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ABSTRACT: Monte Carlo simulations, using the cooperative motion algorithm (CMA), have been
employed to investigate the statics and dynamics of both symmetric and asymmetric diblock copolymer
melts near the order—disorder transition. Investigation of the static properties has revealed the existence
of two characteristic temperatures in the system: the ODT expressed as a peak in the heat capacity and
a higher temperature T, at the crossover between the homogeneous state and the state with considerably
increased concentration fluctuations. As T; is crossed, the increased amplitude of concentration
fluctuations is accompanied by a significant increase of the average end-to-end distance of chains and
the local chain orientation correlation. The dynamic properties of these systems have been observed by
means of the relaxation of the single-bond, the chain end-to-end vector, and the block end-to-end vector,
as well as by the single point concentration autocorrelation function. Corresponding relaxation times
have been determined as a function of temperature. Below the ODT, a splitting of both the chain and
the block end-to-end vector orientation correlation function is observed, while the relaxation of composition
fluctuations becomes slower than that of the block orientation. The slow process is attributed to the

conformal relaxation of the coherent interfaces formed in the ordered state.

I. Introduction

Diblock copolymers, consisting of two linear sequences
of chemically different species A and B, represent an
interesting class of polymeric materials with a rich
variety of phase behavior.! This makes them a subject
of interest in experiments,~6 theory,”~12 and computer
simulations.13-16 Relevant parameters controlling the
phase behavior of such systems are the overall degree
of polymerization, N, the volume fraction of the A block,
f, and the interaction parameter, y, related to direct
interaction between species A and B. Depending on the
product yN, various states are distinguished in such
systems ranging between homogeneous or disordered
states at low values of yN and a microphase-separated
state at high yN, with an order—disorder transition
separating these regimes at yN ~ 10. The ordered
states are characterized by a long range order exceeding
the molecular sizes and various morphologies depending
on f. Up to now, most of the scientific interest has been
devoted to static properties of such systems. Only
recently, the dynamics of diblock copolymers, and the
influence of the order—disorder transition on the dy-
namics have attracted the increased interest of polymer
scientists, both experimentally’~26 and theoretically.26-32

Computer simulations have also provided results!3-16
concerning mainly static properties of block copolymers.
Binder and Fried performed Monte Carlo lattice simula-
tions in three dimensions for both symmetric®® and
asymmetric!* diblocks using a slithering snake algo-
rithm. This was accomplished by introducing vacancies
occupying a volume fraction of f, = 0.2 in the lattice.
The ODT was located in the temperature range where
the correlation time of the structure factor S(q) in the
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disordered state (q is the wave vector) shows a signifi-
cant slowing down. The ODT was found to lie between
the Leibler” and Fredrickson—Helfand® predictions.
Furthermore, the average conformational state of the
individual copolymer chains revealed significant devia-
tion from the Gaussian behavior exemplified by an
increase of the radius of gyration by 10—15%, as the
ODT was approached from the disordered state. Pakula
and co-workers?5 utilized the cooperative motion algo-
rithm (CMA) to investigate the ordering phenomena for
symmetric diblocks in dense polymer systems, i.e., f, =
0. Using a much faster simulation method, they were
able to observe the systems in both the disordered and
ordered states. The ODT was identified from an analy-
sis of the specific heat of the copolymer melt and was
nearly in agreement with the predictions of the fluctua-
tion theory.® The copolymer chains displayed confor-
mational behavior similar to that seen in the simula-
tions of Binder'®!4 and an orientation correlation
occurring at temperatures near the ODT. Larson?®
performed Monte Carlo simulations for symmetric
diblocks on a cubic lattice where a qualitative change
in the order—disorder transition behavior was observed
when the number of segments in the molecule exceeds
50. For shorter chains the fluctuations near the transi-
tion are short-ranged and the order parameter in the
ordered state at the transition is high, whereas for
longer chains fluctuations that are correlated over
multiple lamellae become important and the order
parameter on the ordered side of the transition is small,
in agreement with the weak segregation theories.

In this work, we attempt an investigation of the
molecular dynamics in diblock copolymer melts in a
broad temperature range including both the disordered
and the ordered state. Dynamic Monte Carlo simula-
tions using the cooperative motion algorithm (CMA) are
employed to investigate the statics and dynamics in
melts of both symmetric and asymmetric diblock co-
polymers. It has already been demonstrated that the
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CMA, which is the only algorithm that can operate in
really dense lattice melts of polymers, is very effective
for the simulation of block copolymers.’> It allows us
to study such systems over a broad temperature range
including the regions on both sides of microphase
separation. In this paper, we examine again systems
representing diblock copolymer melts, as described
before!® but paying particular attention now to their
dynamic behavior. The CMA has been used earlier to
study dynamic problems in homopolymer melts.33-36
Results obtained have indicated that this simulation
method reflects a behavior of linear polymer chains that
is in good agreement with experimental observa-
tions.3536

This article is arranged as follows: The methodology
of the Monte Carlo simulations is presented in the next
section (I1). In section Il static and dynamic properties
of the simulated systems are shown. Predictions of the
simulation are discussed in relation to experimental
data and theoretical calculations in section 1V. Finally,
concluding remarks constitute section V.

Il. Computer Simulations

Simulation Method. The cooperative motion algo-
rithm (CMA) permits one to simulate dense polymer
melts on a lattice.33736 The lattice is completely oc-
cupied by monomers, and the monomers of each chain
are connected by (N — 1) bonds of constant length a.
The chains satisfy the excluded volume condition. In
the case of copolymers two types of monomers A and B
are considered. The two types of monomers are par-
tially compatible, which is characterized by direct
interaction parameters ¢;. The energy of mixing is
determined only by the interactions of monomers of
different types; therefore, we assume here that epn =
egg = 0 and eag = 1. The effective energy of one
monomer E,, given by the sum of eag Over z nearest
neighbors, will depend on the local structure.

In order to generate equilibrium states, a dense
system of chains is subjected to motion at a given
temperature. The moves are strictly cooperative, as in
a dense system (p = 1), so that a segment of one chain
can only move if other segments of different chains move
simultaneously. Moving a chain element alters the local
energy because the monomers contact new neighbors.
An attempt to move a single monomer is assumed to
define one Monte Carlo step and the probability of
motion is related to the interaction energy of the
monomer in the attempted position, which means that
the repulsive interaction energy eag is considered as a
barier to form A—B contacts. The Metropolis method
is not used because the dynamics of systems is of
interest. At a given temperature, T, the Boltzmann
factor p = exp(—En fina/ks T) is compared with a random
number r, 0 <r < 1. If p > r, the move is performed
and the motion of a new monomer is attempted. Since
eag > 0, at low temperatures, the different types of
monomeric units tend to separate from each other in
order to reduce the number of A—B contacts and,
consequently, to reduce the energy.

The simulations are performed on a face-centered
cubic (fcc) lattice with bond length a = V2. The
possible bond angles are a = 60, 90, 120, and 180° with
degeneracy d, = 4, 2, 4, and 1, respectively. The
coordination number of the lattice is z = 12; i.e., every
monomer has 12 nearest neighbors. The lattice dimen-
sions are 30 x 30 x 40 lattice sites. Periodic boundary
conditions have been employed in order to reduce
boundary effects.
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Three different diblock copolymer systems have been
considered: two symmetric diblocks with chain lengths
N = 20 and N = 40 and f = 0.5 and an asymmetric
diblock with N =40 and f = 0.25. The system is initially
equilibrated in the athermal limit, i.e., at ¢;/(ksT) =0
(kg is the Boltzmann constant), where there are no
interactions between monomers, except the excluded
volume constraints. The systems are subsequently
cooled to a temperature T/N = 1.0, by a temperature
jump, and equilibrated again. Starting from such a
configuration, the system is cooled slowly by small
temperature steps. At each temperature the system is
equilibrated and characterized by its energy and a
number of quantities describing its static properties.
The system cooled to a low temperature can be observed
during heating in the same way. Quantities character-
izing the system are calculated only between cooperative
rearrangement steps.

Application of the CMA to study dynamics in copoly-
mer systems is justified mainly by the success of this
method in description of dynamic properties of ho-
mopolymer melts.353¢ In this method only cooperative
local rearrangements are considered as a result of dense
packing and a necessity of preservation of the continuity
of systems. The rearrangements involve local confor-
mational changes within one polymer chain or in several
neighboring chains, in all cases preserving the identity
of chains given by chain lengths, sequences of monomers
along the chains, and nonbreakability of bonds. There
is a distribution of rearrangement sizes within this
method that is a fast decreasing function with increas-
ing rearrangement size (size distribution of random self-
avoiding circuits on the lattice). In spite of the distri-
bution of sizes, the rearrangements remain local and
randomly distributed in space. This makes the algo-
rithm suitable for studies of dynamic problems.

Calculated Quantities. The energy of interaction
per monomer is calculated as a sum of direct interac-
tions between a given monomer and its z nearest
neighbors

z

Ey(T) = Zejk(i) 1)

where indices j and k can both be A or B, depending on
the local configuration. The specific heat in the simula-
tion has been obtained via the fluctuation dissipation
theorem

=L (' ®ER) @)

C
kg T?
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where the brackets denote averages computed during
the simulation over the total energy of the system. The
thermodynamic state of the system can also be charac-
terized by the effective interaction parameter

1
SED

= 3a
Xeft kBT¢A¢B ( )
where T is temperature and ¢a and ¢g are the volume
fractions of monomers of type A and B in the system,
respectively. In the following, kg is assumed to equal
1. This description of the interactions is introduced in
order to be able to compare the actual state of interac-
tion in the system, given by the number of contacts
between A and B elements, with the Flory interaction
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parameter3” defined as

(z = 2)epp
= 3b
XF kBT ( )
where z is the coordination number of the lattice (for
the fcc lattice z = 12). The yr interaction parameter is
considered as describing interactions in a homoge-
neously mixed state of the system.
In order to characterize the chain conformation, the
end-to-end distance has been calculated

1
RO=——5 > (ry— 1)’ (4)
NN, 5 65

where ry and r; are space coordinates of monomers at
chain ends. The averaging is performed over the
ensemble of n, chains and over ns states of the system
at equilibrium, sampled at constant time intervals.
Typically n, > 300 and ns > 1000.

It has been observed in the former simulations of
block copolymers,!® in agreement with recent theroreti-
cal work,31-32 that at the microphase separation transi-
tion the chains become orientationally correlated. Two
orientation correlation functions of the end-to-end vec-
tors are here determined in order to describe this
effect: (1) the local orientation correlation given by the
orientation factor

f, = [Bos[Opa(r]l0 for ry < VED i=j (5)

where 6Ogrg(rij) is the angle between the end-to-end
vectors (oriented from the end of block A to the end of
block B) of two chains whose centers of mass are
separated by a distance rjj, smaller than the root mean
square radius of gyration of the corresponding unper-
turbed linear chains, $2[Jand (2) the global orientation
correlation of the system characterized by the orienta-
tion factor

fr = 2(3000%(6,) 0 1) (6)

where the averaging is performed over all end-to-end
vector pairs belonging to many states of the system in
equilibrium.

Local concentration fluctuations are characterized by

n* = l¢; — 7’0 7)

where f is the nominal composition of the system (for a
symmetric system, f = 0.5), and ¢; is the local concen-
tration determined for the nearest neighbor shell of each
monomer.

In order to get information about the dynamic proper-
ties of systems, the following quantities have been
monitored with time at equilibrium states corresponding
to various temperatures: (i) the single bond autocorre-
lation function

_11 N
0= 3 bi) by(0) ®)

n, & &

where b; are unit vectors representing bond orientation;
(ii) the end-to-end vector autocorrelation function
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1
pr() =— > R() R(0) (9)

Ny W

with end-to-end vectors R(0) and R(t) at timest =0 and
t, respectively; (iii) the autocorrelation function of the
end-to-end vector of the block

1
ppi(t) =— ZRbl(t) Rp(0) (10)
np Np

with Ry the end-to-end vector of one block; and (iv) the
single point concentration correlation

1
pe(t) = EZC(D c(0) (11)

with ¢ assuming values +1 or —1 when the lattice site
is occupied by monomer A or B, respectively.

The above correlation functions were analyzed in two
ways: (1) by carrying out the inverse Laplace transfor-
mation (ILT) of the calculated p(t) assuming a super-
position of exponential functions and utilizing the
CONTIN routine®® as used often in analysis of photon
correlation spectroscopy results3®

p(t) = 7 L(In 7) exp(~t/z) d(In 7) (12)

and (2) by determination of the characteristic relaxation
times by fitting a sum or stretched exponential functions

—@1 (13)

where the number of components i = 1 or 2.

o) = 3 A exp

I1l. Simulation Results

Static Properties. Static and thermodynamic prop-
erties of simulated systems are analyzed here briefly
in order to determine temperatures of phase transitions
and characterize the related structural changes.

Former simulations of diblock copolymer systems
have shown?!® that the microphase separation temper-
ature can be determined from the temperature depen-
dence of the energy of the system or the energy
fluctuations, which allow one to determine the specific
heat. In Figure 1, various thermodynamic quantities
characterizing the system over a broad temperature
range are shown. The interaction energy determined
for the symmetric system with chain length N = 40
under heating is presented in Figure 1a. It was proven
that the heating rate was slow enough to give a rate-
independent shape of the energy curve. The specific
heat (Figure 1b) has been determined according to eq
2, whereas the effective interaction parameter (Figure
1c) has been calculated from the energy values by means
of eq 3a. All the temperature dependencies shown in
Figure 1 suggest that two characteristic temperatures
exist at which the thermodynamic quantities change in
a specific way. The first characteristic point on the
temperature scale, T, is assigned to the position of a
broad step in the specific heat. When the system is
cooled, the specific heat changes at T; from very small
values above T; to some remarkably higher values below
this temperature. At the same temperature, the inter-
action parameter y.s starts to deviate considerably from
the dependence, which it obeys at high temperatures
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Figure 1. Temperature dependencies of various thermody-
namic quantities determined for the simulated system of a
symmetric diblock copolymer melt with chain length N = 40
and composition f = 0.5: (a) effective interaction energy per
monomer E(T); (b) specific heat at constant volume C,(T); (c)
xeN values, where yes is the effective interaction parameter
(see eq 3). The characteristic temperatures T, and T, are
shown by vertical dashed lines. T, is located at the point
where the extrapolated dependencies yeN O T~ and yesN =
const cross each other, corresponding also to the middle of the
temperature interval between points P1 and P2 where the
specific heat changes betweeen two different levels. T,(ODT)
is given by the jump in E(T) and by the peak position of C,(T).
The solid line in (c) shows the temperature dependence of yeN,
where ye is the Flory interaction parameter.

0.0 0.2

(xer O T71), toward a plateau at lower temperatures. The
point, where the high temperature dependence (yetr O
T-1) crosses the plateau level of y.¢N at lower temper-
atures (Figure 1c), is taken as Tj, in order to mark
approximately a broad region of a crossover between two
different types of behavior. The second characteristic
temperature T, is assigned to the stepwise change in
the energy and corresponding peak in the specific heat.
This temperature is further regarded as the tempera-
ture of the order—disorder transition, Topt. The change
in the behavior at T; will be regarded as a crossover
between the homogeneous state and the state with
considerably increased concentration fluctuations. Ex-
actly the same behavior has been observed for the lower
molecular weight symmetric diblock (N = 20, f = 0.5).
Similar behavior is also shown in Figure 2 for the
asymmetric system (N = 40, f = 0.25). As expected,’8
T, is observed at temperatures lower than for the
symmetric system. The same also holds for the tem-
perature T;. The thermodynamic parameters at both
temperatures are summarized in Table 1 for the two
symmetric and the asymmetric diblock. A weak chain
length dependence of T/N and yN values is evident for
the two symmetric diblocks, which is probably due to
the change in the importance of fluctuation effects with
a change in the molecular weight.8

Figure 3 shows the temperature dependencies of
various parameters characterizing the structure of the
symmetric system. It is seen that all these quantities
change in a characteristic way at temperatures T; and
T,. Above the temperature Ti, the system can be
regarded as a homogeneous single phase because the
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Figure 2. Temperature dependencies of various thermody-
namic quantities determined for the simulated system of an
asymmetric diblock copolymer melt with chain length N = 40
and composition f = 0.25: (a) effective interaction energy per
monomer E(T); (b) specific heat at constant volume C(T); (c)
xefN values, where ye is the effective interaction parameter.
The characteristic temperatures T; and T2, shown by vertical
dashed lines, were estimated in the same way as in Figure 1.

Table 1. Characteristics of the Simulated Diblocks

N Na Ng f T1 T2 (xeffN)opT
40 20 20 0.50 0.62 0.45 10.9
20 10 10 0.50 0.65 0.46 11.1
40 10 30 0.25 0.47 0.26 16.1

structure characteristic for athermal conditions is al-
most preserved. This situation changes at T; where the
local concentration fluctuations start to increase with
decreasing temperature (Figure 3a). At the same time
the chains start to extend (Figure 3b) and become locally
orientationally correlated, as revealed by f; (eq 5)
determined for chains separated by distances smaller
than the radius of gyration (Figure 3c). Within the
temperature range between T; and T, a continuous
increase of the amplitude of concentration fluctuations,
of the extension of chains, and of the local chain—chain
orientation correlation is observed. At T, a drastic
change in all these quantities is indicated by a sudden
jump corresponding to the jump observed in the tem-
perature dependence of energy (Figure 1la). Below T,
all quantities determined change only slowly and indi-
cate a tendency to assume plateau values extending to
low temperatures. It is interesting to notice the differ-
ence in behavior of the local and global orientation
correlation factors (Figure 3c). Locally, the chains
become orientationally correlated at T;, whereas the
global orientation correlation factor remains 0 down to
T, where it jumps suddenly to almost finite values. It
indicates that the transition at T, is indeed related to
the jump in the range of orientational order by the
formation of coherent microdomains.

Figure 4 shows temperature dependencies of the same
structural parameters determined for the asymmetric
diblock copolymer. Except for a considerable shift of
temperatures T; and T», the asymmetric diblock system
shows a behavior similar to that of the symmetric one.
The difference between the two systems is observed,
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Figure 3. Temperature dependencies of various structural
parameters characterizing the simulated system of a sym-
metric diblock copolymer melt with chain length N = 40 and
composition f = 0.5: (a) mean-squared concentration fluctua-
tion within the small volume element that includes nearest
neighbors of a monomer; (b) mean-squared end-to-end distance
of chains; (c) parameters f; and frr characterizing orientation
correlations between end-to-end vectors of chains on local and
long range scales, respectively.

however, in the morphology formed below T,. In the
asymmetric diblock system (f = 0.25) a cylindrical
morphology is formed, as can be observed in Figure 5b,
in contrast to the lamellar morphology of the symmetric
diblock (Figure 5a). The cylindrical microdomains in
the case of the asymmetric diblock do not lead to
macroscopic orientation correlation of chains in spite of
the strong local correlation of chain orientations. This
effect, well seen in the behavior of frr below T, is
certainly related to differences in the microstructure
formed in symmetric and asymmetric copolymer sys-
tems. In the case of lamellar microstructure, frr reflects
orientation correlation of interface normals within a
lamellar stack. In the case of cylindrical microdomains
such correlation cannot be observed because of curved
interfaces and corresponding axial symmetry of chain
orientations within single cylinders.

A qualitative impression about the changes in the
structure can be obtained from projections of the
simulated systems, as shown in Figure 5, for various
temperatures (a color contrast between monomers of
types A and B is introduced). The increasing concentra-
tion fluctuations below T1 upon cooling and the transi-
tion to the lamellar structure for the symmetric copoly-
mer and the cylindrical structure for the asymmetric
one at T, is well illustrated.

Taking the above information into account, we can
conclude that at T; a crossover from the disordered
phase characteristic for high temperatures to the weekly
segregated states with increasing local order and in-
creasing concentration fluctuations takes place. At T,
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Figure 4. Temperature dependencies of various structural
parameters characterizing the simulated system of the asym-
metric diblock copolymer melt with chain length N = 40 and
composition f = 0.25: (a) mean-squared concentration fluctua-
tion within the small volume element that includes nearest
neighbors of a monomer; (b) mean-squared end-to-end distance
of chains; (c) parameters f; and frr characterizing orientation
correlations between end-to-end vectors of chains on local and

long range scales, respectively.

the first-order transition transforms the system from a
weekly segregated state to the ordered lamellar or
cylindrical morphology extending over long distances.

Dynamic Properties. In Figure 6 examples of
various correlation functions determined at tempera-
tures corresponding to various structural states of the
symmetric (N = 40) system both above and below the
ODT are illustrated. Correlation functions character-
izing relaxation of monomers (p,), whole chains (pr), and
blocks (op) as well as the relaxation of concentration
(pc) at various temperatures are shown.

At high temperatures, far above Ti, the system
behaves like a homogeneous melt. All correlation
functions, except for the point concentration correlation
show a single step relaxation. The fastest is naturally
the bond relaxation. Two modes of relaxation can be
distinguished in the point concentration correlation (see
also the relaxation time spectra in Figure 7d). The fast
one should be attributed to the self-diffusion of the
copolymer chains, as will become evident by its tem-
perature dependence, as well. The slower mode of
relaxation of point concentration fluctuations should be
attributed to the relative motion of one block with
respect to the other, the so-called internal mode.242527
The longest relaxation time is related to the end-to-end
vector relaxation, whereas the block relaxation remains
faster than the chain relaxation by about a factor of 2.

This dynamic picture changes when the system moves
to temperatures below T;. The bond and chain relax-
ations remain almost unaltered, but the block relaxation
remarkably broadens or becomes a two-step function at
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Figure 5. Snapshots of the real space morphology of the
simulated (a) symmetric and (b) asymmetric diblock copolymer
melts for temperatures above and below the ODT. A color
contrast between monomers of type A and B has been
introduced, whereas the bonds have been omitted for a better
overview. At high temperatures, the melt is homogeneously
mixed, as the temperature decreases, composition fluctuations
are clearly seen, at the ODT, a lamellar (a) or cylindrical (b)
structure is formed, and at even lower temperatures, a long
range periodic morphology is observed. In (b) two representa-
tions of models with both components and with the minor
component only are shown on the left and right hand side of
the figure, respectively. At the two lowest temperatures the
two cases correspond to two different projections of the system.

temperatures close to T, (compare also the relaxation
time spectra in Figure 7c), The slow mode of the
concentration relaxation becomes the slowest in the
system. The broadening and the bifurcation of the block
relaxation can be related to correlation of chain positions
to quasi-interfaces that start to form between the
regions of increasing concentration correlation of dif-
ferent compositions. The block-orientation relaxation
has two components. The faster component is mainly
related to the longitudinal and faster but limited ori-
entational relaxation of the block within the microen-
vironment it prefers. The slower component of the
relaxation is related to the relaxation of the quasi-
interface to which the block feels anchored. The fast
relaxation process of concentration fluctuations is not
significantly altered by the decrease of temperature,
whereas the slow mode shows a significant slowing
down as the ODT (temperature T,) is approached. The
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slowed down relaxation of the concentration is related
to the increase of concentration correlation length and
consequently higher stability of these correlations.

There is a further dynamic change in the dynamics
at T,. At this temperature the chain relaxation becomes
also a two-step function where the fast component shows
the part of chain relaxation that is given by the limited
freedom of chains when fixed at the A—B interface and
the slow component indicates the part of orientational
chain relaxation that is coupled to the rate of relaxation
of the interface and should depend on the sizes of
ordered microphase-separated grains. The slower com-
ponent can depend in this way on the kinetics of the
phase separation and can become so slow that the
relaxation time shifts away from the calculation time
window. At these temperatures the block relaxation
behaves in a way similar to that of the whole chain. The
amplitude of the fast component of the concentration
relaxation decreases, and the long time relaxation is
also related to grains of coherently ordered micro-
domains. The slow component of chain and conse-
guently block relaxations can be faster than the con-
centration relaxation because even passing through T,
the chains preserve high mobility, however, trapped at
the interfaces. They can move freely laterally within
the interfaces (this effect will be described in detail
elsewhere).

The effects described above can also be represented
by changes of distributions of relaxation times with
temperature. The distributions can be given by the
inverse laplace transformation (ILT) of corresponding
correlation functions. Some characteristic examples of
the distributions are shown in Figure 7 for the sym-
metric and in Figure 8 for the asymmetric copolymer,
respectively. In both figures the relaxation time dis-
tributions describing the behavior of systems at tem-
peratures close to the ODT are plotted by thick solid
lines. Generally, these dependencies separate the two
different types of dynamic behavior characteristic for
the disordered or weakly separated states and for the
microphase-separated states at temperatures above and
below the transition, respectively. It is seen in Figure
7 that the bond relaxation times remain almost unin-
fluenced by the phase separation. This is valid for both
symmetric and asymmetric copolymer systems under
the condition assumed here that the mobilities of both
species A and B are identical. The relaxation time
distributions of the end-to-end vectors of blocks in the
symmetric copolymer broaden in the vicinity of the ODT
and become bimodal below the ODT. In the case of the
asymmetric diblock system (Figure 8) the relaxation
time spectra for the two blocks differing in length are
shown separately. There is a slight difference in the
behavior of the two blocks just above the ODT, i.e., in
the weak separation regime. A broadening of the
spectrum is observed for the longer block whereas the
shorter block shows already a distinct bifurcation of the
relaxation time spectrum. The dynamic behavior of the
whole chains and the effects observed in the relaxations
of the concentration correlation are similar for both
symmetric and asymmetric diblock systems.

In Figure 9, the temperature dependencies of all
relaxation times are shown for symmetric (Figure 9a)
and asymmetric (Figure 9b) copolymers. It is seen that
the two characteristic temperatures distinguished on
the basis of the static and thermodynamic behavior of
systems are reflected in the dynamic behavior, as well.
Above T4, the relaxation times remain almost constant.
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Figure 6. Various correlation functions determined at various temperatures (T/N) for the simulated system of a diblock copolymer
melt with N = 40 and composition f = 0.5. (o, = bond autocorrelation functions (eq 8); pr = end-to-end vector autocorrelation
functions (eq 9); pni = block end-to-end vector autocorrelation (eq 10); p. = single point concentration correlation function (eq 11)).

Within the temperature range between T; and T
important changes are observed in the concentration
relaxation times and in the relaxation times of blocks.
The splitting of the block end-to-end orientation cor-
relation below T; is a very interesting feature; it has
not been predicted by the theoretical approach used for
the consideration of the end-to-end vector relaxation
that has been presented before,?* which predicts an
increased broadening of the distribution of relaxation
times in the proximity to the ODT only when the two
blocks have different mobilities. For the system simu-
lated here, where there is no difference in the mobilities
of the two species, no extra broadening has been
expected.

The block end-to-end orientation correlation functions
are of special interest for this paper because they can
be compared to relaxation times determined experimen-
tally, from the so-called normal mode relaxation in the
dielectric spectra.22 Above T, the block relaxation is
characterized by a single relaxation time because a
single-step correlation function has been observed in
this temperature range. On the other hand, below T,
the correlation functions observed were clearly two-step
functions and two relaxation times have been deter-
mined by the ILT analysis of the correlation functions.
In the intermediate region between T; and T, two
relaxations were also obtained from the ILT procedure,
with an increasing separation between the two relax-
ation times by decreasing temperature. The same type
of behavior as presented in Figures 6—9 has been
observed for systems with different chain lengths when
the temperature scale has been normalized by N.

IV. Discussion

The results presented so far reflect only the effect of
A—B repulsive interactions on the dynamics. Through-
out the simulations, it has been assumed that the local
mobilities of the species are temperature independent;

i.e., the bond relaxation is considered as temperature
independent and, moreover, the two components A and
B that form the two blocks possess the same mobilities.
It is known, however, that for the most common diblocks
investigated, for example, poly(styrene-b-1,4-isoprene),21-22
the two components possess local frictions differing by
factor of 10%. Even in the homogeneous regime, the
presence of concentration fluctuations leads to the
existence of two different microenvironments with a
difference in the segmental times by factor of 104.1°
Moreover, local mobilities have been shown to follow a
strong temperature dependence of the well-known Vo-
gel—Fulcher—Tamann (VFT) equation

,=A exp[_l_ I_3_|_ ] (14)

with parameters A, B, and T, characteristic for the
individual polymer. This type of temperature depen-
dence has also been observed in simulated systems
under an assumption of activated cooperative rear-
rangements.3> In order to have a complete picture of
the dynamic behavior of copolymer systems, this type
of dependence should be superimposed on the changes
caused by the A—B interactions observed here. For
different mobilities of components the relaxation times
of monomers can be additionally influenced by the
concentration fluctuations that change with tempera-
ture. Increasing concentration fluctuations with de-
creasing temperature should lead to an increase of the
separation of bond relaxation times toward those char-
acteristic for corresponding components A or B.

In another paper?? we present experimental results
related to the dynamics of diblock PS—PI copolymers,
as observed by dielectric spectroscopy, which for this
system is detecting mainly the relaxation of strong
dipole moments of the isoprene monomers. On the basis
of the simulation results, we would like to discuss now
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Figure 7. Distribution of relaxation times obtained by inverse
Laplace transformation of the calculated correlation functions
at various temperatures for the simulated system of a diblock
copolymer melt with N = 40 and composition f = 0.5.
Relaxation time distributions of bonds, chains (from chain end-
to-end vector autocorrelation function), blocks (from block end-
to-end vector autocorrelation), and concentration correlations
are shown. Distributions given by thick solid lines correspond
to T/N = 0.5, the temperature slightly above the ODT.

which behavior can be expected in such a system when
dielectric relaxation effects are detected.

It is known that the specific orientation of dipole
moments in the isoprene chain allows an observation
of two relaxation modes: the segmental relaxation
related to the orientational relaxation of the dipole
moment components perpendicular to the chain contour
and the relaxation of the whole chain related to the
relaxation of the effective dipole moment of the chain
that results from the correlation of segmental dipole
moment components parallel to the chain contour. The
same effects can be expected in diblock copolymers in
which one of the blocks consists of isoprene segments
with the only difference that the two modes will reflect
the behavior of the block instead of the behavior of the
whole molecule. However, the behavior of the block will
be influenced by the presence of the other component
and by the morphological changes in the system.

Considering different mobilities of the components in
the PS—PI diblock polymer, we can expect that the
relaxation of the isoprene segments will be slowed down
in the disordered state where the two kinds of segments
are mixed and will almost reach the relaxation rates
characteristic for pure isoprene in the microphase-
separated states. A crossover between the two regimes
should, according to the simulation results, take place
between temperatures T; and T, where the concentra-
tion fluctuations change between the two levels char-
acteristic for disordered and strongly separated states.
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Figure 8. Distribution of relaxation times obtained by inverse
Laplace transformation of the calculated correlation functions
at various temperatures for the simulated system of a diblock
copolymer melt with N = 40 and composition f = 0.25.
Relaxation time distributions of blocks of different lengths,
chains, and concentration correlations are shown. Distribu-
tions given by thick solid lines correspond to T/N = 0.25, the
temperature close to the ODT.

This can lead to a weaker temperature dependence of
segmental relaxation times in this temperature range,
as one would expect from the single-component VFT
dependence. This is illustrated schematically in Figure
10 by means of an activation plot. Consistently with
the segmental relaxation, the block relaxation at high
temperatures, i.e., in the disordered state of the system,
will be shifted along the relaxation time axis according
to the ratio of the relaxation times of the block and of
the segments (chain length dependent), as observed in
the simulation. In this temperature range, it can be
assumed that the relaxations of block dipole moments
are independent because of noncorrelated orientations
of chains. This should change below the temperature
T1 and more drastically below T, where the orientation
correlations of chain axes and correspondingly of the
blocks are indicated by the simulation results. At these
temperatures the block dipoles can be regarded as
consisting of two components parallel and perpendicular
to the direction of local orientation correlation. We can
expect that the relaxation of the block dipoles will split
to a faster relaxation of uncorrelated perpendicular
components and to a slower relaxation of correlated
parallel components. The latter will contribute to a local
spatial effective dipole moment along the local orienta-
tion correlation direction. In particular, below the T,
where the block orientation correlation direction is
uniquely normal to the interface, the correlated block
dipole moment components will contribute to an effec-
tive dipole moment related to the interface. The relax-
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Figure 9. Maps of relaxation times determined at various
temperatures (a) for the simulated symmetric diblock copoly-
mer melt with chain length N = 40 and composition f = 0.5
and (b) for the asymmetric diblock copolymer melt with N =
40 and f = 0.25. T; and T, are characteristic temperatures
related to the thermodynamic behavior of the system (compare
Figures 1 and 2). Various relaxation times are obtained from
fits of the simulated correlation functions by a sum of stretched
exponential dependencies (eq 13). Open and filled symbols of
the same shape describe relaxation times of the fast and slow
mode, respectively, when a given correlation function has been
described by a sum of two stretched exponential functions.
When a single stretched exponential fit was possible the
relaxation time of the single mode is shown by means of a filled
symbol (see legends).

ation should reflect the extremely slow relaxation of the
interfaces, as observed by the slow component of the
block relaxation in the simulated systems. These effects
should lead to three relaxation modes in the dielectric
spectrum that can be expected for the diblock copolymer
system below T, (ODT): the high-frequency segmental
mode and the two slower modes resulting from the
bifurcation of the block relaxation into two components,
the faster uncorrelated with the interface and the slower
corresponding to the interface relaxation. The latter can
be extremely slow because it is controlled by the
dynamics of the slower component and related to
relaxation of large objects greatly exceeding molecular
sizes. In the region between temperatures T; and T,
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Figure 10. Schematic illustration of the expected dynamic
behavior of a diblock copolymer system when observed by the
dielectric spectroscopy. Itis assumed that dielectric properties
of block A are like those for the polyisoprene block in real
systems. The VFT temperature dependence is assumed for
the pure component A. The solid line S represents the
expected temperature dependence of the segmental mode in
the copolymer. This relaxation corresponds in the microphase-
separated state (below T,) to the segmental relaxation of the
pure component (denoted by Sg)). In the disordered state, it
is influenced by the other component B, which, as assumed
here, slows down the segmental relaxation of A. The solid line
B represents the behavior of the normal mode of block A. It
bifurcates when the microphase separation in the system takes
place. In the strong segregation limit (below T,) the slow mode
is related to the relaxation of the interface. The insets
illustrate expected dielectric spectra (¢"") in the log 7 scale, as
characteristic to various temperature regimes.

some intermediate situation can be expected in which
a limited correlation of chain orientations can involve
only a broadening of the block relaxation mode or a
weak separation between the slow and fast components
at temperatures closer to T,. According to the simula-
tion results, the fast component of the block relaxation
should remain at approximately constant distance from
the segmental mode over the whole temperature range
whereas the slow mode can show much stronger tem-
perature dependence especially signified by a drastic
change of the relaxation time around T».

All the effects discussed above are schematically
illustrated in Figure 10. The experimental results
presented in another paper?? have confirmed qualita-
tively many elements of the picture drawn above. Both
the broadening of the normal mode relaxation above the
ODT and an extra slow mode below the ODT have been
observed for PS—PI block copolymers.

V. Conclusions

The results presented in this paper demonstrate that
very detailed information about the structure, thermo-
dynamics, and dynamic properties of block copolymer
systems can be obtained from analysis of simplified
systems simulated by the cooperative motion algorithm.
The method appears effective in simulation of systems
within a very broad temperature range, including both
the disordered and microphase-separated states. The
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results concerning dynamic properties can describe a
similar behavior of the simulated systems, as recently
observed by the dielectric spectroscopy for polystyrene—
polyisoprene copolymers.
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