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ABSTRACT: Reactive compatibilization of immiscible polymer blends is typically accomplished by grafting
reactions between functional groups distributed randomly on one polymer and end-functional groups on
the other polymer. A number of model studies have focused on end coupling in polymer melts. In this
work we compare directly reaction rate constants for an end-functional chain reacting with an
end-functional chain, ke, vs reacting with a mid-functional chain, ku, using competitive reaction of phthalic
anhydride end- and mid-functional poly(methyl methacrylate) (PMMA-eAn and PMMA-mAnN) with amine
terminal PMMA and polystyrene (PMMA-NH, and PS-NH,). PMMA-eAn was labeled with 7-nitrobenz-
2-oxa-1,3-diazole (NBD) while PMMA-mAnN was labeled with anthracene. We measured the extent of
coupling to block and graft copolymers selectively at the characteristic excitation and emission wavelengths
of NBD and anthracene using a fluorescence detector coupled with GPC. We found that coupling with
the mid-functional PMMA was slower under all reaction conditions investigated and had the increasing
order of ke/km: homogeneous melt (1.7), solution (2.8), heterogeneous blend prepared in the mixer (2.6—
3.2), and static flat interface (>10). The kinetic excluded-volume effect and steric hindrance due to the
polymer chain are considered to be the reasons for ke/km > 1 in the homogeneous case. ke/ky in solution
was in agreement with the value (2.1) predicted by the Kinetic excluded-volume theory. The large value
of ke/km in the static flat interface was attributed to end-group segregation at the interface. Interestingly,
we found that flow affected the interfacial reaction tremendously, resulting in over 1000 times higher
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rate constant in heterogeneous melt blending than that in the static bilayer film.

Introduction

Ever since Flory proposed the equal reactivity as-
sumption for polymerization,* reactions between polymer-
bound reactive groups have attracted research interest.
Pioneering work by Morawetz et al. proposed that
functional groups attached to polymers experience a
kinetic excluded-volume effect, that is, shielding by the
polymer coils.?2 They found that in a dilute solution of a
good solvent the rate constant decreased from that for
the small molecule analogues. Moreover, their results
suggested that the reactivity depends on the location
of the functional group along the polymer chain. Since
their work, there have been many experimental efforts
to quantify the kinetic excluded-volume effect, but the
results are not consistent.3—8

Reactions between polymer-bound functional groups
in melts rather than solution are of great interest for
reactive compatibilization. Recently, reaction kinetics
in homogeneous melts were compared with small mol-
ecule analogues.®1° Ferrari and Baker reported that the
reaction rate of aliphatic secondary amine/maleic an-
hydride slowed when the maleic anhydride moiety was
incorporated into the polymer.® They explained that this
was due to the excluded-volume effect of the polymer
backbone adjacent to the reactive anhydride. In con-
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trast, Orr et al. reported that the rate constant between
end-functional polymers with various functional group
pairs was in agreement with the rate constant for
reaction between analogous functional small mol-
ecules.1®

Reaction in an immiscible polymer blend is confined
to the interfaces between the components. It is uncer-
tain whether reaction Kkinetics studied in the homoge-
neous melt can be applied to heterogeneous interfacial
coupling. Guegan et al. compared the rate constant for
interfacial coupling between carboxylic acid terminal
polystyrene (PS-COOH) and epoxy terminal PS (PS-E)
(homogeneous) vs epoxy terminal poly(methyl meth-
acrylate) (PMMA-E) (heterogeneous).!* They assumed
that reaction could only occur in an “interfacial volume”
defined by the surface area of the minor phase and an
interfacial thickness (~5 nm). With this assumption the
rate constant for the interfacial coupling was twice as
large as that of the homogeneous reaction. Moreover,
Orr observed that the rate constants of various func-
tional groups in heterogeneous blends ranked in a
different order than in homogeneous blends.?2 To un-
derstand the characteristics and Kinetics of interfacial
coupling without any external flow, reactions at flat
static interfaces have been investigated.’®*~2! It was
suggested that external flow in the mixer during
polymer blending process accelerated the interfacial
coupling rate to a great extent from that of the static
flat interface.?223 However, there are few direct com-
parisons between reactions under these two conditions.

In commercial reactive blends, rather than diblock
copolymers, graft copolymers are typically formed by the
reaction between compatibilizers with functional groups
randomly distributed along a chain and end-functional
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Table 1. Characteristics of the Polymers Used

Mn (kg/ fluorescent

polymer mol) Mw/M;,  functionality group (label)
PS-NH»2 26 1.14 0.85
PMMA-NH,? 36 1.13 0.50
PMMA-eANn 15 121 ~1 NBD
PMMA-mAnN 18 1.27 0.90 anthracene
pse 18 1.05
PMMA 13 117

a Synthesized at the University of Liége, Belgium. b Obtained
from Polymer Source, Montreal Quebec, Canada. ¢ Received from
the Dow Chemical Co.

polymers like polyamides or polyesters. Other than the
contradictory results for the solution reactions reported
previously,3>738 it seems that there are no systematic
studies on the effect of reactive group location along a
polymer chain on the reaction rate, especially in polymer
melts. In addition, it is even more important to under-
stand how the interface in immiscible polymer blends
affects the coupling rate when a functional group is
attached to the middle of a chain to form graft copoly-
mer.

In this study, we have investigated the effect of
functional group location along a chain on the coupling
rate between two complementary functional polymers
under various reaction conditions: solution, homoge-
neous melt, static flat interface, and heterogeneous
blend in the mixer. We used phthalic anhydride end-
and mid-functional PMMA (PMMA-eAn and PMMA-
mAn) fluorescently labeled with 7-nitrobenz-2-oxa-1,3-
diazole (NBD) and anthracene, respectively. We exam-
ined the competitive couplings with amine terminal
PMMA (PMMA-NH;) and polystyrene (PS-NH;) for
homogeneous and heterogeneous reactions in the melt,
respectively. We were able to detect block copolymer
formation and graft copolymer formation separately by
setting the excitation and emission wavelengths of a
fluorescence detector connected to a GPC at the char-
acteristic wavelengths for NBD and anthracene, respec-
tively. By comparing reactions in homogeneous melts
and in heterogeneous blends, we explored the effect of
the interface on reaction rate. In addition, we studied
the effect of flow on interfacial reaction by comparing
results from static flat interfaces to heterogeneous
blends prepared in a mixer.

Experimental Section

Materials. Characteristics of the polymers used in this
study are shown in Table 1, and the chemical structure of the
functional groups is shown in Figure 1. Nonfunctional poly-
mers were synthesized by anionic polymerization, and anhy-
dride functional polymers and PS-NH, were synthesized by
atom transfer radical polymerization (ATRP). PMMA-NH; was
used as purchased from Polymer Source.

PMMA-eAn and PMMA-mAnN were synthesized using di-tert-
butyl phthalate (DTBP) functionalized ATRP initiators. The
initiators were prepared by the Diels—Alder reaction between
di-tert-butyl acetylenedicarboxylate and myrcene followed by
several steps and final o-bromoester installation.?* PMMA-
eAn and PMMA-mAnRN were fluorescently labeled by copolym-
erization with 2-[methyl-(7-nitro-2,1,3-benzoxadiazol-4-yl)-
amino]hexyl-2-methyl-2-propenoate (NBD-MA) monomer and
(9-anthryl)methyl-2-methyl-2-propenoate (anthracene-MMA)
monomer, respectively.?®> Molecular weights of the polymers
were determined by using GPC based on PS standards, and
for determining molecular weights of PMMA, universal cali-
bration was applied. Functionalities of PMMA-eAn and PMMA-
mAn were measured by a coupling reaction with 2 mol equiv
of PS-NH; in dry tetrahydrofuran (THF) for 2 days at room
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Figure 1. Chemical structure of the functional polymers used
in this study.

temperature followed by GPC analysis with a fluorescence
detector. Amine functionality of PS-NH, was determined by
measuring the extent of coupling with 2 mol equiv of unlabeled
PMMA-eAn (M, = 21 kg/mol) using a UV detector connected
to the GPC. For PMMA-NH,, we determined the functionality
by coupling with excess of PMMA-eAnN in melts at 200 °C since
we obtained very low functionality (0.11) by reaction in
solution. The low functionality in solution might be due to
reversible uptake of CO, by aliphatic amine to give carbamic
acid at room temperature during storage. It is known that
heating this carbamic acid recovers amine by removing
CO,.26:27

Reaction Conversion Determinations. Competitive re-
actions were conducted to obtain the reaction rate constant
ratio of PMMA-eAn and PMMA-mAnN with amine functional
polymers. Amine was the limiting functional group in the
reactions with the exception of the reaction at a flat interface.
Thus, PMMA-eAn and PMMA-mAN compete with each other
to react with the amine terminal polymer. Initial concentration
ratios of phthalic anhydrides at the end and at the center and
amine groups, Cg0:Cm,0:Ca 0, for each reaction examined in this
study are listed in Tables 2 and 3. The reaction was monitored
using GPC with a fluorescence detector after quenching the
reaction using THF with 1 vol % phenyl isocyanate. For
example, Figure 2 shows the GPC traces obtained for the 90/
10 wiw (PMMA + PMMA-eAn + PMMA-mAnN)/PS-NH; blend
after 0.5 min mixing at 180 °C. Only NBD labeled polymers,
that is, PMMA-eAn and the reactively formed block copolymer,
PMMA-b-PS, shown as the thick solid line in the upper curves
were detected by setting the excitation and emission wave-
lengths, 1ex and Aem, at 466 and 539 nm, respectively. To detect
anthracene-labeled polymers, PMMA-mAnRN and the reactively
formed graft copolymer, PMMA-g-PS (the thick solid line in
the lower curves), 1ex and Aem were set at 358 and 402 nm,
respectively.

Reaction conversion was measured by a simple peak sub-
traction method as shown in Figure 2. The dotted lines are
for the pure PMMA-eAn and PMMA-mAnR, and the thin solid
curves are for the corresponding product copolymers after peak
subtraction. The peak of pure PMMA-eAn (or PMMA-mMAn)
was multiplied by a weighting factor and was then subtracted
from the bimodal peak of the blend. The weighting factor was
changed until a smooth peak of PMMA-b-PS (or PMMA-g-PS)
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Table 2. Rate Constants, ke and ky, and Their Ratio, ke/ky, for the Homogeneous Reactions

amine concn,® Cap concn ratio
reaction (mmol/kg) Ce0:Cm,0:Cha0 ke/km ke (kg/(mol min)) km (kg/(mol min))

solution (THF)P 0.82 1:1:1 2.8 44 16
2:0:1 39
0:2:1 18

melt at 180 °C°¢ 3.50 1.8:1.8:1 1.7 93 55
1.8:0:1 84
0:1.8:1 53

melt at 160 °C¢ 3.50 1.8:1.8:1 1.8 21 12

a Concentration based on the total weight of a system. ® PS-NH, was used for the reaction at room temperature. ¢ PMMA-NH, was

used for the melt reactions.

Table 3. Rate Constants kg and kg/ky for the Heterogeneous System Assuming Homogeneous Reactions and kg, after
Considering the Reaction at the Interface

Cao keP Dys (um) Ke,1
reaction (mmol/kg)? Ce0:Cm,0:Cap ke/km (kg/(mol min)) at 2 min ol (kg/(mol min))
static flat film¢ 22.0 1:1:2.3 ~10 0.031 0.0096 3.2
blend-24 0.66 1:1:1 3.2 121 0.13 0.023 5300
blend-104 3.28 111 2.6 124 <0.05 >0.06 <2100

a Concentration based on the total weight of the system. P ke was calculated assuming homogeneous reaction. ¢ Reaction temperature
was 175 °C. 9 90/10 PMMA/PS blends at 180 °C. The numbers represent wt % of PS-NH, in the blend.
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Figure 2. GPC traces obtained for 90/10 w/w (PMMA +
PMMA-eAn + PMMA-mMAN)/PS—NH- blend taken after 0.5
min mixing at 180 °C. Upper and lower thick curves are for
NBD and anthracene-labeled polymers, respectively, in the
blend. Conversion was measured from the peak area ratio of
the copolymer (thin curves) and the blend (thick curves) after
subtracting the peak of unreacted PMMA-AnN (dotted curve)
from the peaks of the blend.

with a similar peak shape to the pure PMMA-eAn (or PMMA-
mAn) peak was obtained as shown in Figure 2. Fractional
conversion of PMMA-eAn (Xg) or PMMA-mAn (Xu) was
determined by the area ratio of the copolymer peak to the
bimodal peak.

Determination of Rate Constants and Their Ratio. The
final product of the cyclic anhydride/amine reaction is an
imide, via an amic acid intermediate. While amic acid forma-
tion from cyclic anhydride/amine is, in principle, reversible,
it is known that for aliphatic amines the reverse reaction can
be neglected at ambient temperature.?® In addition, the
subsequent imidization step is very slow at room tempera-
ture.?® Thus, we have ignored the reverse reaction and ring
closure for imide formation in the solution reaction and have
applied second-order Kinetics.

At high temperature, the reaction will proceed to form imide
rapidly.’>?8 Using GPC, we are unable to distinguish the imide-
linked from amic acid-linked copolymer. Thus, for the melt
reactions we also have assumed second-order kinetics. For the
heterogeneous melt reaction, we measured the apparent rate
constants by assuming a homogeneous reaction.

Competitive second-order reaction is expressed as follows:

kE
A+E—B
kM
A+M—G (1)

where A, E, M, B, and G represent amine, anhydride at the
end, anhydride in the middle, reactively formed block copoly-
mer, and graft copolymer, respectively, and ke and ky are the
rate constants for block and graft copolymers formation,
respectively. For this competitive reaction, we write two rate
equations for E and M and one mass balance equation.

dXg
gt~ KeCaol = XQ)(1 — Xg) (2
dXy,
at = KnCaoll = X1 = Xy (3)

Cao(l = Xp) = Co(l = Xg) = Cyo(l — Xy) =
CA,O - CE,o - CM,o (4)
By dividing eq 2 by eq 3 and integrating, we obtain eq 5.
ke In(1—Xp)
AT (5)
ky  In(1 — Xy

Using eqs 4 and 5, we can rewrite eq 2 into eq 6.

XE 2 a
at = kECA,O[ME(l —Xg)” + My (1 — Xg)* +
(1 = Mg — My)Q - Xg)] (6)

where ME = CEy[)/CAVO, MM = CM'()/CA'(), anda= kM/kE + 1. ThUS,
integration of eq 6 gives eq 7.

Xe
f(Xg) =[]
dXg

ME(l - XE)2 + MM(l - XE)a +(@1- ME - MM)(]- - XE) -
kECA,Ot (7

The integral function of Xg, f (Xg), is numerically determined
at each reaction time and plotted as a function of time. The
slope of f (Xg) vs t gives kg, and ky is determined by ke/ky and
Ke.
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Figure 3. Self-coupling of PMMA-An with annealing time at
175 °C for a bilayer with nonfunctional PS. Filled square and
circle are for PMMA-eAn and PMMA-mARN, respectively.
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To examine whether the competitive reaction environment
affects the rate constants, we carried out the noncompetitive
reactions and measured ke and ky by eqgs 8 and 9.

M; — XA,B(or G)

In m =Cpo(M; — Dkt (M;=1) (8)

xA,B(or G)
1-X =Caokit (M;=1) ©)
A,B(or G)

Here, i = E or M, and Xag = MeXg and Xac = MuXw are the
fractional conversions of PS-NH; to block (B) and graft (G)
copolymer in the noncompetitive reaction, respectively.

Homogeneous Reaction. We first examined the reaction
in solution at room temperature. 5 wt % solutions of PS-NH,
and (PMMA-eAn + PMMA-mAnN) in dry THF were prepared
separately and then mixed together. Aliquots of solution were
taken and quenched with phenyl isocyanate at 1, 5, 10, 20,
40, 60, 120, and 540 min.

Homogeneous melt reaction was carried out using PMMA-
NH.. PMMA-eAn and PMMA-mAn were preblended with
PMMA for 1 min prior to the addition of PMMA-NH; in a
preheated cup-rotor mixer (MiniMax CS-183MMX, Custom
Scientific Instrument, Inc.) with three steel balls.?® The
reaction temperature was 180 °C under a N, environment. The
rotor speed was 340 rpm, which corresponds to 100 s~X. The
rotor was lifted at 0.5, 1, 2, 4, 6, 10, and 20 min after adding
PMMA-NH_;, and ~10 mg of the blend sample was taken from
the edge of the bottom surface of the rotor, followed by freezing
it in liquid Na.

Heterogeneous Reaction: Static. For the reaction at a
static interface, a 5 wt % solution of (PMMA-eAn + PMMA-
mAnR) in toluene was spin-coated on a 3 cm x 3 cm square
piece of Si wafer at room temperature. The film thickness
(~170 nm) was measured by using a stylus profiler (Dektakl|,
Veeco Inc.). After drying the residual solvent overnight, PS-
NH. with a thickness of ~350 nm was spin-coated on the
(PMMA-eAn + PMMA-mAN) layer from a 5 wt % solution in
87/13 viv cyclohexane/toluene. After drying the solvent, the
square sample was broken into several pieces, and a cover
glass was put on top of each piece.?> The samples were
annealed for 15, 30, 60, 120, 240, 420, and 840 min in a
vacuum oven at 175 °C. The sample was removed from the
vacuum oven at each annealing time. Self-coupling of fluores-
cently labeled PMMA-An has been reported for flat film
samples annealed for long times;?! thus, we measured the
extent of self-coupling after annealing a bilayer with nonfunc-
tional PS for the same time intervals under the same condition.
Figure 3 shows the extent of self-coupling with annealing time.
Self-coupling at 30 min was about 3% and continued to
increase up to 840 min. We subtracted the conversion for self-
coupling from the conversion for the bilayer with PS-NH,.
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Figure 4. Fractional conversions, Xg (squares) and Xm
(circles), of PMMA-eAn and PMMA-mAN to PMMA-b-PS and
PMMA-g-PS, respectively, vs time. Filled and open symbols
are for the solution reaction at ambient temperature and the
reaction in the homogeneous melt at 180 °C, respectively. Solid
and dotted lines are for guiding eyes.

Heterogeneous Reaction: Flow. 90/10 w/w PMMA/PS
blends were prepared at 180 °C in the MiniMax Mixer with a
N, blanket. Weight percents of PS-NH, based on the total
blend were 2 wt % (blend-2) and 10 wt % (blend-10). Dry-
blended PMMA-eAn, PMMA-mAn, and PMMA were pre-
blended for 1 min at 180 °C before addition of dry-blended PS
and PS-NH.. Blend samples were taken at 0.5, 1, 2, 4, 6, 10,
and 20 min and were quenched in liquid nitrogen. Morphology
was observed using transmission electron microscopy (TEM,
JEOL 1210) by microtoming the blend specimen to 50 nm
thickness at room temperature and then staining with RuO,
(0.5% aqueous solution) vapor for 20 min. The area of each
particle, Ai, was measured using image analysis software
(Image Tool, UTHSCSA), and the corresponding diameter was
calculated by eq 10. The volume to surface area average
particle diameter, Dys, was calculated by eq 11.

A.\1/2
D, = 2(—') (10)

J

R
yor

Dvs (11)

Results

Homogeneous Reaction. The filled symbols in
Figure 4 represent conversions vs time in solution at
ambient temperature. Both Xg and Xy increase linearly
up to 20 min, at which about 55% of PS-NH; is
consumed. After then, conversions increase slowly up
to 120 min when the PS-NH is all consumed (not shown
in Figure 4). Data before 20 min show that PMMA-g-
PS formation is slower than PMMA-b-PS. To determine
ke/kwm, following eq 5, we plotted In(1 — Xg) vs In(1 —
Xwm) using the data obtained before 20 min in Figure 5.
The values are tabulated in Table 2. In solution,
coupling to PMMA-b-PS is 2.8 times as fast as the
grafting reaction to PMMA-g-PS.

We calculated ke to be 44 kg/(mol min) from the slope
of f (Xg) vs time (<20 min) (Figure 6); accordingly, km
is 16 kg/(mol min). For comparison, ke and ky for the
noncompetitive reactions were measured to be 39 and
18 kg/(mol min), respectively, at the same condition with
Mg = My = 2. Fair agreement between the rate
constants at these two conditions indicates that the
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Figure 5. In(1 — Xg) vs In(1 — Xu) in competitive reaction
for the homogeneous case. Filled square and open circle are
for the reactions in solution and in the homogeneous melt,
respectively. ke/kw is the slope of the linearly fitted line shown
as the solid for solution and the dotted for homogeneous melt.
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Figure 6. f(Xg) in eq 4 is plotted as a function of time for
the homogeneous reactions in solution (filled squares) and in
the melt (open circles). The rate constant to block copolymer
in the competitive reaction, ke, was estimated from the initial
slope of f (Xg) vs time for each condition.

reaction rate constant measured in the competitive
reaction is the inherent value for the PS-NH>/PMMA-
An reaction. However, these are much larger than the
value observed by Padwa et al.?® They reported 0.07 M~1
min~! at 30 mM (the concentration of the functional
groups in styrene—maleic anhydride copolymer (SMA)/
PS-NH; reaction in anisole) at room temperature. A
possible cause for this difference is a solvent effect (THF
vs anisole) on the reactivity difference between succinic
anhydride and phthalic anhydride toward primary
amine. According to Padwa et al., the rate constant of
the phthalic anhydride/amine reaction is smaller than
that of succinic anhydride/amine in anisole.?8 On the
contrary, Moon conducted the competitive reaction of
phthalic anhydride and succinic anhydride with PS-NH,
in THF at room temperature, which is the same as our
reaction conditions, and found that phthalic anhydride
reacted with PS-NH, 5 times faster than succinic
anhydride.®® These two contrary results imply that the
anhydride/amine reaction is sensitive to the reaction
environment.

We plotted Xg and Xy vs time for the homogeneous
melt reaction at 180 °C (open symbols in Figure 4).
Coupling was almost complete in 5 min. As in solution,

~
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Figure 7. Xeg and Xy vs annealing time in the static flat
bilayer film of (PMMA-eAn + PMMA-mMAnN)/PS-NH; at 175 °C
in (): Ximeasurea (filled symbols) and Xi correctea (OpeN Symbols)
are before and after correcting for self-coupling shown in
Figure 3, respectively. In (b), interfacial coverage by copolymer,
3, is plotted as a function of annealing time. For calculation
of Z, the molecular architecture of the copolymer was ne-
glected. The dotted horizontal line represents the maximum
coverage, Zmax = 0.16 chains/nm?, that is estimated for the
lamellar structure of the pure block copolymer.

the PMMA-eAn/PMMA-NH> reaction in the melt is
faster than the PMMA-mAN/PMMA-NH; reaction. The
plot of In(1 — Xg) vs In(1 — Xu) in Figure 5 gives Keg/ky
of 1.7, which is less than the rate ratio (2.8) for the
reaction in solution. kg and ky in the competitive melt
reaction were determined to be 93 and 55 kg/(mol min)
at 180 °C by fitting f (Xg) vs time at t < 2 min, as shown
in Figure 6. These were similar to the values from the
noncompetitive reactions with Mg = My = 1.8, where
ke = 84 and ky = 53 kg/(mol min). The value of kg
compares reasonably with our previous work, but it is
about 1 order of magnitude lower than that for the PS
melt reaction.® ke/ky was 1.8 when we ran the melt
reaction at 160 °C (Table 2). This implies that ke/ky is
not sensitive to temperature change in the melt.
Heterogeneous Reaction: Static. Xg and Xy before
and after correction for self-coupling of PMMA-AnN are
shown as a function of annealing time for the reaction
at the static interface in Figure 7a. It is evident that
the contribution of self-coupling of PMMA-eAn and
PMMA-mAnN to the measured conversions for the bilayer
reaction is significant. During the first 60 min, Xy was
not detectable (<0.003) after correction for self-coupling,
while Xg increased steadily to 0.03. After 60 min, the
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Table 4. Rate Constant, kg and kg, Estimated for Previous Studies

conv ke (kg/(mol ke, (kg/(mol
polymer 1/polymer 2 Mni/Mn2 (kg/mol) (time, min)2 min)) Dys (um) o min))
static flat film PS-NH/PMMA-An 17/15°18 0.092 (40) 0.063 0.0054 12
PS-NH2/PMMA-An 18/12¢21 0.15 (60) 0.061 0.0042 15
melt mixing PEE-NH,/PS-An 18/35P 21,47 0.47 (2) 38 0.2d 0.022 1700
PS-NH/PMMA-AR (26 + 72)/12¢ 46 0.35 (0.5) 51 0.14 0.054 950
PS-NH/PMMA-An 15/12f25 0.43 (2) 64 0.619 0.015 4200

a Conversion of limiting polymer, normalized by functionality. The number in parentheses is the time the conversion data were taken.
b At 200 °C. ¢ At 175 °C. For others, temperature = 180 °C. 9 After 20 min. ¢ The blend consisted of mixture of 18% 26 kg/mol PS-NHj,
57% 72 kg/mol PS-NH,, 10% PMMA-An, and 15% nonfunctional PMMA. f PS-NH, and PMMA-An were diluted with nonfunctional PS

and PMMA to 10% and 8.3% of the blend, respectively. 9 10 min.

rate of increase in Xg slowed, and Xy became observ-
able.

To determine ke/ky for the static interface, we should
examine when the interface is saturated with copolymer
since it is known that significant undulation of the
interface can occur above maximum interfacial coverage,
Smax. 14182131 Previous studies on similar PS-NHy/PMMA-
An bilayers indicate that spontaneous roughening oc-
curs at about 22,,x.32 The interfacial coverage, X, for
the flat interface of the bilayer film is calculated by eq
12.21

s = XatpsPpsNay (12)
IVIn,PS
Here, tps is the thickness of the PS-NH; layer, pps the
density of PS (= 1 g/cm3), Nay Avogadro’s number, and
Mp ps the molecular weight of PS-NH». Figure 7b shows
2= with annealing time. X at 15, 30, and 60 min is 0.16,
0.22, and 0.25 chain/nm?, respectively. For comparison,
Zmax for a lamellar structure of the pure diblock copoly-
mer is determined to be 0.16 chains/nm? using Zmax =
(A/12)Nav/(Mp o/p) and ignoring asymmetry of the copoly-
mer, where 4 is the lamellar spacing and My is the
molecular weight of block copolymer. The value of 1 is
estimated to be 22.3 nm.3334 In Figure 7b, Zyax is shown
as a dotted horizontal line, and spontaneous roughening
is expected after 60 min where X > 23, In addition
to interfacial roughening, it should be noted that the
self-coupling would affect dynamics of polymer chains
in the melts and the interface, especially at longer
annealing times (=100 min). Thus, ke/kpm and ke were
determined by using data up to 60 min to exclude the
effect of interfacial roughening and change in polymer
dynamics by the self-coupling on the reaction rate.
ke/km was roughly estimated to be >10 using Xg =
0.034 at 60 min and Xy = 0.003 (detectable limit).
Assuming that the reaction can occur homogeneously
throughout the ~ 500 nm thick bilayer gives kg = 0.031
kg/(mol min) (Table 3). A better assumption is that
reaction can only occur in the region where PS and
PMMA chains overlap. For PS and PMMA, this inter-
facial width a; = 5 nm32 gives kg,| = kelgyy = 3.2 kg/(mol
min), which is still more than 30 times less than the
homogeneous reaction. Here, the interfacial volume
fraction, ¢,, for the bilayer film is

a
H=aA, = ?I (13)

where Ay is the interfacial area per unit volume and t
is the bilayer film thickness. For comparison, we
estimated kg for previous studies on PS-NH,/PMMA-
An bilayers (Table 4).1821 kg | is 12 kg/(mol min) for the
PMMA-AN (M, = 15 kg/mol) and PS-NH; (M, = 17 kg/
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Figure 8. Xg (squares) and Xy (circles) with mixing time for

90/10 w/w (PMMA + PMMA-eAn + PMMA-mAnN)/(PS + PS—

NH,) blends at 180 °C. Filled and open symbols are for the

blends with 10% PS-NH; (blend-10) and 2% PS-NH; (blend-
2), respectively.

mol) bilayer at 200 °C in Yin et al.’s study.'® For the
bilayer of PMMA-An (M, = 12 kg/mol) and PS-NH;
(Mp = 18 kg/mol) at 175 °C reported by Jones et al.,2!
ke is roughly estimated to be 14 kg/(mol min) by
assuming PS layer thickness of 1 um. Thus, our kg,
value is in reasonable agreement with the previous
data.

Heterogeneous Reaction: Flow. In contrast to the
case of the static interface, the coupling in blend-10 was
so fast that 56% of PS-NH, converted to copolymer
within 2 min of mixing, as shown in Figure 8. After 2
min, the conversions slowly increased until 80% of PS-
NH, was consumed to form the copolymers at 20 min.
When we decreased the amount of PS-NH> to 2% (blend-
2), the reaction appears to stop after 2 min and 20%
overall conversion. Parts a and b of Figure 9 show the
morphologies of blend-10 and blend-2 at 20 min mixing,
respectively. As expected, in blend-10 most of the
reactively formed copolymers form micelles resulting in
Dvys = 43 nm, while blend-2 exhibits droplets-in-matrix
morphology with Dys = 0.26 um.

We measured ke/ky using the data up to 2 min for
both blends as shown in Table 3. The interface in the
melt-mixed blends reduced kg/ky to less than 3.2 from
that of the static flat interface, but it is larger than 1.7
measured in the homogeneous melt reaction. It was
observed that ke/ky increased when we decreased the
amount of PS-NH;, in the blend to 2%. Assuming
homogeneous reaction, kg for both blends was deter-
mined by eq 7 and are listed in Table 3. kg for the blend
under flow is about 4000 times larger than that for the
static flat interface and is slightly larger than that
measured for the homogeneous melt reaction. kg, was
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(a)

(b)

(c)

500 nm
Figure 9. TEM micrographs of (a) blend-10 and (b) blend-2
at 20 min mixing. Morphology at 2 min of blend-2 is shown in

(©.

calculated to be 5300 kg/(mol min) for blend-2 using the
interfacial volume fraction

_ 6ayppg
&= Dy (14)

where ¢ps the volume fraction of PS in the blends. Dys
was measured for blend-2 after 2 min of mixing (Figure
9c and Table 3). For blend-10, kg < 2100 kg/(mol min)
by assuming that Dys at 2 min <50 nm. We believe that
this is because the interface effect under flow has
already been reduced due to high conversion. It should
be noted that kg > 20kge in the homogeneous reaction.
This was not observed in Guégan et al.’s study where
ke for PS-COOH/PMMA-E was about twice as large as
ke for PS-COOH/PS-E.! The difference is considered to
be caused by differences in chemistry (amine/anhydride
vs epoxy/acid), backbone chemical structure for homo-
geneous reaction (PMMA vs PS), and/or mixing ef-
ficiency of the mixer.

Discussion

According to our results, functional groups at the
center of polymer chains experienced greater hindrance
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reacting with complementary functional polymers than
those at the ends in all the reaction conditions exam-
ined. The impact of this hindrance as observed by the
ke/km rate ratios increased in order from the homoge-
neous melt, to solution, to the interface in a heteroge-
neous blend under external flow, to a static flat inter-
face. Estimation of the rate constants revealed that the
external flow applied to the heterogeneous blends
greatly accelerated the interfacial reaction, giving even
higher rate constants than that in the homogeneous
reaction.

Homogeneous Reaction. The kinetic excluded-
volume effect is anticipated to be significant for a dilute
polymer solution in a good solvent.25~7 Theory predicts
that the kinetic excluded-volume effect is more pro-
nounced for higher molecular weight polymers and for
centrally substituted polymers.2:35:36

Khokhlov derived a scaling theory for the Kinetic
excluded-volume effect on the Kinetics of chemical
reactions between polymers in dilute solutions.3® The
kinetic excluded-volume effect on the rate constant k is
scaled as (N7 + N2)~”, where Nj and N are degrees of
polymerization of polymers 1 and 2, respectively. He
categorized the reaction into three cases according to
the functional group position along a chain: end and
end, end and center, and center and center; the expo-
nent v is 0.16, 0.28, and 0.43 for each case. Since our
reactions are in the first and second categories, ke/km
= (N1 + N,)%12 Inserting Ny = 165 for PMMA-AN, which
is the numerical average of N of PMMA-eAn and
PMMA-mAnN, and N, = 250 for PS-NH,, we obtain kg/
km = 2.1. Our somewhat higher result, 2.8, is most likely
due to steric effects as discussed below. The experimen-
tal data we find in the literature and comparable with
ke/km were reported by Black and Worsfold.® They
observed that, for the reaction of acid chloride and
nitrophenol functional PS in benzene, the rate constant
between two end-functional PS was 3.5 times as large
as that between two randomly substituted PS with M,
of 70 kg/mol. Khokhlov's scaling theory predicts 7 for
the rate ratio of end and end to center and center for
Mp = 70 kg/mol. We believe that Black and Worsford'’s
lower value is because of random distribution of the
functional groups along chains making some groups at
the end.

In the melt (or a 6 solution) the Kinetic excluded-
volume effect will be screened and kg/ky = 1. However,
we observed ke/km = 1.7 for the reaction between
(PMMA-eAn + PMMA-mAn) and PMMA-NH; in the
melt. Similar results were also observed by Worsfold for
interpolymer interaction forming a transition complex.”
Namely, the Kinetic excluded-volume effect decreased
in 6 solution but did not disappear. This was attributed
to the use of mixed solvents and/or oversimplified
theories. In our case, there should not be any solvent
effect, so we considered some plausible factors that
might affect ke/km in the homogeneous melt reaction.

The effect of polymer chain dynamics could be a
factor. Welp et al.3” showed that central section seg-
ments are less mobile than the ends due to anisotropic
friction caused by entanglements with neighboring
chains in the reptation regime. A higher mobility
implies a higher probability of meeting functional
groups attached to the ends of complementary polymers.
However, we expect this effect to be small in our case
since the molecular weight of the functional PMMAs is
not significantly above M ~ 10 kg/mol, the entangle-
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ment molecular weight of PMMA.38 The other possible
cause is steric hindrance due to the polymer chains
attached to the anhydride group. Anhydride in the
middle is more shielded by a backbone chain than that
at the end when a bulky PMMA-NH; approaches in ~10
A for reaction to occur. On the other hand, this steric
hindrance would be reduced by convective flow in the
mixer, which extends the chains, exposing the mid-
functional groups.

Effect of the Interface on kg/km. The high value
of ke/km at the static case indicates that the interface
acts as a strong barrier against the graft copolymer
formation. One explanation for this is the higher
population of chain ends at the equilibrium interface
than at the central segments. Helfand and Tagami
predicted higher density of the chain ends at the
interface by their self-consistent-field theory.3® Zhao et
al.*% confirmed this experimentally. They reported that
the density of chain ends at the interface was twice that
in the bulk. In addition, polymer dynamics at the
interface assists preferential segregation of the chain
ends. Welp et al. reported that the chain ends started
to cross the interface as soon as two surfaces of PS met
and were welded, while the central segments showed a
lag.?” Thus, the interface is initially more highly popu-
lated by chain ends, producing mostly block copolymer
first. A brush of diblock copolymer at the interface will
slow down further reaction since new reactive polymers
must diffuse through the brush.*142 However, this effect
could be reduced by generating more fresh interface via
interfacial roughening, so the conversion to PMMA-g-
PS started to grow after 60 min, as shown in Figure
7a.

Flow Effect on the Interfacial Reaction. The
interface in immiscible polymer blends during mixing
is never at equilibrium due to continuous deformation,
breakup, and coalescence of dispersed droplets by
external flow in the mixer. The extent of deformation
is greater in the early stage of mixing, i.e., less than 2
min, where the interfacial area increases by 1000
times.*344 As well as interfacial area change by defor-
mation, the convection by flow will reduce the partition
of the chain ends at the interface from that of the
interface at equilibrium. Thus, it is expected that kg/
km is lowered for the interface under mixing flow.
However, ke/ky larger than that in the homogeneous
melt indicates that the effect of interface still remains.
The dependence of kg/ky on the concentration of the
functional polymer shown in Table 3 also suggests that
a narrower interface favors the reaction between end-
functional polymers. Russell and co-workers* showed
that interfacial width between PS and PMMA increased
from a, = 5 to 8.5 nm with adsorption of block copoly-
mer.

Interestingly, the flow applied to the heterogeneous
blends had a huge influence on the interfacial reaction
kinetics: kg, = 3.2 kg/(mol min) for the static flat
interface vs 5300 kg/(mol min) for the blend-2. This
influence is also found in several previous studies where
reaction conversion with mixing time and morphology
were reported.?1:254647 Using conversion and Dys, we
estimated ke and kg, and summarize them in Table 4.
Considering that these calculations required approxi-
mations or estimation of properties or concentrations,
the ke values are not so different from kg in our blends
and kg > 1000. In addition, kg, increases to 4200 kg/
(mol min) for the diluted blend, PS-NH; (15 kg/mol)/
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PMMA-ANn (12 kg/mol) from 15 kg/(mol min) for the
bilayer of PS-NH; (18 kg/mol)/PMMA-An (12 kg/mol).
This is consistent with our observation (blend-2 vs
blend-10 in Table 3).

Morphology development in immiscible polymer blends
in the mixer is known to be very complex during the
initial stages. Initial morphology was found to be
ribbons or sheets developing to a lace structure;*3:4448:49
thus, the interfacial area and ¢, at this stage could be
much larger than that of the fully developed particles-
in-matrix structure shown in Figure 9c. This would
decrease kg . Also, the effect of convection flow should
be considered. It will enhance the collision probability
at the interface between complementary functional
polymers. Although the concentration profile at the
interface is not well-known under flow, it is likely that
convection would give a higher concentration of func-
tional groups near the interface than in the case of the
static interface. This convection effect should be care-
fully investigated further by excluding morphology
change due to flow.

Before closing the discussion, it should be noted that
we observed coalescence after 2 min for the blend-2
(compare parts b and c of Figure 9). This appears to be
due to insufficient coverage =.

_ Xa?psNayPpsDys
6Mn,PS

(15)

3 is 0.017 chain/nm?, which is only 10% of .« = 0.16
chain/nm2. According to Lyu et al.,5%5! there exists a
minimum coverage of copolymer, Znqin, to suppress
coalescence, and it depends on the molecular weight of
the copolymer. Although our system is different from
their high-density polyethylene (HDPE) and PS blend,
we can apply their results to ours since coalescence will
be less controlled by chemical structure than by copoly-
mer concentration. For a 20—20 kg/mol PS-b-PE, they
found that Znin ~ Zmax. Thus, with X at 2 min coales-
cence could not be suppressed. Further reaction at the
partially covered interface was not fast enough to
prohibit coalescence by flow, and = at 20 min was 0.041
chains/nm?.

Conclusions

The rate constant ratio of block copolymer and graft
copolymer formation, ke/ky, was investigated by using
phthalic anhydride end- and mid-functional PMMAs
(PMMA-eAn and PMMA-mAnN) and amine-terminal
PMMA and PS (PMMA-NH; and PS-NH,) under a
competitive reaction condition. The extent of coupling
to block and graft copolymers in a competitive reaction
could be selectively measured by incorporating two
different fluorescent groups, NBD and anthracene, to
PMMA-eAn and PMMA-mAR, respectively, and by using
GPC with a fluorescence detector. We have examined
the effect of reaction conditions on kg/ky and the rate
constants by observing the reaction in solution, homo-
geneous melt, and heterogeneous melts under static
condition and under flow.

In solution, the reaction between PMMA-mAnN and
PS-NH; was slower than that with PMMA-eAn, giving
kelkm = 2.8. This result is expected from the kinetic
excluded-volume effect, which theoretically predicts kg/
km = 2.1. However, even in the homogeneous melt where
no kinetic excluded-volume effect is expected, ke/lkm =
1.7. The deviation from theory is attributed to steric
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hindrance by the polymer chain shielding a functional
group at its center.

The effect of the interface on ke/ky was significant,
resulting in ke/ky >10. Preferential segregation of end
groups due to thermodynamics as well as chain dynam-
ics is considered as causes. When we applied flow to the
heterogeneous blend, this interfacial effect was reduced.
However, the effect was still observed showing a higher
ke/lkm (>2.6) than in the homogeneous melt. More
importantly, we found that flow increased the rate of
interfacial reaction tremendously. The interfacial rate
constant in the heterogeneous blend is about 1700 times
faster than at the static flat interface. This is not
understood well yet. The mechanism should be inves-
tigated by observing the reaction at the interface under
a controlled flow with elimination of morphology devel-
opment effects that attend the use of common mixers.
Such studies are under investigation.
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