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ABSTRACT: Dielectric relaxation spectroscopy has been used to investigate the block end-to-end vector
relaxation in symmetric poly(styrene-b-1,4-isoprene) diblock copolymers both in the ordered state and in
the disordered state close to the disorder-to-order transition (ODT). Evidence is presented of two new
types of dielectrically active chain relaxations by approaching the ODT from the disordered state and in
the ordered state. In the ordered state and besides the usual isoprene subchain overall orientation, a
new block relaxation process appears with slow dynamics and amplitude that depends on the sample
preparation. The slow process is related to the coherently ordered microstructure and is attributed to
the relaxation of the conformal interfaces formed in the ordered state; this assignment is supported by
computer simulation results. In the disordered state, a bifurcation of the single dielectric relaxation is
observed; the total amplitude increases as the temperature approaches the ODT, whereas the high-
frequency process shows an apparent weak temperature dependence. The fast process may be related to
polyisoprene subchains that feel higher polyisoprene concentrations near the ODT, whereas the slow
relaxation mode can be attributed to the induced orientation correlations near and above the ODT, as

supported also by computer simulations.

L Introduction

The rich variety of phase behavior in diblock copoly-
mers has long attracted the interest of the scientific
community.! The equilibrium phase morphology of
diblock copolymers, which consist of a linear sequence
of polymerized monomers of chemical species A co-
valently bonded to a second contiguous linear sequence
of monomers of a different chemical species B, is
determined by the overall degree of polymerization, N,
the overall volume fraction of the A block, £, and the
segment—segment Flory—Huggins interaction param-
eter, x, which depends on temperature as y = a + b/T
with b > 0. The entropic and enthalpic contributions
to the free energy density scale as N1 and y, respec-
tively, and therefore, the product yN dictates the equi-
librium phase morphology for a certain f. For yN <<
10, the equilibrium morphology is a melt with uniform
composition (homogeneous or disordered state). As yN
increases to be O(10), a delicate balance between en-
tropic and enthalpic factors leads to an order—disorder
transition (ODT) toward a microphase characterized by
long-range order in its composition with characteristic
size of the order of the size of the molecules. At yN >>
0(10), highly organized periodic domain microstructures
are obtained. The resulting morphology below the ODT
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is a polycrystalline structure of uncorrelated grains
which consist of coherently ordered periodic domains
with characteristic size of the O(um).

In a pioneering work, Leibler? constructed a Landau
expansion of the free energy to the fourth order in a
compositional order parameter field d¢a(r) = @ga(r) — f,
the fluctuation in the volume fraction of A monomers
at position r, in order to obtain the phase diagram of
diblock copolymers near the ODT in the yN vs f
parameter space. In the framework of the random
phase approximation (RPA), he predicted the existence
of 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® incorporated the fluctua-
tion corrections in the effective Hamiltonian for a
diblock melt in the Hartree approximation and found
that the fluctuation corrections, controlied by a Ginz-
burg parameter,®* N = NbSy~? (b is the statistical
segment length and v is the average segmental volume),
lead to a suppression of the symmetric critical mean
field point that is replaced by a weak first-order transi-
tion at a lower temperature, with the amplitude of the
ordered composition profile predicted to be O(N-Y6) at
the ODT. Monte Carlo computer simulation results5-10
are in qualitative agreement with the fluctuation cor-
rection predictions with respect to both the location of
the transition and the deviation from the Gaussian
behavior near the ODT. As the ODT is approached from
the disordered state, an increase of the copolymer chain
radius of gyration is predicted due to an increase in the
distance between the centers of gravity of the two
blocks, i.e., by a polarization of the copolymer chains,®
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whereas the ensemble average orientational parameter,
expressed as the second harmonical Legendre polyno-
mial, shows an orientation correlation of the chains that
occurs at a temperature near the ODT.”8

The dynamics of diblock copolymer melts and the
influence of the disorder-to-order tranmsition on the
dynamics have only recently attracted the increasing
interest of polymer scientists.!! Theory attempted to
derive the intermediate scattering function and its
relaxation characteristics for diblock copolymers!? in the
disordered state, as well as to investigate the rheological
behavior of disordered diblock copolymer melts.}? Ex-
perimentally, rheological investigations* probed the
substantial fluctuation enhancement of the shear vis-
cosity in the pretransitional disordered state near the
ODT where the departure from thermorheological sim-
plicity at low frequencies was attributed to concentra-
tion fluctuation effects; theory!3 only qualitatively cap-
tured the pertinent features. Dielectric relaxation
spectroscopy (DS) has been used to investigate the
segmentall4~17 and chain®-22 dynamics in diblock co-
polymers both in the disordered!4-1618-20 and in the
ordered state.}”2%22 On the other hand, neutron spin-
echo,?3 dynamic light scattering in the polarized!6.24-2%
and depolarized15:16:3031 geometry, forced Rayleigh scat-
tering,2%32 forward recoil spectroscopy,®® and pulsed-
field-gradient nuclear magnetic resonance?28.29.3¢ were
utilized to identify the mechanisms of relaxation of
composition and orientation fluctuations and of the
diffusion in both disordered and ordered diblock copoly-
mers.

DS has been used to investigate the block end-to-end
relaxation8-2235 utilizing a polyisoprene (PI) block, that
is a typical type-A polymer in the classification of
Stockmayer;3 i.e., it possesses a dipole moment com-
ponent along the chain contour. For ordered diblocks,
retardation and broadening of the PI-normal mode were
observed and attributed to both a spatial and a ther-
modynamic confinement of the PI blocks in the PI
microdomains.?! In the disordered state and far from
the ODT,2° the polyisoprene block end-to-end vector
relaxation functions in poly(styrene-b-1,4-isoprene)
diblock copolymer melts show a systematic broadening
relative to the polyisoprene homopolymer distributions
when the temperature is decreased and/or the molecular
weight is increased. The broadening-was attributed to
both composition fluctuation and proximity to the glass
transition effects on the normal-mode relaxation; the
effects were theoretically accounted for by a new ap-
proach that considered both the short-range fluctuations
due to chain connectivity, which exist even in homo-
polymers and are independent of the block—block
interactions, and the long-range composition fluctua-
tions in diblock copolymers due to the proximity to the
ODT. Theory was able not only to capture the relative
features of the distributions but also to quantitatively
compare very well with the experimental dielectric
spectra.

In this paper, we apply dielectric relaxation spectros-
copy in order to investigate the polyisoprene block
relaxation in symmetric poly(styrene-b-isoprene) diblock
copolymers both in the disordered state close to the ODT
and in the ordered state. The behavior for well-
disordered diblock copolymers has been addressed in an
earlier publication.20 We present evidence for two new
types of dielectrically active chain relaxations. In the
ordered state, a new block relaxation appears with
amplitude that depends on the sample preparation and
dynamics much slower than the polyisoprene subchain
orientation also observed. The slow process is at-
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Table 1. Molecular Characteristics of the Samples
MM, N Topr(K)

10 300 1.05 121 ~330
11 800 1.05 140 ~350
SI-144¢ 055 052 12200 1.06 144 359
SI-194¢ 0.53 0.51 16400 1.04 194 410
SI1-60° 0.58 0.55 4 450 1.07 57 ~140/
SI-100¢ 062 0.59 7600 1.03 92 ~212/

¢ Weight fraction of polystyrene (S). > Based on average seg-
mental volume. ¢ Reference 38. ¢ Reference 39. ¢ Reference 20.
f Estimated from Leibler’s theory.?

sample ws® fs M,

SI-120 059 0.58
SI-140 044 041

tributed to the relaxation of the conformal interfaces
formed in the ordered state within the grains of coher-
ently ordered lamellae. This assignment is supported
by very recent Monte Carlo computer simulations using
the cooperative motion algorithm,”# which are presented
elsewhere.3” On the other hand, as the temperature
decreases toward the ODT in the disordered state, a
bifurcation of the single dielectric normal-mode relax-
ation is observed with the total dielectric strength of
the two processes increasing at lower temperatures. The
high-frequency component shows an apparent weak
temperature dependence, whereas the low-frequency
peak of the relaxation spectrum displays temperature
dependence similar to the temperature dependence of
dielectric normal-mode relaxation far above the ODT.

The fast process may be related to polyisoprene chains
that feel higher polyisoprene concentrations near the
ODT due to the increased amplitude of composition
fluctuations, whereas the slow process should be at-
tributed to the orientation correlations induced by the
proximity to the ODT as also supported by computer
simulations.3”

This article is arranged as follows: following the
Experimental Section (II), the results of the dielectric
relaxation investigations are presented in section III.
In section IV, the data are discussed in relation to the
predictions of the simulations. Finally, the concluding
remarks constitute section V.

I1. Experimental Section

Materials. The poly(styrene-b-1,4-isoprene) diblocks, SI,
were synthesized under high vacuum in a glass-sealed ap-
paratus at room temperature using benzene as the solvent and
sec-BulLi as the initiator with styrene being polymerized first.
After the completion of the reaction for both blocks, the living
ends were neutralized with degassed t-BuOH. The number-
average molecular weights of both the polystyrene (PS) blocks
and the diblocks were determined by vapor pressure osmom-
etry whereas the mole fraction of PS was determined by 'H
NMR and the molecular weight distribution by gel permeation
chromatography. The diene microstructure of SI was pre-
dominantly 1,4 and the molecular characteristics of the
copolymers are given in Table 1. Copolymers SI-60 and SI-
100 have already been discussed in ref 20, and sample SI-144
was discussed in ref 38; SI-194 will be discussed in ref 39.

DS. Dielectric relaxation spectroscopy was used to inves-
tigate the collective chain dynamics of the SI copolymers as a
function of temperature. This is dielectrically observable due
to the finite dipole moment component parallel to the chain
contour of the P sequence. The complex dielectric permitivity
e*(w) = €(w) — i¢"(w) of a macroscopic system is given by the
one-sided Fourier transform of the time derivative of the
normalized response function*® C(z)

@) e = —ae [ 250 4CE) -t g @

where i2 = —1, Ae = ¢ — €. is the relaxation strength, with o
and e.. being the low- and high-frequency limiting values of ¢’
for the process under investigation. The quantity C(¢) is the
normalized dipole autocorrelation function
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where u(t) is the dipole moment of jth segment at time ¢. For

nonzero dipole moment components 4' and u* parallel and -

perpendicular to the chain contour, respectively, the response
function C(¢) can be decomposed into contributions of segmen-
tal and overall chain orientations. Neglecting cross correla-
tions between segments of different chains, the autocorrelation
function C(¢) for the ith chain can be written as*!

C(t) o= D (uilt) pp(O) + Zw (OUi(0)) &)
Jk

The first correlation function, CX¢), is sensitive to segmental
motion, whereas the second function, C'{¢), represents the end-
to-end vector correlation function

C'&) = WHR,RL0)) @

where Ri(t) is the end-to-end vector of the ith subchain. The
strength Ae, associated with the dielectric normal-mode
relaxation, eq 4, is given by

A = Na WY RDowy ®
€ = ——————

” 3M,; kgT

where N, is Avogadro’s number, p the mass density, w; the
weight fraction of the active block in the copolymer with M, ;
the block number-average molecular weight and <R?> the
block end-to-end distance, kg the Boltzmann constant, T the
temperature, and F the internal field factor, which for normal-
mode relaxation is taken to be unity.?

Two different measurement systems were utilized for the
dielectric measurements in order to cover a 1072~10° Hz
frequency range: (i) a Hewlett-Packard HP 4284A impedance
analyzer based on the principle of the ac-bridge technique to
cover the frequency range 20—10% Hz;2% (ii) a Solatron-
Schlumberger frequency response analyzer FRA 1260 supple-
mented by using a high-impedance preamplifier of variable
gain for the low frequencies, 102—10° Hz.¥ The sample
resided between two gold-plated stainless steel electrodes
(diameter 25 mm) with a spacing of 50 + 1 um maintained by
two fused-silica fibers 50 um in diameter; attention was paid
to achieving a good contact between the sample and the
electrodes. The sample was kept in a cryostat with its
temperature controlled via a high-pressure nitrogen gas jet
heating system allowing a stability of the sample temperature
in margins of +0.1 °C in a broad temperature range of —160
to +300 °C. The absolute values of the loss part of the
dielectric permitivity, ¢”, depend on the accuracy of the value
of the sample thickness given to the instrument software. Since
the measurements with the two different instruments were
performed on two different samples, a way to account for the
absolute values of €¢” is to normalize the two spectra using
absolute values for the real part of the dielectric permitivity,
€.

For quantitative analysis, the generalized relaxation func-
tion according to Havriliak and Negami* is traditionally used,
which provides, in most cases, a satisfactory description of the
experimental spectra; the absence, however, of a clear physical
interpretation of the adjustable parameters involved and the
fitting uncertainties restrict its use solely as a phenomenologi-
cal way to account for the features of the underlying processes.
Besides, an additional conductivity contribution at low fre-
quencies and high temperatures due to free charges has to be
accounted for by a power law dependence ¢"(w) = oo/(e.w®),
where o, is a fit parameter, s = 1 for pure conductivity
contribution, and ¢, denotes the permitivity in free space. For
multiple relaxation processes, use of more than one empirical
Havriliak—Negami function is required; this, however, leads
to a large number of adjustable parameters in the fitting
procedure (four parameters are needed for each Havriliak—
Negami function).

A direct transformation of the dielectric data in order to
obtain the distribution of relaxation times with no a priori
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Figure 1. Inverse peak intensity plotted vs inverse temper-
ature for three symmetric diblock copolymers: (a) SI-140, (O)
SI-144, and (O) SI-194. The arrows indicate the transition
temperatures obtained by SAXS and rheology, as discussed
in the text. The inset shows the fit of Leibler’s mean-field
theory to the scattering profiles of SI-140 at various temper-
atures: (x) 410, (+) 390, (a) 380, (O) 361, and (O) 355 K.

assumption of the form of the rela.xation function is certainly
more appropriate.®* Recently, we presented a method?® based
on a modification of the widely used CONTIN routine* of
analysis of photon correlation spectroscopy data*” for the
inversion of the experimental correlation function, with the
significant advantage of the routine providing reliable statisti-
cal criteria for the support or rejection of the nominal proposed
solutions. The method performs an inversion of the experi-
mental €”(w) spectrum in order to determine the distribution
of relaxation times F(In 7) by assuming a superposition of
Debye processes, i.e.,

(o) _
Ae

Fln7) —2*—d(n 7) ®
o 1+ (w7)

where F(In 7) is normalized. Alternatively, eq 6 may be written
as

€)= [ Fin r)—— d(ln 7) )
1+ (wr)?
where F(In 7) = AcF(In 7); integration of the resulting F(in 1)

spectrum yields Ae, since the F(In 1) distribution is normalized.
A similar procedure was subsequently presented by others*®
as well.

Small-Angle X-ray Scattering (SAXS). SAXS measure-
ments were performed for three of the samples of Table 1, SI-
140, SI-144, and SI-194, with a Kratky compact camera (Anton
Paar KG) equipped with an one-dimensional position-sensitive
detector (M. Braum) as described in detail elsewhere.4® The
smeared intensities were collected in a multichannel analyzer

‘and transferred to a Vax computer for further analysis. The

data have been corrected for absorption, background scatter-
ing, and slit length smearing. The background correction was
made by subtracting from the total intensity the contribution
of density fluctuations evaluated from the measured isother-
mal compressibility.**° Primary beam intensities were de-
termined in absolute units by using the moving slit method.
The inverse peak intensities for the three samples are shown
in Figure 1. In the inset, the scattering profiles of the SI-140
are fitted to Leibler’s mean-field theory,? which adequately
describes the scattering profiles only at high temperatures
(410—380 K) but fails as the ODT is approached. At the same
time, the inverse peak intensity vs inverse temperature plot
deviates strongly from linearity as a result of the fluctuation
corrections®* which are important for the small molecular
weights used in the present study. The arrows in Figure 1
indicate the order—disorder transition temperature obtained
by SAXS (SI-140 and SI-144) and by rheology (SI-144% and
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S1-194%). The identification of the ODT temperature for SI-
140 and SI-120 by rheology is impossible because of the
closeness of the transition to the glass transition temperature
of the polystyrene domains, as will also be discussed later.
Indeed, the isochronal temperature measurements of the
storage, G’, and loss, G”, moduli of the materials at a low
frequency (1 rad/s) and constant stress, with strain amplitude
kept in the linear viscoelastic regime, for both SI-140 and SI-
120 have shown a continuous-like decrease of the moduli with
temperature and not the discontinuous change of G’ at a
characteristic temperature identified with the ODT.*%3° From
the peak position and the width of the SAXS data, one can
estimate the lamellar period and provide a measure of the
coherence of the grains in the ordered state; the lamellar
period is 12.1, 12.3, and 14.4 nm for SI-140, SI-144, and SI-
194, respectively, whereas the coherence length is estimated
in the range 50—80 nm.

IIL. Results

Ordered State. Figure 2a shows a semilog plot of
the loss part of the dielectric permitivity, ¢’ (w), vs
frequency for the melt-prepared symmetric ordered
diblock copolymer SI-144 in the low-frequency range
1072-6 x 10* Hz for temperatures 313—338 K, whereas
the inset depicts the behavior of the same sample in the
higher 20—10° Hz frequency range and for temperatures
304—344 K. The higher frequency measurements were
needed in order to quantitatively investigate the faster
processes with better resolution even at the high tem-
peratures. In the temperature range under discussion,
SI-144 resides in the ordered state according to both
SAXS and rheological data® (ODT at 359 K, Table 1).
Besides the high-frequency/low-temperature segmental
relaxation in the PI-rich microenvironments that is
evident at very low temperatures (not shown), and the
lower frequency/higher temperature relaxation, attrib-
uted to the usual polyisoprene block end-to-end orienta-
tion, a third process is observed at low frequencies and
high temperatures with a stronger temperature depen-
dence. The behavior of the two slower processes with
temperature is also evident in Figure 2b, where the
distributions of relaxation times F(In 1), eq 7, for SI-
144 in the low-frequency regime are shown in the
temperature range where the polyisoprene segmental
relaxation is much faster and does not interfere with
the data. The quality of the data analysis using the
modified CONTIN procedure is shown as a line in
Figure 2a through the data at 338 K. The new slow
process in Figure 2b shows a stronger temperature
dependence than the faster process attributed to the
polyisoprene normal-mode motion. In the following, the
relaxation times for the new slow process will be
obtained from the F(ln 1) of Figure 2b, whereas they
will be obtained for the normal-mode process from the
inversion of the dielectric data shown in the inset of
Figure 2a. A behavior similar to that for SI-144 is
shown for various temperatures in Figure 3 for the
ordered S1-194 diblock (ODT at 410 K, Table 1); the slow
process is observed less clearly than for the SI-144 due
to the interference of the higher de¢ conductivity contri-
bution at low frequencies. The higher frequency data
in the inset of Figure 3a are even more useful in this
case in order to acquire measurements with higher
resolution, because the normal mode appears only at
the edge of the frequency window of the low-frequency
system. A composite single spectrum using the data in
the two frequency ranges is not attempted in either
Figures 2a or 3 because the slower process in both
systems depends on sample preparation, as will be
discussed in connection to Figure 4 below.

A splitting of the normal-mode relaxation has been
observed recently in a 30 wt % SI(42—42)/toluene

Dielectric Normal-Mode Relaxation 1329

10 @ 0.02

0.008 ®) 323K
o9

0.004 600, PN

o o / o

/ N\ o4

5 o
K %0

0.000 PUP WU 1 oy — -
0.008 328K /

o
0.004+ fra / !
OPOO\% / b‘o

g 0.000 - oS —2
B
0.0081 3;WR
n
.I
0004 ,f‘\\ 7 \V/ '
0.000 fro-sm M / -

0.008 ‘:‘o\n
mf \

000 ¥ L S —
107 10 0% 10* 10° 102 100 10°

Figure 2. (a) Frequency dependence of the dielectric loss ¢”
for the SI-144 diblock copolymer in the low-frequency (10-2—
6 x 10* Hz) range for various temperatures: (3J) 338, () 333,
(0) 328, (<) 323, (a) 318, and (a) 313 K. The solid line through
the data points at 338 K is the fit corresponding to the
distribution of relaxation times in (b). In the inset, the data
up to the higher frequency range (20—10° Hz) for temperatures
304—344 K every 5 K are shown. (b) Distribution of relaxation
times F(In 7) for SI-144 at various temperatures obtained from
the inversion of the low-frequency dielectric loss data at
varying temperatures.

diblock copolymer solution (M, = 84 000, 50 wt %
polystyrene),?2 where a slower process suddenly ap-
peared by increasing concentration and/or decreasing
temperature and its appearance was related to the ODT.
Similar behavior was also observed for a 20 wt % SI-
(76—6T)/toluene solution (M,, = 143 000, 53 wt %
polystyrene).5! These authors claimed that their fast
process was a new relaxation that was related to the
























