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ABSTRACT Biphenyltetracarboxylic dianhydride4perfluoromethyl) benzidine (BPDA-PFMB) polyimide/ 
m-cresol solutions showed thermoreversible gelation associated with thermally induced phase separation and 
subsequent liquid crystal formation. In this study, phase equilibria and structure evolution in a BPDA- 
PFMBlm-cresol solution were investigated by differential scanning calorimetry, polarized optical microscopy, 
and depolarized light scattering. A temperature-composition phase diagram of BPDA-PFMBlm-cresol was 
established by a cloud point method. Kinetic aspecta of the phase transition were studied in the framework 
of a nucleation and growth theory. The average domain size, which characterized the length scale of rigid-rod 
aggregates, was found to depend on supercooling. 

Introduction 
It  has been generally known that a number of rodlike 

polymer/solvent systems exhibit thermoreversible gelation 
associated with phase separation and/or a mesophase 
transition.1-Q A chimney type phase diagram, i.e., a narrow 
immiscibility gap overlapping with an upper critical 
solution temperature (UCST), often known as the idealized 
Flory temperaturecomposition phase diagram, was pre- 
dicted for rigid polymer solutions.7 Such a phase diagram 
was found experimentally in a poly(y-benzyl L-glutamate) 
(PBLG)/dimethylformamide (DMF) system.24 Newer 
theories of concentration fluctuations and phase separation 
of rigid-rod solutions were put forth by Doi et al.8 by 
including the orientational order parameter of liquid 
crystals. Recently, Russo and co-workers4 pursued the 
dynamics of phase separation by time-resolved video 
microscopy on a PBLG/DMF system having traces of 
water. The analysis of the structure factor, as determined 
by the Fourier transform of video images, showed a kinetic 
exponent of 113, in conformity with the evaporation- 
condensation model. 

An inverted phase diagram, Le., a funnel type phase 
diagram in which a narrow immiscibility gap overlapped 
with a lower critical solution temperature (LCST), was 
also predicted for a rodlike macromolecular solution. The 
effect of chain flexibility and aspect ratio of rodlike 
molecules was incorporated in the theory? Such a phase 
diagram was observed experimentally for a hydroxypropyl 
cellulose (HPC)/water system.6 At  low concentrations of 
HPC, thermally induced phase separation occurred while 
a cholesteric liquid crystal phase was observed at  -60 wt 
% polymer concentration. At  -70 wt %, the system 
exhibited thermoreversible gelation. Beyond 90 wt  5% , a 
solid film was formed. The kinetics of phase separation 
by spinodal decomposition (SD) was reported for low HPC 
contents in which the time evolution of the structure factor 
was analyzed in the context of the linearized Cahn-Hilliard 
theory for the early stage of SD and the Siggia theory for 
the late stages of SD where hydrodynamic flow takes place? 

The formation of a liquid crystal mesophase was 
recognized recently in organosoluble aromatic rigid-rod 
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polyimidelm-cresol systems.1° These polyimides were 
synthesized originally for producing high-modulus and 
high-strength fibers, films, and molecular composites.ll 
Among them, biphenyltetracarboxylic dianhydride-(per- 
fluoromethy1)benzidine (BPDA-PFMB) is a typical poly- 
imide which can be solution-spun to produce high- 
performance fibers for composite applications.11J2 During 
that time, we realized that spinning from a gel state yields 
better spinnability and strong fibers. Such a behavior 
was also reported for ultrahigh molecular weight poly- 
ethylene (UHMWPE)/decalin gels in which gel-spinning 
at the gelation point yields fibers with high orientation 
and outstanding mechanical properties.13-ls Therefore, 
the understanding of sol-gel transitions is of crucial 
importance for determining a processing window of 
polymer/solvent systems. 

The purpose of the present study is to elucidate the 
mechanisms of mesophase transitions associated with 
thermoreversible gelations of the rigid-rod BPDA-PFMB/ 
m-cresol system. In a previous paper,l8 the effects of 
molecular weight and concentration on the sol-gel tran- 
sitions of BPDA-PFMBlm-cresol solution were investi- 
gated. Now, we focus our attention on the establishment 
of the phase diagram and the determination of the kinetics 
of the phase transformation involving mesophase tran- 
sitions. 

Experimental Section 
Materials. The synthesis and characterization of BPDA- 

PFMB were reported elsewhere.1° The BPDA and PFMB 
monomers were first dissolved in m-cresol and then polymerized. 
The concentration of BPDA-PFMB thus produced was - 10 wt 
'% . The inherent viscosity of BPDA-PFMB was measured with 
an Ubbelohde viscometer; it was estimated to be 4.7 dL/g at  30 
"C. Reagent grade m-cresol was used to further dilute BPDA- 
PFMB to the desired concentrations at  elevated temperatures 
(80 "C). The BPDA-PFMBlm-cresol solutions were sealed in 
Vitro dynamic cells for light scattering experiments. 

Methods. Thermal analysis of BPDA-PFMB/m-cresol so- 
lutions was carried out by DSC at  a heating rate of 10 OC/min 
under flowing nitrogen. Liquid DSC cells were utilized to ensure 
the mixture was sealed completely. The phase morphology of 
the BPDA-PFMBlm-cresol solutions was examined by a Leitz 
optical microscope (Model Laborlux 12 Pol). The kinetics of 
phase transition was pursued by meam of time-resolved small- 
angle light scattering. The scattering setup consists of a He-Ne 
laser light source (2 mW, Aerotech), a one-dimensional Reticon 
diode array detector (EG&G) interlinked with an optical mul- 
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Figum 3. Change of scattered intensity as a function of ascending 
temperature for various BPDA-PFMB/m-cresol solutions. The 
heating rate was 0.5 OC/min. 
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Figure 1. DSC traceefor (a) afreshsampleofthe8wt 5% BPDA- 
PFMB/m-cresol solution and (b) rerun of the specimen kept at 
room temperature for 24 h after the first run. The heating rate 
was 10 OC/min. 
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Figure 2. Temperature dependence of scattered intensity for 
the 8 wt 5% BPDA-PFMB/m-cresol solution with a ramp rate of 
0.5 "C/min for heating and cooling. 

tichannel analyzer (OMA 111, EG&G), and an off-line micro- 
computer (IBM PC2/30). Depolarized light scattering pictures 
were taken on a Polaroid instant camera (Land film holder, Model 
545). 

Results and Discussion 
Phase Equilibrium. Figure 1 shows DSC traces of a 

fresh 8 wt '3% BPDA-PFMB/m-cresol solution obtained 
during heating from 25 to 180 "C at a rate of 10 "C/min+ 
Dual endothermic melting peaks (around 95 and 124 "C) 
are evident in the heating run. The specimen was rapidly 
quenched to room temperature and then reheated sub- 
sequently to 180 "C. The DSC trace of the second heating 
cycle reveals a flat base line without any indication of a 
transition peak (not shown here). This kind of thermal 
behavior is strikingly similar to that reported for poly- 
(vinyl chloride)/diethyl malonate gel5.l' When the mea- 
surement was repeated with the sample kept at room 
temperature for -24 h, the DSC trace showed two 
endothermic peaks corresponding to 60 and 124 "C (Figure 
1). Although the higher temperature peak was repro- 
ducible in repeated heating cycles, the lower endotherm 
was strongly dependent on thermal history and aging time. 

Figure 2 shows the temperature dependence of the 
scattered intensity of the fresh 8 wt ?6 BPDA-PFMB/ 
m-cresol solution with a ramp rate of 0.5 "C/min for both 
heating and coaling. In the heating cycle, the scattered 
intensity (at ascattering angle of 20") vs temperature curve 
exhibits multiple transitions in the temperature range 50- 
140 "C. The lowest transition appears around 50-60 OC. 
The intensity remains constant with further increase of 
temperature, but it begins to drop around 100 OC. At - 112 "C, the intensity increases slightly, showing a hump 

in the intensity vs temperature curve. The increased 
fluidity of the sample is also noticed visually at that 
temperature. Then the intensity continues to decrease 
and disappears completely at -129 "C as the solution 
reaches the isotropic state. 

When the sample is cooled gradually from the isotropic 
state, the scattered intensity remains constant initially, 
but it increases rapidly at -60 "C. However, when the 
system is cooled just below the highest transition tem- 
perature (e.g., 115 "C) and held at that temperature for 
-2 h, a large biphasic structure is discerned in the 
microscopic investigation. The light scattering experiment 
probably missed this transition because of the fast cooling 
rate and the slow kinetics of the phase transitions. We 
therefore focus on the phase transitions of the heating 
runs. 

To illustrate the overall phase behavior of the BPDA- 
PFMBlrn-cresol system, the SALS experiment was un- 
dertaken on other compositions ranging from 2 to 10 wt 
% BPDA-PFMB. All specimens were preheated once to 
180 "C for 5 min, coaled at a natural cooling rate, and then 
kept at  ambient temperature for at least 1 week to ensure 
all specimens received the same thermal history. As shown 
in Figure 3, two transitions appear in the intensity vs 
temperature curves for the 2 wt % concentration. The 
first transition in the order of ascending temperature 
appears around 50 OC for the 2 wt % solution. This 
transition remains fairly constant with increasing con- 
centration. The depolarized Hv (horizontal polarizer with 
vertical analyzer) light scattering studies of the 8 wt % 
BPDA-PFMB/m-cresol solution showed no change in 
shape or size of the four-lobe pattern during heating above 
60 "C, except that the scattering intensity was reduced 
sharply. This suggests that the polyimide rod aggregates 
melt and transform to an anisotropic liquid crystal 
mesophase. This anisotropic structure persists up to 110 
"C until gel melting takes place. This temperature 
incidentally corresponds to the inflection point of the 
intensity vs temperature curve of the 8 wt % solution in 
Figure 3. 

The high-temperature transition virtually splits into 
dual transitions at  8 and 10 wt 95 polyimide concentrations 
in that the intensity seems to decrease and then increase 
again. In this temperature range, it waa noticed visually 
that the gel gained fluidity; it is not uncommon for gels 
very near their melting point to exhibit this kind of 
behavior. The increased intensity may be caused by drift 
of laser speckle patterns as the gels undergo constant 
rearrangements near their melting transition. The in- 
flection point of the intensity vs temperature curve has 
been taken as the gel melting temperature, which displays 
a strong dependence on concentration of BPDA-PFMB/ 
m-cresol (Figure 3). It should be pointed out that there 
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Figure4. TemperaturevscompositionphasediagramofBPDA- 
PFMBIm-cresol solution based on DSC and cloud point mea- 
surements. 

is considerable scattering remaining in the Vv configu- 
ration in the temperature range 110-130 OC. Although 
such a phenomenon has been attributed customarily to 
the slow gel melting process, other mechanisms such as 
liquid-liquid phase separation cannot be ruled out for 
this polyimidelrn-cresol system since a large hiphase 
structure can be discerned under the microscope after 2 
hfollowingaTquenchfrom 180to115"C. Moreover,the 
existence of liquid-liquid phase separation above the gel 
melting temperature had been reported in some flexible 
polymer/solvent system~. '~J~ One notable example is the 
observation of spinodal decomposition above the sol-gel 
transition of a poly(viny1 alcohol)/water system.18 Re- 
cently, the interplay of the liquid-liquid (L-L) phase 
separation and sol-gel transition has been reported for a 
flexible coillsolvent ~ystern.'~ In the present system, we 
are unable to determine the L-L phase separation tem- 
perature exactly because of the strong interference of the 
slow gel melting process. 

Based on the experimental observations by optical 
microscopy, DSC, and SALS measurements, a tempera- 
ture-composition phase diagram was established (Figure 
4). The endothermic transition peak of BPDA-PFMB/ 
m-cresol solution increased from 80 to 130 OC with 
increasing polymer concentration from 2 to 10 wt % . The 
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DSC gel melting points approximately correspond to the 
second transition as seen by light scattering. Upon cooling 
from a single phase into the miscibility gap, liquid-liquid 
phase separation probably occurs initially. The local 
concentration of rigid-rod polyimides increases progres- 
sively, leading to alignment or self-association of anisc- 
tropic rods due to the entropic effect. The molecular 
mobility would be reduced considerably, eventually caw- 
ing apparent gelation. At this stage, a birefringent 
structure may he discerned under the polarized optical 
microscope. With continued cooling to ambient temper- 
ature, the rigid-rod concentration probably exceeds a 
certain critical concentration, thereby causing the system 
to lock-up or solidify as the ordered rod aggregates 
approach their glassy state. 

The lowest transition, which appears at -60 "C in the 
cloud point measurements, can be recognized in the DSC 
heating cycles (Figure 1). However, the exothermic peak 
appears a t  a lower temperature of -40 "C. Such dis- 
crepancy between the melting and crystallization tem- 
peratures has been commonly observed in semicrystalline 
polymers, particularly for fast heating and cooling rates. 
This transition may be regarded as amonotectic transition 
from a liquid + nematic liquid phase to a liquid + solid 
(ordered rod aggregates) phase within the miscibility gap. 

S t ruc ture  Evolution in  BPDA-PFMBlm-Cresol 
Solution. To ensure complete homogenization and to 
remove possible memory effects, the BPDA-PFMBlrn- 
cresol solutions were kept a t  180 "C for 90 s and then 
quenched into a miscibility gap close to the monotect.ic 
transition region. The optical micrographs of Figure 5 
show the time evolution of phase-separated structures 
following a temperature (2') quench to 23 "C. At the 
beginning, the sample is in a single phase; thus it shows 
no identifiable structure. After 150 s, liquid-liquid phase 
separation probably occurs, exhibiting some modulated 
hiphasic structures (domains). The domainsgrow slightly 
in early time, but they virtually cease to grow further. The 
cessation of domain growth at  long times may he attributed 
to gelation of the rigid-rod polymer rich solution. The 
temperature quench to 40 "C reveals a similar trend. 

The polarized optical micrographs of Figure 6 show the 
structure evolution of 8 wt % of BPDA-PFMBIrn-cresol 
following a T quench to 55 "C. The optical micrograph 
takenat 6min exhibitsatotally darkappearance indicative 
of an isotropic phase. After 8 min, some birefringent 
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Figure 5. Optical micrographs of the 8 w t  % BPDA-PFMB/m-i 
waa first kept at 180 'C for 1.5 min and then quenched to 23 "C 

(c)  3 min (d) 5 min 
:resol solution, displaying interconnected structure. The specimen 
: for various times. 
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Figure 6. Polarized optical micrographs of the 8 wt % BPDA- 
PFMB/m-cresol solution, showing time evolution of a schlieren 
texture. The specimen was first kept at 180 O C  for 1.5 min and 
then quenched to 55 'C for various times. 

entities develop, which may be associated with liquid 
crystal defects known as disclinations. These structures 
are commonly called schlieren textures.20.21 Concurrently, 
a continuum of birefringent texture can be discerned in 
the optical microscope over the entire field of view. The 
size parameter characterizing the length scale of discli- 
nations will hereafter be referred to as the "domain size". 
The average domain size increases slightly with time, 
although it is extremely difficult to quantify from these 
micrographs. A detailed study of the growth of the liquid 
crystal domains as ohserved by time-resolved light scat- 
tering will be presented in a later section. 

The dependence of disclination textures of BPDA- 
PFMBlm-cresol as a function of quench depth was 
examined by polarized optical microscopy. The T quench- 
es induced the formation of liquid crystal defects. The 
average domain size of schlieren textures increases for 

some initial periods and then levels off. No appreciable 
change of the structure or the size was noticed after 24 h. 
Figure 7 shows optical micrographs of 8 wt % BPDA- 
PFMBlm-cresol obtained after 24 h of aging following T 
quenches from 180 "C to the indicated temperatures. The 
T quenches to 40,55,65, and 75 "C show typical schlieren 
textures with varying length scales. However, the texture 
a t  the T quench to 25 OC appears, although by no means 
conclusive, somewhat different from the typical schlieren 
texture. That is, the dark regions are along the polarizer 
and analyzer directions; thus thestructure rather resembles 
the typical spherulitic morphology of solid crystals. It 
should be pointed out on the basis of the DSC and light 
scattering studies that the rmm temperature is appreciably 
lower than the monotectic transition (60 "C) that repre- 
sents the transformation of the ordered rod aggregates to 
the nematic mesophase. Hence, the rod aggregates may 
be formed duringquenching to ambient temperature. The 
length scale of the schlieren textures appears to depend 
strongly on the quenching temperature; namely, the larger 
the quench depth (AT)  is, the smaller the average domain 
size. Thisbehavior will beexploredquantitativelybyusing 
time-resolved light scattering in a subsequent section. 

Kinetic Aspectsof PhaseTransition. Figure 8 shows 
light scattering pictures for 8 wt 9% BPDA-PFMB/m- 
cresol following a T quench from 180 to 23 'C. A four- 
lobecloverpatternisevident intheHvscattering, whereas 
an elongated anisotropic pattern is seen in the Vv 
configuration. A diffuse scattering halowasobserved when 
polarizers were not utilized. Figure 9 shows the Hv and 
Vv scattering patterns of the 8 wt % BPDA-PFMB/m- 
cresol solution after quenching from 180 to 75 and 25 "C, 
respectively. The scattering patterns appear a t  a lower 
angle for the T quench at 75 "C relative to that at 25 "C. 
That is, the average domain size within the sample is larger 
for the smaller quenchdepth. Thisconclusion is consistent 
with the previous observation by polarized optical mi- 
c r os copy. 

Figure 10 illustrates the Vv light scattering patterns 
evolving in time following the Tquench from 180 to 23 'C 
for 8 wt % BPDA-PFMB/m-cresol. Initially, thespecimen 
isin an isotropic state. As time elapses, adiffusescattering 
pattern appears, and then the shape becomes anisotropic. 
The change of the Vv pattern from a circular to an 
anisotropic shape has been commonly observed during 
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Figure 7. Dependence of schlieren textures on temperature quench depth. 
kept at 180 O C  for 1.5 min and then quenched to various temperaturen. 

65°C 75°C 
The 8 wt % BPDA-PFMB/m-cresol solution was first 
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Figure 8. Small-angle light scattering patterns under Vv, Hv, and no polar conditions for the 8 w t  % BPDA-PFMB/m-cresolsolution 
after a T quench to 23 OC. 
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Figure 9. Evolution of the small-angle light scattering Vv patterns with time for the 8 wt % BPDA-PFMB/m-cresol solution after 
a T quench to 23 OC. 

crystallization from polymeric melts and is generally 
attributed to the impingement of rod aggregates or 
domains.22 The continuum of highly congested schlieren 
structures may have similar characteristics of impinged 
rod aggregates. Hashimotoet al.%howed that thenematic 
line disclinations with a strength of *1 revealed a four- 
1obe"x"patternwhile thatwithastrengthof*'/2exhihited 
a rotated four-lohe "+" pattern in the Hv configuration. 

Since the time evolution of Vv scattering is complex, 
the kinetics of phase transition of the BPDA-PFMBIm- 
cresol system was examined solely under the Hv config- 
uration to mimic the growth of domains or the length scale 
of disclinations. A series of T quench experiments were 
carried out from 180 to 23,40,50, and 55 O C .  Figures 11 
and 12 exhibit the time evolution of scattering peaks of 
8 w t  % BPDA-PFMBIm-cresol at 23 and 55 O C ,  respec- 
tively. The Hv scattering intensity was scanned at an 
azimuthal angle of 45 "C. The plot of scattering intensity 
vs scattering wavenumher q shows a maximum corre- 
sponding to the periodic distance of neighboring domains. 
The domain size is larger at the 55 "C quench relative to 
the T quench at 23 "C. Later, these domains impinged 

on each other; thus the average periodic distance will he 
equivalent to the average diameter of the domains. As 
the domain grows, the scattering peak shifts to a lower 
angle and its intensity increases. Subsequently, the 
scattering peak becomes stationary, hut the intensity 
continues to increase gradually. The invariance of peak 
position may he a consequence of the impingement effect. 
However, there must heasecondaryreorganization process 
such as refinement of internal structure occurring within 
the preformed domains, thereby causing the scattered 
intensity to increase. 

Figure 13 depicts the logarithmic plot of the growth 
curves for 8 wt % BPDA-PFMB/m-cresol for various 
temperatures. The domains show two-stage growth. In 
the first region, the average domain size increases with 
time in association with the primary transition. The 
second stage corresponds to the region where the average 
diameter of the domains shows little or no change in time 
due to the impingement effect in which the secondary 
transition takes place internally. The initial slope of the 
log(l/q,) vs log t plot yields, except for the 55 'C case, 
a kinetic growth exponent of approximately 1 for the 23, 
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Figurelo. VvandHvseatteringpatternsfortheBwt 9% BPDA- 
PFMBIrn-cresol solution following a T quench at (a) 25 and (b) 
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Figure 11. Time evolution of the Hv scattering profile of the 
8 w t  9% BPDA-PFMBIm-cresol solution at a Tquench to 23 OC. 

40, and 50 "C quenches. In view of the short time interval 
at which the slopes were determined, these exponents 
should not be assigned to any significant mechanisms. 

The kinetically equilibrated length scale of orientation 
fluctuations, i.e., the average domain size, r*, may be 
estimated from the Hv light scattering of three-dimen- 
sional anisotropic rod aggregates as f ~ l l o w ~ : ~ ~  

The ultimate average domain size was found to be the 
smallest for the lowest T quench and increases with 
increasing quench temperatures or shallower quench 
depths. To correlate the average domain size to the 
supercooling AT, the classical nucleation theorywz6 may 
be adopted by taking into consideration the free energy 

0 I 2 3 

4 (pm-') 

Figure 12. Time evolution of the Hv scattering profile of the 
8 wt % BPDA-PFMBIm-cresol solution at a Tquench to 55 OC. 
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Figure 13. log-log plot of length scale ( l / q d  M time for the 8 
wt % BPDA-PFMBIm-cresol solution at various temperatures. 

change due to the aggregate formation and the associated 
surface free energy to give 

where u. is defined as the surface free energy per cm2 and 
AH stands for the enthalpy difference per cm3 between 
the isotropic and anisotropic phases. Figure 14 shows the 
linear relationship between the reciprocal critical domain 
size l/r* and ATIT,. A slope of 0.454 X 10' (=AH/ZuJ 
was estimated. Using the AH value determined by DSC 
(Figure l), a surface free energy us of 160.4 erg/cm2 was 
estimated. This value is rather large relative to the us of 
5.2 and 12.2 erg/cmz reported for poly(ch1orotrifluoro- 
ethylene) (PCTFE) and polyethylene (PE).27 It may be 
concluded that the rigid BPDA-PFMB polyimide has a 
relatively high surface free energy. 

Next we examined the kinetic behavior by analyzing 
the scattering invariant rather than the length scale 
because the invariant approach will not be affected by the 
impingement problem. Customarily, the kinetics of do- 
main growth may be interpreted in the framework of the 
classical nucleation and growth (NG) theory.Zc26 For a 
three-dimensional domain growth from heterogeneous 
nuclei, it may be expressed as follows: 

V, = 1 - exp[(-4/3)~uG~t~l (3) 

where G is the growth rate and u is the number of nuclei 
per cm3. For the nucleation controlled phase transition, 
the time dependence of ordered rod aggregate fraction 
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Figure 14. Reciprocal of critical domain size ( l / r * )  as a function 
of AT/Tmg for the 8 wt '76 BPDA-PFMB/m-cresol solution. 

X ( t )  may be expressed in terms of the Avrami equation24 

X ( t )  = 1 - exp(-ktn) (4) 

where n is the Avrami exponent and k is a constant. 
To follow the growth kinetics experimentally, the 

invariant function of the small-angle light scattering has 
been customarily employed, which may be determined by 
integrating the scattered intensity over all scattering 
volume. The invariant Q for an isotropic system may be 
expressed in reciprocal space as follows:28 

(5 )  

where %(q) represents the Rayleigh ratio. The light 
scattering from semicrystalline or liquid crystalline ma- 
terials includes contributions from density and orientation 
 fluctuation^.^^^^ These contributions may be separated 
through the depolarized light scattering geometry. Under 
the Hv scattering, only the contribution from orientation 
fluctuation is significant, whereas the Vv scattering 
represents a measure of the combined contributions of 
density and orientation fluctuations. In the case of random 
orientation correlation, the scattering invariant due to the 
contribution of orientation fluctuation Qorient and density 
fluctuation may be formulated ass 

Qofient = J a ( q ) H v q 2  dq N (a2) (6) 

(7) 

where ( a2) is the mean-square anisotropy fluctuation and 
( q 2 )  is the mean-square polarizability fluctuation. Based 
on an ideal two-phase model, Qofient is proportional to the 
mean-square anisotropy (P), which is related to the 
ordered domains when the aggregates are volume-filled, 
i.e., fully congested ( ( T ~ )  = If the mean-square 
polarizability ( T ~ )  has a nonzero finite value, (a2) is no 
longer equivalent to the bulk property because the 
microscopic degree of ordered rod aggregate fraction is no 
longer constant, but it fluctuates over distances comparable 
with the wavelength of light. However, the tendency of 
the relative change of (a2) should be analogous to that of 
the ordered rod aggregates. 

The time dependence of the scattering invariant, Qofient, 
following various T quench experiments was investigated 
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Figure 16. Plot of log(-ln(1 - Q/Q*)) vs log t. for the 8 wt '76 
BPDA-PFMB/m-cresol solution at various temperatures. 

for the 8 wt % specimen. This scattering invariant Q was 
calculated by integrating the area under the curve ac- 
cording to eq 5. Figure 15 presents a plot of log(-ln(1 - 
Q/Q*)) vs log t, for 8 wt % BPDA-PFMB/rn-cresol a t  
various temperatures. The double-logarithmic plots of 
scattering invariant vs time show a two-stage growth 
behavior. In the first stage, the kinetic exponent is 
approximately 4 at most quench temperatures, except for 
the 55 O C  quench in which the value is closer to 6. In the 
second stage, the exponent changes to a value of 0.5 at all 
quenches. Incidentally, the exponents of 4 and 6 of the 
first stage correspond to the predicted values for the 
homogeneous nucleation (three-dimensional growth) of 
the solid crystal and the solid sheaf (disordered spherulite), 
respectively.26 However, it is by no means a proof as the 
initial slopes cover only a short time scale. Physically, it 
may be interpreted as the rod molecules self-align and 
subsequently form bundles as the local concentration of 
rods increases within the polymer-rich region. These 
bundles probably act like nuclei upon which the aggregate 
structures grow until they impinge on each other. 

When the impingement of rod aggregate domains takes 
place, the length scale can no longer increase. However, 
the refinement of structure or rod alignment would 
continue internally within the preformed domains. This 
structural refinement would lead to increased depolarized 
scattering. Such an internal reorganization of rod aggre- 
gates may be attributed to a secondary nucleation and 
growth process for which the kinetic exponent of 0.5 has 
been p r e d i ~ t e d ~ ~ ~ ~ ~  and also experimentally observed here. 

Conclusions 
A partial phase diagram involving liquid-liquid phase 

separation and the gel-sol transition of the BPDA-PFMB/ 
rn-cresol system was established by DSC, SALS, and 
polarized optical microscopy. The gelation in this system 
is a two-stage process, like many other reversible gels. In 
the first stage, the rods coalesce into bundles due to an 
entropic effect. These rod bundles act like physical 
junctions upon which the aggregate structure grows. In 
the second stage, the aggregate domains impinge on each 
other and the refinement of structure or rod alignment 
probably takes place within the preformed domains. 

Above the monotectic transition temperature, the 
morphology of the BPDA-PFMBlm-cresol solution re- 
sembles the schlieren textures; but it appears like a solid 
rod aggregate at  the T quench to ambient temperature. 
The aggregation of rigid-rod polyimides probably takes 
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place via the nucleation and growth process. The refine- 
ment of rod alignment within the preformed aggregates 
may be attributed to secondary NG, in which the kinetic 
exponent of 0.5 was obtained for 8 wt % BPDA-PFMB/ 
rn-cresol. The kinetically equilibrated length scale of rod 
aggregates was found to be inversely proportional to the 
quenched depth. 
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