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ABSTRACT

The crystal structure of Na&SO3 has been investigated by means of the Laue,
the ionization, the rotation and the powder methods. The hexagonal unit cell con-
taining two molecules was found to have dimensions: g =5.441A c =6.133A. The ob-
servations seemed to be in conAict with all hexagonal and trigonal space groups. The
difficulty was, however, overcome by assuming the crystals to be twins with the c-axis
as twinning axis. The space group C»'was under this assumption found to bethe only
possible one. All parameters involved were determined from the observed intensities
with the following result:

4 atoms Na in position 1a (000), 1b (00 —,') and 2d (3 3 u1), (3 3 N1) with Ng=0. 67

2 atoms S in positions 2d (3 3 N2), (3 3 N2) with N2=0. 17

6 atoms 0 in positions 6g{xyz), (y —x, x, z), (y, x—y, z), (xyz), (x —y, x, z), (y, y —x, z)
with x=0.14, y=0.40, z=0.25,

Two of the Na atoms are surrounded by 6 oxygens at a distance 2.469A; while the
remaining two sodium atoms are surrounded by 3 oxygens at a distance 2.461A and

by 3 at 2.870A. The structure shows the presence of groups SO3. The distance from
sulphur to the 3 surrounding oxygens is 1.39A, while the oxygens in the equilateral
triangle have a distance of 2.24A. The sulphur atom has a displacement of 0.51A out of
the plane of the oxygens. The form of the SO3-group is thus like a low trigonal pyra-
mid, being of the same type previously found for the groups (CIO3), (Br03),
(As03) 'and (Sb03) '.

1. INTRQDUcTIoN

CRYSTALS of anhydrous sodium sulphite were first prepared and dc-
'

~

~

~ ~

~

~

scribed by H. Hartley and W. H. Barrett. ' The symmetry is reported as
hexagonal, with an axial ratio c/a=1. 1246. The crystals are short prisms
with predominating forms (10.0) and (00.1) small faces (10.1), (10.2) and
very small (11.1) faces. Further observations by Hartley and Barrett are:
perfect cleavage parallel to (00.1); birefringence strong, negative; density at
15'C, 2.633.

2. OBsERvATIQNs

Our chief interest in the x-ray analysis of the Na2SO3 was the determina-
tion of the shape and dimensions of the SOS-group. In the following para-
graphs we will describe the complete determination of the crystal structure,
The investigation was started at the University of Manchester, where part of
the observations were taken. Additional observations were collected in Ryer-
son Physical Laboratory, University of Chicago, where the investigation was
completed.

Hartley and Barrett, Trans. Chem. Soc. (London) 95, 1178 (1909).
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Due to certain difficulties met during the investigation (see section 4), it
became obvious that we must secure unusually reliable sets of observations,
and apply as many different methods as possible. Our observations consist of
the following.

(1) Complete rotation photographs and oscillation photographs around
the hexagonal axis, and around the two different sets of horizontal axes.
Oscillation angles of 5', 15' and 30' were used. Crystal to plate distance was
5.0 cm. Radiation: Motto. . Bernal's' graphical method of indexing the reHec-
tion spots was used throughout, thereby securing the most reliable indexing.
In order to test the absence or presence of important reflexions many long
exposures with an oscillation angle of 5' were taken.

(2) Laue photographs perpendicular to (00.1) and (10.0), and inclined a
few degrees to the former directions. The photographs were indexed by con-
verting the diagrams into gnomonic projection. The lower wave-length limit
in the incident beam was tested on a number of known crystals.

(3) Intensity measurements on the ionization spectrometer of all reflec-
tions hk. G up to 33.0 and of the reHexions 00.1. The series of intensities hk. 0
was transformed into absolute measure by a method described in section 4,
below. The crystal was completely bathed in the x-ray beam; the observed
intensity was taken proportional to

~
F~ ' 1+cos'20/sin20,

where
~
F

~

is the structure amplitude. MoXcz radiation was used.
(4) Powder photographs with a high resolving camera, with sodium chlo-

ride as reference substance. ' The unit cube of sodium chloride was assumed to
have the edge @=5.628A. The wave-length used was taken as MoXO.'~ —)
= 0.70783A.

3. THE UNIT CELL AND SPACE GROUP CONSIDERATIONS

All observations agree with the following hexagonal cell:
a = S.441 + 0.004A c = 6.133 + 0.007A c/a = 1.127

The correctness of the unit cell was carefully tested by means of long-expo-
sure Laue photographs. No reHection spots could be found which indicated
a larger unit cell than the one given above. By means of the directly deter-
mined density we find 1.98 2 molecules of Na2SO3 connected with each unit
cell. The calculated density for two molecules is 2.66.

The Laue photographs and the oscillation photographs possess the sym-
metry of the space groups C»", C6" and C6&". Vertical planes of symmetry
are definitely not present.

A further limitation of the space groups was obtained through observa-
tions of the spectra 00.1. At ordinary exposures only the even order reHec-
tions from the base appear in the oscillation photographs. However, on
several oscillation diagrams taken with 5' oscillation angle and long exposures
the reHexion 00.3 was unmistakably present. These observations rule out all
space groups save C3~', C,' and C,„i.

2 Bernal, Proc. Roy. Soc. London A113, 117 (1926).' We are indebted to Mr. F. Barta 'for taking the powder photographs.
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4. THE DETERMINATION OF THE STRUCTURE

1297

From an inspection of all our observations according to the four diferent
methods certain regularities in the observed intensities at once become ap-
parent, and will have to be accounted for by the atomic arrangement. We will
consider only the intensities of reflections occurring at large values of sine/X.
These regularities we have collected in the following'ltable:

I Reflexions hk. 0
(a) 2k+k =3n (n=0, 1, 2, )
(b) 2k+kg3n (n=0, 1, 2, )

II. Reflexions hk. l with even l.
(a) 2k+k =3n (n=0, 1, 2, )

(b) 2k+k/3n (n =0, 1, 2,

III. Reflexions hk. l with odd l.

Intensities are very strong
Intensities are very weak or nil

Intensities are strong for l = 6 and
very weak or nil for l = 2, 4, 8,
Intensities are very strong for
l = 2, 4, 8, ; very weak or nil for l = 6

Intensities are very weak or nil

These regularities are valid with no exceptions at large values of sin0/),
but do not fit the observations quite so well at small values of sino/X although
giving a fairly good agreement. There is only one.way of explaining this fact:
the regularities given above must be characteristic of the cation lattice, but
not for the oxygen lattice. Therefore the regularities will hold absolutely at
large values of sin9/X, where the influence of the oxygen lattice with good
approximation can be left out of consideration; but at small values of sing/X
these regularities will be destroyed to some extent through the overlapping
influence of the oxygen lattice.

In the unit cell we have 4 Na and 2 S atoms. As a first approximation we
will consider the scattering power of sodium and sulphur to be the same. Our
first problem will thus be to arrange 6 cations in the cell in such a way that the
observed regularities in intensities of reflections are accounted for. (It has to
be remembered that these 6 cations are of two kinds, so they cannot all be
structurally equivalent. )

The regularity Ia and Ib tells us that the cations are evenly distributed on
the 3 available threefold axes. As the c-axis has a length of only 6.13A, it is
obvious that only 2 cations can lie on each axis, for otherwise cations would
come closer than 2.04A, which is highly improbable. The positions of the
cations are consequently according to regularity I: 00'&, 00'&, 3 3 83 3 3 84,

3 3~5~3 3~6 ~
2 1 2 1

The regularity III shows that the cations are situated along the threefold
axes at intervals of c/2. Thus: z2 —sf+if z4 z3+g zg zg+ f.

Finally the regularity given under II tells us that the cations are arranged
in layers parallel to the c-face coming at intervals of c/6. We have thus:
83 sI + 3 s5 8]+—,

' and the coordinates of the cations must be:

(00z) (00z + —',) (-', —',z + —,') (-', -,'z + —,') (-,",-z + —',) (s sz + s) .
This result is rather astonishing. The symmetry of the cation lattice is
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that of Da~ only, while the observed symmetry is that of C6~. We have as a
matter of fact shown that no space group in the hexagonal and trigonal
systems can account for the observations. The assumptions upon which we

have based our deductions obviously cannot be correct. We have accordingly
made a diligent search for a plausible explanation of the contradiction which
exists between the observations.

An inspection of all our observations left no doubt as to the reported sym-

metry, neither could we find any other way of explaining the observed regu-
larities than the one given above. The possibility of a bigger cell had also to
be rejected from our observations. The assumption of another symmetry
system likewise is highly improbable (it had to be either monoclinic or tri-
clinic) with the nice development of the faces and the definitely uniaxial op-
tical properties. Nor have we any justification for mistrusting the space group
theory. We found rather that the only plausible explanation was to assume

that all our observations were taken not on single crystals but on twins. We
must emphasize, that we have not succeeded in finding direct evidence with

which to back this assumption. Nevertheless the good agreement we have
obtained between observed and calculated intensities assuming twinned crys-
tals, as well as the plausibility of our final structure, must be taken as an

indirect proof of the correctness of our assumption.
If the crystals are twins with the c-axis as twinning axis, the symmetry of

our photographs would also be in agreement with that of the space groups
C3 and C3; ~ Only C3' and Cq can account for the observations in the 00.l
spectra. The distribution of the cations which we determined from the observed

regularities also can be obtained from the special positions of these space groups

The only difference between C3' and C3 is the additional center of symmetry
in the latter.

The oxygen atoms will have to lie in general positions (xys) as no vertical
planes of symmetry have been observed in the diagrams. The vertical distribu-

tion of the oxygen atoms with regard to the cation positions can easily be
found from the spectra 00.l. The only odd order reflexion from the c-face
which we observed is 00.3. This means that the oxygen atoms are lying in two

layers parallel to the c-face at a distance of c/2. The fact that we have ob-

served 00.3 with very small intensity cannot be interpreted as meaning that
the oxygen layers have a distance slightly different from c/2, as we did not ob-

serve 00.5. But we must ascribe the presence of 00.3 to the difference in

scattering power of Na and S, which means that the two sulphur atoms must

lie on 2 diRerent threefold axes. From the observed intensities of the even

orders of 00.l and the known distribution of the cations along the c-axis we

find that the oxygen layers parallel to the c-face must be displaced an amount

/12cagainst the cation layers. Summarizing our considerations so far we

have found that the space group is C3' or C3, . We know the positions of the
cations and the distribution in the c-direction of the oxygens referred to the
cation lattice.

We have tried both space groups and finally selected C3 as the correct
one. In fact a trial with C3' showed that in order to get good agreement we had
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to choose such values of the parameters as would give the symmetry of C3 .
The remaining unknown parameters in the structure were easily determined
by means of the observed intensities.

As a final result we arrived at the following crystal structure which gave
the best agreement with the observed intensities:
Space group C3,'.
Na in 1u: (000) +1b (00-,') +2d (-,' —', ui) (-,' —', ui) with ui ——240'
S in 2d: (-', —', u2) (—', —,

' u2) with u2 ——60'.
0 in 6g+ (xys) (y —x, x, s) (y, x —y, s) with x = 50' y = 145' and s =90'

The very good agreement between observed and calculated intensities is
seen from an inspection of the tables.

The I'- curves used are given in Table VI. They are essentially the same as
the Na, Cl and 0 J"-curves used by one of us in the determination of structure
of NaC1034 and NaC104'.

The relative intensities of the spectra hk. 0 measured on the ionization
spectrometer were transformed into absolute values by the following con-
sideration; We assumed that the structure amplitude of the reflexion 33.0 was
equal to 4 Na+2 S (chemical signs mean scattering power at the value of
sin8/X under consideration), as we with good approximation can leave the
oxygen contribution out of consideration for such high values of sin0/X. All
the observations were therefore reduced in such a way as to give an observed
structure amplitude for 33.0 equalling the theoretical contribution of

TABLE I. Ionization measurements in the prism zone.

hk. 1 Int. j Fjobs. j Fjcalc. hk. 0 Int. j F j obs. j F j calc.

10.0
11.0
20.0
21.0
12.0
30.0
22.0

7.4
98.0
20.8
2, 2

30.8
76.0
70.4

5
24
12
4.5

17
28.5
29.5

—6.7
41.8—11.6—4.7
20.3
33.7
33.0

31.0
13.0
40.0
32.0
23.0
41.0
14.0
33.0

5
.5

3.1
1.3
1.9

8
21.6
14.4

8
2.5
7
4.5
5.5

27.5
19.5

(17.5)

—7 ~ 6
.8—5.1—5.1—5.5

28.4
18.6
16.2

TABLE II. Ionization measurements of spectra 00.l.

00.L Int.
j
F jobs. j Fjcalc.

00.1

00.2

. 00.3
00.4
00.5
00.6

nil
81.6
trace
12.0
nil
9.6

nil
20.8
trace
11.9
nil

(13 .4)

2. 1
—42.8
—5 ~ 2

16.8
2.3

13 ~ 4

4 Zachariasen, Zeits. f. Krist. 71, 517 (1929).
' Zachariasen, Zeits. f. Krist. 73, 141 (1930).
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TABLE III. Results from powder photograph measurement.

hk. l sin' 8 Int. obs. lFl' f hk. l sin' 8 Int. obs. IFl'f
00.1
10.0
10.1
00.2
11.0
10.2
11.1
20.0
20. 1
00.3
11.2
10.3
20.2
21.0
21.1
11.3
30.0
20.3
21.2
00.4
30.1
10.4
30 ' 2
22.0
21.3
11,4

.00333
~ 00565
.00898
.01333
.01694
.01898
.02027
.02259
.02592
.02999
.03027
.03564
.03592
.03952
.04285
.04693
.05081
.05258
.05285
.05331
.05414
~ 05896
.06414
.06774
.06951
.07025

nil
VW
Vs
m
Vs
Vs
nl
W
m
Vw

S-Vs

wm
VVW
W
ms

nil
nl
nil
ms
nil
VVVW

45
919
610

1747
2852
483
135
387

2322
434

37
215

1136

2104
94

171
1035

1
1089

45
76

22. 1
31.0
20.4
31.1
30.3
22. 2
00.5
31.2
10.5
40.0
21.4
40. 1
22.3
11.5
31.3
40.2
30.4
20.5
32.0
32.1
41.0
00.6
40, 3
32, 2
22.4
41.1

.07107

.07340
~ 075901
.07673)
.08080'
.08107j
.08330
.08673
.08895
.09033
.09283&
.09366I
.09773
.10024
.10339
.10366
.10412
.10589
.10726
.11059
.11855~
, 11995
.12032,
.12059
.12105
.12188,

nil
VW
m

VVW

nil
ms
nil
nil

nil
nil

nil
n!1
VVW

ms

29
59

& 10/
28

2
1599

5
26

J2019
70
51
44

102
681

22
150
56

102
I1153

60
16

1128

l 86

TABI E IV. Results from Laue photographs.

21.0
12.0

21.1
12.1

21.2
12.2

21.3
12.3

21.4
12.4

31.0
13.0

31.1
13.1

31.2
13.2

31.3
13.3

31.4
13.4

I~. Obs.

W

S

W
m

Vw
W

Dl
S

m
W

S
W

wm
W

m
S

lF I

5
20

28
44

24
2

33
29

11
6

22
23

hk. l

32.0
23.0

32.1
23.1

32.2
23.2

41.0
14.0

41.1
14.1

41.2
14.2

41.3
14.3

41.4
14.4

Int. Obs.

VVW
W

VW
nil

W
m

Vs
S

VVW
W

wm
Vw

W

nil
W

IF I

14
2

24
24

28
19

4
12

17
2
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Tsm. K V. Resets of structgre factor calculat~on.

z/ p) z&z]~ Int. Obs. in
osc. phot.

00.1
00.2
00.3
00.4
00.5
00.6
10.0

. 10.1
10.T
10.2
10.2
10.3
10.3
10.4
10.4
10.5
10.5
10.6
10.8
11.0
11.1
11.T
11.2
11.2
11.3
11.3
11.4
11.4
11.5
11.5
11.6
11.6
20.0
20.1
20.T
20.2
20.2
20.3
20.3
20.4
20.4
20.5
20.5
21 ~ 0
21.1
21.T
21.2
21.2
21.3
21.3
21.4
21.4
12.0
12.1
12.T
12.2
12.2
12.3
12.8
12.4
12.4

2.1
-42.8-5.2

16.8
2.3

13.4
—6.7—22.6
20.6

.6
53.4
12.7—5.5
31.9—4. 1—2.3
0—1.4—1.4

41.8—12.6
18.0—4.8—4.8

—14.0-6.1—6.1
2 % 1
6.3

20.5
20.5

—11.6—15.2
12 ~ 5
48.0
4.2

13.6—8.8—5.9
25.6-9.7
7.5

—4.7
.3

2 ~ 7—.6
37 ~ 2—.9
5.7

24.6—3.3
20.3

2 ~ 5—4 9
17.2—20.6
2.4
2.4
8.0

35.9

1832
27

282
5

180

2852
161
30J

1018
17
5

1747
159$
324

19)
38
38

420
420

231$
156

2304
18

185
77
35

56

7J

1384

~l)
655$

111

296
424

6)

1289

2
43

5
17
2

13

7
43

10

20
7

38

4
1832

27
282

5
180
45

919

2852

76

840

690

150

22
7

666

720

1353

nil
8
VVW
III
nil
Wm

VS

nil

nil

W

WIG

W

VW

WIn
IQ

VW
0
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TAaLa V. (Continued).

hk. l

30.0
30.1
30.T
30.2
30.2
30.3
30.3
30.4
30.4

33.7
11.4—6.4—.6—.6—10.3
1.1—3.3
3 ~ 3

1136
130)

106I

11f

34
18

zlzl2

1136
171

107

22

Int. obs. in
osc. phot.

vs
W

VVW

W

nil

22.0
22. 1
22.T
22. 2
22.2
22.3
22.8
22.4
22.4

33.0—7
5.3—3.8—3.8—2.5—6 ~ 7—1.5—1.5

1089

28f

45f
2)
2f

33
6

1089
29

28

51

VS
VVW

VVW

nil

31.0
31 ~ 1
31.T
31 2
31.2
31.3
31.8
31.4
31.4

13.0
13.1
13.T
13.2
13.2
13.3
13.8
13.4
13.4

—7.6
10.7—13.0
30.6
2.1—3.4
8.0—4.8

17.7

.8

.2—2. 1—3,0
25.5—5
5.1

21.2—1.3

58
115$

936(
4j

12$
64f
23$

313f

1

4I
65OI

26f
449'

2f

8
24

33

22

29

23

58
284

940

336

659

26

451

W
m

W

VVVW
VVW

ms

VW

40.0
40. 1
40.T
40.2
40.2
40.3
40.8
40.4
40.4

—5.1—6.9
4.7
0

26. 1
4.0—.6

16.7—3.7

26
48
22f
0)

681j
16)

14f

5
12

26

20

26
70

681

16

293

VW
VW

VW

32.0
32.1
32.T
32.2
32.2
32.3
32.8
32.4
32.4

—5.1—8.1
5.8

.2
23.6
4.7—5

14.8—3.8

26
65$
34f

557f

219$
14f

5
14

19

26
99

22

233

VW
W

VW
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TABLE V. (Continued).

hk. l

23.0
23.1
23.I
23 2
23.2
23.3
23.3
23.4
23.4

41.0
41.1
41.I
41.2
41.2
41.3
41.3
41.4
41.4

14.0
14.1
14.I
14.2
14.2
14.3
14.3
14.4
14.4

IFl

—5.5—1.6—.7
23.9

.5
5.0—.8—4.1

14.5

28.4
2.3—2.0—8 3—8 3—4.5—4.3
2.5
2.5

18.6
8.0—3.6

.8

.8—8 9

.1—4.3—4.3

f
Fl'

30

—f
571)—f
25)
1f

17$
210f

807
5l
4f

69
69f
20)
18f
6$
6f

346

13f

I)
79]—f
18$
18f

z/F[

24

19

28
4

19
12

Z|F(2

30
3

571

26

227

807
9

38

12

346
77

36

Int. obs. in
osc. phot.

VW
nil

VW

s
nil

wm

VW

nil

m
VW

VW

W

VW

TABLE VI. F-curves.

sin 8
Na+
S+4
0—2

0.05
9.6

11.7
9.0

0.10
8.5

11.0
7.1

0.15
7.1
9 8
5.4

0.20
5.8
8.3
3.9

0.25
4.6
7.0
2.6

0.30
3.6
5.9
1.8

0.35
2.8
5.0
1.2

0.40
2.0
4.1

9

4Na+2 S, which we get from our F-curves. It will be seen from Tables I and
II that extinction effects obviously have reduced the intensity of the stronger
reflexions to a certain extent.

Due to the twinning with the c-axis as twinning axis, the reflections hk. l
and hk. l having different intensities will fall on the same spot in all the photo-
graphs.

DIscUssIQN QF THE STRUcTURE

In Fig. 1 is given a projection of the structure on the c-face. In the struc-
ture we can pick out groups SO3. The structure of the SO3-group is the one
predicted by one of us. ' The characteristic feature of the SO3-group which

distinguishes it from the CO3 and NO3 groups is the fact that the sulphur
atom is displaced an amount 6 = 0.51A out of the plane of the oxygen atoms.
Analogous results have been found for other groups RO3.' A more accurate

' W. H. Zachariasen, Vid. Akad. Skr. I Kl. No. 4 p. 142, 1928 Oslo; Zeits. f. Krist. 71)
527 (1929),
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group with the C103-group. One finds namely that the 0—0 distance in the
S03-group is smaller than in the C103-group.

The reported strong negative birefringence of the crystals is a result of the
fact that all the S03-groups are arranged with the plane of the oxygens par-
allel to the c-face. From a determination of the refractive indices one should
be able to give an estimate of' the 0—0 distance in the group. The cleavage
parallel to the c-face is also in accordance with the structure.

Empirical observation shows the twinning probably is due to the existence
of pseudo-elements of symmetry in the crystal structure. In the Na&S03-
structure the c-axis will be a pseudo twofold screw axis so the formation of
twins with the c-axis as twinning axis can be explained. The fact that all the,
crystals we have examined according to our interpretation of the observa-
tions must be twins has worried us, and we must admit that we very strongly
feel the lack of direct proof of the assumed twinning.

We tried to prepare etching figures on the crystals we had at our disposi-
tion. The result was not good but the figures we obtained did seem to indicate
a polarity of the crystals. The symmetry of C3P does not give etching figures
with the symmetry observed. It is a well-known fact however, that there are
many examples where the etching figures indicate lower symmetry than that
of the crystal. The results of etching experiments are thus not reliable.

The intensity calculations on the basis of our structure have, however,
given so good agreement with all the observations we have collected that the
principal correctness of our structure does not seem to be in doubt.

We are very much indebted to Dr. Hartley for providing us with crystals
of Na, SO,.


