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Effect of Block Copolymer on the Electric Field 
Induced Morphology of Polymer Blends 

Introduction. Moriya et al.l were the first to dem- 
onstrate that anisotropic structures in blends could be 
generated by applying ac electric fields to solvent-free 
blends of poly(ethy1ene oxide) (PEO) and polystyrene (PS), 
suggesting a new approach for the modulation of polymer 
blend morphology. More recently, some of us reported 
the effect of a dc electric field on blends of PEO and PS 
(10/90 by weight) during film casting from cyclohexanone2 
or toluene3 as a function of molecular weight and field 
strength. Elongated PEO domains were observed using 
PEO of M, of about 100 OOO. Only pearl chains of PEO 
spheres were observed when a relatively low molecular 
weight (M, = 8000, M, = weightcaverage molecular weight) 
PEO was employed, even at applied fields of 10 kV/cm. 
In this paper, we discuss the effect of added diblock 
copolymer (PS-b-PEO) on the morphologies of PEO (M, 
ca. 10 OOO)/PS (M, ca. 210 OOO) blends cast from cyclo- 
hexanone in an electric field. We show that elongated 
PEO phases can form in this system at low applied fields 
(3 kV/cm) with added diblock copolymer and suggest that 
these are stabilized as a result of a lowering of the interfacial 
tension between PEO and PS. 

Experimental Section. Polystyrene, Mw = 210 OOO 
(Aldrich), was purified by dissolution in chloroform and 
precipitation in methanol. Poly(ethy1ene oxide), M, = 
loo00 (Aldrich), was dissolved in chloroform and pre- 
cipitated from hexane. Poly(styrene-b-ethylene oxide), 
80/20 wt % , was prepared by living anionic polymeriza- 
tion in THF using a procedure analogous to that employed 
by O'Malley and Mar~hessault.~ 

Cyclohexanone (99.8%, Aldrich) was dried over mag- 
nesium sulfate and distilled under reduced pressure. All 
other solvents used were reagent grade and were used as 
received. All polymers were dried under vacuum and 
subsequently stored in a desiccator. Polymer solutions 
contained 4% w/v of a 10/90 wt % blend of PEO/PS in 
cyclohexanone. Block copolymer was added to produce 
compositions listed in Table I. The total weight percent 
of PEO in all samples is comparable. Aluminum inter- 
digitated array electrodes were fabricated photolithograph- 
ically on glass substrates using standard procedures.6 The 
eight fingers (ca. 5 cm in length and 5 mm wide) had a 
spacing of 2 mm. 

A few drops of solution were placed on two fingers of 
the array at a time, and then the entire array was covered 
with a Petri dish. The solvent was allowed to slowly 
evaporate while an electric field of 3 kV/cm was a~pl ied .~  
Films were examined using a Leitz Laborlux 12 pol optical 
microscope equipped with a Wild Leitz M P S  Photoau- 
tomat camera. Film thicknesses were found to be ap- 
proximately 25 pm by means of micrometry. 

Results and Discussion. Figures 1-4 are optical 
micrographs of the final f i i  morphology of samples having 
the compositions listed in Table I which were cast in the 
absence of an electric field (a) and in a 3 kV/cm applied 
field (b). In Figures la-4a, it is observed that increasing 
the block copolymer content reduces the phase size. This 
is the well-known emulsifying effect which is due to a 
reduction in interfacial ten~ion.~*~ 

It is evident that the domain size is larger when films 
are cast in the field.1° This was consistently observed by 
us with PEO/PS blends that did not contain block 
copo1ymer2v3 and may be due to partial coalescence of the 
domains. However, we note that phase-separation dy- 
namics may be different in an electric field, and this issue 

Table I 
Compositions of Blende 

PS-b-PEO, PEO, PS, t0tdPE0, 
sample wt% w t %  wt% wt% 

~ ~~ 

1 10.3 89.7 10.30 
2 0.6 10.0 89.4 10.12 

10.58 3 1.9 10.2 87.9 
4 4.6 9.5 85.9 10.42 

a) b) 

Figure 1. Optical micrographs of sample 1 cast in the absence 
of an electric field (a) and in a 3 kV/cm field (b). The arrow 
indicates the applied field direction and points toward the 
negative electrode. 

-4 . .. "* e e .. 
* o  -.*e= . m e  

' 0  

:* ** 
e *  .* :* 

",T 
4. .: **=* \ 

8 *.e *a 

% *.**;**** * 
-0 f.  - "*.. :* 

e ,  b.4.: e- 

e. 

' *, 

0. 0 

e .  . o s * .  . 
*e e .  

* .  

..e. e .  

.* *. H .*: 
20 pm 

e *  . .  
. .  . 

a) b) 
Figure 2. Optical micrographs of sample 2 cast in the absence 
of an electric field (a) and in a 3 kV/cm field (b). 

a) b) 

Figure 3. Optical micrographs of sample 3 cast in the absence 
of an electric field (a) and in a 3 kV/cm field (b). The slanting 
of the pearl chains is probably due to nonuniform fields generated 
by the solvent on the electiode array. 

is presently under investigation. Of particular interest is 
the observation that, at sufficiently high block copolymer 
concentration (sample 4, Figure 4b), elongated phases are 
observed in the film. We have not seen these in PEO (M, 
ca. SOOO)/PS blends in the absence of block copolymer, 
even at applied fields of 10 kV/cm. 

The theory of Garton and Krasuckill predicts the field 
strength, EDF, that causes a sphere to deform to a prolate 
ellipsoid with a specific aspect ratio, 7, will decrease with 
decreasing interfacial tension between the phases, for a 
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a) b) 

Figure 4. Optical micrographs of sample 4 cast in the absence 
of an electric field (a) and in a 3 kV/cm field (b). 
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a) b) C) 

Figure 5. Optical micrographs of a solution sample 1 in cy- 
clohexanone during solvent evaporation while subjected to an 
applied field of 3 kV/cm. (a) Fluid solution showing elongated 
phases, some of which are in the process of ejecting smaller 
droplets. (b) About 20 min after Figure 5a, showing pearl chains. 
Note that the domains are somewhat elliptical, indicating that 
they are experiencing deformation by the applied field. (c) About 
30 min later, showing pearl chains of spheres. The PEO domains 
retract presumably due to the increasing interfacial tension during 
solvent evaporation. 

constant sphere radius, according to eq 1. Here u is the 

interfacial tension, 230 is the initial radius of the sphere, 
€1 and €2 are the dielectric constants of the matrix and 
dispersed phases, respectively, and G and HI are functions 
of y. Preliminary experiments with the binary PS/PEO 
blend (sample 1) indicate that elongated PEO domains 
first form during casting from cyclohexanone in an electric 
field, and these begin to break up into smaller entities as 
solvent evaporates (Figure 5a). The smaller entities then 
form pearl chains (Figure 5b) and retract12 (Figure 5c) 
during the later stages of solvent evaporation. It is 
important to note that interfacial tension is expected to 
increase as solvent is removed, and the break up of 
elongated domains may be the result of this increase, 
leading to stabilization of spheres vs elongated phases.13 
Moriya et al.' also observed that elongated PEO phases 
in PEO/PS melts may become unstable and break up to 
form pearl chains. These observations are also reminiscent 
of the disintegration of threads of a molten polymer in a 
molten matrix of another, a phenomenon known as a Ray- 
leigh in~tabi1ity.l~ It is also observed that if the threads 
are too short they retract into spheres.12 

The added block copolymer in our samples can en- 
courage the formation of elongated phases in two ways. 
First, the interfacial tension may remain low even as solvent 
evaporates, allowing a low field for elongation (see eq 1) 
to prevail. Second, the lower interfacial tension can help 
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to retard the breakup of the elongated phases. Elongated 
liquid phases or "threads" (e.g., induced in a shear flow) 
in immiscible mixtures are susceptible to sinusoidal 
disturbances which lead to break up into dr0p1ets.l~ This 
is driven by the interfacial tension between the compo- 
nents. Surfactants are known to decrease the rate of thread 
di~integrati0n.l~ Interestingly, it has recently been re- 

that a diblock copolymer can increase the stability 
of the molten polymer threads in another polymer matrix 
due to a reduction in interfacial tension. We therefore 
suggest that the elongated phases which form initially 
during casting of sample 4 (Figure 4b) can be stabilized 
toward disintegration into smaller phases by the block 
copolymer. 

In summary, we have shown that elongated PEO phases 
are found in ternary PS/PEO/PS-b-PEO films cast in an 
electric field and containing ca. 4 % by weight PS-b-PEO. 
It is believed that the elongated domains are initially 
formed more easily and are stabilized toward breakup as 
a result of a lowering of the interfacial tension between 
PEO and PS. These elongated phases are not observed 
in the absence of diblock copolymer even at much higher 
applied fields. 
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