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/3-Dicobalt Pyrophosphate 

tion from the a or low-temperature form to the/5 form 
involves a minor increase in density and is most evident 
from observation of the hexagonal motif of the metal- 
lic plane, a-Co2P207 [space group B21/c, non-standard 
setting of P211c, reported by Krishnamachari & Calvo 
(1972), or space group P21/c, from neutron data, reported 
by Forsyth, Wilkinson, Paster & Wanklyn (1989)] shows 
a disruption of this regular hexagon with one Co.. -Co dis- 
tance of 4.228 (4)A and no bridging atoms across this 
distance (Fig. 2a). The unbridged Co atoms are five- 
coordinate (s.quare-pyramidal geometry) with a distance 
of 3.409 (4) A to a sixth (would-be bridging) O atom. The 
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Abstract 
A new high-temperature or 3 form of dicobalt diphos- 
phate, Co2P207, has been isolated in space group 
A2/m (non-standard setting of C21m). As in other high- 
temperature forms of transition-metal pyrophosphates, 
metal atoms lie on planes in a two-dimensional hexagonal 
array [Co--Co distances 3.461 (4) and 3.284 (3) A] with 
adjacent metal atoms linked by two O-atom bridges. Co 
atoms are octahedrally coordinated with axial distortions 
[average Co--Oeq 2.14 (1), Co--Oax 2.32 (1) ,g,]. The py- 
rophosphate groups lie along planes between metallic lay- 
ers. 

Comment 
/5-Co2P207 is typical of 3 or high-temperature transition- 
metal structures [Cu, Ni, Zn; observed in space group 
C2/m (Robertson & Calvo, 1968; Pietraszko & Lukasze- 
wicz, 1968; Calvo, 1968)] showing layers of metal atoms 
interspersed with layers of P207 groups; the metal atoms 
show a hexagonal disposition on the planes. Adjacent 
metal atoms of the hexagonal array are linked by two 
single-O-atom bridges and show two different intermetal- 
lie separations. Axial distortions of the octahedrally coor- 
dinated metal atoms are evident in M--O bond lengths. 
Co atoms bridged by equatorial O atoms are separated 
by a distance of 3.284 (3)A, whereas those bridges in- 
volving axial O atoms result in a Co-..Co separation of 
3.461 (4)A (Fig. 1). Structural rearrangement on transi- 
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Fig. 1. Projection view of/~-C02P2072. Elongated axial Co--O dis- 
lances are shown in black, Co atoms have dark shading, P atoms have 
light shading and O atoms are unshaded. 

a--9 

a-Co2P207 a-Cu2P207 

tr-Ni2P207 
Fig. 2. Projection views of c~-Co2P207 (ct-Ni2P207 is isostructural), c~- 

Cu2P207 (with elongated axial Cu--O distances shown in black) and' 
tr-Ni2P207. Ill all three projections the P atoms have been omitted for 
clarity. 
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second Co-atom site in the unit cell shows octahedral ge- 
ometry. Neither Co atom shows elongation of the C o - - O  
bonds. Thus the a and/3 forms differ in the closing of the 
hexagon and axial distortions. These structural changes 
between the a and /3  forms are mirrored by Ni2P207 
(Lukaszewicz, 1967). 

Cu shows a slightly different pattern: ol-Cu2P207 
[space group C2/c (Robertson & Calvo, 1967)] crystal- 
lizes with a single five-coordinate metal site of fivefold 
(square-pyramidal) coordination resulting in disruption of 
the symmetry of the hexagon in two places; the unbridged 
Cu . . .Cu  distance is 3.869 (4) A (Fig. 2b). The axial C u - -  
O distance is elongated and a p.otential sixth bonding O 
atom is at a distance of 2.947 A. Cu . . .Cu  distances are 
3.047 (4) ,~, when the bridging O atoms are equatorial to 
Cu and 3.313 (4) A when they are axial. 

Ni2P207 shows a further cr form [space group P21[a 
(Masse, Guitel & Durif, 1979)] in which octahedral 
Ni atoms with little or no axial distortion form planes 
of unbroken hexagons with two different N i . . .N i  dis- 
tances (Fig. 2c). Two opposite sides of the hexagon show 
Ni . . .N i  distances of 3.370 ,~,, whereas the other Ni - . .Ni  
distances are 3.197 A. This elongation is achieved by a 
small opening of the N i - - O - - N i  angle from 101.27 to 
104.53 ° . 

In/3-Co2P207, the P204-  group is in a staggered con- 
figuration (thortveitite). The P - - O m P  angle of 180 ° is or- 
dained by the positioning of the bridging O atom on a site 
of 2/m symmetry. The high U22 temperature factor of  the 
bridging O atom, O14, may indicate some slight disorder 
in this atom's position; however, no significant satellite 
peaks were observed near this atom in a difference Fourier 
synthesis. The linear P m O - - P  angle has been the subject 
of  discussion for other diphosphate complexes. For exam- 
ple, Stefanidis & Nord (1984) have refined the structure 
of Mn2P207 in a variety of space groups: C2[m, with dis- 
order of the bridging O atom, C2 and Cm; they concluded 
the refinement in space group C2[m to be the best. P - - O  
distances and angles appear normal in/3-Co2P207. 

Experimental 
The synthesis of materials of the type C d 2 - x C o x P 2 0 7  according 
to the equation 

(1 - x / 2 ) C d 2 P 2 0 7  + ( x / 2 ) C o 2 P 2 0 7  ~ C d 2 - x C o x P 2 0 7  

led to isolation of/~-Co2P207. Mixtures of appropriate stoi- 
chiometries were ground together, heated to 873 K, then to 
1173 K for 72 h periods with intermediate grinding. Crystalline 
material was obtained by fusion in the presence of an excess of 
P 2 0 5  (fusion point 1373 K) in a platinum crucible. Slow cooling 
(4 K h-  l to 1173 K, then 10 K h-  1 to  473 K) followed by cessa- 
tion of heating of the furnace led to the formation of violet crys- 
tals (CdCoP207), blue crystals of ~-C02P207 and rose-colored 
Crystals (Co3CdP4012) .  

Crystal data 

C o 2 P 2 0 7  M o  K a  r a d i a t i o n  
Mr = 291.8 A = 0.71069 ./k 

Monoclinic 
Z2/m 
a = 4.524 (2) ~, 
b = 8.526 (4) ,A, 
c = 6.640 (3) .~ 

= 102.59 (3) ° 
V = 250.0 (2) ~3 
Z = 2  
Dx = 3.876 Mg m -3 

Data collection 
Syntex P3 automated 

diffractometer 
0/20 scans 
Absorption correction: 

empirical 
Tmi~ = 0.78, Tmax = 0.85 

382 measured reflections 
382 independent reflections 
254 observed reflections 

[t > 3.0~(t)] 

Cell parameters from 15 
reflections 

0 = 6.60-12.71 ° 
/z = 7.239 mm -~ 
T = 298 K 
Chunk 
0.1 x 0.1 x 0.1 mm 
Blue-purple 

0m~x = 30.0 ° 
h = - 8  ---~ 8 
k = 0 ~  12 
l = 0 ---> 11 
3 standard reflections 

monitored every 97 
reflections 

intensity variation: <5% 

Refinement 
Refinement on F 
R = 0.057 
wR = 0.073 
S = 0.98 
254 reflections 
31 parameters 
w = l/tr2(F) 
(Ale)max = 0.008 

Apmax = 0.65 e A - 3  

Apmi, = 0.05 e A -3 
Atomic scattering factors 

from International Tables 
for X-ray Crystallogra- 
phy (1974, Vol. IV, Table 
2.2B) 

Table 1. Fractional atomic coordinates and equivalent 
isotropic displacement parameters ( m  2) 

Beq = (Szr2/3)~i~jUqa; a~ai.ay. 

x y Z Beq 
Col 1/2 -0.3074 (2) 0 0.98 
P1 -0 .0880 (8) 112 -0 .2870 (6) 2.0 
Ol l  0.214 (3) 0 0.369 (2) 2.4 
O12 0.728 (2) -0 .352 (1) 0.725 (2) 3.4 
O14 0 0 0 9.8 

Table 2. Selected geometric parameters (A, 
Col- -O12 i 2.32 (1) 
C o l - - O l l  ii 2.15 (1) 
Col--O12 iii 2.12 (1) 

O12'--Col--O11 ii 83.6 (4) 
O 1 2 1 - C o l - O 1 1  vi 81.9 (4) 
O121--Co1--O12 vi 77.5 (4) 
O121--Co1--O12 vii 115.4 (3) 
O12t--Co1~O12 ~iii 161.0 (3) 
Ol ln- -Col- -O11 vi 80.7 (3) 
Ol 1"- -Col - -O12 vi 92.7 (3) 
Ol lV- -Col - -O12  vii 159.0 (4) 
O1 l~)--Col--O12viii 81.9 (4) 
Ol lW--Col--O12 vi 159.0 (4) 

0) 

P 1 - - O l l  iv 1.52 (1) 
P1--O12 v 1.52 (1) 
P1--O14 iv 1.551 (4) 

O1 lvi--Col--O12vii  92.7 (3) 
Ol lvi--Col--Ol2vii i  83.6 (4) 
O12vi- -Col- -O12 vii 99.8 (4) 
O12vi--Col--O12viii 115.4 (3) 
O l2v i i - -Co l - -O l2  viii 77.5 (4) 
Ol l iv - -P1- -Ol2  v 112.6 (4) 
O1 l i v ~ p 1 - - O l 4  iv 104.5 (5) 
o12 iv - -P I - -O12  ix 111.8 (5) 
O 12 i v - P  1 - - O  14 iv 107.4 (4) 
PI--O14iv--P1 x 180 

Symmet ry  codes: (i) x, y, z -  1; (ii) x, y -  ½, z -  ½; (iii) 1 - x ,  ½ - y ,  - ½ - z ;  
(iv) x, ½ ÷ y, z - ½; (v) x - 1, y, z - 1; (vi) 1 - x, - ½ - y, ½ - z; (vii) 
x, - ½ - y ,  z -  ½; (viii) 1 - x ,  y, 1 - z ;  ( i x ) x -  1, - y ,  z -  1; (x) - x ,  y, 1 - z .  

Data collection: Syntex Nicolet P3 data collection package. 
Variable scan rate with a scan width of 1.2% below Kal and 
1.2 ° above Ka2 to a maximum 20 value of 60 °. Cell refine- 
ment: Syntex Nicolet P3 data collection package. Data reduc- 
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tion: DREAM (Blessing, 1986). Program(s) used to solve struc- 
ture: MULTAN80 (Main et al., 1980). Program(s) used to refine 
structure: XRAY(Stewart, 1978). Molecular graphics: CHEM3D 
(Rubenstein & Rubenstein, 1987). 

The authors express their thanks to the National Sci- 
ence Foundation for assistance in the form of a grant to 
permit collaborative investigation, and to the Moroccan- 
American Commission for a Fulbright grant to EMH. 

Lists of structure factors, anisotropic displacement parameters and com- 
plete geometry have been deposited with the British Library Document 
Supply Centre as Supplementary Publication No. SUP 71727 (8 pp.). 
Copies may be obtained through The Technical Editor, International 
Union of Crystallography, 5 Abbey Square, Chester CH1 2HU, Eng- 
land. [CIF reference: BR1056] 
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(HPO4)3. In both, the three crystallographically inde- 
pendent HPO42- anions are held together by O l l - -  
H l l . . . O 3 3  and O31--H31. . .O23 hydrogen bonds, 
forming chains. These chains are joined by symmetry- 
related hy~ogen bonds, O24--H24. . .O21 t and O21--  
H21. . .024"  in K2HPO4 and KsNa(HPO4)3, respectively, 
forming infinite helical chains running parallel to the c 
axis. The K ÷ cations have different numbers of neigh- 
bours (from six to eleven) and the Na ÷ cations are six- 
coordinated. The P--O(H) distances range from 1.596 (5) 
to 1.625 (3),/k and the P--O(terminal) distances range 
from 1.502 (3) to 1.536 (3) A. 

Comment 
Usually dipotassium hydrogenphosphate crystallizes 
from an aqueous solution in three forms depending on 
temperature (GMecld, 1964). It crystallizes as a hexa- 
hydrate (K2HPO4.6H20) below 287 K, as a trihydrate 
(K2HPO4.3H20) in the temperature range 287-322 K, 
and as an anhydrate (K2HPO4) above 322 K. Only the 
crystal structure of the trihydrate salt has been determined 
previously (Baran, Lis & Ratajczak, 1989). In this paper 
the structure of the anhydrous salt and the isomorphous 
KsNa(HPO4)3 salt are reported. 

The crystal of K2HPO4 consists of three crystallograph- 
ically independent HPO 2- anions and K ÷ cations. The 
crystallographically independent HPO 2- anions are held 
together by O1 l - - H 1 1 . . . 0 3 3  and 03  l - -H31 . .  -023 hy- 
drogen bonds. These chains are joined by symmetry- 
related O24--H24. . .O21 i hydrogen bonds to form infi- 
nite chains running parallel to the c axis. The crystal struc- 
ture of K2HPO4 and the numbering scheme are shown in 
Fig. 1, views of the structure of KsNa(HPO4)3 are pre- 
sented in Figs. 2 and 3, and data for the hydrogen bonds 
for both crystals are summarized in Table 5. 
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I s o m o r p h o u s  Crysta ls :  K2HPO4 a nd  
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Abstract 
The crystals of dipotassium hydrogenphosphate, K2- 
HPO4, are almost isomorphous with crystals of pen- 
tapotassium sodium tris(hydrogenphosphate), KsNa- 
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Fig. 1. The crystal structure and numbering scheme of K2I-IPO4. 
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