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Abstract

The crystal structure of polytetrafluoroethylene, —{fF, is unusual in having a number of crystal forms and also possessing substantial
molecular motion within the crystal well below the melting point. This article deals with the unusual first-order transition occurring at about
19°C, changing the crystal structure from form Il to form I. This article also updates current literature on the crystal structures of these two
forms. X-ray and electron diffraction data from forms Il and IV are interpreted as helical structures. Form Il is defined mathematically as a
non-commensurable helix close to a 13/6 conformation of six turns per 13 ¢@fups. Form IV is interpreted as a commensurable 15/7
helix which is consistent with space group,PRiber diffraction patterns of these forms are described in d&&aiP99 Published by Elsevier
Science Ltd. All rights reserved.
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1. Introduction 2. The helical conformation and X-ray fiber patterns

The crystal structure of polytetrafluoroethylene (PTFE), 2.1. The commensurable helix
—(CR),—, is unusual in having a number of crystal forms
and also possessing substantial molecular motion within the  Fig. 2 shows the molecular conformation of form Il as
crystal well below the melting point. This article deals with presented in the 1956 article [2]. The conformation is
the unusual first-order transition occurring at abodtC1[]. equivalent to a planar polyethylene type zig-zag which is
In particular, this article updates a primary literature refer- given a 180 twist in 13 (CFk) motifs. This is a 13/6 helix,
ence to the transition which the author presented in 1956 [2]. i.e. the atoms are evenly spaced along a helix having six
In this article, the first-order transition at I® between turns per 13 atoms to form the repeat unit. The structure is
forms Il and 1V (see Fig. 1) was interpreted as an untwisting defined in terms of three helices—one for the carbon and
in the helical conformation of the molecule from a 13/6 one for each fluorine. For a non-commensurable helix, i.e.
conformation to a 15/7 conformation. (The relationship one which cannot be expressed as the ratio of simple whole
between the nomenclature of screw axes and helical confor-numbers, the conformation may be expressed as the ratio of
mations is given in the Appendix.) Additional research has the pitch,P, to the axial spacings, of the atoms on the helix
shown that the conformation in form Il is not a commensur- as illustrated in Fig. 2 for a helix of 13 unitg)(per six turns
able helix as reported in the earlier article, i.e. the conforma- (t). Thus,u/t = P/s= 13/6= 2.1667 (Ck) motifs per turn.
tion cannot be expressed as a ratio of simple whole numbersX-ray patterns of PTFE fiber are shown in Fig. 3. These
However, an argument will be presented that the form IV were made with a Unicam 60 mm diameter cylindrical
may possess a commensurable 15/7 conformation. camera with Cu (Ni) radiation. A distinctive feature of heli-
cal conformations such as these is the distribution of inten-
sity among the layer lines. In particular, the twisted zig-zag
conformation is characterized by two intense layer lines
displaced by about = 0.4 A™* (axial reciprocal lattice
direction); these are layer lines six and seven for form I,
and seven and eight for form IV as shown in Fig. 3.
T Tel: + 1-423-974-4410, A mathe_matical treatment of the commensurable helicz?ll
E-mail addresseclark@usit.net (E.S. Clark) conformations has been presented by Clark et al. [3]. This
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Within the layer lines of a fiber pattern, the distribution of
intensity for a commensurable helix is approximated by the
cylindrically symmetrical transform of a helical conforma-
I tion with atoms at cylindrical coordinates;, ¢;, z) for each

atom of the asymmetric unit (GFrepeating along the helix.
The cylindrically averaged intensity function has been given
in a convenient form by Davies and Rich [5]:
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Fig. 1. Phase diagram of polytetraflouroethylene[12].
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approach is based on the method of Cochran et al. [4] inB, = ZfJ (2] R)5|r{ ( _ ¢J) 278 z,].
terms of atoms regularly spaced along a helix as illustrated ¢
in Fig. 2. If the helix is commensurable withturns inu

units, there will be a repeat distane and The solutions of the selection rule, Eq. (2) for the 13/6

and 15/7 conformations are shown in Fig. 4. An illustration
r* = u*/tx = P*/s*; C=u*s* =t"P*, (o of the intensity distribution for the 13/6 conformation is

where the asterisk indicates commensurability. As shown by S.hOW.” n F'g' 5’.W'th the contours |nd|9at|ng relatlvg Inten-
sity distribution in the layer lines. In this conformation, the

Cochran et al. [4], the fiber pattern can be modeled using ~. . .
Bessel functions governing the intensity distribution in each sixth and the_seventh layers, _belng .govemed by a first-order
layer line according to the selection rule: Bessel functlon are of dominant |nten5|ty._ For the 15/7
conformation, these are the seventh and eighth layers. As
£ =tn + u*m, 2 a matter of experience, only layer lines with Bessel func-
tions less than about five will be observed on a fiber pattern.
The relationship among these features may be seen for the
13/6 conformation by comparing Figs. 2-5. It may be noted
that the separation of these intense layer lines for the 15/7
conformation is less than that for the 13/6 conformation. For

where £ is the layer line numbem, the order of Bessel
function andm, any integer. With the identity period;,
associated with commensurability, the layer lines will be
evenly spaced alongin reciprocal space on integer layer

lin . . T
est an untwisted planar zig-zag, the separation is zero; the two
£ £ layer lines overlap into a single layer line.
€= ws ©

with uniform spacing between the layer lines 2.2. The non-commensurable helix

1 1 In the case of a non-commensurable helical conforma-

Al= PP*  u's’ @ tion, there is no translational identity, i.e. the repeat distance

Fig. 2. Repeat unit for a 13/6 conformation and the helical definition of the carbon backbone.
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Fig. 3. X-ray fiber patterns of PTFE fiber in form Il (below) and form IV (above).

¢ lacks meaning. However, the fiber pattern will appear the axial spacings, is nearly a constant at 1.300 A this
similar to that for a commensurable helix. In this case, the procedure, the layer line heights for the commensurable

conformation is expressed simply by the ratio helix are calculated by Eq. (7). The actual measured heights
u are compared with the calculated heights for the commen-

r=—. (6) surable helix (13/6) as displacements of the measured layer
t . .

line height from that calculated as
The non-commensurable helix is treated in terms of a Y,
modification of a close commensurable helix. Thus, B/6  A;= — — n_m (8)
r = 2.167. It will be shown that the correct value for form Il u's rs s

isr = 2.159. Thus the fiber pattern of form Il is treated as a The variables? andu* are those from the commensurable
modification of 13/6. The rati®/s is likewise not the ratio helix with s invariant.

of simple numbers, and
n m ] ]
Lo = P + S (" 3. The helical conformation of polytetrafluoroethylene
form 1l
The expressions developed for evaluating the conforma-
tion of the non-commensurable helix require accurate Fibrous crystals of essentially 100% crystallinity were
evaluations of the layer line height§, and the assumption  produced by the author using an unusual procedure by elec-
that the atom spacing, is an invariant. In the case of PTFE, tron diffraction in the year 1959 at the DuPont Experimental
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Fig. 4. Solutions of the selection rule for the 13/6 conformation (left) and the 15/7 conformation (right).

Station. The procedure is described in Ref. [3]. Examples of using a different sample preparation technique. Several
the patterns obtained are shown in Figs. 6 and 7. The distinc-electron diffraction patterns similar to Figs. 6 and 7 were
measured with great care (by J. Weeks) making corrections

tive distribution of layer line intensity is clearly evident, in
agreement with that calculated in Fig. 5. Of special interest for the small geometric distortion of flat plate photography

in Fig. 7 are the sharp meridional spots on the 13th and 26thand slight tilts of the fiber axis from normality to the elec-
layers (very top of pattern). These are in agreement with atron beam. Details of this analysis are in Ref. [3]. Using the
zero-order Bessel function distribution from Fig. 4. Similar mathematical approach of Eq. (8), the analysis of three

electron diffraction patterns were recorded by Kimmig et al. patterns gave the results shown in Table 1.
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Fig. 5. Calculated fiber pattern for 13/6 conformation showing relative intensities as contours.
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Fig. 6. Electron fiber diffraction pattern of form Il showing similarity with
calculated pattern of Fig. 5.

Table 1

Electron diffraction results

Plate s (axial) (A) R=ult
A 1.288 2.1613
B 1.299 2.1597
C 1.298 2.1592

4. The helical conformation of polytetrafluoroethylene
form IV

The X-ray fiber pattern of form IV is shown in Fig. 3;
electron diffraction patterns are shown in Fig. 9 for different
exposures. The patterns are distinctive in showing a mixture
of both sharp spots and diffuse streaks, as discussed in detail
by Clark and Muus [6]. This combination implies that the
helical chains undergo small angular displacements about
their long axis. From the nuclear magnetic resonance
experiments by Hyndman and Origlio [7] on the same
fiber used for the X-ray experiments, it was concluded
that the chains are disordered by torsional oscillation
about the long axis. An interpretation of this type of disorder
from electron diffraction measurements is given in Ref. [8].
As shown by Clark and Muus, for small angular oscillations,
the intensities of the Bragg reflections in a layer line
decrease with increasing order of the controlling Bessel

From a review of the measurements and the quality of the function, according to the selection rule illustrated in Fig.
patterns, the best value for the molecular conformation in 4. (As the intensity of the Bragg reflection decreases, the

form Il is given in Table 2.

layer line continuum streak correspondingly increases).

It is easily seen that the specification of 948 units per 439 This type of librational disorder involves NO displacement

turns or a conventional repeat unit of 12§2is'\meaning-

of the chains along the long axis. This requires that Bragg

less. The conformation may be visualized as 13/6 helix as areflections in layer lines controlled by zero-order Bessel
reasonable approximation. The differences among the specifunctions remain unaffected. Therefore reflections on the

fications for forms Il and IV are illustrated in Fig. 8.

Fig. 7. Electron fiber diffraction pattern of form Il showing sixth and
seventh orders (a), 13th order (b) and 26th order (c).

equator and 15th layer should remain sharp and unaffected
while the layers in-between show decreasing Bragg inten-
sity and increasing streaking. Fig. 10 is a fiber pattern from
the same 60-cm cylindrical camera with the fiber perpendi-
cular to the rotation axis of the camera and tilted to the
incident beam to enhance the intensity of reflections near
1.3 A (the 15th layer). The sharp reflections on the zero
layer and the 15th layer (above the 16.7 scale marker)
confirm the interpretation. The small peak below the intense
0,0,15is a K3 reflection. The sharpness of the 1,0,15 reflec-
tion at ad-spacing of less than 1.3 Requires very high
longitudinal order. This interpretation is strongly supported
by the electron diffraction pattern of Fig. 9. The nature of the
sharp reflections in Fig. 9 does not permit an analysis of the
conformation with the accuracy used for form Il. However,
accurate data was obtained from X-ray diffraction. A special

Table 2
Molecular conformation of form Il

P/s u't c (repeat) (°A
Old 2.167 13/6 16.9
Revised 2.159 948/439 1232
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Form 11
2.159

Form ID
15/7
2.143

Fig. 8. lllustrations of PTFE conformations. (Constructed with MacMole-
cule ver. 1.7).

(a)

(b)

o

Fig. 9. Electron fiber diffraction patterns of form IV showing equator (a),
seventh and eighth layers (b), 15th layer (c) and 30th layer (d).
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Fig. 10. Tilted X-ray fiber pattern of form IV showing 15th layer Bragg
reflections.

sample was prepared (at the DuPont Experimental Station)
of a mixture of PTFE powder and spectroscopically pure
KCI powder. This mixture was compressed and carefully
sintered for maximum development of crystallinity. X-ray
data were recorded with a Philips Norelco diffractometer
and scintillation counter. The observed reflections for 110,
200, 107 and 108 were measured in addition to the KCI
reflections. The PTFE reflections were corrected using
differences from calculated KCI peaks using data from
Glover [9]. These data from form IV and results are
shown in Fig. 11. Within the limits of error, the conforma-
tion corresponds to that given in Table 3. A comparison of
this conformation with that of form Il is illustrated in Fig. 8.
From the relationships presented in the Appendix, the
conformation 15/7 possesses the crystallographic symmetry
3;. Therefore, the proposal is offered that at@Stransition
is characterized by the onset of molecular oscillations,
perhaps associated with chain reversals as discussed by

d = 4.8986f

[I;l ¢ =0.0

Fig. 11.
pattern.

Layer line data and calculations for form IV from X-ray powder
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Table 3 Table 4
Molecular conformation of form 1V Lateral arrangement of chain axes
Pls ut ¢ (repeat) (A a=b(A) ¢ () Density (kg/m) (calculated)
2.143 15/7 195 Form Il (O°C) 5.59 119.3 2344
Form IV (25°C) 5.66 120 2302

Kimmeg et al. [8]. As the chain untwists from non-crystal-
lographic symmetry, it reaches the symmetry gfc8rre-
sponding to the space group;RB8oducing a small lowering

of packing energy. This causes the conformation to remain
in this 15/7 conformation until increasing energy causes
additional untwisting to continue at the D transition.
This may be an explanation for the very small temperature
range of form IV.

5. The lateral packing of the chains

ands, the axial spacing between adjacent units. This nota-
tion is used for structures with crystallographic symmetry,
eg a.v 431 31-

A.2. Translational notation

The operator® andZ are:

c
s=—,
u

and Z

:7:2 J—
P u

whereP is the pitch of the helix. This notation is commonly
used for polymeric chains which may not be treated by

For completeness, some comments should be made on thépace group symmetry, e.g. PTFE, 13/6; alpha helix, 18/5.

lateral packing of the chains. As shown in Fig. 8, all forms
of PTFE are nearly cylindrical in shape and all forms pack
with nearly hexagonal packing. The lateral packing para-
meters for forms Il and IV are given in Table 4. The
constantsa’, b’ and y’ refer to the placement of the chain
axes. For a discussion of g1, the complex unit cell of form II,
see Ref. [10].

Appendix A. Symmetry notation in helical
conformations [11]

Two notations are employed for defining atoms that are

The relationship between the two notations is:
gt=eu+ 1,

wheree is the lowest positive integer which can solve the
equation. Thus, for 15/7 conformatiof= 6 corresponding

to a 153 screw axis. Note that 15and 15 are the left- and
right-handed versions of the same helical conformation. The
condition for the number pair appears to be the sameyj.e.
andu/t is:

F=t?=eu+1

regularly spaced along a helical net. These two systems mayReferences

be termed translational notation/t) for u atoms spaced
alongt turns of the helix and rotational notatiom, which

for crystallographic (three-dimensional) symmetry is the
screw axis notation. The parametarst and g must be
positive integers. In both systems of notation, the helical
structure is generated by repeated operation of rotation
through angle® accompanied by a translatio#, along

the helical axis.

A.1. Rotational notation

The operator® andZ are:
u u

wherec is the crystallographic repeat distance (if present)

and
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