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Abstract

The computational method described in this paper allows the calculation of the dielectric relaxation strength of an amorphous polymer
based solely upon its chemical structure. The 4,49 oxydiphthalic anhydride (ODPA) dianhydride and bis-aminophenoxybenzene (APB)
diamine based polyimides, (b-CN) APB–ODPA and APB–ODPA were studied. Amorphous cells were constructed and then poled using
molecular dynamics. Dielectric relaxation strengths ofDe ¼ 17.8 for (b-CN) APB–ODPA andDe ¼ 7.7 for APB–ODPA were predicted.
These values are in excellent agreement with the experimental values. It was found that both the pendant nitrile dipole and the backbone
anhydride residue dipole make significant contributions to the polyimides’ dielectric response. Specifically, it was shown that the difference
in the magnitude of the dielectric relaxations is directly attributable to the nitrile dipole. The size of the relaxations indicate an absence of
cooperative dipolar motions. The model was used to explain these results in terms of the average orientation of the nitrile and anhydride
dipoles to within 518 and 638, respectively, of the applied electric field.q 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The goal of this work is to develop an understanding of
the behaviour and properties of high temperature piezoelec-
tric polymers. Since 1963, piezoelectric activity in polymers
has been the subject of much scientific and economic inter-
est [1,2]. The semicrystalline polymer polyvinylidene
fluoride (PVDF) dominates recent literature [3]. Although
PVDF shows a large piezoelectric response, it has a maxi-
mum use temperature of only 363 K [2]. Polyimides are of
particular interest due to their high temperature stability and
the ease with which various pendant groups may be placed
upon them. Molecular modeling can provide a fundamental
understanding of the polyimide’s response to temperature
and applied electric field. Computational chemistry tech-
niques, including both quantum and classical mechanics,
have been used to predict and understand the piezoelectric
response of amorphous polyimides.

Piezoelectricity arises from the coupling between elastic
variables [stress (X) or strain (x)] and dielectric variables
[electric displacement (D) or electric field (E)]. To produce
a piezoelectric material from an amorphous polar polymer,
the material is poled by applying a strong electric field (Ep)

at an elevated temperature (Tp $ Tg). This introduces both
induced polarization and orientational polarization via
dipole alignment with the applied electric field. The tem-
perature is then lowered belowTg in the presence of the field
to freeze in the polarized state. When the electric field is
removed, the induced polarization is lost but the orienta-
tional polarization remains. This preferential alignment of
dipoles yields the remnant polarization,Pr, given by:

Pr ¼ e0DeEp (1)

where e0 is the permittivity of free space, andDe is the
dielectric relaxation strength atTg. For amorphous poly-
mers, there is a linear relationship betweenDe and the piezo-
electric response [1,2]

dh ¼ ¹ (b=3)e`Pr ¼ ¹ (b=3)Dee0e`Ep (2)

wheredh is the hydrostatic piezoelectric strain constant,b is
the volume compressibility ande` is the dielectric constant
at high frequency. To design amorphous polymers with
large piezoelectric activity,Pr, b and De should be maxi-
mized [2]. A molecular model has been developed which
emulates the poling process in amorphous polymers and
allows the calculation ofPr andDe.

This paper presents a method of accurately predicting the
orientational polarization and relaxation strength of
amorphous polymers given their chemical structure. The
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statistical theory of orientational polarization was devel-
oped by Debye [4] and later improved upon by Onsager,
Kirkwood and Frohlich [5–7], respectively. Mopsik and
Broadhurst have applied these theories of polarization to
piezoelectric polymers [8,9]. These theories have been suc-
cessfully applied to the gas phase where the underlying
assumptions are valid. When applied to the condensed
phase, experimental data have been used to account for
complex molecular interactions which the statistical theory
is unable to accurately capture. The assumptions of the
theories and the need for experimental data limits the relia-
bility and applicability of these statistical methods. The
fully atomistic model presented in this paper predicts the
orientational polarization of amorphous polymers as a func-
tion of their chemical structure.

In addition to PVDF, the nitrile substituted polymer poly
(vinylidene cyanide-co-vinyl acetate) (VDCN–VAc) [3,10]
has received much attention with regard to its piezoelectric
properties. Two features of the nitrile group make it advan-
tageous for use in piezoelectric polymers. The nitrile group
can easily be incorporated in many organic polymers and its
large dipole moment (4.18 D) provides a strong interaction
with the applied electric field. This paper focuses on the 4,49
oxydiphthalic anhydride (ODPA) dianhydride and bis-
aminophenoxybenzene (APB) diamine based polyimides.
Of specific interest are the nitrile substituted (b-CN)
APB–ODPA and the unsubstituted APB–ODPA polymers
(Fig. 1). These polyimides are amorphous with high glass
transition temperatures of 496 K and 458 K, respectively.
Currently, their piezoelectric responses are an order of mag-
nitude lower than that required for device applications [11].

Molecular modeling has been used to study the mechanisms
of their response and to suggest compositional changes
which might increase their response.

2. Methods

Quantum mechanical calculations were used to accu-
rately characterize both the (b-CN) APB–ODPA and the
APB–ODPA monomers. Semi-empiricial molecular orbital
calculations were made using MOPAC [12] with the AM1
Hamiltonian [13,14] except where noted below. Calcula-
tions on model segments of the polymer were done to obtain
information about the potential energy surfaces and the
electron distributions of the segments. The torsional barriers
were of particular interest because they determine the orien-
tation of the dipoles by dictating the flexibility of the poly-
mer backbone. The potential energy surfaces were then used
to modify a force field for use in molecular dynamics simu-
lations. The ability of semi-empirical methods to correctly
assign the electronic distribution and hence dipole moments
of the model segments was also examined.

Molecular dynamics simulations were used to examine
the poling process. A modified CFF91 [15,16] force field
was used to represent the potential energy surface of the
polyimide. The intramolecular forces in the CFF91 force
field were described by a quartic polynomial for bond
stretching and angle bending and a three term Fourier
expansion for torsional rotations. The non-bonded interac-
tions were described by Coulombic terms and an inverse 9th
power term for the repulsive and an inverse 6th power term

Fig. 1. (a)Chemical structure of (b-CN) APB–ODPA showing the important polar segments, polymer dipoles and the atomic numbering scheme. (b) Chemical
structure of APB–ODPA. (c) Torsional rotations studied in diphenylether. (d) Torsional rotations studied in 4,40-oxydiphthalimide. (e) Torsional rotation
studied in NPP and atom potential types.
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for the attractive van der Waals interactions. Cross terms up
to the third order were also included for accuracy. The
dielectric constant was set at its vacuum value of 1.0. The
velocity Verlet integrator with a 1 fs time step was used to
integrate the equations of motion. Non-bonded contribu-
tions to the potential energy of the system were calculated
using group based cutoffs. This requires parsing the polymer
chain into charge neutral groups. Non-bonded forces were
calculated only if two groups were within the specified cut-
off distance of each other. This avoids splitting dipoles
which would introduce large errors due to erroneous
monopole–monopole interactions. Because the van der
Waals interactions diminish as 1/r 6, a cutoff of 9.5 Åwas
used. The Coulombic forces vary as 1/r and a cutoff of
17.5 Å was used to allow full interaction of the polymer
with the electric field while minimizing the operation count.

3. Results

3.1. Force field

Fig. 1c shows the torsional barriers of interest in the
diphenylether segment of the polyimide. The potential
energy surface of diphenylether was computed by rotating
about J1 and J2 in 158 increments while allowing the
remainder of the molecule to relax. The potential energy
contours obtained by the CFF91 force field are within
(1 kcal mol¹1 of those obtained by MOPAC. Both surfaces
showed broad areas of low energy characterized by transi-
tional energies of less than 1 kcal mol¹1. The position of the
potential energy minimum was examined by allowing the
molecule to fully relax. AM1 places the energy minimum at
J1 ¼ 408 andJ2 ¼ 418 while the CFF91 force field places
the energy minimum atJ1 ¼ 39 andJ2 ¼ 39. These results
are in good agreement with ab initio results [17] and
experimental data from gas phase electron diffraction [18]
and X-ray diffraction [19].

The additional steric interactions in 4, 49-oxydiphthali-
mide (Fig. 1d) have little effect on the potential energy sur-
face. Like that of diphenylether, the potential energy surface
is characterized by shallow minima separated by small
transition barriers of about 1 kcal mol¹1. There is significant
torsional flexibility along the backbone of these polyimides
to allow the alignment of the dipoles with the electric field.

The potential energy as a function of torsionJ5 of N-
phenyl phthalimide (NPP) was also examined (Fig. 1e).

MOPAC with the AM1 Hamiltonian places the torsional
energy minimum atJ5 ¼ 308 while both experimental and
ab initio methods place it atJ5 ¼ 608 as indicated in Table 1
[20]. AM1 apparently does not properly account for the two
competing effects which determine the potential energy
minimum, the resonance interaction between thep systems
of the phenyl and phthalimide rings, and the repulsive steric
interaction between the carbonyl oxygen and the hydrogen
on the phenyl ring.

Both the position of the energy minimum and the shape of
the potential energy curve are important. Due to the short-
comings of MOPAC, the 6-31G** ab initio potential energy
curve obtained by Kendric [20] was taken to be the refer-
ence curve. The native CFF91 force field incorrectly places
the energy minimum atJ5 ¼ 158. The force field was
modified by the addition of the following parameters to
reproduce the ab initio results. The carbon–nitrogen bond
stretching in NPP, Fig. 1e, was described by a quartic poly-
nomial with the following constants:

Cp¹ Nb : b0 ¼ 1:3912, K1 ¼ 447:044,

K2 ¼ ¹ 784:535, K3¼ 886:1617

The NPP torsion was described by a three term Fourier
expansion having the following constants:

C9 ¹ Nb¹ Cp¹ Cp : V1 ¼ ¹ 0:1047, V2 ¼ 0:2465,

V3 ¼ ¹ 0:0234, f ¼ 0

As shown in Tables 1 and 2, the CFF91 force field thus
modified gives good agreement with both experimental
and ab initio results.

The interaction of the applied electric field with the
molecular dipoles yields the orientational polarization
underlying the piezoelectric response. Therefore, it is essen-
tial that the atomic charges which comprise the dipole
moments be accurately assigned. Except for the nitrile
group, the AM1 Hamiltonian was found to reproduce the
dipole moments which appear in the polyimides to within
10% of the experimental values (Table 3). The inability of

Table 1
The geometry of the minimum energy conformation of NPP

6-31Ga 6-31G**a Experiment (X-ray)a Modified CFF91

Torsion angle (8) 59.2 59.2 58.3 56.2
CxN bond (A) 1.428 1.427 1.439 1.420
CyO bond (A) 1.212 1.186 1.200 1.220
C–N–C angle (8) 111.5 112.0 112.4 109.8

aFrom Ref. [20]

Table 2
Relative energies (kcal mol¹1) of NPP

Torsion angle 6-31Ga 6-31G** a Modified CGG91

08 3.2 3.9 5.2
908 0.3 0.4 0.3

aFrom Ref. [20]

2789J.A. Young et al./Polymer 40 (1999) 2787–2795



AM1 to handle the lone pair on the nitrile group leads to its
erroneous calculation of the dipole moment and charge dis-
tribution (compared to ab initio results) on the nitrile atoms
(N1 ¼ ¹ 0.021 e¹, C2¼ ¹ 0.072 e¹, C3¼ ¹ 0.033 e¹).
The PM3 Hamiltonian was able to reproduce the
correct dipole moment of benzonitrile, and the PM3 charge
distribution (N1¼ ¹0.28 e¹, C2¼ 0.11 e¹, C3¼ 0.17 e¹)
was in good agreement with ab initio results [22]. Except for
the nitrile substituent, where PM3 charges were used,
the partial charges obtained from AM1 were applied to
the polyimide. Table 4 shows the charges which form the
important dipoles along polymer chain.

3.2. Molecular dynamics

The bulk amorphous polyimide was modelled by building
an amorphous cell and applying periodic boundary con-
ditions. An electric field was then placed across the cell
and molecular dynamics was run to simulate the poling
process. Once the poling was completed,Pr and De were
calculated. It is these parameters which control the dielectric
contribution to the piezoelectric behaviour in amorphous
polymers.

Modeling of the poling and analysis of the piezoelectric
properties was done using the BIOSYM molecular model-
ing package [15]. A five unit long polymer was built and

packed into a cell with three dimensional periodic boundary
conditions. The method of Theodorou and Suter was used to
pack the chain into the cell [23]. This hybrid scheme intro-
duces long range interactions into the RIS–Monte Carlo
method of bond placement. The resultant system is of uni-
form density and statistically correct chain conformations.
Since the polyimide systems are highly aromatic, the initial
boxes were built at a low density to avoid ring catenation.
Constant pressure molecular dynamics was then used to
achieve an amorphous cell of experimental density,
1.34 g cm¹3. During the constant pressure dynamics the
polymer was not allowed to cross thex–y plane of the
cell. This allowed the application of two sheets of stationary
dummy atoms to oppositex–y faces of the cell. Equal but
opposite partial charges were placed on these atoms to simu-
late the electric poling field. The use of three dimensional
periodic boundary conditions necessitated the extension of
the cell dimensions to 18.32 A˚ 3 18.32 Å3 70 Å (Fig. 2).
This eliminates the calculation of non-bonded interactions
between image cells in thez direction. The thickness of
polyimide filled portion of the cell is of the order of the
persistence length of such polymers [24]. Three boxes
were built and poled in the manner described previously.

The pair distribution function,g(r), was examined to
ensure that the cell packing technique described above
yielded an amorphous system.g(r) gives a measure of the
probability that, given the presence of an atom at the origin
of an arbitrary reference frame, there will be an atom
located in a spherical shell of infinitesimal thicknessdr at
a distancer from the reference atom.

g(r) ¼ (NArV)=(NA4pr2dr) (3)

NA is the number of atoms in the system,V is the total
volume of the system andNAr is the number of atoms in

Table 3
Comparison of experimental and computed dipole moments

Experimental
dipole (D)a

Calculated
dipole (D)

Error (%)

N-phenyl phthalimide 2.34 2.50 6
Diphenylether 1.30 1.17 10
Benzonitrile
(AM1 charges)

4.18 2.71 36

Benzonitrile
(PM3 charges)

4.18 4.23 1

aRef. [21]

Table 4
Partial charges of atoms. Numbering is shown in Fig. 1

Atom number Partial charge

1 (N) -0.280
2 (C) þ 0.110
3 (C) þ 0.170
4 (C) þ 0.086
5 (N) -0.262
6 (C) þ 0.361
7 (O) -0.273
8 (C) þ 0.363
9 (O) -0.275
10 (C) þ 0.361
11 (O) -0.273
12 (C) þ 0.363
13 (O) -0.275
14 (N) -0.262
15 (C) þ 0.086

Fig. 2. The amorphous cell of polyimide with periodic boundary conditions
and electric field.
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the volume element defined byr anddr. The pair distribu-
tion functions for both the unpoled and poled systems are
seen in Fig. 3. The peaks at 1.05 and 1.45 A˚ are associated
with specific atomic placements within covalent bonds,
specifically the C–H bond and C–C bond, respectively.
The 2.45 Åpeak is due to C atoms in phenyl rings and the
small hump at 3.75 A˚ is due to intramolecular spacings in
the dianhydride. The absence of any peaks over 5.0 A˚ indi-
cates that the effect of connectivity disappears at short dis-
tances. The lack of long range order shows that although the
minimum cell size was used, the model system is
amorphous.

The orientation of the dipoles along the polymer is gov-
erned by a Boltzmann distribution. The energy of interac-
tion between the electric field and the dipole is given by
Epm. This interaction energy causes the population density
of states to change from the equilibrium value to one which
favours dipole alignment with the applied electric field. The
population density is governed by

population density¼ e¹ (Epm=kTp) (4)

where Ep is the applied electric field,m is the dipole
moment, k is the Boltzmann constant andTp is the poling
temperature. Due to electrical breakdown within the poly-
mer film, the experimental poling field,Ep, is of the order of
100 MV m¹1 and a poling temperature ofTg þ 5 K is used.
Dipole reorientation has a distribution of relaxation times
depending on the viscosity of the system and the internal
rotational barriers of the polymer. Under experimental con-
ditions, the relaxation times may range from microseconds
to tens of seconds [2]. The time scales of current molecular
dynamics simulations are typically limited to picoseconds.
It is therefore necessary to bring the experimental relaxation
time into the range of times that may be explored using
molecular dynamics. Assuming the experimental relaxation
time to be in the microsecond range, an Arrhenius time–
temperature relationship was used to determine the tempera-
ture necessary to bring the relaxation into the picosecond

range [25]:

t ¼ É=kTexp(DF=kT) (5)

É is Plank’s constant,DF is the activation free energy of the
process (barrier height). Translation of the experimental
values oft ¼ 1 ms at Tp ¼ 496 K requires a simulation
poling temperature of 2000 K to achieve a relaxation time
of 10 ps. During poling, the population density of dipoles
given by Eq. (3), must be maintained at the simulation tem-
perature. Therefore simulation of an experimental electric
field of 150 MV m¹1 field applied at 496 K requires a
700 MV m¹1 field at the simulation temperature of 2000 K
to induce the same level of orientation. Partial charges of
(0.055 e¹/atom were placed on the plates of dummy atoms
of the cell to simulate an applied electric field of
700 MV m¹1 in the z direction.

Molecular dynamics was run to obtain equilibrium
unpoled conformations, to pole the material and finally to
examine conformations in the poled state. Simulations were
done on three different amorphous cells. WithEp ¼ 0 (i.e. no
charges on plating atoms) molecular dynamics was run at
2000 K for 50 ps. The poling field of 700 MV m¹1 was then
applied at the poling temperature of 2000 K for 200 ps. The
temperature was then quenched to 300 K and simulation
was continued for an additional 200 ps. The durations of
these simulations ensured that the model captured all of
the dipole reorientation and allowed for statistically signifi-
cant analysis of the data. The atomic charges and positions
were used to calculate the total dipole moment of the poly-
mer in each of the three amorphous cells during the simula-
tion. The polarization (dipole moment per volume) was
calculated by dividing the total dipole moment by the
volume of the cell.

3.3. Polarization

The polarization of the cell in each of the coordinate
directions was calculated as a function of time. Fig. 4
shows the polarization in the poling direction,z, after the

Fig. 3. The pair correlation function,g(r), for both an unpoled (broken line)
and poled (solid line) cell.

Fig. 4. The time evolution of thez component of the polarization after
application of the electric field.
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electric field was turned on for one of the cells. The dipoles
orient within the desired relaxation time of tens of pico-
seconds. Fig. 5 demonstrates thatPr in the poling direction,
z, is independent of the conformation of the starting box. In
the unpoled statePr was calculated as the average polariza-
tion during the first 50 ps of molecular dynamics when no
electric field was present. On average, one would expect no
net polarization. The small polarizations observed are due to
the limited number of atoms being simulated and the rela-
tively short simulation time. The poled value ofPr is the
average polarization over the final 200ps of the simulation.
The (b-CN) APB–ODPA polyimide had a remnant polariz-
ation ofPr ¼ 23.7 mC m¹2 ( 6 1.4 mC m¹2). Using Eq. (1),
a value ofDe ¼ 17.8 (6 1.1) was obtained. This value ofDe

agrees with the experimental values obtained by means of
dielectric and thermally stimulated current techniques (see
Table 5) [26]. The consistency of these results indicates that
the experimental polarization of the polyimide films most
likely arises from orientational polarization and not
embedded charges.

The ability of pendant nitrile groups to create large polar-
izations has been previously demonstrated in various sys-
tems [3,27]. In (b-CN) APB–ODPA 48% of the total
polarization is due to the nitrile substituent while the anhy-
dride residues make up 39% of the total polarization (Fig. 1a
and Fig. 6). These results indicate that the dianhydride por-
tions of these polyimides play an important role not only in
providing high temperature stability but also in making sig-
nificant contributions to the remnant polarization and hence
the piezoelectric response of the material. The addition of
dipoles either as pendant groups or as part of the backbone
can increase the polarization as long as backbone flexibility
is maintained.

The orientational polarization can be characterized by
monitoring the angles that dipoles make with the applied
electric field. The projection of a dipole moment onto the

field direction is a function of the cosine of the angle
between the two. Random orientation of a vector with
respect to a coordinate direction is characterized by an aver-
age angle of 908 (Fig. 7). In the unpoled state the average
calculated angles between the dipoles and each of the coor-
dinate directions are〈vx〉 ¼ 978, 〈vy〉 ¼ 938 and 〈vz〉 ¼ 958.
The fact that the average orientations are not exactly 908
explains the small polarizations in the unpoled cells, Fig. 5.
This is due to both the limited size and time of the simula-
tion. When poled the (b-CN) APB–ODPA cells show that
the nitrile dipoles orient to form an average angle of〈vz〉 ¼

518 with the electric field while thex and y orientation
remains essentially random. (〈vx〉 ¼ 868, 〈vy〉 ¼ 908). The
anhydride dipoles align to an average angle of〈vz〉 ¼ 638
with respect to the applied electric field (〈vx〉 ¼ 898, 〈vy〉 ¼

918). The anhydride residue dipoles exhibit less alignment
because of their smaller dipole moment and consequent
weaker interaction with the electric field as well as their
being part of the polyimide backbone.

For comparison and further verification of the model,
unsubstituted APB–ODPA polyimide (Fig. 1b) was mod-
elled and analysed in the same manner as (b-CN) APB–
ODPA. The experimental and computational methods show
that the values ofDe are 5.7 (6 1.5) and 7.7 (6 1.6), respec-
tively, Table 5. This 43% lowerDe relative to (b-CN) APB–
ODPA is not surprising since the previous analysis showed
that 48% of the polarization was due to the nitrile substitu-
ent. Fig. 8 shows that the majority of the polarization, 83%,

Fig. 5. The components ofPr in the unpoled (gray) and poled (black) states.

Fig. 6. The segmental contribution to the totalPr of the (b-CN) APB–
ODPA system. Cell 1 (gray), cell 2 (white) and cell 3 (black).

Table 5
Comparison of experimental and calculated values forDe

De10Hz
a De5Hz

a Decomp

(b-CN) APB–ODPA 11.56 0.6 166 1.3 17.86 1.1
APB–ODPA 4.26 0.5 5.76 1.5 7.76 1.6

Fig. 7. Dipoles form an average angle of 908 with respect to the reference
axis when randomly oriented.
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is now due to the anhydride residues which on average
orient to within 648 of the electric field.

Analysis shows that poling does not induce any drastic
changes in the overall shape of the polyimide. The pair
distribution function seen in Fig. 3 shows that the cell
remains amorphous. As stated earlier, the difference
between the poled and unpoled states is the average orienta-
tion of the molecular dipoles. It is the flexibility about tor-
sional angles which allows the motion and alignment of
these dipoles. Therefore, the torsional angles of the polymer
were examined as a function of time and electric field.
Fig. 9a and b show the probability distributions before and
after poling of the two adjacent anhydride torsions (J3 and
J4). In both the unpoled and poled states the conformation
of the residue isf3 ¼ 408 andf4 ¼ ¹ 1408. Yet because of
the orientation of these conformations their contributions to

the polarization are¹ 0.30 and 2.4 D, respectively. This
demonstrates that poling changes the orientation of the
dipoles through overall chain motions, not individual con-
formational transitions. Note that the modified CFF91 force
field gives reliable statistics for this torsion by placing the
most populated states at approximately 408.

Careful analysis reveals that there is no single motion
responsible for the polarization of the polymer. Because
the system is amorphous the interaction of a dipole and
the electric field is uniquely due to the orientation of the
dipole in space and its local environment. The electric field
simply biases the polymer motions (i.e. torsional transitions
and torsional librations) to give an average bulk polarization
in thez direction. Fig. 10a shows the time evolution of two
adjacent torsions within a dianhydride residue,f3 andf4,
immediately after application of the electric field. Clearly,
this segment undergoes conformational changes during this
period which are accomplished by specific torsional transi-
tions. Fig. 10b shows the evolution of two other chemically
similar torsions upon application of the electric field. In this
case the electric field simply acts to bias small torsional
motions, coupled librational motion [28], which occur dur-
ing poling.f39 oscillates about 1808 while f49 slowly drifts
from 08 to 908. As pointed out by Moe and Ediger, this

Fig. 8. The segmental contribution to the totalPr of the APB–ODPA
system. Cell 1 (gray), cell 2 (white) and cell 3 (black).

Fig. 9. (a)Torsional abundance (averaged over 50 ps) of anhydride residue
torsion J3. Unpoled state (broken line) and poled state (solid) line. (b)
Torsional abundance (averaged over 50 ps) of anhydride residue torsion
J4. Unpoled state (broken line) and poled state (solid) line.

Fig. 10. (a)Evolution off3 ( þ ) andf4 (A) in the presence of the electric
field. (b) Evolution off39 ( þ ) andf49 (A) in the presence of the electric
field.
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motion may allow a vector to reorient by 308. This is of the
order of the reorientation experienced by the nitrile and
anhydride residue dipoles. The electric field biases both
conformational transitions and small librational motions to
yield time averaged polar polymer conformations. Similar
conclusions were reached about the torsional changes which
dictate the nitrile orientation since the orientation of each
nitrile dipole is unique.

Additional information about the piezoelectric behaviour
associated with orientational polarization can be gained by
comparing the results with dielectric theory of the expected
dielectric relaxation,De free, due to free (i.e. uncorrelated)
rotation of the dipoles[7].

Defree¼ (Nm2=3kTe0)(n2 þ 2=3)2(3e(0)=2e(0) þ n2)2 (6)

N is the number density of dipoles,m is the dipole moment
per unit, k is the Boltzmann constant,e(0) is the static
dielectric constant andn is the refractive index. Large
dielectric relaxations of up to four timesDe free are seen in
the nitrile substituted copolymer PVDCN–VAc [29]. This is
attributed to the cooperative motion of polymer segments
consisting of up to four monomer units. The development of
polymers with large dielectric relaxations is one of the most
effective ways of increasing the piezoelectric properties (see
Eqs. (1) and (2)). Eq. (6) was used to examine the possibility
of cooperative motion of the dipoles in the polyimides.
Using the values shown in Table 6 and taking the dipole
moment of the reorienting unit to consist of contributions
from the nitrile group and the two NPP groups, values of
Defree ¼ 23.06 andDe free ¼ 6.86 were obtained for the (b-CN)
APB–ODPA and APB–ODPA polymer, respectively.
These results are in good agreement with both the experi-
mentally observed and computationally obtained values of
De. The molecular dipoles of both (b-CN) APB–ODPA and
APB–ODPA can be regarded as undergoing free rotational
motion, therefore, no cooperative motion is indicated.

4. Conclusion

A model has been developed which accounts for the
dielectric relaxation strengths of polyimides in terms of
their chemical structure. A method of constructing a
model of an electroded amorphous polymer film has been
presented. This required the use periodic boundary con-
ditions to simulate the bulk material and the use of plating
atoms by which to apply the electric field. Molecular
dynamics simulations were run using elevated temperatures

and electric fields to reduce the time scale of the polarization
process. From this model, dielectric relaxation strengths
were calculated which are in excellent agreement with
experimental results. The values ofDe for two polyimides
were then explained in terms of their chemical structure.
This model can form a basis for the development of amor-
phous polymers with increased piezoelectric responses.
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