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ABSTRACT: This work extends prior studies of a polyurethane containing mesogenic moieties. Optical
and thermal methods reveal that this polyurethane exhibits monotropic mesomorphic behavior. Two dis-
tinct crystallization mechanisms and crystal morphologies are identified, one arising from the isotropic
melt and producing a spherulitic texture and the other arising from the mesophase and producing a threaded
texture. A combination of thermal analysis, X-ray diffraction, and dynamic rheological studies reveals that
crystals grown from the mesophase are readily perfected to a higher melting form by annealing whereas
spherulitic crystals are less amenable to perfection. The development and perfection of the crystalline
state were also found to be dependent on polyurethane molecular weight.

Introduction

Recently, there has been a considerable body of work
detailing the process of crystallization and the nature of
the crystalline phase in thermotropic liquid crystalline
polymers.2-12 The crystalline phase exhibited by these
polymers is unusual, as the majority of the materials stud-
ied are either random copolymers or polymers composed
of monomers which have substituents capable of ran-
dom substitution along the chain. Major interest in mate-
rials of this type has focused on the liquid crystalline
state which these polymers exhibit.” While the special
melt rheological properties of the liquid crystal state hold
great promise for enhanced processing and the potential
for generating self-reinforcing structures, it is the crys-
talline phase which determines their ultimate solid-state
properties.

Recently, Wendorff and co-workers have observed that
in a number of rigid rod thermotropic polyesters anneal-
ing at high temperatures causes the development of a
high melting crystalline phase.” On the basis of the
observed low entropy and enthalpy of fusion, as well as
X-ray diffraction data, these workers propose that in these
polymers the crystalline state is disordered.? From an
Avrami analysis of crystallization kinetics, it was inferred
that the crystallization process is complex, consisting of
a fast process which involves ordering of the nematic melt
and a slow process involving the development of a three-
dimensional ordering between the chains. Windle and
Blackwell and co-workers have also addressed the nature

0024-9297/90/2223-3389$02.50/0

of the crystalline state in such materials through their
investigations of rigid random copolyesters and have pos-
tulated a form of three-dimensional crystalline order which
derives from the nematic phase of these polymers. 812
Previous studies of poly(4,4’-bis(6-hydroxyhexoxy)biphe-
nyl-2,4-toluenediisocyanate) (24TDI/BHHBP) focused on
aspects of the liquid crystalline state in this material.13.14
The asymmetric position of the methyl group in the 2,4-
toluenediisocyanate monomer causes it to be randomly
substituted along the polymer chain. Despite this type
of disorder, it was observed that these polyurethanes were
in fact semicrystalline.

OCHN NHCO- O (Cﬂz)e'o O-(CH;)s= O~

This paper presents the results of detailed investiga-
tions into the temperature-dependent phase behavior of
these polyurethanes and resolves much of the
observational/interpretational discrepancies touched upon
in the earlier papers.'®> More importantly, in the present
paper attention is focused upon the complex crystalliza-
tion processes occurring in these polymers, which are found
to be similar to those observed in other thermotropic poly-
mers. An attempt is made to rationalize the thermal
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behavior of these polyurethanes in terms of existing mod-
els for the crystallization of liquid crystalline polymers
and to relate these observations to the growing body of
literature pertaining to the development of crystallinity
in these polymers. The formation of different macro-
scopic crystal morphologies is discussed, and some spec-
ulation as to the presence of mesogenic moieties induc-
ing crystallizability is given. In subsequent publica-
tions, the nature of the microstructure and dynamics of
the crystalline phase of 24TDI/BHHBP will be addressed.

Experimental Section

Materials. The synthesis of 24TDI/BHHBP has been
described elsewhere.!3 The polymer referred to as low molec-
ular weight was determined to have an intrinsic viscosity of 0.46,
and the polymer referred to as high molecular weight had an
intrinsic viscosity of 0.60, both measured in dimethylforma-
mide.

Optical Microscopy. Optical microscopy was performed on
a Carl Zeiss Ultraphoto II polarizing microscope equipped with
a Linkham Scientific Instruments TMS 90 temperature con-
troller and a TMH 600 hot stage. The hot stage temperature
was calibrated with vanillin and potassium nitrate melting point
standards.

Thermal Analysis. DSC measurements were performed on
a Perkin-Elmer DSC 7 employing a 20 mL/min flow of dry nitro-
gen as purge gas for the sample and reference cells and an ice—
water bath as coolant. The temperature and power ordinates
of the DSC were calibrated with respect to the known melting
point and heat of fusion of a high-purity indium standard. For
exothermic and endothermic processes the peak temperatures
were taken as the transition temperatures, while for the glass
transition the midpoint of the heat capacity step was taken as
the transition temperature.

Samples which were annealed for long times at high temper-
atures were scanned again in the DSC after melting so as to
ensure that thermal degradation had not affected their ther-
mal behavior. Provided the annealing was performed under
nitrogen gas or vacuum, there were no observable changes in
behavior.

Dynamic Rheology. Polymer samples were vacuum molded
into disks (d = 25 mm, A = 2 mm) for the rheological measure-
ments. These were performed on a Rheometrics dynamic spec-
trometer (RDS) in the parallel plate mode. After the desired
thermal history was applied to each sample, it was annealed in
the rheometer at 174 °C for 2.5 h. The storage and loss mod-
uli, G’ and G”, were measured at constant frequency (1 rad/s)
during the annealing process. Nitrogen was continuously cir-
culated in the environmental chamber of the instrument to min-
imize sample degradation. When the annealing process was com-
pleted, the samples were cooled in the rheometer and small pieces
were separated from the disks for X-ray and DSC analysis.

X-ray Diffraction. X-ray diffraction data were obtained
by using monochromatic Cu Ka radiation and a Nicolet Xen-
tronics two-dimensional position-sensitive detector and data sys-
tem. Data were collected for 20 min, and background scans of
equivalent duration were subtracted to remove background scat-
ter. The two-dimensional data were then azimuthally aver-
aged to generate 26 versus intensity scans.

Results and Discussion

The initial findings of crystallinity in 24TDI/BHHBP
were based on the observation of narrow reflections in
X-ray scattering studies. However, as was alluded to in
the Introduction, some discrepancies were apparent in
the interpretation of the phase behavior put forward in
the earlier studies.!3 In order to better understand the
temperature-phase behavior of these polymers and to pro-
vide a basis for the interpretation of other results, the
optical textures obtained by cooling samples of high and
low molecular weight polyurethane from the melt to a
variety of annealing temperatures were studied by polar-
ized light microscopy. The results are shown in Figure
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1. Samples annealed at 150 and 140 °C give banded spher-
ulitic textures with a negative birefringence as deter-
mined by the insertion of a first-order red plate into the
optical path of the microscope.’®!7 Upon heating, it was
observed that the spherulitic textures disappeared in the
temperature range 165-170 °C.

The textures observed for samples annealed at 130 °C
are less distinct in the photographs but, to the eye, appear
threaded in character. When cooled to 130 °C, this type
of texture develops quite rapidly. Slight shearing and
heating of the sample to approximately 135 °C enhance
more clearly the threaded textures (Figure 2), which are
akin to those reported for a variety of liquid crystalline
polymers.1819 It was observed that in the first few min-
utes after these threaded textures formed the sample could
be sheared with relative ease and that the texture appeared
and disappeared reversibly over a small temperature inter-
val between 130 and 140 °C. Annealing for longer times
or further cooling below 130 °C did not result in any change
in the appearance of these samples. However, it was
observed that the samples solidified and fractured. Once
solidified, the threaded texture remained unchanged upon
reheating up to temperatures in the range 165-170 °C,
where it eventually disappeared. This suggests that crys-
tallization from the mesophase occurs. It is noteworthy
that in samples annealed above 140 °C and then cooled
to lower temperatures (to produce mixed threaded and
spherulitic textures) the spherulitic textures persisted to
slightly higher temperatures than the solidified threaded
background upon reheating, indicating a slightly higher
melting point for the spherulitic crystals.

The observation of a fluid mesophase indicates the exist-
ence of a liquid crystalline phase in these polyurethanes
when cooled rapidly from the melt. However, this phase
is unstable and crystallizes spontaneously on annealing
or on further cooling to produce a crystal phase with a
higher melting point than the isotropization tempera-
ture of the mesophase. The mesophase is thus mono-
tropic.202! The macroscopic structures formed upon rapid
cooling are poorly organized and reflect the initial threaded
texture of the mesophase. The crystalline spherulites,
which exhibit a slightly higher melting point, have a more
regular macroscopic organization—probably due to the
higher mobility available at the higher annealing tem-
peratures.

Having established the basic phase-temperature behav-
ior of these materials, we employed differential scanning
calorimetry to provide more detailed information about
the phase transitions and the effects of thermal history.
It is noteworthy that, since these materials are monotro-
pic, it is possible to grow crystals from either the isotro-
pic melt or from the mesophase. With the ability to pro-
duce the two macroscopic morphologies independently,
their individual thermal characteristics can be deter-
mined.

Typical heating and cooling traces recorded at 10 °C/min
for a low molecular weight polyurethane are illustrated
in Figure 3. Upon heating, the glass transition is observed
at approximately 85 °C. This is followed by a region of
exothermic behavior, typical of “cold crystallization”, peak-
ing at about 110 °C but continuing until the onset of
melting as characterized by the two endothermic peaks
at 158 and 170 °C. Since the polymer is identified as
being monotropic, these two endothermic peaks must both
be associated with crystal meiting and not with the crystal-
mesophse and mesophase-isotropic transitions, respec-
tively.

After the melt is cooled, two exotherms at approxi-
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Figure 1. Various optical micrographs of 2-4TDIBHHBP showing spherulitic and threaded textures. Bar represents 100-pym marker.

Figure 2. Threaded texture optical micrographs. Bar repre-
sents 100-um marker.

mately 142 and 138 °C are observed. The higher tem-
perature exotherm, which (on the basis of optical micros-
copy) is associated with the isotropic-mesophase transi-
tion, is significantly narrower than its lower temperature
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Figure 3. DSC traces for low molecular weight 2-4TDIBHHBP
recorded at a 10 °C/min scanning rate: (a) heating; (b) cooling
curves.

counterpart, which is associated with the mesophase—
crystal transition. The lower temperature transition is
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Figure 4. DSC traces for high molecular weight 2-4eTDIBHHBP

recorded at a 10 °C/min scanning rate: (a) heating; (b) cooling
curves.

I
A
A 'a
i A U
A ] //_/
/ i
= I S S VA
s nw
b
Y Ve
i—_,/ A U
- -
J—
— TN
L 4
100 120 10 %0 80 200

TEMPERATURE/°C

Figure 5. Cyclic cooling and heating scans for low molecular
weight 2-4TDIBHHBP: (a) cooling through first exotherm only;
(b) cooling through first and second exotherms. Scanning rate
10 °C/min,

skewed and extends to sufficiently low temperatures to
obscure the features associated with the glass transition.
The high molecular weight sample exhibits thermal behav-
ior which is largely similar to that of the low molecular
weight sample during 10 °C/min heating and cooling cycles
(Figure 4), with the exception that only one endother-
mic peak is apparent on heating. The differences in ther-
mal behavior as a function of molecular weight will be
discussed below.

The effect of cooling a low molecular weight sample to
a temperature which is just between the two regions of
exothermic behavior observed in Figure 3 and immedi-
ate reheating is shown in Figure 5a. An endothermic peak
is observed at approximately 135 °C at only slightly higher
temperatures than the exothermic peak observed in the
cooling half of the cycle. At still higher temperatures,
further exothermic and endothermic behavior is observed
which is attributed to crystallization and melting. Cool-
ing through the second, a lower temperature exotherm
in the cooling cycle (or annealing for more than a few
minutes) leads to the DSC trace of Figure 5b which is
similar to the trace from a sample scanned from ambi-
ent in which the onset of melting occurs at much higher
temperatures, in the 158-170 °C region. This type of
behavior is quite analogous to that observed in the opti-
cal microscope, where reversible isotropization of the
threaded texture formed at 130 °C could be observed for
samples which were annealed for less than 3-4 min and
confirms that the isotropization temperature of the
mesophase is lower than the crystalline melting point.
Cooling a high molecular weight sample through its first
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Figure 6. Cyclic cooling and heating DSC scans for high molec-
ular weight 2-4TDIBHHBP: (a) 10 °C/min cooling and heat-
ing rates; (b) 10 and 100 °C/min cooling and heating rates, respec-
tively.

cooling exotherm only and immediate reheating at 10
°C/min result in the DSC trace shown in Figure 6a. In
this case, further exothermic behavior occurs on reheat-
ing the sample before isotropization can occur. If the
temperature cycle with a 100 °C/min scanning rate in
the heating cycle is repeated, the second exothermic pro-
cess can be suppressed and the isotropization process
observed, as can be seen in Figure 6b. The fact that a
much faster heating rate is required to observe the isotro-
pization of the mesophase in this sample relative to its
low molecular weight counterpart indicates that crystal-
lization of the mesophase occurs more rapidly for the high
molecular weight polyurethane.

The qualitative observations outlined above regarding
the kinetics of crystallization from the mesophase are rein-
forced by isothermal annealing studies performed specif-
ically to study the crystallization processes occurring from
the isotropic melt and from the mesophase. In the iso-
tropic melt at 150 °C, where optical microscopy indi-
cates that spherulitic growth is the only mechanism of
crystal growth, it was found that the process was suffi-
ciently slow to be followed by DSC. Samples were cooled
from the isotropic melt at 220-150 °C and annealed for
various times before being reheated at 10 °C/min in order
to determine the melting enthalpy as a function of anneal-
ing time. Results for both high and low molecular weight
samples are portrayed in Figure 7. It is readily appar-
ent that the low molecular weight sample crystallizes more
rapidly than its high molecular weight counterpart.
Detailed fitting of the DSC data in Figure 7 to an Avrami
equation requires a knowledg of the melting enthalpy of
the 100% crystalline form (AH.) and of the density to
estimate sample crystallinity.22-25 Neither quantity is
available for this polymer, and recognizing that the Avrami
equation is simply an empirical means for the represen-
tation of crystal growth kinetics we have chosen to carry
out the analysis using eq 1

AH, - AH()
AH.,

where AH.. is the limiting value of the crystal melting
enthalpy at long times. Using this value, we obtain a
value for the Avrami exponent of n = 2.6 + 0.2, which is
close to the value of 3 expected for three-dimensional
crystal growth.

Crystallization from the mesophase, on the other hand,
was found to occur much more rapidly. Crystallization

= —exp(-kt") oy
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Figure 7. Melting entalphy vs annealing time data for low (O)
and high (@) molecular weight 2-4TDIBHHBP. Crystalliza-
tion temperature = 150 °C. Solid curves are fits to the Avrami
equation using AHp = 54 J g1, Fitting parameters: low molec-
ular weight n = 2.5 £ 0.1, k~1/» = 1900 s; high molecular weight
n=27%0.1, k1/» = 6400 s.
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Figure 8. Melting entalphy vs annealing time data for low (O)
and high (@) molecular weight 2-4TDIBHHBP. Crystalliza-
tion temperature = 128 °C. Solid curves are fits to the Avrami
equation. Fitting parameters: low molecular weight n = 1.8 £
0.2, k~1/n = 360 s; high molecular weight n = 1.4 £ 0.2, k-1/n =
100 s.

kinetics in the mesophase were followed by cooling the
sample through the isotropic-mesophase transition and
annealing at 128 °C. At this temperature, the crystalli-
zation process was sufficiently rapid that the rate of heat
evolution by the sample could be monitored directly by
the DSC as a function of time. Upon integration, these
data yield the total heat evolved (AH) during crystalli-
zation as a function of time and can be used to monitor
the extent of crystallization. Data for both low and high
molecular weight samples are shown in Figure 8. It is
readily apparent that the low molecular weight sample
crystallizes at a much slower rate than the high molecu-
lar weight sample, as was previously inferred from the
behavior observd during cyclic temperature scans as dis-
cussed earlier in this paper. This contrasts with the behav-
ior observed at 150 °C, where the low molecular weight
sample crystallized most rapidly. The data obtained at
128 °C were also fitted to an Avrami analysis, with account
being taken of the heat evolved on passing through the
isotropic-mesophase transition. The theoretical fits
obtained in this manner are also portrayed in Figure 9.
The Avrami exponents thus estimated are n = 1.8 + 0.2
and n = 1.4 £ 0.2 for low and high molecular weight sam-
ples, respectively. It may be noted that the fits to the
Avrami equation are not as good at 128 °C as those
obtained at 150 °C. In part, this reflects the presence of
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Figure 9. Cooling rate effects for (a) low and (b) high molec-
ular weight 2-4TDIBHHBP.

short-time transient effects which occur when the DSC
is switched from dynamic cooling to isothermal opera-
tion, which affect the DSC data and perhaps also the
partial overlap of the isotropic-mesophase and mesophase—-
crystal transitions.

Overall crystallization kinetics were also studied qual-
itatively by using nonisothermal methods. The effect of
cooling rate upon the nature of the exothermic processes
that occur on cooling is illustrated in a and b of Figure
9 for high and low molecular weight samples, respec-
tively. It is observed that as the scanning rate is reduced
the lower temperature exotherm is shifted to higher tem-
peratures and that for the low molecular weight sample
the two-state exothermic process is replaced by a single-
stage process at scanning rates slower than 2.5 °C/min.
For the high molecular weight sample, which crystallizes
at a slower rate from the isotropic melt, the two-stage
ordering process observed at 10 °C/min cooling rate is
never completely replaced by a single stage process. A
new, higher temperature exotherm does, however, develop
at scanning rates of 1 °C/min or slower—in a tempera-
ture range which is associated with spherulitic growth
from the optical microscopic studies. Significantly, this
peak is broader than the middle exotherm which is, on
the basis of the optical microscopic evidence, to be asso-
ciated with the appearance of the fluid-like threaded tex-
ture of the mesophase. This type of behavior strongly
supports the notion that samples undergo an isotropic-
to-liquid crystal transition when cooled from the melt at
rates faster than 2.5 °C/min simply because the kinet-
ics for crystallization from the isotropic melt are very
slow. Once the mesophase is formed, crystallization occurs
more rapidly from this partially ordered phase.

In order to elucidate further the thermal behavior of
the polyurethane crystallized from the isotropic melt and
from the mesophase, a series of low and high molecular
weight samples were prepared by rapidly cooling from
the isotropic melt at 220 °C to three different annealing
temperatures, 150, 140, and 130 °C, where they were held
for 8 h prior to being cooled to ambient. The series of
samples thus subjected to a variety of annealing temper-
atures were then scanned at a variety of heating rates:
0.5, 10, and 100 °C/min. Results are displayed in a and
b of Figure 10 for low and high molecular weight sam-
ples, respectively. Only data from 150 °C up are shown.
Although other thermal events such as the glass transi-
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Figure 10. DSC heating traces for (a, top) low and (b, bot-
tom) high molecular samples cooled from the melt to a variety
of annealing temperatures (T,) and then scanned at various heat-
ing rates (R).

tion and “cold” crystallization occur between room tem-
perature and 150 °C, they are not relevant to the present
discussion. A number of differences between the ther-
mal behavior of samples annealed at different tempera-
tures are immediately apparent. Firstly, for the low molec-
ular weight polymer only the sample annealed at 130 °C
exhibits extension of the melting region and the forma-
tion of a new, high-temperature endothermic peak above
170 °C when scanned at 0.5 °C/min. In the case of the
high molecular weight polymer, samples annealed at all
three temperatures exhibit some extension of the melt-
ing region when scanned at 0.5 °C/min; however, this
extension is much more pronounced in the case of the
sample annealed at 130 °C; which is the only one to exhibit
a new, clearly resolved, high-temperature peak. This type
of behavior is not uncommon in semicrystalline poly-
mers and is associated with the perfection, melting, and
recrystallization of poorly formed crystals while heating.26.28
Thus it appears that crystallization from the mesophase
results in a crystal structure which is more amenable to
perfection during slow heating than the spherulitic phase
which forms from the isotropic melt. It is noted that at
very slow heating rates (0.2 °C/min) the low-tempera-
ture peak at ca. 158 °C completely disappears and is
replaced by a new high-temperature endotherm at ca.
180 °C while the peak at 170 °C remains largely unaf-
fected. This suggests that the peak at 158 °C is to be
associated with those crystals which are most amenable
to perfection.

It is also apparent from Figure 10a that for the low
molecular weight sample annealed at 140 °C a major shift
of endothermic behavior from 170 to 160 °C occurs upon
changing the scanning rate from 10 to 100 °C/min. This
indicates that the crystalline material formed on anneal-
ing at 140 °C is initially in a low melting temperature
form, which on heating at 10 °C/min reorganizes or melts
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Figure 11, DSC traces recorded after 0.5 °C/min heating to

(a) temperature T, for 10 min and (b) to 174 °C and annealing

for time t, and then recooling. Low molecular weight
2-4TDIBHHBP.
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Figure 12. DSC traces recorded after 0.5 °C/min heating to
(a) temperature T, for 10 min and (b) to 174 °C and annealing
for time t, and then recooling. High molecular weight
2-4TDIBHHBP.

and recrystallizes during the scan to a form which melts
at 170 °C. At the faster scanning rate of 100 °C/min,
the crystals do not have time to reorganize to this more
stable form, and melting is observed at a lower temper-
ature.

In order to study further the effect of annealing upon
the high melting phase produced by slow heating of sam-
ples crystallized from the mesophase, samples of both
low and high molecular weight polyurethanes were pre-
pared by slowly heating samples through their normal
melting zones and annealing for various times (t,) and
at various temperatures (T.) before quenching back to
room temperature and rescanning at 10 °C/min. DSC
traces recorded for these series of thermal treatments are
presented in Figures 11 and 12 for low and high molec-
ular weight samples, respectively. It is observed that slow
heating and annealing result in a peak-—here termed the
annealing peak—that has a melting temperature which
is always above the annealing temperature and has an
enthalpy which increases with annealing time. Endother-
mic peaks occurring below the annealing temperature result
from the melting of material which is crystallized on cool-
ing the annealed sample back to ambient prior to rescan-
ning.

Peak positions (Tp) and enthalpies (AH) for the anneal-
ing peak, extracted from the traces in Figures 11 and 12,
are plotted as a function of annealing temperature and
annealing time in Figures 13 and 14, respectively. It is
observed that there is a linear relationship between anneal-
ing temperature and peak position. At fixed annealing
temperature, it is observed that peak enthalpy and tem-
perature both increase with annealing time. Interest-
ingly, in these slow heating and annealing experiments,
the high molecular weight sample attains an initially greater
level of crystallinity, as reflected by the larger fusion
enthalpy of its annealing peak.
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Figure 13. Peak position (Tp) and enthalpy (AH) as a fune-
tion of annealing temperature (T,) for the annealing peaks of
Figures 11a and 12a. Low (O) and high (@) molecular weight
2-4TDIBHHBP.
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Figure 14, Peak position (T,) and enthalpy (AH) as a func-
tion of annealing time (¢,) for the annealing peaks of Figures
11b and 12b. Low (O) and high (®) molecular weight
2-4TDIBHHBP.

Figure 15 compares the DSC trace of a low molecular
weight sample, recorded after cooling from the isotropic
melt to 174 °C and annealing for 8 h prior to cooling
back to ambient and rescanning versus that of a sample
heated from ambient to 174 °C at 10 °C/min and anneal-
ing for 8 h before cooling and rescanning. The trace from
the sample annealed at 174 °C after cooling from the
isotropic melt is the same as that of one cooled to ambi-
ent without annealing at 174 °C (see Figure 3, for
example)—no endothermic behavior is observed above
170 °C. In contrast to this, the sample heated from ambi-
ent to 174 °C and annealed for 8 h prior to rescanning
does show significant endothermic behavior above 174
°C. These observations combined with the behavior
observed during the slow heating and annealing studies
(Figures 12 and 13) indicate that the high-temperature
melting phase observed on slow heating is produced by
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Figure 15. Comparison of annealing at 174 °C when
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temperature at 10 °C/min.
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Figure 16. Dynamic rheology data for three different anneal-
ing histories (see text for details).

perfection of an already existing lower melting point phase
which is formed when the sample is cooled back to ambi-
ent. The high melting point phase does not form from
the isotropic melt.

These observations are reinforced by rheological inves-
tigations. Following the work of Lin and Winter,3 the
viscoelastic behavior of 24TDI/BHHBP subject to dif-
ferent thermal histories was studied. Figure 16 shows
the evolution of the storage and loss moduli for three
identically molded high molecular weight samples annealed
for 150 min at 174 °C. Sample a was placed in the rhe-
ometer, melted at 210 °C, and carefully cooled at ca. 10
°C/min to 174 °C. Special care was taken to avoid under-
cooling in the sample due to the fluctuations in temper-
ature that may occur during the transient behavior of
the temperature controller. When the desired tempera-
ture was reached, measurements of G’ and G” were taken
every 2 min for a period of 170 min. Liquid-like behav-
ior with G”” higher than G’ and low viscosity (n* = 4 Pa
s) was observed. The sample did not show any signifi-
cant change in properties with time. The slight decrease
in G’ and G” is attributed to sample loss, as part of it
was slowly flowing out from between the plates.
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Figure 17. X-ray diffraction scans of the rheological samples
(see text for details).

Sample b was placed in the rheometer and heated up
to 160 °C. When the temperature of the sample reached
equilibrium, the temperature was slowly increased at 2
°C/min up to 174 °C and then annealed under the same
conditions as sample a. The initial storage modulus was
now 2 orders of magnitude greater than in the previous
case and increased rapidly during the first hour. The
initial loss modulus, G”, was lower than G’ and increased
at a lower rate. The initial difference in behavior between
these two samples is most likely due to the fact that sam-
ple b was not completely melted at the initial stage of
the experiment. Visual observation of the sample showed
that it remained opaque during the entire experiment.
The changes in properties with time have been attrib-
uted to the melting and recrystallization of small, imper-
fect crystals into crystals with a higher degree of perfec-
tion.

Sample ¢ was heated in the rheometer up to 184 °C
and kept at that temperature for 2 min. At this stage,
the polymer was transparent, as observed between the
rheometer plates. The sample was then cooled to 174
°C at approximately 5 °C/min and annealed at that tem-
perature. The initial behavior of the melt was the same
as in sample a, but with this sample very rapid changes
in properties were subsequently observed. The storage
modulus G’ increased by more than 3 orders of magni-
tude in the first hour, and G’ changed in the same period
by about 1.5 orders. The magnitudes of G’ and G at
the end of the annealing were the highest for this set of
experiments. In this case, the growth of high melting
crystals in the sample is favored by the higher mobility
of the melt and the presence of residual crystallites that
are not completely melted at 184 °C. These crystallites
act as nucleation sites.

These results parallel the changes observed Vectra with
respect to the dynamic viscosity.3® Additionally, X-ray
diffraction results are also comparable. In Figure 17 are
shown the 26 versus intensity scans for samples a, b, and
¢ for which the X-ray diffraction patterns are expected
to exhibit not only the diffuse features associated with
the vitrified mesophase glass formed on cooling back to
ambient but also sharper features to be associated with
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any crystals which grow perfectly during the annealing
process. Sample a shows only a broad reflection at approx-
imately 22° and a weaker reflection at approximately 8°,
ascribed to the smectic-like structure of the vitrified
mesophase.’4 In sample b, some narrowing is observed
as is the appearance of a shoulder at 20° and a small
peak at 13°. Finally in sample ¢, where the greatest change
in the complex modulus develops, many narrow reflec-
tions are observed, corresponding to the highest degree
of order in the three samples. The spacing of the reflec-
tions observed in sample c is identical with those reported
previously for annealed, oriented samples of this poly-
mer as well as for unoriented samples crystallized from
solution,14

The observations from the experiments outlined above
allow a coherent interpretation of the temperature-
phase behavior of these semirigid polyurethanes in terms
of monotropic mesomorphic behavior. It is observed that
crystallization can occur from either the isotropic meit
or the mesophase and, in either case, results in the pro-
duction of crystals which are stable above the mesophase-
isotropic transition temperature. Moreover, there are a
number of observable differences between the crystalli-
zation processes and thermal behavior of crystals pro-
duced from the isotropic melt and from the mesophase.
First, the kinetics of crystallization are different., Crys-
tallization from the isotropic melt is most rapid for the
lower molecular weight sample, whereas crystallization
from the mesophase is most rapid for the high molecu-
lar weight sample. Moreover, the Avrami exponents deter-
mined for crystallization of the isotropic melt are signif-
icantly smaller than those determined for the crystalli-
zation of the mesophase. Secondly, the optical textures
of the crystalline phases produced from the isotropic melt
and the mesophase differ greatly—crystallization from
the isotropic melt results in a spherulitic morphology exhib-
iting negative birefringence whereas crystallization from
the liquid mesophase preserves its threaded texture.
Thirdly, and finally, crystals produced from the mesophase
are much more readily perfected by slow heating and
annealing than are crystals produced from the isotropic
melt.

In order to arrive at a definitive explanation for the
differences observed between samples crystallized from
the mesophase and from the isotropic melt more, detailed
morphological information than that which is available
would be required. In the absence of such information,
it is interesting to speculate about the reasons for the
differences. The negative birefringence of spherulites
grown from the isotropic melt indicates that the macro-
molecular chains in these spherulites are oriented to lie
in the tangential direction, which suggests that the crys-
tals have a chain folded character.'® On the other hand,
it has been proposed by Wendorff and co-workers37 and
by Blumstein et al.3! that crystallization from the
mesophase can preserve the local orientational order of
the mesophase to produce chain-extended micellular type
crystals. Such a crystallization process would account
for the fact that the optical texture of the mesophase
remains unchanged upon crystallization. It would also
appear reasonable that chain-extended micellar crystals
of the type proposed by Wendorff and co-workers? would
be more amenable to perfection than would chain-
folded crystals.

How differences in the molecular weight dependence
of crystal growth rate for the two morphologies might
arise is not so apparent. Generally, the effect of molec-
ular weight upon crystallization rates is complex in poly-
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meric materials.3233 A proper assessment can only be
made at constant supercooling, not at constant temper-
ature. The activation energy for diffusion, which is one
of the factors determining the nucleation barrier height,
is of crucial importance. In addition, effects such as the
number density of chain end “defects” and orientational
order parameter—which has been shown to increase with
molecular weight—may prove important in determining
the rate at which crystalline order propagates through-
out the mesophase.3!

The reduced values of the Avrami exponent, n, which
are observed for crystallization from the mesophase as
compared with the value observed for crystallization from
the isotropic melt, are here interpreted as being indica-
tive of the differences between the crystallization pro-
cesses occurring in the two phases. The tendency toward
parallel alignment of the polymeric chains, as noted pre-
viously, has a profound effect upon crystallization of the
mesophase. Previous kinetic studies of the crystalliza-
tion of mesomorphic polymers have been largely con-
fined to the investigation of enantiotropic materials,5:34-36
thus precluding comparison with the crystallization of
the same material from the isotropic melt. In these pre-
vious studies, values of the Avrami exponent ranging from
0.8 to 4 have been reported. Yoo ahd Kim?33 in their inves-
tigations of semiflexible liquid crystalline polyesters have
noted that the materials which undergo major textural
changes under the optical microscope upon crystalliza-
tion have larger Avrami exponents while those which
exhibit little or no texture change have lower Avrami expo-
nents. In the present study, the values of the Avrami
exponent observed for mesophase crystallization fall in
the lower range and are consistent with ordering in one
or two dimensions as compared with the three-dimen-
sional growth process associated with the larger expo-
nent obtained for crystallization from the isotropic phase.

The fact that the low molecular weight sample nor-
mally exhibits two melting endotherms after annealing
below the isotropic-mesophase boundary differentiates
it from its high molecular weight counterpart. The slow
heating studies indicate that the lower temperature peak
is preferentially associated with the material which is most
readily transformed into a higher melting temperature
form. In view of the much faster crystallization kinetics
observed for the low molecular weight sample in the iso-
tropic melt as compared to the high molecular weight
sample, it is speculated that the isotropic-mesophase
boundary approached on cooling the low molecular weight
material is also subject to some crystallization with chain
folding, which results in mixed chain-extended and chain-
folded morphologies. This in turn, it is speculated, leads
to the double melting peak observed for low molecular
weight samples annealed below the isotropic-mesophase
boundary.

The fact that these polyurethanes can crystallize at all
may, at first glance, seem surprising. It has been previ-
ously thought that the presence of the asymmetrically
placed methyl group in the 24TDI unit suppresses the
crystallization of such polymers.3” Since previous stud-
ies of the crystallizability of 24TDI-based polyurethanes
were limited to diols up to 12 carbons in length, it can-
not be discounted that the ability of 24TDI/BHHBP to
crystallize is due solely to its longer spacer length—
equivalent to a 20-22-carbon diol.

On the other hand, for mesomorphic polymeric mate-
rials, there is evidence that disorder in the main chain is
insufficient to suppress crystallization in some cases. As
has been shown, in rigid rod polymers, the presence of
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random sequences is not sufficient to suppress crystal-
linity.”® In addition to those systems having disorder in
the sequence of the monomers along the chain, a num-
ber of polymers with regular repeat sequences but bear-
ing bulky asymmetrically disposed side groups also exhibit
a crystalline phase. The polyester based on terephthalic
acid and 2-phenylhydroquinone has been shown to have
significant three-dimensional order, inspite of the large
asymmetrically placed phenyl group.3® Bhattacharya and
Lenz3® have also noted that terpolymers of chlorohydro-
quinone, terephthalic acid, and hydroquinone exhibit a
crystalline phase even though they contain both asym-
metric chlorines and random comonomer sequences.

All the above-mentioned systems have considerably less
conformational freedom available than is found in more
or less flexible systems such as the one described in this
work. Several such polymers which exhibit a mesophase
have been shown to have a stable crystalline phase. Wen-
dorff and co-workers? have noted crystallinity in copoly-
esters of the type

ety N =t

The systems examined had spacers of length 6 and 10
methylenes. Additionally, a system with a mixture of
hexa- and decamethylene spacers gave crystalline reflec-
tions in the X-ray diffraction studies. It was noted that
the crystalline structure indicated disordering of the spacer
chains and positional ordering of the mesogenic units.
Costa and co-workers*® have reported crystallinity in
copolyesters of the form

[¢] o] [¢]
Ao O-LoA Do}
R R
R=H, CH,

Again, the presence of random asymmetric methyl
groups in the rigid unit does not seem to inhibit crystal-
lization. In this study, however, little information was
given as to the structure of the crystalline phase.

On the basis of the accumulated evidence from the stud-
ies outlined above, it would appear that the crystalliza-
tion of these mesomorphic polymers in the presence of
sequencing disorder is quite a widespread phenomenon
and is not necessarily to be associated with the presence
of long spacers. Turning once again to the discussion of
the 24TDI/BHHBP polyurethanes, it would seem rea-
sonable that the presence of rigid biphenyl units in the
polymer main chain must enhance the tendency of these
materials to crystallize and, by itself or in combination
with the conformational flexibility of the methylene spac-
ers, account for the development of crystallinity in these
polyurethanes. The possibility of the mesogenic units
causing an alignment of the chains and promoting crys-
tallinity in such polymers has been examined by Flory,
who envisaged the crystallization of these types of sys-
tems as a two-step process,?! the first step involving the
cooperative ordering of the chains into a parallel order,
without any changes in intermolecular interactions, fol-
lowed in a second step by an increase in the intermolec-
ular interactions made possible by the more efficient pack-
ing of the chains in the parallel state. In the urethane
system, the first step would involve development of meso-
morphic order of preordering of chain segments in the
isotropic melt due to the interaction of the biphenol units,
with the hydrogen bonding between urethane units not
developed to a high degree of order. Subsequently, the
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urethane units become involved in more regular hydro-
gen bonding, helping to stabilize the three-dimensional
structure.

One would presume that at temperatures where the
hydrogen bonds were relatively stable they would tend
to dominate the mobility of the system. Thus, at low
temperatures, the formation of the initial ordered state
mentioned above would be retarded, and the crystals
formed would be imperfect. At higher temperatures, the
rate of crystallization is dominated by stability of the
crystalline nuclei, and without the presence of large crys-
talline nuclei such as are developed in the two-step anneal-
ing process, the rate of crystal growth is slow. Higher
melting crystals developed from those formed at lower
temperature are subject to perfection due to the labile
nature of the hydrogen bonds and provide the nuclei for
further crystal growth on annealing. As noted previ-
ously, it would appear that the crystals formed from the
mesophase are most amenable to perfection.

Conclusions

(1) 24TDI/BHHBP exhibits monotropic mesomor-
phic behavior and exhibits two macroscopically distinct
crystal morphologies—a spherulitic morphology pro-
duced from the isotropic melt and a threaded crystalline
morphology when crystallized from the mesophase.

(2) Crystals produced from the isotropic melt and from
the mesophase differ from each other with respect to the
molecular weight dependence of the crystallization kinet-
ics and in the ability to produce high melting point phases
on annealing or slow heating. Inasmuch as the Avrami
exponents for crystallization from the isotropic melt and
from the mesophase differ significantly, it appears that
the mechanism of crystallization from these two phases
is also different.

{3) The development of the ordered crystalline phase
depends on the presence of preformed nuclei, developed
at lower temperatures in the mesophase.
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