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We study polymer reaction kinetics at interfaces. The interface of widthh increments the effective
dimensionality by 1: Rate constantsk obey scaling laws as for 4-dimensional bulk reaction problem
For groups with small reactivityQ, k , h and is independent of molecular weightN. For large
Q, k , 1y lnN and k , 1yN lnN for unentangled and entangled polymers, respectively, with weah
dependence. Consistent with recent experiments, we findk is exponentially suppressed when copolyme
product attains surface densities above a critical level,rcrit

s , 1yN1y2. [S0031-9007(96)00022-1]

PACS numbers: 82.35.+t, 61.41.+e, 68.10.–m
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Recent years have witnessed a surge in research
tivity in polymer interfacial science. As many bul
polymer questions have been resolved, so attention
increasingly focused on issues such as density pro
and chain configurations at polymer surfaces [1],
bulk-surface exchange kinetics [2] which generate th
interfacial phases, and the modification of surfaces
endow them with special properties which are import
in a range of biological [3] and industrial [4] application
Much of this work has addressedpolymer-polymerinter-
faces [5]. A topic of intense current interest and ma
technological importance [6] is the adhesive strength o
interface separating two immiscible polymer phases [7
say,A andB. The aim has been to understand how int
face structure determines strength and how this stren
is enhanced [8] by bridging the interface with natura
surface-active species such asA-B copolymers [9].

By far the most effective method of generating brid
ing copolymers is throughchemical reactionsof func-
tionalized bulk chains at the polymer-polymer interfa
(see Fig. 1). A substantial experimental effort has
tempted to establish how properties of the reactive po
mers determine interfacial characteristics such as stre
[10–13]. Compared to simple admixing of copolyme
chemical reactions generate stronger interfaces [13]
more effectively enhance mechanical blending of therm
dynamically incompatible polymer species (see Fig.
This latter process (“reactive blending”) is widely em
ployed industrially to produce stronger and more fine
mixed blends [11]. It remains a subject of debate as
whether interfacial chemically produced copolymers g
erate smaller droplets in nonequilibrium sheared polym
mixtures primarily through surface tension reduction (e
hancing droplet breakup rates) or through reduced drop
droplet coalescence rates (see Fig. 2).

In this Letter we develop a basic theory of irreversib
polymer-polymer interfacial reaction kinetics. While
rather complete theoretical picture forbulk reactions has
by now been assembled [14], the interfacial probl
has been analyzed for small molecules [15] only.
0031-9007y96y76(18)y3444(4)$10.00
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the systems above, for example, we would like to p
dict how rapidly interfacial copolymers accumulate a
how this reaction rate depends on polymer molecu
weights, functional group reactivity, and surface dens
of copolymer product. More generally, reactions of th
type provide a fundamental probe of polymer interfac
properties which is redundant without a rigorous th
oretical basis. The principle conclusions of this wo
are as follows. First, we find that the presence of t
interface, as for small molecules [15], increments t
effective spatial dimension by 1: reaction rates ob
scaling laws as for afour-dimensional bulk reaction
system. This leads to weaker molecular weight dep
dencies. Second, there is a critical surface density
copolymer product above which reaction rates become
ponentially suppressed. This has important implicatio
for reactive blending which we discuss later.

Let us begin by briefly reviewing polymer-polyme
reaction kinetics in bulk melts. Note that the rate const
k, which relates the reaction rate2 ÙnA  2 ÙnB  knAnB

to the bulk number densitiesnA andnB of reactive chains

FIG. 1. Two polymer melt bulks, separated by an interfa
of width h, contain end-functionalized reactive polymers
densitiesna and nb . The reactive groups can meet in th
interfacial region only. Each reaction produces anAB diblock
copolymer at the interface.
© 1996 The American Physical Society
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FIG. 2. Reactive blending measurements by Sundararaj
Macosko, Ref. [11]: droplet size vs dispersed phase conc
tration. Blending at 200±C for 12 min. Maximum shear rate
65 sec21. (a) Figure 10 of Ref. [11]. Polystyrene-maleic a
hydride (PSMA), dispersed in polyamide-6,6 (diamino fun
tional). MA and amine groups react.d: PSMA, mol wt225k,
17 mole % MA; }; PSMA, mol wt 185k, 1.5% MA; ,: 0%
MA (nonreactive PS, mol wt200k). (b) Figure 8 of Ref. [11].
Ethylene-propylene (EP) or ethylene-propylene-maleic an
dride (EP-MA), mol wt 84k, dispersed in polystyrene (PS) o
polystyrene-oxazoline J(PS-Ox), mol wt200k. d: PS/EP-MA
(nonreactive system);}: PS-Ox/EP-MA (reactive), 1% Ox re
act with 0.7% MA;h: PS/EP compatibilized by adding dibloc
copolymer;1: PS/EP with added triblocks.

of typesA andB, has dimensionsL3yt (L, t denote length,
time). Throughout this Letter we treat the simplest ca
where each reactive polymer carries one functional e
group whose reactivity isQ, and A and B chains are of
equal molecular weightN. It has been shown [14,16] tha
for small Q mean field (MF) theory is valid. Thenk is
proportional to the equilibrium contact probability of th
functional end groups of a reactiveA-B pair and involves
the small local scales,k ø Qa3 where a is the group
size. For largeQ reaction kinetics are quite different
k ø R3yt then involves the large polymer scalesR, the
coil size, andt the longest relaxation time. Doi [17
and de Gennes [18] discuss how the form ofk in this
diffusion-controlled (DC) regime reflects the emergen
of R as an effective reaction radius because small ti
and
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scale motionst , td guarantees reaction if ever the coi
volumes of a reactive pair should overlap. For a gener
spatial dimensiond, the MF and DC results generalize to
k ø Qad andk ø Rdyt, respectively.

How is this bulk picture modified by the introduction
of an interface? That is, suppose theA and B polymers
are now immiscible and their reactive groups can me
only in a thin interfacial region of thicknessh (see Fig. 1).
It is conceptually helpful to consider first the generald-
dimensional problem. Consider a pair of chains, oneA
and oneB, in their respective bulks. Then2d coordinates
are required to label the positions of their end groups. B
reaction requires that these groups are in contact with
the sd 2 1d-dimensional interface: this situation corre
sponds tod 2 1 coordinates. The effective dimension-
ality of the reaction-diffusion problem is the difference
2d 2 sd 2 1d  d 1 1. Thus, our three-dimensional in-
terface problem is like a four-dimensional bulk problem
In fact, this is already hinted at by the very definition o
k,

drs

dt
 knAnB , (1)

wherers is the surface density ofA-B diblock copolymer
product. Hencek has dimensionsL4yt which are indeed
the dimensions appropriate to a four-dimensional bu
problem. This simple argument suggests that the M
(small Q) and DC (large Q) results are, respectively,k ø
Qa4 andk ø R4yt. In fact, we will see below that this
MF expression is correct only for the particular caseh 
a; more generally, we findk ø Qa3h. Turning to DC
kinetics, unentangled polymers are known to obey Rou
dynamics in the melt state [19,20],t , N2, whereas the
reptation model [19,20], describing polymers sufficientl
long to be entangled, leads tot , N3. Noting that simple
random walk statistics are recovered in the melt state d
to screening [19],R , N1y2, we conclude thatk , N0

(independent ofN) and k , 1yN for unentangled and
entangled chains, respectively. These are substantia
weaker than the corresponding bulk dependencies,k ,
1yN1y2 and k , 1yN3y2. In the following we out-
line more formal arguments which reproduce these nai
conclusions to within factors of lnN.

Consider a pair of chains, oneA and oneB, whose
reactive ends are atra, rb . The pair correlation function
Pt satisfies

Ptsra, rbd  Peqsra, rbd 2 Qa3
Z t

0
dt0

Z
dr0

3 Gt2t0 sra, rb; r0, r0 dPt0 sr0, r0 d , (2)

whereGtsra, rb; r0
a, r0

bd is the probability (in the absence
of reactions) ofra, rb at time t given initial locations
r0

a, r0
b. Peq is the equilibrium distribution. The reader

is referred to Refs. [18] and [16] for detailed discussion
of the analogous relationship for bulk reactions. From
3445
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Eq. (2) we can obtain the reaction rate as the total num
of A-B chain pairs multiplied by the rate per pair. Th
latter is the time derivative of the normalization ofPt .
We thus find

k 
Qa3h

1 1 Qa3
R`

0 dt Sstd
,

h ;
Z `

2`
dx Peqsr, rdyP` , (3)

where thex direction is orthogonal to the interface an
our definition ofh involves the value ofPeq far from the
interface,P`  1ysVAVBd whereVA sVBd is the volume
of bulk A sBd. The crucial object here is the time integr
of the return probability [18]Sstd ;

R
dr Gtsr, r; 0, 0d.

Sstd is the probability that a pair of reactive group
given to be initially in contact, have returned to th
interface and are again in contact at timet. We emphasize
that Sstd describes chain dynamicswithout reactions; this
stems from Eq. (2) which relates the reactivePt to the
nonreactivePeq andGt .

To deducek we must evaluateSstd. Now for d-
dimensional bulk dynamics it has been shown [17,1
that S ø 1yxd

t where xt is the rms displacement of a
reactive group. That is, the return probability is simp
proportional to the inverse volume explored by eitherA or
B group, since their exploration volumes are complet
overlapping. When the interface is present,Sstd is very
different because these exploration volumes overlap o
in the interfacial region of widthh (each group heads of
into its respective bulk). Thus for times greater than t
diffusion timeth corresponding toh, we have

Sstd ø hyx4
t st .. thd , (4)

which is reduced relative to the bulk value by the fracti
of the exploration volumes,hyxt, which is overlapping.
The above time dependence is evidently that of a fo
dimensional bulk problem, in accord with our arg
ments above.

Let us now specialize to unentangled melts where
short time behavior is Rousian [20],xt , t1y4, crossing
over to the standard Fickian formxt , t1y2 at long
times t . t. Writing xt  Rfstytd, where the scaling
function f has appropriate asymptotic power law form
we evaluate the time integral ofS from Eq. (4) which is
dominated byt . th. For largeQ, Eq. (3) then yields

k ø
R4

t

1
lnsRyhd

,
1

lnN
sunentangled,Q . Qpd ,

(5)

where Qp  t21
a sayhd lnfRyhg , 1y lnN is the MF!

DC crossover functional group reactivity.
A very similar calculation for polymers longer than th

entanglement thresholdNe [21] gives

k ø
R4

t

1
lnsRybd

,
1

N lnN
sentangled,Q . Qpd ,

(6)
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where Qp  t21
a sayhdsNyNed lnfRybg , 1yN lnN and

b  aN
1y2
e is the entanglement length scale [20].

These results should be contrasted with the weak
reactive case,Q , Qp. In all cases, Eq. (3) gives the
same MF result from whichN dependence vanishes,

k ø Qa3h sQ , Qpd . (7)

All of our conclusions above concern the earlier stage
of the reaction process when the surface densityrs of A-B
diblock product is low. But when the interface become
sufficiently crowded with diblocks, one expectsk to be
diminished as less and less free interface area becom
available for reactive bulk chains to access. We anticipa
this effect to become strong when the diblocks form
stretched brush [22,23] whose heightL is must greater
than R (see Fig. 3). Let us calculate the mean numbe
of A-B homopolymer pairs per unit area,r

temp
s , which

succeed in penetrating the brush (one from either sid
such that their end groups are in contact at the interfac
We imagine switching reactions off, and then we calcula
this equilibrium quantity. These pairs constituter

temp
s

temporary diblocks in the brush in addition to thers

permanent members. One can show that their chemic
potential,m

temp
AB , is dominated by the stretch energy (se

Ref. [23]) økT sL2yR2d per diblock, wherekT is the
thermal energy:m

temp
AB ykT ø lnr

temp
s 1 9L2yR2 1 · · ·,

where higher order terms are omitted. The equilibrium
value of r

temp
s is determined from the relationmA 1

mB  m
temp
AB where mA  lnnA 1 · · · is the chemical

potential of the reactive chains in bulkA. Similar remarks
apply to mB. We find that k in this limit is, in fact,
dominated by this reduced equilibrium surface densit
this being the driving force for reactions. Thus

k , rtemp
s , exph2srsyrcrit

s d2j

srs . rcrit
s  1y3N1y2a2d , (8)

where we have used the incompressibility of the brus
L  rsNa3. We see that the reaction rate is exponen
tially reduced when a critical diblock surface coverage i
attained,rcrit

s , 1yN1y2.

FIG. 3. At sufficiently high surface densitiesrs, diblock
copolymers form a stretched brush whose heightL is greater
than the unperturbed polymer dimensionR ø N1y2a. At such
densities, reactive chains from the bulk cannot penetrate t
brush. Correspondingly,k becomes exponentially small.
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We conclude with a brief discussion of our finding
Polymer reaction kinetics at interfaces depend critica
on the reactivityQ of the functional groups. For wea
reactivities mean field theory applies, and the rate c
stant k , h depends linearly on interface thickness a
is independent of molecular weightN . For large Q,
by contrast,Q dependence drops out altogether, just
for bulk reactions [17,18]. In this case, for unenta
gled chainsk exhibits weak logarithmic dependencies o
both N and h, k , 1y lnfNyh1y2g, whereas when entan
glements are important we have foundk , 1yN and k
is independent ofh. For crowded interfaces this pic
ture is drastically modified: When the surface de
sity of reaction product exceedsrcrit

s , 1yN1y2, k ,
exph2srsyrcrit

s d2j is exponentially suppressed. What th
means is that the interfacial reactions essentially gr
to a halt as soon asrcrit

s is reached. But the densit
at which the lateral diblock surface pressure first b
comes large enough to substantially influence the s
face tensiong is rs ø 1yN1y3a2, since Leibler [9] has
shown that the reduction is2DgykT ø srsa2N1y3d3.
Rewriting this 2DgykT  hrsyrcrit

s N1y6j3, it is appar-
ent that atrs  rcrit

s surface tension reductions are sma
Dg , 1yN1y2. We conclude that interfacial reactions a
incapable of significantly reducing surface tensions a
their primary influence in reactive blending is via re
duced droplet-droplet coalescence rates due to the s
hindrances presented by the interfacial copolymer. T
is consistent with the data of Fig. 2 and the conclusio
of Sundararaj and Macosko, the authors of these d
[11]. It is evident that the final steady state droplet siz
are independent of dispersed phase concentration for
reactively compatibilized samples, but not for the unco
patibilized ones. This suggests that the compatibilizat
process has eliminated coalescence altogether, since
alescence rates generally increase with volume frac
which is presumably the origin of the larger uncompatib
lized droplets at higher concentrations. On the other ha
the convergence of the compatibilized and uncompat
lized droplet sizes in Fig. 2(b) at the lowest concent
tions (where coalescence becomes unimportant) stron
suggests that the interfacial reactions are leaving dro
surface tension unaffected. This is consistent with
theoretical conclusion presented above.
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