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Abstract. H3PW~2040.21H20, orthorhombic, Pcca, 
Z =  4, a = 20.788 (10), b =  13.086 (3), c = 18.879 (5) 
A [at 22°C, 2(Mo K(0 = 0.70926 Al, D O = 4.17, 
D c = 4.21 g cm -3. Keggin anions form a layer near 
y = 0. Each has 43m pseudosymmetry with the central P 
atom on a twofold axis x = ¼,y = 0, a tz  = 0 .44585 (8). 
A pseudo ~, axis makes an angle of  20.42 (3) ° with the 
x direction. Eighteen water O atoms form a second 
layer with 0 .32 < y < 0.68,  and three others penetrate 
into the anion region. 

Introduction. Crystals were prepared by room- 
temperature evaporation of solutions of H3PWnO40 in 
aqueous nitric acid. A neutron-diffraction sample 
measuring 1.25 × 4.18 x 3-75 mm and weighing 
83 mg was mounted in a thin-walled quartz tube 
together with some powdered hydrate to protect it from 
loss of  water. 

Integrated intensities were measured for neutrons 
with 2 = 1.2455 A using o9/2/9 scans. 8348 reflections 
were measured and corrected for absorption using/J = 
1.70 cm-L The correction factors ranged from 1.221 
to 1.779. Equivalent observations were averaged to 
yield the 3951 unique reflections accessible with 2/9 < 
90 °. Each intensity was converted to Fo 2 in the usual 
way, and its standard error was computed as a = [a~ + 

2 2 1/2 (0.03 F o) J , where a c is the contribution of  counting 
statistics. Only 1634 observations exceed 2a, and the 
least-squares refinements described below were based 
on the 1327 reflections for which both Fo 2 and F~ 
exceed 2a. An isotropic extinction coefficient was 
adjusted, but only the two strongest reflections showed 
a significant effect. 

The structure was solved by direct methods, the E 
map yielding all 27 anion atoms and two of the water O 
atoms. Fourier syntheses interspersed with least- 
squares refinements revealed the remaining water O 
atoms and probable H sites. Many of  the latter appear 
to be disordered, and the water O atoms show large 
apparent thermal motion, which is probably associated 
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with this fact. Because of this large thermal motion and 
the low occupancy and near overlap of many of the H 
sites it was not possible to make a conventional 

Table 1. Fractional coordinates (× 104)for 
H3PW,2040.21H20 with standard errors in parentheses 

x Y Z 

p 2 5 0 0  0 4 4 5 7 (  7)  
W(1 )  3 2 1 7 ( 5 )  2 4 6 7 ( 7 )  4 5 0 3 (  5)  
W(2)  9 5 3 ( 5 )  1 1 2 8 ( 7 )  44 .13(  6)  
W ( 3 |  3 6 1 7 ( 5 )  7 2 9 ( 8 )  5 8 0 2 (  5 )  
i ( 4 )  1 3 5 2 ( 5 )  - 6 0 6 ( 8 )  3 1 2 2 ( 5 )  
W(5)  2 1 2 8 (  5| 1 8 1 6 ( 8 )  5 7 9 4 (  5)  
W(6)  2 0 4 1 ( 5 )  1 7 6 4 ( 8 )  3 1 2 3 (  5 )  
0 ( 1 1 )  2 7 4 9 ( 4 )  8 6 3 ( 7 )  4 9 2 6 (  4 )  
0 ( 1 2 )  1 9 5 5 ( 4 )  3 9 2 ( 6 )  3 9 8 8 ( 4 )  
0 ( 2 1 )  2 8 2 4 ( 5 )  1 1 2 4 ( 7 )  2 8 7 9 (  4 )  
0 ( 2 2 )  1 7 8 4 ( 4 )  5 2 6 ( 7 )  6 0 2 9 (  4 )  
0 ( 2 3 )  3 5 0 3 ( 4 )  - 1 8 2 1 ( 7 )  5 0 6 1 (  5 )  
0 ( 2 4 )  2 4 7 8 ( 5 )  - 2 4 2 2 ( 6 )  3 8 5 6 (  4 )  
0 ( 2 5 )  9 6 7 ( 4 )  1 3 ( 7 )  5 0 5 8 (  4 )  
0(26) 3646(4) 1606(7) 3848( 5) 
0 ( 3 1 )  2 9 2 3 ( 4 )  1 4 4 2 ( 7 )  6 2 1 4 (  4 )  
0(32) 1595( 5) 655(7) 2699(4) 
0 ( 3 3 )  2 5 9 8 ( 5 )  2 7 6 9 ( 7 )  5 2 3 7 ( 4 )  
0 ( 3 4 )  1 2 7 0 ( 5 )  1 9 9 2 ( 7 )  3 6 8 2 ( 4 )  
0 ( 3 5 )  3 7 5 7 ( 5 )  1 9 5 5 ( 7 )  5 2 3 2 (  4 )  
0(36) 753(4) 148(7) 3686( 4) 
0(41 ) 3 5 3 6 ( 5 )  3 6 3 3 ( 6 )  4 3 5 4 (  5 )  
0(42) 216(4) 1686(8) 4567( 5) 
0 ( 4 3 )  4 2 0 8 ( 4 )  8 5 6 ( 8 )  6 4 0 8 (  5)  
0 ( 4 4 )  8 5 9 ( 5 )  - 1 1 1 9 ( 8 )  2 5 0 7 (  5 )  
0(45) 1791(5) 2580(7) 6410( 4) 
0 ( 4 6 )  1 9 6 8 ( 5 )  2 7 2 9 ( 7 )  2 5 2 1 (  5) 
0 ( W I )  4 7 7 2 ( 6 )  1 5 2 1 (  1 0 i  1 2 1 3 (  6 )  
O(W~)  4 9 6 0 ( 8 )  3 2 5 8 (  11 ) 9 3 6 (  8)  
0 ( W 3 )  1 6 0 3 ( 5 )  4 1 3 1 ( 7 )  4 3 7 9 (  6 )  
O(W4)  2 5 0 0  5 0 0 0  3 4 3 4 (  7 )  
0(W5) 3358(5) 4003(9) 2530( 6) 
0(W6 ) 4 5 3 9 ( 7 )  4 0 5 7 ( 1 3 )  30-~4( 9 )  
O(W7)  4 6 8 ( 8 )  3 6 8 1 ( 1 2 )  3 3 8 4 (  8) 
O(W8)  0 1 7 8 2 ( 9 )  2 5 0 0  
0 ( W 9 )  5 1 3 ( 7 )  3 6 0 9 ( 9 )  8 0 q ( 8 )  
0 ( W l 0 )  1681(6) 4194(9) 1511(6) 
O(WI I) 2500 5000 579(16) 
0 ( W 1 2 )  4 2 1 8 ( 6 )  4 6 3 1 ( 9 )  3 9 6 (  6)  
H( I, 1 ) 4550 1363 1626 
H ( 1 , 2 )  4987 1014 1 1 0 6  
H ( 2 ,  1 ) 4858 2 6 6 2  9 7 0  
H( 2, 2)  5 139 3 4 2 8  1320 
H ( 2 ,  3 |  4 6 5 6  3 5 6 4  904  
H ( 3 ,  I ) I 712  3 4 3 5  4 3 5 3  
H( 3 ,  2 )  I 176  4 1 9 5  4 4 8 6  
H( 3 , 3  ) 1 682  4 4 3 0  3 9 6 5  
H(3,4) I 831 4424 4707 
H ( 4 ,  I ) 2 7 2 9  4 5 2 7  3 1 3 6  
H ( 4  • 2 )  2 1 9 7  4 6 2 9  3 7 3 7  
H ( 5 ,  I ) 3 2 6 3  3 4 6 5  2 2 5 7  
H( 5 • 2 ) 3 0 5 1  4 0 6 4  2 8 8 6  
H ( 5 , 3 )  3 7 4 8  3 9 1 6  2 7 2 6  
H( 5 ,  4 )  3 3 5 8  4 5 9 5  2 2 5 5  
H ( 6 ,  1) 4 5 4 5  4651  3 1 6 7  
H ( 6 ,  2 )  4 1 4 2  3 9 3 8  2 8 5 7  
H(6,3) 4820 4005 2671 
H ( 7 ,  I ) 814  3 7 0 4  3 5 7 6  
H(7 • 2) 446 3126 3183 
H ( 7 , 3 )  211 3681  3 6 7 8  
H ( 8 ,  1} 2 2 9  1 3 6 6  2 1 8 9  
H ( 8 ,  2)  2 7 5  2 1 8 7  2 7 4 6  
H ( 9 •  1 ) 561 3051  6 3 2  
H ( 9 •  2)  222  3 5 6 7  1071 
H( 9 ,  3 ) 8 3 2  3 7 2 5  1046 
H ( 1 0 , I )  1 7 9 0  3 6 7 8  1771 
H ( 1 0 , 2 )  1970  4 3 0 6  1210 
H ( 1 0 • 3 )  1 3 2 4  4060 1 2 9 6  
H ( I O . 4 )  1634  4713  1769 
H( 11 • 1 ) 2 6 2 6  4.552 305  
H( I 1 , 2 )  2 2 9 2  4 5 2 2  6 9 9  
H( 12, 1 ) 4386 5069 305 
H ( 1 2 , 2 )  4486 4 1 3 6  468 
H ( 1 2 • 3 )  3 9 6 5  4 4 7 3  65 
H ( 1 2 • 4 )  4 0 1 6  4 7 3 4  7 4 8  
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unconst ra ined least-squares refinement of  the H 
positions. Instead, independent coordinates  and aniso- 
tropic temperature factors were refined only for the 
non-hydrogen atoms. H coordinates were varied, but 
O - H  distances and H - O - H  angles were pushed 
toward reasonable  values using the method of  Waser  
(1963). The anisotropic thermal  motion of  each H atom 
was constrained to be a linear combinat ion  of  the 
motions of  the two O atoms between which it forms a 
hydrogen bond plus an adjustable isotropic contri- 
bution, which is the same for all H atoms. Occupancies  

Table 2. Cartesian coordinates and interatomic 
distances (both in A)for idealized ;~3m anion 

x,y z d 

P 0 0 P-O(I) 1.527 (5) 
W 2.513 (2) 0.090 (4) W-O(l)  2.439 (4) 
O(1) 0.882 (3) 0.882 (3) W-O(2) 1.899 (3) 
0(2) 1.141 (2) -2.968 (3) W-O(3) 1.911 (3) 
0(3) 1.465 (2) 3.329 (3) W-O(4) 1.693 (4) 
0(4) 3.692 (2) -0.202 (4) 

of  the H sites were refined subject to the l imitations:  (a) 
the total number  of  H atoms in the asymmetr ic  unit is 
22.5,  (b) no O atom can have less than 2-0 H atoms of  
its own, and (c) no hydrogen bond can include a total  
o f  more than 1.0 H atom in adjacent  disordered sites. 
The final refinement with 463 variables was made by 
alternately adjusting groups of  259 and 278 
parameters ,  with 74 variables common  to the two 
blocks. The resulting coordinates  are given in Table 1.* 
The convent ional  discrepancy factors are: R(F) = 
6 . 2 %  and R(F 2) = 9 .5% for the 1327 reflections 
included. A final structure factor  calculat ion for all 
3951 data showed only two reflections with A -- I Fo 2 - 
F~I > 4a  and only 39 with A > 3a. Neutron scattering 
lengths used were bp = 0.511,  b w = 0.477,  b o = 
0 .5804,  and b H = - 0 . 3 7 3 9  (all in units of  10 -12 cm). 

After the refinement was completed two further 
cycles of  least squares were performed in which the 

* Lists of structure factors and anisotropic thermal parameters 
have been deposited with the British Library Lending Division as 
Supplementary Publication No. SUP 33193 (26 pp.). Copies may 
be obtained through The Executive Secretary, International Union 
of Crystallography, 13 White Friars, Chester CH1 1NZ, England. 

Fig. 1. Stereoscopic view of the PWt20~o anion looking approximately down the crystallographic twofold axis. The O atoms are identified 
by their numbers only. 
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Fig. 2. Stereoscopic view of HsPWt2040.21H20 looking down the c axis. The water O atoms are numbered and the lines connecting them 
represent most of the hydrogen bonds listed in Table 3. The anions to the left have the same orientation as that in Fig. 1. 
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Tab le  3. Hydrogen bonds and 0 - 0  contacts in the water layer 

A (H) is the occupancy factor for hydrogen, O - H  and O - O '  are distances (A) a n d ,  is the hydrogen-bond angle H - O - O '  (o). 

0 H . . . . . . . .  H' O' 

O(W1)-H(1,1) . . . . . . . . . . . . . .  0(44) 
O(WI)-H(1,2) . . . . . . . . . . . . . .  0(36) 
O(W 1) . . . . . . . . . . . . . . . . . . . . .  0(42) 
O(WI) . . . . . . . . . . . . . . . . . . . . .  0(26) 

A (H) A (H') O - H  O - O '  . 

1.00 0.93 2-82 3 
1.00 0-83 2.99 20 

3.11 
3-29 

2.00 

O(W2)-H(2,1) . . . . . . . . . . . . . .  O(W1) 
O(W2)-H(2,2) . . . . . . . . . . . . . .  O(W6) 
O(W2)-H(2,3). . .  H(12,2) O(WI2) 
O(W2) . . . . . . . . . . . . . . . . . . . . . .  0(41) 

1-00 0-81 2.36 10 
1-00 0.84 2.44 10 
0.50 0.50 0.75 2-58 25 

3-21 
2.50 

O(W3)-H(3,1) . . . . . . . . . . . . . .  0(24) 
. . . . . . . . . . . . . .  0(34) 
. . . . . . . . . . . . . .  0(33) 
. . . . . . . . . . . . . .  0(23) 

O(W3)--H(3,2)-.- H(12,3)- O(W12) 
O(W3)-H(3,3). . .  H(4,2)--O(W4) 
O(W3)--H(3,4)... H(l 1,1)-- O(W11) 
O(W3) . . . . . . . . . . . . . . . . . . . .  O(41) 

0.71 

0.44 0.31 
0.33 0.49 
0.52 0-48 

2.00 

0.94 3-10 30 
3.17 34 
3.18 48 
3.29 32 

0.91 2.65 36 
0-89 2.82 31 
0.87 3.15 5 

2.94 

O(W4)-H(4,1). . .  H(5,2) -O(W5) 
O(W4)-H(4,2). . .  H(3,3) O(W3) 
O(W4) . . . . . . . . . . . . . . . . . . . . . .  0(41) 

0-51 0.49 
0.49 0-33 

1.00 x2 

0.96 2.79 13 
0.98 2.82 6 

3.29 

O(W5)-H(5,1) . . . . . . . . . . . . . .  0(45) 
O(W5)-H(5,2)- • • H(4, I ) - - O ( W 4 )  
O(W5)-H(5,3). • • H ( 6 , 2 ) - - O ( W 6 )  
O(W5)-H(5,4). . .  H(10,4)- -O(W10)  

1.00 0-89 2.83 14 
0.49 0-51 0.93 2.79 23 
0.18 0-82 0.90 2.63 9 
0.69 0-38 0.93 3.05 6 
2-29 

O(W6)-H(6,1) . . . . . . . . . . . . . .  O(W7) 
O(W6)-H(6,2). . .H(5,3) O(W5) 
O(W6)-H(6,3). . .  H(6,3) O(W6) 
O(W6) . . . . . . . . . . . . . . . . . . . . . .  0(41) 

0.68 0.82 3.03 5 
0.82 0.18 0.90 2.63 8 
0.50 0-50 0.90 2.78 5 

3.30 
2.00 

O(W7)-H(7,1) . . . . . . . . . . . . . .  O(W3) 
O(W7)--H(7,2)... H(8,2) O(W8) 

. . . . . . . . . . . . . .  0(34) 
O(W7)-H(7,3). . .  H(9,2) O(W9) 

0.84 
0.84 

0.49 
2.17 

0.80 3.07 15 
0.18 0.82 3.15 16 

2.82 55 
0.51 0.77 2.55 10 

O(W8)--H(8,1) . . . . . . . . . . . . . .  0(43) 
O(W8)-H(8,2). . .  H(7,2) O(W7) 

1.00 
0.18 
1.18 x2 

0.84 
0.93 2.90 11 
0.91 3.15 22 

O(W9)--H(9,1) . . . . . . . . . . . . . .  0(35) 
. . . . . . . . . . . . . .  0(42) 

O(W9)-H(9,2). . .  H(7,3) O(W7) 
O(W9)-H(9,3). . .  H(10,3) - -O(W10)  

O( w I 0) -H(  10,1) . . . . . . . . . . . .  0(46) 
O( W I 0) -H(  10,2)... H( 11,2)--O( WI 1) 
O(WI0)-H(10,3) . . .  H(9,3)--O(W9) 
O(WI0)-H(10,4) . . .  H(5,4)--O(W5) 

1.00 

0.51 
0.49 
2.00 

0.93 
0.37 
0.37 
0.38 
2.05 

0.49 
0.37 

0.63 
0.49 
0.62 

0.81 2.86 25 
3.02 38 

0.78 2.55 7 
0.82 2.87 7 

0.86 2.77 9 
0.84 2.67 13 
0.86 2.87 4 
0.84 3.05 6 

O(W1 I ) -H(I  1, I) . . .  H(3,4)--O(W3) 
. . . . . . . . . . . .  0(33) 

O(W11)-H(11,2). . .  H(10,2)--O(W10) 
. . . . . . . . . . . .  0(33) 

0-48 

0-63 

1.11 x2 

0.52 0.82 3-15 26 
3.00 36 

0.37 0-79 2.67 32 
3.00 42 
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Table 3 (cont.) 

O H .. . . . . . .  H' O' A(H) A(H') O-H 

O(W12)-H(12,1) . . . . . . . . . . . .  O(W9) 0.99 
O( W I 2)-H( 12,27... H (2,3)--O (W2) 0.50 
O(WI 2)-H(12,3)... H(3,2)--O(W3) 0.31 
O(W12)-H(12,4) . . . . . . . . . . . .  O(W10) 0.39 

2.19 

O-O' a 

0.69 2.50 37 
0.50 0.87 2.58 14 
0.44 0.84 2.65 2 

0.80 3.21 21 

only variables were the 11 parameters of a model which 
forced the coordinates of the anion atoms to have 43m 
symmetry. The results are given in Table 2 along with 
the interatomic distances in this idealized anion. The 
largest displacement of an idealized atom from its 
independently refined position is 0-054 A, and the r.m.s. 
displacement of all atoms is 0.022 A. 

The computer programs used were those listed by 
Lisensky, Johnson & Levy (1976). 

Discussion. X-ray studies of this substance were first 
made by Kraus (1936, 1940), but his tentative 
determination of space group Pccm is not correct. 
Fig. l shows the anion geometry and Fig. 2 illustrates 
the overall structure as described in the Abstract. 

The Cartesian coordinates of the idealized anion 
(Table 2) show small but significant differences from 
those found in the &hydrate (Brown, Noe-Spirlet, 
Busing & Levy, 1977) and the 29-hydrate (Noe-Spirlet, 
Brown, Busing & Levy, 1975). However, the idealized 
interatomic distances are in good agreement with those 
in these two structures. 

Three water O atoms occupy special positions on 
twofold axes: O(W4) and O(W11) at 4(e) and O(W8) 
at 4(c). The remaining nine water O atoms are in 
general positions, making a total of 21 water molecules 
in two asymmetric units. Table 3 lists all the O - O  
contacts less than 3.3 A, most of which can be 
considered to be hydrogen bonds. Many of the 
uncorrected O - O  distances appear to be quite short, 
but this is related to the large apparent thermal motion 
of these water O atoms. For example, the distance 
O(W1)-O(W2) which is listed as 2.36 A is estimated 
to be 2.52 A, assuming independent motion of the two 
atoms (Busing & Levy, 1964). 

Also described in Table 3 are the 36 H atom sites 
and the hydrogen bond in which each participates. The 
table lists the occupancy factors, eight full and the rest 
partial, which account for a total of 22.5 H atoms in 
the asymmetric unit, or 45 in the formula. The acid 
protons are not distinguishable. These occupancy 

factors have nominal standard errors of about 0.05, but 
they depend upon the thermal motion assumed for the 
H atoms. Five O atoms have the minimum allowed 
total of 2.0 protons and the other seven have more, 
with a maximum of 2.50 for O(W2). 

The calculated O - H  distances tend toward the 
values which were used as observations in Waser's 
method. These ranged from 0.80 to 0.91 A, depending 
on the thermal motion of the corresponding O(W). 
They should be considered as a description of the 
model, not as significant new information. All water 
H - O - H  angles except those for O(W11) calculate to 
between 107 and 110 °, again reflecting the slack 
constraints applied. The H - O ( W l l ) - H  angles were 
not constrained; they range from 78 to 147 ° . 

Fig. 2 shows most of these hydrogen bonds and 
illustrates the variety of coordination arrangements 
found in the water layer. For example, O(W1) is 
ordered and strongly bonded to two anions, but O(W4) 
has a disordered tetrahedral coordination similar to 
that found in ice (Peterson & Levy, 1957). At least two 
kinds of five-membered rings can be seen. 

M-RS thanks Professors H. Brasseur and J. 
Toussain: for their interest in this work. 
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