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ABSTRACT: The phase transition and transition kinetics of a liquid crystalline copoly(amide-imide)
(PAI37), which was synthesized from 70 mol % pyromellitic dianhydride, 30 mol % terephthaloyl chloride,
and 1,3-bis[4-(4′-aminophenoxy)cumyl]benzene, was characterized by differential scanning calorimetry,
polarized light microscopy, X-ray diffraction, and rheology. PAI37 exhibits a glass transition temperature
at 182 °C followed by multiple phase transitions. The crystalline phase starts to melt at ∼220 °C and
forms smectic C (SC) phase. The SC phase transforms into smectic A (SA) phase when the temperature is
above 237 °C. The SC to SA transition spans a broad temperature range in which the SA phase vanishes
and forms isotropic melt. The WAXD fiber pattern of PAI37 pulled from the anisotropic melt revealed an
anomalous chain orientation, which was characterized by its layer normal perpendicular to the fiber
direction. The transition kinetics for the mesophase and crystalline phase formation was also studied.

1. Introduction
Liquid crystalline polyimide is a relatively new area

of study in polymer science,1 although aromatic amor-
phous and crystalline polyimides have found a variety
of applications,2 such as thermoplastic films, thermoset-
ting resins, and insulating and dielectric materials.
Among various dianhydrides used for polyimide syn-
thesis,3 pyromellitic dianhydride (PMDA) shows a flat,
linear, and rigid structure and therefore is expected to
be a good mesogen for mesophase formation. However,
early systematic studies on polyimides derived from
PMDA and aliphatic diamines indicated that PMDA
was not a mesogenic unit.4 Other symmetric imide
groups were also proved to be almost nonmesogenic.5
On the contrary, the asymmetric ester-imide group,
N-[4-(chloroformyl)phenyl]-4-(chloroformyl) phthalim-
ide, has demonstrated to be a good mesogenic unit which
could form mesophases through reactions with a variety
of diols,6-10 although the homopolymer, poly[4-(hydrox-
yphenyl)trimellitic acid imide], did not exhibit liquid
crystallinity due to its high melting temperature.11

Interestingly, quite a number of liquid crystalline poly-
(ester-imide)s derived from this ester-imide group
exhibit layered smectic structures.12-15 In a later at-
tempt to synthesize liquid crystalline polyimide from
PMDA, it was found that the combination of PMDA with
a ester-free diamine, 1,3-bis[4-(4′-aminophenoxy)cumyl]-
benzene (BACB), which is also nonmesogenic, could
form a stable smectic phase upon melting.16-20 However,
like other PMDA-based aromatic polyimides, this liquid
crystalline polyimide, PMDA-BACB, shows very poor
solubility in common organic solvents. On the other

hand, the reaction of BACB with terephthaloyl chloride
(TPC) can produce a polyamide, which is soluble in
N-methyl-2-pyrrolidone (NMP) at room temperature.
The combination of liquid crystallinity from PMDA-
BACB and good solubility from TPC-BACB would offer
the random copolyamideimide advantages over the
homopolymers. In fact, the copoly(amide-imide) derived
from 70 mol % PMDA, 30 mol % TPC, and BACB
exhibits both thermotropic property and solubility in
warm NMP, which will be presented in this work.

Study on phase transitions in main chain liquid
crystalline polymers is a very interesting subject, and
enormous efforts on understanding these transitions
have been made.21-33 As the majority of liquid crystal-
line polymers are polyesters or copolyesters based on
4-hydroxybenzoic acid (HBA), systematic investigation
on the phase behavior of liquid crystalline polyimides
is still lacking due to the very rare availability of liquid
crystalline polyimide samples. Pardey et al.26-28 studied
the liquid crystal transition, ordered structure, and
crystallization kinetics in a series of thermotropic poly-
(ester imide)s synthesized from N-[4-(chloroformyl)-
phenyl]-4-(chloroformyl) phthalimide and the respective
diols with the number of methylene groups (n) varying
from 4 to 12. Kim et al.29-31 synthesized and character-
ized a series of liquid crystalline poly(ester-imide)s
derived from N-(ω-carboxyalkylene) trimellitic imides.
However, most of these poly(ester-imide)s are mono-
tropic, and their mesophase could only be achieved
during cooling. Leland et al.32,33 investigated the phase
transition behavior and anomalous chain orientation in
the copoly(ester-imide)s derived from N,N′-dodecane-
1,12-diylbis(trimellitimide) and two acetylated diols,
hydroquinone and 4,4′-dihydroxybiphenyl. Studies by
Schwarz34 and Tanaka35 on the liquid crystalline poly-
imide PMDA-BACB have led to controversy. Schwarz
et al.,34 on the basis of their synchrotron radiation
results, indicated that the mesophase was a SA phase,
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and possibly the solid sample contained a more ordered
SB phase. However, Tanaka et al.35 pointed out that the
filament extruded from the anisotropic phase had a
structure similar to SC phase and that extruded and
melt-drawn from the isotropic phase had a structure
similar to SA phase.

In a series of studies on the crystallization and phase
transition behavior of a liquid crystalline polyimide
derived from BACB, we have investigated the novel
crystallization morphology, crystallization kinetics, and
double melting behavior of the homopolyimide (PMDA-
BACB).36-38 In this paper, we will report the phase
transition and transition kinetics of a copoly(amide-
imide) containing 70 mol % PMDA and 30 mol % TPC.

2. Experiments
2.1. Materials. The thermotropic liquid crystalline copoly-

(amide-imide) (denoted as PAI37), which was synthesized
from 1,2,4,5-benzentetracarboxylic dianhydride (PMDA) (70
mol %), terephthaloyl chloride (TPC) (30 mol %), and 1,3-bis-
[4-(4′-aminophenoxy)cumyl]benzene (BACB), was kindly pro-
vided by Mitsui Chemicals Co. The detailed synthesis proce-
dures of PAI37 were reported elsewhere.17-20 The inherent
viscosity of this copolymer was measured to be 1.15 dL/g in a
9:1 mixed solvent of 4-chlorophenol and phenol at 0.5 g/100
mL at 308 K. The chemical structures of the monomers and
PAI37 are shown in Chart 1. The polymer was dried at 120
°C in a vacuum oven for 24 h before use.

2.2. Differential Scanning Calorimetry (DSC). Thermal
measurements were carried out using a Perkin-Elmer Pyris-1
DSC. For nonisothermal crystallization study, the samples
were heated or cooled between 50 and 340 °C at various rates
of 5, 10, 20, 40, and 80 °C/min. For isothermal transition
kinetics study, the samples were melted at 340 °C for 2 min
and then cooled at 40 °C/min to the crystallization tempera-
tures. The exothermic traces as a function of time and the
subsequent heating curves as a function of temperature were
recorded. All tests were run under nitrogen purge. The
instrument was calibrated with high-purity indium and zinc.

2.3. Polarized Light Microscopy (PLM). The morpho-
logical development of this poly(amide-imide) PAI37 was
observed with an Olympus BX50 microscope coupled with a
Linkam TP93 hot stage. The powder sample was sandwiched
between two glass slides on a hot plate preheated to 340 °C
and then pressed and quenched to room temperature in air
before morphology observation. The time evolution of liquid
crystal texture was recorded at the liquid crystallization
temperature. To observe the banded texture, the powder
sample was sheared between two glass slides on a hot plate
at different temperatures and then quenched to room temper-
ature on a cold brass plate.

2.4. Wide-Angle X-ray Diffraction (WAXD). The tem-
perature variable wide-angle X-ray diffraction (WAXD) experi-
ments on the melt-quenched sample were performed on a

Bruker D8 advanced diffractometer. A step of 0.02° was used
in all scans from 2° to 40°. Ni-filtered Cu KR radiation with a
wavelength of λ ) 1.5604 Å was used in the experiments. The
powder diffraction profile was recorded using a slit recorder,
and the heating rate was 10 °C/min. The fiber diffraction
pattern was recorded using a Bruker general-area-detector
diffraction system (GADDS) at room temperature. To focus on

Chart 1. Chemical Structures of Monomers and Liquid Crystalline Copoly(amide-imide) (PAI37)

Figure 1. Typical heating and cooling curves for PAI37.

Figure 2. Heating curves for PAI37 subjected to different
cooling histories.
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the scattering from the low angle, the distance between the
sample and the detector was kept 30 cm.

2.5. Rheological Characters. The rheological experiments
were conducted on an AERS rheometer, and the cone and plate
fixture with a diameter of 25 mm was used. To avoid the effect
of sample loading on the rheological behavior, the sample was
loaded at 320 °C, which is much higher than the isotropization
temperature. Temperature sweep experiments were performed
at a rate of 5 °C/min and an oscillatory frequency (ω) of 6.28
rad/s. Time sweep for isothermal crystallization study was
conducted at a strain of 1% to ensure linear viscoelasticity and
at a frequency of 6.28 rad/s. The fine powder sample was cold-
pressed into a 25 mm disk by using a die to facilitate the
sample loading in the rheological experiments.

2.6. Thermogravimetric Analysis (TGA). The weight loss
of the copoly(amide-imide) during heating in the air environ-
ment was measured on a Perkin-Elmer thermogravimetric
analysis system TGA-7 at 20 °C/min. PAI37, similar to the
homopolyimide and homopolyamide,39 exhibits very good
thermal stability below 400 °C and begins to decompose around
450 °C. The 5% weight loss temperature is about 520 °C. For
PLM, DSC, and rheology experiments the maximum operating
temperature is 340 °C, which is much lower than the decom-
position temperature.

3. Results and Discussion
3.1. Phase Transition Behavior. Figure 1 shows

the typical DSC heating and cooling traces at a rate of
20 °C/min between 50 and 340 °C. During the first
heating of the as-polymerized sample, a glass transition
(Tg) appears around 182 °C and is followed by a sharp
endotherm at 235 °C and a broad one at 258 °C. In the
first cooling process, a small exothermic process occurs
around 262 °C and is followed by a strong and sharp
exothermic peak at 255 °C and a broad exothermic
process from 235 to 200 °C (peak temperature 223 °C),
which is just about 20 °C higher above the Tg. In the
second heating, the Tg remains unchanged at 182 °C,
while the first endothermic peak around 225 °C becomes
very weak (∆H ) 1.67 J/g) and the second endothermic
peak shifts to 264 °C (∆H ) 5.12 J/g). It is noticed from
the second heating curve that the second endothermic
peak is asymmetric and has a long initial endothermic
process, suggesting that this peak may consist of two
overlapped endothermic processes. The second cooling
curve is very similar to the first cooling one. The big
differences in the first and second heating curves are
normally caused by the thermal history in the as-
polymerized samples, which have been observed in
many crystalline and liquid crystalline polymers.8-10 In
order for all DSC samples to possess the same thermal
history, all the samples were first melted at 340 °C for

Figure 3. (a) Set of DSC cooling traces for PAI37 at different
cooling rates. (b) Set of DSC heating traces for PAI37 at
different heating rates (the sample was cooled from the
isotropic melt using the corresponding heating rate).

Figure 4. DSC heating curves for PAI37 kept at different
temperatures for different times.

Table 1. Thermal Transitions Observed by Different
Methods during Heating

method transition 1 transition 2 transition 3

DSCa PH1, K f SC PH2, SC f SA PH3, SA f I
Tonset ) 206.8 °C Tonset ) 236 °C Tonset ) 262 °C
Tpeak ) 225.2 °C Tpeak ) 255 °C Tpeak ) 265 °C
∆H ) 1.67 J/g ∆H ) 4.42 J/g ∆H ) 0.70 J/g

PLMb 220-230 °C 235-260 °C 260-285 °C
rheologyb 220-235 °C 235-263 °C 263-274 °C

a PH1, PH2, and PH3 are shown in Figure 2. b Temperature range.

8712 Liu et al. Macromolecules, Vol. 34, No. 25, 2001



2 min and then cooled to 50 °C at 100 °C/min as the
initial samples unless specified individually. Careful
examination of the second cooling and heating curves
in Figure 1 reveals that the first onset transition
temperature in the cooling curve is about 262 °C, which
is higher than the onset temperature of the broad
transition (about 236 °C) in the heating curve. This is
also an indication that the broad transition from 230 to
273 °C in the second heating curve is an overlapped
transition and/or a biphasic phenomenon. Figure 2
shows the heating curves at a rate of 20 °C/min for the
samples subjected to different cooling histories from 1
to 120 °C/min. All the three melting peaks (denoted as
PH1, PH2, and PH3 from low to high temperature) show
some dependency on the cooling histories. When the
cooling rate is higher than 10 °C/min, PH1 is obvious,
while PH2 and PH3 are overlapped and form a “round
peak”. When the cooling rate is lower than 10 °C/min,
PH1 (∼220 °C) is almost indiscernible, while PH2 and PH3
are gradually separated and PH3 sharpens when the
sample was cooled with a rate of 1 °C/min. After
deconvolution of PH2 and PH3 in the heating process, PH3
has an onset transition temperature around 262 °C,
which agrees very well with the highest onset transition
in the cooling curve. This result supports the coexistence
of two phases (PH2 and PH3).40

Figure 3 shows the normalized cooling and heating
traces for PAI37. The heating curve was recorded
immediately after the sample was cooled using the same
rate. In the cooling curves shown in Figure 3a, the small
exothermic peak that appears at the highest transition
temperature is observed as long as the cooling rate is
not higher than 40 °C/min. The onset transition tem-
perature (∼262 °C) of this exothermic peak agrees well
with that of PH3. The sharp transition at 255 °C exhibits
little cooling rate dependence, which shifts about 3 °C
when the cooling rate is increased from 5 to 80 °C/min.
The third broad peak moves about 14 °C when the
cooling rate is increased from 5 to 80 °C/min, indicating
that this transition is associated with the formation of
a highly ordered solid phase. When the heating rate is
high, PH1 and PH3 are obvious (Figure 3b), while PH1,
PH2, and PH3 all can be observed when a mediate to low
heating rate is employed. Comparing parts a and b of
Figure 3, it seems that the lowest endothermic peak in
Figure 3b (the onset temperature is about 210 °C) has
no corresponding exothermic peak observable in Figure
3a, which could be embedded in the long tail of the broad
exothermic process.

Some representative heating curves for PAI37 iso-
thermally kept for different times at several tempera-
tures are plotted in Figure 4. These temperatures were

Figure 5. Evolution of liquid crystalline texture at 260 °C.
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chosen on the basis of the cooling curve in Figure 1. At
260 °C, the amplitude of the endothermic peak is found
to increase with time gradually. It seems that this
transition is a kinetically controlled process as the
amplitude increases with time. The transition behavior
for PAI37 kept at 250 °C is different in that the
endothermic peak for the sample held for a very short
time is flat and broad. The peak temperature moves to
a lower temperature first when the holding time is
shorter than 60 min and then moves to a higher
temperature. Isothermal holding around 240-235 °C,
which lies between the two main exothermic processes
in the cooling curve shown in Figure 1, is the process
for the mesophase to develop more fully. The endother-
mic peak due to the growth of mesophase would slightly
shift to a higher temperature. Further decreasing the
holding temperature below 230 °C, the crystalline phase
or the highly ordered solid phase (PH1 in Figure 2) could
be gradually grown with time. The transition processes
of PH2 and PH3 are not influenced by the holding time.

From these heating curves, three temperature regions
can be obtained: (1) Tc g 260 °C, (2) 240 °C e Tc <
260°C, and (3) Tc e 230 °C. When the Tc is higher than
260 °C but lower than 267 °C, the endothermic peak is
symmetric and moves to high temperature with increas-
ing Tc, but the peak area is reduced. When the Tc falls

between 260 and 240 °C, the endothermic peak is
asymmetric and gradually changes its shape from titling
to the left to titling to the right. When the Tc is lower
than 230 °C, three transitions are observed. PH1 is
highly dependent on Tc, while the broad endothermic
peak (overlapped PH2 and PH3) at higher temperature
is independent of Tc.

The above DSC characterization from Figures 1-4
demonstrates that there are three transitions. These
transitions are summarized in Table 1. From the DSC
results, there are three possibilities corresponding to the
three transitions observed: (1) K f SA f N f I; (2) K
f SC f SA f I; (3) K f SC f N f I. Here, K refers to
a true crystalline phase or a highly ordered solid smectic
phase, and I means isotropic melt. Which route is
possible? More results from other experiments are
needed to gain more insight into these phase transitions
and identify the mesophases. One point, however, is
certain that the lowest endotherm is a transition from
a crystal or a highly ordered solid smectic phase to a
mobile smectic phase.

The morphology of PAI37 changes rapidly during
dynamic heating. The quenched sample exhibits bire-
fringence at room temperature. Upon heating at 20 °C/
min, the texture remains unchanged before 220 °C at
which the field turns into yellowish and then dark red.

Figure 6. Evolution of liquid crystalline texture at 268 °C.
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The color is changed again upon heating to 250 °C.
Finally, the sample melts completely when it is heated
above 285 °C. During the cooling process followed, the
sample starts to show birefringence at 265 °C. The color
of the field becomes darker when it is cooled to 260 °C,
after which there is no further morphological changes
observable under crossed polars. The transition tem-
peratures shown as color changes under the polarized
light microscope are generally consistent with that
observed in the DSC experiments (Table 1). However,
because of the high viscosity of the smectic phase and
the limited resolution by the optical microscope, no
convincing morphologies associating with the meso-
phases can be provided in the dynamic heating or
cooling experiments.

Figures 5 and 6 provide two sets of pictures depicting
the evolution of the liquid crystalline textures developed
at 260 and 268 °C, respectively. The focal-conic fan
texture developed at 260 °C unambiguously demon-
strates the existence of SC phase.41,42 PAI37, on this
point, shows similarity to the liquid crystalline ho-
mopolyimide.35 The texture developed at 268 °C includes
both isotropic and anisotropic domains as at this tem-
perature the transition from mesophase to isotropic melt
can take place. To further identify the mesophase

formed at the highest temperature, the sample was
heated to isotropic temperature and quickly cooled to
269 °C and then hold at this temperature. The texture
developed by annealing at 269 °C as shown in Figure 7
clearly shows the homeotropic domains, indicating the
existence of SA phase. In fact, the needlelike structure,
which was observed before isotropization in the dynamic
heating, is also an indication of the SA phase. Therefore,
the phase transitions in PAI73 during heating could be
preliminarily concluded as K f SC f SA f I. As the
transition from SC to SA (or from SA to SC) would
inevitably involve in the reorientation of the molecular
chains from tilting to paralleling to the layer normal,
this process is indeed a kinetic one, which has been
reported in a few cases.43 The broadness of the transi-
tion temperature from SC to SA in the heating process
could be resulted from the higher interchain frictions
due to the high viscosity as characterized in the rheo-
logical characterization section.

The wide-angle X-ray diffraction profiles during heat-
ing and cooling are displayed in Figure 8. At low
temperatures, two major contributions to the scatterings
are observed in the middle- and wide-angle regime. The
middle-angle X-ray scattering (MAXS) found at a scat-
tering angle of 2θ ≈ 2.92° corresponds to a d spacing of

Figure 7. Liquid crystalline texture developed by annealing at 269 °C.
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∼30.2 Å and is typical for the layered smectic structure.
The layer d spacing in PAI37 is quite similar to that in
the liquid crystalline homopolyimide PMDA-BACB.35

The layer d spacing in PMDA-BACB was reported to
be 30.87 Å, and the tilting angle was 20°.35 Our
experimental results on PMDA-BACB indicate a layer
d spacing of 30.4 Å and a tilting angle of 15 °C. The
calculated length of the repeating unit of PMDA-BACB
varies from 31.05 Å for the all-trans conformation to
29.3 Å for the energy minimized conformation. These
calculation and experimental results show that the
whole repeating unit functions as a mesogen. The broad
wide-angle X-ray scattering (WAXS) with the typical
triangle shape (maximum 2θ ≈ 18.6°) is known to
originate from the liquidlike intermolecular scattering
and represents a broad distribution of intermolecular
distance. In addition, a very weak and diffusive peak
can be distinguished at a scattering angle of 2θ ≈ 27°
(see the inset in Figure 8). In the literature, it has been
attributed to lateral correlation.35 The WAXD profiles
show little changes when the temperature is lower than
220 °C in heating. At 240 °C the WAXS becomes less
structured. The diffusive peak at 2θ ≈ 27° vanishes, and
the hole itself becomes broader, indicating the transition
into a less ordered phase. The change of d spacing of
MAXS at 2θ ≈ 2.92° and WAXS at 2θ ≈18.6° during
heating is plotted in Figure 9. The d spacing from the
layered structure slightly increases when the temper-
ature is lower than 220 °C. However, it increases rapidly
when the temperature is higher than 220 °C. The fast
increase of this MAXS d spacing is resulted from the
transition from SC to SA phase. Assuming that PAI37
has a tilting angle of 15° similar to PMDA-BACB, the
MAXS d spacing should increase from 30.2 to 31.3 Å
when the transition from SC to SA completes, if the
thermal expansion is not taken into account. The
experimental results in Figure 9 indicate an increase
from 30.6 to 31.8 Å, agreeable with the calculated
results. The intensity of the MAXS decreases consider-
ably when the sample is heated to 280 °C, and this
scattering peak vanishes when the temperature is above
285 °C, corresponding to the isotropization process. The
MAXS before the sample becomes isotropic melt proves

the existence of smectic phases. These WAXD observa-
tions together with the results from DSC and PLM
experiments have almost excluded the existence of
nematic phase before isotropization. The d spacing from
WAXS shows a larger increase with temperature due
to thermal expansion when the temperature is higher
than 220 °C. The XRD fiber pattern is shown in Figure
10a. The fiber was pulled from the anisotropic melt at
258 °C without annealing. To our surprise, the scatter-
ing spots can be found on both equator and meridian.
An integration along both meridian and equator direc-
tion can give the intensity maxima at 2θ ) 2.92°, which
is consistent with the MAXS result from the powder
sample. The azimuthal scattering intensity along 2θ )
2.92° is stronger on the equator than on the meridian
(Figure 10b), which means that the polymer chains are
aligned perpendicular to the fiber direction. In a recent
XRD report on the drawing of a SCA liquid crystalline
polymer,44 it was found that the MAXS patterns were
highly dependent on the strain rates. At a high drawing
rate of 50 cm/min, the diffraction spots only appeared
on the meridian. When the drawing rate was lowered
to 1 cm/min, the diffraction spots were observable on
both meridian and equator. Further decreasing the
drawing rate to 0.1 cm/min, the diffraction spots were
found only on the equator. This anomalous chain
orientation was first reported in the oriented polyester
that showed a SCA phase45 and later observed in
nematic46 and SC

32 liquid crystalline polymers.
Rheology of polymers is the science that studies the

deformation and flow of polymer materials in liquid,
melt, or solid form, in terms of the polymer materials’
elasticity and viscosity. Because of the presence of
different ordered structures in the phase transition
process in liquid crystalline polymers, the rheological
properties are expected to be different to reflect these
structural changes. The change of storage (G′) and loss
(G′′) modulus as a function of temperature is shown in
Figure 11. The sample was melted and slowly pressed
at 320 °C. The cooling process from 320 to 200 °C was
performed first and followed by heating. An obvious
transition in the heating scan occurs around 274 °C,
which corresponds to the isotropization temperature.
Careful examination would find two small transitions
existing on the G′′ curve, which appear around 235 and

Figure 8. WAXD powder profiles for PAI37 during heating
and cooling.

Figure 9. Change of MAXS and WAXS d spacings during
heating.
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263 °C as the slope changes at these two temperatures.
These two small transitions show good agreement with
the phase transition temperatures observed in the DSC,
PLM, and WAXD experiments (Table 1). The factor that
the change in G′ at 235 °C is indistinct may be resulted
from the low crystallinity in the sample as evidenced
by a small enthalpy change (∆H ) 1.67 J/g) in the DSC
experiment. On the other hand, during the cooling
process, the abrupt increases in G′ (or G′′) at 257 and
222 °C by more than 1 order of magnitude agree well
with the isotropic to mesophase and mesophase to
crystalline phase transition observed in the correspond-
ing DSC and WAXD cooling experiments. It is also
noticed from the cooling curve that the viscosity does
not show a decrease upon the first mesophase formation
at 257 °C, which has been observed in the I f N
transition in many thermotropic liquid crystalline poly-
mers.31,47 This observation further excludes the forma-
tion of a nematic phase and confirms that the first
mesophase formed from the isotropic melt is a smectic
phase.

The change of G′ during time sweep at different
temperatures is shown in Figure 12. G′ increases very
little during time sweep when the temperature is at 265
°C or higher. At the temperature range of 260-250 °C,
G′ increases about 1 order of magnitude initially and
then maintains almost constant. The rapid increase in
G′ in the initial stage at these temperatures should
result from the formation of ordered smectic phase. G′
shows little dependence on time after the formation of
smectic phase. G′, in the mesophase temperature range,
is about 1-2 orders of magnitude smaller than that for
the crystalline phase formation at 220 °C. A gradual
increase in G′ is also noticed at 220 °C. This should be
resulted from the gradual perfection of crystals during
annealing, which is reflected as the increase of melting
enthalpy in the DSC experiments in Figure 4. The
subsequent heating curves after isothermal oscillation
at different temperatures for 1 h are plotted in Figure
13. The transitions become prominent after annealing

Figure 10. WAXD fiber pattern focusing on the low angle
region.

Figure 11. Change of storage (G′) and loss (G′′) modulus
during heating and cooling process.

Figure 12. Change of G′ during isothermal oscillation at
different temperatures.
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compared with that shown in Figure 11. The transitions
observed from these rheological heating curves are in
accordance with the DSC heating curves.

3.2. Transition Kinetics. The transition kinetics for
the mesophase and the crystalline phase formation is
further investigated by DSC method. The phase transi-
tion kinetics for both mesophase formation and three-
dimensional crystalline phase formation can be analyzed
by the Avrami equation.48,49

where X(t) is the crystallized mass fraction in material,
k is a temperature-dependent rate constant, t represents
time, and n describes the mode of nucleation and crystal
growth and is usually an integer between 1 and 4 for
different nucleation and crystallization mechanisms. It
has also been observed that n is a fraction due to
secondary crystallization or crystal perfection. In the
isothermal crystallization study by DSC, X(t) is ex-
pressed as

where ∆Ht is the enthalpy change at time t, ∆H0 is the
total enthalpy change of the system, and Et is the rate
of energy evolution at time t.

The exothermic traces can be recorded at selected
isothermal temperatures. An integration of these curves
can generate the plots of relative crystallinity vs time.
From the relative crystallinity vs time plots, the double-
logarithm graph for the Avrami exponent determination
can be obtained.37 Shown in Figure 14a are the plots
for the mesophase formation at a narrow temperature
range from 264 to 267 °C. The Avrami exponent n has
an average value of 1.7. PLM observation indicates a
random formation of mesophase from the isotropic melt,
which means an athermal nucleation. The Avrami
exponent ∼1.7 suggests a two-dimensional mesophase
growth. This result is consistent with the observations
from the isotropic melt to smectic phase formation in

side-chain and main-chain liquid crystalline poly-
mers.26,50 Figure 14b shows the double-logarithm plots
for the crystalline phase formation at the temperature
range from 230 to 236 °C. The Avrami component shows
an average value of 1.45. At these crystallization tem-
peratures, the mesophase has already formed when the
sample was cooled from the isotropic melt. The crystal-
lization process at 230 to 236 °C should start on the
ordered smectic phase. Therefore, the dimensionality for
the crystallization starting from the mesophase should
be smaller than that starting from the isotropic melt.
When the mesophase is formed, the system viscosity will
increase by more than 1 order of magnitude as shown
in Figure 11. The crystallization process is therefore
controlled by the chain diffusion.

4. Conclusion
The complicated phase transition behavior of copoly-

(amide-imide) (PAI37) was investigated by DSC, PLM,
XRD, and rheological characterization. PAI37 forms
smectic C phase upon melting around 220 °C. The
smectic C phase starts to transform into smectic A phase
when it is heated to 237 °C. The transformation from

Figure 13. Change of G′ during subsequent heating after
isothermal oscillation at different temperatures for 60 min.

X(t) ) 1 - exp(-ktn) (1)

X(t) )
∆Ht

∆H0
)

∫0

t
Et dt

∫0

∞
Et dt

(2)

Figure 14. Double-log plots for the determination of the
Avrami parameters for the (a) mesophase and (b) crystalline
phase formation.
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SC to SA spans a wide temperature range in which the
SA phase disappears and forms isotropic melt. No
nematic phase was observed during heating or cooling
process. The WAXD fiber pattern of PAI37 pulled from
the anisotropic melt exhibited an anomalous chain
orientation, which was characterized by its layer normal
perpendicular to the fiber direction. The crystallization
behavior for the mesophase and crystalline phase
formation was further studied. The Avrami exponent
for the mesophase formation was about 1.7, which
suggests an athermal nucleation followed by two-
dimensional smectic phase growth.
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