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A B S T R A C T   

Electromechanical responses of lamellar forming neutral-charged diblock copolymers (BCPs) in thin films are 
investigated using coarse-grained molecular dynamics simulations, where the electric permittivity of polymer 
monomer is described by explicitly introducing freely rotating dipoles. Effects of an applied electric field on the 
ion transport, morphological change and stress build-up are studied in detail. In particular, we focus on the 
responses to strong electric fields in terms of the ion dissociation and stress distribution along the film thickness. 
The different stages of BCP evolution under the electric field are characterized. This work paves a way towards 
establishing a modeling scheme that describes the response of ionic polymers in the presence of applied electric 
field.   

1. Introduction 

Microphase separation in neutral block copolymers (BCPs) has 
received tremendous attention over the last five decades [1–17]. Ther
modynamic properties of the microphase separation are dictated by the 
interplay of entropic penalty due to chain stretching and repulsive in
teractions among the monomers of different types in the block co
polymers. Despite this simple picture from the thermodynamics aspect, 
chain dynamics in microphase separated morphologies is quite 
complicated due to the inhomogeneous density profiles. In addition, for 
various applications requiring electrical responses from polymers 
[18–22], ionic blocks have been routinely linked to a neutral block so 
that the ionic block provides the necessary electrical response and the 
neutral block provides the requisite other property such as the me
chanical strength [23–25]. Block copolymers are thus also considered as 
promising smart materials. In the last decade, several theoretical and 
experimental studies have focused on understanding the thermody
namics of microphase separation in ionic block copolymers [26–34]. 
These studies have established the entropic and enthalpic effects of 
counterions [4,35,36]. The entropic effects tend to stabilize the disor
dered phase and the enthalpic effects resulting from the interaction of 
ions with the polar groups of the polymers tend to stabilize microphase 
separated morphologies. 

Despite the developments in the area of thermodynamics, the un
derstanding in the kinetics of ionic block copolymers under the electric 
field is still in infancy stage. Seminal works by Amundson and Helfand 
[37,38] have laid out the foundation on the effects of applied electric 
field on the neutral diblock copolymers. In the last decade, researchers 
have explored the effects of counterions on the threshold voltage 
required for the morphological transformation in the presence of applied 
electric fields [27,28]. Most of these studies have focused on the equi
librium conditions without considering the kinetics of the morpholog
ical transformations. These studies have clearly pointed out the 
importance of dielectric contrast among the microphase separated do
mains and the concentration of counterions in affecting the threshold 
electric field required to incite morphological changes. 

In this study, we have used coarse-grained molecular dynamics 
simulations (CGMD) to explore the effects of an applied electric field on 
the morphological change, ion transport and stress build-up in nanoscale 
thin films. In particular, the relative permittivity of polymers is 
considered by explicitly introducing dipole characteristics of the poly
mer CG beads. Detailed study on the kinetics of the response under 
electric field provides useful insights into the electromechanical 
response of the thin films. We focused on films containing lamellar 
forming charged-neutral diblock copolymers, in which interfaces of the 
microphase separated domains are aligned parallel to the electrodes. 
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The effect of varying dipole moments on the kinetics of the electrome
chanical responses are studied in detail. 

2. Models 

2.1. Potentials 

The equilibrated ordered lamellar phases of diblock copolymer is 
obtained by a two-step procedure in the CGMD model as employed in 
our previous studies [39,40]. Only the key features of this model will 
thus be described in the following. At first a soft intermolecular potential 
is used to rapidly equilibrate the diblock copolymers and the ordered 

lamellar phases can be formed from the initially randomly placed 
polymers within a comparably short time. The soft intermolecular po
tential consists of a repulsive interaction similar to those used in dissi
pative particle dynamics (DPD) simulations [41,42]: 
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where aij represents the interaction strength between monomers of type i 
and j (i, j = A, B), rc is the cutoff distance, and r is the distance between 
two interacting monomers. Here aAA = aBB = 25.0kBT, and aAB =

50kBT. Adjacent beads are connected by a harmonic bond with zero 
equilibrium length: 

Us
b = κDr2 (2)  

where the spring constant κD = 1.89kBT/σ2. The monomer concentra
tion ρN is controlled at a density of 3.0 r− 3

c , where rc is estimated to be 
1.65 to keep the similar density between the soft and hard model. 

The second step involves a final equilibration with the target po
tential (hard potential) for a further relaxation of short-range structure. 
In the target potential all beads interact via a shifted Lennard-Jones (LJ) 
potential of the form [43,44] 
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where ∊ij is the interaction strength in the hard potential between beads 
of type i and j (i, j = A, B), and σ is the diameter of bead. ∊AA = ∊BB =

1.0kBT, and ∊AB = 0.1kBT. In addition, adjacent beads interact via a 
harmonic potential 

Uh
b = κ(r − σ)2 (4)  

with bond constant κ = 200kBT/σ2, and kB and T represent the Boltz
mann constant and temperature, respectively. Other modeling details of 
the two-step equilibrium can also be found in our previous studies 
[39,40]. 

The relative permittivity (or dielectric constant) ∊r of the diblock 
copolymers are considered by introducing freely rotating permanent 
dipole moment μ to all neutral beads. The dipole moment μ varies from 1 
to 2 to represent moderately to strongly polar polymers. The mapping 
from the reduced dipole moment to that of the realistic material system 

can be conducted through μ = μ*/
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4πε0σ3∊

√
, where μ* is the dipole 

moment in physical unit. Using σ ∼ nm and ∊ = 1kBT, it can be esti
mated that the reduced dipole of materials having the dielectric constant 
of 10 is around 1, and that a reduced dipole of 1–2 corresponds to the ∊r 
in the range of 10~50. This falls into the range for moderately to 
strongly polar polymeric materials. The estimated value would vary 
depending on the specific value of repeat unit size σ and interaction 
strength ∊. 

The electrostatic interaction among the negatively charged beads, 
positively charged counterions and neutral beads containing permanent 
dipoles are turned on in the target potential:  

where q is the charge of the positively charged beads and negatively 
charged counterions, p→ is the vector of the dipole moment and 
r→= Ri − Rj is relative position vector between atom i and j. 

The above model will be referred as ‘dipole model’. A uniform 
background dielectric without explicit dipole description, one of the 
most commonly used models, will also be studied in order to make 
comparison with the dipole model. 

2.2. Simulation procedure 

The block copolymers under consideration has a chain length N of 
100, and the fraction of A block fA equals to 0.5. A total of 200 chains are 
simulated. For ionic copolymers, 30% of the type A bead are charged, 
and charged beads are distributed uniformly along the A block. To keep 
the system charge neutral, 3,000 counterions are also introduced. The 
polymer and counterion beads are randomly displaced in the simulation 
box with an initial density of around 0.85 σ− 3. 

Before investigating the thin film, the bulk copolymers are first 
studied, where periodic boundary condition is applied to all directions. 
An NPT ensemble is adopted, with constant pressure set as zero and 
thermostat coupling constant equal to 0.5 τ− 1. A comparison between 
the ion transport behaviors predicted by the model that adopts the 
dipole description for each bead and that uses a uniform background 
dielectric constant is conducted. The other potentials involved in 
describing the two models remain the same. 

In the case of thin films, an NVT ensemble is adopted with shrink- 
wrapped boundary condition applied in the z direction while the other 
two directions kept periodic. The thickness of the film is adjusted so that 
the pressure along all directions fluctuate around zero. Polymer beads 
and counterions also experience interaction from the walls that are 
located at the shrink-wrapped boundary representing either the sub
strate or electrode. At the soft potential stage, the B type monomer is 
experiencing more repulsion than the other atoms from the wall, when 
the interaction strength between the wall and B type is aW− B = 50kBT 
and that between the wall and A type is aW− A = 25.0kBT so that the 
neutral layer is formed in the middle of the film. In the target potential 
stage, the nonbonded LJ potential parameter is set as ∊ = 1kBT between 
the wall and polymer beads, as well as between counterions and other 
beads. 

For both the bulk and thin film systems, the soft potential stage takes 
for 0.5~2 million timesteps at a time step size of 0.01 τ until the lamellar 
phase is generally formed. Then a further equilibration for the short- 
range structure is conducted for another 2~6 million steps at a time
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step size of 0.005 τ. All simulations were performed using the LAMMPS 
Molecular Dynamics Simulator at a constant temperature of 1∊/kB. The 
electric field strength E = 5 corresponds to hundreds of V/µm based on 
E = E*

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4πε0σ3/∊

√
using σ nm and ∊ = 1kBT, where E* is the electrical 

field in physical unit and kB is the Boltzmann constant. This is a quite 
strong electric field mainly because it takes prohibitively long compu
tational time to reach a steady state under weaker electric field using a 
MD simulation. 

In the following, the standard reduced LJ units are used, i.e., all 
physical quantities are expressed in the units of m, σ, ε, and kB unless 
otherwise specified. 

3. Result 

3.1. Mean squared displacement (MSD) of ionic copolymers in bulk 
condition 

The ionic copolymers with 30% A block charged are first investigated 
in bulk condition. The time dependent mean squared displacement 
(MSD) curves are plotted in the logarithmic plot. In the model that in
cludes explicit dipole description, the diffusion of counterions is slower 
compared to that using the uniform background dielectric model, 
regardless of the magnitude of dipole moment (Fig. 1a). In the long-time 
regime (t > 100), the counterions in both models show diffusive 
behavior. 

The MSD of the neutral monomers, charged monomers and coun
terions are shown in Fig. 1b and c. In the uniform dielectric model, the 

Fig. 1. (a) MSD of the counterion in two models; (b) and (c) MSD of atom groups of counterion (CI), charged monomers (CM) and neutral monomers (NM) in dipole 
and KG model, respectively; (d) and (e) the MSD of counterion and its component in direction perpendicular and parallel to the lamellae of dipole and KG model. 
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neutral monomers show a transition from ballistic regime to t1/2 and 
then to t1/4, as predicted by the sub-diffusion motion of unrestricted 
Rouse model and Rouse motion confined to a tube, respectively. The 
neutral monomers in the dipole model demonstrate different transition 
behaviors that occur at the larger time scale and higher diffusivity. The 
charged monomers show lower diffusivity than neutral ones in the 
dipole model, due to their stronger interaction with the neutral beads 
with dipole. In both models, the counterions start to decouple from the 
monomer movement in the long-time scale. However, the decoupling 
effect is more pronounced in the uniform dielectric model. 

In Fig. 1d and e, the MSD of counterions is decomposed into the 
parallel and perpendicular to the interface normal direction. In the 
uniform dielectric model, the diffusion of the perpendicular component 
of counterion MSD is significantly different from the parallel component 
after t > 1, 000, when the mobility of counterion drops in the perpen
dicular direction. In this model, the counterion only interact strongly 
electrostatically with the charged monomers and preferably reside in the 
A block. Since the block thickness is around 10, the reduced perpen
dicular mobility at this length scale should be related to the constrained 
movement of counterions within the A block. In the dipole model, the 
counterions interact electrostatically with both the charged and neutral 
monomers, so that the mobilities in the two directions are comparable. 

The extracted diffusion coefficients of the counterions and mono
mers (both charged and neutral) in the lamellar BCPs for both the dipole 
and uniform dielectric models with different dipole moment μ and 
dielectric constant εr are given in Table 1. The diffusion coefficient of 
monomer Dmo and counterion Dci decreases with increasing μ due to the 
stronger interaction between monomers and counterions. Due to the 
weak interaction between counterion and neutral monomers, Dci is 
much higher in the uniform dielectric model. The perpendicular and 
parallel diffusion coefficients are very similar for the dipole model as 
analyzed above. It can be seen that even though a uniform background 
dielectric constant can be more conveniently employed in the MD model 
to represent the polar polymers, it predicts different ion diffusion be
haviors from the explicit dipole model. In the following, the ion trans
port, stress and morphology evolution are investigated in the thin film 
structure described by the dipole model. 

3.2. The response of neutral copolymer thin film to external electric field 

The neutral BCPs with and without dielectric mismatch (i.e., the A 
and B block are assigned with the same or different dipole moment) is 
then considered before the ionic BCP thin film. The stable morphology 
and that after the applied electric field of neutral monomers with and 
without dielectric mismatch are shown in Fig. 2. The neutral BCP with 
dielectric mismatch shows a much sharper interface comparing to the 
BCP without mismatch, indicating that the immiscibility of the two 
blocks becomes stronger with increasing dielectric mismatch. From a 
microscopic point of view, the A and B type bead at μA = 0and μB = 2.0 
will not attract each other electrostatically, reducing the possibility of 
miscibility. 

Under an applied electric field, the mismatched BCPs demonstrate a 
transition with the lamellae microphase interface realigning to the 
parallel to electric field direction. This phenomenon has been discussed 

in several experimental and theoretical papers [6,7]. In contrast, the 
neutral BCPs with no dielectric mismatch remain their morphology upon 
the applied electric field. The consistent results between our model and 
previous studies on neutral polymers support the validity of the dipole 
model. 

3.3. The response of ionic copolymers thin film to external electric field 

3.3.1. Ion dissociation 
The number of neighboring counterions of the charged monomers is 

analyzed to reveal the dissociation of charged pairs under the electric 
field. The average number of counterions 〈n〉 is calculated based on a 
cutoff distance of 2.5 and averaged over all charged monomers. As 
shown in Fig. 3, 〈n〉 is around 3.4 for all cases before the electric field is 
applied. After the electric field is applied, dissociation occurs as shown 
by the decreasing 〈n〉 within t = 700,3,500and 5,000 for different μ =

1, 1.5 and 2, respectively. This happens simultaneously with the rapid 
decrease of μt,z. Then 〈n〉 gradually reaches a stable value. This disso
ciation process is accompanied with the transport of charged monomers 
and counterions, and the evolution of morphology. The decrease in 
moment magnitude is more pronounced with increasing dipole moment. 

The time-dependent evolution of total dipole moment component 
μt,x, μt,y and μt,z is calculated to understand the effect of external electric 
field as shown in Fig. 4. Under no external electric field, the value of μt,x, 
μt,y and μt,z are fluctuating around zero, indicating that the dipole mo
ments of neutral monomers are randomly oriented reaching electrostatic 
balance. The μt,z of the system with μ = 1.0,1.5 and 2.0 induced by 
electric field reaches around 8,700, 14,000 and 18,000 at the peak, 
respectively. The total dipole moment perpendicular to the electric field 
μt,x and μt,y continues to fluctuate around zero. With the system further 
evolving under the electric field, μt,z decreases and gradually stabilized. 
The time to reach a stabilized value increases with increasing μ. At the 
plateau, the μt,z fluctuates around zero except for the system with μ =

2.0 which still slowly decreases. At this stage, the BCP enters a stable or a 
quasi-stable state under the electric field, which will be further discussed 
in the following sections. 

3.3.2. Stress evolution 
The stress evolution contributed from the monomers and counterions 

at varying dipole moment μ are plotted in Fig. 5. The normal stress 
component σzz and 1

2
(
σxx +σyy

)
are used to describe the stress parallel 

and perpendicular to the electric field. The stress evolution of the sys
tems with different dipole moment is quite different, but all can be 
roughly divided into three stages marked by the dashed line. 

For μ = 1.0, both counterions and monomers have a rapid decrease 
in 1

2
(
σxx +σyy

)
at t < 700 (stage I), showing a strong compression 

perpendicular to the electric field. σzz also decreases at this stage. As will 
be shown later, counterions and charged monomers are moving toward 
the corresponding electrode at this stage. At stage II (700 < t < 3,300), 
σzz is relatively stable and 12

(
σxx +σyy

)
decreases at a relatively slow rate. 

The time evolution of stress at these stages can also be related to the 
change of μt,z in Fig. 4. 

With increasing dipole moment, the effect of electric field on the 
stress from monomers and counterions contribution is more complex in 
systems with μ = 1.5 and μ = 2.0. At stage I, the curve following the 
same pattern as the stage I at μ = 1.0, which is also dominated by the 
movement of charged monomers and counterions (Fig. 5), as also indi
cated by the dissociation of charged pairs during this time period 
(Fig. 3). At stage II, 12

(
σxx +σyy

)
increases and σzz continues to decrease 

(Fig. 5). At stage III, the plateau is formed for all stress components. At 
this stage, the film can be considered to have reached a steady state 
(Fig. 5). 

The morphology, density and stress distribution along the film 
thickness are further examined in the following. As shown in Fig. 6, for 

Table 1 
Diffusion coefficient of neutral monomers (Dmo) and counterions (Dci) extracted 
from the MSD plot in the long-time scale; subscript ⊥ and ‖ indicate perpen
dicular and parallel to the interface normal direction, respectively.   

μ = 1.0  μ = 1.5  μ = 2.0  εr = 10  εr = 50  

Dmo  6.27E-05 4.97E-05 4.26E-05 5.34E-05 4.76E-05 
Dci  1.12E-03 1.09E-03 7.90E-04 4.63E-03 5.66E-03 
Dci⊥ 3.38E-04 3.51E-04 2.52E-04 1.63E-04 9.25E-05 
Dci‖ 3.93E-04 3.71E-04 2.69E-04 2.40E-03 3.00E-03  
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μ = 1.0 the counterions are mainly scattered in the A block at the initial 
stage. There are a small number of counterions in the B block causing 
larger stress fluctuation due to the lack of positively charged monomers 
in the neighbors (Fig. 6 upper panel c). After the electric field is applied, 
counterions and charged monomers are found to migrate to and accu
mulate on the surface of the positive and negative walls, respectively. 
This can be clearly seen in the density profile of the A block polymers 
and counterions. The stress of counterions changes significantly, 
showing a linear profile across the film thickness. In comparison, the 
stress of monomers only shows relatively small perturbation by the 
applied electric field at the locations close to the walls. 

The morphology, density and stress distribution along the thin film 
thickness at μ = 1.5 can be more clearly seen in Fig. 7. At the initial state 
when E = 0, a higher number of counterions are found in the B block as 
compared to μ = 1.0, possibly due to the stronger interaction between 
the counterions and monomers of higher dipole moment. The 
morphology and density profile at the end of stage I shows that the 
counterions have already largely migrated to the negative wall at t = 3,
000. A few A-block copolymers initially layered at the negative wall 
migrate towards the positive wall, forming several bridges between the 
two A-block layers, similar to that observed for μ = 1.0. The migration 
of A-block through bridges continues and finishes at the end of stage II 
around t = 12,000. At stage III, the BCP thin film reaches a new stable 
state under the applied electric field, where the B block location is 
shifted toward the negative wall compared to the initial state. 

Fig. 2. Steady state of neutral BCP thin film with dielectric mismatch (μA = 0,μB = 2.0)at (a) E = 0 and (b) E = 5. Steady state of neutral BCP with (μA = μB = 2.0)at 
(a) E = 0 and (b) E = 5. A block is in red and B block is in yellow. 

Fig. 3. Computed averaged neighboring counterions number 〈n〉 of charged 
monomers over time; the dashed line represents that the electric field is turned 
on at t = 0. 
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Fig. 4. Evolution of the total dipole moment component with time after the electric field is applied. The left, middle, and right panel corresponds to μ = 1.0,1.5 and 
2.0 respectively. 
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At μ = 2.0, the interface roughness increases greatly with a number 
of protrusions of A blocks into the B block, which increases the stress 
near the interface due to the low compatibility between the A and B 
block (Fig. 8 upper panel a). The density profile shows the transition 
between blocks becomes smoother. After the applied electric field, the 
lamellar morphology transforms into a disordered phase within very 
short time (~500 τ). This disordered phase is maintained until stage II. 
Eventually the morphology become stable as shown in Fig. 8a bottom 
panel. Even though a separated microphase morphology is expected as 
for μ = 1.0 and 1.5, this microstructure maintains the same up to a 
simulation time of t = 25,000. 

Overall, the surface roughness at the initial state is greatly affected 
by the dipole moment μ. With increasing μ, the lamellar interfacial width 
becomes larger. The response of thin film under the applied electric field 
is also affected by the dipole moment, with a well-separated microphase 
under electric field at μ = 1.0 and 1.5, and a mixed phase at μ = 2.0. 
Under all conditions, the counterions and A block with charged mono
mers migrate to the corresponding positive and negative wall, respec
tively, and the density of the accumulated counterions and charged 
monomers are around 0.75 and 1.15, respectively. The A block migra
tion is through bridges formed in the B block at stage I. At the final stage, 
the A block initially located at the positive wall is either reduced in 

Fig. 5. Evolution of the stress component contributed from the monomers and counterions with time when electric field is applied at t = 0. The left, middle, and 
right panel corresponds to μ = 1.0,1.5 and 2.0 respectively. 

Fig. 6. (a) Morphology, (b) density distribution and (c) stress distribution along the height of the film thickness at different stages of BCPs with μ = 1.0. The upper, 
middle and lower panel represents the initial stage, stage I and III at t = 0,500, and 12, 000, respectively. The B type monomer are set as transparent for better 
visualization; counterion, charged monomer and neutral A type monomer are in white, red and blue respectively. 

M. Ma and Y. Fu                                                                                                                                                                                                                               



Chemical Physics Letters 778 (2021) 138817

7

thickness or eliminated, and the B blocks are shifted to the positive wall. 
At last, the model is modified by introducing dipole to the charged 

beads in order to consider the case of large organic unit. The BCPs with 
μ = 1.5 is modified with all monomers assigned with dipole moment 
regardless of their charge state. As shown in Fig. 9, the initial interface 
sharpness appears similar as the case when the charged monomer has no 
dipole moment presented above. However, the extra dipole moment 
could potentially increase the attraction between beads, and reduce 
their mobility. It is observed that it takes longer time for the system to 
reach a steady state with this modification. The morphology at t =
15,000 τ still shows a transient state and the stress still evolves. 

So far, there have been limited experimental studies on the response 
of ionic polymers to strong electric field. Existent experimental and 
theoretical studies have been relatively focused on the neutral BCPs, 
which demonstrate drastic changes in morphology by the reorientation 
of the lamellar phases with microdomain interfaces parallel to the 
electric field [38,45]. This reorientation is mainly related to the 
dielectric mismatch between the two blocks, which has also been 
captured in our model. Electric-field induced motion of ionic copolymer 
thin films has only been studied by Dugger et al. [46], where the change 
in the thickness of lamellar thin film and couterion redistribution has 
been reported. These studies are in qualitative agreement with our 
findings, even though quantitative comparison is difficult due to the 
difference in the field strength and the employment of a CG model in our 
study. In addition, theoretical and experimental studies have revealed 
the influence of physical properties of constituent copolymers including 
the dielectric contrast on the interfacial width and roughness of BCP film 
[47]. This is also captured in our studies in that block copolymer with 

μ = 1.0 and 1.5 show a relatively sharp interface. With increase polar
izability, a wider and rougher interfacial area is found for μ = 2.0 
indicating the compatibility of the two blocks is increased. 

4. Conclusion 

In this study, CGMD simulations are performed to understand the 
response of the ionic diblock copolymer thin film under electric field. 
The dipole model is adopted to describe the neutral monomers. The 
mobility of counterions and monomers are first compared with the 
uniform dielectric model. The MSD analysis shows that the diffusion 
behaviors described are similar but exhibit differences in the diffusion 
coefficients and diffusivity parallel and perpendicular to the interface 
normal direction. Compared with the uniform dielectric model, the 
counterions in the dipole model are less confined within the A block. 

The response of the BCP thin film under the strong electric field is 
carefully analyzed in terms of the ion transport, morphology and stress 
evolution. Different dipole moment that represents different relative 
permittivity is considered. The evolution has been largely divided into 
three stages as follows:  

I. Stage I: Counterions and charged monomers move towards the 
negative and positive wall, accompanied by the dissociation be
tween charge monomers and counterions. The total dipole 
moment in the electric field direction also relaxes from the rapid 
initial increase caused by the electric field. At μ = 1.0 and 1.5, the 
transport of charged monomers is mainly through a few bridges 
connecting A blocks rapidly formed under the applied electric 

Fig. 7. (a) Morphology, (b) density distribution and (c) stress distribution along the height of the film thickness at different stages of BCPs with μ = 1.5. The upper, 
middle and lower panel represents the initial stage, stage I and III at t = 0,3, 000,15, 000, respectively. The B type monomer are set as transparent for better 
visualization; counterion, charged monomer and neutral A type monomer are in white, red, and blue respectively. 
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field. At μ = 2.0, the well-separated microphase becomes disor
dered at this stage.  

II. Stage II: At relatively low dielectric constant (i.e., μ = 1.0 and 
1.5), the thickness and number of bridges reduces. At μ = 2.0, 
the B block polymer starts to gather near the positive wall. 
Meanwhile, A type monomers gradually move out of that region. 
The dissociation of charged pairs has been largely completed, and 
the dipole moment undergo further reorientation, accompanied 

with stress relaxation. Even though the polymer transport con
tinues, the dissociation of charged pairs has stopped, and the total 
moment μt,z remains a plateau.  

III. Stage III: The BCP thin film reaches a steady state. At μ = 1.0 and 
1.5, A block bridges disappear leaving a well-separated lamellae 
morphology. At μ = 2.0, B block is partially gathered close to the 
wall and partially mixed with A block. 

Fig. 8. (a) Morphology, (b) density distribution and (c) stress distribution along the height of the film thickness at different stages of BCPs with μ = 2.0. The upper, 
middle and lower panel represents the initial stage, stage III and III at t = 0, 4, 500, 15, 000, respectively. The B type monomer are set as transparent for better 
visualization; counterion, charged monomer and neutral A type monomer are in white, red and blue respectively. 

Fig. 9. The morphology of modified model at μ = 1.5 before the electric field is applied and that 15,000 τ after the electric field is applied, as well as the evolution of 
stress over time, where solid and dashed lines represent the model with charged monomer without and with a dipole moment, respectively. 
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This CG model with explicitly introduced dipole moment to repre
sent electric permittivity is able to capture some salient features 
consistent with experimental and theoretical studies such as the 
morphology change, counterion redistribution, and interface roughness 
under applied electric field. 
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