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ABSTRACT: The effects of ester interchange reactions on the phase behavior of an immiscible polyester
blend have been investigated using the Monte Carlo simulation method. Two kinds of ester interchange
reactions such as alcoholysis (or acidolysis) and direct ester—ester interchange are simulated by end
attack and bond flip, respectively. The chain movement is performed by the one-site bond fluctuation
model. First, the phase-separated structure is prepared by introducing the pair interaction energy Eas
between segments A and B. As the ester interchange reactions at the interface between the two phases
proceed, the degree of randomness increases and the maximum intensity of the collective structure factor
decreases, whereas the peak position at which the structure factor has a maximum remains almost
unchanged. These results indicate that the homogenization of the phase-separated structure of the
immiscible polyester blend proceeds by the ester interchange reaction without a change in the domain
size, while the concentration difference between the two phases becomes smaller. These results are also
confirmed by analyzing the changes in concentration profiles.

Introduction

It is well-known that ester interchange reactions
between two different polyesters in the melt produce
copolyesters.1~8 Particularly, it has been reported that,
in immiscible polyester blends, these copolyesters formed
by ester interchange reactions at the interface have a
homogenizing effect on the phase-separated structure,
leading to a single phase.®~12 Although the extent of
ester interchange reactions is a key factor in controlling
the phase behavior of immiscible polyester blends, little
information on such phenomena is available. To our
knowledge, the mechanism for the homogenization
process in immiscible polyester blends by the ester
interchange reactions has not been reported because it
is very difficult, if not impossible, to experimentally
monitor the phase behavior during the ester interchange
reactions in the melt.

Computer simulation using the Monte Carlo method
may provide a powerful tool in monitoring the phase
behavior because computer simulations can be carried
out under controlled conditions in which the effects of
experimental variables on the phase behavior are
readily factorized. Sariban and Binder!3~18 have exten-
sively studied the phase separation behavior of polymer
blends using the Monte Carlo method. They have
investigated spinodal decomposition by monitoring the
collective structure factor and found that a model
system with vacant sites enabling the chain to move can
be used to study the binary system by the rescaling of
parameters. Brown and Chakrabarti!® have found that
the asymptotic domain growth exponent is given by a
modified Lifshitz—Slyozov law using Monte Carlo simu-
lations. A point to be noted from their works is that
phase separation is well described under the condition
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where only a repulsive interaction between different
segments is adopted (eag > 0 and eap = egg = 0).

In our previous studies, the reorganization of the
molecular weight distribution (MWD) in a polyester?0:21
and the formation of copolyesters by ester interchange
reactions in miscible polyester blends?? have success-
fully been studied using Monte Carlo simulations. These
studies have motivated us to extend computer simula-
tions to describe an immiscible polyester blend system.
In this paper, ester interchange reactions in immiscible
polyester blends are simulated using the Monte Carlo
method in order to elucidate their effects on the phase
behavior during the homogenization process. According
to Tanaka et al.,?® the homogenization of immiscible
polyester blends is affected by two controlling factors:
that is the rate of phase separation and that of ester
interchange reaction. When the ester interchange reac-
tion proceeds much faster than the phase separation,
the system is homogenized before no distinct phase-
separated structure is developed. On the other hand,
when the phase separation proceeds much faster than
the ester interchange reaction, a domain is first formed
by the phase separation, and then the homogenization
proceeds with the ester interchange reaction between
different segments at the interface between two phases.
In this study, we simulate the latter case because, from
a practical point of view, most of immiscible polyester
blends have phase-separated structures before ester
interchange reaction begins. Therefore, the simulation
is performed under the condition where the rate of phase
separation proceeds much faster than that of ester
interchange reaction.

Model and Simulation Method

Model Reactions for Ester Interchange. Four
types of ester interchange reactions are implemented
in our simulation: (1) homo-ester-interchange reaction
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within the same chain (intrachain), (2) homo-ester-
interchange reaction between two chains (interchain),
(3) hetero-ester-interchange reaction within the same
chain, and (4) hetero-ester-interchange between two
chains. The homo- and hetero-ester-interchange reac-
tions indicate the reaction between the same kind of
segments (i.e., between segments A and A; between
segments B and B) and the reaction between segments
A and B, respectively. When the reaction 1 occurs,
nothing is changed except chain conformation. When
reaction 2 occurs, the molecular weights of the two
chains are changed. Reaction 4 results in copolymer
formation while reaction 3 yields a change in copolymer
sequence.

Preparation of Polyester Blends with Phase-
Separated Structure. The simulation is performed on
a simple cubic lattice of 60 x 60 x 60 (Lx x Ly x L;)
sites. Periodic boundary conditions?* are imposed on all
three directions to simulate a system with infinite size.
To prepare the initial structure of phase-separated
blend in which each polyester has polydisperse MWD,
the following procedure is performed. First, the cubic
lattice is filled with homopolyesters A and B at a blend
ratio of 25/75 viv, where 60% of the lattice sites are
occupied by segments, which is known enough to
properly describe the dense polymer melts.2>26 The
initial chain length is set at No = Ng = 20, and
consequently the number of homopolyester chains A and
B are 1620 and 4860, respectively. All the chains are
arranged initially at randomly chosen positions with
fully extended chain conformation. This initial structure
is relaxed under athermal conditions through the bond
diagonal method (BDM),?” a kind of one-site bond
fluctuation model, in a way of self- and mutual-avoiding
walk on the lattice. In this method, the diagonals of
squares and cubes as well as the edges of squares and
cubes are used as bonds. An advantage to this method
is being able to accommodate more chain conformations
for dense polymer system than the conventional Ver-
dier—Stockmayer method,?® and hence the system could
be relaxed more efficiently. Adjacent segments are
connected via bonds taken from a given set of bond
vectors. The set is built through P involving component
permutations and sign inversions:

P1,00UP(1,1,0UP((1,1,1) 1)

Thus, the bond length has values of 1, /2, and /3.
Although this condition allowing the bond crossing
during the chain movement seems unrealistic, it makes
no critical error in the results for the following reasons.
First, the chain in the melt as described by Flory?® is
the same as that of a phantom system.?” Second, it is
reported by Shaffer393! that the dynamics of this model
is consistent with that of the Rouse model. Details of
chain movement are as follows. A segment is randomly
chosen, and then an attempt is made to move the
segment under the condition given in eq 1. If no other
segment is present at the new location, and at the same
time if the bond length of a new bond satisfies the bond
length constraints, the movement is accepted. However,
if the excluded volume conditions and the bond length
constraints are not satisfied, the movement is rejected.
In this study, time is measured in units of a Monte Carlo
step (MCS). One MCS is defined as the time necessary
for every segment to attempt to move once on average.

After the conformational state of polymer chains
reaches an equilibrium, polyesters with polydisperse
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(a) end-attack

(b) bond-flip
Figure 1. Two kinds of ester interchange reactions schemati-

cally represented by 2-dimensional scheme of this bond
diagonal model.

MWDs are prepared by executing the ester interchange
reactions intra- or intermolecularly between the same
kind of segments (i.e., between segments A and A;
between segments B and B), the so-called homo-ester-
interchange.

It is assumed that the ester interchange reactions
take place by two mechanisms: end attack and bond
flip, which correspond to alcoholysis (or acidolysis) and
direct ester—ester interchange, respectively, as sug-
gested by Mansfield.32 The reaction by end attack occurs
when a chain end contacts with the neighboring mid-
segment of the same chain or another, as represented
by the 2-dimensional scheme in Figure la, and the
reaction by bond flip occurs under similar conditions as
shown in Figure 1b. The trial of ester interchange
reactions is rejected when the chosen segment has no
neighboring segment or when the chosen segment and
the neighboring one are all chain ends. In this study, it
is assumed that the ester interchange reactions take
place if the above-mentioned geometric condition is
satisfied, even though the activation energy should be
taken into account in a more realistic simulation. At this
stage, the reaction between polyesters A and B, the so-
called hetero-ester-interchange, is not executed. A chain
movement using the BDM is attempted at every ester
interchange reaction, so that only the MWD and the
chain conformation are changed with the progress of
ester interchange reactions.

After each polyester with polydisperse MWD is pre-
pared, the phase separation is then induced by intro-
ducing the reduced pair interaction energy Eag (=¢ags/
ksT where eag is a pair interaction energy parameter
between segments A and B, kg is the Boltzmann
constant, and T is temperature). During phase separa-
tion, Eag is set at 2.0, and the others such as Eqq and
E. (where a denotes A or B, and v denotes vacant site)
are set to be all zero. From this stage, chain movement
is governed by the pair interaction energy through the
Metropolis sampling rule.3® The movement decreasing
the energy of system is accepted with a unit probability,
whereas the movement increasing the energy of system
is accepted with a probability of exp(—AE/kgT) where
AE is the energy change before and after the movement.

The phase separation is confirmed by calculating the
collective structure factor,3* which has often been used
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to investigate the time evolution of the long-range
ordering, as described in our previous papers.3>=37 The
time-dependent collective structure factor of an Ly x Ly
x L; (L = Ly = Ly = L,) lattice with periodic boundary
conditions is given by

s@ =) Y expliagryEd - EHIL® ()

i

where O0Odenotes a thermal statistical average, &
represents (¢al — ¢gl), and rjj is the vector between the
lattice sites i and j. The local concentration variable ¢al
is equal to 1 if the lattice site j is occupied by an A
segment, but otherwise equal to zero, and ¢gl is equal
to 1 if the lattice site is occupied by a B segment, but
otherwise equal to zero. The quantity S(q,t) represents
the Fourier transform of the pair correlation function
and is spherically averaged as follows:

S(a.) = %S(q,t)/%l ®3)

with g = (27/L)n, where n =1, 2, 3, ... denotes that, for
a given n, a spherical shell is taken as n — 1/, < gqL/2x
< n + 1Y, For all the samples, phase separation is
implemented up to 3 x 10* MCS. The phase-separated
structure at 3 x 10* MCS is used as an initial structure
for ester interchange reaction, although the structure
may not be in an equilibrium state.

Simulation of Hetero-Ester-Interchange Reac-
tions. The hetero-ester-interchange is allowed to take
place as well as homo-ester-interchange in the sample
with the phase-separated structure previously obtained.
Several values of Eag (=0.05, 0.10, 0.15, and 0.20) are
used for simulation in order to examine the effect of
temperature on the ester interchange reaction, since the
change in Eag value reflects the temperature change
through the relation Eag = eap/ksT Where eag is con-
stant. Since activation energy is not taken into account
in this simulation, the homo- and hetero-ester-inter-
change have the same probability of occurring only if
the geometric condition is satisfied. To trace the progress
by the hetero-ester-interchange, the degree of random-
ness (DR) is calculated, and at the same time the effects
of copolymerization on the phase behavior are investi-
gated by monitoring S(q,t). The DR is given by the
following relation:38

1 1
= +
Ot O0g

where [} o and 004 g are the number-average sequence
lengths of blocks A and B, respectively.

To more clearly observe the change in concentration
profile at the interface during the phase homogenization
by the ester interchange reaction, a supplementary
simulation is carried out as follows. In the cubic lattice
with periodic boundary conditions, the polyesters A and
B are placed at 1 < Z < 20 and 21 < Z < 60,
respectively, resulting in the formation of sharp inter-
faces between A and B. Generally, the lamellar pattern
formation has never been observed in polyester blends.
However, the system having artificial lamellar morphol-
ogy with flat interface is prepared in our simulation in
order to observe more clearly the effect of ester inter-
change reaction on concentration profiles at the inter-
face. After equilibrating the chain conformation by the
BDM and then making each polyester polydisperse by

DR

(4)
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Figure 2. Change of scaling exponent (v) with Monte Carlo
step during the chain relaxation.

homo-ester-interchange in each region, the system is
equilibrated sufficiently by the BDM with Eag = 0.20.
Finally, one makes the hetero- and homo-ester inter-
change reactions at the interface to occur, and the
change in concentration profiles with the extent of
interchange reaction is observed. To enhance the sta-
tistics of results, five independent runs are performed
for each case, and all the results are reported by
averaging the data from the five independent runs.

Results and Discussion

Preparation of Polyester Blends with Phase-
Separated Structure. Chain dimensions in the melt
state can be characterized by the following relation:2%-3°

m200 N/ O0°0 (5)

where r is the end-to-end distance, N is the number of
mer units, v is the scaling exponent, and | is the bond
length. It has been confirmed experimentally*%4! that
an ideal chain in the melt state has a value of v = 0.5
owing to the screening of the excluded volume effect by
other chains. During the chain relaxation process, the
change of v for polyester A with MCS is shown in Figure
2 (the change of v for polyester B is the same). The value
of v decreases with MCS and approaches an equilibrium
value of 0.53. This value is slightly higher than the ideal
value of 0.5. This discrepancy may arise from the
excluded volume effect that cannot be completely re-
moved in the lattice model. This excluded volume effect
results in chain expansion so that all the values of »
obtained by the Monte Carlo method become slightly
larger than 0.5.21:22:42

Figure 3 shows the change in MWD of polyester A
with MCS. As the homo-ester-interchange reactions
proceed, the MWD approaches an equilibrium state, i.e.,
the most probable MWD proposed by Flory.?° Since this
system starts from the monodisperse MWD with DP =
20 for both polyesters, the number fraction at DP = 20
appears above the curve, as can be seen in Figure 3a,b.
This protruding point disappears as the ester inter-
change reactions proceeds in Figure 3c,d. The MWD
after 1.5 MCS was in good agreement with the most
probable MWD. To analyze the MWD more quantita-
tively, the polydispersity index (P1) was calculated by
the following relation:
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Figure 3. Molecular weight distribution after (a) 0.1 MCS,
(b) 0.3 MCS, (c) 0.5 MCS, and (d) 1.5 MCS. The solid line
represents the most probable distribution predicted by Flory.?°
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Pl ML 1+P 6

5 (6)
where M[}, and IM[] is the weight-average and the
number-average molecular weight, respectively, and P
is the extent of reaction. At P = 1.0, the theoretical value
of Pl is 2.0. As shown in Figure 4, the Pl approaches
the equilibrium value of 2.0 after 3.0 MCS. This
indicates that the homogeneous mixture of polyesters
A and B with each polyester having a polydispersity was
successfully prepared.

The next step is to prepare the phase-separated
structure of polyesters A and B by introducing the pair
interaction energy Eag between them. In an immiscible
polyester blend, the blends already have a phase-
separated structure before ester interchange reactions
begin. To simulate this situation, the system is first
guenched and then phase-separated until phase-sepa-
rated structures are fully developed. Figure 5 shows the
time evolution of collective structure factor S(qg,t) during
the phase separation with Eag = 0.20. Since the initial
mixture of polyesters A and B is homogeneous, a

Figure 5. Time evolution of collective structure factor S(q,t)
during the phase separation when Eag = 0.20 is given.
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Figure 6. Change of the number of hetero-pair contact (Nag)
during the phase separation.

maximum of S(q,t) is not observed at 0 MCS. As the
phase separation proceeds, a distinct maximum of
structure factor appears, and its value Syax increases
while the scattering vector gmax at Smax shifts toward a
smaller g. This behavior indicates that the periodic
concentration fluctuation grows, and concurrently the
coarsening process occurs during phase separation.
Figure 6 shows that the number of hetero-pair contacts
per segment (Nag) decreases with increasing MCS. This
also indicates that the polyester blends with phase-
separated structure were successfully prepared by the
procedure mentioned above.

Effect of Ester Interchange on the Phase Be-
havior. The resultant structure, obtained after a suf-
ficient phase separation time (3 x 10* MCS is taken
from the result shown in Figure 6) elapses, is used as
an initial structure of the next procedure, which allows
the hetero-ester-interchange reactions. As shown in
Figure 7, a phase-separated structure with several
domains is well developed in the simulation box when
the snapshot is taken after 3 x 10* MCS. The variation
of DR with MCS at various Eag’s is shown in Figure 8.
The more repulsive the pair interaction, the slower the
increasing rate of DR and the lower the value of DR.



Macromolecules, Vol. 32, No. 5, 1999

e

Agad
RS s o'y

Figure 7. Snapshot of a phase-separated structure obtained
at Eag = 0.20. For visualization, only domain structures are
presented.
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Figure 8. Change of the degree of randomness with Monte
Carlo step at various Eag’s.

The copolyester formed after 2 x 108 MCS at Eag = 0.05
is nearly a random copolymer whereas the copolyester
formed at Eag = 0.20 has a blocky structure. The change
of phase structure with ester interchange reactions at
various Eag’'s was monitored by the time evolution of
S(q,t), as shown in Figure 9. In all cases, the Syax value
decreases with increasing interchange reaction time,
and the more repulsive the pair interaction is, the
slower the decreasing rate of Spyax is. These results
indicate that the magnitude of Eag is an important
factor for controlling the rate of homogenization. Since
the value of Spmax reflects the composition difference
between two phases, a decrease in Smax indicates the
homogenization of phase-separated structure. Another
important feature to note from Figure 9 is that the qmax
value remains nearly unchanged during the homogeni-
zation process. This result indicates that the domain
size does not significantly change during homogeniza-
tion process because the value of Qqmax is inversely
proportional to the domain size (A = 27/Qmax, Where A
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Figure 9. Time evolution of collective structure factor S(q,t)
at various Eag's: (a) Eas = 0.05, (b) Eas = 0.10, (C) Eas = 0.15,
(d) Eas = 0.20.
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Figure 10. Time evolution of concentration profile when Eag
= 0.05 is given: (@) polyester A, (O) polyester B.

denotes the periodicity of concentration fluctuation
related to the domain size*3).

In an attempt to more clearly observe the homogeni-
zation process by the ester interchange reaction, a
supplementary simulation was carried out on an arti-
ficial lamellar morphology with a flat interface prepared
in the simulation box. The concentration profiles ob-
tained under the condition of Epg = 0.05 and 0.20
through the supplementary simulation are shown in
Figures 10 and 11, respectively. The reduced concentra-
tion of the y-axis is the quantity that the number of
segments A or B on the xy-plane at each z-coordinate is
normalized by the total number of segments existing
in the system. At Eag = 0.05, the sharp interface
becomes gradually broader, and the concentration dif-
ference between the two phases becomes smaller until
the concentration of each segment A and B becomes
constant on an overall range of z-coordinate, as the ester
interchange reactions proceed. It is noteworthy that the
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periodicity of the concentration fluctuation remains
unchanged during the homogenization process, indicat-
ing that the domain size does not change during the
homogenization process. This result is very consistent
with the time evolution of the collective structure factor
in Figure 9. Unlike the case with Eag = 0.05, the
concentration profile with Eag = 0.20 does not show a
significant change, as shown in Figure 11. This is
because the repulsive interaction between different
segments is too strong for segments to interdiffuse with
each other for homogenization. These results in Figures
10 and 11 are also consistent with the time evolution
of the collective structure factor.

From the simulation results, the mechanism of the
homogenization process by ester interchange reactions
in an immiscible polyester blend can be proposed as
follows. In the first step of ester interchange reactions,
the reactions take place at the interface between phases
A and B to produce copolymers. In the second step, some
thus-formed copolymers, containing the A unit as a
major component, penetrate into the B phase. Similarly,
the copolymers with the B unit as a major component
diffuse into the A phase. This mutual solubility results
in a reduction of the concentration difference of both
phases and finally transforms a heterogeneous system
into a homogeneous one. In this step, the rate of mutual
diffusion depends strongly on the magnitude of the Eag
value. The larger Eag value retards the mutual diffu-
sion, thus leading to a delay in the copolymerization
process and consequently the homogenization.

Conclusions

In this study, the effects of ester interchange reactions
on the phase behavior in an immiscible polyester blend
were investigated using the Monte Carlo method. An
immiscible polyester blend with polydisperse polyester
was successfully prepared by using the bond diagonal
method and homo-ester-interchange reactions. After
hetero-ester-interchange reactions were allowed to take
place in the immiscible polyester blend, the formation
of copolyester was examined by calculating the degree
of randomness. When the degree of randomness was
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plotted against time at various phase separation condi-
tions (Eag = 0.05, 0.10, 0.15, and 0.20), it was revealed
that the rate of copolymerization is dependent upon the
magnitude of Eag; i.e., at small Eag, the degree of
randomness increases up to unity, indicative of the
formation of random copolymer, whereas the increase
of the degree of randomness is stagnated at large Eag.
It was observed that the maximum value of S(q,t)
decreases with MCS, when hetero-ester-interchange
reactions between two polyesters are allowed to take
place. This indicates that the copolyesters formed during
the ester interchange reactions have a homogenizing
effect on the immiscible polyester blend. Another im-
portant feature of note is that gmax, Where S(q,t) is
maximized, remains unchanged with MCS regardless
of the magnitude of Eag. This result indicates that the
domain size does not change during the homogenization
process, which has also been confirmed by the analysis
of concentration profiles. Consequently, it is concluded
that the homogenization of phase-separated polyester
blends proceeds through the reduction of the concentra-
tion difference between two phases by ester interchange
reaction without changing the domain size.
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