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Figure 5. Distribution of decay times using various methods12 
for data obtained on solutions of PS (M, = 15 X lo6) in cyclo- 
pentane (21 "C) at a concentration of 4.7% (w/w) (measurements 
at 0 = Soo): (a) CON TIN^^ (continuous line); (b) linear-programming 
method," which uses fixed components equidistant on a loga- 
rithmic scale and minimizes the sum of absolute values of residuals 
(result shown as the broken line); (c) positive-coefficient expo- 
nential sum (PES) method,15 which fits the experimental curve 
to the expression (CElcie-t/Ti)z + b, with all ci, 7i, and b adjusted 
by least squares with ci > 0 and 7i > 0. Components N are 
increased until no new T~ with positive ci can be added. These 
values are illustrated as the vertical bars. The two vertical arrows 
shown are the results of bimodal analysis as described in ref 3. 

dynamics, not the least because it is difficult to obtain 
asymptotic conditions even with very high molecular 
weight fractions. We have endeavored to meet this need, 
as shown by the data in Figure 3. It is apparently nec- 
essary to exceed C N 10% (the often-used limit for sem- 
idilute solutions owing to monomer-friction complications) 
if a limiting exponent for the gel mode is to be established. 
However, the experimental difficulties are formidable in 
obtaining a precise description of the various components 
involved in the relaxation behavior. The degree of non- 
exponentiality is considerable, and substantial ambiguity 
attaches to the components regardless of the data-analysis 
technique employed. It is also possible that the slower 
modes couple to some extent with the faster motions of 
the transient gel a t  the highest  concentration^.^ 
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Spinodal Decomposition of Polymer Mixtures 
with a Thermotropic Liquid Crystalline Polymer 
as One Component 

The mechanism and kinetics of phase separation of 
polymer mixtures have been the subject of extensive 
studies in recent y e a r ~ . ' - ' ~ ~ ~ " ~ ~  The studies involve time- 
resolved analyses of structural evolution from the mixtures 
in the molten, isotropic liquid state1-8J1J3,35-39 or in a 
neutrally good solvent9J0J2 (i.e., phase separation into 
polymer A solution and polymer B solution), induced by 
quenching the systems to a thermodynamically metastable 
or unstable state. 

In this paper we present novel experimental evidence 
on phase separation into a liquid crystalline phase and a 
molten, isotropic, liquid phase via spinodal decomposi- 

During the course of the isothermal phase sep- 
aration we observed the following: (i) We found an evo- 
lution of periodic concentration fluctuations with corre- 
lation length A, which increases with time spent for phase 
separation. (ii) The time evolution of the concentration 
fluctuations results in a bicontinuous, periodic network- 
type structure: one type of phase is rich in liquid crystal 
forming polymer and forms the liquid crystalline phase, 
and the other type of phase is rich in molten, isotropic 
polymers and forms the optically isotropic phase. (iii) At 
a sufficiently late stage, a "~elf-similarity"'~~~~ was found 
between the structures obtained at different times. 

Observations i-iii are essentially the same as those re- 
ported for unmixing processes of critical mixtures of 
metallic alloys,1e20 small-molecule liquids,21v22 inorganic 
gla~ses,2~ and binary liquid polymers.24,40 It is our objective 
in this paper to report that this common phenomenon can 
also be found in the unmixing process of binary mixtures 
between thermotropic, liquid crystalline polymers and 
isotropic liquid polymers. 

The system used in this study was a 5050 mixture (by 
weight) of a commercial poly(ethy1ene terephthalate) 
(PET) and a copolyester of 60 mol % p-oxybenzoate 
(OBA) units and 40 mol % ethylene-terephthalate units 
(X-7G; Tennessee Eastman Co.). The number-average 
molecular weights of these polymers are both ca. 2 X lo4. 
X-7G is among the first thermotropic liquid crystalline 
polymers, and its synthesis and properties have been re- 
ported by Jackson and K u h f u s ~ . ~ ~  These two polymers 
were dissolved in o-chlorophenol at 60 "C, and the insol- 
uble part, which probably consists of crystalline poly(p- 
oxybenzoate), was removed by filtration. The test speci- 
mens were prepared by casting one or two droplets of 1-5 
wt % solutions on microscope cover glasses. The solvent 
was quickly evaporated by placing the cover glasses onto 
a hot plate preheated at 60 "C in a vacuum chamber. The 
film-casting seemed to be completed within a few minutes 
but the test specimens were kept under vacuum for an 
additional 3 h. The films thus prepared had average 
thicknesses of 1-10 pm at the centers of the droplets and 
thicker peripheries. The as-cast films were clear and ex- 
hibited no optical anisotropy under a cross-polarized op- 
tical microscope. Time evolution of the structure was 
observed by a Nikon Optiphot-Pol XTP-11 polarizing 
microscope equipped with a TH-600 heating stage (LIN- 
KAM Scientific Co.). The temperature of the heating stage 
was calibrated for the melting points of various standards 
of small molecules. The observations were started as soon 
as the test specimens on the cover glasses were placed on 
the heating stage controlled at the preset temperature. 
The time required for a temperature jump (2' jump), i.e., 
the time necessary for the test specimens to reach the 
preset temperature, was less than a few seconds. The 
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X-7G/PET ( 5 0 / 5 0 )  at  256°C 
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Figure 1. Polarized optical micrographs of X-lG/PET (50150) 
mixture film: (a) observed at room temperature (as-cast film) 
and observed at 256 "C after (b) 4, (c) 12, (d) 26, and (e) 38 s of 
isothermal phase separation at 256 "C. 

polarized optical micrographs were taken with the incre- 
ment of annealing time. The light scattering patterns were 
obtained, however, from specimens quenched after various 
annealing times on a metal block a t  room temperature. 

Figure 1 shows the structure evolved by the isothermal 
phase separation of the mixture a t  256 'C. The isothermal 
phase separation was initiated by a T jump from room 
temperature to  256 O C  for the as-cast films. The as-cast 
films are opt idly isotropic and homogeneous on a spatial 
scale of 50 wm as shown in Figure la. The temperature 
256 "C is above the melting point of the crystallites of the 
PET sequence in X-7G and pure PET" so that PET 
homopolymer and the PET sequence in X-7G are in the 
molten liquid state. X-7G forms liquid crystals at 256 "C.= 

Shortly after the T jump, unmixing between the opti- 
cally isotropic phase and the anisotropic phase was ob- 
served to occur, as shown in the pictures obtained 4 and 
12 s after the T jump (Figure lb,c, respectively). The 
phase separation appears to form periodic, bicontinuous 
network structure, and the periodicity or the correlation 
length appears to increase with time. With a further lapse 
of time, a coarsening of the network pattern occurs, while 
"self-similarity" of the patterns seems to be maintained 
throughout the process. The fine structures observed 
within the optically anisotropic networks are believed to 
originate from a polydomain structurez6 in the thermo- 
tropic liquid crystal phase. The polydomain structure in 
turn is believed to arise from the spatial distribution of 
the disclination lines2' and hence to represent regions of 
the correlated orientations26 of the OBA optical axes. 
Except for the novelty associated with one phase being 
liquid crystalline, the general trends observed in the time 
evolution of the unmixing structures are typical of those 
for unstable critical mixtures in small-molecule liquids, 
metallic alloys, inorganic glasses, and binary liquid poly- 
mers. 

Figure 2 demonstrates that the isotropic phase in Figure 
1 indeed corresponds to a liquid PET phase. The left 
picture was obtained by slowly cooling the mixture sub- 
jected to a certain stage of unmixing a t  280 "C to room 
temperature, while the right picture was obtained by 
rapidly cooling the mixture subjected to another stage of 
unmixing a t  258 OC to room temperature. In the left 
picture, the defocused regions located in the left and right 
corners of the pictures correspond to a part of the liquid 

280°C - R.T. 258 " C  - R.T. 

Figure 2. Polarized optical micrographs of X-'IG/PET (50/50) 
mixture film: slowly cooled to room temperature after phase 
separation at 280 "C (left) and rapidly eooled to rcom temperature 
after phase separation at 258 "C (right). 

X-7G/PET (50/501 at 238°C 8sec. 

H" V"  HH 

Figure 3. Light scattering patterns taken under Hv ( I C , L I ,  Vy 
(center), and H, (right) conditions from an X-lG/PET (G0/50) 
mixture film isothermally phase separated at 238 "C for 8 s and 
quenched to rwm temperature. The directions of the polarizer 
and analyzer are shown by arrows. 

crystalline networks which are frozen in the glassy state. 
Between the liquid crystalline regions one can clearly ob- 
serve the PET spherulites that grow from the isotropic 
liquid phase during the cooling process. In the right pic- 
ture, a part of the glassy liquid crystalline networks is 
observed in the lower part of the picture, and small PET 
spherulites or crystallites are observed in the matrix. 

The time evolution of the light scattering patterns 
during the isothermal phase separation was also investi- 

During phase separation ring-like scattering 
patterns typical of what is called a 'spinodal-ring"g was 
observed, and the peak position was found to shift toward 
the incident beam axis. The time evolution of the ring-like 
scattering reflects growth of periodic concentration fluc- 
tuations originating from the spinodal decomposition and 
its coarsening process. The light scattering technique was 
found to be especially powerful in the investigation of the 
early stage of unmixing where the periodic network 
structure cannot be clearly resolved under the optical 
microscope due to overlap of the structure in the thickness 
direction. Of course, good agreement between the corre- 
lation length Am's measured from the light scattering 
technique and optical microscopy was clearly found in the 
late stage of unmixing where the network structure is 
clearly distinguished under the microscope. 

Figure 3 shows a unique feature of the spinodal ring that 
results from one phase being optically anisotropic due to 
the liquid crystal nature. The anisotropy gives rise to the 
strong depolarized (Hv) pattern. The orientations of the 
polarized and depolarized patterns are expected from 
scattering theory for anisotropic systems26s3z and indicate 
preferential orientation of the OBA molecules in the liquid 
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Figure 4. Logarithmic plot of the correlation length Am vs. time 
spent for the isothermal phme separation of X-7G/PET (50/50) 
mixture film a t  256 "C. 

crystalline networks. Detailed analyses on the scattering 
patterns will be described elsewhere.2s 

Figure 4 shows the time evolution of the correlation 
length Am's during isothermal phase separation at 256 OC. 
Am's were measured by image processing of the optical 
microscopic pictures obtained in the late stage of the un- 
mixing so that the network structure could be unequivo- 
cally distinguished with the dynamic image analyzer built 
in our l a b ~ r a t o r y . ~ ~  Details of the dynamic image ana- 
lyzeP and the method of extracting Am's will be reported 
elsewhere.28 Preliminary experimental results show the 
power law 

The '/,-power law is the one familiar for the droplet 
growth caused by the hydrodynamic e f f e ~ t ~ ~ J ' 9 ~  or by the 
Lifshitz-Slyozov process.16 The growth of the droplets 
occurs as a consequence of their diffusion and coalescence 
so that 

Am - t1/3 (1) 

Rqt )  - D ( t ) t  (2) 
where R(t)  is the size of the droplet and D ( t )  is time-de- 
pendent diffusivity of the droplet, which, in turn, is given 
by 

D ( t )  - kBT/VR(t) (3) 

where kBT is the thermal energy and q is the viscosity. 
From eq 2 and 3 one obtains the '/,-power law - R( t )  - (kBT/?7)'/3t'i3 (4) 

Needless to say, further investigation is required as to 
whether the '/,-power law observed in the preliminary 
study of the unmixing dynamics of the liquid crystalline 
component and isotropic liquid component exactly corre- 
sponds to the '/,-power law in the growth of patterns 
caused by hydrodynamic interactions of the Lifshitz- 
Slyozov process found for the isotropic liquid or solid 
mixtures. Moreover, the 1/3-power law itself has to be 
further investigated over a much wider time scale and 
temperature range. Further work along this line is cur- 
rently in progress in our laboratory. However, all evidence 
presented in this paper indicates that spinodal decompo- 
sition and subsequent coarsening processes similar to those 
for isotropic liquids and solids occur even when one com- 
ponent is a liquid crystalline polymer and forms a liquid 
crystal phase. 
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showed the melting point of the pure PET is close to 275 OC, 
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PET homopolymer in the mixture, if it existed, appears to 
make an insignificant contribution to the anisotropy of the 
PET-rich phase. 
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