This article was downloaded by: [Tomsk State University of Control Systems
and Radio]

On: 18 February 2013, At: 13:33

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and

Liquid Crystals Science

and Technology. Section A.

e Molecular Crystals and Liquid
Crystals

Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl19

Liquid Crystalline
Elastomers—Characterization as

Networks

M. Brehmer * & R. Zentel ?

% Institut f. Organische Chemie, Universitat Mainz,
Becher-Weg 18-20, D-55099, Mainz, Germany
Version of record first published: 24 Sep 2006.

To cite this article: M. Brehmer & R. Zentel (1994): Liquid Crystalline
Elastomers—Characterization as Networks, Molecular Crystals and Liquid Crystals
Science and Technology. Section A. Molecular Crystals and Liquid Crystals, 243:1,
353-376

To link to this article: http://dx.doi.org/10.1080/10587259408037775

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.



http://www.tandfonline.com/loi/gmcl19
http://dx.doi.org/10.1080/10587259408037775
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [Tomsk State University of Control Systems and Radio] at 13:33 18 February 2013

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to

date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages
whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.




Downloaded by [Tomsk State University of Control Systems and Radio] at 13:33 18 February 2013

Mol. Cryst. Lig. Cryst., 1994, Vol. 243, pp. 353-376
Reprints available directly from the publisher
Photocopying permitted by license only

© 1994 Gordon and Breach Science Publishers S.A.
Printed in the United States of America

Liquid Crystalline Elastomers—
Characterization as Networks

M. BREHMER and R. ZENTEL T
Institut f. Organische Chemie, Universitét Mainz, Becher-Weg 18-20, D-55099 Mainz, Germany

(Received June 10, 1992)

This paper summarises the properties of archiral and chiral liquid crystalline (LC) elastomers, the latter
of which have found interest due to their piezoelectric properties. In addition the formation of new LC
elastomers by a radical polymerization of acrylate groups covalently linked to LC polymers was inves-
tigated. This was done concerning the progress of the crosslinking reaction, concerning the influence
of the crosslinking on the LC phases and concerning the network properties (swelling ratio and elastic
modulus) of the resulting elastomers. It turns out that the networks prepared in this way are very soft
and their crosslinking density is low. This can be explained assuming that the radical polymerization
of the acrylates leads only to short oligomers, due to steric restrictions. Photo crosslinking initiated by
a photoinitiator in the LC phase creates a memory of the orientation before crosslinking.

Keywords: chiral LC elastomers, crosslinking reaction, network properties, mechanical
properties, photocrosslinking

1. INTRODUCTION

1.1. LC Elastomers

Liquid crystalline (LC) polymers, in general, possess all of the properties that are
typical of low molar mass liquid crystals, and in addition the properties of poly-
mers.' -3 From this situation new property combinations may arise,* which cannot
be found in low molar mass liquid crystals. The polymer nature of LC polymers
allows, for example, a “locking in” of the LC orientation either below T3 or by
the formation of a densely crosslinked network.® Alternatively, slightly crosslinked
LC polymers (LC elastomers) offer the possibility of combining the rubber elasticity
of polymer networks with LC phases’® (see Figure 1).

In these systems a macroscopic deformation of the crosslinked sample leads to
a corresponding equilibrium deformation of the polymer chains. Different degrees
of orientation of the polymer chains can be achieved by stretching the macroscopic
sample to different degrees. Afterwards an orientation of the mesogenic groups

+ To whom all correspondence should be addressed.
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FIGURE 1 Schematic representation of a crosslinked LC elastomer. The linkage between polymer
chains and mesogenic groups is not yet specified.

can be determined under equilibrium conditions. Therefore LC elastomers seem
to be ideal systems, in which to investigate the interaction of the orientation of the
polymer chains (induced by mechanical fields) and that of the mesogenic groups
(induced by electric fields).

The use of differently structured LC elastomers (see Figure 2) is interesting in
this respect, because the behaviour of the two “subsystems” (network of polymer
chains-mesogenic groups) should be different in each case. For crosslinked side
group polymers the orientation of the mesogenic groups is relatively free with
respect to the polymer chain, since they are decoupled by a flexible spacer. In
crosslinked main chain polymers, however, the mesogenic groups are directly in-
corporated into the polymer chains. Crosslinked ‘‘combined” polymers may behave
in an intermediate manner because one half of the mesogenic groups is incorporated
into the polymer chains, while the other half is linked to the polymer backbone as
side groups via a flexible spacer. Both types of mesogens must, however, interact
cooperatively to form an LC phase (both types of mesogens orient parallel to each
other) (Figure 2).°

1.2. Properties of Achiral LC Elastomers

The LC phase is retained for the crosslinked elastomers. X-ray measurements
performed with the uncrosslinked and the slightly crosslinked polymers show
the same LC phases.®~!! Thus the crosslinking reaction, which transforms a
soluble polymer into a soft solid does not influence the LC order. As long as
the crosslinking density is low, the phase transition temperatures are not shifted
significantly.”~'> Only a slight increase or decrease ( =5 K) is observed by DSC-
measurements.

The most prominent property of all LC elastomers is their rubber like elasticity
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FIGURE 2 Schematic representation of different types of LC elastomers.

and their mechanical orientability.?8:10-11.13-16 §mga]] strains (about 20%) are
enough for the reversible formation of an LLC monodomain. Recently a threshold
stress could be determined for the reversible orientation of LC elastomers.!’
Also a small shift of the phase transition temperatures of about 2 K can be
induced by stretching.®!* The mechanical orientability of the LC elastomers is
due to the anisotropic conformation, which the polymer chains adopt in the LC
phase'’ (see Figure 1). Therefore the average distance between two crosslinks
in a network does not only depend on the length between them, but also on the
orientation relative to the director of the LC phase. This leads to a coupling of
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the preferred orientation of polymer chains and mesogenic groups, which has
been described theoretically by various authors.!8:1°

The mechanical orientability has been used quite recently for the preparation of
single crystal LC elastomers,?® performing a second crosslinking reaction on a
mechanically oriented slightly crosslinked LLC elastomer. In turn, the action of
electric field on LC elastomers can lead to shape variations of the sample,?!-?
because the attempt of the director to reorient in the LC elastomer couples to the
anisotropic chain conformation.

1.3. Properties of Chiral LC Elastomers

The special interest in chiral LC elastomers stems from the possibility to modify
the helical superstructure of cholesteric or chiral smectic phases by mechanical
forces”23-25 (see Figure 3) that is to use the mechanical field in elastomers in analogy
to electric or magnetic fields in low molar mass liquid crystals.

Two concepts have been presented to use this possibility for the preparation of
new piezoelectric materials. One concept started from the basic idea that a fer-
roelectric (chiral smectic C*) elastomer has to be piezoelectric’2* (see Figure 3).
In this respect it is the advantage of the elastomer that it can support stress under
equilibrium conditions, whereas uncrosslinked L.C polymers and low molar mass
materials are liquids, which relax shortly after a deformation.

The second concept was deduced theoretically.?®?” A compression parallel to
the helix axis should lead, for symmetry reasons, to a piezoelectric response of a
cholesteric phase. This effect is likely to be observable only in cholesteric elasto-
mers, because uncrosslinked systems are liquids, which cannot support an uniaxial
compression.

These predicted piezoelectric properties could be proven quite recently for chiral
LC elastomers of different structures.?*> The piezoelectric response of chiral smec-
tic C* elastomers (see Scheme I) was demonstrated for a “‘combined” polymer?*
(see Figure 4). The piezoelectric response of cholesteric elastomers was demon-
strated both for side group polymers* and ‘“‘combined” polymers.2*

The preparation of the piezoelectric elastomer (1b) of Scheme I was done by a
radical polymerization of acrylate groups at the side group of polymer 1a. It is the
advantage of this method that the crosslinking can be performed in the bulk and
specially in an oriented LC phase, whereas the LC elastomers described so
far’-16-20-23 have to be crosslinked in a (non LC) solution. The crosslinking by
radical polymerization leads however also to the disadvantage that the crosslinking
density and the functionality of the netpoints is less well defined and more com-
plicated to control.

In the following we will describe the characterization of LC elastomers, prepared
by radical polymerization, concerning this important polymer aspect that means,
concerning the progress of the crosslinking reaction and the characterization as
elastomer. In addition a comparison with elastomers prepared from the same pol-
ymers by a reaction with a bifunctional crosslinking agent in solution will be done.
Since chirality is not important for these network properties, the investigations
were done mostly with achiral LC polymers.
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FIGURE 4 Log,, piezosignal versus temperature for elastomer 1 (amplitude about 10%).

2. GENERAL PART

2.1. Crosslinkable Polymers

2.1.1. Selection of polymers and synthesis. Recent investigations on chiral
combined polymers have revealed many structure property relations.?>?® For the
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preparation of crosslinkable polymers, some of the chiral tails of the mesogenic
side groups have to be exchanged by acrylate groups (see Scheme I and II). In
order to correlate the effect of this substitution to differences in the molecular
shape between ‘“‘original” tail and acrylate group, homopolymers with tails of
different geometries should be used (see Tables I and II).

Propionic acid is of the same size as acrylic acid, whereas palmitinic acid contains
a much longer alkyl-chain S(—)2-chloroisovalerianic acid is chosen as chiral acid,
because lateral substituents may have an influence too. As mesogenic core two
systems were selected: Azoxybenzene gives rise to broad LC phases (see Table I).
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TABLE I
Characterisation of the Azoxypolymers 2-8 (see Scheme II)
polymer R nt | MY phase-transitions/°C® | &/nm®

2 0 25 000 g 39 n 139
3 ~eaw | 26 000 g 30 sa 93 n 150 i 247
4 INASNAANALC | 21 000 g 28 sp 93 n 138 i 2.56

Q
2 /\rJ\m ! 26 000 g 12 s 108 n" 16 | 251
6 Ao 05 | 26 000 g 28 sa 80 n 150 i 249
T ANASANANAAT [0 5 21 000 g 20s, 50 n 124 i 2.57

a
8 /j)\(w. 05 26 000 g 1Mss65n" 115 2.52

a) mol. fraction of R as determined by 'H-NMR, the mol. fraction of acrylic acid
( copolymers §-8) is i-n

b) determined by GPC in THF against polystytene standards

c) g: glassy, s smectic A, n: nematic, s: smectic C* or smectic a, not further de-
termined, n*: cholesteric, i: isotropic

d) smectic layer spacing as determined by X-ray-diffraction

However, it’s colour makes a photochemically initiated crosslinking impossible.
Bromobiphenyl (see Table II) is transparent in the near UV-region. However, the
temperature range of the LC phases is rather small. Both mesogens suppress a
crystallization at low temperatures and increase thereby the temperature range of
the LC phase.?

The preparation of the polymers is done by a reesterification reaction according
to Scheme II, starting from known compounds.?® The introduction of the tails of
the mesogens is done by an esterification with the help of DCC?® (see Scheme IT)
in one or two steps. The structure of the polymers thus obtained is given in Tables
I and II. 'H-NMR proves that the conversion during the polymer analogous reaction
is quantitative within the limits of accuracy (Figure 5). It was used in addition to
determine the copolymer composition.

2.1.2.  Phase behaviour. The phase assignment of the polymers has been done
by a combination of polarizing microscopy (Figure 6), DSC (Figure 7), and x-ray
measurements (see Figure 8). Due to the high viscosity of the polymers only in
some cases characteristical textures could be found (see Figure 6). The results are
compiled in Tables I and II. All polymers show smectic and nematic, resp. cho-
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TABLE II
Characterisation of the Biphenylpolymers 9-15 (see Scheme II)
polyrner R ! My phase-transitions®  |d/nm ¢
9 - o | 10000 g18n98i -
10 - 1 12 000 g 15 sa 88 n 100 i 224
u AAAAAAN | ] 13 000 915sa50n77i |22 308
a
12 /\le. 1| 12 000 g13s 91 230
13 - 05 14 000 Q28 sA70n 94 225
14 |[~AAAAAN@ | o5 | s 000 g19s, 46n73i [227 305
0]
15 /Tkm 05| 14000 | g5s68n*85i PEY)

al)-d) see footnotes in table 1

lesteric, phases. For the homopolymers the attachment of longer alkyl-chains or
lateral groups leads to a decrease of the phase-transition temperatures.

The introduction of acrylate groups leads to a destabilization of the smectic phase
in all copolymers. The magnitude of this effect depends on the difference of the
length between the two different tails of the mesogen. For copolymers with large
difference in the length (polymers 7 and 14) both the clearing temperature and the
transition smectic-nematic are reduced. For copolymers with two tails of nearly
identical length (polymers 6 and 13) the clearing temperature is nearly unchanged
and only a small reduction of the transition smectic-nematic is observed.

X-ray measurements show that the variation of the length of the mesogenic tail
has only a minor influence on the thickness of the smectic layers (e.g. 0.09 nm
difference in thickness (polymers 3 and 4) for 10 additional —CH,-groups). A
variation of the mesogenic core in the main chain (azoxybenzene instead of bi-
phenyl) leads however to a pronounced increase of the thickness of the smectic
layers of about 0.2 nm (compare Tables I and II). For the polymers 11 and 14
(Tabile II) two periodicities are observed, which are not higher orders of each other.

2.2. Crosslinked Samples

2.2.1. Network topologies and crosslinking reactions. Beside polymerizations,
acrylate groups are able to undergo addition reactions. One of them is a reaction
with thiols. Therefore, a network formation should be possible by the use of dithiols
too. This reaction must be performed in solution (no LC phase) and it will produce
netpoints with a defined functionality of four. In contrast to this the networks
produced by polymerization should be polyfunctional with two different polymer
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(b)

FIGURE 6 Optical textures of polymer 15; a: smectic fan shaped texture, 65°C; b: cholesteric pol-
ygonal texture; 72°C magnification 200 x . See Color Plate X.

chains. The different network-topologies that result from these two crosslinking
reactions are presented in Scheme III.

We have investigated the crosslinking reaction of polymer 6 in more detail. The
performance of the reaction was controlled by GPC for soluble and by swelling
experiments for geled insoluble samples (Table I1I).

As can be seen from Table III, the polymers can be crosslinked in the isotropic
phase, even if there is no initiator added (see Reference 24 for comparison). This
behaviour is probably caused by THF-peroxides, that are incorporated in the sam-
ple. It fails, if only CH,Cl, is used as solvent during the preparation and purification
of the polymers. Since the amount of accidentally introduced peroxides varies from
sample to sample, it is difficult to control the network density in this way. In
addition this method does not allow a crosslinking at lower temperature within the
LC phases.

In order to perform crosslinking reactions at lower temperatures in the different
LC phases, radical initiators are added. The use of different initiators allows cross-



Downloaded by [Tomsk State University of Control Systems and Radio] at 13:33 18 February 2013

364 M. BREHMER AND R. ZENTEL

sample
10
o
N
Y 1
[=]
_| 3
14
o
b
T v v T T v ———r T v + v . T v v v v T
0. 50. 100. 150. ‘Cc

FIGURE 7 DSC-measurements on different crosslinked samples of 6. Crosslinking-conditions of
different samples according to Table III; sample 10 crosslinked for 8 h at 140°C without initiator.

linking at several temperatures. Azobisisobutyronitrile (AIBN) decomposes rapidly
within the temperature range of the smectic phase. With it the crosslinking fails,
presumably because of the sterical hindrance within the smectic A-phase and be-
cause of the vicinity to the glass transition temperature. Benzoylperoxide (BPO)
and dicumylperoxide (DCP) decompose in the temperature range of the nematic
phase. With both initiators networks are obtained. The crosslinking-effectivity rises
with the decomposition-rate of the initiators. The half life time of BPO is 10 min.
at 120°C whereas the value for DCP at 140°C is around 47 min.

Nearly all of the networks obtained in this way (Table III) swell highly and they
contain still a lot of soluble polymer. Therefore the netpoint density is still rather
low. This might be caused by a steric hindrance due to the direct attachment of
the acrylic acid to the mesogenic core, and by the relatively low molecular weight
of the crosslinking polymers. Only samples crosslinked with a high concentration
of radicals (samples 4 and 5) give more densely crosslinked networks with a low
sol content. A comparison with the sample crosslinked in solution during 8 hours
with biphenyldithiol shows that the crosslinking density is rather low also in this
case.

2.2.2. Influence of crosslinking on the LC phases. In order to elucidate the
influence of the crosslinking on the LC phases, DSC- and x-ray measurements
were performed (see Figures 7 and 8). DSC-measurements show (Figure 7) that
the transition temperatures do not change very much, as long as the crosslinking
density is low. Although the peaks become broader with increasing crosslinking
density, the transition enthalpy remains the same. For the more highly crosslinked
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FIGURE 8 X-ray pattern of sample 3 (Table III); stretching 100%; distance sample/film: 10 cm; a:
room-temperature, frozen smectic A phase; b: 95°C, nematic phase.
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network formation with bifunctional crosslinker

-

network formation by radical initiator

SCHEME Il

samples (samples 4 and 5) however, no more phase transitions can be determined.
Polarizing microscopy shows in these cases only a weak stress birefringence. There-
fore the LC phases are destroyed in the more highly crosslinked samples. This is
different from the behaviour of LC elastomers prepared by a crosslinking with
difunctional crosslinking agents in solution,!® for which the LC phases are unaf-
fected for even higher crosslinking densities. This difference may be explained by
the different topologies of the different types of networks (see Scheme III). In the
networks prepared by radical polymerization a new polymer chain is formed, which
is directly attached to the mesogenic groups. It is well known from earlier
investigations?®-* that such an arrangement is highly unfavorable for LC phases.
X-ray measurements on the slightly crosslinked polymers show that the networks
still exhibit smectic and nematic phases. Due to the crosslinking, the phases can
be oriented by elongation of the sample (Figure 8). Thereby the orientation of the
mesogens is in all cases parallel to the direction of the main-chain, which is oriented
preferably parallel to the stretching direction.® The mechanical orientability eases
the identification of the different phases by temperature dependent x-ray mea-
surements, as shown for polymer 6 (sample 3) in Figure 8. The diffuse layer lines
in the small angle region of Figure 8b are typical for cybotactic nematic phases.!
The smectic layer spacings for differently crosslinked samples of polymers 6-8
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TABLE III
Swelling-measurements on different crosslinked samples of polymer 6 (see
Table T)
crosslinking conditions solvent in gelb) % sol fraction
sample — J
initiator temp/°C time/h (weight %) ( weight %)

1 - 160 4 Q6 59
2 - 160 6 o4 23
3 - 160 8 92 26
4 BPO 5% 120 0.25 86 2
5 BPO 5% 120 0.5 Q0 8
o} DCP 5% 140 4 98 60
7 DCP 5% 140 o] 97 43
8 DCP 5% 140 8 93 28
9 BDT 80 8 Q0 15

a) weight % of Benzoylperoxide (BPO), Dicumylperoxide (DCP), are radical initiators;
50 mol % Biphenyldithial (BDT, bifunctional crosslinker) are added referring to-
the amount of acrylic ester groups

b) solvent: CH,Cl,

are compiled in Table IV. It follows from this comparison that the crosslinking by
radical polymerization does not affect the smectic layer spacing. Crosslinking with
biphenyldithiol leads however in all cases to an increase of the layer spacing. For
the polymers 6 and 8 this increase is slight (0.1 to 0.2 nm) and comparable to the
increase observed for combined polymers crosslinked with a bifunctional oligosi-
loxane.? For polymer 7 the increase is high (1.1 nm). It is interesting that this large
increase is observed for the polymer with the long tail of the mesogen, for which
this tail has to be highly coiled in order to fit into the smectic layer structure of
the uncrosslinked polymer (see Tables I and Il and Section 2.1.2). As a result of
this, networks with a large difference in the structure of the smectic phase can be
prepared starting from the same polymer (see polymer 7, sample 1 and 2 in Table
V).

2.2.3. Mechanical properties. The measurement of mechanical properties is
an important method to characterize crosslinked polymers. For these measurements®
larger samples had to be crosslinked, which were measured in the plate and plate
geometry with a Rheometric Mechanical Spectrometer. Swelling experiments per-
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TABLE IV
Phase-characterisation of thermally and chemically crosslinked networks
sample crosslinking conditions phase-transitions/ och) d/nm®
reagent™| temp/C | time/h
63 - 160 8 g2 5,10 nldT i 251
69 BDT 80 8 g 2055 6T n 133 i 241
Il - 160 8 g 23s, 6T nl123i 2.52
1.2 BDT 80 8 g 255, 68 n 1221 3.47
8l - 160 8 g2ds n* 121 261
82 I BDT | 80 | 8 | al3s 48 n"108 i 269

a) 50 mol % of Biphenyldithiol (BDT, as bifunctional crosslinker) are added referring to
the acryate ester groups
b) see table | footnote ¢

c) see table | footnote d

TABLE V
Swelling-measurements of the big samples of crosslinked 6 used for mechanical
measurements
crosslinking conditions solvent in gel sol fraction
sample 3
initiator*| temp/°C | time/h weight % weight %
i BPO 1% 120 8 96 15
12 - 160 8 93 14
13 DCP 5% 140 b 92 47
14 BPO 5% 120 8 8l 8

a),b) see footnotes in table 3

formed with these samples (see Table V) were used as an independent measure
of the crosslinking density.

Figure 9 shows the storage modulus G’, the loss modulus G” and the tangential
loss G'/G" for uncrosslinked polymer 6. There is a good coincidence between
changes in mechanical behaviour and phase-transitions. The glass transition smec-
tic-nematic leads to a strong decrease of G', the minimum of which is reached in
the nematic phase due to shear thinning effects. G’ increases again at the transition
to the isotropic phase (see Reference 32 for a detailed discussion). Such effects
are typical for nematic polymers.33-3* The increase of G’ at high temperatures in
the isotropic phase is due to a thermally activated crosslinking.

For the different crosslinked samples (Figure 10a,b) the increase in the crosslinking
density shows up in larger values of G’ especially in the nematic phase. Since the
increase of G" (proportional to the dissipated energy) is much smaller than the increase
of G’ (proportional to the elastically stored energy), the ability of the network to
store energy reversibly grows with crosslinking density. Both, the swelling experiments



Downloaded by [Tomsk State University of Control Systems and Radio] at 13:33 18 February 2013

LC ELASTOMERS AS NETWORKS 369

10 T v u v + T T T T v I t + T t I 4.0
lglass smectic A nematic isotropic
—a r
O 100000 o
(m % * ]
B |
~
- s KT —~3.0
- -.o0°0' 'Y + ]
9 r [] + +++ 4_++ + 4
on e +
90 * ++ ¥
o 6 | *3%0,, ..+ + ] (ap)
Qo.gs + + * -
%o, o +F —H2.0 -
] Saft : >
s.

o [] 0° -
’Fa 4 Wt 90 ° +
Q_ + - Y a°
~a e W o°, + °o
- o
n R oo, o 000 1.0
~- + LIRS [y
& | tret °°°°° ooooo R
— +

+ . |
L + +
sertt AN
L —0.0
o L | L | N N | L |
300 350 400 450

Temperature [K]

FIGURE 9 Shear-storage-modulus G’ 0, loss-modulus G” ¢, and tangential loss G"/G’ + against
temperature for uncrosslinked polymer 6, the vertical lines indicate the phase transition temperatures
determined by DSC.

and the mechanical measurements give the same sequence of increasing crosslinking
density (increasing from sample 11 to 14). The strong increase of G’ in the high-
temperature region can be explained by a continuation of the crosslinking reaction.
In accordance with the DSC-measurements, the most highly crosslinked network
(sample 14 in Table V) shows no transitions that are due to LC phases.

Mechanical measurements on a network crosslinked with biphenyldithiol give
similar results (see Figure 11). In this case, however, no strong increase of G’ can
be observed in the isotropic phase. Since thiols are inhibitors for radical polymer-
izations, they inhibit a continuation of the crosslinking process.

As a result of these investigations it can be seen that the crosslinking density of
the networks can be varied in a systematic way e.g. by increasing the reaction time
or by adding additional radical initiators. Problems may however arise, if polymers
prepared in different batches are compared. These polymers may contain differing
amounts of radical initiators (peroxides) or impurities acting as radical inhibitors,
depending on the purity of the solvents used.

2.3. Photocrosslinking

It is the advantage of photocrosslinking that it can be started at a given time at
variable temperatures. In this case, it is desirable to crosslink in the LC phase, if
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FIGURE 12 UV-spectra of polymer 15 the photoinitiator system and ITO-coated glass.

a desirable orientation (preferably a monodomain) has been obtained. Since the
aromatic mesogens absorb in the UV-region, a radical photoinitiator is necessary,
which absorbs in the near UV. With the photoinitiator system*® presented in Figure
12, it is possible to crosslink the polymers 1315 (see Table II) between two indium-
tin oxide coated glass plates.

IR-measurements allow it to follow the crosslinking reaction by measuring the
decay of the =C—H deformation band of the acrylate groups® at 735 cm ™! (see
Figure 13). Since the band overlaps, however, strongly with the =C—H defor-
mation bands of the aromatic ring, a quantitative evaluation of the conversion is
not possible. A comparison with a thermally crosslinked elastomer (sample 3, Table
II1), shows that the conversions are comparable in both cases.

First examples of the photo crosslinking show, that it is possible to freeze the
LC textures by the crosslinking reaction. A sample of 15 with photoinitiator is
oriented on a glass-plate by shearing. One part of the preparation is covered with
a foil. Now the sample is exposed to UV-light of 365 nm at 75°C. If the film is
heated afterwards above the clearing-point, both sites become isotropic. After
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FIGURE 14 Optical texture of photocrosslinked (upper side) and uncrosslinked 15 after heating into
the isotropic phase and cooling to room temperature; magnification 100X . See Color Plate XI.

cooling, the crosslinked area restores the orientation that it had before crosslinking,
whilst the uncrosslinked area shows an unoriented texture (Figure 14).

EXPERIMENTAL

The OH-functionalized precursor polymers have been prepared in accordance to
Reference 28. The polymer analogous DCC-esterification is described ibid. The
crosslinkable polymers (6-8, 13-15) were prepared in two esterification steps. The
first was carried out with a 1.2 molar excess of saturated acid (referred to all phenolic
groups) and DCC according to the method mentioned above. This leads to a
conversion of 50 to 60% of all phenolic OH-groups. The second reaction is carried
out with a 1.5 fold excess of acrylic acid (referred to the initial amount of phenolic
groups) and DCC.

The phase transitions were determined by a Mettler DSC 30 at a heating-rate
of 10 K/min. The peak-maxima and midpoints of the glass-steps are taken as
transition temperatures. For polarizing microscopy an Olympus BS-H2 with an
Olympus OS-2 camera was used together with a Mettler FP 82 hotstage connected
on an FP 80 controller. The x-ray films were exposed in a flat-camera with nickel-
filtered CU-K_, radiation from a Siemens K8/OA generator. Drawn fibres of the
uncrosslinked polymers were investigated at room temperature. The crosslinked
polymers were stretched in a self-made stretching device® and investigated at var-
iable temperatures. For the crosslinking of the big samples of teflon-crucible with
a diameter of 16 mm and a flat bottom was used. The swelling measurements were
carried out with CH,Cl, as solvent. During one week the solvent was changed
several times. The unsoluble part of the polymer (gel fraction) was weighed after
48 hours drying at room temperature.

The mechanical measurements were carried out with a Rheometrics Mechanical
Spectrometer Model 800 in the plate-plate geometry. The shear storage modulus
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G', loss modulus G” and loss tangent (tan §) were obtained as a function of
temperature at constant frequency of 1 Hz and heating rate of 1 K/min as described
in Reference 32.

The photocrosslinking reaction was carried out with 0.5 wt% ketocumarine as

sensibilisator and 1.5 wt% aniline-derivative as activator. The crosslinking is carried
out at 75°C for 3 min irradiation with a 4 W low-pressure lamp in 5 cm distance.
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