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ABSTRACT: A poly(ester—imide) was synthesized from N-(10-carboxydecanyl) trimellitic imide and
methylhydroquinone diacetate via melt transesterification condensation. It was characterized through
thermal analysis, optical microscopy, wide-angle X-ray diffraction, and oscillatory rheometry. The poly-
(ester—imide) showed a monotropic mesophase transition behavior. The mesophase was identified as a
nematic one from a unique hysteresis of viscoelastic properties. The crystallization behaviors in the
isotropic melt phase and nematic mesophase were compared. They showed the same crystal structure
and Avrami exponent value for crystallization. But the crystallization velocity was faster in the nematic
phase. The crystal grown from the nematic phase showed a higher melting temperature than that grown

from the isotropic phase.

Introduction

The mesophases of thermotropic polymers are clas-
sified into enantiotropic and monotropic according to the
stability of the mesophase.! Because an enantiotropic
type mesophase is the most stable phase in certain
temperature region, the characterization is relatively
easy. But a monotropic mesophase is stable below the
crystal melting temperature. Only when crystallization
is bypassed below the mesophase to isotropic phase
transition with adequate cooling rate is the metastable
mesophase temporarily observable. Thus, it is difficult
to identify a monotropic mesophase.?

Up to now, various monotropic liquid crystalline
polymers have been reported, which include polyesters,3~5
polyethers and copolyethers,®” poly(ester—imide)s,8?°
polyurethanes,19~12 polycarbonates,*? etc. The reason for
the formation of monotropic mesophase was attributed
to the decrease in rigidity, the linearity, the symmetry,
and the low aspect ratio of mesogenic groups in molec-
ular chain.2 Various techniques such as thermal analy-
sis, polarized light microscopy study, and wide-angle
X-ray diffraction study (WAXD) have been utilized to
characterize the monotropic mesophase.4~1° The crys-
tallization of polymers can be retarded below the melt-
ing temperature with a fast cooling rate. On the other
hand, low ordered mesophase transitions follow nearly
the equilibrium transition.182° Thus, as the cooling rate
increases in DSC, the crystallization peak moves toward
a lower temperature, but the isotropic phase to meso-
phase transition peak is lowered a little. Monotropic
polymers show typical nucleation and growth morphol-
ogy during crystallization above the mesophase to
isotropic phase transition temperature. But mesophase
texture persists until the completion of crystallization
below the mesophase to isotropic phase transition
temperature. Despite such distinct features in thermal
transition and texture evolution behaviors, it is recom-
mended that WAXD experiments using different cooling
rates are necessary to precisely judge the nature of the
transition.?
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As mentioned by some authors, a monotropic liquid
crystalline polymer can be used as a good material to
study the effect of mesophase on the crystalli-
zation.213.1821-24 There has been a few reports on this
topic. According to the initial phase (mesophase or
isotropic phase), the melting temperature,'325 crystal
structure,??2 and Avrami exponent values!®2! changed.
A more general conclusion was that the crystallization
rates were faster in mesophases.213.22-24

In this article, a poly(ester—imide), containing 10
methylene units, is synthesized. A monotropic meso-
phase transition behavior is verified with DSC, PLM,
and rheometry. The crystallization in mesophase is
compared with that in the isotropic phase.

Experimental Section

Materials. Trimellitic anhydride, 11-aminoundecanoic acid,
and methylhydroguinone were purchased from Aldrich Chemi-
cal Co. The methods of the acetylation of methylhydroquinone
and the synthesis of N-(10-carboxydecanyl) trimellitic imide
were reported elsewhere.?62” The polymerization scheme was
the same, too. The chemical structure of synthesized poly-
(ester—imide) and its 125 MHz 3C NMR spectrum are shown
in Figure 1. It has to be noted that the synthesized poly(ester—
imide) has random copolymeric character due to the asym-
metric chemical structure of N-(10-carboxydecanyl) trimellitic
imide and methylhydroquinone diacetates. The inherent vis-
cosity of poly(ester—imide) is 0.48 dL/g, measured at 20 °C in
NMP solution with the concentration of 0.5 g/dL.

Measurements. The solution of 60 mg of poly(ester—
imide)s in 600 uL of deuterated trifluoroacetic acid was used
for the measurement of 13C NMR (Bruker, AMX FT 500 MHz)
spectra of poly(ester—imide)s. A polarized light microscope
(PLM, A Leitz, model Laborlux 12 Pols) equipped with a
Mettler FP-2 hot stage was used to observe the anisotropic
texture of poly(ester—imide). Thermal transition and isother-
mal crystallization Kinetics studies were carried out with du
Pont 2010 thermal analyzer under a nitrogen atmosphere.
Wide-angle X-ray diffractograms were obtained using a Rigaku
X-ray generator (Cu Ka; radiation with 2 = 0.154 06 nm). Film
type samples were molded, controlling thermal histories.
Temperature sweep measurements of viscoelastic properties
were conducted with a rheometer (PHYSICA RheoLab MC
120). Parallel plate geometry was used for disk shape molded
samples. Strain was fixed at 0.5%, which is the lowest value
of the rheometer. There was no evidence of nonlinearity on
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Figure 1. Chemical structure and 125 MHz 3C NMR spectra of synthesized poly(ester—imide).

Table 1. Peak Temperatures and the Heats of All Thermal Transitions Recorded on DSC at Various Cooling Rates

cooling rate (°C/min) T1 (°C) AH; (kJ/mru) T2 (°C) AH; (kd/mru) Ts (°C) AH; (kd/mru) T4(°C) AH; (kJ/mru)
0.5 118.3 5.2 112.0 5.9
1 117.8 5.4 105.9 5.4 91.1 0.4
3 116.6 5.4 102.5 2.1 85.86 25
5 115. 6 5.4 101.3 1.7 82.63 2.9
10 113.2 5.4 99.3 1.7 89.4 0.8 75.8 1.7

the deformation sweep measurements at various temperatures
with the small value of strain. But it was impossible to check
linearity below 100 °C, where the crystallization proceeded
very fast.

Results and Discussion

Thermal Transition Behavior and Texture Evo-
lution of Poly(ester—imide). Figure 2 shows the DSC
cooling and heating curves of the synthesized poly-
(ester—imide). A glass transition temperature is ob-
served around 47 °C on the heating curve with a rate
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Figure 2. DSC cooling and heating curves of poly(ester—
imide)s. The heating scan was performed after the 10 °C/min
cooling scan.

of 10 °C/min and then followed by a weak exotherm
around 89 °C and an endotherm around 147 °C. The
scan rate of cooling was varied from 0.5 to 10 °C/min.
At the cooling rate of 0.5 °C/min, a sharp and a broad
exotherm are observed at high and low temperatures,
respectively. As the cooling rate increases, the low-
temperature exotherm split into two or three exotherms,
and their peak positions shift to lower temperatures.
However, the high-temperature exotherm keeps the
same peak position and amount of heat, which is a
typical feature of a low ordered mesophase transi-
tion.1820 Table 1 summarizes the peak temperatures and
the amount of heat for all exothermic transitions
measured on DSC cooling scans.

Figure 3 shows sequential cooling and heating curves
of DSC, measured to check a hidden endothermic
transition. After cooling from isotropic melt at a rate of
10 °C/min, the samples were isothermally annealed at
100 °C for various times. And successive heating scans
were conducted at the same rate of 10 °C/min. The
heating curve without annealing has the same amount
of heat as that of exotherm on cooling. As the annealing
time increases, the low-temperature endotherm gets
weaker and then disappears completely after 6 min. On
the other hand, a high-temperature endotherm around
145 °C grows and reaches a constant value, which is
consistent with the endotherm at 147 °C on heating
curve shown in Figure 2.

The textures at various temperatures were observed
by polarized light microscopy. Figure 4a shows the
micrograph taken at 100 °C after cooling from an
isotropic melt at a rate of 10 °C/min. The threadlike
texture of mesophase is observed. Such a texture
emerges around 115 °C during cooling, which agrees
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Figure 3. DSC heating curves of the poly(ester—imide)s,
which was first cooled from isotropic melt at 10 °C/min and
then annealed at 100 °C for various times.

with the highest temperature exotherm on DSC cooling
curves in Figure 2. The texture evolution is all at once
through the whole sample. The further annealing does
not bring about any noticeable textural change. On the
subsequent heating, the sample becomes isotropic around
145 °C. On the immediate reheating from 100 °C, the
texture becomes isotropic around 125 °C. In contrast,
when the annealing temperature was above 120 °C, the
texture evolution is quite different. Figure 4b shows
micrographs taken during isothermal annealing at 125
°C, which depicts typical nucleation and growth mor-
phology of crystallization. After cooling to 125 °C from
isotropic melt, the initial texture is isotropic. But as the
annealing time increases, birefringent spots develop and
grow. The growth rate is very slow compared with the
threadlike texture formation. The crystal melts around
145 °C on reheating.

Phase Identification of a Poly(ester—imide) by
a Rheological Method. It has been known that
crystallization and mesophase transition show different
rheological behavior. Both complex viscosity and storage
modulus increase abruptly on crystallization and de-
crease again on subsequent melting. It is known as a
hystereses of viscoelastic properties due to the super-
cooling of melt phase.?672% Viscosity and modulus in-
crease in low ordered smectic formation too, but large
hysteresis has not been observed.?° The frequency
dependence of moduli did not show a typical terminal
slope in the smectic phase.3°=32 In the case of the
nematic to isotropic (N—1) phase transition viscoelastic
properties show distinct peak shapes due to the low-
viscosity characteristic of the nematic phase.26-29.33-38

The temperature scans of complex viscosity and
storage modulus are shown in Figure 5. The cooling scan
was performed first and followed by the heating scan.
Scan rates were 10 °C/min. The viscosity and the
modulus show the typical peak shapes for the isotropic
to nematic (I—N) transition during cooling in the tem-
perature range of approximately 100—120 °C and then
increase rapidly, converging to a high value. The peak
in this temperature range corresponds to the high-
temperature exotherm on DSC cooling curves in Figure
2. On the immediate heating the high viscoelastic values
persist up to 120 °C. They start to decrease drastically
at about 125 °C and meet the values of cooling scan
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Figure 4. Polarized light micrographs of poly(ester—imide):
(a) at 100 °C after cooling from isotropic melt with the rate of
10 °C/min; (b) isothermally annealed at 125 °C for 2 h after
cooling from isotropic melt at the same rate. The crystal
morphology showed positive optical sign on the quarter wave
retardation plate test.

around 150 °C. The temperature at which viscoelastic
properties increase abruptly on cooling matches with
the temperature showing a minor exotherm observed
on DSC cooling scan. And the temperature at which the
viscoelastic properties decrease on heating matches with
that of the melting endotherm on DSC heating scan.
From the distinct hysteresis of viscoelastic properties,
one can find that the polymer is a monotropic liquid
crystalline polymer and that, moreover, the metastable
mesophase is a nematic phase.

Figure 6 shows the cooling scans of viscoelastic
properties at various cooling rates. The viscoelastic
properties show peak shapes around the I—N transition
on 3 °C/min cooling scan curves in Figure 6a, whereas
the peak shape is partially obscured due to crystalliza-
tion when the cooling rate is 1 °C/min in Figure 6b. At
the cooling rate of 0.5 °C/min the peak shape is not seen
anymore. Instead, the complex viscosity and storage
modulus rapidly grow from approximately 110 °C
(Figure 6¢). Two exothermic transitions are discernible
in DSC cooling curve at the cooling rate of 0.5 °C/min,
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Figure 5. Cooling and immediate heating scans of storage
modulus (G') and complex viscosity (|#*|) at the scan rate of
10 °C/min. y = 0.5%, w = 5 rad/s.
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Figure 6. Cooling scans of storage modulus (G'), loss modulus
(G"), and complex viscosity (|n*|) at scan rate of (a) 3, (b) 1,
and (c) 0.5 °C/min. y = 0.5%, w = 5 rad/s.

as shown in Figure 2. The discrepancy between rheo-
logical measurement and DSC might be attributed to
the difference of the sample sizes of the instruments.
Because the sample size of the rheometry is much larger
than that of DSC, the wide temperature distribution can
occur during temperature scan measurements.

From the moduli variations recorded on cooling, tan
o0 is plotted against temperature in Figure 7. The curve
measured at 0.5 °C/min changes the shape of slope
around 110 °C and then decreases abruptly due to
crystallization. When the cooling rate is 1 °C/min, the
tan ¢ curve shows a slope inversion from 110 °C, after
which tan ¢ starts to decrease again from approximately
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Figure 7. Cooling scans of tan ¢ at indicated scan rate. y =
0.5%, w = 5 rad/s.

100 °C. The second decrease in tan o is due to the
crystallization. The curves measured at 3 and 10 °C/
min show the larger temperature range of slope inver-
sion with the gentle shape, which is ascribed to the I-N
phase transition rather than the crystallization. The
slope inversion of the tan J curve at the I—N transition
was already reported by our group.?’

Figure 8 shows the viscoelastic properties obtained
during sequential scans of cooling, intermittent isother-
mal annealing, and heating scans. The scan methods
are similar to those of DSC experiment shown in Figure
3. The immediate heating without annealing leads to
the different peak shape from that on cooling in Figure
8a. As the isothermal annealing time increases, the peak
shape on heating gets weaker and changes to a plateau,
which extends up to the crystal melting transition, as
shown in Figure 8d.

Crystallization Behaviors of Poly(ester—imide).
As noted above, a monotropic liquid crystalline polymer
can be used as a good example to investigate the effect
of mesophase on crystallization behavior. At first, the
equilibrium N—I phase transition temperature is ob-
tained by extrapolating the peak temperature obtained
on DSC cooling. The intercept at the cooling rate of zero
turns out to be 119.7 °C. The crystallization behavior
is checked around this transition temperature.

WAXD patterns were obtained for poly(ester—imide)s
annealed around the equilibrium transition tempera-
ture. All samples were preheated above the melting
temperature and then air quenched to each annealing
temperature. The annealing time was given sufficiently
long enough for the completion of crystallization. All
annealed samples show almost the same patterns in
Figure 9: one peak at middle angle and five peaks at
wide angles. It means that the crystals developed from
mesophase and isotropic phase have the same unit cell
structure. The crystal structure is the same with that
of the poly(ester—imide), made from N-(6-carboxyhexyl)
trimellitic imide and methylhydroquinone diacetates.?”
The identical crystal structure may need an additional
comparison of the crystallization behavior. In a earlier
report by Pardey and co-workers?? on monotropic liquid
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Figure 8. Cooling and subsequent heating scans of storage
modulus (G') and complex viscosity (|*|) after isothermally
annealed at 103 °C for (a) O, (b) 5, (c) 7, and (d) 10 min. y =
0.5%, w = 5 rad/s. Open symbols stand for cooling scans and
closed symbols for heating scans.

crystalline poly(ester—imide)s showing smectic phase,
the poly(ester—imide)s containing an even number
(except four) of methylene spacer showed different
crystal structures according to the initial phase status,
which was an interesting example that metastable state
affected the structure of the ultimate stable state. The
WAXD pattern of the sample, which was quenched in
liquid nitrogen from isotropic melt, does not show any
noticeable crystalline peaks. However, the sample was
not transparent, which indicates a nematic phase.
The isothermal crystallization experiments were per-
formed on DSC. Before each measurement DSC was
preequilibrated at the annealing temperature. The
sample pan, annealed at 160 °C for several minutes, was
directly moved onto DSC, and the isothermal transition
behaviors were recorded. After each isothermal experi-
ment, the heating scan was performed at a rate of 5 °C/
min. Figure 10 shows the isothermal curves measured
at 116.2 and 119.1 °C, which are just below the equi-
librium N—I phase transition temperature. There are
two exothermic processes on each curve. The short time
exotherms result from the I—N phase transition and the
long time ones from crystallization. Similar behaviors
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Figure 9. WAXD patterns for the poly(ester—imide), which
is isothermally annealed at indicated temperature until the
completion of crystallization or nitrogen quenched from iso-
tropic melt.
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Figure 10. DSC isothermal curves recorded at 116.2 and
119.1 °C.

were reported for the monotropic liquid crystalline poly-
(ester—imide)s and polyethers.182225 Keller and co-
workers223 have described that just below the melting
temperature of the metastable phase (I—N transition
temperature in our case) the stable phase and meta-
stable phase have same order of transition velocity.
Below 116.2 °C and above the N—1I transition temper-
ature, the isothermal curves show only one exothermic
process. During the annealing below 116.2 °C, the heat
generated from isothermal crystallization is signifi-
cantly lower than that of fusion on the heating scan
after annealing. The difference of heat amount is
approximately 5.4 kJ/mru, which is almost the same
with the heat of the I-N phase transition. It implies
that the nematic phase formation is formed completely
before the thermal equilibration of DSC. In contrast,
when the measurements are done above 119.1 °C, the
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heat of crystallization observed on isothermal annealing
(approximately 7.9 kd/mru) matches relatively well with
the heat of fusion on the heating scan.

Figure 11 shows the DSC heating curves measured
after the isothermal annealing at the various temper-
atures. The isothermal annealing from 106.2 to 112.1
°C leads to one melting endotherm. The peak temper-
ature of the endotherm shifts slowly toward a higher
temperature, as the annealing temperature becomes
higher. A weak shoulder emerges at around 138 °C
when the sample is annealed isothermally at 116.2 °C.
And the major peak at the high temperature shifts
abruptly to a high temperature. The weak shoulder

grows to be a major one, when the sample is annealed
at 119.1 °C. Only the low-temperature endotherm
develops above the N—I phase transition temperature
(120.1 and 121.1 °C), and it shifts toward a higher
temperature with annealing temperature again. As
shown in Figure 10, nematic phase formation is rela-
tively slower at 116.2 and 119.2 °C. In addition, liquid
crystalline polymers, prepared from condensation reac-
tion, might have a relatively broad biphasic region due
to their polydispersity.3® On the backgrounds the dual
endotherms can be assigned. The high-temperature
endotherm is the melting of the crystal grown in
nematic phase, and the low-temperature one corre-
sponds to that in isotropic phase. Similar behaviors have
been reported for various monotropic liquid crystalline
polymers.132425 Cheng and co-workers'324 discussed
that the nematic phase acted as a nucleus for crystal-
lization.

The isothermal crystallization can be interpreted with
the Avrami equation

_ AHE

0 =1 — exp(—kt") = Afy
total

0

where K is a temperature-dependent rate constant and

25
log t (log sec)

Figure 12. Extent of crystallization vs log time curves at
various temperatures: 0O, 96.1 °C; O, 99.1 °C; 4, 102.1 °C; v,

106.1 °C; x, 109.2 °C; +, 112.1 °C; —, 120.1 °C; |, 121.1 °C; H,
122.1 °C and superposed result.

The isotherms obtained on DSC are converted to the

degrees of crystallization by integrating the isothermal
curves with time. Figure 12 shows the degrees of
crystallization in the temperature range from 96. 1 to
122.2 °C. The crystallization velocity is too fast to obtain
reasonable exotherm below and too slow above the
range. All curves show similar shape when plotted with
log time scale regardless of crystallization temperature.
When all curves are shifted with log time axis, they
superpose on a single line. Such superposition implies
that all measured curves have the same Avrami expo-
nent value.

Figure 13 shows the Avrami plots. The slopes of the
all curves are around four. It is a surprising result that
the crystallizations in isotropic and nematic phases
show the same dimension. Different values of the
Avrami exponent have been reported on a monotropic
polyurethane and poly(ester—imide)s.1821 In the polar-
ized light micrographs of poly(ester—imide) shown in
Figure 4b, one can find that the size of the spherulite
is diverse, which means a thermal nucleation. There-

fore, the crystal growth in the isotropic phase can be
considered as approximately three-dimensional. In con-
trast, the nucleation and crystal growth dimension in
nematic phase are indiscernible due to the anisotropy
of mesophase. Usually liquid crystalline polymers do not
exhibit a distinct morphological change during crystal-

lization in the mesophase. The restraints make it hard

to discuss the crystallization mechanism in the meso-

phase.

The crystallization velocity at a certain temperature
can be demonstrated by measuring the time to reach

n is the dimension of nucleation and crystal growth. 6
is the transform fraction at time t. AHqa is the total
enthalpy of exotherm at each temperature, and AH(t)
is the enthalpy of transform progressed until time t.

some conversion of crystallization. The time for half-
conversion is plotted with temperature in Figure 14. It
is less than 15 min in the mesophase but increases
rapidly in the isotropic phase. It is more than 80 min
even at 2.4 °C above the N—I transition temperature.
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Figure 13. Avrami plots at various temperatures. Symbols
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Figure 14. The time to reach half conversion of crystallization
at various temperatures. Temperature is normalized by sub-
tracting the equilibrium N—1I transition temperature.

The acceleration of crystallization in mesophase has
been reported for various monotropic liquid crystalline
polymers.220-23 The difference of crystallization rate
may originate from the change of nucleation rate or
crystal growth rate or both of them. However, as noted
above, it has been reported that liquid crystalline
polymers do not show distinct morphology change
during crystallization, the same with our cases. There
have been very few exceptional cases in liquid crystal-
line polymers which show spherulitic crystal morphol-
ogy in the mesophase. They are well-known series of
semiflexible polyethers synthesized by Percec and co-
workers,*%41 whose mesophase formation were based on
conformational isomerism. For a series of polyethers
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containing odd number of methylene spacers Yandrasits
and co-workers?® observed spherulites in nematic phase
under polarized light microscopy. Heberer and co-
workers?® observed similar morphology evolution for
another polyether. They observed that both nucleation
and growth rates were faster in nematic phase. How-
ever, neither nucleation rate nor crystal growth rate
showed discontinuity at the N—1 transition tempera-
ture, which was contrary to the overall crystallization
rate. They concluded that the spherulites did not grow
from the whole sample but from the isotropic portion
included in the mesophase.

Conclusion

A poly(ester—imide) was synthesized from N-(10-
carboxydecanyl) trimellitiimide and methylhydroquino-
ne diacetate. The chemical structure was confirmed with
13C NMR spectroscopy measurements. Upon DSC cool-
ing scan a major exothermic transition was almost
independent of scan rate. It occurred at a temperature
far below the endothermic transition on heating scan.
The poly(ester—imide) showed a threadlike texture of
the mesophase when cooled below the endothermic
transition but spherulitic crystal growth when annealed
above the transition. The modulus and viscosity showed
a peak shape at the transition during cooling, which was
a clear evidence of monotropic type nematic mesophase
formation. The crystallization behaviors in the nematic
phase were compared with that in the isotropic phase.
The crystal structure did not vary with initial phase
status despite the clear morphological distinction ob-
served on polarized light microscopy. The Avrami Kinet-
ics experiment led to the exponent value of four for the
crystallization in both phases. The crystallization was
faster in the mesophase than that in isotropic phase,
which was consistent with the results of other mono-
tropic liquid crystalline polymers. When the samples
were annealed isothermally just below the N—1I phase
transition temperature, dual endotherms were observed.
The high-temperature endotherm was assigned to the
melting of the crystal formed in nematic phase and the
low-temperature one to that of the crystal formed in the
isotropic phase.
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