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FOREWORD

The ACS Symrostum Series was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the Semigs parallels that of the continuing ApvANCES
IN CHEMISTRY SERIES except that in order to save time the
papers are not typeset but are reproduced as they are sub-
mitted by the authors in camera-ready form. As a further
means of saving time, the papers are not edited or reviewed
except by the symposium chairman, who becomes editor of
the book. Papers published in the ACS Sympostum SERIES
are original contributions not published elsewhere in whole or
major part and include reports of research as well as reviews
since symposia may embrace both types of presentation.
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PREFACE

Mesomorphic order in polymers is important to the field of high strength

materials such as the ultra-high modulus fibers recently developed
by industry from stiff chain polymers and carbon pitches. However, other
fundamental aspects of polymer chemistry and physics are involved also.
Mesomorphic order in polymers is tied to the problem of local segmental
order within macromolecular coils. It has a direct bearing on the under-
standing of the complex morphology of crystalline polymers in the re-
gions of intermediate order. The relationship between crystallinity, mo-
lecular order, and stereoregularity and problems relevant to biophysics
of macromolecules, such as intramolecular crystallization, formation of
tertiary structures, and formation of liquid crystalline morphoses in living
tissues and cell organelles, are some of the topics which are discussed in
this volume.

Whereas the subject of stiff chain polymers has received much atten-
tion in two recent ACS Meetings (Witco Symposium honoring Dr. Paul
Morgan held in New York in April 1966 and symposium on Rigid Chain
Polymers held in New Orleans in March 1977), the wider aspects of
mesomorphic order in polymers have been discussed only occasionally at
meetings. The chapters assembled in this volume constitute the pro-
ceedings of the first symposium devoted to broader aspects of this rapidly
developing field and, as such, provide a valuable source of information
to the student and scientist.

University of Lowell ALEXANDRE BLUMSTEIN

Lowell, MA 01854
April 11, 1978

vii
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X-Ray Diffraction from Polymers with Mesomorphic
Order

S. B. CLOUGH and A. BLUMSTEIN
Polymer Program, Department of Chemistry, University of Lowell, Lowell, MA 01854

A. deVRIES
Liquid Crystal Institute, Kent State University, Kent, OH 44242

Polymers with side chain structure similar to
that of low molecular weight liquid crystalline com-
pounds can achieve various levels of organization in
the bulk. These polymers are sometimes formed by poly-
merization of vinyl monomers that themselves exhibit
mesomorphic behavior. In other cases, they can be
obtained from monomers that do not form liquid crys-
talline states. At one extreme the structure of the
polymer is highly organized, approaching that of crys-
talline polymers and giving rise to a number of x-ray
diffraction peaks. At the other extreme the polymer
chains are disorganized, with x-ray diffraction pat-
terns that resemble those from amorphous polymers.

The relation between the molecular structure and the
mesomorphic order has been previously discussed (1).
In this paper, the x-ray diffraction results for a
number of polymers with stiff and/or bulky side groups
are discussed.

X-ray diffraction photographs from unoriented
liquid crystalline states of low molecular weight
compounds are characterized by an inner ring (at
28 = 2-5 degrees) related to the length of the mole-
cule, and an outer ring (20~20 deg). The former is
sharp for smectic states where the molecules are
mutually parallel and arranged in planes. The spacing
calculated (Bragg equation) is the distance between
these planes. The inner ring is diffuse in the case
of nematic states, where the molecules in a volume
element lie approximately parallel to each other but
are not organized into a lamellar structure. The
sharpness of the outer ring(s) depends principally
on the extent of lateral packing between molecules.

In many cases a diffuse halo near 28 = 20 deg shows
the absence of long range lateral order between the
molecules.

0-8412-0419-5/78/47-074-001$05.00/0
© 1978 American Chemical Society
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MESOMORPHIC ORDER IN POLYMERS

A number of different smectic states exist among
the low molecular weight mesomorphic compounds. The
molecules, for example, might be normal to the planes
or tilted relative to the normal. The different
states have been given various letter designations
(Smectic A, B, C etc.) and deVries (2) has classified
the x-ray patterns obtained from the various types of
smectic (and also nematic) states.

The patterns obtained from the polymers dis-
cussed here show features similar to those of low
molecular weight compounds. The inner ring is now
related to the organization and length of the polymer
side groups, while the outer rings depend on the lat-
eral packing between the side groups. X-ray patterns
and polymer organization are discussed here in terms
of the classification of deVries. This does not ne-
cessarily imply miscibility with a low molecular
weight liquid crystal of the same letter designation.

Indeed, the polymers discussed here are not fluid
materials but are hard and brittle, and are not liquid-
crystals in the usual sense of this term. In most
cases heating does not change the level of organiz-
ation up to temperatures where the polymer starts to
decompose. Other comparisons and distinctions will be
drawn between these polymers and low molecular weight
mesomorphic states below. Some comments will also be
made on the organization of the polymers as compared
to semi-crystalline polymers with small extent of
crystallinity.

Experimental

The methods of preparation of the monomers are
given in the references in Tables I-III.

X-ray diffraction data were obtained with a War-
hus vacuum camera, and Rigaku wide angle (model SG-7B)
and small angle diffractometers, all with Cu K4 radia-
tion. A Leitz Ortholux polarizing microscope with a
Mettler FP52 hot stage was used for examination of
birefringent films of the polymers and for determining
monomer transition temperatures. A Perkin Elmer DSC-
1B differential scanning calorimeter was also used to
obtain the transition temperature of monomers.

Results and Discussion

The polymers are presented in order of decreasing
levels of organization, starting with highly ordered
smectic and proceeding to poorly organized nematic
states.
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Smectic. Table I lists the monomers of some
polymers that show a sharp inner ring and thus have
smectic organization.

Poly(acryloyloxybenzoic acid), (PABA). When the
corresponding monomer is polymerized in the melt to
high degrees of conversion,* x-ray diffraction from
the polymer shows a sharp ring corresponding to 17.7%,
and three sharp outer rings in addition to the outer
halo (3). The spacing of the inner ring is less than
twice the length of the side groups, suggesting that
the latter are strongly tilted with respect to the
smectic planes. We were unable to orient the sample
to confirm this tilting. In the smectic state of a
low molecular weight analog, nonyloxybenzoic acid,
the molecules are tilted at approximately 45 degrees
to the plane normal (4). The x-ray pattern most
closely resembles that of the Smectic Et (2).

The three outer rings show that there exists
some regular packing between the side groups. It
might be noted that for polymers we would expect to
observe the halo, even if there are sharp outer rings
present. This would be due to poorly organized re-
gions. The ordered domains are not expected to extend
uniformly throughout the specimen. The presence of
the halo is similar to the case of semi-crystalline
polymers.

Poly (methacryloyloxybenzoic acid), (PMBA). Films
of this polymer cast from dimethylformamide give x-ray
patterns with a sharp inner and a sharp outer ring,
(5) in addition to the halo. This pattern resembles
the pattern of Smectic By (2).

It is interesting to remark that in both above-
mentioned cases, the monomers are not mesomorphic.

Poly (N-p-methacryloyloxybenzylidene-p-aminoben-
zoic acid), (PMBABA). Polymerization at 213°C from
the nematic state gives a polymer with a smectic
structure. The spacing calculated from the sharp
inner ring is approximately twice the length of the
side chains (6). This suggests Smectic A organization
with the side groups normal to the planes and the poly-
mer main chain contained within the planes. Polyme-
rization of the monomer from the nematic state in a
10k0Oe magnetic field gave an oriented specimen. X-ray

*Polymerization to low degrees of conversion and
casting of films from a dimethylformamide solution
gives a semi-crystalline polymer with up to eight
x-ray diffraction lines.
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diffraction shows the outer halo to be positioned at
900 to the arcs diffracted from the planes. Figure 1
shows the x-ray pattern from an oriented specimen.
This confirms the similarity of this organization with
the Smectic A. No regular packing exists between the
side chains. The average distance between the side
chains is D=5.08% calculated from 1.117%=2Dsin8 (7).

A schematic drawing of the structure is shown in
Figure 2.

An unusual feature of Figure 1 is the multipli-
city of higher orders of diffraction from the smectic
planes. The following orders have been observed:

i, 2, 3, 5, 6, 7, 9, 10, 11 and 13. A few higher
order peaks have been reported for polymers and low
molecular weight compounds with smectic organization.
The polymer PMBABA must have a high degree of posi-
tional regularity along the side group, yet no or-
dered lateral packing of the side groups.

Poly(cholesteryl methacrylate), (PChMA) and
Poly(cholesteryl p-acryloyloxybenzoate), (PChAB).

The structure of these polymers is classified as
Smectic A (8). The interplanar spacing is approxi-
mately twice the length of the side group. The struc-
ture is discussed in some detail in another paper in
this volume.

Figure 3 shows the effect of different methods of
specimen preparation on the sharpness of x-ray lines
from smectic planes. The intense, sharp peak in
Figure 3a is from the polymer PChMA prepared by bulk
polymerization of the isotropic monomer._ Dissolving
the sample in benzene and subsequent film casting
gives a poorly organized structure, (Figure 3b).
Subsequent annealing of this specimen at 180°C
(Tg~160°C) in a vacuum oven for two hours allowed
reorganization of the chains resulting in the dif-
fraction shown in Figure 3c. In other cases in which
smectic organization is achieved during polymerization
of the monomer directly, rapid precipitation of the
polymer from solution gives a powder which shows only
a very diffuse halo at the scattering angle of the
inner ring. In discussing the mesomorphic structure
of polymers, it is important that the method of sample
preparation be known.

Poly (di(N-p-acryloyloxybenzylidene)-p-diamino-
benzene), (PdiABAB). The polymerization of this di-
functional monomer and the copolymerization with a
monofunctional monomer have been previously described,
(9). Polymerization of this monomer in its nematic
state in a magnetic field of 4,000 Oe leads to an

oriented polymer. The diffraction pattern of this poly-



Publication Date: June 1, 1978 | doi: 10.1021/bk-1978-0074.ch001

MESOMORPHIC ORDER IN POLYMERS

Figure 1. X-ray diffraction from PMBABA showing orientation of the smectic
planes. The 324 line is partially hidden by the beam stop.

Figure 2. Schematic diagram of the
smectic A structure in PMBABA
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mer is analogous to a pattern of a Smectic A mesophase.

Intermediate Organization. The two monomers
listed in Table II give rather intense inner rings
that are broader than those from the lamellar states
described above. Figure 4 shows the diffraction from
poly (N-p-butoxybenzylidene-p-aminostyrene), (PBBAS).
The Bragg spacing calculated from the inner ring is
less than twice the length of the side chain (with
extended n-alkyl groups). Further, careful measure-
ment of the angles of the first and second order peaks,
shows (sin 8) second order< 2(sin 8) first order.
These features indicate a structure which differs from
a well organized smectic. Further, the high intensity
of the inner ring implies a state more organized than
nematic.

We have been unable to fit these data into the
classification (for low molecular weight compounds)
of deVries. The broadening of the lines may come from
distortions of a smectic organization with interpene-
tration of the n-alkoxy chains from different mole-
cules. The outer diffuse halo shows that no lateral
regular packing exists between the side chains.

Nematic. Table III gives three monomers that
polymerize to states that we have classified as ne-
matic. Since some of the properties of these polymers
differ widely from those of low molecular weight
nematic states, the experimental results should be
closely examined.

Poly (N-(p-cyanobenzylidene)-p-aminostyrene),
(PCBAS). Polymerization of the monomer from the ne-
matic and isotropic states proceeds over a few hour
period (10). Samples polymerized at 127°C for 24
hours show a very weak diffuse inner ring at 28-~4.2
degrees. This is much less intense than expected
from comparisons with low molecular weight nematics.
Within the outer halo there is a sharp line correspond-
ing to 4.43%. TFilms of the polymer are transparent,
but are weakly birefringent. Light of low intensity
is transmitted between crossed polarizers in the op-
tical microscope.

Based on comparisons with low molecular weight
compounds, the optical clarity and the weak inner
ring suggest that the organization is isotropic.
However, nematic order was assigned to the polymer
based on observation of optical anisotropy (10). The
sharp line of medium intensity within the outer halo
suggests some parallel packing of the side chains.
The spacing is the same as that found for other side
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a
1
C.

\ b.

V%
Figure 3. X-ray diffraction from PChMA - -
prepared under different conditions. (a)
Polymerized from the isotropic melt; (b) Lolot — e
films cast from benzene solution; (c) speci- tzo3 ta e el
men from (b) annealed at 180°C for 2 hr. 26, deg

Figure 4. X-ray diffrac-
tion from PBBAS
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chains containing the Schiff base structure and phenyl
rings when regular packing is achieved (8). Further,
this sharp peak is absent from the x-ray photographs
from samples precipitated from solution. This latter
method of sample preparation leads to a less ordered
structure than bulk polymerization. Thus, the sharp
line must be due to parallel packing between side
groups, not other intramolecular effects.

The low intensity of the x-ray inner ring could
be due to two factors. 1) The nematic organization
might not be extensive. As mentioned above, the or-
dered domains may not extend continuously throughout
the sample in polymers, but would be interrupted by

disordered regions. 2) The diffuse inner ring for
nematic states in small molecules is caused by the low
electron density at the ends of the molecules. In the

case of polymers with nematic packing of the side
chains, one end of the nematogenic structure is bonded
to the polymer main chain with no abrupt decrease in
density. Thus, there are fewer electron density fluc-
tuations per unit volume. To our knowledge, there are
no reported cases where polymers with nematic orga-
nization of side groups give an inner ring of moderate
intensity.

The turbidity of the nematic states of low mole-
cular weight compounds is due primarily to fluctua-
tions in the orientation of the director over distances
on the order of the wave length of visible light (12).
The optical clarity of PCBAS indicates that the re-
gions of nematic organization are much smaller in size.
Light is not appreciably scattered, nor are the typi-
cal nematic textures resolvable in the polarizing mi-
croscope.

Poly (p-phenylene-bis(iN-methylene-p-aminostyrene)),
(PPMAS), Poly(di(N-p-acryloyloxybenzylidene)hydrazine),
(PdiABH). These difunctional monomers yield polymer
networks upon bulk polymerization. No inner rings
have been detected from the nematic organization. This
has been explained (8) by the fact that both chain ends
of the monomer are incorporated into the polymer main
chains. In the case of complete conversion to polymer
there are no side group ends giving large electron den-
sity fluctuations.

Comparison with Crystalline Polymers. The struc-
ture of the polymers discussed above differs from that
in crystallizable polymers with low degrees of crys-
tallinity (poorly developed structure). Here the
tendency to organize comes from the parallel packing
of the side groups. There is no evidence that polymer
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main chains are parallel to each other over long dis-
tances. In the smectic A and C states, we envision
the polymer chain as coiled though confined to a plane.
In the usual case of polymer crystals the main chains
lie parallel in the crystalline regions.
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X-Ray Diffraction Studies on Mesomorphic Order in

Polymers

J. H. WENDORFF, H. FINKELMANN, and H. RINGSDORF

Deutsches Kunststoff Institut, Darmstadt, and Institut fiir Organische Chemie,
Universitdt Mainz, West Germany

In the past few years a considerable number of papers
were published which were concerned with liquid crys-
talline structures in polymeric systems. Different
routes were employed to obtain polymers with liquid
crystalline structures or even thermodynamically
stable liquid crystalline phases,l). In general mono-
mers containing mesogenic groups - groups which are
known to have a tendency towards the formation of
liquid crystalline structures, or rigid groups were
used. Cases are known where_ the monomers exhibit
liquid crystalline phases 2), In that case the poly-
merization can be performed in anisotropic melts;
frozen-in liquid crystalline structures and textures
can be obtained in many instances 1,2), In other
cases the monomers do not display liquid crystalline
phases. The formation of liquid crystalline polymer
structures may nevertheless be possible due to the
restriction of the motions of the individual repeat
units 3J,

Basically two different approaches have been used
to obtain liquid crystalline structures in polymers:
Either the mesogenic or rigid group was built into
the polymer backbone or it was attached to the main
chain as a side chain.

Main chain polymers. Due to the rigidity of the mono-
mer units stiff polymer chains are obtained which
according to the theory should have ? tendency towards
the formation of anisotropic melts A). The properties
of these melts have been widely used to obtain fibers
with very good mechanical properties 5), Disadvantages
of rigid chains are their high melting point and
strong restrictions of reorientational motions which
are necessary for inducing textural changes. COne way
of overcoming these disadvantages consists in putting

0-8412-0419-5/78/47-074-012$05.00/0
© 1978 American Chemical Society
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flexible spacer groups between mesogenic groups in
order to decouple the orientational motions and the
positional order of the individual repeat units BJ,
It can be expected that in this case the mesogenic
groups will form liquid crystalline structures in the
same way as in the case of low molecular weight sub-
stances.

Side chain polymers. In the case of side chain poly-
mers in which the mesogenic groups are attached to
the backbone two ways of obtaining liquid crystalline
structures are possible. If the side chain is rigidly
attached to the backbone liquid crystalline side
group structures can only be obtained if the chain
conformation is distorted with respect to the chain
conformation in the isotropic fluid state. An example
will be discussed where the backbone is confined to a
plane within smectic layers. If the side groups are
decoupled from the backbone with respect to the posi-
tional and orientational order as well as with respect
to the reorientational motions it is possible for the
side groups to form liquid crystalline structures
without distorting the conformation of the polymer
main chain. One then expects that structure formation
occurs in a way similar to that known in low mole-
cular weight liquid crystals. Short mesogenic groups
are expected to form nematic structures whereas long
groups are expected to form smectic structures. These
model considerations are discussed in detail in con-
nection with the synthesis of the monomers and poly-
mers in paper £/,

In this paper three kinds of polymers will be con-
sidered (polymers 1, 2 and 3) in which mesogenic
groups are either attached to the flexible backbone
via flexible spacer groups (polymers 1 and 2) or
directly without spacer groups. The polymers studied
are shown in table 1.

Experimental

The syntheses of the monomers and poclymers based on
model considerations are described in a separate
paper 4). The samples used in the experiments were
obtained either by precipitating the polymers from
solutions or by casting films from solutions. The
films were studied "as received” and also after
heating them up to temperatures above the melting
point and cooling them down to room temperature.

The structure of the polymers was studied by means
of X-ray diffraction. The experiments were performed
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Table 1

Polymers studied, in most cases methacrylic backbones
were used.

Polymer 1

Backbone-COO-(CHz)ﬁU'C8H4—CDD—CBH5-R

(CHZ)n flexible spacer group, R variable

Polymer 2

Backbone-CUD-C6H4-(CHz)n-COO-Cholesteryl

(CHZ)n flexible spacer group, n = 2, 6 or 12

Polymer 3

Backbone—CUU-C6H4-CH=N-C6H4-O-C2H5

heating run

cooling run (/_’/’——__———-

T
r : y R
0 4LI0 430 450 470K

Figure 1. DSC traces of a polymer displaying a smectic
and a nematic phase
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with a Kratky small angle diffraction unit and with
a wide angle diffractometer. The scattered intensity
was registered stepwise using a scintillation counter
combined with an impuls height discriminator. Dia-
grams of oriented samples- due to induced textures,
were obtained by means of a flat film camera. The
position and the width of the reflections were cali-
brated by comparison with the diagrams of quartz.
Additional information about the structures and the
stability region of the structures were obtained by
thermal analysis (DSC) and by means of a polarizing
microscope.

Thermal Properties

Polymers with flexible spacer groups. Polymers ob-

tained by precipitation or by casting films from
solutions were found to be amorphous as shown by X-ray
and microscopical observations. The DSC data revealed
that on heating up the samples for the first time a
stepwise increase of the specific heat occurred which
could be attributed to a glass transition. Thus at
room temperature the "as received” samples were in

the isotropic glassy state, apparently no liquid
crystalline solutions exist.

Just above the glass transition temperature an exo-
thermic peak was observed, indicating that an ordered
structure was formed. Subsequent X-ray studies showed
that either nematic or smectic structures were formed,
depending on the nature of the substituent R. On
further heating one or two sharp melting peaks were
observed (Figure 1), the polymers were transformed
into the isotropic fluid state, as shown by X-ray
data. On cooling the samples the transformation into
liquid crystalline states occurred as shown by exo-
thermic peaks (Figure 1). At lower temperatures a
stepwise decrease of the specific heat was found, thus
at room temperatures the samples are nematic or smec-
tic glasses. The melting and crystallization ranges
were very narrow of the order of 1 or 2 deg. C. The
degree of super-cooling was very low, at a heating
and cooling rate of 4 deg. per minute the difference
in melting and crystallization temperatures amounted
to about 2 deg. C. In the case of the nematic tran-
sition the heats of fusion were of the order of 2
Joules/g whereas in the case of the smectic tran-
sitions the heats of fusion were of the order of 10
Joules/g. The properties discussed above are very
unusual for polymeric systems but quite usual for low
molecular weight liquid crystalline systems.
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The melting points of the polymers studied were in the
range of 100 to 130 deg. C for polymers 1 and around
200 deg. C for polymers 2.

At the glass transition a distinct stepwise change of
the specific heat was only observed for nematic phases
whereas for the case of the smectic phase only a
change in the slope of the specific heat temperature
curve was found. Additional techniques such as dilato-
metry have to be used in order to prove that actually
a glass transition occurs. This result indicates that
since the smectic structure is closer to that of a
crystal, the motions which take place above the glass
transition will be restricted. Thus the increase in
the specific heat will be small. The types of motions
which freeze in at the glass transition will be dis-
cussed below.

Isotropic glasses are characterized by relaxation
processes, which are directly related to the non-
equilibrium nature of the glassy state. Similar pro-
cesses should also occur in liquid crystalline glasses.
Enthalpy relaxation was observed for samples, which
had been annealed below the glass transition tempera-
ture for several hours, proving the non-equilibrium
nature of smectic and nematic glasses.

Polymers without flexible spacer groups. The DSC
curves of the polymer 3 indicated the existence of a
liquid crystalline glassy state at room temperature.
The polymer was found to be smectic. Two melting peaks
were observed in the temperature range between 300
and 310 deg. C. These peaks are not as easily observed
as in the case of the polymers discussed above, since
the decomposition takes place in the same temperature
range. The occurrence of exothermic peaks on cooling
nevertheless indicates that reversible melting and
crystallization processes take place.

X-Ray Investigations

Polymers with flexible spacer groups. Smectic or
nematic polymers were obtained depending on the
nature of the substituent R in the case of polymers 1
(Table 2). It has to be pointed out that the struc-
tures at temperatures above the glass transition
temperatures are equilibrium structures, since thermo-
dynamically stable liquid crystalline phases exist.
This is in contrast to most systems studied until now
where only liquid crystalline structures were ob-
tained.

The nematic phases were characterized by one broad
halo in the wide angle scattering region, which could
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be attributed to the short range positional order of
the side groups characteristic for the nematic order.
The molecular distances derived from these data cor-
responded to those of parallel side groups. No re-
flections were observed which could be attributed to
a positional order in the direction of the long axes
of the side groups, thus no cybotactic clustering
took place 8J, The scattering diagram is very similar
to that of amorphous polymers. One consequently has
to use additional techniques such as polarizing micro-
scope techniques in order to verify a nematic struc-
ture. The nematic structure is characterized by a lo-
cal orientation of the side groups. In the absence of
a specific texture no macroscopic orientation will
results since the preferred direction changes within
the sample. Slightly orientated samples were obtained
by drawing, highly oriented samples were obtained if
specific textures were induced. This will be discussed
later. No information was gained about the confor-
mation of the chain. It can be assumed however, that
the conformation is very close to that of the iso-
tropic fluid state due to the flexible spacer groups.

The smectic structure was characterized by one or
more (higher order) reflections in the small angle
scattering region, which were sharp, and by a broad
halo in the wide angle region. The small angle re-
flections could be attributed to smectic layers, the
wide angle halo to a two-dimensional fluid state with-
in the smectic layers. Thus the structure is charac-
teristic of a smectic A or C modificetion. In order
to obtain more information about the smectic struc-
tures in polymers extended studies including studies
on oriented systems were performed on a specific poly-
mer displaying a smectic structure; a polymer without
a flexible spacer group was chosen. This will be dis-
cussed below.

In the case of the polymers 2 smectic structures were
observed for the homopolymers, that is for polymers
in which the flexible spacer group was constant.

In addition to the homopolymers also copolymers were
studied, in which the comonomers were characterized
by spacer groups of different length. The combinations
studied were n = 2/6; n = 6/12 and n = 2/12. Smectic
polymers were observed by copolymerization of mono-

mers with n = 2/6 and n = 6/12, whereas cholesteric
polymers were obtained by copolymerization of mono-
mers with n = 2/12, if the composition was approxi-

mately 1 : 1. Apparently large differences in spacer
length, which lead to shifts of the mesogenic chol-
esteryl group relative to each other are required for
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the destruction of the smectic order. The X-ray pat-
tern of the homopolymers and the copolymers 2/6 and
6/12 are characterized by sharp reflections in the
small angle region, whereas the pattern of the copoly-
mer 2/12 is characterized by increasingly broader re-
flections if the composition 1 : 1 is approached. At
this composition only a broad small angle halo is ob-
served. The existence of a cholesteric structure is
established by means of polarizing microscope tech-
nigques and by the observation of selective reflection.
The side groups are parallel to a prefered direction
in these polymers on a local scale, the prefered di-
rection changes in the sample in such a way that a
helical structure results.

Polymers without flexible spacer groups. The tendency
to form smectic structures is increased if the spacer
group is missing. This is probably caused by the
strong coupling between the position of neighbouring
mesogenic side groups due to the chain backbone.
Oriented samples-used for structural analysis, were
obtained by performing the polymerization in the
nematic phase of the monomer under the influence of a
magnetic field. It should be pointed out that the
final structure of the polymer did not depend on the
method by which the polymer was synthesized. In all
cases the diffraction pattern was characterized by
four sharp reflections in the small angle region and
one broad reflection in the wide angle region. The
small angle reflections corresponded to a lattice
dimension of 20.3 R, which was related to the di-
mension of the smectic layers.

The small angle reflections were analyzed with re-
spect to the dependence of their width on the order
of the reflections. From this analysis information
on structural defects of the layer arrangement can be
obtained. According to the theory of paracrystalline
distortions 8) the integral width &8 of the reflec-
tions can be related to the size L of smectic aggre-
gats (crystal size in the direction of the layer
normal) and to the relative fluctuationsd1l/1 = g of
the lattice dimension (smectic layer dimension) 1 by
the expression:

de’ =1/ 12+« wam* /1

2

where h is the order of the reflection. It was found
that the dependence of the width of the reflections
on the order could be represented by this equation.
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From the_intercept and the slope of the line a value
of 1580 R was obtained for L and a value of 1.4 % for
g. Thus up to 80 layers are within one smectic aggre-
gat, the relative fluctuation of the layer dimension
is very small.

Additional information can be obtained from oriented
samples, they were characterized by small angle re-
flections on the meridion and a broad reflection in
the wide angle region on the equator. The reflections
were elongated along Debye rings, due to misorienta-
tions. The fiber diagram revealed that the direction
of the one dimensional long range order, which was
identical with the direction of the fiber axis, was
perpendicular to the direction, in which only a short
range order existed. Thus the smectic structure of
the polymer is characterized by assemblies of smectic
layers in the direction of the layer normal and a
short range order within the smectic layers. In these
layers the side groups, containing the mesogenic group,
are parallel to each other and parallel to the layer
normal as in the case of the smectic A modification.
If one compares the molecular dimensions of the chain
with the values obtained from the scattering experi-
ment one has to conclude that the polymer chains are
arranged in a staggered way. Neighbouring polymer
chains must be shifted in a regular way in the direc-
tion of the long axes of the side groups. It is
possible that the CH, groups of the methacrylic back-
bone disrupt the cloge packing of the side groups
since in the case of an acrylic backbone no shift of
the neighbouring side chains was observed.

In the smectic polymers the main chain must be con-
fined to parallel planes within the smectic layers
since the observed periodic structure in the direc-
tion of the layer normal can only be obtained by this
arrangement. The X-ray data do not yield information
on the actual two dimensional conformation of the
chain on these smectic planes.

On heating up the sample the X-ray diagram remained
unchanged up to the glass transition temperature.
Above this temperature the small angle reflections
remain unchanged whereas the width and the position
of the wide angle halo change in a way characteristic
of increased molecular distances and a broader distri-
bution of the molecular distances. Thus the motions
which set in at the glass transition occur only with-
in the smectic layers in a direction parallel to the
layer surface. The smectic layer acts as a two-di-
mensional fluid.
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Liquid Crystalline Textures

Liquid crystalline textures in polymeric systems can
be obtained in two different ways. One way consists
in inducing a specific texture in a liquid crystal-
line monomer phase. Often the forces acting on the
sample will be sufficiently large to stabilize the
texture during the polymerization. A texture may be
obtained in this way even in polymers which do not
display liquid crystalline phases. In the case of
polymer 3 the polymerization in the nematic monomer
phase under the influence of a magnetic field led to
a polymer sample with high orientational order on a
macroscopic scale.

A second way to obtain liquid crystalline textures
consists in heating up polymer samples, which display
liquid crystalline phases, between glass slides or
under the influence of external forces such as elec-
tric or magnetic fields. Textures will then form in
a way similar to the case of low molecular weight
liquid crystals. This was observed for the case of the
polymers 1. On cooling down the textures can be frozen
in since a glass transition occurs. Thus it becomes
possible to keep a specific texture with interesting
optical properties permanently.
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Enantiotropic (Liquid Crystalline) Polymers: Synthesis
and Models
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Kunststoff Institut, Darmstadt, West Germany

In the past few years studies on liquid crystalline polymers
have attracted increasing interest because of their theoretical
and technological aspects (1). In order for the liquid
crystalline phase to form, the molecules must have an extended
rigid molecular shape and a large anisotropic polarizability
(2). If a polymer has to behave like a conventional liquid
crystal, it is best to use a mesogenic molecule as a monomer
component. By substituting a vinyl group, the polymerization
leads to an alkyl polymer chain, where the mesogenic moieties
are fixed as side chains. In the liquid state, the polymer main
chain is flexible, and only the rigid mesogenic side chain
moieties are required to form the mesophase. They have to build
the liquid crystalline order independently from the conformation
of the connecting main chain. Consequently the theoretical
considerations used in the case of conventional liquid crystals
have to be valid for this type of polymer.

In the past few years attempts to synthesize liquid
crystalline polymers have started with a monomer 1in a
liquid crystalline state. Three different types of polymer
systems have been obtained:

(1) Amorphous polymers =- which exhibit no liquid crystalline
properties.

(2) Polymers, with fixed liquid crystalline structure -- if the
polymerization temperature was below the glass transition
temperature (EG) of the polymer. These polymers exhibit a
liquid crystalline structure in the solid glassy phase
because the structure of the ordered monomer phase was
"frozen in" by polymerization. By heating the polymer,
these frozen structures were irreversibly lost above the
Ia (3,2). An additional effect was observed; starting from
a nematic or cholesteric monomer in most cases, the result-
ing polymer structure was smectic (é,z). The decrease of
mobility of the mesogenic side chains because of their

0-8412-0419-5/78/47-074-022$05.00/0
© 1978 American Chemical Society
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fixation to the polymer main chaln implies an additional
long range order of the centers of gravity of the mesogenic
groups .

(3) Liquid crystalline (LC) polymers -- with a thermodynamically
stable liquid crystalline phase above the T These were
obtained only in a few cases (8,9).

Until now there was no obvious correlation found between
the monomer structure and the resulting polymer phase. No.theo=
retical structural conditions were described which would result
in a liquid crystalline polymer with a definite ordered phase,
e.g., with a nematic, a smectic, or a cholesteric phase as in
conventional liquid crystals. Although previous examples have
established (§,2) the existence of enantiotropic liquid
crystalline side chain polymers, additional considerations are
in order for a systematic synthesis of such polymers.

Model Considerations

In conventional LC phases the motion of the molecule is
restricted only by the anisotropic interactions with its
neighbors. This leads to the formation of the orientational
long range order and, in the case of smectic phases, to an
additional lamellar structure. However, completely different
conditions normally exist in a liquid crystalline polymer.

Figure 1 schematically shows the typical structure for a LC
polymer as described so far. The mesogenic groups are directly
fixed to the main chain. Thus for the liquid crystalline polymer
state above the Ty two conditions have to be considered.

(l) The polymer main chain has to be in the liquid state,
causing a tendency toward a statistical chain conformation.

(2) The mesogenic side chains have to be in the liquid
crystalline order. The anisotropic interactions induce an
anisotropic orientation.

These two tendencies conflict, and steric hindrance in the
system determines which tendency will dominate. The steric
hindrance results from the direct linkage of the main chain to
the side chain. A direct coupling of motions of the main chain
to the rigid mesogenic side chains can be assumed. Therefore,
an amorphous liquid polymer is obtained if the anisotropic
orientation of the side chain is hindered or disturbed by the
main chain. On the other hand, a solid polymer with a ILC
structure is obtalned if the anisotropic-ordered rigid side
chains hinder the normal motions of the main chain and thus tend
to restrict the main chain motions.
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The critical point seems to be the direct linkage between
the main and side chains. Thus one can assume that to obtain a
polymer in its liquid crystalline state, the direct coupling has
to be avoided. TIf this linkage were flexible, steric hindrance
would be alleviated, and the motions of the side and main chains
would be decoupled (Figure 2). Under these conditions a
statistical main chain conformation as well as an anisotropic
orientation of the side chain would occur, resulting in an
enantiotropic LC polymer. The flexible linkage (schematically
represented in Figure 2 byvxﬂﬂ can be realized by an alkyl- or
alkyloxy chain and will be called "flexible spacer group.' If
the model with the decoupled main chain and side chain with the
flexible spacer group is valid, the properties of the resulting
liquid crystalline polymer should be determined only by the meso-
genic moieties similar to conventional LC.

The model can be applied by homo- and copolymerization
(Figure 3). Nematic as well as smectic polymers may be expected
with homopolymerization. With regard to a homologous series of a
mesogenic components with varying para substituents, nematic
phases should be formed preferentially by using short para
substituents. Smectic phases should be found preferentially if
the para substituent is sufficiently long. This analogy to low
molecular liquid crystals is expected if the main and side chains
are decoupled. The knowledge of conventional liquid crystals
would then be applicable to these types of polymers. With
copolymerization basically the same principles can be expected as
for the homopolymers. Using different monomers, a wide variation
of the temperature region of the mesogenic phase may occur. An
additional effect has to be expected with copolymerization of
monomers with spacers of different lengths. The resulting co-
polymers should exhibit even less order than the corresponding
spacer-group-containing homopolymers. It should be possible to
favor an arrangement of mesogenic side groups in which the
centers of gravity are distributed statistically and thus avoid
the smectic order. These models might be of interest, especially
for the formation of nematic polymers.

Results and Discussion

Homopolymers. Phenylesters of benzoic acid were chosen as
mesogenic groups for the synthesis of suitable monomers. The
acryloyl- and the methacryloyl moieties were used as polymeriza-
ble groups. The flexible spacer was an alkyl chain or an
alkyloxy chain of varying length. Thus a homologous series of
E-;ﬁ_—(2-methylpropenoyloxyalkyoxy) ‘benzoic acid -p'
substituted phenyl esters 1 was prepared. The monomers were
synthesized by the standard methods as follows:
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MAIN CHAIN IN MESOGENIC
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LC ORDER
¢
TENDENCY TOWARD TENDENCY TOWARD
STATISTICAL CHAIN ANISOTROPIC
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A sTERIC HlNDRANcﬂ-\
AMORPHOUS SOLID POLYMER +
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Figure 1. Schematic of formation of liquid
crystalline order in polymers with mesogenic
side groups attached directly to the main chain
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Figure 2. Schematic of liquid crystalline

order formation in polymers with mesogenic

side groups decoupled from the main chain
by a flexible spacer
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1.  HOMOPOLYMERIZATION

POLYMER

NEMATIC
POLYMER

2. COPOLYMERIZATION

NEMATIC
g POLYMER

Figure 3. Schematic of nematic and smectic order in (a)
copolymers and (b) homopolymers
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NaOH
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The properties of some monomers are listed in Table I. Only
the diphenyl derivatives exhibit enantiotropic liquid crystalline
properties whereas the phenylesters melt to isotropic fluids. A
monotropic liquid crystalline phase is obtainable if long spacers
and para substituents are used. Because of the high tendency to
crystallize, the monotropic phase transitions of the monomers
were not determined.

All monomers are radically polymerizable. In accordance
with the predictions derived from the model, these polymers
exhibit enantiotropic liquid crystalline properties. Even the
polymers prepared from isotropic monomers are liquid crystalline.
Table IT lists the phase transition and LC phases which were
determined by DSC, x-ray investigations(ig), and polarization
microscopy.

If one compares the polymers where R is an alkyloxy group,
nematic as well as smectic phases are observed. If R is a short
substituent (-OCH_), the polymer is nematic, whereas if R is a
longer substituen%, the polymer is smectic. The diphenyl
derivatives exhibit same characteristic. In addition the di-
phenyl derivatives without a para substituent have a low tempera-
ture smectic phase as well as a nematic phase.

These results show that the side chain polymers fit the
model well. Furthermore they confirm the expected analogy of
these spacer-group-containing polymers with conventional liquid
crystals that nematic and smectic phases can be realized, depend-
ing on the para substituents of the mesogenic moieties.

Copolymers. The second part of our model is concerned with
the copolymerization of monomers with different spacers. In
this case a statistical distribution of the centers of gravity
of the mesogenic chain might be preferred even more. This
prediction was tested with cholesteryl derivatives:
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Table I.

0

MESOMORPHIC ORDER IN POLYMERS

Phase Transitions of Monomers 1

o OO

Alkxlethers

n R Phase Transition
(°c)

2 OCH3 k 69 i

2 OC3H7 k 67 i

2 OC6H13 k 59 i

6 OCH3 k 47 i

6 OC6H13 k 47T n 531

Diphenyl derivatives

n R Phase Transition
(°c)

2 | CgHy0CH, k 108 n 211 i

3 C6HhOCEH5 k 123 n 202 i

3 C6H5 k 105 i

6 C6H5 k 64 sm 68 n 92 i
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a

Table ITI. Liquid Crystalline Phase Transition
of Synthesized Polymers

CH
| 3
ot
0=C-0-(CH,,) E—O-@-COO-@-R

1. Alkylethers

a) Nematic polymers

n | R [ Phase Transition
2 | ocH, g 101 n 121 i
6 ocH3 g 95 n 105 i

b) Smectic polymers

n R Phase Transition

2 OC3H7 g 120 sm 129 i

2 OC6H13 g -%) sm 140 1

6 006Hl3 g 60 sm 115 i

2. Diphenyl derivatives

n R Phase Transition
2 -@ -OCH_ g-%) 17714
3 -@ -0CH, g 120 sm 300 i
3 -O- em 170 n 197 i
6 -@- g 132 sm 164 n 18k i

Not yet determined.
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0
Z
4}\\6,// o<<:::>— (CHE)E -c(:o_ -

=2, 6, 12

Iro

n

in which the spacer length n is varied. All synthesized

monomers exhibit cholesteric mesophases instead of nematic phases

because of the chirality of cholesterol (Table III).

Table III. Phase Transitions of Cholesteryl Derivatives 2

o

0
44?\15// O*<:::>_ (CHQ)E-Cfis-chol

n f Phase Transition (%3)
2 k 139 ch 159 i

6 k 90.5 ch 112 i
12 k 55 ch 81 i

The synthesized monomers are radically polymerizable, and their
polymers and copolymers were purified by reprecipitation.

Table IV summarizes the results of polymerization experiments.
In all cases enantiotropic liquid crystalline polymers were
obtained. The homopolymers exhibit smectic phases. Contrary
to our expectations smectic polymer phases are obtained also by
copolymerization of the monomers in which the spacer length is
n; =2, np=6and n; =6, n, = 12. A similar result was
published recently by Shibaev et al. (7), who, based on
investigations of comb-like polymers, Eynthesized polymer
cholesteryl derivatives with enantiotropic smectic phases.

The expected preference of a statistical distribution of
the mesogenic side c¢hain has so far been only realized by the
copolymerization in which n, = 2, n, = 12 and only if the
monomer ratio is 1:1. Othe¥ compositions also led to smectic
phases. The best proof for its cholesteric structure is its
selective reflection of left-circular polarized light in the
visible, which indicates a left-handed cholesteric helix of the
polymer. The structure has been established also by x-ray
investigations (§). This copolymer is the first enantiotropic
cholesteric polymer.

This result confirms the model and shows that a statisti-
cal distribution of centers of gravity of the mesogenic side
chains is possible if spacer groups of sufficiently different
lengths are used.
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of Cholesteryl Derivatives 2 &

Homogolmers

Phase Transitions of Homo- and Copolymers

n Ty (OC)b AHp (J/g)b Polymer ©
K1 Phase
2 -d -d smectic
6 182 6.7 smectic
12 168 L.2 smectic
Copolymers
b b c
n 0 M M T AHnL (J/g) Polymer
= =2 =] e
1 L 2 Kl TKJ_ Phase
a d .
2 6 50 50 - - smectic
6 12 50 50 185 2.76 smectic
2 12 51 ko 209 1.17 cholesteric
2 12 56 by 212 1.25 smectic
2 12 34 66 - - smectic
2 12 Lo 58 - - smectic
& 1y, n, = spacer length of components Ml’ ME'
b
DSC measurements.
¢ X-ray investigations
da

Decomposition before clearing.
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Bulk Polymerization. The monomers were also polymerized in
bulk. To follow the process, a polarization microscope was used,
which made it possible to observe phase separations or phase
transitions during polymerization.

(l) A phase separation during polymerization occurred when a
nematic monomer was polymerized to a smectic polymer, be-
cause the polymer was insoluble in the monomer.

(2) No phase separation was observed when an isotropic monomer
was polymerized to a nematic or smectic polymer. The
nematic or smectic polymers are soluble in the isotropic
monomer. When a certain conversion is obtained, a phase
transition from isotropic to nematic or smectic phase takes
place. This phase transition, caused by variation of the
mole fraction of the monomer and the polymer, is comparable
with a phase transition caused by varying the temperature
at constant composition.

(3) A homogenous polymerization was achieved by the polymeriza-
tion of a nematic monomer to a nematic polymer where the
temperature region of the liquid crystalline monomer phase
overlapped the temperature region of the liquid crystalline
polymer phase (see Table II). This polymerization process
is influenced either by a precipitation or by a phase
transition.

A detailed physical investigation of the polymers
described here is discussed in Chapter 2.
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Thermotropic Cholesterol-Containing Liquid Crystalline

Polymers
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Moscow State University, Moscow, USSR

In recent years, investigators working in the
field of physics and chemistry of high-molecular com-
pounds have been paying a lot of attention to the
problem of creating liquid crystalline systems (1-14).
The great interest displayed in the study of properti-
es of such systems can most probably be accounted for
by two main factors: firstly, by the advances in stu-
dies into the structure, properties and practical use
of low-molecular liquid crystals in physics, technology
and medicine, and, secondly, by the studies of the na-
ture and salient features of the liquid crystalline
state in polymers as a specific state of macromolecu-
lar substances.

Advances in this field of research are associated
with the development of methods for producing polyme-
ric liquid-crystalline systems and controlling the
processes of structure formation in polymers.

Unfortunately, at present, the relevant literatu-
re not only lacks classification of experimental data
on polymeric liquid crystals, but also criteria deter-
mining the existence of the liquid crystalline state
in polymers are nowhere to be found. More often than
not, certain authors refer to polymer systems under
study or specific states of these systems as liquid-
crystal ones without sufficient grounds.

The recently published reviews by Papkov on lyo-
tropic liquid crystalline polymer systems (1g) and by
Shibaev and Plate on the liquid crystalline states
in polymers (13) should be regarded as the first at-
tempts to systematize the great body of available ex-
perimental data with a view to elaborating adequate
techniques of producing liquid crystalline polymer
systems,

In this paper, which deals exclusively with ther-
motropic liquid crystalline polymers, we shall apply
the term "liquid-crystalline"™ to the thermodynamical-

0-8412-0419-5/78,/47-074-033$06.00,/0
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ly stable phase state of polymers or polymer systems
characterized by a spontaneously occurring (indepen-
dently from their state of aggregation) anisotropy

of properties (in particular, optical anisotropyg in
the absence of a three dimensional crystal lattice.
It should be pointed out that along with this defini-
tion which describes the liquid crystalline state as
a phase state, use is often made of the term "liquid
crystalline structure” which is indicative only of a
certain orientation ordering in a system. Despite the
narrower meaning of the latter term, the notion of a
liquid crystalline structure (or ordering) is widely
used in the literature on structural polymer studies,
therefore, in some instances, we shall use this term
as well.

At present, four types of polymer systems can be
distinguished to which, in our opinion, the term of
liquid erystalline (mesomorphous) state is applicable:

(I) Melts of crystalline polymers and amorphous
polymers characterized by an orientation related to
liquid crystalline ordering;

(2) Lyotropic liquid crystalline systems;

1 (3) Mesomorphous structures of block polymers in
gels;

(4) Polymers with side anisodiametric groups mo-
deling the molecular structure of low-molecular liquid
crystals,

In this paper, we shall dwell on approaches to
creating liquid crystalline polymers of the latter ty-
pe. As far as the first three systems are concerned,
their description can be found in Refs. (12-13) and
the cited references.

Polymers with side anisodiametric groups modeling
the molecular structure of low-molecular liquid crys-
tals can be obtained either through synthesis of mono-
mers with liquid crystalline (mesogenic) groups with
subsequent polymerigation or through chemical attach-
ment of molecules of low-molecular liquid crystalline
compounds to a polymer chain by way of polymer-analo-
gous transformations. As can be inferred from the bulk
of works dealing with this problem, at present, the
first of these two methods is used in most cases.

Ref. (13) reviews the basic types of the so far syn-
thesized polymers with mesogenic groups along with a
detailed description of the structure of these compo-
unds. Analysis of these data suggests that the presen-
ce of mesogenic groups directly linked with the main
chain (Figure 1), as a rule, does not result in such
polymers manifesting liquid crystalline properties.

If some monomers dc in fact exhibit liquid crystal
properties, the polymers obtained on their basis are
rigid substances featuring high softening points wi-
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thout displaying truly liquid crystalline properties
in accordance with our definition. Only some works
(9,10,15-18) provide evidence that the synthesized po-
lymers possess the property of birefringence, however,
no detailed structural and thermodynamic characteris-
tics of these polymers are given,

In our opinion, such a macromolecular structure
in which the mesogenic groups are directly linked with
the main polymer chain renders difficult the packing
typical for low-molecular liquid crystals. To obtain
an liquid crystalline structure, a certain lability
of branches is required, which would, despite the pre-
sence of the polymer chain, ensure a particular orde-
ring in the arrangement of mesogenic groups. To over-
come the steric hindrances occurring in the packing
of branches, one should space the mesogenic groups a
certain distance apart from the main chain, or some-
how enhance its flexibility.

In considering various approaches to creating
thermotropic cholesterol-containing polymers (11,127
20), we proceeded from the derived notions on the re-
Tationship between the structure and properties of
comb-like polymers with long aliphatic branches in
each monomer unit (21). The independent behaviour of
the side chains of comb-like polymers, manifesting it-
self in their ability to form layered structures and
even to crystallize, regardless of the main chain's
configuration (21), opens up possibilities to obtain
liquid crystalline comb-like polymers. Indeed, since
the chemical bonding of asymmetric side pendants in
such polymers takes place only through the end groups
of branches, the latter may be regarded as a structu-
rally organized arrangement of long-chain molecules,
built around the main chain, which seems to be one of
the prerequisites for a 1liquid crystalline structure.
It could, therefore, be assumed that if one would add,
to the end groups of comb-type polymer branches, gro-
ups capable of forming the liquid crystalline phase,
i.e. space them a certain distance apart from the main
chain, the steric hindrances imposed by the main chain
on the packing of branches would be much less signi-
ficant,

As mesogenic groups we have selected cholesterol
derivatives having, in the case of low-molecular li-
quid crystals, most extensive application. To this
end, we have synthesized cholesterol esters of N-me-
thacryloyl- @ =-aminocarbonic acids (ChMAA-n) having
different lengths of the aliphatic radical (index n
corresponds to the number of methylene groups in the
alkyl radical linking cholesterol to the main chain),
as follows:
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O_wee
n -
HoC=C-Cls + H N~ (CH)-C— #ol= - CH
=0 oK C=0 (1)
i
ce H N=(Chy)- COOH
n
CH-(CHy) - CH
HoC=C~CH3, Wyl 5 |
| + CH3

C=0
H /</"(('//g)n -cooH MO

HC  CHs ths

HoC= O~ U~ ()= ¢
2C = £=CHs e C¥I(CMQ3§VV
§'=0 _ CH3
HN=(Cha) - COO (1)

where n = 2,5,6,8,10,11.

The first stage yielded N-methacryloyl-«w -amino-
carbonic acids (MAA-n% whose subsequent reaction with
cholesterol yielded monomers of ChMAA-n. From these
monomers, homopolymers (PChMAA-n) and copolymers with
n-alkylacrylates (A-m) and n-alkylmethacrylates (MA-m)
were obtained by radical polymerization (index m cor-
responds to the number of carbons in the n-alkyl ra-
dical). In addition, in order to elucidate some of the
problems relating to the structure of liquid crystalli-
ne polymer compounds, monomers were specially synthe-
sized and polymers were obtained containing methyl
(PMMAA), benzyl (PBMAA) and hexadecyf (PHMMA) groups in
the side chain instead of cholesterol:

HaC = C(CH3) - CONH~(CHy),-COO-R,
where R = -CH, for n = 2,5,6,8,10,11;

(PMMAA-n)
-CH, ~¢=> for n = II (PBMAA-II);
-(CH,),5-CH; for n = IT (PHMAA-II)

It should be noted that Ref. (22)describes syn-
thesis of cholesterol esters of poly-N-acryloyl- « -
aminocarbonic acids through addition of cholesterol
to the macromolecules of poly-N-acryloyl- «> —aminocar-
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bonic acids, However, the resulting polymers contained
about 10 mol. % of carboxyls and did not exhibit any
liquid crystalline properties. An interesting example
of synthesis of comb-like polycholesteryl-II-methacry-
loyloxyundecanoate has been described by Imoto et al.
(23), however, apart from the study of the phase state
of the monomer, no data are provided on the liquid
crystalline structure of the polymer. This work is,
therefore, aimed at:

(I) developing methods for obtaining cholesterol-
containing monomers, as well as polymers with diffe-
rent length of the side chain and frequency of occur-
rence of cholesterol groups;

(2) studying the physicochemical behaviour of mo-
nomers of ChMAA-n and cholesterol-containing polymers
in the solid phase, as well as defining the conditions
under which the polymers and copolymers under conside-
ration acquire the liquid crystalline structure.

Experimental

Synthesis of Monomers N-methacryloyl-w-amino-
carbonic acids (MAA-n) were obtained as follows

Added to a solution of 0,08 M of @ —-aminocarbo-
nic acid in a 0.6 n solution of NaOH (600 ml), with
stirring, were 0.25 M of chloride of methacrylic acid.
After 3 hours of stirring, the reaction mixture was
acidified with HC1l up to pH = 3. The precipitate was
filtered, dissolved in chloroform and washed, succes-
sively, with a solution of Na2CO , & weak solution
of HC1 (pH = 2-3), and water. Affer the solution had
been dried over MgSO,, it was evaporated, and the mo-
nomer was recrystall&zed from the acetone-petroleum
either mixture. The yield was 70%. The melting points
of MAA-n are given in Table I.

Table I. Melting points of N-methacryloyl-— & -
aminocarbonic acids (MAA-n)

5 ° 6 10 11

o¢ (%10) 67 53 43 48 68 72

n 2 8

T

Cholesterol esters of N-methacryloyl- @-aminocar-
bonic acids (ChMAA-n) were obtained as follows (20):

0.02 M of MAA-n, 0.02 M of cholesterol and 0.05 g
of p-toluene sulfonic acid were dissolved in 200 ml
of absolute benzene. The mixture was heated to the
boiling point and the azeotropic mixture of benzene
with the resulting water was distilled off. 5 hours
later, the reaction mixture was cooled down to room
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temperature, and the monomer was precipitated with
methanol. The monomer was freed of cholesterol on a
column with A1,0,. The yield was 40%. The results of
the elemental chgmical analysis of the monomers of
ChMAA-n are listed in Table II.

Table II. Elemental analyses of ChMAA-n monomers

o : c, % : H, % : N, %
ifound calculated :found calculated:found %g%cula—

2 TT.46 T7.66 10.61 10.54 2.52 2.66

5 78.48 78.25 10.49 10.82 2.55 2.47

6 T8.42 78.43 11.10 10.91 2,36 2.41

8 78.85 78,76 10.58 11.07 2.41 2.30
10 79.40 79.06 10.95 11.21 2.12 2.19
11 79.52 79.20 11.51 11.28 2.12 2.15

Cholesterylmethacrylate (ChMA) were obtained by
way of interaction of chloride of methacrylic acid
with cholesterol in absolute ether. The melting point
of the end product was 109°C, which coincides with
that of ChMA obtained in (24).

Hexadecyl and benzyl ethers of MAA-II (HMAA-II
and BMAA-II, respectively) were obtained in a manner
similar to the synthesis of ChMAA-n. The melting point
of HMAA-II was 58°C and that of BMAA-II, 54°C.

Synthesis of Polymers PMAA-n was obtained by
radica% polymerization of MAA-n in a solution of di-
methyl formamide at 60°C, using dinitrile of azoisobu-~
tyric acid (DAA) or UV irradiation at room temperatu-
re in an argon atmosphere. The obtained polymers were
precipitated with acetone.

Methyl ethers of PMAA-n (PMMAA-n) were obtained
by treating PMAA-n with diazomethane in benzene.

ChMAA-n, ChMA, HMAA-II and BMAA-II were polymeri-
zed in a benzene solution at 60°C in the presence of
DAA, The polymers were precipitated with acetone.Melt
polymerization was conducted on the hot stage of a
polarizing microscope, in a special cell between cover
glasses,

The copolymers of ChMAA-n with A-m and MA-m were
obtained by polymerization in benzene in the presence
of DAA, The composition of the copolymers was deter-
mined by the ratio of optical densities of the
1.740 cm-1 (C=0 modes in an ester group) and 1.650cm™
(C=0 modes in an amide group) absorption bands, The
results of turbidimetric titration of polymers in ben-
zene indicate that the copolymers are homogeneous in
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composition.

Investigation Techniques Optical studies were
conducted in the crossed polarizers of a MIN-8 polari-
zing microscope with a hot stage. Pictures were taken
by means of a "Zenit-3M" camera mounted on the micro-
gscope tube via a micro attachment. The X-ray patterns
were obtained on a URS-55 X-ray apparatus with a flat
cassette (irradiation with CuK, ). Small-angle X-ray
patterns were obtained on a specially designed camera
with a temperature attachment. The sample film distan-
ce was adjusted within 90 to 130 mm, Thermographic
studies were conducted on a "Derivatograph" instrument
(Hungary).

The glass and fusion temperatures were determined
from thermomechanical curves derived on a Kargin ba-
lance. The IR absorption spectra were obtained on a
UR-10 spectrophotometer from samples made in the form
of £ilms or pellets with KBr. The turbidimetric titra-
tion of copolymer solutions was conducted with metha-
nol. The optical density was measured on a FEK-I pho-
toelectric colorimeter.

Results and Discussion

Monomers Consider first the behaviour of syn-
thesized monomers of the ChMAA-n series at varying
temperatures, as well as the effect of crystallizati-
on conditions on their structure.

The most active monomers are ChMA and ChMAA-2
which polymerize rapidly at elevated temperatures.

For example, melting of ChMAA-2 at 125°C causes the mo-
nomer to polymerize immediately, which is indicated

by a sharp exothermal peak, on the thermogram of
ChMAA—%, following the endothermal melting peak (Fi-
gure 2).

In the case of melting of ChMAA-5,6,8,10 monomers,
an isotropic liquid is formed at temperatures of 108,
98, 85 and 84°C, respectively. Rapid cooling of these
melts results in the formation of liquid crystalline
phase whose temperature existence interval depends on
the rate of cooéling. At slow cooling, either growth
of solid crystals %ChMAA—10) or polymerization of mo-
nomers (ChMAA-5,6,8) is observed.

ChMAA-II forms two crystalline modifications dif-
fering in their melting points and structural parame-
ters (Table III).
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Figure 1. Structure of mac-
romolecules with side meso-
genic groups. (a) Mesogenic
groups are directly linked to
the main chain; (b) mesogenic
groups are linked to the
branches of comb-like poly-
mers.

Figure 2. Thermogram of ChMAA-2

MESOMORPHIC ORDER IN POLYMERS
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Table III, Interplanar spacings and melting
points of ChMAA-IT samples in
various crystalline modifications

- .

Modification: Interplanar spacings, A ;Tm °C
I 4.67 5.10 5.95 7.70 36.0 84
IT 3.72 4.90 5.30 7.70 36.0 102

Modification I is formed in the case of crystal-
lization from a solution and, at 84°C, changes to mo-
dification II which melts into an isotropic liquid at
102°C. Cooling of the ChMAA-II melt leads to the for-
mation of an liquid crystalline phase which, after
further cooling, converts to crystalline modification
II, Sequential recording of this process by a camera
shows how crystalline spherulites grow in the flowing
liquid erystalline phase (Figure 3a) and gradually
fill the entire field of vision of the microscope (Fi-
gure Bb-d ) .

Thus, all monomers of the ChMAA-n series form a
monotropic liquid crystalline phase of the cholesteric
type, whose temperature interval of existence depends
on the rate of cooling. The liquid c¢rystalline phase
is unstable and is transformed to crystal phase so
soon that X-ray examination of the mesophase structure
becomes difficult. Nevertheless, polarization-optical
studies have made it poseible to draw certain conclu-
sions as to the nature of the liquid crystalline phase
of monomers., Cooling of isotropic melts of monomers
results in a confocal texture which turns to a planar
one when a mechanical field is superimposed on the
sample, for example, by shifting a cover glass in the
cell of the polarizing microscope (Figure 4). The ob-
served planar texture exhibits the property of selec-
tive light reflection, which is typical of low-molecu-
lar cholesteric liquid crystals.

Polymers and Copolymers Polymerization of all
ChMAA-ns and ChMA in a melt yields polymers featuring
spontaneous optical anisotropy. The optical pattern
observed in crossed polarizers is similar to the con-
focal texture of low-molecular liquid crystals and re-
presents a combination of birefringent regions 2 to 10
microns is size (Figure 5). At the same time, the pre-
sence of a diffuse halo at wide angles of X-ray scat-
tering (Figure 5), in the case of polymers of the
PChMAA-n series, does not give reason enough to ascri-
be crystalline structure to them.

Consider now the manner in which the physical
state of a polymer and the optical pattern vary with
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Figure 4. Optical microphotograph of
the planar texture ChMAA-II (crossed
polarizers)

Figure 5. Optical microphotograph of

a PChMAA-II film at 20°C. The x-ray

pattern of the PChMAA-II film, taken at

20°C, can be seen in the lower right
corner.
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temperature (Table IV).

Table IV. Glass temperatures (T_), flow temperatures
(Tp) and temperatures® of transition of
from anisotropic to isotropic state
(A__:) for PChMAA-n

a~i
Polymer Tg, °C Tf, °C Taoi’ °C
PChMA > 200 - -
PChMAA-2 185 - -
PChMAA-5 130 200 220
PChMAA-6 130 190 215
PChMAA-8 130 180 200
PChMAA-10 125 150 185
PChMAA~-11 120 135 180

As can be seen from this table, PChMAA-2 has the
highest glass temperature (Tg) at which the polymer
starts to thermally decomposé. The observed optical
pattern remain invariable up to this temperature. As
the methylene bridge linking cholesterol to the main
chain becomes longer, the values of T, become lower,
and, in the case of polymers of the PéhMAA-n series
with n > 5, an elastic and viscous state may prevail,
It should be emphasized that, in the viscous state re-
gion, polymers of the PChMAA-n series are viscous
fluids whose flow is accompanied by a displacement of
the birefringent regions in a way similar to the beha-
vior of low-molecular liquid crystals., As can be in-
ferred from Table IV, the optical anisotropy remains
in the elastic and viscous states and disappears at
temperature Ty.; . Transition from the optically ani-
sotropic to an optically isotropic state at Ty, is
ievggge and occurs in a narrow temperature range (2

o .

Table IV shows that the values of transition tem-
peratures Ty 5 slightly decrease with increasing n,
which is probably due to the effect of internal plas-
tification and was frequently observed in the case of
comb-like polymers (21). The evaluation of the ther-
mal effect inherent In, this transition for PChMAA-II
gave the value of 0.76%0,08 cal/g, which agrees well
with the values of heats of melting, corresponding to
the liquid crystalline phase-isotropic melt transiti-
on for low-molecular liquid crystals (25). However,
in contrast to the latter, which, as a rule, crystal-
lize during cooling (see, for example, Figure 3), the
liquid crystalline phase of polymers vitrifies while
cooled (Figure 5). In other words, in the case of po-
lymers , the structure of the liquid crystalline phase
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remains in the glass state as well, whereas polymers
of the PChMAA-n series exhibit liquid crystalline pro-
perties in all three physical states: vitrified, elas-
tic and viscous. The upper limit temperature range of
the 1liquid crystalline state is T, ;. What is it then
that makes the liquid crystalline state possible in
the polymers under investigation? To answer this ques-
tion, let us analyze the X-ray study results.

In the wide angles of X-ray acattering there 1s a
diffuse maximum dy whose magnitude, in the case of
n>=5, does not depend on the branch length (Figure 6).
In the region of small angles, three maxima are obser-
ved whose position changes with the number of the me-
thylene %roups linking cholesterol to the main chain
(Figure 6).

To interprete these X-ray spacings, let us first
examine the structure of model compounds: PMAA-n and
PMMAA-n, The macromolecules of these polymers have a
chemical structure similar to that of PChMAA-n with
the difference that they do not contain cholesterol
groups in the side chains.

The X-ray patterns of PMAA-n and PMMAA-n in the
region of large scattering angles also display a dif-
fuse maximum corﬁesponding to interplanar spacings:
dy = 4.6 to 4.7 X, while in the small-angle region a
single X-ray spacings is observed, whose position de-
pends on the branch length (Figure 6). The X-ray spa-
cings in the wide angle region is similar to that ob-
served on the X-ray patterns of amorphous poly-n-al-
kylacrylates and poly-n-alkylmethacrylates, where it
is related to the side groups interaction (21).

Evidently, both in the case of PMAA-n, PMMAA-n
and PChMAA-n, the X-ray spacings in the wide angle
region may be attributed to the distance between the
branches arranged in parallel. This assumption is
substantiated by the fact that, in the case of uniaxi-
al orientation of polymers, the intensity of this
X~ray interference in a meridional direction iharply
increases (Figure 7). The value of dt is 6.3 A for
PChMA and PChMAA-2, while for the otﬁer polymers of
the PChMAA-n series it is 5.9 A, These values are
slightly greater than the respective interplanar spa-
cings for PMAA-n and PMMAA-n (which, in our opinion,
is due to the presence of bulky cholesterol groups)
eand are close to the distances between the molecules
of low-molecular cholesterol esters in the choleste-
ric mesophase (gg). The reason why the values of d
differ in PChMA and PChMAA-2, on the one hand, and
in the other PChMAA-ns, on the other, will be conside-
reg gelow when we shall discuss a polymer structure
model,
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Figure 6. Interplanar spacings vs. the number of

carbons in the side chain for PChMAA-n (d,~d,),

PMAA-n (d/, dy) and PMMAA-n (d,”, d,”). The

experimental points on the ordinate correspond to

the interplanar spacings for polycholesterylmeth-
acrylate.

Figure 7. X-ray pattern of an

oriented PChM AA-II sample. The

primary beam extends at a right
angle to the fiber axis.
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As to small-angle X-ray spacings, the dependence
of spacings dp (PMAA-n, PMMAA-n, PChMAA-n) and d
(PChMAA-n) on the branch length at n>5 suggests” that
they are due to the layered ordering of the side gro-
ups. This is corroborated by the X-ray texture pat-
terns of oriented polymer samples. In the case of uni-
axial orientation, these X-ray interferences look like
sagittal arcs (Figure 7), which is indicative of the
branches being arranged substantially at a right ang-
le to the main chain axis., Refraining, at this point,
from final and unambiguous interpretation of X-ray
spacings d,, we shall only note that its magnitude is
little dependent (and at n = 8,10 and 11, not depen-
dent at all) on the branch length, attributing this
interference to the scattering from the main chain
and assuming that it is responsible for a certain pe-
riodicity associated with its folded structure, if
such occurs.

On the basis of the obtained X-ray data, the
structure of cholesterol-containing polymers of the
PChMAA-n series may be presented as follows,

First of all, it is evident that the structure
of PChMA and PChMAA-2 differs from that of PChMAA-n
where n >5, This difference manifests itself both in
the values of dy and the dependence of small-angle
X-ray spacings dp, d,, and dy on n,

In the case of oiymers of the PChMAA-n series,
where n > 5, dt = 5,9 A. This value approaches that
for th§ choles%eric mesophase of cholestﬁrylnonanoate
(6.05 A) and cholesterylmyristate (5.73 A) (26). The-
refore, the packing of branches in PChMAA-n seems to
be similar to that of molecules of the above-mentio-
ned low-molecular cholesterol esters in the choleste~
ric mesophase. Wendorff and Price (26) who had studi-
ed the mesophase structure of these compounds sugges-
ted that the packing of molecules in the cholesteric
mesophase must be antiparallel so that a cholesterol
group is surrounded by methylene "taila", while the
latter are surrounded by cholesterol groups. This is
confirmed by the fact that the lateral size of a cho-
lesterol group exceeds 6 A, therefore, in the case of
paralle] arrangement of molecules, dy would be greater
than 6 A, From the same considerations, it can be as-
sumed that the packing of side chains in polymers of
the PChMAA-n series, where n>5, must be antiparallel
so that the cholesterol groups of one macromolecule
are surrounded by the methylene chains of adjacent ma-
cromolecules (Figure 8a-c). In this case, the bran-
ches are arranged at a right angle to the main chain
and almost in parallel to one another, however, the
long axes of the cholesterol-containing branches may
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extend at a certain angle to one another.

As can be seen from Figure 8a-~c, the proposed struc-
tural model may occur only in such cases in which the
length on the sequence of methylene units permits the
"rigid" cholesterol skeleton to extend along the me-
thylene chain, Calculations and studies using molecu-
lar models suggest that the lengih of a methylene
"bridge" must be at least 10-11 A, In the case of po-
lymers of the PChMAA-n series, this is true at n>5.
At lower values of n, the cholesterol group cannot ex-
tend along the methylene chain, therefore, parallel
packing of branches takes place (Figure 8a'-c'). This
results in dy increasing to 6.3 A, which is closi to
a respective value for cholesterylacetate (6,48 A)
for which no antiparallel packing is possible either,

Another reason why it is difficult to discuss the
structural model of cholesterol-containing polymers
is the fact that so far no adequately substantiated
structural model of low-molecular cholesteric liquid
crystals exists, apart from the already mentioned pa-
cking pattern proposed in Ref. (26). It seems that
for a full understanding of the mesophase structure
of cholesterol esters, one should, first of all, care-
fully study their crystalline structure. Such a study,
described in Refs. (27, 28), has not yet lead to a
complete description of molecular packing in choleste-
rol esters.

Although the structure of cholesterol-containing
polymers is not yet completely understood, there is
no doubt that the liquid crystalline properties exhi-
bited by these polymers are due to a particular order
in the arrangement of cholesterol groups. This is cor-
roborated by the results of studying the structure and
optical properties of model compounds not containing
cholesterol. The above-mentioned PMAA-n and PMMAA-n
are optically isotropic in all three physical states:
vitrified, elastic and viscous.

To elucidate the role of cholesterol in the for-
mation of a liquid crystalline structure, consider now
the structure and properties of model PBMAA-II and
PHMAA-IT polymers whose macromolecules lack choleste-
rol groups. At room temperature, PBMAA is in elastic
state and exhibits no optical anisotropy. On the X-ray
pattern of this polymer in the small-angle region, one
can see a rﬁflex corresponding to an interplanar spa-
cing of 28 A, Substitution of the hexadecyl radical
for cholesterol results in a crystalline PHMAA-II po-
lymer with a melting point of 40°C. The polymer is
crystallized in a hexagonal cell, which is indicated
by an intensive X-ray interference at wide angleg,
corresponding to an interplanar spacing of 4.19
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In the region of small angles, three X-ray interferen-
ces are observed, corresponding to interplapar spa-
cings do= 14.5 A, 45 = 21.6 A, and d; = 38 A, Above
the melting point, %he interference in the wide angle
region becomes an amophous halo corresponding to an
interplanar spacing of 4.6 A, while in the small-ang-
le region there remains a single interference (d, =

36 A) corresponding in magnitude to the branch length.
At temperatures above the melting point, the polymer
is optically isotropic.

The foregoing data indicate that in PMAA-n,
PMMAA~-n, PBMAA and PHMAA-11, the branches are arran-
ged in a layered manner. However, the layered orde-
ring alone is not sufficient for manifestation of op-
tical anisotropy. A liquid crystalline state may oc-
cur only in the presence of groups capable of produ-
cing mesomorphous structures. In cholesterol-contai-
ning polymers, it is precisely the cholesterol groups
that perform this function, their mutual packing
being responsible for optical anisotropy.

We have already considered the structure and pro-
perties of polymers containing cholesterol in such
monomer unit., It is also of interest to examine the
structure and properties of polymers in which the con-
tent of cholesterol groups can be varied, i.e., copo-
lymers. Given in Table V are transition temperatures
for some copolymers that we have synthesized.

Table V, , Tf and T__. of copolymers of ChMAA-n

T
with alkylac%§1ates (A-m) and alkylmetha-
crylates (MA-m)

Copolymer : ° : ° : o
(mol.%, ChMAA-n) : Tg» °C ¢ Tp» °C  Ty4, °C
ChMAA-IT with A-4

42 65 115 160

37 60 100 140

17 {20 60 100
ChMAA-IT with MA-4

90 115 140 180

67 105 140 170

40 85 135 160
ChMAA-II with MA-10

75 90 140 180

58 T0 120 170

25 {20 90 no anisotropy
ChMAA-II with A-16

45 70 100

45
ChMAA-IT with MA-22
75 70 110 no anisotropy



Publication Date: June 1, 1978 | doi: 10.1021/bk-1978-0074.ch004

4. SHIBAEV ET AL. Thermotropic Liquid Crystalline Polymers 51

50 40 80 no anisotropy
ChMAA-6 with A-4

45 100 170 180

30 70 105 115

As can be seen from this table, the introduction
of a second component, namely, a "solvent" of choles-
terol-containing units, whereby the glass temperature
is lowered, resulted, in some cases, in a longer in-
terval of existence of the elastic and viscous liquid=-
crystalline states, while in other cases, in the for-
mation of optically isotropic polymers.

Copolymers of ChMAA-II with butylacrylate (A-4)
and butylmethacrylate (MA-4) form a liquid crystalli-
ne phase in a wide range of component ratios (Table V
and Figure 9a,b). For example, a copolymer containing
more than 80% of A-4 can still exist in the liquid
crystalline state. At the same time, a copolymer with
MA-22 whose content is only 25%, is amorphous and op-
tically isotropic. As had been mentioned above, the
optical anisotropy in cholesterol-containing polymers
is due to a particular ordering in the arrangement of
the cholesterol groups. If, in copolymers, the second
component does not hinder packing of the cholesterol
groups, a mesophase may be formed. In copolymers with
MA-22, the long branches screen the cholesterol groups,
and no optical anisotropy is manifest in any of the
three physical states of polymers.

It should be noted that a copolymer with an equi-
molar ratio of ChMAA-IT and MA-22 units is amorphous,
too (Table V), although the PMA-22 homopolymer easily
crystallizes, forming a hexagonal lattice typical of
comb-like polymers (gg). As was shown earlier (gl),
the introduction of such "disturbers" as isopropylac-
rylate in an amount of 80% into crystalline comb-like
polymers does not destroy the crystal lattice. In our
case, the introduction of only 50% of ChMAA-II into
PMA-22 prevents the latter from crystallizing. This
copolymer provides & striking example of the impossi-
bility of a structure characteristic of each of the
homopolymers in the case of copolymerization of mono-
mers with bulky groups.

Thus, copolymers of cholesterol-containing mono-
mers with n-alkylacrylates and n-alkylmethacrylates
are capable of yielding a liquid crystalline phase in
cases where the length of the alkyl chain in alkylac-
rylate or alkylmethacrylate does not exceed that of
the methylene bridge linking cholesterol with the
main chain,

An X-ray study of copolymers has shown that the
introduction of a second component into cholesterol-
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containing polymers results in a certain change in
the latter's structure. In the small-angle region,
only one diffraction maximum is retained for all co-~
polymers ChMAA-II, corresponding to interplanar spa-
cing 4 = 19.8 & which coincides with d, for the
PChMAA-ITI homopolymer. In the case of uniaxial orien-
tation, this X-ray interference takes the form of sa-
gittal arcs. Since copolymers of ChMAA-II are optical-
ly anisotropic, one naturally assumes that it is pre-
cisely the high degree of ordering in the arrangement
of the side methylene chains, manifesting itself in
the occurrence of interference do, that permits such
packing of cholesterol groups, which ensures the op-
tical anisotropy in the above polymers. This is sup-
ported by the results of X-ray studies of copolymers
at various temperatures. Figure 10 shows that the in-
tensity of the small-angle X-ray spacings remains high
in the viscous state as well when there is an optical
anisotropy (Figures 9a,b), and sharply decreases du-
ring transition to an optically isotropic state (Fi-
gure 10, curve 3).

The results of studying the structure and proper-
ties of copolymers demonstrate that proper selection
of components for copolymerization permits obtaining
a wide variety of polymers forming a mesophase in dif-
ferent temperature ranges.

As far as the type of the liquid crystalline
phase formed in cholesterol-containing polymers is
concerned, the morphological gimilarity of the textu-
re appearing in polymer films with the confocal tex-
ture of cholesteric liquid crystalline compounds
seems to suggest that we deal with a cholesteric type
of liquid crystals. However, the planar texture typi-
cal of cholesteric liquid crystals, which is essenti-
ally a single crystal of the cholesteric type, does
not occur in films of these polymers, and when a co-
ver glass is shifted, the texture formed in the pola-
rizing microscope cell is deformed (Figure 9b). This
is probably due to the defects introduced into the
resulting liquid crystalline structure by the polymer
main chain, On the other hand, the layered ordering
in the arrangement of branches is indicative of a
smectic structure, hence, the seeming similarity of
the texture of low-molecular liquid crystals of the
cholesteric type to polymers of the PChMAA-n series
and their copolymers has, in fact, nothing to do with
the manner in which structural elements of comb-like
macromolecules are packed in the cholesteric phase.,
Besides, the presence of the main polymer chain hin-
ders the formation of a spiral structure typical of
low-molecular cholesteric liquid crystals. All this
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Figure 9. Optical microphotographs of a copolymer of CRMAA-II with A-4 (37:63),
at 180°C without superposition of a mechanical field (a) and after shifting a cover
glass in the microscope cell (b) (crossed polarizers)

, , . : 20
0 5 10 15 20

Figure 10. X-ray scattering intensity vs. scattering angle
for a copolymer of CRMAA-II with A-4 (37:63) at 25 (1),
130 (2) and 150°C (3)
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renders it difficult to class the liquid crystalline
phase of polymers with a definite type of liquid
crystals, Evidently, the classification of liquid
crystals proposed for low -molecular compounds cannot
be applied to polymers whose structural arrangement
is different from that of low-molecular liquid crys-
talline systems.

We wish to acknowledge the valuable collaborati-
on of I,V.Sochava whose group at the Physical Insti-
tute of the Leningrad State University has determined
the melting heat of the liquid crystalline phase of
PChMAA-IT.
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Liquid Crystalline Order in Polymers and Copolymers
with Cholesteric Side Groups

A. BLUMSTEIN, Y. OSADA," S. B. CLOUGH, E. C. HSU, and R. B. BLUMSTEIN
Department of Chemistry, Polymer Program, University of Lowell, Lowell, MA 01854

We have recently shown (1, 2) that atactic poly-
mers with side groups characterized by chemical con-
stitution related to mesomorphic behavior tend to or-
ganize spontaneously and independently of the condi-
tions of their preparation if given enough segmental
mobility. The organization displayed can be lamellar
(smectic) or directional (nematic). In the former
case the macromolecular backbone is confined to a
plane, while the side groups are either perpendicular
or tilted with respect to the planes containing the
backbone. The side groups are arranged either in sin-
gle or in double arrays in which the individual side
groups are mutually parallel (3). In the latter
(nematic) type of organization, the backbones are not
restricted to layers but the side groups keep a mutual-
ly parallel orientation throughout the domain which
can reach submicroscopic dimensions.

The development of liquid crystalline order in
the polymer may or may not be accompanied by crystalli-
nity. Polymers with benzoic acid side groups were
studied and found to display ordering analogous to the
smectic C structures of alkoxy benzoic acids (1, 2).
Polymers with Schiff base side groups were found to
display ordering of the smectic A (1) and nematic type
(4). Literature X-ray data (5,6) can be interpreted
as being generated by lamellar (smectic) structures
and seem to point to the fact that in all cases the
intrinsic tendency of side groups to organize is rein-
forced by the connectivity imposed by the polymeric
backbone.

Mesomorphic order in polymers with side groups
containing the cholesterol moiety has scarcely been
studied in spite of the importance of cholesterol de-
rivatives in the field of liquid crystals and biologi-
cal materials. The main focus of attention has been

* Present address: College of Liberal Arts and Science, Ibaraki University, Mito
310, Japan.
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centered around the study of phase transitions of acry-
lic (7, 8, 9) and methacrylic (10, 11, 12) esters of
cholesterol. In spite of considerable controversy as
to the location of the cholesteric phase transition in
these monomers, there was a consensus that polymers of
cholesterylacrylate and cholesterylmethacrylate are
amorphous. The amorphous structure is reported to
occur independently of the phase in which the poly-
merization has been carried out, though Hardy (7) has
sgown that polymer-monomer mlxtures (polymerlzatlon at
07C) have a smectic organization. From our point of
view, these statements were surprising as we expected
the cholesteric moieties to interact strongly and or-
ganize the polymer in a fashion similar to other poly-
mers with mesogenic side groups. They warranted an
inquiry into the structure of polymers with cholesteric
side groups.

A recent publication (13) which appeared while
this work was in progress described the spontaneous
development of layered order in polymers with the cho-
lesteric moiety attached to the backbone via a long,
flexible molecular spacer constituted by an @W-amino-
carboxylic acid chain. Layered structures are deve-
loped with the long side groups roughly perpendicular
to the main chain. The authors attributed the develop-
ment of these structures to the flexibility of the
bridge connecting the cholesterol moiety.

One of the factors leading to confusion in inter-
preting data on the development of order in polymers
with mesogenic side groups is the frequent phase sepa-
ration taking place during the polymerization process.
The intermolecular disorder characterizing the preci-
pitated polymer is often "locked in" if the tempera-
ture of precipitation is below the glass transition
temperature of the polymer Tg. Casting of films from
good, slowly evaporating solvents or skillful anneal-
ing invariably leads to the development of mesomorphic
order (1, 3). Similar results have been achieved with
plastification of poly(}-L-benzylglutamate) (14).

In this paper we describe the study of different
polymers containing the cholesterol moiety in the side
group as well as copolymers of cholesterylmethacrylate
(PChMA) with n-alkylmethacrylates of various chain
lengths. The development of order in PChMA's of dif-
ferent tacticities is also described, providing some
insight into the factors governing the development of
mesomorphic order in polymers with cholesteric side
groups.
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Experimental

All solvents and reagents were distilled prior to
use.

Monomers. Cholesteryl p-acryloyloxybenzoate

(ChAB) was prepared in three steps by the following
synthetic route:

0 0
) o I o 1
HO{(::>—COOH+CH2—CH-C-C1 1) OH CHQ—CH—CO{<:2>—COOH

2) Ht

80012 H,=CH "O ”C holest 1
S CH,=CH-C CC1l cholestero S

@-N(CH3)2

0

0
I I
CH2=CH-CO@-COECh]

The product was recrystallized from chloroform/acetone
and chloroform/ethanol to constant transition tempera-
ture. Elemental analysis: Caled. for C37H Ou: C,
79.29%; d, 9.29%. Found: C, 79.51%; H, 5.3%%. The
NMR spectra were consistent with the expected structu-
re.

Cholesterylmethacrylate (ChMA) was obtained by a
procedure similar to the one described in the litera-
ture (15).

Thirty five grams (0.34M) of methacryloylchloride
was added slowly to a mixture of 77 g (0.2M) of cho-
lesterol and 150 ml of triethylamine dissolved in 500
ml of toluene. After 3 h another 150 ml of triethyl-
amine was added to the mixture and the reaction was
continued for 24 h at 60-70°C. The cholesterylmetha-
crylate was precipitated three times into 1.6N HCI1l so-
lution in methanol from toluene. The yield was 60-70%
The pure compound displayed a melting point at 114.8°C
and a monotropic cholesteric phase at 111.8°C:

K 114.8 I (111.8) in agreement with literature data.
(K, I and C designate the crystalline, isotropic and
cholesteric phase, respectively. The elemental ana-
lysis, NMR and IR spectra were consistent with the
structure of cholesterylmethacrylate.

Methylmethacrylate (MMA), propylmethacrylate (PMA)
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n-butylmethacrylate (BMA), n-octylmethacrylate (OMA),
and n-dodecylmethacrylate (DMA), were purified by dis-
tillation under vacuum. The n-hexadecylmethacrylate
(HMA) was recrystallized from a benzene-ether mixture.

Polymerization and Copolymerization. The ionic
polymerization of ChMA was carried out in toluene
(dried over Na wire and distilled in presence of
LiAlHy), at -300C using Buli as initiator. The poly-
mer was precipitated three times from benzene into
methanol. The free radical polymerization of ChA and
ChMA was carried out thermally or in solution in fresh-
ly distilled benzene at 600C using AIBN as initiator.
The total concentration of monomer was 1.0 mol/l. The
concentration of initiator was 10-2 mol/l. Glass am-
pules were filled to half capacity with the solution,
evacuated, purged with No and sealed. They were
placed in a thermostat at 600C. The polymerization
was interrupted at conversions varying from 5 to 15%
(by weight). The polymer was precipitated twice from
benzene into methanol and dried at 400C in vacuo. The
copolymer compositions were determined from elemental
analysis of the copolymer.

Characterization of Monomers and Polymers. Phase
transitions of monomers were determined by means of
Differential Scanning Caloimetry (DSC) using the Per-
kin Elmer D.C 1B and thermal polarizing microscopy.

X-ray studies on the samples were performed with
a Rigaku wide angle diffractometer (SG 7B) as well as
with a low angle Warhus camera. Cu-Kg4 radiation was
used.

Samples of copolymers were examined as pellets
made from cast films. (Films were cast from a 1-2%
solution in benzene followed by drying at 50°C in
vacuo). Several film samples were pressed together in
a die (12,000 p.s.i., 3 min. under vacuum of approx.
0.1lmm) to form a pellet 1.5mm thick and 10mm in dia-
meter. Samples of homopolymers were examined either as
single unpressed films or as pellets. Spacings cha-
racteristic of smectic organization (d) were calculated
by the Bragg equation. The average distance between
side groups (D) was calculated from the equation
D=1.117A/28in8) (16) from the halo near 28=150.

The sharpness s of the low angle x ray diffraction
peaks is defined as the ratio of the peak height h to
the width w at 1/2 h. The position of the low angle
peak for the cholesterylmethacrylate was found at
28=2.50 a value somewhat higher than the value 26=2.4%
found for the same polymer in an earlier study (17).
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The glass transition temperatures were estimated
from deformation tests performed on the very same pel-
lets which were used for x-ray studies. The tests
were made by means of a Perkin-Elmer Thermomechanical
analyzer TMS-1, calibrated with polystyrene and poly-
methylmethacrylate. C-13 NMR Spectra were run in deu-
terated chloroform at 1l0wt% concentration and at 450C.
A JEOL PFT-100 spectrometer was used (resolution:

1.22 Hgz; pulse width letsec; repetition: 1l.0sec).
Tacticity assignments were made from the analysis of
the carbonyl portion of the spectrum.

Transmission electron microscopy was performed on
samples of thin films of copolymers and blends of homo-
polymers by means of JEOL JEM100 electron microscope.
The films were stained with 0g0y prior to examination.

Results and Discussion

Monomers. Table I gives the transition tempera-
tures as found by means of DSC and polarizing micros-
copy for the three monomers. The cholesteric transi-
tions of both cholesteryl acrylate and cholesteryl
methacrylate were found to be monotropic in agreement
with Toth and Tobolsky (8) and deVisser (8). While
the exact value of the transition for ChMA is in agree-
ment with deVisser's (89), the value for ChA is at va-
riance with the value from (8) and adds still another
transition temperature to the literature of reported
values for this monomer. The cholesteryl ester of the
acryloyloxybenzoate (ChAB) gives an enatiotropic tran-
sition at 1280C (¥=)C). All three monomers display
iridescent colors in their cholesteric state. In the
solid state ChA and ChAB exhibited an intense x-ray
diffraction peak near 28=2° as well as a number of
wide angle lines. In the cholesteric state the low
angle peak disappeared. The x-~ray diffraction pattern
of ChMA in the solid state contained a low angle peak
at 28=5.9° and a number of wide angle lines. This
monomer polymerized rapidly after melting and we did
not succeed in recording the x-ray diffraction pattern
in the cholesteric state. Thus, the liquid crystalline
state of ChA and ChAB has a twisted nematic organiz-
ation. It is very probable that liquid crystalline
ChMA is also a twisted nematic.
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Table I
Monomers
Transition
Name Structure Temperature °C
ChA CH, = CHC-0[Ch) K 125.8 I (124.8 C 91K)

Z

Il
0

ChMA CH,=C(CH3)C-0[Ch]J K 114.8 I (11.8C)
il
0

ChAB CH2=CHﬁO{<::>—CO[Ch] K 128 C—>»poly'n
Il
0 0

Polxmers. PChMA. For the polymer prepared by
free radical initiation the very intense x-ray line
which corresponds to 35.32 (28=2.5°) shows a smectic
type structure form (see Fig. 1b). This structure is
considerably weakened by abrupt precipitation of the
polymer. The distance from the center of the main
chain to the end of the side group is estimated at
18-18% from molecular models. The predominantly iso-
tactic form of PChMA prepared by ionic polymerization
also displays an intense x-ray line which, after an-
nealing, is located at (28=2.59) indicating a lamellar
bi-layered arrangement of macromolecules similar to
that of the predominantly syndiotactic specimen. For
both forms, a halo with a peak at 15.5°=28 shows that
no long range order exists between side groups. The
average distance D between side groups is 6.355 for
both types of PChMA.

Table II

rr mm  dR Dy
PChMA (AIBN) .6 .1 35.3 6.3
(after annealing)

PChMA (BulLi) .1 .6 35.3 6.3
(after annealing)

PChAB. An intense and sharp low angle reflexion
at 45.2% and a halo at 6.08% indicate a smectic type
of organization (see Fig. la). Here again the distance
from the center of the main chain to the end of the
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Figure 1. (a) (above) X-ray low and
wide angle diffraction patterns obtained
from poly(cholesterylester of the acryl-
oyloxybenzoic acid)(PChAB). (b)(right)
X-ray low angle diffraction pattern ob-
tained from annealed sample of poly-
(cholesterylmethacrylate) PChMA.
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side group (238 estimated from molecular models) is
half of the d spacing.

PChA. A broader x-ray peak than for the two pre-
ceding polymers is observed near 2.6%228 (33.4R).
Abrupt precipitation of this polymer leads to an amor-
phous polymer.

We are inclined to think that in all cases pre-
sented above, the main chain of the polymer is con-
fined to planes, with side groups essentially per-
pendicular to the main chain on both sides of the
plane. This model is schematically given in figure 2b.

Copolymers. TFigure 3 shows a set of typical low
angle diffraction patterns obtained from PChMA and co-
polymers of various compositions of ChMA and BMA. One
can see that the homopolymer as well as some copoly-
mers of high ChMA content are characterized by a sharp
low angle x-ray diffraction peak at 28:=2.6° correspond-
ing to 33.9R%, with higher orders (18). The position
of this peak does not vary with the composition and
nature of the second comonomer, although its intensity
is strongly affected. The low angle peak is accom-
panied by higher orders and a halo around 28=15.5%
which corresponds to the average distance between cho-
lesteryl side groups of D=6.35%

The value of 33.9% for the low angle x-ray dif-
fraction is somewhat lower than 35.3% found for PChMA
in a former study (17). It may well be that, during
the sample preparation, the 12,000psi applied on the
pellet results in a slight cholesteric side group in-
terpenetration (see Fig. 2a). We have attributed the
33.92 peak to the regular interlamellar spacings of
the ordered polymer. The model proposed for the poly-
mer of ChMA is still applicable to the copolymers with
high ChMA content, with the cholesteric side groups
arranged in a double array and essentially perpendicu-
lar to the lamellar plane containing the convoluted
backbone. One must assume that side groups interpene-
trate slightly as the length of the side group is
18-19A (estimated from Fisher models from center of
the chain to the end of the cholesteric moiety).

Figure 4 gives the sharpness s of the 2.6° peak
as a function of the composition for different copoly-
mers of ChMA with n-alkylmethacrylates. These results
are compared to the data obtained for mechanical blends
of the corresponding homopolymers. The samples cf ho-
mopolymer blends were prepared under the same condi-
tions as the copolymers.

It is immediately apparent from Figure 4, that
depending on the structure of the non-mesogenic co-
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Il
I
m

Figure 2. (a) (above) Cholesteric side groups u,m'

(Fisher space filling molecular models). (b)
(right) Proposed smectic organization of PChAB,
PChMA,and PChA.

2
i1
3
4
Journal of Polymer Science
Figure 3. Low angle x-ray diffraction
peak for PChMA and copolymers of
CHMA with BMA of various composi- —
tions are expressed in mole % . (1) ChMA T
(100%), (2) ChMA (91.4%)—BMA s 3 2 1
(86%), (3) ChMA (84.8%)—BMA

(15.2%), (4 ChMA (78.1%)—BMA
(21.9%) (17). 20
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monomer, the smectic organization of the copolymer is
at first reinforced and then very rapidly declines for
high compositions of the non-mesogenic comonomer. This
effect is the strongest with BMA but persists for the
octylmethacrylate (OMA). In the case of shorter chain
esters MMA and PMA the organization is not signifi-
cantly reinforced and a less precipitous but steady
decline of the peak intensity sets in. Quite surpris-
ingly, the copolymer of MMA can still display a signi-
ficant low angle peak down to less than 40 mole per-
cent of cholesteryl methacrylate in the copolymer.

The variation of s with the composition for blends of
homopolymers stands in contrast with the results for
the copolymers. As one can see from Figure 4, this
variation is linear and for a given composition inde-
pendent of the polymer admixed.

The sharpness s of the low angle x-ray diffrac-
tion peak is a complex experimental parameter related
not only to the perfection of the lamellar (smectic)
domains in the copolymer, but also to their size and
concentration. In the case of blends of homopolymers
the scattering is due to segregated domains of ChMA
units and therefore s would depend on their concentra-
tion in the blend. This seems to be confirmed by the
linear relationship between sharpness s and blend com-
position in Figure U4.

The study of thin films of copolymers and blends
of homopolymers by transmission electron microscopy
gives direct evidence for segregation into separate
domains of both components in the case of blends. This
can be clearly seen in Figure 5. The 050y stained
cholesteryl moieties show as dark regions and indicate
that PChMA separates into clusters of approximately
IM . No separation was seen in films of the copolymer.

The non-linear and strong variation of s with the
composition for all copolymers indicates that the per-
fection of the lamellar domains is strongly affected
by the presence in the copolymer chain of non-mesoge-
nic alkylmethacrylates. The interference takes place
already at very low concentrations of the non-mesoge-
nic comonomer. There are good reasons to believe that
the drastic increase of s for copolymers of ChMA-BMA
and ChMA-OMA is due to an internal plastification ef-
fect. Plastification would increase the segmental mo-
bility and give to chains more opportunity to "pack"
into a lamellar array. The glass transition tempera-
tures for various copolymers of ChMA and p-alkylmetha-
crylates are plotted in Figure 6 as a function of com-
position. One can see that the copolymer compositions
corresponding to the strongest increase of s in Fig. 4
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Figure 5. Electron micrograph of a
cast film of a blend of PChMA and
PBMA. The black regions indicate
phase separated domains of PChMA.
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Figure 6. Glass transition temperature as a function of composition of
the copolymer. (O) MMA, ([]) BMA, (/) OMA (17).
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give large decrements of Tg. The argument of internal
plastification is independently supported by annealing
experiments. Figure 7a shows the evolution of peak
height after annealing of all samples until a constant
value of peak height was obtained. As one can see
from this figure, the organization of all copolymers
is considerably increased by annealing and the sharp
order enhancement in BMA and OMA copolymers given in
Figure 4 disappears as a result of annealing. This
indicates that the order enhancement effect observed
in un-annealed copolymers of ChMA and BMA or ChMA and
OMA is due to an increase of segmental mobility. The
increase of segmental mobility through annealing en-
hances the ordering of copolymers with high Tg and
decreases the amount of disorder locked in by rapid
evaporation of the solvent. It is interesting to note
that the rate of the collapse of order as a function
of the mole percent of the non-mesogenic component in
the copolymer Figure 7b is much slower for MMA than
for monomers with longer alkyl chains. A drastic in-
crease in this rate takes place at n 7> 3 presumably in-
dicating severe steric interference with the ordering
of adjacent cholesteric side groups for comonomers
such as BMA or OMA.

It is thus becoming increasingly apparent that
mesomorphic order in macromolecules is strongly condi-
tioned by the level of segmental motion in the polymer.
High segmental mobilities "unlock” the amorphous struc-
ture of freshly precipitated polymers with mesogenic
side groups and favor the formation of liquid crystal-
line order in such polymers. This can be accomplished
either by internal plastification (lowering Tg) or
annealing.
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In previous investigations (1,2) the influence of the chemi-
cal structure on the physical properties of aromatic polyacrylates
and polymethacrylates, obtained by radical polymerization, has
been extensively studied. The most interesting and stimulating
result (3-6) was the discovery that some of these polymers, namely,
poly (p-biphenyl acrylate) (PPBA), poly(p-cyclohexyl phenyl acrylate
(PPCPA) and poly (p-acryloyloxyazobenzene) (PPAAB), display thermo-
dynamic properties typical of crystalline polymers. Recently the
crystalline character of atactic PPBA and PPCPA has been pointed
out by the study of their dynamic mechanical behavior (7). How-
ever x-ray studies (8,9) have shown that the structure of these
polymers is not crystalline in the conventional sense. A one-
dimensional ordering showing in some cases as many as four sharp
reflections and a periodicity of 23.2 A was observed in a direc-
tion perpendicular to the main chain, together with a diffuse halo
in the wide angle region. 1In order to account for these results a
smectic structure was proposed (8), the long rigid side groups
being randomly directed at right angles on both sides of the main
chain to form a layered structure.

On the basis of this model it was anticipated (8) that a
syndiotactic configuration of the macromolecules would have favor-
ed the attainment of a higher degree of order and perhaps also the
formation of conventional crystalline structures. Studies have
therefore been undertaken in order to synthesize samples of PPBA
having different types of stereoregularity and to determine their
morphology and physical properties.

Experimental

Materials. Atactic PPBA was prepared by radical polymer-
ization in bulk or in benzene solution at 60-75°C, using Bz,0, as
initiator. It contained V55% syndiotactic diads. Isotactic PPBA
was prepared by polymerizing the monomer in toluene at -78°C with
Bu Li as initiator. The procedure was very similar to that
reported in the literature for the preparation of other isotactic

0-8412-0419-5/78/47-074-071$05.00/0
© 1978 American Chemical Society
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polyacrylates. The degree of isotacticity was "v90%. Fractiona-
tion with appropriate solvents led to a sample with a degree of
isotacticity higher than 97%.

Monomers with bulky side groups do not form syndiotactic-
rich polymers readily. Several attempts to prepare syndiotactic
PPBA were made. The best results were achieved by polymerizing
the monomer in toluene solution at -78° under U.V. irradiation,
when a sample was cbtained with v65% syndiotactic diads.

Atactic poly(p-biphenyl methacrylate) PPBMA was prepared by
radical polymerization in bulk at 75°C. Isotactic and syndio-
tactic PPBMA were obtained by polymerization with Bu Li as
initiator at -78°C in toluene and THF respectively.

Techniques. N.M.R. spectra of atactic, isotactic and syndio-
tactic samples were recorded using a Jeol PS-100 instrument and a
Varian 220 spectrometer, equipped with variable temperature con-
troller and frequency meter (10). Spectra were obtained using
5-10% (W/V) solutions in CCl, or O-chlorobromo-benzene with HMDS
as internal standard.

Specific heat measurements were made using a Perkin-Elmer
DSC-IB differential scanning calorimeter. The sample size was
generally V15 mg. and the data was obtained for a sample sur-
rounded by a dry nitrogen atmosphere. Synthetic sapphire was
used as a reference. 1In each run, carried out at a rate of
8°/min, a temperature range of 20°K was explored. D.S.C. scans
were obtained at scanning rates of 32°C/min.

The thermal optical data were obtained using a photocell in
conjunction with a Bausch-Lomb 500uV VOM7 recorder, programmed by
a Mettler hot stage.

X-ray diffraction data were obtained using a Norelco wide-
angle diffractometer with Cu Ko radiation. X-ray diffraction
patterns were also recorded on film using a flat plate, with a
specimen to fi%m distance of 7.0 cm. Cu Ka radiation was used so
that the 23.2 A spacing appeared on the same film with the wide-
angle diffraction.

A thermogravimetric analysis was carried out for all polymers
using a Mettler thermogravimetric analysis device. Both the
absolute weight and the rate of weight loss were recorded as a
function of temperature.

Results and Discussion

a. Nuclear Magnetic Resonance. The tacticities of all the
polymers studied were determined from N.M.R. measurements using
the method described in a previous (10) publication. The method
is based on the consideration that the two backbone methylene
protons of isotactic sequencies, because of their different
shielding, are magnetic non-equivalent, while those of syndio-
tactic sequences, experiencing the same magnetic environment, are
equivalent. For isotactic PPBA three bands with 1:1:1 relative
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intensities are expected, whereas syndiotactic PPBA should give
two groups of lines with 1:2 relative intensities. The percent
tacticity can be derived from the spectra using the relative
areas under corresponding peaks. These results for all polymers
investigated in this study are shown in Table I.

TABLE I
Polymer Tacticity

Atactic PPBA 55% syndiotactic
Syndiotactic PPBA 65% syndiotactic
Isotactic PPBA (a) 97% isotactic

(b) 90% isotactic

(c) 78% isotactic
Atactic PPBMA 80% syndiotactic
Syndiotactic PPBMA 90% syndiotactic
Isotactic PPBMA 90% isotactic

b. Differential Scanning Calorimetry. D.S.C. scans from
isotactic, atactic and syndiotactic PPBA were made and the spe-
cific heats at various temperatures calculated. This data is
shown in Figure 1 for both atactic and isotactic samples. The
tacticity of the isotactic sample used for this figure was 97%.
It can be seen that although the glass transition occurs at the
same temperature for both samples, the isotactic sample melts at
a temperature approximately 40°K lower than the atactic sample.

It was found that the melting point of atactic, isotactic
and syndiotactic polymer varied with tacticity and thermal his-
tory. In order to investigate further these effects, polymer
samples were crystallized isothermally at various temperatures
and the melting point of each sample established using the D.S.C.
scans. The results are summarized in Figure 2. The data shown
here for the isotactic sample were obtained from a sample with a
measured tacticity of 90%. It was found that the melting temper-
ature increased linearly with crystallization temperature but that
the rate of increase depended on the polymer configuration as
shown in Figure 2. The rate of increase of melting temperature
with crystallization temperature was considerably smaller for the
atactic polymer than for the isotactic and syndiotactic polymers.
An equilibrium melting temperature can be determined by extra-
polation of the measured melting points as shown in Figure 2. The
values obtained were 511°K for the isotactic polymer (90% iso-
tactic), 550°K for the atactic polymer and 578°K for the syndio-
tactic sample.

As we have already discussed, the extent of syndiotacticity
in the polymer here described as syndiotactic was actually quite
low ((v65%) Table I), and in fact only slightly higher than the
polymer obtained by radical polymerization and here described as
atactic (55% syndiotactic diads). From Figure 2 it can be seen
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that the melting point of the atactic polymer may be greater than
the melting point of the syndiotactic polymer at low crystalli-
zation temperatures. However the extrapolated melting temperature
for the syndiotactic polymer is 28°K higher than for the atactic
polymer. These results indicate that the equilibrium melting
point of PPBA increases with increasing syndiotacticity. This
supports the conclusion that a syndiotactic configuration of the
macromolecules of PPBA favors the regular packing of the aromatic
side groups, according to the suggested model.

The thermal properties of isotactic, atactic and syndiotactic
PPBMA are illustrated by the D.S.C. traces in Figure 3. None of
these samples showed a melting endotherm. Thus even a syndio-
tactic configuration (extent of tacticity 90%) is not able to
promote efficient packing of the side groups for these polymers.

Interesting peculiarities were noted in the melting behavior
of isotactic PPBA with a lower degree of isotacticity. Figure 4
shows the D.S.C. traces for a sample 78% isotactic. The most
interesting observation is that for this polymer two widely sep-
arated endothermic peaks can be observed, at 490°K and 540°K. On
the corresponding cooling curve two exothermic peaks at 500°K and
460°K were observed. Upon reheating the endothermic peaks were
again observed at somewhat lower temperatures but the intensity
of the high temperature peak was found to be greatly reduced.

The higher endothermic peak, for the isotactic sample,
occurs at a temperature close to the melting point of the atactic
polymer, and would appear, at first sight, to be associated with
the fusion of atactic polymer present in the isotactic sample.
This explanation was tested by the study of blends of isotactic
polymer (97% isotactic) and atactic polymer. The D.S.C. traces
did show two endothermic peaks at Vv490°K and ~v540°K. However,
upon cooling and reheating, both high and low temperature peaks
appeared again without any appreciable change. The explanation
that the isotactic sample with a smaller extent of tacticity can
be simply regarded as a blend of isotactic and atactic polymer
is therefore not sufficient for a complete explanation.

c. Thermal Optical Analysis. A thin film of the polymer,
cast from solution and observed between crossed polars in the
polarizing microscope, showed uniform extinction and indicated
that polymer precipitated from solution was essentially amor-
phous. However for the case of atactic PPBA, upon heating, some
birefringence developed and at 200°C extensive regions of struc-
ture were observed. Further heating of the film led to a melting
with a consequent decrease in birefringence to uniform extinction.
Upon cooling from the melt, structure with birefringence again
appeared.

A quantitative measure of this behavior was provided by re-
placing one the eyepieces with a photocell and attaching the
photocell to a recorder to provide a measure of the light reach-
ing the eyepiece. The heating and cooling was programmed using
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a Mettler hot stage. Films were cast from chloroform solution
directly on the microscope slide. The thickness of the film could
be varied by changing the amount of polymer used. Usually a thick-
ness of v0.5 mil was sufficient to give changes in birefringence
of sufficient magnitude. The samples were heated and cooled at
3°C/min.

The results for atactic and isotactic PPBA are shown in
Figure 5. The isotactic sample shown here was 78% isotactic.

For both atactic and isotactic sample the initial cast film shows
essentially zero birefringence. When the temperature exceeds
Vv388°K (the glass transition temperature 385°K) the birefringence
starts to increase, and reaches a maximum at “532°K for the atac-
tic sample. Premelting and melting then reduce the birefringence
until a zero value is reached at V543°K. The isotactic polymer
however, with 78% tacticity, showed an increase in birefringence
up to 493°K. After a small decline, a subsequent increase to a
second maximum at 518°K was observed. Further increase in tem-
perature led to a melting which was complete by Vv543°K. The
highest birefringence observed was in fact only first order grey,
so that the occurrence of the second maximum was quite unexpected.

Isotactic and atactic polymers both displayed the same behav-
ior during cooling and reheating. Upon cooling from the melt a
birefringent structure was obtained which upon subsequent re-
heating melted. For the atactic polymer zero birefringence was
obtained for temperature Vv543°K. The isotactic sample did not
show a second maximum in this case; the melting appeared to
occur at the location of the first maximum, zero birefringence
being observed at Vv523°K. It is interesting to compare the
T.0.A. data for atactic PPBA in Figure 4 with the data obtained
from isotactic polystyrene films cast in the same manner. This
data is shown in Figure 6. Despite the different molecular con-
figuration the optical behavior described here is essentially the
same.

We assume that birefringence can arise from two sources; a
crystallization (or ordering phenomenon) from the amorphous phase
to give birefringent structures; and an orienting of macromolec-
ular chains either in the crystalline or the amorphous phases.
The clarification of these effects is best achieved using x-ray
diffraction methods, and these results will presently be
described. However a correlation of the T.0.A. data with the
D.S.C. data can be made. It appears that the original film cast
from solution is amorphous and without extensive molecular orien-
tation. At temperatures above Tg the molecular mobility is
sufficiently great to induce "cold" crystallization.

The T.0.A. data for isotactic PPBA parallel the D.S.C. data.
If changes of birefringence were to be associated only with the
melting process then a plateau in the T.0.A. data should have
been observed rather than a maximum. This indicates that impor-
tant textural changes must also accompany the complex melting
behavior displayed by this isotactic polymer.
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X-Ray Diffraction. X-ray diffractometer scans of various
atactic PPBA samples are shown in Figure 7. Sample A was obtain-
ed by precipitation from CHClj solution directly after polymeri-
zation. Samples B and C were obtained by casting thin films from
CHCl3 solution onto clean flat substrates (lead and glass).
Sample D was obtained by slow cooling and solidification of
molten polymer on a glass substrate to give a thin film. The
preparation of sample C was essentially the same as that used to
prepare films for the T.O.A. studies.

Sample D gave the diffraction pattern discussed in presious
publications (9). It is characterized by a sharp reflection
corresponding to a spacing of 23.2 A and a broad halo at higher
Bragg angles with a maximum intensity at 19.5°. Very weak 2nd
and 3rd orders are present. Samples A and D show the same gen-
eral characteristics. The low angle peaks are not as intense and
carefgl measurement shows that these correspond to a spacing of
21.0 A. Sample C showed very little diffraction at all except
for a very small peak at the Bragg angle 19.5°.

Some annealing treatments were then carried out on samples
A, B and C at various temperatures and times. These results are
tabulated in Table II and the diffraction patterns from samples
B and C are shown in Figures 8 and 9.

TABLE ITI
Sample Annealing Treatment Ratio IS/ID

T°C Time (hrs)

A none 1l:4
170 30 mins 1:1
170 3 hrs 2:1
210 3 hrs 3:1
240 3 hrs 4:1

B none 1:3
170 30 mins 1:1
170 3 hrs 2:1
210 3 hrs 3:1
240 3 hrs 4:1

C 170 30 mins 30:1
170 3 hrs 50:1
210 3 hrs 120:1
240 3 hrs 140:1

After annealing, the low angle peak sh%fted to 3.8° (correspond-
ing to an interplanar spacing of 23.2 A), became more sharp, and
increased in intensity relative to the wide-angle halo. A mea-

sure of this increase in intensity is given in Table II where the
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intensity ratio (IS/ID) of the low angle peaks height (IS) to the
wide-angle peak height (ID) is listed. The most noticeable fea-

ture was that for sample C this ratio increased to only 4:1.
Moreover, for sample B the annealing treatment led to the appear-
ance of a small peak at 20 = 17.5° superimposed on the broad halo.

In all respects samples A and B behaved the same. It is
likely that the film cast lead is very similar to the random
powder aggregate obtained by precipitation from solution. How-
ever the film cast on the glass surface shows very different x-ray
diffraction data. After annealing, the low angle reflection shows
a much greater intensity relative to the wide angle halo. This
can be understood if there is some preferred orientation of the
layered structure in these cast films, both the extent of order-
ing and the degree of preferred orientation increasing with
annealing temperatures and times. If the smectic layered struc-
ture is oriented parallel to the glass substrate surface, such an
enhancement of the low angle reflection would be anticipated for
the reflection geometry utilized by the diffractometer.

Studies of the isotactic PPBA were also carried out. The
cast films showed an initial small low angle peak corresponding
to an interplanar spacing of 23.2 A rather than 21.0 A observed
for the case of the atactic polymer. 1In all other respects, in-
cluding the preferred orientation, the x-ray diffraction data was
very similar to the data obtained from the atactic polymer.

Thermogravimetric Analysis (T.G.A.)

For further characterization, degradation of the polymer was
studied using the Mettler thermogravimetric apparatus. Figure 10
shows the weight loss curves for atactic PPBA when heated at
6°C/min. No appreciable weight loss occurred at temperatures up
to 613°K. 1Isotactic polymers showed similar traces and no appre-
ciable degradation occurred at temperatures less than 573°K.
These data confirm that degradation processes do not appear to
play a role in the thermal studies described here.

Conclusions

The results described here indicate that differences in the
degree and type of tacticity of PPBA samples fail to influence the
structure of these polymers as revealed by x-ray diffraction.

This is a very important finding since it implies that the struc-
ture of the polymer is, in this case, independent of the poly-
merization procedure. Several authors have implicitly granted the
possibility to obtain polymers with mesomorphic structure lies in
the availability of mesogenic monomers, and on the possibility to
polymerize them in the mesomorphic phase. Our results contradict
the suggestions. The only difference one can reasonably expect
between polymers prepared in the mesomorphic and isotropic phase
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(besides degree of polymerization) may be in relation to a differ-
ent stereoregularity. Our results show that even marked differ-
ences in stereoregularity do not alter the smectic structure of
PPBA, thus demonstrating that the lateral ordering depends
critically on the very structure of the aromatic side groups
rather than the main chain configuration.

Our results also indicate that thermal history and sample
preparation conditions can alter the morphology and texture of
the polymer and also influence the meltingpoint. The preferred
orientation of the smectic layered structure of the cast films
on the glass substrate is not altogether unexpected since such
observations are commonly found among mesogenic compounds.

The different thermal behavior of PPBA samples with differ-
ent tacticities is intriguing and perhaps associated with small
differences in the mode of packing of aromatic side groups within
the layers, not observable by x-ray diffraction.

Our results also indicate that the melting point of PPBA in-
creases with increasing extent of syndiotacticity. This supports
the conclusion that a syndiotactic configuration favors the model
previously proposed for the layered smectic structure.

Literature Cited

(1) Pizzivani, G., Magagnini, P. L., and Giusti, P., J. Polym.
Sci. (1971) 9, A2, 1133.

(2) Pasquini, M and Frosini, V., IUPAC International Symposium
on Macromolecules, Madrid 1974, Reprint III 5-13.

(3) Baccaredda, M, Magagnini, P. L., Pizzivani G., and Giusti, P.,
Polym. Letters (1971) 9, 303.

(4) Magagnini P. L., Marchetti, A., Matera, F., Pizzivani, G.,
and Turchi, G., European Polym. J., (1974) 10, 585.

(5) Frosini, V., Magagnini, P. L., and Newman, B. A., J. Polym.
Sci. (1974) 12, 23.

(6) Balloni, P., Thesis, University of Pisa (1972).

(7) Frosini, V., Magagnini, P. L., and Newman, B. A., J. Polym.
Sci. in press.

(8) Newman, B. A., Magagnini, P. L., and Frosini, V., Advances in
Polymer Science and Engineering, Pae, K. D., Morrow, D. R.,
and Chen, Yu, Plenum Press, New York (1972) 21.

(9) Newman, B. A., Frosini, V., and Magagnini, P. L., J. Polym.
Sci. Phys. Ed. (1975) 13, 87.

(10) Ceccarelli, A., Frosini, V., Magagnini, P. L., and Newman,
B. A., Polym. Letters (1975) 13, 101.

Receivep December 8, 1977.



Publication Date: June 1, 1978 | doi: 10.1021/bk-1978-0074.ch007

7

A New Series of Mesomorphic Monomers: Bulk
Polymerization of 4-Cyano-4'-biphenyl (n + 2)-alkenoates

J. C. DUBOIS, J. C. LAVENU, and A. ZANN
Thomson-CSF, Domaine de Corbeville, 91401 Orsay, France

Polymers which exhibit mesomorphic order may have
interesting anisotropic properties such as high optical,
electrical, or mechanical anisotropies. ©Such polymers may be
obtained either by polymerization of a non-mesomorphic monomer
in a liquid crystalline solvent (1,2) or by direct polymerization
of a mesomorphic monomer in its 1iquid crystalline state (3-9).
The organization in the resulting polymers may be improved if the
polymerization is done under orienting conditions in electric
or magnetic fields or within suitable boundary conditions
(10,11,12,13).

In this chapter a new series of mesomorphic monomers is
presented -- the 4-cyano-L'-biphenyl (ng)-alkenoates. Their
bulk polymerization in the nematic state has been investigated,
and thin layers obtained by thermal polymerization with or with-
out an orienting electric field have been studied. Dielectric
properties are discussed also.

Monomers

The monomers which have been synthesized have the general

formula:
CH, = CH -(CHy)n - COO @-@- CN

with n equal to O, 1, or 2.
Synthesis. The preparation of these compounds involved

three steps. The first step was the synthesis of h-cyano-L*-
hydroxybiphenyl (il):

Cu CN - 90 min
2050 00"
N-methyl-2-pyrrolidone CuBr

- (reflux)

0-8412-0419-5/78/47-074-086$05.00,/0
© 1978 American Chemical Society



Publication Date: June 1, 1978 | doi: 10.1021/bk-1978-0074.ch007

7. DUBOIS ET AL. New Series of Mesomorphic Monomers 87

The complex was broken down by using concentrated hydrochloric
acid and ferric chloride in aqueous solution at 60°C. The
second step was the preparation of the acid chloride from the
selected vinylic acid (15):

CH,=CH- (CH,) ,-COOH +<:::>»0001———————> CH2=CH—(CH2)n-COCl
- heating

The acid chloride was simultaneously distilled and collected on
cool hydroquinone. The last step, esterification, was conducted
at room temperature in N,N'-dimethylaniline medium (16):

CHp=CH- (CHp ) -COC1. + HO-<:::> <:::> oy 28 b,
CHg—CH(CHE)ECOO -<CE{>><(}€Z>- CN

The resulting compound was purified by chromatography on a
silica gel column with a benzene/hexane mixture as eluant and
then was recrystallized two or three times in ethanol.

Mesomorphic Properties. The synthesized compounds have been
investigated by means of a polarizing microscope equipped with a
heating and cooling stage (Mettler FP5). The temperature and
enthalpies of transition were determined by differential scanning
calorimetry (DSC 1 B-Perkin Elmer). The results are listed in
Table I where K, N, I are,respectively, the crystalline, nematic,
and isotropic phases, and AH_ is the melting enthalpy. The meso-
morphic properties differ greatly according to the length of the
chain. For comparison, the compounds of the homologous saturated
series (17) are mesomorphic at lower temperatures. The presence
of the vinyl linkage in the unsaturated compounds stabilizes the
mesophase.

Table I. Transition Temperatures and Enthalpies for
the 4-Cyano-4'-biphenyl(n+2)-alkenoates

n K N I AH, (Keal/mol)

0 . 100 . 130 .
1 . 136 . 166 .
2 . 73 . 0133 .

w ==
radeali
-~ O\

In order to widen the nematic range of the monomers and to
decrease their melting temperatures, we have made binary mixtures
of compounds n = O and n = 1 (Table I). We observed that the
experimental dlagram did not exhibit an eutectic, as is generally
observed with other liquid crystals. The two compounds are
probably miscible in all proportions in their crystalline state
(solid solution). The phase diagrams, experimental and calcu-
lated, are plotted on Figure 1.
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The dielectric anisotro;w'ea‘of the first monomer, the
h-cyano-l'-acryloyloxybiphenyl, was measured. The €, of a
0.10/0.90 molar-fraction mixture of this compound, with a nematic
compound having an € 5 equal to 0.1, is 2.1. Since the aniso-
tropies are additive, the anisotropy of the considered monomer is
approximately equal to 2.0.

Bulk Polymerization

Bulk polymerization of each monomer has been studied by
means of differential scanning calorimetry. The procedure for
following the kinetics was similar to that described by Blumstein
and Hsu (18). A small quantity of the compound was sealed in a
DSC sample pan. The temperature was increased linearly to the
melting point and was then set quickly to the desired value.

The isothermal polymerization was performed during a given time
t. At the end of this time, the sample pan was quenched with a
dry ice-methanol mixture to stop the polymerization and to allow
the recrystallization to take place. A thermogram was then taken
again. TFor each polymerization time, a new sample was used.

The rate of conversion in % is equal to (1 -AH/AH,) x 100 where
Ho is the melting enthalpy of the pure monomer, and AH is the
transition enthalpy of the remaining monomer after partial
polymerization. Thermal polymerization of the first monomer of
the series in its nematic state is very fast. The evolution of
its melting peak is shown in Figure 2. This figure also shows
that the presence of oxygen reduces the rate of polymerization.
Since the two other monomers need addition of initiator to
polymerize, only the kinetic studies of thermal polymerization of
the lh-acryloyloxy-U'-cyanobiphenyl are presented. The rates of
conversion in wt. % vs. time for three temperatures are plotted o
Figure 3. The curves are perfectly linear up to 80% conversion,
monomer and polymer are miscible, and no phase segregation
occurs. From these curves, the logarithm of the polymerization
rate vs. l/T has been plotted (Figure 4), and the energy of
activation Eé calculated. E, in the nematic phase is equal to
119 k J/mol.

The bulk polymer obtained after 80 min at 110°C in N,
atmosphere is white, very hard,and brittle. The texture of a
thin film of this polymer looks like a disordered mesophase
texture. The polymer 1s insoluble in all the classical solvents
except in the dimethylformamide. It swells in chloroform. The
thermogram of this polymer does not exhibit any transition from
room temperature until 260 C.

Thin Layer Polymerization of 4-Acryloyloxy-U'-cyanobiphenyl

Investigation of optical and electrical properties of this
polymer may be facilitated by making thin layers. Thus the
polymerization has been done in a 50-um thick cell. Such a cell
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(Figure 5) is made up of two conductive glass plates separated by
Teflon spacers S50um thick. The monomer in the solid state was
placed at the inlet of the cell, degassed under 20 mm Hg at TO°C,
and then introduced by capillarity on melting at 100°- 102°C.
Polymerization was achieved at 110°C in 90 min under No
atmosphere. Well polymerized layers, displaying flat thermo-
grams up to 260°C, were obtained. Observation with polarizing
microscope shows birefringent and disordered texture.

A long-distance order is induced in a nematic liquid crystal
by applying an appropriate magnetic or electric field. If such
a field is applied during polymerization, a mesomorphic order
may be at least partially maintained. Therefore we have per-
formed a series of thin layer polymerizations under d.c. or a.c.
electric field with values from 6 to 20 kV/cm. The capacity of
the cell was measured simultaneously during the polymerization by
an automatic capacitance bridge (H.P. 4270A). The scheme of the
apparatus is drawn in Figure 6. An example of the evolution of
the dielectric constant€p of the polymer being formed is given
in Figure 7. The last €p value is independent of the value of
the applied fields and always reaches 3.2. We can conclude that
the polarization of orientation, which is very important in the
monomer when €% 20, disappears in the polymer. The dipoles are
blocked. In order to know if the mesogenic side groups have
kept the mesomorphic, smectic, or nematic order, x-ray investiga-
tions are now being performed with a small-angle diffractometer.
Comparison will be made with the results obtained on the poly-
(B—biphenyl acrylate), which exhibits a smectic A order with
spacing of about 20 A between the smectic plane (19,20).

Conclusion

Three mesomorphic monomers belonging to a new series, the
L-cyano-k'-biphenyl (n+2)-alkenoates, were prepared. One of
them, the L-cyano-U4'-acrylatebiphenyl, is nematic from 100 to
130° C; its thermal polymerization in the nematic phase is easy.
A 50-um polymerized film has been placed between two conductive
glass plates. When the polymerization of such a layer is per-
formed under orienting electric fields, the dielectric constant
decreases from the high e y value of the liquid crystal to the
classical value for the polymer. Mesomorphic order in the
resulting polymer will be investigated by x-ray studies.
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Polymerization in the Liquid Crystalline State:

Monomer—Polymer Interactions

F. CSER, K. NYITRAI, and G. HARDY
Research Institute for Plastics, H-1950 Budapest, Hungary

Sadron et al. (l) prepared lyotropic liquid crystalline
systems using polymers and a polymerizable solvent and attempted
to fix the mesomorphic structure by polymerizing the monomeric
solvent. Bouligand et al. (g) attempted to prepare liquid
crystalline substances with fixed structure by copolymerizing
mono- and bifunctional mesomorphic monomers. However, neither
group investigated the phase conditions of the monomers or of
the monomer and polymer. In both cases identical homogeneous
phases were assumed before and after polymerization.

In solid-state polymerization, however, the polymer formed
in the reaction interacted with the initial monomer phase,
forming a new thermodynamic system (3,4,5,6,7). The reactions
were either heterogeneous or homogeneous phase topochemical
reactions. The polymer remained isomorphous with its monomer
forming a one-phase system in homogeneous reactions only (3,6)
This type of reaction is, however, very rare (7,8 9,10) Hetero-
geneous reactions, in which the polymer and the monomer are not
isomorphous, are much more frequent. In many cases, polymeriza-
tions starting as homogeneous change into a reaction
which is predominantly heterogeneous. The determining condition
for a homogeneous reaction is the isomorphism of the tactic
polymer with the monomer crystals. This isomorphism can only be
realized under special conditions required by the thermodynamics
of the system. These conditions are as follows: the chain
period of the polymer must coincide with a translational period
of the monomer crystal lattice, the overlapping volumes of
monomeric units in the polymer chain should not differ greatly
from that of the monomer molecule (11), and the volume
contraction during the chain formation should not be in the
direction of the chain growth. These conditions are fulfilled
in crystals of monomers with a long paraffinic chain substituent
(12) Figure 1 shows an example of the isomorphous solid
solution of poly(cetylv1nylether) in its single layer of pgg
layer symmetry. The isomorphism of monomer crystals and of the

0-8412-0419-5/78/47-074-095$05.00,/0
© 1978 American Chemical Society
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polymer formed has been reported by several authors
(§:2:l9:i§)°

The topochemical aspect of the reaction varies depending
on the type of mesomorphic state. Topochemical polymerization
can be expected in smectic mesophases (;g) where the functional
groups of the layer formed by the parallel chains are located
in one plane (;&,;2). Homogeneous topochemical reactions may
proceed in a layer with either uni- or bimolecular structure.
In the polymerization of cetylvinylether (;é) the polymer
formed remained isomorphous with the monomer, and the melting
point of the system increased. This isomorphism was destroyed,
however, when the system reached its melting point. After
cooling it formed a two-phase system.

In the polymerization of cholesterylacrylate the iso-
morphism of the polymer with the moanomer could be preserved up
to the conversion limit of 70% at 0° C (17), but at 30° C the
system became rapidly heterogeneous because of the increased
mobility of the molecules. At both temperatures the monomer
was in the smectic G state. The experimental evidence is shown
in Figure 2.

The decrease in the melting ani/or clearing points of the
monomers caused by the presence of the polymer was detected in
both the smectic state polymerization of vinyl oleate (18,19)
and in the polymerization of cholesterylacrylate in the
cholesteric state (17). The polyvinyl oleate formed in this
reaction was crystalline while the polycholesterylacrylate was
amorphous. Tne temperature of the phase transition was reduced
in both cases.

The situation is completely different in the cholesteric
and the nematic states. The rates of polymerizations are
usually lower, and the activation energies of reactions are
higher than those in the liquid isotropic state measured or
extrapolated to the same temperature (20,21,22). The
cholesteric and nematic states do not seem to favor topochemi-
cal processes, and, therefore, a structural isomorphism cannot
be expected either. Because in this state the molecules are
not packed densely, the formation of a homogeneous solution
also can be expected with greater differences in overlapping
volumes. The polymer/monomer state diagram of p-methyl, p'-ac-
ryloyloxyazoxybenzene (g;) in Figure 3 shows that near the
melting point of the monomer a heterogeneous two-phase system
is formed in which both phases have a nematic structure. Above
the melting point of the monomer the solution is a homogeneous
nematic one; the polymer is dissolved in the isotropic liquid-
phase monomer. Therefore, in the nematic phase of the monomer
a heterogeneous phase polymerization can be expected. When the
reaction is started in the isotropic liquid phase, it is homo-
geneous up to a given conversion, where a phase separation takes
place. Thereafter, as the reaction proceeds, the nematic
polymer/monomer solution dissolves the remaining isotropic
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Figure 1. Polymer/monomer solid
solution in cetylvinylether single layer

of pgg symmetry

Figure 2. X-ray powder pattern of
cholesterylacrylate monomer (a), of
its precipitated polymer (d), of polym-
erizing systems polymerized at 0°C
up to 70% conversion (b), and at
30°C up to 28% conversion (c).
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monomer, and the reaction becomes homogeneous. The Tg of the
plasticized polymer system is reached, and the reaction
terminates.

The polymer/monomer state diagram of cholesterylvinyl
succinate shows another type of interaction (2L,25) as can be
seen on Figure 4. 1In one of the three possible crystalline
phases a homogeneous topotactic solid state polymerization
takes place. The polymorph is formed in the presence of even
a trace of polymer, and there is a real isomorphism of the
polymer and of the monomer. The highest polymer
content in this solid solution is ca. 25%. At higher tempera-
tures the isomorphous polymer/monomer system has a smectic
structure. Thereafter, in the cholesteric state the system
becomes heterogeneous. In samples with a high polymer content
two smectic states were detected. A low viscosity smectic
structure could be detected at higher temperatures.

The polymerization in the cholesteric state of this monomer
is a heterogeneous phase reaction. The polymer formed is pre-
cipitated as a smectic phase, and as the conversion increases,
the cholesteric monomer is dissolved in the isotropic system,
and a homogeneous phase is formed. As the reaction proceeds
further, the system becomes smectic (gi).

For a long time we searched without success for a homo-
geneous reaction in the cholesteric state until we began to
study the cholesterylvinylfumarate monomer. In the following
we present the polymer/monomer state diagram of this substance.

Figure 5 shows the phase transition points found in this
system with a 10% polymer content. Figure 6 displays the DSC
transition heats as a function of the composition. The next
two figures show the polymer/monomer state diagrams determined
by DSC (Figure 7), by polarizing microscopy, and by thermo-
mechanical methods (Figure 8). The figures show a good agree-
ment between different methods. Figure 9 displays wide-angle
x-ray diffractograms of some characteristic compositions of the
polymer/monomer systems. The monomer is in the smectic G state
(26). Systems with polymer content of less than L0% consist of
two phases -- an amorphous phase of the plasticized monomer and
a smectic B phase of the monomer containing the polymer. When
the polymer content is greater than 40%, only the amorphous
pnase is detected. The upper part of Figure 9 shows the x-ray
diffractograms of systems polymerizing at 145°C in the
presence of 0.2% benzoylperoxide as a function of reaction
time. In these polymerizing systems similar interactions occur
as in the melted and cooled systems. Samples with polymer
contents less than 50% display the green-blue reflection
characteristic of the cholesteric state.

The characteristics of the states are as follows:

When the polymer content is higher than 70%, the systems
consist of a homogeneous phase which contains the plasticized
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Figure 3. Polymer/monomer
state diagram of p-methyl, p’-
acryloyloxyazoxyé)enzene ob-
tained by polarizing microscopy
M, composition (weight fraction
of polymer). Characteristic
points: ( A), decreasing birefrin-
gence; (Y ), mesomorphic transi-
tion; ([]), mesomorphic melting;
(@), solidus; (O), liquidus. The
meaning of the areas: (A), iso-
tropic liquid; (B), isotropic liquid
-+ mesomorphic plasticized poly-
mer; (C), liquid; (D), glassy
states of plasticized polymer in
mesomorphic phase; (E), crystal-
line monomer + mesomorphic
plasticized polymer in the glassy
state; (F), crystalline monomer -+
mesomorphic plasticized poly-
mer in the liquid state; (G),
mesomorphic monomer -+ meso-
morphic plasticized polymer in
the liquid state.

Figure 4. Polymer/monomer state
diagram of cholesterylvinylsucci-
nate. M,,, composition (weight
fraction of monomer). ([7), Ty; (O),
change in the thermal exponent of
deformation; (V), Ty, all measured
by thermomechanics. (‘W ), shift in
the base line, if M,, < 0.5 or second
peak if M,, > 0.5; (@), first peak on
the DTA trace. (-+), clearing point;
(V), melting begins; (X), phase
transformation, all measured by
polarizing microscopy. The mean-
ing of the areas: (A), isotropic
liquid; (B, C, D, and E), homo-
geneous mesomorphic plasticized
polymer in liquid (B), in high elas-
tic (C and D), and in glassy state
(E), respectively. Solid solutions
are in solid (G) and in plasticized
states (H). Mesomorphic solutions
are in smectic (1) and in cholesteric
(I) states. G, H, I and ] are bi-
phasic in the concentration range
0f 0.5 < M,, <08.
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Figure 6. DSC transition heats of cho-
lesterylvinylfumarate polymer/monomer
systems

Figure 7. Polymer/monomer state dia-
gram of cholesterylvinylfumarate ob-
tained by DSC. (V), AH, initial stage
of transition, (V), second peak; (A, ©,
% and ), peaks or shoulders on the
mdin transition of AH,. (®), AH,; initial
stage of transition, (O), second peak on
AH, transition.
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Figure 8. Polymer/monomer state dia-
gram of cholesterylvinylfumarate ob-
tained by thermomechanics and polar-
izing microscopy. (), Ty (+), initial
stage of plastic deformation; (X)),
change in the thermal coefficient of
deformation; (A), T;. (VY), decrease in
the birefringence; (V ), cholesteric tran-
sition, with a gap in the birefringence;
(©), decrease in the birefringence; (@),
peak or shoulder in the depolarized
light intensity; (O), clearing point.
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Figure 9. Cu-Ka x-ray diffractograms of cholesterylvinylfumarate
polymer/monomer systems prepared by different ways
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polymer. When the polymer content is below T0%, the systems
contain two phases. Based on thermomechanical observations,
the enthalpy change,ZXIH , 1s consistent with the Tg of the
whole system. The enthalpy change[& Ho is associated with the
monomer phases containing the polymer, and it consists of
several transitions located above the melting temperature, Ef.

The greatest changes in enthalpy are observed at Tr, but
they are lower than would have been expected (on the basis of
molecular dimensions) from crystalline-to-mesomorphic
transitions. The cholesteric state was observed at the flow
temperature under a polarizing micrcscope. The cholesteric
reflections are observed at lower temperatures than T in
systems -containing polymers or at Ty of the monomer itself.

This means that there is a phase transformation in the choles-
teric state too, which corresponds to the last peak of A Ho.
The dependence of the transitions on concentration is similar
to that of the solid solution.

The cholesteric-to-isotropic liquid transition is of an
eutectic type. The enthalpy changes, A EA’ are related to the
cholesteric phases. The composition of the system with the
lowest melting point does not coincide with the composition of
the homogeneous polymer (L48% and T2%, respectively). The
transition from cholesteric to isotropic state takes place
simultaneously with an exothermic transition (Z& H )
associated with polymerization. This exothermic transition
depends on the polymer/monomer ratio of the samples with a mini-
mum and a maximum value at polymer contents of 20% and 60%,
respectively. Since this transition can be found also in the
precipitated polymer, it may result from the transition of
cyclopolymeric chains characteristic of vinylfumarates (gz).

The reflected color of the cooled samples proves that the
polymer dissolved in the monomer phase fixes the cholesteric
structure of the monomer, which is possible only for a choles-
teric homogeneous mixture of the monomer with the polymer. From
this solution a smectic B phase monomer is precipitated by cool-
ing, and thus a two-phase system is obtained consisting of a
smectic monomer and a cholesteric polymer plasticized by its
monomer. At room temperature, therefore, we have a three-phase
system: a plasticized polymer with a polymer content of TO%, a
polymer phase with a cholesteric structure enriched in monomer,
and a monomer phase with a smectic B structure. Consequently,
the polymerization which started in the cholesteric state is a
homogeneous reaction with a thermodynamically stable homogeneous
phase which is solidified by cooling before a phase separation
begins. The reaction rate is decreased to a great extent in the
highly elastic state of the plasticized polymer, and a limiting
conversion is attained.

Figure 10 shows the polymer/monomer state diagram of a co-
polymer prepared from p-methyl, p'-acryloyloxyazoxybenzene and
cholesterylvinylsuccinate and its original monomer mixture. The
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Figure 10. Polymer/monomer state diagrams of
a copolymer prepared from a mixture of 0.4 mol
of cholesterylvinylsuccinate and 0.6 mol of p-
methyl,p’acryloyloxyazoxybenzene and of the
original mixture of monomers. ([7J), T,; (O), T,,
both obtained by thermomechanics. (W), in-
crease; (X), shoulder; (W), peak; (A ), constant
value of depolarized li cht intensity; (@), clearing
point. The meaning of the areas: (A), zsotropw
liquid; (B), different smectic phases of the plasti-
cized copolymer in the liquid, (C) in the high
elastic, and (D) in the glassy states, respectwel y.
Other areas correspond to bzphasw systems,
where the plasticized copolumcrs are in the glassy
(]), in highly elastic (1), and in liquid states. (E—
H).In addition the mixture of monomers in crys-
talline (1, ]J), molten eutectic crystallme (H),
and in the cholesteric (E, F, G) states is given. B,
and B; are biphasic; where one phase is B,, the
other is either isotropic-liquid or B,.
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conditions of mesophase formation are much more complicated

here than in the case of homopolymers and will not be discussed
in detail. However, the main conclusion that can be made from
this and from the other state diagrams of the same monomers with
different compositions (g@) is that there are at least one or
more ranges of temperature and composition where two phases
exist with different compositions and different mesophases.
Homogeneous phases can be observed at higher polymer contents
where the structure is determined by the behavior of the polymer
itself and does not depend on the phase of the pure monomer.

Conclusion

In our present work the mesomorphic state polymerization
was investigated from the point of view of solid-state poly-
merization. The thermodynamic interactions of monomers and
polymers can be represented by state diagrams. Effects
reported by Sadron et al. may only be expected in the homo-
geneous areas of the state diagrams. The thermodynamic
conditions leading to such areas are fulfilled frequently in
smectic states but rarely in cholesteric or nematic ones.
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Applications of Thermotropic Mesophase Reactions

RAJ N. GOUNDER
Corporate Research and Development, Lord Corporation, Erie, PA 16512

Recent research in the areas of molecular/micro-
structural engineering of polymer solids has resulted
in a number of technological breakthroughs. As a
result, we are now close to realizing the theoretically
possible maximum performance from these microstruct-
urally engineered polymeric materials. Table 1 lists
a number of tools that are now available for the micro-
structural designing of ultimate polymer solids. The
potentials and limitations of these various tools for
molecular/microstructural engineering of polymer solids
are the subjects of a monographl currently under prepara-
tion. Some of these technologies offer great potentials
for producing polymeric solids with ultimate behaviors
in all three crystallographic directions. Thus, the
technique of solid state polymerization has shown the
practicality of producing defect-free single crystals
of chain extended polymeric systems, grovided certain
stringent criteria may be satisfied2=°. Ultimate pro-
perties along specific directions only, however, are
obtained more easily by a variety of techniques. Thus,
a number of techniques utilizing certain extrinsic
variables have been.very widely investigated. These
include the control of mechanical and thermal para-
meters on polymer solids®=7?, control of mechanical
(hydrostatic) and thermal parameters on polymer melts®”
1%, and solutionsil=!? as well as techniques utilizing
the effects of electric and magnetic fields:® in poly-
meric systems. A number of technologies have also
been developed utilizing the effects of intrinsic para-
meters for controlling the microstructural architec-
tures of polymeric solids. Examples of these techniques
utilize polymer-solvent interactionsl*=1®, 6 polymer-
polymer interactionsl® and interchain featuresl?’. Two
techniques with maximum success utilize thermotropic
mesophase systems and lyotropic liquid crystalline

0-8412-0419-5,/78/47-074-108$05.00/0
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systems respectively. The Kevlar® fibers were devel-
oped from lyotropic liquid crystalline systemsl®; the
equally interesting ultra-high modulus graphite fibers are
made from thermotropic mesophase pitches. The applica-
tion of thermotropic liquid crystalline or the so-

called mesophase reactions for the control of molecular/
microstructural architectures in macro-molecular

systems will be the subject of this review.

Applications of Carbonaceous Mesophase Pitch

The formation of mesophase structures from the
ligquid pyrolysate during the heat treatment of poten-
tially graphitizable materials such as aromatic hydro-
carbons, coal-tar, and petroleum gitches was first
reported by Brooks and Taylorl®=!®,  The totally
isotropic tar or pitch transforms to an almost com-
pletely anisotropic mesophase pitch at temperatures
ranging from 300-500°C by the parallel alignment of
large planar molecules developed by aromatic polymeriza-
tion at such temperatures. Hot stage microscopic studiesZ
“%! have revealed that on heating a fully isotropic tar
or pitch under quiescent conditions at a temperature of
about 350-450°C, small insoluble liquid spheres begin
to appear (Figure 1). These spheres gradually increase
in size as heating is continued. These spheres are
found to be highly anisotropic in character.

Polarized light microscopy as well as electron
diffraction studies show that these spheres consist of
layers of oriented sheet-like molecules aligned in
nearly the same direction (Figure 2). These sheet-
like or planar molecules were developed by aromatic
polymerization upon heating at temperatures over 300°C
(Figure 3). Based upon their electron diffraction and
polarized light absorption studies, Brooks and Taylor
proposed a model for the anisotropic spheres as shown
in Figure 4. According to this model, the layer at the
equatorial plane is perfectly flat whereas the layers
away from the equatorial plane shows increasing amounts
of curvature.

As heating in the range of 300-500°C is continued,
these spheres continue to grow until they come into
contact with one another, whereupon they gradually
coalesce with each other to produce large masses of
aligned layers (Figure 5). Thus domains of aligned
molecules much larger than those of the original
spheres are formed. These domains come together to
form a bulk mesophase wherein the transition from one
oriented domain to another sometimes occurs smoothly

®Dupont trade mark for polyaramid fibers
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TABLE 1

MOLECULAR/MICROSTRUCTURAL ENGINEERING
OF POLYMER SOLIDS

Reactions in Pre-Oriented Media

Solid State Reactions
Mesophase Reactions
Thin Layers

Effect of Intrinsic Parameters

Solvent-Polymer Interactions
Polymer-Polymer Interactions
Interchain Features

Effect of Extrinsic Parameters

Mechanical and Thermal Parameters on Polymer Solids
Mechanical and Thermal Parameters on Polymer Melts
Mechanical Parameters on Polymer Solutions

Electric and Magnetic Fields

Metallography

Figure 1. Photomicrograph of mesophase spherules (41)
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Molecular Crystals and Liquid Crystals

Figure 2. Lamellar liquid crystal model of the carbonaceous
mesophase[(1977) 38, 199]

(1)

Figure 3. Formation of planar molecules by aromatic polymerization
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POLE "pole”
Trace of
lomellae direction

N

/////////
//////

edge of
disk ot sphere
_gis!

“pole”

Figure 4. (left) Mesophase sphere with section including polar diameter; (right) cross
section of mesophase sphere

ir INDICATES REGION WHERE LAYERS LIE
PARALLEL TO PLANE OF SECTION

Molecular Crystals and Liquid Crystals

Figure 5. Coalescence of mesophase spheres (1977)
38,177
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and continuously through gradually curving lamellae

and sometimes through more sharply curving lamellae.

The difference in orientation between the domains creates
a complex array of polarized light extinction contours

in the bulk mesophase corresponding to various types

of linear discontinuity in molecular alignment.

The molecular arrangements within the mesophase
pitches thus obtained resemble that of conventional
nematic liquid crystals. It has been shown that like
conventional nematic liquid crystals___if the meso-
phase pitches possess plastlc properties?Z®, hlgh
degrees of anisotropyl?, magnetic field effects?’, con-
fining surfaces?®, and eutectic effects??. However,
the mesophase pitches possess other properties which
are different from the behaviors of conventional nema-
tic liquid crystals. For example, the mesophase is
formed irreversibly; it is relatively insoluble in
benzene and pyridinel!. Mesophase pltches exhibit
high activation energies (38-85 K Cal mol~ ) which
correspond to chemical rather than physical processes—_—
22, Further, increases in molecular weightl®:+35 and
C/H ratios2!:3% and the kinetics®! of mesophase forma-
tion in pitches all indicate chemical processes of
mesophase formation. These are not properties of con-
ventional nematic liquid crystals. Thus, the mesophase
pitches while being like nematic liquid crystals in the
structures they possess, are unlike nematic phases in
their being formed through chemical processes.

Since the discovery of mesophase pitches by Brooks
and Taylor in 1965, numerous studies have been carried
out to understand and optimize the effects of various
parameters on the mesophase nucleation, growth, and
coalescence. Table 2 lists a number of parameters that
effect the formation of mesophase spheres - their
nucleation, growth and coalescence as well as the pro-
perties of the resulting mesophase pitch. For example,
use of high pressures during heat treatment to produce
mesophases has been shown3’ to inhibit mesophase coal-
escence and produce a liquid crystal system composed of
uncoalesced spheres. Mesophase sphere growth and coal-
escence are also hindered by the presence of insoluble
carbon particles?! and metal oxide partlcles_f. of
course, the structure and size of mesophases obtained
by the heat treatment of carbonaceous pitches very much
depend upon the chemistry of parent substances®’ and
the nature of radical intermediates of the pyrolytic
process®®. The amount and the composition of the meso-
phase as well as any co-existing isotropic phase in a
pyroly sate pitch depend upon temperature®?=*!. The

31—
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viscosity of the pyrolysate very much controls the
coalescence of mesophase spheres and hence the forma-
tion of anisotropic domains. Various studies3®-*2
have been performed to study the effects of temperature,
heating time and viscosity on the mesophase sphere
formation, growth and coalescence. Yamada, et alks
have shown that removal of low molecular weight mole-
cules from partially transformed pitches by solvent
extraction affects the viscosity and hence prevents
sphere coalescence during additional heating. Thus, a
body of knowledge has been developed exploring the
effects of various parameters on the nature of meso-
phases formed in carbonaceous pitches.

During this same period, the technology of pro-
ducing carbon fibers from various pitches was also being
established.**~%% The already existing body of know-
ledge concerning mesophase formation in pitches has
greatly impacted on the development of pitch precursor
carbon fiber technology. Thus, about the same time
Brooks and Taylor of Australia published their results
on the mesophase formation in carbonaceous pitches,
Otani3! of Japan published his work on the melt
spinning of carbon fibers from conventional isotropic
carbonaceous pitches. Otani's process involved several
steps as shown in Figure 6. First, carbon fibers were
spun from pitches specially prepared by pyrolyzing
polyvinyl chloride at a temperature of 400-415°C for
30 minutes in a nitrogen atmosphere. The melt-spun
fiber was made infusible by oxidizing in ozone or air
and was then carbonized at a temperature in the range
of 500-1350°C. The fibers prepared in this manner
exhibited a tensile modulus and strength of 8 x 106 psi
and 256 x 103 psi respectively. Later®?, carbon
fibers with similar properties were also prepared from
naturally occuring pitches such as petroleum asphalt
and coal-tar pitches.

A few years later, Hawthorne and coworkers®3 in
Canada showed that the mechanical properties of pitch
fibers could be greatly enhanced by stretching the
fiber during the carbonization step and carrying out
the carbonization at a much higher temperature of
2000-2800°C (see Figure 7). The fibers thus obtained
by straining during carbonization exhibited an elastic
modulus as high as_70 x 10°® psi and a tensile strength
of almost 375 x 10~ psi. Such fibers were shown to
exhibit a high degree of crystallite orientation para-
llel to the longitudinal fiber axis. However, the
individual crystallites were found to be turbostratic
and essentially devoid of three-dimensional order charac-
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TABLE 2
EFFECT OF PARAMETERS ON MESOPHASE FORMATION

Pressure

Insoluble Particles
Temperature

Parent Material

Nature of Radical Intermediate
Viscosity

No o=

Heating Rate and Time

Isotropic  Melt Spun Oxidize Infusible  Carbonize Carbon
Pitch Spinning Fiber in Ozone  Fiber 500-1350° C Fiber

]

Er 8 x 10° psi

256 x 10° psi

ot

Carbon

Figure 6. Fibers from isotropic pitches (51)

. .. . . . Oriented
ls‘otrop|c Mglt : Spun 9x1d|ze Infusible Strain & Carbtzmze > Carbon
Pitch Spinning  Fiber in Ozone Fiber 2000 - 2800° C Fiber

Er = 70 x 10° psi

or 375 x 103 psi
Oriented Fibers

Turbostratic

Devoid of 3D Order

Nature

Figure 7. Fibers from strained isotropic pitches (53)
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teristic of polycrystalline graphite.

Only recently, the usefulness of melt-spinning
carbon fibers from a carbonaceous pitch in its meso-
phase state has been realized and patented3*=5°%,
According to these patents, petroleum pitch, coal tar
pitch or acenaphthylene pitch is first converted to the
mesophase state by heating under guiescent conditions
and under vacuum or nitrogen atmosphere at a tempera-
ture of about 350-450°C (see Figure 8). The carbon-
aceous pitch having a mesophase content of 55 to 65 per-
cent thus produced is spun into fibers by conventional
techniques such as melt spinning, centrifugal spinning
or blow spinning. For 55 to 65 percent mesophase
content, suitable spinning temperatures range from 340°C
to 380°C. The thermoplastic carbonaceous fibers thus
obtained are given a thermosetting treatment by heating
in an oxygen-containing atmosphere at temperatures
below the softening point of the fibers but above at
least 250°C for 5 to 60 minutes. The infusible fibers
obtained by thermosetting are then carbonized by heating
in an inert atmosphere at a temperature ranging from
1500°C to 1700°C for about 1 to 5 minutes. The carbon-
ized fibers are further heat treated in an inert atmos-
phere at a temperature of 2800°C to 3000°C for about 1
minute. The fibers thus obtained possess the three
dimensional order of polycrystalline graphite. The
fibers consist of highly oriented graphitic domains of
5000 A to 40,000 A in size. As a result, the fibers
obtained exhibit extremely high mechanical properties
with the Young's modulus in the range of 75 x 106 psi
to 120 x_106 psi and tensile strength in the range of
250 x 103 psi, to 350 x 103 psi.

Besides the applications in the production of
ultrahigh modulus carbon fibers, the mesophase pitches
are used in making thermal-shock-resistant aerospace
graphitesif and graphite electrodes®! for the steel
industry. Needle cokes are produced by deformation
through turbulence and bubble percolation of carbon-
aceous mesophase pitches8%:52, Such anisotropic needle
cokes form filler materials in the production of
thermal-shock-resistant aerospace graphites and gra-
phite electrodes. The needle cokes are shown to con-
sist of acicular-shaped, corrugated aromatic mesophase
layers that are tightly folded and entwined. Increased
content of the acicular phase in %raghites is shown
to decrease the thermal expansion®2-f3 and increase the

resistance to cleavage and fracture®!.
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Development of Liquid Crystalline Polyesters

Another recent development involving the use of
thermotropic mesophases is the discovery of poly-
esters exhibiting liquid crystalline melts. These
polyesters are prepared by synthesizing polymers con-
taining moieties known to lead to liquid crystallinity
in non-polymeric materials. The structural requirements
for the liquid crystal formation has been well-studied
by Gray22. Most conventional nematic and smectic
liquid crystals approximate a general structure as
shown in Figure 9. Figure 9 also shows a few examples
of the linkage groups and terminal groups that facili-
tate the formation of liquid crystals. The recent
development of liquid crystalline polyesters make use
of such moieties that are known to facilitate liquid
crystal formation.

Thus, Kuhfuss and coworkers®8=%% successfully pre-
pared a list of polyesters containing moieties listed
in Figure 10. Many of these polyesters and copolyesters
are found to be liquid crystalline in their molten state.
For example, these workers prepared a copolyester of
PET with a number of liguid crystal forming moieties.
These copolyesters, in addition to the PET segments III,
contained the liquid crystal favoring segments II and
IV (see Figure 11). These copolyesters were prepared
by the acidolysis of PET with p-acetoxybenzoic acid and
polycondensation through the acetate and carboxyl groups.
Thus a list of copolyesters containing various mole-
fractions of para oxybenzoyl moieties were obtained.

It was found that melts of copolyesters containing
40-90 mole percent para oxybenzoyl segments exhibited
behaviors similar to those of nematic liquid crystals.
As shown in Figure 12, measurements of the melt vis-
cosities of copolyesters containing varying mole percent
para oxybenzoyl revealed very interesting features. Up
to 30 mole percent para oxybenzoyl content the melt
viscosity increased. However, higher than 30 mole per-
cent para oxybenzoyl resulted in a decrease in the melt
viscosity leading to a minimum around 60 mole per-
cent para oxybenzoyl. Further, copolyesters containing
in the range of 0-30 mole percent para oxybenzoyl
exhibited clear melts, whereas copolyesters containing
greater than 40 mole percent para oxybenzoyl led to
opaque melts. This was a clear indication of liquid
crystal formation at greater than 40 mole percent para
oxybenzoyl contents.

The copolyesters processed from such liquid crystal
forming melts exhibit very interesting mechanical pro-

perties. Figure 13 shows the effect of para oxyben-
zoyl content on the mechanical properties (in the

69
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Isotropic Pitch
Inert Atm., Quiescent Cond.
400 - 450° C

55 - 65 % Mesophase Pitch
Melt Spin
340-380° C

Spun Fiber
Thermoset in Oxygen
300-390° C

Infusible Fiber
Carbonize 1500 - 1700° C

Graphitize 2800 - 3000° C
Figure 8. Carbon fibers from meso-
phase pitches (58) Ultrahigh Modulus Carbon Fibers

U.S. Patent 4,005,183

Linkage Group

Aromatic Aromatic
Group Group

n
—CH=CH - —N=N-—
—-C—-0-—

i
0]
—-C=C-— —CH=N-—
0
i
CH; — (CH,) — RO — R-C-0-

Figure 9. (top) Structure of liquid crystals; (middle) examples of linkage groups; (bot-
tom) examples of terminal groups
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Figure 10. Polymers containing moieties known to lead to liquid crystal-
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Figure 11.  Synthesis of copolyesters containing liquid crystalline segments
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Figure 12. Effect of p-OB content on the melt viscosity of copolyesters
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Figure 13. Effect of p-OB content on the mechanical properties of copolyesters

TABLE 3

MECHANICAL PROPERTIES OF LIQUID CRYSTALLINE

POLYMER CONTAINING 60 MOL. % p-OB

Transverse
Er (10° psi) 0.23
OF (10° psi) 4.9
or (10° psi) 4.2
Break Elongation (%) 10
Notched Izod Impact 0.6

(ft.-1b./in.)

Longitudinal

1.7
15.9
15.5

8

6.1
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injection molding direction) of injection molded co-
polyesters. The continuous line represents the flex-
ural modulus and the dotted line denotes the tensile
strength. The plot indicates that maximum in these
properties are achieved around 60 mole percent para
oxybenzoyl content, thus indicating the effect of
liguid crystal formation on the mechanical properties
of resulting polymer solid.

Table 3 summarizes the mechanical properties of
an injection molded liquid crystalline polymer con-
taining 60 mole percent para oxybenzoyl. The mechan-
ical properties were measured parallel to the injection
molding direction (longitudinal) as well as transverse
to the injection molding direction (transverse). The
flexural moduli, tensile strengths, elongation to
break and impact strength of copolyesters exhibiting
liguid crystalline melts are found to be similar to or
higher than those of commercial glass fiber reinforced
polyesters.

McFarlane and coworkers®® have synthesized other
polymers containing other moities that are also known
to lead to ligquid crystallinity in non-polymeric forms.
Thus, a wide variety of high molecular weight copolymers
exhibiting liquid crystalline melts may be prepared.
Structural shapes consisting of a high degree of mole-
cular orientations and chain extensions may be easily
fabricated from such liquid crystalline melts.

Polymers with Liquid Crystalline Side Chains

Extensive work has been done in a number of labora-
tories’®Z”° on the synthesis and characterization of
several polymers with liquid crystalline side chains.
Various of the papers in this monograph deal with
various aspects of such polymers containing mesomorphic
side chains. A review of the potential applications
of such side chain liquid crystalline polymers there-
fore, will be redundant.

Conclusion

In conclusion, it may be said that the thermo-
tropic liquid crystalline reactions offer a highly
efficient technique for the control of the molecular/
microstructural architectures in macromolecular sys-
tems. A variety of novel polymeric systems exhibiting
unique mechanical and physical properties have been
possible through special molecular/microstructural
designs obtained by utilization of thermotropic meso-
phase reactions.
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Nematic Polymers: Excluded Volume Effects

Y. KIM and P. PINCUS
Department of Physics, University of California, Los Angeles, CA 90024

I. Introduction

There exists a mushrooming interest in the mesomorphic behav-
ior of macromolecules in solution. The existence of macroscopic
anisotropy requires (at least partial) chain rigidity. This may
arise from next nearest neighbor steric restrictions for polymers
constructed from bulky backbone monomers as in the polyamides,i
e.g.,

H H © © ]
|
[ ~N—<O—N—C~XO—¢— |n
The current symposium, to a great extent, has focused on comb-like

systemsz_’.3 wherein mesogenic side groups are attached to a flexi-
ble backbone, as

@E
X
| @
|
P "
H H

where x is a rigid linkage such as -C = N- and the end group R may

be of the form -O-CmHzm_H_. The present work mainly concerns helix-

coil systems as exemplified by polypeptides, e.g., Poly-Benzyl-L-
Glutamate (PBLG)Z22
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in solvents such as dichloroacetic acid or dioxane. Under certain
conditions of temperature, pH, ionic strength, etc., hydrogen bond-
ing occurs along the polypeptide backbone between monomers sepa-
rated by 4 or 5 units leading to a rigid helix. Under such condi-
tions, we are essentially dealing with a solution of rigid rods.
If the solvent is good, the only important intermolecular inter-
actions are then steric short range excluded volume repulsions.
The mesomorphic behavior of a solution of rigid rods has been
studied by several authors.®27°® 1Ip particular, for long rods of
length b and radius a, Onsager® has shown that the effective ex-
cluded volume per rod in the isotropic phase is of order b%a. The
actual volume occupied per rod is ma’b. A lyotropic transition to
a nematic phase occurs at a rod concentration 0% given by

o%b%a = k (1.1)

where k is a constant in the range 3-10. This implies that for
volume fractions in excess of 1k(a/b) the system should be in an
ordered phase. Typical axial ratios® for PBLG are b/a Vv 10? lead-
ing to critical volume fractions in the range 10-40%. Indeed such
phase transitions are often observed. Our interest here, however,
is to consider a somewhat more delicate situation where the iso-
lated polypeptide chains are in essentially random coil conforma-
tions. We then suggest that as the concentration of chains in-
creases, a phase transition may occur wherein the molecules become
simultaneously rigid and mesomorphic. This induced rigidity may
arise when the reduction of the excluded volume energy that obtains
in the nematic state of rigid rods balances the decrease in entropy
associated with the loss of chain flexibility. This may occur for
concentrations in excess of that associated with 0* of prestretched
chains. The goal of the present study is to investigate the phase
boundary separating ordered and isotropic phases, as a function of
concentration and parameters relating to chain rigidity. In par-
ticular, this preliminary report will be devoted to the limit where
the isolated macromolecules have extremely sharp helix-coil transi-
tions.

In Section II, we shall briefly recall the statistical mechan-
ics of the helix-coil transition for isolated chains. We shall
then present an argument showing that there is little tendency
for non-interacting molecules to exhibit substantial mesomorphic
fluctuations. A mean field theory for incorporating the inter-
chain interactions will be developed in Section III in the coopera-
tive limit for helix-coil transition. Some final remarks will be
made in Section IV.
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IT. 1Isolated Molecules

The helix-coil transition of a polypeptide chain consisting
of N monomers is usually described in terms of two parameters:

s = exp[—AFl/kBT] (I1.1)

where —AFl is the gain in free energy per monomer when it is part

of a rigid helical segment;
r = exp[—ZAFz/kBT] (I1.2)

where AFZ is the cost in free energy to create a boundary separat-

ing helical and randomly coiled segments. For an Ising model with

only nearest neighbor interactions AF2 = 0 (Z = 1); on the other
hand, for polypeptides with finite range hydrogen bonding interac-
2 4

tions, I may typically be rather small in the range 10" “ - 10 .
Small values of the cooperativity parameter, L, favor sharp helix-
coil transitions which necessarily have very few segments. In
terms of these parameters, the free energy per macromolecule may
be simply written as22 10

F = -Nk_T %n A ; (1I1.3)
o B

A2 %,{ (1+s) + [(1-s)% + 4rs1t/2 } (IT1.4)

The role of ¥ in determining the sharpness of the transition may
be graphically seen by considering the persistence length, Vv,
which is the average number of monomers per helical segment,

v = d &n A/ds _
~ d fn A/dZ

In Figure 1, we sketch the persistence length as a function of s
for several values of ¥. For small values of the cooperativity
parameter it is too costly to have very many domain walls and,
thus, the system tends to a situation of a completely random coil
or a rigid helix depending on whether s is smaller or larger than
unity.

Let us consider an isolated chain with persistence length v.
Such a system may be viewed as a random coil of rods of length va
(a is a characteristic monomer dimension). The question arises of
whether or not there is any significant orientational ordering
among the segments for the isolated chain. For a polymerization
index N, the number of rods is (N/V) leading to a coil radius (for
a Gaussian chain)

1 (I1.5)

R = /w12 va & y/2 12, (11.6)
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The (N/v) rigid segments are then confined to a volume of order R®,

giving a rod density

-1/2 -3
a

o = (N/V) R™3 = (st) (I1.7)

which is small compared to the Onsager critical concentration o*,

-1/2 <<

o/o* = (NV) 1 . (I1.8)

Excluded volume interactions will further decrease the density.illlf
This is a strong argument suggesting that overlapping coils (semi-
dilute solutions are necessary to obtain liquid crystalline order
in solutions of worm-like macromolecules.

ITII. Mean Field Theory

We now turn to the development of a crude approximation for
the case of semi-dilute solutions of heliogenic macromolecules
where the interchain interactions are important. We envisage the
molecules at some fixed values (s,I) as linear arrays of alternat-
ing rigid and coiled segments. The mean number of monomers per
helical segment is Vv (II.5) and the number of such segments is
given by

n = (/X)) (3X/3L) . (I11.1)

We assume, for this model, that only excluded volume type interac-
tions are important. We then approximate the rigid rod Onsager
interactionﬁ.by the lowest angular dependent term in its multipole
expansion which is of quadrupolar symmetry:

Uij = —EkBTviVjQin s (I11.2)

€ is a dimensionless constant, v, , are the numbers of monomers
1’

.th .t . .
on the i and j h segments; Qi is a quadrupole component associ-

ated with the orientation of each segment
Q= %-(3 cosze - 1) (I11.3)

where 6 is the angle between the axis of the segment and the
eventual direction of nematic ordering. Each rod experiences a
mean interaction energy

<U> = —EngT@<Q>VQ (I11.4)

where g is the volume fraction of the sample occupied by the mac-
romolecules, O is the average fraction of monomers in helical seg-
ments, and <Q> is the orientational order parameter (<Q> = 0 in
the isotropic state; <Q> = 1 if all the molecules are rigid and
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completely aligned). The thermodynamic probability that a given
rod makes an angle § with the nematic axis is proportional to

ERIC) (ITI.5)
and the dimensionless mean field h is given by
h = egbQ> . (III.6)

In order to simplify the algebra, let us specialize to the
case of sharp helix-coil transitions, i.e., Z >~ 0 as is common for
the synthetic polypeptides. (The general situation will be dis-
cussed in a later publication.) For this limit, a given chain is
either a flexible coil or a rigid helix, i.e., V=0 or N (Fig.

1). The free energy is separable into two contributions: (1) the
intra-molecular interactions associated with the helix-coil transi-
tion; (2) the intermolecular excluded volume interactions which are
responsible for any nematic order. The difference in free energy
per chain between a helical and randomly coiled molecule arising
from intramolecular interactions is -N %n s. The intermolecular
excluded volume interactions in the mean field Meier-Saupe like
approximation [Eqs. (III.2) - (III.6) with v = N] gives a contri-
bution to the free energy difference, (AF)MS which is sketched in

Figure 2 as a function of the nematic order parameter <Q> for
several values of the monomer concentration c. For s > 1, the
molecules are rigid and a first order lyotropic phase transition
is predicted to occur at

c* = No® = k(Nad)~ 1 . (I11.7)

For s < 1, a phase transition may only occur if the gain in free
energy of ordering exceeds the entropic cost in loss of flexibili-
ty of the individual chains. In the (s,c) plane, the phase
boundary will then be given by

s = exp[(AF)Ms/NkBT] . (I11.8)

For s < 1, this implies (AF)MS < 0or c > c*, Is there a minimum
value of s (=sm) below which the nematic state is never stable? We
may estimate that the minimum value of (AF)Ms by setting Vi =N
and Qi = 1 in (III.2). Then, we find
3
AF > —€ III.
( )MS kBTN(ca ) ( 9)

where the factor ca® is the volume fraction of the sample occupied
by polymer. Thus at the highest concentrations, ca® > 1, we
obtain

A > - .
( F)MS ENkBT (II1.10)
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~—g <
v/IN

Figure 1. Persistence length v as a function of s for several
values of 3. For the Ising limit 3 = 1, the slope of the
straight line is N1, For 3 < < 1, the value v(s = 1) = o1/,

<Q>

Figure 2. Difference in free energy between nematic

and isotropic phases of a rigid rod solution for differ-

ent values of the monomer concentration c. There is

a predicted first-order lyotropic transition at ¢ = c*
= No* = k/ Na3.
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MESOMORPHIC
PHASE

ISOTROPIC
PHASE

Sm —

Figure 3. Phase boundary separating the isotropic and

nematic phases in the cooperative limit 3 — 0. The area

to the right of the solid line and below s = 1 represents
the region of induced rigidity.
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-€
ors =e . For € = 1, Sm ~ 1/2, which is a significant renormal-

ization of the helix-coil transition. This phase boundary is
sketched in (Fig. 3) for £ » 0. The experimental signature of the
induced rigidity part of the boundary would be, for example, jumps
in both the rotary dispersion (helix-coil transition) and optical
birefringence (isotropic-nematic transition) at the same polymer
concentration. Indeed for PBLG in dichloroacetic acid, the early
work of Robinson et al.? gives some indications of such behavior.
More recent studies in the same system by Frenkel et al.l* and
Uematsuii.provide further evidence in support of the induced
rigidity concept.

IV. Final Remarks

The principal goal of this work is to pursue the concept of
induced rigidity.2 Our current investigations include extensions
to the cases of arbitrary values of the cooperativity parameter
1>2% >0, more accurate treatments of the rod-rod excluded volume
interaction,lf and the inclusion of some attractive dispersion
forces. While we refer to the phase transition as lyotropic, in
fact we do expect that it also occurs as a function of temperature
(as well as pH, ionic strength, etc.) because of the dependence
of s on these parameters. We must further emphasize the semi-
quantitative nature of our results. Indeed under most actual cir-
cumstances, s and ¢ will not be completely independent variables.
Nevertheless we believe that the physical picture presented here
has some relation to reality.

Abstract

We have previously suggested? that a cooperative helix-coil-
nematic phase transiticn may occur in solutions of heliogenic
macromolecules such as the synthetic polypeptides (e.g., PBLG).
In this study, we extend the model to the more explicit case of
excluded volume interactions only. For the special case of fully
cooperative isolated molecule helix-coil transitions, we sketch
out the phase boundary between isotropic and nematic regions.
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Structure and Properties of Polyglutamates in

Concentrated Solutions

Y. UEMATSU
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Atsugi, Kanagawa, 243-02, Japan

I. UEMATSU
Tokyo Institute of Technology, Megro, Tokyo, 152, Japan

It is well known that some polypeptides form lyo-
tropic liquid crystals at sufficiently high concent-
rarion of the polymers and exhibit the optical proper-
ties characteristic of the cholesteric mesophase.

The solutions show the regular striation arranged in

a finger - printed patE?rn under a polarization micros-
cope. Robinson et at— have reported that the distan-
ce between the striation,S, which is the half pitch

of the twisted structure, varies with polymer concent-
ration in an inverse manner. They also discussed the
molecular arrangement in the twisted structure in the
light of X-ray and other measurements. They suggested
that the long-range, electric dipole-dipole interac-
tio plays an important role in the formation of the
cholesteric structure, and the helical arrangement of
dipoles in the polypeptide molecules would tend to
impose a unidirectional twist. From the smallness of
the twist angle and the fact that it decreases on di-
lution, they pointed out that the twistangle arises
from a dynamic equilibrium.

Samulski et al2) suggested that an asymetric
helical molecular conformation may provide an expla-
nation for the cholesteric structure, and very small
oscillations of helices relative to their neighbors
in the liquid crystal would be biased to one side of
the parallel position because of the chirality of the
van der Waals surface of the polypeptide molecules.
Further, they found a linear relationship between the
pitch and the reciprocal of temperature. This rela-
tion holds quite well for a number of thermotropic
liquid crystal systems and was explained theoretically
by Keatingi , who treated the macroscopic twist as a
rotational analogue of thermal expansion with the do-
minant anharmonic forces coming from nearest neigh-

0-8412-0419-5/78/47-074-136$05.50,/0
© 1978 American Chemical Society
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bors. The theory gives the following relationship:
P = 4mdIw
AkT

where k is the Boltzmann constant, d, the spacing
between neighboring planes of molecules, w, the fre-
quency of the excited twist modes, I, the moment of
inertia of the molecule, and A, the constant in the
cubic anharmonicity term of the anharmonic equation
of motion describing the system. However, the pitch
for the polypeptide liquid crystals increases with
temperature, while it decreases for the thermotropic
liquid crystals.

Recently, there are several reportsﬁ) discussing
the twist mode of the binary system of the thermotro-
pic liquid crystals composed of a nematic solvent
and a cholesteric solute. Another interest is in
attempting to pursue the structural similarity between
thermotropic liquid crystals and lyotropic one, espe-
cially for the dependence of cholesteric pitch on the
temperature.

One of the best measures of twist is thought to
be the cholesteric pitch. The temperature dependence
of cholesteric pitch is then measured for poly-y-
benzyl-L-, and poly-yY-benzyl-D-glutamates ( PBLG, and
PBDG ) and poly-y-alkyl-L-glutamates, in various sol-
vent systems. The temperature dependence of some phy-
sical properties were also measured.

Experimental.

PBLG ( mw: 201,000 ) and PBDG ( mw: 197,000 )
used in this study were suplied by Ajinomoto Co. Ltd.
Japan, and some specimens of PBLG were prepared by
polymerization of N-carboxyanhydride of y-benzyl-L-
glutamate. Poly-y-alkyl-L-glutamates ( PALG ) were
prepared from poly-y-methyl-L-glutamate ( mw: 250,000)
by alcoholysis by which all methyl radicals in the
side chains can be replaced with the desired alkyl
radicals. Poly-y-alkyl-L-glutamates used in this
study were with alkyl groups such as ethyl , n-propyl ,
n-butyl , n-amyl , n-hexyl , n-heptyl, and n-octyl.

From the viscosity measurements in dichloroacetic
acid the molecular weights of polyglutamates were
estimated. The solutions were prepared by weighing
the polymer and solvent in a stoppered bottle. After
shaking slowly on a magnetic stirrer for long time,
the solutions were put carefully into the cell, which
was having parallel sides 2mm apart. Then the top of
the capillary of the cell was sealed to prevent the
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loss of solvent by vaporization. The concentration
was calculated by using 0.787 ml/g as the specific
volume of PBG, and 0.83 ml/g as that of PALG s, and
expressed in the units vol/vol. After on standing,
until a regular structure appeared, we measured the
half pitch with a polarization microscope. The tem-
perature of the sample was regulated within + 0.2°C
by use of a constant temperature circulator. The
measurements were carried out after maintaining the
specimens for 12 hrs at each temperature.
Dilatometric measurements were carried out using
Hg as a confining liquid, which was transferred into
the dilatometer after solidifying the sample solution
by liquid nitrogen. CD spectra, were measured with
JASCO ORD/UV-50 over the region from 220 to 300nm.
NMR spectra were measured by use of JEOL MH-100.
The time required to arrive at equilibrium varied from
one to several hours. The solvents used here were
purified by standard methods.

Results and discussion.

In general the cholesteric pitch of thermotropic
liquid crystals decreases with temperature. The
theoretical treatments for this behavior have been re-
ported3,4). However, it was found that for a binary
system, the dependence of the cholesteric pitch on
temperature changes from positive to negative at a
critical composition. For the binary system of ther-
motropic liquid crystals, composed of cholesteric and
nematic substances, dS/dT is greater than zero in the
nematic rich region, and dS/dT is less than zero in
the cholesteric rich region. In this paper, we have
investigated the temperature dependence of cholesteric
pitch for the polypeptide liquid crystals.

Recently DuPre et al3) reported that, S increases
linearly with temperature rise. Qualitatively, their
results are consistent with ours. However, the time
required to reach the equilibrium pitch, varied with
temperature, the concentration of polymer, and also
the thermal history. For PBLG solution in dichloro-
ethane (EDC), which concentration is 0.12 vol/vol, the
variation of pitch with time was measured at a cons-
tant temperature by T-jump method. Fig. 1 shows the
time dependence of cholesteric pitch by the T-jump
method from -2°C to +30°C, 40°C and 50°C respectively.
It is clear that the time required to arrive at the
equilibrium pitch 1is shorter at higher temperature
but is still over several hours. Therefore, the equi-
librium pitch must be measured after prolonged aging
at each measuring temperature. It was found that the
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half pitch,S, increased monotonically with temperature,
and finally, retardation line disappeared at a criti-
cal temperature, and the birefringence characteristic
of the nematic structure was observed.

Plot of S versus temperature for PBDG in chloro-
form is shown in fig.2. This behavior corresponds to
the behavior of binary mixture of thermotropic liquid
crystals in the nematic rich region. As shown in fig.
3, the reciprocal of the half pitch which is propor-
tional to the angle of twist between (1010) planes,
is a linear function of temperature. The critical

temperature, where 1/S = 0, was obtained from the ex-
trapolation of this curve, and was defined as the ne-
matic temperature, T.. The optical pattern characte-

ristic of the nematic state was observed in this re-
gion under the polarization microscope. DuPre et al
defined this temperature as the'clearing point',since
the twist elastic constant k22, obtained from the ori-
entation in a magnetic field tends toward zero at this
temperature. However, from the observation by a pola-
rization microscope, it is obvious that the newly ap-
peared phase is not an isotropic one. The fact that
k22 tends toward zero, can be explained with the pre-
sence of the size of the cluster of coherent length,
in which the molecules would be arranged parallel.

In order to obtain the relationship between S and
the concentration C, a double logarithmic plot of S
against C at each temperature was made as shown in
fig. 4. It can be seen that log S is proportional to
log C and, its slope n is an increasing function of
temperature, characteristic of the specimens used.
The extrapolated line of log S-log C crossed each
other at a critical concentration C, at which S stays
constant and independent of temperature. These
results suggest that the temperature dependence of the
cholesteric pitch would inflect at the concentration
higher than C,. This is analogous to the behavior
of thermotropic liquid crystals composed of choleste-
ric solute and nematic solvent, where the sign of
dS/dT reverses at a critical concentration. It is
understood that the behavior of both thermotropic and
lyotropic liquid crystals is comparable provided that
the nematic substances of the former are substituted
with the solvents of the latter. The critical con-
centration C, is about 0.41 vol/vol and this value is
very close to the concentration at which the side
chains on neighboring molecules of the polymer come
to contact each other ( refer to fig.5 ). From these
results, it is expected that the origin or mechanism
of twist would change at this concentration C,. The
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extrapolation of the plot of log S versus log C, to

C =1, gives the half pitch of pure polymer, which is
a decreasing function of temperature; and this beha-
vior is analogous to that of thermotropic cholesteric
liquid crystals.

It is convenient to use the reduced temperature
T/TN, where Ty is the nematic temperature, instead of
temperature T, in the temperature range near Ty.

Fig. 6 shows the observed values of 1/S versus T/Ty,
for PBDG in chloroform, at various econcentrations.
The slope B depends on the concentration, and it inc-
reases with concentration. If the cholesteric pitch
was measured at constant concentration, the following
equation holds:

1/s =B (1 - T/Ty)

The dependence of B on the concentration of polymer
was obtained from the plot of log 1/P or 1/S against
log C, at each T/Ty. The values of the slope n are
constant and independent of temperature( fig. 7 ).

According to Robinsonl), the following relation
holds:

) 2md/P or md/S and C e 1/d2

Hence

G ( A/a2n-1)(C 1 - T/T)

where d is the distance between (1010) planes, and
2n-1 varies from 2 to 6. The fact that the twisting
angle O was inversely proportional to d2n-1 would
suggest that the twisting power originates from a long
range repulsive force between the molecules, which
might be an electrostatic repulsive force or dipole-
dipole interaction. The values of A are calculated
from the slope of the plot of 1/S versus T/T,, and
CD, at each concentration. The obtained values of A
for PBLG in various solvents are listed in table 1.
As shown in the table, these values are clearly con-
stant and independent of concentration.

In order to study the mechanism of the transition
of cholesteric to nematic structure, several physical
properties were measured as a function of temperature
from room temperature through this transition region.

Specific volume measurement. The specific volumes
of PBLG solution in chloroform, dichloromethane, di-
chloroethane and dioxane were measured respectively
by dilatometry. It can be seen, from fig. 8 that the
expansion coefficient varies abruptly at Ty. These
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¥y

Figure 6. 1/S wvs. T/Ty for

PBLG-CHCl,
.-2(1),0 * x — = Figure 7. Log 1/S vs. log C for
1og v PBLG-CHCI,

Table I The values of constant A

nC %.12 0.14 0.16 0.18 0.20 0.23 0.26 0.3d ave.

CHCl3 1.42]4.08 3.10 3.42 3.09 3.90 2.90 3.45 3.07 3.5
CH2C12 1.58]6.71 5.96 6.32 6.3
CH2C1CH2C1 1.42|7.10 7.00 7.50 8.20 7.5
CHC12CHC12 0.863.47 4,50 4,43 4.46 4.46
CHZCICHCICHzcl 2.04125.7 32.7 31.7 33.7 32.7

* The concentration of PBLG represented in vol/vol
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results suggest that the cholesteric to nematic tran-
sition may be a second order transition and the occu-
rence of some molecular motion should be expected.
This is also supported by the fact that a A-like endo-
thermic peak was observed near the nematic temperature
in the differential scanning calorimetry.

Circular dichroism. CD spectrum for PBLG in ethy-
lene dichloride was measured. The induced CD band by
m-m* transition of phenyl ring in the side chain ap-
peared, centered at 260nm. It is clear that the band
is induced by cholesteric Structure since its inten-
sity decreases with the orientation by the magnetic
field and finally tends to zero. We measured the
temperature dependence of the intensity of this band,
which decreased monotonically with increase in tempe-
rature, but as against our expectations, it remained
within an insignificant value above the nematic tempe-
rature. The result implies that the chiral structure
on the side chains is partially preserved even above
the nematic temperature. The difference between the
nematic structures induced thermally and magnetically
might be caused by the difference of the arrangement
of the side chains.( fig.9 )

Nuclear magnetic resonance. Sobajima®) has reported
that the magnetic field induced a change in the chole-
steric structure of polypeptide liquid crystal, and
the NMR spectrum of CHyCly proton in PBLG-dichloro-
methane changes to doublet because the direct dipole-
dipole hyperfine interactions are not averaged to zero.
They derived an equation for the dependence of the
equilibrium splitting with temperature from the Gutow-
sky and Pake equation, as given below, assuming that
the solvent molecules are oriented according to a
Langevin mode in the electric dipolar field generated
by polymer molecules,

h = —B%5( 1 -3 cos?® ) (F2)

where h is the splitting width, po the magnetic dipo-
lemoment of proton, r,the interproton distance, 0,the
angle between polymer orientation axis and magnetic
field, u,the electric dipole moment of solvent mole-
cule, E,the electric dipolar field by polymer molecu-
les, k,Boltzmann constant, and T,the absolute tempera-
ture. ’
The plot of the splitting width h versus 1/T" is
shown in fig.10, in which the broken line shows the
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calculated values, and deviation from the theoretical
curve starts at the temperature 10° lower than the
nematic temperature. Furthermore, the observed values
are smaller than the theoretical value. The deviation
would be explained by the increase of the free solvent
molecules or weakening the dipolar field generated by
polymer molecules,by the motion of side chain.

Fig. 11 shows the concentration dependence of sp-
litting,h, which increases with polymer concentration,
that is with the decrease of the distance between di-
poles of neighboring molecules. In rather dilute so-
lution, the NMR spectrum of CH,Cl, proton in PBLG-
EDC-CH,Cl, mixture was measured with different com-
positions. The spectrum changed from doublet to tri-
plet with the addition of EDC, and the intensity of
the center peak increases with EDC fraction increase.
The equilibrium separation of outer peaks is increa-
sing slightly and their intensity decreases remarkably
with increase of EDC fraction. The fact that the
decrease of the intensity of outer peaks occurs in the
range of 0.4 to 0.6 volume fraction of EDC, suggest
that CH201 molecules binding to side chains are out-
wards and EDC molecules might have been substituted.
This result implies that the change of h can not be
explained by the increase of free molecules. At the
higher polymer concentration, the temperature depen-
dence of h of CH201 protons in mixed solvent system
was measured. As s%own in fig.13, the center peak
does not appear in this case different from the re-
sult shown in fig.12. The results are summerized in
table 2. The smallness of h of CH Cl2 proton in
benzene and dioxane are explained gy assumption that
benzene and dioxane molecules might bind with ester
groups in the side chains closer than CH,Cl, molecu-
les or they might randomize the arrangemént of the
side chains. However, it is thought, from the fact
that benzene and dioxane promote gelation as well as
from the information of side-chain conformation in
the film cast from corresponding solvents, that they
make side chain fixed. Thus the former mechanism
may be supported. However, the fact that the center
peak was not found in this system, suggests that
CH Cl2 molecules are still located near the side chain
ana gét oriented in the electric dipolar field.

The effect of solvent on Ty and twisting angle.

It was found that the cholesteric pitch appeares again
at higher temperature, and chilarity at higher tempe-
rature is opposed to that at lower temperature region,
as shown in fig.l4. The sign of ORD of films cast
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Figure 13. NMR signal of CH,Cl, for PBLG-
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Table II The splitting of CH,Cl, proton at 30°C.
The concentration of PBLG: 0.20 vol/vol

CHCl3 EDC benzen dioxane

0.8 0.98 0.7 0

ppm

Solvent compositions in binary solvent systems
are 1/3 of CH2C12.




Publication Date: June 1, 1978 | doi: 10.1021/bk-1978-0074.ch011

11. UEMATSU AND UEMATSU Polyglutamates in Concentrated Solutions 149

under the corresponding conditions is opposite to
each other. 1In lyotropic liquid crystal of PBLG or
other polypeptides, since the size of solute mole-
cules and solvent molecules are quite different, the
latter can move more easely than the former and the
solvent molecules are forced to orient themselves
between solute molecules. Thus it seems that the
local intermolecular interactions and the molecular
arrangement of solvents might be of importance in
determining the helical pitch and twisting direction.
The local intermolecular interactions of polymer-
solvent indicate the specific shapes and sizes of the
individual solvent molecules and their orientation
between long rigid rods.

The sense of cholesteric twist, in the liquid
crystal of PBLG in dioxane, is opposed to that in
CH Clz, as pointed out by Robinson. We measured the
cholesteric pitch of PBLG in various mixed solvent
systems, and estimated the sense of cholesteric twist
in the individual solvent. If two solvents which
make the sense of cholesteric twist of PBLG opposite
to each other, are mixed, the cholesteric pitch of
PBLG in mixed solvent will diverge at the critical
composition. It is found that the sense of choleste-
ric twist of PBLG in dioxane and chloroform is oppo-
site to that in dichloromethane, dichloroethane and
benzene.

The dependence of nematic temperature on the
size of solvents is illustrated in fig. 15. The lar-
gest interatomic distances of the solvent molecules
are taken as their sizes. The larger the solvent mo-
lecule, the higher is the nematic temperature in
general. Further, the solvents which have dipole mo-
ment parallel to the long axis depress nematic tempe-
rature and others which have dipole moment perpendi-
cular to it, elevate T..

We attempted to o¥fer the structural model in
cholesteric molecular arrangement. By now, it is
well known that the PBLG molecule has a large dipole
moment parallel to the helical axis, and on the other
hand, the dipoles of side chain are arranged inversely
to that of main chain and phenyl group is oriented
with its three principle axes at 46°, 57° and 62° with
respect to the fiber axis respectively and the phenyl
group cannot be horizontal nor vertical, but must be
inclined. The stable arrangement between neighboring
molecules may be taken as a rough model to minimize
the steric hindrance between side chains, as shown
in fig. 16. Furthermore, this arrangement also makes
the electrostatic energy to be at a minimum. The
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Figure 14. p vs. temperature for PBLG—
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Figure 15. Change of Ty with size
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most plausible arrangement is shown schematically in
fig. 17, in which the equal numbers of molecules
having dipoles of opposite direction, are contained
and the maximum numbers of antiparallel pair are also
contained.

The twisting force between antiparalleled mole-
cules should be smaller than that of paralleled mo-
lecules. Then the Z-axis should be the cholesteric
axis in the isotropic hexagonal array, keeping the
hexagonal arrangement locally. This model agrees with
the results of X-ray diffraction analysis by Robinson.
It is also suggested that the twisting power should
be a long range repulsive interaction, and the asy-
metric array of permanent dipoles on side chains of
a polymer molecule should impose a unidirectional
twist on the nearly parallel helices.

The effect of side-chain length. As shown in fig.
18,the behavior of poly-Y-butyl-L-glutamate ( PBuLG )
in CHCl, represents an analogous behavior to PBLG,
i.e. l/g decreases linearly with temperature.
However, in the solution of poly-y-amyl-L-glutamate

( PAmLG ) in CHC13, it is observed that, at first,
1/S decreases linearly with temperature, goes through
zero,namely where there is a nematic state and the
cholesteric pitch disappeared; and thus 1/S begins

to increase, as shown in fig. 19. It is found from
ORD measurement that the sign of cholesteric twist
changes at TN‘ In the CHCl3 solutions of poly-Y-
hexyl-L-glutamate ( PHexLG ) which have longer alkyl
group in the side chain, 1/S increases with tempera-
ture, as shown in fig.20. The behaviors of poly-y-
heptyl-L-glutamate ( PHepLG ) and poly-yY-octyl-L-
glutamate ( POLG ) in CHCl, are analogous to that of
PHexG. This suggests that its nematic temperature

is lower than the room temperature. The shorter is
the side chain, the higher is the Ty, generally in
CHCl3. Then, the polymers which have the longer side
chains show a different sign of cholesteric twist,
from that which have the shorter side chain, under
the same condition.

As stated already, the sign of cholesteric twist
of the solution of PBLG in CHCl, is opposite to that
in dichloroethane. The cholesteric twist of PALG
also behaves in the same manner, that is, the sign
is different to each other in the two solvents.
However, the nematic temperature of PALG in EDC in-
creases with the increase of alkyl chain length in
the side chain. The constant n, then can be obtained
from the plot of log 1/S against log C in EDC. It
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Figure 16 \ 4

Figure 17
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Figure 18. 1/S vs. temperature for PBuLG— . :
CHCI, 0 1o 30 60 8




Publication Date: June 1, 1978 | doi: 10.1021/bk-1978-0074.ch011

11.

UEMATSU AND UEMATSU

& (2dp)

F'S
o

x}0"%

 PAMLG-CHCls
o PAMLG-CHCl3

-10]

-20

Y

0 10 20 30 40 50 60

x10%
30+

PHeLG -CHCl,

10t

J
i
/

ol_9 10 20 30 40 50 60

emperaiin(®C)

Polyglutamates in Concentrated Solutions 153

Figure 19. Tuwist angle vs. tempera-
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increases with side chain length. This fact implies
that the short range interaction will overcome the
long range interaction ( for example, dipole-dipole
interaction ) with the increase of alkyl chain length
in the side chain.

As shown in fig. 21, d/S, which is directly pro-
portional to twisting angle, increases with decrease
of d. However, the value of d/S goes through the
maximum and begins to decrease at a critical d. The
vertical lines indicated in fig. 21 , represent d at
which the side chains begin to come in contact, assu-
ming fully extended conformation of the side chains.
The interaction between side chains may lead to de-
crease of twisting angle and force polymer molecules
to transform to another stable arrangement.

The distance between dipoles of neighboring mole-
cules increases with the increase of side-chain len-
gth, and then, the strength of dipole-dipole interac-
tion between neighboring molecules weakens. These
results suggest that the twisting direction is affec-
ted not only by long range interaction ( dipole-dipole
interaction ), but also by short range interaction
( van der Waals repulsive force ),with the increase of
side chain length, and the twisting power may be
affected, too.

The difference between PBLG and PALG may be in
their side-chain conformation. As already pointed
out, the side chain of PBLG is not fully extended.

On the other hand, in PALG the side chain might be
extended more than that in PBLG. This fact is also
supported by the experimental results, that is, the
motion of side chain of PALG, even in solid state,
begins at a temperature lower than that of PBLG.
Besides, the longer the side chain, the lower the
transition temperature to begin the motion of side
chain exhibited.

Conclusion.

The cholesteric structures for polypeptide liquid
crystals are very complicated, such as those which
exhibit inversion of the screw sense with temperature,
solvents and side-chain length. Our results suggest
that the twisting force between paralleled molecules
should be larger than that of antiparalleled molecules
and asymetric array of permanent dipoles in side
chains should impose a unidirectional twist between
neighboring molecules. However, the arrangement and
motion of side chains, that is, local intermolecular
interaction, play an important role in determining
the structure of cholesteric helix.
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Magnetic Reorientation and Counterrotation in

Poly(y-Benzyl Glutamate) Liquid Crystals

ROBERT W. FILAS

Department of Chemistry, Princeton University, Princeton, NJ 08540

Poly(Y-benzyl glutamate) (PBG) is a synthetic polypeptide
which adopts the (-helical conformation in various organic sol-
vents. Its essentially rod-like shape is responsible for the
formation of a liquid crystalline phase above a critical concen-
tration of polymer (;,g). The nature of this mesophase is usually
cholesteric (2,3) due to the chirality of the PBG molecules, but
particular solvent mixtures (4) or a racemic mixture of the D and
L enantiomorphs (j,i) form a nematic phase. NMR studies have
shown that in a magnetic field the PBG molecules tend to align
parallel to the field in a nematic-like structure (6-9). If such
a magnetically oriented sample is rotated by some angle, 8o, the
reorientation process can be described very accurately (lQ), but
above a critical angle the reorientation mechanism becomes more
complicated. The purpose of this paper is to report the detec-
tion of this critical angle by NMR, optical, and viscometric
techniques in solutions of PBG in dichloromethane.

Experimental

Liquid crystalline solutions of PBDG were prepared using
reagent grade dichloromethane and sealed in NMR tubes. Their
concentrations were determined gravimetrically and are expressed
in w/w percent. Each sample contained a 0.%8 mm diameter stain-
less steel sphere used for viscosity measurements. The racemic
mixture, abbreviated as (D+L)PBG, is the same sample used in a
previous study (;Q), and is composed of equal masses of PBLG and
PBDG having molecular weights 270 000 and 217 000, respectively.

NMR spectra were recorded on a Varian HA-100 spectrometer in
an "unlocked" mode using an external oscillator and frequency
counter to calibrate its sweep parameters. Samples were equili-
brated in the magnetic field without spinning at ambient tempera-
ture (gg. 32°C) for nearly a day before each reorientation. The
temperature was controlled with a precision of +0.2° with a
Varian temperature-control unit. The samples were rotated by
accurately known amounts with the aid of small aluminum sleeves

0-8412-0419-5/78/47-074-157$05.00/0
© 1978 American Chemical Society
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attached to the tube holder.

Apparent viscosities were determined using a falling sphere
method on samples that had been matured for more than a year.
As in the NMR experiments, the samples were magnetically oriented
with the field direction perpendicular to the NMR tube axis.
Crossed polarizers were mounted on the magnet for correlation of
optical and viscometric data. After a rotation experiment was
performed, the sample was removed from the magnetic field and
placed in a 25.0 + 0.02°C constant temperature bath. The veloc-
ity of the sphere falling along the axis of the NMR tube, meas-
ured using a cathetometer and timer, was used to calculate the
Stokes' law apparent viscosity. A Faxen correction (;l) of about
5% was applied to all data.

Results and Discussion

The equations of motion for a memory-dependent nematic
liquid undergoing reorientation in a magnetic field have recently
been presented (;Q). The equations were derived using the theory
of micropolar continuum mechanics as introduced by Eringen (;g,
1%). 1In the special case when the memory can be neglected, the
result is

6(t) = tan™1(tang, At (1)

where e(t) is the instantaneous orientation of the microelement,
and 8o 1s the value of 6§ at t = O. The parameter A is defined by

= X, H3/C, where Xgq 1s the anisotropy of the diamagnetic sus-
ceptlblllty, H is the magnetic field strength, and C is the ap-
parent rotational viscosity coefficient. A convenient method for
obtaining 6(t) data in the present case is to monitor the time
dependence of the NMR signal of the solvent. The dipolar coup-
ling of the proton pair on each CH-Cl, molecule produces a doub-
let whose separation (AH) varies with the orientation of the
surrounding PBG helices. 1In terms of the equilibrium separation,
AHp, the relevent expression is

AH(t) = —> 0 (3 cos®e(t) - 1). (2)

The validity of Equation 2 relies upon the assumption that the
influence of the anisotropic environment of the polymer molecules
on the solvent remains constant during a reorientation. It is
therefore implied that the PBG helicies retain their original
degree of parallelism on a scale which is large compared to the
distance a solvent molecule diffuses during its spin lifetime.
Using the technique outlined above, Equation 1 has been

tested under a variety of conditions. The results indicate that
Equation 1 is only capable of describing the reorientation when
8o is less than some critical angle, B., which varies with the
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sample and the conditions of the experiment. For example,

Figure 1 displays 6(t) data for a racemic PBG sample and the
corresponding theoretical curves generated by Equation 1 using

A = 0.0203 min~'. The agreement between theory and experiment is
excellent for small values of 8o (solid dots), but when 8o = ul.L°
(open squares ), the reorientation appears to proceed more rapidly
than predicted by the theory. Even by increasing A to 0.0237
min~%, agreement with Equation 1 can only be obtained for about
the first 14 minutes. For slightly larger values of 85 (open
triangles), the deviation is much more pronounced and the data
can only be approximated by Equation 1 for about L minutes if A
is chosen to be 0.0321 min™!. 1In addition, if several consecu-
tive reorientations are performed with 8o just above 6., the rate
of reorientation appears to increase in each successive experi-
ment. This apparent change in the physical properties of the
system, or "yield" behavior, is small very close to 8., but rap-
idly becomes more significant as 8y increases. When Bp is a few
degrees above f,, the 'yielding" is often quite abrupt in racemic
PBG samples, as shown in Figure 1. For values of 85 > 51°, no
part of the reorientation curve could be fit by Equation 1.

The deviation from the predicted reorientation curves de-
scribed above suggests that some fundamental change in the re-
orientation mechanism might be occurring. This conjecture is
supported by the changes in the appearance of the NMR spectra
during 'yielding'. The pair of peaks begin to shorten and broad-
en, with shoulders or small additional peaks appearing between
them, indicating a disruption of the original degree of order of
the PBG molecules. None of these changes in the NMR line shape
occurs when 6p < 6;. Even after several consecutive reorienta-
tions below 8., the same "A" value is found to apply for each re-
orientation and the only variation in peak height as the peak sep-
aration changes is due to magnetic susceptibility effects (15).

The disruption of the basic structure of the liquid crystal,
for any reason, can have serious implications concerning the use
of Equations 1 and 2. For example, if the "microelement" of the
continuum theory is composed of a collection of PBG molecules
acting in a cooperative fashion, then any change in the PBG
degree of order contradicts the assumption of a constant micro-
element, upon which the derivation of Equation 1 is based. The
conditions requisite for the use of Equation 2 are also violated
once disruption begins to occur. The values of § plotted in
Figure 1 with O and A are, therefore, not to be taken literally
as angles, but rather as "apparent' angles.

The reason for the existence of a critical angle and the
disruption that occurs when 8o > 6. can be explained by the fact
that even at equilibrium with the field not all the PBG molecules
are perfectly aligned. Orwoll and Vold (1lL) have shown, for ex-
ample, that only about 87% of the polypeptide helicies in their
sample (17.5% PBLG/Cchlz,’ molecular weight 310 000; 1L.1 kG
field) were within 20° of the field direction. If 8o is large
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enough so that some PBG molecules are rotated beyond 90° to the
field, then some fraction of them will reorient in the opposite
direction from the remainder. This process has been called
"counterrotation' and is responsible for at least a partial
randomization of the PBG axes (;&). Figure 2 shows a sequence of
spectra of a 27.2% PBDG sample at various times after a 750 rota-
tion of the sample. In less than half a minute the original
doublet (A) has split into a quartet (B), the inner peaks ap-
proaching each other while the outer two are separating. In (C),
the two inner peaks have merged into one, and in (D) they have
separated again, now moving apart. As the reorientation contin-
ues (E-I) the peaks first broaden, then sharpen again, eventually
returning to their original shape and separation as in (a).

These results are very similar to those presented by Orwoll and
Vold and are good evidence for the existence of counterrotating
regions.

It is also possible to detect the onset of changes in the
physical properties of the system by other procedures. For exam-
ple, the apparent viscosity (T) of the liquid crystal, as meas-
ured by the falling sphere method, is very sensitive to any dis-
ruption of the orientation of the PBG molecules. When 65 < 6¢, N
is found to remain constant at all times during the reorientation.
Above 6c, however, T first decreases, goes through a minimum,
then increases back to its original value. The maximum amount of
counterrotation (and disruption) occurs when 8o = 90°, and the
change in T as a function of time after such a reorientation is
shown in Figure 3. Of course, the viscosity of the liquid crystal
can only be sampled once during any given experiment, so each data
point represents a separate sequence of orientation, rotation,
and measurement.

In order to accurately determine 6. from viscosity measure-
ments, it is desirable to amplify the small disruptive effects
that occur when 6p > 6c- This is easily accomplished by perform-
ing several consecutive reorientations. Figure L4 shows the
apparent viscosity of a 24.5% PBDG/CHoCls, sample subsequent to
three consecutive reorientations of 8p, each for five minutes.
Using this procedure, the concentration dependence of 8. was de-
termined at 25°C and is shown in Figure 5. The variation in 6¢
is linear within experimental error and decreases from about 500
to 42.5° between 9% and 27%. Since the concentration at which the
side chains of PBG molecules begin to overlap (based on Robinson's
data (3)) is approximately 27%, an interesting future study would
be the determination of 6. for more concentrated samples in order
to study the effect of side chain interaction on 6.

Changes in the optical properties of the sample are also
noticeable when disruption occurs, and by observing the sample
between crossed polarizers, 8. can be determined by the appear-
ance of birefringence colors. These colors appear most rapidly
and are most intense when 65 = 90°. From a comparison of photo-
graphs taken of a 90° reorientation observed between crossed
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Figure 1. Several 100-MHz
reorientation curves for a 16.8%
(D + L) PBG/CH,Cl, sample
at 24°C. (—), Equation 1
with A = 0.0203 min’. (@) 6,
= 19.2°, 28.8°, 36.7°; ([7]) 6,
= 44.4°; () 6, = 48.1°.

Figure 2. 100-MHz NMR spec-
tra of equilibrium (A) and in-
termediate (B-I) line shapes
subsequent to a 75° rotation of
a 27.2% PBDG/CH,CIl, sam-
ple at —15.1°C. Numbers in-
dicate time after rotation in
minutes. AH = 200.1 Hz.
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linear and crossed circular polarizers, it is apparent that much
of the color seen is due to the dispersion of form optical rota-
tion, indicating the presence of twisted domains. Indeed, under
certain conditions the disruptive effects of counterrotation can
produce defects of a novel type, which are discussed elsewhere
(;Q). When 8o < B¢, however, no disruptive effects are visible,
even after several successive rotations of the sample.

Conclusions

NMR, viscometric, and optical data indicate that the mecha-
nism of magnetic reorientation of PBG liquid crystals becomes
complex above a critical rotation angle, 8o = 6.. The observed
changes in the physical properties of the system under such con-
ditions are all consistent with a model in which the PBG molecules
are not perfectly aligned with the magnetic field at equilibrium.
The consequence of such a situation in a magnetic reorientation
experiment is to make possible the conditions for counterrotating
regions to develop when 6o > 6.. The interaction of such domains
can disrupt the structure of the liquid crystal and decrease the
original degree of order of the polypeptide with commensurate
changes in the NMR signal, apparent viscosity, and optical prop-
erties.
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For more than ten years we have been interested by the synthe-
sis and the structure of block copolymers (1,2). In 1973, we have
thought that copolymers with one or two poly-
peptide blocks would be of high interest both in a technological
and in a biological point of view. Due to their ability to
exhibit a large range of conformations, polypeptide chains should
be able to confer to copolymers a large variety of new technologi-
cal properties on one hand, and to mimic the behaviour of membra-
nous proteins on the other hand (3). So we have synthesized and
studied by X-ray diffraction, Electron Microscopy and Infrared
Spectroscopy the following types of copolymers : copolymers with
a carbohydrate and a peptide block, copolymers with a polyvinyl
block and a polypeptide block, random and block copolymers of two
different o amino acids.

In this paper, we give the principle of the synthesis of the
three classes of copolymers and we sum up the principal characte-
ristics of their mesomorphic structures.

Copolymers with a saccharide block and a peptide block

The first class of mesomorphic copolymers that we have synthe-
sized and studied are copolymers with a hydrophilic saccharide
block and a hydrophobic peptide block. In these copolymers, the
saccharide block is a carbohydrate fraction of a glycoprotein. A
glycoprotein can be described as a graft copolymer in which a small
number of carbohydrate chains are grafted to a peptide skeleton.

Synthesis. We have used as glycoprotein Ovomucoid extracted
from Hen egg white (4). The enzymatic degradation of Ovomucoid
gives a mixture of dgrbohydrates. Their fractionation by column
chromatography provides two glyco amino acids which are both termi-
nated by an Asparagin residue (5). The a fraction (0y) has a mole-
cular weight of 1850 and contains 10 sugar residues ; the B frac-
tion (0g) has a molecular weight of 3200 and contains 16 residues
(5). Using the a amine function of the terminal Asparagin residue

0-8412-0419-5/78/47-074-165$05.00/0
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of the glyco-amino-acids Oy and Op we have initiated the polymeri-
zation of the NCAs of benzyl-L-glutamate and cynnamyl-L-glutamate

and prepared copolymers containing between 14 % and 86 % of poly-
peptide (8).

Structure. Block copolymersOyEB and OBEB, where the hydropho-
bic polypeptide block (EB) is a poly(benzyl-L-glutamate) block,
exhibit mesophases in dimethyl sulfoxide for DMSO concentrations
ranging from zero to a limit value which depends upon the composi-
tion of the copolymer and the nature of the carbohydrate block
(2,86).

T 7 The study by low angle X-ray diffraction of these mesophases
provides X-ray patterns exhibiting in their central region a set
of sharp lines with Bragg spacings in the ratio 1,2,3,4,5.., cha-
racteristic of a layered structure. This lamellar structure results
from the superposition of plane, parallel, equidistant sheets ;
each sheet contains two layers : one of thickness dp formed by the
carbohydrate block, the other of thickness dg formed by the poly-
peptide blocks ; there is a partition of the solvent between the
two layers : 70 % of the solvent is localized in the carbohydrate
layer (6). Furthermore, in the polypeptide layer, the peptide
chains are in an a helix conformation as is demonstrated by Infra-
red spectroscopy and X-ray diffraction and are assembled on a bi-
dimensional hexagonal array for copolymers with an Og saccharide
block as is revealed by X rays (6).

When the molecular weight of the polypeptide block increases,
the total thickness of a sheet and the thickness dg of the poly-
peptide layer both increase linearly while the thickness dp of the
carbohydrate layer remains nearly constant.

The effect of the solvent concentration on the geometrical
parameters of the lamellar structure is similar for all the copo-
lymers studied and is illustrated in Fig. 1 for the copolymer 0Og
EB.33 which contains 62 % of polypeptide. When the DMSO concentra-
tion increases : the total thickness d of a sheet increases, the
thickness da of the carbohydrate layer also increases, while the
thickness dg of the polypeptide layer remains nearly constant.

Copolymers with a polyvinyl block and a polypeptide block

The second class of mesomorphic copolymers that we have syn-
thesized and studied consists of copolymers with a polyvinyl block
and a polypeptide block. In these copolymers the first block is a
polystyrene or a polybutadiene block and the second block is a
hydrophobic or a hydrophilic polypeptide block.

Synthesis. The polyvinyl block (polybutadiene or polystyrene)
is synthesized by anionic polymerization, then the chemical modifi-
cation of the living ends provides a polymer terminated by a prima-
ry amine function which is used to initiate the polymerization of
the NCA of the desired a amino acid (7,8).
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By this way we have prepared the following copolymers : poly-
butadiene-poly(benzyl-L-glutamate) (BG), polystyrene-poly(benzyl-
L-glutamate) (SG), polybutadiene-poly(carbobenzoxy-L-1lysine)
(BCK), polystyrene-poly(carbobenzoxy-L-1lysine) (SCK), polystyrene-
poly(L-leucine) (SL), polybutadiene-poly(N°-hydroxypropyl-L-gluta-
mine) (BGH), polybutadiene-poly(L-lysine) (BK), polystyrene-poly
(L-lysine) (SK) and jolystyrene-poly(L-glutamic acid) (SE).

Structure. Copolymers BG, SG, SL, BCK and SCK exnibit liquid
crystalline structures in the dry state and in concentrated solu-
tion in different solvents : dioxane, dichloro ethane, dichloro
propene...

For all copolymers studied (copolymers containing between
18 % and 83 % of polypeptide) the liquid crystalline structures
are always lamellar and are very similar to the structure of sac-
charide-peptide block copolymers. In the lamellar structure of
copolymers with a polyvinyl block and a hydrophobic polypeptide
block, each sheet of thickness d results from the superposition
of two layers : one of thickness dp formed by the polyvinyl chains
in a more or less random coil conformation, the other of thickness
dg formed by the polypeptide chains, in an o helix conformation,
arranged in an hexagonal array, and generally folded (2,7,8]).

The lamellar character of the structure, the a helix confor-
mation of the polypeptide chains and their hexagonal packing are
demonstrated, as in the case of saccharide-peptide block copoly-
mers, by X-ray diffraction, Electron microscopy (Fig. 2), Infrared
spectroscopy and Circular Dichregism (7). The number of folds of
the polypeptide chains is determined Ey comparison of the thick-
ness dg of the polypeptide layer with the average length L of the
polypeptide chains calculated from their degree of polymerization
and their o helix conformation (2,7). The number of folds of the
polypeptide chains is governed bylfhe molecular weight and the
composition of the copolymer and by the nature of the blocks. The
number of folds increases with the polypeptide content of the copo-
lymer : for instance, for copolymers SG of different composition
but with all a molecular weight of 25000 for the polystyrene block,

o,

the number of folds increases from O for a peptide content of 31 %
to 5 for a peptide content of 71 %. Furthermore, the number of
folds is higher if the polypeptide chain is linked to a polystyre-
ne chain than to a polybutadiene one (3).

Fig. 3 illustrates the behaviour of the geometrical parameters
of the lamellar structure versus solvent concentration for copoly-
mers with a polyvinyl block and a hydrophobic polypeptide block.

As in the case of saccharide-peptide copolymers, when the solvent
concentration increases, the total thickness d of a sheet and the
thickness da of the polyvinyl layer both increase, while the thick-
ness dg of the polypeptide layer remains nearly constant.
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Figure 1. Variation with DMSO concen-
tration of the parameters of the lamellar
structure of the copolymer 0;EB.33 with a
saccharide block of the B8 type and a poly
(benzyl-L-glutamate) content of 62%. ()
Total thickness d of a sheet; (/) thickness
d, of the carbohydrate layer; (O) thickness
dg of the peptide layer (6).
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Figure 2. Example of clectronic micrographs provided by copolymers polybutadiene—
poly(benzyl-L-glutamate). White stripes, polypeptide layers; black stripes, polybutadiene
layers stained with Osmium.
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Random and block copolymers of two o amino acids

The third class of mesomorphic copolymers we have synthesized
and studied are random and block copolymers of two different o
amino acids.

Synthesis. Using hexamethyl amine as initiator, we have copo-
lymerized, in DMF solution, the N-carboxy-anhydride (NCA) of ben-
zyl-L-glutamate with the NCAs of the following amino acids
cinnamyl-L-glutamate, carbobenzoxy-L-lysine, L-leucine, B L-phenyl
alanin, L-phenyl alanin.

To obtain block copolymers, we copolymerize successively the
NCAs of the two o amino acids. At the end of the polymerization of
the first block we protect the NHy terminus by an O-nitrophenyl-
sulphenyl group to allow its fractionation and its characteriza-
tion. After elimination of the protecting group we polymerize the
NCA of the second amino acid.

To obtain random copolymers, we polymerize simultaneously the
NCAs of the two amino acids and we follow the copolymer composition
during polymerization to be sure that it remains nearly constant
and that there is no formation of blocks.

Structure. All the random and block copolymers we have syn-
thesized exhibit liquid crystalline structures in dioxane.

We have not studied the cholesteric phases found between
about 50 % and 80 % of solvent for some copolymers, because X-Ray
diffraction patterns of this phase are very poor (one observes
only a band at low angles) and do not allow a detailed analysis of
the cholesteric structure.

On the contrary, for dioxane concentrations smaller than
about 50 % to 60 %, low angle X-Ray diffraction patterns exhibit
sets of sharp lines which allow the determination of the structure
of the mesophases.

In these mesophases, the polypeptide chains are in an o helix
conformation as it is demonstrated by Infrared spectroscopy (from
the position of the characteristic bands Amide I and Amide II) and
by X-Ray diffraction (from the value of the mass per length unit
(10)).

" In these mesophases, the packing of the helices, deduced from
low angle X-Ray patterns depends upon the type of copolymer (ran-
dom or block), the composition of the copolymer and the nature of
the blocks.

1) Homopolymers of benzyl-L-glutamate. Homopolymers of ben-
zyl-L-glutamate exhibit, as it is well known, an hexagonal struc-
ture formed by a helices packed in a bidimensional hexagonal array.
The distance between the axis of two neighbouring helices increa-
ses with the dioxane concentration as it is shown on the Figure 4.
The domain of stability of the hexagonal structure varies slightly
withthe molecular weight of the polymer.
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Figure 3. Variation with dioxane concentration of
the parameters of the lamellar structure of the copoly-
mer SG.5 with a polystyrene block of 25,000 and a
poly(benzyl glutamate) content of 47%. () Total
thickness d of a sheet; (/\) thickness d4 of the poly-
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layer.
(-]
DA
25— B
EB.100
20— .
i5 .
°/°Dlox.
| | ] |
20 40

Figure 4. Variation with dioxane concentration of the pa-

rameter of the hexagonal lattice of a homopoly(benzyl-L-glu-

tamate) with a number average degree of polymerization of
100
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2) Homopolymers of carbobenzoxy-L-lysine. We have studied
homopolymers of carbobenzoxy-L-lysine with an average degree of
polymerization between 50 and 500. They exhibit in dioxane solu-
tion different structures as it has already been reported for
other solvents (11)

For dioxane concentrations between 55 and 70 %, X-ray pat-
terns are characteristic of a cholesteric structure.

For dioxane concentrations between 40 and 55 % and for dry
copolymers X-ray patterns exhibit reflexions characteristic of an
hexagonal structure (Bragg spacings in the ratioc 1, V3, V4, V7,
/3.0,

For dioxane concentrations between 9 and 23 % X-ray patterns
exhibit a set of reflexions which can be indexed in a quadratic
lattice (Bragg spacings in the ratio 1, V2, ¥4, V5, V8..). At
both ends of the domain of stability of the gquadratic structure
one observes a small domain of concentration where a demixion
between guadratic and hexagonal structures exists.

For dioxane concentrations between 25 and 40 %, if the sam-
ples are prepared in standard conditions, X-ray patterns exhibit
a diffuse band which does not allow the determination of the para-
meter of the bidimensional lattice ; nevertheless Infrared spec-
troscopy reveals the existence of helices.

In order to resolve the structure of the polymer in this do-
main of concentrations we have used the effect of temperatures on
the stability of the different structures. We have prepared at
80°C mesomorphic gels containing 50 % of dioxane and exhibiting
a well definite hexagonal structure, cooled the sample at - 30°C,
evaporated the solvent at - 30°C until the desired concentration
and annealed the sample at 20°C. By this way we have obtained a
well organized hexagonal structure for dioxane concentration
higher than 23 %. We have even been able to obtain a guadratic
structure for the dry copolymer by evaporation at - 30°C of the
solvent of a sample containing 15 % of dioxane.

The quadratic structure is stable in a small domain of con-
centration and temperature. Its highest stability is observed for
dioxane concentrations of about 15 % : the gquadratic structure is
stable until temperatures higher than 390°C. For other dioxane
concentrations the transition quadratic - hexagonal is observed
at temperatures only slightly higher than room temperature.

On the contrary, the hexagonal structure is stable until tem-
peratures higher than about 200°C where degradation of the polymer
begins.

If the hexagonal structure is particularly stable it is not
the only structure possible for polymers of carbobenzoxy-L-
lysine. For certain concentrations and temperatures a guadratic
structure appears and it probably corresponds to a special confor-
mation of the lateral chains. The elevation of the temperature
increases the thermic agitation and destroys the asymmetry of the
lateral chains leading to on hexagonal structure characterized by
a cylindrical symmetry of the lateral chains around the peptidic
chains.
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Fig. 5 illustrates the respective domains of stability of the
guadratic structure (triangles) and of the hexagonal structure
(circles) at 20°C. It also shows that the lattice parameter of the
two structures increases with dioxane concentration. '
te. We have studied a lot of random and block copolymers of car-
bobenzoxylysine and benzyl glutamate of different compositions.
They all exhibit an hexagonal structure whose the lattice parame-
ter increases with solvent concentration.

The figures 6 and 7 show that the laws of variation of the
distance between the axis of the neighbouring helices versus sol-
vent concentration are the same for random and block copolymers of
the same composition.

The fact that random and block copolymers of the same compo-
sition present the same hexagonal lattice with the same geometri-
cal parameters means that the helices can slide along the direc-
tion of their axis and that there is no phase separation between
the poly(carbobenzoxy-L-lysine) and the poly(y-benzyl-L-glutamate)
blocks.

On figure 8 we have plotted the variation of the parameter
of the hexagonal lattice for homopoly(benzyl-L-glutamate) : curve
D, for homopoly(carbobenzoxy-L-1lysinel): curve A and for random and
block copolymers of different compositions : curve B (copolymers

o

containing 33 % of carbobenzoxy-L-lysine) and curve C (copolymers
containing 66 % of carbobenzoxy-L-lysine). One can see that the
distance between the axis of the helices increases with the carbo-
benzoxy-lysine (CK) content of the copolymer.

4) Copolymers of L-leucine and benzyl-L-glutamate. For all
random and block copolymers of L-leucine and benzyl-L-glutamate
that we have synthesized and studied the polypeptide chains are in
an a helix conformation.

Random copolymers of L-leucine and benzyl-L-glutamate exhibit
an hexagonal structure as homopolymers of benzyl-L-glutamate do.

Block copolymers of L-leucine and benzyl-L-glutamate (LEB)
containing less than 30 % of L-leucine exhibit an hexagonal struc-
ture.

Block copolymers L.EB containing between 40 and 60 % of L-
leucine exhibit a centred rectangular structure. This structure
is a deformation of an hexagonal structure (see Fig. 9) and each
elementary lattice contains two chains : one of each type of block.
This fact is in agreement with the domain of copolymer composition
which gives this centred rectangular lattice.

The variation of the parameters of the centred rectangular
array versus dioxane concentration is shown is figure 10. One can
see that one side of the array increases much faster than the
other.

Conclusion

Among the mesomorphic copolymers that we have synthesized and
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Figure 5. Variation with dioxane concentration of the parameter of
the hexagonal lattice (@) and of the quadratic lattice (A ) of polymers
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Figure 6. Variation with dioxane concentration of the param-
eter of the hexagonal lattice for random and block copolymers
with number average degree of polymerization of 30 for carbo-
benzoxy lysine and 50 for benzyl glutamate. (O) Block copoly-
mer CK.EB.30.50; (®) random copolymer CK.EB,.30.50.
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Figure 7. Variation with dioxane concentration of the parameter of

the hexagonal lattice for random and block copolymers with number

average degree of polymerization of 100 for carbobenzoxy lysine and

50 for benzyl glutamate. (O) Block copolymer CK.EB.100.50; (@®)
random copolymer CK.EB,.100.50.
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Figure 8. Variation with dioxane concentration of the parameter of

the hexagonal lattice of homopolymers, block, and random copolymers

of carbobenzoxy-lysine and benzyl glutamate. (D) homopolybenzyl

glutamate EB.100; (C) block and random copolymers CK.EB.30.50

and CK.EB,.30.50; (B) block and random copolymers: CK.EB.100.50
and CK.EB,.100.50; (A) homocarbobenzoxy-lysine CK.100.
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® ,/’.‘\\ o Figure 9. Schematic of the bidimen-
sional rectangular array of poly(L-leu-

@ 2 ® @ cine)-poly(benzyl-L-glutamate) block co-
Va polymers (L.EB). (®) Axis of the helices

P u\\\.,/’/ ® of one type of chains; (O) those of the

other type.
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Figure 10. Variation with dioxane concentration of the param-
eters a and b of the centered rectangular array of the copolymer
L.EB.5
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studied, copolymers with a saccharide and a peptide block are of
particular interest for biologists. They form simplified models
of proteins, especially membrane proteins, according to their am-
phipatic character.

We are now preparing and studying membrane models formed by
ternary systems : amphipatic block copolymer/lipids/water. From
the interaction with our polymeric models of lectins (lectins are
proteins or glycoproteins specific of different sugar residues)
we hope to obtain informations about the respective parts played
by the different carbohydrate chains and the polypeptide skeleton
of glycoproteins and perhaps help to throw some light on problems
as important as cell recognition and cell contact inhibition.

Abstract

The structure of random and block copolymers of two o amino
acids, and of block copolymers with an amino acid block and a
carbohydrate or a vinyl block have been studied by X-ray diffrac-
tion, electron microscopy, infrared spectroscopy and circular
dichroism. Copolymers with a hydrophilic carbohydrate block and a
hydrophobic polypeptide block exhibit in DMSO solution and in
the dry state a lamellar structure ; this lamellar structure con-
sists of plane, parallel, eguidistant sheets ; each sheet results
from the superposition of two layers : one formed by the carbo-
hydrate chains in a disordered conformation, the other formed by
the polypeptide chains in an helical conformation and assembled
in a hexagonal or a centred rectangular lattice. Copolymers with
a polyvinyl block (polystyrene or polydiene) and a hydrophobic
polypeptide block exhibit a lamellar structure similar to that of
copolymers with a carbohydrate and a peptide block, except that
their polypeptide chains in an helical conformation are always
hexagonally packed and are generally folded. For random and block
copolymers of benzyl-L-glutamate and one of the following amino
acids, e-carbobenzoxy-L-lysine, L-leucine in the dry state and in
dioxane concentrated solution the polypeptide chains are always in
an helical conformation, but they are assembled on an hexagonal
or a centred rectangular lattice depending upon the type of copo-
lymer (random or block), the nature of the blocks and the copoly-
mer composition.
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Biomesogens and Their Models: Possibilities of

Mesomorphic Order in Polynucleotide Analogues
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Central Institute of Microbiology and Experimental Therapy,
Academy of Sciences of the GDR, DDR-69 Jena, East Germany

It seems that life - originated in the fluctua-
ting interfaces of the primordial earth - escaped the
threatening alternatives of a stiffening death within
the sticky hierarchies of crystalline order and a
senseless end of vanishing into the rather infinite
fields of fluidity by occupying the small borderlines
between the kingdoms of order and the surrounding
chaos with amphiphilic species, fitted to those very
housing conditions, enabled to use and amplify the
advantages and tc avoid and minimize the traps of
this bipartite world, driven forward between the dia-
lectics of excessive statics and dynamics into the
developing, enlarging, optimizing spatial and tempo-
ral interconnective networks of complicated mesomor=-
phic organizations. The ancient pool of nearly omni-
potential macromolecules - built up from those amphi=-
philic moieties - developed into the specializations
of informative, functional and compartimentive part-
ners (Figure 1), conserving below the skin of their
specific adjustments the continued primitive univer-
sality of the origin. Thus, while a first sudden
glance might connect the structural features of nuc-
leic acids with information, those of proteins with
function and the remaining characteristics of membrane
components with compartimentation, a nearer and more
detailed intimacy with the three dominants of our to-
day biopolymeric organizations seems to reveal much
broader ranges of different abilities, merging the
classical view of interacting structural individuals
into the newer aspect of fluctuating mosaics of mu=-
tual domain cooperativities, where stereoelectronic
patterns of interchanging parts of the competitors
of the great old game anneal into space and time de-
pendent networks of precisely tuned stereoelectronic
fits of newly gained units of complex mesomorphic do-

0-8412-0419-5/78/47-074-178$12.50,/0
© 1978 American Chemical Society
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main systems.

This view also seems to provide a better under=-
standing for an as well basic as curious phenomenon,

a special characteristic of biopolyelectrolytic
systems: the time independent but directional hyste-
resis, that seems to have governed not only the first
interchanges in the primordial omnipotential polyelec-
trolytic pool, but ruled, accelerated and directioned
the driving forces of information processings on to
the optimizations into the very regions of the central
nervous systems of our species, The increasing efforts
of the last years in elucidating those effects are do-
minated mainly by the basic investigations of Neumann
and Katchalsky (1-4). Following the acid-base titra-
tion stimulus of Cox and coworkers (5) in the case of
rRNA, they demonstrated the importarnce of generally
long-lived metastabilities and particularly hysteresis
phenomena in biopolyelectrolytic organizations for
both regulation phenomena and memory imprints in bio-
organisms. In their hands the 2poly(U)-.poly(A) triplex
advanced as a first star model not only for the in=-
vestigation of hysteresis phenomena by spectrophoto-
metric as well as potentiometric acid-base titrations,
but also as a first demonstration object for inducing
long-lived conformational changes in metastable bio-
polymeric organizations by electric field pulses,
surprisingly in the order of the action potentials of
the nervous membrane (3,4,6).

From this and further investigations a new intri-
guing dynamic picture of biosphere emerged, where bio-
polyelectrolytic systems, sensitized by their out-
standing characteristics of exhibiting metastabilities
and molecular hystereses to passive regulations from
environmental electromagnetic influences and vice
versa active mediations into self-governed areas, gain
the possibilities of elementary cybernetic units with
the special facilities of transducer functions in gen-
eral and memory recordings and stimulations of bior-
hythms in particular (2,7,8). The list of examples and
applications has been enlarged in the meantime not
only in the field of polynucleotides (9-14), but also
in the widespread areas of proteins (15-17) and mem=-
brane components (18-23), thus underlining the early
prediction of metastabilities and molecular hysteresis
phenomena as common features to all biopolyelectroly-
tic moieties. In these days they cumulated in the
interesting and important results of a first demon-
stration as a working principle in a biological pro-
cess. Schneider and coworkers (24,25) demonstrated by
means of a special flow reactor the fascinating, but
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yet somehow expected dependence of the accuracy of
enzymic reading a template from the very way of doing
this, thus providing for the first time evidence for
the capabilities of hysteresis in governing not only
the space, but also the longly forgotten time depen=-
dent hierarchies of bioregulations. While these re-
sults seem to open a new field in studying chronobio~
logical interrelationships on the level of interacting
native systems, our own efforts in this context star-
ted and remained up to now far below those levels of
high-ranking ambitions (7,14,26).

Stimulated by the early efforts of Langenbeck
(27) to create and build up some sort of biomimetic
chemistry at a time when these aspects had scarcely
been noticed, we intended to start a program of model-
ling certain aspects of the hitherto yet inaccessible
jungles of native biopolymeric interactions. In this
context we tried to add further evidence for molecular
hystereses of some polynucleotide triplexes (7,12-14),
that might display some regulatory functions in biolo-
gical viro-, cancero- and immunemodulations (28-32).
Looking for the basal features of base-stack and
strand-pattern interrelations and interaction possi=-
bilities, it seemed to us, that the widely enlarging
chemistry of thermotropic mesogens (33) - especially
in the case of using heterocyclic relatives (34,35)
of nucleic acid bases as central parts - should pro-
vide rather good models, fitting some simpler aspects
of thermotropic behaviour in the hydrophobic mesomor-
phic core region of polynucleotides. Yet the clearly
distributed molecular mesogen characteristics of our
synthetic liquid crystals and their theoretical extra-
polations into the ordered interaction fields of large
ensembles do not only seem to overemphasize rather
secondary and logically delicate subcategorizations
(lyotropy and thermotropy), but might moreover block
their own scientific development into the cooperative
domain systems of mesogen biopolymeric organizations.
To bridge this gap between symmetry in vitro models
and asymmetrically directed in vivo realities, it
seemed tempting, not only to study polymeric mesogens
- mainly built up from classical mesomorphic mono-
mers - as it has been excellently demonstrated by the
groups of Blumstein, Ringsdorf, Cser, Hardy, Amerik,
Strzelecki, Tanaka a.o. (36-46), or to look for
mesogen areas even in technical products (47), but
moreover to use simplified potentially mesogenic bio-
polymeric systems - "mesogen" here in the sense of
domain characteristics rather than in describing
larger ensemble areas - for modelling parts of these
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complex natural interdependences. Thus within the
framework of our interests in metastabilities and
hysteresis phenomena in bioregulations, we tried to
model nucleic acids from a greater distance and to
check these simulations in (bio)physical and biologi-
cal interaction studies. The soon emerging possibili-
ties for practical applications then led to a more
general conception of strangening nucleic acids on
different levels of stereoelectronic fit, utilizing
both native monotonic sequences and synthetical mono-
and oligomeric base-pair analogues as well as poly-
meric strand analogues in competitive and allosteric
interaction studies (Figure 2). Modelling and varying
the mesogen domain compositions of native systems not
only by small nonmesogenic antimetabolites but also
by at least partially mesogenic antitemplates (Figure
3), we hoped to adjust our effectors to their wanted
levels of efficiency rather than to misuse them for a
pure jamming of metabolic pathways.

Materials and Methods

Polynucleotides The polynucleotides were com-
mercial products, obtained from Serva-Biochemica and
Reanal. They have been used without further purifica-
tion. (A)n (3.4/>8 S); (U)n (>10 S); (G)n (~10 S);
(C)n (8-13 S); (I)n (10-15 S). Concentrations of
polynucleotides in 0.01 M phosphate/ 0.1 M NaCl (PBS/
pH 7.2) were determined spectrophotometrically by
using the following extinction coefficients: (A)n:
Cmax-’-lO-OOO; (U)nS £max=9o43o; (G)n: Smax=9.600; (C)n:
Emax=6-150; (I)n: E£pgax=10.400.

CT-DNA Calf-thymus DNA was a kind gift of
Dr.G.Luck (Central Institute of Microbiology and Ex-
perimental Therapy, Academy of Sciences of the GDR)
with a content of 0.28 % of protein, stabilized with
chloroform. The stock solution was diluted to an
0Dygn of 0.625 by means of a 0.001 M NaCl solution.

Monomeric Thermotropics Long-chained 2-pyridone-
5-carboxylic esters were prepared from 2-pyridone-5-
carboxylic acid and the corresponding half ethers of
hydroquinone by esterification with N,N°*=-carbonyl-
diimidazole according to the Staab-procedure (48).
Detailed descriptions will be given elsewhere TZ@{.

Long-chained esters of enantiomeric estradiols
and long-chained ester-aniles of enantiomeric estro-
nes were prepared by methods previously described
(50,51,53). The enantiomeric estrones and estradiols




Publication Date: June 1, 1978 | doi: 10.1021/bk-1978-0074.ch014

182

MESOMORPHIC ORDER IN POLYMERS

Figure 1. Amphiphilic pattern development in nu-
cleic acids, proteins, and membranes

Figure 2. Nucleic acids “strang-
ening” program
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were purchased from VEB Jenapharm. Further details
will be reported elsewhere (54,55).

Base-Pair Analogues 2.7-bis-[(dialkylamino- and
{oxa}oTigoalkylenimino)-acetylamino]~-fluoren-9-ones
("fluoramides" 1-5) were prepared via the correspon-
ding 2.7-bis-[(chloroacetyl)-amino]~-fluoren-9-one by
a procedure described recently (56); see also (57).

Vinylmonomers for Homo- and Copolymerization Re-
actions 1-Vinyluracil, 9-vinylhypoxanthine, and 9-
vinyladenine were prepared by previously described
methods (58-62), 1-vinylcytosine by the ammonolysis of
l=vinyl-4-methylthiopyrimidine-2-one (62,63).

Polynucleotide Strand-Analogues The following
polymers (Tables I and II) were prepared by AIBN- or
§-ray induced (Laboratory Radiation Unit RCH-¥-30 as
a 60Co-source) polymerization and copolymerization
reactions, respectively, followed in case of (VA,
[VOH]p,7)n by a polymeranalogous reaction. The star-
ting amounts of N-vinylnucleobases and their comono-
mers were adjusted to yield a nearly 1:1-ratio in the
copolymers.

Sedimentation Experiments Sedimentation measu-
rements were carried out using a Spinco Model E ul-
tracentrifuge, equipped with an ultraviolet absorption
optic, a monochromator and a photoelectrical scanner,
in a way previously described (66).

Base-Pairing Experiments Methods employed for
base-pair complexation have been described previously
(62,64,73,74). Ultraviolet mixing and thermal profile
experiments were performed according to common proce=-
dures (73,74). Spectra for mixing curves were measu-
red with an Unicam SP 1800 spectrophotometer (62,64,
75). Melting curves were run on the same spectrome-
ter, equipped with a SP 871 temperature program con-
troler (62,64,75). ORD spectra were made on a Jasco
ORD/UV-5 spectrometer, and the circular dichroic
spectra were recorded on a Cary Model 60 spectrometer,
equipped with a Model 6001 CD accessory (64,75,76).

Electron-Microscopic Studies Micrographs were
taken at 36.000 - magnifications in an Elmiskop IA
according to procedures previously given (65).

Hysteresis Experiments Molecular hysteresis
measurements by cyclic acid-base titrations of the
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Table I Homopolymers
B

Wn
Polymer Induction B Lit.
(vA), AIBN Ade  (58=-61,67-70)
(V) Ura (58-61,67-70)
Table II Copolymers

B X

\ey/L{«/L\liio.4)n

Copolymer Induction B X Lit.
(vA,[vCOONa}O g)n AIBN  Ade  COONa (66,68)
(vA,[vCOONa]l ) by Ade  COONa (66,68)
(vA,(vso3Na]O_7)n AIBN  Ade  SO,Na (75)
(vA, [VOH], ) AIBN  Ade OH (65,66)
(vA,{vCONHzll'l)n AIBN  Ade  CONH, (75)
(vA, [vPn] ) AIBN Ade 2-pyrrolidone- (75)
0.8’n —_—
1-yl
(VA,{VP]O 9)n AIBN Ade 4-pyridyl (75)
(vA,[vI]1 1)n AIBN Ade imidazol-1-yl (75)
(vA, [vm3IJ]O 6)n AIBN  Ade 3-methyl- (75)
: [(imidazol-
1-yl)-ium]-
iodide
(vu, [vCoONa] R - Ura COONa (67,68)
(vC,[vCOONa]1 1 n ¥ Cyt COONa (69,75)
(vC, [vCOoONa) )7, ¥ Cyt COONa (62,69)
(vH, [vCOONa) | ¥ Hyp  COONa (62,75)
(vH,[vCOONa]1 1)n AIBN Hyp COONa (69)
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triplexes (I)p*(A),-(I), and (U)n-(A)p- (1), were car-
ried out as previously described (12-14,72), using the
techniques of Neumann and Katchalsky (1,2,4). Titra-
tions were performed in a modified USP-2 spectrometer
of the Academy of Sciences of the GDR, with a pH
ranging from 7.1 to 3.25.

DNA-Interaction Measurements DNA interactions
with fluoramides were studied by DNA-titration with
the intercalator. Melting profils were obtained on
Unicam SP 1800 spectrophotometer and CD spectra on a
Cary Model 60 as described above under "base-pairings"”

(77).

Biological Tests The polymers were tested as
single strands in eukaryotic and viral polymerase sy-
stems. In base-paired complexes with their mate poly-
nucleotides they were tested with regard to antiviral
activities in establishing antiviral states, inducing
and priming interferon.

CT-polymerase B (DNA-dependent RNA-polymerase)
was obtained from calf-thymus tissues and assayed as
reported earlier (71). Activity measurements were per-
formed in a toluene system, using a Liquid Scintilla-
tion Counter Mark I (Nuclear Chicago).

AMV-Revertase (RNA-dependent DNA-polymerase) was
assayed in an endogenous AMV-system as previously de-
scribed (70). Avian Myeloblastosis Virus was a kind
gift of Dr. J. Riman (Institute of Organic Chemistry
and Biochemistry, CsAv, Praha, Czechoslovakia). Meas-~-
urements were performed with a LKB-Wallace Liquid
Scintillation Counter 81.000.

For estimations of antiviral activities (78) in
general and interferon induction (62) in particular,
an in vitro mouse L-cell system was used. VSV - (Vesi-
cular Stomatitis Virus - strain Indiana) - was taken
as a challenge virus., Yields of infectious virus were
titrated by plaque assay on chicken embryofibroblasts.

For interferon priming experiments the effects of
the semiplastics on NDV - (Newcastle Disease Virus =
strain Hertfordshire)-mediated interferon induction
in mouse L-cells was followed by the same common pro-
cedures previously described (78).

First orientating estimations of in vivo antivi-
ral activities of fluoramides were performed in mice
according to common procedures. Fuller details will be
given elsewhere (79).
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Molecular Hystereses in Polynucleotide Triplexes

when the beautiful Watson-Crick duplex emerged
from a nameless mass of more or less complicated mono-,
oligo- and polymeric structures, some longly missed
estethical features had been given back to organic
chemistry, and this in both static and dynamic aspects
(80). Figures 4, 5 and 6 contrast the less clearly ar-
ranged peptide backbones of cytochrome c (81), for in-
stance, with the clearly distributed base-stack/
strand-pattern arrangements of B-DNA and A-DNA or 11-
RNA (28), respectively., While just the reduction of
strandedness to the biologically promising duality
granted the birth of this structure, nearly at the
same time suggestions started or continued for multi-
ple-strandedness in the biological materials (Figure
7). Four-strands structures, originally a theoreti-
cally based proposal of Gavin (90), have now become
attractive as possible storage forms of DNA in the
nucleosomes of chromatin (91). Yet considerably more
interest has been spent in the meantime to triplexes,
that had in former time been believed to represent the
common strand design of DNA at all. Figure 8 reveals
the appearance of the (U)p (A)pn-(U), triplex according
to the results of Arnott and coworkers (28). The ori-
ginally rather theoretical aspects in dealing with
those structure found a much more reliable and at the
same time exciting basis, when poly(A) (7,92) opened
the still continuing area of monotonic sequences in
DNA and RNA interplays. Conserved even as it seems in
some cases during evolution, these monotonics seem to
play an important but up to now not yet elucidated
role in. bioregulations. The triplexes, which might ar-
range around those tracts in polynucleotides, re=-
maining nevertheless structures still in want for de-
finite biological functions, and in the meantime star-
ting points or goals of a considerable number of dif=-
ferent suggestions, ranging from a possible importance
of those structure in early binary purine codes on the
primordial earth (93), to the involvement in quite
different regulations between replication, (reverse)
transcription and translation up to the speculations
for actions as cybernetic units (1-4,7-14,28) of a
hysteretic regulation code acting by phase directing
and manipulating strategies in bioregulations (7).
The field of triplex structures - Figure 9 shows com-
mon pairing schemes - and their hysteretic behaviour,
which had originally been the reservate of the working
groups of Neumann and Katchalsky (1-4) as well as
Guschlbauer (9-10), became a playground of endeavours
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Figure 7. Base—base recognition schemes in polynucleotides
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Figure 9. Triple-stranded polynucle-
otide pattern (28). (from top to bot-
tom and left to right) U-A-U, C-G-C",
C-1-C, U-A-L, 1-A-U, 1-A-T.
U-A-1/1-A-U-pattern in an as yet
hypothetical arrangement (94, 95).

Nucleic Acids Research

Figure 8. (U), - (A)n - (U)y-triplex (28)
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from quite different points of view (7,28-32). We had
been interested in those stereoelectronic pattern not
only generally because of their possible involvements
in bioregulations, but moreover particularly in Wat-
son-Crick and Hoogsteen recognition ambitions of poly-
(A)=-monotonics with regard to poly(I)-tracts, due to
the very effects of the latter in viro-, cancero- and
immunemodulations (7,29-32,62).

After looking for a molecular hysteresis in the
all-purine (I)p°(A)n-(I)n system (13), we spent inter-
est to the hypothetical (U)p-(A)n-(I)n triplex (7)
elucidated together with DeClercq and coworkers 1ts
existence (14,94,95) - Figure 10 shows melting profi=-
les and ORD characteristics = and demonstrated also in
this case of a mixed one-pyrimidine/two-purines-tri-
plex a molecular hysteresis on cyclic acid-base titra-
tions. Figure 11 and 12 summarizes our experiments in
comparison with the pioneering study of Neumann and
Katchalsky in case of (U)pn*(A)n: (U)n. For our two unu-
sual triplex structures the hysteretic "lagging be-
hind” of conformational orientations in their attempts
to follow the pH=-variations in the environment seems
to be caused by similar transcrystallisation between
the triplex and the (A%).:-(A%)n duplex, as proposed by
Neumann and Katchalsky for the (U)n*(A)n-(U)n hyste-
resis, except that in our cases the process should be
complicated in a still unknown way by the tendency to
self-association of poly(I) (1,2,82,83). While from
here there will arise the necessity to study those in-
terrelationships much more thoroughly and on a larger
scale, especially involving interactions between nu=-
cleic acids, proteins and membranes as well as their
sensitivity to effector moieties and other environmen-
tal influences, we tried far below this level to in-
troduce into the picture of bioeffector efficiencies
(Figure 3) the above mentioned simulation concepts for
providing antimetabolites and antitemplates derived
from modelling conceptions in the field of nucleic
acids and adjusted for mesomophic interactions with
biopolymeric systems.

Modelling Nucleic Acids by Simple Thermotropics

The nicely balanced interplays of order-disorder
features represented in the architecture of nucleic
acids (Figure 13) (86,88,96), the complex intergame of
hydrophobic and hydrophilic aspects, of weak and
strong interactions - ranging from the hydrophobic
long-core regions to the bizarre strand compositions
with their different fits for handling nucleobase ac-
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tivities, up to the contrasting phosphate pattern, the
adjusted water shell and counterion clouds - express a
vast amount of thermotropic and lyotropic characteris-
tics and aspects, that might be modelled at least in
parts by the much simpler stereoelectronic patterns of
our today lyo- and thermotropic moieties. Added to
this, the interaction facilities of nucleic acid bases
with a lot of effector molecules - especially base-
pair analogues (97,98) - might offer a further field
for approaching those mechanisms by simple thermotro-
pic pattern, Figure 14 giving an of course, incompre-
hensive survey of common central parts of those struc-
tures. Thus, while a still enlarging number of sub-
stances is indicative of the lasting fruitful stimula-
tion of the classical Kast structural proposal for
thermotropic mesogens (33), the end of its dominance
seems to come from some more general new trends in the
field of mono-, oligo- and polymeric mesomorphs (1-4,
6-25,36-47,49-56). After the curiosities of the very
beginnings, the widespread practical and theoretical
fields opening to research within the last decades,
there might be offered a new aspect for mesogen re-
search in modelling complex bioregulations with a
still promising feed back to their theoretical or even
more practical developments. Hydrogen bonding systems,
for instance, widely used in natural mesogens for
quite different purposes, are still rather carefully
avoided in synthetic mesogen chemistry and display a
charming contrast between the differences of in vitro
ambitions and in vivo realities. While in vitro only
intramolecularly arranged hydrogen-bonding systems
successfully occupied some reservates in the areas of
classical Kast topological expectations, intermolecu-
lar hydrogen-bonding systems, with the exception of
the indeed thoroughly investigated carboxylic acid di=-
mers, remained the strange exceptions (33). Schubert
and coworkers, interested in heterocyclic moieties as
central parts for thermotropics on their ways of syn-
theses of low-melting nematics (34,35) - Figure 15
displays mainly a representation of their efforts -
touched the field of those compounds, but without spe-
cial interest in them. On the other hand we had in
earlier times attached 2-pyridone-5-carboxylic acid to
polyvinyl alcohol (99), thus building up some sort of
very distantly modelled and abstracted polynucleotide
analogue. From there we became interested in thermo-
tropics, that might simulate not only vertical but al-
so horizontal recognition pattern of nucleic acids.
The here presented long-chained esters of the above
mentioned 2-pyridone-5-carboxylic acid, given in a
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Figure 13. Amphiphilic mesomorphic pattern of single (A), (88) and double-stranded
(U)n * (A)n and (G), - (C). (98) polynucleotides (left to right)

Fliissige Kristalle in Tabellen

Figure 14. Common central parts of classical thermotropics
(33)
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Figure 15. Heterocyclic central
parts of classical thermotropics (383,
34,35)
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still speculative dimer arrangement with their smectic
anisotropy areas in Figure 16 (49), might reveal at
this moment a both doubting and intriguing glance into
a still rather unknown field of biomesogen simulation
possibilities.

Hereupon, adding to the more static view of those
system a more dynamic aspect, it was only a short step
to look also for thermotropic behaviour of components,
that display interaction activities with nucleic acid
bases, so for instance among other base-pair analo-
gues: the stereoidal hormones (33,50-55,100-104).
While their special mechanisms, sites and ways of ef-
ficiency - engaged with different receptors, their en-
trance and passage through membranes and compartimen=-
tations, reaching the final goal within chromatin -
even at present remains rather unclear (101), those
structures have been used in model experiments as
"reporter molecules” for studying static and dynamic
features of nucleic acids by employing their stacking
or at least partially intercalating possibilities into
nucleobase stacks (105,106). On the other hand in
thermotropic mesogen chemistry a vast amount of cho-
lesterol derivatives building up a kingdom of choles-
terics is met only by a few examples of other steroi-
dal groups as central part arrangements (Figure 17)
(33,103). In the meantime we could add evidence for
the thermotropic characteristics of the - though as it
seems stereoelectronically predestinated, yet forgot=-
ten - estrogens (50-55), that will get cholesteric me-
sogen behaviour by simple lengthening their slightly
distorted araliphatic central part geometry by common-
ly used terminal design, and extend those investiga-
tions to the enantiomeric partners and racemic mixtu-
res (Figure 18 and 19) (54,55).

These two limited examples might continue the ho-
pes, that also in this way some fruitful interchange
of static as well as dynamic in vivo and in vitro as-
pects of mesomorphic pattern might stimulate and en-
large a better vice versa understanding of both arti-
ficial and native mesogen pattern in the biosphere.

"Strangening” Nucleic Acids by "Infective"” Compounds

"Wir haben nun gefunden, daB gereinigte, kristal-
lisierte Abietinsé&ure in hervorragendem MaRe die Féa-
higkeit hat, optisch inaktive flussige Kristalle in
zirkular polarisierende umzuwandeln. Minimale Mengen
der Séure verursachen eine optisch zirkulare Infek-
tion, durch welche die Gesamtmasse der an sich inakti-
ven flissigen Kristallschicht stark zirkular polari-
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Figure 16. Smectic mesophase characteristics

of 2-pyridone-5-carboxylic esters with long-

chain terminals. Mesogens given in an as yet
hypothetical dimer arrangement.
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Figure 17. Cycloaliphatic and steroidal central parts in
classical thermotropics (33)
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sierend werden kann", with those words Vorlénder (107)
introduced in 1913 at Halle an amplification effect,
that we would like to regard as a pretty model for
certain hormon like effects in bioorganisms: small
amounts of an effector manipulating and directing lar-
ge areas of receptor regions. About five decades after
Vorlander the special interactions of small effector
moieties with the base stacks of nucleic acids, dealt
with in the theory of circular dichroism in nucleic
acids by Tinoco and coworkers (108), stimulated Stege-
meyer (109) to come back to the old Vorlander view and
elucidate the special effects of those optically acti-
ve doting compounds in switching mesomorphic phases of
inactive materials (110-113).

Our interest in these mutual stimulations, where
phase manipulations by traces of a stimulator in vitro
and nucleic acid domain direction by intercalated
base-pair analogues in vivo (Figure 20 and 21) (112~
115) will appear as two sides of possibly common basal
Teatures, led first of all to trials to create a heu-
ristic conception of base-pair analogues as possible
effectors in manipulating the stereoelectronic pattern
of nucleic acids (Figures 22, 23 and 24) (26,100). The
molecular information transfer, evolved into the
"channels" of specific base-base recognitions in nuc-
leoproteinic systems should have been sensitive from
its very beginning to impairments by similarly shaped
molecular pattern, The evolutionary conflict with
those "noising" influences might have brought about
exclusions of such compounds by a refinement of pro-
tein-cover and receptor sensivities, or perhaps still
more effective: — conversions and developments of
those intruders into stimulating and cooperating hor=-
monal signals. Yet an alarming abundance of our today
synthetics seems to be able to break through the his-
torically erected barriers by outwitting them with
unusual, that means molecularly unreflected stereo-
electronic pattern. Molecular sensitivities should be
expected in competitive and allosteric sites at nuc-
leobase-handling enzymes or at nucleic acids themsel-
ves, that is however at the essentials of our bioregu=-
lation networks.

In this context we spent some interest to the
field of viro-, cancero- and immunemodulative com-
pounds (Figures 25 and 26) (56,30,31), especially to
the first monomer interferon inducer: tilorone (116~
119), a fluorenone derivative, fitted with basic ali~-
phatic terminals. As we took it as a nearly ideal
example for a geometric base-pair analogue in the
meaning of our conception, we postulated for this
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Figure 19. CPK illustration of enantiomeric long-
chain terminated ester-aniles of estrone (55)

Figure 20. Switching of superheated mesomorphic pattern
by intercalators in circular DNA (112, 113, 114, 115)
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H,N N? AH,

proflavine

ethidium
bromide

actinomycin

Figure 21. Examples of DNA intercalators and the Sobell
visualization of the intercalation arrangement in case of
actinomycin (112,113, 114, 115)

Figure 22. Watson—Crick pair in

comparison with “x-ray proved”

intercalator-chromophores (80, 112,
Lo 3 2t 113, 114, 115)
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Figure 23. Overall shapes of Watson-Crick duplexes and Arnott—Bond—Felsenfeld
triplexes (28, 80)

a -

Figure 24(a). (Description on fol-
lowing page).
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(s eceal A

Figure 24. Illustration of “base-pair
analogues” effector conception (26, 97,
98, 99, 100). Survey on simplified
schemes of carbo- and heteroaromatic
systems (a) (preceding page); cytokinines
(b) (this page, top); steroids(c) (this page,
bottom); and structural analogues and
differently shaped effectors (d) (follow-
ing page) of cellular information transfer
from nucleic acids to protein.
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Figure 24(d). (Description on preceding page).
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compound an intercalation mechanism into DNA (100),
which has been proved later on by Chandra and cowor-
kers (118). Independently in 1976 an Austrian group
(120) and we started a stereoelectronic simulation
program (77) (Figure 27), concentrating our interest
in the substitution of the fluorenone ether parts by
carbonic acid amido groups. Because of the relation-
ships of the latter to actinomycin, distamycin and
some other similarly designed intercalators (115,100,
98), we hoped to get some additional insight into the
Vertical and horizontal, the stacking and hydrogen
bonding activities of those effectors. For the most
directly modelled tilorone analogue, the fluoramide
FA-1 (Figure 27) = common to the synthetical efforts
of both groups - the Austrians and we proved antivi-
ral in vivo effects in mice in general and interferon
induction potencies in particular. But mainly inter=-
ested in interaction possibilities of these structu=-
res with nucleic acids - linking the in vivo and in
vitro aspects of the old Vorlander-Stegemeyer story =-
we can, in addition to the well known characteristics
of fluorenone pattern to display classical thermotro-
pic behaviour (33) (Figure 28), present further eviden-
ce for its capability in inducing strandreorientations
by attaching, stacking and intercalation interactions
with DNA (77), indicative by the shift of the melting
point in the presence of the intercalator and by the
induced circular dichroism on titrating DNA with a so-
lution of the effector molecule (Figure 29). Figure 30
tries to give a hypothetical look on the fit of the
molecule to DNA: starting with an electrostatically
directed attack into the large groove and reaching a
considerable number of favorable contacts on interca-
lation, with the aromatics sandwiching one another,
phosphate and amino groups fixing the aliphatic termi-
nals and perhaps hydrogen bonds linking the carbonami-
de groups to the 1'-oxygens of the ribose moieties of
both strands, the whole mechanism drives the strand
arrangements of the "infected" B-DNA into the direc-
tion of an RNA thus sensitizing this parts for oppo-
site receptors (28,98). Aspects of specifity to spe-
cial base regions - at present under investigation in
our laboratory - seem to reveal a slightly different
picture compared with tilorone as to the preference of
AT-, instead of GC-pairs (77,116-119).

In this way the old Vorlander effect of directing
mesophase systems by interaction possibilities of
small amounts of inducers, elucidated and used in the-
oretical and practical aspects by Stegemeyer and his
group mainly in the field of classical thermotropics,



Publication Date: June 1, 1978 | doi: 10.1021/bk-1978-0074.ch014

210

Fliissige Kristalle in Tabellen

Figure 27. Fluorenes and fluorenones
as central parts of classical thermo-
tropics (33)

Figure 28. Fluoramides FA-1-FA-5 as
stereoelectronic simulations of tilorone
(56, 57)
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Figure 29. Thermal melting profiles and ORD-characteristics of CT-DNA/FA-1 inter-
actions (76, 77). (a) Melting profiles of CT-DNA (OD , 0.625, 0.00IM NaCl, pH ~ 7,
compared with the melting characteristics of CT-DNA/FA-1 - 2HCI complexation. (3 -
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characteristics of CT-DNA/FA-1 - 2HCI interactions on titration. CT-DNA ODyg, 0.902,
0.IM NaCl; other conditions like (a).
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Figure 30. CPK-illustration of hypothetical intercalative fit of FA-1 into the large groove
of DNA. (from top to bottom) FA-1 approaching the major groove of DNA; intercalative
fit from the major groove; the same arrangement from the minor groove (56, 76, 77).
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brought back to their theoretical stimulus seems to
gain a new dimensions for modelling hormone and effec-
tor efficiencies in general and intercalator effects
in the nucleic acid base stacks in particular. It of-
fers a possible explanation for the viro-, cancero-
and immunemodulative activities of those compounds in
their ability to strangen the common nucleic acid pat-
tern of bioorganism and to provoke both humoral and
cellular non-self recognitions, while the old Vorlén-
der term of "infection" - rather unusual in the field
of thermotropics - fits our today biological aspects
in a curious way, somewhat indicative and characte-
ristic for the inherent connection.

Modelling and "Strangening" Nucleic Acids by Polynuc=-
leotide Strand-Anzlogues

Base and sugar variants of nucleosides and nuc-
leotides have been dealt with in the past in an abun-
dance, nearly incapable for reviews, monographs or
even reference journals (26,121-123). While these va-
riants of a first and second generation of analogues
still continue attracting the attention of people in=-
terested in nucleic acid chemistry and its applica-
tions (123), beginning with the 1960s a third genere-
tion of nucleic acid simulations emerged from the
flood of stereoelectronic imitations: far or less di-
stantly modelled strand analogues revealed some impor=-
tance for both theoretically and practically oriented
investigations in the field of biopolymers and their
interaction possibilities (26,58-61,97,124-131).

To deal only with those structures, modelled from
a greater distance, there opened for synthetical ap-
proaches ways of polycondensation, polyaddition free-
radical, photochemical, or y-ray induced polymeriza-
tions or polymeranalogous reactions, possibilities
that have been met in the meantime by numerous synthe=-
tic efforts, reviewed already by different authors
(26,59,97,128-130,132,133).

As a compromise between the screening postula-
tions of rapid and uncomplicated access to high mole-
cular systems (due to the selections of a size crite=-
rion for interaction possibilities of biopolymers
within bioregulation hierarchies (134)) by a route in-
dependent from the natural polycondensation way (due
to a greater suitability for the alternatives of ma-
trix polymerizations) and a certain degree of stereo-
electronic order of our synthetics (due to the desire
for reproducibility and fit of our systems in their
possible interactions with biopolymers) we started
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from N-vinylnucleobases (26,97,125), that have also
been used by American and Japanese groups (58-61,130,
133). However, differing from their general concep-
tions, we have tried from the beginning to fit minimal-
ly altered base stacks by variable strand patterns,
thus to overcome the otherwise obvious limitations for
useful variations in strand-pattern design (64,135).

As model building provided poly(N-vinylnucleo-
base-vinylX)-systems of alternating sequence and syn=-
diotactic (isotactic respectively) stereo (isotactic
in 1.5-base substituents) being capable of polynucleo-
tide-like hydrogen-bonding and base-stacking actions
at least over shorter distances (99,125,135), we in-
tended to favor our synthesis conditions into the di-
rection of this working hypothesis. But as we felt
ourselves unable to elucidate and grant those very
conditions, we hoped, that our systems would at least
partially meet of intensions half-way. As nucleobases
in aqueous solutions usually exhibit limited numbers
of repeating pattern of stacking interactions (136,
137), we suggested that certain preorientations = re=-
maining even under our unfavourable synthesis condi-
tions ~ could build up stack matrices, that might
practice some sort of sequence- and stereo-regulation.
In these context the following Figures 31-36 display
in a though intriguing nevertheless mere hypothetical
way our hopes and expectations, starting with the in=-
viting tendencies of vinyl polymers for helical ar-
rangements (138,139) (Figure 31) over the useful
stacking ambitions of nucleobases, given here for ex-
ample for different adeninestacks (Figure 32) (135)
and one vertical interaction of a hypoxanthine moiety
(Figure 33) (140), to the speculations of vinyl nuc-
leobase homo- and copolymerization arrangements at the
growing-up chain in the scheme of Figure 34, illustra-
ted further in case of 9-vinylhypoxanthine-acrylic
acid copolymerization (Figures 35 and 36) and ending
with the partial (I),°(C)p-simulation as an example
for possible biological activities (30).

Varying both base and strand compositions, a
spectrum of polymers - idealized with regard to ratio,
sequence and structure fit in Figures 37 and 38 =~
were prepared by AIBN- or y-ray induced copolymeriza-
tions, followed in case of (vA,([vOH]y,7)n by a poly-
meranalogous reaction. The starting amounts of N-vi=-
nylnucleobases and comonomers were adjusted to yield
a nearly 1:1 ratio in the polymers. Figure 39 adds for
some characteristic cases the received S-value distri-
butions, giving an idea of the molecular weight di-
stributions (66).
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Introduction to Stereochemistry

Figure 31. Helical ambitions of simple
vinyl polymers after (138)

&

%ﬁ C
¢ % i 8‘ ] 9
h : i K
Figure 32. Adenine-stacks after (136, 137), (a)
RNA; (b) A-DNA; (c) B-DNA; (d) C-DNA; (¢) de-
oxyadenosine-monohydrate and adenosine-5"-phos-
phate; (f) adenosine-3’-phosphate; (g) adenine-

hydrochloride and 9-methyl-adenine-dihydrobro-
mide; (h/k) 9-methyl-adenine; (i) (A),.
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Journal of Molecular Biology

Figure 33. Inosine stacks after
(140)

-
Figure 34. Hypothetical insertion of vinyl &‘
comonomers into vinyl nucleobase-stack

matrices, bridging gaps between the vinyl
groups and allowing a convenient zipping-
up (26, 64, 125, 135) ,

Figure 35. CPK illustration of the speculation given in the preceding figure. (top) 9-
Vinylhypoxanthine/acrylic acid-stack insertion}arrangement; (bottom) built up (vH-
vCOOH),.
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Figure 36. CPK illustration of the hypothetical (C), - (vHovCOO"), hybrid compared

with the all-polynucleotide base-paired (C), - (1), vizualizing the hydrogen-bonding and

stack similarities between the polynucleotide/mutual strand-analogue hybrid and the
polynucleotide duplex (62)
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Figure 37. Idealized schemes of vinyl copolymers with

varied nucleobase design (top to bottom and left to right):

(vA-vCOONa),; (vU-tCOONa),; (vC-vCOONa); (vH-
vCOONa), (64-71,75)
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Figure 38. Idealized schemes of 9-vinyladenine copolymers with

varied strand polarity pattern (top to bottom and left to right):

(vA),; (VA-vCOONa),; (vA-vSO;Na),; (vA-vOH),; (VA-vCONH,),;
(vA-vPn)y; (VA-OP),; (VA-0I),; (VA-vm?I]), (64-T1,75)



Publication Date: June 1, 1978 | doi: 10.1021/bk-1978-0074.ch014

14. HOFFMANN AND WITKOWSKI Biomesogens and Their Models

1 dc

Co dSyow

03}

01}

Zeitschrift fuer Chemie

Figure 39. S-value distribution of some characteristic co-
polymers. (——) (VA, [VOH ]y 2)u; (——=) (vA, [(COONa], s)n;
(— —) (vA, [VCOONa]; ;)a; (===) (vA, [0P]o.)u (66).
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To check our thoughts as to the possibilities for
polynucleotide~like mesomophic order in our synthetic
products, base-pairing experiments with their mate po-
lynucleotides have been carried out including the
whole set of usual complementary complex formations
(64,68,73,74,97). The investigations - illustrated by
mixing curves, thermal melting profiles, and ORD-as
well as CD-characteristics of Figures 40 and 41 - re=-
veal that cooperativity within the "base-paired com-
plexes"” varies over a rather broad range, reaching the
qualities of mutual polynucleotide interactions in ca=-
se of the rather vA-rich (vA,[VOH]g,7)n hybridized
with the poorly structured (U), (141) - demonstrated
by definite and considerable hypochromism in the mi-
xing curves, sharp absorbance temperature profile and
individually shaped ORD- and CD-spectra -, and drop-
ping down to the level of rather limited interactions
by chance in case of the numerous more poorly fitted
analogues in combination with highly ordered, self-
associated polynucleotides, indicated by low and dif=-
fuse hypochromism (or even hyperchromism), flat mel-
ting profiles and only disturbed polynucleotide-ORD-
and CD-spectra. As we up to now have not got any pos-
sibility for an x-ray proof of our original hopes and
expectations - represented by the early picture of
Figure 42 - we tried to visualize one of our hybrides
(of course not the worst one) at least by electron
microscopy as a substitute (65), and here the overall
shape simulations between the "native" 2(U)p°(A)n and
the semiplastic 2(U)n-(vA,[VOH]Qg,7)n seems to add fur-
ther evidence for structural similarities and accom=-
plishes comparable results of the Pitha group (130) 1in
the field of homopolymers (Figure 43).

From all of this the conclusions might be drawn
very carefully, that our hypothesis works best - if
at all - in the polymerization of highly stacking vi-
nyl nucleobases, favoring perhaps at least in these
cases some sort of combined stereo- and sequence re-
gulation by self-organized stack matrices, and orde-
ring the expected jungle of sequence and stereoirre-
gularities (at present we have neither really convin=-
cing indications for the prefer ence of the expected
sequence alternation nor for the less favorable but
possible alternative of block polymer formation) at
least partially for short interplays of monotonic se-
quences of polynucleotides with limited recognition
tracts of our synthetics - allowing the curious games
of acquaintances between late derivatives of evolu-
tionary optimizations and pattern, both relatives of
ancestors of early nucleic acids ambition in nature
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Figure 41. Mixing-, melting curves and ORD-spectra of polynucleotide/polymer inter-
actions (varied strandpolarity pattern), c = 10"* M (sum of bases), pH 7.2/PBS

Combination A(nm)
Curve System Melt/ORD/CD Mix/Melt
(—) (U)a/(vA, [0COONajy5), 2:1/2:1/2:1 260
(---) (U)u/(vA, [)COONa], ). 1:4/1:4/ — 258
(---) (U)n/(vA, [vSO;Na], ), 3:2/ —/ — 255
(——) (U)n/(vA, [vOH ] 7)n 2:1/2:1/2:1 260
(— =) (U)n/(vA, [0CONH,]1.1)n 3:2/ —/ — 258
(__ ) (U)n/(UA; [UPn]ﬂ.S)n 11/ ’_/ —_— 258
(_ '_'_) (U)n/(UA> [UP]O.Q)n 12/12/ _ 258
(—=—) (U)u/(vA, [0I]1.1)a 1:1/ —/1:1 257
(—--—) (U)u/(vA, [tm®I]]y.6)n 3:2/ —/1:1 255
for comparison:
(————) (U)n/(A)n 1.1/ —/ — 258
(— =) (U —/ —/1 —
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hypotketical scheme of
polynucleotide/synthetic analog-
interactions

inter chain fit by chance

bl polynucleotide
o AL polynucleotide
MLy polynucleotide analog

Figure 42.  Speculative interhybrid arrangements and interactions
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Figure 43. Electron micrographs of (U), * (A). + (U).-triplex and its partial
analogue with additional interpretation of complexation by melting profiles (65).

(a) PBS, pH 7.2:

(———)
(——)

(——)
(-=-)

- (A)
Q(U)H : (UA) [UO}I]I'.7)II
(b) IM NH, ac.; 8 mM NaCl; 0.5 mM phosphate; pH 7.1:

U)n '(A)n
U), - (vA, [VOH], ;)

A255
A2110

A258

258

(a’) 2AU)n - (A)e—UO,(OAc),-stained; (b’) 2(U), - (vA, [vVOH ], ;),—Pt-stained

solution of a’ and b’ like b
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and creations of late nucleic acid ambitions in our
brains.

Though all these hypotheses have to be looked
upon with caution, since we can only supply indirect
evidence in favor of it, according to the indications
from these base-pairing experiments, our synthetic po-
lymers seem to reveal both structural and functional
similarities with their polynucleotide standards. Thus
one might hope or speculate, that after a period of
necessary stereoelectronic optimizations - their "na-
tive" ideals “"wasted" yet about five milliard years
for it, and this though we have not got time enough to
follow these traces should be taken as an excuse in
favor of us - they might in further future appear use-
ful as antitemplates in bioregulations. At present our
rather insufficiently fitted strands depending on
their base and strand-polarity compositions exhibit
effects in in vitro calf-thymus polymerase B (DNA-de-
pendent RNA-polymerase) (71,135) and AMV=-revertase
(RNA-dependent DNA-polymerase) assays (70,142) (Figu-
res 44 and 45), the stimulatory and inhibitory activi-
ties in the eukaryotic and the viral polymerase sys=-
tems being intriguingly slightly counter-current with
regard to the molecular strand design. The antitempla-
te effects, that seem to be mainly a reflection of the
interhybrid recognitions rather than an expression of
the probably less pronounced plastic-protein interac-
tions, are completed by the assistant role of the po-
lymer strands in inducing antiviral protection in
mouse L-cells when base-paired with their mate poly-
nucleotides. While partial 2(U)n*(A)n- and 2(I)pn-(A)n-
analogues only succeeded in establishing a slight an-
tiviral status, the latter in addition demonstrating
some priming effects (Figure 46) (78,143), partial
(I)n*(C)p-simulations like their famous all-polynuc=-
leotide ideal induce interferon, the interferon induc-
tion by the (C)pn-(VvH,vCOONa), representing the first
example gained with a drastically altered (I),p-compo-
nent (Figures 36 and 47) (62).

These biological experiments confirm similar re-
sults of other groups (59,133) - mainly in the field
of homopolymeric plastics - and illustrate the possi=-
bilities of our today polynucleotide-like mesogens to
model and simulate even at their present stages of
stereoelectronic insufficiencies rather complex bio-
polymer interaction. Thus in our eyes it seems a
little bit encouraging, that not only the base-over-
crowded homopolymers but also the more poorly base-
fitted copolymers - which display on the other hand
developing facilities of adjusting their variable
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Figure 44. Effects of some polynucleotide strand
analogues on the transcription of CT-DNA by
DNA-dependent RNA-polymerase (B) in vitro
(71): Assay: pH 7.9; 0.IM Tris-HCI; 2 mM Mn?*;
0.1 mM DTT; 0.02 mM BTPs; *P-ATP and -UTP;
3SH-ATP and -UTP; 8-10 v DNA; T = 37°C. (vA,
[vOH]y.2)u; (VA, [VCONH,]1.1)u; (VA, [VP1]y8)n;
(vA, [VP]g)n; (VA, [0I]11)n; (VA, [0m®I]]g.0)ns
(vU, [oCOONa],,).’ like control without definite
effect.
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Figure 45. Effects of some polynucleotide strand analogues in an in vitro AMV-
revertase assay (RNA-dependent DNA polymerase; endogenous template-primer com-
bination) (70). Assay: pH 8.0; 50 mM Tris-HCl; 2 mM DTT; 5 mM Mg*; 1 mM Mn*;
50 mM NaCl; 0.2 mM dBTPs; 10 uC *H-TTP; T = 37°C.
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Figure 46. Effects of preincubation of mouse L-cells with poly-
nucleotide triplexes and their partial analogues on subsequent inter-
feron induction by NDV and on VSV propagation (78, 143). Assays:
10 pg/ml DEAE-dextran; T = 37°C; pH 7.2; PBS; concentration
of the complexes 10*M (sum of bases). (a) Interferon priming:
(-=-) control; (— - —) priming only with DEAE-dextran; ()
8 hr-treatment without DEAE-dextran; (M) 3 hr-treatment with
DEAE-dextran; (1) 24 hr-treatment with DEAE-dextran. (b)
Antiviral states (c — VSV-test, ¢, — VSV control).
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Figure 47. Establishment of antiviral states and interferon induction by partial (I), -
(C)u-simulations in a mouse L-cell system; interferon induction by (C), - (I)n: —8.5
log PFU [c/c,] for comparison. Other conditions of assaying like Figure 46 (62).
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strand design at least to a certain degree to wanted
levels of efficiency - reveal activites, which might
be regarded (assisted by the results of the Mertes
group (133) of blocking defined proteins) not only in
terms of the mentioned obstruction of metabolic path-
ways by unspecific interactions, but perhaps as early
beginnings of a biomesogen simulation chemistry, try-
ing to reach the goals of native biopolymers and by
this, developing their mesogen aspects from the undi-
rectioned games of large ensembles of rather “"unin-
telligent” individuals to the directioned domain co-
operativities of "intelligent" stereoelectronic units.

Final Remarks

Yet at this point the question remains neverthe-
less without any definite answer, if there is any
sense in modelling the highly evolved biopolymeric me-
sogens of our today life by dull and at this stage of
refinement oversimplified analogues, with the pre-
sumption of using those simulations after a thinkable
process of refinement and adjustment for assisting
and even improving optimized pattern of natural ef-
ficiency.

It is part of the question wether man-made ste-
reoelectronic pattern could act not only as competi-
tors, but might advance for substitutes and partners
of the natives of the great process.
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Cholesteric Order in Biopolymers

Y. BOULIGAND

Histophysique et Cytophysique, E.P.H.E. et C.N.R.S., 67, rue Maurice-Guinsbourg,
94200 Ivry-sur-Seine, France

Many synthetic polymers form cholesteric phases, and even
solids showing certain of the fundamental symmetries of cholesteric
liquids. The purpose of this paper is to review the main examples
of biological polymers assembling into cholesteric liquids or into
more or less solid analogues. We will present them according to
the main chemical classes of polymers to which they belong. We
will also indicate the main forces involved in creating the choles-
teric twist.

Analogues of liquid crystals are numerous in biological
systems (3-6,8-11). Certain fibrous and regularly twisted materi-
als can be considered as polymerized cholesterics. Such twisted
fibrous structures are recognizable by electron microscopy and
sometimes by light microscopy, by the observation in thin sections
of sets of stacked rows of nested arcs (fig. 1). The structure
of a cholesteric system is represented in fig. 2 and the origin
of the arced patterns is indicated in fig. 3. The first sketch
(fig. 2) shows a section which is parallel to the twist axis.

Fig. 3 corresponds to a section plane which is oblique with re-
spect to the twist axis. This is the case most frequently
observed.

Pictures of stacked series of nested arcs in biological ana-
logues of cholesterics have been found in numerous invertebrate
materials. They have been reviewed in (6). New references can be
found in (20) and (21). Twisted fibrous arrangements have been
observed in the organic matrix of compact bone in vertebrates
(§42§ and Castanet pers. comm.), the connective tissue of certain

invertebrates (6,14 and fig. 1), in numerous animal cuticles
(3-6,8-10,20,30)7, in the body-wall of certain Tunicates (6,15),
in the membranes surrounding various animal eggs (6), in various
types of cytoplasmic inclusions (6), in different kinds of plant
cell walls (6,21,22,27), in certain plant mucilages (J.-C.Thomas,
pers. comm.), in the bacterial nucleus (6, Gourret, pers. comm.)
and in the chromosomes of certain Protozoa (9, figs 6 and 7).

Nucleic acids, proteins and glycoproteins are the main com-
ponents of the twisted fibrous arrangements. For many of them,
biochemical studies are rare or absent.

0-8412-0419-5/78/47-074-237$05.00/0
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Figure 1. Stacked series of
nested arcs observed in
oblique section in the con-
nective tissue of Havelockia
inermis, Holothuroid, Ech-
inoderm. Phase contrast
microscopy, paraffin  sec-
tion, Haematoxylin.

Figure 2. Cholesteric architecture ob-
served in a section plane parallel to the
twist axis
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1. Nucleic acids. The DNA of the Dinoflagellate chromosomes

forms a cholesteric network which is very similar to that often
observed in the bacterial nucleus (6,9,18). Similar structures
have been observed in mitochondrial DNA in certain Trypanosomes,
after a treatment with certain drugs (review in 6). DNA in con-
centrated aqueous solutions can form cholesteric_hesophases (4,18,
24) . Remarkable cholesteric spherulites have been observed in
concentrated ribosomal RNA (first considered as t-RNA, 33-35).

2. Proteins. Synthetic polypeptides can form cholesteric
solutions in several organic solvents (24-26,29). Twisted arrange-
ments of collagen fibrils are common in sponges (Carridre, pers.
comm.), in Holothurians (Echinoderms, 6,14, see fig. 1) and in
flat worms (6). -

Microtubular haemoglobin has been observed in erythrocytes
in sickle cell anaemia. After deoxygenation and addition of ther-
mal energy, the mutant molecules of haemoglobin (HbS) stack to
form monomolecular filaments. Six strands assemble into a heli-
coidal microtubule showing six helices of long pitch (review in
19). These microtubules form a cholesteric packing (6).

Superb twisted arrangements have been observed in larval
haemocytes (oenocytoid) of the silkworm, forming regular and con-
centric series of arcs (2).

Proteins also are knmown to form a twisted fibrous system in
the periostracum of certain gastropods (review in 20) and in the
cortex of the oocytes of numerous Teleost fishes, Teview in {g).

3. Glycoproteins (associated polysaccharides and proteins).
Cellulose and proteins form microfibrils in the body-wall of cer-
tain marine invertebrates, the Tunicates. The fibrous network
shows a regular twist in one species Halocynthia papillosa. Cellu-
lose is an important component of plant cell walls and series of
nested arcs are often visible. Interesting pictures have been
discussed with reference to the cholesteric conception (21,22,27).
Plant cell walls contain a great variety of polysaccharides and
they are often different from cellulose. The examples indicating
the presence of a twisted architecture are reviewed in (6,21,22,
27). Certain blue-green algae (Rivularia atra and Chroococcus
minutus) show remarkable arced patterns in their mucilage (J.-C.
Thomas, pers. comm. fig. 8).

Chitin/Protein complexes are found in fungi and in the arth-
ropod cuticle. Chitin is the poly-N-acetyl-D-glucosamine.

Twisted arrangements have been observed in the cell wall of the
spore of Endogone (Mucorale, fungi) and in various animal cuticles,
namely in certain medusae (6) and in almost all Arthropods:
Crustaceans (3-6), Insects and other groups (review in 29).

4. Twisted systems due to viruses. Certain viruses in the
form of long cylinders can assemble into cholesteric phases
(Narcissus mosaic virus, 6,39). The presence of a virus in a cell
often leads to the differentiation of cholesteric networks of
fibrils (6,16).
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Many works deal with the variation of the helicoidal pitch
in cholesteric phases as a function of temperature and composition.
The best way to elucidate the origin of the twist seems to be to
compare the pitch variations in lyotropic and in thermotropic
systems. The first accurate work in this field is due to Robinson
(1958-66) who studied PBLG (polybenzyl-L-glutamate) a synthetic
polypeptide in organic solvents as dioxane, ethylic alcohol, chlo-
roform etc. and Cano (1967) who made measurements of the pitches
of nematic paraazoxyphenetol with different amounts of cholester-
ol benzoate.

The twist is proportional to the concentration of the twist-
ing molecules in Cano's experiments and to the square of the con-
centration in Robinson's. These observations suggest that this
twist is proportional to the frequency of molecular collisions
between cholesteric and nematic molecules (C and N) in Cano's
work and between two cholesteric molecules (C with C) in Robin-
son's. Accordingly, it appears that the twist can be derived
from the molecular concentrations in an analogous way to that of
the chemical kinetics (Bouligand, 1974).

‘More generally, in a cholesteric phase, different kinds of
molecules may be involved and belong to four main types:

N: molecules able to form by themselves a nematic phase.

C: molecules able to form by themselves a cholesteric phase.

R: non-mesogenic molecules showing a molecular rotatory power
and able to twist a nematic liquid.

S: non-mesogenic solvent without any twisting influence.

The collisions between two molecules susceptible to create an
elementary twist are of the following types

N+C; N+R; C+C; CHR.

The resulting twist is a linear expression of the frequencies of
the various kinds of molecular contacts and will be:

t, = m [N][Cl4my [N] [RI4mg [C] [R]4mulC)®  (7),

where m;, my, mg, m, are constants at a given temperature and the
brackets indicate concentrations. These formulations allow the
interpretation of more recent results (1).

Cano's experiments correspond to -

t, = m [CI[N]+m,[C]?, with [C]+[N] = 1.

One has thus:

tO = ml[C]+(m,+-m1) [C ]2

and for the range of concentrations studied by Cano 0<[C]<0.2,
one has a good proportionality between t, and [C].
Robinson's experiments correspond to

— 2
t = .
o my [C]
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Another view of the cholesteric twist is interesting to dis-
cuss. Helical configurations are common in the polymers forming
cholesteric systems. Rudall (1955) has proposed a cholesteric
model allowing a very tight packing of helical polymers. Consider
for instance a set of double helices arranged in stacked layers.
In one layer, helices are parallel, each being shifted by p/4 with
respect to the next. This arrangement forms parallel and equi-
distant grooves, which lie obliquely with respect to the helical
axes (fig. 4). A second layer of double helices can be arranged
in these parallel grooves (Fig. 5). There may be a difference
between the distance d of two successive helices in one layer and
the distance e separating the grooves (fig. 4). So the helices
of the second layer are not necessarily in exact register with the
furrows of the first layer. The two systems may be out of phase.
This vernier effect can slightly disturb this kind of packing re-
sulting in a helicoidal plywood with discrete steps of rotation.
One must note that right-handed helices lead to a left-handed
cholesteric packing and conversely.

A similar model can be considered even when a system of poly-
mers forms microfibrils or filaments distributed with a constant
interdistance. The separation of filaments can be controlled by
the balance of several forces: hydration, electrical double-
layer repulsion and van der Walls attraction. This conception
derives from a paper by Elliot and Rome (1969) who interpreted
in that way the interdistance control between muscle cell fila-
ments. We do not know the exact shape of the isopotential
surfaces corresponding to that system of forces in the vicinity
of fibrils formed by a set of chiral polymers, but they must show
in many cases a helicoidal symmetry. The complete system can
closely resemble the model suggested by Rudall (1955).

One must note that Rudall's model and its extension to sys-
tems of filaments showing a constant interdistance are compatible
with the statistical conception elaborated from thermotropic and
lyotropic cholesterics examined above. When polymers like P.B.L.G.
form cholesteric solutions, one often observes an hexagonal pack-
ing (26). This means that a polymer can hesitate between the
furrow separating two parallel polymers and the oblique grooves
due to the helical structure. More generally, molecules and
polymers are submitted to the molecular field which tends to
align them parallel to a given direction and forces due to the
chirality of molecules. These two behaviours occur simultaneously
and their ratio determines the helicoidal pitch. Our first men-
tioned statistical conceptions with collisions correspond more to
liquid systems and the generalized model of Rudall is better
adapted to more or less consolidated gels. When a-helices of
PBLG are arranged parallel to form one layer, it has been shown
how the helices due to benzyl groups form oblique equidistant
grooves (36) and this example appears to be a good illustration
of Rudall™s model. In its generalized form, this model seems to
suit perfectly some micrographs of both Crustacean (3) and Insect
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Figure 3. Oblique section of a choles-

teric structure. The molecules appear to

be aligned along arcs in the plane of the
section.

Figure4. Double
helices forming a
dense layer; d dis-
tance separating the
helical axes, e dis-
tance of the grooves,
p helical pitch

Figure 5. Superim-
posed layers; the
helcies have been re-
placed by cylinders
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Figure 6. Dinoflagellate chromosome (Prorocentrum
micans), section plane parallel to the twist axis (cour-
tesy of F. Livolant.)

Figure 7. Dinoflagellate chromosome (Prorocentrum
micans), oblique sections. Arrows indicate the coiled
bundles. (courtesy of F. Livolant).
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Figure 8. Arced patterns of the mucilage of Rivularia atra (courtesy of
J.-C. Thomas)
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(20) cuticles. Parallel alignments of supramolecular rods often
lTead to hexagonal patterns and these have to be limited to a
small number of layers in order to allow the twist to occur.

In many instances, the helical pitch of fibrous biological
materials is variable and, in Arthropod cuticle, the twist is
controlled by the epidermis. During the cuticle secretion, the
helical pitch varies according to a program repeated for each
new cuticle. Renewing of the cuticle is imposed in Arthropods
by discontinuous growth and periodic molts in which the old cu-
ticle is shed. The variable pitch is not easily interpreted in
the Rudall conception. It has been suggested (8) that a twist-
ing factor could act exactly as a soluble chiral compound trans-—
forming certain nematic liquids into cholesteric liquids and
variations in this twisting factor could account for variations
in pitch. One finds steroids in the Arthropod cuticle but their
role in the twist has not yet been demonstrated.

In chromosomes, certain micrographs (figs. 6 and 7) suggest
the existence of coiled bundles of DNA filaments. The whole
system is a twisted network of helicoidal bundles of helical
polymers. These bundles are likely to be microcrystals of DNA
filaments, either due to preparation of the material for electron
microscopy, or to the simple fact that DNA is very concentrated
in chromosomes. Indeed, the presence of proteins (17) and ribo-
nucleic acids (12,31,32) facilitate the condensation of DNA. In
such microcrystalline bundles, there are two possible arrange-
ments: the hexagonal parallel packing or the dense twisted
plywood of Rudall. Such coiled bundles have been observed elec-
tron microscopically in thin films formed by a dried PBLG solu-
tion. The right-handed double-helices of DNA lead to a left-
handed mutual twist of the filaments and, therefore, a right-
handed torsion for the bundles. The chirality of these bundles
and that of double-helices cooperate to give a left-handed twist
of the fibrous cholesteric arrangement of the whole chromosome.
The left-handedness of the mutual twist of DNA in chromosomes has
been demonstrated by stereo electron microscopy of dinoflagellate
chromosomes (9).

A helicoidal model has been proposed for cellulose by Viswa-
nathan and Shenonda (1971). This assumption needs further in-
vestigations and is interesting since there are many twisted
systems formed by cellulose or related polymers. An example of
arcs given by polysaccharidic microfibrils is shown in fig. 8.

We have also shown (6) that nematic analogues are found in
many biological materials which show a strong birefringence. A
great proportion of polymers forming condensed phases align to form
birefringent systems. They have the fundamental symmetries of
cholesteric and nematic liquid crystals. They are more or less
hardened gels, this character being due to microcrystallizations.
The material which is secreted earliest is either a true liquid
crystal (birefringent and fluid), or a loose birefringent gel
(Bouligand, 1975).
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Liquid Crystalline Contractile Apparatus in Striated
Muscle

ERNEST W. APRIL

Department of Anatomy, College of Physicians & Surgeons of Columbia University,
New York, NY 10032

The wubiquity of 1liquid crystalline structures
in living cells and the essential role of liquid
crystrals in 1life processes has become evident. The
lattice of myosin filaments, comprising the A
or anisotropic band in striated muscle, can be
likened to a smectic "B" liquid crystal. The I or
isotropic band, composed of thinner actin fila-
ments, does not usually form reqular crystalline
arrays in the muscle fiber. However, when the two
populations of filaments interdigitate, as they
must for the generation of tension through the
interaction between actin and myosin, they form a
double interleaving smectic array. The stability of
the A band lattice in striated muscle appears to be
due to a balance between van der Waal's attractive
forces and long range electrostatic repulsive forces
(1). These forces, acting alone, would result in an
electrically balanced liquid-crystalline structure.
However, the A band lattice in living muscle appears
to be a volume constrained liquid crystal (2,3).
Thus, the role of osmotic compressive forces opera-
ting across the sarcolemma has been incorporated into
the model.

The two populations of actin and myosin fila-
ments vary in size as well as in ratio to each other
depending upon the species of animal and the par-
ticular muscle in which they are observed. Most of
the data to be discussed here have been obtained
from the long tonic striated muscle fibers of the
walking legs of crayfish (Orconectes). As in all
striated muscles, the myosin filaments are alligned
in a smectic "B" type lattice (hexagonal with the
filaments in register). In this particular muscle the
thick filaments, composed primarily of myosin, are
approximately 4.4 um long and 18 nm in diameter. The

0-8412-0419-5/78,/47-074-248$05.00/0
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substructure of the thick filaments has not been
ascertained, but appears to be composed of myosin
molecules (M.W. 470,000; 150 nm long x 2 nm in
diameter) arranged in an overlapping manner with a
14.3 nm displacement to form a helical rod with
seemingly nine molecules per turn or a multiple
thereof. The filaments have a net negative charge
with the isoelectric point at approximately pH 4.
In these crayfish muscle there is an approximate 60
nm interaxial spacing when stretched to the point
where there is no thick-thin filament overlap. It
should be emphasized that in these particular muscles
there is no evidence of any structural connections
between the myosin filaments.

The thin filaments, composed primarily of actin,
are approximately 3 um long and 8 nm in diameter. The
filament is basically formed by a nonintegral double
helix of globular actin monomers (M.W. 50,000; 5.5 nm
in diameter) which have a period of approximately 37
nm with approximately 13 actin monomers per turn per
strand. The thin filaments originate at the 7Z line in
the center of the I band and, while negatively
charged, do not normally form a lattice except close
to their attachment to the Z-line in which region the
lattice is square.

The regions of myosin filaments and actin fila-
ments alternate along the muscle fiber, forming res-
pectively A-bands which are anisotropic and I-bands
which are isotropic, thereby giving the muscle its
striated appearance. Since I-bands are conveniently
divided by a Z-line, two half I-bands and their
mutually shared A-band comprise the basic repeat unit
of striated muscle - the sarcomere (Figure 1). The
actin filaments interdigitate with the myosin fila-
ments and the amount of interdigitation is dependent
upon the sarcomere length and, hence, the degree of
stretch or shortening of the muscle fiber. At physio-
logical sarcomere lengths, the thin (actin) filaments
interdigitate with the thick (myosin) filaments of
the A-band lattice to form a double (interleaving)
smectic array. The arrangement of filaments in cray-
fish muscle is normally such that each myosin fila-
ment is surrounded by 12 actin filaments, providing a
6:1 unit cell for the A band lattice (Figure 2).

When the cell membrane of the muscle fiber is
made permeable by glycerination or removed by micro-
dissection, the osmotic phase boundary is eliminated
and the filament lattice has direct access to the
bathing medium. The lattice of the skinned fiber
retains the smectic configuration. It was initially
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Figure 1. Schematic of the sarcomeric
unit cell in crayfish striated muscle. The
A-band, composed of myosin filaments,
and the I-band, composed of actin fila-
ments which originate at the Z-line, are
indicated. The three sarcomere lengths
depict muscle stretched to the extreme so
that there is no filament overlap (a), nor-
mally stretched muscle (b), and shortened
muscle (c), both of which indicate varying
degrees of filament overlap.

Figure 2. Schematic of the myofilament
lattice of the long tonic fibers of crayfish
leg muscle. The large circles represent
the myosin filaments which are arranged
in a hexagonal array, forming lattice planes
(I, 07) with the distance between the lat-
tice planes indicated (d, ). The small cir-
cles represent the actin filaments, twelve
of which are arranged equidistant around
each myosin filament, providing a 6:1 unit
cell (——). There appear to be no struc-
tural connections in this muscle to which
this arrangement may be attributed.
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hypothesized by Elliott (1) and Elliott and Rome (4)
that the stability of the lattice was the result of a
balance between van der Waal's and electrostatic
forces. As Levine (5) had proposed for charged
particles in an ionic medium, there is a relationship
between the interaction energy and the distance with
attraction at the longer distances and repulsion at
shorter ones, between which is a point of equilibrium
representing minimum interaction energy. Verwey and
Overbeek (6) refined this relationship.

Since the 1long-range electrostatic forces are
derived from the double layer associated with the
surface of the filaments, the magnitude of these
forces at any given distance is a function of any
parameter which alters the effective charge on the
filaments. This was observed in gels of Tobacco
Mosaic virus by Bernal and Fankuchen (7) in which
ionic strength and pH affected the interaxial spac-
ing between virus particles in solution. They pro-
posed that these parameters acted, respectively, by
altering the degree of ionic screening between the
particles and by altering the charge along the
particles so that the magnitude of the repulsive
forces varied.

Rome (8,9) and April, et al. (10,11) have shown
by low-angle X-ray diffraction that glycerinated
muscle and single skinned fibers, respectively,
react in the predictable manner with changes in
ionic strength, pH and divalent cation concentration.
Based on the work of Rome (8,9) and the theory of
Elliott and Rome (4), Miller and Woodhead-Galloway
(12) calculated the expected effects of changes in
ionic strength and pH on the lattice of thick fila-
ments. Brenner and McQuarrie (13) formulated families
of curves for the interaction energy between two
cylindrical particles under various experimental
conditions and pointed out that not only could a
stable balance point be reached, but the stability
would be greatly enhanced in a system in which each
particle has six nearest neighbors. In skinned fibers
the interaxial separation between thick filaments and
the resultant skinned fiber diameter increases
several times as ionic strength is decreased, indica-
ting that the long-range electrostatic forces are
exerted over greater distances as the ionic screening
is decreased. This can be illustrated with data
obtained from light microscopy and low-angle X-ray
diffraction (Figure 3).

Similarly, as the pH of the medium bathing
the skinned single muscle fiber is lowered, the
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interaxial spacing decreases to a minumum at approx-
imately pH 4.4, then the spacing begins to increase.
This represents the isocelectric point of the myosin
filaments. Thus, as the charge on the surface of the
filaments 1is varied with pH, the electrostatic
repulsive forces are altered and the distance at
which minimal interaction energy occurs likewise
varies. This also can be well illustrated with data
obtained from light microscopy and low-angle X-ray
diffraction (Figure 4).

With respect to the double interleafing lattice
that occurs with muscle shortening, Matsubara and
Elliott (14) and April and Wong (15) have shown that
interaxial separation is a linear function of sarco-
mere length. This can be explained on the basis of
changing charge density within the A band as the
negatively charged thin filament population inter-
digitates to various extents between the thick
filaments. Since the total charge with the A band
thereby varies with sarcomere length, the interaxial
separation varies to maintain a state of minimum
interaction energy. Equations have been formulated
which concur with the experimental data (15,16).

The experimental data support the hypothesis
that A band lattice of myosin filaments in the
skinned fiber is an electrically balanced liquid
crystal. However, in the presence of a viable cell
membrane (sarcolemma) or an artificial phase boundary
(such as polyvinylpirrolidone (M.Ws. 10,000, 40,000)
in the skinned fiber preparation) the A band lattice
behavior is markedly different and does not conform
to the electically balanced condition (g,z). This is
due to the presence of a Donnan-osmotic steady state
which operates across the cell membrane and limits
the volume of the muscle fiber.

The volume of the muscle fiber in physiolog-
ical solution appears to be inadequate for the
filaments to be at that distance which would allow an
electrical balance between van der Waal's and elec-
trostatic forces. The filaments in this volume-con-
strained condition are not free to redistribute to
that distance which would result in minimal interac-
tion energy. Osmotic studies with living intact
single muscle fibers demonstrate that the fiber
volume determines the interfilament separation
(11). As the fiber volume is reduced, the filaments
are confined to a smaller volume and the electro-
static repulsive forces must increase. Conversely,
upon osmotic swelling, the filaments redistribute
uniformly within the larger volume, utilizing the
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interaction energy derived from the augmented elec-
trostatic forces. A limit to lattice expansion occurs
with a balance between van der Waal's and electro-
static forces. At this point the lattice changes
from one of volume constraint tec one of electrical
balance (3). A similar volume-constrained or "non-
equilibrium" 1liquid crystalline condition was des-
cribed by Bernal and Fankuchen (7) in TMV gels. They
observed that the interaxial separation between the
virus particles was a function of virus concentra-
tion, i.e., available volume.

The concept of a volume-constrained 1liquid
crystalline lattice has provided the answer to the
long perplexing question in muscle physiolgy as to
why the filament lattice varies as the reciprocal
root of the sarcomere length during shortening.
It is basically a matter of the volume of the A band
varying reciprocally as the sarcomere length which is
a function of filament overlap during shortening so
that the filaments redistribute uniformly within the
A-band as predicted in a volume-constrained liquid
crystal.

While the nature of the forces affecting lat-
tice stability have been identified by these studies,
their precise magnitudes have not. It will be
necessary to know these values to reconcile emperics
with theory. Our work is now directed. toward quanti-
tating these forces. Employing polyvinylpyrrolidones
as osmotic phase boundaries in the skinned fiber in
an attempt to quantitate the osmotic forces and
derive the electrostatic forces (17), it should be
possible to estimate the electrostatic and van der
Waal's forces fairly accurately.

What advantage does the 1liquid crystalline
lattice lend to muscle and muscle function? The
liquid crystalline <characteristies provide the
permeability necessary for biochemical reactions to
occur within the A band lattice, i.e., calcium
and ATP must diffuse into the lattice to activate the
acto-myosin interaction and trigger the generation of
tension. Concomitantly, the liquid crystalline
characteristics provide and maintain structural
integrity for the directional development of contrac-
tile force and transmission of the resultant tension.
Finally, the system must be able to alter the degree
of filament overlap and to change its shape during
shortening or stretch while maintaining its struc-
tural integrity. Only a liquid crystal could provide
all of these characteristics necessary for muscle
function. (Supported by grants from NIH and MDAA.)
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