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ABSTRACT:  The formation of three crystalline forms of poly(vinylidene fluoride)
was studied in detail by using an apparatus for heat treatments under high pressure up
to 5000 atm. Form II consisting of TGTG-type molecular chains was the most stable
under atmospheric pressure, and form I, composed of planar zigzag-type chains, was
formed under special conditions, such as tension, high pressure, etc. Form Il may be
an intermediate modification between I and II, Bascd upon these cxperimental facts, as
well as the potcntial energy calculations of the intra- and intermolccular interactions
in the crystal latiices due to the van der Waals and electrostalic forces, the relation
between the conditions of formation of the three forms and their structures was examined.
The planar zigzag-type conformation (in forms T and IIT) is considcred to be less stable
than the TGTG type {form Ii} because of the storic hindrances and clectrostatic dipole
intcractions, In spite of the diffcrence in the intramolecular potential encrgy between
these two molecular conformations, the stabilities of the three crystalline forms are not
so very different because of the more favorable intermolecular interaction in form I
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Many authors have studicd the chemical and
physical propertics of poly(vinylidene fluoride)
(PVDF). Kondrashov' proposed two types of
molecular form with different fiber identity periods
of 2.55 and 4.66A from the X-ray data of PVDF.
Makarevich and Nikitin® found that PYDF gave
two kinds of infrared spectrum depending upon
the preparation conditions. Gal’perin ef af.,>*
and Natta, ef gl.,® confirmed the existence of two
crystal forms designated as I and IT** from the
X-ray diffraction data.

Gal’perin, ez al.,”" suggested a planar zigzag-
type conformation from the identity period 2.55A
for form I, and proposed the possibility of a

* Present address:  Products Development Instiiute,
Teijin Limited, Hinode-cho, Iwakuni, Yamaguchi, 740
Japan.

** Gal'perin, et al.,%+ and Okuda, et al.,* used the
terms of 2 and o forms for forms I and II, respec-
tively.

TGTG-type or a (2/1) helical conformation from
the identity period 4.57A for form II. Here T,
G, and G denote the frans and two types of
gauche lorms, respectively, Lando, ef al.,»®
determined, by X-ray and wide-line NMR ana-
Iyses, the crystal structure of form I with two
planar zigrag chains in the orthorhombic unit
cell. For form II, Doll and Lando® proposed
two possible crystal structures with space groups
P2,(C}) and PI(C}), each containing two chains
of the conformation essentially of the TGTG type
in the unit cell. Cortili and Zerbi'® suggested
a planar zigzag type for form I and a TGTG type
for form II on the basis of conformational analysis
and vibrational spectroscopic considerations
{factor group analysis). These {wo types of mole-
cular structure were supported by the calculation
of the normal vibrations by Enomoto, et al.'!
Recent studies of Raman scatfering by Boerio
and Koenig'®'"® supported the TGTG model of
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form II.

The existence of the third form was suggesied
at first by Natta, ef af..° in the specimen of a
stretched molded sheet, and =also suggested by
Cortili and Zerbi'* in the film cast from a di-
methyl sulfoxide solution. Their reports, how-
ever, were not conclusive. On the other hand,
Doll and Lando™ reported that crystallization
of PVDF under high pressure yielded a new
crystal form, and they had originally designated
it as form III. Recently they suggested that the
form crystallized under high pressure was actually
a high-melting mixturc of forms ¥ and II.**  The
authors reported in a previous paper'” that the
pressurc-crystallized form III was composed of
planar zigzag chains and did not contain any
detectable amount of form II. It will be con-
firmed in a subsequent paper'® that both the third
form found in the film cast from dimethyl
sulfoxide®'* and that found in the pressure-
crystallized specimen have essentially the same
crystal structure. Here this type of crystal struc-
ture is tentatively designated as form III.

The conditions of formation for the above three
forms are complicated, and have been reported
1o be due to the kind of solvent,*'* the content
of head-to-head linkages,®' and hydrostatic
pressure. 171

The present work was uvndertaken to study
more systematically the formation of the three
types and the transitions among them under
various conditions of heat treatment including
those under high pressure. Morcover, in order
to discuss the stability of three forms, the po-
tential energy was calculated for the intra- and
inter-molecular interactions in the crystal lattices
due to the van der Waals and electrostatic forces.
The crystal structurcs of three forms used here
will be reported in ref 18. Based upon the
experimental facts as well as the results of the
energy calculation, the authors wish to cxamine
the relation between the conditions of formation
of three types and their structures.

EXPERIMNTAL

Preparation of Samples

The sample used here was supplied by Kureha
Chemical Industry Co., Ltd. The number-average
molecular weight is 64000, and the irregular
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content (head-to-head or tail-to-tail linkages)
estimated by NMR measurement is less than 5%.
This sample always gave form II by melt-crysta-
lization under atmospheric pressure. Films of
type II were prepared by pressing the samples
under 100—130kg/cm® at 200—230°C. Cast films
and powder specimens were prepared from a
solution in dimethyl sulfoxide or monochloro-
benzene—dimethylformamide mixture of 90: 10
volume ratio.®

Heat Treatment under High Pressure

The specimen (fiber or film) set on a metal
holder was subjected to heat treatment under
various temperatures and pressures. A high-
pressureapparatus, described in a previous paper,”
was used for the treatment under hydrostatic
pressure at up to 5000 atm. During long heat
treatments (e.g., for more than 12hr at 200°C)
the specimen became dark brown due to thermal
degradation. An attempt at prevention was made
by limiting the heating time to 1—6 hr depending
on the temperature.

Characterization

The specimens thus obtained were characterized
by the following methods. Wide-angle X-ray
diffraction patterns were obtained by using nickel-
filtered Cu-Ka radiation with a cylindrical camera
(Rigakudenki Co., Ltd.). In order to obtain
the precise cell dimensions, the spacings of the
reflections were measured with reference to those
of aluminum. Infrared spectra were taken with
a Japan Spectroscopic Company DS-402G grating
infrared spectrophotometer. The melting point
was measured with a Perkin-Elier DSC-18
differential scanning calorimeter, and also with
a polarizing microscope. The density was mea-
sured by the flotation method with a carbon
tetrachloride—ecthylene bromide mixture as me-
dium at 30°C.

FORMATION OF THREE MODIFICATIONS

The conditions of formation and mutual transi-
tion of form I, II, and III are shown in Figure
1. Al the transitions observed here are con-
sidered as occurring in the solid-state, because
the shape and orietation of the specimen remained
unaltered during the transition. The melting
points and densities of the specimens crystallized
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Figure 1, Conditions for transitions among three forms of poly(vinylidene fluoride):
{—) crystallization or heat treatment under high pressure; (—) treatment undcr

atmospheric pressure.

Table I. Melting points and densities of poly(vinylidenc fluoride) crystallized in forms I, II, and 11T

Densitly, g/cc

Form I

Form II

Form III

Melting
Specimen point,
s LOsd . caleds
1.97
Oriented specimen drawn at 50°C 168 L.77,
Oriented specimen heat-treated at 285°C, 4000 atm 191 1.80:
Unoriented specimen heat-trcated at 285°C, 400 atm (from cast form III} 173 1.80;
1.93
Melt-crystallized specimen 175 1.76y
Oriented specimen drawn at 150°C 178 1.78g
Specimen cast from a solution in a monochlorobenzene-dimethylform-
amide mixture 176 1.80;
1.95
Melt-crystallized specimen at 4000 atm 179 1.78,
Unoriented specimen heat-treated at 285°C, 4000 aim (from form II) 197 1.80:
Specimen cast from a dimethyl sulfoxide solution 171 1,80,

T e Calculated from the unit celt listed in Table TI._

in forms I, II, and III are listed in Table I. No
appreciable differences in the melting point and
density could be found among the three forms.
The melting point and density of the specimens
may depend on the crystallinity and also on the
morphology. Crystallographic data of the three
forms arc summarized in Table II.

Form I. An oriented specimen of form I was
obtained by drawing the melt-crystallized sample
(unoriented form II) at 30°C (draw ratio 500%2).
By heat treatment under high pressure (285°C,
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4000 atm), the oriedted specimen of form I did
not show any transition to another form, but its
crystallinity increased noticeably.

Form II. The unoriented specimen of form
II was obtained by melt-crystallization under
atmospheric pressure. The X-ray powder photo-
graph of this specimen is shown in Figure 2(a).
By drawing this specimen (draw ratio 400%) at
150°C, an oriented specimen of form II (con-
taining small amount of form I) was obtained.
As Okuda, er al., reported,® form II was also
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Table II. Crysiallographic data of three forms of poly{vinylidene fluoride)

Form 1 Form II Form III
Crystal system orthorhoembic monoclinic monoclinic
Space group Cm2m(Cj} P2,/c(C3) CL21(CYH
Lattice constants a:==8.58A a=4.9%A a—8.66A
b=4.91A b=9.64A b=4.93A
eff.a.)2=2.56A eff.a.)=4.62A c(f.a.)=2.58A
5=90° 8=97°
Number of chains per lattice 2 2 . 2
Molecular conformation® Ta TGTG T
Density, Obsd at 30°C 1.80; gice 1.76y gfcc 1.80. gicc
Caled (X-ray) 1.97 gice 1.93 g/ec 1.94 g/cc

= f.a., fiber axis.

v 7, G, and G denote the frans and two types of gauche forms, respectively.

@ |

© .

@ {

Figure 2. X-ray powder patterns of poly(vinylidenc
fivorids): (a) form ITin the melt-crystallzed speci-
men; (b} form I obtained by heat treatment of the
cast specimen (form 11I); (c) form 1I[ obtfained by
heat treatment of the melt-crystallized sample (form
IT) at 285°C, 4000 atm; (d) form IIT in the specimen
cast from a dimethyl sulfoxide solution.

found in the precipitate from a solution in mono-
chlorobenzene—dimethylformamide mixture or
an acetone solution.

Form III. Under a pressure of 4000 atm, form
III was obtlained by melt-crystallization and also
by heat treatment of unoriented films of form
IT at 285°C."" As Cortili and Zerbi reported,’
a dimethyl sulfoxide solution yielded a precipitate
of form III, which has been reported as the
form by Okuda, et al.® The X-ray patterns of
the specimen subjected to heat treatment under
high pressure (containing none of form II) and
of that cast from dimethyl sulloxide are shown
in. Figures 2(c) and (d), respectively. In spite
of the slight difference in the intensity, all the
reflections from both of the specimens were in-
dexed by the same unit cell proposed in ref 18.
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Figure 3. Infrared spectra of poly(vinylidene fluo-
ride); (a) form II; (b) form I; (¢) form IIT obtained
by heat treatment under high pressure, containing
small amount of form II as shown by an arrow
(1) (d) form IIT cast from dimeihyl sulfoxide.
Spectra of (a), (b}, and (d) corrcspond to the X-ray
patterns of Figures 2(a), (b}, and (d), respectively.

Both the specimens are therefore denoted as form
III. Although Doll and Lando™ suggested no
third crystal form, this result indicated the exist-
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ence of it. The infrared spectra of the above
two specimens of form IIT are shown in Figures
3(c) and (d), respectively, in comparisen with
those of lorm II{a) and form I{b}. Perfect trans-
formation into form III of thin films (ca. 30 z)
suitable for infrared measurement was not possible
because of the thermal degradation, and so the
spectrum of Figure 3(c) contains small fraction
of form II whose band is indicated by an arrow.
The similar infrared spectra of forms I and III
suggest a planar zigzag molecular structure in
form IILY

The specimen obtained from a dimethyl sulf-
oxide solution may be the pure form III, since
the specimen prepared under high pressure gave
the X-ray patterns and infrared spectra having
the feature of the superposition of form I and
of the form III cast from a dimethy! sulfoxide
solution.

Transition under High Pressure

The several types of transition caused by heat
treatment under high pressure are shown by thick
arrows in Figure 1. In these transitions, the
formation of type IIT by melt-crystallization under
high pressure was found at first by Doll and
Lando" (thereafter they denied form IIT as men-
tioned above'®), and the others were found by
the authors.'

As mentioned above, form III was obtained
by heat treatment of the unoriented form I
under 4000atm at 285°C. On the other hand,
unoriented form I was obtained from the same
unoriented form IT under a higher pressure (4500
atm) at 292°C. By heat treatment under 4000
atm at 270—285°C, form Il cast from a dimethyl
sulfoxide solution was transformed into form I.
The same transformation was not detected in the
case of the pressure-crystallized form III owing
te the thermal degradation of the specimen. The
X-ray pattern and infrared spectrum of the form
I thus obtained are shown in Figures 2{b) and
3(b), respectively. Although unoriented form I
had already been obtaincd using a copolymer of
vinylidene fluoride and tctrafluoroethylene by
Lando and Doll,* unoriented form I of PVDF
homopolymer can be obtained by the above
treatment.

In the case of the precipitate from a solution
in monochlorobenzene—dimethylformamide mix-
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ture,® form IT was transformed directly into form
I by heat treatment at 281—283°C under 4000
atm. This fact differs from the case of the melt-
crystrllized form II mentioned above. One of
the reason for this may be that the precipitate
has a different morphology’® and reacts to
pressure treatment in a different way from the
melt-crystallized specimen.

By rolling the film, form Il transformed into
oriented form I. In an attempt to obtain an
oriented specimen of form TII, heat treatment
of the oriented form 1I was carried out at 285°C
under 4000 atm. However, an oriented specimen
of form I was obtained by this treatment.’” So
far oriented form IIT has not been obtained.

Transitions under Atmospheric Pressure

Form 1I was produced by heat treatment of
the oriented specimen of form I at 185°C under
tension as reported by Lande and Dollf (see
Figure 1). The orientation of the specimen
almost disappeared after more than 1 min, of the
treatment while it was retained by a shorter
freatment. Heat freatment of the unoriented
specimens of forms I and III at 175°C produced
unoriented form II in the specimen.

ENERGY CALCULATION

Assumptions

In the present calculation, the van der Waals
interaction (V) and the electrostatic interaction
(U) were considered. For the van der Waals
interactions between all pairs of nonbonded atoms,
the Lennard-Jones 6-12 potential function of the
following form was used;

Vir =<l (rminit) 2= 2(Fmiaf¥)’] 5 (1)

where ¥{r) is the potential cnergy of {wo atoms
at a distance r, ¢ the depth of the potential
energy minimum, and rmi. the position of the
minimum potential. For a pair of atoms of
different kinds, a and b, an empirical combining

law®™ may be used to estimate r;n{ab) and ¢(ab),
Frin (ab): 3 [rmln (aa) "F’rmin{bb)] 5

e L2

glab)=+'s(aa)s(bb) . J

The values of interaction parameters, rp;, and
¢, for carbon,™ fluorine,””* and hydrogen atoms**
are listed in Table 1II. Here, the interaction
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Table III. Lennard-Jones 6-12 interaction

parameters

Nm;.tt)grl;ded fmin, A © (ﬁ‘czlt:’l;xi?ol Ref

McCullough and
Carbon 3.40 0.1280 A

. Mason and

Fluorine 3.16 0.0718 Rice.2

Scott and
Hydrogen 2.40 0.1222 Scheraga®

between iwo fluorine atoms was assumed to be
the same¢ as those between two isolated neon
atoms after Mason and Kreevoy.®

The electrostatic interactions between the polar
CF, groups were calculated according to the
dipole—dipole interaction cquation;

Us=[{t- £e5)—3(pei-vi)pt vig)irishi(Drizy s (3)
where U;; is the interaction energy between the
i-th and j-th point dipoles, p; and pe;, #;; the
vector directing from the i-th to the j-th point
dipole, and D the dielectric constant. A point
dipole was assumed to be located at the midpoint
of the line connecting the midpoints of the two
C —F bonds in a CF, group. The value of the
C—F bond moment was taken as 1.41 Debyec.”
The dielectric constant was assumed here to be
4.0

If one considers a crystal consisting of A
polymer molecules, M being infinitely large. The
total interaction energy E of the whole crystal
can be written by the following cquation

M—1 M ;
E=ME; .+ 3 2 Emm),

m=1 ' =%

(4)

where Ej,., is the intramolecular interaction
energy of a polymer molecule, and E{m, m') is
the intermelecular interaction energy between the
m-th and m'-th polymer molecules. Assuming
a polymer molecule which consists of 2N+
crystallographic asymmetric units (—N, —N+1,
veny —1,0,1, ..., N—1,N) and satiisfies the
Born's cyclic boundary condition, E(m,m’) is
written in the form
N N

Epn,m)= ¥, % Emam).  (5)
where E(m;, m;'} is the interaction energy between
the i-th unit in the m-th molecule and the j-th
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unit in the m'-th molecule. The intramolecular
potential energy per unit Ej, ., (1.} is written by
the equation;

_ Eint-ra,
T2N+1

L IL 5 % Ewj
'2N+1[2 By sy T ]

1 X
== E . E(O’k)'!

2 k="w

Einl.w(u')

(6)

where E(7, j) is the interaction energy between
the ith and j-th units in a molecule for i=~j.
Here m or m’ is omitted for simplicity, since
m=m’. The interaction energy within the i-th
upit is given by $E(i, i), It is assumed here that
E(0, k) is composed of the van der Waals energy
V10, k) and the electrostatic energy U0, k);

E©, )=V, k)+ U0, k)
— % RV, k)4 U0, k), (7)

=1 g=1 +=1 a=1
where V(0,, k,) [or U(0,, k,}] is the van der Waals
energy (or the electrostatic energy) between the
p-th atom (or the r-th point dipole) in the 0-th
unit and the g-th atom {or the s-th point dipole)
in the A-th unit, and = and ¢ are the numbers of
atoms and point dipoles involved in an asymmetric
unit, respectively. In E(Q, 0y the terms with p=g¢
or r=s vanish. In the case of PVDF, #=06 and
r=1.
The intermolecular interaction energy per unit
Eipie{w.} is written in the form

1 =1

M—1

Ej_nt,er(u‘) E(m, m")

M1 M N b
1 -

T MEN+1) st 2SI N

x E(mg, m;'y . (8)

When an assymetric unit consists of two or more
monomeric units, £(u.) should be divided by the
number of monomeric units involved. In the
present case, an assymetric unit contains one
monometric unit.

Actually the calculation was made by utilizing
the symmetry of the crystal lattice. The encrgy
terms which do not depend on the conformation
were omitted in the intramolecular energy cal-
culation. The calculations covered all the atom
pairs with the distanccs shorter than 10A for the
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van der Waals interactions, and the point dipole
pairs of the distances shorter than 50A. The
dipole interaction energy was found to converge
within 1% at 30A. The calculations were per-
formed by using a NEAC 2200 Model 500 digital
computer installed in the authors’ university.

Results of Calculation

The results are given in Table IV for forms I
and II, The values given in parentheses are the
components of infra- and intermeolecular interac-
tions; the van der Waals and the electrostatic
interactions. For form [ the calculation was
made on the planar zigzag structure for simplicity,'
although the X-ray crystal analysis suggested a
statistically disordered structure with alternately-
deflected zigzag chains.”® The energy calculation
of form II was made on the structure which will
be reported in ref 18. The interaction energy
for form III is not shown, since the accuracy of
the lattice constants and atomic parameters of
form ITI is lower than those of the other two
forms.

Table IV. Inira- and Intermolecular poieniial
energy of forms T and II (kcal/mol
monomeric unit)

Form I1(TT) 1 (TGTG)

048  —1.46

Intramolecular interaction
(Van der Waals) (—1.19) (—1.57}
{Electrostatic) (+0.71)  (+0.11)
Intermolecular interaction —5.25 -4.57
{(Van der Waals) (—5.06) (—4.44)
{Electrostatic) (—0.19) (-0,13)
Total —5.73 —6.03

In the case of form I, the intramolecular in-
teraction energy was also calculated for the
alternatcly-deflected zigzag chain corresponding
to the disordered crystal situcture which will be
reported in tef 18, For the molecular chain
illustrated at the top of Figure 4, the deflection
angle ¢ was defined as the devialion of the main
chain from the original zigzag plane. As shown
in Figure 4, the intramolecular potential energy
was calculated for various deflection angles from
0° to 15°, The angle of about 7° gives a
minimum value —0.56 kcal/mol monomeric unit,
just coinciding with the angle giving the minimum
discrepancy factor R in the X-ray analysis (ref

Polymer I., Vol. 3, No. 5, 1972
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Figure 4. Variation of iniramolecular potential
energy of the alternately-deflected zigzag chain with
the deflection angle s: (—) total potential energy;
{---) van der Waals energy; (—) electrostatic energy.

18). This result suggests the possibility of the
alternately-deflected zigzag chain in the crystal
lattices of forms I and III. This deflected zigzag
chain has the internal rotation angle of the main
chain of 172°, which is comparable with that of
poly(tetrafluoroethylene) with the (13/6) helical
conformation (165°).%5:%

DISCUSSION

As shown in Figure 5, the F ... F distance is
2.56A in form I, and 2.60A even if the alternately-
deflected structure is assumed, whereas the

Zigzag type §$ TGTG type

i
OZ%““_O / f?f“
i T < fe |||I
b a S 9‘"?
" ? ﬁ = (},{, ,;}é
et i i & =S STl Te
o i . : iy B
“@ O=—¢—0) |
t|.= I"Il'l ) jt= 45
forms T and IIT form II OF

Figure 5. Molecular structures of form I (TT type)
and form I (TGTG type).
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distance is 2.70A in form II just coinciding with
twice the van der Waals radius of the fluorine
atom (described in detail in ref 18). From this
steric hindrance and the dipole interactions be-
tween CF, groups, the planar zigzag-type con-
formation is supposed to be less stable than the
TGTG type. Sucha situation was actually shown
by the potential energy calculation in Table IV;
the intramolecular interaction energy of the planar
zigzag type (form I} is —0.48 keal/mol monomeric
unit, much higher than the value of the TGTG
type (form II), —1.46kcal. This may explain
the experimental facts that form II is stable under
ordinary condition, and that the formation of
types I and III requires the special conditions
mentioned above. The higher energy value of
the van der Waals interaction (—1.19 kecal/mol
monomeric unit) and the ¢lectrostatic interaction
energy (-+0.71 kcal/mol monomeric unit} of form
I may be due to the steric hindrance between
the neighboring CF, groups and the parallel array
of the CF, dipole moments, respectively.

In spite of the large difference between the
intramolecular potential energies of the planar
zigzag- and TGTG-type conformations, the sta-
bilities of the crystals of forms I and II are not
very different, viz., —5.73 and —6.03 kcal/mol
monomeric unit, This may be due to the inter-
molecular interactions in the crystalline lattices,
The intermelecular interaction energy of form I
is —5.25 keal/mol monomeric unit, appreciably
lower than that of form II, —4.57 kcal. This
result may originate from the more favorable
intermolecular interactions; the more compact
packing and the lower electrostatic energy in
form I. This may cover the high energy of
intramolecular interactions of the planar zigzag
conformation if the aforementioned conditions
are satisfied.

Based on the accurately measured diffraction
spacings, the crystalline densities were cstimated
as .97 gice for form I, 1.94 g/cc for form III,
and 1.93 gjcc for form IL.'** The cffect of high
pressure on the stabilities of three forms,” that
is, the stability in the order of forms I, III, and
II, may be closely related to the order of these
density values.

The molecular orientation may also be closely
related (o the polymorphism of PYDF. Oriented
form III has net yet been obtained either by
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rolling the unoriented form I or by heat trcat-
ment of the oriented form 1T under high pressure.
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