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Abstract
The interfacial properties of polymer dispersed liquid crystal (PDLC) gratings influenced by
partial matrix fluorination are studied through molecular dynamics methods. The miscibility
between the fluorine-substituted monomer and other materials in the prepolymer mixture is
evaluated by using the solubility parameters of molecules. The interfacial effect of different
fluorination levels is analysed theoretically. The results indicate that most fluorine-substituted
monomers are distributed on the interface between the monomer and the LC. The interaction
energy on the interface decreases with increasing fluorination, which can improve the
electro-optical tunable performance of such gratings. However, it should also be noted that
excessive fluorination may lead to penetration of fluorine-substituted monomers into the LC
medium. Such a result will block the normal diffusion of LC during the photo-initiated
polymerization-induced phase separation process. Through calculation of the radial
distribution function, a reasonable alignment structure for LCs near the interface is given. The
calculation of the order parameter shows that fluorination causes disorder of their orientation.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Polymer dispersed liquid crystal (PDLC) gratings are a
very promising kind of electro-optical device. Because
of its electric field switchability, sub-millisecond response
and simple fabrication, this type of grating can be applied
in optical communications, integrated optics, optical data
storage and flat panel displays [1–4]. The ingenious
conception of an electrically-tunable grating recorded through
holography in a PDLC film was originally proposed by
Sutherland et al in 1993 [5]. The prepolymer syrup,
which is a mixture of photosensitive monomers and nematic
liquid crystals (LCs), is exposed under an interference field.
After exposure, an alternating LC-rich and polymer-rich
lamella structure is formed due to photopolymerization of
the monomers and diffusion of the LCs in a photo-initiated

4 Author to whom any correspondence should be addressed.

polymerization-induced phase separation (PIPS) process
[5–9]. Because of the electric field response of LC
molecules and the refractive index modulation between LC-
rich and polymer-rich lamella, the diffraction efficiency can
be switched. Unlike the conventional PDLC devices, the
LC droplets in PDLC grating are very small, typically less
than 50–200 nm [6, 7, 10, 11], so the light scattering of PDLC
grating is very weak throughout the near UV to IR spectrum
and better optical properties are obtained.

However, the intricate physical-chemistry mechanisms
during PIPS block the normal diffusion of LC, and lead
to an incomplete phase separation. As a result, a blurred
phase separation interface is formed, which not only distorts
the optical properties of the grating but also leads to
very poor interfacial properties (large interface energy and
surface tension). The poor interface consequently gives
rise to a very high threshold voltage and bad electro-optical
properties. Some researchers consider that good interfacial
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properties are the key issues in improving performance.
They select many kinds of surfactant monomers to promote
phase separation [12–17], and experimental results show that
interfacial properties are indeed improved by these materials.
An effective example is a fluorine-substituted monomer which,
due to its highly electronegative character, has a low surface
free-energy. On the other hand, the fluorine atoms enhance
the oleophobic properties of the monomer and promote the
phase separation. Schulte et al and Sarkar et al have studied
the electro-optical performance and interfacial properties of
PDLCs and PDLC gratings by partial matrix fluorination
[14–17]. Their results proved that fluorination can lower
the interface tension and promote phase separation, thereby
increasing the dimension of the LC-rich phase and decreasing
the threshold voltage of the device. These results are very
helpful. However, because of the restriction of experimental
instruments and observation methods, many vital microscopic
details of the effect of fluorination on the interfacial properties
cannot be resolved directly by experiments. Thus, theoretical
analysis is necessary, not only because of the importance
of fluorination in these gratings but also because of the
tremendous value of theoretical studies in our understanding
and prediction of the properties induced by fluorination.

In this paper molecular dynamics (MD) methods are
used to investigate the influence of partial fluorination on the
interfacial properties. The solubility parameters and diffusion
constants of various materials are calculated and compared
with each other quantitatively to explain the miscibility and
diffusion characteristics of the prepolymer. The molecular
interaction energies and the distribution of fluorine-substituted
monomers near the interface are investigated through MD
simulation. Some results show good agreement with the
previous reports. The radial distribution function (RDF) is
applied to investigate the root of interaction decrease caused by
fluorination, as well as to analyse the LC alignment structure
near the interface. The LC orientation is also investigated
through calculation of the order parameter. MD may help us to
understand the fundamental mechanisms of the improvements
in interface properties and phase separation by fluorination. It
also provides a guideline when selecting suitable materials for
fabricating PDLC gratings.

2. Simulation methodology and theory

2.1. Simulation methodology

All calculations for a polymer–liquid crystalline composite
system are carried out using the complete atomistic model.
Before the MD calculation, a suitable force field should
be assigned to every atom in the molecule to make them
move during MD calculation. This step is very important
and determines the correctness of the calculation. In our
work, the polymer consistent force field (PCFF) [18, 19] is
selected. This is an extension of the consistent force field,
CFF [20–22], and is always applied to simulate polymers
and organic materials such as LCs or any of the monomers
mentioned above. Moreover, the PCFF includes many kinds
of intra-molecular and intermolecular energies, which makes

it very suitable for energy calculations. The force field can be
derived from the following expression, where Epot represents
the potential energy of the molecule.

Epot =
∑

b

[K2(b − b0)
2 + K3(b − b0)
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4]

(1)

+
∑

θ

[H2(θ − θ0)
2 + H3(θ − θ0)

3 + H4(θ − θ0)
4]

(2)

+
∑

φ

{V1[1 − cos(φ − φ0
1)] + V2[1 − cos(2φ − φ0

2)]

+ V3[1 − cos(3φ − φ0
3)]}
(3)

+
∑

χ

Kχχ2 +
∑

b

∑
b′

Fbb′(b − b0)(b
′ − b′

0)

(4) (5)

+
∑

θ

∑
θ ′

Fθθ ′(θ − θ0)(θ
′ − θ ′

0)

(6)

+
∑

b

∑
θ

Fbθ (b − b0)(θ − θ0)

(7)

+
∑

b

∑
φ

(b − b0)[V1 cos φ + V2 cos 2φ + V3 cos 3φ]

(8)

+
∑
b′

∑
φ

(b′ − b′
0)[V1 cos φ + V2 cos 2φ + V3 cos 3φ]

(9)

+
∑

θ

∑
φ

(θ − θ0)[V1 cos φ + V2 cos 2φ + V3 cos 3φ]

(10)

+
∑

φ

∑
θ

∑
θ ′

Kφθθ ′ cos φ(θ − θ0)(θ
′ − θ ′

0)

(11)

+
∑
i>j

qiqj

εrij

+
∑
i>j

[
Aij

r9
ij
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ij

]
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In equation (1), the quartic polynomials of terms 1 and
2 denote bond stretching and angle bending, respectively,
which represent the potential energies caused by distortions
of bond length and bond angle. Here b0 is the equilibrium
bond length between two atoms, θ0 is the equilibrium bond
angle between two bonds and Ki and Hi (i = 2, 3, 4) are ith-
order bond stretching parameter and angle bending parameter,
respectively. Term 3 is a three-order Fourier expansion for
the potential energy caused by torsion between two planes
(such as the benzene plane) in the molecules and Vi is the
ith-order expansion coefficient (i = 1, 2, 3). The out-of-plane
bending angles are expressed in term 4, which has been defined
in many other publications [20–23], where χ are the out-of-
plane internal coordinates and Kχ is the out-of-plane bending

2



J. Phys. D: Appl. Phys. 41 (2008) 235302 Z Zheng et al

parameter. Terms 5 to 11 are cross-coupling terms of the bond–
bond, angle–angle, bond–angle, bond–torsion, angle–torsion
and angle–angle–torsion. Here Fbb′ , Fθθ ′ , Fbθ and Kϕθθ ′ are
coupling coefficients, as defined in a prior report [24]. Maple
et al have shown that these cross-coupling terms make the
calculated results more realistic [25]. Coulomb interaction
is represented by the electrostatic interaction based on the
point charge approximation (term 12) and the van der Waals
interaction which is expressed as a 9–6 Lennard-Jones function
form (term 13). Terms 12 and 13 are called non-bond action
terms, with ε being the vacuum dielectric constant, and Aij

and Bij the van der Waals parameters. The parametrization
of all coefficients contained in equation (1) can be completed
by least-squares fitting to ab initio data calculated through the
Hartree–Fock approximation, or to data obtained through a
great number of experiments. Detailed presentations have been
reported by Hwang et al and Sun et al [20–22].

To investigate the properties of materials it is necessary
to build some bulk system before simulation. First, some
molecules are put in a cubic box. The volume (L × L × L) of
the box is determined by the material density and the number of
molecules it contains. To simulate real macroscopic material
systems which contain Avogadro’s number of molecules,
periodic boundary conditions and periodic mirror images are
always used [19]. The two algorithms can be expressed simply
as follows. A cubic original box is generated. Simultaneously,
many similar virtual boxes are generated and laid around the
original one. The number of atoms and their distributions in
the virtual boxes are the same as in the original. In the MD
simulation, we only need to simulate the original box because
the dynamics in the virtual ones are considered to be the same.
However, the interactions can be calculated with the virtual
boxes under the definition of the cut-off radius. By means of
the two algorithms the macroscopic materials can be simulated.
Some insightful demonstrations of the periodic boundary
conditions and periodic mirror images can be found in many
references [19, 26, 37]. In addition, it is worth explaining the
cut-off radius: to simplify the calculation a radius (rc) is set,
such that by definition the potential between two atoms is
equal to zero when their distance is rc or larger [19, 37]. The
interaction is very small near rc. Normally, rc should be a little
smaller than half of the dimension, rc � L/2 [19, 27, 28]. In
our simulation, the cut-off radius is chosen to be 9.1 Å.

The PDLC gratings are generally fabricated with
the following materials: penta-functional dipentaerythritol
hydroxyl pentaacrylate (DPHPA), di-functional neopentyl
glycol diacrylate (NPGDA) and nematic LC 5CB (the director
of 5CB molecule is defined to be the biphenyl segments). To
improve the interfacial properties at the LC/polymer interface,
fluorination is necessary. In our simulation, 12-fluorine-
substituted dodecafluoroheptyl methacrylate (Actyflon) is
used. The chemical structures and corresponding molecular
models of the materials are given in figure 1. Before the
MD simulations three amorphous boxes (DPHPA, NPGDA,
Actyflon) are generated first. Then 25 DPHPA molecules are
assembled in a cubic box of dimension 26.65 Å corresponding
to a density of 1.155 g cm−3 at 298 K. Also, 25 NPGDA
molecules, 25 Actyflon molecules are assembled in cubic

boxes of sizes 20.32 Å and 21.86 Å, corresponding to densities
of 1.054 g cm−3 and 1.589 g cm−3, respectively, at 298 K. The
densities of the three materials are obtained from Aldrich
and XEOGIA Fluorine–Silicon Chemical Company. The
25 5CB molecules are assembled in a 21.65 Å-dimensional
box (corresponding to the experimentally tested density
1.020 g cm−3 [29]) to generate a nematic phase. The pretilt
angle is set to be 0◦ in the simulation.

To carry out MD calculations at a certain temperature, the
energies of the four systems have to be minimized (after this
step the systems stay in the most stable state corresponding
to 0 K). The minimization is performed by a conjugated
gradient method based on the Polak–Ribiere algorithm [30].
The convergence of the calculation is set to be 10−5 kcal mol−1.
Then thermo-relaxation of the systems at 298 K is carried out
under the NVT canonical ensemble (defined as the ensemble
under conditions of constant volume V and temperature T

in the whole MD process) to equilibrate the systems. In
NVT thermo-relaxation, a rescaling velocity coefficient is
defined to rescale the value of the velocity of atoms [31–33].
The rescaling makes the system’s kinetic energy invariable
in the whole calculation, so the system temperature remains
invariable. The thermo-statistic algorithm is Anderson’s
method [34]. The equilibration is carried out for 100 ps with a
time step of 1 fs, followed by a data collection period of 50 ps
for analysis.

In the PIPS process, the phase separation of the grating
plays a decisive role in the interface structure, which is
closely related to the optical and electro-optical performance
of the grating. To analyse the interfacial properties and
investigate the influences of different fluorinated levels, an
interface model should be built. First, two amorphous boxes
are generated by the method mentioned above. One is a
nematic 5CB box, the other is a monomer box. We use the
mixture of DPHPA and NPGDA to represent the monomer
box, into which 6 DPHPA and 16 NPGDA molecules are
put (corresponding to a weight ratio of 1 : 1, as used in all
our experiments reported previously [35]), and the density of
the system is set to be approximately the average value of
DPHPA and NPGDA. Secondly, the two boxes are stacked
together to form a bi-layer structure, simulating the interface
of LCs and monomers. The fluorination is then simulated by
inserting some Actyflon monomers into the interface, to form
the monomers/Actyflon/LC tri-layer structure. As shown in
figure 2, the dimensions of X and Y are both 18.55 Å, while
the thickness (Z direction) of the layer is 22 Å.

Through the two steps mentioned above, four kinds
of monomer/Actyflon/LC tri-layers with different fluorinated
levels are simulated, cases A, B, C and D corresponding to
the insertion of 5, 10, 15 and 20 Actyflon molecules into
the interface, respectively. The fluorinated level is enhanced
step by step from cases A to D. The simulations indicate
that the fluorinated level depends strongly on the numerical
density of fluorine. The minimization and thermo-relaxation
methodologies and settings are the same as those mentioned
above. After MD simulation of the four tri-layers, some effects
of fluorination on the interfacial properties, such as interface
energy and Actyflon distribution near the interface, can be
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Figure 1. Chemical structure and molecular model of DPHPA (a), NPGDA (b), Actyflon (c) and 5CB (d).

analysed. The algorithm to generate the layer structure and
other algorithms referred to above are well known to many
researchers and details can be found in many publications
[19, 36–39], so they will not be discussed here.

2.2. Theories for calculation and analysis

2.2.1. Solubility parameter. The miscibility between two
kinds of materials can be estimated by the solubility parameter
δ of the molecules, which is normally expressed as the square

root of the cohesive energy density [40, 42],

δ = E1/2
c . (2)

The cohesive energy density Ec is defined as the energy
required to break all intermolecular links in a unit volume of
the materials [40, 41], and is expressed as

Ec = �H − RT

V
, (3)

where �H is the enthalpy change when all intermolecular links
are broken (i.e. heat of vaporization) and can be calculated by
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Z

Y

X

Figure 2. Scheme of monomers/Actyflon/LCs tri-layer structure.
Actyflon/LC interface has been shown.

the non-bond terms in equation (1). As usual, R, V and T are
the universal gas constant, volume and absolute temperature
on the Kelvin scale, respectively.

Substituting equation (3) into equation (2), we can obtain
the solubility parameter of one material.

2.2.2. Diffusion constant. The diffusion characteristic
of molecules is always investigated through the molecular
diffusion constant (D). In MD simulations, the commonest
way to calculate this constant is through the mean square
displacement (MSD) of every atom in the molecules, from
which D can be calculated according to Einstein’s diffusion
law [19, 37, 38]:

MSD =
N∑

i=1

〈|�ri(t) − �ri(0)|2〉 (4)

D = 1

6N
lim
t→∞

d

dt
(MSD), (5)

where N in equations (4) and (5) is the number of atoms in
the system and equation (5) is the mathematical expression of
Einstein’s diffusion law.

In our simulation the atoms are moved according to
Newton’s law under a special force field. At the beginning of
the calculation, the original coordinates (r(0)) of every atom
are saved in the computer. When the MD is started, the position
coordinates (r(t)) of these atoms are changed with time. Thus,
the MSD of atom i at time t can be expressed as |�ri(t) − �ri(0)|2.
Using equation (4), the MSD ensemble average of a system at
arbitrary time t can be obtained. From equation (5) it can be
found that the slope of the line of the MSD versus time is equal
to six times the diffusion constant when the relaxation time
t = ∞ (that is, to make sure the system reaches equilibrium).
Actually, it is impossible and unnecessary to take infinite time
to relax the system, because it reaches approximate equilibrium
in some tens of picoseconds. We should thus calculate the
MSD value at every unit of time, and fit these points as a line.
Then we extrapolate the line to t = ∞, and the diffusion
constant can be obtained by calculating the slope of this line.

2.2.3. Distribution of fluorine atom near the interface.
The distribution of fluorine atoms near the interface cannot
be observed or measured through experimental methods.
However, using MD simulation, this phenomenon can be
explained clearly. In this work, the concentration profile of the
fluorine atoms is calculated through their position coordinate

information and is used to analyse their interpenetration
near the interface. This calculation is very important for
investigating the dynamical behaviour of fluorine-substituted
monomers under different fluorination levels.

2.2.4. Interface energy. In our simulations the interface
energy can be calculated through the layer structure model.
Assuming that the interface energy is represented as Eint;
the total energy of the monomer/Actyflon/LC system is E0;
the energy of the LC layer is ELC; the total energy of the
monomer/Actyflon bi-layer is EM, thus the interface energy
satisfies the expression [43],

Eint = E0 − (ELC + EM) (6)

from which E0, ELC and EM can be calculated according to
the PCFF expression (equation (1)).

2.2.5. Radial distribution function on the interface. We
define an atom on the interface and call it the reference atom.
Another atom near the interface is called the target atom. The
number of target atoms in the range of r to r + �r from the
geometric centre of the reference atom is �N , and r should be
larger than the radius of the reference atom. The RDF g(r) is
then defined as [19],

g(r) = �N

ρ4πr2�r
, (7)

where �N is the number of atoms in the range of r to r + �r

and ρ is the average numerical density of the system. It is
easy to find that the number of target atoms in the range is
proportional to the value of g(r). The value of �N can be
calculated through the position coordinates of the atom in the
equilibrium state.

In our simulation a fluorine atom (F ) on the interface is
defined as the reference atom. The target atom is defined as
the nitrogen atom (N) contained in the 5CB molecule. Thus
the RDF of N near the interface is calculated through the
MD program.

2.2.6. Order parameter of LCs near the interface. The
orientation behaviour of LCs near the interface is a very
important aspect to demonstrate whether the interfacial
anchoring to the LC is strong or weak. A more uniform
alignment usually corresponds to a stronger anchoring on
the interface. Theoretically, the orientation of LC (i.e. order
parameter) on the interface is frequently expressed in terms
of second-order Legendre polynomials. Thus, the order
parameter S(d) is expressed as a function of d, the distance
between the midpoints of any two directors [44, 45];

S(d) = 0.5[3 cos2〈θij (d)〉 − 1], (8)

where 〈θij 〉 is the average angle between two directors i and j .
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Table 1. Solubility parameters of various materials (a), and the
differences between them (b).

(a) Materials DPHPA NPGDA Actyflon N-5CB

δ (J cm−3)0.5 17.33 17.34 13.33 18.93

(b) �δ (J cm−3)0.5 DPHPA NPGDA Actyflon N-5CB

DPHPA 0 0.01 4.00 1.60
NPGDA 0.01 0 4.01 1.59
Actyflon 4.00 4.01 0 5.60
N-5CB 1.60 1.59 5.60 0

3. Simulation results and discussions

In the PDLC gratings one of the most important points
is the PIPS, which greatly influences the structure of the
grating, the LC/polymer interface, the optical performance
and the drive properties. The phase separation is decided by
many characteristics of the materials, such as the miscibility,
diffusion, interface interaction, and so on. Partial fluorination
will obviously change some of the material characteristics, so
some simulations have been carried out on these aspects. The
data collected during the equilibration period (mentioned in
section 2) are utilized to analyse the characteristics of fluorine-
substituted monomers and the effects of partial fluorination on
the interfacial properties.

3.1. Miscibility

The solubility parameters δ of DPHPA, NPGDA, Actyflon
and nematic 5CB (N-5CB) are calculated using equations (2)
and (3). The results are given in table 1(a) and their differences
(�δ) are shown in table 1(b). The miscibility between two
materials can be estimated through the difference in their
solubility parameters. If the difference is too large, their
miscibility characteristic is poor and vice versa.

From table 1(a), δ of Actyflon is 13.33, which is the
lowest among the materials used in our system. According
to table 1(b), the values of �δ for Actyflon compared
with DPHPA, NPGDA and N-5CB are 4.00, 4.01 and 5.60,
respectively. This indicates that the miscibility between
Actyflon and the other materials is not good. We can deduce
from this result that a considerable part of the Actyflon
molecules is distributed between the monomers and LCs,
which weakens the miscibility between them. Consequently,
the phase separation of LCs is promoted during exposure. Jung
et al have also reported that a large �δ can lead to a large
contact angle between monomers and LCs [42], which implies
a smaller surface tension of the interface. This is good for the
phase separation process.

3.2. Diffusion characteristics

The diffusion constants of the substances are calculated using
the MSD versus time plots (shown in figure 3). Combined with
equation (5), the diffusion constants are given in table 2. It can
be seen that they are of the same order of magnitude 10−8 for
NPGDA, Actyflon and N-5CB. For N-5CB this is the same
as that derived from experimental results obtained by infrared

0 10 20 30 40 50
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65

M
SD

 (
A

˚2
)

Dynamics time (ps)

N-5CB

NPGDA

Actyflon
DPHPA

Figure 3. Fitted curves of the MSD versus time for DPHPA,
NPGDA, Actyflon and N-5CB.

Table 2. Diffusion constants calculated through Einstein’s diffusion
law.

Materials DPHPA NPGDA Actyflon N-5CB

D (cm2 s−1) 7.8 × 10−11 3.7 × 10−8 2.0 × 10−8 8.9 × 10−8

spectroscopy [46]. Although the LC sample in that experiment
was E7, the main composition of E7 is 5CB, about 51% [6],
so it is believed that the diffusion constant of N-5CB is on the
order of 10−8. Our calculation shows a better agreement with
the experimental data.

The calculated diffusion constant of DPHPA is 7.8 ×
10−11 cm2 s−1, which is three orders of magnitude smaller
than the other monomers and LCs. Thus DPHPA decreases
the diffusion rate of monomers. With regard to other aspects,
DPHPA also increases the photopolymerization rate because
of its high functionality. According to the theoretical model
of Veltri et al [47], the higher polymerization rate and slower
diffusion rate in the system may lead to a grating with very
small LC droplets and a very blurred phase separation interface.
The required drive voltage would thus be higher.

However, the two drawbacks of DPHPA can be overcome
by fluorination. As shown in table 2, the diffusion constant
of Actyflon is almost the same as that of NPGDA and LCs,
and is much larger than that of DPHPA. So, on the one
hand, adding Actyflon monomer into the prepolymer mixture
can increase the diffusion of monomers from the dynamical
point of view; on the other hand, such a mono-functional
monomer is effective in decreasing the photopolymerization
rate. Thus, the polymerization and diffusion of monomers
and LCs may reach an equilibration, which would be very
beneficial for a better phase separation [7, 51]. As Veltri’s
model shows, slower photopolymerization enables monomers
to diffuse across the grating fringes before they react, and
form the so-called POLICRYPS structure with a perfect
phase separation interface. Caputo et al also reported their
experimental results about POLICRYPS [48, 49]. We believe
that partial fluorination is another possible way to form this
kind of grating, and the results of some ongoing experimental
investigations will be reported in the near future.
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3.3. Distribution of Actyflon molecules near the interface

It has been demonstrated that the Actyflon may spread out
on the interface. To determine the distribution at different
fluorination levels, the concentration profile of fluorine atoms
near the interface is calculated.

Fluorine distributions for four cases, A, B, C and D
(mentioned in section 2), are calculated. The results are shown
in figure 4. The abscissa Z of the figure has been defined
in figure 2, and the position of the interface is at Z = 0.
Many discrete points can be found in figure 4. Usually,
the concentration near the interface satisfies a Gaussian
distribution, so these points are fitted as Gaussian functions.
The fitted results for the cases of A, B, C and D are shown in
the figure as solid lines. It is clear that, when the number of
Actyflon molecules is small (i.e. weak fluorination), such as in
case A, the concentration of fluorine atoms on the interface is at
its highest (about 40 a.u.). As the fluorination level increases,
the concentration decreases gradually to about 10 a.u. (case D).

In addition, it is found that the full width at half maximum
(FWHM) of the concentration profile increases rapidly, from
0.25 nm in case A to 1.25 nm in case D. This result indicates
that the penetration of Actyflon increases due to growth of
the fluorination level. The reasons for this may be twofold.
First, the concentration difference of Actyflon on both sides
of the interface increases with an increase in the fluorination
level. According to Fick’s diffusion law [52], the diffusion
becomes quite drastic when the concentration difference is
large. The other reason may be due to the large diffusion
constant of Actyflon, which makes it easier for the molecules
to diffuse into the mixture. Consequently, it should be noted
that high fluorination of materials may lead to penetration
of fluorine-substituted monomers into the LC phase, thus
blocking the normal diffusion of LC molecules from the light
to the dark strip.

3.4. Interface energy

To investigate the changes in the interfacial anchoring
properties under different fluorination levels, the interface

energies of cases A, B, C and D are calculated according to
equation (6). The results are shown in table 3. The minus sign
for Eint in the first row indicates a stable interface between
Actyflon and LCs since E0 < ELC+EM. The absolute values in
the second row reflect the strength of the interface interaction.

Comparing the energies in the cases of A to D, we see that
the interface energy decreases step by step as the fluorination
is increased. The decrease in interface energy is beneficial
for the formation of a clear-cut grating structure. Schulte
et al added two kinds of fluorine-substituted monomers in
the prepolymer to fabricate the grating, and found that the
phase separation is enhanced, while the anchoring energy to
the LCs is decreased [14, 15]. Such results are in good accord
with our analysis shown in table 3. It can also be seen that
the energy decreases very quickly from case A to C, while
there is no significant change from case C to D. The reason
for this may be related to the distribution of the Actyflon
molecules. As mentioned above, when the number of fluorine-
substituted monomers increases on the interface, some of them
may penetrate into the LC medium so there is no effective
improvement for the interface. Song et al have also observed
this phenomenon in their experiments [53].

In addition, it should be noted that the fluorinated-
monomer/LC interface forms the fluorinated-polymer/LC
interface after PIPS; however, their variations of interface
energy exhibit the same trends. The reason can be understood
according to Patnaik’s explanation [50] which had pointed
out that the main interacting units in the polymer are
also present in the monomer. Although there may be
some discrepancies in the energies between the polymer/LC
interface and monomer/LC interface, their variation under
different fluorination levels is similar. We can therefore assume
that the interface energy between the LC and the polymer
zones is weakened with the enhancement of fluorination. The
decrease in interface energy can lead directly to a decrease in
threshold voltage of the devices. Thus, increasing the fluorine
content in the prepolymer can decrease the threshold voltage
of the grating. Similar results have been noted by Sarkar et al
and Song et al in their investigations [16, 53].

3.5. RDF analysis of 5CB near the fluorinated interface

In the calculation of section 3.4, the interfacial energy
decreases with the enhancement of fluorination. To
demonstrate this further, the RDF of 5CB near the interface is
investigated. Due to the very complex chemical structure of the
5CB molecule, we only calculate the RDF of the nitrogen atom
to simplify the calculation. Such a simplification is reasonable
because there are no nitrogen atoms on the interface, and each
5CB molecule contains only one nitrogen atom so the RDF can
be reflected accurately through the results of nitrogen-RDF.
In addition, it is more convenient to study the LC alignment
structure under this assumption. The reference atom is defined
as the fluorine atom on the interface.

The nitrogen-RDFs near the interface in the four cases A to
D are given in figure 5. The abscissa of figure 5 is the distance
from the interface to the nitrogen atoms, and the position at
r = 0 represents the interface. The figure shows that when
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Table 3. Interface energies in different fluorinated levels.

Casesa A B C D

Eint
b (kcal mol−1) −110.96 ± 10.21 −76.46 ± 8.63 −41.86 ± 6.09 −45.69 ± 5.81

|Eint|c (kcal mol−1) 110.96 ± 10.21 76.46 ± 8.63 41.86 ± 6.09 45.69 ± 5.81

a Cases A, B, C and D correspond to 5, 10, 15 and 20 Actyflon molecules on the interface,
respectively.
b Minus indicates a stable interface between Actyflon and LCs since E0 < ELC + EM.
c The absolute values reflect the strength of the interface interaction.
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Figure 5. Nitrogen-RDF in the cases of A, B, C and D.

r � 2 Å the value of the nitrogen-RDF in the four cases is 0.
It can thus be concluded that the shortest interaction distance
between the fluorine atom and the 5CB molecule is larger than
2 Å, which is only about half the width of the benzene ring.

From section 2.2.5, we recall that the number of nitrogen
atoms at a certain distance r is proportional to the RDF value
at r . According to figure 5, the total number of nitrogen atoms
near the interface (from r = 0 to r = 12 Å) is proportional
to the area integral of the RDF curve. Thus, it is evident that
the value of the area integral in case A is the largest, becoming
smaller and smaller from case A to D (as the fluorination level
increases). This result indicates that more 5CB molecules
are close to the interface when the fluorination is weak, so
in this case the average interaction distance between 5CB
and the interface is smaller, and the non-bond energy (i.e.
interface energy, terms 12 and 13 in equation (1)) is larger.
However, when the fluorination is greater, the distance (rij in
equation (1)) between 5CB and the interface is increased so
the non-bond energy becomes smaller. The conclusions agree
well with our analysis from the interface energy point of view.

In addition, it can be found from figure 5 that the nitrogen-
RDFs exhibit oscillations and reach a minimum at a distance
of 9 Å. These two points are very interesting. We conjecture
that the oscillations may be related to the alignment structure
of the 5CB. In the chemical structure of 5CB (see figure 1(d)),
the nitrogen atom lies on the major centrosymmetric axis of
the molecule. It is clear in figure 5 that the oscillation shows
a periodic variation with a period of 2–4 Å, which is only
about half the width of a benzene ring. This indicates that the

number of nitrogen atoms in the system changes periodically
with the distance from the interface. It can also be seen that
the distance from an RDF valley to a peak is about 1 Å, so
the alignment structure of 5CB near the fluorinated interface
can be hypothesized as follows. (a) The majority of the
5CB molecules are aligned parallel to each other, the nitrogen
atoms spaced 2 Å apart. A more possible structure is one in
which the biphenyl planes are parallel to each other, which
is reasonable because the distance between adjacent nitrogen
atoms is around 2 Å and the energy is the lowest in that state.
(b) The 1 Å distance of valley to peak indicates that there may
be a small number of 5CB molecules that lie between two
adjacent biphenyls. In this alignment structure, the distance of
nitrogen atoms is about 1 Å; however, the biphenyl distance
should be large due to the dense electron cloud between
biphenyl structures which would push the inserted molecule
out, as outlined in figure 6. This supposition agrees with
the pure LC alignment without interfacial interaction [50],
which indicates the weaker interfacial effect of the fluorinated
interface. The minimum near 9 Å may be related to the cut-off
radius which is set as 9.1 Å in the calculations. As mentioned
in section 2.1, the interaction between two atoms is very small
and will reach zero when the distance is larger than the cut-
off radius. Thus, the force between the interface and the
nitrogen atoms near 9.1 Å is very weak, and the latter will be
pushed away by other closer atoms in the MD process; hence,
the number of nitrogen atoms near 9 Å is very small and a
minimum of RDF value is observed at this position.

3.6. Orientation behaviour of LCs on the fluorinated
interface

The order parameters in the case of weak fluorination
(case A) and strong fluorination (case D) are calculated using
equation (8). From the results shown in figure 7, a very obvious
difference can be found. The change in order parameter in the
case of weak fluorination is very small, being in the range of
0.85 ± 0.05. However, in the case of strong fluorination, the
range is about 0.55±0.30, the reason for which may be related
to the weakening of the interface energy. Such a result has
also been observed by Sarkar et al in their experiments [16].
They found that the orientation behaviour of LCs becomes
disordered with an increasing level of fluorination. Another
noticeable point in figure 7 is that the order parameter is 0 when
d < 4.2 Å, which is approximately the width of the benzene
ring. Such a result is quite reasonable from the molecular
structure point of view. Moreover, the calculated order
parameter in the case of weak fluorination is about 0.85, which
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Figure 6. Schematic representation of the 5CB alignment structure near the fluorinated interface. The double-arrows indicate the interaction
between the groups.
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Figure 7. Comparison of orientation behaviour.

is 0.13 larger than the value calculated by Komolkin et al [54].
We consider that there may be two reasons for this. (a) The
order parameter calculated by Komolkin et al is for pure 5CB
molecules, that is to say there is no interface effect present.
However, in our calculation, there is an interfacial effect even
though it is weak. (b) The molecular coordinates used to
calculate the order parameter are different.

4. Conclusions

The effects of partial fluorination on interfacial properties have
been studied using molecular dynamics methods, focusing
on the following aspects: (1) the miscibility and diffusion
characteristics of the fluorine-substituted monomer Actyflon;
(2) the effects of fluorination level on the distribution of
Actyflon near the interface; (3) the interface energy; (4) RDF
analysis of nitrogen atoms near the interface; (5) the orientation
behaviour of LCs. The most important conclusions are as
follows:

(a) Partial fluorination promotes the phase separation of
LCs in PIPS. Simultaneously, it can accelerate the
diffusion of LCs and monomers as well as lower the
photopolymerization rate of monomers, which is helpful
in obtaining a better phase separation interface, such as
the POLICRYPS structure.

(b) Partial fluorination decreases the interface energy and
weakens the interfacial effect of the polymer wall. It
is beneficial to decrease the threshold voltage of a
PDLC grating. Moreover, the fluorination may be a

feasible means for creating the POLICRYPS structure and
improving its drive voltage because of the weak interfacial
interactions.

(c) Excessive fluorination may lead to penetration of fluorine-
substituted monomers into the LC medium, which would
block the diffusion of LCs and destroy the grating
structure.

(d) Partial fluorination increases the distance between the
LC molecules and interface, which may be one of the
reasons for the resulting lower interface energy. In
addition, the LC alignment structure near the fluorinated
interface shows a similar structure to that of pure LCs,
which indicates a weak interfacial effect of the fluorinated
surface.

(e) Because of the weaker interaction between LCs and the
fluorinated interface, the orientation becomes more and
more disordered with an increasing level of fluorination.

Using MD methods to investigate complex problems in the
fabrication of PDLC gratings is convenient and effective.
Moreover, it can provide some valuable insights for improving
the performance of PDLC devices.
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