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ABSTRACT: Dynamic light scattering in the depolarized geometry has been used to investigate the behavior
of solutions of an asymmetric diblock copolymer in a nonselective good solvent near the order—disorder
transition (ODT), as a function of concentration, temperature, and scattering vector, g. A new g?-dependent
relaxation with g-dependent amplitude and depolarized intensity appears in the correlation function when
the solution crosses from the disordered into the ordered state, which is accompanied by a significant increase
in the depolarized intensity. This is attributed to the formation of grains of coherently-ordered long cylinders
in the ordered state, with estimated coherence length of O (um), that gives rise to a large form anisotropy
in the microstructured solution. The coupled translational/rotational motion of these orientationally
uncorrelated grains explains the observed diffusive relaxational dynamics.

Introduction

It has been recognized long ago that many experimental
difficulties one encounters when investigating the rich
variety and diversity of phase morphologies and the
resulting phase transitions in diblock copolymers!? are
greatly alleviated when solvent is added to the melt. For
a good solvent with roughly equal affinity for both blocks,
the diblock copolymer solution is expected to exhibit
thermodynamic effects similar, to the undiluted melt. In
such solutions the unfavorable interactions between the
blocks are diluted by the solvent and, thus, the phase
transitions may be more easily accessed for copolymers
with relatively high molecular weights. Furthermore,
equilibrium is more easily attained than in the melt. The
effect of nonselective (neutral) solvents on the phase
transitions in diblock copolymers has been investigated
both experimentally®-® and theoretically.10-14

The ensemble of molecular configurations that produces
the minimum overall free energy represents the equilib-
rium state of a block copolymer melt. The equilibrium
phase morphology of a diblock copolymer, consisting of
a contiguous linear sequence of polymerized monomers of
species A covalently bonded to a second contiguous linear
sequence of polymerized monomers of a different chemical
species B, isdetermined by the overall number of segments,
N, the overall volume fraction of segments A, f, and
the Flory-Huggins interaction parameter x = xs + xu/T
with xu > 0, xg constants, and T the absolute temperature.
Due to both enthalpic and entropic contributions, it is the
product xN that dictates the morphology for a certain f.
By increasing N and/or lowering the temperature (in-
creasing x), an initially homogeneous melt undergoes a
disorder-to-order transition!>-2! (ODT) toward a mi-
crophase characterized by a long-range coherent order in
its composition. For even higher xV, highly organized
periodic domain microstructures exist.2>%5 Seven types
of ordered phase symmetries have been identified as a
function of f: two types of body-centered-cubic spherical,
two hexagonally-packed cylindrical, two types of an
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ordered-bicontinuous-double-diamond, and a lamellar
morphology.

The early approach when investigating the behavior of
diblock copolymer solutions was to adopt the “dilution”
or “pseudobinary” approximation,23512 which states that
the phase diagram of a copolymer solution in a nonselective
solvent and its radiation scattering may be obtained by
the corresponding melt phase diagram by replacing x, the
radius of gyration R, and the scattering power, (a - )2,
by ¢x, Rg, and ¢(a-b)?, respectively, where ¢ is the volume
fraction of polymer in the solution. Careful examination
of the validity of the pseudobinary approximation for both
experimental and simulated data® showed that the ap-
proximation works better for the higher values of N, ¢,
and x and for diblocks that deviate only slightly for the
nonselectivity (xas =~ xgs) and the “optical theta condi-
tion”,26 where xxs is the interaction parameter between
block segment K and solvent. For high concentrations
and/or low temperatures (high x) a long-range coherent
periodic microstructure has been obtained?® with char-
acteristic dimensions in agreement with mean-field strong-
segregation theories of copolymer solutions;!%%3 for low
concentration and/or high temperature homogeneous
solutions have been observed?? with the structure factor,
S(g), measured by small-angle X-ray scattering showing
the characteristic correlation hole maximum!5 at a wave
vector g* independent of both ¢ and T and a magnitude
increasing with increasing ¢ and/or decreasing tempera-
ture, similarly to the behavior of S(g) of homogeneous
diblock copolymer melts.

In this paper, we present the first depolarized dynamic
light scattering investigation of the behavior of asymmetric
diblock copolymer solutions in a nonselective solvent as
a function of temperature and polymer concentration. A
new relaxation process is observed at temperatures and/
or concentrations just below the ODT. This process has
a g®-dependent relaxation rate and an amplitude and
intensity that depend on q. The mode does not exist at
temperatures and/or concentrations above the ODT. The
appearance of the mode is accompanied by a significant
increase in the depolarized light scattering intensity. We
will show that these findings may be attributed to the
development of large anisotropic “grains”, i.e., regions in
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which the orientation of the microdomains is coherent,
which result in a significant form of anisotropy in the
microstructured solution. The dynamics observed is due
to the diffusive motion of these grains that induce changes
in the polarizability of the system.

Theoretical Background

Block Copolymer Solutions Near the ODT. The
weak segregation limit (WSL) regime of diblock copolymer
melts, xXN = 0(10), encompasses the compositionally
disordered phase and the various ordered phases very near
the ODT. It is believed that, in the WSL, the ordered
phases are not well-developed and that the individual
polymers are slightly perturbed from their ideal Gaussian
distribution. Leibler!® provided an expression for the
disordered-state scattering function and predicted the
location of the ODT. This mean field approach predicts
a stability limit at (xN), = F(x*,f)/2, where x = g?Rg?, R?
= Nb?/6 is the mean-squared radius of gyration of the
copolymer chain, b is the statistical segment length, the
asterisk denotes the value at the peak of the structure
fcator, i.e., at g*, and F(x*,f) is a constant that depends
on f. Fredrickson and co-workers!é17 incorporated the
order-parameter fluctuation corrections in the effective
Hamiltonian for a diblock melt and found that the
corrections are controlled by a Ginsburg parameter, N,
defined!®2! by N = 63(R,%p.)2, with p. the chain number
density, and predict a fluctuation-induced first-order
transition at the ODT to occur at a lower temperature
than the mean field stability limit, i.e., at!é

*
oy, = T 4 20808 smyis
where C(f) is a constant that depends on f.

Both the mean-field and the fluctuation theories have
been extended®-14to treat the WSL of diblock copolymers
in nonselective solvents good for both blocks by including
(i) the nonclassical excluded-volume!34 effects to account
for the deviation from mean-field behavior of polymer
solutions due to local fluctuations in the solvent concen-
tration, Y2 and (ii) the nonclassical effects!®14 of local
composition fluctuations of segments A and B, y1. The
excluded-volume effects, significant for the semidilute
regime, were incorporated by using a treatment based on
the blob theory,?” whereas ¥, fluctuation effects were
incorporated via the Hartree approximation.l® It was
predicted that the ODT for a block copolymer solution in
a neutral solvent actually corresponds to a very narrow
region of coexisting solvent-rich disordered and solvent-
lean ordered phases. The dilution approximation was
found to be an accurate approximation in the concentrated
regime when used in conjunction with the Fredrickson-
Helfand phase diagram,® i.e., the ODT is given by eq 1
when the interaction parameter x is replaced with ¢x.
Therefore, for a certain N and f,

(¢xN), = constant C; (concentrated solutions) (2a)

For the important semidilute regime,'314 the blob model
assumes that the copolymer chain in a good solvent consists
of Z = N'3! blobs, with blob correlation length &, = b 077,
that interact with a blob-blob interaction parameter u ~
0.67x¢*?. The phase diagram is obtained by eq 1 when
Z, u, and £, are substituted instead of N, x, and b. For
a certain f and N, this leads to

(¢"®xN), = constant C, (semidilute solutions) (2b)

Dynamic Depolarized Rayleigh Scattering (DDRS).
In quasi-elastic light scattering under homodyne condi-
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tions, the depolarized light scattering intensity autocor-
relation function, Gvu(g,t), is related to the desired
normalized field correlation function, gvi(q,t), by

Gyu(g,t) = 1 + fagyy(g,t)f 3)

where f* is an experimental factor calculated by means of
a standard and a is the fraction of (Ivu(q,0)|) with decay
times slower than about 10-7s. The field time correlation
function may be written as?®

gyn(g,t) = <;a§,(t)a;,(0) expliglr,(t) -
b

r O}/ ([8exy,(g,00%) (4)

where a"z(t) is the yz component of the polarizability
tensor oiY scattering element k&, located at r; at time ¢, in
the laboratory fixed frame, (..) denotes a statistical
average, and da;(¢,0) is the polarizability density, éa.(q,0)
= L,a,(0) expligrj(0)]. In this VH geometry, the inci-
dent laser beam propagates in the yz scattering plane with
polarization parallel to the z-axis (V) and the scattered
light is polarized parallel to the y-axis (H). The pre-
exponential term is mainly affected by the reorientation
of the scatterers, whereas the exponential term reflects
the center of mass translational motion of the scattering
elements.

For an assembly of cylindrical rods, the depolarized
scattering intensity is related to the number density of
particles, p, and the optical anisotropy of the particle, 3,
i.e, the anisotropic part of the polarizability, 8=y, - v,
with subscripts || and L denoting directions parallel and
perpendicular to the cylinder axis, by

L@ = S0P OF (a) @)

with Fi:(q,t) the translational part and F,(t) reflecting
the orientational correlation function. For independent
rotational and translational motion of small cylindrical
scatterers, F(t) = exp(~606¢), and Fi,(q,t) = exp(—q2Dt),
with © and D the rotational and translational diffusion
coefficients. For asymmetric diffusion and/or rotational/
translational coupling due to anisotropy in translational
mobility, the expressions become much more complicat-
ed.282 Forthe case of long rodlike scatterers with number
density p, and optical anisotropy g the mean VH
scattering intensity is®

Iyu(@,0) = o8/, Y(xp) - % X(x) -/, cos 6 Z(xp)} =
B, Q(x;) (6)

where Y(x1), X(x1), and Z(x1) are complicated functions
of x; = gL and L is the length of the rod. For x; = O(1),
i.e., for L = O(1/q), Ivu(q,0) depends strongly on q.

Aragén and Pecora? calculated the depolarized corre-
lation function of long cylindrically symmetric, optically
anisotropic rigid rods undergoing coupled rotational/
translational motion. In the Rayleigh-Gans-Debye ap-
proximation,?8?® (4x/A)Ljna/ng— 1] <« 1 (ns and np are the
refractive indices of the rods and their environment), they
found that the VH scattering time autocorrelation function
is an infinite series of decaying exponentials with time
constants

=D+ [+ 1)+ w,(p)-p/316,
m=0,1,21=0,1,2,.. (7
containing both the translational and rotational diffusion

coefficients and spheroidal harmonic eigenvalues?® wp,,
which depend on the coupling parameter p = q2AD/6,,
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where AD = D)~ D, is the anisotropy in the translational
diffusion coefficient, D = (D; + 2D,)/3, and © is the
rotational diffusion coefficient. The dynamical terms are
weighted by structure factors that depend on p (i.e., on
q). Numerical calculation? for gL ~ 6 at § = 90° showed
that experimentally one would not be able to resolve but
only one time constant 7! = ¢2D + 66 ,, with the value
of the p-dependent & ~ 5.4-6.3. According to eq 7, the
relaxation rate 7! can be g-dependent if the translational
part exceeds the rotational contribution, i.e., for large
scatterers.

Experimental Section

Materials. An anionically synthesized poly(styrene-b-iso-
prene) diblock copolymer, denoted SI(43-86), was used. The
details of its synthesis and characterization have been described
earlier.830 Its characteristics are as follows: total weight average
molecular weight My = 129 000, polydispersity Mw/M, = 1.06,
33.3% by weight polystyrene (PS). The synthetic procedure
produced a polyisoprene (PI) sequence with cis:trans:vinyl ~
75:20:5. Using the average monomeric volume of PS and PI as
a reference, Nps = 480, Np; = 1090, N = 1570, frs = 0.308, and
N = 5000; the strong segregation limit equilibrium ordered
morphology of this copolymer is a hexagonally-packed array of
cylinders. -2 A relative low concentration (ca. 5% by weight)
copolymer solution in toluene is initially prepared and filtered
through a 0.22-um Millipore filter directly into the dust-free light
scattering cell (12.5 mm). During the measurements the cell was
closed airtight to avoid evaporation of toluene. The concentration
was checked before and after each measurement by weighing the
solution. The concentration is then gradually increased by slow
evaporation of small amount of solvent and reweighing the
resulting solutions.

Photon Correlation Spectroscopy (PCS8). The autocor-
relation function of the depolarized light scattering intensity,
the mean light scattering intensity, is measured at different
scattering angles, 8, using an ALV-5000 full digital correlator
over the time range 10-%-10°s. The incident beam from an Adlas
diode pumped Nd-YAG laser, with wavelength A = 532 nm and
single mode intensity 160 mW, was polarized perpendicular (V)
and the scattering beam parallel (H) to the scattering plane. g
= (4xn/) sin(#/2) is the magnitude of the scattering vector, with
n being the refractive index of the medium. The dual mode of
the correlator was utilized in order to measure Gvy(g,t) simul-
taneously for two different scattering angles. The desired field
correlation function, gvu(q,t), is obtained from Gvu(g,t) with eq
5. gvu(g,t) may be represented by single Kohlrausch-Williams-
Watts (KWW) functions® gvu(q,t) = exp[—(¢/7)%ww], where 7
and Bxww are respectively the KWW relaxation time and shape
parameter.

Results

The normalized depolarized intensity correlation func-
tions for a series of diblock copolymer solutions in toluene
at § = 90° scattering angle are shown in Figure la—d, with
the traces of the corresponding normalized depolarized
light scattering intensities, I*, relative to the mean VH
intensity of toluene shown as insets. Atlow concentrations,
e.g., 10% by weight (Figure la) and up to 19 wt % (Figure
1b) and at 25 °C a completely flat correlation function is
observed. No relaxation process is observed for these
conditions with characteristic time in the time window of
the correlator. Increasing, however, the concentration
from 19 wt % to 21 wt % results in the appearance of a
new relaxation process with characteristic time well within
the time window of PCS, ca. 0.1 s. The process persists
for lower and higher temperatures until the temperature
reaches a characteristic value (for this concentration at 35
°C) when the process disappears. In Figure 1d, the
correlation function is shown for 45 °C. Therefore, a new
process appears in the depolarized correlation function of
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Figure 1. Depolarized intensity autocorrelation function for
the S1(43-86)/toluene solution at § = 90° scattering angle: (a) 10
wt % copolymer at 25 °C; (b) 19 wt % copolymer at 25 °C; (c)
21 wt % copolymer at 25 °C; (d) 21 wt % copolymer at 45 °C.
The depolarized intensity normalized to the mean VH intensity
of toluene trace with time is shown in the insets.
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Figure 2. Depolarized intensity autocorrelation function for
SI(43-86)/toluene solution (21 wt %) at 25 °C for two scattering
angles, # = 90° and § = 45°, recorded simultaneously with the
dual mode of the correlator. The normalized depolarized intensity
trace with time is shown in inset a, whereas the dependence of
the relaxation rate on q? is shown in inset b.

asymmetric diblock copolymer solutions with increasing
concentration that disappears with increasing tempera-
ture. This process is not related to local segmental
orientation motion usually investigated by DDRS,?® since
for the copolymer solutions under investigation the
segmental relaxation times are by many orders of mag-
nitude faster and appear in the time window of PCS only
at very low temperatures (below about ~140 °C). Fur-
thermore, the fact that the correlation function is found
to be virtually single exponential (Bxkww ~ 0.9) supports
the above statement.

The dependence of the new process on the scattering
vector, g, is shown in Figure 2, where the correlation
functions of the 21 wt % solution at 25 °C are shown for
two different scattering angles of 8 = 45° and 90°, with the
traces of I* in inset a. The relaxation rates of the process
clearly depend on g and show a diffusive g2 dependence
in inset b. At the same time, both the mean normalized
depolarized intensity and the amplitude of the correlation
function depend strongly on q. We note here that when
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Figure 3. Mean depolarized light scattering intensity from SI-
(43-86)/toluene solution at 6 = 90° scattering angle, normalized
to the mean depolarized intensity of toluene, as a function of (a)
concentration for various temperatures (B, 2 °C; @, 25 °C; 4, 50
°C; ¢, 80 °C) and (b) temperature for various concentrations (A,
26wt %;m, 21wt %; @, 15wt %; O, 15 wt % birefringence; see
text). The lines are a guide to the eye.

the correlation function is featureless at 90° (as in Figure
1a,b,d), it is flat for all the angles investigated and its
intensity is g-independent. The g-dependence of the
relaxation time signifies a translational motion (the
exponential term in eq 6) of anisotropicscattering elements
over large distances of 0(1/¢). The fact that the depo-
larized scattering intensity and amplitude of the depo-
larized correlation function depend on g shows that the
size of the scatterers is at least O(1/q). Note also that
even at § = 45° the short time intercept of the correlation
function is less than 1. This means that a significant part

(1-v0.58 = 24% at 6 = 45°) of the depolarized intensity
relaxes with time constants faster than ca. 104 s. This
relaxation is attributed to the fast segmental relaxations
being outside the time window of PCS, discussed earlier.

Figure 3 shows the dependence of the mean polarized
light scattering intensity at = 90° normalized to that of
toluene at the same conditions on concentration for various
temperatures (Figure 3a) and on temperature for various
concentrations (Figure 3b). At low concentrations and/
or high temperatures, the normalized VH intensity is low
and almost independent of temperature and/or concen-
tration. As the system crosses the characteristic temper-
ature or concentration, the intensity increases rapidly. As
is also shown in the insets of Figure la-d, the appearance
and disappearance of the new depolarized mode is
accompanied by a significant increase and decrease of the
depolarized intensity, respectively.

Discussion

The preceding findings are consistent with the appear-
ance of the new mode in depolarized light scattering
corresponding to the disorder-to-order transition of the
block copolymer solutions. For thissystem,the ODTleads
from the disordered state to the formation of a spatially
ordered phase with a hexagonally-packed array of cylinders
of PS/toluene dispersed in a matrix of PI/toluene forming
a “polydomain” or “polycrystalline” structure?®! composed
of “grains”. The orientations of the ordered cylinders are
correlated within each domain, with orientational corre-
lation length scale on the order of several microns
(um),324:33-35 whereas there is no correlation between the
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different grains.3!#4 The oriented arrangement of the
dimensionally anisotropic cylinders within each grain, with
at least one dimension smaller than the wavelength of
light, will result in significant optical anisotropy.2232:36
This can give rise to a measurable optical “form birefrin-
gence” in itself even without the involvement of molecular
anisotropy.

Form birefringence has been observed a long time ago?
inaligned single crystals of strongly phase-segregated poly-
(styrene-b-butadiene-b-styrene) triblocks (N = 1100, fps
= (.2) and recently in polycrystalline ordered samples of
amelt of symmetric poly(styrene-b-methylmethacrylate)3?
(N = 670, fps = 0.57) and a SI/toluene microstructured
solution? (N = 400, fps = 0.4). Actually, measurements of
static birefringence were used to estimate the ODT for
the last two systems,®2in good agreement with rheological
and small-angle scattering estimates of the ODT. A
discontinuous decrease in the static birefringence of the
sample upon heating was identified as the ODT.® This
was also accompanied by a sharp decrease of the bire-
fringent phase retardation and minimized light intensity.32
The measured birefringence was attributed to the coher-
ently-ordered grains present below the ODT, which
disappear upon heating. We have measured the bire-
fringence of our system by measuring the intensity of the
light transmitted through the sample cell beam under
cross-polarization (incident beam with V and transmitted
beam with H polarization), similarly to ref 9, and the results
are presented also in Figure 3b. An increase in the
birefringence is observed for the 15 wt % solution at the
same temperature where the new mode appears in VH
scattering and where the depolarized scattering intensity
increases abruptly. This is another verification that the
appearance of the new depolarized mode is related to the
formation of the long-range coherent cylindrical mor-
phology.

In principle, there are two possible contributions to the
static birefringence of each grain: form birefringence, due
to the alternating domains, and intrinsic birefringence,
due to both the orientation of the end-to-end vectors of
the chains perpendicular to the microdomain interfaces
and the stretching of the chains perpendicular to the
interfaces. A theory to investigate the optical anisotropy
of tethered chains in the strong segregation limit has
recently appeared,3® which provides expressions for the
intrinsic contribution to the birefringence of a regular array
of block copolymer cylinders, due to the orientation of the
copolymer chains perpendicular to the interfaces and their
extension, whereas the form birefringence of an assembly
(grain) of parallel and similar “thin” cylindrical rods may
be calculated according to basic principles of optics.36:37

The intrinsic polarizability anisotropy for a cylindrical
morphology, i.e., the difference in the polarizability paraliel
and perpendicular to the axis of the cylinders, Ayi, = (¥
= % 1)in, is given by%

137", R’ 48
Ay, =- W[ (g~ @)y ey + @(al —aylg X

| (Rz)[R2 +R, (R,- Rl)z] ] ®
n ——
R{JLRy-Ry (hyY),

where pg is the copolymer chain number density in the
solution, and (hg?}is the mean-square unperturbed end-
to-end distance of subchain K. R; denotes the radius of
the inner cylinder containing the A block, and 2(Rs — Ry)
is the average thickness of the B layer in the matrix. They
are related to the long period, L., of the cylindrical
morphology by R, = (f/= sin 60)!/2L, and Ry = L/2 sin 60,
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Table 1. Molecular and Optical Constants of the
Constituents

P Useg B (a1~adis
species MW m (g/em®) n  (A¥seg) (A®) (A3

PS 43000 104 1.05 1.59 1644 38 -10.3
PI 86000 68 0925 1.52 122.1 12 5.8
toluene 92 0.867 1496 1765 23 8.0

on the basis of simple geometrical arguments. For our
SI(43-86)/toluene system the long period is estimated? to
be Lo(21 wt %) = 650 A, and R; = 220 A and R, = 375 A.
(a1 — ag)k is the difference in the polarizabilities per
segment along («;) and normal (a2) to the chain backbone
of a chain K, which may be estimated from the stress-
optical coefficient® or, more appropriately in our case,
from measurements of the optical anisotropy® per seg-
ment, 32, which is related to (a; — az) by®® 82 = 9/g5(a; ~
az)?. The a1 ~ a; values for the compounds of interest
here are listed in Table I. The intrinsic anisotropy per
chain is then Aycin = AYin/Pea-

The form birefringence, Angom, i.e., the difference in
the refractive indices parallel and perpendicular to the
array due to the assembly, depends solely on the volume
fractions of the two microphases, F5 and Fg, and their
respective refractive indices. Taking into account the
electric displacement and the corresponding electric field
inside the cylinders and in the space around them, Angm,
for a grain of parallel cylinders may be estimated as3637

ANty = [Fany” + Fpng1®® -
[ (1+ Fyn,? + Fgny? ]0‘5 ©
Bl + Fong? + Fgn,?

where nk is the mean refractive index of medium K; i.e.,
the grain behaves as a positive uniaxial crystal with its
optic axis parallel to the axes of the cylindrical rods. The
mean scalar polarizability per scatterer, v,, with number
density p, is related to the mean refractive index, 74, by the
Lorentz-Lorentz expression3®

2
Po4mo 42

(10)

Hence, the difference in the optical polarizabilities along
the two principle axes (for small values of An) perscatterer
(in this case per grain) ig3

9 7t

= -2—1r-;;'(?+—2)2An (11)

Ay,

Therefore, the polarizability anisotropy of the array of
anisotropic scatterers (grain) is

fi

9
A 12
27 (32 + 2)* 12

A7form = Mtorm

and the anisotropy per grain is Ay, torm = AYsorm/Ps

The total depolarized intensity for the microstructured
solution is due to (i) the intrinsic contribution due to the
chain orientation, (ii) the form anisotropy due to the array
of cylinders (grains), and (iii) the toluene solvent. The
intrinsic contribution per chain and the form contribution
per grain may be expressed in terms of the respective
optical anisotropies, 8, by® Bc.in® = ¥/25(Ay,in)? and Bs form?
= 9/25(Avs form)?, similarly to the relationship between 32
and (a1~ a2)2. Theratio of the VH intensity of the solution
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to that of toluene (Figures 1 and 3) is then

1 VH,structured solution _

I VH,toluene
2 2 2
( Nyl ) [pcsﬂc,in + psﬂs,form Q()(L)
2
n ProlBiol

whereas that for a homogeneous solution is

+(1- ¢p)] (13)

solution

I VH,homogeneous solution __

I VH,toluene
2 24 2
Mol [Ppsﬂps i1
2
n PioBiol

with ppg and pp; the segment number densities of PS and
PI in solution, pi, the number density of pure toluene,
and ny and Rgoution the refractive indices.

The calculation is performed for the 21 wt % solution
(¢ =0.19) at 90° (g = 2.52 X 10-2 A-1) using the refractive
indices of Table I and calculating the average refractive
indices as nay = L;oin;. The parameters involved are pps
= 4.8 X 10~ seg/A3, pp1 = 1.1 X 10-3 seg/A3, p1o = 5.7 X
10-3seg/A3, and pc; = 1076 chains/A3. The mean refractive
indices of the two microphases are ns = 1.517 and ng =
1.501, and their volume fractions are Fs = 1 - Fg = 0.306.
The number density of grains, p,, is related to the
characteristic length of coherence of the ordered array by
ps = L3. Therefore, eqs 8-12 result in the following: Avyin
= 2.04 X 10-% (for the sample); Aycin = 2.35 A3/chain,
Angorm = 3.35 X 1075 (for the sample); Avyform = 4.0 X 10-6
(for the sample); Ays form = (4.0 X 10-%/p,) A3/grain. Then,
a comparison between Figures 1 and 3 and eqs 13 and 14
and the form? of (X;) results in x; = 19 and L ~ 0.75
pm, i.e., of the order of the reported coherence
lengths.32432-3¢ The calculations also show that the form
anisotropy contribution in eq 13 is much larger than the
intrinsic anisotropy, due to the orientation of the chains
perpendicular to the interfaces, and dominates the scat-
tering. Therefore, the increase in the VH scattering
intensity may be explained by the formation of grains of
coherent hexagonally-packed cylinders with coherence
length L = 0.75 um. For these long scatterers, eq 8 results
in a strongly g-dependent mean depolarized scattering
intensity in agreement with experimental data.

Turning to the relaxational dynamics, the exponential
form of the VH correlation function and the dependence
of the relaxation rate on g2 are in accord with eq 7, for
concentration and/or temperature in the disordered state.
For 21 wt % at 25 °C, the relaxation rate is dominated by
the translational part, ¢2D, with estimated D = 1.7 X 10-1
cm?/s, since the rotational diffusion coefficient of these
large, O (um), objects issmall, The featureless correlation
function in the disordered state is due to the fact that the
rotational diffusion of small particles (in this case seg-
mental orientation) dominates the relaxation with rates
much faster than the 1085 limit of PCS. The translational
motion above the ODT is evident in the polarized light
scattering correlation function 6740

The order—disorder transition temperature and/or con-
centration of these diblock copolymer solutions may be
understood in terms of the theory!? discussed in the
Introduction (eqs 1-4). Assuming x = xs + xu/ T, eqs 4a,b
become

+1 -cp)] (14)

solution

(concentrated solutions)
(15a)
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Figure 4. Inverse of the copolymer volume fraction in solution
versus the inverse of temperature at the ODT. The solid line is
a fit to eq 2a for the three higher concentrations. The dashed
line denotes the crossover concentration between the semidilute
and the concentrated regimes.

Nx
;1.6 = -E—s +
¢oDpT 2

N
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with C; calculated as!® C; = 19.34, whereas the calculation
of C; from theory is inadequate due to the very low values
of Z = N¢!8l, The ODT data are shown in Figure 4 using
the representation of eq 15a. For the three highest
concentrations, the data result in x = 0.05 + 34/T, on the
basis of the average monomeric volume, in agreement with
literature values.5%20 At the low concentration of ¢opt =
0.156, the solution exists in the semidilute regime (the
crossover concentration from semidilute to concentrated
is estimated?? to be ¢* = 0.20) and the system should obey
eq 15b.

In summary, we have demonstrated that the ODT in
diblock copolymer solutions is accompanied by the ap-
pearance of a new relaxation process in the depolarized
light scattering intensity correlation function. This mode
exhibits a g2-dependent relaxation rate and an amplitude
that depends on g. These findings are consistent with the
formation of coherently ordered cylindrical domains
(“grains”) with coherence length of the O (um), which result
in significant optical anisotropy, and g-dependent relax-
ation rates and intensity. We note, however, that this
process has not been reported before for diblock copolymer
melts when investigating their segmental relaxations in
VH scattering.4! The process should appear at time scales
much slower than the segmental relaxation process, and
its existence for melts is currently under investigation.
However, a significant increase in the VH scattering
intensity in a poly(dimethylsiloxane-b-methylethylsilox-
ane) diblock copolymer melt with very small molecular
optical anisotropy has been observed below temperatures
near the ODT and its origin is being explored.42
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