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Abstract

Time resolved light scattering is used to study the phase separation of tetramethyl polycarbonate (TMPC) blends with polystyrene (PS) and
with styrene–pentabromobenzyl acrylate copolymers (S–PBBA). Addition of PBBA to the copolymer reduces the lower critical solution
temperature with TMPC and slows the rate of phase separation. Both thermodynamic and structural contributions to phase separation are
considered. TMPC/PS diffusion coefficients estimated using the linearized Cahn–Hilliard theory are compared with light scattering measure-
ments reported previously and with calculated mutual diffusion coefficients extrapolated from tracer diffusion measurements. The effect of
the jump depth into the two phase region on the late stage coarsening process is shown to correlate with the duration of the early stage process
of spinodal decomposition.q 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

How copolymer structure and composition affect misci-
bility behavior, phase separation kinetics, and morphology
development is valuable knowledge when developing
polymer blends. The last two issues are of particular
importance in multiphase blends where, from among other
factors, the rate of phase formation or dissolution plays a
significant role in determining the microstructure of a blend
and, hence, its properties. Modifying the chemical structure
of a blend component through copolymerization may be an
effective way to control morphology. The use of a
copolymer could manifest such control in any combination
of ways including through the structural mobility of the
polymer chains or through the molecular interactions of
polymer repeat units. Certainly, the role of thermodynamics
at the interface is appreciated in terms of interfacial tension
and interfacial thickness. The study of light scattering from
polymer blends undergoing phase separation has proven
useful for learning about the kinetics of blend phase
separation and phase coarsening [1–4]. Studies have looked
at the process of coalescence and at how incorporation of a
compatibalizing agent can suppress phase separation,

reduce particle size, and stabilize or improve phase
dispersion [5–9].

In this study, phase separation and morphology develop-
ment issues are explored in blends of tetramethyl poly-
carbonate (TMPC) with polystyrene (PS) and with
styrene–pentabromobenzyl acrylate (S–PBBA) copolymers
using light scattering. Blends of TMPC and PS have been
studied by various methods including the analysis of phase
behavior [10–15], light scattering [16], small angle neutron
scattering [17,18], and forward recoil spectroscopy
[19,20]. This system forms miscible blends in all
proportions and has a well-established lower critical
solution temperature (LCST) of approximately 2408C.
We reported in a previous study that TMPC can tolerate
a limited amount of PBBA in a copolymer with styrene
(between 34 and 45 wt.%) before miscibility at 1508C is
compromised [21]. Adding PBBA to the copolymer up
to this limit, however, lowers the phase separation
temperature. The limited miscibility and depression of
the LCST phase boundary is attributed, at least in part,
to the strongly endothermic interaction of PBBA with other
repeat units. For tailoring the formulations of multiphase
blends, the presence of highly unfavorable interactions
may actually have desirable effects. PBBA has demon-
strated value for its ability to impart flame retardancy
[22,23]; additional utility may arise from its use in a
copolymer blend.
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2. Light scattering theory

Several reviews of light scattering theory [24,25] and its
application to polymer blends can be found in the literature.
By subjecting the laws of mass transfer to the thermo-
dynamic constraints of spinodal phase separation, Cahn
and Hilliard [26,27] developed the following expression:
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wheref is the volume fraction,g the free energy per unit
volume, M the diffusional mobility, andK the gradient
energy coefficient. The product of the mobility and the
second derivative of free energy with respect to concen-
tration in Eq. (1) can be defined as an apparent diffusion
coefficient,Dapp, alternatively referred to as an interdiffusion
or an effective diffusion coefficient. If nonlinear terms are
neglected, the spinodal decomposition equation can be
solved in terms of a light scattering growth factorR(q)
and its associated wavevectorq
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The wavevector is related to the scattering angleu as shown
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wheren is the refractive index of the polymer andl the
wave length of the light source. The solution to Eq. (1)
predicts that light scattering will grow exponentially in
time according to the relation:

I �q; t� � I �q;0�exp�2R�q�t�: �4�
Further, the Cahn–Hilliard theory predicts a time invari-

ant maximum,qm, in the scattering spectra during the early
stages of spinodal decomposition which correlates with a
characteristic dimensiond of the phase separated
morphology
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The Dapp in Eq. (2) can be measured as a function of
temperature in a series of light scattering experiments and
then extrapolated to zero to obtain an estimate for the spino-
dal phase boundary. For the extrapolation, the temperature
dependence ofDapp must be considered in terms of the
mobility and the second derivative of free energy with
respect to composition. To derive an expression for
temperature dependence of the latter, it is instructive to
begin with the Flory–Huggins theory of mixing polymers
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where ~V is the molar volume andB(T) the temperature
dependent interaction energy density. If it is assumed that

B(T) is not dependent on the blend composition, the second
derivative of the free energy of mixing with respect to the
composition can be expressed as
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In the two-phase region of the phase diagram, both the
second derivative of free energy in Eq. (7) and the apparent
diffusion coefficient are negative. At the spinodal,
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where Ts is the spinodal temperature. Using Eq. (8), the
bracketed terms can be expressed in terms ofB(Ts) and
substituted into Eq. (7) to obtain
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Assuming an interaction energy temperature dependence
of the form B�T� � BH 2 TBS where BH and BS denote
enthalpic and entropic contributions, respectively, it can
be shown
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Thus, the thermodynamic driving force is proportional to
the depth of the temperature jump into the two phase region
(T 2 Ts) Using this approximation,Dappcan be expressed as

Dapp� 2MBH
�T 2 Ts�

Ts
: �11�

A similar line of development, expressed alternatively in
terms of the Flory–Huggins interaction parameterx with a
temperature dependence of the formx � a 1 b=T, leads to
the analogous result

Dapp� 2MRb
~Vref

�T 2 Ts�
Ts

; �12�

where R is the universal gas constant and~Vref is a reference
molar volume of the mixture.

Scaling laws have been developed to treat phase coarsen-
ing during the intermediate and late stages of phase separa-
tion [28,29]. They predict thatqm and its associated intensity
Im will change exponentially in time as shown

qm / t2a
; �13�

Im / tb; �14�
wherea andb are constants. For intermediate stage scatter-
ing, the theory predictsb . 3a, while for the late stageb �
3a is expected. The morphology and the associated mechan-
ism of coarsening are reflected in the value ofa. Values ofa
ranging from 1/5 to 1 have been predicted by various models
and simulations [4]. Experimentally, the value ofa has been
observed to change from 1/3 in the intermediate stage to 1 in
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the late stage as a system crosses over from one coarsening
mechanism to another [30–34].

3. Experimental

The materials used in this study are summarized in Table
1. Two grades of PS are included: a commercial, poly-
disperse version with a�Mw � 330,000 and a speciality,
nearly monodisperse sample with�Mw � 100,000. Details
on the synthesis and characterization of the S–PBBA
copolymers were reported previously [21]. The numerical
part of the copolymer acronym used in Table 1 corresponds
to the weight percent PBBA added to the monomer feed for
synthesis; the actual amount incorporated into the
copolymers is 19.8 and 33.9 wt.% PBBA for S–PBBA10
and S–PBBA20, respectively.

Blends were prepared for light scattering experiments by
solvent casting films from 15 wt.% solutions in dichloro-
ethane onto glass slides. To control the rate of solvent
evaporation, the samples were covered and allowed to dry
overnight. Residual solvent was removed by slowly heating
the samples under vacuum (over the course of several days
to prevent bubble formation in the thick films) to a final
temperature of 1508C where they were annealed for at
least three days. The resulting samples were smooth,
clear, and uniform. Film thickness, ranging from approxi-
mately 0.15 to 0.20 mm, was controlled by adjusting the
concentration of the casting solution. The glass transition
temperature of the polymers and their blends were measured
in a Perkin–Elmer DSC-7 using a scan rate of 208C/min.
Visual cloud points were determined by heating the blends
on a programmable Mettler hot stage using a nitrogen purge
to prevent degradation.
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Table 1
Polymers used in this study

Polymer Molecular weight information Tg onset (8C) a Source
�Mw

�Mn

TMPC 37,900 13,700 190 Bayer AG
PS100K 100,000 95,000 103 Pressure Chemical Co.
PS330K 330,000 100,000 105 Cosden Oil and Chemical Co.
S–PBBA10b 95,800 61,600 108 Synthesized
S–PBBA20c 113,400 67,800 110 Synthesized

a Measured by DSC at a scan rate of 208C/min.
b Contains 19.8 wt.% PBBA.
c Contains 33.9 wt.% PBBA.

Fig. 1. Schematic of light scattering apparatus.



Light scattering experiments were performed using
equipment developed recently in our laboratory. The design,
shown schematically in Fig. 1, is modeled after other
systems reported in the literature [16,35,36]. The light
source for the system is a 5 mW horizontally polarized
HeNe laser which, after filtering, is reflected vertically
through the polymer sample. The sample rests upon a
stage which is modular in design to allow interchange
between two heating stages: either a heated brass block
that is well suited for isothermal or temperature jump
experiments, or a programmable Mettler hot stage that
may be used for controlled temperature ramp experiments.
The entire sample stage assembly can be tilted with respect
to the incident laser to enable the collection of wide angle
scattering. A span of over 608 of scattering can be detected
simultaneously using a system of large aperture lenses
(Oriel Aspherabw, model 66063) and a linear diode array

with 512 pixels (EG&G Park, model 1452A), all of which
are mounted on an optical rail. The rail is attached to an
indexing table whose axis is centered on the sample so that,
when the detection system is swung to collect the desired
range of scattering angles, the lenses remain properly
focused on the sample.

Calibration of the diode array for scattering angle was
performed using the interference pattern created by a
diffraction grating while a correction for variation in pixel
sensitivity, necessitated by the use of the lens system, was
made using the uniform spectra from a chemi-phosphor-
ecent liquid. The details of these methods are described
elsewhere [37]. Control of the diode array and acquisition
of scattering spectra was managed using EG&G Park OMA-
Visionw software from Princeton Applied Research. After
collecting a scattering spectrum, a data analysis program
written in visual basic programming language was used
to smooth the intensity signal, correct for variation in
pixel sensitivity, calibrate the scattering wavevector, and
account for the refraction of the scattered light at the air/
polymer interface. Algorithms in the program were also
used to apply the Cahn–Hilliard and scaling law theories
outlined in the preceding section.

Temperature jump light scattering experiments were
performed as illustrated in the LCST diagram in Fig. 2.
The blend was first preheated for 15 min at about 108C
below the phase separation temperature in a sample stage
outside the light scattering apparatus and then quickly trans-
ferred to the test stage maintained at a higher temperature.
Time-resolved light scattering was collected for a series of
experiments using different sized temperature jumps.

4. Results and discussion

4.1. Blend phase behavior

The glass transition and cloud point temperatures of
blends of TMPC with PS100K, PS330K, and with both
S–PBBA copolymers are summarized in Fig. 3. Because
of limited material, only the 50/50 blend with PS100K
was investigated. As expected, the glass transition tempera-
ture increases with the ratio of TMPC in the blend and with
the addition of PBBA to the styrenic copolymer. Conver-
sely, the cloud point is weakly dependent on blend compo-
sition and more strongly dependent on PS molecular weight
and copolymer composition. Lowering the PS molecular
weight from �Mw � 330,000 to �Mw � 100,000 shifts the
LCST of a 50/50 blend upwards by nearly 158C owing to
the entropic contribution to the free energy. These results
are in good agreement with previous reports on the TMPC/
PS phase diagram [15,16] including the prediction of a
binodal boundary that is relatively flat over the center
range of blend compositions [20]. Using the TMPC/
PS100K blend as a reference, since the PS100K molecular
weight is comparable to that of the S–PBBA copolymers,
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Fig. 2. LCST phase diagram illustrating temperature jump light scattering
experiments.

Fig. 3. Glass transition temperatures (connected by solid curves) and
visually evaluated cloud points (connected by dashed curves) for blends
of TMPC with the PS homopolymers and the S–PBBA copolymers listed in
Table 1.



addition of 19.8 and 33.9 wt.% PBBA to the styrene
copolymer (S–PBBA10 and S–PBBA20, respectively)
lowers the phase separation temperature of blends with
TMPC by approximately 15 and 458C. Previously, we
showed that equation-of-state calculations can be used to
qualitatively predict this dependence [21].

Thermodynamic reversibility of phase separation was
investigated by light scattering for all 50/50 blends. In
these tests, the blend temperature was raised above the
LCST phase boundary while watching for growth in the scat-
tering intensity. Once light scattering indicative of the
earliest stage of phase separation was observed, the blend
was quenched to below the phase boundary and a gradual
decay in the scattering spectrum observed as the blend
rehomogenized. Heating the sample once again induced
phase separation. An example of the process is summarized
in Fig. 4 for a 50/50 blend of TMPC and S–PBBA10. In
principle, the reversibility study could be repeated with
smaller and smaller jumps above and below the phase
boundary to accurately determine the phase separation
temperature. Increasingly slow diffusion kinetics near the
phase boundary, however, limited the practicality of this.

4.2. Early stage light scattering

To study the kinetics of spinodal decomposition, light
scattering temperature jump experiments were performed
on the blends with TMPC. Only 50/50 blend compositions
were investigated to ensure optimal scattering efficiency. As
changing PS molecular weight or the PBBA content in the
copolymer has a considerable effect on the location of the
LCST phase boundary, preheat and test temperatures were

adjusted for each blend system. The conditions used in each
experiment are summarized in Table 2. A preheat tempera-
ture well above the glass transition of the blend, more that
508C above for TMPC/S–PBBA20 blends and closer to
1008C above for all other blends, helped to ensure that the
kinetic measurements were not affected by the preheat
conditions. For the relatively large temperature jumps
used in this work, the linearized Cahn–Hilliard theory can
be used without the correction for scattering due to thermal
fluctuations offered by Cook [38,39]. It has been found
experimentally that application of the Cahn–Hilliard–
Cook modified theory is necessary only when the depth of
the temperature jump into the two-phase region is small, less
than about 0.58C [3,32].

An example of the early stage scattering collected during
a temperature jump experiment is shown in Fig. 5(a) for a
blend of TMPC and PS330K. In this test, the sample was
preheated at 2308C and then rapidly jumped to 2508C.
During the first 200 s of phase separation shown, a time
invariant maximum in the wavevector dimension and
exponential growth of the scattering intensity are observed,
both characteristic of early stage spinodal decomposition as
predicted by the Cahn–Hilliard theory. The time evolution
scattering profiles were evaluated according to Eq. (4) to
estimate values ofR(q), and plots ofR(q)/q2 versusq2 were
constructed to evaluateDapp according to Eq. (2). Examples
of the latter are shown in Fig. 6 for blends of TMPC with
PS330K. To minimize random error, several samples were
tested for each blend and the average value reported. Repro-
ducibility was evaluated by running eight independent tests
on a given blend. Standard deviations of approximately 10%
in Dappand 2% inqm were measured. The error found inDapp

is not surprising considering the multiple regressions
involved in its evaluation. In contrast,qm is read directly
as the maximum in the spectra and, therefore, it is not
subject to the same analysis error. The apparent diffusion
coefficients calculated for each blend are summarized in
Table 2. Values ofqm are also reported along with the asso-
ciated characteristic dimensiond calculated using Eq. (5).
For TMPC/PS blends, regardless of the molecular weight of
the PS or the size of the temperature jump into the two phase
region, characteristic dimensions between 1.0 and 1.1mm
were measured. Adding 19.8 and 33.9 wt.% PBBA to the
styrene slightly reduced the characteristic dimension to 1.0
and 0.9mm, respectively. This difference is real given the
reproducibility of the measurements.

The Dapp values reported in Table 2 are plotted versus
temperature in Fig. 7(a). Over a broad temperature range,
the Dapp dependence is nonlinear in the TMPC/S–PBBA20
blends, but over a narrow temperature range of less than
158C near the phase boundary all of the blends demonstrate
a linear dependence such that the mobility contribution in
Eq. (11) appears to be well approximated as a constant.
Thus, a linear extrapolation ofDapp to zero was used to
estimate spinodal temperatures of 254, 241, 238, and
2108C for TMPC blends with PS100K, PS330K,
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Fig. 4. Example of light scattering test for the reversibility of phase separa-
tion in a 50/50 blend of TMPC and S–PBBA10. In step 1, the blend is
annealed at a temperature below the LCST, then in step 2 the temperature is
jumped to above the phase boundary while phase separation is monitored
by light scattering. The process is reversed by cooling in step 3. Finally, the
jump into the two-phase region is repeated in step 4.



S–PBBA10, and S–PBBA20, respectively. These estimates
are in good agreement with the cloud point measurements
shown in Fig. 3 and with previous reports in the literature for
TMPC/PS blends [15,16].

Using the estimated spinodal temperatures, the data in
Fig. 7(a), excluding the nonlinear range of the TMPC/S–
PBBA measurements, are replotted in Fig. 7(b) versus
(T 2 Ts). The slope of these plots is proportional to the
mobility as predicted by Eq. (11). This allows qualitative
comparison of phase separation rates for a given tempera-
ture jump into the two phase region. Comparing TMPC
blends with PS100K and S–PBBA10, a decrease in the
mobility factor is observed when 19.8 wt.% PBBA is
added to a copolymer with styrene. A more considerable
decrease is noted in a comparison of TMPC blends with
PS100K versus PS330K which arises largely from the
increase in PS molecular weight by more than a factor of
three. However, these changes are not entirely due to the
obvious differences in the chain length or structure as some
increase in the PS100K mobility is a result of the higher
temperature range used in the light scattering experiments.
The opposite is true for blends of TMPC with S–PBBA20
which were studied over a much lower range of tempera-
tures than the other blends. By far, the TMPC/S–PBBA20
blends showed the slowest rate of phase separation. An

increase in the blend glass transition temperature with the
addition of more PBBA to the copolymer and the added
steric hindrance associated with the brominated groups
may contribute to this effect. To explore the structural
difference between the PS100K and the S–PBBA copoly-
mers, calculations of their fractional free volumes (FFV)
can be compared. FFV is defined as�V 2 Vo�=V whereV
is the experimentally measured specific volume andVo is the
occupied volume. Experimental measurements of density as
a function of temperature at one atmosphere were used in a
empirical relationship developed by Sanchez and Cho [40]
to obtain FFV estimates of 0.219 for PS and 0.091 for a
homopolymer of PBBA at 2408C. A similar difference
was predicted using the group contribution method of
Bondi [41]. Therefore, as styrene is copolymerized with
increasing amounts of PBBA, diffusional mobility is
expected to become more hindered owing to an increase
in the glass transition temperature and a decrease in FFV.

When the temperature dependence of the blend inter-
action energies is known, the thermodynamic contribution
to the diffusion coefficient can be estimated using Eq. (9)
and compared for the different blend systems. If it is assumed
that the temperature dependence of the interaction para-
meter arises from changes in the distance between mole-
cules and not their spatial orientation, an equation-of-state
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Table 2
Light scattering parameters

Blend Ttest (8C) Ts (8C) DT (8C) 2 Dapp (cm2 s21) qm (mm21) dm (mm)

TMPC/PS100K 255.0 254 1.0 5.8× 10213 6.3 1.0
(Tpreheat� 2408C) 257.5 254 3.5 2.2× 10212 5.9 1.1

260.0 254 6.0 4.0× 10212 5.9 1.1
262.5 254 8.5 5.5× 10212 6.2 1.0
265.0 254 11.0 7.3× 10212 6.0 1.0

TMPC/PS330K 242.5 241 1.5 2.5× 10213 6.4 1.0
(Tpreheat� 2308C) 245.0 241 4.0 5.0× 10213 6.2 1.0

247.5 241 6.5 9.3× 10213 6.4 1.0
250.0 241 9.0 1.3× 10212 5.9 1.1
252.5 241 11.5 1.8× 10212 5.9 1.1
255.0 241 14.0 2.4× 10212 6.2 1.0

TMPC/S–PBBA10 240.0 238 2.0 1.0× 10212 6.1 1.0
(Tpreheat� 2308C) 242.5 238 4.5 2.0× 10212 6.2 1.0

245.0 238 7.0 3.5× 10212 6.3 1.0
247.5 238 9.5 4.9× 10212 6.4 1.0
250.0 238 12.0 5.9× 10212 6.0 1.0

TMPC/S–PBBA20 212.5 210 2.5 1.6× 10213 7.2 0.9
(Tpreheat� 1958C) 215.0 210 5.0 2.7× 10213 7.2 0.9

217.5 210 7.5 4.6× 10213 7.1 0.9
220.0 210 10.0 6.8× 10213 7.2 0.9
222.5 210 12.5 1.0× 10212 7.2 0.9
225.0 210 15.0 1.8× 10212 7.1 0.9
227.5 210 17.5 2.6× 10212 7.0 0.9
230.0 210 20.0 3.3× 10212 7.0 0.9
232.5 210 22.5 4.5× 10212 7.0 0.9
235.0 210 25.0 6.1× 10212 6.9 0.9
237.5 210 27.5 7.5× 10212 6.9 0.9
240.0 210 30.0 1.0× 10211 7.0 0.9
242.5 210 32.5 1.3× 10211 6.7 0.9
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Fig. 5. Typical early (a) and intermediate and late (b) stage light scattering spectra collected from a 50/50 TMPC/PS330K blend in a temperature jump
experiment.

Fig. 6. Example of the Cahn–Hilliard analysis performed for blends of TMPC/PS330K for several different temperature jumps experiments. Apparent diffusion
coefficients were evaluated for each experiment according to Eq. (2).



can be used to estimate interactions as a function of
temperature. The lattice fluid theory of Sanchez and
Lacombe [42–44] was used for this work. The procedure
involves calculating an interaction energy which, ideally, is
independent of composition and temperature, to which

equation-of-state effects are added in order to estimate the
Flory–Huggins interaction energy at various temperatures.
The details of these calculations have been given elsewhere
[45,46]. The Sanchez–Lacombe characteristic parameters
for TMPC, PS, and PBBA used in these calculations are
compiled from previous reports [15,21,47,48] in Table 3
along with parameters for the S–PBBA copolymers
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Fig. 8. (a) Equation-of-state prediction of the binary interaction energy for
the blends investigated in this work as a function of temperature. (b) Calcu-
lation of the thermodynamic contribution to the diffusion coefficient given
by Eq. (9) using the binary interaction energies summarized in (a). For
comparison purposes, the thermodynamic contributions are plotted as a
function of the temperature above the spinodal phase boundary.

Table 3
Sanchez–Lacombe characteristic parameters

Repeat unit type P (MPa) T (K) r (g/cm3) Temperature range (8C) Reference

TMPC 440 729 1.185 220–270 [15]
PSa 379 795 1.097 200–250 [47,48]
PBBA 516 940 2.610 200–270 [21]
S–PBBA10b 391 809 1.239 200–250 –
S–PBBA20b 402 821 1.365 200–250 –

a Recalculated from data in reference.
b Calculated using PS and PBBA parameters and combining rules.

Fig. 7. Light scattering measured apparent diffusion coefficients plotted as a
function of temperature (a), and as a function of the temperature above the
spinodal temperature (b). Over a range of temperatures less than 158C
above the spinodal, the dependence is linear to a good approximation
and, therefore, according to Eq. (11) the slope of a given plot is proportional
to the molecular mobility.



estimated using recommended combining rules. The binary
interaction energies for each of the repeat unit pairs esti-
mated from previous work [21] are: at 1808C BTMPC/

S�20.02, and at 1508C BTMPC/PBBA� 3.4 andBS/PBBA� 4.0
cal/cm3. Using a binary interaction model, the overall blend
interactions were calculated as a function of temperature
with the results shown in Fig. 8(a). These predictions can
change slightly depending on the characteristic parameters
used in the equation-of-state calculations. It is evident that
incorporating PBBA into a copolymer with styrene makes
the overall interaction with TMPC more endothermic but
only slightly changes the temperature dependence. Based on
these interaction energies, the quantity 2T�B�Ts�=Ts 2
B�T�=T� was calculated for each blend system and is plotted
in Fig. 8(b) as a function of the temperature above the
spinodal phase boundary. These results can be used to
compare the relative role that molecular interactions play
in the process of spinodal phase separation. The thermo-
dynamic contributions are the highest for the TMPC blend
with S–PBBA20 followed in decreasing order by S–
PBBA10, PS330K, and PS100K, with the difference in the
two polystyrenes being small. This order does not track with
the actual diffusion coefficient measurements plotted in Fig.
7(b). This suggests that molecular mobility is more import-
ant than thermodynamics in determining the relative rates of
spinodal decomposition in these blends.

The observation that thermodynamics is not the predomi-
nant factor in determining the relative rates of diffusion does
not imply that these issues are insignificant in an absolute
sense. In fact, as the mobility factor appears to be constant
over a 158C range above the LCST as shown in Fig. 7(b), the
temperature dependence ofDapp over this range must arise
from thermodynamics. This can be proven by dividing the
measured values ofDapp by the corresponding calculated

values of 2T�B�Ts�=Ts 2 B�T�=T�. Fig. 9 shows that to a
reasonable approximation this division cancels out the
temperature dependence, thus demonstrating that the ther-
modynamic temperature dependence measured by light
scattering is effectively the same as that predicted using
the Sanchez–Lacombe equation-of-state theory. In this
plot, the ordinate value corresponds to the mobility in
units of cm5/cal s for each blend system and serves to quan-
tify the trends discussed previously in terms of the slope of
the plots in Fig. 7(b).

4.3. Comparison of TMPC/PS diffusion coefficients

The apparent diffusion coefficients evaluated in this work
for TMPC and PS blends can be compared with other
measurements made by light scattering and forward recoil
spectrometry (FRES). Guo and Higgins [16] used light scat-
tering to study the phase separation kinetics of a blend of
TMPC and PS having weight average molecular weights of
52,600 and 289,000, respectively. For this blend they
measured a cloud point of approximately 2408C, which
agrees well with that found in this study for a blend of
comparable molecular weights (i.e. TMPC/PS330K).
However, their spinodal temperature of 2338C is signifi-
cantly lower than our measurement of 2418C. The diffusion
coefficients measured by Guo and Higgins are plotted in Fig.
10(a) along with the TMPC/PS values from this work. For
presentation on a logarithmic scale, the absolute values of
the negative diffusion coefficients are plotted. Although
their coefficients are smaller by two orders of magnitude,
all the measurements share a similar temperature
dependence.

In their analysis, Guo and Higgins do not mention
correcting for the refraction of the scattered light at the
air/polymer interface. This correction, the details of which
have been given elsewhere [37,49], can have a considerable
effect of the results of the Cahn–Hilliard analysis. For
instance, when the light scattering data collected in this
study were analyzed without the correction, the estimated
diffusion coefficients were lower by more than an order of
magnitude. Further, this led to characteristic phase dimen-
sions on the order of 0.5 mm, similar to those reported by
Guo and Higgins, rather than values on the order of 1mm as
reported in Table 2. This procedural difference in the light
scattering analyses could explain some of the discrepancies
between the two reports.

Kim et al. studied the diffusion of deuterated TMPC and
PS tracer molecules in protonated blends of TMPC and PS
by FRES for various tracer and matrix molecular weights,
blend ratios, and temperatures [19]. Using the tracer
measurements, they went on to extrapolate mutual diffusion
coefficients [20] into the two-phase region and reported a
significant discrepancy between these estimates and the
apparent diffusion coefficients measured by Guo and
Higgins. Here, our results are added to the comparison.
These calculations, outlined in detail by Kim et al. [20],
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Fig. 9. Graphical comparison of the measured diffusion coefficient tempera-
ture dependence shown in Fig. 7(b) and that calculated using the equation-
of-state predictions shown in Fig. 8(b). Over the range of less than 158C
above the LSCT, the temperature dependencies effectively cancel.



require an estimate for the interaction energy temperature
dependence to calculate the thermodynamic contribution to
the diffusion coefficient,xs 2 x. For this work, the TMPC/
PS interaction energy density temperature dependence
shown in Fig. 8(a) was used. To use thex interaction
nomenclature adopted in Kim’s work, theB interaction
energy density was converted to ax using x � B ~Vref=RT
with ~Vref � 168 cm3

=mol. Tracer diffusion coefficients were
estimated from monomer friction factors for a 50/50 blend
and corrected to the molecular weights of each of the three
TMPC/PS blend systems studied by light scattering. So that
the calculated diffusion coefficients would properly go to
zero at the phase boundary, the spinodal interaction energy

x s was calculated for each blend system at the
experimentally measured spinodal temperature. Calcula-
tions of the mutual diffusion coefficients are included in
Fig. 10(a) for comparison with the three sets of light
scattering measurements.

As Kim and coworkers noted, their calculated mutual
diffusion coefficients are significantly larger than the light
scattering measurements reported by Guo and Higgins.
Similarly, the discrepancy is large between the calculated
diffusion coefficients and the light scattering measurements
reported in this study, but here the light scattering measure-
ments are larger than the calculated values. In all cases, the
calculated dependence on temperature and molecular
weight compares favorably such that an arbitrary shift of
the curves, either up or down as required, by roughly a
factor of eight would align the curves with the light scatter-
ing measurements. A much stronger temperature depen-
dence of the interaction energy than that used here,
steeper than the slope in Fig. 8(a) by about a factor of 11,
was estimated from the FRES measurements [20]. When
this is applied to the calculations of the mutual diffusion
coefficient, the predicted curves shift upward significantly
as shown in Fig. 10(b), almost entirely correcting the
disagreement with the diffusion coefficients measured in
this study. However, a temperature dependence this large
would require highly specific interactions that would be
difficult to justify based on the chemical structures and the
observed phase behavior. Alternatively, to correct the large
discrepancy with the Guo and Higgins data, Kim et al. [20]
investigated the potential effect of a spinodal phase separa-
tion process dominated by the growth of TMPC rich
domains. This was found to significantly shift the mutual
diffusion coefficients to smaller values. Certainly the
opposite, a diffusion process dominated by PS rich domains,
could be postulated to shift the calculations in the other
direction. However, without employing empirical adjust-
ments, the quantitative agreement is not favorable between
the diffusion coefficients extrapolated from tracer diffusion
coefficients and those measured by light scattering. More
work is needed to elucidate the source of these
discrepancies.

4.4. Intermediate and late stage light scattering

The light scattering spectra for the later stages of phase
separation are characterized by a scattering maximum that
shifts to smaller wavevectors. An example of such spectra is
shown in Fig. 5(b) and can be contrasted with the early stage
process shown in Fig. 5(a) for the same blend. As outlined
earlier, the shift of the maximum and the growth of its
intensity can be analyzed in terms of the scaling theories
given by Eqs. (13) and (14). For blend systems that have
similar phase separation temperatures, it was shown that
experiments using equivalent jump depths can be used to
make convenient comparisons of the phase separation rates
[9]. For the blends studied here, the LCST can vary
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Fig. 10. Comparision of light scattering diffusion coefficients reported by
Guo and Higgins in Ref. [16] (B) and those measured in this work for
TMPC blends with PS100K (W) and PS330K (O). For presentation
purposes, the absolute values of the negative diffusion coefficients are
plotted. FRES tracer diffusion measurements reported in Ref. [19] were
used to estimate mutual diffusion coefficients for comparison to the light
scattering measurements. The estimated curves correspond to the three sets
of data: the dotted line is the calculated results for comparison with the solid
squares (B), solid line with the solid triangles (O), and dashed line with the
open circles (W). Mutual diffusion coefficients were calculated using the
interaction energy temperature dependence reported in this work (a), and
using the much stronger temperature dependence reported in by Kim et al.
in Ref. [20] (b).



significantly so this approach does not allow such a direct
comparison but still provides a useful point of reference.
Therefore, a constant temperature jump of 48C above the
LSCT was used to study TMPC blends with PS100K,
PS330K and S–PBBA10 while, because of prohibitively
slow rates of phase separation at lower temperatures, a
larger jump of 128C was used to study the TMPC/S–
PBBA20 blend. Plots ofqm and Im versus time are shown
on double logarithmic scales in Fig. 11(a) and (b). Even with
the larger temperature jump, the overall rate of phase
separation is slowest for the blend with S–PBBA20 and
increases for the other blends in the order PS330K, S–
PBBA10, and PS100K. The same trend was observed in
early stage spinodal decomposition. This is not surprising
since the early stage process factors into the overall phase
separation rate; however, it is possible for the early, inter-
mediate, and late stages of phase separation to follow
different kinetics.

When plotted in the terms of the scaling law given by

Eq. (13), theqm for the various blends share a similar time
dependence as seen in Fig. 11(a). The transition from the
early stage time invariantqm to the late stage is continuous
in all the blends such that a well defined intermediate regime
is not evident. In the late stage, the slopes are fairly consist-
ent witha � 1. Likewise,Im is plotted in Fig. 11(b) accord-
ing its scaling law given by Eq. (14). During the first half of
the coarsening process, ab of approximately two is noted
for all of the blend systems. Over this same period, the
corresponding value ofa is less than 2/3 and so the theore-
tical prediction ofb . 3a for the intermediate stage holds
true. At later times,b , 2 persists in the TMPC blends with
PS100K and PS330K but a deviation tob � 1 is observed in
blends with the S–PBBA copolymers. The smallerb for the
brominated blends indicates the amplitude of the compo-
sition fluctuations grows more slowly. Without knowledge
of the physical morphology it is difficult to fully interpret
this observation; however, it suggests that in addition to
slowing the rate of early stage spinodal decomposition the
presence of PBBA in the styrenic copolymer slows the late
stage mechanism of coarsening from that of a blend with
pure PS. The theoretical prediction thatb � 3a in the late
stage of phase coarsening is not satisfied by any of these
blends.

To investigate the effect of the temperature jump depth on
phase coarsening, blends of TMPC/S–PBBA10 were
subjected to the same regimen of temperature jump experi-
ments investigated in the early stage analysis. The con-
ditions of these experiments were summarized previously
in Table 2. Fig. 12(a) and (b) documents the scattering
results in terms of a scaling law analysis. Each increase in
the temperature jump by 2.58C incrementally shifted both
qm and Im curves to shorter times but did not noticeably
change their shape. This is consistent with a faster rate of
coarsening without a change in the mechanism of coarsen-
ing. A time constant,to, can be defined as the duration of the
early stage spinodal decomposition process; this corre-
sponds experimentally to the time when the wavevector
maximum just began to shift with the onset of phase coar-
sening. It was found that normalizing each curve in Fig.
12(a) and (b) by its correspondingto caused the results for
the various quench depths to more or less collapse onto a
single curve as shown in Fig. 12(c) and (d). On the logarith-
mic time scale, this normalization is equivalent to subtract-
ing log to from each curve. The collapsed data is significant
because it demonstrates that the process of phase coarsening
is linked to the early stage process of phase formation and,
furthermore, that the duration of the early stage process can
be used to scale the later stage processes. A characteristic
time tc can also be calculated astc � 1=q2

mDapp using the
parameters recorded in Table 2 from the Cahn–Hilliard
analysis [50]. It has been predicted [51] that the early
stage occurs for times up to approximately 2tc. However,
calculated values of 2tc were significantly different than
experimentally measuredto and did not produce the same
collapse of the coarsening measurements.
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Fig. 11. Scaling law analysis of intermediate and late stage phase coarsen-
ing in TMPC blends with PS100K, PS330K and S–PBBA10 using tempera-
ture jumps ofDT� 48 while for the blend of TMPC with S–PBBA20 using
DT� 128C. The growth ofqm andIm are analyzed according to the scaling
law theories given by Eqs. (13) and (14).



5. Conclusions

Time-resolved light scattering techniques were used to
study the phase separation of blends of TMPC with PS
and with S–PBBA copolymers. The relative rates of phase
separation were compared as a function of the size of the
temperature jump above the LCST phase boundary. Increas-
ing PS molecular weight or adding PBBA into a copolymer
with styrene was found to lower the LCST phase boundary
of blends with TMPC and reduce the rate of spinodal phase
separation. Additionally, the characteristic phase domain
size of the blend was reduced as the content of PBBA in
the copolymer was increased. Using an equation-of-state
approximation to calculate the binary interaction energy
temperature dependence, the thermodynamic portion of
the diffusion coefficient was estimated and the temperature
dependence of the measured diffusion coefficients was
shown to arise from this thermodynamic contribution. The
apparent diffusion coefficients measured in this work for
TMPC/PS phase separation were significantly larger than
light scattering measurements reported elsewhere and

mutual diffusion coefficients estimated using FRES
tracer diffusion measurements. The intermediate and
late stages of phase separation were investigated using
scaling law theories and, like the early stage process, an
increase in PS molecular weight and addition of PBBA
slowed the overall rate of phase coarsening; the effect
was considerable for the S–PBBA copolymer containing
33.9 wt.% (8.7 mol%) PBBA. During the intermediate
stage of phase coarsening, the mechanism of morphology
development appears to be unaffected by the presence of
the PBBA as evidenced by the slope of scaling law
plots. But in the late stage, deviation to a slower growth
mechanism indicated by a smaller exponential growth
factor was observed in blends with the S–PBBA
copolymers. For a given blend, increasing the depth of
the temperature jump above the LCST expectedly
increased the rate but did not change the scaling law
analysis of the phase coarsening process. Further, the
rate of the phase coarsening process was shown to
scale with the duration of the early stage spinodal
decomposition process.
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Fig. 12. The effect of the size of the temperature jump,DT, on the rate of phase separation in 50/50 blends of TMPC with S–PBBA20. IncreasingDT from 2 to
128C in 2.58C increments shifts theqm andIm responses to lower times as shown in (a) and (b). Normalization of this data by the duration of the early stage
spinodal phase separation process,to, can be used to collapse the data as shown in (c) and (d). The values ofto measured for these experiments were 300, 225,
165, 120, and 75 s, correspondingly decreasing as the test temperature was increased from 240 to 2508C.
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