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ABSTRACT We report two new force fields for molecular dynamica simulations of poly(viny1idene fluoride), 
PVDF. The first, MSXX, was obtained with Hartree-Fock calculations of 1,1,1,3,3-pentafluorobutane plus 
experimental frequencies of the form I, crystal. The second, the covalent shell model (MSXXS), waa developed 
to also account for polarization. These force fields were used to predict structure and properties of nine stable 
structures of poly(viny1idene fluoride) crystals including the four experimentally observed forma plus a fifth 
crystal form suggested by Lovinger. In each case we used the force field to establish that the structure is 
mechanically stable and to predict cell parameters, elastic constants, dielectric constants, and piezoelectric 
constants. 

I. Introduction 
Poly(viny1dene fluoride) (PVDF) polymer (1) has pi- 

ezoelectric and mechanical properties that make it tech- 
nologically interesting. Thus, applying a voltage across a 

PH2LCFi 
1 

block of the material causes a strain, and applying a stress 
induces a voltage. In addition, PVDF exhibits four well- 
studied crystal forms (I-IV), with piezoelectric properties 
observed in two (I and IV). Thus, this material serves as 
a good test for molecular simulations since one must 
account for both the stability and nearly equal cohesive 
energies of several forms in addition to the mechanical 
and electrical properties. 

In section I1 we develop two force fields (MSXX and 
MSXXS) for PVDF based on a combination of first 
principle quantum chemical (QC) calculations and ex- 
perimental phonon frequencies of form I. Both force fields 
include the cross terms required for accurate vibrational 
(phonon) frequencies. MSXXS also includes the covalent 
shell model for describing polarizabilities. We do not 
readjust the force field (FF) parameters to fit observed 
crystalline properties (structure, elastic constants). Thus, 
the accuracy in predicting known properties can be used 
to assess the accuracy for prediction of unknown structures 
and properties. 

These force fields are used to study the stabilities and 
properties of four observed forms of PVDF plus five 
additional forms which we find to be stable (including 
the antipolar form of I11 suggested by Lovinger'). The 
calculated properties include elastic constants (Ci,), pi- 
ezoelectric moduli (&), and the dielectric constant tensor 

11. Force Field 
The force fields used in this paper are from first principle 

quantum mechanical calculations (although adjustments 
were made for the experimental frequencies of form I). 

In developing the force fields for PVDF polymers, we 
first developed the MSXX force field for the 2,2-difluo- 
ropropane (C3HsF2) molecule (where experimental fre- 

(til). 
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quencies are available) using ab initio Hartree-Fock (HF) 
calculations. We then modified this force field to fit the 
experimental structure and vibrational frequencies of the 
form I crystal. The torsional potentiale are particularly 
important for PVDF since the various different crystalline 
forms have varying combinations of gauche and trans 
conformations. For this reason the torsional potential 
curves were obtained from accurate ab initio Hartree- 
Fock calculations for the 1,1,1,3,3-pentafluorobutane 
(CrH85) molecule (2). In addition, the atomic charges 
were obtained from the Hartree-Fock calculations on 2 
by fitting the long-range electrostatic field (potential- 
derived charges). 

2 

In order to account for changes in polarization due to 
applications of stress or electric fields, we modified the 
MSXX force field by including a covalent shell model 
(MSXXS) in which each atom is described in terms of two 
particles: the core (or nucleus) plus the shell (or effective 
valence electrons) as indicated in (1). The MSXXS 

contains new parameters describing the atomic polariz- 
ability which we also determine from ab initio Hartree- 
Fock calculations. 

We developed two independent sets of force field 
parameters for this polymer. The first set, MSXX, 
includes (i) valence interactions, such as the diagonal bond, 
angle, and torsion terms plus angle-stretch, stretch- 
stretch, one-center angle-angle, and two-center angle- 
angle cross terms; (ii) partial charges from HF wave 
functions of C ~ H S F ~  (2); and (iii) empirical van der Waals 
parameters. The second set, denoted MSXXS, includes 
all force field terms of MSXX plus the covalent shell model 
(CSM), but the valence parameters (i) and charges (ii) 
were modified to account for the CSM. 

0 1992 American Chemical Society 
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A. MSXX. Previously2 we reported the MSXX force 
field for polyethylene derived from the Hessian biased 
force field (HBFF) from ab initio HF calculations of 
n-butane (CH3CH2CH2CH3). With HBFF, the errors in 
the predicted HF frequencies are corrected using exper- 
imental values, but the character (eigenfunctions) of the 
vibrational modes comes from theory. Assuming the 
valence parameters from n-butane apply to polyethylene, 
we calculated the structure, elastic constants, and vibra- 
tions of the polyethylene crystal. Here we found2 excellent 
predictions for mechanical properties such as Young's 
modulus (within 3 % of experiment) and phonon frequen- 
cies. To obtain all valence parameters needed for PVDF 
would require ab initio HF calculation on 3. However, 
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Table I 
Predicted Partial Charges for C4H& (2) from Various 

Calculationsa 
trans (g = 180O) gauche (4 = 

PDQb QEsc Mulld PDQb QEac Mulld 

-3, /CF2 /CF2 
CH, 'CH, 'CH3 

3 

there are no experimental vibrational data for 3 to use in 
the HBFF, and indeed the only related molecule with 
sufficient experimental data is 2,2-difluoropropane (4). 
Consequently we instead obtained the HBFF for 4 and 
then corrected the parameters by readjusting to fit 
experimental frequencies of the form I ~ rys t a l .~  

F q  

H3C' 'CH, 

4 

All quantum mechanical calculations were at the Har- 
tree-Fock (HF) level using the 6-31G** basis set4 (valence 
double { plus d polarization functions on C and F plus p 
polarization functions on H). 

a. Charges. Partial atomic chargesSa for the various 
atoms were obtained using the PS-Q programsb to calculate 
the (electrostatic) potential-derived charges (PDQ) for the 
Hartree-Fock wave function of the C~HSFS molecule (2). 
In this method, the charge density from the Hartree-Fock 
wave function is used to calculate the electrostatic potential 
at several thousand pointsoutside the van der Waals (vdW) 
radii of the molecule and then atom-centered charges are 
optimized to fit this electrostatic potential function. In 
Table I we compare the charges from Mulliien populations 
and from charge equilibration (QEq) calculations6 with 
the PDQ for both the trans and gauche forms of 2. Here 
we see that the PDQ are very similar for the gauche and 
trans forms (rms difference of 0.015e). On the basis of 
these results, we selected the following charges (le(, the 
charge of an electron) to be used for all calculations on 
PVDF 

(where CH and CF indicate the carbon bonded to H and 
F, respectively). 

b. van der Waals Parameters. For carbon and 
hydrogen we used the van der Waals parameters previously 
determined from fitting lattice parameters, elastic con- 
stants, lattice phonons, and cohesive energies of the 
polyethylene crystal2 and graphite crystal.' For the 
fluorine parameters, we use the parameters derived for 
CF4 and poly(tetrafluoroethy1ene) crystalss (we could not 
find sufficient experimental data for fluorinated hydro- 
carbons). The accuracy in predicting the cell parameters 

Charges 
c1 -0.568 -0.185 -0,388 -0.561 -0.139 -0.396 
HI 0.175 0.212 0.160 0.161 0.204 0.151 
H2 0.160 0.128 0.136 0.170 0.192 0.155 
Ha 0.160 0.128 0.136 0.159 0.137 0.132 
cz 0.733 0.663 0.781 0.730 0.650 0.789 
F4 -0.266 -0.475 -0,398 -0.268 -0.504 -0.399 
F6 -0.266 -0.475 -0.398 -0,264 -0.468 -0.392 
c3 -0.547 -0.012 -0.406 -0.586 -0.017 -0.429 
H4 0.182 0.092 0.171 0.201 0.183 0.188 
Hs 0.182 0.092 0.171 0.191 0.105 0.173 
c4 0.717 1.193 1.119 0.729 1.097 1.102 
Fi -0.233 -0.498 -0.373 -0.229 -0.468 -0.369 
Fz -0.215 -0,431 -0,356 -0.220 -0.537 -0.357 
Fa -0.215 -0.431 -0.356 -0.214 -0.436 -0.349 

Group Charges 
(CH3)l -0.073 +0.283 +0.044 -0.071 +0.394 +0.042 
(CF& +0.201 -0.287 -0.015 +0.198 -0.322 -0.002 
(CH2)3 -0.183 +0.172 -0.061 -0.194 +0.271 -0.068 
(CF3)4 +0.054 -0.167 +0.034 +OB66 -0.344 +0.027 

Dipole Moment (D) 
C l X  -2.17 -6.62 -3.22 -0.33 -3.25 -0.29 

fiY -3.17 -7.21 -5.44 1.03 3.46 1.93 

Clr 0.0 0.0 0.0 -1.50 -3.04 -2.36 

(-2.10) (-0.31) 

(-3.02) (0.98) 

(0.0) (-1.45) 

a The charges wed in simulations of PVDF are QCH = -0.54, & 
= +OB, QCF = +0.70, and 8p = -0.26 for MSXX [see (211 and QCH 
= -0.45, QH = +0.16, QCF = +0.77, and 8p = -0.32 for MSXXS [we 
(15)]. These were baaed on the PDQ values of the trans form. The 
values of the dipole moment componenta calculated directly from 
the electron density are listed in parentheses under the PDQ value. * Potential-derived charges from PS-Q. Charge equilibration, ref 6. 
d Mulliken populations. e Rigid rotation from 4 = 180" to 6 = 60". 

of all four observed crystal forms of PVDF (vide infra) 
suggests that these vdW parameters are reasonably 
accurate. 

c. Torsional Potentials. Since we are interested in 
describing crystal forms with varying amounts of trans 
and gauche conformations, it is necessary to accurately 
describe the torsional potential of the chain, including 
both the trans and the gauche conformations. To do this, 
we used HF (6-31G** basis) to obtain the torsional 
potential curve for CIHSFS (2). In these calculations, the 
central C-C bond was rigidly rotated from the optimized 
structure at the trans geometry and the energy calculated 
at 30° increments (the energies are given in Table 11). 
Using the charges and van der Waals parameters described 
above, we subtracted the electrostatic and van der Waals 
contributions to obtain the residual torsional potential. 
We also subtracted the torsional energy arising from F-C- 
C-H, F-C-C-C, and H-C-C-C terms, which were adjusted 
to fit experimental frequencies (see below). The Fourier 
transform {Cm) of this residual torsional potential is given 
in Table 111, along with an alternative form in terms of the 
potential barriers (Vm) for each periodicity (this is the 
form used in Biograf/Polygraf). The simulations used the 
first six terms (m = 1, ..., 6) of this potential for the C-C- 
C-C torsional term. This fitted torsion curve is compared 
to the HF curve in Figure 1, where we see that it is accurate 
to about 0.05 kcal/mol. 

d. Valence Parameters. With HBFF methodologyob 
we would optimize the force field for C4HsF5 to obtain 
valence FF parameters. Since there are no experimental 
frequencies for C4H5F5, we instead optimized the param- 
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torsion angle 
Oo, eclipsed 
30' 
6oo, gauche 
9o' 
120° 
150° 
1800, trans 
total* 

Table I1 
Tomiolul hem C W ~  for O m 6  (2)' 

MSXX MSXXS 
HFenerav vdW @ torsionc CC-C-Ctorsiond vdW @J torsionc C-C-C-Ct~reion~ 

5.828 8.437 -2.198 
3.061 4.873 -1.560 
0.615 2.659 -1.093 
1.297 1.133 -0.847 
2.784 1.524 -0.718 
1.740 0.936 -0.286 
0.0 0.0 0.0 
-651.61444h (3.851) (-171.169) 

-0.697 
-0.763 
-0.719 
-0.349 
0.022 
0.067 
0.0 

(0.159) 

0.286 4.952 -3.098 
0.511 2.874 -2.293 

-0.232 1.404 -1.693 
1.360 0.943 -1.251 
1.956 1.409 -0.983 
1.023 0.833 -0.366 
0.0 0.0 0.0 

(3.959) (-201.073) 

-0.640 4.614 
-0.649 3.129 
-0.662 1.456 
-0.283 1.888 
0.091 2.267 
0.095 1.178 
0.0 0.0 

(0.301) 

All energies are in kilocalories per mole unless otherwise noted. Total energies of the trans form. All torsion energies except for the 
C-C-C-C term. Values used to fit C-C-C-C torsion. e Electrostatic. f Including shell polarization energies. 

Table 111 
Fourier Transform of the Reddual Torsion Potential for 

C4HkF6 

MSXX MSXXS 
period (m)  Cm Vma C m  Vm" 

0 0.7958 -1.1933 -2.0094 -4.6474 
1 -0.4609 0.9218 1.2093 -2.4186 
2 -0.4358 0.8715 0.2462 -0.4923 
3 0.7622 -1.5244 1.0378 -2.0755 
4 -0.0387 0.0775 0.0682 -0.1363 
5 -0.1272 0.2543 0.0737 -0.1474 
6 -0.1643 0.3287 -0.0029 0.0059 

4 In Table IV, these values are multiplied by 9 because the input 
to Biograf has each torsion term scaled by the number of torsion 
terms for each central bond. 

eters to fit the vibrational frequencies of the form I crystal. 
In this fit we excluded the lattice modes since they are 
dominated by vdW and electrostatic terms which are not 
being readjusted. The valence terms used are the fol- 
lowing. 

(i) Morse bond stretch 

(Y = (kR/2Db)1'2 (3) 

The bond distance (Rb) and force constant ( k ~ )  are 
optimized, and the bond energy (Db) is fixed (based on 
average bond energies). Here Eb(Rb) = 0. 

(ii) cosine angle bend 

c = k$(sin eal2 (4) 

ea is the equilibrium angle, and ke is the force constant. 

(iii) torsional potential 

m = 1,2, ..., 6 is used for the C-C-C-C torsional potential, 
and only m = 3 is used for other terms. For a given central 
bond j k ,  all possible i # k bonded to j and I # j bonded 

- HF 631G" 
set I (without shell) 
set II ( with shell) 

..-. . 
\ 

0 '  1 I 1 1 I I I I \\.j 
0 2 0  4 0  6 0  8 0  1 0 0  120 1 4 0  1 6 0  1 8 0  

Torsional angle(degree) 
Figure 1. Toreionalpotentialcusof CHsCFlCHlCFaobtained 
by the Hartree-Fock calculations with the 631G** baais aet and 
the molecular mechanics calculations (MSXX and MSXXS). 
The cis conformation hae 4 = Oo. 

to k are included and normalized by the number of terms. 
Thus, for PVDF each C-C central pair lea& to nine toreion 
terms (four FCCH, two FCCC, two CCCH, and one CCCC) 
which are added and normalized by dividing by 9. 

(iv) angle-atretch cross terms 

(6) D = -kR$(sin e,) 

k ~ e  is the force constant. If atoms i and k are bonded to 
j ,  we  OW Dij # Dkj. 

(v) stretch-stretch cross terms 

The bonds R and R share a common atom. 

(vi) one-center angle-angle terms 

Equation 8 is used if atoms j ,  k, and 1 are all bonded to 
atom i. 8 is (iik), and 8 is (id). There are three such 
terms, all of which are included [ G i k : j l  and G i l : j k  in 
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Table IV 
Force Field Parameters Used in the Calculations for PVDF. 

MSXX MSXXS MSXX MSXXS 
Torsion [See (5)l van der Waalsc 

C Rv 3.8837 
CY 0.0844 
5; 12.0 

H Rv 3.1975 
6 0.016 
i-V 11.8 

F R v  3.5380 
CV 0.0211 
i-" 16.0 

Bond Stretch [See (3)l 
C-C Rb 1.5242 

k R  682.1823 
D b  (101.2) 

C-H Rb 1.0789 
kR 729.3088 
Db (106.7) 

C-F Rb 1.3457 
kR 832.0755 
D b  (108.0) 

C 
H 
F 

Angle Bend [See (411 
H-C-H ks 52.7607 

e. 116.4161 
C-C-H ke 64.7621 

8. 116.0913 
C d C F b  ke 178.4806 

ea 116.3318 
C - C d b  ke 155.5421 

ea 119.3277 
F-C-C ks 139.2072 

ea 114.8591 
F-C-F ke 184.7170 

e. 109.5665 

3.8837 
0.0844 

3.1975 
0.016 

3.5380 
0.0211 

12.0 

11.8 

16.0 

1.5269 
665.4933 

(101.2) 
1.0820 

715.6092 
(106.7) 

1.3394 
876.8641 

(108.0) 

525.8132 
2033.3751 
81 1.5098 

55.8315 
115.5015 
62.7458 

116.5150 
137.3946 
119.6434 
138.6187 
119.7954 
136.0475 
116.6151 
178.9011 
111.3060 

C C C - H  
C-CC-C 
C C 4 - C  
C-C-CC 
C-C-C-C 
C-C-C-C 
C-C-C-C 
F-C-C-H 
F-C-C-C 

H-C-H 

C-C-H 

C d - C F b  

C-CrCb 

F-C-C 

F-C-F 

GCCHC 
GCCHH 
GcHcc 
GCHCH 
Gccm 
GCCFF 
GcFcc 
GCFCF 

FCCCH 
Fcccc 
FFcCH 
FFccc 

v3 -4.4115 
V l  8.2966 
v2 7.8439 
v3 -13.7195 
v4 0.6973 
Vb 2.2890 
v6 2.9580 
v3 -1.0690 
Va 5.3835 

Angle Cross Terms [See (6) and (711 
DHO -20.5879 
km 5.3363 
Dcs -26.0949 
DHE -22.0763 
kRR 0.9924 
Dcs -20.1366 
kRR 18.6314 
DCe -27.1200 
KRR 12.0600 
DFE -62.9635 
DCe -48.9831 
km 111.1305 
DFE -75.9852 
kRR 145.3960 

-4.4067 
-21.7670 
-4.4309 

-18.6795 
-1.2270 
-1.3265 
0.0531 

-1.0936 
5.2046 

-17.2328 
2.3686 

-27.8731 
-15.3201 

0.9978 
-16.3586 

17.9468 
-17.3844 

11.8674 
-69.8823 
-42.5101 
109.2529 
-74.3431 
127.2188 

One-Center Angle-Angle Cross Terms [See (8)] 
2.4693 2.2899 

-1.6436 -1.5733 
20.7375 18.6381 
0.8671 0.8027 
2.4667 2.4677 

27.3593 25.4020 
2.5382 2.6366 

-5.8372 -5.7643 

28.5400 18.2612 
-10.6192 -9.6901 

0.2414 0.2430 
29.2978 25.0190 

Two-Center Angle-Angle Cross Terms [See (911 

a Unite: kcal/mol, energy; A, length; deg, angle; rad, angular force constant. van der Waals parameters and values in parentheses were not 
optimized. CF is used to specify the carbon in the CFz group to distinguish two kinds of C C - C  terms. EV~WIJ = cv{A exp[Sv(l - p)] - Bpd) 
where p = R/Rv, A = 6/(tV - 6), and B = fv/(fV - 6). 

addition to (811. 

(vii) two-center angleangle terms 

Fi:jk:l = k,,,/(sin e, sin 8,) 
Equation 9 is used if atom i is bonded to j ,  j is bonded to 
k, and k is bonded to 1. 8 is ( i jk ) ,  8 is Gkl), and $J is the 
torsional angle of i j  and kl about bond j k .  As with torsions 
all i and 1 for a given j k  are included. 

The van der Waala parameters and charges were fixed 
during optimization of the valence parameters. The 
FFOPT programg [utilizing the singular value decompo- 
sition (SVD) methodology] was used to optimize the 
phonon frequencies while retaining zero stress and zero 
forces (ensuring that the structure remains optimum). The 
final force field parameters are shown in Table IV. 

e. Results. The observed phonon frequencies (IR, 
Raman, r point) are given in Table V where we find an 

rms error of 17.2cm-'. In this table, vibrationalfrequencies 
of form I1 and form I11 crystale are also shown and these 
are compared with experiments. The agreement between 
theory and experiment for form I1 and form I11 is not as 
good as that of form I due to the presence of gauche 
conformations which are not fitted in the optimization 
procedures. 

B. MSXXS: The Covalent Shell Model (CSM). In 
molecular dynamics simulations of organic molecules and 
polymers, the atomic charges representing the electroetatic 
properties of the molecule are usually fixed. But such 
fixed charges cannot describe the polarizability of a 
molecule since most of the polarizability effecta come from 
the displacement of electronic clouds. Such polarization 
effects are expected to be important for the vibrational 
modes and even more important for the piezoelectric 
properties. Consequently we have extended the shell 
model (which has 6uccessfully accounted for polarization 
effecte in ionic cryetalalO) for use in covalent molecules. 
In the shell model, each atom is represented by two 
charged points (shell and core) connected by an isotropic 
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Table V 
(A) Vibrational Frequencies (cm-l) of Intramolecular Modes for PVDF Crystals Using the MSXX and MSXXS Force Fields 

(a) Form I, 
symmetry MSXX MSXXS exptla symmetry MSXX MSXXS exptla 
Ai 2983 2976 2980 Bi 1397 1399 1398 
Ai 1429 1426 1428 Bi 1072 1075 1071 
Ai 1276 1273 1273 Bi 480 473 468 
Ai 887 882 840 B2 3017 3020 3022 
Ai 511 508 508 B2 1165 1164 1177 
A2 980 980 980 B2 841 843 880 
A2 267 267 260 B2 447 449 442 
rms error 17.2 15.7 d 

(b) Form 1I.d 
symmetry MSXX MSXXS exptlb symmetry MSXX MSXXS exptlb 

A, 3034 3038 2990 BB 3032 3036 3030 
A8 2991 2976 2970 B# 2992 2978 2980 

A, 1351 1353 1406 B# 1302 1304 1384 
A8 1382 1390 1430 BB 1418 1415 1442 

1219 1208 1296 BB 1208 1210 1200 
AB 1182 1200 1150 B, 1145 1144 1190 
A8 

A, 1091 1078 1058 B8 1129 1137 1064 

A, 849 851 876 B8 934 929 885 
A, 844 830 84 1 B, 881 865 800 

A, 510 503 488 B8 533 531 536 

A, 295 292 287 B, 368 372 357 

A, 1010 1009 976 B8 1011 1010 940 

A8 632 626 612 B8 723 714 766 

A8 436 428 414 BB 417 412 

A, 260 250 206 Bg 281 275 216 
AB 108 105 75 B, 207 205 176 
Au 3031 3036 3017 Bu 3035 3039 3017 
Au 2989 2977 2977 Bu 2992 2976 2977 
All 1400 1402 1383 Bu 1380 1389 1420 
Au 1290 1289 Bu 1351 1353 1399 
Au 1205 1208 1209 Bu 1218 1208 1290 
Au 1143 1143 1182 B U  1180 1198 1149 
Au 1128 1136 Bu 1092 1079 1056 
A u  1010 1011 1067 B u  1010 1009 976 
A u  934 929 878 Bu 849 850 873 
Au 879 865 795 Bu 842 829 853 
Au 725 715 766 Bu 632 626 612 
A u  529 527 531 BU 509 503 489 
Au 419 415 389 B" 433 426 410 
Au 367 370 355 Bu 298 294 288 
Au 279 273 215 Bu 267 259 208 
Au 208 206 176 Bu 107 104 100 
rms error 39.4 38.5 

(c) Form 111," 
symmetry MSXX MSXXS exptlC symmetry MSXX MSXXS exptlC 

A' 
A' 
A' 
A' 
A' 
A' 
A' 
A' 
A' 
A' 
A' 
A' 
A' 
A' 
A' 
A' 
A' 
A' 
A' 
A' 
A' 
A' 
A' 
A' 
A' 
A' 

3022 
3015 
2984 
2976 
1411 
1391 
1379 
1250 
1233 
1194 
1164 
1157 
1147 
1097 
1005 
978 
947 
891 
869 
843 
737 
553 
548 
507 
448 
411 

3028 
3019 
2977 
2967 
1414 
1400 
1381 
1246 
1238 
1203 
1166 
1156 
1150 
1089 
1005 
977 
935 
879 
862 
843 
725 
547 
544 
502 
447 
408 

3032 
3022 
2990 
2985 
1400 
1385 
1365 
1320 
1250 
1234 
1190 
1175 

1075 

964 
874 
858 
835 
811 
776 
614 
539 
484 
442 

A" 
A" 
A" 
A" 
A" 
A'' 
A" 
A" 
A" 
A" 
A" 
A" 
A" 
A" 
A" 
A" 
A" 
A" 
A" 
A" 
A Jt 

A" 
A" 
A" 
A" 
A" 

3021 
3015 
2984 
2976 
1420 
1383 
1359 
1319 
1251 
1185 
1170 
1159 
1101 
1093 
1011 
99 1 
896 
864 
857 
854 
700 
618 
534 
511 
454 
437 

3025 
3022 
2974 
2964 
1419 
1393 
1363 
1322 
1247 
1192 
1180 
1163 
1103 
1084 
1009 
987 
892 
859 
852 
842 
694 
610 
530 
508 
450 
439 

3032 
3022 
2990 
2986 
1427 
1385 
1365 
1330 
1274 
1205 

1134 
1115 
1052 

878 
842 
791 
748 
723 
666 
512 
500 
432 
404 
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Table V (Continued) 
(c) Form 111, 

symmetry MSXX MSXXS exptlc symmetry MSXX MSXXS exptlc 
~ 

A’ 375 379 370 A“ 345 345 350 
A’ 333 324 299 A’’ 313 313 304 
A’ 274 273 286 A” 217 270 267 
A‘ 226 222 A” 266 255 
A‘ 185 181 172 A” 246 240 
A’ 135 130 130 A“ 160 157 172 
A‘ 102 102 98 AN 135 133 
A‘ 65 63 84 A” 65 64 
rms error 29.7 27.3 

(B) Vibrational Frequencies (cm-l) of Lattice and Twist Modes of PVDF Crystals Using the MSXX and MSXXS Force Fieldse 
form type symmetry MSXX MSXXS exptlb form type symmetry MSXX MSXXS exptlb 
I, Ro BO 81 88 - 111, T a  A ’ 52 50 

43 40 52 T c  A’ 23 25 
30 29 R, A I’ 62 62 23 

A” 54 52 
73 71 99 Ro A” 42 40 
62 60 

IIad Ta A, 
T c  A, 

Ro Be 
Tb Be 

R, All 66 68 53 Tb 

- 
0 Reference 3. * Reference 35. Reference 36. The two seta of intermolecular modes are split by 0-2 cm-l. We show the lower one for each 

case. e Here Ti indicates a translational mode in the i lattice direction, and R, indicates a librational (twist) mode where j = 0 indicates that 
the molecules within the unit cell have the same phase and j = x indicates that the molecules have the opposite phase. 

harmonic spring: 

6E = (1/2)k8(6R)’ (10) 

where 6R is the distance between the shell and core. 
Equation 10 leads to an atomic or shell polarizability of 

a, = CmitZ2/k, (114 

where 2 is the shell charge (lei) and C A ~  = 332.0637 converts 
units so that energy is in kilocalories per mole while 
distance is in angstroms (leading to as in cubic angstroms). 

a. Nonbond Exclusions. Defining the total charge 
(shell plus core) on an atom i as Qi,  then the total charges 
on the shell and core are 

Qi, = -2i 

Qic = Qi + Zi 

A complication of using the shell model for covalent 
systems is that standard force fields generally exclude the 
Coulomb interactions between two bonded atoms (1-2 
interactions) and between two atoms bonded to a common 
atom (1-3 interactions). In addition they sometimes ignore 
or scale the 1-4 interactions. In order to retain the 
possibility of such exclusions while using the shell model, 
we use the following conventions: (1) If 1-2 interactions 
are excluded (assumed so for PVDF), then we exclude 
QlQz, 21Q2, and 8122 terms from the electrostatic inter- 
actions while including 2122 terms. (2) If 1-3 interactions 
are excluded (we assume so for PVDF), then we exclude 
QlQ3, ZlQs, and Q123 terms while including 2 1 2 3  terms. 
(3) If 1-4 interactions are excluded or scaled (for PVDF 
full 1-4 interactions were used), then we apply the scaling 
to all QlQ4 terms while including all 2 1 2 4 ,  ZlQ4, and Q124 
terms at full value. 

Thus, all dipole interactions from shell polarizations 
are included while 1-2 and 1-3 exclusions are dealt with 
in the normal fashion.” We find that this convention 
leads to similar valence parameters for the MSXX and 
MSXXS force fields. 

The vdW parameters of the shells were taken as zero, 
so that the core atoms carry all vdW interactions. 

b. Molecular Polarizability. The molecular polar- 
izability, a, is determined by including all dipole-dipole 
interactions of atomic polarizability centers and is given 
bv12 

where the sum is over all charged centers (shells and cores) 
and D i a j b  is the inverse of the second-derivative matrix 
(Hessian), & j b  

after eliminating translational and rotational componente. 
Here, Vis the total potential energy of the system and ria 
is the a component (a = 2, y, or z )  of the position vector 
for center i. With no net atomic charges (Qi = 0) this 
model gives the same molecular polarizability as the atom- 
dipole interaction model of App1eq~ist.l~ The CSM is 
easily incorporated in molecular-mechanics calculations 
since the shells are treated as additional ions so that no 
special treatment is necessary for energy minimization or 
calculation of mechanical properties. In vibrational 
frequency calculations, we assign the shells to have the 
mass of an order of a free electron (0.001 in atomic mass 
unite, 12C = 12.000). Core (real) vibrational frequencies 
are not sensitive to shell mass if it is less than N 1/100 of 
the hydrogen mass. Thus, the first 3N - 6 (or 3N - 3 for 
a crystal) vibrational modes (where N is the number of 
atoms) correspond to the real vibrations (the others lead 
to collective or plasmon modes for the shell electrons). 

c. Calculation of the Shell Parameters. The shell 
polarizabilities, a i ,  for hydrogen, carbon, and fluorine were 
determined from Hartree-Fock  calculation^.^ We calcu- 
lated polarizabilities of fluoromethane (CFH3) and found 
that HE calculations using a basis set with extra polar- 
ization functions (DZ95(3d,2p)) gave reasonably good 
polarizabilities.12 For 2,2-difluoropropane (4) we obtained 
the polarizability tensors in Table VI. Using the results 
for the DZ(3d,2p) basis and assuming shell charges of 2 
= 1 on all atoms, we find optimum shell polarizabilities 
of 

ac = 0.632 A3 aF = 0.409 A3 
aH = 0.163 A3 (14) 

which describe the molecular polarizability to within about 
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Table VI 
Molecular Polarizability (A') of Z&Difluoropropane (4). 

basis setb a11 a 2 2  a33 rma error 
DZ95** 4.63 5.01 4.71 0.67 
DZ95(3d,2p) 5.30 5.98 5.45 0 
MSXXSc 5.33 5.64 5.39 0.20 
charges only 0.50 0.57 0.60 4.89 

The experimental geometry (geometry from ref 37) WBB used (all 
carbon atoms are in the yz plane, and the z axis is the C2 axia). 

DZ95**isastandard baaissetwithvalencedouble {pluspolarization 
functions (ref 4). In DZ95(3d,2p), extra polarization functions are 
added (2d for C and F, lp  for H) and their exponents are taken as 
the same as those of valence atomic basi functions. Shell polar- 
izabilities [shown in (14)l were fitted to reproduce DZ96(3d,2p) 
results. 

-027 -027 -02 .022 -032 -032 427 4 2 1  

(b) With shcll - X  
(a) Wifhout shcll 

hpok Mancnt (Dcbye) 

HF wllhoutsbcu WllhShcU 

P, -2  IO -2 17 -2 19 

P, -3 07 -3 17 -3 13 

pz 0 0 0 

Figure 2. Net atomic charges (in unita of electron charge) 
obtained by fitting the electrostatic potential from the Hartree- 
Fock calculations of ClH86 with and without shell parameters. 
Calculated dipole momenta are also shown. 

6 % . Without the shell terms the polarizability compo- 
nents are about 90% too small. 

d. Reoptimizationof Charges. WithCSM, the center 
of each shell is displaced from the core, leading to atomic 
dipoles (and higher order multipoles) a t  each center. As 
a result the net charges Qi on each atom were reoptimized 
to fit the electrostatic fields from the HF calculations. 
This was done iteratively since the displacement of the 
shell is dependent on the charges of the other centers. We 
started with the net atomic charges of MSXX, and the 
shell positions were optimized (with Polygraf) using fixed 
core positions. Then PS-Q was used to subtract the 
electrostatic potential arising from the induced dipoles 
from the total Hartree-Fock potential and then to fit new 
atomic charges (Qi)  to this residual electrostatic potential. 
These charges were in turn used to obtain new shell 
positions (Polygraf), etc. For C~HSFS we found three 
iterations to be sufficient for determining the charges to 
better than 0.01e. Figure 2 shows the net atomic charges 
of C4H5F5 before and after the fitting. Dipole moments 
from HF and PS-Q are also shown. With or without CSM, 
agreement between HF and PS-Q is good. From these 
results we assigned the charges as 

QCH = 4.45 Q H  = 0.16 

for all MSXXS calculations on PVDF. 
e. van der Waals Parameters. For MSXXS we take 

the van der Waals parameters to be the same as in MSXX 
with no vdW interactions involving the shells. 

f. Torsion Parameters. Since the electrostatic in- 
teractions are different for MSXX and MSXXS, we 
recalculated the electrostatic energy for C ~ H S F ~  using CSM 

(see Table 11) (allowing optimized shell positions for each 
conformation). These results were used to determine a 
new torsional potential curve (Table 11) and new Fourier 
components (Table 111). The final fit is shown in Figure 
1. 

g. Valence Parameters. We started with the valence 
parameters for MSXX and reoptimized them to include 
the changes arising from the shell model. The final force 
field parameters are shown in Table IV. We find that 
including polarization effects in the force field leads to 
smaller valence spring constants. This in turn leads to 
smaller elastic constants (vide infra). 

h. Results. The vibrational frequencies are shown in 
Table V. For MSXXS, the rms difference between 
calculated and experimental values for form I is 15.7 cm-I. 

i. Other Approaches. Previous approaches to ac- 
counting for atomic polarizability involved using polar- 
izable centers. Thus, Applequist13 developed an atom- 
dipole interaction model to calculate the optical propertiea 
of the molecules, and Boyd and Kesner14 introduced a 
polarization-mutual induction model to represent induc- 
tive effects of the molecules. These approaches lead to 
errors of 2.2% and 5.8% for describing average polariz- 
abilities of halomethane molecules, about the same as 
CSM. 

111. Crystal Calculations 

Table VIIsummarizes various characteristics of the four 
observed structures of PVDF plus the five other stable 
structures that we studied. All nine of these structures 
are stable (positive definite elastic constant tensor and all 
phonon frequencies positive). The three common nota- 
tions for the four observed structures are {I,II,III,IV], 
(B,a,6,yj, or {1,11,111,11,]. In order to simplify reference to 
all 10 forms, we believe that the best notation would be 
T, TG, and T3G (in place of I, 11, and III) to indicate the 
conformation of the chain, followed by subscripts p and 
a to indicate parallel or antiparallel orientation of the 
chains (about the chain axis), followed by subscripts u 
and d to indicate up-up or up-down relative directions 
of adjacent chains. A less severe change from current 
notation (and the one we will use in this paper) is to we 
I, 11, and I11 to indicate conformation [T, TG, and TaG] 
followed by the same subscripts. Thus, for the four 
observed structures, I becomes I, (or T,), I1 becomes ILd 
(or TGad), I11 becomes III,, (or T3GP,), and IV becomes 
IIg (or TGg). Form I1 normally has a statistical distri- 
bution of up-up and up-down, so that I1 becomes 11, while 
IV becomes 11,. All nine forms are shown in Figure 3, and 
the structural parameters (calculated and observed) are 
in Table VIII. We did not calculate the antipolar form, 
I,, of the all-trans form, I,. 

Observations about the four experimentally character- 
ized crystal forms of PVDF are as follows. 

Form I ( B  form) has a planar-zigzag type of conformation 
(all trans), with two chains in the unit cell.16 These chains 
are aligned in the direction parallel to the b axis, leading 
to a polar crystal (piezoelectricity). For this case up-up 
and up-down are the same so that it is denoted as I, (or 

Form I1 (a. form) has the TGTG molecular conformation 
with two chains in the unit cell. These chains are aligned 
antiparallel (nonpolar) in a direction perpendicular to the 
chains. The experimental structure is interpretedI6 in 
terms of a statistical average over the up-up and up-down 
orientations. Thus, we use 11. (or TGJ to denote the 
statistically averaged case and 11, and Ihd (TG, and TGd) 
for the two separate orientations. 

T,) . 
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Table VI1 
Names and Characteristics for Various Forms of Crystalline Poly(viny1idene fluoride), PVDF 

name 
new simple 
new complete 
Roman 
Roman' 
Greek 

conformation 
alignment 

11 chain 
I chain 

polar 
11 chain 
I chain 

space group 

energy 
MSXX 
MSXXS 

observed 
piezoelectric 

Young mod (E,) 
MSXX 
MSXXS 

compress (8) 
MSXXS 

d l i a  (MSXXS) 

I 
B 
T 

P 

no 
Yes 
Cmzm 
C; 

0 
0 

Yes 
-18.8 

293 
277 

15.2 

yes 

In IIpu 
Ta TGpu 

(IV) 
(11,) 
(6) 

T TGTG 

u-u 
a p  

no yes 
no yes 

2 
0.68 

stat 
yes 

IId 
TGd 

11, 
IV 

b 
TGTG 

U-d 
P 

no 
Yes 
P2lcn 
(3% 
0.69 
0.67 
stat 
Yes 
-2.9 

163 
150 

13.6 

I h  
TGd 
I1 
I1 

;GTG 

U-d 
a 

no 
no 
P21lc 
c"% 
0.78 
0.72 
stat 
no 
0 

153 
141 

13.6 

IIIPU 
TsGpu 
I11 
111, 
Y 
T3GT& 

u-u 
P 

Yes 
Yes 2 
0.30 
0.46 
Yes 
Yes 
-2.7 

113 
107 

14.7 

1II.U 
T3G.u 
V 
111. 

TaGT& 

u-u 
a 

Yes 
no 
Pca21 
c"% 
0.46 
0.64 
no 
Yes 
0 

102 
92 

13.5 

1II.d 
TaGd 

TsGTaG 

U-d 
a 

no 
no 
P21lc 
c"% 
1.20 

no 
no 

a Piezoelectric modulus connecting a change of polarization in the direction perpendicular to the chain with a tension stress in that direction. 

Table VI11 
Optimized Energy (kcal/mol per CH&F2) and Cell Parameters (A, deg) of Various Forms of PVDF with Parallel (Up-Up) 

and Antiparallel (Up-Down) Alignment of Chains in the Unit Cell. 
form IId form II., form 111, form 111d form IId form IIp, form 111.. form 11I.d 

formIp up-down up-up up-up up-down up-down up-up up-up up-down 
space group Cm2m P211c Pca21 cc h 2 1  P2lcn c c  Pca21 P 2 d C  

MSXX 
energy -121.67 -120.89 -120.82 -121.37 -119.77 -120.98 -120.99 -121.21 -120.47 
a 8.61 (8.58) 5.07 (4.96) 5.09 5.02 (4.96) 5.24 5.08 (4.96) 5.20 9.68 6.04 
b 4.72 (4.91) 9.47 (9.64) 9.50 9.53 (9.67) 9.27 9.32 (9.64) 9.36 4.98 9.01 
C 2.56 (2.56) 4.59 (4.62) 4.59 9.14 (9.20) 9.28 4.58 (4.62) 4.58 9.13 9.26 
a 90.0 (90.0) 90.1 (90.0) 90.0 90.0 (90.0) 90.0 90.1 (90.0) 90.0 90.0 90.0 

90.0 (90.0) 92.0 (90.0) 90.0 97.7 (93.0) 90.0 90.0 (90.0) 104.0 90.0 120.0 
90.0 (90.0) 90.0 (90.0) 90.0 90.0 (90.0) 90.0 90.0 (90.0) 90.0 90.0 p.0 

B 
Y 

energy -129.92 -129.00 -129.26 -129.05 -129.08 
a 8.55 (8.58) 5.05 (4.96) 4.98 (4.96) 5.05 (4.96) 9.65 
b 4.71 (4.91) 9.37 (9.64) 9.45 (9.67) 9.23 (9.64) 4.93 
C 2.56 (2.56) 4.58 (4.62) 9.13 (9.20) 4.58 (4.62) 9.12 
a 90.0 (90.0) 90.1 (90.0) 90.0 (90.0) 89.8 (90.0) 90.0 

90.0 (90.0) 92.2 (90.0) 96.8 (93.0) 89.9 (90.0) 90.0 
Y 90.0 (90.0) 90.0 (90.0) 90.0 (90.0) 90.0 (90.0) 90.0 
B 

MSXXS 

a In all forms, the c axis corresponds to the chain direction. Experimental cell parameters are shown in parentheses where available. For 
MSXXS, only observed structures are shown. 

Form I11 (y form) has a molecular conformation'J' of 
T3GT& with two chains packed in the unit cell. These 
chains are aligned parallel (polar) in the direction per- 
pendicular to the chains. Thus, we denote this as III,, (or 
T3GPu). The existence of an antipolar analogue IIIau (or 
T3G3 of this form was suggested by Lovinger' (sometimes 
denoted V). 

Form IV (6 or 11, form) has the same molecular 
conformation as form 11, but the two chains of the cell are 
aligned in a polar fashion in a direction perpendicular to 
the chains.18 The chains are observed to have a statistical 
up-down packing.18 Thus, for the statistical case we 
denote this as 11, (or TG,). 

The MSXX and MSXXS force fields were first used to 
optimizela the atomic coordinates using the fixed exper- 
imental cell parameters for all forms. The energy, elastic 
constants, dielectric constants, and piezoelectric constants 
were then calculated from analytical second derivatives 
by using the formula derived by Born and Huang.20 Then 
we allowed cell deformations and reoptimized the cell 

parameters and internal coordinates. In all the calcula- 
tions (including parameter fitting), nonbond interactions 
were calculated using the ABCA methodz1 (based on Ewald 
procedures), with an accuracy of 0.1 kcal/mol for both 
Coulomb and van der Waals terms. 

IV. Energy and Cell Parameters 

The energy and optimized cell parameters for the four 
experimental forms are shown in Table IX. Each single 
polymer chain for conformations I1 and I11 has net dipole 
components in both the chain direction and in a direction 
perpendicular to the chain. In the crystals, it is generally 
assumed that the experimental samples have sta- 
tistically1B-18 disordered orientations of the dipoles along 
the chain direction. For our calculations, we used the 
perfectly aligned chains allowed by the space group 
symmetry (IIad, IId, IIIpu), Calculations assuming other 
chain alignments in the unit cell were also performed with 
the results in section VII. 
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Figure 3. Crystal packing of the nine stable crystal forms for PMF. 

Table IX also includes the zero-point energies and free 
energies at 300 K (calculated by using the quasi harmonic 
approximationz0) for these five forms. In these calcula- 
tions, the (core) phonon frequencies are calculated at  
uniformly-spaced wave vectors in the Brillouin zone, and 
these are used to calculate zero-point energies and free 
energies utilizing the quantum partition functions for 
harmonic oscillators. The number of wave vectors used 
is loo0 (10 X 10 X 10) for MSXX and 125 (5 X 5 X 5) for 
MSXXS. 

For both force fields, MSXX and MSXXS, we find that 
the differences in total energy and free energy at  300 K 
of these four forms are quite small (within 1 kcallmol per 
monomer unit). This is encouraging because we would 
expect that experimentally observable forms should be 
within 1 kcal/mol. These results suggest that the vdW, 
Q, and torsional potentials are accurate. It is interesting 
that forms 1I.d and I Id  have almost the same electrostatic 
energy although the chain alignment is different. The 
vdwenergyseemstodominate thedeterminationofwhich 
form is stable. 

Optimized cell parameters are shown inTableVIII. The 
rms difference between the calculations and the ex eri 
ment is 0.14 A for cell lengths for MSXX and 0.17 1 fo; 
MSXXS. The cell angles are all 90" except for (3 in forms 
IIad and III,.. The differences between the calculations 
and the experiment of this angle are about 2' for form 1I.d 

and about 4O for form 111,. One reason for differences 
is that the calculations correspond to the values at 0 K, 
but the experiments were usually at  room temperature. 

V. New Crystal Form 

Lovinger suggested' thatanantipolaranalcgue (denoted 
111, or V) of the form 111,. crystal might exist. We 
examined this possibility by optimizing the structure by 
startingwithformIII,,rotatingonechainaboutthechain 
axisby 180° (toalign thesechainsintheantipolarfashion), 
and then optimizing atom positions and cell parameters. 
The energy of this form is comparable to other forms (see 
Table IX). 

Theelastic-stiffnesstensor (C;j) showsthatthisisastable 
form. These calculations support the stability of the 
Lovinger form. The cell is orthorhombic, and the space 
group is Pca2' (C;,). Figure 4 shows the end view and the 
side view of the structure. 

VI. Elastic, Dielectric, and Piezoelectric 
Properties 

Elastic, dielectric, and piezoelectric properties were 
calculated for all forms using analytic second derivatives 
of energyat theoptimized structures.M In particular, these 
calculations include long-range Coulomb interaetionn using 



Macromolecules, Vol. 25, No. 26, 1992 Poly(viny1idene fluoride) Crystale 7277 

Table I X  
Energies (kcal/mol) peer CAICFt for All Forms of PVDF at Experimental (Exptl) and Optimized (Opt) Call Parametnrm* 

form I, form 1I.d form 111, form I& form 111.. 
exotl OOt erotl oot erotl ODt exotl OOt exotl oot 

relative 
total 
bond 
angle 
torsion 
vdW 
Q 
ZPEbd 
F (300 K)c.d 
relative (300 K) 

relative 
total 
bond 
angle 
torsion 
vdW 
Q 
POI 
Q + POI 
ZPE'C 
F (300 K)'e 
relative (300 K) 

0 
-121.54 
0.18 
7.62 
5.48 
0.28 
-135.10 

0 
-129.55 
0.37 
10.67 
4.58 
0.25 
-146.83 
1.41 
-145.42 

0 
-121.67 
0.18 
6.65 
5.45 
0.29 
- 13 5.2 5 
25.21 
-2.41 
0.0 

0 
-129.72 
0.36 
10.73 
4.55 
0.29 
-146.94 
1.30 
-145.64 
25.07 
-2.47 
0.0 

0.16 
-120.78 
0.19 
8.15 
4.57 
0.98 
-134.61 

0.12 
-128.83 
0.35 
11.14 
4.96 
1.00 
-150.63 
4.36 
-146.27 

(a) MSXX 
0.78 0.22 
-120.89 -121.32 
0.18 0.17 
7.27 7.81 
4.56 5.15 
1.22 0.42 
-135.06 -134.81 
25.12 
-2.48 
0.62 

(h) MSXXS 
0.72 0.39 
-129.00 -129.16 
0.39 0.35 
11.24 10.79 
4.94 4.88 
1.38 0.36 
-151.68 -147.a 
4.73 2.31 
-146.95 -145.53 
25.08 
-2.48 
0.72 

0.30 
-121.37 
0.18 
6.89 
5.17 
0.58 
-135.17 
25.11 
-2.41 
0.20 

0.46 
-129.26 
0.38 
10.85 
4.90 
0.62 
-148.43 
2.42 
-146.01 
25.09 
-2.41 
0.54 

0.10 
-120.e4 
0.19 
8.15 
4.56 
0.91 
-134.66 

0.72 
-128.83 
0.36 
11.15 
4.95 
0.86 
-150.48 
4.32 
-146.16 

0.69 0.46 
-120.98 - -121.21 
0.18 - 0.19 
7.29 - 6.89 
4.54 5.15 
1.13 0.66 
-135.01 - -135.07 
25.14 25.01 
-2.41 -2.48 
0.62 0.25 

0.67 0.64 
-129.05 - -129.08 
0.39 - 0.38 
11.31 - 10.86 
4.92 - 4.90 
1.25 0.69 
-151.66 - -148.25 
4.16 2.35 
-146.90 - -145.90 
25.11 25.05 
-2.43 -2.49 
0.75 0.60 

- 
- 

- 

- 

a Energy components are also shown (the angle energy includes all croas terms, Q is the electrostatic energy, and pol is the polarization 
Calculated by using 10 X 10 X 10 points in the Brillouin zone. e Calculated by wing energy). Zero-point energy. Free energy at 300 K. 

5 x 5 x 5 points in the Brillouin zone. 

The elastic stiffness constants ( C ~ J )  and compliance 

0 UI = C I S J  (16) 

= sJI', (17) 

Constants (SIJ)  are defined as 

b 
(b) Side view 

Figure 4. The end view (a) and the side new (b) of the antipolar 
form I11 crystal of PVDF. 

ABCA/Ewald procedures.*' In crystals with charged 
centers, the macroscopic field inside a crystal depends on 
the shape and surface states of the crystal. However, the 
Ewald method gives unique properties for any given cell 
parameters and coordinates of atoms. This is because the 
Ewald method assumes a perfect periodic system with no 
surface charges or surface dipoles so that the electric field 
and potential inside the crystal are periodic functions. 
Physically, the Ewald method gives the properties of the 
crystal for the case where the crystal is an infinitely large 
sphere immersed in a conducting medium.22 

where eJ are components of strain and 01 are Components 
of stress (repeated indices are summed, Einstein conven- 
tion). Here I, J = 1,2,  ..., 6 denotes x x ,  yy. zz, yz ,  zx, and 
xy, respectively. 

The bulk modulus ((3) is defined by 

and Young's modulus in the chain direction is defined hy 

E, = uJeC (18) 

where e, and o, are strain and stress in the chain direction. 
Table X shows the calculated values for all five forms. 
On the hasis of E,, the strength of these crystal is in the 

sequence I, > IId > 1I.d > 111," > 111.. . 
The MSXXS with its inclusion of shell polarization 

effects leads to a decrease in the elastic constants by about 
10%. These changes arise from changes in the valence 
parameters for MSXXS. 

The experimental Young modulus of the form I, crystal 
in the chain direction quoted in ref 23 is 177 GPa. In this 
experiment, stress is applied along the chaindirection and 
a shift of the characteristic X-ray diffraction spots 
associated with periodic structures in the polymer is 
observed. The elastic modulus is then calculated under 
the assumption of homogeneousstress. This value ismuch 
smaller than our calculated value of 283 GPa. We believe 
that the discrepancy is caused mainly by the difficulty in 
extracting the properties of a pure crystal from samples 
which have a mixture of the crystalline and amorphous 
regions. Similar results were found for polyethylene where 
the X-ray methods led to E, = 235 GPa whereas neutron 
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Table X 

(a) Elastic Stiffness Constanta (GPa) of PVDF Calculated at  the Experimental Structures 
(Except for Form 1118,, Where the Optimized Structure Is Used) 

MSXX MSXXS 

25.5 
3.0 
4.0 
0.0 
0.0 
0.0 

23.5 
7.1 

-5.5 
0.0 

-3.1 
0.0 

19.9 
7.3 

-1.8 
0.0 

-0.8 
0.0 

24.4 
5.8 

-4.7 
0.0 
0.0 
0.0 

20.2 
7.4 

14.6 
0.0 
0.0 
0.0 

3.0 
12.4 
2.4 
0.0 
0.0 
0.0 

7.1 
13.8 
9.1 
0.0 
0.5 
0.0 

7.3 
15.0 
10.6 
0.0 

-0.4 
0.0 

5.8 
11.2 
6.3 
0.0 
0.0 
0.0 

7.4 
17.5 
-1.8 
0.0 
0.0 
0.0 

4.0 
2.4 

283.4 
0.0 
0.0 
0.0 

-5.5 
9.1 

162.8 
0.0 
0.4 
0.0 

-1.8 
10.6 

118.5 
0.0 

-0.9 
0.0 

-4.7 
6.3 

162.6 
0.0 
0.0 
0.0 

14.6 
-1.8 

115.9 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
3.5 
0.0 
0.0 

0.0 
0.0 
0.0 
2.6 
0.0 
0.5 

0.0 
0.0 
0.0 
2.7 
0.0 
-0.4 

0.0 
0.0 
0.0 
2.8 
0.0 
0.0 

0.0 
0.0 
0.0 
3.4 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
5.1 
0.0 

-3.1 
0.5 
0.4 
0.0 
6.8 
0.0 

-0.8 
-0.4 
-0.9 
0.0 
2.5 
0.0 

0.0 
0.0 
0.0 
0.0 
6.8 
0.0 

0.0 
0.0 
0.0 
0.0 
2.3 
0.0 

Form I, 
0.0 23.7 
0.0 2.4 
0.0 4.7 
0.0 0.0 
0.0 0.0 
4.0 0.0 

Form 1I.d 
0.0 22.4 
0.0 6.3 
0.0 -7.4 
0.5 0.0 
0.0 -3.1 
6.1 0.0 

Form 111,, 
0.0 19.2 
0.0 6.3 
0.0 -2.7 

-0.4 0.0 
0.0 -0.6 
8.2 0.0 

Form 119 
0.0 22.7 
0.0 4.6 
0.0 -7.2 
0.0 0.0 
0.0 0.0 
6.3 0.0 

Form III., 
0.0 22.3 
0.0 8.1 
0.0 15.9 
0.0 0.0 
0.0 0.0 
7.2 0.0 

2.4 
11.8 
3.1 
0.0 
0.0 
0.0 

6.3 
13.1 
7.9 
0.0 
0.0 
0.0 

6.3 
14.4 
9.8 
0.0 

-0.6 
0.0 

4.6 
10.2 
5.5 
0.0 
0.0 
0.0 

8.1 
19.0 
-2.6 
0.0 
0.0 
0.0 

4.7 
3.1 

266.8 
0.0 
0.0 
0.0 

-7.4 
7.9 

148.4 
0.0 
0.3 
0.0 

-2.7 
9.8 

106.9 
0.0 

-1.0 
0.0 

-7.2 
5.5 

146.8 
0.0 
0.0 
0.0 

15.9 
-2.6 

108.1 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
3.7 
0.0 
0.0 

0.0 
0.0 
0.0 
3.8 
0.0 
0.2 

0.0 
0.0 
0.0 
2.7 
0.0 

-0.4 

0.0 
0.0 
0.0 
3.9 
0.0 
0.0 

0.0 
0.0 
0.0 
4.1 
0.0 
0.0 

(b) Young's Modulus in the Chain Direction (E,) and Bulk Modulus (8) for All Forms of PVDF (GPa)a 

0.0 
0.0 
0.0 
0.0 
5.2 
0.0 

-3.1 
0.0 
0.3 
0.0 
7.6 
0.0 

-0.6 
-0.6 
-1.0 
0.0 
2.8 
0.0 

0.0 
0.0 
0.0 
0.0 
7.6 
0.0 

0.0 
0.0 
0.0 
0.0 
2.6 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
4.0 

0.0 
0.0 
0.0 
0.2 
0.0 
5.3 

0.0 
0.0 
0.0 

-0.4 
0.0 
7.7 

0.0 
0.0 
0.0 
0.0 
0.0 
5.1 

0.0 
0.0 
0.0 
0.0 
0.0 
7.5 

~ 

form I, form IIad form 111, form 1 1 ~  form 111." 

exptl opt exptl opt exptl opt exptl opt exptl opt 
MSXX 

282.5 292.7 151.2 152.9 107.7 113.4 156.0 162.8 - 101.7 
9.5 14.8 11.7 12.4 11.7 13.3 9.8 12.1 - 12.5 

265.2 277.2 136.8 140.9 97.2 107.2 139.3 150.2 - 92.3 
8.8 15.2 10.5 13.6 10.8 14.7 8.6 13.6 - 13.5 

E, 
B 

E, 
B 

MSXXS 

Calculations were carried out using the experimental cell parameters (exptl) and the optimized cell parameters (opt). 

inelastic scattering, Raman, and theory all lead to 322 f 
9 GPa. 

Including both strain and electric field as independent 
variables leads to the relations 

(19a) 

(19b) 

where & is the external electric field and I) is the dielectric 
polarization. Here g is the piezoelectric constant tensorz0 
and a is the dielectric susceptibility tensor at constant 
strain. Alternatively, considering both stress and electric 
field as independent variables leads to 

where d is the piezoelectric modulus tensor and b is the 

dielectric susceptibility tensor at constant stress. These 
are related byzo 

(21) 

The a and b tensors are used to calculate the dielectric 
constant tensors at constant strain (ee = 1 + 47ra) and at 
constant stress ( e u  = 1 + 4rb).  The difference between 
the dielectric tensor at constant stress and that at constant 
strain is given by 

It is well known that dielectric constants depend on 
frequency. At  zero frequency, both the core and shell 
respond to an electric field. On the other hand, at  infinite 
frequency, only the shell can respond to an electric field. 
Therefore, we calculate the dielectric constant at zero (w 
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Table XI 
Dielectric Constants of PVDF at Constant Strain ( E )  at Zero Frequency (o = 0) and Infinite Frequency (w = m) and at 
Constant Stress (P )  Calculated at the Experimental Structure (Except for Form III.., Where the Optimized Structure 

Is Umd) 

(a) Constant Strain 
MSXXS (w = 0) MSXX (w = 0) MSXXS (w = -) 

1.1210 
O.oo00 
O.oo00 

1.2242 
O.oo00 
-0.0706 

1.2521 
O.oo00 
-0.0692 

1.2159 
O.oo00 
O.oo00 

1.1802 
O.oo00 
O.oo00 

O.oo00 
1.4480 
O.oo00 

O.oo00 
1.1943 
O.oo00 

O.oo00 
1.1481 
O.oo00 

O.oo00 
1.1733 
O.oo00 

O.oo00 
1.2918 
O.oo00 

O.oo00 
O.oo00 
1.0687 

-0.0706 
O.oo00 
1.1377 

-0.0692 
O.oo00 
1.1455 

O.oo00 
O.oo00 
1.1372 

O.oo00 
O.oo00 
1.1466 

2.1475 
O.oo00 
O.oo00 

2.2338 
O.oo00 
-0.1434 

2.2892 
O.oo00 
-0.1364 

2.2422 
O.oo00 
O.oo00 

2.1302 
O.oo00 
O.oo00 

Form I, 
O.oo00 
2.7324 
O.oo00 

Form & 
O.oo00 
2.1385 
O.oo00 

Form III,, 
O.oo00 
2.0994 
O.oo00 

Form IIpd 
O.oo00 
2.1282 
O.oo00 

Form 111, 
O.oo00 
2.2968 
O.oo00 

0.0000 
O.oo00 
1.9549 

-0.1434 
O.oo00 
2.1603 

-0.1364 
O.oo00 
2.1653 

O.oo00 
O.oo00 
2.1518 

O.oo00 
O.oo00 
2.1833 

1.9113 
O.oo00 
O.oo00 

1.8987 
O.oo00 
-0.0178 

1.8798 
O.oo00 
-0.0120 

1.8972 
O.oo00 
O.oo00 

1.8624 
O.oo00 
O.oo00 

O.oo00 
1.9050 
O.oo00 

O.oo00 
1.8325 
O.oo00 

O.oo00 
1.8446 
O.oo00 

O.oo00 
1.8320 
O.oo00 

O.oo00 
1.9030 
O.oo00 

O.oo00 
O.oo00 
1.8557 

-0.0178 
O.oo00 
1.8678 

-0.0120 
O.oo00 
1.8839 

O.oo00 
O.oo00 
1.8668 

O.oo00 
O.oo00 
1.9021 

(b) Constant Stress 

MSXX (w 0) MSXXS (w = 0) 
~ 

Form Ip 
1.8012 O.oo00 O.oo00 2.8716 O.oo00 O.oo00 
O.oo00 1.4638 O.oo00 O.oo00 2.8599 O.oo00 
O.oo00 O.oo00 1.2848 O.oo00 O.oo00 2.4405 

Form IIad 
1.2242 O.oo00 -0.0706 2.2338 O.oo00 -0.1434 
O.oo00 1.1943 O.oo00 O.oo00 2.1385 O.oo00 
-0.0706 O.oo00 1.1377 -0.1434 O.oo00 2.1603 

Form 111," 
1.3343 O.oo00 -0.1284 2.4671 O.oo00 -0.1860 
O.oo00 1.1839 O.oo00 O.oo00 2.1608 O.oo00 
-0.1284 O.oo00 1.4326 -0.1860 O.oo00 2.4544 

Form IIpd 
1.2597 O.oo00 O.oo00 2.3340 O.oo00 O.oo00 
O.oo00 1.2105 O.oo00 O.oo00 2.1501 O.oo00 
O.oo00 O.oo00 1.2127 O.oo00 O.oo00 2.2228 

Form III,, 
1.1802 O.oo00 O.oo00 
O.oo00 1.2948 O.oo00 
O.oo00 O.oo00 1.2115 

= 0) and infinite (o = m) frequencies as follows: 

Here, Dd is the inverse of Hessian of all centers and the 
sum is over all centers (see (13)). Deheu is the inverse of 
Hessian of shells at fixed core positions and the sum is 
over shells. q m  is the charge of a center m, and Q is the 
volume of the cell. For the MSXX force field, f i je(a=m) 
= bij. 

Table XI shows ee and c" for all the forms and both force 
fields at zero and infinite frequencies. For form I, the 
axes are transformed such that the orientation is the same 
one used in the experiments (axis 1 is parallel to chain 
direction c, axis 2 is parallel to a, and axis 3 is parallel to 
b and the polarization direction). As expected MSXXS 
has a dramatic effect. The experimental determination 
of the properties for the crystalline form is quite difficult 
since the dielectric constant of the amorphous region is 

2.1545 O.oo00 O.oo00 
O.oo00 2.3010 O.oo00 
O.oo00 O.oo00 2.2507 

quite large and depends strongly on temperature and 
frequency. Measurements using the oriented films of the 
form I crystal2* give €3 = 3.6 (-106 OC, 0.065 MHz), 3.7 
(-100 OC, 0.049 MHz), and 3.1 (-102 OC, 0.059 MHz) which 
should be compared with the calculated value of e3'(w=O) 
= 2.44for MSXXS (t3e(W=O) = 1.95). The calculated value 
is smaller than experiment, but this may be due to the 
amorphous regions in the experimental sample. 

Table XI1 shows the piezoelectric moduli (d) at the 
experimental cell parameters for all forms (piezoelectric 
constants (g) can be calculated by using (21)). In form I,, 
the axes are transformed as in the dielectric constants for 
comparison with the experiment. In form IIpd, the a and 
c axes are interchanged such that these values are 
compared directly with form Ip (axis 1 is parallel to the 
chain direction c, axis 2 is parallel to a, and axis 3 is parallel 
to b, the polarization direction). In form &d, the calculated 
values of these constants are zero as expected by space 
group symmetry (not shown in the table). Comparing 
calculated values between MSXX and MSXXS shows that 
piezoelectric constants generally increase for MSXXS (by 
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Table XI1 
Piezoelectric Modulus Tensor djj (pC/N) Where J = 1-6 and i = 1-3. 

MSXX MSXXS 

Form I, 
0.0 0.0 0.0 0.0 -41.3 0.0 0.0 0.0 0.0 0.0 -41.9 0.0 
0.0 0.0 0.0 -5.9 0.0 0.0 0.0 0.0 0.0 -16.8 0.0 0.0 
0.07 1.1 -12.7b 0.0 0.0 0.0 0.57 -1.3 -MAb 0.0 0.0 0.0 

Form 111," 
0.80 4.9 -2.0 0.0 -1.3 0.0 4.4 4.2 -2.7 0.0 -1.2 0.0 
0.0 0.0 0.0 3.7 0.0 6.1 0.0 0.0 0.0 12.0 0.0 5.1 
3.5 -3.5 2.1 0.0 29.1 0.0 3.3 -1.6 2.2 0.0 27.6 0.0 

Form IId  
0.0 0.0 0.0 0.0 -9.9 0.0 0.0 0.0 0.0 0.0 -9.1 0.0 
0.0 0.0 0.0 -7.3 0.0 0.0 0.0 0.0 0.0 -6.1 0.0 0.0 
1.4 -3.5 0.15 0.0 0.0 0.0 1.8 -2.4 -2.9 0.0 0.0 0.0 

Form IIIa, 
0.0 0.0 0.0 0.0 -0.08 0.0 0.0 0.0 0.0 0.0 9.1 0.0 
0.0 0.0 0.0 2.8 0.0 0.0 0.0 0.0 0.0 3.0 0.0 0.0 

-4.0 3.3 2.1 0.0 0.0 0.0 -3.5 4.0 2.2 0.0 0.0 0.0 
Form 11,, 

0.0 0.0 0.0 0.0 1.6 0.0 0.0 0.0 0.0 0.0 1.15 0.0 
0.0 0.0 0.0 3.3 0.0 0.0 0.0 0.0 0.0 3.85 0.0 0.0 
2.5 -3.0 0.79 0.0 0.0 0.0 3.28 -2.54 0.71 0.0 0.0 0.0 

a Calculations are a t  the experimental structures (except for form IIIau, where the optimized structure is used). Experimental value (ref 
23) is -20 f 5. 

30 95 for form I), but the effect is smaller than for dielectric 
constants. 

The experimental valuez3 of d33 of the form I, crystal 
is -20 i 5 pC/N, which is quite close to the calculated 
value with the shell model of -18.8 pC/N. Also, the 
experimental value of d31 is reported to be much small- 
er than d33, which is consistent with our results, 

Although the Lovinger form (III,,) has no net polar- 
ization in the direction perpendicular to the chain, the 
piezoelectric moduli are nonzero as shown in Table XI1 
(the space-group symmetry allows nonzero values). The 
calculated values are similar to those of form 111,, except 
that 111,, has a small value for the shear piezoelectric 
modulus. 

VII. Calculations with Both Chain Alignments 
For forms IIad, III,,, and IIIa,, the dipoles along two 

chains in the unit cell can be aligned in the same direction 
(up-up) or in the opposite direction (up-down). Using 
the MSXX force field, we optimized the structure for both 
chain alignments; see Table VIII. After optimization, the 
elastic constants were calculated for each structure where 
we found that each structure is mechanically stable. 

For the IIad crystal, the optimized cell of the up-up 
structure is orthorhombic, and the energy is almost the 
same as that of the up-down structure. The difference 
between optimized cell parameters of the up-down struc- 
ture and the up-up structure is small except for an angle 
8. This supports the interpretation of X-ray results that, 
in the 11, crystal, up chains and down chains are packed 
statistically.16 Also, it suggests that the 11, crystal with 
up-up packing could be formed experimentally. In fact, 
Newman and Scheinbeim= suggested this structure from 
the sample obtained by poling unoriented form 11, films. 
Since there is a net dipole moment in the chain direction 
in the up-up structure, piezoelectric moduli are nonzero 
in this crystal. These constants were calculated at the 
experimental cell parameters by using both MSXX and 
MSXXS (see Table XII). 

For the 111,, crystal, the energy of the up-down structure 
(IIIpd) is 1.6 kcal/mol higher than that of the up-up 
structure (IIIp,). This agreement with experiment,17 which 
finds the up-up structure (with some disorder). 

d31/d33 = -0.5/18.8 = -0.02. 

For the form IIpd crystal, the energy of the up-up 
structure is calculated to be within 0.01 kcal/mol of the 
up-down structure, but the optimized unit cell of the up- 
up structure is monoclinic and the @ cell angle is 104O 
(which corresponds to a relative shift of the two chains in 
the chain direction). Considering the small energy dif- 
ference between these two structures, it seems to be 
reasonable to assume the statistical packing of up and 
down chains in the unit cell in this form, as suggested by 
Bachmann et al.l8 

For the form 111,, crystal, the optimized up-down unit 
cell is monoclinic with 0 = 120°, and the energy is about 
0.7 kcal/mol higher than that of the up-up structure. Since 
the up-down crystal has inversion symmetry, all piezo- 
electric constants vanish for this structure. 

VIII. Comparison with Other Calculations 
Tashiro et aLZ3 (TKTF) calculated the elastic and the 

piezoelectric constants of a form I, crystal using a point- 
charge model. In the TKTF calculations, the valence 
parameters and nonbonding parameters were determined 
by fitting to the experimental vibrational frequencies. The 
main differences between this study and TKTF are the 
following: (1) In TKTF the long-range Coulomb inter- 
actions are ignored, whereas we include them (using the 
ABCA/Ewald methodz1). (2) In TKTF, the atomic po- 
larizabilities are not considered, whereas we include them 
using MSXXS. (3) We considered nine crystalline forms 
(including five new ones) instead of just I,. 

The elastic-stiffness constants of both calculations are 
quite similar except that C33 is about 10% smaller in 
TKTF. For the piezoelectric modulus tensor, the dis- 
crepancies are noticeable. For d33 we obtain -18.8 pC/N 
while TKTF obtain -25.2 and experiment gives -20. Also 
the sign of d31 is different. For d24 we obtain -16.8 while 
TKTF obtain-4.28, and a recent measurement of the shear 
piezoelectric constantsz6 gives a d24 of -38.3 pC/N. From 
comparing the results between TKTF and MSXX, it 
appears that the long-range Coulomb interactions do not 
have a large effect on these properties. 

IX. Comparison with Processing Results 
In Figure 5 we sketch the relationships between varioue 

forms and processing conditions (mainly adapted from 
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