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Abstract Force fields of syndiotactic isoregic PVF crystal have been extracted by optimizing a struc-
ture of 2,4,6-trifluoroheptane with ab initio Quantum mechanical method with 6-31G * * basis set, and
applied to calculate the structure parameters and elastic constants of the material. The cell parameters
turned out to be 5.205 A of a axis{chain axis), 8.457 A of b axis and 4.621 A of ¢ axis. These parame-
ters are in fair agreement with those of the atactic X-ray structure(5.04A, 857A, and 4.95A,
respectively). The young’s modulus of defect free syndiotactic PVF crystal was computed to be 267 GPa
comparable to those of polyvinilidene fluoride(277-293 GPa) and polyethylene(264-337 GPa) crystals.
Bulk modulus value obtained at optimum geometry is more than twice greater than that obtained at ex-
perimental geometry due to large difference of elastic compliance constant (especially Sz element) at

these two different geometries.

I . Introduction

Due to the excellent chemical and physical
properties, there has been a growing interest
in the structure-property relations of fluorine-
polymers. This is primarily related to the fact
that fluorine polymers such as polytetra
fluoroethylene (PTFE), polyvinylidene fluoride
(PVDF), and polyvinyl fluoride (PVF) can

serve in a wide range of applications from sur-
face coatings to engineering materials as it ex-
hibits superior thermal, chemical, mechanical,
electrical, and barrier properties. Recently, the
isoregic(perfect head-to-tail) PVF has been
synthesized by the reductive dechlorination of
appropriate precursor polymer where head-to—
head addition is sterically blocked by chlorine

substituents”. Furthermore, the result of fluo-
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rine 19nmr study shows that the isoregic PVF
produced by reductive dechlorination method
has no branching defect in the material®. With
this defect free structures, the new version of
PVF materials is expected to be used more
than ever in many applications due to its im-
proved processibility resulting from broadened
gap between its melting temperature and deg-
radation temperature.

Since the mechanical properties of the new
PVF has not been addressed yet, an examina-
tion of key properties such as elastic modulus
of this material is necessary. There are various
experimental techniques to evaluate elastic
modulus of polymers ranging from stress-
strain measurement, X-ray diffraction, and in-
elastic neutron scattering method to Raman
studies of longitudinal acoustic vibrational
mode®* ", Since PVF is semicrystalline poly-
mer, however, the elastic constant derived
from the above method 1s affected by the mor-
phology of the material. Therefore the true
response of the crystalline phase, which is im-
portant in practical and academic points of
view, Is difficult to be obtained. In this study,
force field parameters of syndiotactic isoregic
PVF crystal have been derived by ab initio
Quantum Mechanical method and used to cal-
culate the structure and some elastic proper-

ties.
. Computational Method

1. Force Field
Potential energy or force field used in this
paper consists of three parts (electrostatic,
van der Waals, and valence terms). The total
electrostatic energy can be written as
Fur= 2 (1)
where @; and @, are the net atomic charges in
electron units, E; is the distance in A, and ¢ is
the dielectric constant (e=1 for vacuum), and
the conversion factor G, (=332.0637) takes
care of the units, giving E,. in kcal/mol. The

van der Waals energy is expressed as in an ex-

ponential-6 form :

Eaw(R)=Ae “*—BR™¢ (2)
=D (e’ F D o (e

where I is the well depth in kcal/mol, R, the
equilibrium bond length, and ¢ the scaling fac-
tor.

The valence potential energy includes bond
stretching(morse-type), bond angle bending
(cosine stretch—-type), torsional terms, etc.
(the details of valence terms are given in ref-
erence 8 of Polyvinylidene Fluoride force
field). We employed the force field parameters
used In reference 8 except for atomic charges
and some of the valence terms. The valence
force constants of PVF (which were not de-
fined in PVDF) were arbitrarily set because
force constants do not affect final ground-
state geometry.

In order to calculate the atomic charges of
PVF, we extracted the net atomic charges of
2,4,6-trifluoroheptane, CH,CHFCH,CHFCH,
CHFCHj; (we call this TFH) as shown in Fig-
ure 1. First, the optimum geometry of TFH
was computed by the GAUSSIAN92 ab initio
Quantum Mechanical program® with 6-31G %
* basis set. The number of basis functions is
then 215. Since the Mulliken population does
not give correct atomic charges, we calculated
potential derived atomic charges by the PS-
GVB(PseudoSpectral
Bond) ab initio program' at the optimum ge-

Generalized Valence

ometry using the same basis set. Note that the

Fig. 1. 2,4,6-trifluoroheptane.
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PS-GVB program can calculate physical prop-
erties such as atomic charges with much short-
er cpu time than the GAUSSIAN92 program
can.

2. Modulus calculations
the field
Young’s modulus and bulk modulus of PVF

From force obtained above,
were calculated at both experimental and opti-
mum geometries using a material simulation
package, POLYGRAF by Molecular Simula-
tion Inc. The Young’s modulus in the chain di-

rection (Ec) is defined by

Ec=oc/ec (3)

where ec and o¢ are strain and stress in the
chain direction. Components of strain and

stress are related each other by

(4)
(5)

0= C,,e,

e=S)0;

gaAaesA 490 73 (1994)

where C; and Sy are the elastic stiffness con-
stants and compliance constants, and I, J=1,
2,..6 denotes xx, yy, 2z, yz, zx, and xy,
respectively.

The bulk modulus(g) is given by

ﬂrl:[%lsu (6)

M. Results and Discussion

The full geometry (Z-matrix form) of TFH
is given in Table 1. The atom numbers ap-
peared in Table 1 are shown in Figure 1. After
the computation of potential derived atomic
charges of the monomer form, TFH, the net

atomic charges of PVF are assigned as

Q(C of CHy) =—0.24
Q(C of CHF)=0.33
Q(H of CH,)=0.09
Q(F of CHF)=-—0.30

Table 1. Z-Matrix of 2,4,6-trifluorcheptane( Angstroms and Degrees)

CD Cent Atom NI Length/X N2 Alpha/Y N3 ‘Beta/Z J
1 1 C ’ ' o
2 2 F 1 1.382800( 1)

3 3 H 1 1.082700( 2) 2 106.653(23)

4 4 C 1 1.514400( 3) 2 108.017(24) 3 —118.886(44) 0
5 5 C 1 1.519100( 4) 2 107.710(25) 3 117.894(45) 0
6 6 H 4 1.085100( 5) 1 110.623(26) 2 —62559(46) 0
7 7 H 4 1.085200( 6) 1 110.630(27) 6  —120.445(47) 0O
8 8 H 4 1.083800( 7) 1 110.074(28) 6 119.718(48) 0
9 9 H 5 1.086900( 8) 1 109.143(29) 2 —182.732(49) 0

10 10 H 5  1.086700( 9) 1 108.802(30) 9 —117.309(50) 0
11 11 C 5 1.518200(10) 1 112.793(31) 9 121.392(51) 0
12 12 H 11 1.080700(11) 5 110.429(32) 1 54.743(52) 0
13 13 F 11 1.386700(12) 5 107.709(33) 12 —116.217(53) 0
14 14 C 11 1.518200(13) 5 113.517(34) 12 124.628(54) 0
15 15 H 14 1.086900(14) 11  109.066(35) 5 59.226(55) 0
16 16 H 14 1.086700(15) 11  109.181(36) 15 -—117.480(56) 0
17 17 C 14 1519100(16) 11  112.791(37) 15 121.445(57) 0
18 18 F 17 1.382800(17) ° 14  107.706(38) 11 61.356(58) 0
19 19 H 17 1.082700(18) 14  109.867(39) 18 —115.798(59) O
20 20 C 17 1.514300(19) 14  113.721(40) 18 119.667(60) 0
21 21 H 20 1.085200(20) 17 110.627(41) 14 63.553(61) 0
22 22 H 20 1.085100(21) 17 110.625(42) 21  —120.439(62) 0
23 23 H 20 1.083800(22) 17  110073(43) 21 119.836(63) 0
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Q(H of CHF)=0.03

From the force field derived above, the ge-
ometry of PVF i1s calculated. The optimum ge-
ometry of PVF is shown in Table 2 where the
experimental geometry of PVF and the opti-
mum value of TFH are also listed. The X-ray
structure of PVF is not easily compared to the
calculated value of syndiotactic PVF since
PVF used in the X-ray analysis'” has the fol-
lowing complex structures, 1.e., (1) syndiotac-
tic and isotactic mixture, (2) head to head de-
fect, and (3) possible branching. Nevertheless,
the agreement between the experimental and
optimum bond lengths of PVF is excellent. On
the other hand, the bond angles of PVF are
slightly different from the optimum values of
PVF. Note that the experimental bond angles

Table 2. Comparison of Geometries?

Polymer(PVF) TFH
Expt. Optimum Optimum“
Bond Length )
c-C 1.54 1.547 1.518
C-H(in CHF) 1.09 1.097 1.084
C-F(in CHF) 1.36 1.367 1.384
C-H(in CH) 1.09 1.089 1.087
Bond Angle
Cc-CC 109.5 114.6 112.8, 113.6"
H-C-H 109.5 106.5 108.4
H-C-F 109.5 102.3 106.7

a Bond lengths is A and bond angles in degrees.

b Bond angles depend on carbon centers, i.e.,
112.8° when '

C center is attatched by two hydrogens and 113.6°

when

C center 1s attatched by one hydrogen and one flu-

orine.

Table 3. Cell Parameters of PVF Crystal

Expt. Optimum

a(A) 5.0400 5.2045

b(A) 8.5700 8.4572

c(A) 4.9500 4.6207
Volume( A?) 213.8043 203.3827
Density(g/cc) 1.4305 1.5038

of PVF are assumed to be tetrahedral around
the Carbon atoms. Therefore, the optimum
bond angles of PVF are expected to be closer
to the real values. Thale 3 shows the result of
cell parameters. The X-ray cell parameters
along the chain axis (a axis) is almost half
compared with the optimum value (experimen-
tal unit cell i1s shown in Figure 2). This is be-
cause fluorine atoms were assumed to be dis-
placed statistically with respect to the carbon
atoms without changing either the planar con-
formation of the chain or the regularity of the
chain packing between the different chains. It
1s reasonable that the optimum cell parameters
along the chain direction are slightly longer
than the experimental ones since the optimum
C-C-C angle is larger than the experimental
one. Table 4 presents the results of the elastic
properties calculated from the above force field.

Data show that Young’s modulus of syndio-

Bond Lengths
\ —~ | cC154A
’ i CF136A
CH 10TA
‘ Bond angle 109.47 ¢
~ ’ Dinedral angles
i ccec 180,07

CC-CF  6C.0°
.ﬂ C-C-CH  BL.O°

b367A c495h a2.52A

Fig. 2. Unit Cell of PVF

Table 4. Elastic Properties of PVF Crystal

Experimental Optfmum 7

Geometry  Geometry
Young's Modulus(GPa)  254.33 267.77
Bulk Modulus(GPa) 4.20 10.44

Compressibj]ity(l/GPa) 0.2379 0.0958

Elastic Compliance Constants(1/GPa)
Sy 0.003932 0.003735
Si —0.001000 —0.000922
Sis —0.000954 —0.000814
Sae 0.068946 0.059768
Sy —0.007738 —0.006975
Sas 0.153492 0.049740
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tactic isoregic PVF crystal is 267 GPa which
is comparable to those of PVDF crystal(277-
293 GPa)® and PE crystal(264-337 GPa)'¥.
To our knowledge, experimental Young’s mod-
ulus of the PVF crystal in the chain direction
is not available yet, thus calculated modulus
can not be compared directly with experimen-
tal one. Young's modulus of commercial PVF
obtained from stress-strain measurement is 1.
79 GPa" which is much lower than defect
free PVF crystal by 265 GPa. Obviously, it is
due to the fact that the measured modulus not
only depends on the degree of crystallinity but
also on the test conditions. Commercial PVF
has defect structures such as branching and
head-to-head defects as described earlier, thus
the degree of crystallinity drops to around 50
% . Another factor to be considered is the tem-
perature effect. Since semicrystalline PVF has
two glass transition temperatures one around
65°C due to the tie molecules and the loose
loops and the other around —30°C due to the
cilias,'” part of commercial PVF material is in
rubbery state at the room temperatures. Thus,
factors mentioned above must be considered
when interpreting the modulus data. The rela-
tion'>"'® between the crystallinity and elastic
constant of the semicrystalline polymer above

glass transition temperature may be written as

EY = (k 10°)"°w,+ (k 10°)°w

where E is the Young’s modulus in the
pascal,

k is a constant,

w, and w¢ are weight fraction of amor-

phous and crystal.

As can be seen In the above equation, crystal-
linity can change the modulus of semicrystal-
line polymer by a factor of 10,000'. There-
fore, our calculated data of the elastic con-
stants are not unreasonable. The similar
results have been observed in the polyethylene
case where Young’s modulus of crystal and
the semicrystalline material are 280 GPa and
0.13 GPa (low density polyethylene), res-

pectively'®. On the other hand, the bulk modu-
lus obtained at optimum geometry of PVF
crystal 1s more than twice greater than that
obtained at experimental geometry. This is be-
cause of large difference of the elastic compli-
ance constants, especially, Si element between
these two geometries. Note that the inverse of
the bulk modulus can be expressed by the sum-
mation of elastic compliance constants shown
in Table 4.

Force fields have been derived for syn-
diotactic 1soregic PVF crystal and applied to
calculate the elastic constants of the material.
In order to investigate the effects of the defect
structures such as tacticity and regioirre-
gularity (degree of head-to-head defect con-
centration), the calculations of the isotactic
and atactic structures and the aregic (imper-
fect head-to-tail) structure are necessary. In
the next paper, molecular dynamics calcula-
tions will be applied to address the above ef-

fects at different temperatures.
IV. Conclusion

Structures and some elastic properties of
PVF were calculated with newly defined force
—field parameters which were estimated by ab
initio Quantum Mechanical method. Young’s
modulus of defect free syndiotactic PVF crys-
tal turned out to be 267 GPa which is compa-
rable to those of PVDF and PE crystals. We
believe that the force field and elastic con-
stants of defect free syndiotactic PVF crystal
represent a starting point to build the various
defect structures and our resuits should be ca-
pable of lending insight to the interpretation of
the structure-property correlation of PVF ma-

terials.
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