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The Crystal Structure of Struvite, MgNH4PO4.6H20 
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(Received 23 June 1969) 

Struvite, MgNH4PO4.6H20 crystallizes in the orthorhombic system with cell dimensions a= 6.941 _+ 
0.002, b = 6.137 + 0.002, c= 11.199 + 0.004/~. The space group is Pmn21 and there are two molecules in 
the unit cell. Least-squares refinement has been completed on three-dimensional data (585 structure 
factors within the Cu Ke sphere). The hydrogen atoms have been found on a difference Fourier synthesis 
and included in the refinement with an isotropic temperature factor of 4.0. The final residual is 2-8%. 
The structure consists of PO4 tetrahedra, Mg.6HzO octahedra and NH4 groups held together by hy- 
drogen bonding. The PO4 tetrahedron is regular, with a mean (uncorrected) phosphorus-oxygen bond 
length of 1.5370_+ 0.0011 ~, and the Mg. 6H20 octahedron is very distorted, with a mean (uncorrected) 
magnesium-water oxygen bond length of 2-0711 + 0.0011/~. The mean (uncorrected) water oxygen- 
hydrogen bond length is found to be 0.778 + 0.014 ~. The thermal vibrations have been analysed and 
the mean corrected bond lengths are phosphorus-oxygen 1-5431, magnesium-water oxygen, 2.0810 and 
water oxygen-hydrogen, 0.792 ,~ (assuming riding motion in each case). The water oxygen-hydrogen 
bond length is significantly less than the internuclear separation obtained from neutron diffraction 
measurements. This is interpreted as being due to the electron of the hydrogen atom taking part in bond 
formation and so being displaced towards the bonding water oxygen atom. 

Introduction 

Although the mineral struvite, or guanite, has been 
known for a considerable time, it is not common. It 
occurs naturally, apparently as a result of some form 
of bacterial attack on organic material. 

At the time this investigation commenced the X-ray 
data appeared to be scanty and often contradictory. 
The space group was variously reported as Pme2 
(Palache, Berman & Frondel, 1951) and Pnm21 (Bland 
& Basinski, 1959). The only other X-ray information 
found was a tentative partial structure based on a Pat- 
terson projection on one plane (Bland & Basinski, 1959). 

In view of this lack of reliable X-ray data it was 
thought that it would be useful to check previous 
data and to make an accurate structure determination 
of this substance. In addition its low absorption sug- 
gested that the accuracy attainable would be compara- 
tively high and might well be approaching the limit 
for inorganic crystal structures. 

At a late stage in this investigation it was found that 
the structure of magnesium ammonium arsenate 
hexahydrate had been completed (Gonz~ilez & de 
Lerma, 1955; Gonz~ilez & Garcia-Blanco, 1955). The 
space group was determined as Pmn2a (Gonz~ilez & 
de Lerma, 1955) and the structure was determined 
from two projections. The residuals for both projec- 
tions were about 20%. From a consideration of cell 
sizes, systematic absences and the two Patterson 
projections they concluded th.at magnesium ammonium 
arsenate hexahydrate and magnesium ammonium 

* Now at Department of Physics, Brunel University, 
London. 

phosphate hexahydrate were isomorphous. Thus the 
structure of the latter could be inferred. However, 
these references did not come to hand (Structure 
Reports for 1955, 1963) until after the structure had 
been determined directly. 

Experimental 

Attempts to grow crystals suitable for investigation 
failed but finally a naturally occurring specimen was 
obtained by courtesy of Dr M. Rosemeyer of Univer- 
sity College, London, who found it in a tin of salmon. 
It appeared to consist of a polycrystalline mass of 
approximate size 15 x 8 x 8 mm, colourless at one end 
changing to a light yellow at the other. When broken 
open it was seen to consist of a parallel growth of 
columnar crystals. The crystal optics and Laue sym- 
metry confirmed that the crystals belong to the 
orthorhombic system. 

The cell dimensions were determined by Farquhar & 
Lipson's (1946) method from oscillation photographs 
taken with copper radiation Cu Kczl = 1.54050, Cu Ke2 = 
1.54434 and Cu Kfl= 1.39217 A) and are" a=6.941 + 
0.002, b=6-137+0.002, c=11.199+0.004A. These 
values are in good agreement with those reported 
previously (Palache et al., 1951 ; Gonzfilez & de Lerma, 
1955; Bland & Basinski, 1959). 

Dm (by flotation)= 1.708 +0"003 g.cm -3, again in 
good agreement with values reported previously 
(Mellor, 1923; Palache et al., 1951 Gonzfilez & de 
Lerma, 1955; Bland & Basinski, 1959) while for Z = 2 ,  
Dz= 1"708 + 0"002 g.cm 3 

Systematic absences (hOl absent when h + l= 2n + 1, 
hG0 absent when h = 2n + 1,001 absent when 1= 2n + 1) 
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were obtained from Weissenberg photographs and 
indicate the space group to be either Pmn21 or Pmnm. 

The N(z) test (Howells, Phillips & Rogers, 1949, 
1950) was applied to the three-dimensional data and 
the crystallographic zones. This test suggested point 
groups mm2 or 222 as being most probable (the test 
was inconclusive for the c axis projection. Combining 
this with the evidence from the systematic absences, 
the probable space group is Pmn2a. This agrees with 
that reported by Gonz~ilez & de Lerma (1955) and 
Bland & Basinski (1959). 

The hOl reflexions had pseudo-hexagonal symmetry; 
this is due to a combination of an n-glide and the fact 
that the ratio c:a is 1.61. 

Two spherical crystals were ground, from the 
colourless end of the specimen, using Bond's (1951) 
method. Grinding proved to be difficult due to the 
softness and the marked anisotropy of the crystals. 
The commonest shape obtained approximated to a 
prolate sphere, the unique direction being parallel to 
the a axis. In addition, many ground crystals were 
modified by the appearance of two flat surfaces per- 
pendicular to the b axis. This cleavage is mentioned 
by Palache et al. (1951), together with (001). The 
latter was not noticed but would no doubt have 
contributed to the shape of the ground crystals. This 
anisotropy would seem to imply that the atomic 
bonding parallel to a is stronger than in other direc- 
tions. 

One crystal, diameter 0.208 + 0.010 mm was mounted 
with the a axis parallel to the fibre while a second 
crystal, diameter 0.199 + 0.011 ram, was mounted with 
the b axis parallel to the fibre. After mounting, both 
crystals were coated with collodion to prevent decom- 
position (Lonsdale & Sutor, 1966; Whitaker, 1968). 

The intensity data were collected on double-film 
equi-inclination Weissenberg photographs taken about 
the a and b axes with filtered copper radiation. The 
precautions necessary to obtain highly accurate 
measurements (Jeffery & Whitaker, 1965) were carried 
out. In this way the intensities of 568 independent 
reflexions were measured. Those reflexions too weak 
to measure (another 17) were given half the intensity 
of the weakest measurable reflexions and all reflexions 
were processed. 

The observed intensities were corrected for absorp- 
tion (linear absorption coefficient=38 cm -1) and 
Lorentz polarization factors. The two sets of photo- 
graphs were correlated by the method of Rollett & 
Sparks (1960) and the scale factor and average tem- 
perature factor were obtained from Wilson's (1942) 
method. 

Determination of the structure 

The space group Pmn21 has fourfold general equivalent 
position s and twofold special equivalent positions, 
however there are only two molecules in the unit cell. 
If it is assumed that tb_e phosphate group is tetrahedral 
and the water molecules are octahedraUy arranged 
about the magnesium atom as in other magnesium 
salt hexahydrates, then the magnesium, phosphorus, 
nitrogen and two oxygen atoms of the phosphate 
group must lie on the mirror plane. Depending on the 
orientation of the water octahedron either two or four 
water molecules must also lie on the mirror plane and 
all other oxygen atoms (or water molecules) must be 
at least 1.2/~ away from it. These restrictions imposed 
by the space group were used in interpreting the 
Patterson synthesis. 

Initial attempts to solve the structure from the a- 
and b-axis Patterson projections failed. The b-axis 
projection is similar to that reported by Bland & 
Basinski (1959), but the partial structure they postu- 
lated from this projection did not account for the a- 
axis projection. The number of peaks in these projec- 
tions is considerably less than tb_e theoretical number 
and the amount of superposition must be consider- 
able. Because of this no further attempt was made to 
solve these projections. 

The structure was finally solved from a three- 
dimensional Patterson synthesis in which the sharp- 
ening was obtained by multiplying the observed inten- 
sities by a function 

c(k+sinZO] 1 /]2 ] ~-~-exp( f ls in20 
)z ) • 

k, the proportion of the sharpened Patterson series to 
be added to the gradient Patterson series, was taken as 

(Jacobson, Wunderlich & Lipscomb, 1961). 

Table 1. Coordinates for the structures obtained from the shaJTened Patterson synthesis 

S1 $2 
x y z x y z 

P 0 0 0 0 0 0 
O(I) 0 0 0"87 0 0 0"87 
0(2) 0 0"80 0"05 0 0-20 0-05 
0(3) + 0"18 0"12 0.05 _+ 0.18 0"88 0"05 
Mg 0 0"38 0"37 0 0"38 0.37 
O(W1) 0 0.64 0.28 0 0-64 0.28 
O(W2) 0 0-10 0"46 0 0"10 0"46 
O(W3) + 0"22 0"25 0"25 _+ 0-22 0"25 0"25 
O(W4) _+ 0.22 0"50 0"50 _+ 0.22 0"50 0"50 
N 0 0"37 0"73 0 0.60 0.73 

O(W1), O(W2) etc, are the oxygen atoms of the water molecules. 
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From this sharpened synthesis two possible struc- 
tures (excluding the nitrogen atom) were obtained. 
The positions of  the nitrogen atoms in the two struc- 
tures were obtained from partially phased electron 
density sections at x =0 .  These structures were design- 
ated S1 and $2 and the atomic coordinates are given 
in Table 1. As the shortest oxygen-water  distances 
are 2.71 and 2.40 A for S1 and $2 respectively, the 
former  structure would appear  to be the more prom- 
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Fig. 1. Difference Fourier synthesis, sections calculated at 
various heights through the hydrogen atoms. (The heights 
are given in 60ths of the unit-cell edge.) 

ising. However, the latter structure was not rejected 
as a similar short oxygen-water  distance of  2.42 A, 
has been found elsewhere (Pedrazuela,  Garcia-Blanco 
& Rivoir, 1953). 

The residuals from (a) the initial data  and (b) after 
a single cycle of least-squares refinement (Diamand,  
1964) using individual isotropic temperature  factors 
were 

(a) (b) 
S1 22.9% 15.3% 
$2 32.4% 41 "7% 

In addition the output  for the second crystal struc- 
ture recommended negative temperature  factors for 
some atoms. Because of  this and the increased value 
of  the residual the refinement of  this structure was 
discontinued. 

Ref inement  o f  the structure 

The atomic scattering factors used were those given in 
International Tables for X-ray Crystallography (1962) 
for Mg z+ and neutral P,N and O. At a later stage in 
the refinement, modulus dispersion corrections were 
applied to the Mg 2+ and P (International Tables for 
X-ray Crystallography, 1962). 

Four  additional cycles of least-squares refinement 
with individual isotropic temperature  factors were 
carried out, at which stage the residual was hardly 
varying at 6"2%. Fur ther  refinement was carried out  
with individual anisotropic temperature factors until 
the residual remained stationary at 3.9%. 

Three-dimensional difference Fourier  syntheses were 
calculated at the end of  both refinements. This was in 
case the atomic vibrations tended to mask  the positions 
of  the hydrogen atoms when isotropic temperature  
factors were used, or to absorb the hydrogen peaks 
in the case of anisotropic refinement. In fact, the two 
syntheses were very similar, the isotropic refinement 
producing some additional peaks due to the aniso- 
tropic vibrations of  the heavier atoms. Attent ion was 
therefore confined to the anisotropic refinement syn- 
thesis. 

It was found that the largest peaks on the difference 
electron density map  were not due to the individual 
hydrogen atoms connected with the water molecules 

Table 2. Hydrogen positions, hydrogen bond lengths and bonded atoms 

The number or letter refers to the appropriate atom in Fig. 1. 

Number 
or Bond 

letter x y z length 
H(I) - -  0.00 0.25 0.77 2.80 
H(2) A 0.00 0.71 0.22 2.66 
H(3) B 0.00 0.82 0.32 3.15 
H(4) 6 0.12 0.02 0.49 2.65 
H(5) 13 0.21 0.20 0-19 2.64 
H(6) i 2 0.20 0.81 0.79 2-69 
H(7) 14 0.23 0.61 0.50 2.64 
H(8) 11 0.18 0"59 0"00 2"63 

Bonded 
atoms 
N, O(1) 

O( W I), 0(27 
O( wl ), O(w2) 
O(w2), 0(3) 
O(W3), 0(3) 
O(w3), O(1) 
O(w4), 0(3) 
O(W5), 0(2) 
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but lay in a more or less continuous shell of electron 
density around the nitrogen atom. For  reasons given 
in Whitaker & Jeffery (1970) it was concluded that the 
ammonium ion was bonded to one oxygen atom and 
the ion rotated about this bond as axis. 

A scattering factor of this form would be very 
complicated to calculate and an approximate model 
was used of a randomly rotating ammonium group 
superimposed on which was a hydrogen atom cor- 
responding to the bonding atom. 

Detection of the hydrogen atoms in the water molecules 

Fig. 1 and Table 2 give the positions of  the hydrogen 
peaks (other than in N H  +) projected on to the mirror 
plane. Atoms A and B are on the mirror plane while 
the heights of the others are given in 1/60ths of the cell 
edge. The contours are at intervals of 0.1 e.A -3 and the 
lowest contour is 0-1 e.A -3. The heights of the peaks 
were in the range 0.32 to 0.36 e.A -3. 

Spurious peaks were obtained of maximum height 
0.30 e.A -3 but much sharper, and measurements of the 
electronic charge associated with several of the largest 
of these peaks gave values one-half or less than the 
electronic charge associated with a hydrogen peak. 
The hydrogen bond lengths given in Table 2 are further 
evidence of the correctness of this interpretation of 
the difference Fourier synthesis. 

The bonded hydrogen atom H(1) of the ammonium 
group is also included in this Table for the sake of  
completeness. 

It can be seen that all the hydrogen atoms except 
the one designated B take part in the bonding of the 
structure. If  B also takes part in the bonding then 
this bond is considerably weaker than the others. 

Final refinement of the structure including 
hydrogen atoms introduction 

The final refinement of the structure took place in 
three parts. In the first the hydrogen atoms, with the 
exception of H(1), were included with isotropic tem- 
perature factors, the other atoms being included with 
anisotropic temperature factors and an attempt was 
made to refine the position and temperature factors 
simultaneously. 

In the second part the first was repeated except that 
the hydrogen temperature factors were kept constant 
while in the third part the hydrogen atom H(1) was 
included and the refinement repeated again with con- 
stant temperature factors for the hydrogen atoms. The 
second part  is not discussed here, but the effect of 
introducing H(1) is discussed in Whitaker & Jeffery 
(1970). 

In all cases the refinement proved difficult because 
the hydrogen parameters tended to oscillate; this was 

Table 3. Parameters and standard deviations after refinement including hydrogen atom H(1) 

(a) Position parameters and isotropic temperature factors 
x y z 

P 0.00000 (0) -0.00661 (14)  -0.00052 (8) - -  
O(1) 0.00000 (0) -0.02221 (37) 0.86279 (20) - -  
0(2) 0"00000 (0) 0"76229 (32) 0-05350 (21) --  
0(3) 0"18165 (22) 0"11371 (25) 0"04172 (15) 
Mg 0.00000 (0) 0.37648 (19) 0.37185 (11) --  
O(W1)  0"00000 (0) 0"68219 (41) 0"28610 (22) - -  
O(W2) 0.00000 (0) 0.08012 (42) 0.46451 (25) 
O(W3) 0.21797 (24) 0.26377 (29) 0.26205 (14) 
O(W4)  0.21055 (22) 0.48534 (28) 0.48494 (16) --  
NH4 0.00000 (0) 0.36849 (50) 0.73063 (25) 
H(1) 0.0000 (0) 0.3034 (75) 0.7507 (38) 4.00 
H(2) 0-0000 (0) 0.7131 (73) 0.2222 (44) 4-00 
H(3) 0.0000 (0) 0.7814 (78) 0.3150 (44) 4.00 
H(4) 0.0989 (48) 0.0233 (45) 0.4947 (27) 4.00 
H(5) 0.1883 (59) 0.1874 (59) 0.2059 (35) 4-00 
H(6) 0.2242 (44) 0.8150 (65) 0.7930 (26) 4.00 
H(7) 0,2348 (51) 0.5868 (60) 0.4994 (31) 4.00 
H(8) 0.1846 (54) 0.5995 (55) 0.0026 (29) 4.00 

(1.3) 
(1.3) 
(1-2) 
(0.9) 
(0.9) 
(1.1) 
(1.0) 
(0.9) 

(b) Anisotropic temperature factors (x 105) 

Bll B22 B33 B23 B3x 
P 788 (13) 749 (18) 243 (4) -15 (21) 0 (0) 
O(1) 1193 (48) 1343 (69) 226 (16) -28 (62) 0 (0) 
0(2) 1222 (52) 838 (66) 382 (17) --22 (60) 0 (0) 
0(3) 877 (30) 1152 (40) 375 (11) -216 (41) -32  (35) 
Mg 850 (20) 939 (29) 301 (7) 11 (28) 0 (0) 
O(W1) 2966 (89) 1125 (78) 374 (21) 335 (63) 0 (0) 
O(W2) 877 (54) 1819 (84) 950 (32) 1499 (72) 0 (0) 
O(W3) 1237 (41) 1851 (54) 358 (14) -260 (47) - 117 (39) 
O(W4) 1272 (38) 1183 (44) 681 (16) -512 (50) -838 (43) 
NH4 1440 (70) 1068 (87) 371 (22) 638 (71) 0 (0) 

912 
0 (0) 
0 (0) 
0 (0) 

- 243 (72) 
0 (0) 
0 (0) 
0 (0) 

553 (8o) 
74 (76) 
0 (0) 
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attributed to interaction between the various param- son, 1964)• At this stage the hydrogen temperature 
eters. The difficulties were overcome by applying half factors varied from 0.09 to 8.69 and the average, 
the shifts recommended by the least-squares program• 2.56, was approximately the same as the average for 

oxygen atoms of the water molecules, 2.55, obtained 
Refinement including hydrogen atom temperature factors before. These effects are believed to be due to the 

In the crystal structure determination of magnesium experimental errors being large compared with the 
sulphate hexahydrate (Zalkin, Ruben & Templeton, effects of varying the hydrogen temperature factors. 
1964) the isotropic temperature factors for hydrogen Consequently these factors become absurd in attempt- 
were included in the refinement. The average final ing to minimize the effect of the errors. The re~ic'ual 
value obtained for the hydrogen temperature factors and weighted residual (Hamilton, 1965) at this stage 
was 3.4 and this value was taken for the initial factor, were 2.95% and 2.45% respectively• 
The refinement proceeded until all shifts were less than Re-examination of the results of Zalkin, Ruben & 
one-tenth of the appropriate standard deviation (Ma- Templeton (1964) indicates that the thermal param- 

Table 4 .  Observed and calculated structure factors 
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eters for hydrogen  also differed over a considerable 
range (1.3 to 5.9 ~2) although not as large as in the 
present investigation. The present refinement was dis- 
continued when the parameter shifts were less than 
one-tenth the standard deviation. Had the refinement 
been discontinued at an earlier stage, say one-third 
the standard deviation, the range of hydrogen thermal 
parameters would be smaller. This may be the reason 
for the smaller range of parameters obtained by Zalkin, 
Ruben & Templeton. However, they do not give a 
criterion for ending the refinement. 

Refinement with constant hydrogen temperature factors 
It has already been mentioned that Zalkin, Ruben 

& Templeton (1964) found an average isotropic tem- 
perature factor for hydrogen of 3.4. In view of this 
and Baur's (1964a) suggestion that an isotropic tem- 
perature factor for hydrogen should be 1.3 plus the 
temperature factor for the oxygen atom in the same 
water molecule, i t  was decided that a constant iso- 
tropic temperature factor of 4.0 should be used for the 
hydrogen atoms. However, as a check on the effect of 
these temperature factors the calculations were re- 
peated using a temperature factor of 3.0. 

Refinement including the hydrogen atom H(1) 
The final position and temperature parameters are 

given in Table 3 for the case of a hydrogen temperature 
factor of 4.0. Compared with the parameters in this 
Table, when the hydrogen temperature factor is 3.0 the 
maximum positional parameter difference was 0.7a 
and the maximum temperature parameter difference was 
0.4a, thus indicating a negligible effect of a difference 
of 1.0 in the hydrogen temperature factor. The same 
effect is obtained when the hydrogen atom H(1) is 
excluded from the refinement. Thus it would appear 
that, in the present case, a difference in the hydrogen 
temperature factors comparable with the standard 
deviation does not have a significant effect on the re- 
mainder of the structure. 

The residual, weighted residual and standard devia- 
tion of electron density for the parameters given in 
Table 3 were 2.84%, 2.34% and 0.125 e.A -3 respec- 
tively, while when the hydrogen temperature factor 
was 3.0 these were 2.82%, 2.30% and 0-126 e .~ -3. 
These results for the residual and weighted residual 
are marginally better than those obtained when a 
hydrogen temperature factor of 4.0 is used and the 
same effect was found when the refinement excluded 
the hydrogen atom H(1). This improvement would be 
expected in view of the low average hydrogen tem- 
perature factor already mentioned. In spite of the im- 
provement of residual and weighted residual caused 
by having a hydrogen temperature factor of 3.0, it is 
thought that the higher value of 4.0 is probably more 
realistic and the parameters given in Table 3 are used 
for the remainder of the discussion. 

A composite electron density map of the asymmetric 
unit is given in Fig.2 and the Table of observed and 

calculated structure factors in Table 4. An examination 
of this Table gives no reason to believe that extinction 
is present. 

D i s c u s s i o n  o f  the  s tructure  

General 
The structure obtained for struvite is essentially 

that given by Gonzfilez & de Lelana (1955) and Gon- 
z~ilez & Garcia-Blanco (1955) for magnesium ammo- 
nium arsenate hexahydrate. 

The structure consists of PO4 tetrahedra, Mg.6H20 
octahedra and ammonium groups, held together by 
hydrogen bonds. These bonds are predominantly elec- 
trostatic in character (Moeller, 1952; Smith, 1955) and 
so the bonding may also be thought of as ionic. The a- 
axis projection of the unit cell is given (Fig.3), with 

o(I)~ 
4 

H20(2) 

H ~ O ( a )  

0(3) 0 ( 2 ) ~  
119 ° b 

• Fig.2. A composite electron density map of the asymmetric 
unit calculated on sections through the atom peaks. The 
contouring is at intervals of 5 e.~k-3 around the phosphorus 
and magnesium atoms and 2 e.~ -3 about the other atoms. 
First contour zero. 
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those atomic groupings associated with the mirror  
plane at x = 0  drawn with bold lines. It can be seen 
that the structure is in layers perpendicular  to the c 
axis. These layers are h.eld together by two hydrogen 
bonds per unit  cell. This no doubt accounts for the 
good (001) cleavage ment ioned by Palache et al. (1944). 
The other cleavage mentioned by Palache et al. (1944), 
(010), requires the breaking of eight or nine hydrogen 
bonds (depending on whether H(3) takes part in the 
bonding or not) and the cleavage would have to be 
stepped. 

Bond lengths and angles uncorrected for thermal t'i- 
bration 

PHOSPHATE TETRAHEDRON 

The individual values of the phosphorus-oxygen and 
oxygen-oxygen distances are given in Table 5. The 

weighted mean values are" 

phosphorus-oxygen 1.5370+ 0.0011 A 

oxygen-oxygen 2-5098 +0.0014/k  

The mean value obtained for the phosphorus-oxygen 
bond is in agreement with the results of  other accurate 
investigations (Table 6). In this Table the errors in the 
means  are not all given by the authors;  some have been 
calculated from variations in the individual re- 
sults. 

Examinat ion of  O - P - O  angles in Table 5 indicates 
that the tetrahedron is almost regular, there being no 
significant Variation in the bond lengths and all angles 
being within 1 ° of  that for a regular tetrahedron. The 
differences from the theoretical angle are apparently 
statistically significant ( >  3a), but in view of  the lack 
of knowledge of the effect of  thermal vibrations on 

Table 5. Bond lengths and angles 

Phosphate tetrahedron 

Distance Distance 
P-O(1) 1.5338 (24) A O(1)-O(2) 2.5121 (32) 
P-O(2) 1"5419 (22) O(1)-O(3) 2.5102 (25) 
P-O(3) 1.5358 (16) 0(2)-0(3) 2.5017 (23) 
Mean 1.5370 ( 1 1 )  O(3)-O(3a) 2-5217 (31) 

Mean 2.5098 (14) 

Distance 
Mg-O(W1) 2"1076 (27)/~ 
Mg-O(W2) 2.0940 (29) 
Mg-O(W3) 2.0687 (18) 
Mg-O(W4) 2-0460 (19) 
Mean 2.0711 (11) 

Mg. 6(H20) octahedron 

Distance 
O(WI)-O(W3) 2.9925 (28) A 
O(W1)-O(W4) 2.9247 (27) 
O( W2)-O(W3) 2.9496 (28) 
O( W2)-O(W4) 2.8935 (28) 
O( W3)-O(W3a) 3.0259 (32) 
O( W3)-O(W4) 2-8430 (24) 
O( W4)-O(W4a) 2.9229 (31) 
Mean 2.9284 (11) 

O(I)-P-O(2) 
O(1)-P-O(3) 
O(2)-P-O(3) 
O(3)-P-O(3a) 

O( Wl)- Mg-O(W3) 
O( W1)-M g-O(W4) 
O( W2)- M g-O(W3) 
O( W2)- M g-O(W4) 
O( W3)-M g-O(W3a) 
O( W4)-M g-O(W4a) 

Angle 
109.52 (13) ° 
109.72 (8) 
108"75 (8) 
110"36 (14) 

Angle 
91.54 (8) ° 
89.51 (8) 
90.24 (8) 
88.67 (8) 
94.00 (11) 
91.17 (11) 

Table 6. Comparison of  observed bond lengths 

Reference 
Geller & Durand (1960) 
Iitaka & Huse (1965) 
Li & Caughlan (1965) 
Cid-Dresdner (1966) 
Fanfani & Zanazzi (1967) 
Greenblatt, Banks & Post (1967) 
Sutor (1967) 
This work 

Reference 
Margulis & Templeton (1962) 
Nardelli, Fava & Giraldi (1962) 
Zalkin, Ruben & Templeton (1964) 
Baur (1964a) 

*Baur (1964b) 
Johnson (1965) 
Sasvari & Jeffery (1966) 
This work 

Phosphorus-oxygen 

Compound 
LiMnPO4 
CloH26N4.2H3PO4.6H20 
Ca(CloH2HPO4)2.3H20 
Turquois 
Feo. 5nFe2.51II(OH)2.5(PO4)3 • H 2 0  

Ca2PO4CI 
MgHPO4.3H20 
MgNH4PO4.6H20 

Magnesium-oxygen 

Compound 
Mg(NH4)2(SO4)2 - 61-120 
MgS203.6H20 
MgSO4.6H20 
MgSO4.7H20 
MgSO4.4H20 
[Mg(H20)6] [MgC6HsO7H20]2.2H20 
MgCI2.12H20 
MgNH4PO4.6H20 

* Neutron diffraction study. 

P-O 
1"541 (5) A 
1"538 (3) 
1"535 (3) 
1"540 (2) 
1"535 (3) 
1"541 (1) 
1"544 (2) 
1.537 (1) 

Mg-O 
2-064 (3) 
2-083 (6) 
2"066 (1) 
2"065 (2) 
2-077 (2) 
2.074 (1) 
2.062 (4) 
2.071 (l) 
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these angles (Busing & Levy, 1964), it would be unwise 
to say that the tetrahedron is not regular. 

Each oxygen atom is bonded to four other atoms, one 
phosphorus and three hydrogen atoms (Fig.4). The 
bonding atoms are at the corners of a distorted tetra- 
hedron, the average oxygen-hydrogen bond length 
being 1.93 A compared with 1.537 A obtained for the 
average phosphorus-oxygen distance. In addition the 
angles of this tetrahedron are distorted, the averages 
being 117 ° for / P - O - H  and 101 ° for /_H-O-H.  
However, the ranges of these angles are considerably 
greater than the standard deviations, being 112 + 1 ° to 
128+1 ° for /_P-O-H and 90+1.5 ° to 112+_1.5 ° for 
/_H-O-H.  Even though these standard deviations are 
almost certainly too low in the sense that they ignore 
the thermal vibrations (Busing & Levy, 1964), the an- 
gular differences are probably significant. 

If the distortion of the phosphate tetrahedron is, in 
fact, significant then it may be caused by the distortion 
in the tetrahedron around the oxygen atom. It is inter- 
esting to note that the oxygen atom 0(3) which is 
involved in both O-P-O angles and both O-O distan- 
ces which are significantly different from the mean 
values is also the centre of the most distorted tetra- 
hedron. 

Mg. 6H20 0CT~RON 
The individual values of the magnesium-oxygen 

and oxygen-oxygen distances are given in Table 5. The 
weighted mean values are" 

magnesium-oxygen 2.0711 + 0.0011 A 
oxygen-oxygen 2.9284 + 0.0011/~ 

Detailed examination of the individual values indi- 
cates that the octahedron is very distorted, the range 
of magnesium-oxygen distances being 21G, where 
a is the largest standard deviation. In addition the 
'right angles' vary considerably, one being as large 
as 94.00 ° and the difference between this and the reg- 
ular value corresponds to 36a. Some of this distortion 
may be due to thermal vibration but it is thought 
that, because equivalent values vary so much, the dis- 
tortion must be due to other causes in addition. The 
average value for the magnesium-oxygen distance is 
compared with those obtained by other investigators 
(Table 6): the agreement is reasonable. It is interesting 
to note that some distortion of the Mg. 6H20 octa- 
hedron occurs in every compound in this Table. 

Three of the water oxygen atoms, O(W1), O(W3) 
and O(W4) are each bonded to three atoms (the 
magnesium and two hydrogen atoms). However, the 
water oxygen atom O(W2) may have another bond. 
In addition to the three already mentioned, it may be 
an acceptor atom for a hydrogen bond from the water 
oxygen atom O(W1). If there is a fourth bond to the 
water oxygen atom O(W2) it would seem reasonable 
to expect it to distort the configuration of the other 
bonds. 

Consider now the sum of the angles Mg-O(W)-Ha, 
Mg-O(W)-Hb and Ha-O(W)-Hb. For atoms O(W1) 
and O(W4), it is 360 + 8 ° and 357 + 7 ° respectively, i.e. 
the magnesium, oxygen and two hydrogen atoms are 
approximately coplanar. These values are similar to  
the average value of 354 ° found by Baur (1964b) in the 
case of magnesium sulphate tetrahydrate. For atom 
O(W2) the sum is 357 _+ 5 ° and this would seem to sug- 
gest that the inter-water hydrogen bonding is too weak 
to affect the atomic configuration. Because of this it 
would seem reasonable to conclude that there is prob- 
ably no inter-water hydrogen bonding. The bonding 
this assumption is shown schematically in Fig. 4. 

In the case of the water oxygen atom O(W3) the 
sum of the angles is 325 + 5 ° and thus is considerably 
less than for the other atoms. 

It is interesting to note that if one considers the 
oxygen atoms about each water oxygen atom, then the 
sums of the angles subtended by these and the magne- 
sium atom are 360 °, 360 °, 350 ° and 358 ° for O(W1), 
O(W2), O(W3) and O(W4) respectively and the agree- 
ment is much better. This is because the hydrogen 
atoms associated with O(W3) are in bonds which are 
not collinear. This is dealt with later. 

? 
' ' ' ' '4 

H (1) I ' 'NH4 ' "" ".. l 

.... -'¢-----------~p (w4) 

0 ( ~  0(3) 

o(1) 
1 A ° 

Fig. 3. The a-axis projection, with those groupings associated 
with the mirror plane at x = 0, drawn with bold lines. Atoms 
P, O(1), O(2), Mg, O(W1), O(W2), NH4 +, H(1), H(2) and 
H(3) are on this plane; all other atoms are in vertical pairs. 
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In the case of magnesium sulphate heptahydrate 
Baur (1964a) found that the average magnesium-oxy- 
gen bond length was 2.096 A when the oxygen atom 
was an acceptor atom for a hydrogen bond. On the 
other hand, in the cases of the oxygen atom not being 
an acceptor for a hydrogen bond, the average magne- 
sium-oxygen bond length was 2.050.~. He suggests 
that for acceptor atoms the sum of the electrostatic 
bonds is increased and the magnesium-oxygen dis- 
tance lengthens to achieve electrostatic balance. 

In the case of struvite two long magnesium-oxygen 
bonds are obtained, the longest of which is longer than 
any of those found by Baur (1964a). What is more, 
there is no inter-water hydrogen bonding, and if there 
were, the longest magnesium-oxygen bond length 
would be associated with the donor atom of the 
hydrogen bond. Thus Baur's explanation (1964a) can- 
not apply to struvite and the fact that such. long mag- 

nesium-oxygen bonds can be obtained in struvite 
must be due to some other cause. It is presumably due 
to the different environments of the water oxygen 
atoms. 

Gonz~ilez & Garcia-Blanco (1955) found a very short 
magnesium-oxygen distance of 1.76 A in magnesium 
ammonium arsenate hexahydrate. This anomalous dis- 
tance is not found in the present determination and as 
the structures are isomorphous it is presumably due to 
experimental error. 

AMMONIUM GROUP 

The evidence for a single-bonded ammonium group 
with the group rotating about this bond as axis is 
given in Whitaker & Jeffery (1970). The final inter- 
atomic distances are slightly different from those 
given in that paper, because of further refinement, but 
not significantly so. The final values are: 

ammonium-oxygen O(1) 
ammonium-water  O(W3) 
ammonium-water  O(W2) 
ammonium-water  O(W4) 

2.818(4) A 
3.008(3) A 
3.466(4) A 
3.197(3)/~ 

Fig.4. Schematic diagram of proposed bonding.  

Although the first of these (the hydrogen bond) has 
lengthened slightly it is still less than the average 
hydrogen bond length in ammonium structures (Pi- 
mentel & McClellan, 1960) and the alteration does not 
invalidate anything in the paper by Whitaker & Jef- 
fery (1970). 

Hydrogen bonding 

The distances and angles involved in the hydrogen 
bonding are given in Table 7. The weighted mean of 
the oxygen O(W)-hydrogen bond is 0.778 +0-014/~. 
This is considerably less than the same distances 
obtained from neutron diffraction measurements (there 
would appear to be no X-ray results of comparable ac- 
curacy); Baur (1964b) gives 0.967(5) .A for this distance 
in magnesium sulphate tetrahydrate and Bacon & 
Curry (1962) give 0-96 A in copper sulphate penta- 
hydrate. The discrepancy may be due to either or both 
of the following factors: (a) thermal vibrations of the 
atoms and (b) neutron diffraction and X-ray diffraction 

Table 7. Hydrogen bonding, distances and angles 

Distances Angle 

O ( W ) - H  O(W)-O  O ( W ) - H - O  
H(2) 0"74 (5) A 2-651 (3) .& 174 (5) ° 
H(3) 0"69 (5) 3-155 (4) 166 (5) 
H(4) 0.84 (3) 2.654 (2) 173 (3) 
H(5) 0.81 (4) 2.646 (2) 154 (4) 
H(6) 0.71 (3) 2.702 (2) 163 (4) 
H(7) 0.66 (4) 2.649 (2) 178 (4) 
H(8) 0.92 (4) 2.633 (2) 173 (3) 

N-H N-O 
*H(1) 0.46 (4) 2.818 (4) 177 (7) 

Angle 
H(2)-O(W1)-H(3)  103 (5) ° 
H(4)-O(WZ)-H(4a)  109 (4) 
H(5)-O(W3)-H(6)  97 (4) 
H(7)-O(W4)-H(8)  106 (4) 

* Because of the superposi t ion of a spherical distribution and a single atom, this bond  length has very little significance and is 
not discussed further. 

A C 26B - 4 
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techniques not measuring the same distances. Neutron 
diffraction techniques measure the inter-nuclear dis- 
tance while X-ray diffraction methods give the peak 
electron density positions. 

In the X-ray diffraction investigation of ammonium 
bifluoride, McDonald (1960) found that the N-H bond 
length was 0.88 +_ 0.03 A compared with the inter-nu- 
clear distance of 1.025 +_ 0.005/k found from nuclear 
magnetic resonance measurements from the same com- 
pound (Gutowsky, Kistiakowsky, Pake & Purcell, 
1949). This gives a bond length to inter-nuclear dis- 
tance ratio of 0.86_+0.03. Banyard & March (1961) 
theoretically investigated the radial electron density 
distribution of the ammonium group obtained from 
the self consistent wave calculations of Bernal & Mas- 
sey (1954) and concluded that the electrons associated 
with the hydrogen atoms should be at a distance from 
the nitrogen nucleus of 0-76+0-06 of the nuclear 
separation. In the present work it is found that for the 
oxygen-hydrogen distances the average bond length to 
inter-nuclear distance ratio is 0.81 which is comparable 
with the results for the ammonium group. Thus it 
would appear that the discrepancy between the present 
results and neutron diffraction measurements is due 
largely to measuring peak positions of electron density 
in the present investigation and inter-nuclear distances 
with neutron diffraction techniques. 

The probable reason for the discrepancy between the 
results is that the single electron of the hydrogen atom 
is used in bond formation and is drawn towards the 
bonding atom, thus giving shorter bond lengths. This 
causes the hydrogen atom to become a dipole and so 
give the 'hydrogen bond' its predominantly electro- 
static character (Moeller, 1952; Smith, 1955). 

The angles H-O(W)-H do not differ significantly 
from the tetrahedral angle and, with the exception of 
H(5) and H(6), the atoms O(W)-H-O do not signi- 
ficantly differ from collinearity. Non-collinear hydrogen 
bonding has been found before in copper sulphate 
pentahydrate and in oxalic acid dihydrate (Bacon & 
Curry, 1962). In these compounds the minimum 
/_O(W)-H-O values are 156 and 154 ° respectively. 
Hence the values obtained are not unreasonable. 
However, in these compounds mentioned the reason 
for non-collinearity was the need to accommodate the 
hydrogen atoms subtending a tetrahedral angle at the 
oxygen atom, while in the present case this is not so. 
If the atoms O(W)-H-O were collinear for H(5) and 
H(6) then /_H(5)-O(W3)-H(6) would be 105 ° which 
is nearer to the tetrahedral value than that obtained 
(Table 7). There would appear to be no reason for this 
unless the errors are underestimated due to thermal 
vibration (Busing & Levy, 1964). 

Analysis of thermal vibrations 

The r.m.s, displacements and the direction cosines of 
the axes of the thermal vibration ellipsoids are given 
in Table 8. The errors in the displacements were ob- 

tained by calculating the vibration ellipsoids for the 
values in Table 3 plus the standard deviation, and 
minus the standard deviations and averaging over 
similar atoms. 

Table 8. R.m.s. displacements and orientation with 
respect to crystallographic axes 

R.m.s .  Direction cosine with respect to 
displacement a b e 

P 0.139 + 1 1.000 0.000 0.000 
0.124+ 1 0.000 -0-212 0"977 
0.119 + 1 0-000 0-977 0.212 

O(1) 0.171 + 4 1.000 0.000 0.000 
0.160+4 0.000 0.999 --0.043 
0.120 + 4 0.000 0.043 0.999 

0(2) 0.173 + 4 1.000 0.000 0.000 
0.156+4 0.000 -0.046 0-999 
0"126+4 0-000 - -0"999  --0-046 

0(3) 0"164 + 4 -- 0-224 0"654 -- 0"723 
0"151 +4 0"812 - -0"286  --0-510 
0"132+4 - -0"540  - -0"701 -0-467 

Mg 0"144 + 2 1"000 0"000 0-000 
0"138+2 0-000 0"153 0"988 
0"134+2 0"000 -0"988 0-153 

O(W1) 0-269 + 4 1 "00 0"000 0-000 
0"169 + 4 0"000 0"635 0"772 
0" 129 _ 4 0-000 - 0"772 0-635 

O(W2) 0-277 + 4 0-000 0"529 0-849 
0"146 + 4 1 "000 0"000 0-000 
0-136+4 0"000 -0.849 0.529 

O(W3)  0"202+4 0"521 0"810 -0"271 
0"162+4 0-852 -0-514 0-102 
0"146 + 4 0"057 0"284 0"957 

O(W4)  0"238+4 0"534 0"226 -0"815 
0"157+4 -0"644 0-733 -0-219 
0"126+4 0"547 0-642 0-537 

NH4 0-187 + 4 1-000 0"000 0"000 
0" 182 + 4 0"000 0"655 0"756 
0"104+4 0"000 -0"756 0"655 

In the case of the phosphorus and magnesium atoms 
it can be seen that the vibrations are approximately 
isotropic although in the case of phosphorus there is 
a significant distortion from a sphere, the shortest axis 
being 11 o from the direction of 0(3). For the phosphate 
oxygen atoms O(1), 0(2) and 0(3) it is found that the 
shortest axes of the vibration ellipsoids make angles of 
l°, 21° and 22 ° with the respective phosphorus-oxygen 
bonds, while the longest axes make angles of 90 °, 90 ° 
and 85 ° respectively. In the case of the water oxygen 
atoms, the vibration ellipsoids approximate to prolate 
spheres and the longest axes for O(W1), O(W2), O(W3) 
and O(W4) are at angles of 90 °, 88 °, 76 ° and 88 ° to the 
respective bonds, while the shortest ones are at angles 
of 12 °, 6 °, 51 ° and 21 ° respectively. 

Finally, for the ammonium group the vibration 
ellipsoid is very nearly that of an oblate sphere and the 
unique axis is only 9 ° from the ammonium-oxygen 
O(1) bond. It is interesting to note that this is what 
would be expected from a singly-bonded ammonium 
group and would seem to contradict the electrostatic 
balance diagrams of Gonz~ilez & Garcia-Blanco (1955). 
These imply that the ammonium group is equally 
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bonded to the six nearest neighbours. It was thought 
that this thermal vibration ellipsoid might have been 
influenced by the introduction of the hydrogen atom 
H(1) as this lies on the NH4-O(1) bond. Because of 
this the vibration ellipsoids were calculated for the 
structure without this hydrogen atom. However, the 
vibration ellipsoids are only very slightly changed and 
the same conclusions apply. 

Bond lengths corrected for thermal vibrations 
Busing & Levy (1964) have pointed out that one of 

the effects of thermal vibration is to alter the apparent 
bond lengths and showed how to correct for these ef- 
fects. Corrected bond lengths have been calculated for 
the phosphorus-oxygen, magnesium-oxygen and oxy- 
gen-hydrogen bonds for three cases; (A) the atoms are 
vibrating in phase, (B) the lighter atoms are riding on 
the inner ones,* and (C) the atoms are moving inde- 
pendently of each other. The values are given in 
Table 9. 

In the case of phosphorus-oxygen bond lengths, the 
shortest r.m.s, displacements of the oxygen atoms are 
almost along the bonds and the values of these dis- 
placements are approximately the same as for the 
phosphorus atom, while the largest displacements are 
perpendicular to the P-O bond. The riding-corrected 
value would therefore appear to be the best; thus 

phosphorus-oxygen = 1.5431 + 0-0011 ~ .  

In the case of the Mg.6H20 octahedron the shortest 
r.m.s, displacements of the oxygen atoms are along the 
bonds except for O(W3). However as the vibration 
ellipsoids approximate to prolate spheres this is prob- 
ably not very significant, probably more important is 
that the longest axes are approximately perpendicular 
to the appropriate Mg-O bond. The value of the smal- 
lest displacement is approximately the same as that for 

* In this case the vector separation is independent  of the 
posit ion of the ridden atom. 

the magnesium atom; thus again the riding model 
would appear to be the best but not as good as for the 
phosphate group. Thus 

magnesium-oxygen = 2.0810 + 0.0011 A .  

Margulis & Templeton (1962) and Baur (1964b) have 
all taken the riding model to be the best for the 
Mg.6H20 octahedron. The values obtained are 2.075 
+ 0.003 and 2-081 + 0.002 A; the present values are in 
reasonable agreement. On the other hand, Zalkin, 
Ruben & Templeton (1964) have taken the thermal 
motion in this octahedron to be 'in-phase'. Values for 
both types of motion are given in the present case. 

In the case of oxygen-hydrogen bonds, Busing & 
Levy (1964) suggest the riding model to be the best. 
This gives a bond length of 0.792 A, which still gives 
a discrepancy of 0 .17A compared with the values 
given by other investigators from neutron diffraction 
(Bacon & Curry, 1962; Baur, 1964b) but this corrected 
value assumes that the vibrations of the hydrogen 
atoms are isotropic and this is unlikely. Even so, it 
would be unlikely that the discrepancy between the 
X-ray and neutron diffraction results can be accounted 
for in this way. Hence it would appear that either 
oxygen-hydrogen bonds measured by X-ray diffraction 
techniques are somewhat shorter than those measured 
by neutron diffraction methods, or the oxygen-hydro- 
gen bonds are unusually short in struvite (although 
there would appear to be no reason for this). 

It would seem advisable to check these bonds, and 
the prediction of a single-bonded ammonium group, 
by neutron diffraction techniques and this is currently 
being done by one of us (A.W.). 

This paper incorporates work submitted by one of 
us (A.W.) in part fulfilment of a Ph.D. thesis of the 
University of London. We should like to thank the 
Science Research Council for support and Professor 
J. D. Bernal for encouragement and for facilities for 
carrying out this work. 

Table 9. Bond lengths corrected for thermal vibrations 

Uncorrected Corrected bond length Standard 
bond length A(in-phase) B(riding) C(independent)  deviation 

P-O(I )  1.5338/~ 1.5346/~ 1.5407 A 1.5626 .~ 0.0024 
P-O(2) 1.5419 1.5425 1.5478 1.5701 0.0022 
P-O(3) 1.5358 1.5364 1-5416 1.5619 0.0016 
Mean 1.5370 1.5376 1.5431 1.5642 0-0011 
Mg-O(W1)  2.1076 2.1109 2.1220 2.1409 0.0027 
Mg-O(W2)  2-0940 2.0971 2.1079 2.1268 0.0029 
Mg-O(W3)  2.0687 2.0694 2.0747 2-0930 0.0018 
Mg-O(W4)  2.0460 2.0479 2.0563 2-0748 0.0019 
Mean 2.0711 2-0730 2.0810 2.0996 0.0011 
O(W1)-H(2)  0.740 0.740 0.743 0-874 0.049 
O(WI) -H(3)  0.689 0.690 0.697 0.829 0.049 
O(W2)-H(4)  0-841 0.841 0-845 0.958 0.032 
O(W3)-H(5)  0.811 0.814 0-834 0.913 0.039 
O(W3)-H(6)  0.718 0.721 0.746 0.830 0.035 
O(W4)-H(7)  0.665 0.666 0-682 0.800 0.036 
O(W4)-H(8)  0.917 0.918 0-932 1.011 0-036 
Mean 0.778 0.780 0.792 0.895 0.014 

A C 26B - 4* 
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X-ray Evidence for a Single-Bonded Rotating Ammonium Ion in Struvite 

BY A. WHITAKER* AND J W. JEFFERY 
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X-ray evidence is presented in favour of a single-bonded rotating ammonium ion in struvite at room 
temperature. The evidence consists of difference Fourier syntheses, bond lengths and the shape and 
orientation of the vibration ellipsoid. 

Introduction 

In the previous paper (Whitaker & Jeffery, 1970, sub- 
sequently referred to as W J) the crystal structure deter- 
ruination of struvite is discussed. During the deter- 
ruination it was concluded that the ammonium ion 

* Now at The Department of Physics, Brunel University, 
London. 

was singly bonded to an oxygen atom and the ion then 
rotated about this bond as axis. Th is  paper presents 
the evidence for this. The atomic designation is the 
same as in Whitaker & Jeffery (1970). 

Experimental 

The structure was solved and refined using anisotropic 
temperature factors until the residual remained sta- 


