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Anisotropy of lamellar block copolymer grains
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The Wulff construction and the theory of Milner and Moif$thys. Rev. E54, 3793(1996] were used to
calculate the shape of grains formed when a lamellar block copolymer phase is formed by a shallow quench
into the ordered state. The calculations show that the grains are ellipsoids of revolution, with an aspect ratio
p=2.37. This value is in reasonable agreement with results of transmission electron microscopy and depolar-
ized light scattering experiments, which indicate that the average valp@fodrains formed during the early
stages of the disorder-to-order transition is about 2.0.
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INTRODUCTION THEORY

The theoretical prediction of grain structure begins with

Block copolymers self-assemble into a variety of equilib-an estimate of the energy penalty for forming an interface
rium ordered phases such as lamellas and cylinders arrangégtween an ordered lamellar phase and a disordered phase.
on a hexagonal latticEL—4]. While the equilibrium proper- We show such an interface in Fig. 1, where the lamellar
ties of these systems are well understood, many questioﬁprmal pOintS in thex direction and the Iame”as lie paraI|E|
regarding the nonequilibrium processes that lead to the fo@ theyz plane. The normal to the planar interface between
mation of ordered phases remain unanswéfedldl. In the  the ordered and disordered phases is at an afgéh re-
present paper we study the shape of weakly ordered grair?é)eCt to thex direction, as shown in F_lg. 1. The mterfaqal
formed during the early stages of the disorder-to-order tran(_anergy,_y(ﬁ) ’ for such an interface, within the square gradient
sition. apprOX|mat|or{19,2q, can be callculated from the results of

The anisotropy of grains formed during the disorder-to-'vIorse ?pdbll\/lllr;er[S],lwho Stu.cl;f.d ttr?e El)amellark_phase O.f_
order transition of block copolymers was first noted in 1995 3YMMENC block COPOyMErs WIthin the Brazovskil approxi

Hashimot d Sak 0 studied elect . h ation for the effect of concentration fluctuatid2d]. From
ashimoto and Sakamoto studied electron micrograpns g. (A10) of Ref.[5], we obtain the following expression for

partially ordered lamellar b,IOCk cqpolymer SamP'eS' and Obblock copolymer grains at the order-disorder transition tem-
served the presence of anisotropic lamellar grains embedd%rature:

in a disordered matriXx8]. Newsteinet al. found that the
depolarized light scattering patterns obtained during the ()= yo(1+ a cos 6)Y2. (1)
disorder-to-order transition of a block copolymer with cylin- o

For a symmetric diblock copolymer=4.65[5]. The pref-

drical morphology exhibited fourfold symmetry7]. This _
was interpreted as a signature of anisotropic grains. Subsg-Ctor in Eq.(1), yo, depends on a number of parameters as

: . escribed in Ref[5], but its value is not relevant for the
quent experiments conducted by b(.)th groups on a variety Opresent calculation. We thus see that the anisottégiepen-
block copolymers confirmed the anisotropy of block copoly-
mer graing9-13,15,18 It was recognized that these results
are not entirely surprising because the anisotropy of grains of y
liquid crystalline materials is well establishgti7], and both
lamellar and cylindrical phases of block copolymers have
liquid crystalline symmetry. However, a quantitative under-
standing of the factors that control the observed shape of 0 .
block copolymer grains does not exist. Grain anisotropy may disorder
be due to kinetic effects such as anisotropic growth rates
along the liquid and crystal directions of the grain, or ther-
modynamic effects such as anisotropy of interfacial energy.

In this paper we compute the shape of grains formed by X

block copolymers with lamellar order assuming that thermo- £ 1. schematic view of an interface between ordered lamel-
dynamic effects are dominant. The calculations are comparegs and the disordered phase and definition of the coordinate
with experimental data reported in RE¢L8]. system.
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dence of the interfacial energy is independent of chain
length, temperature, etc. It is evident from Ed) that the
interfacial energy is larger when the lamellar planes are in
contact with the disordered phasg=0) than the case when
the edges of the lamellas are in contact with the disordered
phase @= w/2). This anisotropy will lead to grains that are
elongated in the direction. It is important to note that in the
mean-field limit, the interfacial energy vanishes for the
= /2 cas€1]. This would lead to the formation of needle-
shaped grains with an infinite aspect ratio. The fluctuation
corrections that were included by Morse and Milhgt are
therefore crucial for obtaining ordered grains with a finite
aspect ratio. FIG. 2. Theoretically predicted grain shape for symmetric block
The Wulff construction19] leads to a prediction of the Ccopolymers, which is an ellipsoid of revolution with aspect ratio
shape of the lamellar grain that minimizes the total interfa-?=2-37.
cial energy for a given grain volume. The coordinatey) of
the surface of a grain with lamellar normal along thaxis,  weight-averaged molecular weights of both polystyrene and
in equilibrium with a disordered phase, are given by thepo|yisoprene blocks were determined to be 6 kg/[('pmﬂy_

equations dispersity index 1.06). The order-disorder transition tem-
« d2y perature of S6-6) was determined by the birefringence
— = —(sing)| y+ _2} 2) method and found to be 741 °C. The periodic repeat dis-

do do tance of the lamellar phase, determined by small angle x-ray

scattering, was 1#1 nm. The ordered grains formed after
quenching the sample from the disordered state to 72°C
d?y (2 °C below the order-disorder transition temperatwere
y+ d_az} 3 studied by depolarized light scattering and transmission elec-
tron microscopy(TEM). Two samplesSe,y andSyye, Which
where @ is the angle between the normal to the grain boundwere tempered at 72 °C for 125 and 350 min, respectively,
ary and thex axis. Substituting Eq(l) into Egs.(2) and (3) were analyzed.

and

dy
d—a—(cosﬂ)

with boundary conditionsx(6=7/2)=y(#=0)=0 yields In Figs. 3a) and 3b) we show typical TEM micrographs
the contours of the grain surfae¢d) andy(#6): from Sgany aNd Sy respectively, wherein ordered grains with
long range ordeflamellar stacksare seen to coexist with a
c(1+ a)cosé disordered fluid22]. The disordered state is characterized by
x(6)= J1+acog 6 ) periodic concentration fluctuations without long range order.
A wide variety of grain shapes can be seen in the two micro-
and graphs shown in Fig. 3. The micrographs were analyzed by
the local Fourier transform method, as described in Re,
csiné to distinguish between the ordered grains and the disordered
y(0)= m* 5 background. The results of this analysis on the micrographs

in Figs. 3a) and 3b) are shown in Figs. @) and 4b), re-
where the parameter is a multiplying factor fixed by the spectively. The black regions in Fig. 4 indicate the regions

volume of the grain. containing ordered grains. In Figs(aB and 4a) we see a
It is straightforward to show that the grain boundary de-large grain with an approximately elliptical cross section that
scribed by Eqs(4) and(5) is an ellipse defined by is qualitatively similar to the cross section of the grain shown

in Fig. 2. However, many other grains with complex nonel-
X s lipisoidal shapes are also seen in the micrographs. We ob-
1ra Y =¢" (6)  tained ca. 60 such micrographs froB,ny and S, and
subjected them to the analysis described above. The
The grain shape is obtained by rotating the ellipse define@nsemble-averaged properties of the grain structure, obtained
by Eq.(6) about thex axis, and this is shown in Fig. 2. The from this analysis, are summarized in Table |. The TEM data
predicted aspect ratip, the ratio of the major axis to the indicated that the ordered grains occupied about 3% of the
minor axis, of lamellar grains formed by symmetric block sample volume irS.,,, and about 7% of the sample volume

2

copolymers is thus/1+ a, i.e. 2.37. in Siae- The average aspect rafiowas 2.0 forSeqny and 1.5
for S,e. These results were in agreement with the average
COMPARISON BETWEEN THEORY AND EXPERIMENTS grain aspect ratio determined by depolarized light scattering

(Table I, see Ref[18] for more details An advantage of
The experiments in Ref[18] were conducted on a depolarized light scattering is the direct relationship between
polystyrene-polyisoprene diblock copolymer,(86). The ensemble-averaged properties of the grains and the raw data.
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(b)

b
( ) FIG. 4. Results of the Fourier transform analysis of the micro-
FIG. 3. Typical transmission electron micrographs obtainedgraphs in Fig. 3(Figs. 4a) and 4b) correspond to Figs.(d) and
from (a) Seany @and(b) Sie Showing the presence of ordered grains 3(b), respectively. The ordered regions are denoted by black
surrounded by a disordered fluid. squares; the disordered regions are denoted by white squares; and
the regions where the distinction between order and disorder could

The values o obtained fromS, 4, by both electron micros- not be made are denoted by gray squares. Scale is identical to

copy and light scattering are in reasonable agreement witﬁ'g' 3.
the theoretical prediction of 2.37. It is important to note that
our theory applies to the early stages of grain growthplexity requires a more refined analysis wherein penalties for
wherein their growth is not affected by the presence ofdeviations(or fluctuation$ from the optimal grain shape are
neighboring grains. At later stages, grain growth is affecteccomputed. In the presence of such deviations, it is reasonable
by the presence of neighboring grains, and this leads to @ expect the equilibrium calculation to give the average
reduction in grain shape anisotropy2]. The slight differ-  grain anisotropy.
ence in grain anisotropy betwe&,, and S, may be due
to this effect.

If our data were in perfect agreement with the proposecg
model, then all of the cross sections of the grains would be
ellipses of various sizes with aspect ratios of 2.37 or less

TABLE |. Experimentally determined grain anisotropy in
I(6-6) taken from Ref[18].

Grain aspect ratiop

(depending on the angle between the plane of the micrograph Grain volume

and the lamellgs The wide variety of grain cross sections Sample fraction Electron microscopy  Light scattering
seen in Figs. 3 and 4 indicates that the complexity of grainsearly 0.03 20 19
structure in our block copolymer is not entirely captured bys,_ 0.07 15 16

the proposed theory. Understanding the origin of this com
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CONCLUSION is due to the anisotropy of interfacial energy between the
Prdered and disordered phases. This work lends support to
previously developed models for analyzing depolarized light
scattering profiles from block copolymef8-13 wherein

The WuIff construction was used to predict the shape o
grains formed by symmetric block copolymers during the
d|s_ord¢r-to-o_rder transition. .Trle grains are p_redlcted t_o b e shape and correlation functions of ordered grains were
ellipsoidal with an aspect ratip=2.37, irrespective of chain L

o . assumed to be ellipsoidal.
length, Flory-Huggins interaction parameter, temperature,
and pressure. The theory applies to noninteractifyte)
grains grown at equilibriunti.e., at an infinitesimal quench ACKNOWLEDGMENTS
depth. The prediction is in good agreement with the average
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