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The pseudo-12-hydrate of trisodium orthophosphate Na3PO4. (NaOH)0_0.zs. 12H20 and the isomor- 
phous vandate and arsenate salts crystallize in space group P'3cl, Z =  4 with a= 11-890 (6), 12.038 (7), 
12-017 (5) ttx and c= 12.671 (7), 12.833 (8) and 12.783 (6)/~ (the numerical values are given in the se- 
quence P, V, and As compound). The crystal structures were solved and refined using three-dimensional 
X-ray diffractometer data to R= 0"056, 0.070, 0.046 for 556, 468, 534 Fobs. The crystal structures show 
that the compounds should be formulated as [Nalz_13(OH)o_l(OHz)48](XO4)4. The prominent geo- 
metrical feature of the structure is a two-dimensionally infinite sheet with composition Na(OHz)4 of 
Na-coordination octahedra which share edges and comers with each other. The connection between 
these layers is through hydrogen bonds formed mostly to the tetrahedral groups sandwiched between 
them. The Na + and OH- ions of the excess NaOH occupy one site (A-site). This unusual statistical 
occupation is made possible by the flexibility of the hydrogen bonding arrangement. 

Introduction 

A hydrogen bond and its immediate surrounding can 
be schematically represented as (M), -D-H---A-(X)m,  
where D is an anion donating the bond, A an anion 
accepting the bond, while both M and X are one or 
more other cations to which D and A are bonded as 
well. It has been shown (Baur, 1961) that in hydrates 
the length of the hydrogen bond varies inversely with 
the electrostatic bond strength (Pauling, 1960, p. 547) 
received by the donor atom D, that is the cation(s) M 
influence the lengths of the hydrogen bonds. Further- 
more it has been shown (Baur, 1970) that the length 
of the hydrogen bond also depends on the bond strength 
received by the acceptor atom of the hydrogen bond. 
These relationships have been summarized in a rules 
which states that the length of a hydrogen bond (D- 
H---A)=(a+bAp) A~, where Ap is the difference be- 
tween the electrostatic bond strengths received by the 
donor and acceptor atoms (Ap=Po--PA) and where 
a and b are empirically derived constants. For the 
case of both the donor and the acceptor being an 

o x y g e n  atom a=2.85(1) and b=-0.38(2) (Baur, 
1970). Values of Ap from - 0 . 5  to +0.8 have been 
observed and found to correspond to hydrogen bond 
lengths of about 3.05 to 2.55 A. 

In the previous paper in this series (Baur & Khan, 
1970) the crystal structures of [Naz(OH2)7][PO3OH] and 
the corresponding arsenate salt were investigated in 
order to study the effect of different atoms X on the 
hydrogen bonds. In this case of isostructural com- 
pounds the Ap of course were identical in both salts; 
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therefore any differences in hydrogen bond lengths could 
be attributed either to the effect of the different X-O 
bond lengths ( P - O =  1'54, A s - O =  1.67 A,), or to the 
different electronegativities of the X-atoms. The result 
was negative; no significant differences between the 
hydrogen bond lengths in Na2-O(w)D-H---Oa-X were 
found for the case of X being P or As. Since the dif- 
ference in electronegativities between P and As is small 
(2.1 vs. 2.0), it was thought worthwhile to study a 
series of compounds which included a vanadium salt, 
since the value of the electronegativity of V (1-6) is 
clearly different from the values of P or As, while the 
V-O distance (1.69 A.) is similar to the As-O distance. 
We chose NaaXO4.12H20, where X can be P, V, Mn 
or As and investigated the P, V and As salts. From 
Menzel & v o n  Sahr's (1937) work it is known that 
these compounds actually are non-stoichiometric be- 
cause they usually contain excess NaOH. The composi- 
tion can be expressed as Na3XO4(NaOH)0_0.z5.12H20 
(Tillmanns & Baur, 1970). 

Experimental 

A crystal of commercial sodium phosphate (tribasic 
crystal, Baker, 3836)was  used for data collection. 
Crystals of the vanadate and arsenate componds 
were grown from aqueous solutions at about 30°C. 
Crystal data are given in Table 1. They are in good agree- 
ment with those reported by Clark & Gross (1937). 
The densities measured by us do not agree with the 
values given by R6my & Gu6rin (1970); their values 
are in error. The unit cell constants are based on the 
refinement of the setting of 20 reflections which had 
been centered on an automatic 4-circle X-ray diffrac- 
tometer. Systematic extinctions (hfcOl present only with 
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l=  2n) are consistent with space groups P'3cl and P3cl. 
The centric space group was confirmed by the success- 
ful solution and refinement of the structures. Intensity 

data for all three compounds were collected on an auto- 
matic four-circle X-ray diffractometer following gen- 
erally the methods described by Corfield, Doedens & 

Table 1. Crystal data, details of data collection and R values for refinement with anisotropic temperature factor 
Estimated standard deviations here and throughout the paper in parentheses following each value. 

Phosphate Vanadate Arsenate 
a (A) 11.890 (6) 12.038 (7) 12.017 (5) 
c (A) 12.671 (7) 12"833 (8) 12"783 (6) 
V(A3) 1551 (1) 1611 (1) 1599 (1) 
Z 4 4 4 
Dz (g.cm-3) 1.652 1"673 1 "786 
Dm (g.cm -3) 1-64 1"66 1"76 
F.W. 385-9 405"9 429"9 
Space group P3cl  P'3cl P3cl 
p (Ag K~.) ( cm-0  1"9 4"3 12-7 
Diameter of crystal (ram) 0.34 -0.41 0.32 -0.39 0.31 -0.37 
Volume of crystal (mm 3) 0.049 0-033 0.036 
Mass of crystal (mg) 0.081 0.055 0.064 
pR 0.032-0.039 0.07 -0.083 0.20 -0.24 
Number of non-unique Ihk~ 1878 2176 3798 
Number of unique lhgz 726 757 749 
Number of Ihla = 0  170 289 215 
Number of lhkz used in refinement 556 468 534 
20max (o) 36 36 36 
sin 0max/~, (~k -1) 0"55 0"55 0"55 
R1 = Y~IIFol- IFclI/EIFol 0"056 0-070 0.046 
R2 = [~ w(I Fol - Fcl)2/~ wFo21l/2 0.058 0.063 0.050 

Table 2. Positional parameters in fractional coordinates ( × 10 4) and thermal parameters ( × 1 O) with their 
s tandard  deviat ions  

The definition of the Debye-Waller temperature factor is 
exp [ -  ¼(hZa*ZB11 + k2b*ZB22 + 12c'2B33 + 2hka*b*B12 + 2hla*c*Bj 3 + 2klb*c*B23)l . 

(a) [Nal2-13(OH)0-1(OH2)4s] (PO4)4 
x y z B11 B22 B33 BI2 

p ~- ] 7161 (2) 15 (1) 15 12 (1) 8 
Na 3455 (3) -0199  (3) 0259 (2) 39 (2) 29 (2) 29 (2) 14 (1) 
O(1) -} ~ 5967 (5) 31 (3) 31 18 (2) 15 
0(2) 4612 (4) 6810 (4) 7566 (3) 20 (2) 22 (2) 22 (2) 12 (2) 
O(w3) 4600 (4) 2145 (4) 0392 (3) 25 (2) 24 (2) 29 (2) 12 (2) 
O(w4) -0066  (4) 5251 (4) 3755 (3) 26 (2) 33 (3) 21 (2) 13 (1) 
O(w5) 1083 (4) 3220 (4) 1869 (3) 29 (3) 30 (3) 32 (3) 13 (2) 
O(w6) 0209 (5) 1873 (5) 9033 (4) 44 (3) 59 (4) 81 (4) 21 (2) 
A x 0.67 (2) 0 0 0 24 (3) 24 46 (6) 12 

(b) [Na12-13(OH)o-I(OH2)48] (VO4)4 
x y z BI 1 B22 B33 BI 2 

V -} ~ 7146 (2) 16 (I) 16 15 (1) 8 
Na 3470 (4) -0205  (4) 0285 (3) 46 (2) 37 (3) 32 (3) 18 (2) 
O(1) ½ 5- 5839 (8) 47 (5) 47 18 (5) 23 
0(2) 4748 (6) 6860 (6) 7585 (5) 24 (3) 30 (3) 25 (3) 14 (3) 
O(w3) 4554 (6) 2112 (6) 0414 (4) 30 (3) 19 (4) 32 (3) 13 (3) 
O(w4) -0070  (6) 5279 (7) 3763 (4) 28 (3) 31 (3) 23 (2) 13 (3) 
O(w5) 1025 (7) 3165 (7) 1831 (5) 33 (4) 34 (4) 28 (3) 16 (3) 
O(w6) 0190 (8) 1844 (9) 9069 (7) 49 (5) 77 (8) 109 (10) 32 (4) 
A x0.62 (3) 0 0 0 16 (7) 16 37 (7) 8 

(c) [Na12-13(OH)o-l(OH2)4d (AsO4)4 
x y z B11 B22 B33 B I2 

As ½ ~- 7126 (1) 17 (1) 17 14 (1) 9 
Na 3473 (4) -0201 (3) 0275 (3) 44 (2) 33 (2) 29 (1) 16 (1) 
O(1) ½ ~ 5820 (6) 33 (3) 33 17 (3) 17 
0(2) 4727 (5) 6861 (5) 7568 (4) 25 (3) 23 (3) 29 (3) 14 (3) 
O(w3) 4543 (5) 2107 (6) 0403 (4) 31 (3) 24 (3) 29 (3) 14 (3) 
O(w4) -0061 (6) 5278 (6) 3778 (4) 27 (3) 38 (4) 20 (2) 13 (3) 
O(w5) 1041 (6) 3176 (6) 1817 (4) 34 (3) 32 (3) 32 (3) 14 (3) 
O(w6) 0177 (9) 1872 (9) 9140 (7) 68 (6) 84 (6) 125 (6) 38 (5) 
A x 0"52 (3) 0 0 0 36 (9) 36 73 (14) 18 

BI3 
0 
7 (1) 
0 

- 2 ( 2 )  
- 2 ( 1 )  
- 1 ( 2 )  

6 (2) 
- 1 4  ( 2 )  

0 

B13 
0 

lO(1) 
o 

- 1 ( 3 )  
- 6 ( 3 )  

1 (3) 
2 (3) 

- -  8 ( 4 )  
0 

813 
0 
8 (1) 
0 
1 ( 2 )  

- 2 ( 3 )  
1 ( 3 )  
2 (3) 

- 2 4  (5) 
0 

B23 
0 
2 (1) 
0 

- -  1 ( 2 )  
--3 (1) 
- -  2 ( 2 )  

o (2) 
- 4 ( 3 )  

0 

B23 
0 
2 (2) 
0 
0 (3) 

- 5 ( 3 )  
- 5 ( 3 )  
- 2 ( 3 )  

2 (4) 
0 

B23 
0 
0(1)  
0 
0 (2) 

- 2 (3 )  
- 1 ( 3 )  
- 1 ( 3 )  

- 1 2  ( 5 )  
0 

A C 27B - 6* 
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Ibers (1967). The details of  the data collection are tering power during data collection, the vanadate and 
listed in Table 1. Experimental procedures, if not stated arsenate showed a decrease of 11 and 9 % respectively. 
and a list of  computer programs used in the course of  The measured intensities were corrected accordingly. 
the work are the same as given by Baur & Khan (1970). 
In addition ORFFE II, the version of ORFFE (Busing, 
Martin & Levy, 1964) compatible with an IBM 360 
computer, was used to calculate the shape and orien- 
tation of the thermal ellipsoids. All three compounds 
decompcsed rapidly when exposed to air. They were 
mounted inside a Lindemann-glass capillary filled with 
kerosine. In this way the decomposition rate could be 
greatly reduced. The decrease in intensity was moni- 
tored by repeatedly measuring three standard reflections. 
The phosphate compound lost about 10 % of its scat- 

Because of the small/~R values of the crystals an ab- 
sorption correction was not necessary. After correction 
for Lorentz-polarization cffccts equivalent reflections 
were sorted together and the individual values of the 
squared structure amplitudes and their standard devia- 
tions ~z wcrc averaged. Any intensity mcasured to be 
less than 1.5 times its standard deviation was consid- 
ercd to be zero. 

The crystal structure of the arsenate compound was 
s ~Ived by Patterson, Fourier and least-squares methods 
The As and O(1) atoms were placed in special position 

Table 3. [Nazz_ z~(OH)o_ l(OH2)48](XO4)4, observed and calculated structure factors for (a) the P salt, 

H L FC ~C 
0 2 232 28Z 
0 6 555  575  

0 8 309  311 
0 I n  55 46  
o 17 261 2~.,~ 
o o 3S7 35~ 
n 2 ~93 4ao 
o 4 653  65~  
o 6 L lq  112 
n a 42e  423  
o l c  9o 1o2 

l z  t .22 t Z5  
0 2 n t t 7  133  
o ~ ~24 311  
o 2 4 902  83q  
o 6 152 160 
o 2 ~ 5O4 531  
(~ lO LgL 195 
n ~ c 9'~C 5SZ 
o 2 6oo 39O 
o 3 4 704  71¢, 
o E 63q  6 7 6  

0 i n  2~4  2~  
0 ~ t 2  59 66 
o o 547  489  
o 6 2 2~t Z52 
o 6 8,. i o 4  
o 4 s L2~ I 22  
o i n  7O 52 
o 4 l z  7O ~9  
o c LSq ?cq 

2 627 669 
o s 6 g3 77 
t) 6 75 7L 
o s a ~? o  ZT, '  
.~ |o LE~ 167 
o s 12 ~i  a e  

o 8~S 89 t  
n ~ 6 97 qq 
o ~, t ? 8  t 6 L  
o ~ ~ 8~ in9 
n 1o t47 t 37  
o • o 3 t 9  32~ 
o ? 16 t  16C 
n ! 6 213 219  
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o 7 lO 235  227  
o z 169 t4~ 
o 4 83 S7 
o 6 e4 9', 
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o 9 ~ 24 t  256  

H L FC FC 
o 2 t 12  15S 
n 4 575 5e2  
o ~ 163 188 
o q lOa  q3 
n l z  ~68 267  
o t6 tl0 tO4 
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K L FO FC 
9 ~ e6 ?9 

10 4 t46 iS0 
tO 6 1 3 t  t20 
tl z 154 t48 

2 85 92 
4 59 66 
o 177 1~3 
8 t t 7  l Z?  

LO dL 9O 
1.2 77 67 

o 264  2o8  
6~ 64 
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3 33 68 
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5 327  3 t 3  
6 5 tO  5 t 9  
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zoo i s , ,  

t to ~1 55 
t l  19'3 re9 

I t3 132 t23 
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l 2 3 Z~5 ZeC 
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t 2 5 323  3 t8  
b 4t9 427  
8 272  254  

2 tO ? t  ?0 
IL 73 68  

2 13 5L 21 
o 5eT 582  

3 t 53e  5o6  
2 756 ~3e 

3 3 157 L57 
5 o~ 75 
6 221 232  

3 7 73 71 
51 6o  

3 9 155 ~5o 
l o t  ~4 z ?9 

3 t l  t 23  119 
zz  136 tz~, 

t t3 102 tL3 
4 o 61 31 

L 4 l 376 378  
4 2 159 t59 

1 4 3 383 602  
4 4 7C 57 

t 4 5 4~ 68 
4 6 107 99 

t 6 7 10L t 8 6  
4 8 98  8 t  
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K L FO FC 
c 7 4 9 9  l oz  

7 6 283 293  
o 7 IO 225 207  
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o 8 4 t oo  l~O 
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(b) thejV salt, and (c) the As sa/t. Unobserved F are omitted 
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66 
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181 
156 
173 
233  
170 
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a~ 
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27 
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4(d) (point symmetry 3), the excess Na and OH atoms 
were placed in 2(b) (point symmetry 3), while all other 
atoms were put into general position 12(g). Atomic scat- 
tering factors were taken from International Tables for 
X-ray Crystallography (1962). The function minimized 
was Zw(IFol - IF~I) 2 with IFol and IFc] being the observed 
and calculated structure amplitudes. The weight w was 
defined as FZo/o2(FSo).iSeveral cycles of Fourier syntheses 
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Fig. 1. [Na12-13(OH)0-1(OH2)48] (XO4)4, partial view of crystal 
structure parallel [0001]. Polyhedral representation, all coor- 
dination octahedra except the one identified as 'A' belong to 
the Na-atom in the general equivalent position. Some 
individual atoms are identified and their height is given in 
fractional coordinates. 

and structure factor celculations gave a model of the 
structure which refined in four cycles of l~ast-squares 
to an R v, lue of 0.055. Refinement with anisotropic 
temFerature factors decreased it further to 0.046. The 
scattering factor curve used for the A-site (000-posi- 
tion) was (0"5fN,+0"5fo). The occupancy factors of 
these mixed atoms were varied and found to be appre- 
ciably below unity in all three cases. Highly overex- 
posed X-ray photographs were taken to detect any 
additional weak reflections which would indicate a 
doubling of a cell constant or a deviation from the c- 
glide plane. But no evidence for this was found and 
therefore no ordering of Na and OH within the A 
site seems possible. The final parameters for the three 
compounds are given in Table 2(a)-(c), observed and 
calculated structure factors in Table 3(a)-(c). The five 
strongest peaks in the final difference synthesis of the 
As salt correspond to five of the eight hydrogen atoms. 
Upon inclusion of these hydrogen atoms in the struc- 
ture factor calculation the conventional R value was 
0.044. The positions of the hydrogen atoms are there- 
fore not supported very strongly by the diffraction ex- 
periment. The experimentally found hydrogen atom 
positions and the probable positions based on geo- 
metrical arguments and an assumed geometry of the 
water molecule (Baur & Khan, 1970) are given in 
Table 4. The other three hydrogen atoms which are 
assumed to be disordered could not be located from 
the difference synthesis. 

Description and discussion of the crystal structures 

The main structural feature of the three compounds 
are two-dimensionally infinite sheets of composition 
Na(OH2)4 which are forme:t by corner and edge-sharing 
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coordination octahedra of water molecules around the 
Na + ions in the general equivalent position (Fig. 1). 
These layers are parallel (13001) at height z = 0  and 
z=0.5.  Six octahedra joined by O(w3) serving as a 
common comer are arranged in a circlet around the 
A site. The circlets are connected by common edges 
[formed by two O(w4) atoms] to neighboring circlets. 
An additional octahedron is formed within the circlet 
by the six O(w6) atoms surrounding the A site. Only 
one hydrogen bond is formed directly between two 
neighboring layers [O(w5)-O(w5)]. Apart from that the 
only cohesion between the layers is provided by hy- 
drogen bonds which are formed by the water molecules 
to the oxygen atoms of the tetrahedral groups sand- 
wiched between the layers (Fig. 2). A schematic re- 
presentation of this arrangement is given in Fig. 3. 

The statistical occupation of the A site by a cation 
(Na +) and an anion (OH-)  seems unusual but never- 
theless it appears to be the only rational explanation 
of all the pertinent observations. It seems to be made 
possible by the flexibility of the arrangement of hy- 
drogen bonds in this crystal structure. We have to 
distinguish three cases (a) O H -  in A [see Fig. 4(a)] (b) 
Na + in A [see Fig. 4(b)], and (c) A not occupied at all 
[see Fig. 4(c)]. In each case a likely hydrogen bonding 
scheme can be constructed. 

All three cases have in common that O(w6) is bonded 
to Na +, and that the hydrogen atom pointing down 
in the drawing is not involved in a hydr9gen bond since 
in its direction no likely acceptor atom is available 
at a hydrogen bonding distance. In case (a) oxygen 
atom O(w6) is receiving a hydrogen bond from O(w5) 
and donates one to A(OH-).While A(OH-)  is surround- 
ed by six O(w6) atoms it also has its own hydrogen atom 
which it most likely donates to a hydrogen bond to 
O(w6). Therefore it will be able to accept only five hydro- 
gen bonds from the six surrounding O(w6) atoms, thus 
introducing additional statistical disorder [which is 
ignored in the schematic representation of Fig. 4(a)]. 
Hydroxide groups receiving five hydrogen bonds and 
donating one have been found in [Naz(OH2)7] (OH)2 
(Wunderlich, 1958) and in [Na(H20)4](OH) (Beurskens 
& Jeffrey, 1964). However in these cases no disorder 
has to be assumed since the site symmetry of the O H -  
group is 1. In case (b) oxygen atom O(w6) is bonded 
to A(Na) and is donating a hydrogen bond to O(w5). 
In case (c) it is assumed that the edges O(w6)-O(w6') 
and O(w6)-O(w6") of the octahedron around A(Vq) are 

-a2sin¥ i a2sin y 

0 1 2A 
Fig. 2. [Na12-13(OH)o-l(OH2)481 (XO4)4, partial view parallel 

[1000]. The coordination octahedron around the A site is 
partly hidden inside the circlet of Na-coordination octahedra. 

O(w3) 

Z 
~ 0(2) 0(2) 0(2) 

o(w6) 

Fig.3. [Na12-13(OH)0-1(OH2)48] (XO4)4, hydrogen bonds. X 
and O(1) are located on the threefold axis. 

Table 4. Coordinates of hydrogen atom positions in the As salt 

From difference synthesis Calculated 
x y z x y z 

H(31) 0"530 0.270 0.990 0"535 0.259 0.003 
H(32) 0"485 0.245 0.110 0"466 0-238 0.113 
H(42a) 0.060 0.583 0.336 0.068 0.582 0.334 
H(42b) 0.930 0.540 0.335 0.915 0-502 0.339 
I-I(52) 0.175 0.400 0.200 0.175 0.394 0-212 
H(55) x 0"5 --  - -  - -  0.031 0-281 0.229 
H(56) x 0.5 --  - -  - -  0.137 0.267 0.148 
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hydrogen bonds. Since only six such edges are available 
for the 12 hydrogen atoms which are coordinated to 
the six O(w6) atoms and since all O(w6) atoms are sym- 
metrically equivalent, the assumed statistical distri- 
bution is the only one consistent with the existing sym- 
metry and the available sites. 

A composite of the three cases is shown in Fig. 4(d). 
It is based on an occupancy factor of 2 for the A site, 
that is Na +, O H -  and a void are occupying statistically 
the A site k each. The bond strength distribution for 
the structure (Table 6) is based on this model. The 
following arguments can be made in order to support 
the claim that the A site is statistically occupied and 

that the hydrogen bonds are distributed as shown 
before: 

(a) Analytical evidence 
This type of compound always has excess NaOH 

(Menzel & yon Sahr, 1937, and many others as quoted 
by Tillmanns & Baur, 1970). There is only one site 
available in the structure for both Na + and OH- .  The 
occupancy factor of the A site refined for the phosphate 
compound to essentially the same value as required by 
the chemical analysis [Na3PO4.(NaOH)0.17.12H20 
from the site refinement, Na3PO4. (NaOH)0.15s. 12H20 
from the chemical analysis of the supplier]. 

o(w5) O(wS) 

O(w6') 

() 
O(w6') 

(~ H 

~ ~(w6)........... N~a ~ ~0 (~ A(Na) (w6) Na 

H H 

(D Q 
O(w6") (a) O(w6") (b) 

O, w5) 

O(w6') ( 

i 

O(w6') 

%. 
O(w5) 

" ~H',, -~H ',,, {H " ~H 

A( ) -~H (w6) Na 
t 

/ t 

-}H~ ~H ~ ~  ~,H 

O(w6") (c) O(w6") (d) 

© 
Na 

Fig.4. Bonding around O(w6) when (a) A site is occupied by OH-, (b) A site is occupied by Na +, (c) A site is not occupied, and 
(d) composite of cases a, b and c assuming that each case has an equal probability. The symmetry of the A site is 3, only three 
of the six O(w6) atoms surrounding A are shown. 
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(b) 'Thermal ellipsoid' of O(w6) 
The high temperature factor of  O(w6) and the~highly 

anisotropic nature of its thermal  ellipsoid (Table 7) are 
support ing evidence for the statistical occupations of 
the A site by atoms of different sizes, because they 
reflect the statistical disorder of  O(w6) over three dif- 
ferent positions. When A is o~cupied by the  O H -  
group the distance O(w6)-A is largest because the hy- 
drogen bond formed f rom O(w6) to O H -  should be 
about  2.7 A long. When  A is occupied by Na  the dis- 
tance O(w6)-A should be about  2.45 A, and when A is 
not  occupied at all the distance O(w6)-A should be 
approximately 2.2 A. The value of  2.2 X, is calculated 
on the assumption that the O(w6) octahedron collapses 
to the point  that its O(w6)-O(w6') edges are 2.8 A 
long and correspond to hydrogen bonds. It is con- 
sistent with this interpretation that we observe a de- 
crease in the O(w6)-A and O(w6)-O(w6') distances f rom 
the P salt, through the V salt to the As salt [Table 5(g)]. 
Tha t  is, the values decrease in the order which is to be 

© 
Na 

O(wS) (~ 
~HQ), 

i 
E 

i 

O ( w 5 ~  .... ~ )  

0 (2) 

Fig. 5. Bonding around O(w5). 

(a) Coordination around Na + 

Na-O(w3) 
Na-O(w3) 
Na-O(w4) 
Na-O(w~,) 
Na-O(w5) 
Na-O(w6) 

Table 5. hTteratomic distances and bond angles 

P salt 
2.419 (5) A 
2.475 (5) 
2.369 (4) 
2"41l (3) 
2"454 (4) 
2"631 (5) 

Average: 2.462 

Range of the 'right' angles O(w)-Na-O(w) 
Range of the 'straight' angles O(w)-Na-O(w) 
Range of lengths of O(w)-O(w) edges in the Na-coordination octahedron 
Na-Na (over common edge) 
Na-Na (over common corner) (2 x ) 

(b) Tetrahedral coordination 

X-O(1) 
x-o(2) (3 x) 

O(1)-X---0(2) (3 x ) 
O(2)-X---0(2) (3 × ) 
0(1)-0(2) (3 x ) 
0(2)-0(2) (3 x ) 

(c) Hydrogen bonds donated to oxygen atoms in the tetrahedral groups 

O(w3) ~ O(1) 
O(w3) -~ 0(2) 
O(w4) -+ 0(2) 
O(w4) ~ 0(2) 
O(w5) --~ 0(2) 
Average of 5 bonds 
O(1)-O(w3)-O(2) 
O(2)-O(w4)-O(2) 

74.3-107.8 ° 
162.6-174.3 
3-086-3-946 ,~ 

3"524 (3) 
4"282 (3) 

P salt 
1.512 (6) A 
1.531 (4) 

Average: 1.526 
109.6 (2) ° 
109.3 (2) 
2.487 (6) .~ 
2.498 (4) 

V salt 
2-423 (8) A 
2.516 (8) 
2.386 (6) 
2.431 (5) 
2.429 (7) 
2.693 (7) 
2.480 

72"9-109"3 o 
160"8-173"7 
3.097-4-036 A 

3"539 (4) 
4-368 (6) 

V salt 
1-677 (11) .~ 
1.696 (6) 
1.691 
109-4 (2) ° 
109.5 (3) 
2.753 (10) A 
2.770 (7) 

As salt 
2-410 (7) A 
2.500 (7) 
2.354 (5) 
2.416 (5) 
2.422 (6) 
2.595 (7) 
2.450 

73.5-109.4 ° 
161.1-174.4 
3-050-4-013 A 

3.526 (3) 
4.356 (5) 

As salt 
1.670 (8) ,~ 
1-669 (5) 
1.669 
109-8 (2) ° 
109.2 (2) 
2-731 (8) /~ 
2.721 (6) 

P salt V salt As salt 
2.743 (5) A 2-735 (8) A 2.715 (6) .~ 
2.821 (5) 2.791 (8) 2.819 (7) 
2.807 (4) 2.805 (7) 2-821 (6) 
2.822 (4) 2-794 (8) 2-820 (7) 
2-691 (5) 2.708 (9) 2.698 (8) 
2-777 2.767 2.775 
109-5 (2) ° 108-1 (3) ° 106.9 (2) ° 
107-2 (2) 103.9 (3) 104-0 (2) 

(d) Distances involving the hydrogen atoms in the As salt (the positions taken from the difference synthesis are used) 
O(w3) --H(31) 1.05/k H(42a).. • 0(2) 1.92 A 
H(31)... O(1) 1-70 O(w4)----H(42b) 1.01 
O(w3) --H(32) 0.97 H(42b)... 0(2) 1.90 
H(32)... 0(2) 1-85 O(w5)----H(52) 0.96 
O(w4) --H(42a) 0.91 H(52) . . . . .  0(2) 1.76 
H(31)---O(w3) -H(32) 105 ° H(42a)---O(w4) -H(42b) 91 ° 
O(w3) --H(31 )--O(1) 162 O(w4)----H(42a)-O(2) 170 
O(w3) --H(32)--O(2) 173 O(w4)--H(42b)-O(2) 150 

O(w5)----H(52)--O(2) 165 



E K K E H A R T  T I L L M A N N S  A N D  W E R N E R  H.  B A U R  2131 

Table  5 (cont.) 

(e) Coordination around O(w6) (see Fig. 4). All distances and angles involving O(w6) represent only an average over the three 
likely positions of O(w6) 

P sa l t  V salt As salt 
O(w6)-O(w5) 2.711 (6)/k 2.722 (9)/~ 2.727 (9) ,~, 
O(w6)-Na 2.631 (5) 2.693 (7) 2.595 (7) 
O(w6)-A 2.443 (5) 2.429 (9) 2.416 (9) 
O(w6)-O(w6') [=O(w6)-O(w6")] 3.237 (7) 3.190 (12) 3.076 (10) 
Na---O(w6)-A 113.5 (2)" 115-0 (4) ° 118.8 (4) ° 
Na---O(w6)-O(w5) 96.3 (2) 97.3 (2) 98.1 (2) 
Na---O(w6)-O(w6') 76.5 (2) 78.2 (3) 81.5 (3) 
Na---O(w6)-O(w6") 82.2 (2) 82.9 (3) 85.8 (3) 
O(w5)-O(w6)-O(w6') 80.4 (2) 79-8 (3) 78.7 (3) 
O(w5)-O(w6)-O(w6") 148.8 (2) 149.2 (4) 152.1 (4) 
O(w6') O(w6)-O(w6") 68.9 (2) 70.1 (3) 74.6 (3) 
O(wS)-O(w6)-A 106.1 (2) 105.6 (4) 105.3 (3) 

(f) Coordination around O(w5) (see Fig. 5) 
P s a l t  V salt As salt 

O(w5)---O(w5') 2.745 (5)/k 2.741 (8)/k 2.782 (7) /k 
O(w5)---O(w6) 2-711 (6) 2.722 (9) 2.727 (9) 
O(w5)---Na 2.465 (4) 2.429 (7) 2-422 (6) 
O(w5)--O(2) 2.691 (5) 2.708 (9) 2.698 (8) 
Na--- - -O(w5)-O(2)  111.2 (2) ° 111.7 (3)o 111-7 (3) ° 
Na------O(w5)-O(w6) 97.1 (2) 98-7 (3) 97.5 (3) 
Na . . . .  O(wS)-O(w5) 100-5 (2) 103.7 (3) 103.3 (2) 
0(2)----O(w5)-O(w6) 108.5 (2) 106.6 (2) 107.1 (2) 
0(2) ----O(w5)-O(w5) 117.6 (2) 114-3 (3) 114.0 (3) 
O(w6)---O(w5)-O(w5) 119.3 (2) 120.7 (4) 121.9 (3) 

(g) Coordination around the A-site (see Fig. 4) 
P sa l t  V salt As salt 

A -----O(w6) (6x) 2-443 (6)/k 2-429 (9)/k 2.416 (9) /~, 
O(w6) -O(w6') (6x) 3.237 (7) 3.190 (12) 3.076 (12) 
O(w6")-O(w6") (6x) 3.661 (8) 3.662 (12) 3.726 (12) 
O(w6) -A-O(w6') (6x) 83.0 (2) ° 82.1 (3) ° 79.1 (3) ° 
O(w6')-A-O(w6"') (6x) 97.1 (2) 97-9 (3) 100.9 (3) 

Tab le  6. Electrostatic bond strengths Po (Baur, 1970; Pauling, 1960, p. 547) in the pseudo- 12-hydrates 

Na A(Na) X H(D) H(A) ~ =Po 
O ( 1 )  - - 1 .25 - 3 x 0-17 1.75 
0(2) - - 1.25 - 4 x 0.17 1.92 
O(w3) 2 x 0.17 - - -  2 x 0.83 - 2-00 
O(w4) 2 x 0.17 - - -  2 x 0.83 - 2.00 
O(w5) 0.17 - - -  2 x 0.83 0.17 2.00 
O(w6) 0.17 ~- x 0.17 - -  2 x 0.83 0.17 2.06 
A(OH) - - - -  0.83 5 x 0.17 1.67 

expected f rom the decrease o f  the occupancy  factors  in 
this  sequence.  

(c) Hydrogen bonding 
The  fact  tha t  no e lectron densi t ies  which  could  be in- 

te rpre ted  as hyd rogen  a toms  were found  in the difference 
maps  near  O(w6), while  they were found  near  O(w3), 
O(w4) and  (par t ly)  O(w5) indicates  tha t  the hydrogen  
a toms  coord ina t ed  to O(w6) may  be disordered.  All 
the b o n d  dis tances  and  bond  angles for the three dif- 
ferent  cases of  A site occupancy  have reasonab le  values 
which fall in to  the expected range  [Table 5(e)]. The  
a s sumpt ion  tha t  the O(w6)-O(w5) hyd rogen  bond  is 
s ta t is t ical ly  d isordered  so tha t  bo th  O(w6) and  O(w5) 
can be bo th  d o n o r  and  acceptor  a toms  means  tha t  
O(w5) mus t  be also involved in a second d isordered  

bond.  This  is indeed the case since each O(w5) is wi th in  
hyd rogen  b o n d i n g  dis tance f rom a n o t h e r  O(w5) a tom,  
related to it by a twofo ld  axis. F o r  reasons  of  s y m m e t r y  
this h y d r o g e n  b o n d  must  also be d isordered  [see Fig. 
5 and  Table  5 ( f ) ] .  

(d) Other possibilities 
The on ly  a l te rna t ive  to the exp lana t ion  given above  

would  be to assume a d i sp ropo r t i on ing  of  HzO into 
H 3 0  + and  O H - ,  so tha t  H3 O+ and  N a  + would  occupy  
s tat is t ical ly  the A site. The  O H -  groups  would  have  
to par t ly  replace water  oxygen a toms,  which  is very 
unl ikely,  bccause it would  mean  tha t  these O H -  groups  
would  have the same coord ina t ion  and  would  receive the 
same small  e lectrostat ic  bond  s t rength  as the water  
oxygen a toms.  
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Table 7. [Nax2_la(OH)0_l(OHz)48](AsO4)4, root mean 
square thermal displacements along principal axes 

Axis 1 Axis 2 Axis 3 
As 0.130 (3)/~ 0.146 (2)/~ 0.146 (2) A 
Na 0.175 (6) 0-204 (6) 0.252 (6) 
O(1) 0.130 (20) 0.206 (13) 0.206 (13) 
0(2) 0.157 (10) 0.173 (11) 0.188 (10) 
O(w3) 0.170 (10) 0-186 (11) 0.197 (9) 
O(w4) 0.158 (10) 0.177 (10) 0.2~6 (10) 
O(w5) 0.168 (12) 0.214 (9) 0-232 (9) 
O(w6) 0.273 (12) 0.317 (13) 0.408 (11) 
A 0.242 (31) 0.242 (31) 0.332 (31) 

The maximum deviations between corresponding 
O(w)-+ O hydrogen bonds [see Table 5(c)] in the three 
salts are 0.028 A, which means that these individual 
differences are significant. The average of the O(w) -+ O 
distances in the vanadium salt is 0.009 A smaller than 
in the other two compounds. However this difference 
is too small to be interpreted as the effect of the tetra- 
hedrally coordinated atom X on the length of the 
hydrogen bond. Therefore the result of this study is 
negative. The correlation between Ap and the hy- 
drogen bond length however is clearly visible. The 
difference between the Po values (see Table 6) received 
by the atoms (Ow3) and O(1) is Ap = 0.25 valence units 
(v.u.), which means that the calculated bond length is 
2"75s A (=2.85-0.38 x 0.25; see the Introduction) while 
the observed average of the O(w3) -+ O(1) bonds in the 
three compounds is 2.73 A. The Ap of all hydrogen 
bonds accepted by atom 0(2) is 0.08 v.u., the calcul- 
ated bond length is 2.82 A, while the average length of 
all the observed hydrogen bonds accepted by the atoms 
0(2) [O(w3) -+ O(2), O(w4) -+ 0(2) and O(w5) -+ 0(2)] 
in the three salts is 2.78 A. Thus the agreement between 
calculated hydrogen bond lengths and observed average 
hydrogen bond lengths is here as satisfactory as it was 
found in a survey of a large number of such bonds 
(Baur, 1970), where the mean difference between ob- 
served and calculated values was 0.08 A (for 392 cases). 

Of the small differences between the X-O(1) and 
X-O(2) bond lengths [Table 5(b)] only the one in the 
phosphate salt is possibly significant. The value of the ob- 
served difference is comparable with the difference calcu- 
lated from thepo-values (Table 6) of the oxygen atoms. 
Since Po(1) = 1-75 v.u. and Poe2) = 1.92 v.u., the average 
Po for the phosphate group is 1.88 v.u. According to 
rule 3 (Baur, 1970)we can now calculate the correspond- 
ing expected deviations of the individual bond lengths 
from the mean for both O(1) and 0(2). In the expression 
d(P-O) = d(P-O)mea, + bApo we use here for d(P-O)mea n 
the observed mean distance in the tetrahedral group, 
for b the empirically derived value 0.109 A/v.u. (Baur, 
1970), while Apo is the difference between the Po of the 

individual oxygen atoms and the mean Po for the whole 
tetrahedral group. The resulting calculated values 
diP-O(1)]= 1.512 and d[P-O(2)]= 1.530 A agree well 
with the observed ones. In view of the standard devia- 
tions of the observed values the good agreement must 
be accidental. Since values of the slope b have not been 
derived yet for the vanadate and the arsenate group 
we cannot make the same comparison for these tetra- 
hedra, but it can be expected reasonably that these b 
values are similar to the one for the phosphate group. 
Therefore the difference between the V-O bonds is of 
the right magnitude. Since however the errors in the 
V-O and As-O bonds are larger than in the phosphate 
group, this agreement is of as little consequence as the 
lack of it in the arsenate tetrahedron. The Na-O bond 
lengths and the angles O-Na-O in the octahedral coor- 
dination around the Na atom show the usual distortions 
expected for such weak bonds. The average Na-O dis- 
tances are close to the mean of 2.44 A of 116 Na-O dis- 
tances in octahedral coordination (Baur, 1970). 
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