the ribbons were oriented in the same

direction, even if only on a local scale, the flexible
spacers would emerge on the same side of the

biphenylyl sublayer and would adopt a molecular
area comparable to that, about 22 A2, of the

biphenylyl groups themselves. Obviously, this value
is too small for the flexible spacers to freely adopt a
random conformation. In the model proposed in the
present work with an antiparallel orientation of the
ribbons, the molecular area of the spacers is instead
twice as large.

The location of biphenylyl groups, the polymer
backbones, and the flexible spacers in three distinct
sublayers superposed to form the smectic structure is
in agreement with the requirements imposed by the
amphiphilic character of the molecules [20]. Indeed,
in the absence of specific attractive forces (dipole-
dipole interactions, hydrogen bonding...), these
three species tend to be incompatible with one
another from an enthalpic point of view (Van der
Waals interactions), resulting in a tendency towards
local segregation. In addition, the segregation of the
biphenylyl groups in distinct sublayers is in perfect
agreement with the fact that these groups are found
to be in good register with one another, and

arranged according to a well defined two-dimension-
al lattice.
A further argument in favour of the structural

model proposed comes from the analysis of the
intensities of the small-angle X-ray reflections. As
already stated in section 4.1, the second harmonic is
significantly stronger than the first and the third
ones. This is consistent with a layered structure

presenting strong electron density correlations along
the normal to the layers with a pseudo-period of half
a layer thickness. In order to verify whether such is
the case with the structural model shown in figure 12,
the one-dimensional electron density distribution

along the normal to the layers was estimated. For
this purpose, the projected lengths (to the layer
normal) of the biphenylyl, the backbone, the termi-
nal methoxy, and the spacer were estimated for the
PM-2 polymer using X-ray diffraction data (Fig. 7)
and CPK molecular models : these lengths were
found to be 8.8, 4.8, 2.5, and 6.9 A respectively.
From the known number of electrons in each group
the linear electron density distribution shown in

figure 13 was deduced. It is seen that the electron

density does indeed have a pseudo-period of half the
layer thickness, in agreement with the observed X-
ray intensity data and the location of the polymer
backbones exactly between the biphenyl sublayers
(Fig. 12).
One must now consider the different ways of

arranging the polymer backbones with respect to the

Fig. 13. - One-dimensional electron density distribution
along the normal to the layers.
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rectangular two-dimensional packing of the pendant
groups and also with respect to each other. From the
rectangular packing shown in figure 8, it can be seen
that each pendant biphenylyl group has first

neighbours located at 4.87 A in the [110] direction,
then further neighbours at 5.54 and 8.02 A in the
[010] and [100] directions, respectively. Taking into
account the chemical repeat distance between succes-
sive pendant groups along the polymer chain,
2.54 A, corresponding to a maximum effective dis-
tance of about 5 A between two successive homolog-
ous pendant groups in a given row of the ribbon (as
shown in Fig. 9), it is clear that the backbone cannot
run in the [100] or [010] directions. The only possible
path the polymer backbone can follow is, therefore,
the [110] direction of the diagonals of the unit cell.
With the above knowledge, one can see that, in

principle, there are four allowed diagonal directions,
[+ 1, ± 1, 0 ] that the polymer backbone can follow
in its sublayer. One might imagine, therefore, that
the polymer backbones can adopt a broken-line

configuration in a sort of two-dimensional random
walk. This supposes that the polymer chains make
abrupt direction changes of 2* tan-’ (a/b) or

=111°, and 2 * tan-l (b/a ) = 69°, which is highly
unlikely considering the compactness of the CPK
models for the PM-n polymers (Fig. 10) and the
rigidity of the polymer backbone. This leads to the
conclusion that the polymer backbones are rectili-
near and run parallel to one another over relatively
large distances. Such a conclusion is all the more
satisfactory since, with the backbone in the [110]
direction, the lateral distance between neighbouring
polymer ribbons is equal to

in agreement with the thickness of the ribbons
estimated from the CPK molecular model.

It is now worth discussing in some detail the
correlations between successive superposed layers.
From the X-ray patterns presented in section 4.1,
and as stated in section 4.2 dealing with the smectic
ordering of the pendant groups, it is clear that there
are no long-range three-dimensional positional cor-
relations between the layers. The question remains
of whether there is orientational correlation between
them. To answer this question, it is important to
recall the following features. First, the pendant
groups are intercalated in the aromatic sublayers due
to their up and down orientation. Second, the

polymer backbones are arranged parallel to one

another in the polymer sublayers due to their

rectilinearity and rigidity. The obvious conclusion is
that there should be rather strong orientational
correlations between smectic layers. This suggests a
hexatic-type ordering where there is long-range
three-dimensional orientational correlation and no

positional correlation between layers [45]. The rather
sharp reflections obtained in the wide-angle region
indicate that the positional correlation of the pendant
groups within a biphenylyl sublayer is rather long-
range. From the point of view of the range of
orientational and positional correlations, the smectic
structure of these polymers would therefore be
reminiscent of a smectic I structure [46] (but with no
tilt of the molecules). In smectic I phases, the

preferred orientation is given by the tilt of the
molecules towards the short edge of the rectangular
lattice, whereas in the PM-n polymers it is given by
the diagonal orientation of the polymer backbones.
To finish this section, it should be noted that the

structural model presented here is a refinement of
one given in a previous preliminary note [14] dealing
with the isolated case of PM-2. With a small shift of

the ribbons parallel to the direction of the pendant
groups, it takes into account the amphiphilic charac-
ter of the smectogenic polymer and provides a better
interpretation of the small-angle X-ray intensity
sequence.

4.5 REMARKS. - The above analysis suggests the
following remarks on the macroscopic orientation of
the PM-2, PM-3, and PM-4 polymers obtained by
drawing fibers from the melt. In the X-ray fiber
diagrams registered (see Sect. 4.1), it is apparent
that the smectic layers are consistently oriented

parallel to the draw direction. The very large arcing
of the reflections in the wide-angle region suggests
that, on the contrary, the two-dimensional rectangu-
lar lattice and the polymer backbones are not

substantially oriented on a macroscopic scale along
the draw direction. The interpretation is that orien-
tation is obtained primarily by shearing of the
smectic layers and not by pulling of the polymer
molecules. Such shearing cannot be done without
disrupting the sublayers, presumably involving un-
locking of polymer backbones within their sublayer.
The rheological element involved in the shearing
process seems, therefore, to be formed by the
smectic layers rather than by the polymer chains
themselves. This is consistent with the fact that long
annealing is necessary to recover the quality of the
structure after drawing.

Conclusion.

In this paper, a systematic X-ray diffraction study of
a homologous series of side-chain liquid crystalline
poly(methacrylates) is presented. To interpret the
experimental results in a methodical manner, it was
felt useful to introduce some basic concepts from
different fields concerning both polymer and liquid
crystal science. It was thus possible to understand
the structure of the PM-n polymers studied in the
present work and to appreciate the role of the
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polymer backbone conformation on the ordering of
the pendant groups.

Experimental results pointed to a single-layered,
ordered smectic structure in which the superposed
smectic layers were positionally uncorrelated with
one another. This kind of structure was difficult to
understand using the classical herring-bone model of
the polymer chain with the pendant groups emerging
alternately from opposite sides of the backbone.

Utilizing concepts from the structure of stereoregular
polymers, and more particularly from that of

PMMA, it became possible to interpret the X-ray
evidence in a satisfactory way by introducing a new
conformational model of the polymer chain with the
pendant groups all hanging on the same side of the
polymer backbone.
With the ribbon-like conformational model used

in the present work, it becomes apparent that the

liquid crystalline structure involved must be charac-
terized by two directors. The first director, n, is the

classical one associated with the optical axis of the
pendant groups ; the second one, p, is associated
with the polymer backbone. The electro-optical and
magnetic properties of the mesomorphic material
should depend mainly on the n director, while the
mechanical properties should depend mainly on p.
With the ribbon-like conformation, it is also possible
to conceive the formation of nematic phases, in
which the structural element is the ribbon-like

polymer molecule itself. Though not reported to
date, this new nematic system should be intrinsically
biaxial to take into account the anisotropic shape of
the ribbons.
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