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Recent experiments have demonstrated that block copolymers are capable of stabilizing immiscible
homopolymer blends producing bicontinuous microemulsion. The stability of these polymeric alloys
requires the copolymer to form flexible, nonattractive monolayers along the homopolymer interfaces.
We predict that copolymer polydispersity can substantially and simultaneously improve the monolayers
in both of these respects. Furthermore, polydispersity should provide similar improvements in systems,
such as colloidal suspensions and polymer/clay composites, that utilize polymer brushes to suppress
attractive interactions.

PACS numbers: 83.80.Es, 81.05.Qk, 82.70.Dd, 83.70.Hq
The opportunity to create new useful materials contin-
ues to motivate considerable research on polymeric blends.
The difficulty facing researchers is that unlike polymers
generally phase separate just like water and oil. This prob-
lem can be overcome in the small molecule system by
introducing surfactant (i.e., soap) molecules with two dis-
tinct ends, generally a polar head group and a hydrocarbon
tail, that favor water and oil, respectively. The surfactants
self-organize at the water/oil interface forming a flexible
monolayer of ultralow tension. This permits the formation
of a bicontinuous microemulsion, where the water and oil
form interweaving microscopic domains each spanning the
system and separated by an extensive amount of internal
interface. Polymer scientists have taken a similar strategy
by creating AB diblock copolymer compatibilizers, where
chains of the two immiscible components (denoted A and
B) are bonded together to form a surfactantlike molecule.
However, this has not been nearly as successful. Only re-
cently have stable polymeric bicontinuous microemulsions
[see Fig. 1(a)] been formed [1], and these only involved
slightly immiscible homopolymers. There are two seri-
ous problems with copolymer monolayers [see Fig. 1(b)]:
they tend to be inflexible and they often attract each other.
Recent calculations [2] show that these problems can be re-
duced by adjusting the copolymer polymerization, Nc, to
be �80% of the homopolymer polymerization, Nh. Such
optimization would produce a significant although limited
improvement. Here, we demonstrate that far more substan-
tial improvements can be achieved by simply introducing
polydispersity into the diblock copolymers. The polydis-
persity simultaneously improves flexibility and suppresses
attractive interactions. Furthermore, this reduced attrac-
tion could be utilized to improve numerous other systems
such as polymerically stabilized colloidal suspensions [3]
and polymer/clay composites [4].

Although bicontinuous microemulsions are new to the
polymer community, water/oil microemulsions have been
studied for decades. The theories for these mixtures have
been based primarily on membrane models [5], in which
the energy of the surfactant monolayer is approximated
by [6]
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where c1 and c2 are the principal curvatures, which vary
continuously over the area of the monolayer. The con-
stant elastic coefficients, s, c0, k, and k̄, are denoted
as the interfacial tension, spontaneous curvature, bending
modulus, and saddle-splay modulus, respectively, and, in
principle, they can be calculated from microscopic mod-
els. There are well-accepted conditions which these co-
efficients must satisfy for the formation of bicontinuous
microemulsions. First, an ultralow interfacial tension (i.e.,
s � 0) is required to allow for the large amounts of in-
terface [7]. Second, a near-zero spontaneous curvature
(i.e., c0 � 0) is needed, or otherwise the compatibilizer
will form micelles rather than a connected surface span-
ning the entire system [7,8]. The former results in a mi-
cellar microemulsion, where the composition tends to be
highly unbalanced, as opposed to the more desirable bicon-
tinuous microemulsion, where both homopolymers exist
in comparable amounts. Finally, bicontinuous microemul-
sions are stabilized by thermal fluctuations, and there-
fore their monolayers must be highly flexible (i.e., jkj,
jk̄j & kBT ) [5,7].

In principle, achieving a low interfacial tension is a
straightforward matter of adding sufficient compatibilizer
to the blend. It is best that low tensions be attained with
the minimal amount of compatibilizer possible, since it is
generally expensive, but we will not be concerned with
that here. In the polymeric system, a near-zero sponta-
neous curvature is easily achieved by creating symmetric
blends, where the A and B homopolymers each contain
Nh segments and where each block of the copolymer con-
tains 1

2 Nc segments. (Note, we use a standard conven-
tion, where the A and B segments are defined based on a
common volume, r

21
0 .) The stiffness (i.e., k and k̄) of a

saturated (i.e., s � 0) diblock monolayer scales approxi-
mately as x5�6N4�3

c [9], where x is the standard Flory-
Huggins interaction parameter between A and B segments.
© 2000 The American Physical Society
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FIG. 1. (a) Schematic diagram of bicontinuous microemulsion,
where the immiscible components (denoted A and B) form in-
terweaving microdomains with an average equilibrium size of
d�. (b) AB diblock copolymer monolayer separating the A- and
B-rich homopolymer regions. (c) SCFT calculation showing
the two homopolymer concentrations fhn�z� and the profiles
of the two copolymer blocks fcn�z� (n � A or B) for an in-
terface at z � 0. The interface is defined as the point where
fhA�z� 1 fcA�z� � fhB�z� 1 fcB�z�.

Because the flexibility is nearly independent of Nh and be-
cause x is fixed by the temperature and the chemistry of
the polymers, the only way to produce an adequately flex-
ible monolayer is to make Nc sufficiently small.

For polymeric microemulsions, however, a problem
arises, when Nc becomes too small relative to Nh, due to
attractive interactions between the monolayers [10]. The
interfacial energy Fint of two flat monolayers of area A
separated by a distance d can be expressed as

Fint � A�2s 1 V �d�� , (2)

where V �d� is an effective interaction energy per unit area.
From that, the force per unit area between the monolay-
ers is 2V 0�d�, where positive values imply a repulsion.
If, instead, there exists a sizable attraction, the copoly-
mer monolayers will stick together, forcing out the immis-
cible homopolymers, thus causing the blend to macrophase
separate. Our previous calculations [2] indicate that, to
avoid this, Nc must remain slightly larger than Nh. Since
the block copolymer also has to be small enough to pro-
duce a flexible monolayer, this condition severely lim-
its the molecular weight of the homopolymers. In fact,
previous experiments [1] have only produced microemul-
sions at conditions slightly beyond the critical point (i.e.,
xNh * 2) of the two homopolymers. Had these experi-
ments increased their homopolymer molecular weights to
ah � Nh�Nc � 0.8, it may have been possible to sta-
bilize blends with xNh � 10. Nevertheless, this Letter
proposes a method of producing microemulsions at far
higher incompatibilities, where xNh � 100. High ho-
mopolymer molecular weights are absolutely essential, if
the resulting polymeric alloys are to have good mechanical
properties.

Such improvements should be possible provided we can
suppress the attraction between the monolayers. With this
in mind, we turn our attention to the mechanisms respon-
sible for the interaction between the copolymer mono-
layers [9,11]. It is well established that the attraction
originates from the configurational entropy loss experi-
enced by homopolymers when they are confined between
two monolayers. In order to recover this entropy, the
homopolymers tend to migrate towards bulk homopoly-
mer domains. Consequently, the monolayers are forced
together, and hence an effective attraction occurs. For-
tunately, the homopolymers gain a significant amount of
translational entropy by swelling the copolymer brushes.
Because such entropy is lost as the monolayers begin
to overlap, this entropy produces an effective repulsion.
Since the translational entropy is proportional to the num-
ber of homopolymer molecules swelling in the copolymer
monolayers, the strength of the repulsion tends to vary
inversely with the homopolymer size. Our previous cal-
culation [2] predicts that the repulsion will dominate the
attraction provided ah � Nh�Nc & 0.8.

We previously suggested [2] that the attraction would
be suppressed, if the monolayer contained a distribution of
copolymer molecular weights. The polydispersity of the
copolymer blocks would produce a more gradual interface
between the monolayer and the homopolymer. This would,
in turn, decrease the loss of configurational entropy expe-
rienced by the homopolymers [9,11], and thus would re-
duce the attractive interaction. Furthermore, we suggested
that the polydispersity would increase the flexibility of the
monolayers. This latter speculation was based on strong-
segregation calculations by Milner et al. [12] showing that
polydispersity lowers the stretching energy of a polymer
brush. We note that the anionic techniques used to syn-
thesize block copolymers is not well adapted to producing
large polydispersities, and so a more practical solution may
be to simply mix short and long copolymers.
671



VOLUME 85, NUMBER 3 P H Y S I C A L R E V I E W L E T T E R S 17 JULY 2000
In this Letter, we test the above hypotheses by em-
ploying self-consistent field theory (SCFT) to examine
bimodal monolayers formed from short and long sym-
metric (i.e., f � 0.5) diblock copolymers of polymer-
izations, Nc,s and Nc,l , respectively. The copolymer
polydispersity (or, more accurately, bidispersity) will
be specified using the parameter ac � Nc,l�Nc,s, and
the average copolymer polymerization will be defined

as Nc � N
b
c,lN

12b
c,s , where b � Vc,l��Vc,l 1 Vc,s� is

expressed in terms of the interfacial excesses of long and
short diblock copolymers. These excesses are given by

Vc,t �
1

aN
1�2
c

Z `

2`
dz �fc,t�z� 2 fc,t�6`�� , (3)

where fc,t�z� is the usual dimensionless concentration
profile of either the long or short (i.e., t � l or s) copoly-
mer molecules for an isolated monolayer at z � 0. Al-
though the SCFT calculations are rather involved, they are
straightforward generalizations of our previous work [2,9]
for monodisperse monolayers (i.e., ac � 1.0). Below, we
present our results for monolayers at xNc � 50, ah �
Nh�Nc � 2.0, and b � 0.5 as a function of bidispersity
ac. For this highly immiscible system �xNh � 100�, the
bulk copolymer concentrations, fc,t�6`�, are effectively
zero.

Figure 2 demonstrates a substantial improvement in the
monolayer flexibility as the bidispersity ac increases. (The
quantity N̄c � r

2
0a6Nc is the usual invariant polymeriza-

tion index; a typical value is N̄c � 103 [13].) Of the two
elastic coefficients, it is most important that 2k̄ be of order
kBT (see Refs. [5,9,14]), which requires 2k̄�kBTN̄

1�2
c �

0.03. At xNc � 50, the monolayer would normally be
too stiff, but this is no longer the case once the bidisper-
sity reaches ac � 4.0.

Figure 3(a) shows the interaction energy V �d� between
two monolayers as a function of their separation d. For
the monodisperse case �ac � 1.0�, there is a strong at-
tractive well that would bind the monolayers together at

FIG. 2. Bending modulus k and saddle-splay modulus k̄ of
a diblock copolymer monolayer as a function of bidispersity
ac � Nc,l�Nc,s.
672
dmin � 1.10aN
1�2
c . However, this attraction is virtually

eliminated as the bidispersity reaches ac � 4.0. Fig-
ure 3(b) plots the reduction in the depth of the well with
increasing bidispersity. Note that the system can accept a
small attraction as long as the monolayer fluctuations are
sufficient to keep them out of the well. To assess whether
this is the case, we examine the effective repulsion,

Vfluct�d� �
�kBT�2

k�d 2 dsteric�2 , (4)

due to fluctuations calculated by Helfrich [15] for two
flexible layers sterically separated by a distance dsteric
representing the layer thickness. In order to apply this
expression to our bidisperse monolayers at ac � 4.0, we
estimate dsteric � aN1�2, take k�kBTN̄1�2

c � 0.13 from
Fig. 2, and select a typical value N̄c � 103. With these
values, Vfluct�d� is sufficient to wipe out the small mini-
mum in V �d� shown in Fig. 3(a).

We have performed analogous calculations over a
complete range of experimentally relevant segregations
(i.e., 12 & xNc & 200). Over this range, the attraction
can be suppressed up to ah � 2, whereas for monodis-
perse monolayers, it is necessary to maintain ah & 1 [2].
Although the monolayer properties improve monotoni-
cally with increasing bidispersity, they tend to saturate as
ac becomes large. At low segregations, the improvement

FIG. 3. (a) Interaction energy V �d� as a function of separation
d for two monodisperse �ac � 1.0� monolayers and for two
bidisperse �ac � 4.0� monolayers. Solid dots denote the posi-
tion dmin of the attractive wells. (b) Depth of the well 2V �dmin�
as a function of the copolymer bidispersity ac.
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is ultimately limited by the fact that short copolymers will
not segregate to the interface. At stronger segregations
considered here, we have to be conscious that the copoly-
mers may begin to segregate within the monolayers if ac

exceeds �5 (see Ref. [16]). This is an issue that will be
considered in a forthcoming publication presenting a more
thorough study of this system.

The results presented in this Letter represent the high-
est homopolymer incompatibility (i.e., xNh � xNcah �
100) we have found where the improvements derived from
the bidispersity should still be sufficient to form a stable
bicontinuous microemulsion. To compare, present ex-
periments [1] have only produced microemulsions with
xNh � 3. The material properties of any polymeric al-
loy created from a microemulsion depends crucially on the
ability to compatibilize high-molecular-weight homopoly-
mers, and thus our prediction represents a tremendous im-
provement. Furthermore, this improvement is absolutely
free; it is just as easy to add two molecular weights of
diblock copolymer to a blend as it is one. Nevertheless,
further advances could be identified by exploring, for ex-
ample, other molecular-weight distributions or other block
copolymer architectures. Besides the obvious commercial
incentive for such studies, research of this nature will be
important to our basic understanding of microemulsions
and other related phases.

The reduced attraction between copolymer monolay-
ers predicted by our calculation offers potential benefits
for far more systems than simply polymeric microemul-
sions. For example, dispersions of colloidal particles are
often stabilized against flocculation due to Van der Waals
attractions by coating them with polymeric brushes [3].
This is effective when the matrix is a solvent, but this ap-
proach can fail when the matrix contains polymer. The
presence of high-molecular-weight polymer causes an at-
traction between the brushes in the same way it does for
our copolymer monolayers. Again, this attraction could be
suppressed by coating the colloidal particles with polydis-
perse brushes. Another class of systems that could benefit
are the huge variety of composites formed from polymers
and small hard (i.e., ceramic or metallic) particles or fibers
[4]. The configurational entropy loss experienced by the
polymers due to the internal interfaces tends to make the
two materials incompatible, but this problem can be over-
come by coating the hard particles with polymer brushes
[17]. Once again, we suggest that it would be better if
the brushes were polydisperse. To test such ideas, we are
now applying SCFT to examine the interaction between
bidisperse brushes, and our preliminary results confirm our
expectations.

This work was supported by the EPSRC (GR/M18034).
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