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P - O H  distances from 1.529 to 1.579/~ and P - O  
from 1.471 to 1.550 A were found. These values are in 
good agreement with the P - O H  (mean value 1.564 A) 
and P - O  (mean value 1.499,/t) distances in 
Cd(H2PO3)2.H20 (Loub, Podlahov~i & Je6n~,, 1978), 
and H(42) atoms participate in hydrogen bonding of 
the anion-anion and water-anion types. The N a - O  
distances in the Na octahedron are comparable with 
those found in NaEHPO3.5H20 and Na0.sHE.sPO3 
except for Na-O(11) ,  which is much longer and is, in 
fact, among the longest found in the literature. The 
O - N a - O  angles vary from 70.84 (9) to 113.50 (10) ° 
and from 156.91 (8) to 163.03 (9) °. The Co octa- 
hedron is nearly regular (according to Table 2) without 
extreme values of the C o - O  distances. The O - C o - O  
angles are in the range 84.75 (10)-95.27 (8) ° and 
173.77 (7)-175.68 (7) ° . 

The authors wish to thank Dr Eysseltovh for 
preparing the single crystals. 
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Abstract. CaK2[B4Os(OH)4]2.8H20 , orthorhombic, 
P212121, Z = 4, a = 16.597 (2), b = 12.469 (2), c = 
11.569 (2) A, V = 2394.2 (1) A a,/t(Mo Ka) = 0.698 
mm -~, D c = 1.76 Mg m -3. The structure was solved 
with MULTAN and refined by means of full-matrix 
least-squares methods. The final R value is 0.052 for 
3096 observed reflections. The Ca 2+ ion displays seven 
coordination, while the two non-equivalent K ÷ ions 
display eight and six coordination. The crystal struc- 
ture consists of alternate layers of anions and cations 
parallel to (100). Each tetraborate anion is hydro- 
gen-bonded to two water molecules and the other 
tetraborate anion within a layer, while the alternate 
layers consist of three cations and six water molecules. 

Introduction. A systematic structural study of borate 
compounds is being carried out by the Departments of 

0567-7408/82/092438-04501.00 

Crystallography and Mineralogy of the Universities of 
Oviedo and Barcelona. The title compound is the first 
tetraborate with two cations to have its crystal structure 
reported. 

Colourless prismatic crystals were prepared by 
evaporation from aqueous solution. A crystal 0.50 x 
0.06 x 0.1 mm was selected for measurement on a 
Philips PW1100 four-circle diffractometer. The unit 
cell was measured by centring 25 independent reflec- 
tions and refining the orientation matrix and unit-cell 
parameters by least squares. A total of 3175 indepen- 
dent reflections within the range 20 < 60 ° were 
measured using graphite-monochromatized Mo Ka 
radiation, with 79 reflections rejected because of the 
imposed criterion I ( 2.53(I),  where ~(I) is the 
standard deviation based on counting statistics. Only 
Lorentz-polarization corrections were made. 

© 1982 International Union of Crystallography 
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The structure was solved with the MULTAN system 
of computer programs (Main, Fiske, Hull, Lessinger, 
Germain, Declercq & Woolfson, 1980). An E map 
computed from a set of phases with the highest 

Table 1. Atomic coordinates (x 10 ~, for H x 103) 
and equivalent isotropic temperature coefficients 
(Beq = ]n2trace U) with standard deviations in 

Molecule A 

Ca 
K(1)  
K(2) 
B(1) 
o(2) 
B(3) 
0(4) 
B(5) 
0(6) 
B(7) 
o(8) 
o(9) 
O(lO) 
o(11) 
O(12) 
0(13) 
w(i) 
w(2) 
W(3) 
W(4) 
w(5) 
W(6) 
w(7) 
w(8) 
H(O10) 
H(Oll )  
H(O12) 
H(O13) 
HI W3) 
HI W3)' 
HI I414) 
HI W4)' 
HI W6) 
HI W6)' 
HI W8) 
Hi W8)' 

Molecule B 

B(1) 
0(2) 
a(3) 
0(4) 
a(5) 
0(6) 
B(7) 
o(8) 
0(9) 
O(lO) 
O( l i )  
O(12) 
O(13) 
n(o10)  
n (o1  l) 
n(o12)  
H(O13) 

parentheses 

x y z Beq (A 2) 

9719 (1) 292 (l) 9357 (1) 1.25 (3) 
6264 (1) 2244 (1) 2371 (2) 4.02 (6) 
4235 (1) 2326 (1) 7564 (I) 3.92 (6) 

13069 (3) -339 (4) 8254 (4) 0.9 (1) 
13508 (2) -431 (3) 9378 (3) 1.3 (1) 
13075 (3) -369 (4) 10384 (4) 1.2 (2) 
12259 (2) --200 (3) 10387 (3) 1.3 (1) 
11818 (3) --50 (4) 9283 (4) 1.0 (1) 
11505 (2) --1104 (3) 8890 (3) 1.4 (I) 
11989 (3) --1701 (4) 8190 (4) 1.3 (1) 
12753 (2) -1424 (3) 7905 (3) 1.3 (1) 
12367 (2) 361 (3) 8410 (2) 1.0 (1) 
13621 (2) 77 (3) 7402 (3) 1.3 (1) 
13476 (2) --480 (4) 11413 (3) 1.9 (1) 
11126 (2) 652 (3) 9473 (3) 1.4 (1) 
11660 (2) -2651 (3) 7778 (3) 1.7 (1) 
2830 (3) 2353 (4) 8887 (5) 3.6 (2) 

10047 (2) 1656 (3) 4206 (4) 2.4 (1) 
9952 (3) 377 (8) 11386 (4) 5.8 (1) 
4670 (3) 2832 (3) 1181 (4) 2.7 (1) 
4703 (2) 1271 (3) 9533 (4) 2.5 (1) 

10029 (2) 4 (5) 7336 (3) 3.0 (1) 
12753 (6) 2507 (5) 6108 (7) 7.6 (3) 
5079 (2) 1623 (4) 4243 (4) 2.9 (1) 

1325 (6) 21 (9) 685 (12) 7 (1) 
1314 (6) -48  (10) 1205 (11) 7 (1) 
1107 (7) 119 (9) 1015 (10) 7 (1) 
794 (7) 197 (9) 693 (10) 7 (1) 

1483 (7) --14 (9) 671 (11) 7 (1) 
1544 (6) --37 (10) 639 (11) 7 (1) 
1010 (7) -225 (10) 541 (10) 7 (1) 
1076 (7) --278 (10) 639 (10) 7 (1) 
1453 (6) -18  (10) 1188 (11) 7 (1) 
1520 (6) --44 (9) 1181 (11) 7 (1) 
1046 (7) -224 (10) 930 (9) 7 (1) 
990 (7) -239 (10) 992 (10) 7 (1) 

7102 (2) --373 (4) 
6601 (2) --523 (3) 
6987 (3) -444 (4) 
7797 (2) -273 (3) 
8291 (3) -26  (4) 
8674 (2) --1041 (3) 
8242 (3) -1681 (4) 
7472 (2) -1426 (3) 
7756 (2) 380 (2) 
6518 (2) -30  (3) 
6521 (2) --530 (3) 
8931 (2) 707 (3) 
8607 (2) --2605 (3) 
828 (6) 16 (9) 
812 (7) 55 (10) 
624 (7) -111 (10) 
661 (7) 231 (10) 

4274 (4) 0.9 (1) 
5336 (2) 1.1 (1) 
6377 (4) 1.2 (1) 
6430 (3) 1.3 (1) 
5371 (4) 1.1 (1) 
4984 (3) 1.3 (1) 
4244 (4) 1.2 (1) 
3924 (3) 1.3 (1) 
4473 (2) 1.0 (1) 
3429 (3) 1.3 (1) 
7353 (3) 1.7 (1) 
5681 (3) 1.3 (1) 
3868 (4) 2.1 (1) 
769 (1 l) 7 (1) 

1285 (11) 7 (1) 
1108 (10) 7 (1) 
942 (10) 7 (1) 

combined figure-of-merit revealed peaks for 31 non-H 
atoms. Six O atoms of the water molecules were 
determined by means of a difference synthesis. Full- 
matrix least-squares refinements were carried out with 
the SHELX 76 (Sheldrick, 1976) program. 16 H 
atoms, located with a difference Fourier synthesis, were 
refined with an overall isotropic temperature factor and 
the rest of the atoms were refined anisotropically. 
Refinement converged with an R index of 0.052 (R = 
\ 'llFol IF~lll~lFol). * Table 1 shows atomic 

* Lists of structure factors and anisotropic thermal parameters 
have been deposited with the British Library Lending Division as 
Supplementary Publication No. SUP 36832 (15 pp.). Copies may 
be obtained through The Executive Secretary, International Union 
of Crystallography, 5 Abbey Square, Chester CH 1 2HU, England. 

0 ( 1 2 ~  

L448 {,5) 
0(6) L485(5), ,.,., - ~  1.4es(6)J ~ o j  L4e3ts) 
[ ~ t. i.505(5) 

,~-.,o(4) 
, .38~6)// ....... ~ L. d 

)B(7) 0(9)(" ~ \\t.364(s1 

II ',i;;~;','~,.~-~4,6) ~ "  /\e(3, ~) O \ / 1.36rt~) t.4set~) / I ~ , // 
\/ "~"/ L6,.7/ 

• it) 

I,-ldl'~ ~ 1.36r~,) 
el3)- OHO 1.37~5) 1"442i§) I I V O ( 2 )  

1.37,i,) Q~_L 
Bli)-o(2) i.491t(.','t) ( - )  

1.49615) 
o(Io) 

Fig. 1. View of the tetraborate ion, with bond distances in/k (upper 
values: molecule A, lower: molecule B). 
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Fig. 2. Bond angles in the tetraborate anion in degrees (upper 
values: molecule A, lower: molecule B). 
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coordinates and equivalent isotropic temperature co- 
efficients. The water atoms W(3) and W(7) have very 
high equivalent isotropic temperature coefficients. The 
anisotropic temperature coefficients for these atoms 
are: U~ = 0.015 (1), U22 = 0.190 (7), U33 = 0.015 (2), 
U23 = 0.003 (3), Ula = --0.001 (1) and U~2 = 
0.007 (3)A 2 for W(3) and U~ = 0.183 (9), U22 = 
0.043 (3), U33 = 0.061 (4), U23 = - 0 . 0 0 4  (3), U~3 = 
0.009 (5) and U~2 = -0 .013  (4)A 2 for W(7). As the 
directions [010] for W(3) and [100] for W(7) corre- 
spond to non-bond directions (see Fig. 6), we consider 
these values solely due to thermal vibration. 

The interatomic distances in six-coordinated K(2) ÷ are 
analogous to those values obtained in the mentioned 
compounds (title compound, mean value: 2.871/k, 
range 2 .743-2.990°;  literature: 2 .814A,  2 .631-  
3.056 A). The interatomic distances in eight-coor- 
dinated K(1) ÷ are larger than the values of previous 
compounds (title compound, mean value: 3.103 A, 
range: 3 .021-3.197/k;  literature: 2.870 A, 2 .643-  
3.17 A.). The C a - O  interatomic distances have the 
typical values (mean value 2 .409A,  range 2.338-  
2.483/k; literature: 2.401 A, Sutton, 1958). 

The structure consists of layers of tetraborate anions 
and two water molecules [W(1) and W(7)], and the 

Discussion. The two non-equivalent tetraborate ions 
have similar distances and angles (Figs. 1 and 2), and 
they are enantiomorphs (torsion angles of anion A are 
minus the torsion angles of anion B). The slight differ- 
ences between bond distances and angles in these two 
anions are within the range of values observed in the 
literature (Table 2). 

The Ca 2÷, K(1) ÷ and K(2) ÷ ions display seven, eight 
and six coordination, respectively. Figs. 3, 4 and 5 and 
Table 3 show the bond distances and angles of these 
ions. Other potassium borates show the same coor- 
dination for the K ÷ ion thus: eight coordination as in 
potassium tetraborate (Krogh-Moe, 1972), potassium 
pentaborate (Krogh-Moe, 1965) or potassium penta- 
borate tetrahydrate (Zachariasen & Plettinger, 1963), 
or six coordination as in potassium tetraborate 
(Krogh-Moe, 1972) or potassium tetraborate tetra- 
hydrate (Marezio, Plettinger & Zachariasen, 1963). 

O00,B ~ O~)B 

(...) ot/e~A 

Fig. 3. Bond distances in/k for Ca coordination. 

ODI/A 

f, 
k-k.~o,,~, I . ~, j  

~.J ~.~Ot/OlO 

Fig. 4. Bond distances in .~ for K(1) coordination. 

• )  w(51 

Will /2143151 

\ s '  ...... N '  

Fig. 5. Bond distances in A for K(2) coordination. 

Table 2. A comparat ive study o f  tetraborate anions 

Btetra-O 
Bt~l--O 
O--Btetra--O 
O--Btri--O 

Title compound Literature 
Mean value Range Mean value Range 

1.473 A 1.422-1.506/k 1.472 A 1.40-1.51 ./~ 
1.370 1.354-1.390 1.367 1.312-I .412 
109.5 ° 102.7-114.7 ° 109.5 ° 102.1-115.2 ° 
119.9 115.9-123.9 119.9 114.2-126.0 

Literature: Domenech, 1980; Domenech, Solans & Solans, 1981; Jande et al., 1981; Krogh-Moe, 1965, 1972; Marezio, 1969; Marezio 
et al., 1963; Merlino, 1969; Merlino & Sartori, 1969, 1971; Zachariasen & Plettinger, 1963. 
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.i _ _ 6 ! ¢ Table  3. Bond angles with C a  or K as the central 2 
a t °m(° )  [ " ~ ' " ' ~ " ' "  

i o ~ ' ~ ,  / I  S ~ * ~  1 2  

I~, o "l ~ ,  ° - " 6  " 

O(12)A-Ca-W(3)  77.1 (I) O( l l )A-K(1) -W(7)  63.0 (1) . ) ( [ ~ ' ; t  ~ . ~ "  , ~ - ~  
O(12)A-Ca--W(6) 82.7 (1) O( l l )A-K(1) -W(4)  90.4 (1) ,' ,~ t o * .  

O(12)A-Ca-W(4)  82.3 (1) O( l l )A-KCI)-W(1)  90.0 (1) /~ ,J , , , , . ,N, , , ' ,  , , ~ ( . ~ J . , ~ . , . , . " ~  
W(6)--Ca-W(4) 84.4 (2) O(11)A-K(1)-W(8) 89.8 (1) " El *-.V-__~.~5,/ '~'%..~,,  
W(6)-Ca-W(8)  76.7 (2) O(6)B-K(1)-O(4)B 45.4 (1) lk / ,,¢ . ; ,~[v,, i 
W(6)-Ca-O(10)B 73.9 (1) O(10)B-K(I)-O(n)B 48.6 (1) __1\~- , ' r . , I  -t~. k _ _ ~ "  .'*K2.. L~ 
W(8)-Ca-O(10)B 87.7 (1) O(10)B-K(I)-W(8)  63.8 (1) I i~. "~- ' , '~r t - ' " ' . : ;~  *" 

I !i ,.-v-- -,- O(2)B-Ca-O(10)B 56.7 (1) W(7)-K(1)-W(1)  64.1 (2) I ! ;. . .  , r / x  ; " - , ,  

-~--- ~O,bB ~ old.IV '~ O(2)B-Ca-W(3)  71.8 (1) O(4)B-K(1)-W(1) 62.1 (1) \ I L.:~....~ .,,,"K7%72',,, ¢. "- 
O(6)B-K(I ) -W(I )  88.2 (1) ~ , . ~ ~ . , . . i ~ / / ' . "  / 

W(5)-K(2)-W(1) 77.1 (1) O(6)B-K(1)-W(4) 90.4 (1) ". 
W(5)--K(Z)--O(10)A 72.5 (1) O(10)B-K(1)-W(7) 88.9 (1) 
W(5)--K(Z)-W(2) 93.6 (2) W(7)--K(1)-W(8) 89.9 (2) '.'-'.'~--~'~a'~"~"A"~"A>"~¢~'~'"/" \ 
W(7)-K(Z)-O(10)A 75.8 (1) W(4)-K(1)-W(8)  89.9 (2) [ ~ \~,, ,, O i l y -  ~ ' . .  
W(7)-K(2)--O(ll)B 66.5(1) O(4)B-K(1)-W(7) 90.1(1) t : _- - ' "  . , ,c~t 
W(7)-K(2)-  W(2) 80.5 (2) al "~'2 x'- / • y=:~' 
W(7)--K(2)- W(1) 67.7 (2) 
W(1)-K(2)-O(10)A 76.2 (1) 
W(1) -K(Z)-O( l l )B  67.7 (1) 

Tab le  4. Hydrogen-bond distances (A) 

D - H . . . A  

W(3)--H (W3). • • O( 10)A i 
W(3)-H(W3)' . . .O(11)B H 
W(6)--H(W6). • • O(11)A In 
W(6)--H(W6)'...O(12)B ~v 
W(8)--H(I418)... O(6)Am 
W(8)--H(WS)'... W(2) v 
W(2)-H • • • O(2)A ui 
W(2)-H. . .O(12)B Iv 
W(4)-H(W4). . .  W(5) v' 
W(4)-H ( W4)'. • • O ( 13)A m 
W(5)--H..O(2)A 'v 
W ( 5 ) - H . . O ( 6 ) B  u 
W(1)--H..O(9)A Iv 
W ( 1 ) - H . . O ( 8 ) B  vu 
W(7)--H. • O(9)B vu 
W(7)--H. • O(4)A ul 
O(10)A--H...O(4)A Ix 
O ( 1 1 ) A - H . . .  O ( 9 ) A  x 
O(12)A-H.. .O(13)B x~ 
O(13)A-H. . .O(8)B xu 
O(10)B-H • • • O(4)B xiu 
O( 1 I)B--H.. .  O(9)B ui 
O(12)B-H.. .O(13)A vu 
O(13)B-H. . .  O(8)A viii 

D. . .A H. . .A 

2.705 (6) 2.2 (1) 
2.695 (6) 2.1 (1) 
2.765 (6) 1.9 (1) 
2.784 (6) 2.0 (1) 
2.738 (6) 2.3 (1) 
2.798 (6) 1.6 (1) 
2.851 (6) 
2.782 (6) 
2.725 (6) 2.1 (1) 
2.887 (6) 1.6 (1) 
2.911 (6) 
2.759 (6) 
2.657 (6) 
2.998 (6) 
2.719 (6) 
2.996 (6) 
2.755 (6) 1.9 (1) 
2.704 (6) 1.8 (1) 
2.933 (6) 2.0 (1) 
2.649 (6) 
2.605 (6) 1.7 (1) 
2.738 (6) 2.0 (1) 
2.887 (6) 2. I (I) 
2.772 (6) 

Symmetry code: (i)0.5 - x ,  1 - y ,  0.5 + z; (ii) 1 . 5 - x ,  1 - y , 0 . 5  + 
z ;  ( i i i )  0 . 5  - x ,  1 - y ,  z - 0 . 5 ;  ( i v )  x ,  y - 1, z ;  ( v )  x - 0 . 5 ,  0 . 5  - y;  
1 - z; (vi) x, y, z - 1; (vii) 1 - x, y - 0- 5, 1- 5 - z; (viii) 0.5 + x, 
1.5 - y ,  1 - z; (ix) 0.5 - x, 2 - y ,  z -  0.5; (x) 0.5 - x, 2 - y , z  + 
0.5; (xi) 1 - x, y + 0.5, 1.5 - z; (xii) x - 0.5, 1.5 - y, 1 - z; (xiii) 
1 . 5 - x ,  1 - y , z - 0 . 5 .  

ca t ions  a n d  the  res t  o f  the wa te r  molecules .  These  
l aye r s  are  para l le l  to  the  (100)  plane.  Th is  p a c k i n g  
g e o m e t r y  is a lso s h o w n  in o ther  t e t r a b o r a t e  s t ruc tu res  
( Jande ,  Hel ler  & P icka rd t ,  1981;  K r o g h - M o e ,  1965, 
1972;  M a r e z i o  et al., 1963). W i t h i n  the  first  l aye r  the  
t e t r a b o r a t e  an ions  are h y d r o g e n - b o n d e d  (Tab le  4 and  

Fig. 6. Projection down the b axis of the unit-cell contents. 

Fig .  6), wi th  s t rong  and  w e a k  bonds .  Wi th in  the  second  
l aye r  the  ca t ions  are l inked by  wa te r  molecu les  [ W ( 4 )  
and  14"(8)] c o o r d i n a t e d  to two  an ions  and  h y d r o g e n  
b o n d s  be tween  wa te r  molecu les  [ W ( 8 ) . . .  W(2)  and  
W ( 4 ) . . .  W(5) ] .  T h e  two  layers  are l inked by  elec- 
t ros ta t i c  forces  and  h y d r o g e n  b o n d s  (Table  4). 

Th is  w o r k  was  s p o n s o r e d  by  the  U n i v e r s i t y  o f  
Barce lona .  
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