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For given nominal molar concentrations in complementary functional groups, the
common wisdom is that the reaction rate of those attached to large molecules does not
exceed that of small molecule analogues. They are at best equal. The difference in
reaction kinetics is more pronounced if reactive molecules are so large that they
phase-separate, which is often so for polymers. In such cases, complementary functional
groups from the two phases can meet and react only at the interfaces. Thus, reaction
kinetics of functional groups attached to small molecules has always been taken as the
upper bound for those attached to polymers. Here we show that under sufficient mixing,
reaction kinetics of two immiscible reactive polymers can be significantly higher than
that of small molecule analogues. This phenomenon is attributed to the combined effects
of increasing collision probability originated from mixing-induced interfacial area gen-
eration, longer relaxation time of reactive polymer chains, and eventually interfacial slip.
© 2004 American Institute of Chemical Engineers AIChE J, 50: 2604–2612, 2004
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Introduction

Chemical reactions between functional groups have found
numerous applications in many fields, such as organic synthe-
sis, step polymerization (Odian, 1981), and reactive polymer
blending (Baker et al., 2001). To the best of the authors’
knowledge, there are no experimental and theoretical studies
reporting that, for given nominal molar concentrations in com-
plementary functional groups, the reaction rate of those at-
tached to polymer chains can eventually exceed that of small
molecule analogues. In other words, the reaction rate of func-
tional groups attached to small molecules has always been

taken as the upper bound of those attached to polymers. They
are at best equal. This is possible if reacting systems are
homogeneous at a molecular level and the intrinsic reactivity of
the functional groups is independent of molecular size. For
example, Bhide and Sudborough (1925) studied the kinetics of
the esterification of a series of homologous carboxylic acids of
type H(CH2)xCO2H with ethanol

H�CH2�xCO2H � C2H5OHO¡
HCl

H�CH2�xCO2C2H5 � H2O

Those homologous carboxylic acids differed only in molecular
size. The latter was characterized by the number of the CH2

repeating unit, x, in the molecule. They found that, although
there was a decrease in reactivity with increased molecular
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size, the effect was significant only at a very small size. The
reaction rate constant very quickly (at x � 3) reached a limiting
value, which remained constant and independent of molecular
size (Figure 1). Analogous results were found for the polyes-
terification of sebacoyl chloride with a series of homologous
�,�-alkane diols of type HO(CH2)xOH (Ueberreiter and Engel,
1977)

HO�CH2�xOH � ClOC�CH2�8COCl 3

HO� O�CH2�xOCO�CH2�8COO�n Cl � HCl

There are two scenarios where the reaction rate constant may
no longer remain constant but decrease significantly with in-
creased molecule size. First, the reactivity of the functional
groups is so high and/or the polymer is so large that the bulk
diffusion of the polymer chains becomes the limiting step of
the reaction rate. Second, polymers to which complementary
functional groups are attached are immiscible at a chain level
and their mixture phase-separates. This is often the case for two
dissimilar polymers because of the very small entropy of mix-
ing compared to that of small molecule analogues. In such a
phase-separated polymer reacting system, complementary
functional groups from the two phases can meet and react only
in the interfacial regions (Fredrickson, 1996; O’Shaughnessy
and Sawhney, 1996). Thus, only small fractions of them have

opportunities to collide and react and most of them are ex-
cluded from such opportunities.

Here we show experimentally that if polymer chains to
which complementary functional groups are attached are im-
miscible and mixing to which the system is subjected is strong
enough, the reaction kinetics can be significantly faster than
that of small molecule analogues. For that purpose, we could
envision comparing the kinetics of four reactive systems, all
containing the same numbers of A and B functional groups (see
Figure 2). In system (a), molecules bearing A and B functional
groups are small and mutually miscible. System (b) differs
from system (a) only in that the B functional group is attached
to a polymer. Nevertheless, they remain miscible. In system
(c), both A and B functional groups are attached to a polymer
of the same chemical nature. The system is thus miscible. In
system (d), A and B functional groups are attached to polymers
of different chemical natures, which are immiscible. In other
words, in the first three homogeneous systems, the A and B
functional groups are randomly distributed over the entire
reaction volume at the scale of their size. In the last heteroge-
neous system, given that A-bearing polymer and B-bearing
polymer are immiscible, most of the A and B functional groups
are located in their respective polymer phases. Only small
fractions of them are located in the interfaces between the two
polymer bulk phases. The interfaces are the only locations
where they can collide and react. If the nominal molar concen-
trations of the reacting functional groups in the above four
reactive systems are equivalent, the common wisdom regarding
their reaction rates follows the order: (a) � (b) � (c) �� (d).
In this study, we choose systems (b) and (d) to show that for
given nominal molar concentrations in A and B functional
groups, contrary to the above common wisdom, undermixing
the reaction rate of system (d) can eventually exceed that of
system (b). We then attempt to explain why and how this is
possible.

Experimental
Materials

A heterogeneous reacting system and a homogeneous one
were chosen for this study. They were based on the well-known
reaction between hydroxyl and isocyanate groups. The nominal
molar concentrations of those two complementary functional
groups in both reacting systems were the same. Moreover, the
molar ratio between the hydroxyl and isocyanate groups was
unity. The heterogeneous reacting system corresponded to sys-
tem (d) in Figure 2. It was composed of a chemically inert
polystyrene (PS); a PS end-functionalized with a hydroxyl

Figure 1. (E) Rate constants for the esterification of a
series of homologous carboxylic acids of type
H(CH2)xCO2H with ethanol at 25°C.
Note that the rate constant reaches a limiting value and
remains constant for x � 3; (‚) Rate constants for the poly-
esterification of sebacoyl chloride with a series of homolo-
gous �,�-alkane diols of type HO(CH2)xOH at 26.9°C. Note
that the rate constant is the same for 5 � x � 10.

Figure 2. Four reacting systems could be envisioned for this study.
(a) Miscible system of A � B; (b) miscible system of A � B–bearing polymer; (c) miscible system of A-bearing polymer � B-bearing
polymer; (d) immiscible system of A-bearing polymer � B-bearing polymer. Note that all four reacting systems contain equivalent numbers
of A and B functional groups.
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group, denoted as PS–(CH2)2–OH; a chemically inert poly(m-
ethyl methacrylate) (PMMA); and an isocyanate-bearing
PMMA, denoted as PMMA-r-NCO. The PS–(CH2)2–OH was
synthesized anionically and the PMMA-r-NCO by free-radical
copolymerization of MMA with 3–3-isopropenyl-�,�-dimeth-
ylbenzyl isocyanate (Hu and Kadri, 1998, 1999). The content
of the isocyanate-bearing monomer incorporated into the
PMMA-r-NCO was 1.5 wt %, which corresponded, on aver-
age, to 2 NCO moieties per PMMA-r-NCO chain. The number
molar mass of the PS, PS–(CH2)2–OH, PMMA, and PMMA-
r-NCO was 175, 53.7, 50.0, and 27.9 kg/mol, respectively.
Their polydispersity indices were 2.28, 1.05, 2.20, and 3.24,
respectively. The above PS/PMMA heterogeneous reacting
system was studied using five different mass compositions:
72/25, 60/40, 50/50, 40/60, and 25/75. The mass composition
of the PS–(CH2)2–OH and that of the PMMA-r-NCO therein
were always kept unchanged, that is, 12 and 2.4 wt % with
respect to the total reacting mass, respectively. The homoge-
nous analogous reacting system corresponded to system (b) in
Figure 2. It was composed of the PMMA, the PMMA-r-NCO,
and 3-phenyl 1-propanol. The latter was analogous to PS–
(CH2)2–OH and will be denoted as Ph–(CH2)3–OH. Both re-
acting systems were catalyzed by dibutyl tin dilaurate (50 ppm
with respect to the total reaction mass). The reason for using
the said catalyst was that without a catalyst, the kinetics of the
above two reacting systems were so low that it was difficult to
detect conversions attained within the experimental timescale,
of the order of 1 h (a much longer reaction time would bring
about side reactions). In fact, a separate study (Li, 2000)
showed that the reaction rate of the above homogeneous react-
ing system without catalyst was an order of magnitude lower
than that with 50 ppm of the said catalyst. Moreover, the said
catalyst was found to be soluble in PS and PMMA within the
concentration range used. Thus, it was likely that the catalyst
was evenly distributed in the entire PS/PMMA heterogeneous
reacting system including the interfacial regions. Thus, it was
likely that the catalyst was evenly distributed in the entire
PS/PMMA heterogeneous reacting system including the inter-
facial regions.

Reaction and characterization procedures

An internal Haake-type batch mixer (Haake, Bersdorff, Ger-
many) was used to carry out the reactions of the above two
reacting systems. It was composed of a figure 8–shaped cham-
ber. Mixing of the reacting systems was ensured by the rotation
of two rotors in the chamber. The temperature of the reaction
was set at 175°C. Samples were taken from the chamber at
chosen time intervals for subsequent analyses. The extent of
reaction was determined with respect to the conversion of the
NCO group. The latter was measured by a two-step method.
The first step was to react the remaining NCO moieties in the
PMMA-r-NCO with 9-(methylamino-methyl)anthracene in a
quantitative manner. In the second step, the amount of the
anthracene moieties attached onto the PMMA-r-NCO was
measured by ultraviolet spectroscopy. That method was able to
measure NCO moieties in the level of a few ppm (Hu and
Kadri, 1998, 1999; Hu et al., 1999). Its validity was also
confirmed by infrared spectroscopy (IR), which used the ab-
sorbance of the peak at 2255 cm�1 to quantify the amount of
the NCO. However, the IR method worked well only when the

amount of the remaining NCO was high enough (Li, 2000).
The morphology of blends was characterized by transmission
electron microscopy (TEM) using films about 50 nm thick.
Before analysis, the films were stained for 2 h with the vapor
of 0.5% OsO4 in water solution. The PS phase was preferably
stained and appeared dark in TEM micrographs.

Results

Figure 3 shows the conversion as a function of time of the
Ph–(CH2)3–OH/(PMMA � PMMA-r-NCO) homogeneous
small alcohol system (closed symbols) and the [PS � PS–
(CH2)2–OH]/(PMMA � PMMA-r-NCO) (60/40) heteroge-
neous macromolecular alcohol system (open symbols) under
one of the three following mixing conditions: (a) continuous
mixing at 64 or 84 rpm (rpm) for the entire reaction time; (b)
stepwise mixing with the rotation speed alternating between 0
at 64 rpm; (c) without mixing, except for the very first minute,
during which the rotation speed was 64 rpm to ensure melting
and a certain degree of homogenization of the reacting systems.
In the case of the homogeneous small alcohol reacting system,
mixing had little effect on the reaction rate because the con-
version followed the same pace, regardless of the mixing
condition. This implies that, in that homogeneous system, the
bulk diffusion of the reactive molecules was most likely not the
rate-limiting step of the reaction rate. By contrast, the reaction
rate of the heterogeneous macromolecular alcohol system de-
pended very strongly on the mixing condition. The stronger the
mixing, the higher the reaction rate. The conversion increased
more rapidly at 84 rpm than at 64 rpm, especially in the very
early stage of mixing. Without mixing (the rotation speed being
zero), the reaction rate became zero. This was further corrob-
orated by the experiment carried out under the stepwise mixing

Figure 3. Time dependency of the conversion for the
Ph–(CH2)3–OH/(PMMA � PMMA-r-NCO) ho-
mogeneous small molecule alcohol reacting
system (closed symbols) and the [(PS � PS–
(CH2)2–OH]/(PMMA � PMMA-r-NCO) (60/40)
heterogeneous macromolecular alcohol react-
ing system (open symbols) under three mixing
conditions.
(ƒ, �): continuous mixing at 84 rpm; (‚, Œ): continuous
mixing at 64 rpm; (�, f): stepwise mixing with the rotation
speed alternating between 0 at 64 rpm; (E, F): without
mixing, except for the very first minute during which the
rotation speed was 64 rpm to ensure melting and a certain
degree of homogenization of both reacting systems.
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condition. In stage I (0 to 1 min), in which the mixing speed
was 64 rpm, the conversion increased very rapidly. In stage II,
mixing was stopped and the reaction stopped proceeding. Once
mixing was resumed, the reaction started to proceed again
(stage III). It stopped again in stage IV where there was no
mixing. It quickly started to proceed again under mixing (stage
V). These results show that the reaction rate of the heteroge-
neous macromolecular alcohol system was controlled by the
rate of mixing or the rate of interfacial area generation. Com-
parison of the kinetic data shows that under the specified
continuous mixing conditions, although both the heterogeneous
and homogeneous reacting systems contained equivalent nom-
inal concentrations in the hydroxyl and isocyanate groups, the
overall reaction rate (defined as the slope of a conversion–time
curve) of the heterogeneous one was much faster than that of
the homogeneous one, at least in the first 5–10 min of the
reaction. Because those mixing conditions are commonly met
in practical reactive polymer-blending processes, it is expected
that on the basis of equal molar concentrations in reacting
functional groups, the reaction rates of immiscible reactive
polymer systems can be higher than those of small molecule
analogues.

Figure 4 compares the rate of reaction of the PS/PMMA
heterogeneous reacting system of five different mass compo-
sitions in PS and PMMA: 75/25, 60/40, 50/50, 40/60, and
25/75. Recall that the amounts of the reactive polymers in-
volved in all those five compositions were the same. Clearly,
the composition had an effect on the rate of the conversion
increase and on the ultimate conversion value. They were
highest at 50/50 and 60/40 and lowest at 75/25 and 25/75. This
may be explained by the fact that at 50/50 and 60/40, the
morphology of the system was of co-continuous type, exhibit-
ing highest interfacial areas. At 75/25 and 25/75, it was of
dispersion type, whose interfacial areas were smallest. Never-
theless, whatever the composition, the reaction rate of the
PS/PMMA heterogeneous reacting system was always signif-
icantly higher than that of its homogeneous analogue.

Discussion

The two complementary functional groups involved in the
homogeneous small molecule alcohol reacting system are dis-
tributed randomly at the scale of their size over the entire
volume of the reacting system (Figure 2b). The reaction be-
tween them is a product of their random collisions occurring
over the entire reaction space. The fact that the reaction rate of
the homogenous small alcohol reacting system is not mixing-
controlled implies that mixing most likely did not alter the
random distribution feature of the functional groups nor their
collision mode and frequency. The latter refers to the number
of collisions per unit time. By contrast, the two complementary
functional groups involved in the heterogeneous macromolec-
ular alcohol reacting system are no longer distributed randomly
at the scale of their size over the entire volume of the reacting
system. Instead, they are highly segregated (Figure 2d). The
hydroxyl and isocyanate groups are located primarily in the PS
and PMMA bulk phases, respectively. The interfacial regions
between both phases are the only locations where the two
complementary functional groups can meet, collide, and react.
This is demonstrated unambiguously by the kinetic results
shown in Figure 3. The fact that the rate of reaction is entirely
controlled by the rate of mixing implies that the collision
frequency of the functional groups increases with increasing
mixing rate.

How does mixing increase the collision frequency of the
complementary functional groups in the heterogeneous macro-
molecular alcohol reacting system? Mixing is expected to play
two positive roles in promoting collision of functional groups
in an immiscible reactive polymer blend. The very first, obvi-
ous, and probably the most important one is to increase the
interfacial area (Guegan et al., 1994). This is shown by the two
TEM micrographs in Figure 5. Micrographs (a) and (b) corre-
spond to the [PS � PS–(CH2)2–OH]/(PMMA � PMMA-r-
NCO) (60/40) heterogeneous macromolecular alcohol reacting
system after 1 and 40 min of mixing at 84 rpm, respectively.
The amount of the total area of the interfaces between the PS
and PMMA phases, generated after 40 min of mixing, is greater
than that generated after 1 min of mixing. Correspondingly, the
size of the PMMA dispersed phase domains after 40 min of
mixing is smaller than that after 1 min of mixing. In what
follows, specific interfacial area will be used to quantify the
amount of the interfacial area. It is defined as the amount of the
interfacial area per unit volume of the dispersed phase. Figure
6 shows the evolution of the specific interfacial area in �m2/
�m3 and the volume-average diameter of the PMMA domains
(in �m) as a function of mixing time for the heterogeneous
macromolecular alcohol reacting system at two mixing speeds:
64 and 84 rpm. Under both mixing speeds, the specific inter-
facial area first increased very rapidly and then leveled off.
Correspondingly, the volume-average diameter of the PMMA
domains first decreased very rapidly and then reached a limit-
ing value, which remained constant. The lower the mixing
speed, the longer time it took to reach the limiting values of the
specific interfacial area and the volume-average diameter, as
expected. An increase in interfacial area increased the number
of contacts and collisions between the two complementary
reacting functional groups.

The second effect of mixing is to accelerate the process of
copolymer pull-out from the interfaces (Charoensirisomboon el

Figure 4. Effect of composition on the rate of conversion
increase of the [PS � PS–(CH2)2–OH]/(PMMA
� PMMA-r-NCO) heterogeneous macromolec-
ular alcohol reacting system.
(E) 72/25, (‚) 40/60, (�) 50/50, (ƒ) 60/40, (�) 25/70. The
corresponding data of the Ph–(CH2)3–OH/(PMMA �
PMMA-r-NCO) homogeneous small molecule alcohol react-
ing system are also shown for comparison (Œ). Mixing con-
dition: continuous mixing at 64 rpm.
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al., 2000; Lyu et al., 1999), generating additional fresh inter-
faces free of copolymer coverage. This mixing process may be
called interfacial mixing. A copolymer chain formed in situ at
an interface may leave the interface for thermodynamic and/or
hydrodynamic reasons. The degree to which copolymer chains

can be pulled out from the interfaces by mixing depends,
among other factors, on their architecture, the areal density of
copolymer chains at the interfaces, and mixing condition. Ac-
cording to Charoensirisomboon et al. (2000), for a given molar
mass, a block copolymer with linear chain structure is more
easily pulled out than a graft copolymer with branch structure.
An inversed Y-shaped graft copolymer with the trunk chain
located in the dispersed phase and the branch in the matrix is
much less prone to mixing-induced pull-out than a Y-shaped
graft copolymer with the trunk chain located in the matrix and
the branch in the dispersed phase.

Recall that the PMMA-r-NCO chain contained, on average,
2 NCO moieties per chain and the PMMA phase was the
dispersed phase of the reactive blending system under study. If
one of the two NCO moieties of a PMMA-r-NCO chain was
reacted, an inversed Y-shaped PMMA-g-PS graft copolymer
with one PS graft was formed (see Figure 7) and its number-
average molar mass was 81.6 kg/mol. If both NCO moieties
were reacted, an inversed 	-shaped graft copolymer with two
PS grafts was formed and its number-average molar mass was

Figure 5. TEM micrograph of the [PS � PS–(CH2)2–OH]/
(PMMA � PMMA-r-NCO) (60/40) heteroge-
neous reactive blend after 1 and 40 min of
mixing, respectively.
The mixing speed was 84 rpm.

Figure 6. Time dependency of the evolution of the mor-
phology of the [PS � PS–(CH2)2–OH]/(PMMA �
PMMA-r-NCO) (60/40) heterogeneous reacting
system in terms of the specific interfacial area
(open symbols) and the volume-average diam-
eter (closed symbols).

Figure 7. Schematic representation of the architecture
of the in situ formed graft copolymers in the
[PS � PS–(CH2)2–OH[/(PMMA � PMMA-r-
NCO) (60/40) immiscible reactive blend.
Numbers in the brackets are the number-average molar mass
of the reactive component polymers: (a) an inversed Y-shaped
graft copolymer when one of the two NCO moieties of the
PMMA-r-NCO is reacted; (b) an inversed 	-shaped graft
copolymer when both NCO moieties of the PMMA-r-NCO
are reacted. The numbers in the brackets are the number-
average molar masses of the PMMA trunk chain and a single
PS branch.
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then 109.5 kg/mol. For both graft copolymers, the PMMA was
the trunk chain having a number-average molar mass of 27.9
kg/mol and was preferably located in the PMMA dispersed
phase. The PS was the branch(es), with each having a number-
average molar mass of 53.7 kg/mol. It was preferably located
in the PS matrix phase. How stable were those two graft
copolymers formed in situ at the interfaces between the PS and
PMMA phases undermixing? Were they pulled out of the
interfaces by mixing? If they were, they would either form
micelles of 10 to 20 nm in size or be dissolved in the PS matrix
at the scale of chain dimension. If micelles were formed, they
could be detected by TEM. None of the TEM micrographs of
the PS/PMMA reactive blend revealed the existence of such
micelles, including the one corresponding to 40 min of mixing
at 84 rpm (see Figure 4b). This implies that the in situ graft
copolymers likely did not form micelles in the PS matrix. Were
they then dissolved therein? This could be possible considering
the relatively low interaction parameter between PS and
PMMA, �PS–PMMA � 0.0129 � 1.96/T and 0.017 at 175°C
(Mark, 1996). However, TEM can hardly detect dissolved graft
copolymers. Nevertheless, it should be kept in mind that the in
situ–formed graft copolymer was either an inversed Y-shaped
graft copolymer or an inversed 	-shaped graft copolymer.
According to Charoensirisomboon et al. (2000), this type of
graft copolymer is difficult to be pulled off the interfaces. On
the other hand, the asymmetry in length between the PMMA
trunk and the PS graft favors the copolymer pull-out.

Let us evaluate the areal density of the in situ–formed graft
copolymer chains at the interfaces, 
, which is defined as the
number of their chains per unit interfacial area. Figure 8) shows
the time dependency of the interfacial coverage 
 by the in
situ–formed graft copolymer in the [PS � PS–(CH2)2–OH]/
(PMMA � PMMA-r-NCO) (60/40) immiscible reactive blend
(see Appendix for the procedures used to estimate 
). The
interfacial coverage increased very rapidly in the very early
stage of mixing and quickly slowed down. Moreover, the value
of the interfacial coverage was higher at a higher mixing speed.
It should be noted that the highest value of the interfacial
coverage in Figure 8 is still lower than the maximum interfacial

coverage, 
max, which is estimated to be 0.085 (see Appendix
for the procedures used to estimate 
max).

It is straightforward to understand that mixing promotes the
overall reaction rate between two immiscible reactive polymers
by generating interfacial area and/or eventually by accelerating
the copolymer pull-out process. The latter in turn creates ad-
ditional interfacial area. However, these two mixing-induced
interfacial area generation mechanisms do not seem to be
enough to explain our finding that undermixing and with equiv-
alent nominal molar concentrations in functional groups, the
reaction rate of the heterogeneous macromolecular alcohol
reacting system was significantly faster than that of the homog-
enous small alcohol analogue. This is because, under the spec-
ified conditions, the two immiscible reacting polymer phases
involved in the heterogeneous macromolecular alcohol reacting
system were not mixed at the polymer chain level but remained
segregated at a submicrometer scale (see TEM micrographs in
Figure 5). Thus, at a first glance, large fractions of functional
groups seemed to be excluded from collisions and reaction.
This argument, together with the experimental fact that the
overall reaction rate of the heterogeneous system was even
much faster than the homogeneous analogous reacting system,
suggests that the reaction rate in the interfacial regions be much
higher than what would be expected from the homogeneous
analogous reacting system. If this assumption is valid, one
could then explain another experimental fact that the reaction
kinetics of the homogeneous small alcohol systems was reac-
tion controlled, whereas that of the heterogeneous macromo-
lecular alcohol homologue was interfacial-area-generation con-
trolled.

The validity of this assumption is seemingly supported by
the dynamics of polymer chains at an interface. Consider an
end-functionalized polymer chain whose reactive end is in an
interface and main body in the bulk phase (Figure 9). Because
of highly anisotropic friction with the neighboring chains, the
relaxation (or snakelike motion) of the main body is a slow
process, whereas that of the reactive end is a rapid one (Russell
et al., 1993; Welp et al., 1999). As such, when two comple-
mentary functional groups are located within a “capture radius”
(De Gennes, 1982a,b), the probability for them to collide is
much higher than that for small molecule analogues because
the much slower relaxation process of the main bodies holds

Figure 9. Reaction between complementary functional
groups near or in an interface formed by two
immiscible polymers A and B.
Of the two pairs of the complementary functional groups, one
is located within a “capture radius” and another one is sepa-
rated by a distance much greater than the capture radius.

Figure 8. Time dependency of the interfacial coverage �
by the in situ formed graft copolymer in the [PS
� PS–(CH2)2–OH]/(PMMA � PMMA-r-NCO)
(60/40) reactive blend.
(ƒ), 84 rpm; (‚), 64 rpm.
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them close to one another for a much longer period of time than
small molecule counterparts. Relaxation of polymer chains
depends very much on their molar masses. It will be much
slower when full entanglement dynamics are operative. The
latter require that the molar masses of the polymers be higher
than 10 times their respective entanglement molar masses. The
reactive polymers used in this work were about 3 times their
entanglement molar masses, implying that the dynamics of our
heterogeneous reacting system was likely somewhere between
a Rouse regime and full-entanglement regime.

It should be noted that the above-mentioned collision prob-
ability increase is limited only to complementary functional
groups that are located within the capture radius. Those located
outside the capture radius, which are in very large quantities,
will either “never” be able to approach one another to within
the capture radius or need a very long time. This is why,
without mixing, the reaction rate is virtually zero and why
mixing is crucial. In addition to generating interfaces by the
two mechanisms mentioned above, under certain circum-
stances mixing may cause relative displacement between the
two phases of an interface–interfacial slip (Barsky and Rob-
bins, 2002; Brochard-Wyart et al., 1990; Govas and Fredrick-
son, 1998; Zhao and Macosko, 2002), which allows comple-
mentary functional groups located outside the capture radius to
approach each other and react. For a system composed of two
immiscible polymers, the interfacial slip is related to the fact
that the viscosity of the interfacial region (interfacial viscosity)
can be much smaller than that of each of the two bulk polymers
phases (bulk viscosity). This viscosity difference is attributed
to the fact that chains located in the interfacial regions are
much less entangled than in the bulk phases. However, it
should be noted that the presence of a copolymer in the system,
even in small amounts, can significantly reduce interfacial slip.
This implies that the effect of interfacial slip may come into
play only in the early stage of mixing where the copolymer
areal density is low.

It is worthy noting that in a system composed of two im-
miscible polymers, there are more chain ends in the interface
than in the bulk phases because of entropic adsorption (Reiter
and Steiner, 1993; Zhao et al., 1993). If complementary func-
tional groups like hydroxyl and isocyanate are attached to the
chain ends, enrichment in functional groups in the interfaces is
expected to be more important. This is because interactions
between functional groups and polymer segments are often
repulsive, and those between complementary functional groups
are necessarily attractive. This enrichment also favors interfa-
cial reactions.

In summary, this work showed that, under mixing, the reac-
tion kinetics of immiscible reactive polymer systems signifi-
cantly may exceed that of homogeneous small-molecule ana-
logues. This was attributed to an increased collision frequency
that resulted not only from mixing-induced interfacial area
generation and interfacial copolymer pull-out, but also from
slow relaxation process of reactive polymer chains, interfacial
enrichment in functional groups, and eventually interfacial slip.
This work also raised numerous issues worthy of further in-
vestigation. For example, only one pair of reactive polymers,
PS and PMMA, was studied. The interfacial tension between
them is relatively low (�2 � 10�3 N/m) and the interfacial
width quite large (�5 nm). The effects of interfacial tension

and interfacial width should be critical on the interfacial reac-
tions but were not addressed.

Conclusions

In this work, it has been shown that, contrary to common
wisdom, for equivalent nominal molar concentrations in com-
plementary functional groups, the overall reaction rate of those
attached to two mutually immiscible polymer chains can ex-
ceed that of those attached to two mutually miscible small
molecules, provided that mixing to which the reacting systems
is subjected is strong enough. This result is attributed to an
increased collision frequency that results not only from mixing-
induced interfacial area generation and interfacial copolymer
pull-out, but also from longer relaxation time of reactive poly-
mer chains, interfacial enrichment in functional groups, and
eventually interfacial slip. In addition to its scientific signifi-
cance, the above result further explains why reactive polymer
blending, a process of very short residence time (a dozen of
seconds to a few minutes), has been so successful for produc-
ing polymer blends, an important family of polymer materials.
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Appendix

Estimation of �

Consider a PS/PMMA reactive system in which the mass
fractions of the PS, PS–(CH2)2–OH, the PMMA, and the
PMMA-r-NCO are w, x, y, and z, respectively. The maximum
amount of the in situ–formed graft copolymer is then M(x � z),
where M is the total mass of the reactive blend. If the PMMA
particles are considered as spherical, then their number in the
reactive blend is given by the following equation

n �
volume of the PMMA phase

volume of a PMMA particule
�

M�y � z�/	PMMA


d3/6
(1A)

where d and 	PMMA are the diameter and the volumetric mass
of PMMA, respectively.

If all copolymer chains are located at the interfaces, then 

is given by


 �
number of copolymer chains

total surface area of the PMMA phase

�
M�x � z�pNA/M� n


d2n
(2A)

where M� n is the number-average molar mass of the graft
copolymer, NA is Avogadro’s number, and p is thethe fraction
of the maximum amount of copolymer attainable. From Eqs.
A1 and A2, one obtains


 �
1

6

x � z

y � z

	PMMANA

M� n

dp (3A)

All the parameters involved in the above equation are known
except for 	PMMA and M� n. The latter was between 81.6 (the
inversed Y-shaped graft copolymer with one PS graft) and
109.5 kg/mol (the inversed 	-shaped graft copolymer with two
PS grafts). For the sake of rough estimation over 
, it was
taken as 95.6 kg/mol, the average value of the above two.
	PMMA at 175°C was taken as 1 g/cm3.

Estimation of �max

Consider a plane interface covered by a dense monolayer of
an immiscible A–B block copolymer, denoted as A-b-B. The
thickness of the monolayer should be about half of the lamellar
spacing, �A-b-B/2, in the ordered bulk block copolymer. Thus,

max can be estimated using the following equation


max �
half of the lamellar spacing

volume of a copolymer chain

�
�A-b-B/2

M� n/�NA	A-b-B�
�

1

2

�A-b-BNA	A-b-B

M� n

(4A)

The dependency of the micelle spacing on the properties of a
diblock such as molar mass, segment length, and interaction
parameter is well understood in terms of mean field theory in
the strong segregation limit. Their lamellar spacing �A-b-B is
given by Semenov (1985) and Rubinstein and Obukhov (1993)

�A-b-B � 1.10aN1/ 2��N�1/6 (5A)

where a is the statistical segment length, N is the total number
of monomers in the diblock, and � is the interaction parameter
between the two component polymers. The derivation assumes
that the latter have similar statistical segment lengths, which is
the case for PS and PMMA. The value of the statistical seg-
ment length for PS is 0.68 nm and that for PMMA is 0.69 nm
(Ballard et al., 1973). However, the assumption of the strong
segregation limit may not be met, considering the relatively
low interaction parameter between them. Because of this, we
assume that the scaling law of Eq. A5 remains valid, that is

�A-b-B � kN2/3 (6A)

The lamellar spacing of a Y-shaped immiscible A-b-B graft
copolymer with A as the trunk chain, �A-g-B, can be related to
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that of the corresponding A-b-B block copolymer by the fol-
lowing equation (Matsushita et al., 1997):

�A-g-B � �4 � 3
B��1/3�A-b-B (7A)

The lamellar spacing of a block copolymer of styrene and
methyl methacrylate having a value of M� n � 100.9 kg/mol
(52.9 and 48.0 kg/mol for the PS and PMMA blocks, respec-

tively) was found to be 39.8 nm (Russell et al., 1991). If
	PS-g-PMMA is taken as 1 g/cm3 and 
PS as 0.42 (the average of
the composition of the graft copolymer with one PS graft and
that of the graft copolymer with two PS grafts), the use of Eqs.
A4–A7 yields 
max � 0.085 chain/nm2. Considering the nu-
merous crude approximations involved, the real value of 
max

could be somewhere between 0.07 and 0.10 chain/nm2.

Manuscript received Jul. 28, 2003, and revision received Jan. 21, 2004.

2612 AIChE JournalOctober 2004 Vol. 50, No. 10


