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ABSTRACT: Dielectric relaxation spectroscopy has been used to investigate the normal-mode relaxation
indisordered diblock copolymer melts far from the order-to-disorder transition (ODT). The dielectricspectra
are analyzed in order to quantitatively obtain the distribution of relaxation times in the disordered diblocks.
The width of the relaxation function shows significant broadening relative to the respective homopolymer
distributions when the temperature is decreased and/or the molecular weight is increased. The broadening
isattributed to composition fluctuation effects on the normal-mode relaxation. These effects are theoretically
accounted for by considering both the short-range fluctuations due to chain connectivity and the long-range
concentration fluctuations in diblock copolymers due to the proximity to the ODT and their coupling to the
individual block segmental dynamics. Theory not only captures the relative features of the distributions but
also quantitatively compares very well with the experimental dielectric spectra.

I. Introduction

Diblock copolymers, consisting of a contiguous linear
sequence of polymerized monomers of chemical species A
(the A block) covalently bonded to a second contiguous
linear sequence of monomers of a different chemical species

B, represent an interesting class of polymeric materials -

with a rich variety of phase behavior.! The equilibrium
phase morphologies of diblock copolymers are determined
by the overall degree of polymerization, N, the overall
volume fraction of, e.g., the A block, f, and the segment-
segment Flory-Huggins interaction parameters, x, which
depends on temperature as x = a + b/ T with > 0. Since
the entropic and enthalpic contributions to the free energy
density scale as N-! and x, respectively, it is the product
xN that dictates the equilibrium phase morphology for a
certain composition f. For xN < 10, the equilibrium
morphology is a melt with uniform composition (homo-
geneous or disordered state). However, the unfavorable
interactions between the A and B blocks lead to a local
segregation of dissimilar monomers, i.e., composition
fluctuations. The connectivity between the two blocks
thus leads to a correlation holel? corresponding to a
fluctuation length scale of O(Ry), with R = (N/6)1/2b being
the copolymer radius of gyration ams b the statistical
segment length. As xN increases to O(10), a delicate
balance between entropic and enthalpic factors leads to
an order—disorder transition (ODT) toward a microphase
characterized by long-range order in its composition with
acharacteristicsize on the order of the size of the molecules.
At xN > 0(10), the domination of enthalpic terms leads
to highly organized periodic domain microstructures.?

In a seminal theoretical work, Leibler? constructed a
Landau expansion of the free energy to fourth order in a
compositional order parameter field, Y (r) = ¢a(r) - f, where
ea(r) is the microscopic volume fraction of A monomers
at position r, and he was able to map out the phase diagram
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of a diblock copolymer near the ODT in the parameter
space xN vs f. Leibler also provided an expression for the
disordered phase structure factor, S(q) = (Y¥_), With ¢,
being the Fourier transform of y(r), as

S(q) = N/[F(x,f) - 2xN] 1)

where F(x,f) is related? to certain Debye correlation
functions of a Gaussian block copolymer

gp(fx) =2 [fx + e - 1)/x* @)

with x = g2R,? this expression predicts a Lorentzian peak
at x = x*() =~ [3/f(1 - HIV/?, with the peak intensity
diverging at the stability limit, F(x*,f) — 2(xN); = 0. The
proximity to the transition point is usually expressed by
€= 2N(xs—x). Fredrickson and co-workers® incorporated
fluctuation corrections in the effective Hamiltonian for a
diblock melt and found that the fluctuation corrections,
controlled by a Ginsburg parameter, N, defined®® by N =
Nbfu-2, where 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 transition at a lower
temperature. Inthe Hartree approximation,’the structure
factor S(q) for a monodisperse diblock is modified from
Leibler’s mean-field result to be given by eq 1 by replacing
x with an effective interaction parameter, x.rs Which
depends on temperature, molecular weight, and composi-
tion and is related to the bare parameter. The peak
intensity does not diverge at the ODT, but it attains a
maximum that is O(NN/3) at a temperature lower than
the mean-field stability limit.5

In contrast to the numerous experimental and theoreti-
cal investigations on the diblock copolymer morphology,
the copolymer equilibrium dynamics only recently has
attracted the interest of the scientific community.” Rheo-
logical measurements on disordered diblock copolymers®
have shown evidence of substantial fluctuation enhance-
ment of the shear viscosity and first normal stress
coefficients, whereas the composition fluctuations near
the ordering transition lead to a significant departure from
thermorheological simplicity at low frequencies even for
temperatures much higher than the ODT. Dielectric
relaxation spectroscopy (DS)%-* and the photon correlation
spectroscopy (PCS) techniques of dynamic light scattering
in both the depolarized!215-1? and the polarized!”.20-22
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Table 1. Molecular Characteristics of the Samples

sample wg® fs M, My/M, N Ty Ters? T,
SI-60 0.58 0.55 4450 1.07 57¢ 265 340 145
SI-100 0.62 0.59 7600 1.03 92¢ 278 353 195
SI-110 0.62 0.59 9100 1.03 110¢ 268 357 235
PI 0.0 0.0 3850 1.04 55¢ 206

@ Weight fraction of polystyrene (S). ® Calculated with 1/T,ps = 1/373 + 0.72/Mps in K-! from ref 27. < Based on the average segmental

volume. ¢ Based on the PI segmental volume.

geometry have been utilized to investigate the segmen-
tal8121516 gnd chain®-11.1314¢ dynamics, the relaxation of
the concentration fluctuations in both disordered!?,20-23
and ordered?? diblocks, and the orientation correlations
inthe disordered!® and ordered!€states. Moreover, forced
Rayleigh scattering has been used to investigate the
translational diffusion in homogeneous?? and heteroge-
neous? diblocks and pulsed-field-gradient nuclear mag-
netic resonance to study the self-diffusion coefficient of
copolymer chains.?23

DS and PCS have provided clear evidence of the
existence of two distinctly different segmental orientation
times in homogeneous diblock copolymer melts, which
proves the presence of two different local environments
in diblocks, i.e., strong composition fluctuations even far
abovethe ODT. The root-mean-square amplitude of these
composition fluctuations estimated from the local seg-
mental orientation times shows a significant increase with
the proximity to the ODT.?%® An important characteristic
of the segmental relaxation spectrum is the significant
broadening!® relative to the spectra of the parent ho-
mopolymers attributed to the heterogeneities in the
system, due to the composition fluctuations, on the length
scale of the characteristic length of the glass transition, £,.
The block end-to-end relaxation has been investigated
using DS%-14.25 and utilizing a polyisoprene (PI) block, that
is a typical type-A polymer in the classification of
Stockmayer,?1i.e., it possesses a dipole moment component
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 thermodynamic con-
finement of the PI blocks in the PI microdomains.’® For
disordered diblocks, the observed!?® broadening of the PI
normal mode was significantly less than that for the
segmental relaxation, since the end-to-end vector orienta-
tion effectively averages fluctuations over a much larger
scale than §,. Moreover, the relaxation time of the process
could be accounted for by an effective friction almost equal
to the average of the two blocks,? in contrast to the
segmental times that require two local frictions different
from the average.?

In this paper, we apply DS to experimentally and
theoretically quantify the normal-mode relaxation be-
havior in symmetric disordered poly(styrene-b-1,4-iso-
prene) diblock copolymer melts far from the order-to-
disorder transition. The distributions of relaxation times
for the disordered diblocks are quantitatively obtained
by analyzing the dielectric spectra using a modified
inversion fitting procedure (section III). It is shown that
the widths of the relaxation functions show systematic
broadening relative to the respective homopolymer dis-
tributions when the temperature is decreased and/or the
molecular weight is increased. The broadening is due to
composition fluctuation and proximity to the glass transi-
tion effects on the normal-mode relaxation. These effects
are theoretically accounted for (section IV) by a new
approach that considers both the short-range fluctuations
dueto chain connectivity, that exist even in homopolymers
and are independent of the block/block interactions, and
the long-range composition fluctuations in diblock co-
polymers due to the proximity to the ODT. Theory not

only captures the relative features of the distributions but
also quantitatively compares very well with the experi-
mental dielectric spectra, as discussed in section V.

II. Experimental Section

Materials. The poly(styrene-b-1,4-isoprene) (SI) diblocks
were anionically polymerized under high vacuum in a glass-sealed
apparatus at room temperature using benzene as the solvent and
sec-BuLi as the initiator, with styrene being polymerized first.
After 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) biocks and the
diblocks were determined by vapor pressure osmometry, whereas
the mole fraction of PS was determined by *H NMR and the
molecular weight distribution by gel permeation chromatography.
The synthetic procedure produced a polyisoprene (PI) sequence
with cis:trans:vinyl =~ 72:20:8. The molecular characteristics of
both copolymers are given in Table 1. The equilibrium phase
morphology of the diblocks in the temperature range investigated
is the homogeneous or disordered state, since the theoretical
stability limit based on Leibler’s theory? with literature interaction
parameter data'® is at much lower temperatures (Table 1).
Homopolymer 1,4-polyisoprene (PI) was anionically synthesized
under high vacuum and characterized by the standard techniques;
its characteristics are also shown in Table 1.

DS. Dielectricrelaxation spectroscopy was used to investigate
the collective chain dynamics of the SI copolymers as a function
of temperature, Thisisdielectrically observable due to the finite
dipole moment component parallel to the chain contour of the
PI sequence. The complex dielectric permittivity 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(t)

=dC(t)

_
o T dt e dt 3)

e*(w) — €, = —A¢

where i2 = -1, Ae = ¢ — ¢ is the relaxation strength, with ¢ and
€= being the low- and high-frequency limiting values of ¢’. The
quantity C(t) is the normalized dipole autocorrelation function

Ct) = Z(ujm u,.(o»/Z(u,-(m 1(0) @
J J

where p;(t) is the dipole moment of jth segment at time ¢. For
nonzero dipole moment components u! and u! parallel and
perpendicular to the chain contour, respectively, the response
function C(t) can be decomposed into contributions of segmental
and overall chain orientations. Neglecting cross correlations
between segments of different chains, the autocorrelation function
C(t) for the ith chain can be written as®

Cet) = Z(u.#(t) U () + Z;m!!,-(t) uh(0)) ®)
Ji J

The first correlation function, C1(t), is sensitive to segmental
motion, whereas the second function, Ci(t), represents the end-
to-end vector correlation function

Cley = WhH*(R,(t) Ri(0)) 6

where R;(¢) is the end-to-end vector of the ith subchain. The
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Figure 1. Temperature and frequency dependence of the
dielectric loss ¢” for the SI-60 diblock copolymer in the
homogeneous state. The segmental and the normal-mode
relaxations of the PI subchain are clearly observed at high and
low frequencies, respectively.

strength A¢, associated with the dielectric normal-mode relaxzation
(eq 6) is given by

N, H*(R?
- Awh¥ (R -
3M kT

where N, is Avogadro’s number, p the mass density, M, the
number-average molecular weight of the polymer, kg Boltz-
mann’s constant, T the temperature, and F the internal field
factor, which for normal-mode relaxation is taken to be unity.3

The dielectric measurements were performed using a Hewlett-
Packard HP 4284 A impedance analyzer based on the principle
of the ac bridge technique in the frequency range 20-10% Hz. The
sample was residing between two gold-plated stainless steel
electrodes (diameter 25 mm) with a spacing of 60 = 1 um
maintained by two fused silica fibers 50 um in diameter. The
sample was kept in a cryostat with its temperature controlled by
the Novocontrol Quatro system controller 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 typical resolution in tan § = ¢’/¢ is
quoted to be <104,

For quantitative analysis, the generalized relaxation function
according to Havriliak-Negami®! (HN) is traditionally being used

Ae

€~ €
e ———
[1+ (iwr)®]"

where o and v are parameters (0 < «a, ¥ < 1) describing the
symmetric and asymmetric broadening of the relaxation time
distribution (in log w scale), respectively. The case a =y =1
corresponds to a simple exponential decay of C(¢). Anadditional
conductivity contribution at low frequencies and high tempera-
tures due to free charges is accounted for by the power law
dependence

*(w) = ¢,

8

€' (w) = gy/ew’ )}

where o4 and s are fit parameters (0 < s < 1) and ¢, denotes the
permittivity in free space.

III. Data Analysis and Results

IILa. Dielectric Relaxation Spectra. Figure1shows
a three-dimensional representation of the loss part of the
dielectric permittivity, ¢/ (w), for the homogeneous diblock
copolymer SI-60 in the frequency range 20-108 Hz and for
temperatures 245-375 K. The dielectric spectraresemble
typical spectra of P homopolymers?® and show two distinct
relaxation processes, well separated in the frequency-
temperature space, and the conductivity contribution at
low frequencies and high temperatures. The high-
frequency and low-temperature relaxation displays a
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Figure 2. Dielectric loss ¢”’(w) for homopolymer PI at 295 K (%)
and disordered diblock copolymers SI-60 (O) and SI-100 (¥) at
365 K. Therelaxation processes are assigned to the normal mode
of.PI blocks.

stronger temperature dependence and has been attributed
to the segmental relaxation in PI-rich microenvironments
of the disordered diblocks.’® It has been shown before
that the segmental relaxation exhibits a much broader
distribution of relaxation times when compared to the
segmental relaxation of pure homopolymer PI!3:1525 due
to composition fluctuation effects on the length scale £,,
associated with the glass transition. The low-frequency
and high-temperature relaxation has been attributed to
the PI-block end-to-end orientation, i.e., to the PI-block
normal-mode relaxation in the disordered state.!31425 The
distribution of relaxation times for the normal-mode
process is narrower than that for the segmental process
but still broader than the one for PI homopolymers of
comparable chain length, as will be discussed later. The
two processes exhibit apparently different temperature
dependencies, similarly to the behavior for pure PI
homopolymers,13,14:25,28

Figure 2 shows a comparison of the dielectric loss data
for the normal-mode relaxation processes between a PI
homopolymer at 295 K and the two disordered diblock
copolymers SI-60 and SI-100 at 365 K. Comparison with
PI at different temperatures is meaningful, since it has
been shown that the distribution of relaxation times for
PIhomopolymer is essentially insensitive to temperature;?®
it does, however, depend on the molecular weight, as will
be discussed later. The data in Figure 2 clearly show a
significant increase in the width of the dielectric loss curve
between the homopolymer and each one of the two
diblocks, to be quantified later. Similarly, the relaxation
spectra get broader as the molecular weight of the
copolymer is increased between the SI-60 and the SI-100
diblocks. Two reasons may be responsible for the excess
broadening: the relative increase of the composition
fluctuation effects going from the homopolymer PI to SI-
60 and SI-100 and the increased proximity to the calculated
average glass transition temperature, T, in the same
sequence (Table 1). Both these effects will be quantita-
tively considered in section IV,

The effect of temperature on the broadening of the
experimental dielectric spectra is illustrated in Figure 3,
displaying experimental ¢’(w) for SI-60 at 325 and 345 K.
The width of the dielectric spectra is shown to increase
significantly as the temperature is decreased. The con-
ventional analysis of the dielectric loss data employing
the HN fit (eq 8) together with the conductivity contribu-
tion (eq 9) is shown in Figure 3 to describe the data within
experimental accuracy. For the record, the fitting pa-
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Figure 3. Dielectricloss ¢’(w) for the PI-subchain normal-mode
relaxation at 325 (@) and 345 K (@) for the disordered SI-60. The
solid lines correspond to the conventional analysis of the data
using a Havriliak-Negami function for the relaxation process
(eq 8) and a conductivity contribution (eq 9).

rameters required to account for the data are Ae = 0.072,
a = 0.68, v = 0.36, 0p = 5.2 X 10-15 (@ em)-1, s = 0.55 at
325 K and A¢ = 0.056, a = 0.75, v = 0.44, 59 = 1.8 X 1014
(@ em)-1, s = 0.52 at 345 K, in qualitative agreement with
previous investigations!® and in agreement with the
observation that the width increased as the temperature
isdecreased. The behavior for the higher molecular weight
diblocks SI-100 and SI-110 is qualitatively the same, i.e.,
the width of ¢’(w) increases with decreasing temperature.
Quantitative comparison of the distribution functions for
the normal-mode relaxation will be presented later in
connection to Figure 7. In the next subsection, a method
is presented to quantitatively extract the distributions of
relaxation times from dielectric data without an a priori
assumption for the form of the relaxation function, e.g.,
eq 8, but only assuming a superposition of exponentials.

IILb. Distribution of Relaxation Times. The
traditional analysis of dielectric spectra using the well-
known HN function (eq 8) 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 uncertain-
ties restrict the use of eq 8 solely as a phenomenological
way to account for the features of the underlying processes.
A direct transformation of the dielectric data in order to
obtain the distribution of relaxation times with no a priori
assumption of the form of the relaxation function is
certainly more appropriate. We present here a way to
extract the distribution of relaxation times directly from
dielectric loss data.

For a single Debye process, i.e., a single relaxation time,
7, eq 3 becomes

Fw-e 1

Ae T 1+ ier 10

In order to describe the usual nonexponential behavior of
real polymer systems, a superposition of Debye processes
is employed that implies a spectrum of retardation times,
ie.,

Il(w)

= Z (11a)

1 1 + (w‘r)2

with g; being the appropriate weighting factor, which in
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the continuous limit leads to

(W) _ e wT
= [76m ol (11b)

with G(7) the distribution of relaxation times. It is more
convenient to utilize a logarithmic time scale, in which
case

€W _ = wT
o= [TFnn oydlmn A

where both forms of the distribution are assumed to be
normalized and F(In 7) = 7G(7).

Various methods have been proposed in the literature
in order to calculate G(r) or, equivalently F(In 7), most
recently the histogram?? and the deconvolution method
based on Fourier transforms.33 Although valuable infor-
mation can, in principle, be extracted, several ambiguities
are present in both methods. In the histogram method,
the problems are associated mainly with the sensitivity to
small experimental errorsin ¢”(w) that may create artifacts,
as well as the fact that the resulting distribution is not
smooth, with the resulting peaks and valleys leading to
possible erroneous conclusions. Besides the usual prob-
lems associated with Fourier transforms, which not always
can be efficiently overcome, the deconvolution method
provides no complementary information related to the
acceptance of the proposed solution on physical grounds.

The method proposed here is basically a modified version
of the widely used CONTIN routine3 of analysis of photon
correlation spectroscopy data% based on an inverse Laplace
transform (ILT) of the experimental correlation function.
A significant advantage of this routine is that it provides
reliable statistical criteria for the support or rejection of
the nominal proposed solutions. CONTIN performs an
inversion of the experimental relaxation function, C(x),
in order to determine the distribution F(In 7), of the general
form

Cx) = f K(x,7) F(in 7) d(n 7) (13)

where K(x,7) represents the kernel of the transform. Direct
comparison of egs 12 and 13 dictates that for dielectric
spectroscopy

wT
(wr)?
More conveniently, eq 13 may be written as

(@) = f Fdn Ko

_ ér/(w)
Ae (14)

) 5 dn 7) (15)

where F(In 7) = AeF(In 7); 1ntegratlon of the resulting F(In
7) spectrum yields Ae, since the F(In 7) distribution is
normalized. Inthe course of this work, a similar procedure
of inverting dielectric relaxation data has also been worked
out by a different group.3

The accuracy and precision of the above-outlined
method of analysis of dielectric loss data will be illustrated
by analyzing simulated ¢”(w) based on a known distribution
and comparing the extracted distribution of relaxation
times to the analytical expressions. Figure 4 shows
simulated dielectric loss spectra based on eq 12, using a
normalized bimodal F(ln 7) of the form

Finn ) + ay8(r — 75)) (16)

i.e., G(r) is the sum of two delta functions at v, and
differing by a factor of 10 and with amplitude ratios a:as
assuming the values of 1 (Figure 4a) and 5 (Figure 4b).
The comparison between the distribution of relaxation

= r(a;0(7 -
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Figure 4. Simulated dielectric loss data and their quantitative
analysis in order to obtain the distribution of relaxation times.
The simulation for ¢’(w) (O) uses eq 12 with the distribution of
eq 16. The solid line represents the fit to the simulated data.
The insets show comparisons of the distribution of relaxation
times F(In 7) obtained according to the procedure outlined in
section III (dotted line) with the distribution of eq 16 of two
delta functions with r, = 103 s, 7, = 10 s, and () ay:a; = 1:1
or (b) ap:a; = 5:1.

times obtained by the inversion procedure outlined above
and the assumed distribution F(In 7) of eq 16 is shown in
the inset of parts a and b of Figure 4, respectively. This
figure illustrates the ability of the analysis method to
extract both time and dielectric strength information with
very good precision for double exponentials with relaxation
times differing by 1 order of magnitude even when the
ratio of their amplitudes differs by a factor of 5.

The applicability of the analysis procedure to real
experimental data is illustrated in Figure 5 where the
dielectric spectrum of a PI homopolymer at 294 K is
analyzed. PI normal-mode relaxation has been shown?®
to be accurately described by HN functions (eq 8) with o
=1 and v = 0.47 which correspond to the well-known
Cole-Davindson functions.3” The distribution of relax-
ation times obtained by inversion of the dielectric loss
data for homopolymer PI, shown in the inset of Figure 5,
is compared with the calculated distribution based on an
analytical expression for the distribution of relaxation
times for the Cole-Davidson functions3®

sin(-;r-ycn)[ r
Flnn) =\« Tep— T
0 for r 2 7¢p

]7CD for 7< Tep (17)

The parameter vcp determines the width of the distribu-
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Figure 5. Dielectricloss ¢/(w) for homopolymer Pl at 295 K (m),
with the calculated curve (solid line) based on the distribution
of relaxation times F(In 7) obtained according to the procedure
outlined insection ITI. Inthe inset the distribution of relaxation
times (@) is compared to the analytical expression for F(In 7)
according to eq 17 with yep = 0.47.

tion and decreases with increasing width of the distribution
of relaxation times. The main characteristics of the
obtained distribution function are the asymmetric char-
acter of the distribution with a long tail at the short times
side and, hence, high frequencies, and the pseudopeak at
long times corresponding to the conductivity contribution
at low frequencies in the experimental ¢’(w) data. The
analysis algorithm regards the increase in ¢”’(w) data as
the frequency decreases with the initial rise of a relaxation
process that is currently outside the experimental fre-
quency window. This peak, however, does not interfere
with the estimation of the normal-mode relaxation dis-
tribution function. It should be noted that the area under
the peak of the distribution function is the dielectric
strength Ae of the process.

Figure 6 shows the distribution functions obtained from
the inversion of the experimental dielectric loss data for
the diblock copolymers SI-60 (Figure 6a) and SI-100
(Figure 6b) for various temperatures. The increased
broadening of the distribution as the temperature is
decreased is now quantitatively evident, as is the asym-
metric broadening of the distributions toward short times.
The expected increase of Ae with decreasing temperature
(eq 7) is clearly evident in Figure 6a, whereas it is obscured
in Figure 6b due to the high conductivity contribution.
Figure 7 shows the temperature dependence of the
characteristic relaxation times of the normal-mode process
in an Arrhenius plot (Figure 7a) and of the full width at
half-maximum (fwhm) of the distributions (Figure 7b).
The relaxation times follow the well-known Vogel-
Fulcher-Tamann-Hesse (VFTH) equation

r=7° exp[-T—:BTo] (18a)

with parameters B, Ty, and 7° shown in Table 2. B is the
activation parameter and T, the ideal glass transition
temperature. For consistency, in the fits shown in Figure
7a the average calorimetric T of the diblocks was taken
into account as well as the N23 dependence of 7°. Figure
7b shows the dramatic dependence of the fwhm of the
distributions of Figure 6 on temperature for the three
diblocks compared to the fwhm for PI homopolymer that
on the contrary is insensitive to temperature and much
narrower. It should be noted that the fwhm for all three
diblocks are very similar. This may lead us to believe that
the main contribution to the width of the distribution is
due to the presence of polystyrene segments in the
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Figure 6. Distribution of relazation times F(In 7) for homo-
geneous diblock copolymers at various temperatures obtained
from the dielectric loss data according to the procedure outlined
in section III: (a) SI-60 at (from left to right) 365, 355, 345, 335,
and 325 %; (b) SI-100 at (from left to right) 385, 365, 355, 345,
and 335 K.

proximity of the PI chains and not really to the amplitude
of the composition fluctuations, which, for the same
temperature, should depend on the molecular weights of
the diblocks. One should remember, however, that the
three diblocks are far from their ODT.

In the next section a theoretical approach will be
presented in order to quantitatively account for the
proximity both to the glass transition and to the amplitude
of composition fluctuations in the disordered diblocks.

IV. Theoretical Approach

Dielectric relaxation spectroscopy essentially measures
the time-correlation function of the end-to-end vector
orientation of PI blocks. In what follows, we will consider
disordered diblock copolymers with equal segmental
volumes, v, and statistical segment lengths, b, and block
sizes N and Ng, with A = PI specifying the dielectrically
active block, type-A chain.

In the presence of composition fluctuations,?® one would
expect that conformational relaxation of the A =PI blocks
should be faster than that for the B = PS blocks, since the
glass transition temperature for the PS component is
significantly higher than that for PI. Moreover, it has
been documented that the segmental relaxation times in
the PS-rich and PI-rich microenvironments in disordered
diblocks differ by up to 6 orders of magnitude.!51725
Therefore, in the following theoretical treatment, it will
be assumed that the B blocks are nearly immobile during
the relaxation of the A blocks, i.e., that the junction points
are fixed during the process. This assumption will make
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Figure 7. Temperature dependence of (a) the normal-mode
relaxation times and (b) the full width at half-maximum of the
distribution of relaxation times for (V) homopolymer PI, (O)
S1-60, (0) SI-100, and (A) SI-110. Theoretically calculated values
(see section IV and V) are shown for SI-60 (®) and SI-100 (m).
The solid lines in a are VFTH (eq 18) fits to the experimental
relaxation times with the parameters in Table 2, whereas in b
they guide the eyes.

Table 2. VFTH Parameters for the Normal-Mode

Relaxation
sample ~log[7°/s] B, (K) Tp° (K)
SI-60 9.24 1206 215
SI-100 9.57 1380 228
SI-110 9.84 1573 218
PI 9.76 1560 156

the physical model described below more clear, whereas,
on the other hand, it does not affect the final results.

For nonentangled linear polymer chain A with one fixed
end, the end-to-end vector correlation function is expressed
by the Rouse free-draining model26:29

2 8 1 pit
I¢) = (R(t) R(0))/(R?) = — Z;; —exp\-— ) (19

Tip=oddp? R
with g being the Rouse longest relaxation time, 7 = (4{b%/
3w2kpT)NA2 = 7oNA2, with 7o an effective local time
determined by the local friction {. Taking into account
only the longest relaxation time, i.e., neglecting any faster
components due to their small amplitude which scales
with 1/p?, the relaxation function may take the form I(t)
= exp(-t/7r). Since our aim is to predict the excess
broadening observed in disordered diblock copolymers in
comparison to homopolymers and the inherent homopoly-
mer widths will be introduced later (eq 40), it is not so
severe an approximation to use the Rouse model with the
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above assumption in the theoretical calculation at this
stage.

In the undiluted bulk state, the local time 7o depends
strongly on temperature and has been shown to follow the
VFTH equation (eq 18) with a different intercept and
slightly different activation parameter and ideal glass
transition temperature

To= 7" exp[—T—?—,Fo] (18b)

where the subscript 0 denotes local jump relaxation times
responsible for normal-mode relaxation. For a compatible
mixture of two polymers with volume fractions ¢4 = ¢ and
¢B = 1 - ¢, the free volume model* leads to the following
mixing rules!4 for the parameters B and Ty

__£+(1 (p) =‘PT0,ABB+(1-‘P)T0,BBA
B BA BB (pBB + (1 - ¢)BA

Equations 18b and 20 show a strong dependence of the
local jump time on local composition. Forsmall deviations
from the average composition, a Taylor expansion around
the average volume fraction of B,y, results in

In7y(¢) =1n ‘ro(;) + CAp n

where In 74(¢) is calculated from eq 18b and C = 4/d¢
(B(¢)/ [T - To(¢)D)|o=z» Which both depend on the average
composition. A¢ = ¢ — ¢ is the increment in the volume
fraction of B, e.g., for our case PS. Therefore, composition
fluctuations lead to afluctuation in the effective local time
1o that results in a broadening of the relaxation spectra.
Two origins of composition fluctuations should be con-
sidered in the case of diblock copolymer melts: (a) the
short-range fluctuations due to chain connectivity, that
are always present and essentially independent of the
interaction parameter, x, and are almost the same for
copolymers and blends; (b) the long-range fluctuations,
with wavelength on the order of the size of the copolymers
(=N1/2b/7/6), that are characteristic of diblock copoly-
mer thermodynamics and their amplitudes increase with
the proximity to the ODT.

Let n be the position of a PI link along the chain with
n =0corresponding tothefree end. The end-to-end vector
orientation correlation may be alternatively defined via
the relaxation of the block dipole moment after one has
switched off a weak orientational field at ¢t =0. Therefore,
I(t) may be represented as a sum of contributions of all
links (n =0, 1, ..., Na):

(20)

Na

1
Ity =—> L{t) (22a)
An=(

where I,(¢) relates to the mean dipole moment of the nth
link. Relaxation of this dipole moment may be ap-
proximately described by Rouse dynamics for the subchain
consisting of n links:

I(t) = exp[-t/(rgn?)] (23)

Thus, the relaxation is considered to start at the free PI
end and to proceed down to the junction point, which is
assumed to be fixed. In the general case, 7 is the average
local jump time in the volume spanned by the n-segment
subchain that is determined by the average composition,
@ = ops; fluctuations of this ¢ are slow as they are
determined by the dynamics of the PS block on a length
scale on the order of the block size and n is typically on
theorder of Ny = N/2. Thus, one may assume that during
the PI normal-mode relaxation ¢ is constant; therefore, it
is the distribution in ¢ that leads to a distribution in the
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relaxation times, 7r, = 7o(¢) n2 Note that, without
composition fluctuations, eqs 22a and 23 can be repre-
sented as

It) = f Elexp( L) dp (22b)

which is similar to eq 19, and the difference is only due
to the approximate nature of eq 23. The difference
between eqs 19 and 22b is not important, since it is almost
completely masked by composition fluctuations.

Let’s define the distribution of relaxation times u(ln 7),
such that

It) = fu(n7) e d(n7) (24)

Using eqs 23 and 24, one gets
w(ln 7) = Tvl_A M0 7) dn (25)
p,(In 7) = g (In 7-21Inn) = p,(In 75 (26)

since the Rouse time = n?. If one neglects the presence
of composition fluctuations, tin(In 1) = §(In 7o - In 79(e)).
Let P,(A¢) be the probability density for the composition
fluctuation averaged over the n-segment subchain. Then,
use of eq 21 results in

. . In 7, - In 74(¢)
hanro = ke, a0 = b7, (22 9) -
1 (lnr-21nn-ln 1'0((;))
C P, C (27
Therefore, one should calculate P,(A¢).

The distribution P, is assumed to be Gaussian®é

. 1 (Ap)® ]
P (Ap) = ———exp| ——— 28

n( ¢) (27(0""2)1/2 p[ 20"2 ( )
02 = ((A¢)?)|n is the variance of the Gaussian distribution,
where A¢ = 1/nLl. d¢(r), with de(r) being the local
composition fluctuation at point r and r; being the current
position of the ith link. Assuming that the fluctuation
d¢(r), which is determined by the overall distribution of
polymer links, is virtually independent of the conformation
of a given chain, we may write

=) (Str;-x)) (298)
/=1
where S(r) = (3¢(0) do(r)) is the ordinary composition
fluctuation function in real space. Thus

2= [5) g, dr (29b)

where g,(r) is the autocorrelation function for the links
of an n-segment subchain

£,(r) = —Z (ba;-r-0); [g@dr=1 @0
n :.)-1
Introducing the Fourier representation of S(r) and g,(r),
S(r) = [S(q) explig'r] dq/(2)% and gn(r) = fgA(q’) exp-
[iq’:r] d3q’/(27)3, in the wavevector ¢ space, eq 29b can
also be written as

= [S@ g, d*q/2m’ (31)

In this representation, £,(q) is the Debye function (eq 2)
with £,(qQ) = gn(1,nb%q?/6) and S(q) is the static structure
factor given by eq 1.
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Therefore, using eqs 26-28 one may calculate the
distribution function as

_ L NAl 1
“(ln T) - NAJ; C (27ra-n2)1/2

[ (In7-2lnn-1n ro(fp))2
expl -
P 2C'2<7,,2

with ¢, given by eq 31 and C by eq 21 based on
homopolymer activation parameters B and ideal glass
transitions To. In the calculations, we have used the B
and T, parameters of the normal-mode process for PI
homopolymer3?? and of the segmental mode for PS.13 It
should also be noted that in the following the distribution
function of eq 32 is always normalized.

For a symmetric diblock (Ny = Np = N/2) near the
ODT, the function F(x,f) becomes

F(x,f=0.5) = 4/[gp(1,%/2) - gp(1,%)] (33)

with x = Nb2¢2/6. Near the ODT (jx — x4 < xs) and for
x near the position of the maximum of the structure factor
at x*, x*(f=0.5) =~ 3.8, F(x,0.5) may be approximated as
F(x*+Ax,f=0.5) = 21 + 0.48(Ax)2, whereas F(x*,f=0.5) =
21. Therefore, in this regime, the structure factor of eq
1 becomes

] dn (32)

N__ 1
2 ¢, + 0.24(Ax)?

with ¢ = (xs — x)N. Using eqs 33 and 34 in eq 31, one may
approximately get

S(q) = (34)

2= rgD(zﬂVx*) (35)

where
_qx*a21 6% 1 1 v 11
- (0.24) 8r pd NUZM? = 2'33b3 NY2 12 (36)
leading to
1 1 1 1
= C —_— X
Hoym(T) fo @MV2 VT [gp(ex*/2)] V2
(nt-2Inn-In To(;))z
exp| - - dz (37)
2C*Tgp(zx*/2)

Note that the width of the relaxation spectrum, A(In 7)
predicted by eq 37 is

(v/b%)1?
Aln 7) « CTV? « C—"—
N1/4‘t1/4

(38)
In the mean-field model of Leibler,? the parameter ¢, = x,
- x decreases down to zero at the stability limit; therefore,
the width A(ln 7) would tend to infinity as x — x..
However, fluctuation corrections® limit the increase of A-
(In 7); the maximum width will be

[A(n 7], « CN-/ (39)

where N is the Ginsburg parameter, where it was taken
into account that, with the fluctuation corrections, the
minimum value of the effective parameter ¢, is on the order®
of N-1/3,

V. Discussion

Figure 8 shows the theoretical distribution of relaxation
times, u(In 7), for various temperatures obtained using
eqs 31 and 32 for the homogeneous diblock copolymer
SI-60 with the molecular characteristics given in Table 1.
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Figure8. Calculated distributions of relaxation times for various
temperatures (from left to right, 365-265 K every 10 K) for
copolymer SI-60 based on the theoretical approach of section I'V.
The distributions do not include the inherent distributions of
homopolymer PI.

The more simple eqs 36-39 cannot be used here, since in
our experiments the diblocks were not close enough to the
ODT. The structure factor S(q) is calculated? using eq 1
with literature interaction parameter values,18 x = -0.05
+ 34/T, based on the average segmental volume. The
distribution functions show the expected broadening as
the temperature decreases. The broadening in eq 32 may
be introduced via the ¢,2 (eq 31) and/or the variation of
the parameter C, which is a function of the individual
homopolymer parameters B and T, (eqs 18b, 21, and 22).
In this case, SI-60 in the investigated temperature range
is in the weak segregation limit far from its ODT and,
therefore, S(q) is not affected strongly by the temperature
variation. Thus, the broadening in Figure 8 is basically
due to the influence of the VFTH parameters on C and
to a lesser extent to the variation of the x parameter with
temperature. However, it is the presence of the composi-
tion fluctuations that discriminates between the block
dynamics and leads to any excess broadening of the
distribution. It should be noted here that the inherent
widths in the relaxation spectra of the individual ho-
mopolymers, e.g., P homopolymer, have not been intro-
duced in the theoretical calculation up tothis point. These
will be introduced in the theoretical calculation of the
dielectric loss spectra for the SI-60 diblock.

The dielectric loss that corresponds to the distribution
of relaxation times of Figure 8 may be calculated using eq
12, which assumes a superposition of Debye distributions.
However, in order to account for the natural width of the
PI homopolymer distribution, a superposition of Cole-
Davidson distributions is assumed, that has been found
to describe PI homopolymer dielectric spectra (Figure 5
and ref 29). A similar assumption to account for the
inherent distribution of the homopolymer has also been
used when calculating the segmental dynamics in compat-
ible homopolymer mixtures.4! Therefore, eq 12 in the
complex form becomes

*(w) ® 1
= 1 [ E—
Ae f_“ﬂ( n (14 iwr]™®

The theoretically calculated dielectric loss spectra for
SI-60 using the u(ln 1) distributions of Figure 8 and the
convolution with the Cole-Davidson distribution (eq 40)
are shown in Figure 9 for yop = 0.5, close to the
experimentally obtained value for homopolymers PI of
molecular weight similar to the PI block of the copolymer.42
The theoretical dielectric loss curves may now be compared

d(n 7) (40)
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Figure 9. Calculated dielectric loss ¢’(w) curves at various
temperatures (from left to right, 365-265 K every 10 K) for SI-60
using the theoretical approach of section IV after convolution
with the inherent distribution of homopolymer PI for ycp = 0.5.

0.025 T T T Y

a

SI-60
0.020 |

(In(x))

0.005

0,000 . L
102 108 10* 108
Frequency(Hz)

0.025

4

T T

o
[

SI-100
0.020 4

o

F(in{x))

¢
0.0] ee®

0.015 ‘ -
1!'« 1071077 1074 107% 1074 1072 . O

0.0104

0.005 4

0.000 r T T
108 10* 10®
Frequency(Hz)

Figure 10. Comparison of the experimental dielectric loss data
for (a) SI-60at 345 K and (b) SI-100 at 355 K with the theoretically
calculated curves with y¢p = 0.5 and y¢p = 0.4, respectively. In
the insets the experimental distribution of relaxation times are
compared to the ones obtained from the theoretical ¢”(w) curves.

to the experimental data. The comparison for ¢’(w) is
shown in Figure 10 for (a) SI-60 at 345 K with vcp = 0.5
and (b) SI-100 at 355 K with ycp = 0.4. Note that the
model does not consider the dc contribution that is present
in the data at low frequencies. In fact, the tail of the dc
contribution for, e.g., SI-60 at 345 K (see also Figure 3)
extends to frequencies up to 10--10°Hz. It wasdeliberately
avoided to add the empirical dc contribution to the model
predictions and compare the results. Therefore, it is more
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appropriate to compare the distribution of relaxation
times, obtained using the analysis of section III on the
¢’(w) data, with the distribution of relaxation times
obtained by CONTIN inversion of the theoretical dielectric
loss spectrum, shown in the insets of parts a and b of
Figure 10. The agreement for both diblock copolymers
SI-80and SI-100 of Figure 10 as well for the SI-110 diblock
is very good. The semiadjustable parameter ycp varies
similarly to its variation with molecular weight for
homopolymer PI;*? the parameter ycp was found to vary
from 0.40 to 0.25 to 0.22 when the PI molecular weight
increased from 11 000 to 41 900 to 102 000, whereas the
theoretical value® based on either the Rouse or the tube
models is 0.51, independent of molecular weight. The
relaxation times and the widths of the distributions of
relaxation times of the theoretical ¢’(w) curves, shown in
Figure 7, are in good agreement with the experimental
data.

The broadening of the normal-mode distribution re-
laxation function F(In 7) of Figure 7b is the result of kinetic
factors due to the proximity to the T and thermodynamic
factors due to the proximity to the ODT. Both contribu-
tions are captured in eq 32; the kinetic factors via the
parameter C (eq 21) and the thermodynamic factors via
on? that incorporates the structure factor S(q) (eq 31). At
high temperatures and equidistant from T}, for example,
at T'- T, = 100 K, samples SI-60 and SI-100 exhibit very
similar Aln 7, as both samples are also far from their ODT.
Asthe temperature decreases, the effect of the composition
fluctuations becomes important. For example, at T~ T,
= 75 K, F(In 7) of SI-100 is about 25% broader than F(Iln
1) of S1-60 as is also evident from the different decreasing
rates of A(In 7) in Figure 7b. Consistently, the expected
molecular weight dependence of the block relaxation times
of SI-60 and SI-100 samples is observed at high tempera-
tures, i.e., far from the T,. Since block orientation is a
large-scale motion, composition fluctuations have only a
minor effect on the values of the normal-mode relaxation
time,? compared to free volume effects determined by
the average composition. Overall, these findings and
considerations support the fact that the theoretical
approach of this work can quantitatively account for the
dielectric normal-mode relaxation in disordered diblock
copolymer melts far from their ODT by taking into account
effects of the proximity both to the Ty and to the ODT.

VI. Concluding Remarks

The normal-mode relaxation in symmetric disordered
diblock copolymer melts far from the order-to-disorder
transition, investigated using dielectric relaxation spec-
troscopy, was analyzed using a modification of the
CONTIN routine, widely used in photon correlation
spectroscopy, in order to quantitatively extract the
distribution of relaxation times in the disordered diblocks.
The widths of the normal-mode relaxation functions are
significantly broader than the respective homopolymer
distributions and show an extra broadening when the
temperature is decreased and/or the molecular weight is
increased. A theoretical approach is presented that
considers composition fluctuation effects on the normal-
mode relaxation. Both the short-range fluctuations due
to chain connectivity, independent of the block/block
interactions, and the long-range fluctuations in diblock
copolymers due to the proximity to the ODT are coupled
to the individual component segmental dynamics and
result in broad distributions of relaxation times. When
these are convoluted with the inherent homopolymer
distributions due to higher modes, a quantitative agree-
ment with the experimental dielectric loss spectra is
obtained with only a semiadjustable parameter ycp that
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varies with molecular weight similarly to the case of
homopolymer polyisoprene.

In part 24 of this work, the normal-mode relaxation
behavior for disordered diblock copolymers in the pre-
transitional regime near the ODT will be considered, where
a bifurcation of the single dielectric normal-mode relax-
ation is observed by approaching the ODT. The low-
frequency peak displays a temperature dependence similar
to the temperature dependence of dielectric normal-mode
relaxation far from the ODT, whereas the high-frequency
component shows an apparent weak temperature depen-
dence. These findings will be discussed in relation to
computer simulations in disordered diblocks in the
proximity to the ODT, where a similar splitting of the
end-to-end orientation correlation function is observed.
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