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Grain Growth and Defect Annihilation in Block Copolymers
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The time dependence of the size, shape, and concentration of ordered grains in a quenched block
copolymer melt was studied by depolarized light scattering. Block copolymers are ideal systems for
kinetic studies because the single scattering limit applies during all stages of grain growth. In the early
stage, where the grains grow by consuming the disordered phase, grains have an elongated shape with
an average aspect ratio of about 4. In the late stage, where the grains grow by defect annihilation, the
grain growth occurs only along the minor axes. [S0031-9007(96)01425-1]

PACS numbers: 83.70.Hqg, 81.05.Rm

Equilibrium properties of periodic, ordered phasesstyrene and polyisoprene blocks were determined to be
formed by amphiphilic molecules such as surfactants4 and 13 kgmol, respectively, the polydispersity index
phospholipids, and block copolymers have been studiedf the copolymer= 1.07, and we refer to this polymer
extensively [1]. However, relatively little is known about as Sl(4-13). The equilibrium properties of this sample
the kinetics of order formation [2]. When these materialswere obtained from high resolution x-ray scattering ex-
are subjected to a quiescent quench from the disordergebriments [11]. The block copolymer forms an ordered
state to the ordered state, the coherently ordered regionghase consisting of hexagonally packed polystrene cylin-
which we refer to as “grains,” are expected to formders embedded in a polyisoprene matrix. The intercylin-
with random orientation. In the early stages, depicted irder spacing is 157 A, and the cylinder radius is 40 A.
Fig. 1(a), these grains will grow at the expense of the disThe sample exhibits an order to disorder transition when
ordered phase. This will continue until the grains occupyheated abové9 = 1°C.
the entire sample volume. In this state, coherent order A 0.5 cm thick SI(4-13) sample, confined between op-
is disrupted by topological defects which can be eithetical flats, was quenched quickly (in 5 min) from the dis-
point, line, or wall imperfections, or continuous changesordered state (7TC) to the ordered state at 56. The
in local microstructure orientation [1]. Subsequent grainsample was in the rubbery state at all times (the glass
growth, depicted in Fig. 1(b), must occur by motion andtransition temperature of the polystyrene block, measured
annihilation of these defects. The quantities of fundaby differential scanning calorimetry, was %1). The
mental interest are the size, shape, and concentration oharacteristics of the ordered grains were monitored as a
the coherently ordered regions. In this paper we preserftinction of time by depolarized light scattering. The appa-
the first measurements of the time evolution of theseatus used is shown schematically in Fig. 2(a). A 100 mW
guantities in a block copolymer melt, using depolarizedsolid-state laser with wavelength= 0.532 um was used
light scattering [3]. In previous experiments, small angleas the source. The scattering profile ws projected on a
x-ray scattering was used to study the kinetics of orderingcreen and recorded by a charge coupled device camera.
in block copolymers [4,5]. While clear signatures of Coordinates in the scattering plane are determined by two
the development of the ordered phase were evident iangles,# andu [see Fig. 2(a)]. The radii of the SI(4-13)
these experiments, grain characteristics could not be deylinders are much smaller than the wavelength of light
termined [6]. and are not probed directly. However, the ordered grains

Defect dynamics and annihilation in ordered phased®ehave the same as optically uniaxial crystals with the op-
formed by symmetry-breaking phase transitions are sultic axis oriented along the cylinders, and these structures
jects of considerable interest [7—9]. It has been proposedre responsible for depolarized light scattering [12]. The
that defect dynamics in materials such as liquid crystalsample remained essentially transparent during all stages
and superfluidtHe is analogous to that involved in cos- of grain growth due to the weak optical anisotropy of the
mology [8,9]. Yurke and co-workers have studied defecigrains. The difference in refractive indices parallel and
annihilation in nematic liquid crystals [10] where the local perpendicular to the optic axis is estimated td be* [11].
order was described by a single correlation length. In conMultiple scattering was therefore negligible.
trast, we find that two length scales are needed to describe In Fig. 2(b) we show typical two-dimensional scattering
the local correlations in the block copolymer sample studdata, obtained at = 500 min. Time zero is defined as
ied here. the time at which the quench was initiated. It is evident

A polystyrene-polyisoprene diblock copolymer wasthat the scattering profiles depend on bétand . For a
synthesized by anionic polymerization under high vac-given @, the scattering profile exhibits fourfold symmetry
uum. The weight average molecular weights of the poly-with maximum intensity inu = 7 /4 + nw /2 directions,
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FIG. 1. A schematic representation of the two regimes of order formation in block copolymers. (a) Grain growth occurs at the
expense of the disordered phase. (b) Grain growth occurs due to defect annihilation.

and minimum intensity in thee = nr/2 directions fiis  single scattering limit/ (0, w), from a randomly oriented
an integer). The methodology for analyzing such scattereollection of grains described by Eq. (1) can be computed
ing patterns was pioneered by Stein and co-workers [13Jusing the Born approximation [3,13]:

The lack of azimuthal symmetry in the scattering profile

indicates that the correlations within a grain cannot be de- 16, n) = KW2L{C(0) + D(0)coddp)}. (2)
scribed by a single parameter. The simplest grain model

consistent with the symmetry of the scattering profile is on& s an optical constant is the volume fraction occupied

in which the correlations within a grain are described bypy grains, and function§(9) andD(6) are given by
two length scaled,, along the optic axis, an@/, perpen-

dicular to that axis. In our moded;(r’, r"’), the probability B @PW | (7 .

that two locations in the sample defined by vectdrand C(0)=expg ——, fo dasin’ a exf—B(a)l[B(a)],

r’ lie in the same grain, is given by 22 o (3)

. (] — 2 - _4 i _

ci' ') = exp{—[g (r;2 r’)] } D(6) exr{ 2 }fo dasin’ « exd—B(a)]L[B(a)],

y eXp[_[l (' =) +[m - (r’—r”)]z} where g =4msin0/2)/A, B(a) = (g*W?2/8)[L2/W? —
w2 ’ 1]si® «, and I,, is the modified Bessel function of
(1)  orderm.

where g is a unit vector in the direction of the optic  In Fig. 3, we plot the scattering intensity versyalong

axis, and{g./,m} constitute an orthogonal set of unit the x = 0 andu = 7 /4 directions for the data obtained

vectors. The depolarized light scattering intensity in thedt? = 500 min [same data are shown in Fig. 2(b)]. Each

data set represents averages over the four degenerate di-
(a) at
=
I/

- rections. For reference, we also show the scattering pro-
file measured prior to the quench, which is presumably
Incident Laser | /
(b = 532 nm) Sample
(b}

due to instrumental imperfections and small depolarized
contributions from the disordered state. The grain dimen-
sions were obtained by fitting the experimental data (af-
ter subtracting the disordered state signal) to Egs. (2) and
(3). The curves in Fig. 3 represent the best theoretical fits
p=0 =i through the data with andW as adjustable parameters—
see [14] for details. It is evident that the theory captures
the essential features of the experimental data. Quanti-
tative agreement between theory and experiment requires
exact expressions for the correlations at all length scales
and in all directions. We note that even in simple, disor-
dered systems, with a single correlation length, different
functional forms of the correlation function are required
to fit the low q and the highq data [15]. Much less is
FIG. 2. (a) A schematic of the experimental apparatus use!fnown abput locally anisotro_pi(;, partially ordered materi-
to measure the depolarized scattering intensity profiles. (b@!S [2]. Given these uncertainties, the agreement between
Typical two-dimensional data, obtainedsat 500 min. theory and experiment is reasonable.
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FIG. 3. Depolarized scattering intensity dath, versus q

along u = 0 (filled circles) andu = 7 /4 (unfilled circles)

during this period could not be measured. The scattering
profiles obtained at later times were similar to those
shown in Fig. 3, and- and W values at different times
were estimated by the procedure described in the previous
paragraph. We find that, f®@00 < ¢ < 1000 min, both

L and W increase with time. However, there is no
systematic change in the ratio/W during this time,
which fluctuates around a mean value of 4.2. This is
shown in Fig. 4(b). In this time window, we thus observe
the growth of elongated grains whose average aspect ratio
is conserved. A possible explanation for the anisotropic
grain shape is that the interfacial tension between the
sides of the cylinders and the disordered phase is less
than that between the ends of the cylinders and the

directions, obtained at = 500 min [same data is shown in disordered phase. A qualitative change in the grain

Fig. 2(b)]. The curves are the theoretical scattering profilegrowth characteristic occurs at= 1000 min.

Beyond

along the u = 0 (solid line) and u = 7 /4 (dashed line)
directions withL = 9.82 um andW = 2.52 um. The crosses
represent data obtained in the disordered stateyQ@Qvhich

were independent of.

this point, we find thatl. does not change significantly
and appears to reach a plateau of abouu22 while W
continues to increase with time.

In Fig. 4 we show the time dependence bf W,

and L/W. At times less than 300 min the depolarized (v = w?2L).

To understand the changes occurring at 1000 min,
it is necessary to compare the time dependence of
the volume fraction of grains¢, and grain volumeV
According to Eq. (2), the ratid(0)/V is

scattering signal was comparable to that obtained in thgroportional to¢. I(0) is the intensity asy — 0. At
disordered state. Therefore, structural changes occurringng times we expect the entire sample to be occupied by
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FIG. 4. The time dependence of (&) (squares) andw

(circles), and (b)L/W.

grains, i.e.,¢p(r — ») = 1. The proportionality constant
between ¢ and 7(0)/V was estimated by assuming
that ¢ = 1 for the data obtained at > 2000 min;
1(0)/V was nearly constant in this time window. It is
difficult to imagine a mechanism by whicl in a one
component system would asymptotically approach a value
that was different from unity. In Fig. 5, we show the time
dependence o¥ and ¢. Note that these two quantities
are essentially independent of each oth¥&tis obtained
from the angular distribution of the scattered light and
is not affected by the absolute intensity [14], whieis
directly proportional to the absolute intensity. It is evident
from Fig. 5 that forr < 1000 min, the slopes o andV
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FIG. 5. The time dependence of grain volumé,(circles),

and volume fraction occupied by graing, (triangles). The
lines represent power law fits through the early- and late-stage
V(t) data.
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with respect to time are nearly identical. The increasestage we find that /W decreases with time. This appears
in grain volume fraction with time is thus due entirely to be the most efficient path for reducing defect density in
to the growth of existing grains and not to the formationsystems in which the local order is characterized by two
of new grains. This is a characteristic of heterogeneoukength scales.

nucleation and growth. Grain growth after= 1000 min We acknowledge helpful discussions with Dave Pine
requires annihilation of defects because the entire samplnd Jacqueline Goveas, and financial support provided by
is occupied by grains. The onset of the plateali,iseen the National Science Foundation to Polytechnic Univer-
in Fig. 4(a), occurs at the same time. Defect annihilatiorsity (Grants No. CTS-9308164, No. DMR-9307098, and
in this sample thus occurs preferentially along the minoMNo. DMR-9457950).

axes [ andm) of the grains.

Our conclusion that the mechanism for order formation
in SI(4-13) is nucleation and growth is in agreement
with the theory of Fredrickson and Helfand [16], which
includes fluctuation corrections to the mean-field theory
[17]. The (uncorrected) mean-field prediction is that Crystals(Oxford, New York, 1993). 2nd ed.

grder forma}non in SI(4-13) should Occurf by Spf:nOd.aI [2] M. Seul and D. Andelman, Scien@§&7, 476 (1995).
ecomposition [17]. We are not aware of any theories 3] M. C. Newsteinet al., Macromolecule$8, 4587 (1995).

of grain growth that are directly applicable to the kinetic 4] ¢ R. Harklesset al., Phys. Rev. Lett64, 2285 (1990).
data that we have obtained. Fredrickson and Binder havgs] B, Stuhn, A. Vilesov, and H.G. Zachmann, Macro-

conducted a theoretical study of nucleation and growth  molecules27, 3560 (1994).
of spherical grains of a lamellar block copolymer phase [6] In principle, the width of the x-ray peak is related to the
[18]. They found unusually small nucleation barriers grain size. However, experiments have shown that there

[1] P.G. de Gennes and J. ProdSthe Physics of Liquid

and critically slowed growth kinetics. Since the ordering is no measurable change [4], or, at best, a qualitative
process involves molecular motion, a simple estimate for ~ change [5] in the Bragg peak width during ordering. The
the rate of grain growth is given bR,/r, whereR, is insensitivity of x-ray scattering data to grain size was

: : _ shown in model calculations by Hashimatbal. [7].
the radius of gyration of the SI(4-13) molecule (4.6 nm [7] T. Hashimotoet al. Macromoleculed, 364 (1974).

[11]), aqdr is the longest relaxati_on time [1 sec, based on [8] W. H. Zurek, Nature (London}17, 505 (1985).

rheologlcal measurements on _(jlsqrdered SI(4-13)]. ThIS[g] I. Chuanget al., Science251, 1336 (1991).

gives a rate of 0.3:m/min which is much larger than [10] R. snyderet al., Phys. Rev. A45, R2169 (1992).

measured values ofL/dt and dW/dt during the early [11] D. Perahiaet al., Macromolecule7, 7645 (1994).

stage:2 X 1072 and 5 X 1073 um/min, respectively. [12] W.L. Bragg and A.B. Pippard, Acta Crystallogr. Sect. B

This is typical of systems with critically slowed growth 6, 865 (1953).

kinetics. [13] R.S. Stein and P.R. Wilson, J. Appl. Phy33 1914
The time dependence of the average grain size during (1962). o

the late stages of ordering is expected to obey a powet4] For ellipsoidal grains with.0 = L/W = 5.0, the g de-

law: V ~ ¢# [19]. Yurke and co-workers found that pendence of the theoretical scattering profiles [Egs. (2)

B = 1.0 in nematic liquid crystals [10]. If we fit the and éIS)]dann%Md=bO é‘nd ™ /4 fdlregtlons ilwere rea-

time dependence df obtained from SlI(4-13) (which is sonably described by Gaussian functions, iféu, 0) =

S I1(0)exp(—R%24%), u = 0 or 7 /4. This is the exact re-
a columnar liquid crystal [1]) to power laws, then we sult for L/Vf; — 1.0. We found the following approxi-

obtaing = 3.45 * 0.14in the early stager < 800 min), mate linear relationships between the grain parameters.
and g = 1.20 = 0.13 in the late stagds > 1200 min). L and W, and the widths of the theoretical scattering
While the similarity in the late stage results obtained profiles, R, /4 andRy: (@) L/W = 13.2 — 12.2[R/4/Ro];

in block copolymers and in nematic liquid crystals is (b) Ro/W = 0.23 + 0.25[L/W]. The parameterg, and
encouraging, clearly, more work is required to establish  R,/4 were thus obtained from Gaussian fits of the ex-
the general principles of defect annihilation in these  perimental data along. = 0 and 7/4; (a) was used to
systems. Block copolymers are good models for such  estimateL/W, and (b) was used to estimafé _
studies because the single scattering limit applies even 2 W-H. Flygare, Molecular Structure and Dynamics
the late stages. (Prentice-Hall, Englewood Cliffs, NJ, 1978), Chap. 8.

To summarize, we have identified two stages of ordelml aélél%;:redrlckson and E. Helfand, J. Chem. PIg/.697

formation in SI(4-13): an early stage where grain growth[17] L. Leibler, Macromoleculed3, 1602 (1980).

occurs at the expense of the disordered phase, and a 18] G. H. Fredrickson and K. Binder, J. Chem. Prgs, 7265
stage where grain growth occurs by defect annihilation. ~ (1989).

In the early stage we find that, on average, grains argi9] T. Ohta, D. Jasnow, and K. Kawasaki, Phys. Rev. Lett.
elongated, with an aspect ratio/W = 4. In the late 49, 1223 (1982).
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