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Frustrated Coalescence in a Chemically Reactive Polymer Blend Film
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ABSTRACT: The phase separation of a thin polymer blend layer undergoing a simultaneous transes-
terification reaction is examined by a variety of experimental techniques [neutron and X-ray reflectivity,
optical microscopy, atomic force microscopy (AFM)] to determine morphological features unique to reactive
phase separation. Neutron reflectivity measurements suggest that a copolymer layer reactively forms at
the interface between the phase-separating blend components. Evidence for a copolymer layer is also
provided by AFM and optical images which indicate a strong inhibition (“frustration”) of droplet coalescence
and a tendency of the droplets to cluster in late-stage phase separation. The influence of the
transesterification reaction on phase separation is found to depend strongly on temperature.

I. Introduction

The phase separation of polymer blends undergoing
a simultaneous chemical reaction has recently attracted
experimental and theoretical attention.1~18 Experimen-
tal studies have been motivated by the practical prob-
lems of controlling the morphology and long-term
stability of reactive blends.1~1” Theoretical motivation
for the study of reactive blend phase separation comes
from the realization that reaction processes can compete
with phase separation leading to qualitative changes in
the phase separation process. For instance, steady-state
pattern formation can be obtained rather than long-
wavelength phase separation under certain circum-
stances.’® Previous measurements have shown differ-
ences in the phase separation of reactive blends
(transesterification) from ordinary blends (see below),
but a scientific understanding of these changes is
limited. Quantitative measurements of the various
stages and morphologies of reactive phase separation
are needed to establish the basic phenomenology and
relevant parameters controlling reactive blend phase
separation. Observations are also required for utilizing
reactive blending in a controllable way for technological
applications.

Applications involving polymer blends often involve
mixing polymers having rather different material prop-
erties to obtain some combination of the desirable
properties of the blend components. The chemically
unlike nature of these materials and the low entropy of
mixing of high molecular weight polymers in general
makes these mixtures normally rather immiscible so
that blending must be achieved by mechanical disper-
sion rather than thermodynamic mixing. While the
initial formation of these dispersions is aided by lower-
ing the interfacial tension between the blend compo-
nents (an equilibrium “compatibilization effect”), the
long-term stability of the dispersion depends strongly
on factors influencing the rate of droplet coalescence.
Droplet coalescence is often dominated by Kinetic pa-
rameters such as the surface viscosity of the droplets,
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and these dynamic compatibilization effects are critical
for the long-term stability of the dispersions. Lowering
the interfacial tension may help in the dispersal process
but may act detrimentally on the long-term dispersion
stability by facilitating coalescence. Thus, the ease with
which polymer dispersions can be formed and the
stability of these dispersions depend on a delicate
balance of kinetic and thermodynamic factors.

Emulsification of polymer mixtures through the in-
troduction of copolymers or other surfactant material
is an attractive approach to “blend compatibilization”,
but the typically high viscosity of polymers limits the
rate at which the surfactant material finds its way to
the interface between the homopolymer fluids. This
diffusion-limited process!® should further lead to a slow
evolution in the surface properties of the dispersed
particles and thus to changes in blend—surfactant
mixture properties over long time scales. The problem
of slow surfactant transport can be circumvented by
reactively forming interfacially active material directly
at the interface of the dispersed droplets.

Reactive blending through transesterification36-17
provides an example of this kind of reactive emulsifica-
tion. A schematic indication of this reaction is given in
Figure 1. The homopolymer chains (A, B) form a reactive
complex and then disjoin as copolymer chains (A—b—
B). In this way the blend spontaneously generates its
own surfactant to a degree that depends on the rate of
reaction (temperature and viscosity dependent). At high
temperatures the reaction develops rapidly so that the
blend mixture becomes substantially converted into
random block copolymer material. In this regime the
reaction overwhelms the phase separation process and
does not lead to the fine droplet dispersion sought for
applications. However, the transesterification reaction
leads to more interesting effects at lower temperatures
where reaction competes more equally with phase
separation.?° In this regime we can expect the reaction
to develop an interfacial layer directly at the surface of
the coarsening structures formed during the process of
phase separation.

The growth of an interfacially active copolymer layer
can be expected to have a large influence on the phase
separation of reactive blends. As the transesterification
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Figure 1. (a) Schematic of transesterification process in a
reactive polymer blend. The polymer chains reactively connect
and disconnect as copolymers. The process continues, leading
to a broad range of molecular weights for the copolymer. (b)
Transesterification can lead to direct formation of copolymer
at the interface in a phase separated. This has important
implications for late stage droplet coalescence, as illustrated
in Figure 2.

reaction proceeds, the surfactant concentration in-
creases and the interfacial tension decreases. This effect
generally slows down the phase separation process?1:22
and facilitates the breakup of the developing spinodal
structure by capillary instability.23-25 Similar enhanced
drop breakup phenomena have been intensively studied
in surfactant (e.g., block copolymer) treated blends
subject to the complex flow of extruders and other
mechanical mixing devices.?%2” These studies show that
interfacial tension is a primary parameter in controlling
the drop size of the dispersion, especially for low shear
rates. Since the threadlike spinodal decomposition pat-
tern is typically rather uniform in the absence of
reaction (e.g., ref 28), the droplets formed upon the
breakup of this structure should be uniform in size.
Indeed, experiments on the breakup of Newtonian
liquids threads by capillary instability show that the
droplets have remarkably uniform size and shape.?*

Probably the most important influence of copolymer
“compatibilizer” (reactively generated or additive types)
on highly immiscible blends is their effect on the kinetics
of droplet coalescence.? It is appreciated that controlling
dispersion stability through control of droplet coales-
cence is important for diverse applications,?® but a
fundamental understanding of the factors controlling
emulsion stability remains elusive.® Reactive blends are
promising model systems for exploring the physical
factors that control emulsion stability since the nature
of the copolymer layer can be “tuned” through the extent
of chemical reaction.

In the absence of an established theory of emulsion
stability and of the factors controlling coalescence of
surfactant-coated polymer droplets, some qualitative
expectations are worth mentioning for the present
study. Consider schematically the primary stages in-
volved in droplet coalescence for regular versus reactive
blends. First, long-range hydrodynamic interactions
between droplets influence the approach of dropletss?
(See Figure 2). The nature of these forces depends on
the viscosity of the surface layer, which in turn influ-
ences the frictional drag force on the droplets. Normally,
the surfactant increases the drag force so that the
encapsulated droplets diffuse more like a hard spheres,3?
even if the droplet viscosity happens to be much lower
than the continuous phase. This effect occurs because
of inhibited fluid circulation within the droplets as they
move, due to the presence of the surfactant layer. Mason
and co-workers?433 have directly observed this circula-
tion suppression in surfactant-coated drops and explored
its consequences on droplet dynamics. They find that
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Figure 2. Schematic illustration of droplet coalescence in the
usual nonreactive blends compared to one where there is
copolymer at the interface. The presence of the copolymer can
lead to a “frustration” of the fusion process.

the effect can be very large, sometimes leading to
qualitatively different droplet dynamics.

Apart from the influence of the droplet surface coating
on the hydrodynamic forces between coated particles, a
stronger effect is anticipated in the next stage of
coalescence where the coated particles closely approach
each other. Before droplet fusion can occur (Figure 2),
it is necessary to push out the fluid between the droplet
surfaces. Lubrication forces®* associated with fluid
drainage between approaching droplets play a signifi-
cant role on the rate of droplet coalescence. An order of
magnitude estimate of the average time for the draining
process to be completed, the “draining time” 7p , can be
obtained from Reynold’s lubrication theory,3*

75~ IR? @

where R is the particle radius and 7 is the fluid viscosity
in the gap between the particles. The instantaneous rate
of fluid flow out of the gap depends on the film thickness
(droplet boundary assumed to be rigid), but 7p reflects
an average over this evolving gap thickness. Surfactant-
coated particles have two draining times 7p; and tp2
associated with the exclusion of the continuous phase
between the drops and the exclusion of the surfactant
layer coating the droplet. The viscosity of the surfactant
layer can be high so that this second drainage process
can be rate limiting in the dynamics of droplet coales-
cence (see below). This second draining stage is com-
plicated by surface tension variations associated with
inhomegeneities in the surfactant concentration on the
droplet surfaces.353¢ The gradient in surface tension
associated with surfactant concentration gradient tends
to promote droplet breakup rather than fusion. Fur-
thermore, Marangoni flows tend to counterbalance
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this second draining process and can further inhibit the
coalescence process. Thus, the presence of the high-
viscosity surfactant layer can be expected to lead to a
“frustration” of the droplet coalescence in late-stage
phase separation, and significant changes in the late-
stage phase separation morphology can be anticipated
(see Figure 1).

There is some experimental evidence supporting this
simple hydrodynamic model. The contact time required
for coalescence of uncoated Newtonian droplets has been
found to increase with the continuous phase viscosity
and the radius of the coalescing particles.?’” Extensive
measurements on the coalescence of surfactant-coated
oil drops show that the coalescence time correlates well
with the magnitude of the “interfacial viscosity”.3”
Wasan et al.3” discuss many examples where the high
interfacial viscosity of coated oil particles (crude oil
naturally contains a variety of surfactant molecules)
apparently inhibits tertiary oil recovery because of a
suppression of droplet coalescence required for extract-
ing oil from the ground. In laboratory experiments on
model oil—surfactant emulsions Wasan et al. find that
the interfacial tension had little influence on their
coalescence rate measurements.32 We interpret these
measurements as implying that the draining time is the
rate-limiting step for droplet coalescence in these sur-
factant-stabilized dispersions. In our view, this Kinetic
compatibilization effect is the primary factor controlling
the long-term stability of reactive blends.

The competition between phase separation and trans-
esterification in immiscible polymer blends of polycar-
bonate (PC) and deuterated poly(methyl methacrylate)
(d-PMMA) has been investigated previously in bulk
blends. Rabeony et al.> have also studied phase separa-
tion in PC—PMMA blends by small-angle light scatter-
ing and microscopy. This study revealed an early stage
of phase separation that appeared much like ordinary
spinodal decomposition, but at later stages the spinodal
structure becomes unstable and evolved into a droplet
emulsion. Yoon et al.3® utilized small-angle neutron
scattering (SANS) and differential scanning calorimetry
(DSC) to examine these blends. They found that the
global structure coarsens by phase separation for tem-
peratures Tg < T < 200 °C, where the glass transition
temperature Tgypc is about 150 °C. Transesterification
is appreciable at these temperatures, and we interpret
our measurements in terms of the formation of copoly-
mer layer about the droplets by transesterification. At
higher temperatures (T > 200 °C), the initially formed
phase-separated structure “dissolves” quickly by the
transesterification reaction.

In the present paper we look for more direct evidence
of copolymer formation and its effect on late stage
coarsening in the reactive PC/d-PMMA blend system.
A variety of experimental techniques (X-ray and neutron
reflectivity, optical and atomic force microscopy) are
used to better quantify features of reactive blend phase
separation. The utilization of these techniques requires
PMMA deuteration to provide neutron contrast and the
preparation of thin blend films to visualize the evolving
structures in real space. Measurements are made near
and below 200 °C, the temperature where transesteri-
fication begins to predominate over phase separation.367
These thin-film studies utilize the tendency of phase
separation in thin films to cause the surface topography
to vary in response to local surface tensions within the
film, thus allowing an imaging of the phase separation
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morphology within the film.38 Our study focuses on the
physical origin of the inhibited coalescence occurring in
late stage PC/PMMA blend phase separation. Indirect
evidence for the presence of a copolymer layer at the
interface between the homopolymer is indicated by
neutron reflection measurements on these blend films,
while AFM images provide real space images of droplet
distortions accompanying the inhibited coalescence of
contacting droplets. The kind of droplet distortion3® seen
is similar to observations on foams and emulsions.

I1. Experimental Section

Sample Preparation. In the bulk, homogeneous blends of
PC/PMMA are difficult to prepare by solvent casting® due to
the occurrence of phase separation during the solvent evapora-
tion process. Even coprecipitation of the blend followed by
pressing and annealing at temperatures around 150 °C typi-
cally results in samples that are partially phase separated and
transesterified. Rabeony et al.> developed a technique for
preparing single-phase blend films of PC/PMMA which in-
volves solvent casting from warm (=40 °C) THF solution. The
blend is miscible in this solvent, and the solvent can be
evaporated quickly using this method to obtain films that are
initially smooth and relatively homogeneous.*°

Thin-film blend (50:50 by mass) samples of PC (My =
34 854; My/M, = 1.7, Aldrich Chemicals)/d-PMMA (M,~=
61 000; M\/M, = 1.8, gift from Aristech*') were spun-cast at
2000 rpm from warm (=40 °C) THF solutions onto polished
silicon wafers of dimensions 10 cm diameter x 5 mm thick.
The wafers were previously cleaned for an hour in a bath of
70% H>S04/30% H,0, (by volume) heated to 80 °C, rinsed
thoroughly in deionized water, and dried under flowing N gas.
A 1000 A thick blend film was cast from a 2 mass % solution
of the blend while two 490 and 350 A thick films were coated
from more dilute solutions. As cast, the films had a uniform
color, indicating a laterally homogeneous mix of the blend
components in the plane of the film.#? All annealing of blend
samples was performed under vacuum with maximum an-
nealing temperature of 200 °C. Under these conditions, the
homopolymers do not undergo oxidative degradation or cross-
linking.

Reflectivity. X-ray reflectivity (XR) measurements were
performed on a Scintag instrument* equipped with a fixed
Cu anode (Ko radiation, A = 1.54 A) operated at a power of
1800 KVA. A well-collimated incident beam of X-rays impinged
upon the sample surface at a small angle of incidence (0 < 6
< 5°), and the specularly reflected beam was picked up by a
scintillation detector. Neutron reflection (NR) measurements*
were made on the as-cast and annealed thin-film blend
samples at the BT7 reflectometer at NIST and at the POSY 2
reflectometer at Argonne National laboratory, Illinois. At BT7,
neutrons of wavelength /1 = 2.35 A are collimated and reflected
from a vertically placed sample, and the reflected beam is
picked up by a shielded He® pencil detector. The desired q
range is attained by changing the angle of incidence () and
moving the detector to the 26 position with respect to the
incident beam. Measurements were also performed at the
IPNS facility at Argonne National Laboratory, Illinois, on the
POSY 2 reflectometer. Briefly, neutrons of wavelength 2 < 4
< 16 A impinge on the sample at fixed angle of incidence and
are picked up by the detector. POSY 2 employs a linear
position-sensitive detector that can detect off-specular scat-
tering as well. To cover a large g range, measurements are
made at more than one angle. Details of the Posy 2 reflecto-
meter and the BT7 reflectometer can be found in refs 44 and
43, 45, respectively.

Microscopy. Surface topographies at ambient temperature
were obtained with an atomic force microscope (AFM) and the
Nanoscope 11 (Digital Instruments, Inc.),*! in a contact mode,
using a pyrimidal SizNy tip in air. Regions were scanned from
100 nm to 100 um with applied forces in the range 10—40 nN.
Images were obtained on different areas of the silicon wafer.
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Figure 3. Neutron reflectivity data and composition profiles of reactive blend layers undergoing simultaneous phase separation
and transeseterification (T = 180 °C). (a) Reflectivities from a PC/d-PMMA spun-cast blend film at different stages of annealing
(top to bottom, 10, 30, 50, and 100 min). The solid lines are calculated reflectivities from concentration profiles shown in (b). Inset
compares the critical reflecting edge of an as-cast sample versus after annealing for 10 min at 200 °C. An increase of the critical
reflecting edge to higher g values indicates a rapid phase separation or layering of the d-PMMA at the silicon wall of the film,
necessary for the development of a shoulder in composition profile. (b) Fitted profiles of d-PMMA composition at increasing times
in minutes. Note the diminished enrichment of ¢4—pmma at the Si surface with increasing time and the development of a shoulder
in the composition profile at longer annealing times. (c) Reflectivity comparisons to the 100 min annealed data from profiles with
(top fit) and without (bottom fit) the shoulder feature present. The shoulder feature significantly improves the quality of fit.

All AFM images are presented without further processing.
Optical micrographs (OM) were obtained using a Nikon
reflection optical microscope*! fitted with a camera, and the
pictures were taken at a magnification of 1000x.

I11. Results

Section A discusses NR and XR measurements sug-
gesting the formation of a transesterified layer with
annealing and associated film surface roughening. Sec-
tion B focuses on the “late-stage” kinetics and droplet
morphology evolution using OM, while section C pro-
vides AFM data of the inhibited coalescence phenomena
associated with the droplet evolution during very late
stage film phase separation.

A. Neutron and X-ray Reflection. Figure 3a depicts
a set of neutron reflectivity (NR) data from a film of

thickness ~1000 A, annealed at 180 °C under vacuum
for different periods of time (10, 30, 50, and 100 min).
As mentioned before, this temperature was chosen since
previous studies® have concluded that, above the an-
nealing temperature of ~200 °C, transesterification
reactions compete strongly with phase separation. The
solid line fits to the data in Figure 3a are calculated
reflectivities based on one-dimensional model density
depth profiles shown in Figure 3b for ¢4—pmma, Optimized
to best fit the experimental data.*® (The as-cast compo-
sition profiles were difficult to fit, probably due to the
nonequilibrium nature of the spin-casting process,*6—48
while it was prevented for t > 100 min due to surface
roughness induced by lateral phase separation and
chemical reaction.3849)

Annealing the film at 180 °C for 10 min has the effect
of increasing the critical edge of total reflection com-
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Figure 4. X-ray reflectivity data for a 490 A reactive blend
layer undergoing simultaneous phase separation and trans-
esterification (T = 200 °C). Inset denotes the air—film rough-
ness r3! with increasing annealing time (top to bottom, as-cast,
10, 30, 50, 100, and 200 min). Note that the roughness r
increases significantly beyond 100 min.

pared to the as-cast sample, implying a layerlike
segregation of d-PMMA within the film. The fit to the
10 min annealed data in Figure 3b shows that the
d-PMMA layering occurs near the silicon boundary, with
dda—pmma @pproaching nearly 95%. Further annealing at
180 °C leads to a decrease of both the d-PMMA volume
fraction and thickness near the silicon surface rather
than an equilibration of the composition profile as in
ordinary blends. We believe this is a consequence of
transesterification reaction between the segregated
PMMA layer and the bulk of the film which is rich in
PC. This interpretation is supported by the gradual
development of a shoulder in the reflectivity composition
profiles after annealing at 180 °C for times greater than
30 min. This shoulder is interpreted as reflecting the
growth of a copolymer layer between PC and d-PMMA
as a result of transesterification. A comparative fit to
the data with and without the presence of the shoulder
is shown in Figure 3c. The width of this shoulder, which
is on the order of ~150 A, is taken to be a measure of
the thickness of the transesterified layer between the
PC and the d-PMMA.

Further investigations of the process by neutron
reflectivity are not possible due to a dramatic increase
of off-specular scattering of neutrons caused by the
development of in-plane inhomogeneities. Figure 4
shows a series of X-ray reflectivity data at different
annealing times from a film, ~490 A thick annealed at
200 °C. These data quantify the growth of surface
roughness in our films. The calculated fits in Figure 4
are based on model depth profiles of constant electron
density, since the X-ray contrast between PC and
d-PMMA is relatively small compared to the air—blend
and the blend—silicon interface.5%5! The inset shows the
air/blend interface roughness initially increasing slowly
with annealing time and then developing rapidly in
time.52 The order of magnitude roughness development
is similar to that in the NR measurements in a similar
annealing time frame.
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Figure 5. Optical micrograph images (bar = 10 um) of a 365
A film annealed at 180 °C for different annealing times, t
(min): (a) 30, (b) 60, (c) 300, and (d) 540.

B. Optical Microscopy. All the as-cast samples of
thin films blends of PC/d-PMMA were optically clear
for the range of film thicknesses studied. We now
consider the morphology development by optical mi-
croscopy. X-ray reflectivity from a 365 A thick as-cast
film indicated a smooth surface with rms roughness, r
~ 5 A. Optical microscopy (OM) indicated a uniform
surface, which was unchanged after annealing for 10
min at 180 °C, suggesting that most of the phase
separation at early times occurs in a direction trans-
verse to the film thickness, consistent with the neutron
reflection results presented earlier. Upon further an-
nealing for 30 min at 180 °C, the film surface became
laterally inhomogeneous, revealing a faint intercon-
nected spinodal decomposition structure (Figure 5a)
with a characteristic length scale of ~0.5 um. The
spinodal pattern is more readily observable in Figure
5b at a longer annealing time of 60 min at 180 °C. A
2-D Fourier transform of the image yields a spinodal
ring with a characteristic q* defining the pattern
dimension. Thus, the phase separation process at lower
temperatures and early times is not significantly dif-
ferent in reactive versus nonreactive blends.

Figure 5c¢ corresponds to the optical micrograph after
the sample was annealed for 120 min at 180 °C. The
structure now has a “distorted droplets” morphology.
Further annealing for 300 min at 180 °C produced no
observable changes either, suggesting a hindered coa-
lescence behavior during the latter stages of phase
separation. Only after annealing for 540 min at 180 °C
did the droplets shape become more spherical as shown
in Figure 5d. The morphology of the distorted droplets
is more clearly indicated in AFM measurements pre-
sented in section C.

These observations are better quantified by analyzing
2D-FFT's of the OM sequence. Radial averages of these
FFT's are shown in Figure 6a. The peak intensity values
of q in the radial average of the FFT data are denoted
by g*, and this scale corresponds to the average size of
the phase separation pattern. In general, g* moves to
lower g with increasing annealing time, corresponding
to an increase in the average size of the structures. This
behavior is quantified in Figure 6b, which also indicates
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Figure 6. (a) Radial averages of 2D-FFT of the optical
micrographs of Figure 5 at T = 180 °C. From bottom to top:
t (min) = 30, 60, 120, 300, and 540. The peak position of each
curve is denoted by g*. (b) Variation of g* with annealing time
indicates initial conventional phase separation behavior,
indicated by a t™® behavior, but a plateau at later times is
indicative of inhibited coalescence. At still longer times, the
droplets coalesce, as shown in the AFM plots of Figure 8.

that the early-stage phase separation follows the g*~
t~13 coarsening found in ordinary blends at early stages
of phase separation. Differences between reactive and
ordinary phase separation are seen at later times where
the droplets become distorted and the coarsening is
inhibited. The plateau in Figure 6b may be caused by
Tp2 > Tp1 (See eq 1). At still longer times, the coarsening
process resumes, and we examine later the real space
morphology associated with this regime by AFM.

In addition, we performed preliminary measurements
at a higher temperature (200 °C) to compare and con-
trast with the lower temperature measurements. Previ-
ous measurements®® in the bulk at this temperature
indicated a crossover from a phase separation domi-
nated process to one where the morphological evolution
is dictated by transesterification. At 200 °C the droplet
dispersion develops rapidly. While the size of the drop-
lets remains roughly constant in time, the number
density of droplets increases, and the boundaries of the
droplets become increasingly dark and thick in the
OM’s. At later times the droplets begin to overlap, and
the boundaries of the droplets seem to form a “percolat-
ing” structure with “chainlike” strands. Figure 7 shows
an intermediate stage of this later morphological de-
velopment in a 1000 A thick sample that was annealed
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Figure 7. Late-stage phase separation in a 1000 A reactive
blend film at 200 °C. Note the formation of chainlike clusters
of droplets. The scale dimensions of the optical micrograph are
57 x 60 um.

at 200 °C for several hours. There is a tendency of the
coalescing droplets to form small clusters typically
involving two or three droplets. This feature, also seen
by Rabeony et al.,5 is a consequence of the free energy
(surface area) minimization of the droplets where there
is inhibition against droplet coalescence.

C. Atomic Force Microscopy. The three-dimen-
sional surface topologies of some of the thin-film blends
of PC/IdPMMA were next measured using atomic force
microscopy. Figure 8a—d shows AFM micrographs of the
365 A thick film, and the corresponding optical micro-
graphs are shown in Figure 5. Taking a line profile
across the surface of the as-prepared film indicated it
to be smooth with rms roughness r < 5 A. These values
are in accord with r estimated by X-ray reflectivity on
the as-cast film. Figure 8b shows that, after annealing
for 60 min at 180 °C, the surface roughening takes the
form of a spinodal decomposition like undulation of the
free surface of the phase separating blend. A similar
phenomenon has been seen in phase-separating thin-
film blends of nonreacting polymers.38 As in previous
studies of thin-film phase separation, a 2-D Fourier
transform of these surface patterns gives a ring in the
intensity distribution at g* corresponding to the average
in-plane scale of the surface pattern. The height scale
of the surface undulations (rms roughness of 130 A) is
significant in comparison with the initial film thickness
of 365 A. We note that the relative scale of surface
features is considerably more suppressed in thicker
films, a feature that was first observed on nonreactive
blend films of polystyrene/polybutadiene.38

Further annealing up to 300 min leads to the “dis-
torted droplet” morphology seen in the optical micro-
graphs in section B, and the corresponding AFM image
is illustrated in Figure 8c. A top view is shown sepa-
rately in Figure 9. One can see in real space how two
initially separated spherical domains have come to-
gether and have substantially distorted their shape in
an effort to coalesce. The time frame of the hindered
coalescence period corresponds to the “plateau region”
of Figure 6b, where g* is nearly invariant. Thus, we
surmise that the presence of copolymer around the
spherical domains hinders the coalescence process. This
result is reminiscent of bulk measurements by Sgnder-
gard and Lyngaae-Jgrgensen?%® and Sundaraj and
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Figure 8. Atomic force microscopy images of phase separation of the thin blend film of Figure 5 undergoing simultaneous
transesterification reaction (T = 180 °C). (a), (b), (c), and (d) denote the film as-cast, after 60 min, 300 min, and 540 min, respectively.
The initial film is (@) homogeneous, and the film in (b) shows a bicontinuous spinodal-decomposition-type pattern in the film
height. Inhibited droplet coalescence is apparent in (c), and (d) shows that droplet coalescence ultimately occurs so that inhibition

against coalescence is a transient effect in the reactive blend.

Macosko?®® on the coalescence of dispersed minority
phase droplets in a blend with and without the addition
of diblock copolymers under steady shear conditions
where the block copolymer led to suppressed droplet
coalescence. Figure 8d shows that the domains finally
coalesce after 540 min of annealing at 180 °C. A line
profile for this sample now indicates a peak height of
476 A for the surface droplets that is even larger than
the initial film thickness. Figures 8 and 9 provide direct
real-space evidence of inhibited coalescence arising from
the presence of the copolymer layer formed in reactive
blend phase separation. Such structures are not ob-
served in nonreactive blend films, and it would be
interesting to examine block copolymers in highly
immiscible blends in the absence of shear to see whether
these structures arise in this context. It should be
possible to perform more controlled experiments on

frustrated phase separation with blend additives since
the surfactant can be more readily characterized. Jeon
et al.?” have recently observed droplet clustering in
polyolefin films emulsified with block copolymer, and
this system might be suitable for studying inhibited
coalescence in blend—block copolymer mixtures.

1V. Discussion

The phase separation of the reactive blend polycar-
bonate (PC) and d-PMMA is found to be significantly
different than unreactive blends at temperatures suf-
ficiently high for phase separation and reaction to
compete with each other. The transesterification reac-
tion of this blend apparently generates a copolymer
material directly at the interface between the blend
components that inhibits the coalescence of droplets
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Figure 9. Atomic force microscopy image (top view of Figure
8c) illustrating “frustrated” drop coalescence. Note the forma-
tion of “coffee bean”-shaped droplet pairs. An isolated droplet
pair is shown in magnified view in the inset at upper right
corner.

during the late stage phase separation process. The
importance of emulsification effect of this layer on the
morphological evolution of phase separation is found in
all our measurements. A striking feature of reactive
blend is the suppression of spinodal decomposition at
long wavelengths. This is a general feature expected for
reactive blends when the reaction term competes with
phase separation.!®

An arsenal of tools is utilized to investigate the details
of the morphological evolution in reactive blend films.
Care was also taken to cast initially uniform blends
which were characterized by AFM and X-ray reflectivity.
Neutron reflectivity data revealed that the d-PMMA
segregated to the Si surface in our thin films and that
the films became rough as phase separation and reac-
tion developed. (These features are also found in the
phase separation in nonreactive blends.3®) A novel
feature in the reflectivity data is the development of a
shoulder in the composition profile of APMMA (volume
fraction) that is interpreted in terms of the development
of a copolymer layer formation at the PC/d-PMMA
interface.

Optical and AFM microscopy are perhaps the most
revealing tools in the present investigation. Samples
annealed at 180 °C, where transesterification reaction
occurs slowly, show a conventional spinodal decomposi-
tion process at earlier stages, but the late stage coales-
cence of droplets is inhibited. It seems likely this effect
is due to copolymer material at the interface of the
phase-separating mixture. The AFM exhibits curious
“coffee bean”-shaped droplet pairs associated with drop-
lets trying to fuse (Figures 8 and 9). This type of shape
minimizes the surface area (free energy) subject to
constraint of inhibited fusion and is also seen in soap
bubble clusters.?®

The influence of the transesterification process is
more evident in the films annealed at 200 °C. Part of
this enhanced effect arises because of the more rapid
kinetics, and the phenomena observed appear qualita-
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tively similar to the lower temperature films at longer
times. The 200 °C films provide insight into the influ-
ence of late stage phase separation with a substantial
amount of surfactant.

The following general picture of the morphological
evolution emerges: At short times the blend phase
separation occurs normally through spinodal decompo-
sition (based on observations by Rabeony et al.5> that
are assumed to apply to our situation), but transesteri-
fication inhibits long-wavelength pattern development.
The droplets formed through the breakup of the spin-
odal pattern are nearly monodisperse, and transesteri-
fication occurs at the boundary of the droplets leading
to a copolymer layer that gradually thickens in time.
Ultimately, the droplets evolve to the point where they
impinge each other, and the boundary of the droplets
forms a percolating structure of the copolymer material.
Beyond this point the droplet coalescence is “frustrated”
by the layer around the droplets, leading to droplet
clustering. At a very late stage of phase separation the
coarsening resumes (see Figures 6b and 8d) through
intermittent droplet fusion events that trigger large-
scale droplet rearrangements (images not shown in the
present study). This type of intermittent avalanche-like
motion has been observed in simulations of foams.> We
hope to examine this regime of intermittent droplet
coarsening in the future.

Experiments were not performed for T > 200 °C. In
this case we expect to see the initial formation of
droplets which in turn “dissolve” away during the rapid
transesterification reaction, and the film should evolve
to a homogeneous state. An important question in the
case of reactive blends in which the reactive and phase
separation effects are balanced is how to control the
droplet size in the initial quasi-stationary droplet
dispersion. Future experiments should explore the role
of small temperature changes, concentration of polymer,
polymer molecular weight, and other parameters influ-
encing the size of the resulting droplets. Control of the
dispersion morphology in this way should be important
for technological applications.
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