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Table 1. Atomic coordinates (A) 

x y z 
Na 0-000 0.000 0.000 
P 1.924= }a 3.849= }a 1.882 
1% 1.924= ~a 3.849= ~a 3.645 
O 0.873 4-479 1.516 
H (assumed) 2.81 3.74 3.97 

Table 2. Mean square vibration amplitudes (A ~') 

Ull ue~ u33 u12 uez u13 
Na 0 - 0 1 8  0 . 0 1 8  0 . 0 1 2  0 . 0 0 9  0 . 0 0 0  0.000 
P 0-006 0 - 0 0 6  0 -011  0 -003  0 -000  0-000 
i% 0-016 0 . 0 1 6  0 . 0 1 4  0 . 0 0 8  0 . 0 0 0  0.000 
0 0.017 0 . 0 1 1  0 . 0 2 4  0.011 -0.001 -0.007 

The coordinate e.s.d.'s given by the least-squares 
process are 0.008/~ for Na, 0.007 A for P, 0.018 A for 
I~ and 0.008 ~ for O. The e.s.d.'s of the U~i range 
from 0.001/~2 for U11 of P to 0.007 ~2 for U33 of N. 
The vibrations of the oxygen and nitrogen atoms in 
the PO3NH3 ion are rather greater than those of the 
phosphorus and imply molecular angular oscillations 
about any axis of about 4 ° r.m.s, amplitude. Cor- 
respondingly, the P-O and P-N bond lengths should 
be increased by about 0"006 ~_ as compared with those 
calculated from the coordinates of Table 1. 

With these corrections the molecular dimensions 
are P-O = 1.522 i 0.011 A, P-N = 1.769 _+ 0.019/~, 
AN-P-O=103 ° 58' and AO-P-O'=II4 ° 22'. The 
lengths are within 0.016 _~ and the angles within 
1 ° 2' of those given by Hobbs et al. 

Since the  ni t rogen is bonded to three hydrogen  
atoms, there can be no z~ character  in  the  P - N  bond. 
Consequently we ma y  take  1.77 + 0.02 ~ as the  value 
of the  P - N  single-bond length.  This is close to the  
1.76 A es t imated  by the Schomaker-Stevenson  method.  
The P -O length  is about  0.02 J~ shorter  t ha n  in the  
phosphate  ion. The increased ~-bond order in the  
phosphoramidate (2 × ½ as against 2 x ¼) is evidently 
partially offset by a reduced effective nuclear charge 
for the 3d-orbitals. 
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The crystallographic data given by MacArthur & Beevers (1957) have been used in a structure re- 
finement. The revised molecular dimensions are P-O(bridge) = 1.61 + 0.015, P-O(outer) = 1.51 ± 0-015 A, 
< P-0-P = 133 °38'. 

The crystal  s t ructure  of sodium pyrophosphate  deca- 
hydra te ,  Na4P20~. 10H~O, was de te rmined  by MacAr- 
t hu r  & Beevers (1957) by difference syntheses for the 
three principal  zones, which were refined to residuals 
/~ of about  22%. The interest ing results obtained for 

* Present address: Chemistry Department, The University, 
Gla.~gow ~h r. 2, Scotland. 

the  dimensions of other  isoelectronic X207 ions, 
no tab ly  $20~- (Lynton & Truter ,  1960) and Si20~- 
(Cruickshank, L y n t o n  & Barclay,  1962) suggested t h a t  
improved dimensions of the pyrophosphate  P 2 0 ~ - i o n  
would be worth seeking. 

The space group is I2/c,  wi th  cell dimensions 
a=17 .93 ,  b=6.96,  c=14-85 A and f l = l 1 8  ° 31'. Each  
P20~ ion lies on a twofold axis which passes th rough  
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the central oxygen O(i) common to the two phosphate 
tetrahedra. Two sodium atoms and five water molecules 
are in general positions. 

The data used in the refinement were the 246 non- 
zero IFol for the three zones given by MacArthur & 
Beevers. Four cycles of least-squares refinement were 
carried out. Apart from the y coordinate of the water 
molecule We which shifted by 0-19 A owing to a 
change of its sign, the maximum coordinate shift in 
the refinement was 0.06 i. The residual R dropped to 
a final 13.8%. The revised atomic coordinates and 
their e.s.d.'s are shown in Table i. The e.s.d.'s are 
those given by the chain-diagonal least-squares 
process; they ought to be increased slightly to allow 
for overlapping in the projections. Anisotropic vibra- 
tions were introduced for all atoms, but as these proved 
neither very large nor very anisotropic it will suffice 
to record thet the apparent mean-square-vibration 
amplitudes were approximately 0.01 ~2 for phos- 
phorus, 0.02 ~2 for the oxygens of the ion, 0.026 ~e 
for the water molecules and 0"02 ~2 for the sod±urns. 
The weighting scheme used was 

w = 1/(6.0+ IFol+ [Fo[~/106"5), 

with  the  IFo] appropr ia te  to the  whole cell, bu t  
wi thout  the scale factor  1-07 _+ 0"03 indicated by the 
least-squares process. 

Table 1. Atomic coordinates and e.s.d.'s 

x y z 
P 1.176+0.005/~ 1.862_+0.008/~ 3.226+0.005 A 
Na(1) 4-317 ± 0.010 4.822 ± 0.011 2.008 + 0.011 
Na(2) 6.896±0.010 6.329 ± 0.012 1.242_+0.011 
O(1) 0 1.232--+0.029 3.7125= ¼c 
O(2) 0.446 ± 0.015 3.095_+0.017 2.297_+0.018 
0(3) 1.397 ± 0-017 0-769-+0.022 2.345 ± 0.018 
0(4) 2.584±0.017 2.212±0-019 4"709 i 0.019 
W(1) 1.793±0.018 4.106-+0.021 0.725 i 0-019 
W(2) 4.280±0-016 -0.070-+0.029 3.211 i 0.020 
W(3) 4.840±0.019 2.885±0.021 0.349-+ 0.019 
W(4) 7.008±0.020 5.139-+0.021 3.325 ± 0-017 
W(5) 7.475 i 0.018 4.296-+0.021 0.402-+0.019 

The lengths in the  pyrophospha te  ion calculated 
f rom the coordinates of Table 1 are P - 0 ( 1 )  (br idge)= 
1-601 I with a nominal  e.s.d, of 0"013 J~, P - 0 ( 2 ) =  
1.506, P - 0 ( 3 ) = I . 4 8 5  and  P - 0 ( 4 ) = 1 . 5 2 0  ~ .  As the  
vibra t ions  of the oxygen a toms are greater  t h a n  those 
of the phosphorus atoms,  a small  ro ta t ional  correction 
of about  0.01 J~ mus t  be added. The corrected dimen- 
sions m a y  therefore be t aken  as P-O(1)  (br idge)= 
1.61 ± 0.015 A and mean  P-O(oute r )  = 1.51 _+ 0.015/~. 

The bridge angle P - O ( 1 ) - P  is 133 ° 38' and  the  O - P - O  
angles are 

0 ( 1 ) - P - 0 ( 2 )  = 107 ° 0 ( 2 ) - P - 0 ( 3 )  = 114 ° 
O(1)-P-O(3)  = 103 ° O(2)-P-O(4)  = 111 ° 
O(1)-P-O(4)  = 105 ° O(2) -P-0(4 )  = 115 ° . 

The averages  are A 0 ( 1 ) - P - 0 = 1 0 5  ° and  / _ O - P - O =  
113 °. As compared with  MacAr thur  & Beevers 's  values 
the  main  changes are t h a t  P-O(1)  is now 0.02 J~ shorter  
and  the  outer  bonds some 0.04 J~ longer. 

In  K2S207 (Lynton & Truter ,  1960), where the  
e.s.d. 's of the  oxygen a tom coordinates are as low as 
0.007 _~, the  pyrosu lpha te  ion has an S - 0 - S  angle 
of 124 ° and an S-O(bridge) bond of 1"645/~. To get a 
P - O - P  angle of 124 ° and a corresponding P - O  bond 
of, say, 1-67 A, the  oxygen O(1) would have  to be 
moved about  0.15 A along the twofold axis. As the  
e.s.d, of this a tom is about  0.03 A, such a shift  is well 
outside the limits of exper imenta l  error, and  the  larger 
X - 0 - X  angle and  shorter  X - 0 ( b r i d g e )  bond in the  
pyrophosphate  ion in this crysta l  mus t  be accepted as 
definite. 

For  a description of the crystal  s t ruc ture  reference 
should be made  to MacAr thur  & Beevers (1957). The 
revised distances for the  bonds within the  two sodium 
octahedra  are 

N a ( 1 ) - W ( 1 )  = 2 . 3 3 / ~  
- W ( 2 )  = 2 .40  
- W ( 2 ' )  = 2 .42  
- W ( 3 )  = 2 .76  
- W ( 3 ' )  = 2 .75  
- W ( 4 )  = 2 .39  

Na(2) -0(2)  = 2-44 l 
- 0 (4 )  = 2.60 
- W ( 1 ) - -  2.46 
-W(3)  = 2.45 
-W(4)  = 2.35 
-W(5)  = 2.37 

A p a r t  f rom the  Na(1)-W(2)  distance,  which has  
decreased by  0-25 _~, these value are all close to those 
given by  MacAr thur  & Beevers.  

Each  of the  three wa te r  molecules, W(1), W(2), 
W(4), is coordinated to two sodium a toms and  two 
oxygen atoms,  wi th  W-O links of 2-72-2.89/~. W(3) is 
coordinated to three sodium atoms,  to an 0(4) (2.67 A) 
and to W(5)(2"97J~). W(5) is coordinated to Na(2), 
W(3)(2.97 ~)  and to two different  0(3) (2.79 and  
3.04 h) .  
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