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Abstract

Photon correlation spectroscopy in the depolarized mode and dielectric
relaxation spectroscopy were employed to investigate local and global
chain motions in poly(styrene-b-1,4-isoprene) diblock copolymer melts near
the order-to-disorder transition (ODT). The presence of two distinctily dif-
ferent segmental orientation processes and the temperature dependence of
the width of the slow relaxation function in the disordered state imply
strong composition fluctuations in calorimetrically and rheologically
homogeneous diblocks. The estimated amplitudes of composition fluctua-
tions increase with the proximity to the ODT. The polyisoprene subchain
orientation is characterized by a single broad distribution of relaxation
times above the ODT, that apparently senses an average friction. This is
due to the fact that the end-to-end vector orientations sample fluctuations
at a different length scale than segmental orientations do.

1. Introduction

Diblock copolymers (A-B), consisting of a contiguous linear
sequence of polymerized monomers of type A covalently
bonded to a second contiguous linear sequence of chemi-
cally different monomers B, is an interesting class of poly-
meric materials with rich variety of phase behavior {1]. A
significant feature of diblock copolymers is the order-to-dis-
order transition (ODT) with increasing temperature, T,
and/or decreasing the overall degree of polymernizaton, N.
The equilibrium phase morphology of a diblock copolymer
melt can be controlled by a few experimental parameters as
discussed in the next section. Hence the equilibrium com-
position field configurations and their coherence may prob-
ably be varied to investigate the manifestation of the
composition heterogeneities on the local and overall chain
motion in A-B melts.

In contrast to the static properties, there has been little
theoretical and experimental work done on the rich segmen-
tal and global chain dynamics of either disordered or
ordered A-B melts. The relaxation function C(t) of the
orientation fluctuations can be measured by photon corre-
lation (PCS) [2] and/or dielectric relaxation (DS) [3] spec-
troscopy over a broad dynamic range (107°-10%s) at
temperatures near the glass transition temperature, T,. The
dielectrically observed C(tf) may be sensitive to both local
(segmental) and long wavelength (normal mode) orientation-
al motions of chains with finite dipole moment component
parallel to the chain contour [4]. The relaxational charac-
teristics, i.e., rate and time distribution functions of the two
processes will, in principle, sense different effective composi-
tion fluctuations at two length scales.

Here, we report on PCS and DS experimental work on
the segmental and chain relaxation in the composition field
configurations of poly(styrene-b-1,4-isoprene) (SI) copoly-
mers in the vicinity of ODT. The presence of two distinctly
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different segmental orientation processes near and above
ODT implies bimodal probability distribution of the com-
position in a macroscopic volume, whereas friction effects
alone cannot account for the I-chain orientation.

2. Theoretical background

The ensemble of molecular configuration that produces the
minimum overall free energy represents the equilibrium
state in a block copolymer melt. Diblock copolymers are
single component systems that cannot macrophase separate.
However, unfavorable interaction between the A and B
blocks, expressed by the segment-segment Flory-Huggins
interaction parameter, y, may lead under certain conditions
to a local segregation of dissimilar monomers. The equi-
librium phase morphology of diblock copolymers is deter-
mined by the overall degree of polymerization, N, the
overall volume fraction of, e.g., the A block, f, and y which
depends on temperature as y = « + b/T, with b > 0. Since
the entropic and enthalpic contributions to the free energy
density scale as N ~! and y, respectively, it is the product yN
that dictates the equilibrium phase morphology for a certain
composition f [1]. For yN < 1, the equilibrium morphology
is a melt with uniform composition (homogeneous or disor-
dered state). As yN increases to be O(10), a delicate balance
between entropic and enthalpic factors leads to an order—
disorder transition (ODT) towards a microphase character-
ized by long range order in its composition with
characteristic size of the order of the size of the molecules
[5] and a sinusoidal ordered composition profile.

In a seminal theoretical work, Leibler [5] constructed a
Landau expansion of the free energy to fourth order in a
compositional order parameter field, y(r) = ¢.(r) —f, where
¢4(r) is the microscopic volume fraction of A monomers at
position r, and he was able to map out the phase diagram of
a diblock copolymer near the ODT in the parameter space
«N vs. f; he predicted a critical point for f, = 0.5 at (yN), =
10.5, where a symmetric diblock undergoes a second-order
phase transition from the disordered to the lamellar phase.
Fredrickson and co-workers [6] incorporated the fluctua-
tion corrections in the effective Hamiltonian for a diblock
melt in the Hartree approximation, and found that the fluc-
tuation corrections, controlled by a Ginsburg parameter, N,
defined [6, 7] by N = 63(R}p.)?, where p. is the number
density of copolymer chains in the melt, lead to a suppress-
ion of the symmetric critical mean field point that is
replaced by a weak first-order transition at a lower tem-
perature [6], with the amplitude of the ordered composition
profile predicted to be O(N~1/¢) at the ODT. Besides the
uniform field in the disordered phase and the perfectly
ordered sinusoidal configuration of wavelength 2r/g* =
O(R,) in the ordered phase [5], the Hartree approximation

Physica Scripta T49



238

also weights configurations that have superimposed iso-
tropic composition plane waves with wave vectors having
random orientations and phases and a preferred or not
magnitude, g*. The theory suggests that the root-mean-
squared amplitude of these fluctuations is O(N ~!/¢), compa-
rable to the amplitude of the long-range ordered composi-
tion field, with the typical equilibrium field configurations
(“pattern”) in the disordered diblock melt (which fluctuate in
time) speculated [7] to be reminiscent of the transient non-
equilibrium patterns encountered during the intermediate
and late stages of spinodal decomposition. The structure
factor S(g) for a monodisperse diblock is modified from
Leibler’s mean field result by replacing y with an effective
interaction parameter, X, Which depends on temperature,
molecular weight, and composition and is related to the
bare parameter. The Hartree structure factor near the ODT
may be approximated by the Lorentzian form S(q) =
So/[1 + &*(g — g*)*], where the susceptibility S, = (gp.) ™%,
and the coherence length of composition fluctuations
& = J6CR[F(x*, f) — 2% N1~ 2, with ¢ a composition-
dependent constant [6]. The fluctuations amplitude at the
transition is predicted as a, = 1.0057[c3(x*)*/C(f)]*SN~ Vs,
where ¢, x*, and C(f) are constants depending on f [6].

The strong significance of composition fluctuations in the
disordered state near the ODT has been recently reported,
by small angle neutron scattering and rheological investiga-
tions on a series of near symmetric monodisperse diblocks
[7], in qualitative and quantitative agreement with theory
[6]. In this manuscript we will summarize the clear evi-
dence, obtained by PCS and DS, of the existence of two
distinctly different segmental orientation times in “homoge-
neous” diblock copolymer melts, which proves the existence
of two different local environments in diblocks, i.e., strong
compositon fluctuations even far above the ODT.

3. Segmental relaxation

The molecular characteristics of the four SI sample are
listed in Table I [8-11]. All samples but SI-4 are in the dis-
ordered state and they display a single broad glass tran-
sition intermediate between the T’s of the pure components.
Based on this observation spatial homogeneity down to
about 100 A is conceivable implying a unimodal probability
distribution P(¢p) of the composition fluctuations at these
length scales. Compatiblity at shorter length scales can be
assessed by probing local molecular processes. We
employed PCS in the depolarized light scattering geometry
[8] and DS [9] to selectively probe segmental dynamics in

Table 1. Molecular characteristics of the samples

Samplet M, /10°  wy for N ON), ¢ T/K
SI-1* 44 0.36 0.39 51 48 284
S|-2* 57 0.50 0.54 68 6.1 255
SI-3® 7.8 0.38 041 95 8.4 276
SI-4¢ 9.9 041 0.42 121 10.8 228 and 325
SI-5* 39 0.28 031 48 45 308

1 I:isoprene; S: styrene.
* References [8, 9].

® Reference [10].

¢ Reference [11].
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styrene- (S-) and isoprene-rich (I-rich) microregions of the SI
copolymer melts.

Two segmental modes are evident in the orientation
correlation function Cyy(t) measured in the depolarized
scattering geometry of the PCS experiment. The fast relax-
ation process in the Cy(t) and its inverse Laplace transform
of Fig. 1(a) compares favorably with the dielectric loss &”(w)
and, hence, is assigned to local orientation dynamics in
I-rich microenvironments of the SI-2 copolymer melt. The
slow relaxation mode in Cyy(t), and the distribution
L (log 7) associated with segmental motion within S-rich
microregions, can hardly be resolved in the £”(w) spectrum
due to the weak dipole moment of S segments. Since the
temperature of Fig. 1(a) is lower than the single T, of SI-2,
the motion of S segments in S-rich microenvironments is
frozen , as revealed by the insensitivity of the slow mode of
the distribution of the orientation times, L (log 7), to T
variations below about 273K [8].
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Fig. 1. (a) Depolarized intensity correlation function | Cyy(t)|? for SI-2 and
the corresponding distribution L (log t) of orientation times (inset)
obtained from the inverse Laplace transformation of Cy(t) at 246K [8].
(b) Dielectric loss &” vs. frequency for SI-2 at 258 K. The solid line indicates
the superposition of two relaxation processes {9].



Local and Global Chain Dynamics in Diblock Copolymer Melts

The two orientation times 7, and 7; obtained from the
peak positions in L (log 7} and £"(w) of the PCS and DS
experiments respectively are much more separated in time
than those observed for athermal copolymers [12]. The situ-
ation is illustrated in the Arrhenius plot of the two segmen-
tal orientation times in three of the disordered SI
copolymers of Table I. The segmental times in bulk PI and
PS homopolymers are also shown in Fig. 2 for comparison.
For PS homopolymer, two solid lines are drawn to account
for the different T,’s of the S-subchain in SI-1, SI-2 (T, =
340K) and SI-3 (T, = 352K), whereas for the segmental
motion in bulk PI a molecular weight independent T, was
used (= 206 K).

Despite the calorimetrically and rheologically observed
homogeneity of the three SI copolymers, the two distinct
time scales of Fig. 2 imply significant demixing at shorter
length scales. The conformational transitions responsible for
segmental orientation, usually involve few monomer units

[13]. The relevant correlation volume, V,, is given by

V,=2n f F(ryr? dr 1)
(1]

with F(r) being the orientation correlation function of seg-
ments located a distance r apart. Now, if the composition
correlation length ¢ (Section 2 above) exceeds &, oc (V,)'/3,
then the presence of slow composition fluctuations
(“pattern” relaxation [14]) would enhance the non-
exponentiality of the segmental relaxation function and
hence the breadth of L (log 1) in disordered copolymers.
The dual character of the distribution L (log t) implies a
bimodal probability distribution P(¢) in the subvolumes V,.
In fact, according to very recent computer simulation [15,
16] of diblock copolymer melts, P(¢) can become bimodal
near ODT if the sampling volume is sufficiently small. The
large separation between 7, and 7; in the three SI copoly-
mers implies significant disparity in the effective composi-
tions, in for example isoprene, ¢} and ¢} of the two
microregions rich in S and I respectively.

Estimates of these local average compositions at the poles
of P(¢) can be obtained from the two characteristic relax-
ation times within the concept of the free volume model [17,
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Fig. 2. Arrhenius plot of segmental orientation times for three homoge-
neous SI copolymers of Table 1 obtained by PCS and DS. ll, SI-1; A,
SI-2; @, SI-3. The solid lines represent the segmental orientation times in
bulk PS and PI homopolymers of the same molecular weight (same T)) of
the respective blocks.
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18]. For a compatible mixture with volume fractions ¢, and
@y, the activation parameter, B, and the ideal glass tran-
sition temperature, Ty, in the well-known VFT equation

log t =log 7o + 2

B
T—T,
with 1, being the limiting high temperature time, are given
by mixing relations in terms of the values for the two com-
ponents, i.e.:

1 @a

=24

1_ P8 =¢A7;)ABB+¢BTOBBA
B~ B,

By’ @aBg + 95 B,

Assuming the same functions for the subvolume V,, one can
easily derive the expression for the local composition ¢ of
component A in the K-rich microregions (A =S or I, and
K=Sorl)atagivenT.

BA[Bs — AT — Tos)]
Ax[Bo(T — Toa) — BA(T — Tos)]

The parameters A = log 7 — log 7, are computed from the
experimental values of the segmental relaxation times in the
K-rich microregion and setting 7, = 10735,

The effective local compositions in isoprene for the two
microenvironments of the three SI samples are computed at
T = 290K, for which both segmental processes can be
probed. The computed values are not very different from
those obtained from isochrone plots vs. temperature [14, 19,
20].

The bulk fp; and the effective local compositions are
shown in the mean field phase diagram of Fig. 3 which
visualizes the proximity of the SI samples to the ODT. The
amplitude of the composition fluctuations increases system-
atically with the proximity to the ODT, with the root-mean-
squared amplitude ranging from 0.21 to 0.37, in agreement
with the theoretical estimates [6]. We should note, however,
that for all but the SI-2 diblocks, the enrichment appears
skewed towards the low T, microenvironment. This might -
be attributed to the fact that, for the same T, these environ-
ments are farther from their T.’s; this will lead to probing
fluctuations over smaller lengths, since V, oc (T — Tp)~ 2
[21]. The asymmetric concentration fluctuations have been
recently discussed in terms of conformer fractions instead of
volume fractions [22].
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Fig. 3. Location of the homogeneous SI samples in the xN vs. f parameter
space at about 290K, relative to the mean-field [S] phase diagram. W,
average composition; [, effective local composition of the two micro-
environments (see text).
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Fig. 4. A semilog reduced plot of the two segmental times in the SI copoly-

mers vs. T — T,(¢X). The ideal temperature T, [eq. (2)] is computed from

eq. (3) at the local composition ¢*. W, SI-1, A, SI-2; @, SI-3. The solid
lines represent the respective homopolymers.
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The description of the segmental times 7; and 7, in terms
of the free volume model [eqs (2)-(5)] led to physically
meaningful local compositions and composition fluctuation
amplitude. The large disparity in 7; and 7, values was attrib-
uted to the local segregation and, hence, two effective Ty(¢X)
(K = S or I environments) were invoked. In fact, a reduced
plot can result from the representation of 7;, 7, vs.
1/[T — To(¢X)] according to eq. 2. Such a plot is shown in
Fig. 4, where it is found that the data from the S-rich
environments behave similarly to the reduced homopolymer
styrene, whereas the data from the I-rich microregion follow
the behavior of isoprene homopolymer. The differences in
the slope are due to differences in the B(¢X) parameters.

Composition fluctuations are also manifested in the dis-
tribution function L (log t) causing an excess broadening
beyond that of the bulk homopolymers. The distribution
L (log 7) for the SI copolymers reveals both broadening and
narrowing temperature effects discussed elsewhere [8, 20].

4. Chain end-to-end fluctuations

Polyisoprene is one of the few known polymers with non-
vanishing dipole moment component parallel to the chain
contour and, hence, large scale chain motions (normal
mode) are dielectrically active [4]. These motions should, in
principle, sense structural and dynamical heterogeneities in
diblock copolymer melts through the effective segmental
friction {, the chain dimension, and the interactions near the
S-1 junction points.

Figure S displays the experimental dielectric loss £"(w) as
a function of T and frequency (w = 2nf) for SI-3 sample.
The normal and segmental mode of 1 subchain are respec-
tively the higher and lower peak. The normal mode relax-
ation of I block in disordered SI exhibits a broader shape
compared with the equivalent PI homopolymer but is nar-
rower than the segmental relaxation function [9]. The T-
dependence of the 7, obtained from the frequency at which
the ¢"(w) of the normal mode attains its maximum value, is
shown in Fig. 6 for three SI copolymers, together with the 7,
for the equivalent molecular weight polyisoprene homo-
polymers.

The temperature dependence of 7, is similar to the corre-
sponding 7, of PI homopolymer with equivalent chain
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Fig. 5. Dielectric loss ¢” as a function of frequency and temperature for the
disordered diblock SI-3. w = 2nf.

length, whereas the typical N2-dependence predicted and
found in unentangled PI homopolymers is obscured in the
SI copolymer melts. A kink that has been observed in the
T-dependence of 7, [9, 18] may be a signature of the freez-
ing of the S-segments [8, 9] rather than a manifestation of
the ODT [18].

A self-consistent representation of the z, values of Fig. 6
in terms of egs (2)—(4) and in analogy to the segmental times
yields an effective ¢ for overall I-subchain motion indistin-
guishable from the bulk composition f. Actually, the calcu-
lated normal mode curve based on average friction is shown
in the inset of Fig. 6, and it is indistinguishable from the
experimental points. In this description, we have used the
B,, Tos values of the segmental relaxation of PS homo-
polymer and the By, Ty values of the normal mode relax-
ation of an equivalent PI homopolymer [23]. This result is
not unexpected in view of the preceding section since the
sampling subvolume (V oc R3, R: end-to-end distance) is
now increased. Therefore, the probability distribution P(g)
becomes unimodal for end-to-end chain fluctuations with
width {(3¢)*)y smaller than {(6¢)*Dy,. This is consistent
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Fig. 6. Arrhenius plot of the relaxation time 7, for the global chain orienta-
tion for three SI copolymers. A, SI-2; @, SI-3, (1, SI-4. The solid and
dashed lines denote ,(T) for two PI homopolymer chains equivalent to
SI-2,3 and SI-4, respectively. The comparison of experimental r, in SI-3
with a calculated t, based on the average friction of the disordered SI-3 is
shown in the inset.
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with the fact that the broadening of normal mode relaxation
functions is less than for a segmental relaxation.

Very near and/or below the ODT, however, a splitting of
the normal mode relaxation has been recently observed in
bulk [11] and in solution in a common solvent [23]. Its
origin is still under investigation, and is currently attributed
to interfacial effects in the more or less permanent morphol-
ogy formed below the ODT. This splitting should probably
be related to the ODT.

5. Concluding remarks

In summary, we presented clear experimental evidence on
the effect of the proximity to the ODT on local (segmental)
and global chain (normal mode) relaxation in diblock
copolymers. The presence of two distinctly different micro-
environments in “homogeneous” diblocks is a manifestation
of a bimodal probability distribution function, when
sampled in the correlation volume V. The segmental relax-
ations may be accounted for in the free volume model by
considering local compositions and composition fluctuation
amplitudes. The normal mode relaxation, on the other
hand, apparently senses a unimodal probability function
due to the larger sampling volume, except very close and
below the ODT.
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