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ABSTRACT: Molecular dynamics (MD) simulations a t  300 and 400 K were used to calculate dielectric 
constants and dielectric loss for crystalline and amorphous poly(viny1idene fluoride). These calculations 
used the MSXX force field derived from first principles and tested previously for crystalline PVDF. In 
agreement with experiment the calculations lead to a dielectric constant of €0 = 8-13 for amorphous 
PVDF but €0 = 2-3 for crystalline PVDF. We show that the high €0 for amorphous PVDF arises from 
rapid changes in the torsion angles (and hence rapid modulation of the dipole moment perpendicular to 
the chain axis) during MD. These changes are enhanced by soliton-like defects in the chain that diffuse 
during the MD. The dielectric losses lead initially to a stretched exponential decay function, @ ( t )  = exp- 
[-(t l t)b],  with t = 60 ps and p = 0.62 a t  300 K. 

1.0. Introduction 
Previously, we developed1 first principle force fields 

(MSXX and MSXXS) for poly(vinylidene fluoride), PVDF, 
and used them to predict the elastic constants, dielectric 
constants, and piezoelectric constants for crystalline 
PVDF. In this paper we predict the dielectric properties 
from the dipole moment autocorrelation function derived 
from molecular dynamics (MD). 

Of particular interest is the large difference between 
the observed (static) dielectric constant for amorphous 
PVDF versus crystalline PVDF (camor = 8-13 versus Extl 
= 2.2-3.5L2 For most other polymers the ratio is 1.5 
or less. To learn the atomistic origin of this large 
difference, we carried out MD studies on both the 
crystalline and amorphous PVDF polymers. Section 2 
summarizes the theory on which the analysis is based 
and provides other calculational details. The results of 
the calculations are presented in section 3, and the 
interpretations of the results are given in section 4. 

2.0. Dielectric Loss and Dipole Moment 
Autocorrelations 

The complex dielectric constant can be written as 

6 = - ic2 

where the real part €1 is in phase with the applied field 
and €2 leads to losses. 

For an isotropic system the frequency dependent 
dielectric constant is given by3c,4,5 

where 

* To whom correspondence should be addressed. 
@ Abstract published in Advance ACS Abstracts, September 1, 

1995. 

Table 1. Dielectric Tensor Components for Crystalline 
PVDF 1I.d 

€0 
€- 

MD static static 
no shell no shell with shell with shell 

1.19 1.22 2.23 1.90 
err 1.33 1.19 2.14 1.83 
€22 1.13 1.14 2.16 1.87 
G Y  -0.00 0 0 0 
€YZ -0.00 0 0 0 
6x2 -0.05 -0.07 -0.14 -0.02 
1/3(EXZ + Err + ELL)  1.22 1.18 2.18 1.87 

is the dielectric decay function and 

(AM2) = ( (M2)  - (a2) (3a) 

is the total dipole moment fluctuation. Here the dipole 
function is 

Ma = sal 
I 

where the sum is over all atoms of the unit cell used in 
the MD simulations. The static dielectric constant is 
then given by the fluctuation f ~ r m u l a , ~  

4n(AM2) 
( 4 4  3nkBT E o  - E, = 

Here k g  is the Boltzmann constant, T is the tempera- 
ture, and S2 is the volume of the cell. These formulas 
are derived from linear response theory using the 
canonical en~emble.~ 

In (4a), we assume the Ewald boundary condition in 
the simulations with a large real space cutoff length. 
Newmann and Steinhauser showed3b that the dielectric 
constant, EO, obtained from (4a) using dynamics with the 
Ewald boundary condition must be modified to 
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Table 2. Dielectric Constants for Amorphous FTDF 
Calculated fmm Molecular Dynamics 

(a) Canonical Dynamics at T = 300 K* 
f" 
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Figure 1. (a) Total dipole correlation functions of PVDF 
crystal form 1I.d at T = 300 K The initial 25 ps of dynamics 
was excluded so that a total 100 ps of dynamics ( t  = 25 ps to 
t = 125 ps) was used to  obtain properties. (h) Imaginary part 
of the Fourier transform of the tatal dipole correlation function 
of PVDF form IIad crystal at T = 300 K. Infrared frequencies 
calculated in ref 2 are also shown. 

Figure 2. Imaginary part of the Fourier transforms of various 
compounds of the dipole correlation functions of PVDF form 
1I.d crystal a t  T = 300 K (a) AX, (h) W, (c) ZZ, and (d) ZX. 

where Q is determined by the real space cutoff distance 
rc, 

where r] is the Ewald parameter. For a large r,, Q is 
close to 1 and eoemreet - EO. We use the reduced cell 
multipole method (RCMM)? where the long-range 
interactions are calculated using the Ewald procedure 
for a reduced set of atoms representing the unit cell 
moments. The cutoff distance for the real space sum- 

infinite finite 
time (ps) steps chain chain 
200 2000 3.64 7.02 
300 3000 6.88 10.94 
400 4000 8.48 12.23 
500 5000 9.52 
600 6000 10.11 
700 7000 10.43 
800 8000 10.20 
900 9000 9.71 

(b) T = 400 K, Infinite Chainb 
e" 

time (08) S k D S  canonical microcanonical 
40 2000 7.67 1.54 
60 3000 8.89 1.53 
80 4000 9.70 1.53 
100 5000 10.97 1.54 
120 6000 11.00 
140 7000 12.12 
160 8000 13.80 
180 9000 13.68 
200 10000 12.81 
220 11000 12.60 
240 12000 12.47 

*The initial 100 ps were skipped in calculating the dielectric 
constants. Thus the times used below correspond to t = 100- 
1000 ps. The initial 100 ps were skipped in calculating the 
dielectric constant. Thus the times used below wrrespond to t = 
100-340 ps. 

0.01 0.1 
FREQUENCY &m') 

Figure 3. (a) Total dipole correlation function of amorphous 
PVDF at  T = 300 K (based on the dynamics from t = 100 ps 
to  t = 1000 ps). (b) Imaginary part of the Fourier transform 
of the total dipole correlation function. 
mation is chosen such that adjustments of the fmal 
dielectric constants are very small. In our calculations, 
Q = 0.999 994, leading to a change in EO of 1.6 x 
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Figure 4. (a) Total dipole correlation function of amorphous 
PVDF at T = 400 K (based on the dynamics from t = 100 ps 
to t = 340 ps). (b) Imaginary part of the Fourier transform of 
the total dipole correlation function. 
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Figure 5. Monomer dipole correlation function m(t) and 
torsional angle correlation function of amorphous PVDF at T 
= 300 K. This is based on the dynamics from t = 100 ps to 
1100 ps. 

for amorphous PVDF. Consequently, we neglected this 
correction. 

For crystalline cases (1) can be generalized to4 

(7) 

where &Tis the variance tensor with components 

= (MUM,) - (Ma)(MB) (8) 
To evaluate these properties, we used canonical 

molecular dynamics7ss (Nose with constant volume) with 
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the MSXX force field.' This force field does not include 
the covalent shell model of the MSXXS FF and hence 
does not account for atomic polarizabilities. We showed 
earlier1 that for crystals this underestimates EO by -1. 
However, use of the finite mass shell particle requires 
much shorter time steps (rstep - 
s) while zero mass shell particles require evaluation of 
second derivatives. [An alternative approach for includ- 
ing shell dynamics is the quantum shell 

In these simulations, the nonbond interactions (Cou- 
lomb and van der Waals) were calculated using the 
reduced cell multipole method (RCMM16 (second-order 
multipoles and second-order far-field expansions) with 
far-field updating every 10 steps. For 396 atoms per 
unit cell, RCMM is about 4 times faster than the Ewald 
method (accuracy of 0.01 kcaVmol per atomlo) for similar 
total energy fluctuations. 

The crystal calculations used a 2 x 4 x 2 super cell 
(768 atoms) for the form IIad crysta1.l 

The initial structure for the amorphous polymer was 
built using Monte Carlo procedures for 66 monomers 
(396 atoms), using periodic boundary conditions to  
eliminate surface effects. We used the experimental 
density (e = 1.74 g/cm3) for 300 K and also used e = 
1.74 4cm3 for 400 K. With only 396 atoms, the resulting 
molecular weight is small, and we were concerned that 
the ends of the finite chain would lead to an artificially 
high E O .  In order to eliminate such end effects we grew 
a number of structures until we found ones whose 
termini were at nearly equivalent positions in different 
unit cells. We then connected these ends to obtain an 
infinite length chain. 

In calculating the Fourier transforms in (l), we took 
the finite time simulation, e.g. a total of 1000 ps, 
truncated the initial relaxation portion (100 ps for 
amorphous 300 K), and calculated the dipole moment 
autocorrelation function using the remaining 900 ps of 
dynamics to form a periodic function for the Fourier 
transform (calculated using the method of Filon'l). The 
maximum time for the correlation function is half of the 
simulation time (450 ps for 300 K). We used the 
trajectory every 0.1 ps, leading to 9000 steps. For 
amorphous PVDF at 400 K, we truncated the initial 100 
ps and used the trajectory every 0.02 ps for next 120 
ps, leading to  12 000 steps. 

s instead of 

3.0. Results 

3.1. Crystal PVDF (IIad). The Nose dynamics were 
equilibrated for 25 ps followed by measurements for an 
additional 50 ps. Using a snapshot of the geometry 
every 0.01 ps, we calculated the dipole fluctuations at  
300 K. This leads to the results in Table 1. 

In ref 1, EO (300 K) was calculated using the vibra- 
tional modes (harmonic approximation), Table 1. Here 
we see an RMS difference of 0.07, indicating a close 
correspondence for the static and dynamical calcula- 
tions. However, the dynamic values are about 1.0 
smaller than observed with the MSXXS FF, indicating 
that the atomic polarization is important. 

The total dipole correlation functions (eq 2) are shown 
in Figure la, while the frequency dependent dielectric 
loss is shown in Figure lb. Here we see peaks corre- 
sponding to the infrared absorption bands.l Since we 
sampled the trajectory every 0.01 ps, the highest 
frequency is 1667 cm-l. The infrared frequencies 
indicated in Figure l b  are from ref 1. 
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Figure 6. Torsional angles (color-coded) versus time for 1100 ps of canonical MD for the infinite chain system at T = 300 K. 
For each component (XX, W, ZZ, and 2X) of the 

dielectric constant, the frequency dependent dielectric 
loss is shown in Figure 2. This corresponds to the loss 
in electric energy in the system as a function of 
frequency. Since the dipole moment of the system 
couples to the external electric field, vibrational modes 
having a change in the dipole show up as peaks. The 
negative peaks for the ZX components arise from modes 
having changes in the dipole moments in the X and Z 
directions that are correlated and out of phase. 
3.2. Amorphous PVDF. Canonical molecular dy- 

namics Calculations were performed for infinite chain 
systems at T = 300 K and at T = 400 K The 
experimental values12 at w = 60 Hz are 8.4-13.5 for 
300 K, in reasonable agreement with the calculated 
values. Using (4), with the trajedory fmm 100 to 1000 
ps (every 0.01 ps leading to 9000 steps), we obtain E = 
9.7 at 300 K. Using (4) with the trajectory fmm 100 to 
340 pa (every 0.02 pa, leading to 12 000 points), we 
obtain E = 12.5 at 400 K From Table 2, we see that 
the dielectric constants converge in about 600 ps for T 
= 300 K and in about 140 ps for T = 400 K 

For canonical molecular dynamics with finite chain 
systems at 300 K, we 6nd E to be about 50% larger than 
for infinite chains (due to the flexibility of the chain 
ends), as indicated in Table 2a. 

We also carried out microcanonical MD with an 
infinite chain system (Table 2b). Here the velocities of 
the atoms were scaled such that the average kinetic 
energy correaponda to a temperature of 400 K This was 
done by first minimizing the energy of the system and 
then assigning a Gaussian velocity distribution corre- 
sponding to twice the bath temperature. When micro- 
canon id  dynamics are used, the torsional transitions 
are much less frequent (see Figure 9), leading to a 
dielectric constant of E - 1.5, much smaller than for 
canonical dynamics. This is consistent with previous. 
studiessb which showed for polyethylene that microca- 
nonical MD can take 100 times as long to equilibrate 
as canonical MD (for rotational barriers of -2.5 kcaV 
mol). Thus we consider that the microcanonical calcu- 
lation is not converged in the time of these calculations 
but the canonical MD is converged. 

The total dipole moment correlation functions are 
shown in Figures 3a and 4a. For short times the dipole 
correlation functions are well fitted with the WW 
(Williams-Watts) stretched exponential fun~tion'~ 

The WW function is often used13 to describe the relax- 
ation behavior of amorphous polymers, leading usually 
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Figure 7. Torsional angles (color-coded) versus tine for 240 ps of canonical MD for the infinite chain system at T = 400 K Two 
independent runs for 100 ps start ing fmm different initial structures are also shown. 

to a sz 0.5. From the initial 80 ps of dynamics at T = 
300 K, we obtain a = 0.618 and z = 59.5 ps. Using the 
initial 20 ps at T = 400 K, we obtain a = 0.682 and z = 
24.0 ps. These fitted functions are shown in Figures 3 
and 4. 

In Figures 3a and 4a we see that the decay fundion 
goes negative fort - 130 ps at T = 300 K and for t - 40 
ps at T = 400 K This may be an artifact of the small 
size of the unit cell. It might also be due to the presence 
of only one independent chain per cell in these calcula- 
tions. 

The frequency dependent dielectric losses are plotted 
in Figures 3b and 4b and compared with the dielectric 
loss expected from the WW function. At 300 K the peak 
frequency in the dielectric loss is at 0.06 em-', whereas 
at 400 K, the peak frequency moves to 0.2 an-'. Such 
increases in peak frequency with temperature are 
consistent with experiment.14 

4.0. Interpretation 

* ~ d .  The 
question is, why does the amorphous system lead to 

Theory and experiment agree that 

such a high dielectric constant? The dipole autocorre- 
lation function for each monomer, 

and the torsion correlation function, 

are shown in Figure 5. This shows that in the amor- 
phous phase the torsional angles change rapidly at T = 
300 K Since a monomer of PVDF has the dipole 
perpendicular to the chain axis, changes in the torsional 
angle modify the dipole momenta, leading to a large 
dielectric constant for amorphous PVDF. 

In searching for the origin of the larger E,,, we 
analyzed the torsional angle changes during the MD. 
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PVDF Amorphous 300 K Finite Chain 
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TIME (ps) 
Figure 8. Torsional angles (color-coded) versus time for 500 ps of canonical MD of the tinite chain system at T = 300 K. 

The torsional angles are color-coded and plotted as 
functions of time in Figures 6-9. In these figures, all 
skeletal C-C-C-C torsional angles (1-132 for the 
idmite chain system) are shown by using three colors 
with intensities 

1 IR = $cos(@ - n) + 11 

le =$cos(@ - ;) + 11 

IG = $cos(@ + ;) + 11 
Thus, trans (T) is red, gauche plus (G+) is blue, and 
gauche minus (G-) is green. Other angles are shown 
by the combinations of these colors. 

In Figure 6 we see that some torsional dihedral angles 
are unchanged during the full 1100 ps of dynamics while 
others change frequently. Indeed, we see a region about 
30 atoms long which exhibits rapid fluctuations between 
T, G+, and G-. This region starts at around @EO for t = 
100 ps, moves to near &W after 300 ps, and then back 
to by 1100 ps. We find that this system leads to a 
negative vibrational mode. Hence it is unstable but 

cannot relax without cutting the polymer and recon- 
necting. Thus we consider this entity to be a soliton. 
Figure 10 shows a stereoview of the soliton from t = 
100 ps (T = 300 K). The soliton moves between bo and 
&W with a period of about 900 ps. Apparently, the 
soliton configuration is compatible with atom positions 
in the & to &q region but the structures at qbzo and &W 
cause a reflection. At 400 K the soliton moves faster, 
covering a larger region. 

We generated infinite chain structures four t i e s  and 
finite chain structures twice. In all six cases a soliton 
was found. Since the dipole moment is perpendicular 
to the chain axis, we expect the soliton to have a dipole 
moment perpendicular to its axis. The easy migration 
of the soliton in the dynamics suggests an easy polar- 
izability and hence a high E. Thus we believe that the 
soliton explains the high E for amorphous F'VDF. 
Various theoretical models have been used to explain 

the nonexponential decay behavior in the dielectric 
relaxation of amorphous p0lymers.'~-'7 Our canonical 
molecular dynamics studies support defect diffusion 
models15 and soliton models.16 We regard the localized 
part of the chain where torsion angles change rapidly 
(shown in Figures 6-8) as a soliton-like defect of the 
chain that diffises along the chain. 
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PVDF Amorphous 400 K Infinite Chain 
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Figure 10. Stereoview of the soliton (30 carbon fragment) of the PVDF polymer chain from canonical molecular dynamics (infinite 
chain) at T = 300 K (100 ps point from Figure 5). 

In the mieroeanonical dynamics, changes of conforma- 
tion were quite rare and Figure 9 shows that the 
localized rapidly changing region (the soliton) was not 
observed in the 100 ps time scale. 

6.0. summary 
Canonical MD calculations were performed on crys- 

talline and amorphous PVDF polymers. For the crystal 
case the dielectric tensor from MD and from static 

calculations are in agreement with each other (€0 - 2-3) 
and with experiment (EO = 2.2-3.5). The frequency 
response agrees with the infrared frequencies of the 
crystal. 

For amorphous systems, the static dielectric constants 
were calculated to be much larger, EO = 9.7 (T = 300 K) 
and EO = 12.5 (T = 400 K), in agreement with experi- 
mental values (EO = 8-13). We found a localized soliton- 
like torsional defeet that diffuses along the chain in the 
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amorphous system. The large dielectric constants are 
shown to arise from large changes of torsional angles 
of chains during dynamics. We associate these rapid 
changes with the soliton. 
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