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Breathing and Composition Pattern Relaxation in ‘“Homogeneous” Diblock Copolymers
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The relaxation mechanism of diblock copolymers above the order-to-disorder transition has been
identified. We present the first experimental evidence of the existence of both a local internal breathing
relaxation process and a diffusive pattern relaxation mode measured on the same sample for a series of
diblock copolymers by applying photon correlation spectroscopy in the polarized geometry. The relaxa-
tion characteristics of both modes are modeled in terms of recent theories, with the necessity for a com-

plete theory becoming evident.

PACS numbers: 61.41.+e, 64.60.Cn

Diblock copolymers are macromolecules composed of
two covalently bonded sequences, or blocks, of chemically
distinct repeat units. The extensive literature [1] on di-
block copolymers A4-B deals mainly with their complex
phase behavior and morphological characteristics, which
are determined by the overall degree of polymerization,
N, the composition of A4, f, and the Flory-Huggins in-
teraction parameter, y. For y/N <10, the copolymers ex-
ist in a spatially homogeneous or disordered state [2]. As
xN is increased to be 0(10), local composition fluctua-
tions are developed on a scale proportional to the polymer
size [3,4]. These equilibrium composition field config-
urations have been viewed as a superposition of isotropic
composition plane waves with wave vectors having ran-
dom directions and phases and a preferred [3] or not [4]
magnitude, ¢*, which create a “pattern” that fluctuates
in time with a cooperative correlation length & The fluc-
tuations lead to a weak first-order order-to-disorder tran-
sition (ODT) towards a microphase with long-range or-
der in its composition. Strong unambiguous evidence of
significant composition fluctuations at temperatures well
above ODT has been recently reported. Small angle neu-
tron scattering and rheological measurements [5] re-
vealed characteristics that quantitatively agree with the
fluctuation theory predictions and established that the
pattern resembles the transient morphologies encountered
during the final stages of spinodal decomposition. Dielec-
tric relaxation spectroscopy [6-8] and depolarized dy-
namic light scattering [7,8] (photon correlation spec-
troscopy— PCS) produced clear evidence of the existence
of two distinctly different segmental orientation times in
“homogeneous” diblock copolymer melts, which proves
the existence of two different local environments in di-
blocks, i.e., strong composition fluctuations even far
above the ODT. The root-mean-square amplitude of the
composition fluctuations estimated from the local seg-
mental orientation times compares favorably [8] with the
amplitude predicted by theory [3].

Relatively less effort has been devoted to the dynamical
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properties of block copolymer melts, with the understand-
ing of the mechanism of their relaxation still missing.
Rheological investigations [5] showed evidence of critical
slowing down near the ODT, with theory [9] qualitatively
capturing the relative fluctuation contributions to the
shear and normal stress coefficients. The random phase
approximation method [10] and the Edwards Hamiltoni-
an approach [11] have been used to derive the intermedi-
ate scattering functions and their relaxation characteris-
tics in bulk homogeneous diblock copolymers; the mean-
field fluctuation-free calculations predict a single relaxa-
tion process that is attributed to the relative motion of the
two polymer blocks (internal or breathing mode). The
relaxation rate of this mode is predicted to be indepen-
dent of the scattering vector g for low ¢’s. Very recently
PCS in the polarized geometry revealed [8] a new relaxa-
tion mode in ‘“homogeneous” diblocks. This mode is of
diffusive nature (g2-dependent relaxation rate) and was
attributed to the relaxation of the composition fluctuation
induced pattern. Investigations on the dynamics of di-
block copolymer solutions, on the other hand, lead to the
observation of various modes of relaxation [12,13]
without a concensus regarding the underlying dynamics.

In this Letter, we present the first experimental evi-
dence of the existence of both the g-independent internal
breathing relaxation process and the diffusive ¢ *-depen-
dent pattern relaxation mode measured on the same sam-
ple by applying PCs in the polarized geometry on a series
of diblock copolymers with different NV’s and f’s, thus
identifying the mechanism of relaxation of diblock copo-
lymer melts above the ODT. The relaxation characteris-
tics of both modes may be consistently modeled using
bulk copolymer viscosities and friction coefficients de-
duced from interdiffusion data on the corresponding mix-
tures.

Four poly(dimethyl siloxane-b-methyl ethyl siloxane),
P(DMS-b-MES), diblock copolymers with different NV’s
and f’s were anionically synthesized and characterized,
as will be described elsewhere [14], and their characteris-
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TABLE I. Sample molecular characteristics and relaxation behavior at 80°C.

Weight % Ds,exp rf,cxp C 70 Ds,calc Iﬂf,calc

Sample N® (PDMS) M./M, (cm?s) (™" (A) (s) (cm?¥s) (71
I 1110 49 1.04 4.0x107'% 3900 127 3.5x10710 1.2x107 ! 7150
11 790 30 1.05 6.0x107'© 4700 47 4.4x107'° 58x10~ ! 19410
I11 530 43 1.04 2.3x107°% 30000 41 3.7x107'° 1.5x107!'° 66200
v 241 46 1.08 3.6x1078 23 3.6x10710 7.2x107% 1.7x10°

“Based on PMES segmental volume.

tics are given in Table I. Gel permeation chromatograph-
ic results showed no evidence of precursor homopolymer
contamination in the samples used. The samples display
homogeneous behavior for the temperatures used in this
work and their ODT determined rheologically are about
25°C for sample I and < —20°C for the others. The
similarity of the chemical structure of the two repeat
units leads to small interaction parameter values (y
=—2.0%x10"3+4.07/T, by cloud-point measurements in
blends [15] with T the absolute temperature, based on
PMES segmental volume) and allows the investigation of
high molecular weight (MW) diblock copolymers in the
disordered state. In addition, the very low glass transi-
tion temperatures, 7,, of the respective homopolymers
(ca. —130°C) lead to similar segmental mobilities over
the whole temperature range of the experiments.

The intermediate normalized structure factor of com-
position fluctuations, S,(q,?), is related to the autocorre-
lation function, Gy (g,t), of the intensity of the polarized
scattered light by S,(q,1) ={[Gyyv(q,1) —11/f*}"/? under
homodyne conditions. g ={(47n¢/A)sin(6/2) is the mag-
nitude of the scattering vector at scattering angle 6, with
no the refractive index of the medium, and A the wave-
length of the incident radiation in vacuum. f* is an in-
strumental factor calculated by means of a standard
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FIG. 1. The square of the normalized dynamic structure fac-
tor for sample I at ¢ =2.5%10° cm ™! for different tempera-
tures. The inverse Laplace transform of the correlation func-
tion at 90 °C is shown in the inset.
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polystyrene/CCly solution. Gyy(g,t) is measured using
an ALV-5000 full digital correlator over the time range
10 7°-10° s with both the incident laser beam (A =488 or
647 nm, single mode intensity 150 mW) and the scat-
tered beam polarized perpendicular (V) to the scattering
plane.

Figure 1 shows the square of the S,(g,?) for sample I.
Three relaxation processes are seen to contribute to the
time correlation functions. S,(g,?)’s were then analyzed
by performing the inverse Laplace transformation (ILT)
of the data without assumption of the shape of the distri-
bution function L(Int) but assuming a superposition of
exponentials; S,(g,1) =fZwL(nt)e "/*d(nt). This
determines a continuous spectrum of relaxation times like
the one shown in the inset of Fig. 1. The sufficient sepa-
ration of the three processes facilitates the analysis of
their relaxation characteristics as a function of g, shown
in Fig. 2. The very slow process that contributes signifi-
cantly to Gyy(q,t) at low angles and modifies the scat-
tered intensity is attributed to *“cluster” formation (called
“slow density fluctuations™), also found in molecular and
macromolecular glass formers [16], and signifies diffusion
of moieties on the scale of 2000 A; at higher 7, this slow
process loses amplitude significantly. Its presence affects
the ILT values of the amplitudes of the two other modes
but not their characteristic times because of the more
than 2 orders of magnitude separation of the characteris-
tic times. The fast process exhibits a g-independent re-
laxation rate, I'y, and a normalized amplitude, a, that
depends on g2, whereas the slower process has a g?2-
dependent relaxation rate, Iy, and an almost constant
normalized amplitude, a;, as expected for scattering of
moieties with g& < 1. Therefore, the slower process is
diffusive, with an apparent diffusion coefficient D; (Table
I), whereas the fast process is a localized process. Sam-
ple IV, however, that has a significantly lower MW,
showed only the diffusive process and the very slow clus-
ters, similar to the low MW diblock investigated earlier
[8]. This is due to the /V dependence of the amplitude
and the relaxation rate of the fast process, as will be dis-
cussed later. Figure 3 shows the /V dependence of D and
I'yat 80°C.

The g %-dependent relaxation process has only very re-
cently been documented [8] on a homogeneous poly-
(styrene-b-methyl phenyl siloxane) diblock and was attri-
buted to the relaxation of the equilibrium composition
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FIG. 2. Relaxation rates (a) and normalized amplitudes (b) jog N

of the three processes as a function of g for sample II at 80°C.
The amplitudes are normalized to constant clusters amplitude,
to take into account the complications on the ILT amplitude
arising by the presence of the very slow process. ®: breathing
mode; @: diffusive mode; A: clusters.

field configurations (pattern) by a diffusive mechanism.
The presence of substantial polarized light scattering
from composition fluctuations is justified by the finite
difference in scattering amplitude because of the ex-
istence of the two environments with root-mean-squared
fluctuation amplitude of about [3,8] 0.3, and the finite
value of the structure factor S(g) even at the low ¢’s of
light scattering arising from polydispersity [8,17]. Its re-
laxation rate was modeled by assuming a Stokes-Einstein
formula (D; =kgT/67né&) for the diffusion of moieties of
size [3] £ in an environment with viscosity 1 and an aver-
age local friction coefficient dominated by the slow com-
ponent (kg is Boltzmann’s constant, and T the tempera-
ture). The fluctuation theory [3] leads to cooperative
concentration correlation lengths, &, given in Table I for
80°C, and composition fluctuation amplitudes of about
0.2. For the highest N, sample 1, theory [3] predicts the
ODT at 11°C that, given the uncertainty in y, compares
well with the experimental 25°C. Zero shear viscosities
for the diblocks I-111 were determined rheologically [14]
as n=limy,— 0G"(w)/w where G"(w) is the loss modulus
at frequency o, which at low frequencies showed a o'

FIG. 3. Molecular weight dependence of (a) the diffusion
coefficient D;, and (b) the breathing relaxation rate I'y at 80°C.
m,@® experimental data; 0,0: calculated values (see text).
Dashed line denotes N,.

dependence for the disordered diblocks [6]. For the low
MW sample 1V, viscosity was estimated using Rouse dy-
namics [18] with friction coefficient, £, discussed below.
The calculated diffusion coefficients are shown in Table I
and Fig. 3. A systematic deviation is observed with the
theoretical values being 1 to 2 orders of magnitude lower
than the experimental ones, the deviation being larger for
sample I, which is much closer to the ODT. A possible
explanation, provided that the Stokes-Einstein relation
applies, may be that the macroscopic bulk viscosity used
in the calculation overestimates significantly the local
effective viscosity felt by the copolymer *““blobs.”

The g-independent relaxation process has been predict-
ed by the mean field theory (absence of fluctuations) and
was attributed to the relative motion of the two blocks.
Theory [10,11] predicted the existence of a single process
in homogeneous diblock copolymer metals, and, in the
Rouse regime and for the low ¢’s of light scattering, pro-
vided expressions for a g-independent relaxation rate and
a g%-dependent amplitude. This mode has been experi-
mentally observed in diblock copolymer solutions [12] to-
gether with the cooperative diffusion of the diblock
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chains. Extension of this to cover the reptation regime is
accomplished by modifying the mobility term by a factor
[19] a?/Nb2, where a is the diameter of the tube in the
reptation model which is related to the number of seg-
ments between entanglements, N,, by [18] a?=%N,b2,
with b the statistical segment length. The relaxation rate
of the process is then TI'y=24N,f(1—f)q>RE/5toN?
xS(q), where S(q) is the static structure factor [2-4],
Rg is the radius of gyration of the diblock, and the aver-
age local time is 79=¢b%/kgT. Because of the very low
T, of both components, the local segmental times cannot
be determined by PCS, as was done for other systems
[7,81. An alternative approach is to estimate ¢ from
interdiffusion measurements in unentangled binary
PDMS/PMES mixtures [20] far above the macrophase
separation by PCS. The estimated segmental times are
shown in Table I. The characteristic number of segments
for reptation, V., has been obtained by viscosity measure-
ments [20] on the two homopolymers to be 275 for both.
The number of segments between entanglements, N, is
then [21]1 N./2.2=125. Both the values and the N
dependence of the calculated relaxation rates compare
reasonably well with the experimental ones (Table I and
Fig. 3) for the symmetric diblocks, whereas there is some
deviation for sample II.

The scattering amplitude of the process, af, is predict-
ed to be equal to the total S(g) of homogeneous diblocks.
In the low ¢ limit, S(q) shows an almost ¢ % dependence
and, therefore, the data agree with the ¢ dependence of
both the rate and the amplitude of the process, where the
amplitude is predicted to scale with N2 Quantitative
comparison of the magnitudes of the scattering ampli-
tudes is subject to large experimental uncertainties, since
a major part of the dynamic structure factor relaxes with
the diffusive mode with an experimental normalized am-
plitude that is about 1 order of magnitude larger than the
one for the breathing process. Therefore, only about a
tenth of the dynamic structure factor contributes to this
mode. Besides, the theory for the internal mode applies
only in the mean field picture in the absence of composi-
tion fluctuations. A different approach is required in or-
der to predict both the relaxation of the composition field
configurations together with the internal relaxation pro-
cess in the Hartree fluctuation approximation. The g-
independent relaxation mode is not observed for the
lowest MW diblock (sample IV) due to its low amplitude
(af ~N?), similarly to the low molecular weight diblock
investigated before [8]. In addition, the predicted I’y is
too fast to be measured by PCS.

These results elucidate the relaxational behavior of
block copolymer melts above the ODT. There are two
different mechanisms of relaxation: a local (g inde-
pendent) process attributed to the relative motion of the
two blocks, and a diffusive (g2 dependent) process attri-
buted to the motion of the composition fluctuations in-
duced pattern.

In conclusion, we have identified the mechanisms of

2418

relaxation in homogeneous diblocks by presenting the
first experimental evidence for a g-independent internal
breathing relaxation process, predicted by mean-field
theory, together with a ¢ 2-dependent diffusive composi-
tional pattern relaxation process. Both the relaxation
rates and the amplitudes of the two processes were com-
pared with theoretical predictions employing the latest
theories in the field. A necessity for a complete theory to
describe the relaxations in diblock copolymer above the
ODT is clearly evident.
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