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ABSTRACT: The molecular motion in the polymers poly[oxy(3-methyl-1,4-phenylene)ethylene-1,4-phe-
nyleneoxynonamethylene], MBPE-9, and poly[oxy(3-methylene-1,4-phenylene)ethylene-1,4-phenyleneoxy-
pentamethylene], MBPE-5, was studied at various temperatures on cooling with solid-state 1*C NMR. The
techniques used were (1) cross-polarization and magic-angle spinning (CP-MAS), (2) dipolar dephasing, and
(3) conventional one-pulse NMR with two-level broad-band proton decoupling (BILEV) under MAS conditions.
The observed changes in chemical shift are interpreted in terms of the y-gauche effect. The mobility in the
flexible spacer in MBPE-9 decreases on cooling from the melt at a mesophase transition (345.6 K at 10
K/min), which indicates that ordering in this spacer is the driving force in this transition, while the phenylene
groups remain mobile. A second transition at 331.0 K is linked with the phenylene groups becoming restricted
in their motion. Both states reached on cooling from the melt are conformationally disordered (condis phase).
The similarity of the high-temperature phase with a liquid crystalline phase is discussed. In MBPE-5 the
cooling rate in the NMR experiments is limited and only the low-temperature condis phase could be identified.

Introduction

The repeating units of poly[oxy(3-methyl-1,4-phenyl-
ene)ethylene-1,4-phenyleneoxynonamethylene], MBPE-
9, and poly[oxy(3-methyl-1,4-phenylene)ethylene-1,4-phe-
nyleneoxypentamethylene], MBPE-5, consist of an aro-
matic part, (-C¢H3CH3~CHy—CH—~CsH,-), and a flexible
alkoxy spacer represented by O~(CHy-),0-, wheren =9
and 5 for MBPE-9 and MBPE-5, respectively.

These polymers have been studied previously by various
techniques, including thermal analysis, X-ray diffraction,
and polarized light microscopy.! The pertinent observa-
tions to the present research are as follows. (1) On cooling
at a sufficiently fast rate from the melt, two exothermic
transitions occur. At a cooling rate of 10 K/min the
following peak temperatures are observed: 345.6 and 331.0
K for MBPE-9, and 329.3 and 318.0 K for MBPE-5. On
subsequent heating only single transitions were observed
(for MBPE-9, a peak at 355.5 K and for MBPE-5 a broad
transition starting from 307.0 K and ending at 365.0 K).
This led to the conclusion that these polymers show a
monotropic, metastable mesophase.l. (2) The onset tem-
perature and the heat of the transition from the melt to
the metastable mesophase is independent of cooling rate,
while that of the second exotherm, (i.e. the transition from
the mesophase to the room-temperature phase) is strongly
dependent on the chosen cooling rate (331 K at 10 K/min,
and 338.5 K at 2.5 K/min, for the example of MBPE-9).
It was suggested on the basis of these and other obser-
vations that these polymers, along with others in the
MBPE-n series, may possess a monotropic liquid crys-
talline phase.

A thermodynamic analysis!ed of the transition from the
isotropic melt to the mesophase showed a close-to-zero
entropy contribution of the aromatic group (-CsH;CHs~
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CH:-CH,—C¢H,-) to AS;, the entropy of isotropization
(i.e. the transition to the isotropicmelt). Thisisat variance
to observations made for typical liquid crystal forming
systems.>® Onthe other hand, the total transition entropy
changes from the room-temperature phase to the melt
(81.4 and 106.3 J X! mol! for MBPE-5 and MBPE-9,
respectively,l2 both computed for 100% presence of the
ordered phase) do not suffice to account for the expected
entropies fusion from the empirical rules, valid for large
numbers of large and small molecules®? (about 100 and
140 J K-1 mol-! for MBPE-5 and MBPE-9, respectively).
A similar deficiency in heats of fusion was recently studied
for a liquid crystalline forming small molecule (OOBPD)8
and could be linked to remaining conformational disorder
that ultimately and gradually freezes to a glassy condis
phase.

The questions that need to be clarified for the MBPE-n
are concerned with the changes in order and motion in the
mesophase and in the room-temperature phase. Their
answers should make it possible to characterize the
mesophases better.59

Direct observation of the mobility of the individual
carbons is possible through high-resolution solid-state 13C
NMR. In this paper, qualitative information on the
conformations of carbon—carbon bonds in MBPE-9 and
MBPE-5 has been obtained at five selected temperatures,
covering the range of the transitions. It is shown that at
phase transitions the amount of entropy change measured
by DSC can be linked to the number of C—C bonds that
have changed their conformations by using the empirical
rules of fusion.®® This number of carbon—carbon bonds
can also be independently measured by solid-state NMR
via the y-gauche effect of the 13C chemical shift. Good
agreement exists between the results of the two indepen-
dent techniques. The applied techniques were high-
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resolution 13C CP-MAS, dipolar dephasing, and conven-
tional one-phase NMR with two-level proton decoupling
(BILEV) under MAS conditions.

Liquid Crystals, Plastic Crystals, and Condis
Crystals

In recent years increasing arguments have arisen about
the distinction between the various mesophases. Inorder
to help with the discussion a short review of the mesophase
classes is given in this section. The special mesophases
of polyethylene, polytetrafluoroethylene, polypropylene,
trans-1,4-polybutadiene, polyoxybenzoate, and polypara-
xylylene, for example, have in the past been called smectic
liquid crystals (for a discussion see refs 6 and 9). To
account for the special behavior of mesophase polymers,
terms such as viscous liquid crystals,!® one-dimensional
plastic crystals,!! and columnar liquid crystalline phases!2
have been suggested. All these namings were often over-
lapping and did not always consider the earlier estab-
lished definitions fully.

One should note that the definitions of liquid and plastic
crystals were made before the recognition of macromol-
ecules as a class of molecules, and were based on the
recognition of translational and orientational disorder and
motion of the molecule as a whole. In order to achieve
disorder in a thermotropic mesophase, it was generally
assumed that the liquid crystalline material must possess
arigid rod- or disklike mesogen and the plastic crystalline
material, a close-to-spherical mesogen.?

Macromolecules show on fusion a negligible amount of
translational (positional) and orientational disordering.”
Almost all their entropy of fusion can be linked to
conformational disordering. In a thermotropic liquid
crystal the conformational motion of a flexible spacer gives
the mesogen a possibility of “translation-like” disorder
and motion. With a proper mesogen and sufficiently long
flexible spacer, the mesogens in a macromolecule can have
orientational order while being positionally disordered.®
Close-to-spherical mesogens, as required for plastic crys-
tals, are more difficult to incorporate in macromolecules
if their motion involves rotation about more than one axis.
A globular macromolecule might itself become a mesogen,
but its almost macroscopic size would prevent mobility in
the mesophase. One-dimensional plastic crystalline phases
and columnar phases, as seen in some liquid crystals for
small, rigid molecules are only superficially similar to the
macromolecular mesophases. The difference is that the
motion in the small molecules involves rotation or trans-
lation of the molecule as a whole, while in a macromolecule
the motion is conformational; i.e. in macromolecules,
rotation is based on segmental motion. Thermodynam-
ically, segmental disorder leads to considerably larger
increases in entropy than disorder of the whole molecule.

It was pointed out in 19846 that for macromolecules a
different mesophase may exist, that of the conformation-
ally disordered crystal, or short, the condis crystal. In a
major review more than 100 condis crystals of small and
large molecular size were analyzed.? It has become clear
that liquid crystals and plastic crystals that have confor-
mational isomers always show almost as much confor-
mational disorder in the mesophase as is seen in the melt.}
Condis crystals, in contrast, do not show the characteristic
translational or orientational disorder and motion of the
molecule as a whole seen in liquid and plastic crystals,
respectively. Only the flexible parts of the molecules
remain fully or partially disordered and mobile. These
condis crystals lose their large-amplitude conformational
motion at lower temperature either at a further ordering
transition, by gradual ordering, or without complete
ordering in a glass transition.

Macromolecules, Vol. 25, No. 22, 1992

Using the model of wormlike molecules, it was predicted
by Ronca and Yoon!s that the shortest possible rigid
mesogen, that of C-C in a sequence of CH; groups could
cause a liquid crystal phase only at temperatures less than
75K. Atsuchalow temperature both the crystallization/
melting and the glass transition have intervened on cooling
so that liquid crystalline polyethylene and n-alkanes
cannot be realized. Closer to the melting temperature of
polyethylene (414.6 K) and long-chain n-alkanes, confor-
mational disorder becomes possible, however, and leads
sometimes even to a crystallographically different condis
phase.? The occurrence of a liquid crystal phase at a given
temperature is thus critically dependent on the size and
geometry of the rigid mesogen and the ranges of existence
of a glass or of more ordered crystals. The condis phase,
in contrast, can occur independent of the existence of a
mesogen. It can arise gradually by the introduction of
relatively uncorrelated conformational motion and the
corresponding disorder, or it can arise at asharp transition
temperature to a more symmetrical, lower density crystal
structure with more cooperative conformational motion.?

When it was shown by Cheng et al.!2 that in the
mesophase of the present polymers the aromatic sequence
does not contribute to the entropy of ordering, the question
was raised whether a “flexible” alkyl sequence can cause
the whole molecule to become a liquid crystal or if the
polymer molecule as a whole, or over long segments, attains
sufficient translational and orientational order so that the
mesophase is better described as being a condis crystal.

In this paper, analysis of the order and the molecular
motion of the carbon atoms in MBPE-9 is studied and it
will be documented that, indeed, on cooling, the flexible
sequence orders first, but retains conformational disorder;
i.e. it does not become a rigid mesogen. At the second
stage of ordering, it will be shown that mainly the aromatic
sequence is involved, while the flexible sequence has not
changed much. The low-temperature phase is, thus, still
a condis crystal, with conformational motion left in the
CH; groups via kinks and jogs, and in the aromatic
sequence via 180° ring flips.

Experimental Section

Samples and Prior Characterization. The preparation of
the polymers involved coupling 1-(4-hydroxyphenyl)-2-(2-methyl-
4-hydroxyphenyl)ethane and a,w-dibromoalkanes.'®” The mo-
lecular weights were reported to be 19 000 (My/M, = 1.9) and
20 600 (Mw/M,, = 1.4) for MBPE-5 and MBPE-9, respectively.®
The melting peak at 10 K/min heating rate ranged from 307.0
to 365.0 K for MBPE-5 and had a peak at 355.5 K for MPPE-9.
The glass transitions were at 288.5 and 272.0 K, and the first
mesophase transitions (on cooling at 10 K/min) at 329.3 and
345.6 K for the respective polymers. Typical crystallinities,
measured by comparison of the X-ray intensity in diffraction
peaks and in the diffuse halo and of heats of fusion, were 0.44
for MBPE-5 and 0.54 for MBPE-9 on cooling at 10 K/min.!aed

Instruments and Experiments. All solid-state 13C NMR
measurements were made with a Nicolet NT 200 spectrometer
operating at 200.07 and 50.31 MHz for 'H and 3C, respectively.
The solid-state probe was purchased from Doty Scientific, Inc.,
and has a design similar to that described in the literature.!® The
probe has variable-temperature capability over the range 160—
430K. Forchemical shift thermometryit is necessary to calibrate
the sample temperatures above 300 K. This was done by
measuring the proton resonances of liquid ethylene glycol!®
through the decoupler at various temperatures under the same
spinning rate as for the solid-state experiments. The cylindrical
sample container (rotor) was made from a single crystal of Al;O3
(sapphire) and has a diameter of 5 mm. The end cap pairs used
for the rotor were made from brown plastic Vespel (Registered
trademark for a DuPont polyimide). The sample was spun with
nitrogen gas at 4.5 kHz at the magic angle for all measurements.
After stabilizing temperature and sample spinning rate, prior to
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each measurement, the probe was tuned and matched with a
2382 spectrum analyzer (100 Hz to 400 MHz) made by Marconi
Instruments.

The conventional one pulse of 13C with two-level decoupling
of protons (BILEV) was used to obtain the spectra of the maobile
molecules, such as the isotropic melt and the amorphous fraction
below the melting temperature but above the glass transition
temperature. The pulse width used for 1*C was 3 us, corresponding
toa 55° pulse angle, and the recycle delay between two successive
pulse sequences was 3 s.

The 13C spectra of the rigid materials were obtained using the
methods of cross-polarization, high-power proton decoupling,
and magic-angle sample spinning (CP-MAS).?® The spin contact/
lock time was 1 ms and the 90° pulse width for protons was 5 us.
The recycle delay was 5 s. The dephasing experiments were
carried out by inserting a dephasing delay, 7, following C-H cross-
polarization and prior to signal acquisition (when 7 = 0 us, the
dephasing experiment is identical to the standard CP-MAS).2!

Unless specified otherwise, all spectra were acquired with 200
accumulations. Phase cycling was used in both the 13C and the
IH channels. The data size was 8 or 16 kilowords (16 bits per
word) for a spectral width of 10 000 Hz (200 ppm). The 13C
chemical shift values were referenced indirectly relative to TMS
(tetramethylsilane) via hexamethylbenzene (the CH; resonance
is 17.37 ppm). The spectrometer field drifting was estimated to
be less than 0.05 ppm during a variable-temperature run. In
order to relate to the DSC work, the variable-temperature 2C
NMR spectra were taken by decreasing the temperature stepwise.

Results

Chemical Shift (5) of the Melts. The repeating units
of the polymers MBPE-5 and MBPE-9 are shown below
with the numbering of the distinguishable carbon atoms
used in this paper. For MBPE-5 there are only five

] 3 10 1
5 7 e o
o= o CH,CHy <
3 1 1

13 14 18 20 21
OCH,CH,CH,CH,CH, —
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3 1 1

MBPE-9

methylene groups in the flexible spacer, therefore, the
central carbon is numbered C-15, and the numbers of C-16
through C-19 are not used.

MBPE-9. The proton-decoupled 13C spectra of the
melts at 373 K for MBPE-9 and 410 K for MBPE-5
obtained with BILEV, can be found in Figures 1 and 2,
and the chemical shifts, 6, in Tables I and II, respectively.

The assignment of the methylene 13C’s in the alkoxy
chain of MBPE-9 was made by starting with the spectrum
of n-nonane whose 13C § values are known to be, from the
end (methyl) to the center, 14.2, 23.3, 32.6, 30.0, and 30.3
ppm.22 In MBPE-n the methylene carbons of the alkoxy
chain are, however, subject to the influence of substituent
effects from the oxygen. The available data on the alkyl
carbons of aralkyl ethers?? (with the group of phenylene—
oxygen—alkyl) show that when the alkyl chain consists of
more than five carbons, the oxygen has positive substituent
effects (deshielding) of +55 and +5.8 ppm on the a- and
B-carbons, i.e., C-13/C-21 and C-14/C-20, respectively.
Thus the measured values of 68.66 and 30.06 ppm, listed
in Table I, are assigned for C-13/C-21 and C-14/C-20,
respectively. The oxygen, however, has a negative sub-
stituent effect (shielding) of about -6.4 ppm on the
y-carbon,?® i.e. C-15 and C-19, which causes them to
resonate at 26.72 ppm. The rest of the carbons are not
influenced by the oxygen, therefore, their 6 values agree
well with the respective carbons in n-nonane. The signals
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Figure 1. Variable-temperature 1*C NMR spectra of MBPE-9.

The temperatures are listed. Thelabels B and C stand for BILEV
and CP-MAS, respectively.

of C-16 through C-18 show one single, intense peak at
30.06 ppm, overlapping with C-14/C-20.

The 3C’s in the ethylene linkage between the two
phenylene rings (C-7 and C-8) show a pair of sharp signals
at 36.8 and 35.3 ppm, respectively.

For the aromatic carbons, the assignments can also be
made on the basis of the consideration of substituent
effects. Detailed values of the substituent effects on the
aromatic 1°C’s can be found in the literature.?22¢ The
predicted values are in good agreement with the measured
ones. The § values for all the aromatic carbons are also
listed in Table L

MBPE-5. Similar considerations as for MBPE-9 apply
for MBPE-5 with the exception of C-15. The position of
C-15 in MBPE-5 is special because it has two oxygens as
v-substituents from the ends of the aliphatic spacer. In
this case two y-substituent effects, 2(—6.4) ppm, should be
added to the base value of 34.7 ppm of n-pentane, to give
21.9 ppm, being closest to the observed signal at 23.31
ppm. The chemical shifts for MBPE-5 are listed in Table
IL.

Differences between the predicted and measured é values
are due to the fact that the predictions are based on
solution spectra of small molecules; therefore, they may
not be fully applicable to the molten state of polymers.
Nevertheless, the predictions are still sufficiently close to
the measurements to permit an unambiguous assignment.

Chemical Shifts of the Solid State. The !3C chemical
shifts of the increasingly solid samples are also listed in
Tables I and II for MBPE-9 and MBPE-5, respectively
(see also Figures 1 and 2). Two sets of values are given
for each temperature. One was obtained with the CP-
MAS mode of measurement; the other with BILEV. These
values can only be rationalized with a knowledge of the
molecular motion and conformation, therefore, the dis-
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Figure 2. Variable-temperature 1*C NMR spectra of MBPE-5.
The temperaturesarelisted. Thelabels B and Cstand for BILEV
and CP-MAS, respectively.

Table I
13C § Values (in ppm Relative to TMS) for MBPE-94
310K 326 K 339K 364 K 378K
C1,C12 1589/158.1 158.5/158.1 158.4/158.1 NA®/158.1 NA/158.2

C2 109.9/112.1 109.4/112.2 109.5/111.3 NA/112.56 NA/112.7
C3,C10 130.5/129.5 129.6/129.5 129.5/129.6 129.6/129.5 NA/129.6
C4 135.0/134.4 134.4/124.6 134.5/134.4 NA/1344 NA/134.5
Cs 139.6/137.0 138.9/137.1 138.8/137.1 NA/137.1 NA/137.1
Cé 119.6/NA  119.4/117.1 119.4/117.4 NA/117.4 NA/117.5
C7 38.8-35.0c 38.6-35.0 38.4-350 NA/369 NA/36.8
C8 38.8-35.0 38.6-35.0 38.4-350 NA/353 NA/35.3
C9 133.2/132.4 132.8/132.8 132.9/132.7 NA/132.5 NA/132.6
C11 115.4/115.0 115,0/115.1 115.2/115.2 NA/115.2 NA/1154
C13,C21 69.1/68.3 68.8/68.5 68.6/68.6 68.6/68.6 68.63/68.7
0182%17, 33.8/32.8 33.1/31.0 33.3/30.6 30.1/30.2 30.2/30.1
C15,C19 27.5/27.1 27.3/27.1 27.0/27.0 26.8/26.8 26.8/26.7
C16,C18 31.7/31.1 31.5/31.0 30.9/30.6 30.1/30.2  30.2/30.1
CH; 20.0/20.0  20.1/20.1  20.0/20.1 20.0/19.9 NA/19.8

o The first value is measured with the CP-MAS pulse sequence,
and the second valueis from BILEV. ¢ “NA” stands for not available,
because either nosignal is detected or thesignal is too broad. ¢ Because
of broadening, two values separated by a — sign indicates the
approximate range.

cussions of the assignments of chemical shifts below the
meiting temperature are postponed to the discussion where
a full description of the conformations about the various
C—C bonds is presented.

Dipolar Dephasing Spectra. For each polymer, the
dipolar dephasing experiments were carried out at two
typical temperatures: (1) between the two transitionsand
(2) below the second transition on cooling. The spectra
are shown in Figures 3-5.

Discussion

Basic Principles of the Interpretation of the Vari-
able-Temperature 13C NMR Data. Three pulse se-
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Table 11
13C 5 Values (in ppm Relative to TMS) for MBPE-5+

310K 326K 350 K 386K 410K
C1,C12 158.1/158.2 157.9/158.4 158.1/158.3 NA/158.0 NA/158.1

Cc2 111.0/108.7 110.2/NA NA/NA  NA/1126 112.7/112.8
C3,C10 130.7/130.7 130.2/130.2 129.8/129.6 129.6/129.7 129.6/129.6
C4 135.5/NA 135.4/135.8 NA/NA  NA/134.5 NA/134.6
Cs 138.1/138.1 138.1/138.6 NA/137.1 NA/137.2 NA/137.2
Cé 119.4/NA 1196/NA NA/117.2 NA/1174 NA/117.6
C7 40.2-38.2 40.1-38.1 NA/36.4  37.0/36.7 36.7/36.6
C8 40.2-38.2 40.1-38.1 NA/36.6  37.0/35.0 36.1/35.0
C9 132.9/NA  132.7/133.1 NA/NA  NA/1326 NA/132.7

Cl1 115.0/115.0 115.0/115.1 114.9/115.0 115.1/115.3 115.4/115.5

C13,C21 68.3/68.2 681/68.4 684/68.2 68.5/684 68.6/68.6
C14,C20 31.7/31.7 81.8/31.9 NA/30.1 29.8/29.8 29.8/29.8
C15 27.3/27.3 27.3/NA  23.2/23.1 23.4/23.3 23.4/23.3
CH, 20.4/20.4  20.3/204 20.0/19.8 19.8/19.7 19.7/19.7

@ Table notes are the same as for Table L.
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Figure3. 3C NMRspectraof MBPE-9at 339 K: (top) measured
with CP-MAS; (bottom) measured with dipolar dephasing, with
a delay of 70 us.
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Figure 4. Dipolar-dephasing 1*C NMR spectra of MBPE-9 at
310 K. From bottom to top the dephasing delays are 120, 100,
80, 60, 40, 20, 10, and O us.

quences were used, namely the CP-MAS, the dipolar
dephasing, and the BILEV, as described in the Experi-
mental Section. The first twowere used for the observation
of rigid carbons.?! The BILEV experiment is designed to
detect signals from mobile carbons only, i.e. those of short
13C T, values. The mobile carbons should be in the melt
or any remaining liquidlike sequences in the partially
crystallized samples. Even in liquid crystalline samples
one expects largely only BILEV signals from all carbon
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Figure5. 3C NMR spectraof MBPE-5at 325K: (top) measured
with CP-MAS; (bottom) measured with dipolar dephasing, with
a delay of 30 us.

atoms. Itis, therefore, possible to detect signals separately
from a system that is heterogeneous (one phase is more-
ordered and rigid; and the other less-ordered, mobile) by
using different pulse sequences.

For rigid carbons which show signals in CP-MAS, the
connection between the molecular mobility and the
dephasing behaviors of the nuclear spins can be understood
on the basis of the following considerations. In a dipolar
dephasing experiment, the signal decreases with an
increase of the dephasing delay r. When r = 0, the
spectrum is identical to that of a CP-MAS, and maximum
signal intensities are observed. The decrease of the 3C
magnetization during the dephasing delay, characterized
by the effective spin-spin relaxation time T*;, depends
on the strength of the dipolar interaction between the 13C
and 'H. The ¥C-'H dipolar interaction is, in turn (1)
proportional to the number of interacting protons, (2)
dependent on (rcy)=3, where rcy is the internuclear
distance, and (3) inversely related to the rate of motion;
i.e. a rapidly rotating group could appear as if its protons
were farther away from the 2C. It is thus possible to
separate the carbon atoms into three categories according
to their number of attached protons and their mobility:
(1) Signals of rigid, protonated !3C will be suppressed by
virtue of dephasing because of a short spin-spin relaxation
time (T™,) ariging from strong and dispersed dipolar local
fields. (2) Signals of mobile, protonated 13C will be less
suppressed because of the relatively long spin-spin re-
laxation time arising from partially averaged, therefore,
weaker dipolar local fields. The methyl carbon resonances
thus still remain, because of the rapid methyl group
rotations that reduce the 13C-'H dipolar couplings. (3)
Signals of nonprotonated !3C will be least affected because
of even longer spin—spin relaxation time resulting from
the fact that the carbon atoms are far away from any
protons (>0.2 nm compared to 0.109 nm for a direct C-H
bond). This method has been used for T*; measurement
of 13C in some plastic crystals for studying molecular
motion.25:26

Information on the alkyl chain conformation and motion
can be obtained from the temperature dependence of the
chemical shift of 13C. In the solid state, especially in the
nonionic polymeric systems, even though the molecules
are packed in close proximity and their 5 reflects these
packing effects, one finds that the intramolecular con-
formations are the most important influence on the 13C
chemical shifts.2”-2® The § of a given !13C is influenced by
substituents in the a-, 8-, and y-positions relative to the
observed carbon, giving a-, 8- and y-substituent effects.
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The - and $-substituents have fixed contributions to the
6 value of the observed carbon as long as the chemical
structure of the molecule is fixed. The y-substituent effect
has a conformational origin,2"2® because the observed
carbon, °C, and its y-substituent, "X, are separated by
three intervening bonds, °CHx~CHx~CH3-X, and their
mutual distance and orientation are variable, depending
on the conformation of the central bond. Therefore, the
change of the 13C § is due to change in the conformation
(or rotational state) of the central bond between °C and
*X. For a 13C to be more shielded by a v-substituent, "X,
it has been suggested that the °C and X must be in a
gauche arrangement. The effects of such +y-gauche
shielding can be evaluated to be yo-c =-5.2 ppm and v¢c-o
=-7.2ppm.28 Inthe melt or in solution, the rotating C-C
bonds are expected to have a population of about 40%
gauche conformation, a value based on an energy difference
of about 2.8 kJ/mol between gauche and trans confor-
mation and an approximate temperature of 400 K.2®
Accordingly, one expects after a transition from a fully
ordered, all-trans conformation to the one with 40% of
gauche that the 4 of the 13C decreases (becomes more
shielded) by Aé = 2(0.4)(-5.2) ppm = -4.16 ppm. The
factor of 2 accounts for the situation that two y-substit-
uents exist, one on each side of the carbon atom in question.
If only one of the two y-substituents has changed, while
the other remains the same, the Ad is expected to be only
0.4(-5.2) ppm - 2.08 ppm. Similarly, if neither of the
v-substituents changes its spatial relationship with respect
to °C, Adis zero. Overall, as temperature is increased, the
4 of a 13C in linear paraffin chains may change by amounts
close to —2.08 or —4.16 ppm.

MBPE-9. In Figure 1, the CP-MAS spectrum of the
melt (373 K) still shows some signals from the CH,
sequence, although they are much weaker than in the
BILEV spectrum. This indicates that even in the melt
there are some alkoxy chains that are still rigid enough to
cross-polarize. The aromatic!3C’s in the (-CgH3CH3—CHy-
CHy-C¢Hy-) group, in contrast, show no signal with CP-
MAS, indicating that rotational motion of the phenyl
groups is rather fast.

As temperature is decreased to 354 K, the intensities of
the 13C CP-MAS signals increase as a result of decreased
mobility. For the first time the phenylene carbons also
show weak signals. The intensity of the BILEV spectrum
is, however, still much higher, indicating that the sample
is still quite mobile.

On cooling to 339 K, calorimetry shows an exothermic
transition with an entropy loss of 16.7 J K-! mol-!. This
transition was interpreted as a change from liquid to liquid
crystal, but it was also shown at the same time that
practically all of the entropy of transition originates in
the flexible CH; sequence.!c This can be supported by a
comparison of the NMR spectra between 354 and 339 K,
to be explained in the following.

In the methylene sequence, the CP-MAS signals of C-15
and C-19 remain approximately the same before and after
the transition, indicating that the bonds C-13-C-14, C-16-
C-17 (for C-15), C-17-C-18, and C-20~C-21 (for C-19)
remain mobile to give the same trans-to-gauche ratio as
in the melt and thus do not contribute to the entropy
change. Similarly, the unchanged chemical shifts of C-13
and C-21 indicate that the bonds C-14-C-15 and C-19-
C-20 also remain at a comparable gauche content. Thus,
in the methylene sequence there are six bonds (as specified
here) that do not change their gauche concentrations on
cooling from theisotropic melt to the mesophase. Because
the motion about C-14-C-15 and C-17-C-18 and about
C-16-C-17 and C-19-C-20 is not changed by the phase
transition, one can predict that the signals for C-16 and
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C-18, respectively, should be relatively constant at 30.1
ppm (only 0.7 ppm shifting is observed).

On the other hand, there appears a new signal at 33.3
ppm in the CP-MAS spectrum on cooling from 354 to 339
K (Figure 1). This new peak grows in intensity as the
temperature is decreased to 326 K. The downfield shift
is 3.2 ppm and could be attributed to the loss of two
y-gauche effects. Excluding the six C—-C bonds which do
not change their gauche characters, as shown above, the
following bonds may be involved in a conformational
change: 0-C-13,C-15-C-16,C-18-C-19,and C-21-0. The
change from 40% gauche to all-trans in these four bonds
should cause C-14, C-17, and C-20 to resonate downfield
by an amount of roughly two y-gauche effects, i.e., 4 ppm,
being close to the observed value of 3.2 ppm. Thus, the
new peak at 339 K can be assigned to C-14, C-17, and
C-20. The relatively weak intensity of the new peak at
33.3 ppm that contains the signal of three carbon atoms
as compared to that at 30.9 ppm that contains signals of
only two carbon atoms may be explained by the CP pulse
sequence which discriminates resonances of carbon atoms
of different mobilities. In this case, the chosen CP pulse
sequence favors the two more mobile atoms, C-16 and
C-18.

Inthe dephasing spectrum in Figure 3, the greatest signal
suppressions occur for C-14, C-17, and C-20, while the
signals for C-16, C-18, C-13, C-21, C-15, and C-19 remain
clearly visible. This is to be interpreted that the motion
of these carbons is reduced most after going through the
transition, supporting the assignments that the resonance
of 33.3 ppmisdueto C-14,C-17,and C-20. This conclusion
is also consistent with the observation made by BILEV
experiment at 339 K shown in Figure 1. The signals of
rigid carbons C-14, C-17, and C-20 can hardly be seen in
the BILEV spectra of Figure 1, while the fairly good BILEV
signal-to-noise ratio of the other carbons suggests that the
other carbons are more mobile.

Based on the observations that only C-14, C-17, and
C-20 have changed their chemical shifts (downfield) and
become more rigid, it is possible to draw a picture on the
overall conformation of the methylene spacer, as shown
in the following diagram;

1 t t t
-0-C5C5C5C5CyC5Cr C5CrO0-

13 14 s s

From this diagram, one can see that the first phase
transition on cooling from the isotropic melt leads to four
bonds becoming fixed in trans conformations (those
marked with t), while the rest still undergo trans-gauche
conversions (i.e., are disordered). This picture is basically
in agreement with ordering found for the methylene
spacers in some main-chain polymeric liquid crystal
systems,3-% in which the spacers adopt an extended (i.e.,
trans-rich) conformation. The prediction that transstates
are alternatively placed along the methylene sequence3435
is, however, not fulfilled for MBPE-9.

The change of conformations in these four bonds (O-
C-13, C-15-C-16, C-18-C-19, and C-21-0) on transition
to trans could cause an entropy change of up to 4 X 9.5
J K1 mol-! = 38 J K™! mol}, calculated according to an
empirical rule for the entropy of fusion.” This value is
then multiplied by the fraction of crystallinity of 0.54, to
give a value of 20.5 J K1 mol!, being close to the observed
valueof 16.7J K-1mol-L. The crystallinity was determined
before by calorimetry,!ad and is supported by an estimate
of the mole fraction of cross-polarizable 13C’s (seen by the
peak area of the C-14/C-20 resonances in CP-MAS at 339
K) versus the total number of carbons (seen by the area
of peaks in CP-MAS plus that in BILEV at 339 K). This
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observation on the alkoxy chain carbons leads to the
conclusion that the entropy change of 16.7 J K- mol! at
the first transition on cooling is due to a partial ordering
of the alkoxy chain and not of the (~C¢gH3CH3~CH~CHy-
CeHy—) group, which is in agreement with a close-to-zero
entropy contribution from the aromatic part which was
inferred before by Yandrasits et al. by extrapolating the
transition entropy to zero methylenes in the flexible
chain.lc

As the temperature is decreased from 354 to 339 K, the
signals from the ethylene linkage, i.e., C-7 and C-8, also
undergo some noticeable changes. Their line width
becomes broader and the average resonance position shifts
downfield (chemical shift becomes larger). The increase
in the line width reflects a detectable distribution of
environments, resulting from a slowing-down of the
motion. While the increase of the average chemical shift
cannot be interpreted by the conformational-dependent
v-gauche effect, as described above, since the alkyl chain
(ethylene in this case) is not sufficiently long. For short
chains the intermolecular packing effect on the change of
13C chemical shift becomes important. Therefore, the
change in the resonances of C-7 and C-8 cannot be simply
interpreted.

To further support the surprising result of partial
ordering in the flexible chain, one needs also examine the
mobility of the aromatic group (-C¢H3;CH3z~CHy~CHz—
CeH,o) itself. The experimental evidences on the mobility
(to be discussed below) indicate that the motional behavior
of the (-CgH3sCH3-CH~CHy—CgHy~) group deviates rather
remarkably from that of a mesogen in the classical liquid
crystal systems (supposed to be a linear rigid group).

At 339 K, a comparison between the CP-MAS and the
dephasing spectra of MBPE-9, shown in Figure 3, indicates
that (1) the signal intensities of nonprotonated carbons
C-1, C-4, C-5, C-9, and C-12 are, as expected, the least
affected when compared to those of protonated carbons.
This observation can also be used as further confirmation
that the chemical shift assignments for the nonprotonated
carbons were correct and (2) the signals from the proto-
nated aromatic carbons C-2, C-3, C-6, C-10, and C-11 as
well asthat of C-7and C-8 have been somewhat suppressed.
The suppression of the signals from these carbons is,
however, only slight, even with a long dephasing delay of
70 us. This indicates considerable motion is left in the
rings. A detailed description of the motion in the
phenylene groups can, however, not be derived from the
results of the present NMR experiments because of their
rather qualitative nature. The degree of disorder in the
high-temperature mesophase must be similar to that found
in the melt, otherwise, if there would have been a change
to 180° flips (jumps between two identical symmetry sites),
there should have been an entropy decrease noticeable by
calorimetry when going to the high-temperature me-
sophase. The (-CgH;CH3;-CHo—CHo—-CgHy-) groups pro-
duce thus little or no orientational order, in contrast to
the behavior in liquid crystals with a rigid mesogen.

The spectrum of (—-C¢HaCHg~CHx~CHo-CgHy-) ob-
tained with CP-MAS at 339 K in Figures 1 and 3 can be
decomposed into two sets of resonance lines. One re-
sembles the higher temperature (354 or 373 K) BILEV
spectrum, and the other is that found at lower temperature
(326 or 310 K) in the CP-MAS spectrum.

The discussion of the motion and entropy gives a better
understanding of the nature of the mesophase of MBPE-9
formed after the first transitions on cooling. The BILEV
(mobile part) and CP-MAS (rigid part) spectra show an
approximately equal intensity. Since the fraction of the
rigid component does not change significantly on going
beyond the second transition (see Figure 1) and the
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calorimetic crystallinity of similarly cooled samples at room
temperature is about 50%,! one can identify this rigid
fraction with the part that will ultimately end up as the
room-temperature crystallinity, Animportantconclusion
of this observation is that the high-temperature mesophase
is only involving about 50% of the sample. Assuming
from the calorimetric extrapolation with CHz-spacer chain
length and the present discussion of motion that little or
no entropy change occurs in the (~CgH;CH3s—~CH-CHo~
C¢H,-) sequence on going through the high-temperature
exotherm, one can calculate that the measured entropy of
transition of 16.7 J K-! mol! matches the estimated
entropy of transition of 50% of the nine CH; groups to an
atmospheric pressure condis phase which was shown in
ref 9 to have an entropy of transition of about 3.5 J/(K mol
of CH,). The y-gauche effect lets one, furthermore, derive
that bonds 0-C-13, C-15-C-16, C-18-C-19, and C-21-O
are practically always in the trans conformation after
cooling through the high-temperature exotherm. Theloss
of conformational disorder of these four bonds of the 50%
of the sample that becomes ordered, accounts also for about
0.5X 4% 9=18J K1mol, close to the measured amount.
The specific conformational restrictions derived from the
NMR data permit the suggestion of the predominant
existence of 2g1, 2g2, 2¢3, and 3g3 kinks and jogs out of
the class of conformations which leave the bundies of CH,
sequences in a largely extended, parallel, low-energy
conformation,® as was proposed by Pechhold.?” The
nomenclature 2g or 3g indicates the number of gauche
bonds in the kink or jog. The final number (1, 2, or 3)
indicates the shortening of the chain in multiples of half
the unit cell length of the crystallographic orthorhombic
chain. Inadditiontotheshorteningin the chaindirection,
there are displacements in the a- and b-directions. The
2g defects introduce 33 % of gauche conformations, the 3g
defects,50%. Itisthuseasyto makeup the above assigned
equilibrium concentration of gauche conformations in the
sequence restricted by the experimentally determined
trans bonds. The mechanisms of alternating between the
various possible defects was shown in the recent molecular
dynamics simulations of Sumpter et al.38 to be frequent
and based on the thermal, random generation of gauche
defects at times in the picosecond range.

The (-C¢H3;CH3;-CH;-CH-CgH4-) sequence shows in
this high-temperature mesophase only the beginnings of
the restriction of motion, insufficient to increase the
entropy significantly. It is interesting to note that the
analogous polyparaxylylene [PPX, (-C¢H,~CHs-CHy-), ]
shows also high-temperature condis phases. These have
been studied by thermal analysis?®4® and by molecular
mechanics computation.! In the high-temperature me-
sophase of MBPE-9 the aromatic sequence must be much
more disordered than in the 8;-phase of PPX, which shows
an entropy of 14.3 J K-1 mol! on crystallization.

On further cooling of MBPE-9 from the high-temper-
ature mesophase at 339 K to 326 and 310 K, the chemical
shift values of the alkoxy chain carbons do not change
significantly (<0.7 ppm), as can be seen in Table I and
Figure 1. The dephasing experiment at 310 K, Figure 4,
shows that even with the a dephasing delay of 120 us, the
signals of C-15 and C-19 (at 27.5 ppm) as well as C-16 and
C-18(31.65 ppm) can still be observed, indicating a residual
mobility which keeps the chain conformationally disor-
dered. The observed entropy at the second transition (36.3
J K-l mol-!, with a cooling rate of 10 K/min)a¢ is thus not
lil'l::ily to be due to major amounts of ordering in the alkoxy
chain.

On the other hand, a large change can be observed in
the (-C¢H3;CH3z~CH-CH~Ce¢Hy-) sequence after the
second transition to the room-temperature phase. The
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coexistence of the different conformations seen at 339 K
in the CP-MAS spectrum becomes no longer observable,
as indicated by the resonances of C-2 and C-6 in Figure
1. Eachdistinguishable carbon atom in the rings produces
only a single “rigid” line. In the dipolar dephasing
experiment, shown in Figure 4, the CP-MAS signals from
C-2 (109.9 ppm), C-6 (119.6 ppm), and C-3 (130.5 ppm)
can be suppressed with a shorter dephasing delay (40 us),
indicating that the methyl-substituted phenylene ring has
become much less mobile. The slowing-down of motion
in this ring may introduce sufficient order to be linked to
the observed entropy change of 36.3 J K1 mol"l. The
signals of the unsubstituted phenylene ring carbons, on
the other hand, cannot be suppressed, even with a r of 120
us, as can be seen from the signals of C-11 (115.4 ppm) and
C-10 (130.5 ppm) in Figure 4. Thus, this ring remains
quite mobile at 310 K. Judging from the mesophase
transitions in PPX [AS; = 14.3, ASa; = 2.7, AS4:1 = 9.9 J
K-1mol™'},3240 one could expect an entropy change of about
54 J K- mol! for complete, or 29.2 J K1 mol-! for 54%,
crystallization of the (O—-C¢H3sCH3;-CHy~CH;-C¢H-0-)
group. Additional perfection in the packing of the
(CH3-)s sequence (i.e., change in intermolecular interac-
tions which is usually small compared to the change in
intramolecular interaction, i.e., conformational change,
for long alkyl chains), which can be shown by the gradual
increases of their é values with a decrease the temperature
from 339 to 310 K, can easily make up the remaining
entropy loss of (36.3 - 29.2) = 7.1 J K™ mol™L,

The reason that the methyl-substituted phenylene ring
becomes immobile at 310 K may be related to the inter-
and intramolecular interactions. Thelatter causesastrong
steric interaction between the CH; and the methylene
group of C-7. This type of interaction has been discussed
for the two adjacent methyl groups in hexamethylben-
zene.*2 The unsubstituted phenylene ring is, in contrast,
relatively free to rotate about its 1,4-axis. The former can
be deduced from the thermal behavior of PPX.

The low-temperature phase of MBPE-9 (310 K) is still
conformationally disordered to some degree, asis indicated
by the observations that (1) the unsubstituted phenylene
ring is still mobile and (2) there are still six bonds in the
CH; spacer which possess a high gauche character. From
these six disordered bonds one expects a further entropy
of disordering of about 57 J K-! mol! (or 31 J K-! mol™!
for the 54% crystalline sample). On further cooling this
excess entropy can be reduced by continued ordering as
in a normal liquid, ending in a glass transition which could
be proven by an analysis of the heat capacity. Another
possibility would be the existence of further transitions at
lower temperature, a less likely alternative since qualitative
DSC down to 150 K showed no evidence for such a
transition. Again, detailed heat capacity measurements,
in progress, should be able to resolve this remaining
problem. A similar behavior was recently observed in our
laboratory in the 13C NMR and thermal analysis of the
condis phases of N,N’-bis(4-n-octyloxybenzal)-1,4-phe-
nylenediamine (OOBPD),? a small molecule that forms
liquid crystals at high temperatures.

MBPE-5. Thesame analysis can be made on thesample
of MBPE-5. The variable-temperature NMR spectra are
shown in Figure 2. At 410 K, in the isotropic melt, the
CP-MAS spectrum shows residual resonances of the CH,
sequence and C-7 and C-8, but not of the aromatic 13C
atoms, indicating again rigidity of the flexible spacer even
in the melt, similar to that of MBPE-9. The resonances
not observable in the CP-MAS spectrum at 410 K are
traceable to weak 13C-'H dipolar interactions resulting
from phenyl rotation.
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As the sample is cooled to 401 K (spectra not shown)
and 386 K, still above the reported first transition
temperature, the spectra are essentially the same as that
of the isotropic melt, as can be seen in Figure 2 and also
the chemical shift values in Table II. This indicates that
on cooling the sample remains liquid at 386 K or even
lower.

At 350 K, the CP-MAS spectrum shows increased
intensities from aromatic 1*C’s in the (-CgH3;CHs~CHy—
CH;-CgHy~) group as a result of reduced mobility. On
the other hand, the spectrum shows decreased signal
intensities of the ~CHj sequence. This is probably due to
amotion having correlation time of 10-5-10%s! which are
more effective to reduce the proton spin—lattice relaxation
time in the rofating frame to such a small value that the
cross polarization can no longer occur.43 A CP-MAS
experiment with variable spin lock/contact time would be
necessary to prove this point. Such an experiment at 350
Kis for MBPE-5, however, not possible because the sample
is continuously perfecting its order. In the BILEV
spectrum, although the chemical shift values are still that
of the melt, the line widths are broadened significantly
when compared to those at higher temperatures (e.g. 386,
401, and 410 K). The broadening arises when the motion
of the groups under consideration give rise to strongly
fluctuating dipolar fields. The broadening caused by the
motion of 1075-10-% s-! generally cannot be removed by
the high-power proton decoupling because it is of the same
order of magnitude as the intensity (50 kHz) of the rf field
applied through the decoupler. Thus, both the CP-MAS
and BILEV spectra indicate that the CH, sequence
undergoes a large-amplitude motion of 105-10%s-1, This
motion is considered to be a slow motion on the NMR
time scale and is most probably due to chain diffusion.
The diffusion also exists at higher temperatures, but with
a somewhat higher rate such that the dipole-dipole
interaction can be averaged and results in line narrowing.
These observations can be interpreted with the beginning
of a crystallization process, in which the (-C¢H3CH3-CH,-
CHy~C¢Hy~) groups are gaining order, which is made
possible (or helped) by the decreased motion of the alkyl
chains. The spectra of 350 K are thus an intermediate
between the melt and the room-temperature phases. The
appearance of the spectra are expected to be dependent
on the length of isothermal observation time.

At 325 K, a single phase transition was observed in DSC
(onset temperature is 329.3 K) when the sample is cooled
at a rate of slower than 2.5 K/min, which is the average
cooling rate used in the NMR measurements. The NMR
spectra of both BILEV and CP-MAS in Figure 2 are almost
identical to that of 310 K, except that the intensity of the
CP-MAS spectrum is slightly lower than that of 310 K. In
the dephasing experiment, Figure 5, except for the -CHj3
carbon, signals from all other protonated carbons were
suppressed even with a shorter delay (30 us compared to
70 us for MBPE-9). The chemical shift values alsoindicate
stiffening of the molecule. For C-15, the ¢ changes from
23.2 ppm at 350 K to 27.30 ppm at 325 or 310 K. This
large difference must be attributed to two y-gauche effects
and corresponds to the change of the conformation in the
bonds of C-13-C-14 and C-20-C-21 from a high gauche
concentration in the liquid phase (386 K and above), to
an all-trans on stiffening, while for the indistinguishable
carbons C-14 and C-20, the § changes by about 2 ppm, due
to one y-gauche effect in the bonds of C-13-0 and C-21-
O, respectively. On the other hand, § values of C-13 and
C-21 remain constant when temperature is decreased,
indicating that the conformations in the bonds C-14-C-19
and C-15-C-20 at 310 K have gauche character comparable
to that in the melt.
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From the analysis of y-gauche effect, above, one can
easily derive the entropy loss for the transition. Except
two bonds, namely C-14~C-15 and C-15-C-20, all other
bonds in the CH; sequence have changed their confor-
mation and should each contribute 9.5 J K-! mol-!, which
amounts to 4 X 9.5 J K1 mol! = 38 J K™! moll. The
(-C¢H3CH3-CHy—~CH>—CgHy-) group contributes an ad-
ditional 54 J K1 mol-! (see analysis on PPX and MBPE-9
in this paper). Therefore, for a sample of 100% crystal-
linity at 310 K, one expects to observe an entropy of fusion
of 38 + 54 = 92 J K- mol-!. This value is in sufficient
agé-eéeinent with the value of 81.4 J K-! mol! observed by
DSC.

Thesimilarity between the spectra at room temperature
and at 325 K can be attributed to the fact that a rather
slow cooling rate (<3 K/min) had to be used for decreasing
the sample temperature in the NMR experiment. It was
shown before by DSC that the existence of the mesophase
is largely dependent on the cooling rate. The mesophase
of MBPE-5 is hardly observable if the cooling rate is slower
than 2.5 K/min.!

Conclusions

(1) The mobility of the ("CngCHa‘CHg"CHz‘CGHr‘)
and the alkoxy chain have been described for MBPE-9
and MBPE-5. The results suggest that conformational
disorder exists in all phases of both polymers. An analysis
of heat capacity to low temperature is in progress and may
resolve the question of freezing of the remaining confor-
mational motion at temperatures below room temperature.

(2) The order of the higher-temperature phase of MBPE-
9, observed on cooling between two exotherms, is realized
by partial ordering of CH; sequences (with four C-C bonds
being largely fixed in the trans conformation), while in
the room-temperature phase, the methyl-substituted
phenylene ring also participates in creating increased order
without a much further increase in the order of the CH;
sequence. The observed transition entropies could be
linked to the transition of polyethylene from the melt to
its condis phase and of polyparaxylylene from the melt to
its crystal phase.

(3) For MBPE-5, the high-temperature mesophase,
observed by DSC on cooling, cannot be traced by NMR,
because it undergoes fast transformation to the room-
temperature phase. Since the low-temperature CP-MAS
spectrum shows a larger downfield movement in the
chemical shifts compared to that of the melt, and a very
short effective T*;, MBPE-5 seems to be able to form
more perfect crystals than MBPE-9. Still, the room-
temperature phase has two disordered bonds, making the
crystals conformationally disordered.

(4) The facts that speak for identifying the high-
temperature mesophase as liquid crystalline are mainly
the broad X-ray diffraction peak and the transition that
occurs on cooling almost without supercooling.! The facts
that speak against it are the partial crystallinity shown by
the present NMR experiments, the absence of a rigid
mesogen,! and the transition being driven by the ordering
caused by partial gauche-trans changes in the flexible
spacer, similar to the changes in the well-known hexagonal
(condis) phase of polyethylene.? This flexible spacer seems
according to the model calculations of Ronca and Yoon
unable to form a liquid crystalline phase in the observed
temperature range.l5

(5) A possible resolution of the contradiction in (4) is
to suggest that all observed properties can be exhibited
in polymorphs of conformationally disordered macromo-
lecular crystals (condis crystals) without the need to invoke
aliquid crystalline, mesogen-caused structure. While the
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typical properties in thermotropic liquid crystals can be
linked to the partial orientational ordering of rigid
mesogens that maintain positional diffusive motion, condis
crystals are basically orientationally ordered and show at
sufficiently high-temperature translational (positional)
diffusion, not based, however, on mesogen motion, but
rather on segmental diffusion along the chain. This
segmental diffusion is documented by the fact that chain
extension occurs on crystallization of several polymers into
a condis phase.®

The fast crystallization, though surprising, is not without
precedence in condis crystals. Polypropylene crystallizes
on sufficient quenching almost instantaneously to a
metastable, conformationally disordered phase;? poly-
(oxybenzoate-co-naphthoate) similarly forms on cooling
a metastable condis crystal phase.#45

Finally, it is of interest to draw attention to the lyophilic
liquid crystals that have been classified as liquid crystals,
despite the fact that the function of the mesogen is taken
over by a completely differently functioning phase bound-
ary. Most characteristic properties are linked to the
conformational disorder and motion of the mobile part of
the molecules. Similarly, block copolymer morphologies
can superficially be similar to liquid crystalline morphol-
ogiesso that initially these compounds were linked to liquid
crystalline morphologies despite thermodynamic dissim-
ilarities. By inclusion of newly discovered phases! into
the classification “liquid crystal”, a similar disservice would
be done to the understanding of this class of polymers,
which may become as important as the “truly liquid
crystalline macromolecules”.

Summary

Tosummarize the results of this study, we would suggest
that in this new class of polymers with flexible segments
of aromatic and aliphatic segments, properties can be
reached that combine the different natures of conforma-
tional disorder of these segments. Intheir homopolymers,
asrepresented by polyparaxylylene and polyethylene, both
polymers display stepwise transitions to mesophases that
have been identified as condis crystals. Inthe “alternating
copolymer” the larger volume requirement of the aromatic
sequence seems to stabilize the paraffin condis crystal.
The paraffin segment, in turn, acts as an in-chain solvent
for the otherwise much higher melting aromatic sequences.
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