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In this paper, the dissipative particle dynamics (DPD) simulations method is used to study the effect of

sequence distribution of block copolymers on the

interfacial properties between immiscible

homopolymers. Five block copolymers with the same composition but different sequence lengths are

utilized for simulation. The sequence distribution is varied from the alternating copolymer to the

symmetric diblock copolymer. Our simulations show that the efficiency of the block copolymer in

reducing the interfacial tension is highly dependent on both the degree of penetration of the copolymer

chain into the homopolymer phase and the number of copolymers at the interface per area. The linear

block copolymers AB with the sequence length of t =
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8 could both sufficiently extend into the

homopolymer phases and exhibit a larger number of copolymers at the interface per area. Thereby the

copolymer with the sequence length © = 8 is more effective in reducing the interfacial tension compared
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1. Introduction

Polymer mixing is a cost-efficient method to develop new
materials with excellent and synergistic properties, which has
attracted considerable attention from researchers for a long
time." However, as chemically different polymers are usually
incompatible, most polymer mixtures tend to macroscopically
phase separate, which results in poor adhesion and mechanical
properties and thereby limits their potential applications.> To
overcome this limitation, adding copolymer compatibilizers
into the immiscible mixtures becomes a highly important
method.? Copolymer compatibilizers segregate preferentially at
the interfaces between the immiscible homopolymers, which
reduces the interfacial tension* and increases the interfacial
adhesion.® Therefore leads to a stable interface with improved
mechanical strength.® Though the simplest diblock copolymer
has been widely used to improve the performance of the inter-
faces, some investigations found that the sequence distribu-
tion” of the linear copolymer compatibilizers could change
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to that of diblock copolymers and the alternating copolymers at the same concentration. This work
offers useful tips for copolymer compatibilizer selection at the immiscible homopolymer mixture interfaces.

significantly the phase behaviors and interfacial properties of
the mixtures.®

In the past decades, studies of the influence of the sequence
distribution of a block copolymer on its compatibilization
ability in a ternary mixture were extensively performed.’*®
Balazs and DeMeuse'® explored the influence of the copolymer
sequence on the miscibility of the ternary mixture A/AB/B,
where A and B represent the immiscible homopolymers, AB
represents the copolymer compatibilizer. They found that the
sequence distribution of the copolymer compatibilizers had
a significant effect on the phase behavior of the mixtures and
the diblock copolymers were not always the most efficient
thermodynamic compatibilizers. Balazs and Lyatskaya™
initially reported that the random copolymer localized at the
interface between the incompatible homopolymers and there-
fore reduced the interfacial tension. When the molecular weight
was fixed, as the added compatibilizers were diblock copoly-
mers, the interfacial tension was lower. Whereas as the molec-
ular weight was varied, the longer random copolymers were
more efficient than the shorter diblock copolymers.’® Kramer
and Dai** also reported the same result that the long random
copolymer was more effective in strengthening the interface
than the short block copolymer. Brown and Deline® reported
that the styrene-methyl methacrylate random copolymers
reinforce the polystyrene/poly(methyl methacrylate) interface
effectively. They also proposed that the random copolymer

© 2022 The Author(s). Published by the Royal Society of Chemistry
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organized itself so as to make multiple trips across the inter-
face. Dadmun* employed Monte Carlo simulation to examine
the effect of copolymer architecture on the interfacial structure
and miscibility of the homopolymer/copolymer/homopolymer
mixture. They found that the sequence distribution can
dramatically change the ability of the copolymer to compatibi-
lized the interface. Both the diblock and alternating copolymer
showed a promise as compatibilizers, whereas the random
copolymer had the weakest effectiveness in reinforcing the
interface. They also found that the variation of the sequence
distribution could dramatically affect the ability of the copol-
ymer to compatibilized the interface. Subsequently, Dadmun
and Eastwood® studied the ability of styrene and methyl
methacrylate copolymers with different architectures to com-
patibilized the polystyrene and poly(methyl methacrylate)
mixtures. They found that the pentablock copolymers [S-M-S-M-
S(30) and M-S-M-S-M(30)] provided the strongest interfaces,
where S and M represent the styrene and methyl methacrylate
monomer, respectively.

Previous studies mainly focused on the phase behaviors and
the structural properties of the interfaces for the mixtures
containing the diblock, the triblock, the random, and the
alternating copolymers,® whereas the study of the dependence
of the mechanical and microscopic structural properties of
interfaces on the sequence distributions of copolymers remains
limited. Therefore, the microscopically detailed investigation of
the effect of the sequence distributions of the block copolymers
on the interfacial and structural properties is necessary for the
design of high-efficient compatibilizers.

In our preceding papers, we explored the compatibilization
ability of the diblock and the triblock copolymers.*** As pre-
dicted by Noolandi,** when the diblock and triblock copolymers
are placed at a biphasic interface, they will align perpendicular
to the interface and form a dumbbell-shaped conformation. In
the present work, dissipative particle dynamics (DPD) simula-
tions are employed to examine the interfacial and structure
properties of ternary mixtures composed of different sequence
block copolymers. The model and simulation details are
described in the next section. Then, the simulation results are
presented. Our work elucidates the fundamental mechanism
for the mixtures with sequence length © = 8 exhibits a lower
interfacial tension than the diblock copolymers and the alter-
nating copolymers. In the final section, a brief summary and
some concluding remarks are offered.

2. Method

For nearly 20 years, dissipative particle dynamics (DPD) simu-
lation technology has been greatly developed, which could not
only calculate macroscopic mechanical properties of the inter-
faces but also provide valuable microscopic insights into
them.”® Many researchers have used DPD simulation to study
the interfacial structure and tension of immiscible ternary
mixtures.>**” Motivated by these DPD simulations and the
Density Functional Theory (DFT)***° simulation studies, we
constructed the model of this work, which we briefly introduce
as follows.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2.1. Model

The DPD simulation method is a powerful coarse-grained
mesoscopic simulation technology,**** especially useful for
large and complex polymers and biomacromolecules systems as
compared to the full-atomistic MD simulations.**** In a simu-
lation system, all DPD beads interact through a soft potential.**
The motion of all beads abide by Newton's second law,

;:Vﬁ mi;:Fi (1)

where r; v; and m; denote the position vector, velocity vector,
and mass of the ith bead, respectively. The mass m; is normal-
ized to 1. The total external force F; acting on the ith bead
including the conservative force Fy, the dissipative force F}}, the
random force Fj; and the harmonic spring force F7, which can
be expressed as:

F=Y (F+F) +F) +F @)

Vel

The conservative force F§ is a soft repulsion force, which
generally follows*

FS _ {OlAB(] —r,-j)e!-,-(rly<1) “)

O(rl-j = 1)

where a,p is the interaction parameter, which is an indispens-
able parameter that determines the maximum repulsion
strength between beads 7 and j in the DPD simulation, ry; is the
distance between beads i and j, which is the absolute value of
the vector r; = r; — 1}, Le., r; = |ry], and e; = r/r; is the unit
vector of r;.

The dissipative force F}; and the random force Fj commonly
follow

F = o,08(rpZ,ar ey (5)

where v; = v; — v;, v is the friction coefficient between beads i
and j, o; is the noise amplitude, ; is a Gaussian random
number, »°(ry) and w®(r;) are the dissipative and random
weight functions, respectively, which follow the fluctuation-
dissipation theorem*

WP(ry) = [Nl 07 = 2vksT (6)

where kg is the Boltzmann constant, T is the simulation
temperature, and kg7 is the energy unit. Following Groot and
Warren,* the weight functions »"(r;) and w®(ry) can be simply
expressed as

iy o

P () = [ 1)) =

The DPD interaction parameter asg depends on the Flory-
Huggins parameter xp through the relationship®

RSC Adv, 2022, 12, 3090-3096 | 3091
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aaB = apaa T 3.50xan (8)

The interaction parameter between the same type of beads is
taken as app = agg = 25 and between different ones are taken as
app = 40.%°

The harmonic spring force F? is introduced to link adjacent
beads on a polymer backbone*®

=) Cr 9

J#Fi

where C = 4.0 is the spring force constant.

2.2. Simulation details

In this work, the ternary mixtures composed of A, B homopol-
ymers and AB copolymers are simulated using the DPD method.
The A, B homopolymers consist of 10 A beads and 10 B beads,
respectively. The AB copolymer consists of 16 A and 16 B beads.
We change the sequence distribution of block copolymers by
varying the sequence length of block copolymers. The sequence
length 7 of the AB copolymer is defined by its periodicity as
follows: a copolymer with a sequence that alternates between A
and B beads has a sequence length 7 = 2, and a copolymer that
has 8 A beads followed by 8 B beads has a sequence length t =
16. Schematic representations of AB copolymers with different
sequence lengths are shown in Fig. 1.

DPD simulations are accomplished in NVT ensembles using
the DPD module embedded in the Materials Studio package. All
simulations in this work are performed in a 30 x 30 x 30 cubic
box with periodic boundary conditions in DPD reduced units.
The interaction radius of different beads r, = 1. The simulation
box contains approximately 81 000 beads with a number density
of beads p = 3, that is, the ratio of the total number of beads to
the volume of the simulation box is 3. The time step At = 0.05 in
DPD reduced units and the friction coefficient y = 4.5 in DPD
reduced units.

Equilibration is carried out for 2.0 x 10° time steps, which
has been proved long enough for this system.***” After that,
sampling is performed for 5.0 x 10* time steps. In this work,
data of 10” to 10* independent samples from 5 parallel simu-
lation runs are averaged to achieve good statistics.

The interfacial tension is an indispensable parameter to
predict the mechanical properties of the interfaces for polymer
mixtures. As the interfaces are normal to the x-axis, the
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Fig. 1 Schematic representations of AB copolymers with sequence
lengths T = 2, 4, 8, 16, 32, where the blue and green spheres denote
bead A and bead B respectively.
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interfacial tension can be calculated according to the Irving-
Kirkwood equation in our DPD simulations*®
1 1

YDPD = 5 L <Pxx> - E (<Pyy> + <P:Z>) (10)
where P,,, P, and P,, are the pressure tensor along the x-axis, y-
axis and z-axis respectively, and () denotes the ensemble
average. To calculate the interfacial tension, the interfaces are
defined perpendicular to the x-axis.

We also calculate the mean-square radius of gyration (R,”) of
the copolymer across the interfaces and its components in three
directions (Ry’),, (Ry")y and (R,’).. The orientation parameter g
is obtained by the difference between the normal and the

transverse component of the mean-square radius of gyration
2\25
(Rg")

(11)

q:

(&), = 1/2(¢R2), + (#7).))
R,

In addition, the interfacial width w between the immiscible
homopolymers is calculated according to the study of Guo
et al. ** which is examined by fitting the function tan h((x + d)/w)
to the (p*(x) — p®(x))/p(x) across the two interfaces, where d is the
shift of the interface center along the x-axis.

3. Results and discussion

In this section, the effects of the sequence distributions of
linear block copolymer AB on the interfacial and structural
properties of the ternary mixtures A/AB/B are analyzed and
discussed. Fig. 2 shows the morphology snapshots and the
density profiles of the ternary mixtures, where the sequence
length of block copolymer AB varies from t = 2 to © = 32, the
copolymer concentration is fixed at c., = 0.2 (cp is the ratio of
the number of copolymer beads to the total number of beads).
These morphology snapshots and density profiles provide
a picture of the local concentration gradients in the systems,
which can help us to visualize the locations of homopolymers
and copolymers and the extent to which the copolymer chains
penetrate into the homopolymer domains." According to the
morphology snapshots, there are two interfaces in all the
mixtures because of the periodic boundary conditions, and it is
obvious that all the AB copolymers used are located at the
interfaces regardless of the copolymer sequence and that they
then play the role of compatibilizer, thereby stabilizing the
interfaces. This is consistent with the experimental results of
PS/PS-b-PMMA/PMMA mixtures by Russell et al.* However, the
morphologies and bead distributions of the copolymers across
the interfaces change significantly with the copolymer sequence
length. For 7 = 2, beads A and B of the alternating copolymers
distributed disorderly at the interfaces as shown in the
morphologies in Fig. 2(a) and (b), they aggregate and achieve
completely the same density peaks just at the centers of the
interfaces as shown in the density profiles in Fig. 2(c). This
indicates that the alternating copolymers hardly penetrate into
the homopolymer phases' and thereby just lie on the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Morphology snapshots and density profiles of the ternary mixtures A/AB/B, where the sequence length of copolymer AB varies from t =2
to = = 32, and the copolymer concentration is fixed at c., = 0.2. Compositions are (a) morphology snapshots of A/AB/B; (b) morphology
snapshots of AB in the ternary mixture; (c) density profiles of beads A and B of homopolymers A (HA), B (HB) and copolymer AB (CA, CB),
respectively. The red and yellow spheres denote beads A and beads B of homopolymers A and B respectively, and the green and blue spheres

represent beads A and B of copolymer AB respectively.

interfaces. For 7 = 4, although beads A and B of the copolymers
remain disorderly distributed at the interfaces, the density
peaks in the profiles are no longer completely overlapped but
slightly segregated [Fig. 2(c)]. For © = 8, beads A and B of the
copolymers tend to become separated at the interfaces, and
their density peaks move towards the compatible phases of the
homopolymers, which shows that the copolymers tend to
penetrate into the homopolymer domains. It is worthwhile to
note that the copolymers with the sequence length t = 8 form
micelles at the interfaces, suggesting that the interfaces have
reached saturation.® For t = 16, the locations of the density
peaks of the copolymer beads A and B become more separated
and the values of the density peaks rise higher. This result
indicates that the copolymers beads of the same type aggregate
more intensively and thus the copolymer segments become

© 2022 The Author(s). Published by the Royal Society of Chemistry

more orderly across the interfaces. Whereas as the sequence
length of the copolymers further increases to T = 32, the degree
of penetration of the diblock copolymers into the homopolymer
phases increases, resulting in a wider width of the copolymer
beads spread across the interfaces and lower density peaks.
These results can be used to predict the density distribution of
the M-S-M(50), M-S-M-S-M(30), M-S-M-S-M-S-M(21) copolymers
in the experiment by Eastwood and Dadmun.*

Fig. 3 shows the detailed conformation of the AB copolymers
at the interfaces against the sequence length . It can be seen
that the orientation of the copolymers at the interface signifi-
cantly depends upon the sequence length of the copolymer. The
mean-square radius of gyration (R,’), and the orientation
parameter g of the copolymer versus the sequence length t are
given in Fig. 3(a) and (b), respectively. With increasing the

RSC Adv, 2022, 12, 3090-3096 | 3093
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sequence length t, the (R,”) and its x components (R,”), and the
g increase, whereas the y and z components of the (R,”)
decrease slightly. From this result, it is conjectured that the
alternating copolymers (t = 2) stretch least, whereas the diblock
copolymers (t = 32) stretch most across the interfaces. Thus, the
degree of penetration into the homopolymer phase for the
diblock copolymer is far larger than that of the alternating
copolymers. This is the reason why the diblock copolymers
barely cover the interfaces. As T < 16 the x component of (R,”) is
smaller than the components in y and z directions, which
suggests that copolymer volumes for these sequences are sha-
ped like a pancake,® and the AB copolymers at the interfaces per
area exhibit a higher number. As 7 = 16, (R,*)x = (Ry’)y = (Ry")z,
the x component of (R,”) is equal to the components in y, and z-
direction, and the orientation g of the copolymer is close to 0. As
1 = 32, the x component of (R,”) is greater than the components
in y and z directions, which implies that the two blocks of the
diblock copolymer adopt a mushroom-type configuration,® and
the diblock copolymer volume is shaped like a cylinder at the
interfaces. Therefore, we can conclude that the copolymer
compatibilizers with dumbbell-shaped conformations require
more material to cover a given interfacial area than with
pancake-shaped conformations.*

To quantitatively examine the efficiency of the AB copolymer
compatibilizers with different sequence distributions, we
calculated the interfacial width w, interfacial tension <y at
different copolymer sequence lengths 7, as shown in Fig. 4.
Fig. 4(a) and (b) show the interfacial width w and the interfacial
tension v at different sequence lengths of the copolymers when
Ccp = 0.2. We found that with the sequence length 7 increases
from 2 to 8, the interfacial width w exhibits an increase, then
decrease as 7 increases from 8 to 16, whereas increases again as
7 further increases from t = 16 to 32. We inferred that the
change of the interfacial widths w with the sequence length
increases from t = 2 to 32 is related to the distribution of
copolymers A + B beads [see Fig. S11]. That is, as the sequence
length increases from t = 2 to 8, the density A + B beads of the
copolymers at the center of the interface decrease, the distri-
butions of beads A + B of copolymers broaden, the degree of
penetration of the A and B beads of copolymers into homo-
polymer phase increases [as shown in Fig. S1t], thus the inter-
facial width w increases. However, as t = 16, the density of A+ B

e <R x L pmm—— -
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Fig. 3 Mean-square radius of gyration (Rgz) and the three compo-
nents (Ry)x (Rg%), and (Ry%) (a), and orientation parameter g of the
AB copolymers (b) as a function of the linear copolymer sequence
length t at copolymer concentration of c., = 0.2 (the copolymer
sequence length t = 2, 4, 8, 16, 32).
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Fig. 4 Interfacial width w (a), interfacial tension vy (b) as a function of
the AB copolymer sequence length t at copolymer concentration of
Cep = 0.2 (the copolymer sequence length = = 2, 4, 8, 16, 32).

beads of the copolymers at the center of the interfaces
increases, the distributions of beads A + B of copolymers narrow
[the down triangle in Fig. S1t], which results in a reduced
interfacial width w. As the copolymer sequence length further
increases to t = 32, density profiles of beads A + B of copolymers
across the interface again broaden significantly [the diamond in
Fig. S11], and the broader distributions of the diblock copol-
ymer result in a larger interfacial width w. Fig. 4(b) shows that
the mechanical properties of the interfaces also depend strongly
upon the copolymer sequence distributions. Specifically, the
interfacial tensions y of the mixtures rapidly decrease with
increasing the sequence length from 2 to 8, whereas as the
sequence length of the AB copolymers further increases from 8
to 32, the interfacial tension v increases. This funding indicates
that diblock copolymers are not always the optimal thermody-
namic compatibilizers for the immiscible homopolymers
mixtures, which is consistent with the theoretical calculation
results by DeMeuse," whereas concurs with the report of Lyat-
skaya."* The reason that the lower interfacial tension vy for the
mixtures of A/AB (t = 8)/B can be that with increasing the
sequence length of AB copolymers from 2 to 8 the copolymers at
the interface of penetration into the homopolymer phase
increases [as illustrated in Fig. 2(a) and (c) t = 8], which results
in a lower interfacial tension and an improvement of the
interfacial adhesion.® This result confirms that the sequence
length of the linear copolymer must be above a minimum value
to effectively extend into the homopolymer phases and
strengthen the interface. However, as the sequence length of the
AB copolymers increases from 8 to 32, the penetration of the AB
copolymers into the homopolymer phase further increases,
which leads to the number of the AB copolymers at the interface
per area decreases,” thus the interfacial tension v increases.
From the above observation, the compatibilization efficiency
can be related to the conformation of copolymer at the inter-
facial region. It seems that both the penetration degree of the
copolymer chain into the homopolymer phase and the number
of the copolymers at the interface per area can be important
factors for evaluating the compatibilization efficiency. The
larger penetration degree of chains leads to a decrease in the
number of the diblock copolymers at the interface per area and
thereby results in a reduction of compatibilization efficiency.
However, the linear block copolymers AB with the sequence
length of © = 8 could both sufficiently extend into the homo-
polymer phases and exhibit a larger number of copolymers at

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the interface per area. The increased compatibilization effi-
ciency of the AB (r = 8) in comparison with the diblock copol-
ymers also can be explained according to Noolandi* by their
different conformations at the interface (“pancakes” unlike
“dumbbells”).*® It should be noted that the smaller the inter-
facial tension v the more stable the interfaces. Therefore, we
can conclude that the interfacial stability varies significantly
with the copolymer sequence length, and the mixture of A/AB (t
= 8)/B exhibits more stable interfaces.

4. Conclusions

In this paper, the effects of the sequence distributions of block
copolymer on the interfacial properties of A/AB/B ternary
mixtures are investigated by the dissipative particle dynamics
(DPD) simulations.

By comparing the interfacial properties for the A/AB/B
mixtures with different copolymer sequence distributions (the
sequence lengths t = 2, 4, 8, 16, 32) at copolymer concentration
ccp = 0.2, we found that both the penetration degree of the
copolymer chain into the homopolymer phase and the number
of the copolymers at the interface per area can be important
factors for evaluating the compatibilization efficiency. The
alternating copolymers just lie on the interfaces, which hardly
extend into the homopolymer phase, thereby couldn't effec-
tively strengthen the interface. The diblock copolymers pene-
trate deeply into the homopolymer phase, which leads to
a decrease in the number of copolymers at the interface per area
and thereby results in a reduction of compatibilization effi-
ciency. However, the linear block copolymers AB with the
sequence length of t = 8 could both sufficiently extend into the
homopolymer phases and exhibit a larger number of copoly-
mers at the interface per area. Hence the addition of the block
copolymers AB with the sequence length v = 8 results in a more
reduced interfacial tension, which indicates the better perfor-
mance of the copolymer with 7 = 8 in maintaining the stability
of the ternary polymer mixtures compared to that of the
copolymers with other sequence lengths.

Our studies indicate that the compatibilization efficiency of
the block copolymers is highly dependent on the sequence
distributions of block copolymers, which provide important
guidelines for designing and synthesizing high-effective copol-
ymer compatibilizers.
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