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Polymer interface instability caused by a grafting reaction
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Abstract

We demonstrate that the interfacial tension between two molten polymers can be reduced significantly by the formation of graft copolymer
at the interface by chemical reaction. If the grafting chains are short enough, the interface becomes unstable and roughens markedly, leading
even to the formation of a polymer microemulsion. We investigate the onset of this roughening instability and find it that can be predicted
satisfactorily by self-consistent mean field theory.q 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Phase-separated mixtures of polymers are of increasing
technological interest for structural and electronic applica-
tions. Such two phase mixtures are normally prepared by
mixing processes at temperatures where both phases are
molten and usually consist of droplets of one phase in a
matrix of the other. The interfaces between the phases are
crucial in determining both the final phase size and the
mechanical properties of the mixture [1]. Often graft copo-
lymers are formed by reaction at these melt interfaces with
the aim of promoting a small droplet size by inhibiting
particle coalescence [2–4] and by reducing the interfacial
tension [5].

The extent to which the interfacial tensiong can be
reduced by copolymers formed by grafting reactions is
still uncertain, however. Recently the kinetics of such reac-
tions in the melt have been studied theoretically [6–8]. As
the ratio of the interfacial excessz* of the grafting chain to
its radius of gyrationRg increases, a free energy barrierm */
kBT to the grafting reaction develops due to the entropy loss
involved in stretching the ‘brush’ of grafted chains. The
build up of such a barrier asz*/Rg increases will slow drama-
tically the kinetics of the grafting reaction and ultimately
limit the z*/Rg achievable in practical times. Indeed whether
such a grafting reaction can lead to az*/Rg large enough

(1.0–2.5) [9] to produce any significant decrease in inter-
facial tension is still in doubt; recent theoretical work [8]
based on a scaling analysis valid for long grafting chains
says no.

If it turns out that the interfacial tension can be strongly
decreased by grafting, very interesting effects should result.
A large z*/Rg would drive the interfacial tension of the flat
interface negative, leading to an instability that triggers
interface corrugation and eventual formation of a polymeric
microemulsion. Evidence of formation of such an interface
instability caused by strong segregation of hydrogen bond-
ing diblock copolymers to a polymer/polymer interface has
been obtained previously [10, 11]; however, forming such a
polymer microemulsion by a grafting reaction would be
much better suited to industrial processing.

In this communication we demonstrate that it is possible
to obtain largez*/Rg by a grafting reaction using grafting
chains of moderate degree of polymerizationN and that
once a criticalz*/Rg is reached, the interface roughens
dramatically. We show that the onset of this instability
can be satisfactorily predicted based on a self-consistent
mean field theory estimate of the interfacial tension
reduction due to grafting.

2. Experimental

Benzyl amine end-functional deuterated polystyrenes
(dPS-NH2 with n � 55 (Rg � 2.0 nm) andn � 270 (Rg �
4.5 nm) were prepared by anionic polymerization following
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the procedure described in literature [12]. The yield of
aminationf was determined to be 0.6 and 0.8 for then �
55 andn � 270 dPS-NH2, respectively, by both1H n.m.r.
and end-group titration. Samples for the grafting experi-
ments were prepared as follows: films about 1mm thick
of poly(styrene-r-maleic anhydride) (PSMA) random copo-
lymer with 28 wt% MA, a number average molecular
weight Mn � 52 000 and a polydispersity indexMw/Mn �
2.1 were spun cast onto silicon wafers and dried in vacuum.
Films about 0.4mm thick of a mixture of the dPS-NH2
chains and normal polystyrene (PS) ofMn � 107 000 and
Mn/Mn , 1.1 were spun cast onto glass slides and transferred
via a water surface onto the PSMA-coated wafers. The
volume fractionf of dPS-NH2 in the PS was varied to
change the initial chemical potential of the dPS-NH2 in
the top film. After drying, these bilayer films were annealed
at temperatures above the glass transition temperatureTg of
both PS (1008C) and PSMA (1638C) for various times in
vacuum to allow grafting to occur. Grafting is expected to
take place by reaction of the amine end of the dPS-NH2 with
an anhydride group on the PSMA to form first an amic acid
and then ring closure occurs to form an imide [13,14].

Grafting was quantified from the deuterium depth profile
measured by forward recoil spectrometry (FRES) using two
methods. In the first method the interface excessz* of dPS-
NH2 was determined as

R
dz(f (z)-f∞) wherez is the depth

from the interface andf∞ is the volume fraction of dPS-
NH2 in the bulk of the PS film away from the interface [15].
In the second method the bilayer film was washed in cyclo-
hexane to remove all the PS and unreacted dPS-NH2 chains.
Now z* was determined from the depth profile as the integral
of dPS at the surface of the washed PSMA film [16]. Thez*

values measured by both methods were in good agreement
for then� 270 dPS-NH2 chains for all initial volume frac-
tions and for then � 55 chains for initial volume fractions

less than 0.1. Forn � 55 chains at higher volume fractions
(f∞ . 0.10) and long reaction times,z* from method 1 was
usually larger thanz* from method 2.

3. Results and discussion

The normalized grafting densityz*/Rg increases with
grafting time at temperatureT and then reaches an apparent
saturation value at long times, increasing roughly asz*/Rg�
A(1 2 exp(2 t/t)) whereA andt are constant for a givenT,
N andf∞. Typical values ofz*/Rg at saturation (after 72 h at
1908C) are shown in Fig. 1 for various values of the bulk
volume fractionf∞ of dPS-NH2 in PS. Thef∞ values
measured experimentally by FRES using method 1 were
corrected for the fractionf of dPS chains actually terminated
by amine groups. The measuredz*/Rg increases monotoni-
cally with f∞ for both then � 55 andn � 270 grafting
chains to values of approximately 6 and 4, respectively.

These values ofz*/Rg seem very large, especially consid-
ering that values ofz*/Rg < 3 for hydrogen bonding asym-
metric block copolymers segregating to polymer interfaces
have been associated with interface instability and micro-
emulsion formation [10,11]. This comparison suggests that
we examine the possibility that the large values ofz*/Rg

observed in our grafting experiments cause a similar
decrease in interfacial tension leading to interface instability
as the graft copolymer at the interface builds up.

The self consistent mean field calculations of Shull [9]
lead to the following result for the decrease in interfacial
tension,Dg :
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wherero is the monomer number density,a is the statistical
segment length of the polymer anda is a function ofz*/Rg

tabulated by Shull for the limit where the unreactive matrix
chains are much longer than the end-functional chains, i.e.,
the ‘dry brush’ regime. In what follows we use his results
although we note that at largez*/Rg, a < 0.5(z*/Rg) [3], a
result first predicted from a scaling analysis of polymer
brushes by Leibler [17]. We also note that Eq. (1) is a
lower limit for 2 Dg /kBT because it does not consider
the loss in entropy of the PSMA chains that the dPS-NH2

chains are grafted to. We take the initial interfacial tension
go to be given by the Helfand and Tagami result [18] which
is appropriate for very high molecular weight polymers:
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wherex is the Flory interaction parameter. Corrections for
finite molecular weight will only decreasego Dividing Eq.
(1) by Eq. (2), we arrive at a very simple expression:
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Fig. 1. Integral excessz* of grafted chains normalized byRg versus the
volume fraction of dPS-NH2 remaining in PS. Squares,n� 55; circles,n�
270. Thez* was measured after washing the PS layer off the PSMA with
cyclohexane whilef∞ was measured on an identical unwashed sample and
was corrected for the fraction of dPS-NH2 that was not amine terminated.
The grafting reaction was carried out for 72 h at 1908C.



for the ratio of the decrease in interfacial tension to the
initial interfacial tension. The Flory parameter for styrene
and maleic anhydride segments has been estimated to be
large and positive (between 1 and 3) [19] so the effective
Flory parameter between PS and PSMA is expected to be
comparable to thex < 0.1 for the strongly immiscible poly-
mers, PS and poly(2-vinylpyridine) [15]. As an estimate we
usex � 0.125 in Eq. (3) to obtain the prediction shown in
Fig. 2 for 2 Dg /go vs z*/Rg for our grafting chains. Note
that 2 Dg /go is predicted to exceed 1, signifying a negative
interfacial tension for the flat interface above az*/Rg of 1.5
for then� 55 chains and above az*/Rg of 2.5 for then� 270
chains. At these critical values ofz*/Rg the grafting potential
barrierm */kBT is approximately 3.4 forn � 55 and 5.5 for
n � 270 [6]. At epoxy/PS interfaces that are constrained to
remain flat by the crosslinking of the epoxy,z*/Rg < 3 was
observed forn� 840 dPS-COOH chains [16] which implies

a finalm */kBT barrier of about 9. Clearly at the values ofN
used in our present experiments, them */kBT barrier is not so
high as to prevent further reaction at the criticalz*/Rg values.

Thus we expect that the largez*/Rg values in Fig. 1 corre-
spond to interfaces that, if they were flat, would have nega-
tive interfacial tension. Such an interface would be unstable
and low amplitude capillary waves on the interface would
grow [20] until the positive curvature contributions to the
interfacial tension produce a small, positiveg . The result
would be a highly corrugated interface like that observed
for large z*/Rg of block copolymer segregation [10,11]
Evidence that such a corrugated interface actually forms
in our case is available from the scanning force microscopy
of interfaces from which the PS and unreacted dPS-NH2 has
been selectively removed by washing with cyclohexane. As
shown in Fig. 3, while the interface at lowz*/Rg is very
smooth (Fig. 3a), the interface atz*/Rg much larger than
the critical value is very rough (Fig. 3b) with the scale of
the lateral roughness being, 50 nm.

As shown in Fig. 4, a transition from a flat interface to a
highly corrugated interface is found at az*/Rg of 2.5 forn�
270 chains and at az*/Rg of 1.8 for then � 55 ones. While
the values ofz*/Rg measured at the transition may not be
exactly those at whichg � 0 due to the viscous nature of
PSMA and the influence of large amplitude capillary waves
that should be observed asg ! 0, these results are in satis-
factory agreement with the theoretical predictions shown in
Fig. 2.

Thus, we conclude that significant decreases in polymer/
polymer interfacial tension are possible by reaction of end-
functional chains leading to graft copolymer formation at
the interface. This decrease can be large enough to drive the
tension of the flat interface negative, leading to formation of
a deeply corrugated interface and eventually graft copoly-
mer coated droplets. (In fact we have evidence from trans-
mission electron microscopy of these interfaces that such
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Fig. 2. Estimated ratio of the decrease in interfacial tension to the inter-
facial tension of the ungrafted interface from Eq. (3) as a function ofz*/Rg.
Squares,n � 55: circles,n � 270.

Fig. 3. Scanning force micrograph of the PS/PSMA interface grafted withn� 55 dPS-NH2 after washing with cyclohexane. (a)z*/Rg 0.5; (b)z*/Rg� 4. The
grafting reaction was carried out for 72 h at 1908C.



droplets form. These droplets are washed away by the cyclo-
hexane and are the reason why thez*/Rg before washing is
larger than that after washing for then � 55 chains at the
larger dPS-NH2 volume fractions.) The criticalz*/Rg for
vanishing interfacial tension decreases with decreasingN
and for chains of moderate length, this criticalz*/Rg is
attained before brush stretching decreases the reaction rate
at the interface to near zero.
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Fig. 4. The rms roughness of the PS/PSMA interface after washing with
cyclohexane as measured by SFM versusz*/Rg. Squares,n� 55; circles,n�
270. The grafting reaction was carried out for 72 h at 1908C.


