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ABSTRACT: The dynamic light scattering (DLS) properties of four symmetric polystyrene—polyisoprene
diblock copolymers have been examined in the neutral good solvent toluene. Concentrations (¢) ranged
from the dilute, through the semidilute, and into the concentrated regimes. Pulsed-field-gradient NMR
has been used to determine the translational diffusivities (D,) of the same copolymers, at selected
concentrations. The results are in substantial agreement with models developed by Benmouna and co-
workers and by Semenov. Three modes are predicted: cooperative diffusion (D¢), corresponding to
relaxation of fluctuations in polymer concentration; an internal mode (I'1), reflecting relative motion of
the two blocks within one molecule; a heterogeneity mode (Dy), due to chain-to-chain fluctuations in
composition and which relaxes by translational diffusion. In dilute solutions, a single, diffusive mode is
seen and is attributed to a superposition of D¢ and Dy. In semidilute and concentrated solutions, D¢
and Dy are cleanly resolved. D¢ shows the expected scaling with ¢ and molecular weight (M), i.e., D¢ ~
c®*"M°. Comparison with the NMR results confirms that the values of the diffusion coefficients Dy and
D, are very similar; this result extends the previous work of Balsara and co-workers, who first noted the
appearance of a block copolymer DLS mode resembling translational diffusion. Selected measurements
in two other good solvents, THF and chloroform, establish that D¢ and Dy are independent of solvent
refractive index (n,), as expected. The relative amplitudes of the cooperative and heterogeneity modes
also scale with ¢, M, and n, in agreement with theory. The predicted internal mode is generally difficult
to resolve but is seen for the highest molecular weight sample examined. The concentration dependences
of Dy and D, are insensitive to the order—disorder transition, in agreement with previous measurements
in solutions and melts. Preliminary measurements of Dy with a novel Fourier transform heterodyne
DLS apparatus were also in good agreement with the other techniques. Finally, the results are compared
with previous DLS measurements of symmetric diblock copolymers in solution. It is proposed that the
apparent discrepancies among the previous studies can be resolved, by appropriate assignment of the

heterogeneity mode.

Introduction

The properties of block copolymers in the vicinity of
the order—disorder transition (ODT) have proven to be
remarkably rich. For example, in the disordered state
but near the transition, there is evidence of significant
non-mean-field behavior, such as chain stretching! and
large-amplitude concentration fluctuations.2® Simi-
larly, in the ordered state several novel morphologies
have recently been uncovered,*® to complement the
well-known lamellar, cylindrical, and spherical micro-
phases. The boundaries between these structures ap-
pear to depend sensitively on subtle effects, including
chain stretching, fluctuations, and chain stiffness asym-
metry. Consequently, it is of particular interest to
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explore the dynamics in such systems. One promising
strategy is to utilize block copolymers in a neutral (i.e.,
nonselective) good solvent and to vary the total polymer
concentration, ¢. In this way, the ODT can be ap-
proached systematically, even for high molecular weight
chains, and the problem of a limited accessible tem-
perature window, often encountered in melts, can be
circumvented.

Dynamic light scattering (DLS) has proven to be a
powerful tool in elucidating the dynamics of polymer
liquids, particularly dilute and semidilute solutions.”#
DLS is sensitive to spontaneous fluctuations in the
polarizability of the medium, which, for the systems of
interest, are usually dominated by fluctuations in
concentration. Thus, information is gained about the
dynamic structure factor, S(g,t), with the typical time
window being 106—102 5, In a homogeneous, incom-
pressible binary fluid, there is only one composition
variable, and the field autocorrelation function (g¥(q,t)
= S(q,t)/S(q,0)) is usually a single-exponential decay (or
distribution of exponentials, in the case of a polydisperse
sample). For multicomponent systems, such as block
copolymer solutions, the complexity increases, and a
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variety of decay modes are possible.

In this paper we report measurements of the DLS
from solutions containing nearly-symmetric (i.e., f ~ 0.5,
where f is the weight fraction of the first block in the
copolymer) diblock copolymers in a neutral solvent, as
a function of molecular weight and ¢. The specific
system is polystyrene—polyisoprene in toluene; four
samples, with total molecular weights ranging from 3.5
x 10% to 3.4 x 10%, were examined. The concentrations
range from the dilute (¢ < ¢¥*), through the semidilute
(c¢* < ¢ < 0.1 g/mL), and into the concentrated regime
(¢ » 0.1 g/mL), and for all samples the ODT was
attained. In addition to DLS, pulsed-field-gradient
NMR was employed to determine the translational
diffusivities of the chains. The results are compared
with two complementary theoretical approaches. The
first, due to Benmouna et al.,%1® builds on the linear
response formalism for multicomponent systems of
Akcasu et al.1112 and utilizes a dynamical mean-field
(random-phase approximation) assumption. Two dy-
namic modes are predicted: a cooperative diffusion
mode, reflecting relaxation of fluctuations in ¢, and an
internal chain mode, arising from relative motions of
the two blocks. The second theory, due to Semenov,1?
introduces a third mode, which is governed by the
translational diffusion of the chains. This mode arises
from compositional heterogeneity, i.e., fluctuations in f
from chain to chain, which permits fluctuations in the
relative block concentration of arbitrarily long wave-
length (i.e., ¢ — 0). This mode also could be anticipated
on the basis of the previous work®-12 and is analogous
to the polydispersity mode described by Pusey et al.l*
for hard spheres.

The DLS from solutions of symmetric diblocks in a
neutral solvent has been reported by several other
workers.15~2 The number of modes observed, and their
identification, differed significantly. A primary reason
for this complexity was that only the cooperative and
internal modes were anticipated, whereas the data were
not consistent with this picture. The work by Balsara
et al.1® was unique among these studies in that one of
the modes was identified as translational diffusion. The
subsequent explanation of this observation by Semenov
et al !® represents a significant advance, as we feel it is
now possible to reconcile almost all of these earlier,
apparently disparate observations. In addition, a simi-
lar mode in copolymer melts, previously identified as
“pattern relaxation”,28-25 has now been assigned to the
heterogeneity mode.2627 In many cases, both solutions
and melts, a fourth mode, slower than all of the three
predicted modes, has been detected;!6-21.23-27 this mode
has been variously ascribed to internal motions of large
lamellar grains, diffusion of clusters or aggregates of
chains, or long-ranged density fluctuations.

The remainder of this paper is organized as follows.
In the next section, the theoretical predictions are
briefly reviewed. Then, our experimental procedures
and results are presented, followed by a comparison
with the theories. Finally, we compare our results with
those of the previous studies and offer a reinterpretation
of some of the earlier data.

Background

The predictions for the amplitudes (A) and decay rates
(I") of the three modes identified in the Introduction are
recalled here. For simplicity, a variety of assumptions
are made. These include the following:

(1) The copolymers are sufficiently small that gR; <
1.

Macromolecules, Vol. 28, No. 5, 1995

(ii) The copolymers are exactly symmetric (f = 0.50),
with equal segment volumes, persistence lengths, and
friction factors.

(iii) The solvent is neutral and good for both blocks,
with the Flory exponent v = 0.6. The resulting expres-
sion for the dynamic structure factor is taken to be:

S(g,t)

Ay exp(—Tyt) (1)

where the subscripts I, C, and H denote the internal,
cooperative, and heterogeneity modes, respectively.
Internal Mode. This mode reflects the relative
motion of the centers of mass of the two blocks on a
single chain.%1%13 To within a constant of order unity,

=1, @)

where 7; is the longest viscoelastic relaxation time of
the chain. In particular, I't is independent of ¢ (for gR,
<« 1), as it involves motions that are independent of the
observation length scale. Semenov!3 derived a concen-
tration dependence for I't in the semidilute regime,
based on the blob model combined with either Rouse or
reptation dynamics, but in general one does not observe
either a clear Rouse-like or reptation-like regime in
semidilute solutions, particularly for moderate molecu-
lar weight polymers. Thus, it is probably more ap-
propriate to determine 71(c) directly via viscoelastic or
flow birefringence measurements or to estimate its
concentration dependence on the basis of established
empirical relations such ag2829

T, == 7,(c=0) exp(acin]) (3)

where [#] is the intrinsic viscosity and a is a paramenter
of order 0.4. Alternatively, one may estimate I'; relative
to I'y, by an approach to be described subsequently. The
amplitude of the internal mode scales as

A= (n,® ~ ng?’¢*N(gR,)* )

where na and np are the refractive indices of the A and
B blocks, N is the total degree of polymerization, and x
= 1 (dilute solutions) or 0.75 (semidilute solutions). Note
that A; is proportional to (gR,)? and thus is expected to
be small for the block copolymers examined here.

Cooperative Mode. This mode is essentially identi-
cal to that observed in homopolymer solutions and is
thus, at least to a first approximation, independent of
the copolymer nature of the chain.®1%13 In dilute
solution,

To=q"Dy=q’Dy(1 + kge+...) (5)
whereas in the semidilute regime

= 2. kT o
T G E ©

Te

where £ is the correlation length and 7, is the solvent
viscosity. The amplitude scales as

Ag = (M — nB%N (7)

in dilute solution, and
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Ag = () — n2%g = () — n %% (8)

in semidilute solutions, where (n) is the average refrac-
tive index of the copolymer, n; is the solvent refractive
index, and g is the number of monomers per blob. This
mode reflects mutual diffusion of the polymer and
solvent, with the amplitude and rate increasing with ¢
in the dilute regime but the amplitude decreasing with
¢ in the semidilute regime. Note that the amplitude of
this mode can be modulated by varying n, for a given
copolymer and that, for the particular choice {n) = n,,
the “zero-average-contrast” condition, Ag should vanish.

Heterogeneity Mode. For perfectly monodisperse
block copolymers of constant composition, S(g=0) = 0,
due to the connectivity of the two blocks. However, for
a finite degree of compositional heterogeneity among the
chains, fluctuations in the relative concentration of A
and B segments can exist at all wavelengths, even if
there was no polydispersity in the total molecular
weight. For gR; < 1 such fluctuations will relax by
exchange of the A-rich and B-rich chains, i.e., by
translational diffusion. Hence, we term this the “hetero-
geneity mode”, whereas Semenov!® and Jian et al.,®
termed it the “polydispersity mode”. It is not trivial to
measure the compositional heterogeneity in a block
copolymer directly, but for anionically-synthesized, nar-
row molecular weight distribution samples, Semenov!3
made the reasonable assumption that the polydisper-
sities of the two blocks were statistically independent,
leading to a polydispersity factor, «, given by

201 _ 2
RPN A St L
f2+(1_f)2

where 0 + 1 = (Mw/M,). The resulting predictions for
I'; and Ay are (with v = 0.6)

9

Ty = ¢?D(e,NX1 — 2kyN¢'*%) (10)
and

«Nc

—_— (11)
1 —2cx N

2 2\2
AHx(nA _nB)

in the semidilute regime; in the dilute regime, this mode
should merge with the cooperative mode and become
unresolvable. In eqs 10 and 11, y is the Flory—Huggins
parameter between the A and B segments, D(¢,N) is the
translational diffusion coefficient of the chains, and ¢
is the polymer volume fraction. It is acceptable for
narrow distribution samples to assume that D is inde-
pendent of fluctuations in f. Semenov!® inserted the
Rouse and reptation limiting expressions for D into eq
10, but, as with the longest relaxation time, it is not
generally the case that the experimentally-observed
dynamics follow either of these mechanisms in the
semidilute regime. In particular, it has been well-
documented that the molecular weight exponent for D
decreases smoothly from ca. —v in dilute solutions,
through the Rouse-like —1 and the reptation-like —2,
to values in the range —2.3 to —2.8, as ¢ is increased
into the well-entangled regime.39-32 Consequently, it
is more appropriate to determine D directly by some
other technique, such as pulsed-field-gradient NMR, in
order to compare eq 10 with the DLS results.

The above analysis in general, and eq 1 in particular,
amounts to identifying I'1, I'c, and I'y as eigenvalues of
a 3 x 3 relaxation matrix and the corresponding
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Table 1. Sample Characteristics

sample M PS) MLP) MM, fes Rynm
SI(16-19) 16x 10 19x10* 1.06 046 46
SI(41-45) 41x10* 45x10* 106 048 85
SK(73-73) 78 x10* 73x10* 105 050 10
SIA70-170) 1.7 x 105 17x105 108 050 16

dynamic processes as the eigenvectors. However, as
pointed out particularly by Akcasu et al.333 these
modes need not, in general, be the eigenmodes, as some
coupling can be expected. Furthermore, the simplifying
assumptions listed before eq 1 are unlikely to be
satisfied exactly (particularly (ii) for PS—PI). Then,
even for the highest quality data, Laplace inversion of
experimental correlation functions is a delicate process,
and precise values of A and I' cannot be expected when
two or more modes are present. Thus, on both theoreti-
cal and experimental grounds, one shouid not neces-
sarily anticipate quantitative agreement between the
data and the above predictions.

Experimental Section

Samples. Three polystyrene (PS)—polyisoprene (PI) diblock
copolymers were synthesized by anionic polymerization, using
s-butyllithium as the initiator and benzene as the solvent. The
resulting values of My were 3.5 x 10%, 8.6 x 10% and 3.4 x
105, and the corresponding values of f (weight fraction PS) were
0.46, 0.48, and 0.50. These samples were designated SI(16—
19), SI(41-45), and SI(170-170). A fourth sample was
provided by Dr. L. J. Fetters, with My, = 1.5 x 10% and f =
0.50; it was designated SI(73—73). The sample characteristics
are summarized in Table 1. Spectrograde toluene was ob-
tained from Fisher and used as received. Some measurements
were also made in HPLC-grade THF (Aldrich) and spectro-
grade chloroform (Fisher). Stock solutions with concentrations
close to coil overlap were prepared gravimetrically by direct
addition of polymer and solvent and filtered through 0.45-um
filters (Rainin) into scrupulously dedusted light scattering
cells. Dilute solutions were then prepared by direct addition
of filtered solvent (0.2 um filters), and the cells flame-sealed.
Higher concentration solutions were prepared in a two-step
process. First, dilute benzene solutions were filtered into
scattering cells and then freeze-dried until all the benzene was
removed. In the second step, the appropriate amount of
filtered solvent was added to the dry polymer, and the cells
were sealed. Each solution also contained a small amount
(0.2-0.5% relative to the polymer) of the antioxidant 2,6-di-
tert-butyl-4-methylphenol (BHT). Solutions were allowed a
lengthy period for equilibration, as there have been sugges-
tions that anomalous “slow modes” in block copolymer solu-
tions have diminished in intensity, or even vanished, over a
time scale of weeks or months.1"182021 Accordingly, the most
concentrated solutions were annealed for periods of at least 3
months. The ranges of weight fractions, w, covered for the
four samples were 0.00039-0.55 for SI(16—19), 0.00051-0.36
for SI(41-45), 0.001—0.31 for SI(73-73), and 0.00062—0.23
for SI(170—170) and thus included the dilute, semidilute, and
concentrated regimes. In addition, the concentration range
extended beyond the order—disorder transition (ODT) for all
four samples. Exact ODT conditions (i.e., w and T) were
determined by static birefringence measurements, following
the procedure of Balsara et al.,5 as will be discussed else-
where.?¢ For solutions at 30.0 °C, the values of wopr were
0.520, 0.311, 0.260, and 0.140, for the four copolymers in order
of increasing molecular weight. Solution concentrations, ¢, in
units of g/mL, or volume fractions, ¢, were determined by
assuming additivity of volumes and densities of 1.05, 0.913,
and 0.867 g/mL for PS, PI, and toluene, respectively.

Dynamic Light Scattering Measurements. The DLS
measurements were performed on a Malvern Model PCS-100
photogoniometer, in combination with a Lexel 95-2 Ar* laser
operating at 488 nm, an ITT FW-130 photomultiplier, and a
264-channel multisample time correlator (Brookhaven Instru-
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ments BI-2030AT). For each solution, intensity correlation
functions g®(q,t) were obtained at seven scattering angles from
45° to 135°, and it was established that in all cases the decays
extended to the theoretical base line (typically within 0.1%,
and always within 0.5%). Using the assumption of homodyne
scattering and the Siegert relation,”# the field correlation
functions g'*(g,t) were obtained and analyzed by the Laplace
inversion program CONTIN.*? Representative examples of the
intensity correlation functions and inversions will be presented
in the Results section. All measurements were made with the
temperature maintained at 30.0 + 0.1 °C.

Measurements of the temporal distribution of scattered
intensity on some of the solutions hinted that, as the ODT is
approached, the scattered electric field might be deviating from
a Gaussian distribution and/or that the system was not ergodic
over the experimental time scale. This could invalidate use
of the Siegert relation and thus potentially compromise the
extraction of g'%g,t) from a homodyne experiment. Accord-
ingly, a set of measurements were made on a recently
constructed Fourier transform heterodyne dynamic light scat-
tering (FTH—DLS) instrument. The detailed principles and
implementation of this technique will be described elsewhere,3®
but it is based on the surface-sensitive light scattering
photometer developed by Mazur and Chung.3® The reference
beam has an electric field component which has been shifted
in frequency by a selectable amount (100 Hz in these measure-
ments), using a pair of acousto-optic modulators in series; the
scattered field is unshifted. The intensity incident on the
photomultiplier, therefore, has a component oscillating at 100
Hz; after the Fourier transform is performed, the 100 Hz peak
may be analyzed as a sum of Lorentzians, with line widths
corresponding to the decay rates in eq 1.

Pulsed-Field-Gradient NMR. Polymer solutions were
flame-sealed under vacuum in 7-mm-o.d. NMR tubes and
stored in the dark for at least 2 months prior to use. Center-
of-mass diffusion measurements were performed using the
large-pulsed-gradient spin-echo method, as described in detail
elsewhere.? Nonspectroscopic pulsed 'H NMR was performed
at 33 MHz in a conventional electromagnet, at a temperature
of 30.5 £ 0.2 °C. The attenuation of the principal spin echo
at 27 = 50 ms was measured as a function of the duration of
the two field-gradient pulses, each following one of the two
radio-frequency pulses in the 90°—7r—180°~r—echo sequence.
The field gradient, G, had a magnitude of 136, 383, or 585
Gauss/cm as required, each calibrated to within 1.5%. The
pulse length 3, was varied in 10—15 steps from 0 to 16 ms, or
until the echo amplitude had decreased below 2% of its original
value. At high G and large 6 we employed d-dependent
differential gradient pulse length corrections to keep the echo
centered at 27 and compensated for receiver phase shifts.

A steady field gradient of Gy = 0.85 Gauss/cm was also
applied throughout the on-resonance experiments. Some
experiments at the lowest diffusion rates were repeated 3 kHz
off-resonance in the single-side-band mode with Gy, = 0,
recording the background-corrected integral of the magnitude
Fourier transform centered on the echo, with results in
agreement with the on-resonance mode. Each echo amplitude
employed is the result of signal averaging over between 6 and
20 measurements. To aid in the interpretation of the diffusion
spectrum, spin—spin relaxation (T;) measurements were per-
formed on each specimen.

The echo-attenuation data were reduced off-line by a
program which makes the required minor corrections for the
effects of residual field gradients.4! The fitted model postu-
lated two separate, single diffusion rates, corresponding to
solvent and polymer; the polymer polydispersity was too small
to justify accounting for a distribution of diffusivities in the
polymer contribution. The two observed attenuation rates
were easily separated, as they differed by factors of between
50 and several thousand.

Results

Typical Laplace inversions of the correlation functions
by CONTIN are shown in Figure la—d, for the four
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copolymers; the scattering angle is 90° throughout, and
representative concentrations in the dilute, semidilute,
and concentrated regimes are included. At each con-
centration, the height of the largest peak in the decay
rate distribution, G(I'), has been normalized to unity,
for convenient display; thus, comparisons of peak heights
are significant only within a given curve. The following
general observations may be made. For all four samples
in the dilute regime, the distribution of decay rates is
dominated by a single mode. This peak will be assigned
to a superposition of I'c and I'y. Then, at concentrations
near coil overlap, this peak broadens noticeably, as I'c
and I'g begin to separate in time; by ¢ & c¢*, two modes
are cleanly resolved. For the two lower molecular
weights (Figures la and b), G(I') shows two well-
resolved peaks through the semidilute and into the
concentrated regimes. The faster mode increases in rate
and decreases in relative amplitude, as ¢ increases; this
will be assigned to I'c. The slower mode decreases in
rate and increases in relative amplitude, as ¢ increases;
this will be assigned to I'y. For the highest molecular
weight (Figure 1d), the same features are evident,
except that an additional, intermediate mode, appears
for w = 0.049 and persists at higher w. This mode will
be assigned to I'l. Finally, for SI(78—73), there are
consistently two modes throughout the semidilute re-
gime, and some suggestions of a third, intermediate
mode (see, for example the shoulder around 5 x 104!
for w = 0.178); however, this third mode is not cleanly
resolved. By the highest concentration shown, only I'y
is well-defined; this data set corresponds to measure-
ments taken on a solution in the ordered state. Rep-
resentative intensity correlation functions, correspond-
ing to the Laplace inversions in Figure 1d, are shown
in Figure 2.

The angle dependence of each peak in G(I') was
examined for all solutions, and for all modes assigned
as I'c or 'y, I' ~ g2 An example is shown in Figure 3,
for SI(73—73) with w = 0.110. Thus, diffusion coef-
ficients could be extracted unambiguously, as D =I'/g2.
The angle dependence of G(I') is shown in Figure 4, for
the SI(170—170) solution with w = 0.0489. Three peaks
are consistently present in G(I'), and, at the lowest
scattering angle (45°), there is a suggestion of a fourth,
slower mode. However, such possible “slow modes” only
occasionally appeared in the inversions; for example,
comparing Figure 4 with Figure 1a—d, this data set is
the exception, and we therefore assign no significance
to this peak. The corresponding plots of I'c, I'y, and I'y
versus g2 are shown in Figure 5; it is evident that the
fastest and slowest modes are diffusive, whereas the
intermediate mode has, at most, a slight dependence
on gq. AsgR;is about 0.5 at ¢ = 90°, this increase in I'y
with g could herald the crossover to the scaling I't ~ g*
expected for the internal mode when gRg > 1.9:10

The concentration dependences of Dc and Dy are
shown for the four samples in Figure 6a—d, in double-
logarithmic format. Also shown in each figure are the
translational diffusivities, Ds, as obtained by NMR.
From the close correspondence between Dg and Dy, it
is clear that this mode indeed reflects translational
diffusion. In Figure 6c, there is some discrepancy
between D; and Dy for SI(73—73) over the range 0.05
< w s 0.1, for which we have no firm explanation.
However, considering the results from all four samples
together, the identity of this mode is clearly established.
The factor in parentheses on the right-hand side of eq
10 predicts that Dy should fall increasingly below D,
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Figure 1. Laplace inversions of the correlation functions obtained at 6 = 90° for (a) SI(16—19), (b) SI(41-45), (c) SI(73—73), and
(d) SI(170—170) in toluene, at the indicated concentrations. The equal area representation, 'G(D'), is used, and the smooth curves

are intended as guides to the eye.

as ¢ increases, but for these samples « is sufficiently
small that this correction should be at most 20%, which
is certainly less than the combined uncertainties in D,
and Dy. It is interesting that the amplitude of the
heterogeneity mode dominates the correlation functions,
given that the samples are relatively narrowly distrib-
uted in molecular weight and thus presumably have
limited compositional heterogeneity. However, it is
important to recognize that this dominance is only
evident for ¢ > c¢*, where the chain concentration is
relatively high in the context of light scattering, and that
Ag is predicted to increase linearly with ¢, whereas Ac
should decrease with ¢ in this regime.

The concentration dependence of D¢ in Figure 6a—d
is qualitatively as expected for cooperative diffusion: D¢
increases slightly with w for ¢ < ¢*, and then more
noticeably for ¢ > c¢*. Figure 7 presents the data in
Figure 6a—d superposed in the scaling format, D/Dg vs
c/c*. The values of Dy were obtained by extrapolation
of the dilute solution data to infinite dilution, which also
yields values of the hydrodynamic radius, Ry, via the
Stokes—Einstein relation:

_ kT
Do = & R,

The resulting values of R; are given in Table 1. The

(12)
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Figure 2. Intensity correlation functions underlying the
Laplace inversions in Figure 1d.
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Figure 3. Angle dependence of the mean decay rate for the
cooperative and heterogeneity modes, for SI(73—73) in toluene
with w = 0.110.

values of ¢* were calculated as

3M,

c* = — (13)
N,AnR,

where R, was estimated as 1.3Ry. This plot reveals that
Du/Dy does not scale exactly with c/c*, which is also the
case for translational diffusion in homopolymers. On
the other hand, D¢/Dy is sensibly independent of mo-
lecular weight, as expected for cooperative diffusion. A
straight line drawn through the data for c¢/c* > 1 would
give a slope of about 0.4, somewhat below the expected
0.75. However, this procedure could be misleading. To
obtain a “correct” semidilute solution scaling exponent,
one should satisfy the dual requirements of c/c* > 1 and
¢ < 0.1 g/mlL, the latter being a generally-accepted
cutoff, above which local friction effects and three-body
interactions, efc., become important. Because the block
copolymer molecular weights are relatively low, there
are actually only a few data points that fall in the
semidilute regime thus defined (2 for SI(45—45), 6 for
SI(73—73), and 3 for SI(170—170)). If an exponent is
extracted from these data alone, a value of 0.73 is
obtained. This is illustrated in Figure 8, where D¢ is
plotted directly against w, and where a straight line has
been fit to the semidilute data only (the filled symbols).
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Figure 4. Laplace inversions of the correlation functions
obtained at the indicated scattering angles, for SI(170-170)
in toluene with w = 0.0489. The equal area representation,
I'G(I"), is used, and the smooth curves are intended as guides
to the eye.
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Figure 5. Angle dependence of the mean decay rate for the
three modes observed for SI(170—170) in toluene with w =
0.0489. The decay rate for the intermediate mode has been
divided by 6, to bring it onto the same scale.

At concentrations beyond 0.1, the data fall below this
scaling, as also seen at higher concentrations in homo-
polymer solutions.#2 Thus, this mode is clearly con-
firmed as Dc; furthermore, data for PS homopolymers
in toluene®? (not shown) are in quantitative agreement
with these results, demonstrating that this mode is
independent of chain architecture, as predicted.

The behavior of Dc and Dy described above is com-
pletely consistent with the predictions embodied in eqs
5, 6, and 10. However, the models also make testable
predictions about the amplitudes of the modes, as in egs
7, 8, and 11. Combining eqs 8 and 11, the prediction
for the relative amplitude of the cooperative and het-
erogeneity modes in the semidilute regime is

A
(n)? = n, 2P KI;I_ ]% o 12 (14)
c

where the factor in the denominator on the right-hand
side of eq 11 has been ignored. Figure 9 presents the
data in this format, with a line of slope 1.25 drawn as
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Figure 7. Scaling plot of reduced diffusivities, D¢/Dp and Dy/
Dy, versus reduced concentration, c/c*, for all four copolymers
in toluene.

a guide to the eye. The reduction to a master curve is
certainly not perfect, and data have been included for
concentrations above 0.1 g/mL. Nevertheless, the pre-
dicted scaling of ¢! is consistent with the data, given
the uncertainty; the major source of uncertainty is in
extracting the amplitudes of the modes via CONTIN,
particularly when one of the modes contributes less than
10—20% of the total intensity. Measurements were also
made for SI(73—73) in THF and chloroform, two other
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Figure 8. Concentration and molecular weight dependences
of D¢ for all four copolymers in toluene. The solid symbols
denote data taken in the semidilute regime, which yield a
concentration scaling exponent of 0.73.

good solvents with quite different refractive indices.
Comparison of eqs 8 and 11 indicates that, as the
solvent refractive index decreases, Ac should go up but
Ag should be unchanged. Accordingly, the variation of
ng has been incorporated into eq 14 and into Figure 9,
and this prediction is also supported by the data. As
shown in Figure 10, the values of Dc and Dy are
independent of solvent, as expected.
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Figure 10. Concentration dependences of D¢ and Dy for
SI(73—73) in toluene, CHCl;, and THF.

The predicted internal mode was not generally ob-
served, but with some confidence we can identify the
intermediate mode seen for SI(170-170) at higher
concentrations as I'. The difficulty in resolving I'y can
be attributed to several sources. First, it is almost
always difficult to extract three modes from an experi-
mental correlation function; they must be well-sepa-
rated in time, yet comparable in amplitude. Second, the
internal mode is predicted to have a low amplitude
under most conditions. For example, in semidilute
solutions, although Ac decreases, Ay should increase
more rapidly than Aj, so it may be harder to find the
internal mode for ¢ > c*; this is consistent with our
results. Also, A; scales as M? (for Gaussian chains), and
block copolymers typically have relatively low M. Third,
I'1 is potentially close to I'c over a significant range of
concentration. For example, in dilute solutions, I'1 >
I'c, whereas in semidilute solutions, I'c > T, so the two
coincide near c*.

The magnitude of I't can be estimated from I'y, as
follows. The Zimm, Rouse, and reptation theories all
predict that the dimensionless ratio, Dyr1/Rg?, should
have a value of approximately 0.2.43 Estimating R, to
be 13 and 21 nm for SI(73—73) and SI(170-170),
respectively, yields estimates of I'yT'y of 40 and 16 for
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Figure 11. Concentration dependences of Dy, from homodyne
DLS, D,, from NMR, and D from Fourier transform hetero-
dyne—DLS, for SI(170—170) in toluene. The data extend
through the order—disorder transition and into the ordered
state.

the two copolymers, respectively, independent of con-
centration, for a scattering angle of 90°. This separation
is reasonably consistent with the results for SI(170—
170) in Figures 1d and 4, where at 8 = 90° the peaks
assigned to I't and I'y are separated by a factor of 10.
However, rather than analyze the experimental cor-
relation functions beyond the uncertainty inherent in
Laplace inversion, we feel it is more appropriate to
pursue the internal mode in more detail by using a zero-
average-contrast solvent and thereby making Ac ~ 0.
Under such circumstances, there should be at most two
visible modes; this expectation has recently been con-
firmed.*

As noted in the Experimental Section, there is some
concern that the scattered electric field is not a Gaussian
random variable as the ODT is approached. In addition,
separate measurements of polarized (vv) and depolar-
ized (Ivm) scattered intensity for SI(170—170) indicated
a net increase in both Iyuy and Ivy as the ODT is
approached;38 the onset of this increase precedes the
ODT as determined by static birefringence. The origin
of this phenomenon is not clear, but one possibility is
that it reflects the substantial concentration fluctua-
tions, or regions of incipient lamellar order, that have
been demonstrated by rheology and scattering from
copolymer melts.2? Recently, similar fluctuation effects
have been seen by rheology and flow birefringence
measurements on solutions of SI(73—73) on the dis-
ordered side of the ODT.%546 From a practical perspec-
tive, the issue is whether this phenomenon compromises
the analysis of the correlation functions via the Siegert
relation. To pursue this issue, we utilized the FTH-
DLS instrument described briefly in the Experimental
Section. Measurements were made on solutions of
SI(173—173) ranging in concentration from w = 0.09 to
0.23, and the resulting diffusion coefficients are shown
in Figure 11. Note that, at these concentrations, the
amplitude of the cooperative mode in the homodyne
experiments is almost negligible, so that the correlation
functions are effectively unimodal. From Figure 11 it
is apparent that the FTH—DLS data agree well with
the NMR measurements, albeit with some scatter. The
values of Dy extracted by FTH-DLS appear to be
comparable, or possibly slightly below, those obtained
by DLS in the homodyne mode. On the basis of these
preliminary measurements, therefore, we are inclined
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to consider the homodyne results to be reliable at least
up to the ODT, bearing in mind the inevitable experi-
mental uncertainties with such concentrated systems.
In addition, Dy passes smoothly through the ODT (w =
0.140), as noted previously in solutions!é4” and melts.48-51

Comparison with Other Studies

Over the past 3 years eight papers have appeared
describing DLS measurements on nearly-symmetric
block copolymers in neutral good solvents.!5-22 The
character of the modes observed and the tentative
interpretations advanced vary considerably. However,
we believe it is now possible to place almost all of these
results within the common framework described in the
Background section; this retrospective was greatly
faci;itated by the recent theoretical work of Semenov et
all

The majority of the data are consistent with the
existence of four distinct dynamic modes that have the
following character:

(i) Cooperative diffusion (I'c = g2D¢), which cor-
responds to translational diffusion only at infinite
dilution and which increases in rate with increasing
concentration.

(ii) An internal or structural mode (I'1), which should
be g-independent for small gR; and g-dependent at
higher q. At low gRg, I't should correspond to the
inverse longest relaxation time of the chain. In dilute
solutions, this mode is faster than cooperative diffusion,
but in semidilute solutions, it should cross over and
become slower than cooperative diffusion. It is expected
to have low amplitude for low molecular weights.

(iii) A heterogeneity mode (I'y ~ q2D;), dominated by
translational diffusion of the chains, which should
become resolvable from cooperative diffusion above ¢ =~
c*; it is the slowest mode predicted by theory.

(iv) An additional, still slower mode, of unknown
origin. It appears to involve cooperative motions of
clusters of chains, but its complete characterization
remains elusive.

In general, any given experimental correlation func-
tion should not be expected to detect all four modes, or
even three, given that the conditions would have to be
carefully chosen so that all of the modes have compa-
rable amplitudes but distinct decay rates.

Five of the aforementioned papers appeared in 1991,
Borsali et al.1% examined a PS—PMMA diblock (M, =
7.8 x 105, fps = 0.4) in toluene for ¢ = 5¢*, Two modes
were clearly evident, and both decay rates were roughly
g?-dependent; in addition, the faster mode was quite
comparable to D¢ for a PS homopolymer solution. The
interpretation of the slower mode was uncertain, be-
cause it was diffusive, and thus did not fit the character
of the expected internal mode. However, we can now
say that the magnitude (ca. 7 x 1078 cm?s) is close to
that expected for translational diffusion. For example,
Kent et al. report that D = 5 x 1078 ¢em?s for a nearly
symmetric PS—PMMA diblock with My, = 8.9 x 105 at
the same solution concentration.52 In short, we may
conclude that Borsali et al.15 observed D¢ and Dy, with
I't presumably unresolvable because it should overlap
Dc for this concentration (and D¢ and Dy were only a
factor of 5 apart).

Duval and coworkers presented two studies of PS—
PMMA in toluene, one!® with M, = 6.4 x 10° and the
otherl” with My, = 3.4 x 105. The former study involved
one concentration, ¢ = 1.6¢c*, and two modes were seen.
The slower mode was diffusive and numerically consis-
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tent with D¢, The faster mode was attributed to I't. The
latter study included a range of semidilute concentra-
tions, and two diffusive modes were seen. The faster
was again Dg¢, but the slower was attributed to “super-
structures”. However, its magnitude and concentration
dependence are consistent with Dy, and this seems the
more likely interpretation. The higher M., and lower
concentration in the former study presumably account
for the observation of I'1 and not I'y. These workers also
noted the presence of an even slower mode that disap-
peared over time and that was more apparent at higher
concentrations.

Konak and Podesva2® examined a PS—PI diblock in
diphenylethylene, with M,, = 1.8 x 105 and fps = 0.58;
four concentrations up to ¢ = 8¢* were employed. They
saw two modes and attributed the faster to I't and the
slower to D¢, based on the g-dependence. However, the
magnitude of the slower mode ((3—6) x 1078 em?/s) is
at least an order of magnitude too low for D¢ and is
therefore more likely to reflect Dy, even though it
increased slightly with concentration. Indeed, this
sample is not too different from our SI(73—783), and
comparison of the data in Figure 6c shows that over the
relevant range (w = 0.01-0.06) their slow mode is
actually slightly below our Dy. Thus, it appears that
these measurements found I't and I'y, but not Tc. They
also noted the appearance of a still slower mode,
particularly at high concentrations.

Balsara et al.18 in this laboratory examined a PS—PI
diblock in toluene, with My, = 3.1 x 10% five rather high
concentrations were employed (w = 0.08—0.60). As a
consequence of this wide concentration range, these
were the first DLS measurements to traverse the ODT.
Two modes were consistently seen, with the faster mode
diffusive and the slower close to g3-dependent. Com-
parison with forced Rayleigh scattering and NMR
measurements led the authors to suggest that the
diffusive mode corresponded to translational diffusion,
a then-novel speculation that now has theoretical and
experimental support. Interestingly, the diffusivity was
apparently unaffected by the ODT, in agreement with
more recent results in melts*$-5! and the results pre-
sented here. The slower mode was attributed to dy-
namics of incipient grains, especially as it was found to
slow down dramatically near the ODT. It is worth
noting that these solutions were measured within a few
days of their preparation, in contrast to those employed
here. Consequently, and consistent with some of the
other results above, we attribute the “slow mode” to a
nonequilibrium state. The absence of I't and I'c in the
work of Balsara et al.18 is now also straightforward to
explain: it is a consequence of the low molecular weight
and high concentrations involved.

More recently, there have been two other relevant
studies. Tsunashima et al.?2 examined a PS—PMMA
diblock (My, = 1.5 x 105 in very dilute benzene
solutions. Two modes were seen, the slower clearly
identified as D¢ and the faster possibly I'y; the latter
interpretation was uncertain because a g-independent
regime was not detected as ¢ — 0. However, as the
authors pointed out, the asymmetry of the sample (fps
= 0.39) can compromise the simple assignment of modes
in the mean-field theory. Konak e al.2! also examined
a PS—PMMA diblock in toluene, but with low M,, (8 x
104) and higher concentration (w = 0.005—0.04). The
faster mode observed was consistent with D¢, but the
slower mode, which was also diffusive, was ascribed to
aggregation induced by crystallization of stereoregular
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sequences on the PMMA chains. In support of this
interpretation, the mode was found to disappear in
chloroform, a better solvent for PMMA, and to be
reduced in amplitude at higher temperature. However,
it should be pointed out that the magnitude of this
diffusion coefficient (4 x 108 ¢m?/s) is comparable to
Dy (cf. SI(41—45) in Figure 6b) and that switching to
chloroform would reduce the relative amplitude Aw/Ac
by a factor of about 2.3, which might account for its
“disappearance” (Ay/Ac was only about 0.3 in toluene).
Of course, this interpretation does not explain the
results of changing temperature; this issue perhaps
should receive more experimental attention.

In a recent study that in many respects parallels our
own, Jian et al.l® examined the DLS properties of two
PS—PI copolymers in toluene. One sample was asym-
metric, but the other was symmetric with a total
molecular weight of 1.6 x 105 the latter specimen,
therefore, is quite comparable to SI(73—73). Their
results are quite consistent with ours, in the main.
They find three modes and attribute them to I'c, I'y,
and I'. The magnitudes and g-dependences are also
comparable to those we report. There are two salient
differences between their results and those reported
here. First, Jian et al.1® were able to resolve I'y cleanly
for this polymer, in both dilute and concentrated solu-
tions, whereas we could not. The origin of this differ-
ence is not clear. One possibility is that, in our case,
the compositional heterogeneity was slightly higher,
leading to a larger Ay that served to make the internal
mode harder to resolve; another possibility is their use
of a logarithmically-spaced correlator. The second dif-
ference is that Jian ef al.1® found the extra slow mode
consistently, whereas we do not. As our correlation
functions decayed to the theoretical base line, this
difference is probably not related to hardware. They
interpreted the mode as being due either to clusters of
copolymer chains or to long-range density fluctuations;
we feel our results are evidence that this mode is
indicative of a nonequilibrium, or possibly metastable,
state.

The above discussion summarizes the previous DLS
measurements on block copolymers in neutral good
solvents. However, as mentioned at the outset, there
have been related studies using neutron scattering. The
internal mode was, in fact, first cleanly observed by
Borsali et al.,5® using neutron spin echo on a concen-
trated solution of a PS—perdeutero-PS diblock. They
blended benzene and perdeuterobenzene to achieve the
zero-average-contrast condition noted in the Back-
ground section. The SANS ¢ range enabled these
workers to demonstrate the Rouse-like character of the
internal mode. A follow-up study extended the meas-
urements to three other concentrations,5¢ but the con-
clusions were unchanged.

Summary

The dynamic light scattering (DLS) from dilute,
semidilute, and concentrated solutions of four nearly
symmetric PS—PI diblock copolymers has been exam-
ined, in the neutral good solvent toluene. In dilute
solutions, the distribution of decay rates was dominated
by a single mode, whereas in semidilute and concen-
trated solutions, two modes were generally seen. Some
supporting measurements were performed in THF and
chloroform. Measurements of copolymer translational
diffusion by NMR were also conducted. The results
were interpreted in terms of the theories of Benmouna
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et al.%1® and Semenov.!® Finally, the results were
compared with all of the previously-reported DLS
measurements on block copolymers in nondilute neutral
solutions.%~22 Tt is argued that the apparent discrepan-
cies among the previous studies can now be resolved.
The specific conclusions are as follows:

1. A cooperative diffusion mode, D¢, was consistently
seen. In the semidilute regime, D¢ ~ ¢®"M?, in agree-
ment with theory and in agreement with measurements
on homopolymer solutions. The amplitude of this mode
decreased with increasing concentration and varied with
solvent refractive index, as predicted.

2. A heterogeneity mode, Dy, was consistently seen
for solution concentrations above coil overlap. Com-
parison with NMR results established the identity of
this mode, which was only recently predicted by
Semenov;!8 it is visible due to compositional heterogene-
ity in the copolymer chains, and it reflects translational
diffusion. The amplitude of this mode also showed the
predicted increase with concentration.

3. The concentration dependence of the translational
diffusivity was unaffected by the order—disorder transi-
tion (ODT), as reported previously for solutions and
melts. Measurements with a new Fourier transform
heterodyne—DLS instrument both above and below the
ODT gave values of Dy in substantial agreement with
those from NMR and homodyne DLS.

4. The predicted internal mode could only be resolved
cleanly for the highest molecular weight sample, and
then only in the semidilute regime.

5. A fourth, even slower mode, that has been reported
previously by several workers, was not consistently
seen; it is proposed that this mode is indicative of a
nonequilibrium state.

6. A detailed reexamination of previous measure-
ments on similar systems suggests that Dy was consis-
tently observed in those studies but incorrectly assigned;
only in the study of Balsara et al.l® was this mode
attributed to translational diffusion. The recent theory
of Semenov!3 therefore serves to reconcile a variety of
apparent contradictions in the literature.
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