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GENERAL INTRODUCTION.

The present investigation was undertaken as one branch
of a broad programme of fundamental research initisted by
the Research Association of British Rubber Manufacturers
on the relation between the structure and physical
properties of rubber-like materisls., It was started in
1944 when the rubber industry was faced with a situation of
rapidly diminishing stocks of natural rubber, and the
problem of the further understanding and development of
synthetic products was of foremost importance.

The first part of the work therefore comprised a
broad general survey by electron diffraction methods of the
existing synthetic rubbers. The materials examined
included the butadiene-styrene copolymer used as a general
purpose replacement for natural rubber, and a number of
the more specialised =2crylo-nitrile and polychloroprene
materials as well as several thioplasts.

Apart, however, from the simple polychloroprene known
in the industry as Neoprene GN, none of these materials
showed any signs of orientation on stretching even in the
thin films required for electron diffraction, and the
information which could be obtained from them by diffraction

methods was therefore severely limited. Furthe rmore,
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with the eessation of hostilities in 1945, the immediate
urgency of the work on synthetics was relievede. It was
consequently decided that the most promising line of
research was to concentrate on three representative
materials which do show molecular ordering under favourable
conditions, and to make a determined effort by means of
electron diffraction to gather fundamental information on
molecular arrangement. It was hoped that the application
of this technique of structure analysis which permits the
use of films of a thickness approaching to molecular
dimensions, might well lead to an appreciable advance in
this direction. This has indeed been found to be the case,

The three materials selected were the two naturally
occurring polyisoprenes, rubber and gutta percha, and the
synthetic polychloroprene referred to above, All three
had already been examined by diffraction methods,
particularly by X~rays, but our knowledge concerning their
internal structure still remained incomplete and there was
thus scope for more detailed study of their structures.

The chief experimental contribution of the work
described below lies in the recording of a pattern of
diffuse zones in association with the arc pattern obtained
by electron diffraction from well oriented specimens of

stretched natural rubber. This pattern is similar to



those observed by Charlesby, Finch and Wilman for

anthracene and other aromatic compounds (1938, 1939, 1941,
1942) and ascribed by them to thermal vibrations in the
material, They recognised that the diffuse zones arose
from the individual molecules and not from the lattice as

a whole, and that they were particularly valuable in
elucidating molecular configuration. The first and
principal section of the present work is therefore concerned
with the analysis of this background pattern in stretched
natural rubber.

The subsidiary section on the examination of natural
rubber at low temperatures brings out an interesting
phenomenon of orientation of grease on the stretched
rubber.

The patterns from gutta percha also show the diffuse
patches cuite clearly, but these are less readily analysed
than in the case of natural rubber as the degres of
orientation achieved is less perfect, and the position is
further complicated by the polymorphism of the material.
The section below on gutta percha is therefore principally
concerned with an attempt to analyse the arc and ring
patterns obtained under different conditions and to identify
them with the appropriate crystalline phases.

In polychloroprene, the only synthetic material
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examined here, the pseudo-crystalline diffractions are far
less well developed than in either of the two naturally
occurring polymers, although the first signs of three
dimensional ordering are apparent in some of the patterns.
Diffuse bands are also well in evidence in some of the
patterns but their origin would appear to be somewhat
different. Thus, in the case of natural rubber asnd gutta
percha these bands only occur in association with well
developed arc patterns, a circumstance which follows
naturally from the theory developed by Charlesby, Finch and
Wilman; but here they occur in association with very weak
crystalline patterns and it would appear that they are more
closely akin to the patterns found for a number of greases,
and are indicative of a largely uni-dimensional ordering.
This situation is discussed more fully in the section on
polychloroprene.

The whole of the work described below was carried out
on a Finch-type electron diffraction camera working with a
camera-length of 47 cms. and an accelerating voltage of
50-60 kv. This type of camers utilises a cold cathode and
a gas discharge chamber., The high voltage current through
the system is controlled by means of a diode operated under
conditions of saturation and consecuently the voltage scross

the discharge tube is constant, provided the discharge



chamber pressure is constant.

The camera used in the present experiments was
evacuated by means of oil diffusion pumps backed by a high
speed rotary pump. A 2-stage o0il pump was used for the
camera body while the discharge chamber was pumped
separately by a single stage oil pump. With this system
it was possible to maintain a high degree of vacuum in the
camera body without interfering with the pressure in the
discharge tube. By this arrangement the general background
intensity arising from collision of the electron beam with

residual gas was kept to a minimum,



THE MOLECULAR STRUCTUKE AND ARRANGEMENT IN
STRETCHED NATURAL HUBBER.

1« Introduction.

Y-ray fibre disgrems were first obtained from st retched
natural rubber by J.R.Katz in 1925. Since then many
workers have exsmined rubber in both the stretched and
unst retched state and have made estimates of the lattice
constants of the pseudocrystalline structure produced on
st retching. C.W.Bunn (1942) recorded an important advance
when he arrived at a detailed atomic structure for the
extended molecule by appreciating the relative intensity
distribution in the X-ray pattern and applying the trial and
error method., This structure, though it could not be
claimed as final, did not conflict with the observed facts.
Other workers, notably Jeffrey, with Cox and Bsteman (1942,
1943, 1944) realising that the experimental data available
from a fibre diagram are insufficient for a unique Fourier
synthesis of the atomic positions, have preferred to examine
the crystal structure of relatively simple materials
containing isoprene units or related atomic groupings from
which the configuration of the elementary units in the

poly-isoprene chain might be inferred. It is clear,
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however, that we are still far from having reached finality
in the determination of the molecular structure and
arrangement in natural rubber.

Electron diffraction patterns have been obtained from
both stretched and unstretched natural rubber (Trillat and
¥otz, 1934, Kruilov, 1935), but have hitherto added little
to the data already provided by X-rays, chiefly owing fto
the fact that the intensity distribution in the electron
diffraction patterns obtained from thin films is so markedly
influenced by the relaxation of the third Laue condition.

In 1937 Finch and Wilman first drew attention to the
fact that the transmission spot patterns obtsined from single
crystals of a number of aromatic compounds were associated
with a remarkable pattern built up of diffuse areas of
scattering, and they recognised that thig diffuse scattering
pattern originated from the molecule snd was not due to the
lattice as a whole. Indeed, in 1939, with Charlesby, they
showed that this diffuse-zone pattern was due to molecules
which, though oriented with respect to the beam in
accordsnce with the crystal orientation, were apparently
executing thermal vibrations about their mean lattice
positions. The pattern resembled, except for a slowly
varying radial factor, that to be expected if the electron

beam had been scattered by independent isolated molecules
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which had the same orientation as in the normal crystal.

It is clear that this diffuse background pattern should,

on account of its molecular origin, help in determining

both the molecular structure and the molecular orientations
in organic erystals which exhibit, as in anthracene,
sufficient regularity of atomic arrangement within the
molecule. It has now been found possible to obtain well~
marked diffuse background patterns from stretched raw rubber,
and these have thrown fresh light on the structure and

arrangement of the molecules in natural rubber.

2. IBxperimental.

Transmission patterns were obtained from films which
were stretched to about ten times their original length,
the thickness of the film before stretching being of the
order of 2,000 A., as estimated frou the interference colours
under oblique illuminstion. The films were prepared by
spreading a few drops of a solution of rubber in benzene on
a clean water surface in a Langmuir trough; two chromium-
plated bars were then placed across the trough and drawn
apart, thus stretching the rubber film adhering to their
lower surfaces. A portion of the streteched film was then
picked up on a grease-free nickel gauze and exemined in a

Finch-type electron diffraction csmera working with a camers



a) Arc pattern with b) Arc pattern with
specimen perpendicular specimen at 45

to beam. F2244 to beam. F22L0.

Layer
line No.

c) Pattern showing diffuse zones
in addition to arcs. F2794.

Figure 1. Patterns from stretched natural rubber.
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length of 47 em. and an accelerating voltage of 50-60 kv.

The types of pattern obtained are illustrated in
figures 1(a), (b), (e). Generally speaking all the patterns
showed evidence of both the normal crystalline and the
diffuse-zone patternms. The most favoursble exposure
conditions for bringing out the two were, however, different,
a comparatively long exposure being required for the diffuse
background pattern. Thus figures 1(a) and (b) show the
crystalline patterns obtained with a short exposure (about 10
sec,), with the film perpendicular to the beem for figure 1(a)
and inelined at an angle of 45° for figure 1(b), the fibre
axis remaining perpendicular to the besm in both ceses,
while figure 1(c) shows a typical diffuse-zone pattern of
long exposure (20 sec.) taken with the film perpendicular to
the besm. Wetrrdefined diffuse-zone pattermns heve not yet
been obtained with the film sufficiently inclined to the beam
to meke any appreciable difference to this pattern, since the
greater effecfive thicknegs of the film gove rise to sundry
confusing effects such as charging-up of the specimen and
loss of orientation under the prolonged electron bombardment
necessitated by this greater thickness. It is a2lso probable
that the diffuse background pattern would still not be given
. prominently by the steeply inclined films, even if these

disturbing influences could be eliminated, because in the
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case of a single crystal the intensity of the background
pattern relative to that of the spot patterm should,
according to Charlesby, Finch and Wilman (1939), vary
inversely with the number of atoms in the erystal flooded by
the electron beam, which in this case is proportional to the
effective thickness of the film,

Absolute values of the spacings in the arc pattern
were obtained by direet comparison with the (110) graphite
spacing, the graphite being deposited on the rubber specimen
in the form of a dilute colloidal suspension in water (Finch
and Fordham, 1935; Finch and Wilman, 1937). The value
taken for this spacing was 1.228 kx (Nelson and Riley, 1945).

3. The Arc Eattemo

In appreciating the electron diffraction patterms the
first step was to ascertain what measure of agreement existed
between the arc pattern and the X-ray fibre diagram. : A
number of unit cells differing in detail have been proposed
by various Ai-ray workers, but as C.W.Bunn (1942) has made
the only complete structure analysis, his work was taken as
giving the best available dataj his propesed unit cell is
monoelinic with a = 12.46 A., b = 8.89 A., ¢ (orientation
axis) = 8.10 A., 3 = 92°, and space group P24/a.

It is immediately clear from the difference between
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figures 1(2) and 1(b) that the crystallime regions in the
rubber films examined here have a strongly preferred
orientation in the plane of the rubber film. A rough
¢calculation indicsted that this orientetion was such that the
2 and ¢ axes tended to lie in the plane of the rubber film.
Working on this basis and using, for a firsi trial, the
orthorhombic cell with a = 12,5 A., b = 8.9 A., ¢ = 8.1 A,
/G = 90°, which is a slightly simplified version of Bunn's
proposed cell, it was found possible to index all the spots
appearing in the present work (Table 1), Thers were no
results specifically requiring the monoclinie cell, but the
possibility of this beimg the true cell camnot be ruled out,
ag a deviation of 2° in‘/3 would mot in general be
observable in view of the angular spread of the arcs caused
by imperfections in the orientation. Bunn himself only
introduced this devhation oflﬂ3 from 90° at a late stage in
his ealculations in order to account for one weak spot which
is unlikely to ocecur in these patterms because the specimen
wes stetionary during the recording of the pattern. The
gystematic absences, while conforming to the requirements
for the space group P2;/a, would equally well satisfy the
higher and true orthorhombic symmetry of P2,2,2; requiring
spots of type (h00), (0kO0), or(00L) absent for odd values

of hy k, or 13 but again, reference to Bunn's cslculated



12,

intensity values indicates that while (00L) spots are
theoretically present for edd values of 1. they are so weak
as to be unlikely to appear in the recorded pattern except
in unusually favourable circumstances. The intensity
distribution smong the srecs in the eleectron diffraction
patterns, figures 1(a) and 1(b), cannot be rigorously
compared with that of the X-ray pattern, as it is influenced
by the extent of the range of orientations present in the
specimen, the relaxation of the third Laue condition, and
the faet that the specimen was examined in selected
gtationary positions, thus enhancing the intensity from sets
of planes which were preferentially oriented in a direction
parallel to the beam, It is nevertheless of interest to
note ﬁhat, making some allowance for these factors, there is
good cqualitative agreement in intensity distribution between
the electron diffraction patterne and the normal (001)
oriented X-ray fibre diagram (Table 1). Thus it appears
that, while the electron diffraction arc pattern would fit a
rather simpler cell having the orthorhombiec form and space
group P24 2,2, there is no evidence which conflicts with the
small change in (3 favoured by Bunn and the space group P2,/aj
furthermore, the intensity distribution is in qualitative
accord with that of the X-ray patterms. -

With regard to the absolute velue of the identity period,
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Table 1. Comparison of observed spacings with those
calculated for orthorhombiec cell having a = 12.5 A
b =8.9 A, ¢ = 8.1 A., and comparison of observed

intensities with these found by Bunn.

Llectron diffraction pattermns EZ-ray patterns
Spacings . Intensities found by
Indices Intensities observed  Bunn for (001) oriented
(hk1) Caleuleted Ob;?}ved ' fibre diagrem,
Specimen Specimen  Specimen Snccimen
perpendicular at 45° to perpendicular at 45° to Observed Calculated
to beam. beam, to beam. e ar, i
200 6.25 6.21 6.19 Vs - s 64.5
120 4.19 4,18 4.14 MW g Vs 254
400 3.12 3.08 - M - M 15
240*? 2.10 _ _ B i - 1
600 2.0 0
800 e ;¢ 1.54 - W - A A'A 4,5
1000 Yad 1.23 - W - vV "5
MM 5+40 - 5.85 - \ig''d v 2
201 4.95 4,92 4,09 Ve v 3 24
121 2.72 - 3469 LAAL T 8 27
311 343 3439 337 VVW W MW 5
401} 2.32} vvw - 0
521 2.85 - - =
231% 2.54 - - - - MW 3
611 1 097 - - VW 0.5
711 1.71 1.70 - VW - A :
801 1 .53 1 o51 - V'\ﬁ - W 1
002 4,05 4,05 4,05 V£ Vs uw 8
012% 3.69 - - - i Wy 2
112 3+54 - 3.51 - VW MW
202 3.40 3.40 = S - MS 22
022* 3.00 - - AL - M 6
122% 2.91 - - - 0.5
312 2.76 2.79 2.73 v W M 4
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Table 1 (continued).

Hlectron diffractbn patterns | X-ray patterns.
Spacings
Indices
(hx1) Calculated Observed Intensities observed Intensities found by
I ‘ Bunn for (001) oriented
Specimen Specimen Specimen Specimen fibre diagram.
perpendicular at 45° t¢ Perpendicularnt 45° to
to beam. be am. to beam. beom, Observed Calculated
T/
402 2.47 2.48 - W - | YW 1
322% 2'45 - - W - >
132 2435 vy Q.
512 2.07 2,06 2,04 MS LA M 6
432} 1e 8(6)} - 1.88 - v M 2
242 1. 0}
612% 1.81 - - VW = L VW 2
203 2. 2.51 - VW - _ 4
123% 2.27 - - . ’ W ¢
323 2.02} 2,04 - WAl - MW 3
403 2.04, ]
133* 1.97 - - - - 1y 1
004 2.02 2.02 2.02 s Vs W 9
124% 1.82 - - - - . MY 6}
314 1.78 - 1.81 - - 0
205 1 057 1 -58 - W - i
i No layer lines higher th
506 1013} 1.17 - VW 4th order mentiongd. .
516 1.1
008 1.01 1.01 - v
* Weak diffractions occurred on photographs from a specimen These )
oriented with its plane at 60° to the beem, :FF e rub%ﬁ?%g%f)afafﬁ?uijzegoglaﬁiz:
- with t :
' values given here are rough means of hkl and hkl values s digzuzgzle]c:éiﬁergbs“ute values

g = gtrong; M = medium; W = weakj V = veiry.
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however, a real discrepancy between the electron diffraction
results and Bunn's values appears. Thus the best estimates
of a and ¢ measured against the graphite standard (110) ring,
1.228 kx. (Nelson snd Riley, 1945), were 12,46 # 0.02 kx. and
8.23 + 0,02 kx., compared with Bunn's values of 12.46 A. and
8.10 A. respectively, from which it is seen that the present
estimate of the identity period differs significantly frem
Bunn's value of 8,10 A., although the two values for the a
axis are in good agreement, These measurements were made
on strong arcs of the (h00) and (001) type and the graphite
comparison ring was introduced by permitting a drop of
diluted graphite suspension in water to spread out on the
gstretched rubber film. The third axial length b was not
investigated in detail as no spots of the (0k0) type appear
in transmission patterns on account of the strongly preferred
orientation with this axis perpendicular to the plane of the
rubber film,

Notwithstanding the difference in the absolute value
of the identity period, the general agreement in form between
the electron diffraction and X-ray results justifies the use
of Bunn's atomic co-ordinates as a basis for a preliminary
investigation of the molecular origin of the diffuse-zone

pattern,
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4., The Diffuse-Zone Pattern.

The pattern reproduced in figure 1(e) shows three
distinct features: these are (i) the haloes characteristic
of the amorphous or liquid state, (ii) a patterm ef arcs
forming a typical crystal fibre diagram, and fimally, (iii)
a number of diffuse zones, the so-called diffuse background
pattern ascribed by Charlesby, Finch and Wilman (1939, 1941,
1942) to molecular displacement by thermal motions. It is
in these zones and their relation to the crystslline pattern
that the msin interest of this work lies.

Since the diffuse zones in the inner regions of the
pattern are associated with clusters of arcs it might at
first be thought that they arise from some distortion eof
the crystalline lattice giving rise to broadening of the
arcs. Two considerations, however, indicate that this
cannot be the whole explanation of the diffuse-zone pattern;
these are that the broadening does not increase with increasi;
angle of diffraction, and that the diffuse zones oeccur in
the outer regions of the pattern where there is no sign of
associated arcs. Consequently we are led to some further
congideration ef the observed patterm in relation to the
characterigtics which would be expected in the molecular
thermal vibration theory.

In connection with their work on anthracene, Charlesby,



expression for the intensity arising from o group of rigid

molecules oriented in accordance with the crystelline
arrangement, but undergoing thermal vibrations. They found
that the resulting pattern should consist of twe partss
(i) the Leue spot pettern characteristic of the periodicities
of the crystal lattice, and (ii) a pattern of diffuse zones
characteristic of the atomic arrangement within the melecules,
and that the intensities of the diffuse zones should increase
relatively to those of the Laue spots with increasing angle
of diffraction. These conclusions were borne out by their
diffraction patterns from anthracene, snd the present rubber
petterns show closely similar features, for it has been shown
that the arc psttern cerresponds to the normal crystalline
arrangement, and it is readily spparent from figure 1(e) that
the diffuse zones become increasgingly more intense relative
to the arce with increasing angle of diffraction, in fact,
they remain prominent in the outer regions of the recorded
pattern where the arcs have ceased to be even faintly
visible.

Thus the evidence points strongly towards the
conelusion that the observed diffuse-zone pattern has this
molecular origine. In what follows it is assumed that this

is the case and consequently that the arrangement of the
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diffuse zones is characteristic of the atemic arrangement
within the molecules and should therefore enable us to define
the structure of rubber more closely than has hitherto been
possible,

In order to use the diffuse-zone pattern in this way
it is first necessary to consider the general form of the
molecules involved and to make certain broad ascsumpltions as
to the menner in which they may be expected to vibrate. It
is generally accepted thot natural rubber is s long chain
polymer of isoprene, C5H3, and that its rubber-like properties
arise from the great flexibility which the molecules exhibit
on account of the freedom of rotation of consecutive units
about single bond linkages. It is therefore obvieus that
the theory developed for anthracene, in which the molecules
were treated os rigid vibrating entities cannot be applied
directly to the long flexible molecules of rubber; a
fundamental treatment of the problem requires some account
to be tsken of the relative movemenrnts of the atoms within the
molecule. As = beginning, however, the simplified case can
be exemined where the molecule is regarded as being divided
into fairly short segments which undergo displecements
reletive to one another as a result of thermal vibrations
while the atoms within a segment remain at rest relative to
one another,

The question then arises as to what length of the
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molecule can be considered to be included in a single segment.
One obvious choice would be to regard each isoprene unit as

a virtuelly rigid vibrating entity. There would, however,

be some considerable simplificstion in the work of
interpreting the diffuse-zone pattern if it were supposed to
arige from a longer length of the melecule, gince such a
segment, including a number of identical units, would show

a grester degree of geometrical regularity. It therefore
gseems worth considering whether any such choice would be
reasonable, and in this connection it is necesgsary to consider
the arrangement of the molecules in an extended specimen of
rubber. The stretched material is believed to contain a
numbe r of pseudocrystalline regions where sections of the
chain molecules, oriented parallel to one another by the
streteching, have linked together to form a three dimensionsl
arrays these regions nre interspersed with disordered regions
where the molecules are twisted snd tangled in an entirely
random manner. The length of a2 single moleculsar chain is
about 10,000 A. (Staudinger and Bendy, 1930), while the
average linear extent of a crystalline region, as indicated
by the breadth of the ares in the X~ray fibre diagram, has
been estimated to be of the order of 600 A. (Hengstenberg and
Mark, 1928). Thus =a single chain is likely to pass through
several regions of order and disorder. The effeect on the

fibre diagrem of increassing the extension is to enhance its
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intensity relative to that of the halo pattern without in
any way altering the erystalline spacings; thus it would
appear theat further extension causes more of the material
to take up the ordered arrangement while leaving these regions
which were already cerystalline unaffected. On the other
hand, the disordered regions are never entirely smoothed out
however great the extension, as is appsrent from the
persistence of the halo pattern right up to the maximum
extension which the material will maintain without fracture.
It would thus appear that we can legitimately regard
the extended rubber specimen as comprising large numbers of
comparatively rigid crystalline regions interlaced with
digordered regions of greater mobllity on which the continued
extensibility of the material depends. From this argument
it is apparent thet there is some Justification for supposing
that the part of any chain melecule included in a single
crystalline region might, to a first approximation, underge
themmal vibrations as a rigid unit. Such a segment would
have a definite repeat unit in the direction of the
orientation axis (the identity period of the are pattern),
and could only give rise to diffractions along the same lines
as the ares in the crystal pattern. Reference to the pattern,
figure 1(e), shows that, except for a small sngular spread

similar to that observed in the arc pattern, the zones do in
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fact lie near these same lines, thus giving experimental
support to the hypothesis. Therefore, in the diseussion
which follows, the diffuse-zone patteran has been treated as
tiough it arose from molecular segmentis containing at least
10 to 15 repeat units and with a total length of some 100 A.,
each behaving as a self-contained array of scattering centres
diffracting quite independently of any adjacent chain or any
other segment in the same chain, It is nevertheless
appreciated that once the general lay-out of the molecule

has been defined some further refinements may be obtained by
taking into account the relative movemenis of atom groups
within ¥ sigment and comsidezing the.pstteyn t& »e entieipshad
from individual isoprene units. An investigation of this
kind is now being undertaken.

The interpretation of the pattern has been approached
by the trial ond error method, and in order to do so it was
first necessary to make some deductions, based on reasoning
from other evidence, as to the atomic structure of the
moleculs. As mentioned above, rubber is a long chain
polymer of isoprene, CSHB; the identity period slong the
extended chain is such thaet it must include two isoprene
units, and Bunn (1942) has shown conclusively that it takes
up the cis form in relation to the double bonds. By analogy
with the long chain hydrocarbons it might be anticipated



CHC CHC CH,C  CH CH,
::23 "2 CHy

Figure 2. Rubber molecule—diagrammatic.
A. Projection in plane of double bands. B. Projection perpendicular to double bonds

Figure 2.

Rubber Molecule - Diagrammatic
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that the echain would be planar, but the identity period
along the axis of elongation, which all observers agree

to be in the region of 8.1 - 8.2 4., is too short to permit
this without serious and improbable distortions of the
accepted bond lengths and angles; consequently we are forced
to the conclusion that the molecule is non-planar. There
are, then, many ways in which the chain can be gupposed to
be kinked and twisted to give the observed identity period.
Tor the presemt work, however, two models have been selected
for investigations the first is the structure proposed by
Bunn which was taken because it was the only complete

st ructure so far proposed on the basig of direct experimental
resultsj the second, hypothetical, structure has been
chosen as involving the minimum of distortion from the
wholly planar form, and therefore forming a useful basic
model on which further medifications can be imposed if
necegsaxy.  sit 1s a model in which all the carbon atoms

of esach isoprene unit are planar and the planes of
congecutive units are parallel to each other and to the
orientation axisj furthermore, all bond lengths and angles
are mormal, the reduction in identity period being attained
by straining the connecting links between consecutive units
out of the plane, so that the molscule forms a series of

steps up and down as indicated diagramatically in figure 2,
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(a) yz projection. (b) xz projection. (¢) xy projection.

Figure 3. Rubber molecule proposed by Bunn. Projections along three orthogonal axes
of one left-handed * up >’ molccule (Bunn’s nomenclature) ; 2 axis in direction of extension.
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This was, in fact, the molecule selected by Bunn as the
initial bagis for his calculations, but in order to satisfy
his X~ray spot intensities he subsequently modified it
congidersbly by introducing certain distortioms in the bond
lengths and angles and moving the methyl group out of the
main plane of the isoprene unit. The stomic co-ordinates
for one complete repeat unit of each structure are shown in
Tables 2 and 3, and their projections along three
rectangular axes in figures 3 and 4.

The problem then is to find the pesitions of the
intensity maxima arising from s chain segment comprising’
ten to fifteen such units. In computing such a pettern we
have to take into account two factors: the form of the
individual unit, and the exigtence of a number of such units
along the segment forming effectively a line diffraetion
grating with a definite identity period. It is only at
those positions where both conditions are favourable that
maxims ¢an ocecur. The line grating alone would give rise
to maxima along regularly spaced lines perpendicular to its
own length, while the individual unit would give a more
complex two-dimensional pattern. Consequently, in the
computations which follow, the method adopted has been to
select the lines along which the identity period permits
maxime to occur and to examine the intensity variations whiech
the atomic arrangement in the single unit gives rise to
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(a) yz projectioi. (b) xz projection. (¢) xy piojection
Figure 4. Suggested rubber molecule with planar isoprene units and standard bond lengths and
angles. Projections along three orthogonal axes : ¥ axis in direction of extension.
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along these lines. In other words, the caleulations are
made as for a single unit, but the repetitiom of this unit
along the molecular segment introduces a geometrical
regularity which limits the regions over which the resulting
pattern need be considered.

Since the molecular segment is nen-planar, it is ne
longer possible to comstruet a single two~dimensional
intensity contour map adaptable to any crystal orientatien
by simple linear transformation of the axial lengihs as was
done in the ease of anthracene; instead, each orientation
requires a separate contour diagram. However, the only
diffuse-zone patterns considered in this work were taken with
the plane of the rubber film effectively perpendicular to the
electron beam, and the arc patterns, figures 1(a) and 1(d),
indicate a strongly preferred orientation with the ac
crystallographic plane lying in this plane. Consequently
we are principally concerned with this one orientation fer
which the x and z axes of atomic co-ordinates (which are in
the ac plane), figures 3 and 4, are perpendicular to the
electron beam and the y axis 1s parallel to it. In
computing the antieipated intensity distribution for this
orientation it is only necessary, as will be shown below, te
take into sccount the x and z atomic co-ordinates of the

molecule, More generally, for other orientations, the

diffraction pattern can be considered as practically that
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which would be obtasined from the projection of the meleculs
in the plane perpendicular to the electron beam.

The (010) orientation in the film plsne is noet quite
perfects thus the appearance of certain spots of the general
(hxl) type in the pattern taken with the film perpendicular
to the beam (Table 1) indicates a partisl rotation sbout the
e axis. In addition, the ¢ axis itself shows some angular
deviation from its mean position wiﬁhin the ac pleane as is
indicated by the drawing out of all spots into arcs of about
10° angular range, and it seemsg likely that it will similarly
suffer some angular deviation in the plane perpendiculsr to
this. The most probable situation is something approaching
a Gaugsian distribution of orientation with its maximum
frequeney in the (010) orientation, and such a state of affairs
would be expected to result in some broadening of the intensity
maxima, but should net give rise to any peaks not anticipated
for t he preferred orientation. If the angular spread of
direction of the b axis is similar to that exhibited by the
¢ axis in the (010) plane the broadening will not be
appreciable since an angular deviation of # 5° about an axis
normal to the electron beam produces littlé change in the
projection of the molecule normsl to the beam, In what
follows, therefore, the pattern has been computed for the

single orientation with the xz plane normal to the electron

beam,



‘Figure 5

I;lustration for derivation of

intensity relationship
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The calculation of intensities is based on the
following argument (see Figure 5)s-

Suppose the amplitude of the wave diffracted by any
atom p in the direction §' from a wave incident in a direction
8 to be Ey (where 8 and S8' are unit vectors). The intensity
of the wave resultiing from a group of such atoms is obtained
by adding the ampliitudes of the constituent diffracted waves,
having.due regerd to their phases, and squaring the result.

Thus the resultant intensity is given by the expression

{Er’: E ces(ammd, /;L)}l + {; Esin (amrel . /71)}1
whe re d, is the path difference between the wavelet scattered
from p and from an arbitrary origin, and 7[ is the wavelength
of the radiatioy considered.

For an atom whose position relative to the origin is
given by the vector ¥p we have

dp = v, (8° - 8)
= (xp +y, *+2,).(8" - 8)
(fp ks Ep).(§'1§) since gp.(g' - §) = 0

for small¢ .
If the directions 8' and 8§ strike the photographic
plate in points X, Z2 and 0, O referred to exes in the plate

we have

8' = (X+24L)//X*+ Z°+ L' where L is the cemera length
(X+24L)L since ¢s i
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L/5
(x+2)/L

and S
so that (s*-8)

Hence, the expression for the intensity becomes

5 2,
{f B, cos[2n/7 (§p+_zp).(}+§)/L]} +{prsin[(2n/7L (xptzp) .(§+_z)/1.]}
P

{%,Ep cos[2np L) (xK+2,2) ]}2 +{ZPEpsin[ (2r/L) (xpX+2pZ) ]}2
(1)

where X and Z are taken parsllel respectively to X and Zy and
the axes are rectangulare.

The emplitude Ep of the wave diffracted from an
individual atom depends on the scattering power of the atom
and on the angle of scattering, the latter relationship
resulting in a falling off of intensity from the centre
towards the outer parts of the pattern. With regard to the
scattering power of the atoms concerned, the hydrogen atoms
have been neglected as separate scattering centres, but have-
been regarded as adding a little to the effective weight of the
carbon atom to which they are attached; thus the scattering
factors of the C, CH, CHy and CHy; groups have been taken in
the ratio 6:7:8:9, which assumption was also made by Bunn in
determining his atomic co-ordinates.

In computing intensities the following standard
conditions have been takens: the factor 7 L has been taken as

2.75 A.cm. (for direct comparison with an experimental

pattern the dimensions of the computed pattern have been
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reduced in the ratio]&(observed)/Q.?S), and the origin of

co~ordinates hawesbeen taken ss coinciding with the carbon

stom C, (Figures 3 and 4).

me asured in Angstrom units, and co-ordinates on the

photographic plate in centimetres.

Atomic co-ordinates have been

Thus, substituting for the various known or assumed

values, the expression used in the computations of intensity

at any point X, Z of the photographic plate becomes, for

the Bunn molecule,
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and for thesecond, less distorted, molecule, a similar

expression holds but with the appropriate atomic co-ordinates

substituted for the Bunn co-ordinates
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With an identity period of 8.1 A. and with AL = 2.75
the "loyer-line" separation is 2.75/8.1 em.; in other words
the lines near which our preliminary assumptions permit
intensity maxima to occur have Z values (taken to the nearest
4 mm,) of 0, 0.35, 0.7, 1.05, 1.35, 1.7, 2.05, 2.4, 2.75 ete.
cm, Inspection of the photographs, however, suggests that
the most pronounced maxima lie on the even-order layer lines
(2s might be expected from the similarity in form of the two
halves of the moleeule) and consequently the computetions have
been confined to those lines. They were carried out in
general at 2 mm, intervals along these lines except in a few
cases where intermediaste values were obtained. Angles in
the structure-factor exprossion were taken to the nearest
degree.,

The molecule has four possible orientations in the film,
for the conditions governing its orientation are that the e
axis direction (z axis of co-ordinates) shall lie in the
direction of extension, and that the plene of the isoprene
units (xz projection) shall be parallel to the plane of the
film., From Figures 3(a) and 4(a), which show the appropriste
projection, these conditions are seen still to be fulfilled
if the whole molecule is rotated through 180° sbout the x
or z axis or both. Taking the axes of co-ordinates as fixed

in relation to the film this is equivalent to chenging the
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sign of either the x or z co-ordinates, or both. Now it

is rcasonable to suppose that any section of the film

impinged on by the electron beam will ineclude equal numbers

of molecules in all the possible orientations; consequently
in computing it is necessary to consider the intensities
arising from each of these orientations, the resulting
intensity at any point being the sum of that due to the
separste constituents taking into account the basiec assumption
of no phase relationship between adjacent molecules. In
fact it is only necessary to consider two of the orientations
because, owing to the squares, the expression (1) for the
intensity arising frem a single molecular unit is not affected ,
when the signs-of’both the atomic co-ordinstes are reversed. //
It is also only necessary to consider one cuadrant of the
pattern because the effect on the expression (1) of reversing
the sign of either X or Z is precisely the same as that of
reversing the sign of the corresponding atomic co-ordinates.

In the case of the undistorted molecule the atomie
configuration shows some degree of symmetry which is best

seen from Table 2(b) in which the origin of co-ordinates

has been moved to the midpoint of the repeat unit. Thisg
introduces a further simplification to the computations,

for the two orientstions x, z and x, -z now give identical

intensity distributions as long as we confine ourselves to
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Figure 6. Computed intensities along layet lines for the two atomic configurations investigated.

———— Mlodel with planar units and standard bond lengths and angles.
— — — — MNlodel due to C. W. Bunn.
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the layer lines; for, profided that the ten atoms of the
repeat unit are regarded as repeating indefinitely (which is
what confining our attention to the layer lines jmplies),

a change from the x, z to the x, -z orientation merely
implies a change of origin from the point C, to the point

C¢ (Table 3), which cennot have any effect on the computed
psttern since the choice of origin is purely arbitrary.
Therefore for the undistorted model celculations were carried
out for the x, z orientation only, and the values were
multiplied by two to compare with the sasui%d intensities

for the two orientations of the Bunn molecule.

5., Comparison of Computed Patterns with
Obsexrved Ea%ferg. ‘

The computed intensity distributions along the zero,

ond, 6th, 8th, 10th and 12th layer lines are shown in Figures
6(a)-(f). The fourth layer line has been omitted as it
showed no pronounced maxima. An attempt has been made to
construct the patterns which would be antieipated from the
positions of these maxima, and the results are shown in
Pigures 7(a) and 7(b), together with a trace taken from an
experimental pattern, figure 7(¢). In constructing these
patterns it has been assumed that the visible breadth of

the diffractionmaxima corresponds to the half-maximum breadth

of the intensity peak, and that the imperfections of



Scale —t =icm.

(@) Computed pattern for model (b)) Computed pattern for (c) Observed pattern (traced
due to Bunn. mode! with planar units from figure 1 (¢)).
and  standard  bond
lengths and angles.

Figure 7. Computed and observed diffuse zone patterns.
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molecular orientation are of the order indicated by the
extent of the arcs in the Laue spot pattern, so that the
whole pattern suffers an angular spread of about 9°%. The
length of the molecular segment considered has been taken

as sufficient to limit the layer lines to true lines, the
apparent breadth of the diffuse zones in the ¢ axis directien
arising solely from the small rotation referred to above.

The similarity in form between the computed snd
experimental patterns is readily apparent and gives ample
gupport to the fundamental theory on which the calculations
are based; that ié, we are justified in assuming that the
observed diffuse-zone pattern arises from molecules which
are oriented much as in the crystal but behave as entirely
independent groups of seattering centres. In other words,
the pattern is characteristie of what would be expected from
a group of oriented molecules in a pseudo-gaseous phase.

A close inspection of the curves (Figures 6(a)-(f))
revenls significant differences between the intensity
distributions from the two models. The most striking
difference is along the eighth layer line where the two
curves of Figure 6(d) show entirely different characteristics,
the Bunn model giving rise to three weak peesks at roughly
0.5, 1.5 and 2.5 em, from the centre, while the undistorted

model gives a strong centrel peak, and a second of about the
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same intensity at 2.2 em. Comparison with Figure 1(c)

and with the traced experimental pattern, Figure 7(c), shows
that the undistorted model is in far better agreement with
experiment in this region; in fact, elong this line the
agreement is exact within the technical limitations of the
patterns. The next gharacteristic difference between the
two models is that the undistorted form gives sharper peaks;
thus on the tenth and twelfth layer lines the Bunn model shows
no pronounced peaks, but only certain wide zones of slightly
increased intensity, whi;e the undistorted model and the
experimental pattern both show well defined peaks along

these lines. The experimental data and undistorted model
pattern are again in fairly good agreement in relation to
peaks at 2.2 and 1.1 em. on the tenth and twelfth orders -
respectively; these could well coalesce and give rise to

the extended zone BB' (Figure 7(b)), though the position of
this observed zone is not quite what would be expected from
the computed intensities. The error is probably not serious
since the observed pattern is very faint and ef poor
definition in these outer regions, and the computed intensity
maxima here are highly sensitive to small changes in the
atomic co-ordinates owing to the large values of their
coefficients. Along the zero and sixth order layer lines
the two computed patterns are in good agreement with one

another and with observation. On the second order line they
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differ again slightly. the undistorted model still giving
more definite peaks though, while the peak at 1 cm. accords
well with observation, the moderate peak to be expected at
3.2 em. is absent from the experimental pattern.

It would thus appear that while both the molecular
models investigated give rise to patterns égreeing in their
broad general characteristics with those actually observed
in the diffuse-zone electron-diffraction pattern, a more
detailed examination shows that the computed intensity curves
from the undistorted model are in much closer agreement with
the facts than is the case with Bunn's model. This
agreement is in fact remarkably good, the only discrepancy
being the absence from the experimental pattern of a peak teo
be expected, in the case of the undistorted model, on the
second order layer line at 3.2 em. In particular, the
undistorted model gives much the better agreement along the
eighth order layer line, where the most sharply defined
zones in the experimental pattern occur, and where Bunn's
model gives an intensity distribution which is entirely at

variance with observation.
6, Conclusions.

Although there are still some minor diserepancies to
be resolved, the appearance of the diffuse-zone electron-

diffraction pattern arising from thin films of stretched



37.

natural rubber is adequately explained on the basis of the
thermal oscillations of the long-chain rubber molecules in
the crystalline regions, this pattern being analogous with
that which would be given by a stream of oriented molecules
in a pseudo-gaseous condition. As Charlesby, Finch and
Wilman (1939) pointed out the diffuse-zone pattern has
distinct advantages in the examination of complex molecules,
since it gives a direct indication of the configuration of
the molecule independent of its mode of fitting into any
particular crystalline laitice. In spite of the diffuseness
of the patterns with which we are dealing a study of the
diffuse zone or molecular pattern has shown that it is
possible to disoriminate decisively between two postulated
atomic configurations which do not differ greatly.

In the case of natural rubber, neither of the two
configurations investigated agrees in every respect with
experiment, but the evidence brought forward above supports
the view that the atomic arrangement in the stretched rubber
molecule approximates to a simple fqnn having planar units
and standard bond lengths and angles, rather than to the

more complex form hitherto considered.
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LOW TEMPERATURE PATTERNS AND ORIENTATION OF
GREASES ON STRETCHED NATURAL RUBBER.,

1« Introduction.

A series of experiments were carried out in which the
rubber film was cooled down with liquid air during its
exposure to the electron beam, with the object of
ascertaining what effect a reduction in’temperature would
have on the diffuse zone pattern. In the course of these
experiments it was noticed that certain of the low temperature
patterns included a number of arcs which could not be fitted
into the normal rubber pattern, but which on measurement
conformed to the spacings of the normal long chain
hydrocarbonse. The traces of hydrocarbon were due, no doubt,
to the condensation of oil pump vapours. It was soon
evident that the hydrocarbon crystallites had taken up an
orientation related to that of the rubber molecule.

This interesting phenomenon was follbwgd up because it
was hoped that the epitaxial behaviour of the hydrocarbon
deposit might in itself afford a pointer to the rubber film

structure.
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Figure 8,
(a) Low temperature specimen carrier.

(b) Auxiliary liguid air container.
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2. Experimental.

Stretched rubber specimens were prepared and mounted
on nickel gauze as for the room temperature experiments, but
for the low temperature work the specimens were mounted in
a special specimen holder of a type previously developed
and used in this lsborstory for low temperature work, and
later used by Chaerlesby (1945). This holder is shown
disgrsmetically in Figure 8a. It utilises the standard
carrier providing universal motion of the specimon by means
of "tombac" flexible metal tubing and adjusting screws, but
differs from the standard holder in thet the central shaft
whieh carries the specimen comprises a holliow metal tube
closed at the end to which the specimen is attached eand open
at the other end, During en experiment this tupe is filled
with liguid air or other convenient liquid, thus cooling the
specimen through the metal end of the tube. FPor convenience
the outer portion of the tube is bent upwards, and in order
to minimige the hest exchanges with the atmosphere this
outer portion is provided with double walls, the space
between them being open to the camera. In these particular
experiments in which the transmission method of diffraction
Qas used, the specimen gesuze wes supported on a solid metal
ring which was firmly screwed to the end of the liquid air

tube so as to ensure good hsat conduction to the specimen.



Finally the specimen wes enclosed by a tubuler metallic
shield which fitted over the end of the tube. This served
the double purpose of ensuring that the specimen was
completely surrounded by cooled metal (apart from the holes
necessarily provided in the shield for the passage of the
electron beam) end of protecting the specimen to some extent
from the condensation of adventitious impurities such as
water vepour and hydrocarbons.

In spite of this precaution, however, condensation of
impurities still occurred and in some experimenis a second
liguid air container was inserted at one of the spare camera
ports; this was cooled down well in advance of the speciemn
holder and so collected mogt of the impurities before the
specimen was cooled. This container, shown diagramatically
in Figure 8b was similar in principle to the specimen holder
but since its only function was to provide a cold surface
‘inside the camera, no adjustment in its position was necessary
and the flexible Jjointing etec was dispensed with and the tube
fitted directly to the camera by means of the standard
greased Jjoint.

For the room tempersture experiments on depositien of
the normal hydrocarbons on rubber three materisis were tried -
paraffin wax, white vaseline, and liquid paraffin. White
vaseline was found to be the mogd convenient, because the

boiling point of paraffin wax was rather too high, whilst



e) Specimen at low temperature
for 5 minutes, F 2652

b) Epecimen at low temperature
for 15 minutes.

Shows oriented greace
pattern in addition to normal
rubber pattemm, F (65

¢) Graphite comparison pattern
after 19 nminutes at low
temperature. F 274;1.

Figuve 9,

Low temperature patterns from stretched matural rubber,
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the licuid paraffin tended to evaporate in the electron beam.
The experiments reported below were therefore all made with
white vaseline.

The grease was deposited on the rubber specimen either
at atmospheric pressure or in a molecular beam in the
evacuated diffraction camera. The former method was
extremely simple and was found to be quite effective, though
care had to be taken to avoid appreciable heating of the
rubber film. Deposition of the grease as a molecular stream
in the camera was also easily effected and enabled the grease

film to be built up layer by layer.

3. Experimental Resgults.

a). Low temperature patterns.

The patterns obtained are illustrated in Figure 9a, b,
and €. Figure 9a shows the pattern obtained five minutes
after the holder had been filled with liquid air, and
Figure 9b the pattern observed ten minutes later, the holder
being kept filled with liquid air during the intervening
period. TFigure 9c¢ is a graphite comparison pasttern obtained
after fifteen minutes.

The pattern of Figure 9a is seen to be very similar
to that obtained at room temperasture, although measurement
.of the s/¢c axial ratio indicates that this is slightly

reduced, the value now being 1.505 against 1.51, for the
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room temperature patterns; in other words, the molecular
chains have become rather more closely packed. The

exposure to the electron besm was not sufficiently extended
to bring up the diffuse zones strongly in the outer regions
of the plate but they can be quite clearly seen in Figure 9a
in the region covered by the arc pattern, and in the original
negative they cen also be detected in the outer parts.

In Figure 9b the brightness of both the arcs and the
diffuse zones appears to be anhanced and the axial ratio is
still further reduced, being now only 1.483. The most
remarkable feature of this pattern, however, is that it
ghows a number of extra spots, and since many of these fall
in positions intermediate between the layer lines of the
rubber pattérn they are not due to the normal rubber structure
It is, of course, not surprising that a foreign materialA
should appear in these patterns since most experimenters
working at these low temperatures have found that stray
vapours tend to condense on the specimen, but it is remarkable
that these additional arcs show that the material from which
they originated hed a high degree of orientation closely
agssociated with that of the stretched rubber film. This
additional pattern has therefore been investigated further
with the following results.

The strongest ares in this suxiliary pattern are those
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which occur along the orientstion axis of the rabber and just
outside the rubber (002) and (004) arcs respectively.

Assumihg thet the rubber retains its room-temperature identity
period of 8.23 kx. along the ¢ axis these correspond to
spacings of 3.60 and 1.80 kx respectively. The next most
characteristic feature is the faint ring which passes sluost
through the rubber (120) and (002) arcs and has more intense
regions on it ot npproximstely 60° to the orientation axis of
the rubber. This corresponds to a spacing of 4.06 kx and

the srcs lie on a line perpendicular to the fibre axis (e)

of the rubber and halfway between the centre of the pattern
and the 3.60 arc, thus suggesting the possibility that the
suxilisry pattern may arise from a rectangular cross grating
with one axis of length 7.20 kx in the direction of the

rubber orientation axis. This view was confirmed by the
finding of six arcs which could all be fitted to a rectangular
1attice of axial lengths 7.20 kx. and 5.0 kx. These spacings
are gset out in Table 4. The values 7.20 and 5.0 suggest

that the materisl may be one of the long chain aydrocarbons
and the experimental conditions make this highly probable
gsince the cemera atmosphere is known to contain some vepeur
from the high-vacuum greases and oils used in the pumping
eouipment. As further confirmation a plate referring to

the 32-carbon atom material C3pHg¢ was remeasured and the
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spacings are set out in Table 4. The similarity between the
two is obvious, the only real difference being in the
appearance in the latter of the (001)spacing at 2.58 kx.
which could, of course, not occur in the pattern from
hydrocarbon films viewed in the chain direction. It therefore
seems reasonable to conclude that the auxiliary pattern arises
fyom one of the long chain paraffins which is in [C01]
orientation with the chains perpendiculer to the substrate,
and also shows very strong azimuthal orientation in the ab
plane closely correlated with the axial directions in the;gg
plene of the rubber.

Table 4.

1Grease arés! in low temp. psttern 032H66

(Spacings in terms of rubber ¢ axis
= 8.23 kx.) (Spacings (A) determined
from camers iength and
sphere gap voltage)

Obgerved hkl Celc.spacing Observed hki Cale.,
spacings for a = 7.20 gpacings spacings
kx. kx, b = 5.00 A for a =
kX. 7040 A
(Absolute values from rubber b=4.96 A
standard) .
4,06 110 4411 4.12 110 4,12
3.60 200 3.60 3.70 200 3.70
2.92 210 2,92 2497 210 2.97
2.58 001 -
2,46 020 2,50 2.48 020 2.48
300 2.47
2.17 310 2,16 2.21 310 2.21
1.80 400 180 2.06 320 2,06

(Spacing in Angstrom Units = 1,002 x Specing in kx. Units)
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Figure 9¢ shows a graphite comparison pattern obtained
after the specimen had been meintained at the low temperature
for one hour. The lattice constants of graphite do not
appear to have been examined at temperatures below 0°C., and
there is consequently some uncertainty in the value of its
(110) spacing in the present experiments. Nelson and Piley
(1945) have, however, investigated the thermal expansion of
graphite by X-rasy methods over the temperature range 14.6°C. =
800°C., and found that the length of the a axis does not vary
by more than 0.00056 kx. over the whole of this range. I
js therefore unlikely that any error is involved in taking
the room temperature value of 1.228 kx. as a true standard
in the present experiments where axial lengths are guoted only
to two decimal places.

The value thus obtained for the ¢ axis in the cooled
rubber is 8.27 kx. This figure is rather higher than the
roon temperature value of 8.23 % 0.02 kx., but the difference
is unlikely to be significant since the low temperature value
was obtsined from one patterm only. Morss ‘f1938), who
examined stretched rubber by X-ray diffractiom at 20°C. =nd
-120°C. slso found that there was no change in the length of
the ¢ axis though the a/c¢ ratio chenged from 1.52 at room
temperature to 1.48 at -120°C.

It is of interest to note that elthough this graphite



(v)

F3344

F334%

Figure 10.
Patterns from vaseline evaporated on to stretdhed rubtk
(2), Vaseline alone from part of specimen from which rubber
was missing., Almost single crystal pattern.

(b) to (e), Various combinations of orientations of
vaseline on the stretched rubber.
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gonparison specimen was maintained at the low temperature
for an hour, there is no trace of the normal hydrocarbon
pattern in Figure 9c. It appears that the graphite film
not only prevents the orientation of the grease crystallites
on the rubber but also inhibits their formation.

b). Room Temperature Patterns from Vgseline uVaporated
onto Rubber.

Several of these patberns are illustrated in Figure 10.
Figures 10 a, ¢, d, and e were obtained from specimens in
which the vaseline was deposited at atmospheric pressure and
Figure 10b from one where it was deposited in the form of a
molecular vapour stream inside the camera, White vaseline
is a mixture of normal hydrocarbons with chein lengths in
the region of'20-35 carbon atoms, and Figure 10a given by a
part of the specimen where the rubber film was apparently
absent, is a characteristic normal hydrOCafbon pattern. It
is practically a single crystal psttern from a hydrocarben
crystal orientated with its long chain axis in the direction
of the electron beam. It shows clearly the network on whiech
the more complex patterns from the normsl hydrocarbons are
based., Figures 10 b-e all show the spacings of both
natural rubber and the normal hydrocarbons.

The observed hydrocarbon spacings are given in Table 5,

They are all of the (hk0) type which indicates that these
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molecules are oriented with their long chain direction
parallel to the electron beam. That is to say, since the
films were examined perpendicular to the electron beam, the
long chain direction of the hydrocarbon molecules is
perpendicular to the rubber film on which they are deposited.
FTurthermore, the vaseline patterns all show strong azimuthal
orientation associated with the direction of the rubber
fivre (c) axis as indicated by the fact that they are

syrmetrical with respeet to this axise.
T&ble i’

gﬁgclngs from Veseline condensed on to
Stretched Rubber at Room Temperature.

(Spagings relative to rubber (001) = 8.23 kx.)

Obgerved 8pacings Indices Spacings Computed

KX, (hkl) for' a = 7.41 kx
b = 4,96 kx.

4,12 110 4,12

3.71 200 3.70

2.48 020 2.48

2,22 310 2.21

2,06 220 2,06

1424 040 124

This azimuthal orientation will now be considered in

more detail. The projections in the film plane of the

crystal lattice of rubber (a ¢ projection), and the normal
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Figure 1lla.

Crystel lattices of normal hydrocarbons (white
vaseline) and stretched natural rubber.

Note similarity of marked spacings along atom rows
in the hydrocarbon lattice to that along the 001
atom row in the rubber.
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hydrocarbon (a b projection), are shown in Figure 11a. It
will be seen from this figure that there are three types of
atom row in the normal hydroecarbon which have atomie spaeings
close to the identity period of the rubber in the directien
of its ¢ axis (8.23 kx.). These are the [100], [$ % 0] and
[110] atom rows with atomic spacings of 7.41 kx, 8.31 kx,

and 8,92 kx respectively, which differ by 10%, 1%, and 8%
from the rubber spacing of 8.23 kx.

Crystal growth of long chain organiec compounds on
similar molecular organic substrates does not appear to have
been studied hitherto although Willems (1938, 1940, 1943)
hag observed oriented overgrowths of organic crystals on
inorganic substrates. In general, however, epitaxial
behaviour is encouraged by similerity of spacings slong
interfacial atom rows in substrate and depesit. k When, as
in the present case, the depesited crystals are formed by
condensation from vapour, there appears to be considerable
toierance in the lattice constants, in fact parallel growth
has been found to occur when lattice constants of the
substrate and deposit differed by as much as 50% (Royer, 1928,
1933, 1934, 1935; Finch and Whitmore, 1938; Whitmore, 1939;
Goche and Wilman, 19393 Vilman, 1940, etc.etc.). The
orientation of the grease erystasllites on the stretched
rubber is therefore likely to be such that one or other of
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Figure 11, (b - d). Anticipated patterns
from various azimuthal orienta

(a)

Orientation C.

100 atom row in normal
hydrocarbon coincides with
001 atom row in rubber,
Compare Figs. 9b and 10b.

Orientations A and B.

130 stom row in normal
hydrocarbon coincides with
001 atom row in rubber.
Compare Fig., 10c.

Orientations Y and Z.

110 atom row in normal
hydrocarbon coincides with
001 atom row in rubber,

%diagrammatic)
ions of normal

hydrocarbons on stretched rubber.
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the atom rows [100], [$# 3 0] or [110] coincides with the
[001] direction in the rubber, and analysis of the observed
arc patterns has shown this to be the case.,

The combined rubber and normal hydrocarbon patterns
to be anticipated from the three types of orientation are
shown in Figures 11 b, ¢, and d. The reciprocal lattice
fraomeworks are also included to illustrate the geometrie
arrangement of the crystallites, but in erder to aveid the
confusion of too many lines, only even order lattiece rows
are shown.

Figure 11b, in which the [100] atom rew coincides with
the rubber [001] direction gives the simplest pattern and is
similar to the observed pattern of Figure 10b except that
the latter also shows some random azimuthal orientatien.

It is 2lso the case already discussed in relation to the low
temperature work.

Figure 11c¢ shows the pattern to be anticipated when the
[130] direction in the normal hydrocarbon coincides with
the rubber [001] axis, and it is seen to correspond to the
observed pattern shown in Figure 10c, There are obviously
two equally probable orientétions according to whether the
[130] or the [130] atom row takes the favoured direction,
and in order to give the observed symmetry about the ¢ axis
of the rubber (Figure 10c) both must occur, as shown in

Figure 11c.
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The pattern to be anticipated when the [110] direction
in the grease crystallites coincides with the rubber [001]
axis is shown in Figure 11d. Ags with Figure 11¢, there are
two equally probable orientations and both are shown. Hone
of the observed patterns shows this arrangement alone, but
it occurs as one component smong the multiple orientations
of Figure 10f.

The direction of the ¢ axis of the rubber is subject to
an angular spread of some + 5° about its mean positioen.
There is consequently a similar tolerance ih the mean
direction ef the hydrocarbon atom rows associated with it,
and it appears from the experimental patterms that they do,
in faet, take up~positions slightly displaced from the mean
axial direction of the rubber. Thus, although the
inclination of the b axis of the normal hydrocarboh to its
[130] direction is only 26° (Figure 11a) its inclination te
the mean direction of the rubber ¢ axis in Figure 10c¢c is
approximately 30° (see FPigure 11e). That is to say, the
mean [130] direction in the hydrocarbon is displaced by 4°
from the mean ¢ axial direction in the rubber. A similar
displacement of the [110] direction is indicated in Figure 11d
making the inclination of the b hydrocarben axis to the mean
¢ direction of the rubber 60° instead of 56°.

Thege slight displacements are probably related to the



| (e) Orientations A,B,C.
Compare Fig. 10d.

Hﬂw Je HH**)) o5 (f) Orientations A}B,C,X,Y,Z.
/Q Compare Fig.l0e.
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Figure 11,(e,f). Anticipated patterns (diagrammatic)
from various combinations of azimuthal

orientations of normal hydrocarbons
on stretched rubber.
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twinning properties of the normal hydrocarbons; fer it has
becn observed (Brummage, 1947) that they are subject to a
form of twinning in which the mean directions of
corresponding axes are at 120° to one another. The angle
between the [110] and [100] oxes in a single crystal is only
56° (or 124°) and that between the [110] and [170] exes

64° (or 116°), but the angular spread indicated by the arcs
in the grease pattern is of the same order,_+ 5°, as that
observed for rubber and makes twinning of this type readily
understandable.

It is obviously this twinning property of the
hydroearbons which gives rise to patterns of the type shown
in Pigures 104 and €. In the case of Figure 104 it would
appear that the fi;ét layer of crystallites is associated
with the rubber in one or other of the ways 1llustr§ted in
Figures 11b and ¢ and subsequent layers arrange themselves
according to the twinning properties of the hydrocarbon.
Since the three orientstions of Figures 11b z2nd ¢ form a set
in which the mean directions of corresponding axes are at
60° to one another, it is not possible to distinguish which
type is directly associated with the rubber; the combined
pattern, however, (Figure 11e) agrees well with that
observed (Figure 10d).

The pattern illustreted in Figure 10e is rather more

complicated. The azimuthal orientastion is less complete
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than in the foregoing casges, some degree of random
orientation being indicated by the continuous (110) ring.
There are, however, moxe intense regions on thigvring‘which,
when taken in conjunction with the rest of the arec pattern,
indicste no less than six preferred orientations. The
pattern appears to arise from a set of three groups of
crystallites arranged as in Figure 1le, plus & second similar
set of twinned crystallites displaced 30° from the first

end giving rise to rather wesker diffractions. Of this
second set, two of the patterns correspond to the arrangemen§
shown in Figure 114, suggesting a coincidence at the interface
of atom rows of the [110] or [170] type with the rubber [001]
direction. The anticipated pattern, with the six ’
orientations is shqwn in Figure 11f, and has similar

characteristics to the observed pattern, Figure 10es

Discussion.

The experiments described in this Section constitute a
digression from the main theme of this work and have therefore
not been carried further at the present time. It is hoped,
however, to continue them lster. All that can be said of
these preliminary experiments is that they illustrate clearly
that the rubber behaves as an active substrate strongly
influencing the orientation of deposited layers of certain

Long chain hydrocarbons. In so far as they go, the results
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confirm the structure of rubber as determined by direct
diffraction methods.

A more extensive study of orientation effects in
hydrocarbons and other materials deposited on rubber should
be well worth while.
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GUTTA PERCHA.

1. Introduction.

Gutta Percha and Balata are naturally occurring
substances obtained like natural rubber from the lateces of
certain trees indigenous to the African jungles. Although
the botanical species from which the two are obtained are
different both contain the same long-chain polymer of
isoprene. This hydrocarbon is mixed with other materials
classified as resins, dirt, and water; balata generally
spesking, contains a much higher percentage of resins which
makes it commercially inferior to gutta percha. Although it
is a polymer of isoprene the purified hydrocarbon from gutta
percha or balata has quite diffeﬁnt mechanical properties
from the natursl rubber hydrecarbon, being tough and hornlike
at room temperatures, exhibiting strongly thermoplastic
properties and being quite devoid of rubber-like
extensibility. Meyer and Mark (1930) have suggested that the
gutta percha hydrocarbon is the trans -isomer of polyisoprene
while natural rubber is the cis -isomer, and this is now
generally accepted as the true explanation of the difference
in their physical properties,

The chief properties of gutta percha which are of
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practieal importance are its thermoplasticity, chemieal
inertness, good insulating properties, and its extremely

low water absorption. These combine to make it a valuable
meterial for the insulation of submarine cables and its
discovery contributed greatly to the rapid development of
gubmarine telegraphy during the latter half of the last
century. One disedvantage is its strong tendency to oxidise,
though this can be largely counteracted by the use of
antioxidants.

The first X-ray patterns of gutta percha and balata
were obtained separately by Clark and Ott in 1926, Since
then a number of workers have contributed to knowledge in
this field. Owing to the ability of the material to
crystallise in different forms, however, some aspects of the

question of its structure still .renain to be settled.

24 L; !‘ :&tun .

The work of Clark and 0tt referred to above established
that balata and gutta percha, unlike natural rubber, showed
crystalline interferences at room temperature even in the
unstretched state, but the diffraction patterns of the two
materials appeared to differ, which was surprising in view
of the fact that their hydrocarbon constituent had been
thought to be identical. In the following year Hauser (1927)
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reported experiments in which gutta percha and balata were
again found to give different patterns in the unstretched
state, although the patterns from the stretched material were
identiecal. A few years later, however, ven Susich, working
in collaboration with Hopff (1930) and Hauser (1931) clarified
the situation considerably by demonstrating that gutta percha
could be made to give either of the two patterns according to
its previous heat treatment. These workers further showed
that the hydrocarbon was the only c¢rystalline constituent
in the material so that for purposes of X-ray analysis it was
immaterial whether one worked with purified or crude gutta
percha. Shortly afterwards Desn {1932) also demonstrated
a change in the plastic properties of the material which could
be brought about by similar heat treatment. It thus appeared
that this was a case of polymorphism. Stilwell and Clark
(1931) observed similar effects to von Susich and his
collaborators, but preferred to explain them on the basis of
a second crystalline component which, they believed, became
dispersed in the matrix at the transition temperature in so
finely a divided state that it could not produce a diffraction
pattern. The weight of evidence, however, appears to be
strongly in favour of the theory of polymorphism.

The conclusions of these various workers may be
summarised as followss The gutta percha hydrocarbon as first
extracted from the tree exists in a certain crystalline form
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which has been termed the o -modification, and which gives a
characteristie X-ray ring pattern showing three very strong
rings at spacings of approximately 4.9A., 3.7A., and 3.3A.
When the material is heated above a certain transition
temperature it changes over to a second form termed the

/3 -modification. The evidence as to the precise transition
temperature and its dependence on the percentage of resins is
somewhat conflicting, but the most probable value seems to be
in the region of 65°C. The (B-modification is amorphous at
temperatures above the transition point but crystallises en
cooling to give a material having a characteristie X-ray
pattern with two strong rings at spacings of 4.7A. and 3.9A.
Hauser and Susich (1931) found that both materials gave fibre
diagrams in the stretched state, with identity periods of
8.8A., ({) and 4.9A. () along the fibre axis. Dean (1932)
reports that the (-modification is transformed back to the
oA =-form when maintained at a temperature a little below the
transition point for a period of one to two hours; it thus
appears that the o ~form is the one which is genuinely stable
at room temperature but the transformation velocity from the
/3 to the X -form is so slow at this temperature as to be
negligible so that the (-modification continues to exist in
a meta-stable condition. Von Susich (1930), however, finds

that the o -form can be recovered by dissolving the /3 material
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in a suitable solvent and recrystallising, a point which is
off some interest in connection with electron diffraction work
where the material is usually deposited from solution prior
to examination.

Since purification and manufacturing processes always
involve the application of heat it is the [ -modification
which is more commonly met with in practice, and for this
reason it hes been much the more extensively studied. Thus
Fuller (1936) in researches on the effect of vulcanisation
on the X-ray pattern of gutta percha has proposed an
orthorhombic unit cell for the 3 -form, with axial lengths of
2 = 15,70 or 7.85A., b = 11.9A., ¢ (chain axis) = 9.54A.

He finds this to be in agreement with a plane chain structure
in which the isoprene units take the trans form in relation
to the double bonds and the methyl groups are considerably
displaced out of the main plane, He considers the two unit
identity period of 9.45A. with the methyl groups lying on
alternate sides of the chain more probable but his results
do not rigidly exclude the one unit period of 4,77A. with
methyl groups all on the same side of the chain. Storks
(1938), using electron diffraction, has obtained results which
are in close agreement with Fuller's work, and has further
demonstrated the interesting point that the crystalline
regions show orientation with the ¢ axis perpendicular to



Figure:.12.

/Q—Gutta Percha molecule - Disgrammatic.

A. Projection in plane of double bonds.

B. Projection perpendicular to double bonds
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the plane of the specimen although the film thickness (200A)
was several times smaller than the generally accepted averasge
length of the molecule (3,000A.).

The most complete analysis of /3 -gutta percha avaialble
go far is due to Bunn (1942) who has investigated the
intensity distribution in his fibre diagrams and by applying
the method of trial and error has been able to allocate
positions to the carbon atoms in such a way as net te
conflict with any observed facts. Bunn's unit cell is
orthorhombic with a = 7.85A., b = 11.94A., ¢ = 4.72A., and
space group P2,242,3 he finds that the isopreme units take
the trans form in relation to the double bonds; the chain
units of each isoprene unit are planar but successive units
are displaced so as to form a series of steps (see Figure 12 );
thus they may be said to take the trans form in relation te
the single bond CH, ~CH;, connecting links between units. In
order finally to satisfy his experimental intensities Bunn
found it necessary to change certain bond lengths and angles
from their previously generally accepted values. Jeffrey
(1944) has, however, reexamined Bunn's results and condiders
that the intensities can be as well satisfied without this
change.

Data regarding the A -modification is comparatively
scarce and the only workers who appear to have attempted to
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define all three axial lengths are Bruni and Natta (1934)
who exsmined thin films by electron diffraection, and propose
an orthorhombic cell for which g = 6.53A., b = 7.68A., ¢ =
9.60 or 4.,80A. The information on which they base this cell
is somewhat limited, because they used the material solely
in the unstretched condition and examined it in one
orientation only. As Fuller pointed out, their value of
the identity period is very different from the valus of
8.8A., which Hauser and von Susich obtained from well oriented
fibre diagrams. Nevertheless, Bruni and Natta's proposed
constants are undoubtedly in close agreement with all the
rings they observed.

In his work on vulcanisation referred to above, Fullsr
noticed that certain of his unvulcanised samples showed, in
addition to the normal /G -fibre-diagramg, a pattern similar
to that ascribed by Hauser and von Susich to the extended
A =-form. He listed the spacings observed in this
secondary patterm and foumnd thst there were discrepancies in
the identity period as deduced from the different spots.
This led him to suggest that there may be more than one
crystalline form contributing to this so-called A -patternm,
although he regarded his information as too limited to
permit any attempt at defining the lattice constants. The

suggestion is interesting, particularly when taken in



61,

conjunction with the discrepancy in identity period between
Bruni and Natta on the one hand and Hauser and von Susich
on the other; it has been considered further in the present
worke.

It is also of interest to note that Bunn, in a general

discussion on the forms which a trans polyisoprene chain

might be expected to take up, predicted the existence of
three forms of gutta percha. The first and simplest is the
/O ~form described above in which the units are trams in
relation to the single bonds and the methyl groups are all

on the same side of the double bonds giving the identity
period 4.72A.3 the second is similar, except that alternate
units are rotated through 180° about the fibre axis, seo that
methyl groups project alternately on either side of the chain
thus requiring the double identity period of 9.4A., while

the third possibility has its methyl groups all on the same
side of the double bonds, but takes the cigs form in relation
to the single bond connecting links; this has a two unit
identity period which Bunn computed as 8.9A. All other
methods of combining the units are precluded, either because
they form complex spiral molecules or on account of conditions
of steric hindrance. The actual values of these identity
periods are of course dependent on the ahgle which the
connecting links make with the plane of the units, and Bunn
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has selected this so as to give his observed value for the
identity period of the 3 -molecule. The similarity of this
predicted value of 9.4A. to the axial length of 9.5A. found
by Bruni and NHatta would appear to be significant.

3. Present Work.

a) ZExperimental.
It was with this background in mind that the present

examination of the are pattern of gutta percha was
undertaken.

The material used was a commercial purified grade of
gutta percha and, since the electron diffraction was in the
first instance purely exploratory, ne particular treatment
was given to the material prior to examination.

The procedure for the prephration and examination of
the specimens was similar to that described for natural
rubber but the films were more brittle and inclined to tear
than natural rubber films and the maximum extension which
could be achieved was about 300%. Extension was helped by
warming the substrate water to about 30°C. It was necessary
to work with freshly made solutions and to examine the films
immediately after deposition on account of their great
tendency to oxidise. Films used for stretched specimens
had a thickness of approximately 1,000A. prior to stretching,
while the most suitable thickness for films examined in the
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unstretched condition was of the order of 200 - 300 A.
These thicknesses were estimated from the interference
colours observed under oblicue illumination.

Absolute values of the spacings were obtained by
direct comparison with graphite (Finch and Fordhem, 1936).

4. Experimental Results.

The first point which emerged was that from a number of
unstretched films examined at different times two quite
geparate and distinet types of pattern were obtained,
although the materials were all from the same source and had,
as far as was known, been treated in the same way. On the
other hand no such distinction was obBerved between different
gtretched samples which sll gave patterns of the same
general type. l

Two such series taken at different times are
jllustrated in Figures 13 and 14 of which Figures 13a and b
and 142 and b refer to unstretched films and Figures 13 c-e
’and 14 ¢-d to stretched films. The experimental conditions
were not adapted for the examination of the same films in
the stretched and unstretched state but patterns of type
13 c-e were obtained from films taken from s solution which
provided unstretched films giving patterns of type 13a both
before and after the stretched film had been extracted, and
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patterns 14 c-d stood in the same relation to Figure 14a.

Inspection of these patterns, even before detailed
measurement, reveals certain definite charecteristics which
are summarised belows-

1. Unstretched films give rise to one or other of twe
quite distinct crystalline diffraction patterns.

2. Both these crystalline arrangements show considerable
orientation in the plane of the gutta percha film as is
indicated by the arcing which eccurs when the film is
inclined to the electron beam.

3. Stretched films all give rise to one general type
of pattern.

4. This pattern is composite. Its strongest arcs
conform to the usual X-ray type of fibre or partial rotation
pattern in which all the arcs lie on evenly spaced lines
perpendicular to the diraction of extension of the film.

The equatorial arcs in this pattern appear to be very
similarly spaced to the rings in pattern 13a. The subsidiary
pattern shows arcs at intermediate spacings in the direction
of extension. Its intensity in relation to that of the
principal pattern varies somewhat from one specimen to another
and, in one case, Figure 14c, it was found to show an

angular displacement of about 2° from the principal pattern;
thus it evidently arises from a different part of the specimen.
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The subsidiary patterm must therefore be due to either
a different crystal orientation or to a different crystalline
form.

From these observations we may at once conclude that
there are at least two crystaelline forms and poesibly three,
gsince it is by no means established that the subsidiary
pattern in the steetched samples corresponds to either of the
two patterns occurring for the unstretched material and,
secondly, that the treatment involved in producing the
gtretched test pieces precludes the formation of a material
which has wholly or largely the crystalline form of Figure 14a
but is favourable to the formation of material of type 13a.

It may be mentioned that although the experiments so
far have noet shown what conditions favour the foria.t:lon in
the unstretched films of one crjsta.llino form or the other,
it was found that the second form could be largely inhibited
by treating the solid material in sir at sbout 90°C. for half
an hour immediastely pricr to meking the solution. The
specimens which yielded the patterns of Figure 13 were in faet
prepared in this way, although there were several others
which gave similar patterns without this treatment.

At this stage it is necessary to examine the patterns
in more detaili. The spacings for the two ring patterns
(Pigures 13a and 14a) are therefore set out in Table 6. The
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results shown are the means from four or five different
patterns; the absolule values were obtained for the
sherpest rings by comparison with the graphite 1.228 kx
spacing (Finch and Fordham, 1936; Trzebiatowski, 1937;
Nelson and Riley, 1945).

Various published figures are also quoted in Table 6,
and it will be seen at once that the pattern of Figure 13a
corresponds to the normal O -modification while Figure 14a
with its three characteristic strong rings corresponds te
what has been termed the X -modification.

The various patterns will therefore be considered
individually in what follews in an attempt to gather all the
possible information on the crystal forms. The equatorial
spacings of the principal pattern in the stretched material
were found to ecorrespond very closely with the ring spacings
of the ﬂ ~pattern and consequently the two patterns are
considered Jjointly in relation to the structure of the
ﬂ -modification. No such correspondence was observed
between the subsidiary pattern in the stretehed materials
and the ring pattern of Figure 14a, and the two are
therefore considered separately. When dealing with a case
of polymorphism it is of course highly probable that the
material is always to some extent a mixture with one or

other form predominating. This is fairly obviously the
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Table 60

Ring Pattern of Figure 13a.

Observed Published Results for /3 -modification.
spaciag
kX,
(Relative to Hopff and Hauser and Tuller Storks(1938)
graphite(110) Susich Susich (1936) (electron
=1,228 kx) (1930) (1931) (equatorial diffraction)
A. A, arcs of A
fibre
diagram)
A
1.58 1.18
w 1077 1.76
m 1.92 191
mw 1.97 m 1.95 1.97
vw 2.02 2.04
vw 2.12 2¢1
m  2.38 8 2.37 2.3
m 2-78 w 2077 ) 8 2.78 . \ 2075
mw 2,97 m 2,95 m 2,98 2,96
vw 3.35 vw 3.29 vw 3.15 3.32
vs 3.91 s 3.89 349 vs 3.91 3,87
m  3.90
vs 4.72 m 4.75 408 vvse 4.73 4071
vs 4.73
+ longer
spacings

w = weakj; m = medium; 8 = strong; v = very.
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Teble 6.

Ring Pattern of Figure 14a.

Observed Published Hesults for A-medification.
spacing
kx, Hopff and Hauser and Fuller Bruni and
(Relative to Susich Susich (1936) Hatta (1934)
graphite (110) (1930) (1931) (equatorial (electron
=1,228 kx) A. A, ares of diffraction)
fibre Ao
diagram)
A
. aw  1.24
m 1.65 w 1.64
ms 1.89 mw 1.90
vw 2.03 vw 2.04
w 2.29 vw 2.22
vw  2.47 YW 2.42
) w 2048
nw  2.72 w 2.74 ' w 2.69
nw 2.94 w 2.98 {(apprex.) nw 2.95
ve 3.35 s 3.32 3.3 3.33 8 3.28
vs 3.94 s 3094 309 3091 vs 3086
K 4.56
vs 4.94 vs 4.36 4.95 ve 4.82
m 4097
m 7.89 7-7 7.91
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case in the stretched material; it is lese obvious in the
unstretched patterns but ocecurs to some extent; thus, for
instance, the faint ring of spacing 3.35 kx. in Figure 13a
‘most probably arises from a trace of the 5/ modification in
which this spacing comes up very strongly; other such
cases will probably be observed.

5, Lattice Constants of the [ -modification (Figures 13a-e

and 14e-d. : .

The structure of ﬂ-gutta percha has already been
extensively studied and the present work can enly be
regarded as a check on agreement with previous work.

The lattice constauts proposed by Bunn (1942) and
Fuller (1936) were used as a guide in indexing the observed
arcs and the axial lengths were then calculated from the
measured radii. The unit cell thus determined was
orthorhombic¢ and had axial lengths a = 7.82 kx., b = 11.85 kx.,
e = 4,74 kx., or, multiplying these values by 1.002 to give
Angstrom units, 2 = 7.84A., b = 11.87A., ¢ = 4.75A. Full
details of the results are given in Table 7, and it will dbe
seen that the agreement is in general very good.

The indices of the non-axial ares from the inclined
films were in the first instance assessed purely by finding
computed spacings of similar magnitude, but later some further
check was applied by relating their angular separation to the

angle of inclination of the film,
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Table 2 .

a). Unstretched material. Figures 13a, b.

Observed Indices Spacing
spaeing suggested computed for
kx. (k1) a = 7.82 kx.
(R‘lative to b =11.85 kx.
graphite(110) ¢ = 4,74 kx.
=1 0228 kx,
Specimen 4,72 120 4,72
perpendicular
to beam. 391 200 3691
2.97 040 2.96
230 {?.78
2.78 140 2.77
2.36 320 2,39
1.97 400 1.96
340 _1.96
1.92 ’ 410 1.93
1.77 430 ‘ 1.75
Specimen Spacings along diameter parallel to axis
inclined 45° of inclination were as above.
to beam.

Other arecs:

2.95 201 3403
211 2692
2.26 301 2.28
1.79 401 1.81
341 1.81

For further details regarding these arcs see
Table 8 .
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Table 7. (continued)
b) Stretched material. Figures 13c,d and 14 c,d.

(only those arcs referring to the QB-modification are
included here. For full consideration of the composite
pattern, see Figure 16e).

Obsge rved Indices Spacing
spacing suggested computed for
kx. ?;kl) a= 7,82 kx.
(Relative to b= 11.85 kx.
graphite (110) c = 4,74 kx,
= 10228 kx.)
1.93 410 1.93
2.38 320 2.39
2,77 {?30 2.78
Equatorial arcs 140 277
2,97 040 2.96
391 200 3.91
4,72 120 - 4.72
Pirst layer . 41 {}.g?
11 . . ) 40 ' .
e 41 .8
2,26 311 {2.24
301 2.28
2.97 211 2.92
4.43 011 4,40
éecond layer 2437 002 2.37
line.
line,
1.52 113 1.54
Fourth layer 1.19 004 1.18
line.

The pattern for the fibre axis inclined to the beam has

the same equatorial arcs as above (Figure 13e).
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All the rings which appear in the pattern from an
unstretched film of material with the beam at normal
incidence (Figure 13a) can be indexed as hkO rings thus
indicating that the crystals are oriented with their ¢ axes
perpendicubax to the film plane. This is in accord with the
observations of Storks (1938) and is, as he pointed out,
somewhat surprising since the thickness of the film (~ 200 A.)
is many times less than the generally postulated length of a
single molecular chain (3,000 A. approx.). A similar
phenomenon was observed by Charlesby (1945) in work oun thin
films of polythene. Storks therefore suggests that the long
chains take up a zlg-zag concertina-like formation such that
chain segments between the folds are nearly perpendicular to
the filmj this is not an unreasonable assumption since the
. deviation from the truly perpendiocular arrangement of the
chain segments in relation to the film surface need only be
gmell and well within the limits permitted by the angular
spread of the arcs of the inclined film (Pigure 13b). On this
assumption, stretching the specimen would involve a drawing
out of the concertina into its fully extended form, possibly
combined with a sliding of adjacent chains or crystaliine
regions relative to one another. The suggestion is of
particular interest in connection with a claim made by
G.Pankow (1936) to have observed a long spacing of 115A. in

the direction of the orientation axis in stretched specimens
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examined by X-rays. For, if the folded configuration is
gupposed to be guite general and not dependent on the use
of thin films, then it could be readily understood that
even the fully extended chain might show discontinuities
at what might be termed the "fold-points" thus introducing
a periodicity of the order observed by Pankow. In fact
the most probable situation would be that the chains in
the stretehed material were in a very flat zig-zag
configurstion giving the effeet of a slight spread in
the orientation about the extension axis as indeed is in
accord with the fact that the patterm consists not of spots
but of ares. This view, however, gives no indication as
to why the length 115A. should be favoured for these chaim
segments,

From the foregoing observations it is apbarent that
(_3 -gutta percha, unlike natural rubber does not require the
application of a stretching force to bring about its
crystallisation. The crystallites exist at random in the
block of unstretched material and the effects of forming
into thin films and streteching are merely to direct end

control their orientation. The mechanism of the
transformation from the unstretched to the stretched type
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of orientation in thin films is open to discussion as
indicated sbove, but from the point of view purely of the
crystalline diffractions we have in the one case a group of
crystallites randomly oriented about a common zone axis
perpendicular to the film plane, and in the second a group
of crystallites oriented about the same zone axis which,
however, now lies in the plane of the film. Again the
orientation about this axis (direction of stretch) is largely
random since very little, if any, difference can be detected
in the patterns when the films are inclined about this
orientation axis (Figures 13¢ and d, and 14¢c and d).
Consequently it would be anticipated that by suitable
adjustment of the inclination of the films the two types

of gpecimen could be made to give identical patterns, and
comparison of Figures 13b and 13e show this to be the case.
Figure 13b is from an unstretched film examined with the
film plene (and therefore the zone axis perpendicular to it)
inclined at 45° to the beam, and Figure 13e is from a
stretched film examined with the axis of extension inclined
at 45° to the beam. It will be seen that the two patterns
show a marked similarity, such differences as do exist being
readily understood since the inclination of the particular
crystallites dn which the beam impinges cannot be precisely
determined on a wire gauze where portions of the film may
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always tend to sag between the meshes of the gauze.

The inclination of the beam to the specimen in these
two cases can be sstimated by the following methed, which
also afferds a cheeck on the indexing of the various arcs
which occur only in the case of the inclined film. Thus,
with orientation about a zone axis perpendicular to the plane
of a transmission film, the angular separation of a pair of
arcs appearing when the film is inclined to the beam is
related to the angular inclination of the zone axis to the
beam in a maenner which can be deduced as follows.

Eaeh of the rings occurring when the film is
perpendieular to the beam (i.e. when the zone axis is in the
reversed direction of the electron beam) will in general
reduce to four arcs when this axis is inclined.

For, suppose ABCD (Figure 15) is an approximately
plane pgrtion of the Ewald sphere; L0, the direction of the
incident Beam; 0, the point in which the undeflected besm
" gtrikes the sphere; OP the direction of the inclined zone
axie [001], and P the point (001) of the reciprocal lattice
for all the contributing crystals.

Then the other points (hkl) giving rise to the
deflections considered lie on circles with their centres
on OP and in planes normel to it.

But any such cirele will cut the portion of the Ewald
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sphere in two points R, § and sinee the reciprocal lattice
has a point of symmetry at 0, there will be two similar
points U, V diameterically opposed to S and R respectively.

Wow if 2@ is the angular separation of R, S and is
the inclination of OP to OL,

cos 80P = sinl cos{

But Sa\P is, by definition, the angle between the zone
axis [001] and the normsl to the hkl plame giving rise to
the reflections considered; hence

; cos SOP = (h/atk/b+l/c)r(0/at0/btl/c) / (OP.0S)
= [(n x o/aﬁa(k x 0/b) +(1 x 1/eai|/ (op.0s)

But OP and 0S are respectively the reciprocal spacings
of the (001) and (hkl) planes

cos SOP = (1/°a)°‘(hkl)'d(001)

e
= (1/¢ )'d(hkl) oc

cos g sind = dm/c

Applying this relationship to the observed data for
Figures 13b and 13a we have the results set out in Table 8
from which it is seen that the angular inclination of the
orientation axis to the beam is approximately 39° for the

unstretched speeimen (Figure 13b) and 50° for the stretched
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specimen, both of which are quite reasonable figures since

the inclination of the film as a whole was approximately 45°
in both cases. It can also be readily shown that any ‘
value of the 1 index other than unity would iead to impossible
results requiring sin§ > 1. The method does not, however,
afford any check on the other indices since the zone axis

was one of the principal crystal axes.

Table 8.
Observed Semi-angular cosg Proposed sind =
spacing separation hkl 14/4.72)
kx* Y] “(cos
Fig.13b  2.94 10° 0.98 2010r211 0.63  39¢
2,26 40° 0.77 301 0.62  38°
1.79 54° 0.59 401or341 0.64 40°
Fig.13e  2.94 34° 0.83 2010211 = 0,75  49°
2,26 53¢ 0.60 301 0.79 52¢
1.80 62° 0.48 4010r341 0.79 52¢

* Relative to graphite (110) = 1.228 kx.
All the observed data are thus seen to be in sccord

with the lattice constants and type of orientation

postulated in the foregoing discussion.

6. Patterns of Figures 14a and 14b - X-Gutta Perchs.

The spacings of the rings in Figure 14a eorrnsﬁond
closely to those observed by Bruni and Natta (1934) in their
electron-diffraction study of gutta percha (see Table 6), and
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consequently some consideration of the unit cell which they
proposed seemed expedient. The essential characteristic
of their indexing was that they supposed the three strong
rings to be the first and second orders of the prineipal
axial spacings and the cell to be orthorhombic; this scheme
wes therefore examined in relation to the present patterns.
The result is indicated in Table 9 and it will be seen that
it does in fact afford a very neat interpretation of all the
observed spacings. The axial lengths of the cell thus
arrived at are & = 6.70 kx., b = 7.89 kx., ¢ = 9.89 kx.
Bruni snd Natta's results did not enable them to distinguish
between a cell of approximately this size (a2 = 6.534.,

b = 7.68A., ¢ = 9.60A.) and one in which the ¢ axis takes
the half value corresponding to a single isoprene unit, but
in the present work the extra are (111) which apﬁears when
the film is inclined to the beam definitely requires the
double isoprene unit value,

The indices quoted first in the Table are those for
whiech the computed and observed results show the best
agreement . It is somewhat surprising, however, that the
spacings (410) and (140) should appear rather than the
higher orders (400) and (040) of the two very strong rings
(200) and (020); it is possible that the latter indices

may be the true ones, or that the rings are doublets; the
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Table 9.

o -modification Unstretched materisl. TFigures 14a, b.

Observed Indices Spacing
spacing suggested computed for
: Tt ) .= 6.70 kx
(Relative to b = 7.89 kx
graphite (110) ¢ = 9.89 kx.
=1 0228 kx.)
Specimen 7.89 010 7.89
perpendicular
to beam 4.94 002 4.94
(Ring pattern
of Fig.14a) 3.94 020 3.94
3.35 200 3435
2.94 ﬂ,owfrauﬂ)
y 420(Table11)
11040
2.72 202 2477
2.47 004, 130 - 2.47, 2.45
2.29 222 ‘ 2.27
2.03 302 2,03
1.89 140, 040 1.89, 1.97
1.65 410, 400 1.64, 1,67
Specimen Spacings along diameter parallel to the axis
inelined 45° of inclination were as above.
to beam.
(Fig.14b) The only extra arcs which appeared were two
on the perpendicular diameter.
4.55 111 4,54

4.07 Y’012(1‘able11) -
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great difference in intensity of the two orders might well
explain the discrepancy in measurement.

The patterns taken with the specimen inelined to the
besm showed pronounced areing. All the spacings of the ring
pattern obtained with the beam perpendicular to the specimen
appear in Figure 14b as arcs on the diameter parallel to the
axis of inclination, while two new spacings are indicated by
arcs on the diameter perpendicular to this. There must
therefore be some kind of orientation of the gutta percha
crystallites perpendicular to the film plane. This
orientation cannot, however, be of the same type aﬁ that
eccurring in the ﬁi-modirication because none of the indices
are consistently zero for all the spacings of the ring pattern
(Teble 9). On the other hand, with each diffraction one or
other of these indiceg is always zero, and it iouid appear
that we have here a mixture of three orientations, the crystals
all having one or other of the three principal crystal axes
oriented perpendicular to the film plane. This state of
affairs is probably reliated to the fact that the three axial
lengths do not differ greatly, so that a mixed type of packing
would be fairly easily attained. It is, however, most
unususl to find such a mixed orientstion for a long-ehain
polymer, as the chain axis usually governs the orientatiom in
such cagses; it would appear that the éhain axis plays a less
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dominant role in this « form of gutta percha than in most
rubber-like plastics. These observations masy well have some
bearing on the faet that o -gutta percha does not appear to
give fibre diagrams on stretching.

Summarising the present observations from this patterm
it may be said that they can be completely interpreted on the
basis of an orthorhombiec unit cell with axial lengths g = 6.70
KXy b = 7.89 kX., € = 9.89 kx., and that the erystallites
are arranged in the film so that one or other of the
orthogonal axes is perpendicular to the film surfaces. The
results are in general agreement with those of Bruni and Natta,
though the axial lengths are slightly greater. The appearance
of one extra arc in Figure 14b makes it possible to state
definitely that the cell must have the two-unit idontity
period of 9.89 kx rather than the half value. -

7. The Subsidiary Pattern in Stretched Specimens.
PiglerS }cyd and 1“,do -~Gutta Percha.

Ags stated in an earlier seetion, all the patterns from

stretched specimens appeared to be composite representing two
different crystalline arrangements. The difference in
relative intensity of the two patterms from different
photographs end the slight angular separation which appeared
in one of these photogrephs (Figure 14d) permitted the

selection of ten arcs in each quadrant se belonging to the



© Broken circlas indicale spacings which occur for inclined films only.
Figure 1l6a,

Ring pattern from unstretched [3-gutta percha (diagrammatic).
/



Broken circle indicalas spacing which oceurs for inclined films only

Figure 16b.
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subgidiary pattern, and these are set out in Table 10.
Table _lg .

Y -modification. Stretched material. Figures 13c,d, and
Figures 14c,d.

(Only those arcs belonging to the ) pettern ere ineluded here.

For full consideration of the composite pattern see Fig.i6¢.).

Specimen Observed Indices Spacing
perpendicul ar spacing suggested computed for
to beam or hkl) e = 14,4 kx
inclined about (Relative to b = 11.55kx
fibre axis. graphite (110) e = 8.74kx.
= 1,228 kx.
Equatorial 3.35 400 3.35
arcs. 230
Pirst leyer 4.54 121 4.53
line »
4,06 221 3.91
301 3.98
3.395 131 3.41
2,72 421 2.75
041 2.74
Second layer 3.48 212 3.:3
line. 022 3.
Fourth layer 2.18 004 2.18
line
2.10 114 2,12
Fifth layer 1.67 205 1.69
line
Sixth layer 1.46 006 1.46
line

Although the number of arcs is small, the high degree of

orientation adds congiderably to the information whieh is

available from them, and it was found possible to derive g
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probable unit cell by graphical methods.

The pattern is effectivelya partial rotation diagram
with the rotation axis in the direction of extension, and
its form indicates that the other crystallographiec axes are
perpendicular to this direction at least to within the limits
of about 2° set by the angular spread of the arcs. The
identity period in the direction of extension is 8.74 kx whieh
corresponds fairly well to the value of 8.8A. quoted by
Hauser and von Susich (1931) and several of the spacings are
similar to those quoted by Fuller (1936) for the subsidiary
pattern which occurred in some of his fibre diasgrams. It
therefore seems evident thet this is the erystalline fom
to which these workers have referred as the o -medification
in their work om stretched material. Since onlyAtuo types
of gutta percha have been reported previously it was at first
anticipated that this pattern and the ring pattern of
¥igure 14a would be found to arise from the same crystalline
form, and attempts were made to fit both the patterns to the
gsame axiasl framework. These, however, did not meet with
succegsj on the other hand arcs appearing in the fibre
diagram were found to fit very well with an orthorhombic unit
cell having axiel lengths a = 13.40 kx., b = 11.55 kx., ¢ =
8.74 kx. It therefore appears to be highly probable thét
the patterns refer to two quite separate crystalline forms

one of which occurs only in unstretched films and the other
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prineipally in stretched films. If this is the case it
would appear to bring inte line mueh of the apparently
contradictory evidence of previous workers. In the present
work, therefore, the patterns of Figures 14a and b
(unstretched material) which correspond to those which the
earliest workers assigmed to the A -modification and which
do appear to arise from the entirely untreated material, have
been termed the o patterns while those referring to the
stretched material as described in the present section are
termed the Xpatterns. While it is easy to recoBgnise by
inspection, from which erystalline form some of the arcs in
the composite /3 and Y patterns (Figures 13c,d and 14e, d)
arise, this is not so with all the arcs, and a diagrammatiec
representation of the composite pattern is therefore sppended
(Figure 16¢). This diagram shows how the arcs have been
distributed between the twe patterns and indicates the indices
assigned to each. For the sake of completeness, diagrams
of the two ring patterns are also included (Figures 16a and b).
One other point that should be noted is that although
the whole pattern of Figures 14a and b could net be fitted
into the proposed ) -lattice certain of the spacings could be
so indexed. The alternative forms of indexing for these
rings are set out in Table 11 and it will be noted that, in
particular, the spacing 2.94 kx which gave poor agreement
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with any calculated values for the s -pattern is within the
experimental limits of accuracy for either the (420) or (040)
spacing of the )Y arrangement; on the other hand it ecould
be indexed as (040) of the 3 -pattern. Thhs it is possible
that the )/ arrangement may be present in some of the
ungtretched material but remain undetected on asccount of the
similarity of its principal spacings to those of the other

two modifications.

Observed A_ cell Y cell
spacing. a=6.70, b = 7.89 a = 14,40, b = 11.55,
kx. e = 9.89 kx. ¢ = 8.74 kx.
(Relative to "
Indices  computed indices computed
gr??$é§o (hk1) spacing (hk1)  spacing
=1,228 kx.)
3.94 020 3.94 {030 3.85
221 3.91
3435 200 3435 400 3435
2.94 {420 2.30
040 2.89
2.47 004 {2.47 340 2.42
130 2.45
2.29 222 2.27 502 2,28
4,06 Fig.14b 012 4.09

4.55 °"Y  qq4 4.54 121 4.53
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8, Discussion.

The examination of /3 -gutta percha nas, as was
anticipated, given results in general accord with those of
previous workers. Consequently there is little that
requires comment, except to emphasise the point originally
made by Storks (1938) that the orientatiom of the crystallites
perpendicular to the film surface in films whose mean thickness
is less than the accepted length of the chain may denote
discontinuities within the single molecular chain; this is
especially interesting when considered in conjunction with
Pankow's claim (1936) to have observed a long spacing of 115A.
in the stretched material.

In relatiom to the other modifications of gutta percha
these results are more illuminating leading as they do to the
identification of two possible forms besides the ([ -form,

The existence of two such forms was suspected by Fuller as a
result of his work on stretched gutta percha at various

stages of vulcsnisstion and was predicted by Bunn as a result
of his theoretiesl consideration of the possible configuration
of a trans polyisoprene chain. Furthermore the two identity
periods observed (9,9 kx. and 8.7 kx.) are in good guelitative
sgreement with those predicted by Bunn (9.44. and 8.84.).

Thus it would appear thaot although the experimental data

obtained in the present work is admittedly limited it does,
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when taken in conjunction with the information already
available, constitute strong evidence in favour of the
existence of these two forms.

If the existen&e of these two forms is accepted, it is
of interest to consider why the unstretched condition should
favour one and the stretched condition the other. According
to Bunn's hypothesis both the 3 and ) forms* have molecular
arrangements in which all methyl groups lie on the same gide
of the main chain while the - form has them disposed on
alternate sides of the chain. This provides one fundamenteal
difference between the A form and the two others, and it
appears feasible that the more highly ordered stretched
condition would favour the former type of configuration.
lMloreover, the mixed type of orientstion occurring in thin
films of the o{ material agein differentiates it from other
long chein polymers and its inability to give a normal fibre
diagram may well be associated with this.

It is obvious that some way must be found of obtaining
patterns showing much fuller detail before these points can
be finally settled. The present work at least appears te
have opened up new possibilities and indicated lines along
which further research may be prosecuted.

% The nomenclature here differs from that used by Bunn whe
has termed the materisl giving rise to the identity period of
8.8A. the X form and that with the anticipated period of 9.4A.
the X form.
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POLYCHLOROPRENE.

1. Introduction.

The polychloroprene materiasl used in these experiments
was one of a series of synthetic products developed by the
du Pont de Nemours Corp. of U.S«A., and known under the
generic name of Neoprene. Chemically, the pure polymer is
believed to be a long-chain compound similar to polyisoprene,
except for the replacement of the methyl groups by chlorine
atoms. It can be compounded and vulcanised although sulphur
is not in this case a suitable vulcanising agent. The
halogen substitution confers on the finished product a greatly
improved resistance to oils and solvents which makes it
superior to rubber for many pufposes where contact with these
is involved, slthough the products generally are not so
regsiliant as those of natural rubber.

The material is not supplied in the form of the pure
pelymer but is availeble in a number of grades containing
different combinations of many other ingredients ineluding
stabilisers, antioxidants, aecelerators of vulcanisation,
plasticisers, etc., intended to make the products specially
suiteble for a variety of different purposes. The material
used in the present experiments was the general purpose grade

known as Neoprene GN. It viss not preplasticised and is
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available in the form of rods which can be cut with a knife.
It is very slowly soluble in benzene and more readily
gsoluble in trichiorethylene.

The structure of Neoprene has been studied by means of
X-rays by Clews (1942) and Bunn (1942) in this country, while
Kruilow (1935) in Leningrad has examined Neopreme and a
gimilar Russian product by electron diffraction. Both
Clews and Bunn found that the material wes amorphous in the
unstretehed state but gave rise to crystalline interferences
on streteching. The erystallisation produced on stretching
was, however, far less well developed than was the case with
natural rubber, and the background intensity was relatively
high, Kruilow, on the other hand, found crystalline
interferencesg even in the unstretched state.

All three workers suggest orthorhombic unit cells for
the polymer but the axial lengths suggested differ appreciably.
Thus Bunn gives 3 = 8.84A., b = 10.24A., ¢ = 4.794., while

Clews prefers a = 8.90A., b = 12.21A., ¢ = 4,70A., and

Kruilow gives the values of a = 8.23A., b = 10.93A., ¢ = 4.79A.
Discrepancies are not surprising, for thé crystalline
diffractions are weak, diffuse, and few in number, and these

are cirecumstances which lead at onece to inaccurasecies in
measurement and ambiguities in the indexing of the diffractions.

A further possibility which must not be overlooked is that



89.

of polymorphism in the material. On the whole, however,
density considerations meke Clews' cell somewhat improbable,
for although Clews himself considers this point, the figure
of 1.086 which he quotes for the measured density is very
different frem that of 1.25 which is generally accepted.
As with gutta percha and nstural rubber, Bunn has carried the
investigation a stage further than other workers and has
deduced a possible atomie arrangement. He postulates a
structure which is closely analogous to that found for gutta
percha and is thus inherently possible.

The present work contributes little fresh data regarding
the lattice ccnstants but indicates an interesting difference
between the molecular ordering which occurs when Neoprene is

stretched and that observed for natural rubber.

2. Ixperimental.

The specimens were prepared in the seme way as those of
nztursl rubber and gutta percha. Since the material was only
slowly soluble in benzene an attempt was made to use films
deposited from trichlorethylene solution but this proved
unsuccesgsful on account of the high density of this solvent,
and best results were obtained with benzene or benzene to
which a few drops of trichlorethylene had been added.

The films did not spread so evenly as those of natural



(a) FA242

(b) F2289.

Figure 17.

Patterns from stretched polychloroprene,
Plane of film perpendicular to beam in both cases.
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ruBber or gutta percha and were lesgs easy to manipulate.
FPurtheymore, the material did not take up the ordered
c;'onfiguration ARk so readily and appeared to be more prone

to exhibit relaxation when msintained in the extended
condition, so that frequently, when the film was examined in
the camera, no trace of crystallisation was observed, the
resulting pattern exhibiting the haloes characteristie of the
amorphous or disordered state. However, some patterns were
obtained which did indicate molecular orientation.
E;perimenta were made hoth with the materiszl as received and
with samples which had been extracted with hot acetone and
soféened by masticating on a rubber mill, but the best results

were obtained with the untreated material,

3. IFxperimental Results.

Two of the clearer patterns exhibiting a considerable
degreecf crystallisation are illustrated in Figures 17a and
17be While these are not comparable with the natural rubber
patterns for clarity and profuseness of detail, they de
iliustrate in a somewhat striking manner certain differences
between the type of orientation occurring in the two materials

This is particularly well brought out in Figure 1723
for the most obvious feature of this pattern is the series of

straight lines running perpendicular to the direction of
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extension. The pattern is thus reminiscent of the
reflections obtained from the long chain hydrocesrbons and

is charscteristic of a largely uni-dimensional ordering.

In the case of Neoprene GN "crystallisstion" in fact seems to
consist mainly of an orientation of the long chaing of the
polymer in a common direction rather than eof a grouping inte
like-oriented crystals or micelles,

A brief indication of the way in which these observed
patterns could arise is given below. The argument follows
generelly similar lines to that given in relstion to the
diffuse zone pattern from natural rubber.

It is supposed that the molecules are all oriented
with their chain axes in the direction of extension but are
not otherwise related to one another. Each moleocule consists
of a series of identical chloroprene units repeated indefinitely
along the chain and therefore has an identity period inm
this direction. Any diffraction maxima which occur must
therefore lie on equally spaced “layer lines" perpendicular
to this chain direction of the molecules. Since the
molecules are not supposed to be crystallographically
related to one another, interferences between diffractions
from neighbouring molecules will not occur, but there will
be variations in intensity along the lgyer lines, arising

from the arrangement #f the scattering centres within each
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chloroprene unit.

The precise form of these intensity variations depends
both on the stomic configuration of the chloroprene unit
and its orientation about its own axis in relation to
the electron beam. In Section II, on the similar case for
natursl rubber, calculastions of these variations were made
for two propesed configurations in one selected orientation,
but the Neoprene patterms do not show any indication of a
preferred orientation, and any such calculations would be
correspondingly more complex. A similar problem has been
investigated thoroughly for the case of certain of the
normal hydrocarbons which have only two rows of atoms and
whose structure is well understood, by Karle (1946) and
Karle »nd Brockway (1947) who postulated various types of
randomness in the arrangement of the long chains and examined
the patterns to be expected. For our present purpose,
however, it is sufficient to note that the pattern to be
anticipated would comprise equally spaced lines with some
variations in intensity along them, and that these are, in
fact, the principal characteristics of the observed patterns.

This straight line pattern is, however, not the
complete representation of the pattern from streteched
polychloroprene for it is always associated with certain
arcs which indicate a small degree of crystalline ordering.



93

Of these the strongest, and usually the first signs of
ordering to appear, =2re the two equatorial arcs; there is
also one set of arcs en the first 'layer line'; and in
certain cases, two arcs further out on the equator can be
detected.

A further point worthy of note in comnection with the
general characteristics of the pstterns is thet Figures 17a
and b are seen to differ slightly although the experimenteal
conditions were reproduced as closely as possible. Thus
the straight lines of Figure 172 are curved in Figure 17%b,
In fact the unidirectional ordering is less perfect then in
the previous case, and it would appear that there is an
appreciable spread in the direction of the principal axis
of the moleeular chains. This veriability was itself one
of the charscteristics of the polychloroprere material, the
patterns being far less readily reproducible than was the
case with natural rubber or gutta percha, and it masy well be
associated with its synthetic origing for instance none of
the samples examined in this work showed any signs of the
crystalline form in the unstretched state as was observed
by Kruilow (1935) for both Russian and American manufsctured
polychloroprenes.

It is obviously impossible to derive the lattice

constants of the crystalline arrangement from such scant
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data, but such spacings as were observed did not show any
\wide divergences from those found by the X-ray workers.
The identity period slong the chain, as measured in temms of }
the applied accelerating voltage of the electron beam and
the camera length, and one comparison pattern with palladium
foil, is 4.70A.; the equatorial spacing is 4.4A., andthe
spacing of the arcs on the first layer line is 3.0A. On
the basis of Bunn's cell with g = 8,844., b = 10.24A., ¢ =
4.79A., the 4.4A. spacing could be indexed as the (200) end
(120) arcs combined (4.43A. and 4.444. respectively)7 and
the 3.0A. spacing as(211)(3.10A.). VWhile the degree of
sgreement is not high it is probably as good as can be
expected in view of the small number of diffractions
available and the diffuseness of all except the equatorial
arcs. '

The pattern is much more informative in relation to the

intermolecular linking in the material.
4, Discussion.

In the foregoing paragraphs it has been supposed that
the pronounced bands or lines forming the most characteristiec
feature of the patterns, are molecular in origin and do not
arise from the crystalline lattice as a whole. The diffuse

background in natural rubber was alsc molecular in origin
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and as far as the mathematical argument is concerned the twe
cases are analogous except for the fact that the natursl
rubber showed one preferred orientation, a fact which greatly
simplified the analysis of the pattern. Had the
crystallites been randomly oriented about the axis of
extension and the rubber pattern been a true rotatien
pattern the zones would have been extended slong the layer
lines and the pattern to be anticipated would have been very
similar to that occurring for Neoprene.

There is, however, an essential difference between
the two ecases. For, in the natural rubber, it is supposed
that the molecules are arranged in a crystallime lattice
but execute thermal vibrations about their mean iaxtico
positions. Charlesby, Finch end Wilman (1939 1941) showed
that under such conditions the expression for the intensity
of diffraction in any given direction is the product of twe
factors, one of which defines the are or spot interferences
arising from the lattice as a whole, and the other the
diffuse zones arising from the molecules. Diffuse zone
patterms of this type are thus essentially associated with
well-developed arc patterns. In the case of Neoprene,
however, the arc patterﬁé are extremely feeble, even when
the bands sre quite pronounced. We are therefore led te

the conclusion that while the chloroprene molecules sre
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undoubtedly executing thermal vibrations, their mean
positions are not necessarily those of the erystalline
lattice. Thus w8 have in Neoprene a material in which
stretching can cause uni-~directional ordering of the
molecules without leading to much crystallisation.
Furthermore this directional ordering can in some cases be
cuite precise, since the bands in Figure 17a are narrow
and do not show any signs of curvature,

There is, however, one strong feature of the arc
pattern which is alweye associated with the molecular bands.
This is the pair of strong ecuatorial ares which have bgon
indexed as the (200) end (120) arcs combined. Teaking
these into aecount, the most probable situation appears to
be that, on streteching, considerable lengths of the chain
take the direction of extension and at the ssme time their
axial positions become fixed relative to these of their
neighbours so that their lateral spacings are immediately
determined, but they remain randomly arranged in the axial
direction. In other words, these molecules sappear to be
able to slide freely over one another in the direction eof
their axes comparatively unhindered by links with adjacent
molecules.

No such intermediate stage of ordering has been
observed for natural rubber where the directional ordering

appears to be always associated with the development of the
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complete lattice. This difference in molecular arrangement
appears to indicate a fundamental difference in the inter-
molecular forces in the two materials which would be

expected to be reflected in the physical behaviour of the

bulk polymers.
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