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Abstract

Bis [(w-(4’-cyanobiphenyl)-4-yDoxy-n-alkyllnorborn-5-ene-2,3-dicarboxylate was po-
tymerised via ring opening metathesis polymerisation (ROMP). Two disubstituted polynor-
bornene derivatives both of cis configuration with different length of the side-chain were stud-
ied. Differential scanning calorimetry (DSC) was used to study the effect of thermal history on
the assignment of the glass transition event associated with the biaxial orientation of a smectic
phase. Glass transition temperatures, the change of isobaric specific heats at 7, and the enthal-
pies of isotropisation were calculated. The DSC traces only show the classic step-wise change
in Ty in some cases, giving the evidence that the amorphous domains are constrained and
highly restricted in movement due to the morphology developed as a result of the biaxial
stretching, Bascd on the literature data of mono- and disubstituted polynorbornene derivatives
and our calorimetric experiments, the shape of Ty dependence on number of (CHz) units is in-
terpreted. The origin of this shape is discussed.
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Introduction

The glass transition seems to be the most common thermal event dealing with
polymeric amorphous materials. The studies can become complicated when
dealing with oriented, semicrystal or liquid crystal polymers. The fabrication of
these kind of polymers into items such as thin films, membranes or fibres often
involves a number of processing steps which can impart structural or morpho-
logical changes. The detection of glass transition for highly crystalline polymers
becomes difficult by DSC since its intensity decreases as a result of increasing
crystallinity [1]. The observation of T is more difficult for oriented materials
which may in fact contain three distinct domains: crystalline, constrained amor-
phous and unconstrained amorphous [2-5].
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The biaxial orientation coupled with liquid crystalline order of polymer pat-
tern produces a highly pinned morphology in which the amorphous domains are
very restricted in their movements. The orientation induced by main- or side-
chain liquid crystallinity is not the same and should result in different increases
for the glass transition. The side-chain liquid crystal (SCLC) polymers are the
specific group of the liquid crystals (LC) for which many studies concerning the
influence of'a main chain, the length of side chains, the sort of mesogenic groups
and tails (with different polarity) attached to the side chain on structure in bulk
were performed. Changing at least one of the factors mentioned above can dras-
tically change polymer supermolecular structure [6—7]. When the number of
methylene groups in a side chain is changed, some new polymer pattern is very
often created.

The influence of the degree of crystallinity for highly crystallised polymers
on the thermodynamic parameters describing the glass transition was found. So,
the same should be true of the LC systems. Additionally, the type of a LC struc-
ture might affect the behaviour of the amorphous phases. The description of a
polymer pattern based on SAXS studies of the disubstituted polynorbornene de-
rivatives was presented earlier [8]. Because, the rigidity of the backbone and the
spacer length are two very important limiting factors in the creation of LC
phases, the influence of this phase behaviour on an amorphous region (7%,
ACy(Ty)) by changing the spacer length was studied. Based on the literature data
of mono- and disubstituted polynorbornene derivatives [9 12}, our calorimetric
experiments are used to interpret the shape of 7, dependence on CH, units num-
ber. The origin of this shape is discussed.

Experimental

Sample preparation

The polymer samples were synthesised via ring opening metathesis polymer-
isation (ROMP) of (£)endo,exo-bis[(w-(4’-cyanobiphenyl)-4-yl)oxy-n-alkyl]nor-
born-5-ene-2,3-dicarboxylates (with #=6 or 11 methylene groups as the alkylene
spacer) according to the procedure described in a previous paper [12]. The initia-
tor was [Mo(CH-#-Bu)(NAr)(¢-BuF:O), with Ar=2,6-diisopropylphenyl and
BuFO=bis(trifluor-methyl)-z-butyloxy. This yielded a polymer with a cis con-
tent s.=80% as determined by NMR. As the racemic monomer mixture was used,
the tacticity of the polymers could not be determined but was considered to be
mainly atactic. The purified polymer was used for making the specimen for ther-
mal analysis from melt as given the following example.

Polymers were melted at 160°C and were held at this temperature about
40 min, in all cases. The samples were prepared between two aluminium plates.
Although, some data were obtained for the samples melted only on one Al-plate
or in bulk. Different cooling regimes were applied from slow to very fast
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(quenching) one. In this way, bars with thickness varying from 0.8 to 1.0 mm
were obtained. For DSC measurements one piece of about 10 mg samples cut
from those polymer bars was used. Some samples were annealed at 70°C or
110°C for 24 h. Detailed description of thermal history of the polymer samples is
presented in the result section.

Method

The thermoanalytical investigations were carried out with a DSC of Polymer
Laboratories STA 6235 type under the following conditions: environment — nitro-
gen atmosphere, flow rate — 50 ml min™', sample pan — aluminium, reference -
empty aluminium pan, sample size —about 10 mg, heating rate — 20°C min™' (40,
10,5,2,0.5°C min“), calibration procedure — done with indium standard.

The glass transition temperatures (7;;) were taken from the middle point of
change in heat capacity. The temperatures of isotropisation {7;) as the maximum
point for each endothermal peak were pointed.

Results and discussion

Two disubstituted polynorbornene derivatives both of mainly cis configura-
tion with different length of the side-chain (samples CK(6) and CK(11) with the
number of methylene units into the side-chain 6 and 11, respectively) were stud-
ied. The influence of thermal history on the creation and stability of the LC
structure was described earlier [8]. Therefore, special attention in this paper is
paid to differences in thermal behaviour of the amorphous phase resulting from
an arrangement induced by mesogens.

Different thermal regimes were applied for the samples preparation and the
first heating runs were taken into account. Additionally, the first cooling and the
second heating runs were recorded too. The original calorimetric recordings of
the heat flow changes of different CK(6) and CK(11) samples are presented in
Figs laand 1b. As compared with DSC data concerning mono- and disubstituted
polynorbornene derivatives published earlier [10-12], the traces presented here
seem to be similar only for samples which were cooled down very slowly
(0.5°C min™', with non-linear regime). All of them showed an endothermal peak
of a first-order transition recognised as the isotropisation phenomenon con-
firmed in optical polarising microscope (130°C — was pointed out for CK(11)
samples). One can see, the quenching process did not change only the 7, values
(decrease of these values is typical behaviour as known from other polymer sys-
tem very well [1]) but also the shape of DSC curves above T,(1). In the case of
CK(1 DI samples quenched from 160°C to room temperature between two alu-
minium plates the drastic decreasing of specific heat were recorded. It was unex-
pected, that the enthalpy of isotropisation in that case was the highest and the
DSC curves presented above 7,(1) such tendency. The traces were entirely repro-
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Fig. 1a DSC traces of CK(11) obtained under different thermal history as described in Ta-
ble 1. The trace at the top was recorded for a sample prepared on 1 plate (1pl) and the

one at the bottom for a sample in bulk. The other traces are for samples prepared be-
tween 2 plates (2pl)
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Fig. 1b DSC traces of CK(6) obtained under different thermal history as described in Table 2.
The samples were prepared only between 2 plates

ducible and little deviations of the curve shapes were recorded, merely depend-
ing on the applied quenching procedures.

CK(11)I samples studied after several days from preparation (stored at room
temperature) presented the curves similar to those observed for the samples
cooled down very slowly. For the CK(11) samples two second-order phase tran-
sitions were observed when they were quenched from lower temperature than 7;
or were obtained under slow temperature regime (CK(11)II). The second one
was with very low AC,, Table 1. The different DSC traces observed for the sam-
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Table 1 Thermodynamic data of CK(11) samples of different thermal history taken from first
heating run. The samples were prepared between two aluminium plates. Data in
parenthesis were found for the samples prepared on one aluminium plate

T
CR{DI (%:g) (83&3&) - _ (ii;:g) (g:?g)
CK DL, 24.0 0.359 - - 149.8 8.39

21.9 0.258 39.0 0.036 151.5 7.69
CK(DLz,  (21.5) (0.361) (31.4) (0.041) (148.7)  (8.58)
CKADL,, (26.0) (0.442) (29.5) (0.087) (1489)  (7.03)
CK(1D)I 25.2 0.452 5.0 0.039 150.3 6.94
CKADI, 227 0.293 37.0 0.162 149.7 6.94
CK(IDIL,, 254 0.338 54.5 0.003 150.9 727

CK(11)I — sample quenched from 160°C;

CK(11)I,~sample kept at room temperature during several days;
CK(11)I,5,—sample annealed at 70°C over 24 h;

CK(1DII —sample cooling down very slowly in step regime

ples in the temperature range above 7, could be related to changes in the order of
the three dimensional structure of the polymer patterns caused by changes of the
pendant groups and the backbones arrangement. Moreover, the different change
of the isobaric specific heat with increasing temperature might prove the exis-
tence of different thermodynamic states of the samples.

To define an importance of a morphology on assignment of glass transition
the disubstituted polynorbornene derivative with shorter spacer was studied too.
The higher 7, value of CK(6) was expected owing to the different length of the
side chain [9-12, 13]. However, CK(6)I and CK(6)II samples exhibited some en-
dothermal peak in the range of the glass transition, when they were studied as
early as 24 h from preparation, see Fig. 1b. The quenching processes for CK(6)
and CK(11) derivatives was mainly performed from isotropic state to room tem-
perature. However, one could observe the differences of the DSC curves when
samples were quenched from other temperature. This effect occurred particu-
larly strongly with CK(6) samples.

Three experiments were performed in which the quenching was done from
160, 130 and 110°C. It is clear why the data connected with the isotropisation dif-
fer and these experiments additionally show that the behaviour of chains being in
amorphous regions (the glass transition, Table 2) is strongly affected by LC
structure. When the polymer is quenched from different temperatures the differ-
ent pattern is frozen. Of course, it does not mean that the thermodynamic state
obtained in this way is stable. It disappears very often due to relaxation pro-
cesses, which occur even below 7, and then new pattern (state) is created.
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Table 2 Thermodynamic data of CK(6) samples of different thermal history taken from first
heating run

T(1Y  AC(T) T2/  AC(T) T/ AH/ T/ AH/
Samples 8"y mbi®oy’ 'C kimol0)t °C kimol! °C kI mol

CK(6)1,,, 390 0.104 57.9 0.112 126.4  0.07 147.8 229
CK(6)I,,, 44.6 0.145 - - 1262 0.10 1483 248
CK(e)1,,, 43.8 0.081 54.1 0.066 126.0 020 1483 229
CK(6)I,, endo peak endo peak 126.0 0.10 147.3 2.37
CK(6)I1 45.7 0.186 — - 125.8 0.17 147.6 2.52
CK(6)II, endo peak endo peak 125.8 0.19 147.9 224

CK (610,130,110~ Sample quenched from 160, 130, 110°C;

CK(6)I,— sample kept at room temperature over 24 h;

CK{(6)II — sample cooling down very slowly in step regime

The experiments gave evidences of existing two second-order phase transi-
tions. The values for them were pointed out in the cases when the different heat-
ing rates were applied and the values extrapolated to 0°C min™' heating rate were
found. The same analysis was done for the endothermal peaks. The glass transi-
tion temperatures are 18, 39 and 28, 42°C for CK(11) and CK(6) samples respec-
tively. The isotropisation transition temperatures taken as the maximum point for
each endothermal peak are 142 and 143°C. In the case of the derivatives with the
shorter spacer another peak fully reproducible was observed and the extrapolated
value was found to be 123°C (Figs 2a and 2b).

The concept of some crystal domains existing within amorphous matrix is
very often useful for describing of semicrystal polymer properties. It seems to be
plausible to apply this concept to L.C structure of polymer pattern, and especially
for SCLC one, where ordered layers are separated by amorphous regions. In our
cases this effect concerning LC domains within amorphous pattern occurs be-
cause the tendency of the main chain to adopt its preferred conformation is an-
tagonistic to the mesogenicity of the pendant side groups. This is more evident
for the polynorbornenc derivatives with the shorter spacer. Most likely, the rather
flexible spacer (methylene groups) between the mesogenic group and the main
chain is not sufficient to decouple the mobility of the main chain from that of the
mesogenic group and the influence of a backbone chain structure on a behaviour
of that moiety and vice versa is still significant. In our opinion the influence de-
creascs with the increase of the spacer length. This results in the change of the
glass transition temperature as a function of the number of methylene groups
(10-12, 14]. Moreover, the dependencies mentioned above could be approxi-
mated with two curves intersecting themselves at one point, Fig. 3. This point
gives the number of unit required to partially or fully decouple of the backbone
from the mesogenic groups. Of course, the intersection point (thereby the spacer
length) corresponding to the decoupling effect would be dependent on the back-
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bone configuration formed during polymerisation. It is very important whether
trans or cis isomers are taken into account because of their different stereoregu-
larity [15]. Therefore, one can observe the different values for monosubstituted
and disubstituted polynorbornene derivatives. However, the dependencies con-
cerning the polynorbornene derivatives published earlier showed the same ten-
dency [10-12, 14].

The curves concerned with cyanobiphenyl mesogenic group fitted to the open
symbols are convergent to T, value obtained for unsubstituted polynorbornene
and this value could be reached when the number of methylene units into side
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Fig. 2a Extrapolation of glass transition temperatures (7,) to zero heating rate for selected
samples (as indicated in the figure)
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Fig. 2b Extrapolation of isotropisation temperatures (7;) and of a second transition (7}) found
only for CK(6), details see text
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Fig. 3 The fitting procedure of glass transition temperatures of polynorbornene derivatives
with different tails vs. methylene units. 2-CN means disubstitution of polynorbornene
main-chain with cyanobiphenyl groups as mesogens (data points taken from Ref. |12]);
1-CN and 1-OMe mean monosubstitution of backbone with cyanobiphenyl and
oxymethyl groups, respectively [9-11]. (a) refers to the main-chain transition and (b)
to the side-chain transition of the polymers

chain is rather high. It describes the behaviour of the amorphous regions connect-
ing with the three dimensional backbone rearrangement disturbed by the meso-
gens with the attached tails, simultaneously treating the methylene groups as a
low weight molecular plasticizer. Most likely, the tendency ot the mesogenic
groups to form the LC structure is stronger than the tendency of the backbone to
adopt its preferred conformation, especially when the sample is quenched and the
backbones are very disturbed inducing a higher fluidity of the pendant groups.
Monosubstituted derivative with oxymethyl tail show the curve, which most
likely due to weaker electrostatic interaction, is a little shifted to lower tempera-
ture. When the intersection point of the two curves is approached the polymer
pattern behaves as if to be formed with two separate system showing their own
glass transition. Therefore, the curve fitted to the solid symbols is interpreted to
be the glass transition of the amorphous region created by the side chains. Be-
cause, it is the most disturbed region, the effect in DSC traces would be the big-
gest and it increases with the mass amount of the spacer. In our cases that state is
not thermodynamically stable. Therefore, only one glass transition was observed
earlier. Nevertheless, our experiments showed two transitions which might result
in the shape of 7} vs. n found by other authors [10-12]. There are many reasons
which might have an influence on this behaviour. First of all, the rigidity of the
backbone seems to play a dominate role. In consequence, its configuration must
affect on the creation of the LC structure. The attaching second pendant group,
with chemically identical formula, to the polymer repeating unit caused the
change in stereoregularity which results in the different LC structure compared
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with monosubstituted derivatives due to the mesogenic group density increasing.
In spite of the different LC structurc obscrved in those samples, the dependencies
of T vs. n are similar. Of course, the intersection point for each derivatives has
different value but the tendency is still preserved. In the case of SCLC polymer
with flexible backbone, e.g. acrylic or methacrylic, the influence of the backbone
configuration should be weaker and only one glass transition would occur. The
similar chemical structure of the main and the side chain would additionally re-
sult in that phase behaviour giving one average 7, value.

Conclusions

SCLC polymers, such as polynorbornene derivatives, may in fact contain
three distinct domains: biaxial oriented LC structure, constrained amorphous
and unconstrained amorphous which have a major effect on their thermal charac-
teristic, particularly on T, The glass transitions for the different samples demon-
strate the importance of the morphology on the assignment of the glass transition
event. The quenched samplcs do not show only the change of 7, values but also
the drastic changes of the DSC curves giving some evidence of another one glass
transition. When the samples were quenched from different temperatures the dif-
ferent pattern were frozen showing that the rather flexible spacer is not sufficient
for decoupling of the mobility of the main chain, in our case rather rigid, from
that of the mesogenic groups. It is more evident for the polynorbornene deriva-
tives with the shorter spacer that the tendency of the backbone to adopt its pre-
ferred conformation is antagonistic to the mesogenicity of the pendant groups.

The different degree of orientation into LC layers (different kind of LC struc-
ture) results in varying increases for the glass transition event. The DSC curves
show only in some cases the classic step-wise change in 7, indicating that the
amorphous domains are constrained and highly restricted in the movement due
to the morphology developed as a results of the internal biaxial stretching. It is
possible to approximate the experimental data concerning the dependence of 7,
vs. number of methylene units into spacer with two curves intersecting them-
selves at one point. The point gives the number of CH; units required to partially
decouple of the backbone from the mesogenic groups, which resulted in smectic
phase creation when the amount of the mesogens per polymer unit is doubling.

References

1 B.Wunderlich, in Thermal Characterization of Polymeric Materials E. T. Turi (Ed.), Aca-
demic Press, New York 1981, Ch. 2.

2 R.J. Seyler and M. Moscato, Symp. on the Assignment of the Glass Transition, ASTM E-
37, Atlanta 1993.

3 Y. Jin, Y. Fu, M. Mucha and R. Wunderlich, Proc. of the twenty-first NATAS Conference,
Atlanta 1992, p. 683,

4 H. A. Hristov and J. M. Schultz, J. Poly. Sci., Poly. Phys. Ed., 28 (1990) 1647.

J. Thermal Anal, 54, 1998



170 DANCH et al.: GLASS TRANSITION

5 A. Danch and A. Gadomski, J. Thermal Anal., 45 (1995) 1175.
6 C. Noél, in Recent Advances in Liquid Crystalline Polymers, Chapoy, L. L. (Ed.). Elsevier
Applied Science Publishers, London and New York 1985, p. 135.
7 A. M. Donald and A. H. Windle, Liquid Crystalline Polymers, Cambridge Solid State Sci-
ence Series, Camb. Univ. Press, 1992, Ch. 3.
8 A. Danch, P. Laggner, G. Degovics, D. Sek and F. Stelzer, Proc. of SPIE (in print).
9 Z. Komiya, C. Pough and R. R. Schrock, Macromolecules, 25 (1992) 6586.
10 Z. Komiya, C. Pough and R. R. Schrock, Macromolecules, 25 (1992) 3609.
11 Z. Komiya and R. R. Schrock, Macromolecules, 26 (1993) 1393.
12 M. Ungerank, B. Winkler, E. Eder and F. Stelzer, Macromol. Chem. Phys., 196 (1995)
3623.
13 M. Mauzac, F. Hardouin, H. Richard, M. F. Achard, G. Sigaud and H. Gasparoux, Eur. Po-
lym. J., 22 (1986) 137.
14 M. Ungerank, B. Winkler, E. Eder and F. Stelzer, Macromol. Chem. Phys., (submitted).
15 T. Steinhiusler, F. Stelzer and E. Zenkl, Polymer, 35 (1994) 616.

J. Thermal Anal., 54, 1998



