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The Crystal Structure of Ammonium Nickel Sulphate Hexahydrate
(NH,);Ni(SO,),.6H,0

By N. W. Grmes, H. F. Kay axp M. W. WEsB
H. H. Wills Physics Laboratory, University of Bristol, Bristol, England

(Recetved 20 September 1962 and in revised form 9 November 1962)

Crystals of ammonium nickel sulphate hexahydrate are monoclinic with space group P2,/a. The
unit cell of dimensions a=9-181, b =12-459, ¢ =6-239 A, p=106° 57" contains two formula units.

Projections of the structure on three crystallographic planes are given. The sulphate group and
nickel-water complex have bond lengths and orientations somewhat different from those published

for the isomorphous salt (NH,),Mg(SO,),.6H,0.

A system of hydrogen bonding is suggested for the water molecules and the ammonium group.
The former is in good agreement with recent proton resonance data and the latter has been used to

explain the cleavage parallel to (010).

Introduction

During the past few years the technique of para-
magnetic resonance has been extensively applied to
investigate the lower energy levels of paramagnetic
ions subjected to a crystal field such as occurs in
hydrated salts. The interpretation of the resonance
spectra depends upon a knowledge of the spatial
structure of the magnetic ion complex and can be
tested quantitatively only if this structure is known
with precision. We were also interested in investigat-
ing probable hydrogen bonding in the structure.

The Tutton salts, of which isomorphous series
ammonium nickel sulphate is a member, have been
much investigated by the resonance technique, but
the only published crystal structure is that of
(NH4)sMg(S04)2. 6 HoO (Hofmann, 1931). The struc-
tures of the other members of the series have been
assumed to be similar.

Crystal data

Crystals of ammonium nickel sulphate are monoclinic
and bluish green in colour. The unit-cell dimensions
from oscillation photographs taken of -carefully
oriented and machine-turned cylindrical crystals are

a=9-181 +0-001, b=12-459 +0-001,
¢=6-239+0-001 A, B=106°57"+2".

These figures differ from those published by
Mukherjee (1935) who gave

a=898, b=1222, ¢=6-10 A, f=107°4".

However, our calculated density is 1-922+0-003
g.cm~3 in excellent agreement with Tutton’s (1916)
measured value of 1-923 g.cm~3 whereas Mukherjee’s
dimensions give a calculated density of 2-04 g.cm—3.

Systematic absences occur for A0l with 4 odd and
for 0k0 with & odd. The space group is therefore
P2i/a. The number of formula units in the unit cell
is two.

Determination of the structure

For evaluating the (100), (010) and (001) projections,
the relevant intensities were recorded on zero-layer
integrating-Weissenberg photographs by the multiple-
film technique. Filtered Mo K« radiation was used.
Roughly two-thirds of the intensities were measured
photometrically with reference to a calibrated grey
wedge. The very faint reflexions were estimated
visually. The corrections for the Lorentz and polariza-
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tion factors and for absorption in cylindrical crystals
were made by using the International Tables for X-ray
Crystallography, Vol. I1.

Since the unit cell contains only two formula units
it follows that the nickel atoms must lie on symmetry
centres. Using the origin given in the International
Tables for X-ray Crystallography for P2i/a, the nickel
positions were fixed as (0, 0, 0), (3, %, 0).

The sulphur atom was assumed on average to be
un-ionized, with each sulphate-oxygen atom having
an extra half electron; the water oxygen atoms were

assumed to be singly ionized (Pauling, 1940). The 0 0 200 30 40

following scattering factors were therefore used:

(i) Ni2+ Forsyth & Wells (1959) corrected for dis-
persion according to Dauben & Templeton Fig. 1.
(1955).

(i) S Viervoll & Qgrim (1949).

500 400

—

sin8

The curve used for correction of extinction.

(iii) O*~ (From the sulphate group) Berghuis, (iv) NHF A scattering factor was calculated for this

Haanappel, Potters, Loopstra, MacGil- ion by regarding the hydrogen atoms as
lavry & Veenendaal (1955); corrected at being smeared out over a sphere (Banyard
low sin §/4 for a charge of —3. & March, 1961).

NH, T

T
%

Fig. 2. Electron-density map of (001) projection (contours in equal arbitrary steps).
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Fig. 3. Electron-density map of (100) projection (contours in equal arbitrary steps).

Table 1. Final atomic parameters in fractions of unit cell lengths, and their standard deviations

z oz Yy oy z o,
S 0-0910 +0-001 0-6360 +0-0006 0-2586 +0-0015
NH, 0-133 +0-003 0-347 +0-002 0-348 +0-004
o(l) 0-089 +0-004 0-729 +0-002 0-419 +0:004
0(2) 0117 +0-003 0679 +0-002 0-049 +0-004
0(3) 0-220 +0-004 0-570 +0-002 0-377 +0-004
0(4) —0-051 +0-003 0-573 +0-002 0-220 +0-006
H,0(1) —0-167 +0-003 0-106 +0-002 0:020 +0-004
H,0(2) 0-161 +0-002 0-110 +0-002 0-149 +0-004
H,0(3) 0-006 +0-004 —0-065 +0-002 0-300 +0-003

(v) O- (From the water molecules) Berghuis ef al.
(1955); corrected at low sin /4 for the

charge.

The (001) projection was examined first as it
promised the clearest resolution. For this purpose the
signs of the largest F(hk0) values were calculated for
Hofmann’s structure for (NH,4)2Mg(SO)2.6H20. The
electron-density map derived from these data gave
the positions of most of the atoms in the structure.
There were still, however, two possible positions for
an oxygen of the sulphate group and two for a water
molecule.

An R factor was calculated for each of the four
possibilities, and that corresponding to the best value
of R was selected as the most probable structure.
A least-squares computer program using diagonal
elements only was then used to refine the projection
to an R of 13%,.

At this stage it was noted that the temperature
factor obtained by using all the intensities was
B=1 A2 which is rather low for a structure of this type.
On the other hand when the analysis was applied to
medium intensities alone, B rose to 2 A2 and the scale
factor was also higher. However, using these latter
values, F. was consistently greater than F, for the
strong reflexions and it was therefore concluded that

extinction was occurring. It was also noted that if the
reflexions were divided into 2+% even and 2+k odd
(z.e. into reflexions in which Ni was either contributing
or not contributing respectively) two different iso-
tropic temperature factors could be recognized, one
for Ni, B=1-9 A2 and another for the rest of the
structure B=2-3 Az,

As the atomic positions were reasonably well known

Table 2. Bond lengths and angles

Water complex
Ni-H,0(1)=205+0-025 A  H,0(1)-H,0(2)=2-88+0-03 A
Ni-H,0(2)=2-03+0-035 A  H,0(2)-H,0(3)=2-92+0-03 A
Ni-H,0(3)=2-03+0-025 A  H,0(3)-H,0(1)=2-92+0-025 A

H,0(1)-Ni-H,0(2) =89° 47" + 2°
H,0(2)-Ni-H,0(3)=92° 7’ +2°
H,0(3)-Ni-H,0(1) =91° 10" + 2°

Sulphate group
$-0(1)=1-52+0-025 A 0(1)-8-0(2)=109° 18"+ 4°
$5-0(2)=1-50+0:025 A 0(2)-8-0(3)=109° 18" +4°
S-0(3)=1:46+0-04 A 0(3)-8-0(4) =109° 42’ + 4°
S-0(4)=1-49+0-025 A 0(4)-8-0(1)=109° 24’ +4°
O(1)-0(2)=2-48+0-05 A 0(1)-0(3)=2-38 +0-07 A
0(1)-0(4)=2-46+0-05 A 0(2)-0(3)=2-40+0-07 A
0(2)-0(4)=2-50+0-05 A 0(8)-0(4)=240+0-07 A
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Table 3. Comparison of calculated and observed structure factors

for the hk0 zone of reflexions an empirical method
was used to correct the strong intensities for primary
extinction. Using Darwin’s theory (1922) for a mosaic
crystal

q o« (1+cos? )¥d2F,

where ¢ is the fraction of the amplitude of an X-ray
beam reflected from a plane of spacing d and struc-
ture factor F..

If there are s such planes in the mosaic blocks,
2.e. all blocks are the same size,

s l/d.
Hence,

(14 cos? 6)*

sq < (14-cos? 6)dF, « 0

ok h k1 l‘c l‘o h k 1 l“ l‘c h k1 Fc Fo h k1 Fc l’u
20 0 6 5 0 +2.56 0 6 0 +1.8% 3.01 012 3 +7.24 7.30 10 0 8 +1.53 3,46
4 0 0 6 6 0 + 3,98 0 8 0 +15.02 15,06 012 4 42.62 2.55 4 0 9 +2.37 3.0
60 0 6 B8 0 +4.88 010 0 + 4.37 4.51 012 5 + 6.38 6.12 6 0 v +2.81 3.8
20 0 610 0 +43.92 012 0 +6.82 6.49 012 ¢ + 5.49 6,11 8 0 9 +1.61 3.11
100 0 612 0 +7.56 014 0 +12.63 11.83 012 7 + 0.59 2.86 2 010 + 3,07 3.47
120 0 616 0 +2.33 016 0 +8.33 B.43 012 9 + 2,00 3.14 4 010 4+ 3,44 3,63
140 o 618 0 + 5,03 018 0 +3.25 4.39 012 16 +1.70 3.20 6 010 +2.23 2.74
180 0 620 0 + 3,43 022 0 +1.97 3.4 213 1 -10.70 10.60 2 011 +2.53 3.46
13 0 7 1 0 +26.79 0 1 2 -10.19 7.50 013 2 +3,09 2,55 011 +1.65 2.72
14 0 7 2 0 #1343 0 1 3 - 5,33 5.7 013 3 + 5.65 6.06 01 +1.56 2.49
15 0 7 3 0 +7.20 01 4 +0.13 2.8 013 7 +2.41 n.o0. 0 1 414.28 12.6)
16 0 7 6 0 - 0.41 0 1 5 #6.75 11.23 013 8 -1.21 3,08 0 1 - 2.18 3.09
17 0 7 7 0 +3.87 01 7 - 4.9 5,07 014 2 - 3,64 2.65 1 0 1 + 7.42 8.87
18 0 7 8 0 +1.3) 0 1 8 +2.3 3.14 014 3 + 6, . 1 0 1 + 3.90 7.01
19 0 7 9 0 +9.28 0 2 2 +3.90 4.99 014 4 + 1 0 1 +2.27 3.42
1100 712 0 - 4.12 0 2 3 +417.52 12.68 014 5 + 0 2 -18.38 17.8}
110 713 0 +6.04 0 2 4 413,63 11.43 014 7 + 0 2 +5.09 3.97
1120 715 0 4+ 6.43 0 2 5 +10.01 7.94 014 8 + 0o 2 +14.28 14,35
1130 717 0 +3.97 0 2 6 '+11.29 10.96 014 10 + 0 2 +16,92 14.60
1150 8 1 0 -12.33 0 2 7 +4.95 4.96 014 11 + 1 0 2 +4.86 2.86
1170 8 2 0 +8.23 0 2 8 +5.00 4,26 015 4 - 1 0o 2 +3.78 3.28
1180 8 3 0 - 5.02 0 2 9 +3.a6 3.80 016 4 + 1 0 2 +0.75 3,61
1190 8 4 0 + 8,65 0 210 +3.5 4.06 016 7 + 1 0 2 +1.65 2.97
2 10 8 5 0 + 3,07 0 211 +1.62 3% 016 8 + 0 3 +28.48 18.20
2 20 8 6 0 410,79 0 3 1 425,01 17.41 017 3 - o 3 +11.04 8.73
2 30 8 8 0 +2.52 0 3 2 -13.80 12.32 018 1 + 0 3 +25.05 15,78
2 40 8 9 0 - 2,04 0 3 3 -24,27 17.75 018 2 + 6 o 3 421.95 19.65
2 50 810 0 + 3.58 0 3 4 +4.48 4.89 018 3 + 1 0 3 +15,.54 15.1)
2 60 811 0 + 2.44 0 3 5 +4.48 3.47 018 5 + 1 [} + 2.99 n.o.

2 70 812 0 +5.79 0 3 6 +1.45 2.79 018 6 + 1 0 3 + 2.45 n.o.

2 80 813 0 +2.99 0 3 7 - 4.11 3.97 020 1 + 1 0 3 4+ 1.47 3,66
2 90 814 0 + 3,30 0 4 2 +36.95 26.85 00 2 + 2! 0 3 + 1.40 2,57
2100 816 0 + 2.96 0 4 3 +9.20 8.03 020 3 + 0 4 437,63 26,53
2110 8'7 0 -1.73 0 4 5 +9,88 1,67 020 6 + 0 4 415,90 }3.96
2130 9 1 0 4+ 2.66 0 4 6 +7.66 8.75 021 1 - 0 4 - 0.60 2.10
214 0 9 2 0 +l0.11 0 4 7 +3.95 3.87 022 4 + 0 4 +6.62 3.46
216 0 9 3 0 +14.46 0 4 9 +3.44 6.08 0 6 2 + 1 0 4 +13.59 14.64
2170 9 5 0 1 0 410 +3.80 5.5¢ 0o 0 3 12 0 4  +0.04 9.82
2210 9 6 0 0 5 1 +15.72 10.04 00 4 18 0 4 +0.76 2.74
2220 9 8 0 0 5 2 -19.52 13,62 0 12 5 2] 0 4 +1.12 2.81
310 9 9 0 0 5 3 +13.81 11.60 0 0 6 0o 5 +1¢.98 7.59
3 20 910 0 0 5 4 - 4,98 4,26 noo 7 0 5 +27.98 19.89
3 30 911 0 0 5 5 -11.,02 10.85 0 o 8 0o 5 +1.,28 .26
3 40 912 0 0 5 6 + 2,24 4.13 0 0 9 1 0o 5 +6.71 6.76
3 50 913 0 0 5 7 +3.19 3.33 o 0 1 1 0o 5 + 5.22 4.28
3 60 915 0 0 5 9 - 2,48 2.93 2 01 1§ 0o 5 +1.31 2.0
3 70 10 2 0 0 6 1 +422.26 17.93 4 01 0 6 - 2.08 2.16
3 80 10 4 © 0 6 2 +17.59 15.58 6 0 1 0 6 + 9.80 9.23
3 90 10 5 © 0 6 3 +17.70 14.05 8 0 1 0 6 +22.55 17.16
3100 10 6 0 0 6 4 +15.02 13.71 10 0 1 0 6 + 5. .
311 0 10 8 © 0 6 5 +2,82 3,61 12 0 1 1 0 6 + 3.

3120 10 9 0 0 6 6 +4.23 4,21 14 0 1 1 0 6 + 2.

3130 10 14 0 0 6 7 +2.51 3.25 2 0 2 14 0 6 +1,

314 0 1016 © 0 6-8 +4.12 4.46 4 0 2 18 0 6 +3.

3150 1 1 0 0 6 9 +1.72 3.73 6 0 2 1 0 6 +

3170 1 3 0 0 7 1 +11.57 10.63 8 0 2 0 7 +

3200 11 5 0 07 3 6 .18 10 0 2 07 4

3220 1 7 0 0 7 4 14 0 2 o 7 +

4 10 11 o 0 7 5 16 0 2 [ +

4 20 113 0 0 7 6 2 0 3 1 07 +

4 30 1117 0 07 7 4 0 3 12 0 7+

4 40 1119 0 0 711 6 0 3 1 0 7 +

4 50 12 2 0 0 8 1 8 0 3 0 8 +

4 60 12 6 0 0 8 2 1o 0 3 0 8 +

4 70 12 8 0 0 8 3 12 0 3 o 8 +

4 80 1210 0 0 8 4 . 14 0 3 1 0o 8 +

4 90 1212 0 0 8 5 +6.49 6.71 16 0 1 1 [ -] +

4100 1214 0 0 8B 6 +3.31 2.44 2 0 4 12 0 8

4120 13 1 0 0 8 7 +8.18 7.21 4 0 4 0o 9 +

4130 13 3 0 0 B 8 +6.60 6,77 6 0 4 09

4140 13 5 0 0 8 9 +2,77 1.37 8 0 4 0 ° +

4160 13 9 0© 0 9 3 -3.0m 8.57 10 0 4 1 0o 9 +

418 0 1311 o 0 9 5 + 2.5 5.43 1. 0 4 18 0 9«

5 10 1313 o0 0 9 6 - 2,62 3,99 4 0 5 01lo0 +

5 20 14 2 0 0 9 7 - 3.7 4.18 6 0 5 010 +

5 30 14 4 0 0 9 8 +1.59 2.88 8 0 5 010 +3

5 40 14 14 0 0 9 9 +1.38 2,18 10 0 5 1 010 +

5 50 15 1 0 0 911 - 0.95 3.28 12 0 5 1 010 +

5 60 15 5 0 010 1 +22.54¢ 16.38 2 0 6 1 010 +

5 70 15 7 0 010 2 421,67 16.57 4 0 6 011 +

5 90 1§13 0 010 3 +4.90 2.41 6 0 6 1 011 +

510 0 1515 0 010 4 +5.58 4,31 8 0 6 12 011+

512 0 16 2 0 010 5 + 8,52 8.33 10 0 6 012 +

513 0 1610 0 010 & + 8.48 7.72 12 0 6 012 +

5150 1612 0 010 7 + 4,79 4.17 2 0 7 012 +

517 0 17 1 0 010 9 + 2.47 3,31 4 0 7 1 012 +

5210 17 7 0 01012 + 0,67 3,28 6 0 7 013 4+

6 10 17 9 0 011 1 - 9,04 8.65 10 0 7

6 20 340 18 2 O 012 1 +8.35 7.53 12 0 7

6 40 0 4 0 012 2 +10.84 9.98 8 0 8

sq is the fraction of the amplitude of an X-ray beam
reflected by the s planes in the mosaic block and
it is expected that the amount of extinction will be
a function of this quantity sq.

When § is small this reduces to

sq o« Felsin 6 .

Fo/F. was therefore plotted against F¢/sin § and the
curve in Fig. 1 was obtained, the scatter of points
about it being within the experimental errors of
Foand F. (~ 5% each).

The smooth curve confirmed the occurrence of
primary extinction, and was used to correct the
observed scattering factors by dividing each value of
F, by the Fo/F. ordinate taken from the curve at
the corresponding value of Fe/sin 6.
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The least-squares program was then applied to the
120 medium and strong corrected intensities to give
a final reliability index R for the (001) projection
of 119, Fig. 2 shows the electron-density map cor-
responding to this level of refinement.

A similar procedure was adopted for the (100) and
(010) projections except that it was found that the
above correction could not be applied satisfactorily,
presumably because secondary extinction was com-
parable with primary extinction in the crystals used
for these zones. The final R factors for the (0ki)
and (hOl) reflexions were 129% (108 medium re-
flexions) and 149 (81 medium reflexions) respectively.
The (100) electron-density map corresponding to this
level of refinement is shown in Fig. 3.

For each zone of reflexions the atomic shifts
recommended by the least-square calculations were
all less than 0-6 times the standard deviation for the
atom concerned, and the average recommended shift
was 0-3 times the average standard deviation. Thus
there was no further purpose in proceeding with the
calculations.

The final parameters for the atoms, each co-ordinate
being a mean from two least-squares refinements with
equal weight given to all reflexions, are given in
Table 1 together with the standard deviations for
these values calculated according to Cruickshank
(1959). Table 2 gives the bond lengths and angles
corresponding to Table 1 and Table 3 gives a com-
parison between the observed (F,) and calculated
(F.) structure factors.
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Discussion of the structure

The structure of (NH4)2Ni(SO4)2.6H20 is best under-
stood by reference to the projection on the (010) plane
(Fig. 4) from which it can be seen that, as Hofmann
pointed out, most of the atoms lie near to the (201)
planes. On the other hand the arrangement of the
atoms within these planes (Fig. 5) is somewhat dif-
ferent from Hofmann’s structure. In particular, the
sulphate groups are differently oriented so that the
close proximity of two oxygen atoms from different
sulphate groups criticized by Wyckoff (1951), in his
analysis of Hofmann’s structure, has been eliminated
in our structure.

The octahedron of water molecules around the
divalent metal has also undergone a rotation from the
Hofmann arrangement and the bond lengths have
now become approximately equal at 2:03 A, 203 A
and 205 A, agreeing very well with the values quoted
for the Ni-H»0 bond lengths in NiSO4.6H20, viz.
2:02 A, 2:02 A, 2:04 A (Beevers & Lipson, 1932).

Chidambaram (1961) has determined the directions
and lengths of the inter-proton vectors of the water
molecules in the K2Zn(S0s)z.6 H20, Tutton salt, and
found that large distortions in Hofmann’s structure
would have to be made for hydrogen bonding to occur.
Our atomic positions suggest that each water molecule
forms two hydrogen bonds to oxygen atoms from
different sulphate groups (Fig. 4) and these suggested
hydrogen bonds agree quite well with Chidambaram’s
inter-proton vectors. The vector between the sulphate

Fig. 4. (010) projection with origin shifted to —}a, —ic, showing the proposed hydrogen bonding as broken lines. The
dotted O(3) is bound to the nitrogen atom and is either above or below the sulphate group shown (atoms numbered

according to Table 1).
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Table 4. Comparison of structure with proton resonance data

0(1)-Om,0()-0(3) 0(1)-Om,0(s) 0(3)-Om,00)
98° 271 A 2:80 A

0(2)-Owz0(2-0(3) 0(2)-Omz0() 0(3)-Omp002)
115° 281 A 2.86 A

0(2)-Omz00)-0(4) 0(2)-Os0(1) 0(4)-Omy001)
104° 2-78 A 262 A

0.3 ] ff
1 ® 2 ONi
1 2 @ H,0

2 1
° ® NH
' 3 &s
" 3
3 ‘ 00
L] 2 5%3
2

Fig. 5. Atomic arrangement within the (201) planes
(atoms numbered according to Table 1).

group oxygens bonded to a given water molecule
should be approximately parallel to the inter-proton
vector of this water molecule. In Table 4 the angles
which the projection of the inter-proton vectors make
with the @ axis in the (010) plane, ¢, and the angles
dc which the inter-proton vectors make with the (010)
plane are compared with the corresponding angles
@~i and Oni made by the vectors between sulphate
group oxygens bonded to the same water molecule.
Table 4 shows that Chidambaram’s results fit quite
well with our oxygen and water-molecule positions.
Also the distances between the hydrogen-bonded
oxygen atoms and the angles they make at the water
molecules are in the range for similar structures
(2-68-2-06 A and 84°-130°; Bacon & Curry, 1962).

As regards the correlation of our results with the
paramagnetic resonance data for ammonium nickel
sulphate hexahydrate (Griffiths & Owen, 1952) it
should be noted that the oxygen atoms belonging to
the water molecules form an approximately regular
octahedron about the nickel ion, whereas Griffiths &
Owen observed a strong rhombic component to the
cubic crystal field indicating orthorhombic or lower
symmetry of the water complex. We believe that a
three-dimensional refinement with further thermal
vibration parameters will be necessary to show that
the symmetry of the water molecule oxygen atoms
has this rhombic component. However, we should like
to propose an alternative explanation to the observa-
tions of Griffiths & Owen.

The detailed electron distribution in a water
molecule is such that there are maxima of electron

PNi @ Oni S
4-3+3° —8 +5° 37 +3° 405+ 2°
1185+ 3° 113 +2° 16:5+7° 16:5+4°
20-2 +2° 20-5+ 5° 42 +4° 46-5+ 2°

density in approximately regular tetrahedral direc-
tions from the oxygen nucleus i.e. in the directions
of the hydrogen nuclei and also in the plane of sym-
metry at right angles to the H-O-H plane. This
means there are two distinct ways in which a water
molecule may arrange itself relative to the positive
metal ion namely (@) where all the atoms are coplanar
and (b) where the nickel ion and the two hydrogen
atoms occupy three vertices of a tetrahedron about
the oxygen atom (Griffith, 1961). Using our sug-
gested hydrogen bonds to determine roughly the
positions of the hydrogen atoms (one third of the
way along the Og,o - * - Oso, bond) we find that the
aspects of H20(1) and HsO(3) are of type (b) and
that the aspect of H20(2) is nearer to (b) than to (a).
The crystal field exerted by the water molecules on
the nickel ion would therefore have a component of
less than orthorhombic symmetry even if the oxygens
of the water molecules formed a regular octahedron.

Table 5. The positions of the sulphate oxygen aloms
surrounding the ammonium ton, and their corresponding
hydrogen-bond lengths and angles

Distance

O-N
Atom x Yy z (A)
N 0-133 0-347 0-348 —
0(2) —0-117 0-321 —0-05 2-87
0O(3) 0-220 0-570 0-377 2-76
O(l1) 0-411 0-229 0-581 2-92
o’(1) - 0-089 0-271 0-581 3-04

0(3)—1§—0(1)= 121°
0(3)-N-0(1)=108°
0(3)-8-0(2)=112°

0(1)—§T—0(1)=101°
0@)-N-0(1)=189°
0(2)-R-0(1)= 83°

We also propose a system of hydrogen bonding for
the ammonium group in which the nitrogen atom is
bonded to four sulphate-group oxygen atoms which
are approximately at the vertices of a tetrahedron
about the nitrogen atom. Table 5 and Fig. 4 show the
positions of these oxygen atoms together with the
relevant bond lengths and angles. The tetrahedral
angles are rather large for two of these angles and
this suggests that the hydrogen atoms lie some
distance away from the line joining the nitrogen and
oxygen atom. This system of hydrogen bonding avoids
the close proximity of hydrogen atoms belonging to
the ammonium groups and belonging to the water



N. W.GRIMES, H. F. KAY AND M. W. WEBB

molecules. Each ammonium group is bonded to three
sulphate groups and each sulphate group is bonded
to three ammonium groups. In this way, every
hydrogen atom takes part in a bond to a sulphate
oxygen atom so that three of the oxygen atoms from
each sulphate group are involved in three hydrogen
bonds and one, O(4), is involved in only one. This
behaviour is also found to occur in CuSO4.5H:0,
where oxygen atoms take part in from 1 to 4 hydrogen
bonds (Bacon & Curry, 1962).

An interesting feature of this suggested bonding
system is that three of the hydrogen bonds from the
ammonium group lie approximately parallel to the
glide plane, whereas the fourth lies nearly perpen-
dicular to it. Thus a framework of NH4;-SO4 groups
lies in layers parallel to (010) throughout the crystal.
Such an arrangement is particularly interesting
because it has been pointed out by Tutton (1916)
that although all the salts of this isomorphous series
show a good cleavage parallel to (201), certain of the
ammonium salts (the double sulphates and selenates
of Mg, Ni, Mn and Cu) also show a good cleavage
parallel to (010) which, with one doubtful exception,
is never observed in the absence of the ammonium
ion. We therefore suggest that this extra cleavage
arises because of the layered structure of hydrogen
bonds described above.

Finally, we would add that an investigation of the
structure of ammonium copper double sulphate is to
be published shortly and that, apart from the water
complex, this structure is essentially the same as
that of the salt described in this paper.
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