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ABSTRACT:

A series of main-chain thermotropic polyesters which have an alternating

sequence of mesogenic units and polymethylene spacers as well as their model compounds with two
terminal mesogenic units and central spacers were preparcd. Their liquid crystalline behavior,
especially their thermal transition properties and nature of mesophases were compared with each
other. The polymers and the low molecular weight model compounds exhibited in their transition
temperatures distinctive odd-even dependence on the number of methylenc units in the spacer. All
of them formed nematic mesophases in melts. The liquid crystalline properties of the polymers and
the model compounds were studied by differential scanning calorimetry and on the hot-stage of a

polarizing microscope.
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In recent years mesomorphic properties of
many different types of thermotropic polymers
have been reported.! > Among the many in-
teresting observations made for the polymers,
the odd-even dependence of transition tem-
peratures -of main chain thermotropic poly-
mers with polymethylene spacers is a matler
of importance, which generalizes the thermal
behavior of a series of polvmers with varying
lengths of spacers.*® However, direct com-
parison of thermal transition temperatures ob-
tained experimentally for a series of polymers
may become erroneous due to strong de-
pendence of transition temperatures not only
on molecular weights of the polymers but also
on their polydispersity. Even though, one
could utilize various fractionation methods to
prepare samples of a homologous series of

polymers to have comparable molecular
weights and molecular weight distributions,
as is very well known, it is extremely time
consuming. Moreover, many of the poly-
mers, especially those with high transition
temperatures may undergo thermal degra-
dations before their transitions, which would
cause difficulties in thermal analysis. While
trying to establish the structure-property rela-
tionship of the thermotropic main chain poly-
esters having flexible spacers, we became in-
terested in the liquid crystalline behavior of
low molecular weight mode!l compounds 1o
sce whether there exists any correlation be-
tween their properties and those of the corre-
sponding polymers, especially in thermal be-
havior and in the nature of mesophases de-
rived from them. It is obvious that experi-
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mental problems caused by the difference in
MW’s and MWD’s of a homologous series
of polymers are absent when low molecular
weight compounds are studied.

In the present article, we would like to
report the thermal behavior of Series I poly-
mers and of Scries IT model compounds
shown below. The nature of mesophases form-
ed by the polvmers were also compared with
those formed by the model compounds.
Thermal behavior of the polymers and their
corresponding low molecular weight com-
pounds were examined by DSC method.
Optical textures were observed on the hot-
stage of a polarizing microscope.
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EXPERIMENTAL

Synthetic Method of Polymers |

The synthetic methods of the Polymers 1
with x=406, 8, and 10} were reported eartier by
Griffin and Havens.* All of the polymers were
prepared by the interfacial polycondensation
method following the method used by Griffin
and Havens:

0 o
It i
CI-CTr 043 0-G-C-Q + HO-Br04 CHy50<CrOH

— Palymers |

Synthetic Method of Compounds 11
The Compounds IT were synthesized via the
following route:

KOH
BrCHzhBr + HO-G-0H CszaH
Bc-c

HO<Br04eHA0-Cr0H @ Compounds [

Since the dihvdroxy compounds, aw-bis(p-
hydroxyphenoxy)alkanes, used for the last re-
action are known ones,* only the final step of a
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representative synthetic method is described:
p-phenylbenzoyl chloride (3.5 x 10™* mol) dis-
solved in 10ml dry pyridine was added at

room lemperature slowly to a 10ml pyridine

solution of an o,w-bis(p-hydroxyphenoxy)
alkane (1.5 x 10 *mol). The reaction mixture
was stirred under a nitrogen atmosphere for
2hours at room temperature and then for |
more hour at 60°C. At the end of the reac-
tion the mixture was poured into cold dis-
tilled water with vigorous stirring. The precipi-
tates were washed with dilute aquous NaOH
solution and then again with distilled water.
The crude products were recrystallized from
toluene/1-butanol  mixture (vol ralio=
30:70). The compounds were confirmed by
clemental analysis (Table II) and their IR
and NMR spectra.

Characterization and Identification of Polymers

I and Compounds I

The structures of the polymers and the
compounds were confirmed by IR spectra
obtained on a Perkin-Elmer 710B IR spec-
trophotometer. The structures of the model
compounds were (urther confirmed by elemen-
tal analysis and also by their proton NMR
spectra obtained on Varian Associate EM
360A (60 MHz) NMR instrument. The elem-
ental analysis of the Compounds II were per-

formed by the Microelemental Analysis
Laboratory ol the University of
Massachusetts.

The solution viscosity of the polymers was
measured at 30+0.1°C using a Ubbelohde
type viscometer. The polymers having odd
numbers of methylene units in the spacer were
found to be soluble at room temperature in
1,1,2,2-tetrachloroethane (TCE). The number
average molecular weights of these polymers
were determined osmometrically using Knauer
vapor pressure osmometer (Model nr. 11.00)
at 55°C.

Thermal behavior of the samples were stu-
died on a du Pont 910 Thermal Analyzer under
a nitrogen atmosphere. Heating and cooling
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rates were maintained at 10K min~! in the
compounds and 20K min~! in the polymers,
respectively. Indium was employed for cali-
bration. Thermodynamic paramelcrs (AH's
and AS’s) were calculated based on the endo-
thermic peak areas in th¢ DSC curve and
on the weight of the sample using indium
(AH_=6.8¢calg™!) as a standard. The DSC
curves obtained on second heating cycles
were used to obtain all of the experimental
data. The positions of peak maxima were
taken as transition temperaturcs. The nature
of the mesophases was examined on a hot-
stage (Mctiler FP-5) attached to a polarizing
microscope (Leitz, Ortholux).

RESULTS AND DISCUSSION

General  Properties of Polvmers I and

Compounds 1

The polymers with even number of meth-
ylene units in the spacer were soluble in the
mixture of phenol and TCE (60 : 40 by wcight),
while those with odd number of methylene
units were soluble in TCE. The polymer vyields,
inherent viscosity of polymer solutions, and
the number average molecular weights of the
polymers with odd-numbered polymethylene
spacer are shown in Table L. It should be noted
from the table that the molecular weights of
polymers are rather low and vary greatly from
one another ranging from about 2000 to
11000. Optimization of polymerization condi-
tion to obtain higher molecular weight poly-
“mers was not attempted. The product vields
and the results of clemental analysis of Com-
pounds II are tabulated in Table 1I. The
yields are, in general, high and the elemental
analysis results are in good agreement with
calculated values. The structures of the com-
pounds were further confirmed by their IR
and proton NMR spectra.

Thermal Behavior of Polymers I and Com-
pounds 1T

All of the polymers and the model com-
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Table I. Properties of Polymers [
X Yield/wt?; Hinn ™ M,
2 838 0.79 —
3 87.0 0.31 3400
4 92.3 0.53 —
3 ®2.7 .61 10600
6 88.2 0.53 —
7 801 0.33 3000
8 89.3 0.42 —
9 Re.l 0.29 1900
10 79.2 0.30 —

* Inhcrent viscosity (f,,) was mecasured on 0.5gdi™*
solution in a mixture of TCE and phenol
{(w/w=40:60) at 30+0.1"C.

® The number average molecular weights determined at
55°C by vapor pressure osmometry.

Table lI. Thc yiclds and the results of
elemental analysis of Compounds 1T

Elemental analysis/wt2;®

x Yield/wt5*
C H

2 95.4 79.11 (79.18)  4.88 (4.99)
3 95.4 78.95(79.33) 515 (5.21)
4 96.3 79.40 (79.47)  5.47 (5.41)
5 85.2 79.63 (79.60)  5.62 (5.60)
6 %9.0 7918 (79.73)  5.75 (5.79)
7 95.5 79.87 (79.85) 5.89 (5.97)
g 916 79.91 (79.96)  6.18 (6.14)
9 94.5 80.02 (80.08)  6.39 (6.30)
10 92.6 R0.11 (80.18)  6.50 (6.46)

* The product yields listed are those for the final step of
preparalion.
® The values in parentheses are theoretical ones.

pounds revealed two distinctive endothermic
peaks on the DSC curves of heating runs.
The first peaks corresponded te the melt-
ing transition from solid into a mesophase and
the second to the phase transition from the
mesophase to an isotropic melt. Such tran-
sitions were reversible as observed on the
DSC curves obtained from the heating and
cooling cycles of DSC analysis (Figures 1 and
2). This indicates that all of the polymers and
compounds were enantiotropic. According to
Figure 2 a small peak appeared around 130°C
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DSC curves of Polymer [ with dimethylene
1

Figure 1.
spacer. Heating and cooling rates were 20 Kmin
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Figure 2. DSC curves of Compound IT with hepta-
methylene spacer. Heating and cooling rates were
10K min~",

in addition to the melting and isotropization
peaks. This peak reproducibly reappeared on
the 2nd and even on further cycles of DSC
analysis. It is possible that this compound is
polymorphic and the first peak corresponds to
crysial—crystal transition. Similar multiple
transitions were reported for other model com-
pounds and liquid crystalline polyesters.b*®
All of the present model compounds and a
part of the polymers exhibited resemblant
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Table III. Thermal properties of Polymers I*
x T °C T/C  AH, AS, AH, AS;
2 223 279 9.0 18.1 12.5 22.6
3 1645 185 6.2 12.6 7.2 14.8
4 217 244 8.0 18.0 1.5 223
5 1705 2065 5.2 11.7 8.4 17.6
6 214 235.5 9.7 20.0 13.7 26.7
7 130 193 1.7 276 9.6 20.6
8§ 1825 216 98 215 18.1 Jo.9
9 1425 1725 9.1 219 10.2 229
10 159 189 88 203 14.1 30.4

* All of the values of AFs are in kI mol ™! and those of
ASsinJmol 1K L

Table I¥. Thermal properties of Compounds 11*
x T.°C T,/°C AH, AS, AH, AS, AS/AS®
2 2345 296 395 778 T6 134 0.15
3 187 205 27 M1 22 4.6 0.07
4 1975 2415 170 360 65 126 0.26
5 190.5 202 209 450 23 5.0 0.10
6 196 2335 330 704 61 120 0.15
7161 2045 274 631 40 8.4 0.12
8§ 188 2075 286 619 64 134 0.18
9 156 195 202 471 45 9.6 0.17
10 1865 1945 334 726 66 140 0.16

* All of the values of AH's are in kI mol ™" and those of
AS’s in JTmol LKL

* AS, stands for total entropy change for melting and
isotropic transitions, fLe., AS_ +AS;.

multiple melting transitions. The values of
melting (7,) and isoiropization (7)) tempera-
tures obtained from the heating DSC runs of
the polymers and compounds are tabulated in
Tables IIT and IV. These data and those for
the compounds of Series III, whose thermal
and liquid crystalline behavior were reported
recently by us,” are presented in Figures 3
and 4 for comparison. As one can see from
the figures,

g 2 (111)
HCHok 048 0C B 04CH0-4C-Co-O-04CHzH

the transition temperaiures, T, and 7;, of
Polymers I and Compounds II decreased in a
zig-zag fashion with x and showed the so-
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called odd-cven effect, These temperatures [or
polymers and compounds with even numbers
of methylene units in the spacer were con-
sistently higher than those of odd numbers.
The existence of an odd-even effect also sug-
gests that the conformation around C-C
bonds of the spacer is influenced by the pres-
ence of rigid rod-like segment attached to its
both ends.®*® There is some experiemental evi-
dence that the polvmethylene spacer is main-
ly in a trans conformation.!”>® If this is in-
deed the case, the even numbered polymeth-
ylene spacers would tend to have a more or
less colinear or parallel alignment of meso-
genic unit, while the odd numbers would re-
sult in angled orientation of mesogenic
units.®? This is in line with the higher transi-
tion temperatures for even numbers than
those of odd ones. Such an odd-even effect
has been repeatedly observed for other poly-
mers and low molecular weight com-
pounds.®'' "'!'% Abe ¢t al'® recently con-
ducted a deuterium NMR studies on the orien-
tational order in dimeric model compounds
and found that the compound with a central
polymethylenc spacer of even number of
methylene unit had significantly higher order
parameter than that with odd number of
methylene unit. They concluded that, for the
¢ven member, the colinear alignment of the
two terminal mesogenic groups is one of the
preferred conformation while the similar co-
linear alignment requires high-energy confor-
mations {or the odd member.

However, the transition temperature of the
compounds of Series I11 did not show the same
trend in T, as well as 7. It is known that
unstrained terminal alkyl groups possess a
higher degree of conformational freedom re-
sulting in irregular sterecchemistry around C -
C bonds. This in turn would give rise to an
irregular dependence of transition tempera-
turcs on the number of methylene units in the
alkyl groups. Comparing the thermal behavior
of Compounds II and III, one can conclude
that the structure of Compounds 11 simulates

Polymer 1., Vol. 18, No. I, 1986

Fipure 3. The dependence of melling lemperatures
(7 of Polymers 1 ()., Compounds II (@) and
Compounds [11 ()7 on the length of polymethylene
spacer. :

Figure 4. The dependence of isotropic transition tem-
peratures (7;} of Polymers 1 (O}, Compounds 11 (@} and
Compounds I {C1)° on the length of the polymethylene
spacer.

thermal behavior of Polymers 1 much better
than those of Serics I1.

The compounds of Serics I have terminal
phenyl substituents on both mesogenic units.
We have prepared a series of compounds with
different substituents and found that the
phenyl substituent resulted in the thermal
transition temperatures close to those Poly-
mers I. This is the reason why the com-
pounds of Series II were taken as model
compounds in this investigation. Similar ob-
servations were made earlier by us for Poly-
mers 1V* and Compounds V*® shown below:

o o
£ 0-Dr-0L D04 CHy i -DrCo-Trodcnpgls  (IV)
x =2 -10
0 a
-0 0l <00t Chg oD LoD (V)
% =2 - 10
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Figure 5. The dependence of the values of AH; and AS|
of Polymers I on the length of the spacer, x.
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Figure 6. The dependence of the values of AfJ, and AS;
of Compounds II on the length of the spacer, x.

Figures 5 and 6 show how the values of AH;
and AS; of the Polymers I and Compounds 11
respectively change with x. The ligures reveal a
definite odd-even effect on AH, as well as AS;
for both polymers and model compounds. The
slightly lower degree of regularity observed for
the polymers may be ascribed to the vast
differences in their molecular weights. Roviello
and Sirigu® carlier observed clear odd-even
effects for the transition temperatures and AS,
for main chain thermotropic polymers consist-
ing of azoxybenzene type mesogenic units and
polymethylene spacers. The higher valucs of
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AS; for even members can be taken as a
suggestion of a higher degree of order in their
liquid crystal phases than for those of odd
ones. Recently Abe® made a thorough confor-
mational analysis to provide a theorctical ex-
planation for the odd-even effect of liquid
crystalline semiflexible polyesters with poly-
methylene spacers. He also calculated order
parameters for the mesophases formed by the
odd and ¢ven scries of the polymers. All of his
results ar¢ in line with our present obser-
vations. The distribution of chain sequence
extension of thermotropic polyesters with
polymethylene spacers were calculated by
Yoon® using isomeric state model. Yoon’s re-
sults also peint to the odd-even effect of the
§pacers.

Another interesting fact to be noted from
Table IIT and IV is that AS; values of polymers
are consistently higher than those of the model
compounds. This may be due to the higher
degree of restraint experienced by the meso-
genic units in the mesophases formed by the
polymers than the model compounds. It was
earlier observed by Blumstein et al.'' that,
¢ven for a same thermotropic polymer, AS;
increased rapidly with the degree of polymeri-
zation. Table 1V shows also that the values of
AS; ranged from 7 to 26%, of total entropy
change, AS,, which are very high when com-
pared with corresponding values of similar
compounds having only one mesogenic unit.
Such phenomena were repeatedly obscrved by
us and others for various systems'! ~131%, In
addition, it should be pointed out that, con-
trary to low molecular weight compounds,
AH; values of the polymers are in general
greater than the values of AH , (Table I11).>~*
This must be due to low degree of crystallinity
of the polymers.

Liguid Crystaitine Organization of Polymers [
and Compounds 11
Figure 7(a) shows a typical optical texture
observed for Polymers 1, and Figure 7(b) for
Compounds II. All of the optical textures

Polymer I., Vol. 18, No. 1, 1586
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(a)

(b)

Figure 7. Microphoiography of Polymer 1 with di-
methylene spacer (x=2) taken at 268°C (a) and
Compound II with trimethylenc spacer (x=3) laken at
201.5°C {b} (Magnitication: 100 x ).

obscrved through the microscope were those
typical te nemalics. And the polymers were
found to be miscible with low
weight nematic compounds in their meso-
phases.'® The results of miscibility study will
be published shortly. Therefore, we can con-
clude that Polymers 1 and Compounds II
formed only nematic phases upon melting. On
the contrary, the compounds of Secries III
formed nematic or smectic phases depending
on the length of the terminal alkyl groups.”
Herce again, we come 1o the conclusion that
the Compounds II are better than Com-
pounds T1T in duplicating the liquid crystalline

molecular

behavior of Polymers 1. In other words, the
compounds of Series LI are better models for
Polymers I than those of Series III.

Polymer 1., Vol. 18, No. 1, 1986

CONCLUSION

From the present investigation the following
conclusions can be drawn:

1. All of the polymers and compounds
reported in this article were enantiotropic,
thermolropic compositions.

2. Polymers I and Compounds Il showed
an odd-cven dependence ol transition tem-
peratures on the number of methylene units of
the spacers.

3. The Compounds II were found (o be
better model compounds than those of Series
TIT Tor Polymers 1.

4, All of the Polymers T and Compounds 11
presented in this articles were nematics.
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