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ABSTRACT: The molecular geometries and conformational energies of model molecules of poly(vinylidene
fluoride) (PVDF) have been determined from high-level quantum chemistry calculations and have been
used in parametrization of a six-state rotational isomeric state (RIS) model for PVDF. The model molecules
investigated were 1,1,1,3,3-pentafluorobutane, 1,1,1,3,3,5,5,5-octofluoropentane, 2,2,4,4-tetrafluoropentane,
and 2,2,4,4,6,6-hexafluoroheptane (HFH). Analysis of the conformations of these molecules revealed split
trans minima (¢ = 195°, - = 165°), as was seen in previous studies of perfluoroalkanes. In contrast, the
gauche minima, which split in perfluoroalkanes, did not do so in the PVDF model compounds. The lowest
energy conformer of HFH, g"g*g*g", was found to be at least 0.4 kcal/mol lower in energy per backbone
dihedral than any of the conformers of HFH resembling crystalline polymorphs of PVDF, indicating that
intermolecular interactions are important in stabilizing conformations of PVDF in the crystalline phases.
A six-state RIS model was able to accurately reproduce the conformer energies of the PVDF model
compounds. The RIS analysis revealed that, as in n-alkanes and perfluoroalkanes, the trans conformation
of the backbone dihedral is intrinsically lower in energy than the gauche conformation in the PVDF
model compounds. However, very large unfavorable second-order interactions between fluorine atoms
occur in —CH,— centered ¢, ¢ sequences and, to a lesser extent, t;g* and t;g~ sequences. The quantum
chemistry based RIS model yielded a characteristic ratio for PVDF in good agreement with experiment,
but with significantly different conformer populations than predicted by earlier RIS models, including a
much higher gauche probability. The high gauche probability of 65% for unperturbed PVDF chains (at
463 K), greater than that for poly(ethylene) and much greater than that for poly(tetrafluoroethylene), is
a consequence of the unfavorable second-order interactions occurring in —CH,— centered sequences

containing trans conformations.

Introduction

Poly(vinylidene fluoride) (PVDF) is a technologically
important semicrystalline polymer. It has at least four
crystalline polymorphs with relatively high melting
temperatures ranging from 160 to 180 °C.! Four crystal
structures of PVDF have been well-studied using vari-
ous crystallographic techniques including X-ray diffrac-
tion, wide-line NMR, and Raman spectroscopy.?~®

Much of the interest in crystalline PVDF stems from
its extraordinary piezoelectric and pyroelectric proper-
ties that were first reported by Kawai® in 1969 and
Bergman et al.” in 1971. Both properties result from the
macroscopic polarization that may be imparted to PVDF
samples by drawing of extruded thin films.8 The piezo-
electric properties of PVDF have been exploited widely
in technical applications.® The properties of amorphous
PVDF are also of great interest, as PVDF constitutes
the major component in a variety of amorphous fluo-
roelastomers such as Viton. Fluoroelastomers are fluo-
rine-containing high-performance synthetic rubbers that
have exceptional resistance to a broad spectrum of oils,
gases, fluids, and chemicals at elevated temperatures
and severe environments. They are partially fluorinated
or perfluorinated alkanes randomly copolymerized with
bulky comonomers such as hexafluoropropylene in order
to reduce or prevent crystallization. PVDF and its
copolymers are also being explored as major components
in electrolyte membranes for secondary lithium battery
and fuel cell applications.
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In an effort to better understand the conformational
characteristics of PVDF and the influence of condensed-
phase interactions on PVDF conformations, we have
performed ab initio electronic structure calculations on
model PVDF compounds and have developed a rota-
tional isomeric state (RIS) model for PVDF on the basis
of these studies. In the next section we describe the
methods and results of ab initio quantum chemistry
calculations made on PVDF model molecules. These
calculations provide the geometry and conformational
energy data required for the parametrization of an RIS
model for PVDF. In section III we present the quantum
chemistry based RIS model for PVDF and compare
predictions of the conformer energies of the PVDF model
compounds with quantum chemistry. In addition, pre-
dicted polymer properties are compared with available
experimental data, and the present quantum chemistry
based RIS model is compared with those derived previ-
ously for PVDF as well as polyethylene (PE) and poly-
(tetrafluoroethylene) (PTFE). In an upcoming paper, we
will present a classical force field for PVDF based upon
the quantum chemistry and RIS studies of the PVDF
model compounds and will consider the properties of
PVDF melts from molecular dynamics simulations.

Quantum Chemistry Studies

Level of Theory. The model molecules 1,1,1,3,3-
pentafluorobutane (PFB), 1,1,1,3,3,5,5,5-octofluoropen-
tane (OFP), 2,2,4,4-tetrafluoropentane (TFP), and
2,2,4,4,6,6-hexafluoroheptane (HFH), shown in Figure
1 in all-trans conformations, were studied. Here, trans
(9 corresponds to a dihedral angle of 180°. All quantum
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Figure 1. Model compounds for poly(vinylidene fluoride).
Hydrogen atoms are not shown. Backbone dihedrals are
indicated.

Table 1. Conformational Geometries and Energies® of
2,2,4,4-Tetrafluoropentane (TFP)

D95+**  D95+(2d,p)
conformer? type ¢1 (deg) ¢2 (deg) SCF MP2 SCF MP2
g'g’ min 58.7 58.7 0.00 0.00 0.00 0.00
grghe min 56.8 56.8 0.00 0.00 0.00 0.00
gt min 50.3 1679 0.73 091 0.68 0.94
gg - min 508 —86.7 3.43 3.14 330 3.14
ity min 193.2 1932 3.10 3.63 2.88 3.46
[ min 195.8 1958 3.04 3.70 2.81 353
gt _gtg" saddle? 65.8 120.3 3.41 3.52 349 3.64
g'g-_g'+g saddle 66.3 —66.3 3.68 3.83 3.74 3.79
tcis saddle? 180.0 0.0 3.80 3.83 3.89 3.87
tt_tgh saddled 178.9 1244 5.09 546 4.99 545
tt saddle? 180.0 180.0 3.25 3.93 3.01 3.79
te saddle 180.0 180.0 3.18 4.13 290 3.89
gt not found
tyt- not found

2 Relative to the g'g" conformer in kcal/mol. » SCF/D95**
geometry. ¢ MP2/D95** geometry. ¢ Saddle point of the first order.
¢ Saddle point of the second order.

chemistry calculations were performed using the quan-
tum chemistry package Gaussian 98.1 Geometry opti-
mizations were performed at the SCF/D95** level and
at the MP2/D95** level for selected TFP conformers. As
shown in Table 1, geometry optimization at the MP2
level makes little difference in the conformational
geometries or subsequent single-point SCF and MP2
energies. Therefore, only the much less computationally
expensive SCF geometries were determined for the
remaining TFP conformers and for the other compounds
investigated.
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Table 2. Conformational Geometries and Energies? of
1,1,1,3,3-Tetrafluorobutane (PFB)

D95**  D95+** D95+**

conformer? type ¢ (deg) SCF SCF MP2
gt minimum 534 0.00 0.00 0.00
ty minimum 175.3 1.14 1.08 1.47
t saddle 180.0 1.15 1.07¢ 1.49
cis saddle 0.0 3.24 3.12 2.90
gt saddle 122.9 3.28 3.28 3.42
g+ not found?

@ Relative to the g conformer, in kcal/mol. » SCF/D95** geom-
etries. ¢ The fact that this energy is lower than that of the &
conformer is a consequence of using D95** geometries with
D95+** energies. For D95+** geometries, tis a saddle point. ¢ An
extensive search for split gauche states was performed. The
dihedral was constrained to a series of possible values for the split
gauche, with geometry optimization for the remaining degrees of
freedom. Full geometry optimizations were then performed. In
each case the molecule returned to one of the minima given in
the table. Searches were performed at the 6-31G** and D95**
basis sets using analytical second derivatives.

Table 3. Conformational Geometries and Energies? of
1,1,1,3,3,5,5,5-Octofluoropentane (OFP)

D95+**
conformer? type ¢1 (deg) ¢2(deg) SCF MP2
gt gt min 62.2 62.2 0.00 0.00
gt min 54.2 165.5 0.76 1.46
gg - min 61.1 —109.3 3.59 3.44
tt min 180.0 180.0 2.13 3.70
gt_gtgt saddle¢ 69.1 1184  3.26  3.99
tcis saddle¢ 180.0 0.0 4.20 4.81
tt_tgh saddle® 175.8 123.2 4.19 5.41
tits not found

2 Relative to the g'g" conformer in kcal/mol. » SCF/D95**
geometry. ¢ Saddle point of the first order.

Diffuse functions proved to have an important influ-
ence on the relative conformer energies in perfluoro-
alkanes!! and perfluoroethers.'? Consequently, we aug-
mented the basis set for the PVDF model compounds
to D95+** for single-point energy calculations. The
effects of basis set size and electron correlation on
relative conformer energies were investigated for TFP,
as shown in Table 1. Augmentation of the D95+** basis
set with additional polarization functions made little
difference in the relative conformer energies with the
exception of the ¢t saddle point. In contrast, MP2
energies differ significantly from SCF values for many
of the more important (lower energy) conformers of the
PVDF model compounds (see also Tables 2 and 3). These
results are consistent with those previously obtained for
perfluoroalkanes!! and perfluoroethers.'? Consequently,
we concluded that calculations on PVDF model com-
pounds performed at the SCF/D95**//MP2/D95+** ge-
ometry/energy level should yield accurate relative con-
formational energies.

Butane Compound. The conformational energies
and geometries of PFB, the shortest model compound
studied, are strongly influence by the terminal CF3 and
CH3 groups, which are not important in PVDF and its
higher molecular weight oligomers. As these end effects
may dominate in PFB, the conformational energetics
and geometries of this compound are relatively unim-
portant in elucidating the properties of PVDF. However,
we found it useful to study the compound and compare
conformational properties with those of the equivalent
compound for PTFE, perfluorobutane (PerFB).

The conformational energies and geometries of PFB
are given in Table 2. In addition to the SCF/D95**//MP2/
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® SCF/D95**//MP2/D95+**
[0 8CF/8-31G** constrained geometry (Ref. 13)
A SCF/6-31G** relaxed geometry (this work)

conformational energy (kcal/mol)

0 30 60 90 120 150 180
torsional angle

Figure 2. Conformational energy of 1,1,1,3,3-pentafluorobu-
tane (PFB) as a function of dihedral angle. The lines serve to
guide the eye.

D95+** calculations, results of SCF/6-31G** level cal-
culations are shown in Figure 2 for comparison with a
previous quantum chemistry study of PFB.!3 That study
constitutes the only ab initio calculations on model
compounds for PVDF that we were able to find in the
literature. In that study, a full geometry optimization
was performed at the SCF/6-31G** level for PFB with
the backbone dihedral constrained to 180°. A rigid
rotation of the dihedral at 30° intervals was performed
without allowing the valence geometry to relax. Single-
point energies were determined at these new geom-
etries. Unfortunately, constraining the valence geometry
to that obtained for the ¢ = 180° conformer significantly
influences the relative conformer energies. This can be
seen by examining Figure 2, where a comparison of the
relative conformer energies obtained in ref 13 is made
with those obtained by constraining the backbone
dihedral but allowing the valence geometry to relax. The
conformational picture obtained in ref 13 is qualitatively
incorrect. This can be seen clearly in Figure 2, which
shows that the lowest energy conformer for relaxed
geometries is gauche instead of trans.

It is instructive to compare the conformational ener-
getics of PFB with those previously obtained for per-
fluorobutane (PerFB).!! PerFB has split trans minimum
with the 180° backbone dihedral corresponding to a
saddle point between the ¢ and ¢~ minima. Note that
while the splitting is weak in PFB, it is much stronger
in the longer PVDF model compounds which are more
representative of the polymer. In contrast to PerFB,
PFB does not exhibit a split gauche conformer. In
addition, while the ¢; (or the equivalent ¢) conformer
is almost 0.5 kcal/mol lower in energy than the gauche
conformer in PerFB, Table 2 reveals that the gauche
conformer is the lowest energy conformer in PFB by
nearly 1.5 kcal/mol. This effect can be associated with
the relief of unfavorable F—F steric and electrostatic
interactions manifested in the PFB ¢ conformer and
favorable F—H electrostatic interactions manifested in
the PFB g* conformer, as illustrated in Figure 3. In
PerFB, the methyl group is replaced by a trifluoro-
methyl group, and consequently the gauche arrange-
ment is both sterically and electrostatically less favor-
able than in PFB.

Pentane Compounds. The relative energies and
conformational geometries for the conformers and ro-
tational energy barriers for the —CHz— centered pen-
tane model compound, TFP, are given in Table 1, while
the same are given for the —CF,;— centered pentane
model compound, OFP, in Table 3. Again, it is instruc-
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Figure 3. Comparison of interatomic interactions in 1,1,1,3,3-
pentafluorobutane (PFB) for (a) ¢ and (b) g' conformers.
Important interatomic distances are indicated.

tive to compare results for these compounds with our
previous study of the perfluorinated analogue, perfluo-
ropentane (PerFP).!1! We can see the split trans state
in TFP and OFP, and as in PerFP, the ¢t conformation
does not correspond to a stationary point. As in PFB,
after a careful search for another minimum near the
gauche state in TFP and OFP, we could not find any
evidence for a split gauche state in these compounds.
This is in contrast to PerFP, which exhibits split gauche
states. The conformers with gauche states of opposite
sign manifest the pentane effect, and as is typically
seen, one of the gauche dihedrals is significantly dis-
torted. These distorted states are given labels g™ and
g - The g'g — energy is relatively high (3.14 kcal)
although it is lower by 0.5 kcal than the ¢ ¢ conformer.
It is also worth noting that while g*t; type conformers
are found in PerFP (albeit higher in energy than the
preferred g*t- conformers), the corresponding conform-
ers were not found in TFP or OFP.

Heptane Compound. The relative energies and
conformational geometries for selected low-energy con-
formers and rotational energy barriers of HFH are given
in Table 4. The lowest energy conformer of HFH is
gtgtgtg®, consistent with results for the butane and
pentane compounds. The all-trans planar zigzag con-
formation, which corresponds to the conformer of PVDF
in the -crystal polymorph,?13 is a saddle point and lies
7.5 kcal/mol, or more than 1.8 kcal/mol per backbone
dihedral, higher in energy than the gtg"g"g* conformer.
The g t+g"t- HFH conformer is similar in geometry to
the sequence 7GTG found for the a and 6 polymorphs
of PVDF3413 and lies only about 0.4 kcal/mol per
backbone dihedral above the global minimum g*gtgtg™.
The final PVDF polymorph, the y form, has a confor-
mational sequence T3GT3G.313 The HFH conformer
t_t-t_g", with an energy of 3.5 kcal/mol, or about 0.9
kcal/mol per backbone dihedral above the global mini-
mum, is similar in geometry to half of this sequence.
These comparisons indicate that strong condensed
phase effects are manifested in crystalline PVDF. From
the dipole moments given in Table 4 for the HFH
conformers, it can be seen that the conformers resem-
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Table 4. Conformational Geometries and Energies? of
2,2,4,4,6,6-Hexafluoroheptane (HFH)

1 @2 ¢3 ¢s  D95+**
conformer? type (deg) (deg) (deg) (deg) MP2  DMc¢

g'g'g'g” min 653 651 651 653 000 2.36
gtgtyg  min 539 62.0 1884 -50.8 0.27 1.68
gtgtt g min 60.6 59.3 1640 50.6 0.33 2.83
gtggtty  min 640 61.2 66.6 187.2 048 2.92
tygtgtt- min 194.0 69.8 524 1719 062 245
ghtgte min 51.3 165.5 51.1 168.0 0.81 3.75
gtt-t-gt  min 50.9 166.0 166.0 50.9 1.21 0.0l
g tight min —51.4 184.2 524 165.0 1.55 4.42
grgttits min 56.7 629 1904 1934 229 225
tt gt min 165.9 163.7 504 167.2 293 4.21
g -g'tg" min —87.2 523 1657 506 3.09 1.88
ghett min 50.0 165.5 164.0 165.8 3.52  3.66
-ttt min 165.7 163.9 163.9 165.7 6.53 6.44
ttetd saddle 180.0 180.0 180.0 180.0 7.51 6.84

@ Relative to the g"g"g"g" conformer, in kcal/mol. » SCF/D95**
geometries. ¢ Dipole moment, in debyes, from SCF/D95+** wave
functions. 9 Dihedral angles were constrained at their indicated
values.

bling sequences found in the crystal polymorphs of
PVDF have large dipole moments. In contrast, the
gtgtgtgt conformer has a relatively small dipole mo-
ment. It is likely that intermolecular polar interactions
stabilize the conformers of PVDF found in the various
polymorphs.

It should also be noted that both —CH,;— and —CF,—
centered gty sequences are found in HFH. These
sequences are not observed in the pentane model
compounds but are seen in perfluoropentane. The
absence of these sequences in the pentane PVDF model
compounds may be due to chain end effects. Interactions
involving the methyl and trifluoromethyl groups cap-
ping the model compounds may differ sterically and
electrostatically from those involving —CH,— and —CF,—
groups in the longer compounds.

Rotational Isomeric State Model

Model Compounds. Previously, we were able to
accurately describe the relative energies of the low-
energy conformers of perfluoroalkanes (butane, pentane,
and hexane) obtained from quantum chemistry using a
six-state RIS description that took into account the split
trans and gauche states.!! This model predicted con-
formational properties of PTFE in good agreement with
experiment. For PE and n-alkanes, a five-state model,
which includes distorted gauche states (g1, g~-) that
are manifested in pentane interactions (g g™+ and g —g"
sequences), has been successfully employed.!4!> For
PVDF, six-state and three-state RIS models for PVDF
have been developed.'®17 Below, these models will be
compared with the quantum chemistry based model for
PVDF presented here. Examination of Tables 1—4 and
Figure 2 reveals that while the trans state is clearly
split in the longer PVDF model compounds, the gauche
states are not. As in PE, the pentane effect leads to
highly distorted gauche states. We therefore determined
that best RIS representation of the PVDF compounds
could be obtained with a six-state model that has split
trans states (as in PTFE) and pentane-effect-induced
distorted gauche states (as in PE).

The RIS representation of the PVDF model com-
pounds in terms of first (dependent upon one dihedral)
and second (dependent upon consecutive dihedrals)
interactions is given in Table 5. The energies associated
with these interactions are given in Table 6. The six-
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state model provides a reasonably accurate description
of the conformational energies of all compounds. The
description is best for the lowest energy HFH com-
pounds, which were given the greatest weight in the
fitting procedure. The first-order interaction, o, mani-
fested in the trans state (relative to the gauche state)
has an energy E,; of —0.50 kcal/mol. For the —CH,—
centered dihedral pairs, the second-order interaction for
t+t+ sequences, Oy, is highly unfavorable, with Es, =
3.95 kcal/mol. The second-order interaction for —CF,—
centered tit; sequences, dr, has an energy Es, = 0.10
kcal/mol. The second-order interactions resulting from
—CF,— and —CH,— centered t_g* sequences, yr and 9y,
respectively, have energies E,, = —0.35 kcal/mol and
Ey,; = 1.10 kcal/mol. The second-order energies yr and
yu, associated with t-g~ sequences (which are not
observed in pentane compounds but are found in HFH),
are E,. = —0.25 kcal/mol and E,; = 0.75 kcal/mol,
respectively. Hence, in HFH, ¢ g~ sequences are quite
similar in energy to the t_g" sequences. Finally, the
second-order pentane interactions arising in —CF,— and
—CH,— g g'+ and g"g™ - sequences are similar and can
be accurately described by a single interaction w with
E, = 3.2 kcal/mol.

Examination of the first-order and second-order in-
teraction energies provides insight into the conforma-
tional characteristics of PVDF and its model compounds.
The negative value for E, indicates that the trans state
of the backbone dihedrals in the PVDF model com-
pounds is intrinsically favored, as is found in perfluo-
roalkanes and n-alkanes. The large positive energy for
the second-order interaction oy accounts for the high
energy of —CHz— centered t.t; sequences. As this
sequence results in sterically and electrostatically
strained F—F interactions, the large positive energy is
reasonable. In contrast, for —CF,— centered pairs, the
second-order interaction JOr, which results in H—H
interactions, is much more favorable. Because of relief
of the F—F interactions, the second-order interactions
in —CH,— tg sequences, yy and ¥y, are much more
favorable than is found in ¢ ¢ty sequences (dn). The
energies of the ¥y and vy interactions are still large
and positive, however, indicative of unfavorable interac-
tions relative to the g*g* sequences. For the —CF,— tg
sequences, the second-order interactions are small, i.e.,
similar to those arising in the g*gt sequence.

On the basis of the above analysis, it can be seen that
the ¢ty —CF,— centered sequence is actually lower in
energy than the gtg" sequence. Hence, we might expect
tity to be the preferred conformation of OFP. However,
a t; conformation in OFP results in F—F interactions
between a —CF;— group and a trifluoromethyl end
group. Therefore, the ¢ t; conformation of OFP involves
two —CHz— centered oy-like interactions involving the
trifluoromethyl end groups. A good representation of the
energies of PFB and OFP, which manifest these inter-
actions, was obtained by assigning these interactions
an energy of 0.75F},, (see Table 5). As these interactions
involve the relatively conformationally flexible trifluo-
romethyl groups, a second-order interaction somewhat
more favorable than the dy interaction is reasonable.
As a result of these very high-energy second-order
interactions, the £ conformation of OFP is much
higher in energy than the g*g™ conformer, and the ¢
conformer of PFB is higher in energy than the g"
conformer.
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Table 5. RIS Representation of PVDF Model Compounds

first and second-order interactions

energy (kcal/mol)

conformer o OF )%} YF YH YE VH w QC RIS
1,1,1,3,3-Pentafluorobutane (PFB)
gt 0 0 0 0 0 0 0 0 0.00 0.00
ty 1 0 3/4 0 —3/4 0 0 0 1.47 1.65
2,2,4,4-Tetrafluoropentane (TFP)
gtg" 0 0 0 0 0 0 0 0 0.00 0.00
gt 1 0 0 0 1 0 0 0 0.91 0.60
gg 0 0 0 0 0 0 0 1 3.1 3.2
ty ty 2 0 1 0 0 0 0 0 3.63 2.95
1,1,1,3,3,5,5,5-Octofluoropentane (OFP)
gtgt 0 0 0 0 0 0 0 0 0.00 0.00
ghe 1 0 3/4 1 —3/4 0 0 0 1.46 1.30
gt 0 0 0 0 0 0 0 1 3.4 3.2
ty ty 2 1 3/, 0 =3/, 0 0 0 3.70 3.40
2,2,4,4,6,6-Hexafluoroheptane (HFH)
grgt gtgt 0 0 0 0 0 0 0 0 0.00 0.00 (1.59)2
ggtg 1 0 0 0 1 1 0 0 0.27 0.35 (0.38)
ggtg 1 0 0 1 1 0 0 0 0.33 0.25 (0.38)
grgtgte. 1 0 0 0 0 0 1 0 0.48 0.25 (1.10)
tigtgte 2 0 0 0 1 0 1 0 0.62 0.85 (1.25)
ghtgtt 2 0 0 1 2 0 0 0 0.81 0.85 (0.53)
ghet gt 2 1 0 0 2 0 0 0 1.21 1.30 (0.00)
gtgtte 2 0 0 0 2 1 0 0 1.55 0.95 (0.53)
grgttits 2 0 1 0 0 1 0 0 2.29 2.70 (0.69)
gt 3 0 1 1 1 0 0 0 2.93 3.20 (0.84)
g gttg 1 0 0 1 1 0 0 1 3.09 3.45 (0.62)
ghett 3 1 1 0 1 0 0 0 3.52 3.65 (0.31)
tot-t-t- 4 1 2 0 0 0 0 0 6.53 6.0 (1.25)
2 From the three-state RIS model of ref 16.

Figure 4. Statistical weight matrices for poly(vinylidene
fluoride).

Table 6. First-Order and Second-Order Energies (in
kcal/mol) for the Six-State RIS Model of PVDF
E% E%y E%u E%@ E@m E%k Egu EZ
-0.50 0.10 395 -035 110 -—-0.25 0.75 3.20

Statistical Weight Matrixes. The second-order
statistical weight matrices for the —CH,— and —CF,—
centered dihedral pairs are given in Figure 4. The
statistical weight associated with each first- and second-
order interaction u is given as

u=r, exp(—E}/kT) (1)
where E,, is the energy associated with the interactions
(see Table 6), k is the Boltzmann constant, 7T is tem-
perature, and F,, is a preexponential, or entropic, factor.
We assigned F, = 1 for all interactions except for the
first-order o interaction and the second-order 6y and
Or interactions. We assigned F, = 0.5 in order to avoid
over weighting ¢ and ¢ states, since these state

i)
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Figure 5. Characteristic ratio C. of poly(vinylidene fluoride),
polyethylene, and poly(tetrafluoroethylene) as a function of
temperature. The modified PVDF values were determined
using the experimental valence angles.

actually span only !/, of the conformational space (60°)
of a gauche state (120°). This results, however, in under
weighting of ¢t states, as t+¢t- and ¢ t; states are not
allowed. Consequently, we assign Fg,, = 2 and Fs, = 2.
It should also be noted that while w is a second-order
interaction arising in g"g - type sequences, we consider
the g~— states to exist only in these sequences, and
hence o is associated with each g~— and g™ conforma-
tion in the statistical weight matrices.

Using standard techniques,'® we calculated the char-
acteristic ratio C., of unperturbed chains of PVDF using
the statistical weight matrixes given in Figure 4. C.. for
PVDF is plotted as a function of temperature in Figure
5. We used backbone valence angles of 120° and 118°
for the —CF;— and —CH,— centered angles, respec-
tively. For the RIS states, we used dihedral angles of
t. = 195°, t = 165°, gt = 59°, gt = 90°, g = 301°,
and g - = 270°. Valence and torsional angles were
obtained from the quantum chemistry geometries of the
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te 0.009 0 0.093 | 0.004 | 0.064 | 0.003

[ 0 0.009 | 0.064 | 0.003 | 0.093 | 0.004

g 0.093 | 0.064 | 0.139 | 0.006 | 0 | 0.006

g 0.004 | 0.003 | 0.006 0 0.006 0

< 0.064 | 0.093 | 0 | 0.006 | 0.139 | 0.006
g 0.003 | 0.004 | 0.006 | 0 | 0006| 0
a)
0| t g | g g g
i
L 0.029 | 0 | 0.065| 0.003 | 0.073 | 0.003
2 0 [ 0.029 | 0.073 | 0.003 | 0.065 | 0.003

g 0.065 | 0.073 | 0.156 | 0.007 0 0.007

g+ 0.003 | 0.003 | 0.007 0 0.007 0

g 0.073 | 0.065 | 0 | 0.007 | 0.156 | 0.007
g- 0.003 [ 0.003 [ 0.007 | 0 [0007[ 0
b)

Figure 6. Populations of (a) —CH;— and (b) —CF,— centered
dihedral pairs in poly(vinylidene fluoride) at 463 K from the
quantum chemistry based RIS model.

low-energy PVDF model compounds. A value of C.. =
5.6 £ 0.3 for PVDF has been found in benzophenone at
© conditions (463 K) by employing a combination of
viscosity and light-scattering measurements.!® Our
value of C. = 6.22 at 463 K using the quantum
chemistry based RIS model and quantum chemistry
geometries, without modification, is in reasonable agree-
ment with experiment. If we employ values of 118.5°
and 116.5° for the —CF,— and —CHj,— centered angles,
respectively, as obtained from X-ray crystallographic
studies of PVDF,? we obtain a value of C. = 5.86, in
good agreement with experiment.

The populations of the —CH,— and —CF2— centered
dihedral pairs at 463 K from the quantum chemistry
based RIS model are given in Figure 6, a and b,
respectively. Not surprisingly, the g*gt and g g~ se-
quences are the most populous, accounting for about
30% of the total population for —CHz— and —CF,—
centered pairs. The pair population distribution is quite
similar for the —CHz— and —CF;— centered pairs with
the exception of the ¢t and ¢-¢- sequences. While this
population is low in both cases, the population is about
3 times greater for the —CF,— centered pairs. The total
gauche population of the backbone dihedrals in PVDF
is 65%.

Comparison with Previous PVDF RIS Models.
The current model differs fundamentally from the
previous six-state model for PVDF!7 in that the distorted
gauche states are considered to be manifested only as
the result of pentane interactions and are not true
independent split states, as in ¢- and . The three-state
model'® does not consider split conformations. In both
models energies for first-order and second-order interac-
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tions were estimated from molecular mechanics calcula-
tions and were adjusted so that RIS predictions for C.
agree with experiment. In contrast, our quantum chem-
istry based force field yields a reasonable value for C.
without empirical adjustments. While predictions for C.,
are similar for the three models (C.. = 6.43 from ref 16
and C. = 5.5 from ref 17), the previous models yield
conformational populations that differ significantly from
the quantum chemistry based model. The six-state!” and
three-state!® models yield a gauche fraction of 47% and
51% at 463 K, respectively, compared with 65% for our
model. The preference of the previous models for trans
conformations is further demonstrated by comparing the
energies predicted by the three-state model'® for the
HPH conformers, shown in Table 5, with those obtained
from quantum chemistry and those yielded by the
present model. The predicted energies differ qualita-
tively from those obtained from quantum chemistry and
subsequently accurately produced by the present RIS
model.

The compact nature of the PVDF coil can be at-
tributed to the high gauche fraction in the current
model. In the three-state model, the chains are compact
due to the relatively large population of gtg~ type
“hairpin” conformations, which greatly reduce the size
of the polymer coil. At 463 K, the three-state model'®
yields a population of 10.5% for —CHz— centered
hairpins and 7.5% for —CF,— centered hairpins, while
our model predicts a population of 2.4% for the —CHz—
centered hairpins and 2.8% for the —CF,— centered
hairpins. For the six-state model, the compact nature
of the PVDF coil is attributable in part to the smaller
values employed for the backbone valence angles.

Comparison of PVDF, PE, and PTFE. The char-
acteristic ratio of PVDF from the current RIS model is
compared with that of PE!* and PTFE!! in Figure 5. At
463 K, PVDF is more compact than both PE and PTFE,
and its characteristic ratio exhibits a much weaker
dependence on temperature. The relative compactness
of PVDF can be largely attributed to its high (65%)
gauche fraction compared to PE (48%) and PTFE
(30%).29 The large negative temperature dependence of
the characteristic ratios in PE and PTFE is due to an
increase in gauche fraction and hairpin conformations
with increasing temperature. While the latter increases
in PVDF with increasing temperature, the gauche
fraction is nearly independent of temperature, resulting
in a much reduced temperature dependence of the
characteristic ratio.

Conclusions

On the basis of high-level quantum chemistry calcu-
lations on model compounds, we have developed a
picture for the conformational geometries and energies
of PVDF that differs fundamental from those previously
presented. Quantum chemistry reveals that while the
trans state splits in PVDF model compounds, the gauche
states do not. Rotational isomeric state analysis of the
conformational energetics of the PVDF model com-
pounds reveals an intrinsic preference for the trans
state. However, strong unfavorable second-order effects
in —CH;— centered dihedral pairs greatly suppress the
trans population. As a result, and in stark contrast to
predictions of previous RIS models, PVDF is found to
have a high gauche fraction of dihedrals, resulting in
relatively compact random coil compared to polyethyl-
ene and poly(tetrafluoroethylene).
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