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ABSTRACT: The synthesis of poly(ethylmethylsiloxane-block-dimethylsiloxane), EM, copolymers with two
blocks that possess similar segmental mobilities, low glass transition temperatures, negligibly small optical
anisotropies, but sufficiently different refractive indices was performed in order to study the dynamics of
composition fluctuations in disordered diblock copolymer melts. Photon correlation spectroscopy was employed
to measure the composition correlation functions C(g,t) for six EM samples with total degree of polymerization
N between 240 and 1200 at different wave vectors ¢ and temperatures. For all samples but the one with the
lowest N, C(g,t) was found to display two distinct relaxation processes with characteristic pertinent features,
in addition to the long range density fluctuations. For the fast relaxation mode, the g-independent relazation
decay rate T'; varies with N-3, whereas the N-dependent amplitude S;(q) exhibits a g2 dependence. In the
low ¢ limit, the predictions of the random phase approximation for the internal relaxation of the copolymer
chain conform well to these experimental findings and, moreover, account almost quantitatively for the values
of I'y and S1(q) of the symmetric EM’s. The second relaxation process has a diffusive (¢?>-dependent rate)
character with g-independent amplitude S;(g) and its diffusion coefficient, D, agrees well with the self diffusion
of the copolymer chain either derived by shear viscosity data or measured by pulsed-field gradient NMR.
This second process can be attributed to additional concentration fluctuations due to the inherent composition
polydispersity, and, hence, Sa(q) is a measure of its degree, whereas D is the mutual diffusion coefficient. In
the EM samples, the latter is predicted and found to be very similar to the self-diffusion coefficient.

I. Introduction

The rich variety of dynamic behavior of block copoly-
mers is currently a subject of intensive research.! The
link of two chemically dissimilar subchains of Ny and Ny
monomers of type A and B, respectively, to form a single
copolymer chain A-B leads to a rich phase diagram with
characteristic feature the disorder-to-order transition,?
ODT, from a disordered state to an ordered microphase
with decreasing temperature or increasing N (=N + Np).
In the ordered state, A-B copolymers exhibit self-
assembling properties, leading to various long-range
ordered microstructures,?? depending on the composition
f= Nu/N. The equilibrium phase morphology of an A-B
melt depends on the product xN, with x being the Flory-
Huggins segment—segment interaction parameter. For a
symmetric system, Ny = Ng = N/2 and f = 0.5, the
microscopic ODT for the diblock would set in when x (N
+ Np) = 0(10), whereas the macroscopic phase separation
in a binary polymer blend A/B would occur when xNs =
xNp = 2. In this xN range, the A and B blocks of the
copolymer tend to increase the distance between their
centers of mass* and develop orientational short-range
order®8 leading to an excess depolarized light scattering.’

For disordered diblocks, the composition fluctuations,
expressed in terms of the order parameter (r,t) = o(r,t)
—f, with o(r.t) being the local volume fraction of A, define
the main dynamic variable of the system and their
amplitude (Y¥.,) determines the static structure factor
S(g) in the wave vector g space. Incontrast to thesituation
in binary blends, the most important ([¢(J?) in diblock
copolymers has wavelength A* ~ O(R,) comparable to the
size of the copolymer chain,®’8 where R, = (Nb?%/6)1/2
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is the diblock radius of gyration and b the statistical
segment length, and, hence, microphase separation takes
place at finite wave vectors. The dynamic random phase
approximation® and the Edwards Hamiltonian approach!?
have been used to derive the dynamic structure factor
S(g,t) = (Y4(t) ¥.4(0)) for homogeneous diblock copoly-
mers, which is predicted to relax with a single relaxation
process. Thisrelaxation modeis attributed to therelative
thermal motion of the two blocks that leads to local
composition fluctuations in A-B copolymer melts. The
thermal decay rate of this internal relaxation is ¢
independent at low g’s, i.e., for gR; < 1, in contrast to the
interdiffusion in polymer blends.!! Moreover, at low ¢’s
the intensity associated with the internal relaxation is
expectedly quite low, i.e. S(g) « (gRp? and, hence,
experimental verification utilizing dynamiclight scattering
requires large N. The internal mode has been experi-
mentally observed recently in A-B solutions!213 and, very
recently, in A-B melts.’* In the latter case, photon
correlation spectroscopy (PCS) hasrevealed an additional
diffusive (g2-dependent) process!®-'5 that had not been
predicted theoretically until recently.13.18

In this paper, we have extended the PCS study reported
in a recent letterl4 with the main objective to identify the
important issues of S(g,t) for A-B disordered melts. The
synthesis of poly(ethylmethylsiloxane-block-dimethylsi-
loxane), EM, copolymers consisting of two chemically
similar blocks with low x, composition independent low
glass transition temperature T,, and negligibly small
optical segmental anisotropy has facilitated the present
study. The EM block copolymer appears to be a model
system in the sense that the disordered state can be
achieved even for high N’s, glass transition effects are not
very important, and individual local friction coefficients
are comparable so that comparison between experimental
results and theoretical predictions becomes less ambiguous.

This article is arranged as follows: In the theoretical
background section I, the theoretical predictions on block
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copolymer dynamics will be reviewed. Following the
Experimental Section (section III), the results for the
relaxation of composition fluctuations in disordered
diblocks are presented in section IV and are discussed in
relation to the theoretical predictions in section V. The
concluding remarks constitute section VL.

I1. Theoretical Background

For bulk homogeneous monodisperse diblock copoly-
mers, the dynamic structure factor S(g,t) = (Y,(t) ¥.4(0))
predicted by the random phase approximation (RPA) is
given by®12

Si(q,t) = S,(q) exp[-T(g)t] (1)

where Y, is the Fourier transform of the order parameter,
Y(r,t) = o(x,t) - f. In Leibler’s mean field approach,’ the
static structure S(q) assumes the form

Nv
S.(q) = —2
@ F(x,fy - 2xN @

where F(x,f) is a function of Debye intramolecular cor-
relation functions of Gaussian blocks, x = ¢°R? and vis the
average volume per link. Equation 2 has a Lorentzian
line shape peaked at x*(f) = (¢*Ry)? = [3/f(1 - H1/2,
Inclusion of fluctuation correctionssg into the mean field
approach led to S(g) that still retains the form of eq 2 by
replacing x with an effective interaction parameter x.

C
XetelV = xN - E_N(fi)ﬁ[F(x*’f) - 2o N17H2 3)

where C(f) is a composition dependent coefficient, N is a
Ginsburg parameter defined by N = Nb8/v2, In contrast
to eq 2 with S(g) diverging at the stability limit F(x*,f) -
2x:N = 0, the peak intensity now attains a maximum
S1(g*) = N v/[F(x*,f) — 2xeN].

The thermal decay rate I'(g) of the composition fluc-
tuations can be written in the form%!7

Naxg(lx)

T® == 5@

C))

whereg(1,x) = 2[x + exp (—x) — 1]/x2is the Debye function.
For Rouse chains, 7 = g = 7.N%/[12f(1 - O], with 7, =
{,b%/kpT being the microscopic relaxation time, kp the
Boltzmann’s constant, and {, the effective monomeric
friction. For entangled chain, r = (5N/4N,)7R, where N,
is the number of segments between entanglements.!8 At
low x values, i.e., gR; < 1, the thermal decay rate of eq 4
becomes ¢ independent since in the disordered state
N/S(g)— 3/12f2(1 - H2x] and g(1,x) = 1 as x — 0. Inthis
limit, the intensity associated with this internal relaxation
is, in principle, low and becomes ¢2 dependent. Moreover
for Gaussian coils
S@=vfPA-P*N*b2gY9 forxl (5)
the scattering intensity is proportional to N2 and virtually
independent of the thermodynamic interactions, i.e., x.
Verification of the validity of eqs 4 and 5 by photon
correlation spectroscopy would require high molecular
weight copolymers in the homogeneous state possessing
a glass transition temperature that is insensitive to
composition and N variations. According to eq 4, the
thermal decay rate of the composition fluctuations becomes
g dependent at intermediate x values and exhibits
thermodynamic slowing down behavior near the ODT
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temperature and x = x*. The latter effect has experi-
mentally been observed in binary polymer blends.!11?

In the RPA calculations, the internal mode is the only
relaxation process for the composition fluctuations in
monodisperse A-B copolymers relaxing via relative trans-
lational motion of the two blocks. The existence, however,
of an additional diffusive relaxation mode (g2-dependent
relaxation rate) experimentally observed in three diblock
copolymer melts!41520 and solutions!® has not been
predicted by the dynamic RPA theory. The origin of this
new mode can be rationalized in terms of composition
polydispersity effects inherent in all real A-B copolymer
systems.!31620 Additional concentration fluctuations due
to polydispersity can lead to significant scattering at low
scattering wave vectors in analogy to the situation in
polymer blends. The dynamic structure factor Ss(q,t)
associated with the relaxation of these concentration
fluctuations in an interacting system is!315 for low wave
vectors

Sy(q,t) = Sy(q) exp(-Dg? t) (6)

with the associated intensity

s _ Ny 7
2(Q) = m ¥))

and diffusion coefficient
D =Dy(N) (1-2xNx,) ®

As expected, eqs 7 and 8 are reminiscent of the static
structure factor S(0) = Neaer/[1 - 2xNeagr] and inter-
diffusion Diyy = De(1 — 2xNeaes) in unentangled polymer
blends, where the variance of the block copolymer
composition!31% x, = 26f2(1 - HZ/[f2 + (1 - H?], with é =
Ny/Nyp-1,stands for the product ¢a¢s. Thus, thisdiffusive
mode cannot be detected for monodisperse A-B copoly-
mers and, therefore, was not considered by the RPA theory
earlier. The diffusion constant D is essentially the self
diffusion D, of the copolymer chain in the disordered state
and is a function of the molecular weight; for Rouse chains,

D (N) = kgT/({,N) (92)
whereas in the entangled regime
D,(N) = 4kyT N,/(15¢,N?) (9b)

In the context of this model, it is the presence of nonzero
%, in addition to the difference in the refractive indices
of the block components that allows the measurement of
the self-diffusion by dynamic light scattering in an “one”-
component system. Inspection of eqs 1-5 and egs 6-8
reveals pertinent disparities between the two composition—
relaxation modes with regard the effect of N and gq.
Experimental documentation would promote the under-
standing of the diblock copolymer dynamics.

III. Experimental Section

Materials. Diblock copolymers of polyethylmethylsiloxane
(PEMS) and polydimethyl-siloxane (PDMS) were synthesized
via anionic polymerization of the cyclic trimers. The cyclic trimer
of ethylmethylsiloxane was prepared by condensation of dichlo-
roethylmethylsilane by zinc oxide,?! whereas the hexamethyl-
cyclotrisiloxane was obtained through thermal cracking of
PDMS.22 The polymerization was carried out using a high-
vacuum technique?® to ensure the full exclusion of air and
moisture. First, a small fraction of a prescribed amount of 1,3,5-
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Table 1. Molecular Characteristics of the
Poly(ethylmethylsiloxane-block-dimethylsiloxane) Diblocks

ODT xNat
sample wg* M, M M, N Ty (K) 80°C
EM-1 054 20000 1.08 240 14049 1.5

EM-2 050 45000 1.04 580 14416 <200 35
EM-3 048 68000 1.12 890 137,147 252 5.5
EM-4 049 95000 1.04 1200 138,147 298 7.5
EM-5 069 67000 1.05 840 139,148 251 4.9
EM-6 037 67000 1.08 880 140,150 2563 5.2

s Weight fraction of polyethylmethylsiloxane block, PEMS.
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Figure 1. Variation of storage shear modulus G’ at frequency
1 rad/s with temperature for poly(ethylmethylsiloxane-block-
dimethylsiloxane), EM, copolymers: (O) EM-3 and (@) EM-4.
The arrows at the discontinuities of G’(T) determine the ODT.
The latter can also be estimated by depolarized light scattering
intensity measurements shown for EM-4 in the inset.

triethyl-1,3,5-trimethylcyclotrisiloxane was reacted in dry tet-
rahydrofuran (THF) with n-butyllithium as initiator for several
hours. The remaining trimer dissolved in THF was then
introduced and allowed to polymerize at room temperature for
70 h. Characterization of small samples of the precursor
polyethylmethylsiloxane by gel permeation chromatography
(GPC) reveals its narrow molecular weight distribution (M/M;y
= 1.03-1.05). After completion of the first step, the polymer
solution was diluted with dry benzene resulting in a 40:60 benzene/
THF mixture. A prescribed amount of hexamethylcyclotrisi-
loxane was added to react with the living PEMS anion for 4 h.
To avoid broadening of the molecular weight distribution, the
PDMS block had to be terminated by trimethylchlorosilane when
50% of the trimer was polymerized.? The polymer solution was
diluted with THF and washed with distilled water. The block
copolymers were precipitated in methanol, filtered off, fraction-
ated from THF solution with methanol in order to remove cyclic
monomers and eventually small amounts of homopolymers, and
finally dried invacuo. Thetotal molecular weight was determined
by membrane or vapor pressure osmometry, whereas the
molecular weight distribution was determined by GPC. tHNMR
analysis was used to determine the molar fraction of PEMS or
PDMS respectively. In addition refractive index measurements
were used to obtain the weight fraction of PEMS and PDMS.
The molecular characteristics of these samples are listed in Table
1. Theglasstransition temperatures (T;) measured by differential
scanning calorimeter as well as estimates of the ODT temperatures
obtained from dynamic shear moduli, G*, measurements (RMS-
800 Rheometrics) are also given in Table 1. Figure 1 shows G’
versus temperature for EM-3 and EM-4 samples at frequency 1
rad/s. The observed discontinuity at 250 and 300 K respectively
for EM-3 and EM-4 define? the ODT. For the latter sample, the
kink in the temperature dependence of the depolarized light
scattering intensity (inset in Flgure 1) is also characteristic of
the ordering transition?® in good agreement with the ODT
estimated from the mechanical measurements.

Photon Correlation Spectroscopy (PCS). The time cor-
relation G(g,t) of the polarized (VV) light scattering intensity at
different scattering angles 8 (30-150°) was measured with an
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ALV-5000 full digital correlator covering a wide time range (10—
10% ). The light source was an Ar* laser with wavelength A =
488 nm operating at 150 mW single mode. Both the incident
laser beam and scattered light were polarized perpendicular (V)
to the scattering plane. Under homodyne conditions, valid for
the present system, the measured G(g,t) at a given wave vector
g = (4wn/)) 8in(8/2) (n being the refractive index of the medium)
is related to the desired normalized field correlation function
8(g,t) by

G(g,t) = A, [1 + Pag(g,)] (10)

where f* is an instrumental factor, « is the fraction of the total
polarized scattered intensity I(q) arising from fluctuations in
the optical polarizability with correlation times longer than about
10¢ s, and A is the baseline measured at long delay times. The
present system exhibits negligibly low depolarized light scat-
tering,? and hence, I(q) is virtually the isotropic component of
the light scattering intensity due to density and concentration
fluctuations with the former being, in principle, much faster.
Therefore, the intensity I, associated with the concentration
fluctuations can be estimated from the amplitude « of the
experimental correlation function as I.(g) = ol(q) that defines
the absolute Rayleigh ratio R.(q) = [I.(g)/It}(n/n1)? Ry with Ry,
It, and nt being the Rayleigh factor of the standard (toluene),
its polarized scattering intensity, and its refractive index. R.(q)
is proportional to the staticstructure factor (eqs 5 and 7) according
to

R(q) = A(nk - n})S(g) 11

where the constant A = v/A%, The refractive indices of the two
blocks are sufficiently different the amount to'! 1.427 and 1.403
respectively for PEMS and PDMS at 25 °C.

The characteristic relaxational parameters are routinely
extracted by carrying out the inverse Laplace transformation
(ILT) of the measured G(q,t) assuming a superposition of
exponentials

((G@/A. - 1/f% = ag(q,t) = [ L(n 7) exp(~t/7) d(in )
12)

Atlow g¢’s and/or for the low molecular weight EM-1 sample (see
below), when the spectrum of the relaxation times L(In 7) is a
single peak, the shape of G(g,t) can also be represented by the
common Kohlrausch-Williams-Watts (KWW) decay function
8(g,t) = exp[—-(¢/7)%]. The distribution parameter 8 was found
tobe close to 1 as expected for composition correlation functions
at temperatures well above Tf.

IV. Results

Low Molecular Weight. Figure 2 shows experimental
net correlations functions |C(g,t)2=[G(g,t)/A. — 11/f* at
a scattering angle of 30° (g = 0.025 nm-!) for the
homogeneous EM-1 diblock at two different temperatures.
Since the measurements were performed far above T, the
dynamics of the density fluctuations due to segmental
motion are too fast to be measured by PCS as indicated
by the reduced value (less than 1) of the experimental
correlation functions at short times. Therefore, these fast
density fluctuations do not interfere with the measure-
ments and are not considered here. At 80 °C, C(q,t)
appears to be a single decay function whereas at 20 °C
there is clearly an additional slow contribution revealed
also by the ILT analysis (inset of Figure 2). This slow
process, present at low temperatures, is attributed to long-
range density fluctuations?” (“cluster” relaxation). Al-
ternatively, the amplitude o of the main faster process
is virtually temperature independent as indicated in the
inset of Figure 2. These results of the ILT analysis, eq 12,
of the experimental C(q,t) suggest that mainly a single
and rather narrow relaxation process describes the dy-
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Figure 2. Polarized intensity correlation functions for EM-1 at
g = 0.009 nm-! (6 = 30°) and temperatures 20 and 80 °C. The
inverse Laplace transform of the experimental correlation
function at 20 °C and the variation of the amplitude a5 of the
faster process of C(g,t) with temperature are shown in the insets.
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Figure3. Polarized intensity time correlation functions for EM-1

at 20 °C for different wave vector g's (O, 8 = 30°; A, § = 45°; O,

0 = 60°; v, 8 = 90°). The amplitude o, and the relaxation rate

T'; of the composition correlation functions are plotted versus

the wave vector ¢ in the insets.

namics of composition fluctuations for the low molecular
weight EM-1 diblock above 20 °C accounting for about
20% of the total light scattering intensity, I(g). The
remaining fraction of I(g) with correlation times faster
than 10 s arises from density fluctuations. Inthisstudy,
we are interested in the molecular origin of the dynamics
of composition fluctuations in diblock copolymer melts
above ODT.

The variation of C(g,t) with the probing wavelength 1/g
is depicted in Figure 3 for EM-1 at 20 °C. The relaxation
rate I'; and the amplitude as of C(g,t) obtained from the
ILT analysis are shown as a function of the scattering
vector ¢ in the insets of Figure 3. The insensitivity of as
to g variations is in accordance with short correlation length
(¢) for the composition fluctuations, i.e., g¢ < 1, and
excludes the possibility of scattering from long-range
density fluctuations.?” Alternatively, the g2 dependence
of I'y is characteristic for diffusive relaxation processes
with diffusion coefficient D = I'y/q2 This process has
recently also been observed in two disordered poly(styrene-
block-methyphenylsiloxane) diblock copolymers?® and
were attributed to either equilibrium composition con-
figurations of the fluctuation theory*52 or to the relaxation
of the additional composition fluctuations due to the
inherent composition polydispersity!®6 (eq 8). In this
context, it is worth mentioning, that the low molecular
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Figure4. Polarized intensity time correlation functions for EM-4
atg =0.025 nm" for different temperatures. The inverse Laplace
transform (ILT) of the experimental correlation functions at 90
°C and the ratio a;/ap of the amplitudes of the fast internal
relaxation to the diffusive mode as a function of temperature are
shown in the insets.

weight EM-1 sample is well above ODT, where composition
fluctuations are expected to be very weak.

High Molecular Weight. The increase of the mo-
lecular weight has a pronounced effect on the dynamics
of composition fluctuations in the EM samples above ODT.
Figure 4 shows experimental |C(g,t)[? at ¢ = 0.025 nm~! for
the highest molecular weight EM-4 diblock at three
different temperatures above ODT. Below 120 °C, C(g,t)
clearly shows three distinct decays also manifested in the
distribution relaxation function L(log 7) (inset in Figure
4). The slowest peak of L(log 7) loses its amplitude with
increasing temperature and, moreover, displays behavior
typical of the long-range density fluctuations found in
both molecular and macromolecular glass formers.2’ In
fact, this slow process (also Figure 2) becomes the dominant
contribution to the total intensity I(g) with decreasing
temperature and, hence, the two faster relaxations can
barely be observed below 60 °C for EM-4. Alternatively,
at 120 °C and above, the two fast relaxation modes
dominate the composition correlation functions of EM-4
accounting for about 50% of I(g). Theratio a;/asbetween
the amplitudes of the two relaxation processes obtained
from the ILT analysis was found to be virtually insensitive
to temperature variations over the examined range (inset
in Figure 4). It appears therefore that like ag (Figure 2),
the amplitude «; is also temperature independent.

The variation of the relaxational behavior of C(g,t) with
the probing wavelength 1/q for EM-4 reflects the nature
of the two relaxation modes (eqs 1 and 6). As shown in
Figure 5, the relaxation rate of the fast process of C(q,t)
appears to be virtually g independent, whereas that of the
intermediate decay does depend on gq. Note again the
increased contribution of the slow “cluster” scattering with
decreasing g due to its large correlation length.?® On the
basis of the variation of L(log 7) with ¢ and as shown in
the inset of Figure 5, the intermediate mode for EM-4
shows a diffusive character similar to the fast process in
EM-1 (Figure 3), whereas the rate I'; of the additional fast
mode in EM-4 is virtually ¢ independent and is, hence,
assigned®!4 to an internal relaxation of the diblock
copolymer chains, i.e., I'1 and I'; scale with ¢° and ¢2,
respectively. The ratio a1/a; between the amplitudes of
the two modes is an increasing function of q, and exhibits
a g2 dependence, as shown in the inset of Figure 5. Since
ag is virtually insensitive to g variations (Figure 3), this
dependence is entirely attributed to a;(g), in agreement
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Figure 5. Polarized intensity correlation functions for EM-4 at
120 °C at three scattering angles (0, 0 = 45°; A, 0 = 60°, 0,0 =
90°). The variation of the relaxation rates of the fast (®) and
intermediate (W) processes and of the amplitude ratio ay/ay of
the fast internal relaxation to the diffusive process with g isshown
in the insets. The solid line in the inset indicates a slope of 2.
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Figure 6. Wave vector dependence of (a) the relaxation rates
for the fast internal relaxation and the intermediate diffusive
process and (b) the dynamic intensities associated with the two
processes for EM-3 at 120 °C. The solid lines indicate a slope

of 2. Circles represent the fast internal relaxation, whereas

squares denote the intermediate diffusive mode.

with the prediction for S;(qg) of eq 5. Figure 6a shows the
variation of the relaxation rates I'; and I'; of the internal
relaxation and the diffusive mode with scattering wave
vector g for sample EM-3 at 120 °C. Similar to EM-4, I’y
clearly shows a diffusive character (g2-dependent rate),
whereas the fast rate I'; is virtually g independent. The
corresponding intensities I;1(q) = a11(q) and I2(q) = a2l(q)
for the two processes in EM-3 display different ¢ de-
pendencies as shown in Figure 6b. While the intensity I,
associated with the diffusive process is virtually ¢ inde-
pendent (see also inset of Figure 3), I1(q) exhibits a strong
(~gq?) dependence on ¢q. This is in agreement with the
amplitude ratio «y/ay for EM-4 in the inset of Figure 5
found to vary linearly with g2. Finally, the absence of the
internal mode in the low molecular weight EM-1 sample
(Figure 2) can be attributed4 to its low amplitude, as will
be discussed in section V.

Summarizing the experimental findings, the dynamics
of the composition fluctuations in disordered diblock
copolymer melts display bimodal relaxational behavior.
The fast relaxation is characterized by g-independent
relaxation rate but its amplitude is almost ¢ dependent
and increases with molecular weight. Alternatively, the
second slower relaxation has a diffusive nature (g2-
dependent rate) with the associated scattering intensity
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Table 2. Static Structure Factor from Composition

Polydispersity
R, Ryv R;
T 10% o5 (10t

sample (°C) xN em™) cm™) em?) Sig) %o
EM-1 80 15 2.1 2.6 0.46 29 12102
EM-2 80 35 2,12 2.8 0.74 47 08102
EM-3 120 4.7 2.5 5.8 3.0 174 1.7:102
EM-4 120 6.3 2.5 4.9 1.84 10.5 0.8.10°2
EM-5 80 49 2.18 5.9 3.4 195 1.810°2

¢ Estimated from homopolymer data.l!

being virtually g independent. The relaxation rates of
both processes depend on the molecular weight, to be
discussed in relation to Figure 8 below. The results will
be discussed below in conjunction to the theoretical
predictions of section II.

V. Discussion

Diffusive Relaxation. Allsamples of Table 1 display
dynamic light scattering arising from long wavelength
composition fluctuations irrespective of the proximity of
the ODT. Relaxation of composition field configurations
(pattern) with a correlation length £ recently employed to
discuss the diffusive process in poly(styrene-block-meth-
ylphenylsiloxane) diblock copolymers!®28is not very likely
farabove ODT. Instead,the origin of the diffusive process
is the presence of composition polydispersity in diblock
copolymer systems inducing significant composition fluc-
tuations at low ¢’'s. We will therefore discuss the results
of the EM samples in terms of the theoretical predictions
of eqs 6-9.

For EM-1, only the diffusive process contributes to C(q,t)
(Figure 2) and the associated state structure factor Sx(g)
computed from eq 11 is listed in Table 2 along with the
total absolute intensity, Ryv, and the contribution of the
density fluctuations, R,. The latter is quite close to an
average of the light scattering intensities arising from the
two homopolymers. For the other two samples EM-3 and
EM-4, one part, Ra(q), of the light scattering intensity
I.(g) is due to the diffusive process and another, R;(¢g), to
the internal relaxation of the copolymer chain. The low
molecular weight EM-1 sample displays only about 20%
more light scattering intensity than the bulk hompolymers.
Onthe other hand, the high molecular weight EM-4 sample
scatters more than twice as much light at low g¢’s as the
constituent homopolymers. On the basis of eq 7, this
disparity arises from sufficient composition polydispersity
as well as large enough molecular weight. The estimated
from Sa(g) and eq 7 values for x,, describing the former,
is also listed in Table 2. Apparently, there is a relation
between the values of x, and the degree of polydispersity
My/M,, (Table 1) in these samples. The quantity 2xNx,
in the denominator of eq 7 is significantly smaller than 1
and hence, unlikely the situation in blends, Sa(q) is not
very sensitive to the proximity of ODT for anionically
synthesized diblocks; at ODT, S3(q) could increase up to
50%. Infact,the amplitude a3 of the diffusive relaxation
is virtually insensitive to temperature variations (inset of
Figure 2). Similar behavior is also observed for the
temperature dependence of the diffusion coefficient D.

For the composition polydispersity mode, D is given by
eq 8, that can be rewritten as:

D = D (N) x,vN/S,(q) (13)
Since S3(g) = %, N (Table 2), D should display very similar

temperature dependence with that of the copolymer chain
diffusion. The temperature dependence of the latter is
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Figure 7. Arrhenius plot of the diffusion coefficient D of the
composition polydispersity process for five EM samples (a). The
comparison between D (O) and self-diffusion D, (®) for the EM-4
copolymer chain obtained from pulsed-field gradient NMR is
illustrated in b.

determined by the variation of the microscopic friction {,
with temperature and is expected to be the same in all
samples having effectively the same T,. Figure 7a shows
an Arrhenius plot of D for the five EM copolymers. As
expected for temperatures far above T}, all samples exhibit
an Arrhenius dependence with an activation energy Ep =
4.8+ 0.4 keal/mol being very close to the average activation
energy (4.9 kcal/mol) obtained from viscosity measure-
ments on the two homopolymers.2? The data of Figure 7a
are therefore in agreement with a temperature-indepen-
dent static structure factor Sz(q) = »,N and, hence, imply
that D in eq 6 is essentially the chain self-diffusion D,.
Note that this is true for relatively small values of the
variance of the composition polydispersity, »,. Figure 7b
illustrates the comparison between D as measured by PCS
and D, as obtained from pulse-field gradient nuclear
magnetic resonance (NMR) measurements on the EM-4
copolymer. In the overlapping temperature range, the
observed agreement strongly supports the prediction of
eqs 8 and 13 which can now be used to compute D for the
other EM samples.

For the entangled EM-2, EM-3, and EM-5 copolymers,
eq 9b can yield the value of D, using?24 N, = 125 and the
microscopic friction {, of EM-4 computed from eq 9a and
the self-diffusion data of Figure 7b. The comparison
between the experimental (solid symbols) and the calcu-
lated (open symbols) diffusion coefficients at 80 °C is
visualized in Figure 8 as a function of the total molecular
weight of the diblocks. This isothermal plot becomes
feasible for the present model diblock copolymer since T,
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Figure 8, The variation of the diffusion coefficient D with the
degree of polymerization N for six EM samples at 80 °C. Solid
and open symbols denote respectively experimental and com-
puted (eqs 9 and 13) diffusion coefficients. N, stands for the
entanglement limit; the slope —2 is the reptation prediction (eq
9b), and the dashed line is a guide to the eye. The experimental
zero shear viscosities as a function of N for the five entangled
samples at 80 °C is shown in the inset, where the line is a fit to
the data for the symmetric diblocks.

effects equally affect all samples due to the very low and
similar T’s of the two components. The data for the five
entangled samples conform to the N-2 dependence, as
expected for self-diffusion.’® The computation assumes
the validity of the reptation eq 9b for all samples but EM-
1. In fact, the zero shear viscosity data for the same
diblocks (inset of Figure 8) exhibit a close to the well-
known N34dependence. The deviation between computed
and experimental diffusion coefficients amounts to about
20% for EM-2 and EM-5 and 60% for EM-3 which
possesses relatively high polydispersity (Table 1) and
asymmetric distribution.?® The presence of copolymer
chains with low molecular weight can increase the mobility
and lead to enhanced diffusivity D. For the low molecular
weight unentangled EM-1, the estimated D, using the
Rouse expression of eq 9a, with {, = 5 X 10-% g s-1 (at 80
°C) obtained from shear mechanical data of the ho-
mopolymers,?® approach the experimental D within 10%.
As expected, this sample exhibits faster chain diffusivity
than the extrapolated value based on the reptation eq 9b.
The diffusive relaxation process in disordered EM co-
polymer melts can, therefore, be rationalized in terms of
composition polydispersity effects and is essentially
envisaged as copolymer chain self-diffusion being rather
insensitive to thermodynamic interactions, eqs 8 and 13.

We have recently reported? on the diffusive process in
poly(styrene-block-methylphenylsiloxane) (SM) diblock
copolymer melts near and above ODT. In contrast to the
EM copolymers in this manuscript, the two homopolymer
blocks possess vastly different segmental mobilities which
might affect the comparison between theory and experi-
ment. Figure 9 shows an Arrhenius plot of the experi-
mental diffusion coefficients (solid points) in SM-1 (N =
99, ws = 0.49, My/M, = 1.12) and SM-2 (N = 277, wg =
0.27, My/M; = 1.14). Note the different temperature
dependencies of the experimental D for the two samples
due to the different effective T,'s. The variation of D for
the two SM samples with temperature, resembles that of
the self-diffusion of bulk polystyrene (PS) homopolymer,
also shown in Figure 9. In RPA calculations, it is the
higher friction coefficient of PS-rich environment that
dominates the diffusional dynamics. The computed values
(open symbols) were obtained from eq 9a using friction
coefficients derived from experimental viscosity n data, {,
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Figure 9. Arrhenius plot of the diffusion coefficient D (solid
points) for two poly(styrene-block-methylphenylsiloxane) co-
polymers? (@, SM-1, 8, SM-2 of ref 28). The two solid lines
denote the self-diffusion coefficients D, for the two homopolymers
(M, =21 000). The opensymbols denote calculated diffusivities
based on eq 9a.

= 36nv/Nb2. Although the temperature dependencies of
the computed and experimental I are essentially the same,
the calculation (eq 9a) underestimates the measured D.
The difference amounts to a factor of 4 and 20 respectively
for SM-1 and SM-2. For the latter, probably weakly
entangled, an even larger deviation should result if the
reptation expressions of n and D (eq 9b) were used. In
contrast to the situation in Figure 8, the disagreement in
Figure 9 might arise from the large difference between
segmental frictions. Equation 8 was derived for polydis-
perse copolymer chains with blocks possessing the same
local friction. The fact however, that the underestimation
of the experimental D becomes severe with increasing N
can signal the importance of the composition fluctuations
with their amplitude being larger in SM-2. At present it
is not clear, however, why n (~{,) is more amenable to the
composition fluctuation effects? than D ;¥ and, apparently,
D.
Internal Diblock Relaxation. The composition fluc-
tuations in monodisperse A-B copolymers arise from the
relative translational motion of the two blocks and the
RPA predictions for the thermal decay rate I';(q) and the
static structure factor S;(q) are respectively given by eqs
4 and 5. These equations are also valid in the presence
of small composition polydispersity.1316 We will discuss
the fast relaxation process in EM (Figures 4-6) in terms
of this internal copolymer chain motion.

The variation of the experimental relaxation rates T
with temperature and total degree of polymerization N is
shown in Figure 10. The Arrhenius activation energy of
T'; is experimentally the same with that of chain diffusion
D (Figure 8), in accordance with eqs 4 and 9 in the absence
of thermodynamic effects at low wave vectors. In this
limit, substitution of eq 5 into eq 4 for entangled chains
leads to the thermal decay rate!4

36 ks TN,
5/(L-f) 62 N°

(14)

1=

where the microscopic friction {, dictates the temperature
dependence of I';. The low g limit is approached by the
present EM copolymers since, even for the highest
molecular weight diblock, the largest x = ¢2 ;2 ~ 0.1. It
should also be mentioned that eq 14 is derived from eq 4,
where a particular choice of the Onsager coefficient has
been made.3! An alternative expression, derived for
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Figure 10. Arrhenius plot of the thermal decay rate I'y for two
EM samples. The solid points and the dashed lines denote
respectively experimental and calculated (eq 14) values. The
inset shows the variation of experimental (solid symbols) and
calculated (open symbols) I'; at 80 °C with the total degree of
polymerization N. The line shows the predicted -3 slope (eq 14).

entangled copolymers,?!¢ leads to the same result for the
symmetric case (f = 1/2). On the other hand, strong
thermodynamic effects are predicted®!” to be absent for
x « x*. The present diblock copolymer system is suitable
for such a study in the disordered state, on account of its
relatively low Arrhenius activation energy and smali
interaction parameter;? the synthesis of adequately very
high molecular weight copolymers (~ 106) are in progress.

In the low q range, I'; can be computed from eq 14 with
$o = 370mvN 25/ (b2N35), derived from zero shear viscosity
7 (= lim,—¢ G”"(w)/w) measurements (inset of Figure 8);
the expression for {, is valid for homopolymers.}! The
calculated I'y’s are also shown in Figure 10 with dashed
lines. For the symmetric EM-3 and EM-4 diblocks, the
theoretical values exceed the experimental I';, respectively,
by about 26% and 15% whereas for the asymmetric EM-5
(not included in Figure 10) this disparity increases to about
35%. While the reptation expressions for both I'; and 5
are expected to apply at very high molecular weights, it
is the product 1 (~N°5) that enters in eq 14. Hence,
the overall reasonable agreement of eq 14 with experi-
mental I’y cannot be considered as a crucial verification
of the reptation relations. The systematic deviation
between computed and experimental T; values in the
Arrhenius plot of Figure 10 can be attributed to uncer-
tainties in the value of some quantities (e.g., No, N), to the
exactness of the expression for the viscosity and eq 14, as
well as to the determination of the average 7, eq 12,
although the distribution L(log 7) is quite narrow.
Furthermore, the increased disparity between theoretical
and experimental I'y in the asymmetric EM-5 (fg = 0.7)
rich in PEMS mimics the concentration dependence of
the friction coefficient which is larger in PEMS than in
PDMS homopolymer;*22T'; is also a decreasing function
of fg at constant N (inset in Figure 10).

According to eq 14, the thermal decay rate of the
composition fluctuations should scale with N-3. Experi-
mental and computed T'; at 80 °C are shown as a function
of N in the inset of Figure 10. The experimental points
for the symmetric EM diblocks yield D ~ N-298+0.1) whereas
inclusion of T'; for EM-5 and EM-6 leads to the somewhat
lower exponent -2.8. Alternatively, the computed I';
(empty symbols in the inset of Figure 10) of the symmetric
samples conform to a scaling relation with exponent -3.2
that is slightly larger than the reptation prediction of eq
14, due to the strong molecular weight dependence of the
viscosity (IN-34, inset of Figure 8). Inclusion of the
asymmetric samples has negligible effect on the value of
the scaling exponent. It is apparent from the data in the
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Table 3. Static Structure Factor for the Internal Chain
Relaxation at 120 °C and g = 0.025 nm™!

sample fg* qRy Ry(@ (10%cm™)  Si(@exp  S1(Piheo
EM-3 046 0.19 0.30 1.7 1.4
EM-4 0.51  0.22 0.53 3.0 2.5
EM-5 0.70 0.19 0.35 2.0 0.9

¢ Volume fraction of polyethylmethylsiloxane block, PEMS.

inset of Figure 10 that the experimental I, systematically
decreases with increasing PEMS composition at constant
N (samples EM-6 to EM-3 to EM-5) that also follows the
composition dependence of {, (Figure 3, ref11). Itisworth
mentioning that this variation is less pronounced in the
computed Ty, i.e., in the viscosity. Nevertheless, the
dynamics of the fast relaxation process in EM can
adequately be described by the RPA and reptation
predictions.

The static structure factor Si(q) associated with the
internal relaxation can be obtained from the amplitude o,
of the experimental C(g,t), the total light scattering
intensity I(q) and eq 11. Alternatively, eq 5 is the RPA
theoretical prediction for Si(g—0) at low ¢’s. For two
symmetric and one asymmetric EM copolymer, the values
are listed in Table 3 along with the experimental absolute
Rayleigh ratio R1(g) for ¢ = 0.025 nm-1 and 120 °C. The
contribution R, of the density fluctuations to the total
Ryv was estimated for EM-3 and EM-4 and assumed to
be the same in the EM-5 sample. S1(¢)theo Was computed
from eq 5 using b = 6.3 A, whereas S1(q)exp Was estimated
from the experimental R;(q) using (na?-np?) = 9.4 X 104
at 120 °C for all samples. The values of these parameters
at high temperatures are additional sources of errors in
the derivation of either structure factor with an uncertainty
of about 10%. For EM-4 and EM-3, the difference of
about 16 % between the two values of S1(g) listed in Table
3 is therefore not significant. This however, cannot be
claimed for the asymmetric EM-5 for which the experi-
mental structure factor is about twice the computed
S1(@)theo- To circumvent the necessity of using absolute
intensities, we compared the ratio between the values
of Si(q)inec in two samples with the corresponding
ratio of S1(q)exp. For EM-4 and EM-3, the theoretical
[S1(@)theo] EM-4/ [S1(@)theol EM-3 = 1.8 almost coincides with
the value of the corresponding experimental ratio. On
the contrary, while the theory predicts significantly
stronger internal relaxation in EM-3 than in EM-5
([S1(q)theolEM-3/ [S1(@)theo]EM5 = 1.5) the experimental
finding is that [Si(g)esplem.s is slightly less than
[S1(@)esplEM-5. At present the latter disparity can be at-
tributed to the composition dependence of S1(¢) in eq 5.

The internal chain relaxation was experimentally ob-
served when gR; = 0.1 and its amplitude was found to
increase with ¢ (Figures 5 and 6). According toeq 5, Si(q)
should scale with ¢2, i.e., the light scattering intensity
increases with decreasing the probing wavelength. Figure
6b shows the variations of the absolute Rayleigh ratio R;-
(g) with the magnitude of the scattering wave vector for
EM-3 and EM-4 at 120 °C. The experimental data of
Figure 6b conforms well to a ¢" law with n = 2 £ 0.2, thus
verifying the g2 dependence of eq 5. As anticipated from
eq 5, this variation is virtually independent of temperature.

It is evident from the intensities of T'ables 2 and 3 that
the experimental “polydispersity” diffusive mode domi-
nates the composition correlation functions (Figures 4 and
5). According to egs 5 and 7, the ratio of the structure
factors associated with the two relaxation processes for
low wave vectors is given by
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For the symmetric samples EM-3 and EM-4 at 120 °C and
g = 0.025 nm-! the computed ratio S2(q)/S1(q) amount to
11 and 4, respectively. The experimental Ry/R, for EM-3
and EM-4 is respectively 10 and 3.5 in agreement with the
computed values. However, for the asymmetric EM-5 the
agreement is again less satisfactory.

V1. Concluding Remarks

Diblock copolymer melts above ODT display significant
dynamic light scattering arising from fast density and
composition fluctuations. Forthe present EM copolymers,
the former have correlation times faster than 10-7 s and
account for about 50% of the total light scattering intensity
at low g¢’s. Alternatively, the dynamics of composition
fluctuations as studied by photon correlation spectroscopy
reveal two distinct relaxation processes, besides the slow
long-range density fluctuations, which exhibit different
pertinent features. The intermediate and fast relaxation
modes are identified, respectively, with the interdiffusion
of the copolymer chains, becoming observable through
the inherent composition polydispersity, and the internal
copolymer chain relaxation via the relative translational
motion of the two blocks. These are the main mechanisms
causing thermal composition fluctuations in homogeneous
copolymer melts.

The structure factor associated with the slow diffusive
process is related to the composition polydispersity of the
samples, whereas the diffusion coefficient is essentially
the self-diffusion of the copolymer chains. For the EM
copolymers consisting of two blocks with similar segmental
mobilities, the experimental diffusion coefficient, D, agrees
well with the copolymer self-diffusion coefficient D,, either
measured by pulsed-field gradient NMR or calculated
using frictions estimated from shear viscosity data.
However, for the poly(styrene-block-methylphenylsilox-
ane) diblocks with components possessing vastly different
segmental mobilities, the agreement between D and D
estimated using viscosity data is found to be rather poor.

For the internal relaxation mode, the RPA predictions
for the static structure factor S;(q) and thermal decay
rate I'; at low ¢’s are experimentally verified. This process
observed in EM samples when gR; 2 0.1 has a g*-dependent
amplitude whereas T'; is insensitive to ¢ variation but
exhibits a strong dependence (~N-3) on the total degree
of polymerization N. Besides to the conformity to the
theoretical scaling laws, the RPA predictions in the low
g limit (eqs 5 and 14) can quantitatively predict the
experimental S;(q) and T for the symmetric EM samples.
For the present EM’s the highest gR; value is about 0.3,
i.e.,x 0.1 and, hence, both S;(g) and I'; show no evidence
of thermodynamic effects. Experimental verification of
the latter as well as the g dependence of T'; requires high
x values of the O(x*).
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