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ABSTRACT: Theoretical and experimental studies in the literature on the coupling between functionalized
polymer chains at immiscible polymer—polymer interfaces have always involved second-order Kinetics.
In addition, the time dependence of the degree of copolymer formation has been predicted to vary depending
on the reaction stage. However, on the basis of careful reanalysis of the actual reaction orders in published
work and our own experiments in the polyamide (aPA)/polysulfone (PSU) system, it is demonstrated
that pseudo-first-order kinetics in the parameter (Z* — X) are universally obtained over the whole time
scale. The quantities £ and =* are respectively the areal density of copolymers formed at time t and at
infinite time at the interface. It indicates the time dependence of = ~ —exp(—t) at all stages. On the basis
of these results, a new reaction model is proposed, in which coupling is viewed as involving the formation
of a two-dimensional monolayer on the interface surface by copolymers formed in situ. The coupling process
giving rise to the pseudo-first-order Kinetics is considered to be reaction-controlled.

Introduction

Copolymers generated in situ in “reactive processing”
at the interface between immiscible polymers play an
important role in stabilizing polymer blends by reducing
the interfacial tension, inhibiting particle coalescence,
and improving interfacial adhesion.1=3 There have been
many papers published to prove the effectiveness of
these copolymers in fortifying morphology and improv-
ing the properties of the resultant polymer blends. This
activity was initiated by the discovery in 1974 of the
stability of blends of polyamide/polypropylene (PP)
functionalized with maleic anhydride blends.* However,
despite the passage of a quarter of a century since this
finding, basic knowledge on the kinetics of the coupling
reaction at the interface is still lacking. In the past
several years, fundamental approaches in theory and
experiments have just started to be reported.

Fredrickson>® and O’Shaughnessy and Sawhney”#8
independently reported theoretical results on the kinet-
ics of the coupling reaction held at the immiscible
polymer—polymer interface. For simplicity, it was as-
sumed in both treatments that the chains were sym-
metric in size (the degree of polymerization, Na = Ng =
N), a flat interface was formed between them under
quiescent conditions, and reactive groups were located
at one chain end of the two polymers.

Their studies predicted that in the initial reaction
stage the number of copolymer chains per area, X, would
increase in time t, following second-order kinetics:

€= K(tnang &)

where K(t) was the rate constant and na and ng were
the number density of reactive chains carrying the
reactants A and B, respectively. Fredrickson and Milner
proposed three time regimes on the basis of the as-
sumption that diffusion of the reactive chains would
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control the overall reaction kinetics:® an initial regime
where the density of reactive chains in the interfacial
region could be considered to be the same as the value
in the bulk, an intermediate regime where there was a
depletion hole of reactants in the interfacial region so
that the reaction was controlled by center-of-mass
diffusion of reactive homopolymers to the interface, and
a late regime where interfacial saturation by resultant
copolymers suppressed the reaction. The predicted time
dependence was a linear growth of X in t in the initial
time regime, a t'2 growth in the intermediate regime,
and a (In t)¥2 growth in the late regime. In the late
regime, the copolymers would be severely stretched
compared to the unperturbed coil size and a significant
chemical potential barrier (>kgT) would develop for
reactive chains to further react.

Furthermore, O’'Shaughnessy and Sawhney catego-
rized the reaction depending on the reactivity of the
functional groups and the stage of the reaction.®? For
example, it was predicted that in the reaction with
weakly reactive pairs at the beginning, the reaction rate
constant, K(t), would obey mean field theory resulting
in K(t) = Qash (~h), where Q, a, and h were the local
functional group reactivity, the reactive group size, and
the interfacial thickness, respectively. On the contrary,
in the reaction with strongly reactive pairs at the
beginning, K(t) would be controlled by the diffusion
process of the reactants. At N < N, (the degree of
polymerization to start forming chain entanglements),
K(t) = (@¥/ta)[1/In(R/N)] (~ 1/(In N)), and at N > Ne, K(t)
= (@*ta)(L/[(N/Ng)(IN(N/Ng)]) (~ L/(N In N)), where R and
ta were the coil size and the relaxation time of a single
chain unit, respectively. Finally, at the end of the
reaction the effects of interfacial saturation would
become significant, so that if = exceeded N~12a-2 (=
Serit), K(t) would be suppressed as ~exp(—const(Z/Zit)?).

In further work, O’Shaughnessy and Vavylonis in-
troduced four types of reaction kinetics and three
distinct Kinetic sequences, which gave rise to different
types of reaction kinetics as a function of time.®1° For
example, in short-time ranges for common reactions
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Table 1. Sample Characteristics

M M functionality

n w —_—
sample (g/mol) (g/mol) T4(°C) wumol/g no./chain

nf-PSU 6050 20120 170 0 0

PSU-w-PAH 7000 19 700 164 143 1.00

PSU-w-triazine 6200 19 740 172 102 0.63

aPA 8400 32800 97 119 1

with small reactivity, second-order reaction-controlled
kinetics with = ~ t following mean field theory would
be observed until interfacial saturation was reached. On
the other hand, in reactions with high reactivity, a
transition from second-order reaction-controlled kinetics
to first-order diffusion-controlled Kinetics would occur
at short times. In this time regime, it was predicted that
> ~ t/(In t) for unentangled chains and X ~ t/(In t) and
t¥2 regimes for entangled chains. In long-time kinetics,
first-order diffusion-controlled kinetics would be ob-
served, in which = ~ t¥4 for unentangled chains and =
~ t¥4 and t/8 regimes for entangled chains. Finally, in
cases involving interfacial saturation, first-order diffu-
sion-controlled kinetics with = ~ t¥2 were predicted.

Although quantitative experiments to investigate the
coupling reaction at the immiscible polymer interface
are still rare, some results have been reported under
quiescent conditions.11~1* Most experimental results
were analyzed using second-order Kinetics without a
precise check of the actual reaction order. The initial
slope in a plot of X vs time was often used for determi-
nation of a rate constant. To shed light on this problem,
the experimental results on the coupling reaction at the
polymer interface will be further discussed in later
sections.

In this paper the kinetic order observed in experi-
ments is given the label “pseudo-". This is to account
for cases such as in eq 1 where second-order Kinetics
become “pseudo-first-order”, when one of the concentra-
tion terms is constant. In other papers the kinetic order
is simply given by the sum of exponents in the concen-
tration terms of the Kinetic equation.

In this paper we will first present experimental
results on the interfacial reaction in various systems.
It will be demonstrated that the pseudo-first-order
kinetics are widely observed as the apparent kinetic
order. Then, it will be shown that a general treatment
in surface science used for reactions at the gas/solid
interface can be effectively applied to the reaction at
the polymer—polymer interface. The present approach
is unique. All other theoretical studies have their basis
on other foundations, such as diffusion of reactive
polymer chains and the mean field approximation
considering the chemical potential of reactive chains.

Experimental Section

The specimens and characteristics of the polymers used in
this study are listed in Table 1 and depicted in Figure 1. In
addition to nonfunctionalized PSU (nf-PSU), two different
types of PSUs functionalized with phthalic anhydride (PAH)
and with triazine at the chain ends (w) were prepared by
following synthetic procedures given in the literature.1>6
Amorphous polyamide (aPA) containing one terminal primary
amine group per chain was obtained from EMS Japan.

Bilayer films consisting of an aPA layer of ca. 0.5 mm
thickness and a PSU layer with 200—500 nm thickness were
prepared using a method described previously.l” After the
bilayer film was annealed at 200 °C for a given time, the PSU
layer was thoroughly removed by chlorobenzene, and the
exposed interface on the aPA side was analyzed by X-ray
photoelectron spectroscopy (XPS) for determination of the areal
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Figure 1. Chemical structures of PSU and aPA samples.
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Figure 2. Areal density of copolymers formed in situ at the
interface, = (chains/nm?), when the bilayer specimen was
heated at 200 °C for a given time. The solid lines indicate the
first-order fit. aPA/PSU-w-PAH (H), aPA/PSU-w-triazine (@)
with the PSU functionality of 55 umol/g, aPA/PSU-w-triazine
(a) with the PSU functionality of 102 umol/g, and aPA/nf-PSU
().

density of copolymers formed in situ at the interface, =. The
characteristic photopeaks of the N 1s from aPA and the S 2ps»
from PSU were used as probes. From the atomic ratio of S to
C and that of N to C of the exposed interface, the amount of
the PSU comonomer covering the aPA surface could be
estimated, and from this the X value could be easily calcu-
lated.'® The unit employed for the measurements was a Perkin-
Elmer PHI 5500.

The value of saturation areal density of copolymer, =*, was
estimated by the best fit of the experimental data to the first-
order equation in (£* — X) using a fitting program. It was found
that this method gave us a reasonable =* value even for cases
where the experimental range of = did not reach saturation.

Results

PSU/aPA. Figure 2 shows the change in the areal
density of copolymers, = (chains/nm?), generated at the
interface, when the bilayer films of aPA/reactive PSU
were annealed at 200 °C for a given time. The values
shown in the figure were obtained by averaging the =
values calculated from the content of N, a characteristic
element of aPA, and the content of S, a characteristic
element of PSU, observed at the exposed interface by
X-ray photoelectron spectroscopy (XPS). (In the case of
the PSU-w-triazine system with contribution of the
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Figure 3. (a) First-order plot and (b) second-order plot of the
data shown in Figure 2. (H), (®), and (A) are the same as
Figure 2.

functional group to the N content, the X was estimated
only from the content of S.) The structures of PSU-w-
PAH and PSU-w-triazine with the PSU functionality of
55 umol/g are almost identical except for the reactive
groups attached to them. Data for those polymers are
labeled ® and @, respectively. It is expected that
diffusion of the reactive chains to the interface will be
similar in both cases. A comparison between two dif-
ferent PSU-w-triazine samples indicates that X is
enhanced by an increase in the concentration of the
reactive PSU chains.

The positive X values observed at t = 0 are probably
caused by some intermolecular interactions between the
two component polymers, e.g., hydrogen bonding be-
tween the amide linkage of aPA and S=0O and —O—
groups of PSU, since the positive X values were also
observed in the nonreactive aPA/nf-PSU.

The reaction kinetics were examined by carrying out
first-order (Figure 3a) and second-order (Figure 3Db)
analyses, based on the assumption that the reaction rate
would vary with (Z* — ). In this case, it was assumed
that the coupling reaction would be terminated at = =
>*. The results given in Figure 3 clearly indicate that
the reaction followed first-order kinetics in (Z* — X) over
the whole time scale.

The coupling kinetics at the immiscible polymer
interface has usually been treated as second-order
largely because the reaction is bimolecular, and the
order of the reaction kinetics has seldom been checked
in the literature. Therefore, the analysis of the kinetics
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was also extended to data already reported by other
groups.

First, a search was undertaken for experimental data
on simple coupling reactions between two end-function-
alized chains (one reactant/chain). Although data were
found for the reaction between amino-terminal deuter-
ated polystyrene (dPS-NH;) and anhydride-terminated
poly(methyl methacrylate) (PMMA-anh) monitored by
forward recoil spectroscopy (FRES),'* the data were too
scattered to be used for the determination of the order
of the reaction Kinetics. That is the reason why only data
involving complicated interfacial reactions are cited
below.

SMA/ATBA. Scott and Macosko reported the inter-
facial reaction monitored by Fourier transform infrared
spectroscopy (FTIR).1! The formation of imide was
observed using bilayer specimens composed of styrene—
maleic anhydride copolymer (SMA) with 17 wt % of
maleic anhydride (MA) and butadiene—acrylonitrile
copolymer (ATBA) containing 16 wt % of acrylonitrile
and the NH; group located at both chain ends, as shown
in Figure 4a.

For the analysis it was assumed that = ~ area (imide)
measured by IR, and the latter quantity was used for
the calculations. This substitution does not affect the
determination of the Kinetic order or the activation
energy. It was demonstrated by the first-order plot
(Figure 4b) and the second-order plot (Figure 4c) that
the interfacial reaction again followed first-order kinet-
ics in (Z* — X) over the whole time scale. It is important
to emphasize that simple first-order Kinetics were
observed despite the complicated architecture of the
resultant copolymers, in which both ends of the ATBA
chain reacted with MA groups along the SMA chain.

The slope of the lines shown in Figure 4b implies that
the reaction rate constant at 160 °C was almost 5 times
larger than that at 140 °C. The activation energy was
estimated to be 120 kJ/mol using the reaction rate
constants determined from the slopes in Figure 4b. The
reactant concentration was quite high in this experi-
ment; [MA] of SMA = 1.7 x 103 umol/g and [NH,] of
ATBA =5 x 102? umol/g.

SMA/Nylon 11. Scott and Macosko further examined
imide formation at the interface between the same SMA
and nylon 11 (M, = 1535 and 5141), as given in Figure
5a.!! First-order (Figure 5b) and second-order (Figure
5¢) analyses for this reaction were also carried out, and
it was found that the interfacial reaction again followed
first-order kinetics in (Z* — X) in the whole time scale.
The concentrations of the reactants were quite high in
this system; [MAH] of SMA was the same as that in
the previous SMA/ATBA system, and [NH>] of nylon 11
= 1.3 x 10% and 3.9 x 10? umol/g for M, = 1535 and
5141 g/mol, respectively. The slopes of the two lines in
Figure 5b were almost the same, indicating that the rate
constants were similar for the two reactions. Even
though the initial slopes of the two data sets in Figure
5a were quite different, the rate constant in (Z* — X)
was almost the same.

PS—COOH/Precured Epoxy Containing Extra
Epoxide. Kramer analyzed the interfacial reaction
between polystyrene terminated with carboxylic acid
groups (the COOH is denoted as reactive group A here)
and precured epoxy containing extra epoxide (denoted
as reactive group B), as shown in Figure 6.1213 It was
concluded in his work that the reaction-controlled model
fit the data better. According to Kramer's model, the
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Figure 4. Reaction at the SMA/ATBA interface reported in
ref 11. (a) Amount of imide formation vs time; (b) the first-
order plot; (c) the second-order plot [@®, reaction at 160 °C; A,
at 150 °C; and W, at 140 °C].

reactant concentration of B at the interface, [Binterfacel,
was assumed to be constant and that of A, [Ainterface], t0
be a variable. In addition, the effect of copolymer brush
formation on the chemical potential to form the Ainterface
was taken into consideration, based on a self-consistent-
field theory developed by Shull.?®

The figure clearly demonstrates that Kramer’s model
shown as the solid line, in which reaction rate decreases
as a function of 1/exp(Z?), tends to overestimate the =
value in short time scales and to underestimate it in
long time scales. In contrast, the data agree quite well
in the whole time scale with the first-order fit, shown
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Figure 5. Reaction at the SMA/nylon1l interface reported
in ref 11. (a) Amount of imide formation vs time; (b) the first-
order plot; (c) the second-order plot [, reaction at 180 °C with
low MW of nylon 11; O, reaction at 190 °C with high MW of
nylon 11].

as the dashed line, obtained by assuming that the
reaction rate decreases linearly with decrease of (Z* —
3).

In this section it has been demonstrated that the
apparent coupling Kinetics at the immiscible polymer—
polymer interface do not necessarily follow a second-
order dependence. For a number of cases it was shown
that pseudo-first-order kinetics in (Z* — X) was often
observed, including a system consisting of multifunc-
tional polymer chains. In the next section, the coupling
kinetics and mechanism will be discussed by proposing
new reaction models while clarifying the meaning of (Z*
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Figure 6. Grafting density of PS—COOH onto epoxy-rich
cross-linked epoxy. [Kramer's model* (solid line) and the first-
order fit in (Z* — X) (dashed line)].

— 3) used for the analysis to determine the order of the
reaction Kinetics.

Discussion

Processes in the Coupling Reaction. For the case
where a single copolymer is formed between one A group
and one B group, the overall coupling reaction is
assumed to involve the following processes. In the
equations below, [Ainterface]® denotes the initial concen-
tration of reactive sites A located at the interface and
[Binterface]° represents the initial concentration of reactive
sites B located at the interface.

Initial conditions: the reactive groups of [Ainterface]®
and [Binterface]® are present at the interface.

interface + Ay, = Ainterface )
interface + By, = Bintertace ©)
Ainterface + Binterface - A_Binterface (4)

It is assumed that [Ainterface]® aNd [Binterface]® are propor-
tional to the reactant concentrations in the bulk, [Apuik]
and [Bpuik], respectively. The processes shown by eqs 2
and 3 are controlled by diffusion, whereas that shown
by eq 4 is controlled by reaction.

Assumptions for Modeling. Four assumptions were
made in order to explain the mechanism of the coupling
reaction: (1) A flat interface is formed between the
polymers. (2) The copolymers formed by the reaction
stay stably at the interface. (3) The coupling reaction
proceeds two-dimensionally on the interface plane. (4)
A monolayer-like quantity develops at the interface.

The first assumption means that the interfacial area
is considered to be constant during the coupling reac-
tion. It is recognized that an undulated interface is
sometimes formed at high copolymer density in order
to diminish the entropic penalty associated with a
densely packed copolymer brush formed at the inter-
face.29-22 However, the contribution of the undulation
to the increase in the interfacial area is not necessarily
large; e.g., only 3% increase was observed for an
interface possessing ca. 40 nm roughness in atomic force
micrographs.??

The second assumption was confirmed by transmis-
sion electron microscopy, which showed that no micelles
were formed in the present aPA/PSU systems. Theory
predicts that the copolymers will stay at the interface
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and not escape to the bulk in the form of micelles, when
copolymers symmetric in size are formed at the inter-
face.?

The third assumption is based on the fact that the
interface studied here is composed of a strongly im-
miscible polymer pair so that the interfacial thickness
should be very small. Kramer assumed that the reaction
proceeded in the interfacial region with the thickness
of a statistical segment length (0.68 nm for PS24) for
his highly immiscible interface (amine-rich or epoxy-
rich epoxy network/PS—COOH).13 On the contrary,
Macosko assumed the thickness would be of the order
of 5 nm for the immiscible interface with a small y value
(PMMA-epoxy/PS—COOH).?5

The fourth assumption introduces the concept of
formation of a two-dimensional monolayer at the inter-
face between the polymers. The results shown in Figure
2, Figure 4a, and Figure 5a clearly indicate that there
is a limiting value to the copolymer density required to
saturate the interface, and this is denoted as =* (chains/
nm3). In other words, the =* corresponds to the number
of molecules necessary to form the monolayer so that
when the copolymer density reaches this value, the
reaction will be terminated.

Kinetic Equations. The reaction at an interface with
limited space can be described by the following equa-
tions:

r-AB = AB[Ainterface][Binterface]
[vacant sites available for the reaction at the
interface] (5)

Fag = Kag(Ca — Cap)(Cg — Cap)(Cag™ — Cag) (6)
Fag = Kag(Ca = Cap)(Cg — Cpp)Z*(1 —0) (V)

where kag is the rate constant, Cag and Cag* are the
concentration of copolymers formed at time t and at
infinite time, Ca and Cg are the concentration of A and
B reactive groups prior to the reaction, respectively, and
0 is the fractional coverage (=X/Z*). The values of Ca
and Cg can be considered as the numbers of reactants

per unit area located within the distances of 2,/D,t,
and 2,/Dgt,, respectively, from the interface, where Da
and Dg are the self-diffusion coefficient of the reactive
chains carrying A and B, respectively, and t; is the
reaction time needed to reach the =*. For the special
case where one phase does not have diffusivity (e.g., the
phase containing the reactant B), Cg is considered to
be [Binterface]®>. Namely, the number of reactants in the
vicinity of the interface, which can participate in the
coupling reaction, is taken into consideration.

Therefore, it is more precise to rewrite eq 4 for the
coupling reaction at the immiscible polymer—polymer
interface as follows, which indicates that two processes
take place at the same time:

A + B;

interface

interface — A= Binterface

6 varies from O to 1 (8)

Reaction Models Possessing Pseudo-First-Order
Kinetics. To clarify the reaction mechanism applicable
to the experimental results given in the previous section,
two kinds of pseudo-first-order Kinetic equations are
proposed, from which three reaction models are de-
duced.
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Kinetic Equation I:
Fag = KagCaClpZ*(1 — 0) (Co> Cpg, Cg > Cpp) (9)

Equation 7 is of pseudo-first-order kinetic form, when
Ca > Cag and Cg > Cag, in which case the reaction rate
decreases linearly with the fractional coverage, 6, during
the reaction. The equation also indicates that the time
dependence of £ ~ —exp(—t). This situation applies
when the spatial restriction at the interface terminates
the reaction, despite reactive groups A and B being
abundant in the system. Thus, the interface at the end
of the reaction is densely covered by the copolymers
generated by the reaction. The copolymers are formed
using both Ainterface @Nd Binterface, @S illustrated by model
I 'in Figure 7. Ain A (or A in the lower figure) and B in
O (or O in the lower figure) in the upper figure indicate
reactive groups located on the interface plane, i.e.,
corresponding to Ainterface @Nd Binterface iN €0s 2 and 3,
respectively. The open and closed marks used in the
lower figure denote unreacted and reacted groups
located on the interface plane, respectively. The arrows
with a solid line and a dotted line indicate the movement
from above the interface plane and the movement from
below the interface plane, respectively.

Model I is widely applicable to ordinary interfaces, if
the two component polymers with abundant reactants
have substantial diffusivity at the annealing tempera-
ture. At the end of the reaction, the copolymers are in
the form of a densely packed brush and would have a
stretched conformation, as predicted by Leibler.26

Kinetic Equation I1. Kinetic equation Il is a special
case of Kinetic equation I. Although eq 9 is applicable
to the case where the spatial saturation of the interface
by copolymers formed in situ terminates the reaction,
the next equation is applicable to the case where
unavailability of one of the reactants (e.g., B) terminates
the reaction. Therefore,

rAB = kAB[Ainterface]
[B available for the reaction at the interface] (10)

Since the availability of the reactant B determines the
termination of the reaction,

Fag = kAB[Ainterface]Z*(l - 9) (ll)
Fag = Kag(Ca — Cap)Z*(1 — 0) (12)

Then, in order for eq 12 to become a pseudo-first-order
equation,

ag = KagCaZ*(1 — 0) (Co> Cpp) (13)

Two situations, which follow eq 13, are described next.
The first situation, model 11, involves the case where
the reactant B in the bulk cannot be provided to the
interface because of lack of diffusivity of the reactive
chains carrying the reactant B. The second situation,
model 111, is a case where the concentration of B is so
low that the shortage of the reactant B terminates the
reaction.

In model 11, the reaction would proceed such that the
reactive group A filled randomly the limited number of
unreacted sites B located on the interface plane, as
illustrated in Figure 8. By contrast, the Aijnterface ShOWnN
as A in the figure cannot participate in the reaction
because the reactive group B in the bulk does not diffuse
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Figure 8. Scheme of model Il. The symbols are the same as
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to the interface. Therefore, the initial amount of B
groups on the interface, [Binterface]®, determines the final
amount of copolymers generated, and if all reactive sites
of B at the interface are available for the reaction
without any steric hindrance, =* = [Binterface]°. In @ case
of low [Binterface]®, the interface is only sparsely covered
by copolymers so that the copolymers are allowed to
take a relaxed conformation. This model is only ap-
plicable to the interface composed of two component
polymers whose glass transition temperatures differ by
a large amount, and one of the phases hardly has
diffusivity at the reaction temperature.

In the next model, model Ill, a shortage of the
reactant B will stop the reaction, even though the
diffusivity of both reactants is substantial. In other
words, Cg determines the end point of the reaction, and
if all B reactants are consumed for the reaction without
any hindrance, =* = Cg. As illustrated in Figure 9, the
copolymers are formed using both Ainterface @Nd Binterface,
which is a different situation from model Il. The
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Figure 9. Scheme of model I11. The symbols are the same as

those used in Figure 7 [conditions: A, B = movable; Ca > Cg,
Cagl.

Table 2. Predicted Order of Reaction Kinetics in Eq 7
under the Reaction-Controlled Mechanism?

reaction-controlled kinetics
Ca~Cg~Cas 3rd order
one of Ca and Cg ~ Cag and the other > Cap 2nd order
Ca, Cg > Cap 1st order

2 The reaction is terminated by interfacial saturation.

Table 3. Predicted Order of Reaction Kinetics in Eq 12
under the Reaction-Controlled Mechanism?2

reaction-controlled Kinetics
Ca~r Cg~ Cpp 2nd order
Ca> Cag and Cg ~ Cpp 1st order

Ca, Cg> Cpg

a8 The reaction is terminated by unavailability of the reactant
B.

eq 7 would be applied

copolymers take a relaxed conformation at a low Cg
value, similar to model II.

Rate-Determining Step and Order of Reaction
Kinetics. In this section some general aspects of the
coupling reaction will be discussed, including the rate-
determining step of the overall coupling reaction and
the concentration and diffusion of the reactants.

Despite whether the Kinetics are reaction-controlled
or diffusion-controlled, the reaction rate can be predicted
by the behavior of each concentration term in eqs 7 and
12 during the coupling reaction. Table 2 and Table 3
summarize the predicted order of reaction Kinetics
under the reaction-controlled mechanism. In the former
equation with three concentration terms applicable to
a reaction terminated by the interfacial saturation, the
order of the reaction kinetics could vary from first order
to third order depending on the concentration of the
reactants and products. On the other hand, in the latter
equation with two concentration terms applicable to a
reaction terminated by the unavailability of one of the
reactants, the kinetics could be either first order or
second order.

In the diffusion-controlled mechanism the reaction
would first occur using the reactants located in the
vicinity of the interface. Then, reactant depletion at the
interface would require diffusion of the reactants to the
interface in order to have further reaction. At this stage
it might take some time to establish a concentration
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gradient between the interface region and the bulk.
Then, the reaction would be impeded by interfacial
saturation or by difficulty in finding the counterpair.
At the end of the reaction, the reaction would be
terminated either by interfacial saturation or by the
depletion of one reactant, as described previously. These
processes would be similar to the three time regimes
proposed by Fredrickson and Milner,® in which simple
first-order kinetics could not describe the overall kinet-
ics. In the diffusion-controlled mechanism not only the
last term in eqs 7 and 12 but also at least one
concentration term of the reactants would become
variables, changing with time and resulting in either
second-order or third-order Kinetics. Therefore, the
finding of the first-order kinetics observed in the Results
section implies that the overall coupling kinetics are
reaction-controlled, with the reaction rate to fill the sites
available at the interface being the rate-determining
step. Actually, all systems cited in the previous section
contained high reactant concentrations, most likely
fulfilling the conditions of Ca, Cg > Cpg.

Furthermore, the activation energy is another piece
of important information to judge whether the coupling
kinetics are controlled by reaction or diffusion. For
example, the diffusion-controlled mechanism usually
has a low activation energy of <30 kJ/mol because it
involves a physical process, whereas the reaction-
controlled mechanism has a higher activation energy
because it involves a chemical process. Therefore, the
calculated activation energy of 120 kJ/mol for the
reaction at the SMA/ATBA interface in Figure 4 strongly
suggests that the coupling kinetics are reaction-con-
trolled. The value of the activation energy agrees with
the literature value for imide formation in solution.?7.28
Importantly, some other papers also reported that the
coupling reaction at the immiscible polymer—polymer
interface was reaction-controlled, not diffusion-con-
trolled, from their experimental results.1314

Last, there are a few things to comment in Tables 2
and 3. Ca and Cg used so far in the equations were
considered as the numbers of the reactants in the region
where all reactants had a potential to participate in the
reaction. For example, at high reactant density of both
A and B attached to short chains, the reactants are
constantly supplied to the interface so that diffusion of
the reactants shown by eqs 2 and 3 would not be
limiting, giving rise to a reaction-controlled mechanism.
On the contrary, at low reactant density with the
functional groups attached to long entangled chains it
would take a long time for the reactant to reach the
interface to participate in the reaction so that the
reaction would be more likely controlled by a diffusion
process. Thus, the reaction conditions could affect the
reaction mechanism as well.

Conclusions

The coupling reaction at the immiscible polymer—
polymer interface has usually been treated as a second-
order reaction in the literature. However, in our survey
of published work and our own experiments it was
demonstrated that first-order kinetics in (Z* — X) were
widely observed regardless of the kind of reactive pairs
and the architecture of the resultant copolymers. With
this information, new reaction models and Kkinetic
equations were proposed on the basis of the concept of
a two-dimensional monolayer formation. It was sug-
gested that the coupling process with pseudo-first-order
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kinetics was probably reaction-controlled, where the
process to fill vacant sites available for the reaction at
the interface was considered to be the rate-determining
step. This means that spatial restriction at the interface
plays an important role and implies a significant dif-
ference from the analogous reactions in solution. It is
notable that a reaction mechanism observed for small
molecules at a surface (e.g., gas/solid) can be applied to
the coupling reaction in a macromolecular system.
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