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These bond numbers indicate a substantial amount
of resonance in the ring system. Weakening of the C-C
bonds in the benzene ring by this resonance was found
in benzotrifuroxan just as it was in 1,3,5-triamino-
2,4,6-trinitrobenzene (Cady & Larson, 1965).

We are indebted to Janice Dinegar for her assist-
ance in collecting the intensity data, and to R.B. Roof
for his interest and suggestions during the determina-
tion of the structure.
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The structure of fibrous sulphur has been determined by a systematic use of the Fourier transform of
its helical molecules. From this analysis, the helical molecules appeared to have two incommensurable
repetition lengths in the direction of the helical axis, one being due to the succession of the atoms in
that direction, the other to the pitch of the helix. A trial to substitute the two repetition lengths by a
single one would result in an infinite repetition length. For this reason the structure is not crystallo-
graphic in the classical sense of the word, so we have chosen an improper ‘unit cell’ of orthorhombic
symmetry, containing four helical molecules of supposedly infinite length, with the dimensions
a=811 A and =920 A, c=indeterminate. The directions of @ and & are normal to the helical axis,
but only b is properly a repetition length.

In the direction of a the structure consists of alternating layers of right and left handed helices.
Within each layer the helical molecules are screwed in or out, with respect to their neighbours, over
half the atomic period along the molecule. This explains a peculiar extinction rule.

The molecular parameters, i.e. the bond distance, the bond angle and the dihedral angle, are com-

pared with those of other sulphur molecules.

Introduction

Several physical properties of liquid sulphur suggest that
above 160°C it contains long chain molecules (see e.g.
Schenk, 1956). One of the strongest arguments is pro-
vided by the X-ray fibre diagram, obtained from fibres
made by highly stretching amorphous sulphur quenched
from above 300°C. This diffraction pattern was dis-
covered by Trillat & Forestier (1932); after being wrong-
ly interpreted initially by Meyer & Go (1934) as a one-
component pattern, it was later proved (Prins, Schenk

AC20-2

& Hospel, 1956) to be due to two components of which
only one is soluble in carbon disulphide. The reflexions
due to the soluble part were shown (Prins, Schenk &
Wachters, 1957) to belong to a metastable ring mod-
ification S, (De Haan, 1958). The reflexions of the
carbon-disulphide-insoluble part evidently formed a
fibre diagram. The corresponding metastable modifica-
tion was called S,.

Schenk (1956), comparing S,, with hexagonal selen-
ium, proposed a preliminary unit cell containing 10
atoms placed in three turns of a cylindrical-helical mol-
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ecule. These molecules would be roughly packed in a
pseudo-hexagonal manner.

The cylindrical helical shape was to be expected a
priori in view of the divalent character of the atoms,
which in this kind of helix can produce the same bond
angle and dihedral angle as in the well known ring mol-
ecules of the same elements (Pauling, 1949, 1960).

In a preliminary discussion and a note, by Prins &
Tuinstra (1963a, b), it was shown that the molecule
with ten atoms in three turns of the helix does not agree
with the more exact measurements of the heights of the
layer lines, made possible by an improvement of the
X-ray diagrams. A pseudo-hexagonal indexing of the
equatorial reflexions was given, and this is taken over
in the present paper. On account of this indexing a
structure was proposed consisting of alternating layers
with left and right handed helical molecules. The in-
dexing of the higher layer lines, proposed in this prelim-
inary report, however, appears to need a correction.

In the present paper I give a more complete analysis
of the structure of S, using the correct indexing and
taking into account the intensities of the reflexions.

The diffraction pattern

The diffraction pattern of S,, as used by Schenk (1956)
consisted of 5 layer lines with a total of 17 reflexions of
measurable intensity. A certain broadening of the layer
lines did not allow exact measurement of their heights.
Starting from the measurements Schenk (1956) num-
bered the layer lines 0, 3, 4, 6, 7, and 10, the others being
absent or, as in the case of number one, only indicated
as a faint streak.

I improved the X-ray diagrams by heavily stretching

the fibre and heating it for 40 hours at 30°C. As a result
of this operation the reflexions shrank into sharp layer
lines and several reflexions turned out to be doublets.
The layer line numbered 1 by Schenk (1956) was now
present with distinct measurable reflexions. The dif-
fraction pattern now showed 6 layer lines with a total
of about 65 reflexions.

A more exact measurement of the heights of the
layer lines now made possible forces us to drop the
above numbering 0, 1, 3, 4, 6, 7, and 10. For instance
we obtain the value of 2-85 + 0-03 instead of exactly 3
for the ratio of the heights of the layers ‘3’ and ‘I’.
In the classical conception of the fibre diagram this
would force us to interpolate a large number of layer
lines (with practically zero intensity) between the ob-
served ones. As a result we have to drop the helix with
ten atoms in three turns, which was only rather a good
first approximation. The shortest repetition length along
the fibre which can be reconciled with experiment is
78 A. The true repetition length may be many times
larger or (as I suppose) infinite.

We shall now combine this crucial point with the
conception of the cylindrical helical molecule mention-
ed in the introduction. To obtain a sharper picture of
this combination, we shall make use of the Fourier trans-
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form of the helical molecule, using the elegant present-
ation of Cochran, Crick & Vand (1952, below referred
to as C.C.V.: see also Clark & Muus, 1962).

The Fourier transform

From C.C.V. we take the transform of a helical mol-
ecule with the atoms on a cylinder. In the case of S,
with only one kind of atom, we can for the present
omit the atomic scattering factor. Moreover, all atoms
are at the same distance from the axis of the cylinder.
This reduces the transform to:

F(R, y,¢) (1)

= {Jn (27 Rr) exp 2mi (n 2”; - n-;; + dn+ Cz) .
Here R, w and { are the cylinder coordinates in reci-
procal space, and r, ¢ and z the cylinder coordinates in
direct space, of the first atom of the molecule. If the
next atoms are placed apart at a distance p along the
axis of the molecule and P is the pitch of the helix, the
sum must be taken over those values of n which satisfy:

n m
=5+, @
where » and m are integers.
In the case that p/P is a rational number, (2) selects
a set of regularly spaced values of { on which layer lines
will occur. In our more general case in which p and P
are incommensurable each value of { corresponds to a
pair of integers n and m. Consequently, the transform
fills the whole reciprocal space, each { corresponding to
only one Bessel function.
The values of the Bessel function J, with small argu-

ments decrease rapidly as » increases. As a result, in
practice, we only have to deal with terms with |n| <4.
In combination with this property, (2) selects a set of
heights { corresponding to heights in the X-ray dia-
grams, on which observable intensities may occur. Cal-
ling the observed rows of reflexions on the films ‘layer
lines’, it should be noted that these ‘layer lines’ do not
correspond to one repetition length but to two: they
are not classified by one integer but by two, n and m.

In order to obtain a survey of the values of { at
which Bessel functions of low order occur we con-
struct a three-dimensional {,n,m-space according to
the ideas developed by Klug, Crick & Wyckoff (1958).
In this space, equation (2) corresponds to a plane with
the vector (—1,1/P, 1/p) as its normal. The intersection
of this plane with the plane { =0 must be drawn in such
a way that the ratio of the heights of the layers ‘3’ and
‘1’ will be 2:85. Moreover, care must be taken that
between the layer lines ‘1°, ‘3’ and ‘4’ no value of { oc-
curs with » integer and less than four.

In Fig.1 the n, m-plane is drawn, the lattice points
correspond to integral values of n and m. The values of
{ corresponding to the lattice points are given by (2).
Since it is known that P/p will be about 3, the intersec-
tion line must be drawn more or less like the one shown
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in Fig. 1. We can now visualize the correspondence be-
tween the order # of the Bessel functions and the values
of {: Bessel functions of order 0 correspond to all lat-
tice points with =0 and consequently with the heights
{=j/p. J, corresponds in the same way to heights {=
(b+))/p, J» to heights {=(c+j)/p and J; to heights
{=(a+j)/p, with j=0, +1, +2, +3,.... The lowest
values of { are the ones with j=0. We see at once that
the heights of the first and the third layer have ratio
b:a. The intersecting line must be drawn so as to make
b/a=2-85. All other possibilities with b/a=2-85 but the
one presented in Fig. 1 would result in the appearance
of Bessel functions with # less than 4 and { between the
values of layer lines 0, ‘I°, ‘3> and ‘4’. The resulting
values of P and p are 4-60 A and 1:37 A respectively.*

As we are dealing, according to our suppositions,
with an incommensurable ratio of P and p it is strictly
meaningless to give a layer line numbering in the clas-
sical sense of the word. The correspondence of the two
numbers # and m with the observed layer lines is, how-

Table 1. Data used in the text

‘Layer Bessel
pumber’ n m function  {(A-1) P’ (A)
0 0 0 Jo 0 arbitrary
1 3 -1 J3 —0-078 —386
2 { 4 -1 Ja +0-140 +28-7
6 -2 Je —0-156 —386
3 1 0 Ji +0-217 + 4:60
4 2 -1 Js —0-295 — 678
5 5 =2 Js —-0-373 —134
6 2 0 Ja +0-435 + 4-60
7 1 -1 Ji —0-513 — 195
8 { 6 -1 Je +0-574 +10-5
4 =2 Js -0-590 - 678
9 3 0 J3 +0-652 + 460
10 0 -1 Jo —-0-730 0-00

* The symbols a, b, ¢ used here have nothing to do with
the dimensions of the unit cell later on.
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Fig. 1. Section through the {,n,m-space at {=0. a, b and c are
proportional to the heights of the layers 1, 3 and 4 res-
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ever, too complicated for practical use. For this reason
we prefer to use the simpler old ‘effective’ numbering
of the layer lines. The correspondence between these
‘effective’ indices and the numbers » and m is shown in
Table 1, where also the appropriate Bessel functions and
{-values are given. Only Bessel functions of order less
than 7 are given. On the photographs only layer lines
with order of the appropriate Bessel function less than
4 occur. Since we only have to deal with one Bessel
function on each layer line the square of the transform
has cylindrical symmetry. In Fig.2 the square of the
Bessel function is given as a function of R, for the layer
lines with || <7. Moreover the Figure shows the two
intersections of the meridional circle with the layer line
plane when the normal beam method is used; on the
photographs only the part of the transform between
these two marks may contribute to the diffracted in-
tensity.

It should be noted that the seventh layer line inter-
sects the meridional circle at about the maximum of the
transform. At this place meridional reflexions would
have a high intensity, contrary to what Liquori & Ri-
pamonti (1959) suggest.

Effect of screw motion of the molecule

If the molecule is screwed in or out along any screw
with pitch P’, the phase of (1) changes; ¢ and z will

‘Layer number’ W
10
Ji
9
J?
8
J?
7 T T
J:
6
Ji
5
J3
4 —
Ji
3 "
J?
A_
2
Ji
1
Je
o n n n ! s A _—T
01 05 10 R

Fig.2. Square of the ‘Fourier transform’ of a discontinuous
helix. R is the cylinder coordinate in reciprocal space.
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change, according to ¢/2n=z/P’. Consequently for
each point in reciprocal space the argument of the
exponential part of (1) will be:

. y 1 4 n
Zm[n(%+z)—n%+cfz—zs(1), )],
writing zs for the distance screwed in. When n/P’— (=
0, the transform on the corresponding layer is unchang-
ed after screw motion, since only one Bessel function
contributes in the transform; for instance screwing in
or out along the continuous basic molecular helix has
not the least effect on the layer lines with m=0, i.e.
on the layer lines 0, 3, 6, etc. To each layer line cor-
responds a screw motion, along a helix, that leaves the
transform on the layer unchanged. In n, m-space these
helices correspond to planes containing the m axis,
with slope 1/P’. Large pitches P’ correspond to trans-
lations in the direction of the helical axis, very small
pitches to pratically pure rotations. In Table 1 the
pitches P’ are given for the layer lines 0 to 10. Negative
pitches correspond to helices with parity opposite to
the continuous basic helix. The equator appears (of
course) to be insensitive to arbitrary screw motions.
The first layer line will be rather insensitive to transla-
tions. Layer line 10 is insensitive to rotations. The helix
leaving the layer line 4 unchanged has parity opposite
to the continuous basic helix and goes either through
all odd or all even atoms, counting along the molecule.

The sharpening of the first layer line in our photo-
graphs after tempering may be due to a disappearing
screw disorder. The first layer line was always present
with about the same, although faint, intensity. The layer
lines 3 and 4 were always present with relatively sharp
reflexions. From this picture it follows that layer lines
0, 3, 6, etc. only fix the stacking of the continuous
helices, whereas for the exact positions of the atoms on
these helices we have to use the information of the
layers 1, 4, 7, 10 ezc.

FIBROUS SULPHUR

Besides, it should be noted, that the Bessel functions
of high order not only give rise to low intensities, but
that the corresponding layer lines also become diffuse
after small screwing or rotational motions.

Indexing

The equatorial reflexions could be indexed with the
use of a rectangular reciprocal plane lattice with sides
1/8-11 and 1/4-60 A-1. Because of difficulties in deter-
mining the other two angles, the higher layer lines have
been indexed independently of each other, using the
reciprocal plane lattice of the equatorial plane. The
packing of these reciprocal layer planes to a three-
dimensional lattice yielded four interesting new feat-
ures:

(i) The indexing of the higher layer lines forced us
to double the dimension 4-60 A, which would suffice
for the equatorial indexing, to 9-20 A. As a consequ-
ence a* and b* were 1/8:11 and 1/9-20 A-1 respectively
and the indexing formula for the equator was changed
to:

h? k2
-2 = ——
=gt oae

(ii) The angle « appeared to be 90°, which in an
ordinary crystallographic structure would result in a
monoclinic unit cell. The axes b* (=b) and a* are per-
pendicular to the fibre direction.

(iii) The doubling of the dimension b to 9-20 A gave
rise to a systematic extinction rule not only for the
equator but also for the higher layers. This peculiar
systematic extinction rule is shown in Fig. 4.

(iv) It was impossible to find an angle § within reas-
onable limits. The smallest angle f which could be rec-
onciled with the measured reflexion positions was in
the neighbourhood of 170°. This suggests again a very
large repetition length in the fibre direction. For in that

Table 2. Intensities and indexing of reflexions

8% & L Igmd g g I Ioomkl la g
- 152 - 0 100 - 2751 - o I3 1165 1170
473 472 s 120 020 |2978 29535 o 38 11 [1222 1222
613 { 608 o {400 200 - 3022 - 4 051 |1414 1425
1833 eo;) ;gg 3113 3091 w34 151 - 1646
- - 3231 25 451 [1691 1694
- 1368 - 0 300 |25 [3255 Bolay 15t Z 2039
1842 {1640 . { 6 320 |3470 3464 =m 26 251 [2104 2118
1890 5 040 | 3560 3571 =m 33 511 2369
2050 2042 wvww 2 140 | 3790 3797 w 38 353 2454
2431 2432 s 22 400 | 3860 3898 w 35 31 |25004 2521
2470 2498 w13 240 - 4t - 2 351 2588
2868 2904 wvvw 2 420 - 4405 - 1 511 2643
3244 3298 v 8 340 - 4516 - 5 931 - 2843
- 3800 - 0 500 - 4641 - 5 351 wo{’”?
4265{4252 g T 060 §5130 95121 v 28 49 M5
4272 30 520 -~ 5160 - 6 611 [3517 3536
4316 {4522 o [25 440 - 5350 - 9 531
4404 18 160 5788 11351 - 1016
4845 4860 w11 260 {5900 45857 w {26 o071 - 1018
5449 5472 w10 600 5926 tam 1319
5618 {5520 . [0 360 - 6093 - 3 I [1318 {nz)
5690 3540 | eong {uos 24 631 1926
- 5944 - 1 620 o161 Y {23 811 |, 1933
- 6299 - 8 211|942 1561
187 - 0 o1 - 6406 - 10 551 1963
- 2% - 0 11 - 6552 - 6 371 2264
- 423 . o in - 6976 - 13 371 [2250 {2265
- 629 - 2 21 -~ 7053 - 1M M 2837
962 962 wvww 20 2311 - 7106 - 9 &1 2846
1146 1132 v 18 031 - 7240 - 10 551 |286615a7y
- 1201 - 5 131 - 7476 - 10 371 2878
1300 1306 @ 33 311 3782
1361 1368 = 33 I3 - 419 - - 003 319N
- 514 - 2 23 - 564 - o 105 379213851
-. 1806 - 1 31 - 698 - o 703 3853
19531907 w25 231 [ o0 [951 420 023
2250. 2251 w31 331 953 Vo {260 203
< 2286 - 2 411 - 1036 - 12 123

Lo Ioomlog, e L I omd| o3 & I I, nkl
ve ;gg %gi 1051 43 114 - 6456 - 1 Tes
s 2064 38 514 - 6508 - 1266
s 235 223 “°9’{4154 ° {24 54 | - 6384 - 7 606
- 0 303 4158 35 254 - 6719 - 5 446
w 4‘2) %gg 1751 2.7,:; v { 4 254 - 6864 o 6 526
- e 18 35 - -
- 8 393 24 6935 1M 546
32 043 - 1918 - - 006 [ 2732 2738 ws 160 017
92 143 - 1935 o - 106 | 2808 2804 vws 182 T17
s {85 323 - 2200 - 0 706 | 2950 2976 ww 19 117
38 143 |2250 225 n 17 206 - 3174 - 7 217
38403 o0 £2390 (17 026 [ 3470 3518 m 116 217
- 0 2435 2407 35 126 3683 13 037
w (25 M3 |- V2616 - 1 T2 | 12054 S {ao 737
15425 12707 2728 m 52 226 3848 108 317
w16 343 (2800 2795 = 31 306 55"7{;921 vs {112 137
- 2882 - 0 306 f 4136 4119 = 65 3237
- O 014 5284 3267 o 60 226 | 4337 4364 w 26 317
- 1114 - 3354 - 1326 ~ 4463 - 6 237
v {(, 114 - 3690 - o 306 - 4793 - 5 337
1 214 3808 41 046 - 4826 - 7 317
92 214 379713812 s 38 406 hkl
vs |87 314 3825 5 146 | 5414 5417 @ 298 0 1 1C
46 034 4094 60 146 5950 226 71 10
% ;;: 12 4:22 s e ;45 552 {5567 ° {188 1 1 10
2 4 38 326 5987 25211
v {ls 234 4284 50 426 | 6017 {9052 w B0
; 314 - 4685 - 1346
16 414 - 4772 21 346
® [e4 334 - 4889 W"’{20 706
15 334 - 5045 - 0 506
24 334 - 5361 - 7 426
o 499 434 - M7 - 9 926
48 D54 - 5580 ww? 24 $26
0 15¢ - 5702 - 6 446
- 6170 15 066
- 6187 "“""{14 166
- 6392 - 0 506
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case the true first layer would be very close to the
equatorial one, which causes the ¢* axis to be turned
over a very large angle around the b* axis before it can
be made to coincide with a reciprocal lattice row again.

We propose now that the repetition length along the
fibre be taken as infinite and the angle § as undeter-
mined.

It will be clear now that only in the direction of the
b* axis is an ordinary indexing possible. For the index
/ we will use the layer number as tabulated in Table 1.
For the origin of the 4 index in each reciprocal lattice
layer we will use the point nearest to the origin in re-
ciprocal space. This ‘indexing’ is shown in Table 2; the
Q values used in this table correspond to 104/d2 (din A).

The unit cell

The repetition length along the helical molecules being
infinite causes the ‘unit cell’ to contain an infinite num-
ber of atoms. This kind of ‘unit cell’ is neither usual
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Fig.3. Projection of the structure of S, along the axes of the
helical molecules. © right handed molecules, @ left handed
molecules. The numbers in brackets (z:, zs/p) mean a trans-
lation z; of the continuous molecular helix along its axis, in
combination with a screw motion of the molecule along the
continuous helix over a fraction zs/p of the atomic distance.
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nor useful in the analysis of the structure. We can,
however, construct a pseudo-rhombic ‘partial’ unit cell
with dimensions =811, $=9-20, and ¢=1:37 A,
using for the third dimension of the unit cell the param-
eter p, the atomic distance along the axis of the molec-
ular helix, a and & being perpendicular to this axis.
Using the density of 1-9 for S, given by Schenk (1956),
this pseudo unit cell contains four sulphur atoms. Com-
bination of this fact with the conception of the helical
molecules leads to a two-dimensional packing of the
infinite helical molecules in such a way that the area
a x b contains the projections, along their axis, of four
helices. All atoms of the four infinite helical molecules-
will be projected in this way on four equal circles in
the area axb.

Table 2 and Fig. 4 show the absence of the reflexions
in the equatorial plane with k odd. Combination of this
fact with the absence of the 400 reflexions with A
odd, while the even reflexions on the & axis are present,
results inan arrangement of the projections of the molec-
ules in the area axb shown in Fig. 3: in a layer of
molecules in the b direction the molecules are shifted
from the centred positions.

Coordinates

The molecules are completely determined by:

(i) Their handedness or parity,

(ii) The radius of the helical cylinder, r,

(iii) The pitch of the helix, P,

(iv) The atomic distance along the cylinder axis, p.

We already know the last two. In the next paragraph
we shall determine the parity; the radius will be de-
termined in the last section.

The position and orientation of the molecules in the
structure are determined by:

(i) The orientation of the helical axis, being normal
to the a, b-plane.

(ii) The positions of this axis in the area a xb. This
position is determined by the coordinates x and y,
which are fractional coordinates in the 4 and « di-
rections respectively. The conjugated coordinates in re-
ciprocal space being &= Rb cos y and #=Rasiny res-
pectively. Note that in this way b and & correspond to
£ while @ and 4 correspond to #. This is due to C.C.V.
using right handed coordinates and a, b and ¢ form-
ing a left handed set.

(iii) The orientation of the continuous helix around
the helical axis, determined by z; the distance from
the point on the continuous helix with ¢=0, to the
reference plane z=0.

(iv) The above parameters being constant there re-
mains only one degree of freedom for the molecule, viz.
translation of the atoms along the continuous helix,
the atoms remaining equidistant; we call this screwing
in or out. The corresponding parameter is zs, being the
distance in the z direction from the point with ¢=0
to the nearest atom. This atom was called the first atom
of the molecule. The total z coordinate is z;+ zs.
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It should be noted that a translation of the molecule
as a whole, of the two z coordinates, only affects z,
while a screw motion of the molecule along the basic
continuous helix only affects z;.

The packing of the molecules

In the arrangement of the molecular axes, as shown in
Fig. 3, the distances between the molecular axes are
not equal. This points to the occurrence of left and
right handed screws. As our policy is to use Fourier
transforms, we must distinguish now between the
transform of a left handed and that of a right handed
molecule.
A continuous helix is defined by:

x=rcos 2nz/P; y=rsin 2nz/P; z=z .

By the sign of the pitch a difference can be made be-
tween left and right handed screws, the right handed
screws having positive pitch P, and the left handed
ones having negative pitch P;. From (2) it follows that
for the left handed screw n; is negative at the same
value of {. Thus: P;= — P and n;= —ny, my=m, and
p1=pr and consequently

Juf(x)=(—=1)"rJn(x) .

If the molecule is translated with translation compon-
ents (x, y, 0), the transform must be multiplied by exp
2ni(x& + yn). The arguments of the Fourier transforms
for the right and left handed molecules are now, if we
use (1) and write » for n,:

4 g 1
nﬂ——ni—ff-i_ 4n+.Xé+y7]+ZC
and
4 g 1
no +"ﬁ+ 4n+xé+y;7+zC
respectively.
Separating z into z; and z; the part z; is related to
o by:

p[2n=2z/P,
P being + P,. With the use of (2) the ¢ can be elimin-

ated: F n-(/)—+23C=zs(—l+C) =mﬁ.
2n P p

The transforms now reduce to:
(i) For the right handed screw:

N
Ju (2 Rr) exp 2xi [”E + "
mz

+

+xE + v+ zté'] .
(ii) For the left handed screw:

[—n¥ + L
Jn (27 Rr) exp Zm[ nes + z"

mzs

+

+x¢'+yn+z;£].

THE STRUCTURE OF FIBROUS SULPHUR

If we accept, for the present, the occurrence of left
and right handed molecules it is reasonable that two
of the four molecules in the ‘unit cell’ are of the left
handed and the other two of the right handed type.
There are now two possibilities; either each layer of
molecules in the b direction contains only specimens
with the same parity, or each layer contains alternating
molecules of opposite parity.

In the b direction the distances between the molec-
ular axes are all equal. So the operation, bringing a
molecule in coincidence with its neighbour, will be the
same for all molecules. The repetition length in the b
direction is twice the molecular distance, so the opera-
tion applied twice to a molecule must bring it in ex-
actly the original orientation. The only possible opera-
tions doing this are: (i) change of the parity, (ii) screw-
ing in or out over 4p, (iii) doing nothing; all three
combined with the translation (34, 0, 0).

As will be shown now, with the aid of the Fourier
transform of the ‘unit cell’, operation (ii) (screwing in
or out over }p) generates exactly the peculiar system-
atic extinction rule of Fig. 4. In order to show this we
will take together the four molecular transforms with
the following coordinates:

Molecule I: xI1=0, y1=0, z!=0,

z! =0, right handed,
Molecule IT: xII=4, yI1=0, zll=1p,

z1=0, right handed,
Molecule IIT: xM=x, ylI=4 M=z,

ziM =z, left handed,
Molecule IV: xIV=x+1, yIV=4, zlV=2z,4+1p,

zV =1z, left handed.

Adding these transforms we obtain the transform of
the ‘unit cell’:
: (v, L )]
[Jn(27er) exp 27i ( o + "
x [1+exp 2niEm+4E)] x [1 +exp 2ziy],
where
=(-n¥
x=(-n¥
The transform consists of the transform of molecule I
multiplied by two fringe factors.
The first fringe factor is zero for m+¢&=o0dd; so,
using Table 1, extinction occurs for:

y4
+ﬁ+%+m+mfy

m layer numbers k
0 0,36,9, ... odd
1 1,2,4,(8), 11, ... even
2 2),5,8, ... odd
etc.

At all other values of & the first fringe factor will be
2 exactly. These extinctions correspond exactly to
the observed ones, for m=0 and |m|=1; the layer
lines with [m|>1 are not observed because of the high
order of the appropriate Bessel functions or because of
{ being very high.

If we had taken the other possibility, the molecules
in the b direction having alternating opposite parity,
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a term with y would have entered the argument of the
first fringe factor, with the result that the calculated
extinctions would no longer correspond to the ob-
served ones. ,

Moreover, if we chose for the molecules III and IV
the same parity as for molecules I and II the term with
v would disappear in the argument of the second
fringe factor. This would cause alternating presence
and absence of the reflexions along reciprocal lattice
rows with / and k constant. This conflicts with the ob-
servations. So the structure consists of layers of molec-
ules in the direction of the b axis. The molecules in
such a layer all have the same parity, and are screwed
in or out over half the atomic period, with respect to
each other. Molecules of neighbouring layers have
opposite parity.

In the second fringe factor the unknown parameters
are x, z; and zs, while the first factor of the transform
contains the unknown parameter r. The parameters z;
can be determined, with the use of the information of
layer lines 0, 3, 6, etc. alone, in the following way.
Of the two parameters z; and zs;, only z; has to deal
with the packing of the continuous helices; the term
with zs is missing in the argument of the transforms
of layer lines 0, 3, 6, efc., m being zero. Taking into
account these layer lines only, an analysis would result
in a structure consisting of continuous helices. This
structure would be monoclinic with space group P2.
The unit cell would contain parts of only two con-

/obs

first layer line
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tinuous helices of opposite parity, these parts being
only one complete turn of the screw. The unit-cell
dimensions would be: =886 A (=8:11sinp), b=
460 A (=9-20/2 A) and ¢=4-60 A (=P), a=y=90°,
p=114°. The twofold axis is parallel to the b axis and
going through a point of the helix having zero a co-
ordinate. From such a partial analysis the parameter
z; can be determined taking in account the intensities
of the reflexions; z; appeared to be —1-79 A. This
value of z; is equal to (8-11/2) cotg 114°; this shows,
after some geometrical considerations, that when the
helical line of helix II (see Fig. 3) is nearest to the axis
of helix III, the helical line of IIT must be at the op-
posite side of its helical axis. This means that the
helices II, IIT and IV are packed with maximal ‘inter-
locking’. Screws with opposite parity always fit better
than screws with the same parity.

In an analogous way one can consider the layer
lines 0, 10, 20, etc., corresponding to the repetition
length p only. This would result in a monoclinic cen-
tred structure, consisting of atoms placed apart at a
distance p on the axes of the helices considered above.

Layer lines not belonging to the two series discussed
above are due to the occurrence of both repetition
lengths p and P, as ‘intercombinations’; they correspond
to ‘off-axis’ lattice points in Fig. 1.

Returning now to the analysis of the real structure
of the discontinuous helices, taking into account the
intensities of all observed reflexions, we can again

L 1 i 1 1
[s23 N
Q - values E 5 Zig § 8 o E mg
= 2
= 86T SN N e =
[ calc H H
0o N an fhe
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1 1 1 1 1 g
N o [=3 [+ N Q 4
Q - values 5 o 9 © ] 3 § 2
1D < < © & - cd <
/calc
] | | —h 1 —
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Fig.5. Comparison of observed and calculated intensities on layer lines 0 and 1 respectively.
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check the value of z; (which proved to be correct) and
determine the values of the remaining unknown param-
eters. For quite a number of values of the parameters
x, r and zs the intensities have been calculated. The
best agreement with the observed ones occured for
r=096 A, zs/p=0-27 and x=0-29. The intensities ap-
peared to be quite insensitive to variations in x.

Summarizing, the structure of S, consists of long
helical molecules, with an infinite repetition length
along the helix, all having the same orientation of the
helical axis. This orientation is called the ¢ axis of the
structure. The molecules are arranged in flat layers
each containing only molecules of equal parity. The
direction in such a molecular layer and normal to the
helical axis is called the b direction. A layer of molec-
ules is placed beside its neighbour in the following way:
The parity is inverted; the helical axes are shifted in
the b direction over 0-29 x 9-20=2-67 A, that is about
0-4 A from the centered positions, as shown in Fig. 3;
the continuous helices are shifted in the ¢ direction
over —1-79 A, while the molecules are screwed upwards
over 0-27x1:37=0-37 A. As a result no monoclinic
angle could be determined and for this reason we chose
for the ‘a direction’ the direction normal to the plane
of the b- and ¢ axes.

The S, molecule

One of the parameters determined above is the radius
of the helical cylinder, 0-96 A. Going from one atom
to the next one on the same molecule this radius has
to be turned through 107° 27’ +£40" and shifted along
the cylinder axis over 1:373+0:005 A. From these
values we obtain the bond distance as 2-069 +0-014 A,
the bond angle 106:0°+1-7° and the dihedral angle
84-2+1:0°. In Table 3 these quantities are compared
with those of other sulphur molecules Sg and Sg (see
for instance Donohue, Caron & Goldish, 1961), and
an S;,*. The errors given in Table 3 are standard dev-
iations.

Table 3. Molecular dimensions

Bond Bond Dihedral
Molecule distance angle angle
Se(in Se ) 2:057+0-018 A  1022+1-6° 745 +2-5°
Sg(in S« ) 2:059 + 0-002 1079+ 06 98:9+0-7
Sa(in Sy) 2:069 +0-014 106:0+1-7 842+ 10
Si2* — 107-5+2-5 872+ 15

Experimental details

With the aid of the normal beam method the reflexions
on the layer lines 0, 1, 3, 4, 6, and 7 have been observed,
while for the reflexions on the tenth layer line and some
nearly diatropic reflexions on the layer lines 6 and 7

* Tt is possible to construct S;; rings, in a way overlooked by
Pauling (1949), as follows: Six atoms form a regular hexagon;
the other six are placed in two equilateral triangles in planes
equidistant above and below the hexagonal plane. The molec-
ule would have symmetry 3 (Sg in the Schoenflies notation).

THE STRUCTURE OF FIBROUS SULPHUR

the inclined beam method has been used. On the layer
lines 7 and 10 intensities have been estimated visually.
The photometer recordings of the other layer lines are
given in Figs. 5 and 6.

In Table 2 and in the photometer recordings the
calculated intensities Jca1e are compared with the ob-
served ones. The calculated intensities have not been
corrected for thermal vibration, which could not be
determined correctly. The calculation is carried out
with the aid of graphical methods and as a result the
Ica1e may be in error by about 5%. In the scale (Figs.
5 and 6) the areas of the plotted rectangles correspond
to the calculated intensities (Table 2), the scale factor
for each layer line being an arbitrary one. This was
done because of the lack of information for calculat-
ing the temperature and scale factors. The Q values are
104/d2 (d in A); the marks on the scale correspond to
reciprocal lattice points shown in Table 2. The phot-
ometer recordings have been determined only in the
direction of the layer line. /caic has been corrected so
as to compare directly with the observed intensities in
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Fig.6. Comparison of observed and calculated intensities
on layer lines 3, 4 and 6.



F. TUINSTRA

the photometer recordings. On the equator the reflexion
with =613, vvs, has been omitted because of its very
high intensity, being about ten times that with 0 =473.
For the 6th layer line the nearly meridional reflexions
are smeared out along the layer line, which fact may
be responsible for the high intensities observed. There
is a good agreement between the observed and cal-
culated intensities.

The author wishes to thank Dr J. H. Palm for crit-
ical discussions and Professor Dr J. A. Prins for stim-
ulating guidance.
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Refinement of the Structure of Bisthiourea-nickel (II) Thiocyanate.

By M.NARDELLI, G.FAVA GASPARRI, G. GIRALDI BATTISTINI AND P. DOMiANO

Structural Chemistry Laboratory, Institute of Chemistry, University of Parma, Italy

(Received 15 June 1965)

The crystal structure of Ni[SC(NH),]2(NCS), has been refined by means of three-dimensional differ-
ential syntheses. Each nickel atom lies on a symmetry centre (space group PT) and is octahedrally
surrounded by four sulphur atoms from thiourea molecules (Ni-S 2:53 +0-01 and 2:56+ 0-01 A) and
two nitrogen atoms from thiocyanate groups (Ni-N 1:99 +0-01 A). The octahedra are linked in chains
with each thionilic S atom shared by two adjacent nickel atoms. Bond distances and angles are discussed.

The structure of bisthiourea-nickel(Il) thiocyanate,
Ni[SC(NH,),],(NCS),, was determined several years
ago by Nardelli, Braibanti & Fava (1957) (here-
after called NBF) by means of generalized Fourier syn-
theses using an incomplete set of three-dimensional
data (482 independent reflexions out of 1222 possible
with Cu K« radiation). Because this compound is in-
teresting from the point of view of the coordination
of the thionilic sulphur and the thiocyanate group, the
refinement of its structure was undertaken to improve
the reliability of bond distances and angles with the
use of all the observable data with Cu K« radiation.

Cell constants, remeasured, from rotation and Weis-
senberg photographs, are as follows:

Ni[SC(NH,),1(NCS), . M=327.1; a=3-80+00I,
b=7-58 +0-01, ¢=10-11+001 A; 2a=92-3+0-2, f=
98-1+0-2, y=104-1+0-1°, ¥=278-7 A3, Z=1, D=
1995, D,=1-88 g.cm~3 (flotation), x=90-2 cm-!
(Cu Ka). Space group: PT.

New three-dimensional intensity data were collected
from integrated and non-integrated multiple film

Weissenberg photographs taken around [100] with a
sample of nearly square cross-section (edge 0-008 cm)
and around [010] using a fragment with a mean radius
of 0-008 cm. All the crystals were parallel twins with
twinning axis [100], and yet the reflexions due to the
two individuals were well separated in all the photo-
graphs (excepting of course the 0k/ reflexions which
were always superimposed). The complete indexing
and intensity measurement (photometrically) of the
spots from both individuals were straightforward in
the series of photographs taken around [100]. In the
series taken around [010], only the reflexions due to the
individual rotating around that axis were considered.
Four levels about the a axis and seven levels about the
b axis were measured, giving a total of 1010 observed
independent reflexions. The absorption correction for
cylindrical samples was applied to [100] — and for
spherical samples to [010] — data. Upper-level Weissen-
berg spot shape effects were considered following Phil-
lips (1956) for the first series and following Scouloudi
(1953) for the second series of data. The structure am-
plitudes (with the exception of 0k/) were put on the
same relative scale by the least-squares cross-correl-



