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ABSTRACT: Semidilute solutions of ultrahigh molecular weight diblocks in a nonselective good solvent
allow investigation of the dynamic structure factor S(q,t) by photon correlation spectroscopy for wavevectors
g in the vicinity (and on both sides) of the maximum of the static structure factor g* (0.2 < g/g* < 2.1)
as a function of copolymer concentration in the ordering regime. The relaxation rate of the short-range
composition fluctuations at g*, I'(g*), shows a significant slowing down relative to the respective long-
range ones at low wavevectors; as the ordering transition is approached, this slowing down becomes very
pronounced. I'(g*) has been anticipated to influence the low-frequency rheological behavior of disordered
diblocks. Additionally, a general theory for the S(q,t) of entangled polydisperse diblock copolymers is
developed in the framework of the random phase approximation assuming reptation dynamics. Although
both internal diffusion and ordinary interdiffusion contribute to the dynamics of long-range composition
fluctuations, it is the internal diffusion at finite wavevectors near g*, which is affected by approaching
the ordering transition from the disordered state. Nevertheless, composition polydispersity causes a
coupling of these relaxation modes, which hinders their identification over the whole g range. The

theoretical results are favorably compared with the experimental data.

I. Introduction

In any homogeneous multiconstituent polymer sys-
tem, either an A/B blend or an A—B block copolymer,
composition fluctuations are thermally induced; i.e., the
volume fraction of, e.g., A at a position r at time t is
different from the average composition

OPA(rt) = Pa(rit) — g = —0gg(r 1) 1)

These composition fluctuations define the dynamic
structure factor

S(9.t) = B¢a(a,0) 0¢pa(—a,t)0 )

where d¢a(q,t) is the Fourier transform of d¢a(r,t), q is
the wavevector, and [--(denotes the ensemble average.
The relaxation of S(q,t), i.e., the dynamics of composition
fluctuations, is determined by the collective relative
motion of the species, whereas the relaxation of the most
probable composition fluctuations is significantly influ-
enced by the thermodynamic interactions between the
dissimilar components.

For binary polymer blends (intermolecular mixtures),
the most probable composition fluctuations are long-
ranged (i.e., the maximum of the static structure factor
S(q) is at g — 0), and the relaxation of S(q,t) proceeds
via the well-known interdiffusion process. As the mac-
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rophase separation is approached, the unfavorable
thermodynamic interactions lead to a significant ther-
modynamic slowing down of the interdiffusion over long
distances.!

For diblock copolymers (intramolecular mixtures),
which consist of two covalently bonded linear sequences
of chemically dissimilar species A and B, S(q) exhibits
a maximum at a finite wavevector,? g* ~ O(1/Rg), where
Ry is the radius of gyration; this maximum increases
in magnitude and becomes narrower as the unfavorable
enthalpic interactions lead toward the disorder-to-order
transition (ODT).223 The relaxation of S(q,t) proceeds via
the collective relative motion of the two blocks giving
rise to the “internal” copolymer mode,*® investigated
before®—12 in the melt® and in semidilute solutions®7.9-13
in a common good solvent.!* For gRy < 1, the decay rate
of the internal process is purely kinetic and is deter-
mined by the longest chain conformational relaxation
time; i.e., the effects of the thermodynamic interactions
are negligible.”~1° For q — g*, the effects of the proxim-
ity to ODT begin to be evident!!12 as the increase of
S(q) is accompanied by a retardation of the dynamics;
the 0.23 < g/g* < 1. range was studied therein. The 1.4
< g/g* < 9.1 regime was recently investigated by
neutron spin echo for 10710 <t < 2 x 1078 s, where no
significant thermodynamic effects were observed.'® Be-
sides the relative motion of the two blocks (internal
diffusion), the relative motion of different chains (in-
terdiffusion) may significantly contribute or even domi-
nate at large scales (QRy < 1) if the copolymer is
compositionally polydisperse; in practice, all real poly-
mer systems are polydisperse. This motion leads to an
additional “polydispersity” (or “heterogeneity”) diffusive
process, which has been observed before8~1013 and
identified® 1617 with the copolymer self-diffusivity; it is
observed due to the finite inherent composition poly-
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dispersity of the copolymer. An extensive account on the
quite-intense recent research work on copolymer dy-
namics is provided in recent reviews.18

On the theoretical side, so far S(qg,t) in diblock
copolymers has been studied for monodisperse sys-
tems*512.15 (for Rouse>1® or for entangled*!2 chains) as
well as for polydisperse diblocks for Ry < 1.916 Experi-
mental data and theory quantitatively agree on the
existence and characteristics of two modes for qRy < 1:
an internal mode with intensity li,: O N2g2 and rate
Tine(q) O r[l g% a polydispersity-induced self-diffusion
mode with intensity I, O xoNg° and rate I'y(q) ~ Dsg?
(N is the total number of copolymer segments, 7; the
longest relaxation time, Ds the self-diffusivity, and «o
the variance of the composition polydispersity). For a
monodisperse diblock, the self-diffusion mode has iden-
tically zero amplitude. Moreover, another weak process
observed!12 for entangled chains was assigned to
Rouse-like chain fluctuations inside their reptation
tubes; the large N made the Rouse mode observable
whereas the thermodynamic effects on this process were
less important.12

The approach to the ODT dramatically affects the
rheological properties of block copolymers.2 The rheo-
logical signature of strong composition fluctuations is
the failure of the time—temperature superposition to
generate master curves of the dynamic moduli with
frequency w; more specifically, the dynamic storage
modulus, G'(w), develops a shoulder at the beginning
of the terminal region with the conventional terminal
regime (G'(w) O w?), appearing only below a character-
istic frequency @ < 1/71. A mean-field theory evaluation
of @ showed?!® that it is determined by the relaxation
rate of composition fluctuations, I'(q), and is dominated
by that at g*, I'(g*); this rate is being probed in the
present investigation.

For the investigation of the gRy ~ O(1) regime with
the broad time range (10-7—10% s) of dynamic light
scattering (3.7 x 103nm~1 < g < 3.4 x 1072nm™1), very
high molecular weight copolymers are needed.1~13 The
phase state of diblocks of composition fa (volume fraction
of component A) is controlled®® by yN, where y the
interaction parameter: for yN ~ O(10), the disorder-
to-order transition (ODT) leads from a disordered state
at low values of yN toward a microphase-segregated
state at higher yN with long-range compositional order.
In solution in a common good solvent,2°=24 the unfavor-
able interactions are diluted and the ODT can be
accessed even for high N’s by modifying concentration
¢. In semidilute solutions, yN is renormalized®2124 as
2 =y = 4159 with z = —0.225, v the Flory
exponent (v = 0.59 in good solvents), and ¢ the polymer
volume fraction in solution.

In this paper, the dynamics of composition fluctua-
tions of disordered diblock copolymers is investigated
both experimentally and theoretically for wavevectors
g in the vicinity and on both sides of the wavevector at
the maximum of the static structure factor, g*. Ultra-
high molecular weight almost symmetric polystyrene-
block-polyisoprene diblocks have been synthesized and
utilized in semidilute solution in the almost neutral good
solvent toluene in order to access the investigation of
the dynamic structure factor S(g,t) by photon correlation
spectroscopy in the range 0.2 < g/g* < 2.1 as the ODT
is approached. A main mode of relaxation was experi-
mentally resolved for these diblocks with characteristics
apparently resembling a mixed “internal” and “polydis-
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persity” mode: intensity 1(q) approaching a constant
and rate I'(g) proportional to g? for gRy; < 1 but
exhibiting the effects of thermodynamics for g ~ g*. As
g increases toward g*, the intensity increases and the
effective diffusion coefficient D(q) = I'(q)/g? decreases.
The relaxation of the short-range composition fluctua-
tions at g* is significantly retarded relative to its
respective long-range value at low wavevectors, which
mirrors the substantial increase of 1(q). As the ODT is
approached, this slowing down becomes dramatically
pronounced. A theory is developed for the S(qg,t) of
entangled “real” (polydisperse) diblock copolymers in the
framework of the random phase approximation (RPA)
and assuming the classical reptation model.?25727 Both
intensities and relaxation rates of the main relaxation
modes are predicted for an arbitrary g and for any
degree of composition polydispersity. The modes of
relaxation are significantly influenced by the composi-
tion polydispersity even for very small polydispersities,
whereas it is not possible to distinguish between the
internal diffusion and the polydispersity-induced inter-
diffusion modes over the whole g range due to their
coupling. Both intramolecular breathing motions and
ordinary interdiffusion are found to contribute to the
dynamics of long-range (low-g) composition fluctuations
with relative weights depending on polydispersity;
however, it is the intramolecular motion (internal
diffusion) at finite wavevectors near g* that is mainly
affected by approaching the ODT. The theoretical
results are favorably compared with the experimental
data.

This article is arranged as follows: Following the
experimental section I, the experimental results are
shown in section Ill. The complete new theoretical
approach is presented in section 1V, and the results are
discussed in relation to the theory in section V. Finally,
the concluding remarks constitute section VI.

I1. Experimental Section

Materials. The synthesis of the ultrahigh molecular weight
polystyrene-block-poly(1,4-isoprene) diblock copolymers was
performed at room temperature in evacuated, n-BuLi washed,
and benzene rinsed glass reactor, provided with constrictions
and break-seals, using sec-BuL.i as initiator, similarly to the
procedure outlined previously.!*2 Extra purification for mono-
mers, initiator, and solvents was required due to the very low
initiator concentration needed (~O(107%) mol for 10 g of
copolymer), which was carried out in an apparatus purged with
n-BuLi. Dibutylmagnesium was used for the purification of
styrene (Merck) and n-BuL.i for isoprene (Fluka). Finally, the
purified monomers were distilled in ampules purged with
n-BuLi. The sec-butyllithium initiator was prepared from sec-
butyl chloride and lithium dispersion. Following this proce-
dure, the initiator was diluted in an apparatus, purged with
n-BuLi, with calibrated ampules. Initially, the polystyryl-
lithium block was prepared, and a small aliquot was removed
for characterization (Figure 1la,c). The polymerization was
completed after the addition of the isoprene monomer and took
2 days.

Fractionation of the final diblock copolymer was performed,
in several steps, by adding methanol (nonsolvent) to the
copolymer solution (~0.1 vol %) in a mixture 1:1 by volume of
toluene (solvent for both blocks) and hexane (solvent for PI)
in order to remove the homopolymer polystyrene procured due
to the expected termination of the polystyryllithium by the
minimal (yet unavoidable) impurities in the added isoprene.
The fractionation was monitored by size exclusion chroma-
tography (SEC, THF, 30 °C) with differential refractive index
and UV detector operating at 266 nm. (The UV detector at
266 nm monitors only the polystyrene part of the copolymer.)
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Figure 1. Size exclusion chromatography of (a) the styrene
precursor of SI-2M50, (b) the SI-2M50 diblock copolymer, (c)
the styrene precursor of SI-3M50, and (d) the SI-3M50 diblock
copolymer.

Table 1. Sample Characteristics
Mw?  Mw/ c*¢(x107%)
sample (x10% M, wps?  N°¢ fpsd (g/mL) doptf

SI-2M50 2.03 1.12 0.417 24 479 0.383 2.0 ~0.046
SI-3M50 3.00 1.18 0.435 36 086 0.400 1.2 ~0.026

aBy low-angle laser light scattering in THF. P Polystyrene
weight fraction. ¢ Based on average segmental volume. 9 Polysty-
rene volume fraction. ¢ Estimated from dynamic light scattering
in the dilute and the crossover regimes. f Obtained from polarized
and depolarized dynamic light scattering.

The impurities are very influential due to the active centers.
The terminated polystyrene precursor was removed by the
fractionation, as shown in the SEC traces of Figure 1b,d.

Low-angle laser light scattering (THF, 25 °C), laser dif-
ferential refractometry (THF, 25 °C, dn/dc = 0.150 mL/g), *H
NMR (CDCls, 30 °C), and UV (THF, 269 nm) measurements
were performed for molecular and compositional characteriza-
tion. The characteristics of the diblock copolymers are shown
in Table 1.

A very low concentration (<0.3 wt %) copolymer solution in
HPLC grade toluene solvent is initially prepared and filtered
through a 0.22 um Millipore filter directly into the dust-free
light scattering cell (10 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 very slow evaporation of small amounts of solvent
(to ensure equilibrium) and weighing the resulting solutions.
All the concentrations reported here are well above the overlap
concentration c*, estimated from dynamic light scattering in
the dilute and the crossover regimes.

Photon Correlation Spectroscopy (PCS). The autocor-
relation function of the polarized light scattering intensity,
Gw(q,t) = Ow(q,t) Iw(qg,0)l\w(qg,0)A (with Oy (g,0)Cthe mean
light scattering intensity), is measured at different scattering
angles, 6, using an ALV spectrophotometer and an ALV-5000
full digital correlator over the time range 10~7—10°% s. Both
the incident beam from an Adlas diode pumped Nd:YAG laser
(with wavelength 4 = 532 nm and single mode intensity 100
mW) and the scattering beam were polarized perpendicular
(V) to the scattering plane. g = (42n/l) sin(6/2) is the
magnitude of the scattering vector, with n the refractive index
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Figure 2. Net intensity autocorrelation functions |C(q,t)|? of
a 1.26 wt % SI1-2M50 solution in toluene at 20 °C for scattering
angles 6 = 150° (O), 90° (O), 45° (&), and 30° (V). The left inset
shows a typical distribution of relaxation times L(In ) for 6 =
90° multiplied by the total scattered intensity reduced by that
of toluene, ;. The right inset shows the wavevector dependence
of the intensities | and effective diffusion coefficients D = I'/g?
for the cooperative (O) and the internal (O) modes together
with the total scattered intensity reduced by the intensity of
toluene (*). The solid squares (M) are the cooperative diffusion
coefficients for a 1.22 wt % PS-2M/toluene solution.

of the medium. Measurements were performed for scattering
angles 12° < § < 150°, i.e., for 3.7 x 103 nmt < q < 3.4 x
1072 nm™L. In quasi-elastic light scattering under homodyne
conditions, Gyv(q,t) is related to the desired field correlation
function, C(q,t), by

C@t) = {[Gw(a,t) — 1) *** ©)

where f* is an experimental factor calculated by means of a
standard. The amplitude (<1) of the C(q,t) is the fraction of
Ovwv(g,0)0Owith decay times slower than about 1077 s.

When more than one relaxation process are present in the
experimental correlation functions, they are analyzed by
performing the inverse Laplace transform (ILT) of C(q,t),
without any assumption of the shape of the distribution
function L(In 7) but only assuming a superposition of expo-
nentials:

@t = J L(n7) exp[-t/z] d(In 7) (4)

This determines a continuous spectrum of relaxation times
L(In 7); the average times obtained from the peaks of L(In 7)
are used to determine the characteristic relaxation times,
whereas the integral under the peaks of L(In 7) is the fraction
of the total light scattering intensity associated with the
specific relaxation. For comparison between different C(q,t),
the distributions L(In 7) are shown multiplied by the total light
scattering intensity reduced to that of toluene, Iy, i.e., as l:L(In

7).

I11. Experimental Results

Figure 2 shows the net polarized intensity autocor-
relation functions for the 1.26 wt % SI-2M50 solution
in toluene for different scattering angles; the copolymer
concentration is low enough so that the copolymer is
very far from the ordering transition (y*N ~ 1.3). The
shape of the correlation functions (being broader than
a single-exponential decay) as well as the distributions
of relaxation times (shown in the left inset for 6 = 90°)
indicates the existence of two relaxation processes
contributing to the experimental C(q,t). The faster mode,
with intensity independent of the wavevector and rate
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proportional to g2 (right insets of Figure 2), corresponds
to the relaxation of total concentration fluctuations*
similarly to semidilute homopolymer solutions; i.e., it
is due to the well-known cooperative diffusion. This
process has been observed before for semidilute copoly-
mer solutions”®~13 and predicted theoretically.5 Actu-
ally, its diffusion coefficient D = I'/g? superimposes with
that for the cooperative diffusion of a polystyrene
homopolymer (PS-2M: M, = 2.12 x 108, M,,/Mp = 1.16,
Polymer Source) solution in toluene, shown in the lower
right inset for a 1.22 wt % concentration. Moreover, the
intensity of the cooperative diffusion mode for the
PS-2M/toluene is about a factor of 3.5 higher than that
of SI-2M50/toluene in accordance with their mean
refractive indices vs that of toluene. Therefore, the fast
process, which is not diblock copolymer specific, is the
cooperative diffusion and will not be further discussed
in the present paper.

The characteristics of the slower process contributing
to the correlation functions of Figure 2 are peculiar: the
process exhibits a g?>-dependent relaxation rate (thus,
a g-independent effective diffusion coefficient D = I'/g?,
lower right inset) together with a nonmonotonic q
dependence of its intensity which shows a maximum at
a finite wavevector, g* ~ 2.5 x 1072 nm~! and a nonzero
intercept (upper right inset); the total scattering inten-
sity (also shown in the upper right inset) follows the q
dependence of this slower process. The dependence of
the intensity on the wavevector for the slower process
forces one to relate the mode to the predicted>!2 internal
copolymer mode. However, theory for monodisperse
diblocks for g < g* predicts a g-independent relaxation
rate for the internal mode, whereas, for low molecular
weight diblocks, the diffusive process observed at low
gRy's possesses a g-independent intensity with the mode
assigned to the “polydispersity” process. Therefore, even
for concentrations far away from the transition, this
process apparently exhibits intermediate characteristics
between the two processes observed before (even for gRg
< 1 away from the ODT!3). The behavior at low
concentrations for the SI-3M50 copolymer are exactly
analogous with that of Figure 2 with the maximum of
the intensity appearing at g* ~ 1.7 x 1072 nm™1 in
accordance with its higher molecular weight.

As the copolymer concentration in the solution in-
creases and the ordering transition is approached, the
picture of Figure 2 is modified. Figure 3 shows the net
polarized intensity autocorrelation functions for Sl-
2M50/toluene solutions of different concentrations at q
= 2.5 x 1072 nm~1 ~ g*. The distributions ItL(In 7) are
shown in the insets for the lower and the higher
concentrations. A significant increase of the intensity
of the slower mode is observed (notice the different
scales of the insets) as ¢ — ¢opT, Which is accompanied
by a significant slowing down of the dynamics at this
finite wavevector g*. In this concentration regime, as ¢
increases by only a factor of about 3, the relaxation time
of the main mode becomes slower by almost 3 orders of
magnitude whereas its intensity increases by almost the
same factor; the respective self-diffusion coefficient
decreases by only 1 order of magnitude in this range
(see below). It is noted that the highest concentration
shown is very close (y*N ~ 9.22) to the critical one for
microphase separation (for this polydispersity (y*N)s ~
9.26, see below).

The close proximity to the ODT as the concentration
increases is also expressed in the wavevector depen-
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Figure 3. Net intensity autocorrelation functions |C(q,t)|? for
toluene solutions of SI-2M50 at 20 °C for g = 2.5 x 1072 nm~*
~ g* and different copolymer concentrations: 1.26 (v), 2.09
(d), 3.57 (), 3.86 (O), and 4.8 wt % (A). The insets show the
respective distributions of relaxation times L(In ) for the lower
and the higher concentrations multiplied by the total scatter-
ing intensity reduced by that of toluene, I;.

Figure 4. Net intensity autocorrelation functions for a 2.6
wt % S1-3M50 solution in toluene at 20 °C for scattering angles
6 = 90° (O), 55° (m), and 20° (V). The insets show the
corresponding distributions of relaxation times L(In t) multi-
plied by the total scattering intensity reduced by that of
toluene, I¢.

dence of the intensity correlation functions. For ex-
ample, Figure 4 shows the net intensity autocorrelation
functions for a 2.6 wt % SI-3M50 solution, with the
respective distributions IL(In 7) shown as insets. For
this diblock, the static structure factor exhibits a
maximum at a § = 55° scattering angle corresponding
to g* ~ 1.7 x 1072 nm~1L It is evident that the most
probable composition fluctuations, with length scale
corresponding to the strong maximum of the scattering
intensity at a finite wavevector g* (note the different
scales in the y-axes of the insets), relax significantly
slower than those with both larger and smaller length
scales (lower or higher wavevectors, respectively). The
correlation function is dominated for all scattering
angles by the slower of the three modes observed in the
distribution of relaxation times (insets): (i) a very weak
fast process (barely seen faster than ~1073 s), which is
the cooperative diffusion discussed in relation to Figure
2 above (it is also clearly observed in the inset of Figure
3 at 1.26%); (ii) an intermediate process (also weak,
which appears as concentration increases); and (iii) a
dominant slower process (more than 97% of the total



2160 Chrissopoulou et al. Macromolecules, Vol. 34, No. 7, 2001
4000 . . . 6000
5000
3000
= 4000
o
= G
2000 = 3000
2000
1000
1000
0 0
10°
107 —_
= =z
£ g 10’
2 2
o ™
o o
S~ .10 S~
:éf 10 Eéf 107
= =
10™MF
10-]1 1 1 1 1 " 1
0 1x10° 2x1]05 3x10° 0 x10° 210’ 3x10°
q(cm ) q(cm’)

Figure 5. Wavevector dependence of the intensities 1(q) (a, ¢) and the effective diffusion coefficients D(q) = I'(q)/q? (b, d) of the
main relaxation mode for toluene solutions of SI-2M50 (a, b) and SI-3M50 (c, d) as a function of copolymer concentration (in the
legends in wt %). The curves are the theoretical calculations based on eqgs 13, 8, and 16.

intensity near g* and at low angles and more than 70%
at high angles). This dominant mode of relaxation of
composition fluctuations is the focus of the present
paper; the intermediate process is briefly discussed in
Appendix B.

The intensities and the effective diffusion coefficients,
D(q) = I'(9)/g?, are shown in Figure 5 for the dominant
mode of relaxation of composition fluctuations as a
function of wavevector and concentration for both Sl-
2M50 (Figure 5a,b) and SI-3M50 (Figure 5c¢,d). Increas-
ing the thermodynamic incompatibility y*N (by increas-
ing the concentration) toward ODT influences signifi-
cantly not only the static scattering intensity but the
relaxational dynamics as well. Linking together the two
blocks in a diblock copolymer leads to a retardation
(slowing down) of the dynamics both as a function of
the wavevector and as a function of y*N. The relaxation
of composition fluctuations over a finite length scale
(finite wavevector), corresponding to the most probable
composition fluctuations (responsible for the peak in
S(q) at g*), is much slower than that for fluctuations
over long length scales (low wavevectors). Moreover, as
x*N increases, the dynamics over finite length scales
exhibits a strong thermodynamic slowing down, which
mirrors the significant intensity increase at g*. It is,
therefore, evident that the most probable composition
fluctuations are long-lived even when they occur over
finite length scales. These results demonstrate the
difference between diblock copolymers and polymer
blends: for intramolecular mixtures (copolymers) the
slowing down occurs over finite length scales (g — g*)
as the microphase separation is approached, whereas,
for the usual intermolecular mixtures (blends), the
slowing down of the dynamics takes place in the
thermodynamic limit (g — 0) as they approach the
macrophase separation.t

Besides the behavior of the intensity and the effective
diffusion coefficient of the main mode around g*, which
relates this process to the internal copolymer mode, it

is important to examine their q dependencies for lower
wavevectors (q < g*), i.e., in a regime approaching the
well-studied regime of gRy < 1.871017 For all the
concentrations investigated, the intensity of this mode
tends to a constant at low wavevectors (I(g — 0) —
constant) as well as its effective diffusion coefficient
D(q — 0) = I'(q — 0)/g> — constant; actually, this
diffusion coefficient D(q — 0) is very close to the chain
self-diffusion coefficient Ds measured independently
with pulsed-field-gradient nuclear magnetic resonance.?®
Therefore, in the q < g* regime, the features of the mode
observed are reminiscent of the polydispersity-induced
self-diffusion process, although the characteristics near
g* and for higher y*N resemble those anticipated for
the “internal” copolymer mode of monodisperse diblocks.
To explain these features and identify the true character
of the mode, a complete theory is developed for the
relaxation of composition fluctuations for real polydis-
perse diblock copolymers over the whole wavevector
regime; this is presented in section 1V.

The strong increase of the intensity and the concur-
rent significant slowing down of the dynamics at g* are
demonstrated in the reduced representation of Figure
6. The reduced structure factor S(g*;¢) = [1(g*;¢)/(N¢)]*
F(u*,fa) is shown as a function of the reduced distance
from the ODT expressed as €(¢) = [x*oot — x*1/x* oot =
[psor — ¢-psay. F(u*fa) is a characteristic con-
stant??® for a diblock with composition fo and u =
g2 RS (u* corresponds to g*), which includes the effects
of polydispersity of the static behavior.?° The data for
the two copolymers collapse onto the same master curve
whereas the significant increase in the value of S(g*;¢)
by approaching the ODT is due to the increasing
composition fluctuations with most probable wavelength
~2n/q*. The same thermodynamic interactions are
responsible for the almost 2 orders of magnitude sup-
pression of the reduced effective diffusion coefficient
D(g*;¢) = D(g*;¢)/Ds(¢), which is also plotted as a
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Figure 6. Reduced diffusion coefficient D(q*;¢) = D(q*;¢)/
Ds(¢) (right axis) and the corresponding normalized (according
to the mean-field theoretical prediction) structure factor
S(g*;¢) (left axis) for the most probable composition fluctua-
tions with wavevector g*, as a function of the reduced distance
from the ODT, ¢(¢), in the neutral good solvent toluene at 20
°C. The chain self-diffusion coefficient Ds(¢) is obtained from
the same dynamic light scattering experiments in the limit g
— 0 (see text). The upper inset shows the reduced diffusion
coefficient D(g*;¢) as a function of the polymer concentration,
¢, whereas the lower inset shows the full width at half-
maximum of the intensity peak, o, reduced by the respective
g* vs the reduced distance from the ODT. (&, a): SI-2M50;
(<, #): SI-3M50.

function of the reduced distance from the microphase
separation. The chain self-diffusion coefficient Dg(¢) was
obtained from the same dynamic light scattering experi-
ment in the limit of the lowest wavevectors, as discussed
earlier. The upper inset of Figure 6 shows the same
dynamic quantity D(g*;¢) as a function of concentration
¢, demonstrating that indeed the representation vs the
reduced distance from the ODT expressed as €(¢) can
eliminate the differences between the two diblocks. The
reduced distance from the ODT can also allow super-
position of the widths o of the structure factor peaks
(they become narrower by approaching the ODT) re-
duced by the peak position g*, shown in the lower inset
of Figure 6; o is expressed as the full width at half-
maximum of a Lorenzian function, which can represent
the intensity data near the transition and is inversely
proportional to the coherence length of the disordered
structure. It is interesting to note that both the two
static quantities, S(g*;¢) and o/g*, and the dynamic
quantity, D(g*;¢), deviate from the behavior away from
the transition (almost independent of ¢(¢)) at about the
same reduced concentration (¢ ~ 0.5), verifying the
observation that it is the enhanced composition fluctua-
tions which determine the dynamics; actually, the
slowing down of D(q*;¢) is evident when the composition
fluctuations become sufficiently coherent as indicated
by the value of the ratio gq*/o > 2.

IV. Theoretical Approach

IV.1. The Diblock Copolymer System. The dy-
namic structure factor of a symmetric monodisperse
diblock copolymer system (Na = Ng) in the entangle-
ment regime over the whole gR4 range**? as well as the
large-scale (qQRy < 1) behavior®6:17 of a polydisperse
system have been investigated before. The aim of the
present work is to calculate the dynamic structure factor
in the general case of compositionally polydisperse
entangled diblocks over the whole gRgy range. Two basic
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types of fluctuations are distinguished: (i) fluctuations
of the total concentration ¢ = ¢a + ¢g and (ii) composi-
tion fluctuations characterized by the order parameter
0¢a (eq 1). The amplitude of total-concentration fluctua-
tions!# is usually negligible in experimentally interest-
ing regimes (see section I11) in comparison with that of
composition fluctuations, which is the focus of the
present work.

One may consider a polydisperse diblock copolymer
consisting of geometrically similar blocks A and B (same
statistical segment length, b, and volume per link v)
with long enough chains, so that the system is en-
tangled. A diblock copolymer chain can be characterized
by two parameters: the total number of segments N =
Na + Ng and the composition parameter f = (Na — Ng)/
(Na + Ng). Here Na and Ng are the number of segments
of A and B blocks, respectively. If p(f) is the volume
fraction of molecules of kind f, the composition distribu-
tion function of copolymer molecules is F(f) = p(f)/¢,
where ¢ = [11p(f) df. The composition polydispersity is
characterized by 6¢ = J4,f2F(f) df — (/L. fF(f) df)2.

Compositionally symmetric diblock copolymers are,
in principle, of specific interest since the microphase
separation in this case occurs as a weakly first-order
phase transition,? which means that the pretransitional
order parameter fluctuations may be strong. Hence, the
theory is developed for a globally symmetric diblock
copolymer, which is monodisperse with respect to the
total molecular weight (total N is constant independent
of f) and for the case where the composition polydisper-
sity is characterized by a symmetric composition dis-
tribution, F(f) = F(—f). In this case, ¢a = ¢ and My, /
Mn, — 1 = My/Mpg — 1 = 64, where My, and My, are the
weight-averaged and number-averaged molecular weights
of the i-block, respectively. A particular case of such a
system is a bidisperse symmetric mixture of diblock
copolymers of two kinds:

N + NP =NP+ NP =N; N =NZ,
NG =N? (5a)

F(H) = [0(F — £7) + o(F + £ )])/2;
@ _ D
pr=mh T s ST ob)

The usefulness of this bidisperse system in the analysis
for the dynamic structure factor of a polydisperse system
will become evident later.

1V.2. The Dynamic Random Phase Approxima-
tion Approach. The dynamic structure factor S;j(q,t)
of a system consisting of polymer molecules formed of
chemically different monomers is defined as

Sy(a0) =1 [14,0,0) d¢,(r.HCexp[—ic-r] dr (6)

where 0¢j(r,t) = ¢j(r,t) — ¢; is the deviation of the volume
concentration of the jth component from its equilibrium
value. For isotropic systems, S;i(q,t) = Sj(q,t). The
fluctuation—dissipation theorem?3° relates the dynamic
structure factor with the matrix of generalized linear
susceptibilities «ij(q,t); for a system obeying classical
statistics,
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.,(q t)

1;(9,8) = —H(t) (7a)

Sii(A Y=o — pSij(q:p) (7b)

where H(t) is the Heaviside function and the Laplace
transform g(p) = /59(t) exp(—pt) dt is used. The linear
susceptibility and the dynamic structure factor are
calculated using the dynamic random phase approxima-
tion31v4 (RPA) approach utilizing the susceptibilities of

“ideal polymer system”, in which the intermonomer
mteractlons are switched off, «{’(q,p). As has been
shown? in the framework of the Flory Huggins model
for a two-component (A — 1, B — 2) incompressible (¢a
+ ¢s = constant) copolymer,

Kij(le) =

«ii(9,p) = «(q,p)(20;; — 1) (8a)
1 1

= - b

«(a.p)  «q,p) 2 (80)

«Oq.p) = K k53— (k52)? ©0)

0 0
K(ll) +2K12 K(zz)

where Jj; is the Kronecker delta.
For a compositionally polydisperse copolymer,

(O)(q p) can be written as

@) = [ a.p) off) df ©)

where «{*(q,p) is the susceptibility of a diblock copoly-
mer of a kind f and p(f) = ¢F(f). Note that «? = &
and «%7 =« = %" Hence, for a symmetrlc
composition distribution function F(f) = F( f) assumed
in section 1V.1, the relation /c(lol)(q,p) = K22(q p) is satis-
fied. This allows a simplification of eq 8c as

«(q.p) = % [0 @p) — S @pIF@ df  (10)

In most cases, the dynamic structure factor, S(q,t) =
S11(g,t) (see eq 2), of an equilibrium homogeneous
system can be written as a superposition of relaxation
modes

S(a.t) = Zlk(Q) exp[—T\(a)t] (11)

I(q) is the intensity of the kth mode and T'«(q) its
relaxation rate. In this case, the linear susceptibility
k(q,p) = k11(g,p) is @ meromorphic function (all singu-
larities are poles), and all poles are simple and located
in half-plane Re(p) < O:

LT -
P Z p + T()

Therefore, the set of relaxation rates and intensities can
be evaluated with

U(@—T)=0; I, = Fik Res, . [c(@p)] (13)

where Res means the residue of a pole singularity (in
the above equation, Ix = Ix(q) and T'x = T'k(q)). The log-
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Figure 7. Reduced plot of 1/1(g) — 1/1(g*) vs § = g/g* for the
S1-2M50 toluene solutions (see text).

averaged relaxation rate I'(g), which may be used to

characterize the dynamics (if the various modes are not
resolved), is

I = eXp(Z (@) In[My@V o) (143)

where liota =
one gets

Sklk(@) = «(g,0). Using egs 7 and 11—-13,

-1
. exp[j:f x(q.p)Kz;'Ko()q.p ) 1]%p] (14b)

The above theoretical results are directly applicable
to an incompressible copolymer melt. In the case of the
solutions used in the present work, the total polymer
concentration ¢ = ¢a + ¢g may also fluctuate. However,
since, as discussed earlier, the concentration fluctua-
tions are much weaker than the composition fluctua-
tions, the system in this respect can be considered as
incompressible. Moreover, in semidilute solutions the
interaction parameter y should be renormalized®2%23 as
v* = y¢1%°. This allows application of the theoretical
results for both block copolymer melts and semidilute
solutions.

Setting p = 0 in eq 8b and using eq 7, one obtains
1/S(q) = 1/SO)(q) — 2¢*, where S(q) = S11(q). Hence, the
curves 1/S(q) vs g measured for different values of y*
should superimpose by an appropriate vertical shift. An
attempt to verify this is shown in Figure 7 using the
dynamic light scattering intensity data, 1(q) O S(q), of
the toluene solutions of SI-2M/50 for different concen-
trations in the disordered state. In Figure 7, the
wavevector (x-axis) is shown as g/q* = §, i.e., reduced
by g* that corresponds to the maximum of 1(q), whereas
the quantity 1/1(q) — 1/1(g*) is scaled in order to satisfy
the relation (02[1(§)] %/08?)l5=1 = 1, this scaling is
performed in order to eliminate the concentration
dependence. The reasonable superposition of the data
(except for the lowest and the highest concentrations
at low wavevectors) verifies the validity of the RPA.

The above eqs 8—14 may be utilized to calculate the
dynamic structure factor S(qg,t) and its relaxation pro-
cesses for an interactive polydisperse system provided
that K(Of)(q p) in eq 9 is known. Its derivation for an
ideal system requires a motional mechanism for the
entangled copolymer chains, which is provided by the
classical reptation model.26 The calculations for the
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probability distribution functions and for the suscepti-
bility components of a diblock copolymer of type f,
«$"7(q,p), are presented in Appendix A.
The susceptibility of a polydisperse system can be
calculated utilizing the ideal bidisperse system (defined

in section 1V.1), whose susceptibility, Kb,)(q p), is calcu-
lated in Appendix A (eq A8). Thus,

Ouap) = [ «a.p) F(E) df’ (15)

The simplest symmetric distribution function is a step-
like distribution F(f') = 0 for |f'| > (6f) and F(f') =
[2(6f)]71 for |f'] < (of). In this case, the susceptibility
of an “ideal” polydisperse system is given by

(of) ,
ap =55 [eap df =

sinh[(6f)a] — (6f)o

(0H? — 69 o*[e°(u + o)l(u — o) + 1]

(6f)o(cosh o + 2) + sinh[(6f)a] — 8 cosh (0/2) sinh[(éf)o/Z]}
o’[e°(u + o)l(u — o) — 1]

#Nu

Wyu) — Wyo) +

(16)

where
Wo(x) = [4e MONFZON — 1) — x(5f) (e + 3))/(2x?)

The polydispersity parameters f' for the bidisperse
distribution and of for the steplike distribution are
related with the usual polydispersity degree My, /My,
of one block as

M

O MWA —1=(f")*> bidisperse case (17a)
Na
M, (of)? .
0= -1= polydisperse case (17b)
M, 3

Equations 8b and 16 allow the calculation of the
response functions for the symmetric polydisperse diblock
copolymers. If «(q,p) is an analytical function of p for
Re(p) < 0, one can numerically evaluate the dynamic
structure factor by finding the poles and residues of
x(g,p) as a function of y* for each of utilizing eqs 11—
13. All poles are situated at the real axis at Re(p) < O if
x* < xs*(6f), where

1
29(q*,p=0)

where g* is a value corresponding to the maximum of
«©O(q,p=0). It is noted that both Q* = g*Ry = q*N2b/
V6 and Nys*(0f) vary with the polydispersity degree
from Q* = 1.95 and Nys*(6f) = 10.5 at 6f = 0 to Q* =
1.3 and Nys*(6f) = 8.0 at 6f = 0.8, in agreement with
earlier calculations?®32 for the static structure factor.
Moreover, Q* — 0 and Nys*(6f) — 6, for of — 1. A
singularity of «(g,p) at a positive p means that the
homogeneous state of the system, with the equilibrium
structure factor S(r,r',t) = S(r—r',t), becomes unstable,
and the components of the system will undergo a micro-
or/and macrophase separation.

Nys*(of) = (18)
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Figure 8. Theoretical predictions for the wavevector depen-
dence of (a) the total intensity lwta(q) and (b) the log-average
dimensionless relaxation rate I'(q)t* vs § = g/g* for polydis-
perse diblock copolymers with various degrees of polydisper-
sities of at the same reduced distance from the ODT ¢ = 0.01.

1V.3. Influence of Compositional Polydispersity.
One can now use eqgs 8, 13, and 16 to calculate the
scattering intensities, 1k(q), and relaxation rates, I'c(q),
for the various modes k = 1, 2, ..., as well as the total
scattering intensity liwi(d) = S(g) and the log-averaged
relaxation rate I'(q) (eq 14). The calculations are per-
formed for a polydisperse system with the steplike
polydispersity distribution as a function of the degree
of polydispersity and the interaction parameter.

Before proceeding with demonstrating the numerical
results for the various relaxation modes, one may
discuss certain qualitative features of the theory pre-
sented herein. Figure 8 shows the dependence of the
total scattering intensity, lwtal(q) = S(g) (Figure 8a), and
the respective log-averaged relaxation rate, I'(q) (Figure
8b), as a function of the reduced wavevector g/q* for
different values of the composition polydispersity pa-
rameter 6f, assuming the steplike polydispersity distri-
bution function, and for the same relative distance from
the critical point for microphase separation expressed
with the parameter ¢ = [ys*(6f) — x*1/ys*(0f) = 0.01.
Significant changes with the degree of composition
polydispersity are evident in both the intensity and the
effective relaxation rate. The static intensity calcula-
tions qualitatively agree with earlier works; in the
present work only the composition polydispersity was
introduced whereas, in previous studies,?%32 either only
molecular weight polydispersity was assumed or both
molecular weight and composition polydispersity. Com-
position polydispersity increases the scattering intensity
at low wavevectors with the intensity tending to a finite
value as g — 0; this value increases with increasing of.
The shift in the position of the maximum g* to lower
wavevectors by increasing of is not demonstrated in the
present figure since the x-axis is shown in a reduced
form § = qg/g*. The effect of Jf on the log-averaged
relaxation rate I'(Q) is more interesting within the
present work. For 6f — 0, I'(q) tends to a constant as q
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Figure 9. Theoretical predictions for the wavevector depen-
dence of (a) the intensities 1(q) and (b) the dimensionless
relaxation rates I'(g)t* for a monodisperse diblock (limono(Q),
T'imono(q), dashed lines), the main “polydispersity” mode of eq
19 in the limit 6f — 0 (T'x(q), dash—dot—dot—dash lines), and
the two slower modes (k = 1, 2) for a polydisperse diblock with
low of = 0.1: (1.(q), T'1(q), solid lines) and (I2(q), I'2(q), dotted
lines). The calculations are shown for ¢ = 0.001. The thin
vertical lines denote the three characteristic wavevectors qo,
g1, and gz (see text).

— 0, in agreement with the behavior of the “internal”
mode discussed before.”~%3 However, as of increases, I'-
(9) — 0 as g — 0; actually with increasing of, T'(q)/q? —
constant (not shown in Figure 8; it will be discussed
later), thus exhibiting a behavior reminiscent that of
the so-called “polydispersity” mode.8-10.13.16.17

One can now proceed to the discussion of the behavior
of the predicted relaxation modes (k = 1, 2, ...) and put
them into perspective. An analysis has been presented
previously!? on the dynamic structure factor for mono-
disperse diblock copolymers within the reptation model.
That analysis resulted in a set of reptational modes with
only the slowest one having significant intensity to be
experimentally observed. The relaxation rate of that
process T'imono(Q) is shown in Figure 9 (dashed line) for
€ = 0.001. A polydisperse system is characterized by
extra relaxation modes that are due to composition
polydispersity. An analysis of eq 16 at the limit of very
weak polydispersity, 6f — 0, shows that the intensity
of these extra modes is proportional to (6f)?, and their
relaxation rates are given by the equation

Q2
=tan(vI't*/2) or

vI't*
= 2
I;t = arctan ? *) +axl, 1=0,1,2,.. (19
VIt

where Q = gRy and t* is proportional to the disentangle-
ment time tqy = t*/7? (Appendix A). The relaxation rate
I'p(q) of the main “polydispersity” mode (with | = 0) is
shown in Figure 9b as the dash—dot—dot—dash line
(I'p(g) does not depend on y in the limit 6f — 0). Higher-
order “polydispersity” modes (with I > 0) can be ne-
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glected as their intensities are very low. Note that the
two curves I'y(q) and I'imono(Q) intersect each other at
two wavevectors: q = q; and g = Q.. For a small, but
finite, degree of polydispersity (for example, 6f = 0.1 in
Figure 9), these two modes are transformed into the
slowest (k = 1) and the next higher-order (k = 2) mode
of the real polydisperse system. Their relaxation rates
I'1(q) and I'>(g) are shown in Figure 9 as solid and dotted
lines, respectively. Note that always I'1(q) < I'2(q) due
to eigenvalue repulsion; i.e., the corresponding curves
do not intersect each other. The first (the slowest) mode
is almost identical to the polydispersity one (I'1(q) =
I'v(q)) for g < gy and g > ¢ (it is due to polydispersity).
However, it nearly coincides with the internal mode of
the monodisperse system (I'1(q) = [imono(q)) for g1 < q
< Q2. Similarly, the second mode (the faster) is almost
identical to the internal mode (I'2(q) = T'imono(q)) for g
< g and q > g, whereas it coincides with the polydis-
persity one (I'2(g) = I'p(q)) for g1 < g < g_; i.e., the second
mode is due to polydispersity in this regime. Besides,
low intensity is calculated for the first (slowest) mode
for g < g1 and q > gz (in the case of weak polydispersity),
as well as for the second (faster) mode for gq; < g < Q2
(Figure 9). Therefore, it is the second mode that
dominates for wavevectors just below q;. However, as
g decreases further, the intensity of the second mode
decreases, and it tends to go to zero as g — 0 following
the behavior of the internal mode of a monodisperse
system. So I,(q) becomes lower than 1:(q) for small
wavevectors, q < (o (note that 11(g) does not vanish in
the limit g — 0). Thus, one can account for the three
intersections between the intensities curves, 11(q) and
12(q), at qo and near g; and ¢. It is noted that the
intensity of the second mode shows two maxima near
g: and g2. For g < qi, its intensity increases with
increasing q, since it is identical to the internal mode
of a monodisperse system. However, for g > g; the mode
is due to the (low) polydispersity, and thus, its intensity
should be low. Therefore, it exhibits a maximum in the
vicinity of gq;. Similar arguments may explain the second
maximum in the vicinity of qy.

One can calculate the relaxation rate and intensity
of the slowest mode for the polydisperse system in the
limit g — O:

Iy(g)t* (0H**N 1 .
_1Q2 = (z -] - Q3+ ONN x

15(¢*N + 4) — 2(6H)%(5x*N + 9) + 3(6f)**N
540 +

0(Q" (20a)

¢N(of)? 2
= f 80(6 —
W= o onzenig - O

(0F)%*N)] [180(*N — 1) — 3(6)%(36 + 40x*N +
5(*N)?) + 2(6f)*%*N(18 + 57*N) — 3(6f)°(*N)?]}
(20b)

A few comments are in order. First, this mode is
exclusively due to the composition polydispersity: its
intensity is identically zero for a monodisperse system
with 6f = 0. Second, for Q = gRy < 1, its relaxation rate
is proportional to Q2 and its intensity is independent of
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Figure 10. Theoretical predictions for the intensities 1k(q) (a, ¢) and reduced diffusion coefficients I'(q)t*/Q? (b, d) of the two
slower modes with k = 1 (solid lines) and k = 2 (dashed lines), the total intensity (dotted lines in a, c), and the mean reduced
diffusion coefficient T'(q)t*/Q2 (dotted lines in b, d) for a polydisperse diblock with 6f = 0.3 as a function of the wavevector Q = gR,
for two different reduced distances from the ordering transition ¢ = 0.25 (a, b) and ¢ = 0.001 (c, d).

Q and tends to a constant as Q — 0; this constant is
proportional to the degree of composition polydispersity
(of)2. Therefore, this process is diffusive with diffusion
coefficient D = T'1(q)/g? = (2 — (6f)%y *N/3)R2/t* = D¢(1
— (0f)%*N/6), where Ds = 2R /t* is the self diffusion
constant within the reptatlon model. Therefore, this
mode is indeed the “polydispersity” mode due to the
interdiffusion of copolymer molecules of different com-
position, as investigated both experimentally and theo-
retically earlier.8-1013.16.17 Note that for a symmetric
copolymer the parameter «o used previouslyl916.17 to
characterize the variance of the composition polydis-
persity is related to (6f)? by «o = (6f)2/12. The second
mode nearly coincides with the internal mode of a
monodisperse system for Q — O; its rate and intensity
for g < g* are given by

[,(q) = 72°/t%;  1,(q) = pNQ*/24 (21)
in agreement with earlier estimates.

IV 4. Pretransition Dynamics: Relaxation Modes.
One can now study the behavior of the various modes
of relaxation of composition fluctuations over the whole
wavevector range. Figures 10 and 11 show the theoreti-
cal results for the dynamic intensities, 11(q) and 1x(q),
and the respective relaxation rates, I'1(q) and T'»(q), for
the first two modes (k = 1, 2) obtained from the
calculated susceptibility for two different degrees of
polydispersity 6f = 0.3 (Figure 10), corresponding to
Mw/M;, = 1.03 usually encountered in ordinary molec-
ular weight diblock copolymers,8~10 and 6f = 0.8 (Figure
11), corresponding to Mw/M, = 1.21 larger than the one
measured for the present ultrahigh molecular weight
systems. In both figures the calculations are shown for
two different distances from the critical point for mi-
crophase separation, i.e., for ¢ = 0.25 (parts a and b)

and € = 0.001 (parts c and d). The data for the relaxation
rates are shown in the form of a reduced effective
diffusion coefficient T'w(q)t*/Q? = 2D(q)/Ds, where D(q)
= TW(@)/9*.

For low 6f and away for the transition (high €), the
modes show the behavior similar to that shown in
Figure 9 and discussed above. For low Q = gRg, the two
modes exhibit the characteristics observed previ-
ously8-1013.16.17 and identified with the “polydispersity”
(k = 1) mode (exhibiting T'; O g2 and I, O g% and with
the “internal” (k = 2) mode (with T, 0 g° and I, O ¢?).
This picture for low Q’s is the same for every of both
far and near the transition; the differences observed are
with respect to the relative intensities of the two
processes as well as with respect to the range of low
Q’s, for which these observations hold. For higher Q’s,
however, the picture is more complicated. For low of
(Figure 10), the rate I'1(q) of the slower mode is now a
combined result of both internal (breathing) copolymer
motions and copolymer interdiffusion. In the lower
wavevector side, it is a continuation of the interdiffusion
(polydispersity) process whereas for length scales of the
order of the characteristic dimension of the structure,
i.e., for g ~ g*, it behaves similarly to an internal
relaxation (of a monodisperse system) exhibiting a sharp
increase of its intensity (which now dominates) together
with a dramatic slowing down of its dynamics (the
critical retardation) by approaching the ODT. The
intensity of the second mode, 15(q), shows two maxima
near g = g; and g = (2 (see the discussion with respect
to Figure 9). The effective diffusion coefficient corre-
sponding to the mean relaxation rate, T'(q)t*/Q?, exhibits
a nonmonotonic behavior: it increases as q increases
in the low-g regime (due to the increasing intensity of
the faster internal-like mode), and then it decreases as
g approaches g*, whereas it increases again for q > gq*.33



2166 Chrissopoulou et al.

-1 ) s n

10005 1.0 15 20

Macromolecules, Vol. 34, No. 7, 2001

1
] @

100005 10 15 20

Q

Figure 11. Theoretical predictions for the intensities 1«(q) (a, ¢) and reduced diffusion coefficients I'«(q)t*/Q? (b, d) of the two
slower modes with k =1 (solid lines) and k = 2, the total intensity (dotted lines in a, c), and the mean reduced diffusion coefficient
T'(q)t*/Q? (dotted lines in b, d) for a polydisperse diblock with 6f = 0.8 as a function of the wavevector Q = gR, for two different
reduced distances from the ordering transition ¢ = 0.25 (a, b) and € = 0.001 (c, d).

For high of, the slowest mode dominates over all
others modes: 11(q) > 1,(q) in a wide range of g's (Figure
11) whereas the mean relaxation rate is essentially that
of the slowest mode (except for very high Q’s). The
dominant mode exhibits characteristics similar to the
experimental observations (Figure 5); i.e., at low wavevec-
tors it is diffusive (reminiscent of the interdiffusion
mode) whereas near g* the behavior is similar to that
anticipated for the internal mode with the critical
retardation observed near the ODT (for low ¢). In this
of regime, the theoretical results demonstrate that it is
very difficult to experimentally resolve the second mode
since its intensity is about 2 orders of magnitude smaller
than that of the first slowest mode over the whole
wavevector range. Note that this “high” polydispersity
regime actually corresponds to ratios My/M, > 1.1,
which are still typical for synthetic polymers.

V. Discussion

The results of the theoretical analysis can be com-
pared with the experimental dynamic light scattering
data (intensities and relaxation rates, Figure 5) as a
function of copolymer concentration in the solution as
the ODT is approached; the systems in the present
study are nearly symmetric diblocks, and thus, the
theory for symmetric systems can be applied. The
parameters involved in the comparison are the interac-
tion parameter y*(¢) (or equivalently the relative dis-
tance from the ODT, ¢(¢)), the radius of gyration of the
chain Rgy(¢) (or equivalently the value of Q*(¢)), the
characteristic time t*(¢), and a proportionality constant
K multiplier of the intensity (this should be independent
of concentration). For the composition polydispersity
parameter of, the experimental values of M/M, are
used (Table 1) together with eq 17 for the polydisperse
system.

The theoretical predictions for both the intensities
11(q) and relaxation rates I'1(q) of the dominant slowest
mode are shown in Figure 5 for both diblock copolymers
SI-2M/50 and SI-3M/50 for all concentrations (see
legends). An excellent agreement between the theory
and the experiment is evident. The values of the
polydispersity indices 6f are 0.6 and 0.73 for copolymers
SI1-2M/50 and SI-3M/50, respectively, thus placing the
systems in the “high”-polydispersity regime discussed
with respect to Figure 11. The dominant mode (k = 1)
for all concentrations shows the following behavior as
the concentrations approach that for microphase sepa-
ration transition, i.e., for low e. For low wavevectors
(g — 0), its intensity 1;(q) tends to a constant whereas
its relaxation rate T'y(q) is proportional to g2 (D(q) =
I'1(g)/g? — constant in Figure 5); i.e., it is essentially a
diffusive process, similar to the polydispersity mode. As
the wavevector increases, the intensity increases and
the effective diffusion constant D(q) decreases. D(q)
exhibits a critical retardation, and 11(q) shows a maxi-
mum for q = g*; i.e., in this wavevector regime, the
features are typical for those of the internal mode of a
monodisperse system.

It is important to discuss the concentration depen-
dence of the parameters utilized in the theoretical
calculations (Figure 12). The intensity parameter K is
independent of concentration, as it should, since it is
only related to the optical setup, the incident beam, and
the refractive index contrast between the two blocks.
The interaction parameter y*(¢) (Figure 12a) increases
linearly with ¢'5° for concentrations not very near the
transition (in agreement with the renormalization?1.24
in semidilute solutions in a nonselective good solvent)
whereas it deviates toward smaller values near the
transition; this is because fluctuation correction effects
have not been introduced in the present theory.?*¢ From
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Figure 12. Estimated parameters from fitting the data in
Figure 5 for toluene solutions of SI-3M50 at 20 °C with the
theory described by eqs 13, 8, and 16: (a) the effective
interaction parameter y* vs ¢'%° (the renormalization predic-
tion); (b) the radius of gyration Ry(¢) vs concentration ¢; (c)
the characteristic time t* vs concentration ¢.

the slope of the y*(¢) vs ¢1*° line, one can estimate the
bare interaction parameter between polystyrene and
polyisoprene as y = 0.06—0.10 (for SI-2M50 and SI-
3M50, respectively), in agreement with earlier studies.
The radius of gyration Ry(¢) (Figure 12b) shows a very
weak dependence (if any) on ¢ for concentrations away
from the transition (which conforms with the predicted
¢7%12 pehavior in semidilute homopolymer solutions),
whereas it increases near the transition, possibly due
to chain extension as the ODT is approached.?® Finally,
t*(¢) (Figure 12c) increases with increasing ¢ much
faster than the prediction (¢*6) for the disentanglement
time of entangled homopolymers; this should be due to
thermodynamic effects influencing the longest relax-
ation time similarly to their influence on the self-
diffusion coefficient.?®3%> Note that the self-diffusion
coefficients estimated (Ds = 2R?/t*) using the values of
Figure 2b,c are very close to tghose measured experi-
mentally.28

Therefore, the theoretical analysis presented in sec-
tion 1V is capable of reproducing the experimentally
observed behavior both qualitatively and quantitatively.
An apparent contradiction may seem to be the fact that
in the present paper the one dominant mode is mostly
discussed while the theory predicts an infinite set of
modes. However, it was shown (Figure 11) that the
slowest relaxation mode with rate I';(q) and intensity
1:(q) is strongly dominant in the experimentally relevant
regime q ~ q* if the polydispersity degree is not too low,
i.e., for 6:= My/M;, — 1 = 0.1. The theoretical predictions
for the second mode, with rate I'>(q) and intensity I»(q),
are discussed in Appendix B in comparison to the data
for the weak intermediate process (faster than the
dominant mode and slower than the cooperative diffu-
sion) observed in Figure 4. Once more, one should
emphasize that it is not possible to distinguish and
assign the two modes as the “internal” and “polydisper-
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sity” modes in this regime. It is the dominant mode (the
slowest one) that incorporates the features of both: the
underlying main relaxation process is the interdiffusion
of compositionally heterogeneous block copolymers in
the low-q regime whereas it is the internal breathing
copolymer motion for g ~ g* with a transition between
these two regimes.

The relaxation behavior is even more interesting for
the case of weak composition polydispersity: ¢ < 0.1.
The genuine polydispersity mode does exist only as J¢
— 0: its intensity Ip(q) is proportional to polydispersity
degree df, and hence, Ip(q) is low whereas its relaxation
rate I'p(q) does not show any critical retardation (see
dash—dot—dot—dash line in Figure 9); in fact I'y(q) does
not depend on the interaction parameter y* at all. For
a small finite 6f, the composition relaxation dynamics
can be described in terms of two competing modes. The
first (k = 1, slowest) mode is close to the genuine
polydispersity mode for g < qi; hence, its intensity
11.(q) is low and nearly g-independent in the low-q
regime. Above @i, the k = 1 slowest mode switches
behavior that closely resembles the genuine internal
mode (for a monodisperse copolymer); hence, its inten-
sity grows abruptly above qi, and it attains a peak in
the critical regime q ~ g*. As the wavevector q further
increases up to gz, the first mode switches back to the
behavior characteristic of the genuine polydispersity
mode; i.e., 11(q) drops abruptly for g > g,. The second (k
= 2, faster) mode follows the behavior characteristic of
the genuine internal mode for q < q; (its intensity 12(q)
is proportional g2 there), it follows the genuine polydis-
persity mode for q; < q < gz (hence I»(q) decreases in
this regime), and it follows the internal mode again for
g > 2. Considering the q dependence of the mean (log-
averaged) relaxation rate for weak polydispersity, ds <
1, one can point out the following. The mean rate I'(q),
defined in eq 14a, nearly coincides with the rate of the
dominant relaxation mode. Hence, I'(q) = Dsg? for q <
Qo = 4/60Ry"L, where qo < g* is defined by the
condition 11(qo) = 12(qo); see Figure 9a. It is the second
(internal) mode that dominates just above qo; hence, T’
=T = 7t = t;l for qo < q < g*. Therefore, the log-
averaged relaxation rate I'(q) is predicted to increase
sharply by a large factor 72(120¢) ! in the region g ~ qo.
Note that the relevant characteristic length scale Ao =
1/qo is much larger than the coil size Ry if of < 1. For g
> (o, the mean relaxation rate I'(q) nearly coincides with
Ti.mono(Q), Which was shown in Figure 9b.

V1. Concluding Remarks

Photon correlation spectroscopy has been used to
investigate the relaxation of composition fluctuations
in disordered semidilute solutions of ultrahigh molec-
ular weight symmetric diblock copolymers in a nonse-
lective good solvent for wavevectors g in the vicinity and
on both sides of the wavevector at the maximum of the
static structure factor, g* ~ O(1/Rg). The use of ultra-
high molecular weight diblocks in solution permits the
investigation of the dynamic structure factor S(q,t) by
dynamic light scattering for 0.2 < g/g* < 2.1 over a wide
time range (1077—10°% s) as a function of copolymer
concentration when approaching the ODT. It is proven
that the most probable composition fluctuations with
finite length scales 2:7/g* are long-lived, exhibiting a
significant retardation when the ODT is approached.
Actually, these short-range composition fluctuations
relax slower than the ones of long range. A general
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theory has also been presented for the dynamic struc-
ture factor of entangled polydisperse diblock copolymers
in melt and in solution in the framework of the random
phase approximation assuming reptational dynamics.
It has been demonstrated that composition polydisper-
sity is responsible for an apparent coupling of the modes
of relaxation of composition fluctuations, especially near
g*. For low wavevectors, the two slower modes cor-
respond indeed to the well-investigated “internal” and
“polydispersity” modes, whereas at higher wavevectors
intramolecular breathing motions (internal diffusion)
and ordinary interdiffusion are coupled: both types of
molecular motions may significantly contribute to the
slowest relaxation mode. The theoretical results com-
pare very favorably with the experimental data.
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Appendix A

In the classical reptation model, entanglements of a
given chain with the surrounding chains are assumed
to create an effective tube confining the chain. Thus,
the confined chain is considered as a super chain of N/Ne
topological blobs with Ne monomers per blob. (In solu-
tion Ne = Ne(¢) is the mean number of links between
entanglements at concentration ¢.) The tube diameter,
de, is equal to the size of a topological blob, de = bNZ?
(b is the statistical segment), and the tube length is L
= de(N/N¢). The principal chain motion on scales larger
than d. is a reptation along the tube axis that is, in fact,
one-dimensional curvilinear diffusion with diffusion
constant Dy = KT/(N¢&p), where &y is the friction constant
per monomer. Neglecting the tube length fluctuations,
it is assumed that the curvilinear distance between any
two links, n and n’, is constant, s(n) — s(n') = L«(n —
n')/N. During a short time 6t, the nth link diffuses along
the tube over a distance Js, to the point where the (n +
on)th link was originally located, with dn = (N/Ly)ds,
[{0s)20= 2Dyot, and [{on)20= 2D*ot, where D* = Dy(N/
Ly)2. Therefore, the distribution function, fu(r,t), for the
position r of the nth link obeys the diffusion equation

ofy(r.t) _ - &F (r,1)

ot anz (Al)
Note that eq Al is valid for a system with no excluded-
volume interactions, i.e., when there is no molecular (or
external) field which could affect the reptation process.
The reptation model implies that the very end parts of
the chains relax extremely fast, and hence, fy(r,t) at the
ends must obey the Edwards boundary conditions,?® 5f,-
(9,t)/0n = £(b2g?/6)fn(q,t) with “+” for n = 0 and “—” for
n = N. Here, fy(q,t) = ffa(r,t) exp(—iqg-r) dr.
Using egs 7—10, one can write for the symmetric
polydisperse diblock

s%a.p) = % [18%%@p) - SS@PIFM df  (A2)

Macromolecules, Vol. 34, No. 7, 2001
1
s{at) = [fam(@.t) hi(n.f) h(m.f dndm  (A3)

where f,m(q,t) is a Fourier transformation of f,m(r,t), the
probability density that the nth monomer of a given
chain is at point r at moment t under the condition that
the mth monomer was at the origin r = 0 at t = 0; h;-
(n,f) = 1 if the n-th segment is type 1 and hij(n,f) = 0
otherwise: hi(n,f) = H(1 + f — 2n/N) and hy(n,f) =1 —
hi(n,f).
Using eqgs 7, A3 one gets

@) = 3/ Tom(@D0 —
Phon(@P)IN(n) y(m.f) dn dm (A2)

where fam(g,p) = Jo’fam(Q,t) exp(—pt) dt. The function
fam(r,t) must obviously obey eq Al, with m being a
parameter, with the initial condition fyn(q,t=0) =
exp[—|n — m|g?b?/6]. Equation Al can be solved using
the Laplace transformation, resulting in

f,n(a,p) = t*f(u,0) (A5a)
with
~ 2 ge~uls—s| _ jg=0ls=s!
f..(u,0) ==
SS( ) O_[ 2(02 _ uz)

u( cosh(so) cosh(s'o)

sinh(so) sinh(s'o)
o> — u? — e%(u + 0)°

_02—u2+e"(u+o)2
(A5b)

u = Q? = (qRy)? = g°Nb?/6 (see ref 36), 0? = pt*, t* =
N2/D* is proportional to the disentanglement time ty =
t*/72 (see ref 36), s = n/N — 1/, and s' = m/N — /5.

Introducing a shortcut, «o(s,s') = exp(—uls — s'|) —
o0%fss(u,0), for the expression in square brackets in eq
A4, one gets

O,efo|sfs'\ _ uefu\sfs’|
ko(s,s') =u —
o — u?
( cosh(so) cosh(s'o)
20

o° —u?—e%o + u)®

sinh(so) sinh(s'o) )
o> — u?+ e%o + u)?
(A6)

Using eqs A4—AG6, the matrix of the ideal susceptibili-

ties of a diblock copolymer of type f, «{*(q,p), are
calculated as

/2 12
P@p) =N [ [ ks.s) dsds’ =

o | e s 0

o(U? — 69

2Nu{ [cosh(a/2) — cosh(fal2)]? . [sinh(o/2) + sinh(fa/2)]2}
oc—u+e’(u+o) u—o+e’(u+o)
o(u + o)

(A7a)

,~f

15%(a,p) =« "(a,p) (A7b)
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“5(a.p) =N f sz f" :/ZKO(S,S’) ds ds' =
2[cosh(a/2) — cosh(fal2)]? .
1-e’(u+o)(u-o)
o(U? = 0P

Nu{ 5 W(u) — W(o) + cosh(o) — cosh(fo) }

1+ e’(u+ o)/(u — o)

(ATc)

where W(x) = 1 + e — e1x2 — o= ((+1)x/2,

The susceptibility of an “ideal” bidisperse system
(defined in section 1V.1) is calculated using eq 10 with
the distribution F(f) of eq 5 and utilizing eqs A7:

d2@m) =2 [57@p) + <5 (a.p) - 265 (@p] =
¢Nu

20l — o) o[¥,(0) — Wy(u)] +

4| [eosh(a72) — cosh(f '012))? N
e’u+o0)(u—o0)—1
[sinh(f '0/2)]?
eu+o)fu—o0)+1

] (A8)

where Wi(x) = x 1[3 + e™* — 2e- @ W2(1 + ef %)),
Equation A8 is used for the calculation of the suscep-
tibility of a polydisperse system, Kf)%),y(q,p), in eq 15.

Appendix B

In section 1V, a general theory is presented for the
relaxation of composition fluctuations in a polydisperse
copolymer system. An infinite series of relaxation modes
are predicted, with the slowest one (k = 1) strongly
dominating in the experimentally relevant regime q ~
g* for polydispersity degrees 6 = M//M, —1 = 0.1. The
next faster mode (with k = 2) exhibits much weaker
intensity but may be experimentally resolved; even
faster modes (k = 3, 4, ...) exhibit too low intensities.
The dependence of the intensity and relaxation rate of
the two slower modes on the wavevector, q, the degree
of composition polydispersity, 6f, and the relative dis-
tance from the disorder-to-order transition, €, was
demonstrated in Figures 10 and 11. It was shown there
that the thermodynamic interactions as well as the
polydispersity affect mostly the slowest (k = 1) dominant
mode. The more than 1 order of magnitude lower
intensity of the k = 2 mode (even much lower near the
transition and/or at low wavevectors) makes it very
difficult for the second mode to be resolved for real
systems.

Nevertheless, for both copolymers at concentrations
where the systems are entangled (i.e., for concentrations
such that N > 2Ng(¢), with Ne(¢) the number of links
between entanglements at concentration ¢), a very weak
process was observed with relaxation time faster than
that of the main mode. This can be seen in Figure 4,
where, besides the fast cooperative diffusion and the
slow dominant mode (discussed above), there is another
intermediate process. The significantly lower intensity
of the intermediate mode compared to the main one is
evident, especially for wavevectors g ~ g* or in the low-q
regime. The relaxation times of the two processes are
always different by more than 1 decade (depending on
the wavevector). To quantitatively discuss the charac-
teristics of the intermediate mode, one has to emphasize
from the beginning the significant errors associated with
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Figure 13. Wavevector dependence of (a) the intensities 1(q)
and (b) the relaxation rates I'(q) of the two slower relaxation
processes observed for a 2.52 wt % SI-3M50 toluene solution
at 20 °C. The solid lines are the theoretical predictions based
on egs 13, 8, and 16 for the k = 1 and k = 2 modes. The dashed
lines are the theoretical calculations based on eqs B1—-B3 for
the | = 1 Rouse mode.

its intensity and dynamics due to the very high intensity
of the dominant mode. However, as can also be seen in
Figure 13, the intensity of the process is increasing with
g in the low-q regime (with the intensity apparently
going to zero as q — 0), whereas its rate is apparently
g-independent. (It is certainly not influenced by g*.)
Moreover, the mode becomes slightly stronger and
slower with increasing the concentration, whereas none
of its characteristics appear to be influenced by the
proximity to the ODT. Figure 13 shows the intensities
and the rates of the slower (the dominant) and the
intermediate of the experimentally resolved processes
for the 2.52 wt % SI-3M50 toluene solution (the even
faster cooperative diffusion is not shown), where the
features discussed for their wavevector dependencies are
seen.

These features of the faster process resemble the
theoretical predictions for the k = 2 mode (discussed in
relation to Figures 10 and 11), so an attempt is made
to compare it to the experimental results. In Figure 13,
the theoretical predictions are shown for the k =1 and
k = 2 modes. It is stressed that the theoretical curves
were calculated using exactly the same parameters
obtained from the analysis of the main dominant mode,
discussed in section V and shown in Figure 12. It is
evident that the model quantitatively captures the
characteristics of the faster process as well.

Alternatively, one may identify this intermediate
process with the Rouse mode discussed earlier'? due to
curvilinear chain fluctuations within their reptation
tubes. In the entangled regime, the motion of a polymer
chain is always a combination of reptation and Rouse-
like motions. For entangled monodisperse diblock co-
polymers and for q < g*, the contribution to the dynamic
structure factor due to Rouse-like motions within the
tube was calculated as??
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Ne(¢)¢
Sr(a.t) = —ZJ.(U) exp[—t%/zg]  (B1)
6s°
7r is the Rouse time of a linear chain with N/Ng(¢)
topological blobs, for which tg/tr = 3N/Ne(¢), i.e., Tr =
(t*/372)[Ne(9)/N] (since 74 = t*/7?), | is a positive integer,
and

J,(u) = U/P[1 — 2uM,(L* + 7A1)7?]  (B2)
with u = ¢?R%,123 and M, given by

M, = (u/2 + 2)(u? + 741%) — 3u® + u%e M +

4JTU|e_UI2(—1)(I+1)/2; I — Odd
= (u/2)(u® + 7%1%) — 3u? — u%e ™" + 4uPe 3 (—1)"%;
I =even (B3)

The comparison of the predictions for the first Rouse
mode (I = 1) with the experimental data for the
intermediate process is also shown in Figure 13. It is
again noted that the parameters obtained from the
analysis of the dominant mode are used for these
calculations. The characteristics of the process are
similar to those of the data; however, the predictions
underestimate the intensity and overestimate the rate
by a factor of about 4. Inclusion of faster modes (I = 2,
3, ...) by calculating the total intensity of all Rouse
modes and a log-averaged rate (similarly to eq 14a)
improves the comparison of the intensities but worsens
that for the rates.

Therefore, it appears that the intermediate process
observed is the k = 2 mode of a compositionally
polydisperse diblock copolymer, which for the range of
parameters in the present system (6f, 9 ~ g* €(¢))
exhibits intensity significantly lower than that of the k
= 1 mode. It is once more noted that, although in the
gRy — 0 regime the two modes observed earlier8-10.16.17
can be definitely assigned to the “internal” and the
“polydispersity” modes contributing to the dynamic
structure factor (in agreement with the limiting behav-
ior of the theoretically predicted modes for a polydis-
perse diblock), it is the very high intensity of the slower
mode for the present 6f and for the present range of g
~ g* and ¢(¢) that hinders the definite identification of
the second mode.
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