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The Crystal Structure of Potass ium Tetraborate Tetrahydrate 
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The compound K2B40~.4H20 = K~[B4Os(OH)4].2H20 is orthorhombic, space group P212121, 
with four molecules in a cell of dimensions a = 12"899, b = 11.774, c = 6"859 A. The positions of all 
atoms (including the hydrogen atoms) have been determined. The final R-index is 0.040, and the 
bond lengths have been determined to an accuracy of 0.006 A for K-O bonds, 0.008 A for B-O bonds 
and 0.11 A for H-O bonds. The structure contains the complex ion [B4Os(OH)4] 2- consisting of two 
boron-oxygen triangles and two tetrahedra which have only corners in common. Detailed results 
are reported for bond distances, and bond angles and for the anisotropic thermal motions. 

In troduct ion  

This paper  reports  the results of a crystal  struc- 
ture  examina t ion  of the compound K2B407 .4H 20=  
K2[B405(0H)4].2H20. The inves t iga t ion  is pa r t  of a 
sys temat ic  s tudy  of borate  s t ructures  which was 
begun in this  l abora tory  in the n ine teen  thir t ies,  
was in te r rup ted  by  the  war, and  has been resumed 
in recent  years. 

Single crystals  were prepared by  slow evapora t ion  
from aqueous solutions. The formula  was confirmed 
by  chemical analysis  which gave the  following result" 

Exp. Theor. 
K 24.4% 25.6% 
B 14.7 14.2 
H~O 21.2 23.6 

A direct  dens i ty  de te rmina t ion  gave @ = 1.919 g.cm -8. 
The crystals were found to be or thorhombic  wi th  

cell dimensions 

a= 12.899 _ 0.002, b = 11.774 + 0.002, 

c = 6.859 _ 0.001 A .  

The cell contains four molecules, the  calculated dens i ty  
being 1.898 g.cm -3. 

The only  sys temat ic  absences are the  odd orders 
of pinacoidal  reflections. Accordingly one is led to 
the  space group symmet ry  P212121 wi th  all a toms in 
general  posit ions : 

(x, y, z)(~-x, ~, ½+z)(~ +x, ~-y,  ~)(~, ½+y, ½-z) 

and 75 posi t ional  degrees of freedom. 
W i t h  the  aid of a counter  spectrometer  and Cu Kc¢ 

rad ia t ion  the  intensi t ies  were measured for all (867) 
reflections HKO, HK1, HOL, H1L, OKL, 1KL. The 
specimen was a crystal  ground in to  a near ly  perfect  
sphere of radius R=0.0259_+ 0.0015 cm. 

D e t e r m i n a t i o n  of the  s t r u c t u r e  

According to the  space group symme t r y  P212121 the  
project ion of the s t ructure  on each of the  coordinate 
planes has a center of symmetry .  Because of the 
re la t ive ly  short  c period, i t  was to be expected t h a t  
the  project ion on the X Y plane would give the best  



976 T I t E  C I % Y S T A L  S T R U C T U R E  O F  P O T A S S I U M  T E T R A B O R A T E  T E T R A H Y D R A T E  

r e s o l u t i o n ,  a n d  t h e  f i r s t  s t e p  t o w a r d s  t h e  s o l u t i o n  of  
t h e  s t r u c t u r e  w a s  t h e r e f o r e  b a s e d  o n  t h e  (HKO) d a t a .  

:By t h e  s t a t i s t i c a l  m e t h o d  i n t r o d u c e d  t e n  y e a r s  a g o  

T a b l e  1. Atomic coordinates 
x a y a 

KI 0-3587 ±0.0001 0-3360± 0.0001 
KII  0.7130±0.0001 0.4001 ±0.0001 
BI 0.4484± 0.0006 0.2893 ± 0.0006 
BII 0.4558 ± 0.0006 0.0846± 0.0006 
Bi l l  0-6281 ± 0.0005 0.0973 ± 0.0006 
BIV 0.5940 ± 0.0006 0.1831 ± 0.0006 
Oi 0.5277 ± 0.0003 0.0579 ±0.0004 
Oii 0 .5174± 0.0003 0.0909 ± 0.0003 
Oiii  0.3942 ± 0.0004 0.1056 ±0.0005 
Oiv 0-6928 ± 0.0004 0"0653 ± 0.0004 
Ov 0.4047 ± 0.0003 0.1969 ± 0.0003 
OvI 0.6633 ± 0.0003 0.1631 ± 0.0004 
OvlI 0.6575 ± 0.0004 0.1953 ± 0.0004 
OviII 0.3972 ± 0.0003 0.3920 ± 0.0004 
Oix 0.3758 ± 0.0003 --0.0013 ± 0.0003 
Ox 0-5392 ± 0.0003 0.2921 ± 0.0003 
OxI 0.5774± 0.0005 0.3443 ± 0.0005 
HI  0-436 ±0.008 0-485 ±0.009 
HII 0.277 ±0.007 0-436 ±0.009 
Hi l l  0.591 ±0.008 0.423 ±0.010 
HIV 0.677 ±0.008 0.149 ±0.009 
H v  0-489 ±0-008 0.042 ±0.009 
H v i  0.436 ±0.008 0-101 ±0-009 
H w i  0.594 ±0.009 0.248 ±0.008 
HVlii 0.599 ±0.008 0-429 ±0.010 

z 

0.2139 ± 0.0003 
0.5298 ± 0.0003 
0.6514± 0.0014 
0.6222 ±0.0015 
0-4691 ± 0.0014 
0.7920 ±0.0013 
0.4570± 0.0008 
0.8025 ± 0.0007 
0-1363 ± 0.0009 
0.3177 ± 0.0008 
0.5830± 0.0009 
0.6177 ± 0.0007 
0.9648 ±0.0007 
0.6145 ± 0.0011 
0.6326 ± 0.0009 
0.7554 ± 0.0008 
0.2315 ± 0-0010 
0.643 ± 0.021 
0.663 ±0-018 
0.887 ± 0.020 
0.020 ± 0.018 
0.202 ± 0.018 
0.994 ± 0-017 
0.194 ± 0.018 
0-157 ±0.017 

T a b l e  2. Anisotropic thermal parameters 
( x 104) 

#11 #22 #33 #12 #13 
KI 32 41 157 7 -- 2 
a 1 1 4 1 2 
KII  29 39 162 --4  22 
a 1 1 4 1 2 
BI 26 27 111 6 11 
a 4 4 18 4 11 
BII 24 24 150 0 -- 1 
a 4 4 20 4 13 
Bil l  31 29 109 4 -- 4 
a 4 4 17 4 10 
BIV 28 22 112 2 1 
a 4 4 17 4 10 
OI 27 38 114 --4 2 
a 2 3 10 3 6 
Oii 25 21 108 --1 --7 
a 2 2 11 3 6 
Oiii  43 65 163 2 --2 
a 3 4 13 4 7 
Oiv 33 48 111 0 15 
a 2 3 10 3 6 
Ov 24 27 168 2 --22 
a 2 3 14 3 8 
Ovi 29 35 135 --2 -- 7 
a 2 3 10 3 6 
Ovii 32 44 116 4 - 19 
a 3 3 10 3 6 
OvIii 30 25 195 6 - 9 
a 2 .  3 15 3 9 
Oix 26 27 163 --4 -- 9 
a 2 3 13 3 7 
Ox 28 18 152 3 --18 
a 2 2 12 2 7 
OxI 64 57 171 2 4 
a 3 4 14 4 8 
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( Z a c h a r i a s e n ,  1952) a s e l f - c o n s i s t e n t  s e t  of  s i g n s  f o r  
62 l a r g e  FHK0 t e r m s  w a s  d e d u c e d .  A F o u r i e r  s y n t h e s i s  
c a r r i e d  o u t  w i t h  t h e s e  t e r m s  g a v e  t h e  a p p r o x i m a t e  
p o s i t i o n s  of  a l l  p o t a s s i u m ,  b o r o n  a n d  o x y g e n  a t o m s ,  
a n d  q u i t e  p r e c i s e  x a n d  y c o o r d i n a t e s  w e r e  o b t a i n e d  
b y  l e a s t - s q u a r e  r e f i n e m e n t s  b a s e d  o n  a l l  e x p e r i m e n t a l  
IFHK0] d a t a .  

A n  a c c u r a t e  p r o j e c t i o n  of  t h e  s t r u c t u r e  h a v i n g  b e e n  
d e d u c e d ,  i t  w a s  a s i m p l e  t a s k  t o  f i n d  t h e  a p p r o x i m a t e  
z c o o r d i n a t e s  so t h a t  r e f i n e m e n t s  u t i l i z i n g  t h e  f u l l  s e t  
of  t h r e e - d i m e n s i o n a l  d a t a  c o u l d  b e  m a d e .  

T h e  f i n a l  l e a s t - s q u a r e  r e f i n e m e n t  p r o v i d e d  fo r  t h e  
s i m u l t a n e o u s  a d j u s t m e n t  of  180 p a r a m e t e r s :  3 s ca l e  
f a c t o r s ,  75 p o s i t i o n  p a r a m e t e r s ,  a n d  102 t h e r m a l  
p a r a m e t e r s  ( t h e  e i g h t  h y d r o g e n  a t o m s  w e r e  a s s u m e d  
t o  h a v e  i s o t r o p i c  t h e r m a l  m o t i o n  w i t h  B = 5 . 0  Ae). 
I n  t h e  s t r u c t u r e  a r e  e i g h t  s h o r t  o x y g e n - o x y g e n  
d i s t a n c e s  w h i c h  c a n  b e  e x p l a i n e d  o n l y  i n  t e r m s  of  
O - I t - . .  O b o n d s .  T h e  m i d p o i n t s  of  t h e s e  s h o r t  
o x y g e n - o x y g e n  c o m l e c t i o n  l i n e s  w e r e  u s e d  as  i n i t i a l  
c o o r d i n a t e s  fo r  t h e  h y d r o g e n  a t o m s  so as  n o t  t o  
i n t r o d u c e  p r e c o n c e i v e d  i d e a s  as  t o  w h i c h  o x y g e n  
a t o m s  w e r e  h y d r o x y l  o r  w a t e r  o x y g e n s .  

T h e  M c W e e n y  ( 1 9 5 1 ) f - c u r v e s  w e r e  a s s u m e d  fo r  
b o r o n  a n d  h y d r o g e n ,  t h o s e  of  B e r g h u i s ,  H a a n a p p e l ,  
P o t t e r s ,  L o o p s t r a ,  M a c G i l l a v r y  & V e e n e n d a a l  (1955) 
fo r  p o t a s s i u m  a n d  o x y g e n .  

T h e  r e s u l t s  of  t h e  f i n a l  r e f i n e m e n t ,  w h i c h  g a v e  
R = 0 .040 ,  a r e  s h o w n  i n  T a b l e s  1 a n d  2, w h i l e  T a b l e s  
3 - 5  i l l u s t r a t e  t h e  d e g r e e  of  a g r e e m e n t  b e t w e e n  
o b s e r v e d  a n d  c a l c u l a t e d  s t r u c t u r e  f a c t o r s .  

D i s c u s s i o n  o f  t h e  s t r u c t u r e  

T h e  r e s u l t s  of  t h e  f i n a l  r e f i n e m e n t  c o r r e s p o n d  t o  t h e  
f o l l o w i n g  s t a n d a r d  e r r o r s  fo r  t h e  v a r i o u s  i n t e r a t o m i e  
d i s t a n c e s :  0 .006  A fo r  K - O  b o n d  l e n g t h s ,  0 .007  A f o r  
O - 0  s e p a r a t i o n s ,  0 .008  A fo r  B - O  b o n d s ,  a n d  0-11 :~ 
fo r  H - O  a n d  H • • • 0 d i s t a n c e s .  

I n  t h e  c o u r s e  of  t h e  l a s t  r e f i n e m e n t  a l l  of  t h e  e i g h t  
h y d r o g e n  a t o m s  m o v e d  f r o m  t h e i r  i n i t i a l  p o s i t i o n s  
t o w a r d s  o n e  of  t h e  t w o  o x y g e n  a t o m s .  T h e  r e s u l t i n g  
i n t e r a t o m i c  d i s t a n c e s  a r e  as  f o l l o w s :  

OVIII " " " OII = 2"649 A OVIII-H I = 1"22/~ 
O I v ' ' "  OvlII ---- 2"725 OIv-HII  = 1"09 
0 I X ' " 0 X  - 2-777 0IX- t t l I I  -- 1"00 
0 v i i " "  01V = 2.900 0 v i i - H i v  = 0-72 
O i i i " "  Oi = 2.849 OIII -Hv = 1.50 
0 i i i ' " 0 i i  = 2 . 7 9 1  0III-HVI = 1.11 
Oxi • • • Ovli = 2-737 O x i - H v l i  = 1-18 
0 x i " "  0 i x  = 3.097 O x i - H v i i i  = 1-15 

Oli" • • H I  = 1 . 4 3  A 
O V I I I  " " " H Z I  = 1"68 
0 x  • • • H I I I  = 1 .91  

OIv • • • HIV = 2.27 
O I ' " H v  = 1.83 
OII " • " HvI  = 1-69 
0v i i "  • • HvII  = 1.88 
Oix" " H v I I I  = 2.17 
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HK L=0 

~o A 8 F o 

10 0 0 0 47.4 

0i 0 0 0 62.2 
I1 4.5 0 "-5.3 51.9 
20 42.8 44.9 0 5.4 

02 16.7 -13.1 0 51.5 
21 10. I -10.9 0 23.9 
12 2g.2 0 -28.7 30.6 
22 17.7 -16.1 0 37.5 
3~1 0 0 0 69.7 

16.9 0 -17.0 25.0 
03 0 0 0 86.7 
13 61.0 0 63_ 1 25.3 

32 39.7 0 -39.7 61.3 
23 15.0 -12.7 0 48.8 
40 95.1 -97. I 0 75.6 
4] 43.3 41.6 0 52.5 

04 116.4 -121.1 0 88.3 
33 23.9 0 24.9 6.9 

14 72.6 0 -72.6 41.7 
42 50.0 50.1 0 39.1 

24 28.5 29.9 0 72.6 

0 0 0 17.4 
46.3 0 44.8 49.0 

43 54.4 52.6 0 33.9 

34 6 3 . 8 0  -64.8 61.8 
52 10.4 0 -9.9 24.3 

05 0 0 0 26.8 
15 42.3 0 -42.5 57.3 
25 31.7 -30.3 0 43.9 
44 19.9 17.6 0 88.4 

53 115.3 0 -117.'2 15.6 
60 14.9 15.1 0 55.4 

61 87.2 -85.5 0 24. i 
35 57.8 0 54.2 34.8 
62 4.0 2.2 0 43,2 
06 3.6 - I .1 0 16.1 

19.3 0 -19.5 44.8 
20.3 0 -21.2 24.C 

45 13.1 13.3 0 30.9 
63 72.8 -69. I 0 17. I 

Table 3. Reflections HKO and HK1 
L = I  HK L=0 

IFc[ A B F o A 8 F ° JFcl 

46.4 0 46.4 14.5 7.4 6.6 0 3.6 3.5 
63.0 0 -63.0 15.1 3.9 o -3_o 18.8 14.o 
53.1 24.4 .47.2 9.]1 9.1 o -9.8 12.9 14.6 

2.4 0 2.4 13.7 7.6 0 8.9 9.0 9.5 
53.4 53.4 0 5.13 4.0 0 3,9 9,7 9.8 
23.3 -20.0 11.9 15,2 |8.7 0 20 1 21.6 22.3 
31.8 30.2 -9.9 O. 14 9.5 -9.1 0 23.0 *~2.8 
37.7 23. I -29.8 15.3 4.0 0 3.4 8.5 8,7 
70.9 0 70.9 I. 14 5,9 0 6.4 3.6 5.4 

22.2 20.6 -8.2 8.12 12.4 13.4 0 4.9 5.5 
91.2 0 -91.2 6.13 9.5 -10.0 0 13.2 12.9 
25.8 21.8 13.8 14.6 8.1 8.3 0 6.2 5.5 
63.5 -60.1 -20.4 2.14 13.5 14.8 0 11.3 11.2 
49.8 -15 9 47.3 11.10 8.2 0 7.6" 10,9 10.7 
77. I "0 77. I 12.9 0 -0. I 0 14.6 14.4 

513 46.7 -22.2 15.4 12.8 0 -13.0 10.0 9.6 

7.1 7.6 91.8 -91.8 0 3.14 20.4 0 -21 5 

6.0 -5.4 2.5 10.11 18.3 -18.8 0 9.3 8.7 
41.4 -21.0 35.7 13.8 5,2 0 5.9 4.5 4.3 
37.7 -37.7 0.4 4.14 7.1 7.0 0 7.1 7.4 
74.2 51.6 53.4 7.13 3.3 0 -3.9 3.2 2.7 
]6.2 0 16.2 9.12 4.7 0 6 3 8.7 8.7 
49.1 -19.1 45.2 14.7 7.3 -6.8 0 14.9 16.5 
32.6 -17.6 -27.5 15.5 14.9 0 -15.5 3.8 3.9 

62,3 -56,2 -26.9 16.0 24.3 -24.5 0 13.8 14.0 
24.4 13.2 -20.5 16.1 2.1 -1.6 0 8.9 8.6 

26.7 0 -26.7 5.14 5.4 0 -4.7 12.1 I I .5  
58.2 31.1 49.2 16.2 10.0 9.7 0 4,7 4.0 

42.5 -39.9 -14.8 12.10 15.9 -15.6 0 8.1 8.8 
87.8 78.7 -38.9 11.11 12.7 0 13.0 7.5 8.1 
14.4 14.1 2.7 13.9 13.0 0 -14.2 6.4 6.2 
54.5 0 -54.5 16.3 18.5 -20. i 0 14.9 15.7 
23.5 -0.9 23.5 8.13 16.3 19.5 0 2.8 3.1 

32.5 -32.5 0.2 ]5:6 2.7 0 2.7 9.5 9.3 
41.5 29.4 -29.3 1.15 3.1 0 3.1 
16.2 -16.2 0 6.14 5,4 4.6 0 
43.4 23. I -36.8 14.8 4.2 4.9 0 
24.4 2.4 -24.3 10.12 2.6 -3.5 0 
29.0 -27,0 -10.6 2.15 1.6 0.3 0 
17.0 -8.9 -14.5 16.4 10.4 12.0 0 

L = I  

A B 

-3.5 -0.5 
-0.3 -14.0 

-9.2 11.4 
6.9 6.6 

1.6 9.7 
18.7 12.2 
22.8 0 

0.4 -8.7 
2.0 5.0 

-4.7 2.9 
12.8 1.8 
0.7 -5.5 
7.3 8.5 

-0.9 -10.7 

-2.8 -14. I 

0.2 9.6 
-7.0 2.9 

-2.2 -8.4 
4.3 0. I 

-1.8 -7.1 
2.6 -0.7 

-5.0 7. I 
2.5 16.3 

-0.3 3.9 

0 -14.0 
-5.5 6.6 
I I . 5  -0.7 

-3.1 -2.5 
1.0 8.8 

-2. I -7.8 
-1.6 6.0 

10.8 11.4 

-1.3 2.9 
-3.8 -0.4 

Table 4. Reflections OKL and 1KL 

KL H=0 H = |  

F o A 8 F o JFcl 

10 0 0 0 4.5 5.3 
01 0 0 0 47.4 46.4 
I I  62.2 O -63.0 51.9 53.1 

20 16.7 -13.1 0 28.2 28.7 
21 51.7 53 4 0 30.6 31.8 
30 0 0 0 61.0 63.1 

02 33.0 -31.3 0 81.6 79.7 
31 86.7 0 91.2 25.3 25.8 
12 34.6 0 -33,4 77.1 76.9 
22 47.2 46. I 0 53.3 52.3 
40 116.4 -12i. I 0 72.6 72.6 
41 88.3 -91.8 0 41.7 41.4 
32 27.2 0 26.0 25.0 23.5 
50 0 0 0 42.2 42.5 
03 0 0 0 44.6 44.1 

13 37.2. 0 -35.1 4.6 5.0 
42 0 -2.2 0 63.8 64.4 

51 26.8 0 -26.7 57.3 58.2 

23 68.3 -66.7 0 53.6 52.7 
33 55.4 0 -54.6 23.4 21.7 
60 3.6 -1.1 0 20.3 21.2 

52 41.5 0 42. 2 47. I 45.5 
61 16.1 -16.2 0 24.8 24.4 

43 41.2 -39.0 0 35.6 33.5 
04 25.0 24.4 0 42.7 41.1 
62 57.7 -56.3 0 32,6 32.4 

14 5.9 0 5.2 6.9 6.8 
70 0 0 0 5.2 3.7 
24 24,7 -25.2 0 30.3 29.2 
53 16.6 0 16.1 28.8 28.3 
71 32.1 0 30.6 19.0 18.2 
34 33.8 0 32. I 8.2 7.2 

77. ~ . 9  0 27.4 4.6 5,0 

63 48.7 47.5 0 39.3 38.0 

44 19.0 -17.8 0 35.0 34.0 
80 42.1 -41.7 0 22.6 22.2 
81 59.9 .~7.8 0 23.3 23.7 

54 29.1 0 28.7 29.1 27.9 
05 0 0 0 15.4 14.6 
15 42.9 0 43.0 20.3 18.9 

A 8 ~o 

0 -5.3 I 1.3 0 
0 46.4 27 18.4 

24.4 -47.2 37 4. I 

0 -28.7 95 5.9 
76 3.7 30.2 -9.9 

0 63.1 12.2 13.8 

-79.9 0 47 15.4 
21.8 13.8 11.4 3.3 

58.4 49.9 13.0 0 
-15.6 -49.9 57 13.9 

o -72.6 86 5,0 
-21,0 35.7 12.3 5.9 

3 9 -23.2 13.1 9.0 
-42.5 10.5 2.3 

0 44.1 67 4.1 

2.8 4.1 13.2 7.9 
-9.1 63.8 96 9.4 
31.1 49.2 08 3.6 

49.6 -17.7 18 5.6 

t0 8 -18.8 12.4 2.5 
-21.2 28 u 

-32.0 -32.~ 77 7.7 
2.4 -24.3 11.5 9.8 

28.0 -18.3 13.3 23.2 
41.1 0 14.0 9.5 
-2.2 -32.3 38 3.8 
-6.3 2.6 14. I 2300 

0 -3.7 48 
13.3 26.0 10.6 4.2 

-27.7 -6. I 14.2 13.0 
1.3 -18.2 87 1.5 
3.1 -6.5 58 4.6 

-4.9 -1,0 13.4 9.5 

-7,1 37.3 12.5 2.2 
-23 2 -24.9 14,3 16.3 

22.2 68 4.3 
15.0 0 -23.5 -3.2 

06 -26.8 97 2.3 
-14.6 I I . 6  21.3 

-1.6 -18.8 15oi 0 

H=0 

A 8 

0 0.6 
-18.1 0 

0 .4.2 
0 -6.5 
0 1.8 

-13.8 0 

-1605 0 
2.6 

O 0 

0 13.6 
4.5 0 

-6.4 0 
0 -8 7 

-1.7 0 
4.8 0 
0 6.7 
0 I0.0 

2.8 0 
0 -5.9 

2.2 0 
-1.5 0 

0 -8.4 

0 -9.9 
0 -24 8 

-9. I 0 
0 .4.0 

22.8 0 
0.5 0 
4.7 0 

-13.2 0 
1.5 0 

0 5.4 
0 9.5 

-3.0 0 

-17.0 0 
4.0 0 
0 0 

0 1,6 
0 -23.7 
0 0.3 

H = I  

5,2 4.9 -2.9 -4.0 
13,4 12.9 -12.0 -4,8 
14.7 16,4 15.9 -4.0 

14.2 14.0 -9.0 10.7 
10.3 11.6 8.4 8.0 
10.4 10.6 -0.6 10.6 

14.6 14.4 14,0 -3.4 
10.4 10.8 10.3 -3.1 

7.2 7.4 0 -7,4 

6.1 6.0 -4.2 4,3 
19.5 20.3 20.2 -2.4 
16.3 15.5 9.0 12.6 
19.1 18.7 10.5 -15.5 
12.7 12.7 -6.3 11.0 
3.2 3,1 -1.6 2.7 
5.9 5,7 4.4 3.7 

16.1 16.6 16,1 4.2 
9.9 9.7 9.7 0 
9.2 9.3 -5.9 7.2 

13.6 14.1 13.7 -3.5 

5.7 6.2 -1.3 6.'I 
8.0 9.4 0.3 9.4 

13.2 13.5 -12.4 -5.3 
11.2 11.5 -11.3 -2.0 
6. I 6.4 0 6.4 
3.3 2.8 -2.3 1.6 

3.6 5.4 2.0 5.0 
8.8 10.6 -10.6 0.~ 

15.0 16.2 16.2 -0.5 
5.0 4.9 -3.3 3.7 
7.8 8.6 -7.8 3.5 
4.5 4.9 4.9 -0.3 
5.9 6.7 5,3 .-4.1 

12.4 14.1 9.7 -10. i  
3.2 3.6 -2.2 -2.8 
5.3 5.2 -0.2 5.J1~ 
3.1 3.1 0 3.1 
6.5 7.0 2.8 6.4 

7.2 7.8 -6.2 4.8 
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HL K =0 

~ A 8 
10 0 0 O 
01 0 O 0 

12~ 42.2 44;9 0 
46.7 46.4 

21 7.3 0 2.4 
30 0 0 0 
31 68.7 0 70.9 
02 32.5 -31.2 0 
12 80.4 -79.7 0 
40 93.7 -97.1 0 
22 67.8 -67.5 0 
41 74.5 0 77.1 

o 32 114.6 -I17.7 

50 0 0 O 

51 17.2 0 16.2 
42 33;4 32;2 0 
O3 0 
13 44 0 0 44.1 

0 -2.8 23 
60 14.7 15.1 0 
52 7.2 5.6 0 
61 54.5 0 -54.5 
33 98.2 0 -98.4 
43 48.2 0 -48.0 

o 70 0 0 
62 7.8 -7.7 0 
71 16.6 0 -15.4 

04 24.6 24.4 0 

1~ 22.5 0 -23.3 
42.1 41.1 0 

24 9.7 -9.6 0 
72 23.2 22.4 0 
80 15.8 16.0 0 

34. 23.6 -22.9 0 

81 9.8 0 8.8 
0 "-47.7 63 48.8 

44 28.4 28.4 0 

82 10.8 -9.6 0 
73 5.1 0 -4.2 
90 0 0 0 

Table 5. Reflections HOL and H1L 

K - 1  HL g=o  

Fo I F c I A B F o A B 

4.5 5.3 O -5.3 37 4.3 0 -3 5 
61.3 63.0 0 -63.0 13.2 7.0 -7.1 ; 
9.9 10.9 -10.9 0 10.5 14.5 0 -14.9 

51.1 53.1 24.4 -47.2 47 5.4 0 -5.6 

23.6 23.3 -20 0 11.9 86 3.1 -2.8 0 
16.7 17.0 ; -17.0 14.0 8.1 9.1 0 
24.6 22.2 20.6 -8.2 57 9.0 0 9.1 
34.0 33.4 0 -33.4 14.1 5.7 0 5 6 
76.0 76.9 58.4 49.9 12.4 11.0 -11.3 0 
42.7 41.6 41.6 0 13.3 17.4 0 17.3 
34.3 32;5 -31.1 9.5 96 23.5 -25.1 0 
51.7 51.7 46.7 -22.2 67 8.4 0 -9.8 
63.2 60.5 .-40.3 -45.0 11.5 7.8 0 7.3 

45.6 44.8 0 44.8 14.2 3.5 4. I 0 
48.3 49.1 -19.1 45.2 77 9.3 0 -10.1 
95.0 90.7 82.6 -37.4 15.0 0 0 0 

36.6 35.1 0 -35.1 13.4 16.6 -18.0 0 

4.6 5.0 2.8 ~.0 08 3.6 2.8 0 
5.5 5.4 3.6 -4.1 10.6 7.0 7.5 0 

85.9 85.5 -85.5 0 18 9.7 9.7 0 
39.2 37.8 -37.0 -7.6 14.3 5.3 O 5.0 
23.7 23.5 -0.9 23.5 15.1 23.5 0 -23 6 
85.8 84.5 68.0 50.2 28 2.6 2.2 0 
20.4 19.7 -19.6 -1.0 12.5 5.6 0 6.3 

43.8 43.7 0 .-43.7 3.8 4.2 -5.7 0 
27.5 26.3 24.4 -9.9 

8.7 15,6 0 16 7 
45.3 44.;~ 41,0 -17.9 15.2 9.6 9.0 0 
5.8 5.2 0 5.2 48 7.6 7.4 0 

29.5 27.8 -26.8 7.2 11.6 12.2 12.2 0 
6.8 6.8 -6.3 2.6 

58 0 -1.3 0 
32.1 31.9 -30.9 8.0 14.4 22.6 22.4 0 
8.2 8.4 ~8.1 1.9 97 6.9 0 7.4 

11.4 12.3 -12.3 0 
16.0 23.9 -24.5 0 

36.3 34.8 14.5 -31.7 15.3 4.8 0 4.9 

21. I 20.1 -14.9 13.6 13.5 3.4 0 3.3 

32.0 31.2 -29.9 8.7 16.1 13.4 0 -14 0 
38.4 36.1 -34.0 -12.2 68 4.4 -4.8 0 

20.2 19.6 -18.3 7.0 16.2 10.8 -11.6 0 

17.6 17.2 16.2 -5.7 12.6 8.7 -10 0 0 
34.8 32.8 0 -32.8 10.7 8.2 0 7.7 

K = I  

Fo IF¢I A 8 

8.8 9.0 8.6 2.6 
15.4 15.5 2. I -15.4 
19.8 19.3 -15.5 -11.5 
13.3 13.5 11.7 6.8 
11.0 11.4 8.6 -7.5 

o 10.4 10.7 -10.7 
0 2.0 1.8 -0.7 

17.4 17.1 17.1 0 
15 1 15.0 -11.1 10.1 

1.9 -1.9 0.3 

6.0 6.4 6.4 -0.8 
11.6 12.0 -9.3 -7.6 

0 1.1 "0.8 -O.8 

10.7 10.9 5.8 -9.3 

6.7 7.6 1.5 7.5 
3.8 3.0 0 -3.0 

3.9 4.1 -3.3 -2.3 

5.5 5.9 0 -5.9 
2.1 2.1 -2.0 0.5 
9. I 9.3 -5.9 7.2 

13.0 13.8 -1.0 -13.7 
13.6 14.0 .-0.3 -14.0 
6.6 6.9 - I .5  6.8 

10.2 10.3 1.5 10.2 

13.5 12.4 11.2 5.3 

I1.1 10.8 10.8 .-0.9 
14.4 14.5 -4.6 13.7 

9.8 10.6 1.8 -10.4 

13.1 13.2 13.1 2.0 

9.0 8.0 7.8 1.9 
3.4 3.0 2.6 -1.5 
6.4 5.8 0.4 5 8 
2.2 1.6 - I .6  0 

13.3 12.5 -12.5 -'-0.9' 
14.0 12.8 -O. 1 12.8 
8.8 8.6 -5.5 6.6 
0 1.3 1.3 .-0.4 

14.0 11.9 -10.8 5.0 

14.4 12.7 -2.8 12.4 

H= (-1.71) 

f 
a (-[.149) 

%To, jo ,o, 

o 

HI1(- I .23) 

Fig .  1. A p r o j e c t i o n  of t h e  c o m p l e x  [B405(OH)412-.  N u m b e r s  
in  p a r e n t h e s i s  g i v e  t h e  h e i g h t s  in  A a b o v e  t h e  p r o j e c t i o n  
p l a n e .  T h e  l e n g t h s  of  t h e  v a r i o u s  b o n d s  a re  s h o w n .  

The mean bond lengths are: 

K - 7 0  ---- 2 .862 A H - O  ---- 1-12 A 
B - 3 0  = 1-368 H - - - O  = 1.86 
B - 4 0  ---- 1.480 

However, it is seen from Table 6, which lists all 
individual bond lengths, that there are large varia- 
tions from the mean. 

The structure contains complex ions [B4Os(OH)4] 2- 
consisting of two tetrahedral and two triangular 
boron oxygen groups as sho~ul in Fig. 1. The same 
poly-ion has previously been observed in the mineral 
borax, Na2B4OT.10H20 (Morimoto, 1956). The bond 
lengths within the boron-oxygen complex are given 
in Fig. l, while the lengths of the triangular and 
tetrahedral edges are as follows: 

Triangle about B I  Triangle about BIII  

0v-0vm = 2.309 A 0I-0Iv = 2.336 A 
O v - O x  = 2.380 O i - O v i  = 2-410 
O v m - O x  = 2.382 O i v - O v I  = 2.388 

T e t r a h e d r o n  a b o u t  B I I  T e t r a h e d r o n  a b o u t  BIV 

O I - O I I  = 2 . 4 0 5 / ~  O z i - O v I  = 2.424 i 
O I - O v  = 2.438 O I I - O v I I  = 2.453 
O I - O I x  = 2.403 O n - O x  = 2.407 
O H - O r  = 2.437 O w - O v n  = 2-412 
O H - O I x  = 2.423 O v I - O x  = 2-401 
O v - O I x  = 2.388 O w I - O x  = 2.385 

Thus there are four hydroxyl groups in the structure 
(OvIIII-~I, OivHii, OIxgIII and OvIIHIv) and two These poly-ions, potassium ions and water molecules 
water molecules (Hv0i i iHvi  and HvnOxiHvm).  can be regarded as the units of which the structure 
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Fig. 2. The  project ion of one un i t  cell on the  X Y  plane. The heights  of the  a toms in A are given in parenthesis.  
The bond lengths are also shown. 

Table 6. Individual bond lengths 

OI 0II  0III  0IV 0V OVI 0VII 0VIII OIX OX 

KZ 2.802 2.788 3.073 2.772 2.894 2.869 
Kzz 3.011 2.831 2.926 2.659 3.007 

2.832 
Bz 1.312 1.401 1.373 
BII 1.498 1-472 1.502 1.447 
]3HI 1.378 1.385 1.356 
BIv 1.471 1.511 1.448 1.486 
Hz 1.43 1.22 
I'tii 1-09 1.68 
HIE  1.00 1.91 
l~-~r 2.27 0"72 
H v  1.83 1-50 
Hvz 1.69 I . i i  
Hv~z 1-88 
HVIII 2-17 

OXI 
2.825 
2-771 

1 " 1 8  

1"15 
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is composed,  a n d  t h e y  are l i nked  t o g e t h e r  b y  means  
of K - O  a n d  O - H . . .  O bonds  in  the  m a n n e r  shown  
in Tab le  6 a n d  in  Fig.  2. 

I f  one ass igns a s t r e n g t h  of 0.14 to each K - O  bond,  
1-00 to  each  t r i a n g u l a r  a n d  0.75 to  each t e t r a h e d r a l  
B - O  bond,  0.80 to  each  H - O  a n d  0.20 to  each  H • • • 0 
bond,  t h e n  the  s t r e n g t h  of the  bonds  end ing  on a n  
o x y g e n  a t o m  ranges  f rom 1.88 to 2.14 showing t h a t  
t he re  is n e a r l y  per fec t  va lence  ba lance  in  de ta i l  
t h r o u g h o u t  the  s t ruc tu re .  

The  oxygen  a t o m s  OI, Or ,  Ovi a n d  Ox are  each 
sha red  be tween  a BOa t r i ang le  a n d  a B04 t e t r ahed ron .  

Tab le  7. Heat motion data 

i Ai (A) 
K I 1. 0-151___0.003 

2. 0.182_+0.003 
3. 0.194__.0.003 

KII 1. 0-137 _+ 0.003 
2. 0-166_+0.002 
3. 0.210__+0.003 

BI 1. 0.127_+0.014 
2. 0.142_+0.018 
3. 0.177_+0.017 

BzI 1. 0.122 _+ 0.014 
2. 0.141-+0.011 
3. 0"194_+0.013 

Bzz z 1. 0-132_+0.019 
2. 0.156_+0.015 
3. 0-176_+0.016 

BIV 1. 0.122_+0.011 
2. 0.156_+0.011 
3. 0.163+__0.013 

Or 1. 0.115-+0.015 
2. 0.151-+0.007 
3. 0.201 +- 0.010 

Ozz 1. 0-120-+0.008 
2. 0.140_+_0.010 
3. 0.167-+0.009 

OIII 1. 0"189_+0"008 
2. 0.198 -+ 0-009 
3. 0.215 +_ 0.007 

Oiv 1. 0.132___0.012 
2. 0.175_+0.008 
3. 0.202 _+ 0.009 

Ov 1. 0.123_+0.011 
2. 0.143-+0.008 
3. 0.210_+0.010 

Ow 1. 0-134_+0.012 
2. 0-160+_0-008 
3. 0.195-+0.009 

OwI 1. 0.135_+0.011 
2. 0.178_+0.008 
3. 0.191+_0.009 

OV-II I 1. O. 125 +_ 0.008 
2. 0.168+0.009 
3. 0.218 +_ 0.008 

OIx 1. 0"127+_0"009 
2. 0"147+_0.009 
3. 0"206 +_ 0"009 

Ox 1. 0"111+_0.008 
2. 0"141-+0"011 
3. 0"201 _+ 0-009 

Oxz 1. 0"185 _+ 0"012 
2. 0"216_+0.012 
3. 0"233 + 0"007 

0"748 --0"655 0.104 
0"663 0"743 --0"094 

--0-016 0"173 0"990 
0"876 0"228 -- 0"426 

--0-143 0"965 0"221 
0"461 --0"132 0"878 

--0"617 0"781 0"096 
--0"549 --0"514 0"659 

0"564 0"354 0"666 
0"010 0"960 0"279 
0"999 --0"016 0"017 

-- 0"022 -- 0"279 0"960 
--0"213 0"865 0"454 

0"805 -- 0"108 0"584 
-- 0-553 -- 0"490 0"674 
--0"179 0"984 --0"009 

0"973 0"175 --0"148 
0"143 0"036 0"989 
0"163 0"721 0"674 
0"972 0 -- 0-235 
0"169 --0"693 0"701 
0"074 0"981 --0"177 
0"903 0"013 0"445 

--0"439 0"192 0"878 
0-925 --0"176 0-336 

--0"350 --0"056 0"935 
0"146 0"983 0"113 

--0"499 0"412 0"762 
0"809 0"552 0"239 

--0"311 0"736 --0"602 
0"820 -- 0"453 0"349 
0"424 0"891 0"162 

--0"384 0"015 0"923 
0"411 0"742 0"530 
0"902 --0"415 --0"118 

--0"132 --0"527 0"840 
0"707 --0"251 0-661 

--0"054 0"913 0-405 
0"705 0"321 --0"632 

--0"448 0"893 --0"037 
0"875 0"447 0"185 

--0"182 --0"050 0"982 
0"268 0"927 --0"262 
0"938 --0"188 0"291 

--0"221 0"324 0"920 
--0"247 0"965 --0"093 

0"862 0"262 0"433 
--0"442 --0"027 0"897 
--0"101 0"715 0"691 
--0"051 --0"698 0"715 

0"994 0"037 0"106 

The  B - O - B  bond  angles  are 117.8 ° for Oi, 118"5 ° 
for Or ,  119"0 ° for O w  a n d  118.3 ° for Ox. The  cor- 
r e spond ing  bond  angle  is l l l . 0  ° for 0 n  wh ich  is 
sha red  be tween  two BO4 t e t r a h e d r a .  

T h e  hea t  m o t i o n  

The  resul t s  for the  an i so t rop ic  t h e r m a l  coeff icients  
fl~j as o b t a i n e d  f rom the  B u s i n g - L e v i  r e f i n e m e n t  
p r o g r a m  are l i s ted  in  Tab le  2. The  cor responding  
va lues  for the  roo t  m e a n  square  d i sp lacement s ,  A~, 
a long  p r inc ipa l  axes  are shown  in  Tab le  7 t o g e t h e r  
w i t h  the  d i rec t ion  cosines a ,  fl, 7 of t he  p r inc ipa l  axes  
in  t he  X,  Y, Z s y s t e m  of t he  c rys ta l .  

A de ta i l ed  s t u d y  of the  resu l t s  of Tab le  7 revea ls  
m a n y  fea tu res  of phys i ca l  i n t e re s t  a n d  s ignif icance.  
One sees, for ins tance ,  t h a t  the  wa t e r  oxygens  
(On i  a n d  Oxi) h a v e  la rger  t h e r m a l  a m p l i t u d e s  t h a n  
the  h y d r o x y l  oxygens ,  which  in  t u r n  have  l a rge r  
d i sp l acemen t s  t h a n  the  t rue  oxygen  a toms.  S i m i l a r l y  
one f inds  the  sma l l e s t  a n i s o t r o p y  of t h e r m a l  m o t i o n  
for t he  w a t e r  oxygens  a n d  for t he  o x y g e n  (On) wh ich  
is bonded  to  two t e t r a h e d r a l l y  coord ina ted  boron  
a toms .  

The  a toms  Or ,  Ow~i, Ox form a t r i a n g l e  a b o u t  BI, 
a n d  the  d i rec t ion  cosines for t he  n o r m a l  to  th i s  p l ane  
are a - - - 0 . 5 1 5 ,  / ~ - - - 0 . 1 0 2 ,  7 - -0 .851 .  Refe rence  to  
Tab le  7 shows t h a t  th i s  n o r m a l  is n e a r l y  pa ra l l e l  to  
t he  d i rec t ion  of m a x i m u m  d i sp l acemen t  observed  for 
these  th ree  oxygen  a toms.  I n  a s imi la r  m a n n e r  a t o m s  
Oi, O~v, O w  form a t r i ang l e  a b o u t  B n I ,  the  n o r m a l  
to  the  p lane  h a v i n g  d i rec t ion  cosines a = 0 - 2 6 1 ,  
f l =  - 0 - 8 2 1 ,  7 = 0 . 5 0 8 ,  a n d  aga in  one f inds  t h i s  n o r m a l  
to  be n e a r l y  para l l e l  to  t he  d i rec t ion  of m a x i m u m  
t h e r m a l  d i sp l acemen t  for the  th ree  oxygen  a toms  in  
ques t ion .  

A de ta i l ed  ana lys i s  of the  d a t a  of Tab le  7 wil l  no t  
be presented .  However ,  i t  can be s t a t e d  t h a t  the  resu l t s  
as to  an i so t ropy  of t h e r m a l  m o t i o n  a n d  o r i e n t a t i o n  of 
t he  t ensor  el l ipsoid are p h y s i c a l l y  reasonab le  w h e n  
corre la ted  w i t h  t he  d i rec t ions  a n d  s t r e n g t h s  of t h e  
chemica l  bonds.  

The  wr i te rs  are i n d e b t e d  to  D r  R a l p h  B a n e  for t h e  
chemica l  ana ly s i s  a n d  to  t he  Appl i ed  M a t h e m a t i c s  
Div i s ion  of Argonne  N a t i o n a l  L a b o r a t o r y  for  he lp  
w i t h  t h e  l eas t - squa re  r e f inement s .  The  work  was 
suppor t ed  in  pa r t  b y  Advanced  Research  Pro jec t s  

Agency.  
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