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Abstract The mechanism of the phase separation of polymer blends in the presence of a static electric field was investigated using the
molecular dynamics with a modified coarse-grained polarizable model. Two electric field effects, i.e., the promotion and hindrance of the phase
separation, were found in the system of the upper critical solution temperature (UCST) by varying the dielectric properties of polymer
components. Our simulation directly demonstrated that the electric field effects originate from the energy changes of intramolecular unit
polarization, intermolecular van der Waals (VDW) and Coulomb interactions induced by the external electric field. The relationship of the energy
change and the dielectric constant for the system under electric field is obtained. The interface orientation under electric field was found to
happen even before the transition point of phase separation. By assuming that the relative order parameter of the phase separation undergoes
the same fluctuations for a system with and without an electric field, the transition temperature under an electric field can be predicted, and

quantitative consistency with simulations is obtained.
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INTRODUCTION

A polymer is a typical soft matter system and sensitive to
stimulation by an imposed external field. An electric field
modulates the phase transition and orientation of polymer
mixtures."? Responses to electric field have promising
applications in the fabrication of organic capacitors, ultrahigh-
density magnetic storage media and multiscale pattern
templates.’= Understanding the mechanism by which an
electric field affects a macromolecular system is crucial for
exploiting its tailored regulation and extending its potential
applications to nanoscale and smart materials.

Five decades ago, an electric field was discovered to
change the phase separation temperature in small-molecule
mixture systems such as nitrobenzene/2-2-4-trimethyl-
pentane and cyclohexane/aniline.l5-9 Such phenomena were
also found in polymer solution systems, such as
polystyrene/cyclohexane and polystyrene/ethylcarbitol.l”]
Similar results were further found in polymer blend systems,
including polystyrene/poly(vinyl methyl ether),
poly(vinylidene fluoride)/poly(1,4-butylene adipate) and
poly(vinylidene fluoride)/poly(methyl methacrylate), as well
as those including block copolymers such as polystyrene-
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block-polyisoprene.l'9-14 These experiments showed that an
external electric field could promote or inhibit phase separa-
tion regardless of the upper critical solution temperature (UC-
ST) or lower critical solution temperature (LCST) behavior of
these systems, with transition temperatures ranging from
0.015 K to 54 K.[6-15] The underlying mechanism has attracted
much attention. Debye et al. noted that the change in the
phase separation temperature should depend on the square
of the electric field and the second-order coefficient of the
dielectric constant £"(02e/0¢2).167.16-191 The work of Tsori et al.
further focused on the effects of a non-uniform electric field
on phase separation from experimental and theoretical per-
spectives.l29 Due to the experimental difficulty in obtaining
information on molecular polarization under an external elec-
tric field, there is a long-standing controversy regarding poly-
mer phase separation induced by an electric field. Some ex-
periments even gave conflicting results.['%11.21] How an elec-
tric field affects the phase transition of polymers is still puzz-
ling, although various possible reasons for the discrepancies
have been proposed, such as the electric field direction, ex-
perimental error in the heat conduction, the electrostriction
effect, molecular specifications, the anisotropy of the materi-
al and influence of the first-order term of the dielectric con-
stant.[8'9"5'19'22'23]

In theoretical aspects, most studies employed the polymer
self-consistent field theory to study the orientation and trans-
ition of the phase structure of block copolymer melts under
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the electric field using the serious approximation to the
mixed permittivity of the system.[24-281 The molecular polariz-
ation and the corresponding change of the disorder-to-order
phase transition under external electric field cannot be ex-
plored. Compared with experimental and theoretical meth-
ods, molecular simulation can provide detailed information of
the thermodynamic and kinetics of molecules in physical and
chemical processes. In polymer field, coarse-grained molecu-
lar dynamics (CGMD) is a powerful tool for exploring larger-
scale phase separation in time and space. In the past, the con-
ventional CG polymer model was mainly used to study the
phase behaviors of the polymer melts in the absent of an ex-
ternal electric field. In order to study the electric effects, the
polarizable CG polymer model based on the shell particle was
proposed.29! In this work, we further develop a modified po-
larizable model based on the real particle Drude oscillator in
CGMD to simulate the phase separation of polymer blends
under an external electric field. Specifically, the present CG
polarizable model can better describe the static and dynamic
dielectric properties of polymers than the previous models.29!
Using this model, we successfully reproduced the two elec-
tric field effects. The mechanism of phase separation induced
by the external electric field is explored.

In the following section, the coarse-grained polarizable
model used in this work is described in detail. The calculation
method of the permittivity and Flory-Huggins parameters,
the definition of the order parameter and the calculation
method of the two-dimensional structure factor are intro-
duced. In Section 3, two electric field effects (promotion and
inhibition of phase separation) are found by varying the
dielectric properties of the polymer blends. The mechanism
of the phase separation of polymer blends in the present of
the electric field is analysed. The simulation is compared with
the results of the mean field theory. We further proposed a
simple way to predict the transition temperature of polymer
blends under an external electric field. A good agreement
with simulations is obtained. Finally, the current work and its
potential applications are briefly summarized.

MODEL AND METHODS

Our simulations employ a modified coarse-grained polarizable
model which is based on our previous work.? In the present
model, polymer chains are mapped as a series of connected CG
units (see Fig. 1).2% One CG unit represents several tens of
repeating units in a realistic polymer chain. Every CG polarizable
unit consists of two beads with equal positive and negative
charges. Different with previous CG polarizable model using
shell particle, all beads used here are real and have the same
mass. The two beads are connected by a harmonic potential
with an equilibrium distance of zero, which acts as a Drude
oscillator. CG units are then connected through the positively
charged beads using the finitely extensible nonlinear elastic
(FENE) potential to form a CG polymer chain. When there is no
external electric field, the positive and negative beads can
overlap and the model is close to the nonpolarizable CG model.
When an external electric field is imposed, two overlaying beads
with opposite charges can be separated to form a dipole. The
dielectric constant of the polymer depends on the charge and
elasticity of the dipole in the CG unit. The present modified
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Fig. 1 Model diagram. A-type and B-type beads are represented in
red and green, respectively. The black spring line represents the FENE
potential, and the red and green spring lines represent the harmonic
potential inside the A- and B-type CG polarizable units, respectively.
(@) In the absence of an electric field, the positive (Ap or Bp) and
negative (An or Bn) parts of the polarized units coincide. (b) The
positive and negative parts of the polarized units are separated in the
presence of an electric field. Bold black arrow indicates the direction
of the electric field.

model is a real particle CG polarizable model (RPPM) and can
better describe the static and dynamic dielectric properties for
polymers than previous model (S2 in the electronic
supplementary information, ESI).3

In the simulation of UCST-type polymer blends, two kinds
of homopolymers (A-type and B-type polymers) are used. The
reduced unit is used in our simulation. The polymer chains
have the same length N=20. The spatial size of the system is
200 x 200 x 200, and the system contains 1.6x10* beads, cor-
responding to 400 polymer chains. The simulation employs
the velocity Langevin dynamics. All beads in each CG unit
have the same mass m=0.5. The time step is 6t=0.001, and the
friction constant is set to y=2.0. The reduced temperature in
the system is T". The harmonic potential parameter of the CG
polarizable unit is k;=500. The elastic coefficient and bond
length in the FENE potential of the polymer chain are set to
keene=30 and bggye=1.5. The Lennard-Jones (LJ) potential is
used for the van der Waals (VDW) interaction between CG
beads. The standard strength and length of the LJ potential
are set to k,=1.0 and 0=1.0, respectively. Detailed parameters
are in S1in ESLI28 Our system includes 10 kinds of VDW inter-
actions. Among them, six parameters (Kap.ap: Kan-ans Kap-ans Kgp-
Bor Kenen @nd Kgpg,) describe the interactions between the
similar CG units, and 4 parameters (Kap.gpr Kap-gnr Kan-gp and
Kangn) describe the interactions between the dissimilar CG
units. Here, Ap and An represent two beads with positive and
negative charges in each CG polarizable unit of an A-type
polymer chain. Similarly, Bp and Bn are two beads in each CG
polarizable unit of a B-type polymer chain. For simplicity, six
parameters are set to the same value, k;=0.25, and four para-
meters are set to k,=0.175. The simulation proceeds in the
NVT ensemble. Replica exchange molecular dynamics (REMD)
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is used to obtain the phase separation transition
temperature.3' In REMD, 24 copies are used, the tempera-
ture interval is 0.03~0.04, the exchange frequency is 20006t,
and the average exchange probability measured is
P=0.2~0.3.130 Simulations were carried out using the molecu-
lar dynamics software GROMACS.132

In the present work, the dielectric constant of a system is
calculated using the dipole moment fluctuation equation
without an external electric field:33!

- =2
&=1+ M- m
' 3, VT*

Note that the dielectric constant can also be calculated us-
ing the polarization equation under an external electric
field:B4

M

&VEy

where ¢, is the re reIatlve dielectric constant. M is the total dipole
moment and M? — M represents the fluctuation of M. g, is the
vacuum dielectric constant. V and T" represent the volume and
temperature respectively. £, is the external electric field.?” For
the present real particle CG polarizable model (RPPM), these
two methods for the calculation of dielectric constant are
consistent (Fig. 2). The dielectric properties of the model are
discussed in 2 in ESL.E%

The Flory-Huggins parameters of the polymer blends in our
simulation are determined using the method proposed by
Groot et al.3536] At first, a system with the box size of 800 X
200 X 200 is constructed. A-type polymer chains are put into
the left part of the system and B-type polymer chains are put
into the right part. The period boundary condition is still
used. Then, the simulation proceeds at proper temperature
for 5x107 time steps till equilibrium. Finally, the concentra-
tions of A-type and B-type beads along X direction of the sys-
tem is like the profile shown in Fig. 3.

The concentration ¢, of A-type beads in the middle region
(X/0=60) of A phase is measured using statistic average after
the system reaches the equilibrium. The Flory-Huggins para-

=1+ (2)
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Fig. 2 Comparison of two methods for the calculation of dielectric
constant. The red line is the reference value calculated using the
dipole moment fluctuation equation without electric field. Black
squares indicate the results calculated using the polarization
equation with an electric field. This system containing only A-type
components (N=20), where g,=0.94, T'=1.8.

Fig. 3  The concentrations of A-type and B-type beads along X
direction. Other parameters are N=20, k,=0.175 and T'=3.3.

meter can be obtained:

_ In[(1 = @a)/ @Al
IN= ——F— 3)
1-2¢,

The dependence of Flory-Huggins parameters on temper-
ature, chain length, interaction strength and charge amount
can be found in S3 in ESI.30

Usually, the heat capacity Cy is used to determine the
phase transition point of a system under varying temperat-
ure. The peak position of Cy, curve should be the phase separ-
ation temperature. Instead of this method, we apply the or-
der parameter to determine the transition point more exactly
due to the largely statistical error of Cy. Using the difference
between the local component density and average compon-
ent density in the system, we define an order parameter:

Iocal local
(r) -

1o [0 0]
T hlim Iocal rl +n:;)cal (ri) Na + nNg

where n'°@/(r) is the number of A-type (or B-type) beads in a
spherical space of radius 2.50 around the it" bead at position r..
na, ng and n are the numbers of A-type, B-type and total beads
in the whole system, respectively. The transition temperature is
determined by taking the derivative of the statistical average ss
with respect to temperature (Fig. 4).

To analyse the phase structure, the two-dimensional static
structure factors of the system is calculated:37!

Sla)= 5y YL << o) pio)]> ©)

where n is the total number of beads in system and g = (g, g,
g, is the scattering wave vector, and r = (r,, I, r)is the position
vector. At r, if occupied by A-type particle, the density is
denoted here as p,=1.0, pg=0.0; If occupied by B-type particle,
denote pp=0.0, pg=1.0. According to this method, the particle
density difference p; = p, — pg at any position r can be obtained.
p is the average density of the system. The final two-
dimensional static structure factor is calculated statistically using
all frames. Meanwhile 8 samples for each frame with rotation

around the Z axis is employed.

RESULTS AND DISCUSSION

When the bead charges are set to |gapan| =0.94 and
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Fig.4 Comparison between G, and|dSS/dT*|. The black square and
circle represent SS and|dSS/dT*|, respectively. The red circle
represents Cy. The blue dotted line marks the position of the phase
separation temperature T;ep, which is determined by the maximum
value of |dSS/dT*| or C,. The data is obtained from the polymer
blends system with N=20, ¢,=0.2 and E,=0.5. Here, the dielectric
constants of A and B polymer are £,=6.0 and =2.5, respectively.

|Gspsen| = 0.68, the dielectric constants of A- and B-type
polymers are equal to £,=6.0+0.25 and £=2.5+0.09 at T'=5.0,
respectively. The phase separation temperature increases when
an external electric field is imposed. The electric field promotes
phase separation, as shown in Fig. 5(a). However, when the
dielectric constants are the same (g4=g=6.0+0.25), with
|gap/an| = |gBp/en| =0.94, the phase separation temperature
decreases, and the electric field inhibits phase separation, as
shown in Fig. 5(b). The simulations clearly show that an external
electric field can change the phase separation temperature.

Fig. 6 shows the phase structure changes with decreasing
temperature when the volume fraction ¢, of the A-type poly-
mer in the system equals 0.1 and the volume fraction of the B-
type polymer is ¢g = 1 — ¢o. When the electric field is absent,
spherical aggregation occurs after phase separation.
However, when the electric field is imposed, the phase struc-
ture shows an orientation along the electric field direction,
and cylinder aggregation occurs. Similar behaviour has been
found in experiments and simulations.[2426] The static struc-
ture factor clearly shows changes in the phase structure. The
scattering intensities in all directions are the same in the case
of no external electric field. As the temperature decreases, the
peak position shifts to a smaller scattered wave vector. This
indicates that larger aggregates form. However, when the ex-
ternal electric field is applied, the two-dimensional scattering
intensity is not circularly symmetric. The phase domain re-
mains oriented along the electric field direction. Noted that
such anisotropy occurs even before the phase separation
point, i.e., orientation of the concentration fluctuation occurs
once the electric field is imposed. According to Maxwell elec-
tric field equation V - (¢E) = 0, Ve - E + £(V - E) = 0 is given. The
direction of the electric field is perpendicular to the gradient
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Fig. 5 Influences of an electric field on the phase diagram. The data
for $,=0.6~0.9 are obtained from symmetry with those of $,=0.4~0.1.
Black represents the REMD results, blue represents the mean-field
results, and red represents the prediction with the fluctuation effect.
() &p * €5, (b) €5 = €. The order parameter variation for each system
can be found in $4 in ESI.BY
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Fig. 6 Snapshots of typical phase structures at different
temperatures in the blend system with ¢,=0.1 and ¢, # & (€4=6.0
and g = 2.5). The two-dimensional structure factor is shown in the top
right corner in each picture. The red spheres represent A-type
particles, and the green dots represent B-type particles. (a—c) £,=0.0;
(d—f) E;=0.5.

direction of the dielectric constant, i.e.,,Ve- E = 0. The inter-
face parallel to the direction of electric field results in lower
energy.38 In the presence of an electric field, the spherical
domain transforms into an oriented columnar domain at low

https://doi.org/10.1007/5s10118-022-2877-z
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¢ As ¢, increases, an oriented lamellar domain can be
found.

The permittivity, energy and dielectric work of the system
are functions not only of the composition, but also of temper-
ature, and they are all calculated at a specific temperature
where the system is in a homogeneous mixed state. To de-
termine how an external electric field affects the phase separ-
ation, the system energy is analysed. The system energy per
unit volume includes four parts, Ug = Upgjag + Ureneg + Uvpwe
+Ucoutombg: Where the four terms on the right correspond to
the polarization energy of CG units, the bonding potential en-
ergy of chains, the VDW interaction energy among CG units
and the Coulomb inter-action energy, respectively. These
terms strongly depend on the component concentration
except for Ugenge. Upolare Shows the form: Upgare = Upolaro +
Cp0|arE(2), where E, represents the external electric field and Up.
olaro represents the polarization energy in the absence of an
electric field. Figs. 7(a) and 7(b) show that cp,,, is a quadratic
function of the concentration: cpopar (Pa) = Crolar (1) Pa+
Cpolar (0) ¢B - Cgolar¢A¢Bl c;;olar = a2CPoIar/8¢/2-\' Fig- 7(C) shows
that the difference in the potential energies with and without
an electric field, Upojare — Upolaros i Proportional to the square

4 -
2 L
[¥] or
[[] Polar
-2r O VDW
/\ Coulomb
X Total
0 0.2 0.4 0.6 0.8 1.0
P
050 C
0.25
=
| 0r
=
~025 ¢ -
] Polar O VDW
/\ Coulomb FENE
=0.50 - X Total
0 0.6 1.2 1.8 24
E2(1073)

of the strength of the external electric field Ej5. Additionally,
Uvpwe and Ucouiombe have similar forms. So, the total system
energy under electric field has the form:

Ug = Up + CrotalEo (6)
where Crotal = Cpolar + Cvbw + Ccoulomb 1S given after neglecting
the influence of FENE potential. To understand the relationship
between the dielectric constant and the energy change, the
dielectric work per unit volume from the external electric field is
needed W = —E,Mg/(2V), where M is the total electric dipole
moment in the presence of external electric field £, (S6 in
ESI).3%3% Through the relation of the dielectric constant and the
total dipole moment ¢, = 1 + M/ (g,VEo), where g, represents
the vacuum dielectric constant, the dielectric work can be
expressed in terms of the dielectric constant:*3!

W = ~(& — 1)eok/2 )

The dielectric work includes two parts corresponding to
the changes of internal energy and entropy respectively. In
Fig. 8(a), we compare the potential energy change with the
dielectric work under different electric field strengths, and
Fig. 8(b) shows the dependence of the dielectric constant on
temperature. Considering the statistical error caused by the

v 0f [] Polar
O vDW
/\ Coulomb
-2r X Total
-41 W
0 0.2 0.4 0.6 0.8 1.0
[N
6.3 d
541
was|
36
[ epzeg
271 O ex=g3
0 0.2 0.4 0.6 0.8 1.0
O

Fig. 7 () &a # &5 Cpojar =269, Cypw =0.65, Cooutomb=—3-84 and cpy, =—0.5. (D) ex=&p Cpojar=—3-81, Cypw =—0.70, Cloyiomp=4-78 and
Crota =0.27.1n (a) and (b), ¢ was calculated from the system at four electric field strengths (0.0, 0.05, 0.10 and 0.15). (c) Ug — Uy, changes in
the polarization (red squares), VDW (blue circles), Coulomb (green triangles), FENE (purple diamonds) and total (black crosses) potentials
under an external electric field at ¢, =1.0, 4=6.0 and T'=5.0, where Ug and U, represent the potential energy with and without an
electric field, respectively. (d) Dependence of the dielectric constant & on the component concentration. The values after fitting are
€"=1.75 (5 # & black squares) and £"=-0.9 (g, = &5, black circles). Dependence of energy coefficient and component concentration at

T'=5.0.
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Fig. 8 (a) Comparison of the change in potential energy of a system
with the dielectric work at T*=5.0 (g, = 6.0 and ¢, = 1.0). Black
squares represent potential energy changes, Uy = Ug — U,. The red
line represents the dielectric work, —W. The blue line represents the
dielectric work without entropy effects, —W,,. (b) The dependence of
dielectric constant on temperature. Here dg,/dT" |r_so=—0.42, and
Salgg-05=—0.28.

fluctuation of dielectric constant and potential energy, the re-
lationship U = Ug — Uy = =W, is proved since the energy
change and dielectric constant of the system can be calcu-
lated in the present work. Here, U, is the system energy
without the external electric field, and W, =W-TS.
Sa = (9e,/3T")eoE5 /2 is the entropy effect.3? Finally, the rela-
tion is obtained:
Crotal = [& — 1+ T"(0&,/0T" )] £0/2 (8)
For polymer blends, the dielectric constant of the blend
system has the similar form & (9a) = ea@p + €a0g — € Dadg,
and the values are shown in Fig. 7(d). Here, €5 and &5 are the
dielectric constants of the two pure components. The mixing
dielectric work from the electric field is AW¢, = W(¢, — ¢4
W(1) — g W(0) = €"gopadsEs/2. At the same time, the change
in the mixing energy caused by the electric field is

Unge(9a) = Ungo(@a) — Wu(@a) 9)

where WU(¢) = c"Ilota|¢A¢BEé' C%fotal = Cgolar + CCDW + Cgoulomb and

Ungo(®) represents the mixing energy without an electric field.
Therefore, cf., = (€" + T°0€" /0T )ey /2 is obtained. To describe
the free energy minimization of the system evolution under an
electric field, the free energy F¢ of the system is defined as

Fe = Fo+W. Notably, the sign of the free energy change under
electric field depends on its reference selection.”!
So, the mixing free energy of the blend system is:

AFpge(Pa) = AFapo(@a) + AW(,) (10
where AFge(@a) and AFao(@,) represent the mixing free
energies with and without an electric field respectively. Here,
AFago(@a) = AUngo(@a) — TAS. In the classic polymer mean-

field theory, the mixing free energy under an external electric
field is obtained:*'42

DFrge(90)/T" = [Xas + €'60E0/(2T") | dabs - AS (1)

Here, x,z is the Flory-Huggins parameter without an

electric field, and S = —(d,InP, + PgIngg)/N. Let (xagN)e =

XagN + Ne"€oE5 /(2T*), which is calculated with mapping tech-

nology.l*s! The Flory-Huggins parameter has the empirical
form:[43]

(XagN)e = e + be /T (12)
where the parameters ag and bg are obtained by linear fit-ting,
as shown in Figs. 9(a) and 9(b). According to Eq. (12) and the
condition (AFg)' =0, the mean-field transition temperatures
corresponding to the binodal lines without and with an electric
field can be predicted: Toy, o = bo(© — ag) and Tag¢ = be(O—

377 3 EpFep
34
<31+t
28
[ E=0
Ey=0.5
25[, . . Oh
0.19 0.20 0.23 0.24 0.25
ur
agf b Ea=%a
431
<37t
31
[ E;=0
251 O Ep=0.5
0.27 0.29 0.36 0.38 0.40
utr
Fig. 9 Flory-Huggins relationship: N = ay + bo/T" and

XN = ag + b /T". Blue squares indicate the absence of an electric field,
blue circles indicate the presence of an electric field, and black lines
are fitting results. Only the high-temperature data are used for linear
fitting. (@) €5 # & dp = ag = —9.1, by = 51.25, bg = 64.13; (b) €5 = €5,
ap = ag = —12.0, by = 55.77, bg = 40.0.
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ag), respectively, in which ©=1In[(1-¢,)/da]/(1 —2¢4)
Furthermore, ag = ao and bg = b, + 0.5Ne"goEa are found, and
the transition temperatures without and with an electric field
have a relation:

sel:),E/Tlswe;O = be/bg (13)

When £" is positive (€ = 1.75 at T = 5.0), the electric field
makes the binodal line move to higher temperatures and pro-
motes phase separation, as shown in Fig. 5(a). In contrast,
when £" is negative (€' = —0.9 at T* = 5.0), the electric field
pushes the binodal line to lower temperatures and inhibits
the phase separation, as shown in Fig. 5(b). The trend of the
prediction is consistent with that of the simulations, but the
deviation in the quantities is large because the above results
are based on the mean-field approximation, i.e., the blend
system is regarded as being in the homogeneous state. The
deviation critically results from the negligence of the compo-
sition and phase fluctuations, which is an intractable problem
in mean-field theory.*4 Orzechowski et al. derived the elec-
trostatic energy under electric field by expanding the effect-
ive electric field.[31 They found that the dielectric contrast, i.e.,
the first derive term of dielectric constant plays the impor-

a - E,=0
0.08 |
0.06 |
)
A
Sooat
002}
0 L
016 ¢
ss,
0121 584
— 075
= — 069
3 g0l — 059
=) 0.50
2 .
038
027
0.04
0 L
~0.25 0 025 0.50 0.75

u(ss,)

tant mixing effects on the system. In the system of nitroben-
zene+octane mixture, a perfect agreement of theory and ex-
periment was achieved. This term is also used to explain the
discrepancy of Debye's experiment with theory.

Here, it is worthy to note that our system is special because
the periodic boundary condition (PBC) is employed to simu-
late the infinite space. In such system, the effective electric
field E is equal to the external electric field E, due to the par-
ticularity of PBC. Laplace equation, i.e.,, Maxwell electric field
equation, does not need to be solved in our work. The elec-
trostatic energy, i.e., dielectric work is only the function of
dielectric constant under the external electric field £, (see Eq.
7). As a result, the second-order coefficient " of the dielectric
constant is only involved (see Eq. 11).

Since the deviation of T'Své;o and 721;5 of the mean field the-
ory from the simulation is from the negligence of the fluctu-
ations, how to solve it becomes critical. At first, we check the
fluctuation at the phase transition point. Using the weighted
histogram analysis method (WHAM), the distribution of the
order parameter at the phase separation temperature is ob-
tained, as shown in Fig. 10(a) (S5 in ESI).304546] The distribu-
tion is wide and has two peaks corresponding to the phase
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P(SS,)
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Fig. 10  Distribution of the order parameter, SS, and its related properties calculated by the WHAM for the blend system (e, = &,
$,=0.2). (a) Probability distribution of SS at temperature To + AT" (black squares without an electric field) and 7 + AT" (red circles with
an electric field). Here, Ts=3.26, Ty=2.4 and AT*=0.3. AT" is used to control the range of samples in the REMD results. The order
parameter SS in (a) is transformed into a relative order parameter SS,, and the probability distribution of SS, is given in (b). (c) Each
relative order parameter SS, corresponds to an energy state U(SS,), which has a narrow probability distribution. SS, has a width range of
$S,+0.03 without an electric field. (d) The ratio of the free energy corresponding to relative order parameter SS, to the corresponding

temperature, f(SS,)/T", is the same with or without an electric field.
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structures with low and high SS.

The curve profiles without and with the external electric
field are very similar. Based on the principle of physical uni-
versality, two fluctuation distributions can be merged into
one curve when the relative order parameter is used, as
shown in Fig. 10(b). The relative order parameter is defined as
S5 = (E_gﬂepﬂﬁ)/(gﬂep—m" —Efse .7 ), Where T:ep is the
phase separation temperature and Tg = 0.5 is selected as suf-
ficiently large. This indicates that the external electric field
does not change the phase structure fluctuation at the trans-
ition point with an appropriate order parameter.

Fig. 10(c) shows that each relative order parameter, SS,, cor-
responds to an energy state U(SS,). The energy distribution of
the phase structure with the SS, is narrow. Therefore, a free
energy function f(SS,) can be used to describe the phase
structure distribution, as shown in Fig. 10(d). According to the
above evidence, an assumption of identical fluctuation at the
transition point can be made. It yields the equality of the SS,
distribution:

exp[~e(SS,)/ Toane 1 = exp[—1o(S5)/ Teapo ] (14)
where f¢(SS,) represents the mixing free energy of the system
with relative order parameter SS, at phase separation
temperature S'eﬁ with an electric field £y, and f,(SS,) is that for

the system at s'e‘:f(t, without an electric field. From Eq. (14), we

obtain f{0)/ff0) = Teant/Teanp- Here, fz(0) is the mixing free
energy of $5=0 corresponding to the homogenous phase state.
It is simply AFg in Eqg. (11). Finally, the transition temperature
with an electric field is obtained by combining Egs. (11), (12) and

(14):
sleupc,é = be sle‘g,(t)/bo (15)
Although the form of Eq. (15) is the same as that of Eq. (13),
the physical concept behind it is essentially different. The
transition temperature in Eq. (15) refers to that with consider-
ation of the phase fluctuation in a realistic system. The new
predictions agree well with the simulations, as shown in Fig.
5. This method avoids calculation of the phase fluctuation
and takes advantage of the transition temperature of the fluc-
tuating system without an electric field under the identical
fluctuation assumption (S7 in ESI).30

CONCLUSIONS

In summary, we have proposed a modified polarizable CG
model to reveal the mechanism of an external electric field
affecting phase separation. The present model succeeds in
reproducing the effects of promotion and suppression of phase
separation under an external electric field. The simulations
directly show how changes in the molecular polarization
energy, VDW interaction and Coulomb interaction induced by
an external electric field affect the phase separation strength,
which in turn leads to changes in the transition temperature.
Orientation of the concentration fluctuation occurs once the
electric field is imposed, even before the phase separation point.
The external electric field does not affect the distribution state at
the phase separation temperature. Accordingly, a simple
method is proposed to quantitatively predict the change in the
phase separation temperature with an electric field by utilizing

the phase separation temperature without an electric field.
Perfect agreement is achieved. The present simulation method
and theory can be applied to other systems such as the phase
transition of polymer solutions or block polymers under an
electric field.
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