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ABSTRACT: The temporal change of complex viscosity (η*) of two plates consisting of an end-functional
monocarboxylated polystyrene (PS-mCOOH) and poly(methyl methacrylates) (PMMA) with various
amounts of poly(methyl methacrylate-ran-glycidyl methacrylate) (PMMA-GMA) was measured by a
rotational rheometer. There were three distinct stages for the change of η* with time: (i) stage I, where
η* increased rapidly at short times and approached a steady value at later times; (ii) stage II, where η*
did not change; and (iii) stage III, where η* increased slowly again and reached a final value. The apparent
reaction kinetics obtained from the results in stage I was a first-order reaction. The change of the interfacial
roughness between two plates with reaction time was investigated by transmission electron microscopy
and atomic force microscopy after selective removal of unreacted PS-mCOOH layer. At long reaction
times, the interface became pinched off, and then microemulsions (and micelles) were formed in the PMMA
phase.

I. Introduction

Reactive blending of two or more immiscible polymers
with in situ reactive compatibilizers has been exten-
sively employed for developing new materials with
desirable physical and mechanical properties.1-7 Yet,
even though the reaction kinetics and the development
of the interfacial morphology during the reaction are
important, only a few studies are available.4-6,8-17

Employing various functional groups, Macosko and
co-workers9 studied the reaction kinetics in a reactive
blending system. Since a reactive polymer with fluo-
rescent group was used, they could detect a small
amount of block (or graft) copolymer.10 On the basis of
their analysis, the reaction was classified as a second-
order rate equation.8,9

Reactive blends are usually prepared by using an
internal mixer or an extruder, where there is complex
flow combined by shear and elongational flows.1,7 Thus,
some research groups employ a planar geometry of two
polymers: for instance, two layers of each polymer are
joined.10-17 In this situation, the initial interface is well-
defined and very sharp. Because the effect of complex
external flow on interfacial morphology is excluded, the
interface morphology depends mainly upon reaction
conditions (time, temperature, and the amount of reac-
tive groups) as well as the viscoelastic properties of two
polymers.

Fredrickson18,19 and O’Shaughnessy and co-work-
ers20,21 studied theoretically the reaction at a planar
interface between two polymers. They showed that with
increasing reaction time the reaction becomes mean-
field type at initial times. But as the interface becomes
saturated with in situ formed copolymers, the reaction
rate decreases markedly and the reaction becomes
diffusion-controlled. Because of the saturation of the
interface, the corrugated interface is not predicted.

On the other hand, the corrugated interface of reac-
tive blends with planar interface was experimentally
observed by using atomic force microscopy (AFM) and
transmission electron microscopy (TEM).12-15 Jiao et
al.12 observed, via AFM, that the planar interface
between benzylamine end-functionalized deuterated
polystyrene (d-PS-NH2) and poly(styrene-ran-maleic
anhydride) (PSMA) becomes very rough (the roughness
with ∼50 nm) after reacting at 190 °C for 72 h. They
determined the excess of the interface (z*) measured by
depth profile of d-PS across the film by using forward
recoil spectrometry (FRES). Since the z*/Rg, where Rg
is the radius of gyration of the graft copolymer, is related
to the reduction of interfacial tension through the self-
consistent mean-field theory,22 they concluded the cor-
rugated interface was due to the negative interfacial
tension. We also reported that the interface thickness
between PS-GMA and poly(butylene terephalate) (PBT)
becomes very large, and the interfacial tension mea-
sured by the Neumann triangle method becomes nega-
tive for a very rough interface.23 A negative interfacial
tension due to a very rough interface for reactive blends
was also predicted by molecular dynamics simulation.24

Inoue and co-workers14,15 showed that a planar interface
between polyamide 6 (PA6) and maleic anhydride-graft-
polysulfone (PSU-MAH) becomes very roughened, but
there is no micelle (or microemulsion) formation mea-
sured by TEM. On the other hand, for PA6/PSU-MAH
blends prepared by a mini-max molder, where an
external shear or elongational force is applied, micelles
are formed depending upon shear rate and the type of
graft (or block) copolymer.25-27 Very recently, the pos-
sibility of microemulsion formation was suggested for
a planar reactive polymer interface.3,6

Oyama and Inoue16 and Oyama et al.17 proposed
pseudo-first-order kinetics for PA6/PSU-MAH blends
with a planar interface by employing the assumption
that reaction rate is proportional to the areal density
change investigated by X-ray photoelectron spectroscopy
(XPS). Since they assumed that this reaction is similar
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to the kinetics of a gas/solid system in surface science,
the reaction rate is dependent on the number of vacant
sites available for the reaction at the interface. The first-
order kinetics of reactive blends with a planar interface
might be unexpected since the interface reaction is
usually taken as second-order kinetics because of the
reaction of two different reactive groups.

Recently, Bousmina and co-workers28,29 reported that
the interdiffusion coefficient between two polymer chains
with a planar interface could be measured by monitoring
changes of rheological properties under a small-ampli-
tude oscillatory shear which does not affect the diffusion
mechanism. Once the rheological properties are also
related to the amount of in situ formed graft (or block)
copolymers for a reactive blend, the reaction kinetics
might be evaluated if one monitors temporal changes
of rheological properties. This rheological method is, of
course, much easier than more sophisticated methods
such as forward recoil spectrometry (FRES) and XPS,
even though the excess of interface is not determined
quantitatively.

In this study, we introduce a rheological technique
to evaluate the reaction kinetics of an end-functional
monocarboxylated polystyrene (PS-mCOOH) and poly-
(methyl methacrylate-ran-glycidyl methacrylate) (PM-
MA-GMA). The reaction between the carboxylic acid
in PS-mCOOH and the epoxy groups in PMMA-GMA
occurs easily at higher temperatures,30-34 giving the in
situ graft copolymers of PMMA-g-PS. The interface
roughness with reaction time was studied by AFM after
selectively removing unreacted PS phases as well as
TEM. Finally, we clearly demonstrated that even for a
reactive blend without external flow fields generated by
an internal mixer or extruder, microemulsions (and
micelles) could be formed as a result of pinch-off after
the excessive corrugation.

II. Experimental Section

2.1. Materials. An end-functionalized monocarboxylated
polystyrene (PS-mCOOH) synthesized anionically was pur-
chased from Aldrich Chemical Co., and a poly(methyl meth-
acrylate-ran-glycidyl methacrylate) (PMMA-GMA) was pre-
pared by free-radical polymerization.33,34 PMMA-GMA has
∼12.5 functional units per chains on the basis of number-
average molecular weight. To control the amount of GMA in
PMMA phase, we employed neat poly(methyl methacrylate)
(PMMA) which was purchased from Aldrich Chemical Co. We
selected the molecular weight of neat PMMA whose complex
viscosity (η*) is very similar to that of PMMA-GMA. But, the
η* of PS-mCOOH is 40 times lower than that of PMMA (or
PMMA-GMA). Molecular characteristics of polymers used in
this study are summarized in Table 1.

Two plates, one for PS-mCOOH and the other for the
mixture consisting of PMMA and PMMA-GMA, were pre-
pared by compression molding on silicone wafer at 160 °C and
annealed 130 °C for 24 h. This method gave a very smooth
surface of polymer plates, which is necessary for investigating
the interface morphology. The thickness of each plate was 0.3
mm, and the diameter was 25 mm. This kind of sandwich
geometry was already employed to study the diffusion coef-
ficients for compatible polymer blends.29,35-38

2.2. Rheological Properties. As soon as two plates were
put into a rheometer (Advanced Rheometrics Expansion
System, Rheometrics Co.) at three different temperatures (180,
200, and 220 °C) under a nitrogen environment, the complex
viscosity (η*) was monitored with time. Here, time zero was
defined as the time when the heating chamber of the rheom-
eter was closed. It is noted that the lower viscosity material
(PS-mCOOH) was placed at the top. But even though we
reversed the position of the two polymer plates (namely, we
put the higher viscosity polymer at the top), we obtained the
same results. The strain amplitude (γ0) and the angular
frequency (ω) were 0.005 and 0.1 rad/s, respectively, which
lies in the linear viscoelastic regime. All measurements were
performed with a 200 FRTN1 transducer with a lower limit
of 0.08 g cm.

After the specimens were reacted for a given time, we first
removed two parallel plates, inside which the welded plates
were located, from the rheometer by unscrewing joints and
then quenching them in ice water. It should be mentioned,
however, that during unscrewing the torque in the rheometer
must be carefully monitored in order to avoid any damage to
the torque transducer.

2.3. Atomic Force Microscopy. To investigate the inter-
face between two plates, the unreacted PS-mCOOH was
removed by selective solvent of cyclohexane at 40 °C for 35 h.
The interface thickness (or root-mean-square roughness) was
obtained by AFM (Digital Instrument). The cantilevers used
for imaging were Ultralevers of high aspect ratio with a
specified spring constant of 0.4 N/m.

2.4. Transmission Electron Microscopy. Even though
AFM is very convenient for investigating the interface, the
existence of microemulsions (and/or micelles), which might be
formed during the reaction, cannot be detected. Thus, to
investigate the interface directly, we employed TEM (JEOL
1200EX) operated at 120 kV after ultrathin sectioning (RMC
MT7000). The specimens were stained by ruthenium tetra-
oxide (RuO4) for 15 min. Because of selective staining of RuO4,
the PS phase appeared dark in TEM images.

III. Results and Discussion
The plots of complex viscosity (η*) at 180 °C with time

for PS-mCOOH/100% of PMMA-GMA blends are
shown in Figure 1. The changes of the storage and loss
moduli (G′ and G′′) with time are similar to η* change.
In Figure 1 are added those plots of immiscible blend
of PS-mCOOH and polyethylene (PE) as well as PS-
mCOOH/PMMA blend. The η* for the PS-mCOOH/PE
blend does not change with time, and η* remains the
same as lower η* for neat PS-mCOOH. This is at-
tributed to the fact that the stresses are easily trans-
ferred into a polymer plate with lower η*, as reported
by Qui and Bousmina.29 For instance, the viscosity of
polymer/polymer blend with sandwich type planar
geometry is given by40

in which φi and ηi (i ) 1, 2) are volume fraction and
viscosity of component i, and f(ú) is a complicated
function of slip (ú) of the interface. When there is no
slip of the interface, f(ú) becomes zero. We found that
measured ηeff* for the PS-mCOOH/PE blend is lower
than the predicted value based on eq 1 without slip,

Table 1. Molecular Characteristics of Polymers Used in This Study

polymer Mw Mw/Mn

mol % of GMA in
PMMA-GMA

no. of functional
groups (f) per chain

η* (Pa s) at ω ) 0.1
rad/s and 180 °C

PS-mCOOH 135 000 1.13 1 8 × 103

PMMA 118 100 1.47 0 0 2.4 × 105

PMMA-GMA 115 500 1.7 2.0 12.5 2.5 × 105

PE 4 × 104

1/ηeff* ) φ1/η1* + φ2/η2* + f(ú) (1)
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indicating that interfacial slip could not be negligible
in this blend system.

On the other hand, η* for a blend of PS-mCOOH and
neat PMMA slowly increased with welding time and
reached a steady value at a considerably long time (∼6
h), after which η* did not change any more. It should
be noted that measured η* at short welding times (less
than 100 min) is lower than predicted ηeff* based on eq
1 without slip, indicating that interfacial slip is impor-
tant for short welding times. But, with increasing
welding time, measured η* is even higher than the
predicted one without slip. These results are not ex-
pected, since PS-mCOOH/PMMA does not mix com-
pletely. However, the PS/PMMA blend shows a finite
interfacial thickness (∼5 nm) due to small Flory’s
interaction parameter (ø).39 Thus, as welding time (or
contact time in the rheometer) goes on, two polymer
chains can be mixed within this interfacial thickness,
which causes η* to increase. Interestingly, the interfa-
cial morphology (or the root-mean-square (rms) of the
roughness measured by AFM) changed with the welding
time (or duration time). As shown in Figure 2, at the
welding time of 6 h, the rms of interfacial roughness
was increased to ∼5 nm from ∼2 nm at short welding
times (<1 min). The roughness of ∼2 nm at short
welding times is essentially the same as that prepared
without using pressure applied by rheometer on the
specimens. For PS-mCOOH/PE, interfacial slip result-
ing from a sharp interface, which is related to a large
value of ø, should be considered; thus, η* does not
increase with welding time. Even though the welding
process as well as diffusion of two plates with finite
interfaces would be an interesting subject, we do not
discuss in detail the phenomenon of nonreactive poly-
mer blends.

For a reactive blend consisting of PS-mCOOH and
100% of PMMA-GMA, η* increased within short times
compared with nonreactive PS-mCOOH/PMMA blend
(120 vs 340 min). Interestingly, η* did not change at
medium reaction times (120 < t < 280 min) and then
slowly increased again to reach a steady value. This
phenomenon was quite different from nonreactive PS-

mCOOH/PMMA blend, where there was only a slow
increase in η* before reaching a steady value.

On the basis of results given in Figure 1, we divided
the reactive blend into three different stages: stage I,
before reaching the first plateau value of η*; stage II,
where η* does not change with reaction time; and stage
III, where η* is again increased before reaching a final
value.

3.1. Stage I. Because of the increase of interface
adhesion strength due to the coupling reaction between
carboxylic acid and epoxy groups, η* increased rapidly
with reaction time. The plots of η* at 180 °C vs reaction
time for blends with various amounts of PMMA-GMA
are shown in Figure 3. In Figure 4 are given AFM
images for a blend consisting of PS-mCOOH and 10/
90 wt/wt PMMA-GMA/PMMA reacted for three reac-
tion times (t1, t2, and t3; marked by the arrows in Figure
3). We found that the AFM image of a specimen taken
at the center of the plate is essentially the same as that
taken at the rim of the plate, indicating that a small
oscillatory shearing force does not affect interfacial
morphologies of reactive blends. In Figure 3 the initial
slopes and plateau values of η* at stage I were almost
the same regardless of PMMA-GMA contents, which
suggests that during stage I most reactions occurred
between two functional groups existing near the inter-
face. However, the time to reach the plateau value η*
for a blend with 10% PMMA-GMA was longer than
that of other two blends (20 and 100% PMMA-GMA).

Figure 1. Plot of η* at 180 °C vs time for PS-mCOOH/100%
PMMA-GMA (b) as well as two nonreactive blend systems
of PS-mCOOH/PMMA (3) and PS-mCOOH/PE (9). Dashed
line represents the average of viscosity (η*eff) of PS-mCOOH
and PMMA (and PMMA-GMA) predicted by eq 1 with no slip
condition.

Figure 2. AFM images for PS-COOH/PMMA at 180 °C for
two welding times (or contacting time in the rheometer). (a)
A short welding time (less than 1 min). In this situation, as
soon as two plates were in contact with each other at 180 °C
in the rheometer, the sample was removed. (b) After 6 h
welding. The values of rms roughness of two cases are 2 and
5 nm, respectively.
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Because of a slow approach to plateau value of η* for
the 10 wt % of PMMA-GMA compared with other two
blends, we employed this blend to correlate the change
of η* with the conversion [X(t)] of the in situ formed
copolymers as follows:

where η*sat is the plateau value of η* of reactive blend
at stage I, whereas the subscript “no” in η* represents

the PS-mCOOH/PMMA blend without PMMA-GMA,
which are obtained from Figure 1.

Now, we applied two kinds of simple reaction rate
equations (the first and the second-order kinetics)

for the first-order reaction kinetics and

for the second-order reaction kinetics. Here, k1 and k2
are the reaction constants, and M ) CB0/CA0 in which
CA0 and CB0 are initial concentrations of reactive groups
COOH and GMA, respectively.

In the blend consisting of PS-mCOOH/PMMA with
10 wt % PMMA-GMA, the concentrations of GMA and
COOH functional groups are not much different. This
is because a PMMA-GMA chain has ∼12.5 GMA
functional groups. Therefore, this reaction should not
be classified as a pseudo-first-order reaction due to the
excessive amount of one functional group. Once the
concentration of one reactant group (GMA) is much
greater than that of COOH, which is the case of PS-
mCOOH and 20 and 100% PMMA-GMA, the left term
in eq 4a becomes the same as that in eq 3.

Figure 5 gives plots of conversion vs reaction time
based on the first-order reaction kinetics given by eq 3
(left panel) and the second-order reaction kinetics given
by eq 4a (right panel) for a blend of PS-mCOOH and
10 wt % PMMA-GMA reacted at three different tem-

Figure 3. Plots of η* at 180 °C vs time for PS-mCOOH/PMMA
with various amounts of PMMA-GMA: (O) 10, (1) 20, and
(b) 100 wt % PMMA-GMA.

Figure 4. AFM images (2 µm × 2 µm) for specimens reacted at 180 °C for three reaction times (t1, t2, and t3 as shown in Figure
3) as well as for a short contact time (less than 1 min) in the rheometer for PS-mCOOH/(10/90 wt/wt PMMA-GMA/PMMA). (a)
t < 1 min; (b) t ) t1 ) 70 min; (c) t ) t2 ) 110 min; and (d) t ) t3 ) 160 min. The values of rms roughness at reaction times (a)-(d)
are 2, 5, 8, and 39 nm, respectively.

XA(t) ) [η*(t) - η*no(t)]/[η* sat - η*no,sat] (2)

- ln(1 - XA) ) k1t (3)

ln[(M - XA)/M(1 - XA)]/[CB0(M - 1)] ) k2t
for M * 1 (4a)

XA/[CB0(1 - XA)] ) k2t for M ) 1 (4b)
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peratures. Here, the conversion XA(t) for both cases was
estimated by eq 1. The overall reaction kinetics at three
temperatures is well described by the first-order reac-
tion kinetics compared with second-order reaction ki-
netics when the entire range of the reaction time
corresponding to stage I is considered. However, the
experimental data can also be well fitted with the
second-order reaction kinetics at short times less than
a transition reaction time (τtran), and this decreased with
increasing reaction temperature. Here, τtran is the
reaction time after which the second-order reaction (eq
4a) cannot fit experimental data any more. From the
Arrhenius plot (the reaction constant vs inverse tem-
perature), we obtained the activation energy (∆E) of 57
kJ/mol on the basis of the first-order reaction, which is
consistent with the reported value (84 kJ/mol) of the
PS-COOH/PMMA-GMA blend.8 We found that, re-
gardless of the amounts of PMMA-GMA in the blend,
k1 (thus ∆E) is almost the same. For instance, k1 at 180
°C for blends with 10, 20, and 100% PMMA-GMA is
0.029, 0.024, and 0.028 min-1, respectively. In the
meantime, ∆E for a blend with 10 wt % PS-GMA was
calculated to be 217 kJ/mol when the second-order
reaction was used at t < τtran.

On the basis of the above results, we concluded that
the overall reaction between PS-mCOOH and PMMA-
GMA plates at stage I was described by first-order
reaction kinetics. Since the reaction might also be
described by the second-order reaction at t < τtran, we
consider that the interfacial morphology can change
much at t ) τtran. This is confirmed by the AFM image,
as shown in Figure 4, that the root-mean-square (rms)
roughness of the interface was less than 5 nm before
τtran (∼70 min at 180 °C). However, the rms of the

interface was increased up to ∼40 nm at the end of stage
I (t ∼ 160 min). Thus, we assumed that τtran corresponds
to the reaction time after which the interface was almost
covered by monolayer of in situ formed graft (or block)
copolymer. The radius of gyration of PMMA-g-PS formed
in situ from PS-mCOOH and PMMA-GMA blend was
calculated to be ∼15 nm on the basis of Mn. Once the
interface is almost covered with graft (or block) copoly-
mer, the overall reaction depends only upon the vacant
site, as suggested by Inoue and co-workers.16,17 It is
noted from Figures 3-5 in ref 16 that the second-order
reaction kinetics predicted well the experimental data
at shorter times, whereas the experimental data for
entire reaction times were well fitted by the first-order
reaction kinetics. Also, one can see in Figure 4 of ref 16
that the τtran decreased with increasing temperature,
which is consistent with our experiment.

These results suggest that the diffusion-controlled
reaction regime predicted by O’Shaughnessy and co-
workers20,21 as well as Fredrickson18,19 can occur when
the reaction time is larger than τtran. This phenomenon
was also found for the silicone oxide growth mechanism
on the silicone substrate (gas-solid reaction).41 For
shorter times, the growth mechanism is reaction-
controlled, but it becomes diffusion-controlled at longer
times. Finally, even after t > τtran the rms values still
increased due to more reactions, which causes interface
roughness. In this situation, the flat interface does not
keep any more due to accommodating a larger amount
of graft copolymers. When plotting the conversion
against time, we observed that the slope was ∼1 at
shorter times, then became ∼0.5 at intermediate times,
and finally became very small at longer reaction times.
This is consistent with the prediction by O’Shaughnessy
and co-workers20,21 as well as Fredrickson.18,19

3.2. Stage II. As the interface was densely packed
by in situ formed graft copolymers, or the thickness of
the interface is several times larger than the radius of
gyration of graft copolymer, further reaction only occurs
after each chain penetrates into these layers. Figure 6
gives a plot of η* at 180 °C vs reaction time for PS-
mCOOH/PMMA with two different amounts of PMMA-
GMA. There exists an incubation period (tinc) where η*
did not increase with time. During this period, small
amounts of reactive chains might react near the inter-
face, but these do not contribute to any detectable

Figure 5. Plots of conversion vs reaction time based on the
first-order reaction kinetics given by eq 3 (left panel) and the
second-order reaction kinetics given by eq 4a (right panel) for
PS-mCOOH/(10/90 wt/wt PMMA-GMA/PMMA) ((b) 180, (9)
200, and (2) 220 °C). Also, shown in the right panel is a
transition reaction time (τtran) before which experimental data
are well fitted with the second-order reaction kinetics.

Figure 6. Plot of η* at 180 °C vs reaction time for PS-
mCOOH/PMMA with two different amounts of PMMA-GMA
((O) 10%; (b) 100%). There exists an incubation period (tinc)
where η* did not increase with time, and tinc decreased with
increasing the amount of PMMA-GMA.
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change in interface roughness and thus rheological
properties. It is seen in Figure 6 that tinc decreased with
increasing the amount of PMMA-GMA (3.5 h for a
blend with 10% PMMA-GMA vs 2.7 h for another blend
with 100% PMMA-GMA). This is because the larger
the concentration of reactive groups in bulk, the easier
further reaction occurs. We also observed that the rms
measured by AFM remained almost the same (∼40 nm)
during tinc.

Since the penetration rate of PMMA-GMA and PS-
mCOOH chains can be related to the diffusion through
the graft copolymer layer, we first estimate the self-
diffusion coefficient (D0) of PMMA and PS. From
reported self-diffusion coefficients of PS42 and PMMA,43

the values of D0 at 180 °C of PS-mCOOH and PMMA-
GMA employed in this study are ∼30 and ∼0.6 nm2/s,
respectively. Here, we assumed that D0 of PS-mCOOH
and PMMA-GMA are the same as those of PS and
PMMA once the viscosities of PMMA-GMA and PS-
mCOOH are the same as neat PMMA and PS. With
these two values, the penetration distances (xD0t) of
PS-mCOOH and PMMA-GMA chains into their own
chains during 2.7 h (stage II) are ∼550 and 75 nm,
respectively. But, we found via AFM that the interfacial
thickness during stage II is ∼40 nm, which indicated
that the incubation time for the stage II seemed to be
longer than expected. However, the above values are
obtained from self-diffusion coefficients. Once PMMA-
GMA (or PS-mCOOH) chains penetrate through the
in situ formed copolymer layer, the trace diffusion
coefficient is much slower than the self-diffusion coef-
ficient. Green et al.43 showed that the diffusion of neat
PMMA into PS-PMMA block copolymer matrix, whose
constituent block molecules are the same as neat PMMA
and the microdomains are lamellar, was 10 times slower
than that into neat PMMA matrix. Although in situ
formed copolymer would be graft type rather than block
type for this blend system, we still consider that the
diffusion of PMMA-GMA into graft copolymer layer
would be much more retarded than that into neat
PMMA-GMA, which can explain the results given in
Figure 6. Therefore, we concluded that after the initial
reaction the incubation time for further reaction might
exist mainly due to slow diffusion of PMMA-GMA
chains. This is complemented by the fact that for PS-
mCOOH/100% PMMA-GMA the ratio of tinc at 200 °C
to that at 180 °C was 0.18 (i.e., 0.5 h vs 2.7 h). Once the
penetration distance is assumed to be the same for both
cases, tinc is simply inversely proportional to D. Because
of D ∼ 1/η, tinc ∼ η. Interestingly, for PMMA-GMA with
higher viscosity compared with PS-mCOOH, η at 200
°C is 5 times lower than that at 180 °C.

3.3. Stage III. When each polymer chain penetrates
into the brushlike layer of graft (or block) copolymers,
additional reactions can proceed. To reduce the incuba-
tion time that occurred in stage II, we employed 100%
PMMA-GMA. We found from Figure 1 that η* in-
creased steadily with time before attaining a final value,
although the increase in η* with time (or slope in Figure
1) during stage III was much reduced compared with
that during stage I. The difference in slopes during
stages I and III might be due to the fact that reaction
near the interface controlled the amount of graft co-
polymer during stage I, whereas the effect of the
diffusion becomes important in addition to the reaction
during stage III.

As more graft chains accumulate in the interface, the
roughness of the interface increases. AFM images for
the interface at three reaction times (ta, tb, and tc in
Figure 1) during stage III are given in Figure 7. With
increasing reaction time, the rms roughness increased
steadily, which suggests that the increase in η* at stage
III is correlated with increased interface thickness due
to the continuing reaction. The large roughened inter-
face similar to Figure 8 was observed for reactive layers
previously.5,6,13

Although changes in the interfacial morphologies with
reaction time were clearly seen in AFM images, as
shown in Figure 7, we cannot know whether micro-

Figure 7. AFM images (2 µm × 2 µm) of PS-mCOOH/100
wt % PMMA-GMA reacted at 180 °C for three reaction times
(ta, tb, and tc) as shown in Figure 1: (a) t ) ta ) 6 h; (b) t ) tb
) 9 h; (c) t ) tc ) 17 h. The values of rms roughness at reaction
times (a)-(c) are 96, 160, and 180 nm, respectively.

Macromolecules, Vol. 36, No. 5, 2003 Reactive Polymer-Polymer Interface 1599



emulsions (and/or micelles) consisting of graft copolymer
formed in situ exist in one of the phases. To the best of
our knowledge, there has been no report on microemul-
sion (and/or micelles) formation when two films or plates
consisting of reactive groups are reacted without exter-
nal force, although a significant roughness of the
interface has been reported.12-15 In the meantime, when
a reactive blend is prepared by a mixer where a strong
shear (or elongational) flow is applied, micelles are
formed in the matrix depending very much on molecular
structures of in situ formed graft (or block) copolymer
as well as the amount of reactive groups.25-27 For
instance, when a Y-shaped type of graft copolymer is
formed during the reaction, these graft copolymers can
be easily pulled off from the interface toward the upper
phase. Microemulsions could not be detected by AFM
since these microemulsions were also wiped out together
with one of these phases; thus, only TEM images are
needed to verify the microemulsion (and/or micelles)
formation. The difference between microemulsions and
micelles is mainly due to the size. For instance, the
micelles contain only PS block (or graft) inside the
matrix of PMMA homopolymer. Thus, the size of mi-
celles is similar to 2 times the radius of gyration of PS
block (or graft), which would be ∼18 nm. But, the
microemulsions contain both PS homopolymer and PS
graft (or block) chains; thus, the size (∼100 nm) should
be larger than that of micelles.

To form a microemulsion during the reaction without
any external force, the interface should be first pinched
off and then encapsulated by one of the components. Or,
fast-diffusing species (PS chains) could be diffused
through the barrier consisting of graft copolymer layer
and reacted with a GMA group in the PMMA-GMMA
phase. It is less likely that PMMA-GMA chains diffused
through this barrier and reacted with a COOH group
in the PS-mCOOH phase because their diffusion coef-
ficients are much less than that of PS-mCOOH. Figure
8 gives the TEM image at the beginning of stage III,
where the pinch-offs of in situ formed graft (or block)
copolymer are clearly observed from a very rough
interface. However, microemulsions (or micelles) were
not observed until the reaction time of 6 h.

On the other hand, with further reaction (for instance,
the reaction time of 17 h), microemulsions with size of
∼100 nm (solid circles) as well as micelles with size of
10-20 nm (dashed circles) exist in the PMMA phase,
as shown in Figure 9. From Figure 9, the rms of

roughness (∼30 nm) at regions where microemulsions
are seen was much smaller than that (∼180 nm)
measured by AFM images (see Figure 7c). This is
because rms of roughness measured by AFM is the
average value of roughness. Namely, at a reaction time
of 17 h, many regions remained pinched-offs similar to
those seen in Figure 8, which contributed large values
of rms roughness. We also found in Figure 9 that
microemulsions (or micelles) were not observed in the
PS phase. One of the reasons might be attributed to the
fact that the shape of in situ formed graft copolymers
might become an inverted Y-shape, and PMMA chains
consists of two branches of the Y-shape. This is because
only 1-2 PS chains were grafted to PMMA-GMA
chains, even though PMMA-GMA has many functional
units (∼12.5) of GMA across the main chain.33 Once one
considers the steric hindrance between graft copolymers,
PS chains belonging to one branch of Y-shape should
be located inside the interface curvature to fill more
graft chains at the interface. Thus, PMMA chains can
encapsulate PS chains with increasing corrugation (or
curvature) of the interface.

It might be argued that a very small oscillatory force
(ω ) 0.1 rad/s and γ0 ) 0.005) accelerates the micro-
emulsion formation. However, even though a simple
welding experiment was done for 17 h without oscilla-
tory force, these microemulsions were also found in the
PS-mCOOH/PMMA-GMA blend. Another possibility
of microemulsion formation in the PMMA phase is due
to the much viscose PMMA-GMA and thus a very slow
diffusion compared with that of PS-mCOOH. Thus, it
is interesting to investigate this possibility by using
another blend with PS-mCOOH and lower molecular
weight of PMMA-GMA.

Figure 8. TEM image of PS-mCOOH/100 wt % PMMA-
GMA reacted at 180 °C for 6 h reaction, which corresponds to
beginning of stage III. Pinch-off was clearly observed. However,
no microemulsion (or micelle) was observed during this time.

Figure 9. TEM image of PS-mCOOH/100 wt % PMMA-
GMA reacted at 180 °C for 17 h reaction, which corresponds
to final of stage III. Both microemulsions inside solid circles
and micelles inside dashed circles are clearly seen.
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The fact that microemulsions (or micelles) formation
without shear (or elongational flow) has not been
reported might be due to short reaction times,12-15 or
the interfacial tension between two polymers studied
previously12,14,15 might be very large compared with a
small one for the PS/PMMA blend. Note that we
observed the microemulsions for PS-mCOOH/100% of
PMMA-GMA reacted at 180 °C for 17 h. This suggests
that, in order to see microemulsions formed in the
planar interface, the reaction time would be very large
or the molecular weights of two plates are much
reduced. The existence of microemulsion near the reac-
tive interface between amine-terminated PS and maleic
anhydride-terminated PMMA was indeed suggested
very recently even when the reaction time was short
(∼1 h at 200 °C), once molecular weights of both
components are less than 20 kg/mol.6

IV. Conclusion

In this study, we proposed a rheological method to
observe the reaction kinetics in the reactive blending
system and correlated morphological change at the
interface with rheological properties. According to rheo-
logical results as well as interfacial morphological
changes measured by AFM and TEM, three distinct
stages can be considered for reactive blends with planar
geometry.

In stage I, a coupling reaction starts, and the copoly-
mers formed by in situ reaction cover the interface.
Because of the increase of interface adhesion by this
reaction, the modulus increases. During very short
reaction time until the interface is not roughened, the

reaction is also characterized by the second-order reac-
tion in addition to the first-order reaction. However, as
the reaction continues (t > ttran), the interface becomes
saturated and then corrugated. During this time inter-
val, the first order is suitable to analyze the kinetics.

In stage II, the reactive chains near the interface are
totally consumed. Thus, chains should move through the
brushlike graft copolymer layer. We found that η* does
not change with reaction time during the second stage,
which suggests that incubation time exists. This incu-
bation time was longer than the value calculated by the
self-diffusion coefficient because the diffusion of ho-
mopolymer through the copolymer is slower than the
self-diffusion.

In stage III, since chains can diffuse through the
brushlike layer, the reaction can occur again. The
interface is more corrugated and becomes large; thus,
η* increased again. When the corrugation of interface
was enough (or t > tmic), the copolymer began to pinch-
off, which finally became microemulsions (and micelles).
Changes of interfacial morphologies during the reaction
are schematically drawn in Figure 10.
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