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ABSTRACT:

The molecular and crystal structure of poly(vinylidene chloride) were determined

by X-ray structure analysis together with conformational energy calculation. The crystals are
monoclinic P2, or P2,/m with cell dimensions a=6.71 A, b (fiber axis) =4.68 A, c=12.51 A, and =
123°, and there are four monomeric units (two chains) in the unit cell. The molecular conformation
is a glide (TGTG) form: the internal rotation angles of two successive backbone bonds are 175° (T)
and 49° (G’), and the C-CH,-C and C—CCl,-C bond angles are 123° and 114°, respectively. The
deviation of the internal rotation angle from 60° (G) to 49° (G’) and the large C-CH,—C bond angle
are ascribable to the steric hindrance between the chlorine atoms of adjacent monomeric units.
From the X-ray study, the great possibility of a disorder with respect to the packing of upward and
downward chains in the crystal lattice (space group P2,/m) is inferred.
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Several molecular models of poly(vinylidene
chloride) (PVDC) have been proposed in order
to account for the fiber period of 4.7 A which is
appreciably shorter than the repeat distance of
two monomeric units in the fully extended
zigzag form, 5.1 A. Fuller! suggested an alter-
natively twisted zigzag model, while Rein-
hardt? proposed a tub form with an alter-
nate repetition of cis and trans conformations.
De Santis et al3~3 proposed a 2/1 helical
model based upon conformational energy cal-
culation and optical transform technique. By
means of calculation of normal vibration,
Miyazawa and Ideguchi® proposed a glide
model with TGTG conformation which was
again supported by Hendra and Mackenzie’
by Raman study. Employing a combination of

FT-IR and Raman studies and geometric con-
sideration, Coleman et al.® ~'° concluded that
a TXTX chain conformation is favored. The
problem on the crystal structure of PVDC has
not yet been settled with certainly, though
Reinhardt? and Okuda'!''* independently
proposed different monoclinic cells. In the
present paper, we will report the molecular
and crystal structure of PVDC obtained by X-
ray structure analysis together with confor-
mational energy calculation.

EXPERIMENTAL

Sample
Since it was rather difficult to prepare a well
oriented PVDC homopolymer specimen by
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drawing, so-called “canal polymerization meth-
od”!* was employed for single crystals of the
vinylidene chloride-thiourea adduct to obtain
highly oriented PVDC homopolymer speci-
mens suitable for X-ray measurements. The
canal polymerization was carried out by the
following procedure. First, needle-like single
crystals of the vinylidene chloride—thiourea
adduct were grown from a mixture of meth-
anol solution of thiourea (4wt%,, 10ml) and
vinylidene chloride (4.6ml) by cooling to
—20°C. The monomer—thiourea adduct was
then converted into the poly(vinylidene
chloride)-thiourea adduct on y-ray irradiation
(total dose; 2 Mrad) at —78°C. Uniaxially
oriented PVDC filaments were obtained by
washing out the thiourea from the adduct
single crystals with hot water. PVDC filaments
suitable for X-ray measurements with dimen-
sions, say 0.15mm in diameter and 10 mm in
length, were selected. The infrared spectrum of
this polymer was in accordance with that of
PVDC homopolymer obtained by usual way.

X-Ray Measurement

Nickel-filtered CuK, radiation was used
throughout this study. X-Ray photographs
were taken with a cylindrical camera with a
radius of 45 mm or 50 mm. A fiber photograph
of the canal-polymerized PVDC filament is
shown in Figure 1. The number of observed
reflections was 34. Observed d-spacings were

calibrated with reference to those of alumi-
num powder. The reflection intensities taken
by the multiple-film method were measured
by visual comparison with a standard inten-
sity scale. The correction for the single crys-
tal rotation Lorentz-polarization factor was
made to the observed intensities.

STRUCTURE ANALYSIS

Conformational Energy
In this study, the conformational energy for
the PVDC chain with the observed identity

- period of 4.68A, in which two monomeric

units are contained, was evaluated varying the
C-CH,-C and C-CCl,—C bond angles, and
this procedure made it possible to examine the
various molecular models proposed so far on
one energy contour map as shown in Figure 2.
In the energy calculation, besides internal
rotation barrier, van der Waals interaction,
and electrostatic interaction, bending energy
was also taken into account. The constrained
conditions in the calculation were as follows;
(1) the CI-C—Cl and H-C-H bond angles were
fixed at the tetrahedral value, (2) the C-C,
C-Cl, and C-H bond lengths were assumed to
be 1.54, 1.78, and 1.09 A, respectively, and (3)
two monomeric units in the identity period
were equivalent to each other, in other words,
the PVDC chain has either a twofold screw
axis or a glide plane along the chain axis.

Figure 1.
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X-Ray fiber diagram of PVDC obtained by the canal polymerization.
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Crystal Structure of Poly(vinylidene chloride)

The function for the internal rotation bar- kcal mol~!.!%!5 The potential function for the
riers was the three-minimum sinusoidal type, van der Waals interactions between non-
and the barrier height was assumed to be 2.0 bonded atoms was approximated by the

Lennard-Jones “6—12” function. The param-

Table I. Parameters for van der Waals interactions eters used for the van der Waals interactions

Atom pair g/kcalmol ™! Foin/ A .
Table II. Parameters for bending energies

c ---C 0.120 3.40
C -a 0.287 3.45 Angle k/kcal mol ™! rad ™2 0,/degree
C ---H 0.108 2.90
cl - 0.688 3.50 8, (C-CH,-C) 107.2 112.0
cl ---H 0.250 2.95 0, (C-CCl,—C) 144.8 112.0
H ---H 0.122 2.40 0, (C-C-H) 92.8 109.5

0, (C-C-C)) 157.1 109.5

Uyj=e(rminl7ij)'> = 20" inl ;)%

140}

120~

9t= £C-CClzC  (degree)

HoF

100}~

6 = £C~CHsC  (degree)

GG
e M A

De Santis Miyazawa This study This study Reinhardt Fuller
X-ray potential
analysis  minimum

Figure 2. Conformational energy contour map against two backbone bond angles, and several molecular
models of PVDC. The Fuller’s model will be located anywhere on the line a,.
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are listed in Table 1.'7'® The electrostatic
interactions were estimated by the use of point
dipole-point dipole interaction equation. The
point dipole was assumed to be at the mid-
point of the C—Cl bond. The value of C-Cl
bond moment was taken as 2.0 debyes from
the data for 2,2-dichloropropane and 2-chlo-
ropropane.!® The value of the dielectric con-
stant was assumed to be 40.2°2! The van der
Waals interactions and electrostatic interac-
tions were considered in a distance of 10 A and
40 A, respectively.
The bending energy was estimated by

E=(1/2)k(0—0,)’ (1)

where 0, is the bond angle 6 in the zero strain
condition, and k is the force constant for the
bending. The constant k& and 6, were assumed
as listed in Table I1.° The total bending energy
is the sum of the contributions from the bond
angles 0, (C-CH,-C), 6, (C-CCI-C), 6, (C-C-
H), and 6, (C-C-Cl).

Figure 2 shows the map of the total energy
represented with energy-level contour vs. 0,
and 6,. Here we obtained the following equa-
tions which define the PVDC chain confor-
mation (see Appendix).

(1—=cos0,)(1—cos0,)—I*/rZ0  (2)

where I is the axial pitch of monomeric unit,
ie., 468A/2=2.34A, and r is the C-C bond
length, 1.54 A. In the region surrounded by the
lines a,, a,, and b, the value of eq 2 is negative,
and in this region the molecular chain takes
some glide conformation. In the region be-
tween the lines b and c, the value of eq2 is
positive, and the molecular chain has some 2/1
helical conformation. The value of eq 2 is zero
on the border line b. The Reinhardt tub model
(cross E in Figure 2) is on this line. Other three
border lines are expressed as follows.

line a,; cos 0, =1 —1%/(2r%)
line a,; cos 0, =1—1%/(2r%) 3)
line ¢ ; cos 8, +cos 0, + 1%/(2r*)=0
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No molecular model can exist in outer region
of the three lines, a,, a,, and c. The Fuller’s
model will be located anywhere on the line a,.
The crosses A and B correspond to the 2/1
helical model by De Santis et al. and the glide
model by Miyazawa and Ideguchi, respec-
tively. The position of the conformational
energy minimum is shown by the cross D (0, =
124° and 6,=116°). This energy minimum is
near the border line b, and the resulting molec-
ular conformation is of glide type. The cross
C represents the conformation obtained by the
present X-ray analysis as shown later.

Molecular Transform

The cylindrically averaged X-ray diffraction
intensities scattered by one polymer chain, so-
called molecular transform |7|?, was eval-
uated by the following equation®? for the
PVDC molecular model proposed so far,
where the chain axis was taken as the ¢ axis
instead of the b axis which is the fiber axis in
the following crystal structure analysis.

s00{ Y

10001 75 A
FIRST LAYER .
500{ [\ 0

NE o 8
Bl [ /Q\
1000 D
EQUATOR
500 SPAL —

A ’ .‘\
[ nll MeE:
02 04 06 08 10O

R(AY
Figure 3. Comparison between observed reflection in-
tensities (vertical rods) and the cylindrically averaged
intensities | T'|* for several molecular models. Letters, a,,
A, and so on have the same meaning as in Figure 2.
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| TI>=<| F(R, ¥, 1/c) |*),,
=2 2 fifiJo(2nRr,j) exp(2milz, /c)
xexp(—2Bsin® 6/4?) @)

where (R, VY, l/c) are the cylindrical coor-

dinates in the reciprocal space, f is the atomic
scattering factor, J, is the Bessel function of

zero order, and r;; and z;; are the radial and
axial components of the interatomic distance
between ith and jth atoms in the fiber period.
A thermal parameter B of 5A? was assumed.

Figure 3 shows the calculated intensity
curves for the typical models. The vertical rods
in the figure indicate the observed reflection
intensities. The Fuller’s model cannot inter-

Figure 4. Bond lengths, bond angles, and internal ro-
tation angles () of the PVDC chain obtained by the
present X-ray analysis.

Polymer J., Vol. 20, No. 10, 1988

pret the strongest reflection on the first layer
line, while the Miyazawa’s model does not ex-
plain the remarkably intense meridional reflec-
tion of the second layer line. Both the glide
model obtained by the present energy calcula-
tion and the 2/1 helical model by De Santis
et al. give sufficient interpretation for the
reflection intensities. Accordingly, it was im-
possible to decide which is favorable from the re-
sult of the molecular transform alone.

Unit Cell and Space Group

All reflections observed in the fiber diagram
were indexed by a monoclinic cell with cell
dimensions a=6.71A, b(fiber axis)=4.864,
¢=12.51A and f=123°. From the systematic

6.71A
—o_
0/

L ’
/4 |
6 |
f
<
%4 i}

oc (QOc

Figure 5. Crystal structure of PVDC. Molecular
chains shown by solid and broken lines indicate upward
and downward chains, respectively.
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absence of reflections, 0k0 when & is odd, the
possible space groups are P2, and P2,/m. The
calculated density assuming four monomeric
units (two chains) in the unit cell is 1.95¢g
cm 3, which is reasonable comparing with the
observed density of 1.859 gem™* for com-
mercial PVDC.!' The cell dimensions are es-
sentially the same as those reported by
Okuda.'?

Determination of Crystal Structure

We searched at first the molecular packing
projected onto the ac plane for both the glide
model obtained by the energy calculation and
the 2/1 helical model by De Santis et al.
adopting the plane group P2 (both P2, and
P2,/m possess the plane group P2 in the ac
plane). Because of the major contribution of
chlorine atoms to the reflection intensities, the
x and z coordinates of heavy chlorine atoms
were determined unequivocally. Referring the
(x, z) coordinates of chlorine atoms, both glide
and 2/1 helical models still remained feasible,
depending on the location of carbon atoms (as
for the positions of chlorine atoms, see the
bottom figure in Figure 5). Namely, if the 2/1
helical model is the case, two helical chains in
the unit cell must be situated such that their
chain axes coincide with non-equivalent two
twofold screw axes parallel to the b axis at (x=
0.5,z=0.0) and (x=0.5, z=0.5) (see Figure 5).
In this case, therefore, the two chains are
crystallographically non-equivalent. On the
other hand, when the glide model is the case,
the two chains are related by one of the two
twofold screw axes, but in this case two mono-
meric units in the chain are non-equivalent.

Trial and error procedure for all hk/ re-
flections adopting the space group P2, in-
dicated that agreement between observed and
calculated structure factors for the glide model
was more satisfactory than the 2/1 helical
model. However, the glide model still re-
mained appreciable discrepancies between ob-
served and calculated structure factors for
weak or non-observed refections. This trouble-
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some could be settled up by introducing a
statistical arrangement of the polymer chains
with respect to their chain direction. Namely,
when upward and downward molecular chains
exist in equal probability, the space group
P2,/m is considered to be reasonable. Ac-
cordingly, further refinement of the glide
model and also the 2/1 helical model in the
P2,/m lattice was carried out. For the helical
model, there exist right-handed and left-
handed helices. Therefore, the combination
about the chain direction and the helical sense
of the two chains in the unit cell generate 12
different crystal structures in the case of P2,
and 6 in P2,/m.

The final discrepancy factors R(=Y |/,
~J I |/3 1y, where I=mF?; m, multiplic-
ity; F, structure factor) for the four different
type crystal structures are shown in Table III;
in the table the smallest R values are listed up
for the 2/1 helical model among the many
different crystal structures, and the R values
were estimated for observed reflections only,
and a thermal parameter of 6 A? was employed
for the calculated structure factors.

Although the glide structure in the P2, cell is

Table III. Final discrepancy factors, R
Molecular conformation Space group R/%
. P2,/m 15
Glide P2, 20
. P2,/m 30
(2/1) Helix P2, 31
Table IV. Atomic coordinates

Atom x/a y/b z/e
Co 0.415 0.191 0.166
C, 0.350 0.373 0.245
C, 0.415 0.691 0.273
G, 0.350 0.873 0.158
Cly, 0.244 0.309 0.006
Cly, 0.717 0.192 0.218
Cl,, 0.244 0.809 0.334
Cl,, 0.717 0.692 0.399

Polymer J., Vol. 20, No. 10, 1988
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Table V. Comparison between observed and calculated structure factors

hkl JIL JL®ym)  JI(P2,) hkl Jh o JIL®2m)  JI(P2)
001 — 7 106 — 14
10t —_ 4 408
102 400
100} 63 49 309 30 3
002 36 31 209
103 — 3 303
101 1 6 205
003 505
202} 37 35 504 0 .
303 306

} 35 29
201 008
104 409
102 } 40 46 011 _ 6 1

111 — 8 1
383} 63 ” 112 ’
004 18 11 110 82 92 93
105 012
103 113 — 11 12
205 ] 49 50 11 — 9 19
201 013
203 51> 51 45 45
304 34 41 213 .
302 311 Medium 36 37
005 114
506 12 45 40 52
305 48 52 214 — 2 16
202 210 — 0 0
301 014 — 18 19
1 115
el 23 35
104 13 40 2 45
306 — 2 215
300 — 19 211
207 — 0 313
203 — 27 314 34 40 4
006 — 11 312
307 015
o } 28 34 516
105 315 41 45 49
301 212
304 34 34 311
305 116 — 3 5
303 114 — 5 16
206 — 1 316 — 5 7
302 310 — 0 0
208 217 — 2 3
204 213 — 15 17
016 — 8 8
zgg 29 30 17
307 117
201 A 40 2 44
007 115
108 — 2
Polymer J., Vol. 20, No. 10, 1988 889
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Table V. (continued)
hkl VI VL E®ym)  JI(P) hkl VI o JL®ym)  JL(P2)
314 ] 121 — 5 30
33 43 25 28 023
a1s 222} 17 17 26
218 223 — 4 18
214 221 — 15 23
318 124
312 28 21 25 122 } 22 23 24
a7 224
an 220} 26 34 34
017 024 — 4 6
410 125
313
: 123 27 22 23
219 33 27 27 25
319 221
215 323 — 5 6
315 324
121 025
122 226

12 13 37

120 325 22 23 37
022 222
123 — 2 3 321

not always denied, there are several large
calculated structure factors for non-observed
reflections, especially on the second layer line
as shown in Table V. Therefore, the glide
structure in the P2,/m cell is the most favor-
able. The atomic coordinates for the glide
structure in the P2,/m cell are given in Table
Iv.

RESULTS AND DISCUSSION

Molecular Structure

It has been revealed that the molecular chain
of PVDC takes a glide conformation of
TG'TG’ type in the crystal, although the two
successive monomeric units in the chain are
non-equivalent in the crystallographic sense.
In more detail, the internal rotation angles of
the backbone bonds are 175° (T) and 49° (G’),
the latter deviates appreciably from the exact
gauche form (60°).

The set of the backbone bond angles (6, =
123, 6, =114°) obtained by the present X-ray

890

study nearly agrees with the set for the glide
model obtained by the conformational energy
calculation (0, = 124°, 8, =116°). Although the
C-CCl,—C bond angle of 114° is close to 112°
as on the average in linear hydrocarbons, the
C-CH,—C bond angle opens to 123°. Such
large C-CH,-C bond angles have been re-
ported for polyisobutylene (128°)** and
2,2,3,4-tetra-methyladipic  acid  (122.6°).%*
There is an extremely close intramolecular
Cl- - -Cl contact of 2.35A, between adjacent
CCl groups in the Miyazawa’s model, which
seems again inadequate from the consideration
of the molecular transform. The glide confor-
mation obtained by the X-ray study has the
shortest Cl---Cl contact of 3.25A, which is
near unreasonable as the intramolecular con-
tact. For example, the closest methyl...
methyl carbon distance in polyisobutylene is
only 3.02 A in spite of the opening of C-CH,—
C bond angle to 128°. Therefore, it is certain
that the Cl- - -Cl repulsion is released by the
large opening of C—CH,-C bond angle as

Polymer J., Vol. 20, No. 10, 1988
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well as the deviation of one internal rotation
angle of the backbone from 60° to 49°.

The glide conformation of PVDC chain is
similar to that of poly(vinylidene fluoride) in
the form II?°: the internal rotation angles of
the PVDC chain are very close to those of
poly(vinylidene fluoride) chain (175° and 45°).
In the poly(vinylidene fluoride) chain, how-
ever, the closest intramolecular F---F dis-
tance of 2.70 A, which is equal to the sum of
van der Waals radii, is preserved by a still
smaller C-CH,—C bond angle, 116°, as com-
pared with 123° in PVDC.

Poly(vinylidene fluoride) exhibits polymor-
phism, and several molecular conformations
appear by the transformation between repul-
sion of CCl groups will restrict a variation of
the molecular conformation, and thus no poly-
morph has been found for PVDC.

Crystal Structure

A copolymer of PVDC with 20 mol%; vinyl
chloride, which exhibits essentially the same X-
ray diffraction pattern as that of the PVDC
homopolymer, could be doubly oriented by
rolling: the rolled plane was found to be par-
allel to the (100) plane. The molecular pack-
ing of PVDC determined by this study may

Intermolecular atomic distances
less than 4.0 A®

Table VI.

Between molecules of
the same direction/A

Between upward and
downward molecules/A

C3(A) - Clyy(B) 336 Cy(L) - Clo,(B) 3.45
Cy(A) -+ Cl,(B) 391 C(K) - Clo(C) 3.79
Cly;(A) --- Clp,(H) 3.46 Cy(L) - Clo,(B) 3.87
Cly(D) --- Clpy(F) 3.50 Clyy(L) -~ Clyy(I) 3.68
Cl,(A) +- Clyy(B) 3.70 Cly (L) - €lo,(B) 3.74
Clp,(A) -+ Cly(A) 3.95 Cloy(K) -+ Cloy(H) 3.78
Cl,(A) - CLy(G) 3.98 Clyy(L) -+ Clo,(¥) 3.81

Clp,(K) -+ Cl,(E) 3.86

2 Symmetry relationship in fractional atomic coor-
dinates A: x, y,z; B: —x,0.5+y, —z;C: —x, —0.5+,
—z;D: 1—x, =054y, 1—z, E: 1+x, y, z; F: 2—x,
05+y,1-2,G:2—x, —0.5+y, 1 —z; H: 1 —x, 0.5+,
—z;I —x,054+p,1—2;F: —1+x,y,2,K: x,0.5—y, z;
L:x, 1.5—y,z

Polymer J., Vol. 20, No. 10, 1988

interpret well this feature. Namely, as shown
in the ac projection of the crystal structure, the
crystal is composed of the sheets of molecules
parallel to the (100) plane.

The systematic absence of reflections cannot
tell us the space group unequivocally; P2, and
P2,/m were remained as the possible space
group. However, the space group P2,/m gave
better explanation of the reflection intensities.
This P2,/m cell suggests the possibility of
disorder with respect to the polymer chain
direction, i.e., either upward or downward
chain occupies one site in the crystal lattice
with equal probability. This statistical struc-
ture is never unreasonable in the view of
packing of molecular chains: some close in-
termolecular atomic distances are shown in
Table VI

Acknowledgements. The authors wish to
express their sincere thanks to Dr. K. Okuda
of Kureha Chemical Industry Co., Ltd. for his
helpful discussions and supplying PVDC
samples.

APPENDIX

The backbone atoms of glide and 2/1 helical
models are settled in a Cartesian coordinate
system as shown in the top and bottom figures
in Figure 6, respectively. The C—-C bond length
and the axial pitch of monomeric unit along
the fiber axis are expressed as r (=1.54 A) and
I (=b/2=2.34A). For the glide model, the
distance between atoms 1 and 1/, and atoms 2
and 2’ are

(2y,)*+ 1> =2r*(1 —cos 0,)
2y,)*+1*=2r*(1 —cos 0,)

(A-1)
(A-2)

where 6, and 6, are the backbone bond angles.
For the glide model, two bond distances 12
and 21’ are

X2+ (v =) 4zt =r? (A-3)
X2+ A1)+ (T—z)=r? (A-4)
891
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X
Figure 6. Setting of the backbone atoms of glide and
2/1 helical models in a Cartesian coordinate system.
From the above four equations
x2=r>—r*(1 —cos 6, )(1 —cos 0,)/I*
Since x,? should be positive,
(1—=cos 0,)(1 —cos 0,)<I*/r* (A-5)

(A-5) is the condition that the glide model is
allowable.
For the 2/1 helix, instead of (A-2)

(2x,)2 + (2y,)? + 17 =2r*(1 —cos 0,) (A-2)
Therefore, similarly
(—4y°/P)x,?
=r’—r*(1 —cos 0,)(1 —cos 6,)/I* <0

Thus the condition that the 2/1 helix can exist
is

(1—cos 0,)(1 —cos 0,)>1*/r*  (A-6)

The equation of the border line b in Figure 2
separating the two regions in which the glide
and 2/1 helical models are allowable, respec-
tively, is

(1 —cos0,)(1 —cos 0,)=1*/r*  (A-T)

892

The border lines a, and a, in Figure 2 are
obtained from (A-1) and (A-2).

line a, :cos 0, =1 —I?/2r? (A-8)

line a,:cos,=1—1%/2r? (A-9)

Therefore 0; =0, =98.9°.
As for the border line c, i.e., the upper limit

of the bond angles, the distance between atoms
2and 2',dis

&P =2+ @y + 1
—4R? 4 2

where R?=x,2+y,%.

Here 6, is maximum when d is maximum,
and d is maximum when R is maximum. R is
maximum when R=rcos(0,/2).

d*=2r*(1 —cos 0,)=4R*+I*
<4{rcos(0,/2)}* + I*
Therefore,

cos, +cosO,+1%/2r*=0  (A-10)

is the equation of the border line c.
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