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A Refinement of the Crystal Structure of Gypsum CaSQO4.2H,0

By W.F.CoLE AND C.J. LANCUCKI

(Received 3 September 1973 ; accepted 12 October 1973)

With the use of three-dimensional X-ray diffraction data the crystal structure of gypsum has been
refined by least-squares methods. Initial parameters used were those found by Atoji & Rundle [J. Chem.
Phys. (1958), 29, 1306] from neutron-diffraction data. Significant changes were made in the x and z
parameters of the oxygen atoms of the sulphate ion and the oxygen atom of the water molecule. Bond
lengths around the sulphate ion show equal sulphur-to-oxygen distances of mean value 1459 A, but
one pair of oxygen-to-oxygen distances of 2:323 A and the corresponding pair of oxygen-sulphur—
oxygen bond angles of 105-5° are significantly different from the others, which have mean values of
2:411 A and 111-5°, respectively. As a result the symmetry of the sulphate ion is lowered from a tetra-
hedron to a sphenoid. The new oxygen parameters indicate that there are two distinctly different
hydrogen-bond lengths of 2:816 and 2-896 A rather than one only of mean value 2-820 A as found by
Atoji & Rundle. A re-working of the data of Atoji & Rundle produced refinement beyond that which
they reported and clearly indicated the two different hydrogen-bond lengths (difference 0-065 + 0-018 A)
shown by the X-ray work. The re-refining of the neutron data also confirmed the lowering of the sym-
metry of the sulphate ion, although this did not show up in Atoji & Rundle’s refinement. On the basis
of the new parameters for the hydrogen atoms from the re-worked neutron data and the parameters
for the water oxygen found from the X-ray data, the two O-H distances in the water molecule are
calculated as 0-962 and 0-944 A but the difference is not statistically significant. The details of the
refined structure are in agreement with conclusions drawn by other workers from spectroscopic data.
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The anisotropic thermal parameters are discussed with respect to the structure.

Introduction

The crystal structure of gypsum, CaSO,.2H,0 was
determined by Wooster (1936) from two-dimensional
X-ray diffraction data with Fourier methods, which
gave an R index of 13-6% on observed data. It was
further refined by Atoji & Rundle (1958) from Okl
hk0 and hkh neutron-diffraction data by means of both
Fourier and least-squares refinement methods to an R
index of 15-5% on observed data. The neutron-dif-
fraction work permitted the fixing of the positions of
the hydrogen atoms and indicated small but significant
changes in the positions of all of the oxygen atoms from
those established by Wooster. Denne & Jones (1969)
re-examined the neutron-diffraction data of Atoji &
Rundle by an occupation-factor approach and found
that the distribution of the hydrogen atoms was centro-
symmetric.

By modern standards the crystal structure of gypsum
is only poorly refined and the present study was under-
taken to refine the structure of this important industrial
and building material by using three-dimensional X-ray
data collected on a modern semi-automatic counter
diffractometer. The study has shown (Cole & Lancucki,
1972a, b) that the symmetry of the SO, ion in gypsum
is lower than tetrahedral, confirming the earlier de-
ductions of Rousset & Lochet (1945) from Raman,
and Hass & Sutherland (1956) from infrared spectra.
It has also been found (Cole & Lancucki, 1973) that
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the water molecule is asymmetrical, confirming the
deductions of Seidl, Knop & Falk (1969) from infrared
spectra of partially deuterated gypsum.

Experimental

The gypsum used was from Monte San Derato Bologna,
Italy. It had the following composition: CaO 32-5,
SO; 46-4, H,O 21-0, SiO,+ other insolubles 0-01,
R,0;<0:01, MgO<0-005, Na,0<0-01, SrO 0-025,
Ba0O < 0-005, CO, < 0-01, and Cl 0-01 %. It was shaped
intoasphereofabout0-3 mm diameter, and ellipsoids of
0-3mm ontheminoraxisand 0-37 mm on the major axis
as described by Cole & Lancucki (1965). This involved
spinning cut cubes of the crystals to ellipsoids by
circulating kerosine in a Bond cell, and hand shaping
the ellipsoids to spheres, followed by etching in run-
ning water. The crystals used in the analysis showed
some surface streaking for many low-angle reflexions.

The unit-cell dimensions were determined by the 8
method, as described by Weiss, Cochran & Cole (1948),
with a Unicam single-crystal goniometer. The values
of a*, b*, c* and f* were obtained directly from 400,
040 and 00/ reflexions by extrapolating the regression
equations on cos?f to #=90°. The new unit-cell
parameters and those found by Atoji & Rundle are
reported below together with other relevant crystallo-
graphic data relating to the Bragg cell (Bragg,
1937).
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Structure analysis :
A least-squares refinement was made on the counter- 3 ~=8 =25 ~=8z2a
diffractometer data using the Busing, Martin & Levy & SnSSSIET SnESSSTET
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(1962) computer program ORFLS with isotropic tem-
perature factors and the initial atomic parameters and
temperature factors found by Atoji & Rundle (1958).
The fcurves for S, O, and H were taken from Mirkin
(1964), Ca** from International Tables for X-ray Crys-
tallography (1962) and O*~ from the example on quartz
featured in ORFLS. With structure factors having unit
weights (w) and Akl reflexions for k between 0 and 3, an
overall disagreement index R= |/ >w(F,—SqF.)* /> wF?
=0-089 was achieved, excluding hydrogen atoms, after
four cycles of refinement for 365 non-equivalent
reflexions. With anisotropic temperature factors, R=
0-074. For the full data set of 2193 non-equivalent
reflexions refined with the use of a weighting function
w=[o(F,)]"% an R value =0-055 was obtained with
isotropic temperature factors after three cycles of
refinement; with anisotropic temperature factors, R=
0-048 after three cycles of refinement. When hydrogen
atoms were introduced into the isotropic refinements
with the parameters found by Atoji & Rundle, R became
0-059. Attempts to refine the hydrogen parameters
with the full data set were unsuccessful, the temperature
factors assuming unrealistic values. Some refinement
of the positional parameters for hydrogen was achieved
by using reflexions with sin §<0-4 and keeping the
thermal parameters constant, as recommended by
Huber-Buser (1971). The final parameters gave values
of bond lengths within the water molecule considerably
different from acceptable values. Difference Fourier
maps based on 4F=(F,—SqF,) and excluding hydro-
gen atoms from the calculated structure factors were
computed in the form of projected sections in the
vicinity of the hydrogen atoms for both sets of data.
Weak electron density maxima were found in the
vicinity of the expected values and the positional
parameters deduced from the peaks [for H(1) x/a=
0-2500, y/b=0-1463, z/c=0-4680; for H(2) x/a=0-3917,
y/b=0-2166, z/c=0-5033] were in closer agreement
with the least-squares refinement than with the values
found by Atoji & Rundle from neutron-diffraction
data. The hydrogen positions are discussed further in
a later paragraph.

The positional and thermal parameters for O(1),
O(11), O(W),Ca and S are given in Table 1 with their
standard deviations for the isotropic refinement of the
2193 non-equivalent reflexions. They are compared

Table 2. Refined anisotropic thermal parameters ( x 10%)

The anisotropic temperature factor has the form

T=exp [— (h*Bry + k*Bay + 1*Bys + 2hk By + 2kIBs + 2hIB13)).
(Numbers in parentheses are standard deviations in the least
significant digit.)

ﬁll ﬁZZ BJS ﬂlz BIJ ﬁZJ

Ca 69(1) 9@ 59(1) 0 23(1) 0
S 52(2)  7(0) 46(1) 0 13(1) o
o) 115(4) 15(0) 89(3) —3(1) 42(3) 4(1)
o(11) 81(4) 14¢(0) 92(3) —8(1) 15(3) 4(D
O(W) 225(6) 16(1) 204(5) 3(2) 149(5) —7(1)

A C 30B - 6*
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with the previous values found by Atoji & Rundle
(1958). The thermal parameters arising from the
anisotropic refinement of the same 2193 reflexions are
given in Table 2.

Because the positional parameters for O(l), O(11)
and O(W) differed significantly from those found by
Atoji & Rundle using neutron methods, the film data
collected from the rotation about the b axis were also
subjected to a least-squares refinement. In this case
each level of reciprocal space was scaled independently
to the calculated structure factors and the scale factors
and atomic parameters were refined with isotropic tem-
perature factors to an R value of 0-011 with a unit
weighting function. The parameters (Table 1) showed
similar differences from the neutron-diffraction data
reported by Atoji & Rundle as occurred with the X-ray
counter diffraction data.

In view of these differences a re-refinement was made
of the neutron-diffraction data with the computer pro-
gram ORFLS using isotropic temperature factors and
initial atomic parameters and temperature factors as
found by Atoji & Rundle. The scattering lengths of
0-49, 0-31, 0-58 and —0-38 in Fermi units (10~!! mm)
for Ca, S, O, and H, respectively were the same as
those used by Atoji & Rundle. In four cycles of refine-
ment R was lowered from 0-154 to 0-092, to give
atomic parameters and temperature factors nearly
identical with those in Table 1. The values in Table 1
relate to refinements made with the more recent scat-
tering lengths of 0-490, 0-280, 0-577, and —0-378 for
Ca, S, O, and H, respectively. These gave a minimum
R value of 0-091. The new scattering lengths mainly
influenced the temperature factors, particularly that
for S. The atomic parameters for O(1), O(11) and O(¥)
have approached those found from the X-ray work and
H(1) and H(2) are in positions considerably different
from those found by Atoji & Rundle. Attempts to
refine the neutron-diffraction data anisotropically were
only partially successful. Atoms O(1), Ca and S were
not positive-definite after the first cycle and if these
were left isotropic, atom H(l) became not positive-
definite after the second cycle of refinement. The R
index was lowered to a minimum value of 0-081.

The observed and calculated X-ray structure factors
based on the anisotropic X-ray refinement parameters
for Ca, S, O(1), O(11) and O(W) and the isotropic
neutron re-refined parameters for hydrogen are given
in Table 3. The observed and calculated neutron struc-
ture factors based on the re-refined isotropic param-
eters of Atoji & Rundle’s observed data are given in
Table 4.

Discussion

In the crystal structure of gypsum (Wooster, 1936;
Atoji & Rundle, 1958) there are two crystallographical-
ly distinct sulphate oxygen atoms [O(1) and O(11)]. The
new refinements have produced significant changes in
the x and z parameters (Table 1) of the oxygen atoms
O(1) and O(11) and the oxygen atom O(}¥) of the water
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molecule from those given in previous studies. As a
result a clearer picture has emerged of the details of
the sulphate ion and of the hydrogen-bond distances
in gypsum. Bond lengths and angles calculated by
means of ORFFE (Busing, Martin & Levy, 1964)
for the present X-ray study are given in Table 5 and
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are compared with those obtained by Atoji & Rundle
from their neutron-diffraction study. The most striking
differences lie in the O(1)-O(11) and O(1)-O(11")
bond lengths of 2:323 A and the related O(1)-S-O(11)
and O(1')-S-O(11’) bond angles of 105-5°. The four
other oxygen-oxygen distances around the sulphate

3. Observed and calculated X-ray structure factors for CaSO,.2H,0 (x 10)

indicated by an asterisk.
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ion have a mean value of 2:411 A, and the corre-
sponding angles a mean value of 111-5°. The sul-
phur-oxygen distances are essentially identical at
1-459 A and can be compared with an average distance
of 1-49 A in other inorganic structures (International
Tables for X-ray Crystallography, 1962). The new
values of bond lengths and angles for the sulphate ion
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in gypsum lower its symmetry from a tetrahedron in
the point group 43m (hexatetrahedral) to a sphenoid in
the point group 42m (tetragonal bisphenoidal). The
fact that the symmetry of the sulphate ion must be
lower than tetrahedral has long been established from
both Raman (Rousset & Lochet, 1945) and infrared
spectra (Hass & Sutherland, 1956), both of which show
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Table 4. Observed and calculated neutron structure
factors for CaSO,.2H,0

Based on an isotropic re-refinement of Atoji & Rundle’s ob-
served data. Structure factors are scaled to 100F in Fermi
units, where F'is calculated for one CaSO,.,H,0.

h k I FO SQFC h k | FO SQFC
2 0 0 529 532 0 17 1t 191 19-2
4 0 0 614 528 0o 2 2 281 -=-3I1

6 0 O 97 12:5 0 4 2 616 —6138

0 2 o0 817 784 0 6 2 593 369
0 4 0 444 -375 0 8 2 23 — 60
0 6 0 614 542 0o 10 2 275 231

0 8 0 210 —-209 0 12 2 570 —668

0 10 O 513 497 0 14 2 102 - 87
0 12 0 324 -315 0 16 2 479 469
0 14 0 156 136 0 1 3 50 77
0 16 O 319 300 0 3 3 347 349
0 18 0 662 —657 0 5 3 59 - 70
0 0 2 317 =376 0 7 3 513 —497
0 0 4 86 — 22 0 9 3 496 481

0 0 6 255 —266 0o 11 3 38 — 21

1 1 0 163 14-3 0o 13 3 3777 —-396
1 3 0 64 — 54 0o 15 3 229 19-5
1 5 0 443 -—402 0 2 4 113 134
1 7 0 523 50-0 0 4 4 496 -490
1 9 0 474 440 0 6 4 263 —234
1 11 0 813 —-780 0 8 4 399 -—-401

1 13 0 152 103 0o 10 4 267 253

1 15 0 249 262 0 12 4 <20 - 20
1 17 0 65 — 81 0 1 5 <20 — 21

2 2 0 394 -390 0o 3 5 118 85
2 4 0 1251 -—-1182 0 5 5 365 —348
2 6 0 169 —-175 o 7 S5 700 —677
2 8 0 210 —136 0o 9 5 335 353

2 10 0 237 ~-298 0o 11 5 158 —178
2 12 0 134 9-5 0 2 6 351 353
2 14 0 531 52:4 0 4 6 433 404
2 16 0 2711 27-2 2 0 2 482 401

31 0 243 209 2 0 4 451 279
3 3 0 642 —633 1 2 1 702 -759
3 5§ O 30 34 2 2 2 184 -219
37 0 291 312 3 2 3 238 19-4
3 69 0 106 — 87 4 2 4 <40 - 59
311 0 1113 — 88 5 2 5 421 -357
3 13 0 233 -219 1 4 T 332 -365
3 15 0 206 249 2 4 2 258 —249
4 2 0 702 628 3 4 3 436 —404
4 4 0 256 264 4 4 3§ 210 14-4
4 6 0 503 —494 5 4 5 342 -310
4 8 0 636 608 1 6 T 154 13-0
4 10 0 116 —123 2 6 2 900 1027
4 12 0 95 — 86 3 6 3 282 277
4 14 0 323 315 4 6 4 867 —860
5 1 0 220 224 5 6 35 159 169
5 3 0 218 —196 1 8 1 233 —241

55 0 214 183 3 8 3 311 —-362
5 7 0 216 206 4 8 4 238 -228
5 9 0< 40 — 46 1 10 1T 239 -226
5 1t 0 8:6 4-8 2 10 2 143 —11'6
6 2 0 216 —198 3 10 3 1201 —1393
6 4 0 326 —328 4 10 4 113 60
0 1 1< 50 31 1 12 T 264 294
0 3 1 208 202 2 12 2 275 —-248
0 5 1 193 17-3 4 12 4§ 205 307
0 7 1 185 16-3 1 14 1 420 —405

0 9 1 652 672 2 14 3 320 —243

0 11 1 360 414 3 14 3 <30 56
0 13 1 139 127 1 16 1 430 —-449
0 15 1 250 261

A REFINEMENT OF THE CRYSTAL STRUCTURE OF GYPSUM, CaSO,.2H,0

splitting of fundamental frequencies associated with the
SO, ion. The lower symmetry was not revealed by
Atoji & Rundle from their neutron diffraction results
but the re-refining of their observations shows (Table 5)
that it was present in their data. The reduced symmetry
probably arises because of the different environment
surrounding the two crystallographically distinct
sulphate oxygens O(1) and O(11). The symmetry-
related pair of atoms O(1) and O(1") are each hydrogen
bonded to two water molecules towards which they
face whereas the symmetry-related pair O(11) and
O(11") form no hydrogen bonds but have close Ca*
neighbours. Atoms O(1), O(11) and O(1"), O(11’) are
drawn closer together and atoms O(1), O(1") and O(11),
O(11") spread slightly apart with respect to the values
found by Atoji & Rundle to produce the observed
distortion from tetrahedral symmetry.

Each calcium atom in gypsum is surrounded by three
pairs of oxygen atoms [one of O(1), O(1) and two of
O(11), O(11")] belonging to SO, groups and by a pair
of water molecules (Fig. 1) with oxygen atoms O(W),
O(W"). For atoms O(1) and O(11) of the same SO,
group the Ca—O(1) pair and the Ca-O(11) pair have
bond lengths that are significantly shorter (Table 5)
than those found by Atoji & Rundle. This arises from
the shortening of the O(1)-O(11) bond distance and
the decreasing of the O(1)-S-O(11) bond angle. The
second shorter Ca-O(11) bond length (Table 5) links
the Ca of the one cell to the symmetry-related pair of
O(11) and O(11") atoms in the next cell and this is
slightly lengthened, as is the distance between Ca and
the O(W) atoms in the same cell with respect to the
values found by Atoji & Rundle.

The changes in the x and z parameters of atoms O(1)
and O(W)(Table 1) fromthosefound by Atoji & Rundle
affect the hydrogen-bond distances given by O(W)-
O(1) [or O(1")] through H(1) and O(W)-0(1) [or O(1")]
through H(2) (Fig. 1). These distances, as well as the
two distances O(W)-H(1) and O(W)-H(2) in each
water molecule, are non-equivalent and in principle
need not be of the same length (Seidl, Knop & Falk,
1969). In fact Seidl, Knop & Falk have shown that
appreciable asymmetry of the water molecule is in-
dicated by the large splittings in gypsum of the three
isolated HDO frequencies: 90 cm™~?! for O-H stretching,
65 cm™! for O-D stretching, and 14 cm~! for the
bending. They argue that it would be necessary to
determine the positional parameters of O(#) and O(1)
with standard deviations of the order of 0-001 A to
verify the asymmetry found by the spectroscopic
results. The new X-ray results indicate that the two
distances O(W)-O(1) [or O(17)] through H(1) and
O(W)-0(1) [or O(19] through H(2) of the water mole-
cule differ by 0-080+0-003 A (Table 5) while the re-
refined neutron data indicate a difference of 0-065 +
0-018 A, both results being statistically significant. The
original refinement of Atoji & Rundle gave no dif-
ference in these bond lengths.

If the true hydrogen positions are taken as those
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Table 5. Interatomic distances and bond angles
X-ray,
isotropic and anisotropic Neutron, isotropic
This study Atoji & Rundle Re-refined
Sulphate ion
S——0(1) 1-457 +0-001 A 1-497 £ 0-014 A 1-483+£0-014 A
S-——0(11) 1461 +0:002 1479 +0-010 1-468 £0-014
Oo(1)—O0(1") 2:409 +0-002 2:442+ 0013 2:452+0-020
O(1)—O(11)=0(11-0(11) 2-323 +0-002 2421 +0-014 2:370+£0-013
O(11)-0(11") 2-407 +0-003 2:415+0:010 2-398 +0-018
o(1)—O(11)=0(11)-0(11) 2:414 +0-002 2-438+0-011 2:434+0-011
O(1)—S-0(1") 111-5+0-1° 109-4 +1-4° 111-5+1-3°
O(11)-S-0(11") 111:0+0-1 109-4+1-0 109-5+1-3
0(1)—S-0(11)=0(1)-S-0(11) 105-5+0-1 108-9+1-3 1068 +0-5
0O(1)—S-0(11")=0(1")-S-0(11) 111:7+£ 01 110-1£1-2 111-1+06
Water molecule
O(W)-H(1) 0-962+0-012 A 1-002+0-030 A 0-981+0-040 A
O(W)-H(2) 0944 +0-021 0-981 +0-024 0:939+0-023
H(1)—H(2) 1:531 £ 0-030 1-580 +0-036 1-531 £ 0-030
H(1)—O(W)-H(2) 1069 + 1-0° 105-6 +4-5° 105-7 £1-8°
Hydrogen bond
O(W)-0(1) [or O(1°) through H(1)] 2:816+0002 A 2816+0014 A 2:799%0-013 A
O(W)-0(1) [or O(1’) through H(2)] 2-896 +0-002 2:824 +0-015 2:865+0-011
O(1)—H(1)=0(1")-H(1) 1-860 +0-013 1-814 1826 + 0-038
O(1)—H(2)=0(1")-H(2) 1-955 + 0-006 1-845 1:932+0-019
O(1)—H(1)-O(W)=0(1")-H(1)-O( W) 172:3+1:0° 177-7° 171:0+1-8°
O(1)—H(2)-O(W)=0(1")-H(2)-O(W) 174:1+1-0 1781 172:3+2-1
Calcium—-oxygen distances
Ca-0(1) 2:528 40002 A 2:566 A 2:55240-009 A
Ca-0O(11) 2544 + 0-002 2588 2:548+0-010
Ca-0(11) 2-378 +0-001 2-353 2:357+0-012
Ca-O(W) 2-:380+ 0001 2-341 2:383+0:014
l O H,
o]
2 ® M
o Os
% O Ca i
]j ) i
; |
i i
|
.‘ |
|
i i
| |
| i
1

L e = e
Fig. 1. One-half of the unit cell of gypsum projected on the (001) plane [after Atoji & Rundle (1958)]. The fractional coordinates
have been multiplied by 100.
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given from the re-refined neutron data (Table 1) and if
they are combined with the O(W) parameters given by
the X-ray refinement, then the O(W)-H(1) distance is
0-962 A, and the O(W)-H(2) distance 0-944 A, the
H(1)-O(W)-H(2) bond angle 106-9°, and the H(1)-H(2)
distance 1:531 A (Table 5). The O(W)-H and O(W)-
H-O(1) distances correlate well with those from hy-
drates given in Fig. 8 of Atoji & Rundle. The location
of the two hydrogen atoms is essentially along the lines
joining O(W)-0O(1) and O(W)-O(1’) (Table 5 and Fig.
1) as reported earlier by Atoji & Rundle. Thus the
shorter O(W)-H(2) distance is associated with the
longer O(W)-H(2)-O(1) for O(1")] distance and the
longer O(W)-H(1) with the shorter O(W)-H(1)-0O(1)
[or O(1")] as expected. The ratio of the distance
O(W)-H(2) to the distance O(W)-H(1) is 0-979 which
can be compared with the ratio of 0-966 reported by
Seidl, Knop & Falk (1969) as being derivable by R. W.
Green from spectroscopic data.

In the attempts to re-refine the neutron-diffraction
data with mixed isotropic-anisotropic temperature
factors the hydrogen positional parameters, after one
cycle of refinement, gave higher values for the O(W)-
H(1) (1-042 A) and O(W)-H(2) (0-937 A) distances,
using the O(W) positional parameters from the neutron
refinement as also when using the X-ray positional
parameters for O(W) [O(W)-H(1) 1-022 A and
O(W)-H(2) 0-951 A]. Thus, although the hydrogen
positional parameters are known with less certainty
than the others, those obtained in the present work,
when combined with O(W) positions from either
neutron or X-ray data, -yield values of bond lengths
consistent with two hydrogen bonds of different length
and strength.

In the structure of gypsum the water molecules form
two parallel sheets in the direction of the prominent
cleavage of the crystal (Fig. 1), and the H(2) atoms are
all located within the double layer whereas the H(1)
atoms are always outside it. This means that an elec-
trical repulsion between the sheets would lengthen
hydrogen bonds involving the H(2) atom relative to
those involving the H(1) atom, as is observed.

In the neutron-diffraction refinement of Atoji &
Rundle the parameters were refined with isotropic
temperature factors, since it was observed from Fourier
methods that the thermal motions were isotropic or
nearly isotropic. The root-mean square amplitudes of
the thermal motion along the principal axes set out

A REFINEMENT OF THE CRYSTAL STRUCTURE OF GYPSUM, CaSO,.2H,0

in Table 6 show that the thermal motions of Ca and S
are nearly isotropic, but those of O(1), O(11) and O(W)
showsome anisotropy, particularly O(W). Thelocations
of the thermal ellipsoids for Ca and S are very similar
and are shown in Fig. 2 with respect to the atom projec-
tions on the ac plane. Greatest thermal movement of

Fig.2. Position of principal axes of thermal ellipsoids (1, 2
and 3) with respect to the ac plane of gypsum. The lengths of
the axes are proportional to the magnitude of the r.m.s.
amplitudes of thermal motion (Table 6) projected into the
ac plane. The thicknesses of the wedges indicate the mag-
nitude of the angle of inclination (/) of the principal axes to
the ac plane. The directions that the wedges point to are the
angles ¢ (Table 6) that the principal axes make with the g axis.
For atoms O(1) and O(1") the principal axis 2 nearly super-
imposes on axis 3 and is not shown. Its inclination to the
plane is opposite to that of axis 3.

Table 6. Root-mean-square (r.m.s.) amplitudes of thermal motion along the principal axes, angle of principal
axes to the a axis (¢) and inclination of principal axes to ac plane (1)

(Numbers in parentheses are standard deviations in the least significant digit.)

Axis 1

] 1 r.m.s. ]
Ca 45°  0°  0092(DA —
S 37 0  0077(2) —
o) 50 0 0118(2) 320°
o(11) 42 9 0093 () 293
o(W) 157 26 0121 (3) 347

Axis 2 Axis 3

1 r.m.s. [} 1 r.m.s.
90° 0105 (H A 135 0° 0108 (HA
90 0:091 (1) 127 0 0-100 (1)
32 0-118 (2) 142 58 0-140 (2)
66 0-118 (2) 135 22 0-154 (2)
64 0150 (2) 249 3 0-191 (2)
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Ca and S takes place approximately in the direction
of the c¢ axis. The intermediate axis of these ellipsoids
lies in the direction of the b axis. The directions of the
ellipsoids for O(1) and O(11) are similar to those for
Ca and S except that the intermediate axis is inclined
to the b axis (Table 6). For atom O(W) the directions
of the ellipsoid are different from those of the other
atoms and the greatest thermal motion is more nearly
in line with the least thermal motion of atoms O(1),
O(11), Ca and S. Its intermediate axis is inclined to the
b axis (Table 6).

The authors wish to thank Professor H. Freeman and
staff of the Chemistry Department of the University
of Sydney for instructing them in the use of the Supper
equi-inclination Weissenberg diffractometer and for
supplying them with copies of the crystallographic
computer programs used in the work.
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Electron Diffraction and the Structure of a-N,
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Electron diffraction patterns have been obtained from annealed single crystals of «-N,. The {100}
patterns were found to be particularly suitable for resolving the controversy as to whether «-N, has the
Pa3 or P2,3 structure. A quantitative comparison of these patterns with calculated intensities was used
to set a (conservative) upper limit of 0-05 A for the displacement of the centre of the N, molecule from
the Pa3 structure. This and other more qualitative evidence strongly suggests that the structure is in
fact Pa3. Twins on {111} planes were observed and were shown to give rise to some reflexions which are
forbidden by Pa3 symmetry. The possibility is discussed that twinning could explain a previous X-ray
observation of isolated reflexions which were not consistent with the Pa3 structure.

1. Introduction

The exact structure of the low temperature «-phase of
solid nitrogen has been under discussion since the first
X-ray work of Vegard (1929) and Ruhemann (1932).
The structure proposed by Ruhemann was Pa3 cubic,
in which the centres of the N, molecules are on a f.c.c.

* Present address: A.E.R.E., Harwell, Didcot, Beikshire,
England.

lattice, but each molecule points in a different {111)
direction. The Vegard structure is essentially similar
but the centre of a molecule is displaced by a small
distance, r, along the {111} direction parallel to the
axis of that molecule. This displacement lowers the
symmetry to P2,3, which is a non-centrosymmetric
structure.

Many diffraction experiments have been performed
in an attempt to decide which structure is correct.
X-ray powder patterns (Bolz, Boyd, Mauer & Peiser,



