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measure of the stability of the collagen-like triple-helical
structure.
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ABSTRACT: Improved X-ray diffraction photographs, containing 63 unique reflections, have been obtained
for highly purified poly(dichlorophosphazene) with the use of inclined-beam X-ray techniques. The results
have been analyzed by a combination of unit cell indexing, model building, conformational analysis, and helical
and optical transform methods. The chain-repeat distance is 4.92 A. An exact structural solution was precluded
by an unusual combination of factors that lead to disorder of the system., However, the data are consistent
with a cis—trans planar chain conformation and with a chain-packing arrangement that allows appreciable
“rotational” disorder between adjacent chains and additional disorder with respect to the directional “sense”
of different chains. These factors help to explain the unusual physical properties of this polymer.

In this paper we explore the conformational and
chain-packing structure of poly(dichlorophosphazene),
(NPCly), (I), by means of an analysis of X-ray diffraction
data.

The objectives of this study were to obtain improved
molecular structural data for this polymer and to correlate
the unusual physical properties of this material with the
molecular and chain-packing features. Poly(dichloro-
phosphazene) is one of the simplest polyphosphazenes
known. As such, it provides a vital starting point for an
understanding of the structural characteristics of the more
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complex poly(organophosphazenes).?12

Two other high-polymeric phosphazenes have been in-
vestigated by X-ray diffraction techniques. The structure
of the low-temperature form of poly(difluorophosphazene),
(NPF,),, was solved by Allcock, Kugel, and Stroh.!® The
organophosphazene poly[bis(p-chlorophenoxy)phospha-
zene] studied by Bishop and Hall,!* but the structure
proposed had a high discrepancy factor (45%). Chain
repeat distance information was obtained by Allcock,
Kugel, Valan, Siegel, and Stroh,®15 for the polymers [NP-
(OCH,CFj),], and [NP(OC¢H;),l,,, but difficulties were
encountered in the complete structure solutions of these
materials.

Poly(dichlorophosphazene) itself has been studied by
earlier investigators. One of the earliest attempts to solve
the structure of any polymer (inorganic or organic) was
carried out in 1936 by Meyer, Lotmar, and Pankow!® with
a cross-linked form of (NPCL,),. On the basis of an analysis
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of only 22 reflections, they suggested the existence of a
helical chain conformation with two monomer units per
repeat distance of 4.92 A. Three possible space groups
were considered, Pna2;, Pnn2, and Pnnn, with a later
preference being mentioned!” for Pna2;. The suggested
regular helical conformation was derived from the sym-
metry restrictions of the possible space groups, the
chain-repeat distance, and an estimate of the length of a
P-N single bond. No intensity analyses were reported.

A second X-ray analysis of (NPCl,), was reported by
Giglio, Pompa, and Ripamonti in 1962.1® They proposed
a slightly distorted “cis-trans planar” chain conformation
on the basis of an optical transform analysis of 38 reflec-
tions. Skeletal torsional angles of 156 and 14° (planar
zigzag = 0°, 0°) were suggested. This conformation was
quite different from the one suggested by the earlier study.
However, the Giglio, Pompa, and Ripamonti model failed
to provide a good match between the observed X-ray in-
tensities and the optical transform for a substantial num-
ber of reflections.

Recent improvements in the technique for X-ray fiber
studies developed in our lahoratory!® have allowed us to
obtain X-ray photographs from poly(dichlorophosphazene)
that contain 63 unique, indexable reflections. Moreover,
the poly(dichlorophosphazene) used in this present work
was purified extensively by multiple precipitations under
strictly anhydrous conditions! and it was not cross-linked.
The approach taken in this study included attempted unit
cell indexing and space group selection as a prelude to
structure factor calculations, helical and optical transform
analysis of the X-ray data, and calculation of conforma-
tional energy surfaces and chain-packing energies.

The specific questions that were kept in mind
throughout this study were as follows: (1) What are the
bond angles and bond lengths in this polymer? (2) Does
the polymer occupy a preferred chain conformation in the
extended state at 25 °C? (3) To what degree are the
macroscopic properties of the polymer determined by the
intermolecular interactions?

Experimental Section

Collection of X-ray Diffraction Data. Except for the fol-
lowing details, the synthesis of (NPCl,),, the preparation of the
fibers, and the use of the X-ray cameras were as described else-
where.® The stretched fibers used in this work had a diameter
equal to or slightly less than 0.12 mm. This was the optimum
size for absorption by Cu Ka radiation, as calculated from the
linear absorption coefficients.?® The fibers for indexing and
intensity measurements were stretched to 10 times their original
length. The X-ray photographs were obtained for stretched fibers
at 20 °C. As discussed elsewhere,! the crystalline melting tem-
perature for the tensioned polymer is >39 °C, whereas the un-
stretched polymer undergoes crystallite melting at -7.2 °C.

The shapes of the arcs on the upper layer lines were such that
difficulties were experienced in the exact location of the layer lines.
These discrepancies were avoided by the construction of a
transparent overlay to define the reciprocal axial repeat distances
calculated from the positions of the meridional reflections. In-
tensity data were collected with the use of multiple-film tech-
niques. The stronger intensities were measured by using a
scanning optical densitometer. The weaker intensities were es-
timated by visual comparison with a calibration step wedge. The
usual corrections for Lorentz, polarization, multiplicity, and
spot-shape effects were applied.

Optical Diffractometer. An optical diffractometer manu-
factured by R. B. Pullin & Co. Ltd., with a Ferranti He—Ne laser,
was used to generate diffraction patterns from masks of several
representative polymer models. The masks were prepared from
a 4 X 5 in. opaque film with holes punched to represent atomic
positions. Each mask represented 15 monomer residues in a single
chain array. Of these, roughly 10 monomer residues were illu-
minated by the diffractometer. The area of each hole was in
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Figure 1. X-ray diffraction pattern of a highly stretched fiber
of (NPCl,), obtained with Cu K« radiation and a Weissenberg
camera in the normal-beam geometry.

Figure 2. X-ray diffraction pattern of a highly stretched fiber
of (NPCl,), with the fiber perpendicular to the fiber axis. A
Weissenberg camera in the normal-beam geometry and Cu Ka
radiation were used. The fiber was oscillated through 80° about
the camera axis for an exposure time of 12 h.

proportion to the atomic number of each atom. Atom coordinates
for the projections were calculated by a.computer program, plotted
at a scale of 1 cm/A, and transferred to the mask by means of
a Pullin pantograph punch. Cylindrical averaging effects were
produced from separate masks that represented 15° successive
rotations about the helical axis, with the diffraction pattern being
generated by multiple exposures on the diffractometer. The
diffraction patterns were recorded on film with a 35-mm camera.

Calculations. Calculations were carried out with an IBM
370/3033 computer at The Pennsylvania State University. Three
programs, SFLS5A,%! FORDAP,? and “Appleman”,? were used. The
Appleman program was used to refine unit cells and index re-
flections from the observed 20 values and from initial trial unit
cell parameters after graphical indexing had been carried out. The
SFLS5A program was employed to generate structure factors for
the unit cell models and for attempts to refine these models. The
FORDAP program was used to generate two- and three-dimensional
Patterson maps from the observed intensity data. The 13-atom
conformational energy calculations were similar to those described
previously, but with the specific differences described in the text.
A chain packing configuration program was written specifically
for this study. The program was used to calculate energy maps
for the unit cell packing arrangements derived from various chain
conformations and packing configurations. The parameters for
the Lennard-Jones and Coulombic calculations were obtained from
the listing by Hopfinger,” as used previously. Bessel function
values?® were used for the summations of the helical transform
equations devised by Davies and Rich.’

Results and Discussion

Quality of the X-ray Diffraction Photographs. The
X-ray diffraction patterns of oriented fibers of (NPCl,),
showed excellent resolution of the individual reflections
(Figures 1-3). Figure 4 shows a photograph with a reso-
lution greater than 0.82 A. This is probably the best
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Figure 3. X-ray diffraction pattern of a highly stretched fiber
of (NPCly), obtained during a 3-h exposure with Cu K« radiation
and a Weissenberg camera in the flat-diffraction cone geometry
for (a) the [ = 2 layer line and (b) the [ = 1 layer line.

Figure 4. X-ray diffraction pattern of a highly stretched fiber
of (NPCl), obtained during a 3-h exposure with Mo K« radiation
and a Weissenberg camera in the flat-diffraction geometry for
the [ = 3 layer line.

resolution yet seen for the diffraction pattern of any
polymer fiber. The use of equiinclination and flat-cone
diffraction geometries'® allowed the recording of upper
level reflections not detected before for this polymer. Over
63 unique reflections were observed when Cu Ka radiation
was used. The arcs were narrow in breadth, and reflections
on the same layer line had the same shape. Calculations
based on the arc lengths® showed that the crystallites were
an average of 4° out of alignment with the fiber axis.

All the layer lines were of roughly the same intensity,
which indicated that the atoms in the structure are dis-
tributed uniformly in the unit cell. The strong meridional
reflection on the [ = 2 layer line can be seen in Figures 2
and 3. The strongest reflections in the diffraction pattern
appeared to represent genuine strong intensities rather
than overlapping reflections. No back-scattering reflec-
tions were discernible above the background radiation fog.
Attempts to induce double orientation in the polymer fiber
had no effect on the diffraction pattern.

The high resolution of the X-ray photographs can be
traced not only to the diffraction geometry employed but
also to the mode of preparation of the polymer and the
fibers. The best diffraction patterns were obtained from
polymer that had the highest purity and had been pre-
pared by a low-conversion polymerization of the cyclic
trimer, (NPCly);. Thus, the polymer used in this work
probably had a lower degree of interchain linkage and
chain branching than the material used by earlier inves-
tigators. This, in turn, permitted greater degrees of fiber
elongation and, ultimately, provided increased diffraction
resolution. This is an important factor because, as dis-
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cussed later, the resolution of the upper level reflections
is a vital factor in the structure analysis of (NPCl,),,.

Polymer Repeat Distance and d Spacings. The
crystallographic repeat distance is 4.92 A. This value was
determined from the separation of the layer lines of the
diffraction patterns reproduced in Figures 1-4. This repeat
distance remained constant as the temperature was varied
from —-110 to +39 °C. In addition, no conformational or
phase changes were detected over this temperature range.
The existence of a strong meridional reflection on the [ =
2 layer line indicates that there are two monomer units per
crystallographic repeat. An additional meridional reflec-
tion was observed on the I = 6 layer line, as shown in
Figure 4. The observed d spacings and intensities are listed
in Table I. These values were obtained from averaged
measurements from the photographs reproduced in Figures
1 and 3.

Unit Cell and Space Group. In spite of the relatively
large number of reflections detected, an unambiguous in-
dexing arrangement could not be found. A large ortho-
rhombic cell that contained four polymer chains was re-
quired in order to allow all the observed arcs to be indexed.
However, use of the usual graphical®® and analytical®
methods for index assignment narrowed the choice to two
plausible orthorhombic cells with similar dimensions.
These cells will be designated here as orthorhombic-1 and
orthorhombic-2.

The orthorhombic-1 cell was the “best-fit” unit cell
derived by assignment of indices with the use of the
least-squares routine of the Appleman program?® and by
a correlation of the observed and calculated 268 values for
each reflection, as shown in Table I. The cell constants
were a = 12.99 + 0.003 A, b =11.11 £ 0.003 &, and ¢ =
4.92 & 0.002 A, with V = 711 A%. The calculated density,
based on eight monomer residues per unit cell, is 2.16
g/mL. The observed density (by flotation) was 1.998 g/mL
for a polymer that was 10-20% crystalline.! This unit cell
was not ideal. A large number of the possible reflections
had to be classified as “unobserved” rather than “missing”
because of symmetry extinctions. Moreover, attempts to
refine the molecular structure in space groups based on
this cell were unsuccessful. The standard deviations for
this cell were slightly better than those for the ortho-
rhombic-2 cell.

The orthorhombic-2 cell was an A-centered cell derived
by reassignment of reflections to account for missing re-
flections as genuine extinctions resulting from the centered
symmetry. The cell parameters were refined by use of the
Appleman program.?® The cell constants for the ortho-
rhombic-2 cell were a = 13.01 & 0.02 A, b = 11.09 + 0.02
A, and ¢ = 4.93 £ 0.01 A, with V = 713 A3, The calculated
density for eight monomer residues per cell is 2.15 g/mL.
This type of unit cell would be compatible with a very high
symmetry along individual chains and a highly symmetric
packing arrangement.

The symmetry extinctions assigned to these two unit
cells were not compatible with any specific space group.®! .
The observed extinctions are listed in Table II. Several
space groups with Laue symmetry mmm showed some
correlation with the data, and these are shown in Table
TIL

Finally, attempts were made to determine the crystal-
lographic symmetry by means of an analysis of plane
groups and by Patterson image synthesis techniques. The
five plane groups derived from the 001 projection of the
11 space groups are listed in Table III. Trial calculated
structure factors derived from these plane groups showed
a low correlation with the observed hk0 structure factors.
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Table I

Macromolecules

Observed d Spacings, Angles, and Structure Factors for (NPCL, ), and Calculated d Spacings for Two
Orthorhombic Unit Cells

ohsd values caled for orthorhombice-1 cell caled for orthorhombic-2 cell
reflectionno. d, A 6, deg Fe hkl d, A hkl d,A
1 6.491 6.821 25 200 6.494 200 6.504
2 5.545 7.991 48 020 5.553 020 5.547
3 4.220 10.52 25 220 4.221 220 4,221
4 3.410 13.07 12 320 3.415 320 3.416
5 3.251 13.72 20 400 3.247 400 3.252
6 2.801 15.94 27 420/330 2.803/2.81 420 2.806
7 2.716 16.49 44 140 2.715 140 2,713
8 2.543 17.65 43 240/510 2.553/2.530 240 2,651
9 2.352 19.13 49 520/340 2.353/2.337 520/340 2.355/2.330
10 2.111 21.42 26 440/250 2.110/2.101 440 2.110
11 1.852 24.60 40 060/700 1.851/1.856 060 1.849
12 1.779 25.68 26 260 1.780 260 1.779
13 1.704 26.91 25 360/640 1.702/1.707 360 1.701
14 1.628 28.27 14 800 1.624 800 1.626
15 1.559 29.65 25 820 1.558 820 1.560
16 1.401 33.38 52 840/920 1.402/1.397 840 1.403
17 1.320 35.75 13 380 1.322 380 1.321
18 1.261 37.68 12 10,2,0 1.265 10,2,0 1.266
19 1.176 40.98 12 10,4,0 1.177 10,4,0 1.178
20 0 001 4.92 001 4,93
21 3.716 11.97 53 211/021 3.702/3.687 211 3.707
22 3.147 14,18 32 311 3.122 311 3.127
23 2.889 15.48 24 131 2.886 131 2.887
24 2.726 16.43 21 401 2.712 231 2,694
25 2.655 16.88 21 411/231 2.634/2.694 411 2.638
26 2,474 18.16 15 331 2.444 331 2,445
27 2.258 20.05 36 511 2.251 511 2.253
28 1.972 23.01 47 601/531 1.982/1.953 531 1.954
29 1.813 25,17 10 351 1.835 351 1.834
30 1.741 26.28 86 701/631 1.7837/1.747 631 1.749
31 1.570 29.41 9 731 1.5672 731 1.574
32 1.522 -30.44 15 811 1.528 811/071 1.530/1.560
33 1.492 31.12 13 821/171 1.486/1.500 171 1.499
34 1.380 33.97 24 911/901 1.374/1.385 911 1.376
35 1.297 36.48 11 931 1.297 931 1.299
36 1.240 38.44 10 941 1.239 671 1.239
37 2.460 18.26 16 002 2.460 002 2.465
38 2,231 20.21 23 122 2.220 122 2,223
39 1.969 23.05 35 402 1.963 402 1.967
40 1.870 24.35 6 332/422 1.854/1.851 422 1.854
41 1.795 25.43 33 502 1.788 242 1.774
42 1.712 26.76 70 522 1.702 522 1.704
43 1.575 29.31 15 622 1.561 622 1.563
44 1.490 31.15 8 632 1.489 062 1.480
45 1.420 32.56 28 722 1.432 722 1.434
46 1.361 34.49 15 802 1.356 802 1.358
47 1.316 35.85 18 822 1.317 833 1.319
48 1.213 39.45 53 922/082 1.215/1.210 082/922 1.209/1.217
49 1.149 42,13 11 10,0,2 1.149 10,0,2 1.151
50 0 003 1.643 003 1.643
51 1.586 29.08 26 203 1.593 213 1.580
52 1.531 30.23 17 223 1.531 313 1.525
53 1.454 32.02 23 413 1.454 413 1.456
54 1.385 33.81 41 243/503 1.382/1.389 513 1.380
55 1.310 36.06 17 603 1.309 153 1.315
56 1.245 38.27 61 543 1.242 353 1.236
57 1.225 39.00 39 453/163 1.223/1.223 713 1.225
58 1.162 41.58 8 733 1.167 733 1.169
59 1.124 43.31 9 273 1.124 273 1.125
60 1.232 38.74 004 1.230 004 1.210
61 1.213 39.46 20 204 1.211 204 1.213
62 1.149 42.14 20 234 1.151 404 1.154
63 1.108 44,09 14 514 1.108 244 1.111
64 0.820 70.07 15 006 0.820 006 0.821

@ Values corrected for Lorentz, polarization, and spot-shape effects.

Two-dimensional Patterson maps of 001 projection were
prepared, but the resolution was too low to resolve the

space-group problem.

Three explanations seem plausible for the difficulties
encountered in the assignment of a space group. First, it
is conceivable that the unit cell is not orthorhombic.

However, no other unit cells were found that provided a
more satisfactory indexing scheme. A hexagonal cell was
considered, mainly because the ratio dgy/d4g found for
the orthorhombic cells (=1.71) was close to the ratio re-
quired for a hexagonal cell with dy4p/d19 = 1.732,22 but a
satisfactory indexing could not be achieved. A primitive
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Table II
Observed Extinction Rules for the Two
Orthorhombic Unit Cells

Orthorhombic-1 Cell

OkRl: R+1=2n+1 hOl: h=2n+1
Okl: k=2n+1 h00: h=2n+ 1
Okl: I=2n+ 1 0rRO: k=2n+1
hkO: k=2n+ 1 00l: I1=2n+1
hOl: h+l=2n+1
Orthorhombic-2 Cell
hkl: R+1=2n+1 hol: 1=2n+ 1
Okl: R+1l=2n+1 hkO: k=2n+ 1
Okl: k=2n+1 h00: h=2n+1
Okrl: I=2n+1 0rRO: k=2n+ 1
hOl: h+1=2n+1 00l: I=2n+1
hol: h=2n+ 1
Table III

Possible Space Groups for (NPCl,), Based on the
Observed Extinctions

International 001 plane
space group Tables desig group?
Orthorhombic-1 Cell
Pn2b (No. 30) Prnc2 plml
Pnmb (No. 53) Pmna p2mm
Pnam (No. 62) Pnma p2e8g
Pna2, (No. 33) Pna2 p2gg
Pnab (No. 60) Pben p2mg
Pnnb (No. 52) Pnna p2mg
Orthorhombic-2 Cell
Acam (No, 64) Cmeca p2mg
Aba2 (No. 41) Aba2 p2mg
Amam (No. 63) Cmcm p2mg
A2,am (No. 36) Cmc2, plgl
Ama2 (No. 40) Ama2 p2mg

¢ The plane group that corresponds to the symmetry of
the 001 projection of the space group listed.

monoclinic cell witha = 13.01 &, b = 6.07 &, ¢ = 4.93 4,
and 8 = 114°, with V = 356.5 A3, showed some correlation
with the experimental data, as did a triclinic cell with a
=16.20A,b=5.98A4,c =4.89 A, a = 68.28°, 3 = 53.24°,
and v = 77.33°, but neither cell was completely compatible
with the data. The triclinic cell, in particular, did not
account for the meridional reflections.

Second, it is possible that multiple unit cells are present,
with different packing configurations of the same repeat
distance in different crystallites. An argument against this
interpretation is that the overall intensity pattern of the
X-ray photographs was not altered by changes in the mode
of crystallization.!

Third, the crystallites may be “twinned” or statistically
disordered. If so, an exact structural solution would be
impossible unless the precise mode of disorder could be
identified in such a way as to permit an assignment of the
correct indices. Several experimental observations support
the belief that the system is twinned or partly disordered.
The unit cell of (NPCly), is twice as large as the cell derived
earlier’® for (NPFy),. Furthermore, the distribution of the
intensities along each layer line shows sharp discontinui-
ties, with the strongest reflections corresponding to a linear
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lattice (Figure 9). In addition, slight differences in the
intensities of two reflections have been observed! in the
diffraction patterns from (NPCl,), that has been crys-
tallized by cooling or by elongation. This behavior could
indicate a twinned or partly disordered lattice.

The Alternative Approach. In view of the difficulties
encountered with the identification of a unique space
group, it was not possible to solve the structure of (NPCly),
by standard structure factor techniques. Instead, an at-
tempt was made to identify the molecular conformation
of individual chains of (NPCly), by a combination of helical
transform calculations, optical transform analysis, and
chain conformational energy calculations. Then, possible
packing arrangements that such chains might assume in
a microcrystalline lattice were explored. This approach
requires the postulation of appropriate models for the
single-chain structure, and the derivation of the models
requires an estimate to be made of the bond angles, bond
lengths, and accessible conformations. The bond-distance
and bond-angle data were obtained from small-molecule
structure results, and the accessible conformations of the
chain were estimated from conformational energy surfaces.

Structural Values for the Polymeric Models. It
seems clear from synthetic work,'"'2 NMR spectroscopy
results, and the known structure of (NPF,),!3 that (NP-
Cly), has an open-chain structure of the type shown in I.
A large number of a single-crystal X-ray diffraction studies
of small-molecule cyclic phosphazenes® have shown that
the P-N bond distances do not alternate in length and that
the geometry at phosphorus is that of a distorted tetra-
hedron with an N-P-N angle near 120° and an exocyclic
C1-P-Cl! angle near 102°. For chlorocyclophosphazenes
specifically, the values shown in Table IV have been re-
ported.?** The main variable in these structural param-
eters is the P~N-P bond angle, which is extremely flexible
and can change within the range 121-159° to accommodate
the restrictions of different-sized rings. Small variations
have also been reported in the P-N bond distance and,
within limits, these can be attributed to the bond con-
tractions that accompany decreased steric strain with in-
creased ring size. On the basis of the values listed in Table
IV, the parameters for the (NPCl,),, models were as follows:
P-N = 1.52-1.60 A, P-Cl = 1.96 A, N-P-N = 119°, P-N-P
= 125-160°, C1-P-Cl = 102°.

Accessible Conformational States. It was first nec-
essary to identify conformational states that are energet-
ically feasible. This information, together with the re-
strictions imposed by the measured polymer repeat dis-
tance and the presence of the meridional reflections, was
then used to identify plausible models for the single-chain
analysis.

The first approach to this problem involved examination
of space-filling molecular models of (NPCl,),. This ap-
proach suggested that the least-hindered extended-chain
conformation is cis—trans planar (0°, 180°) (Figure 5a).
Such a conformation could generate the 2, helical structure
required by the X-ray fiber diagram. An alternative
possibility is a twisted trans—trans arrangement in which
a chlorine on one phosphorus is interlocked tightly between

Table IV
Known Structural Parameters for Several Chlorocyclophosphazenes, (NPCl,),

x P-N, A P-Cl, A P-N-P, deg N-P-N, deg CI-P-Cl, deg ring conform density, g/mL
3% 1.581 1.993 118.4 1214 1014 slightly puckered 1.99
4 (K)* 1.57 1.99 121 131 103 tub? 2.18
4 (T)* 1.56 1.99 121 134/138 103 chair 2.17
536 1.521 1.961 118.4 148.6 102.2 close to planar 2.02

¢ The metastable form.
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Table V
Internal Coordinates of Different Chain Models

model P-N, & P-CL A N-P-N, deg P-N-P,deg Cl-P-Cl, deg v,% deg ¢,% deg
A 1.60 1.96 120.0 125 102.0 180.0 0.0
B 1.60 1.99 119 127 103 156.0 14.0
C 1.60 1.96 120.0 133.5 102.0 75.5 75.5
D 1.60 1.96 120.0 105.7 102.0 -2.55
E 1.52 1.96 118.0 141.5 102.0 180.0 0.0
F 1.52 1.96 118.0 147.7 102.0 85.2 74.8
G 1.62 1.96 118.0 113.5 102.0 -2.63

% y and ¢ represent the torsional angles of two adjacent backbone bonds. 0°,0° corresponds to a trans-trans planar (pla-

nar zigzag) conformation,
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Figure 5. Projections of four models used for the calculation of
helical transforms: (a) model A; (b) model B; (c) model C; (d)
model D. The relative atomic dimensions shown are approxi-
mately half of the van der Waals radii.

the two chlorine atoms on the next phosphorus in an al-
ternating arrangement. This structure is unusual because
it orients all the chlorine atoms on one side of the backbone
and all the nitrogen lone pairs on the other. It also gen-
erates a helix. However, the 4.92-A repeat distance can
be attained in this model only by a contraction of the
P-N-P angle to the abnormally narrow value of 112-116°.
Hence, this model was considered to be less plausible than
the 0°, 180° structure. Later studies removed this con-
formation from consideration, largely because of the un-
usual bond angles required and the poor agreement with
the intensity profile.

Nonbonding intramolecular potential energy calculations
were then carried out for the extended-chain structures
at, or slightly displaced from, the cis—trans planar con-
formation. Earlier calculations® performed without any
restrictions imposed by a repeating array had also sug-
gested that a near 0°, 180° conformation represented one
of several acceptable arrangements. In the present work,
similar calculations were performed with the restriction
that each conformation generated by torsional displace-
ment from the 0°, 180° starting point must generate a 2;

100+
>1000
+

T t T T y T
] 20 40 60 80

Figure 6. Energy surface for (NPCl,), in the region of ¢ = 180°,
¢ = 0° (cis-trans planar conformation).

helix.’ Two approaches were explored. First, the polymer
repeat distance was fixed at the experimentally measured
value and the P-N bond distance and N-P-N angles were
also kept constant. Thus, the variations in skeletal tor-
sional angles induced a synchronous variation in the P-
N-P bond angle. Second, the P-N bond distance and the
N-P-N and P-N-P angles were kept constant as the
skeletal bonds were allowed to undergo torsion. The P-
N-P angle chosen was the value needed to generate the
correct repeating distance for the cis-trans planar con-
formation (0°, 180°).% This approach caused a contraction
in the calculated repeating distance as the torsional angles
were changed from 0°, 180°.

Both types of calculations suggested the existence of a
broad, shallow minimum that encompassed a wide variety
of conformations derived from the 0°, 180° conformer. In
fact, the calculations showed no strong preference (<0.6
kcal/NPCl, unit) for any of the 2; helical arrangements
within roughly 20° on either side of ¥, = 0° or ¥, = 180°
or for any one of the three P-N bond lengths used (1.52,
1.54, 1.60 A). Figure 6 shows the energy surface calculated
for one particular set of structural parameters. The outer
edges of this broad well are defined initially by the Cl---N
repulsions.

Specific Conformational Models. Seven specific
model structures were used to generate calculated trans-
forms for comparison with the observed X-ray pattern.
These models are described in Tables V and VI. Of these,
two represent cis—trans planar arrangements (models A
and E), one is a distorted cis—trans planar form (model B),
two represent a “no-dipole” helix (models C and F), and
two generate a twisted trans—trans conformation (models
D and G). This set of models was chosen to provide a
broad range of test data for comparison with the experi-
mental X-ray pattern. As can be seen from Table V, the
effects of bond-angle and bond-length changes for models
A, C, and D are determined by comparisons with models
E, F, and G, respectively. In all cases, the P-N-P bond
angle was chosen to generate a chain-repeat distance of
4,92 A once the other structural parameters had been
defined.

Of these structures, model B represents the conforma-
tion proposed earlier by Giglio, Pompa, and Ripamonti.!®
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Table VI
Cartesian Coordinates of Different Chain Models?
model atom x y z
A N, ~0.638 0.000 0.000
P, -0.710 0.000 1.598
Cl, -1.8056 1.523 2,166
Cl, -1.805 ~1.523 2,166
Bb N, 0.570 0.251 1.572
P, 0.735 0.000 0.000
Cl, 1,752 1.503 -0.816
Cl, 2.015 ~1.503 -0.248
C N, 0.637 0.000 0.000
P, 0.000 0.800 1.233
Cl, 1.360 2.033 0.530
Cl, -1.360 2.033 1.930
D N, -0.638 0.000 0.000
N, 0.638 0.000 2.460
P, -0.336 0.705 1.404
P, 0.336 0.705 3.864
Cl, 0.339 2.512 1.054
Cl, ~2.045 1.072 2,291
Cl, -0.339 2.512 3.514
Cl, 2.045 1,072 4,751
E N, -0.430 0.000 0.000
P, ~0.739 0.000 1.488
Cl, -1.904 1.523 1.895
Cl, -1.904 -1.523 1.895
F N, 0.413 0.000 0.000
P, 0.000 0.783 1.233
Cl, 1.444 2.016 0.749
Cl, -1.444 2.016 1.717
G N, -0.430 0.000 0.000
N, 0.430 0.000 2.460
P, -0.322 0.705 1.342
P, 0.322 0.705 3.802
Cl, 0.466 2,478 1.067
Cl, -2.123 1.152 1.972
Cl, -0.466 2,478 3.527
Cl, 2,123 1.152 4,432
Hb.c N 0.623 0.000 1.597
P 0.725 0.000 0.000
Cl, 1.854 1.536 -0.572
Cl, 1.854 -1.536 -0.572
1¢.d N 0.623 0.000 1.597
N, 0.623 0.000 -2.169
P 0.725 0.000 0.000
P, 0.725 0.000 -1.144
Cl, 1.854 1.536 -0.572
Cl, 1.854 -1.536 -0.572

¢ The Cartesian and internal coordinates of models C, D,
F, and G were calculated by normal geometry. The trans-
formation equations described by Miyazawa* were used to
calculate cylindrical and Cartesian coordinates for models
A, B, and E from selected internal coordinates and the :
fiber repeat distance. ? Coordinates for the model first
proposed by Giglio, Pompa, and Ripamonti.'®* ¢ These
models were used for the optical transform analysis only.
4 This model represents a ‘“disordered’’ backbone arrange-
ment of cis-trans planar chains in which different chains
have the opposite directional “sense’”. The nitrogen and
phosphorus atoms are assigned a one-half occupancy.

Models C and F were included because this general helical
array is the only plausible conformation for (NPCl,), that
generates no net dipole moment along the chain. Thus,
this arrangement would not require the complementary
presence of nearby chains to cancel the dipole in a crystal
lattice. The twisted trans—trans conformation, mentioned
earlier, is the only model in the set which is not a 2; helix.
The monomer alternation feature of this structure is a glide
plane rather than a twofold screw axis. Hence, extinctions
of the type [ = 2n + 1 would be expected. The dipoles for
this structure would be contained in the glide plane. The
difference between models D and G is largely one of dif-
ferent Cl.--Cl contact distances for the “nested” chlorine
(2.55 A for model D and 2.63 A for model G). Both of these
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Figure 7. Calculated helical transform envelopes for different
models for (NPCl,),. The solid line is for model A, the dashed
line is for model B, the alternating dash-and-dot line is for model
C, and the dotted line is for model D. The vertical lines represent
the observed intensities: (a) [ = 0 layer line; (b) [ = 1 layer line;
(¢) | = 2 layer line; (d) [ = 3 layer line.

l\ “I
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Figure 8. Calculated helical transform envelopes for model E
(solid line), model B (dashed line), model F (alternating dash-
and-dot line), and model G (dotted line). The vertical lines
represent the experimentally observed intensities: (a) [ = 0 layer
line; (b) I = 1layer line; (c) [ = 2 layer line; (d) [ = 3 layer line.

values are less than the predicted sum of the van der Waals
radii (3.6 A).*® Of all these possibilities, the cis-trans
planar model is the most compact, has the highest sym-
metry, and can most easily accommodate the bond angles
and bond lengths that are found in cyclic chloro-
phosphazene structures. The net dipole moment for this
structure (and for distorted modifications of it) would be
along the chain axis.

The xy, xz, and yz projections of models A-D are shown
in Figure 5. The projections for models E-G would re-
semble the companion structure in those shown.
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Figure 9. Comparison of the experimentally observed intensities
on different layer lines.

Calculated Helical Transforms. The calculated
helical transforms for layer lines [ = 0 through [ = 3 for
models A—G are shown in Figures 7 and 8. The transforms
shown in Figure 7 are for those models (A-D) that have
the same P-N bond length (1.60 A) and N-P-N angle
(120°). In Figure 8 model B is compared with those models
(E-G) that have the shorter P-N bond distance (1.52 A)
and narrower N-P-N angle (118°).

None of the calculated helical transforms provided an
exact match for the observed intensities. The transforms
for model E (a cis—trans planar conformation with a P-N
bond distance of 1.52 A) appeared to provide the best fit
to the X-ray data. The worst fit was found for the “no-
dipole” helical models (C, F).

The zero-level transforms were relatively insensitive to
the conformational changes inherent in the different
models. This is a consequence of the fact that the pro-
jection of the fiber repeat unit onto the xy plane is nearly
the same for all of the models. This is shown in the xy
projections in Figure 5. Thus, the differences between the
various models can only be deduced by a comparison of
the upper level calculated transforms with the observed
X-ray intensities.

One of the unusual features of the observed X-ray in-
tensity profile for (NPCl,), is the presence of very strong
and very weak reflections with similar 26 values on the
same layer line. It is these very strong reflections that
provide the greatest discrepancies with the calculated
transforms. Figure 9 shows the relative observed inten-
sities on different layer lines. A trend in the reciprocal
radius values (R) of the strongest reflections is quite ob-
vious. Most of the strong reflections that do not match
any of the calculated transforms lie close to or on the linear
reciprocal lattice of 0.178, 0.357, 0.536, and 0.714 AL

Optical Transform Analysis. Optical transforms were
obtained from model B, described earlier, and for two
additional cis-trans planar models, designated models H
and I (see Tables V and VI). Model I differs from all the
other structures examined with respect to the orientation
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Figure 10. Optical transform envelopes calculated for model I
compared with the experimentally observed intensities (vertical
lines) for the { = 0 to { = 6 layer lines.

of individual adjacent chains. As discussed earlier, the
cis—trans planar conformation generates a directional
“sense” to each chain. Model I allows different adjacent
chains to possess an opposite “sense”; the dipoles of the
different chains are opposed. The zero-level transforms
(the middle level of each photograph) were nearly indis-
tinguishable for the three models. However, the details
of the upper layer line profiles were different. The
transform from model I showed a much better match to
the X-ray diffraction pattern than does model B or H. In
particular, model I predicts a meridional reflection on the
! = 6 layer line, an ill-defined meridional reflection on the
! = 4 layer line, and weak intensities on the [ = 5 layer line,
features that are evident in the X-ray photograph shown
in Figure 4. The matching of the optical transform cross
sections with the observed X-ray intensities for model I
is shown in Figure 10.

It is recognized that the failure to observe an exact
match between the experimental and calculated data could
result from the limited number of trial structures explored
or a misestimate of the bond angles or bond lengths.
However, for the reasons discussed in the next section, it
was concluded that packing disorder constituted a far more
serious source of discrepancy.

Chain-Packing Configurations. Exploratory calcu-
lations were carried out to deduce the chain-packing en-
ergies of cis—trans planar forms of (NPCl,), in various
orthorhombic lattices. The calculations explored the in-
fluence on the intermolecular energy (derived from 6-12
Lennard-Jones potential, plus a Coulombic term) of the
effects of (a) different numbers of chains oriented in a
parallel fashion down the ¢ axis of the unit cell, (b) inde-
pendent axial rotation of separate chains in a given array,
and (c) the adjacent packing of chains with an opposite
directional “sense”. Specifically, a chain model was used
in which P-N = 1.56 A, P-Cl = 1.96 A, CI-P-Cl = 102°,
N-P-N = 119°, and P-N-P = 136°. Comparative energies
were calculated for cells that contained 8 phosphorus, 8
nitrogen, and 16 chlorine atoms as part of 4 chains per cell.
Because of the placement of the chains in the unit cell, the
nonbonding interactions were between parts of 7 or 9
chains occupying the unit cell. The program was written
in order to explore the variations in relative energy re-
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Figure 11. Cross-sectional projection of the van der Waals
boundaries of (NPCl,),, in the cis—trans planar conformation. The
profile approaches circular symmetry.

Figure 12. Two different plausible interchain packing ar-
rangements for (NPCl,), in the cis-trans planar conformation.
Individual chains are represented by a projection of two monomer
residues approximately as viewed down the z axis.

sulting from independent rotation about the fiber axis of
two different sets of nearby chains.

First, it was found that the cis—trans planar conforma-
tion of the chain generated lower energies than did the
nonplanar conformations. For the cis—trans planar model
the calculations showed quite clearly that a large number
of potential packing arrangements would generate systems
that were of comparably low energy. The van der Waals
cross section of a cis—trans planar (NPCL), chain ap-
proaches cylindrical symmetry (Figure 11). Therefore, the
system can adopt may different interchain packing ar-
rangements without a sacrifice in energy. Thus, disorder
among discrete (cylindrical) orientations of adjacent chains
and in the directional “sense” of each chain is to be ex-
pected. We believe that this accounts for the difficulties
encountered in the assignment of this system to any one
space group. An illustration of two different, but equally
accessible, packing configurations is shown in Figure 12.

Conclusions

The X-ray diffraction evidence favors the existence of
a cis—trans planar conformation of (NPCly),. This opinion
is supported by the repeat distance of 4.92 A, the location
of the meridional reflections, the helical and optical
transform experiments, and the chain-packing calculations.

The problems encountered in attempting to obtain an
absolute structure solution can be traced to several factors
that are almost unique to this polymer. First, the X-ray
scattering ability of the N-PCl, unit is unusual for poly-
mers. The scattering power of the backbone atoms is
similar to the scattering power of the substituent atoms.
Thus, the plane of greatest electron density is the triangle
containing two chlorine atoms and a phosphorus and not
the polymer chain axis. Thus, the normally simple task
of locating the chain axis from the strongest reflections on
the zero-layer line does not apply to this system. Moreover,
no uniquely heavy atoms are present to assist in the phase
assignments.

Second, it appears that the relative orientation of ad-
jacent chains may be responsible for many of the puzzling
features of the X-ray photographs. The ease with which
axial reorientation of the chains can apparently occur and
the possibility that chains with the opposite directional
“sense” can pack together readily (Figure 13) to generate
disorder appear to preclude a precise solution of this
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Figure 13. Presumed interchain packing arrangement for two
adjacent chains of (NPCl,),, demonstrating the ease of packing
irrespective of the directional “sense” of each chain. In the
structure seen on the right, the solid lines indicate the bond
orientation for a chain with the same directional sense and the
same atomic dispositions (P’) as the one seen on the left. The
dashed broken line shows the orientation of bonds in a chain with
the opposite directional sense. Although the atomic locations (P)
do not mimic those seen in the structure on the left, the chlorine
atoms do occupy the same relative position as in the adjacent
structure. Hence, chain disorder appears likely even though
disorder of the chlorine atoms may not be detected.

structure with the use of current techniques. Surprisingly,
the prospect exists that the more complex poly(organo-
phosphazene) structures may prove easier to solve than
this simpler parent species.
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ABSTRACT: High-resolution pyrograms of isotactic, syndiotactic, and atactic polypropylenes were obtained
by pyrolysis—hydrogenation glass capillary gas chromatography. The assigned characteristic peaks on the
pyrograms were interpreted in terms of the stereoregularity and the degree of chemical inversion for the monomer

units along the polymer chains.

It is well-known that many physical properties of pro-
pylene (PP) are affected not only by the average molecular
weight and the molecular weight distribution but also by
the stereoregularity and the degree of the chemical in-
version in the polymer chain. However, many arguments
exist about the polymerization mechanism of olefins, even
for Ziegler-Natta catalysts. This is largely responsible for
the insufficient and sometimes imprecise information
about the microstructures of the resulting polymers. The
structural characterization of PP has been carried out most
extensively by IR,® 'H NMR,” and *C NMR!%% gpectral
studies. Although the existence of the irregular tail-to-tail
linkages of the monomer units along the polymer chain was
pointed out by Natta et al.? and Tosi et al.,® most of the
spectroscopic studies were focused on the stereoregularity
by asssuming the normal head-to-tail linkages. Recently,
Doi et al.!817 successfully applied 3C NMR for the elu-
cidation of the chemical inversions in PP,

In addition to the spectroscopic work mentioned above,
pyrolysis—gas chromatography (PGC) has been also dem-
onstrated to be a simple, but powerful, technique for
studying the microstructures of PP.1%2" Noffz et al.?
adopted PGC and used a 100-m-long capillary column to
separate the degradation products from various PP’s
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without any hydrogenation. They suggested that quali-
tative distinction of the PP’s differing in the stereoregu-
larity was possible from the resulting diastereomeric ole-
fins. Tsuchiya et al.?? studied the thermal degradation of
PP and pointed out the existence of the irregular monomer
placement from resulting 2-methyl-1-hexene.

Most of the other PGC work made use of in-line hy-
drogenation followed by pyrolysis, using H, as a carrier gas
in order to convert the resulting degradation products into
saturated hydrocarbons.!?21242% Seeger et al.?® achieved
fairly good separation of the diastereoisomeric products
between the trimers and the heptamers and suggested the
possibility of estimating the stereoregularity in PP semi-
quantitatively by comparison with standard PP samples.
The resolution of the associated peaks appearing on the
reported pyrograms, however, is not still sufficient for
complete assignment of the characteristic products.

Recently, we?®?® developed a method for obtaining
high-resolution pyrograms of polymers in which a fur-
nace-type pyrolyzer attached to a high-resolution glass
capillary column is used. This technique, employing in-line
hydrogenation of the resulting degradation products just
before the separation column,®® was successfully applied
to characterization of polyethylenes and ethylene-a-olefin
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